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SUB-THEME 1-1

Influence of the nature 
and preparation 

of raw materials 
on the reactivity of raw mix

R. BUCCHI, 
Italcementi spa, ITALIA



1. INTRODUCTION.
It is said that a cement factory arises where a mar
ket of such a product exists and where deposits of 
raw materials suitable for production are available. 
In the practice the first condition always (or almost 
always) keeps its strictness whereas the second 
one is often compromised by other needs till to be 
reduced to the banal requisite to merely give the 
four fundamental oxides in the proportions deman - 
ded.
However experience shows that nature and charac - 
teristics of rocks and, generally, of the materials 
used for the raw meal involve important consequen - 
ces on investments, operating costs and quality of 
the cement produced.
It seems therefore reasonable that the cement indu
stry devotes grater attention to the study of raw ma_ 
terials and the methods used for their preparation.

2. REACTIVITY AND BURNABILITY.

2.1 Definitions. The raw mix is a system consis - 
ting of several components in finely dispersed pha - 
ses. It transforms irto clinker through a series of 
reactions between about 400’ and 1450°C. Its reac
tivity is defined by the overall rate of these reac - 
tions at the temperatures completing them in practi
cally suitable times. So as is defined with referen
ce to a given mix, the reactivity prescinds from eye 
ry quality attribute of the obtained clinker. On the 
contrary it has a considerable influence on the ene£ 
gy consumption of the process and the capacity of 
the plant.
The concept of reactivity differs from that of bur - 
liability, as the derivative of a function differs from 
the function itself (or from the value which the lat
ter takes for given values of the variables).

2.2 Expres sion of CaO in the mix during burning. 
Since the fundamental constituents of clinker are 
all calcium compounds, the transformed CaO gives 
a suitable measure of the advancement of the over
all process. The amount Fof CaO, in a givenform 
of combination present at any moment and temperatu 
re, can be expressed m different terms (the formu 
las without mark represent concentrations of the cor 
responding chemical species in the raw meal, in 
homogeneous unities of mass %):

between about 400’0 and 1000’C, as de - 
gree of decarbonation 9 (1,2);

co2 r I
<?= 1 - CÜ"2 ’ undim- L1]

where CO2 is the mass % of CO2 in the tran

sforming mix;
• between about 700°C and 145O°C, as free 

CaO;
CaOf, in the l.o.i.-free mix, mass %;
FcaOfi fraction of CaOf with respect to to

1 tai CaOt (FCaOf = CaOf/CaOt), 
undim.;

ScaOf ’ fraction of CaOf with respect to the 
saturation CaO calculated accor - 
ding to Lea and Parker (see 
TAB. II), undim.;

HcaOf ’ fraction of CaOj with respect to 
the hydraulic factors (H^aQ^ = 
CaOf/SiO2+A12Oy+Fe2Oß), undim.; •

• between about 400°C and 1450°C, as burning 
degree Ct (2):
a=1_l.27002^780^ CaOfi [2J

where CO2 and SO3 are the mass % of CO2 
and SOß in the transforming mix, in unites 
homogeneous with those of CaOf and CaOt. 
(The term 0.7 SOß must be neglected when 
SOß^KßO + Na2O, in molar concentrations).

Only tn, <p and versus the processing time
and temperature correctly express a measure of 
the burnability of the mix. Their derivatives ver - 
sus time (or, on the average, the ratio of the finite 
variations of functions to the time intervals when 
these variations occur) measure the reactivity, for 
given constant temperatures. The quantities S^aQj 
and HQa0r., considered by Longuet st Courtault (3) 
and Pfrunder and Rickert (4) respectively, concern 
in some way the burnability of the components of the 
mix rather than that of the mix itself.

2,3 Course of the CaO transformation.

2.3.1 Ct= f (t, 9) describes the CaO transforma - 
tion versus the temperature t and the reaction ti. - 
me 0 . It is represented, in the space (+CK; +t; +fl), 
by a curved surface whose intersections by planes 
almost parallel to (a; 9) for txconst, and to (a;t) 
for 9i= const.(pseudo-isotherms and pseudo-isochro 
nes of reaction respectively (*) are experimentally 
determined.

2.3.2 The trend deducible from the literature data 
(5, 6) of a pseudo-isochrone is schematically repre 
sented in FIG. 1. The reaction velocity increases 
in two temperature ranges;

between tj and t2 (about 850 °C and 950 °C) 
when Kp of the CaCOß dissociation sharply 

increases (7). The first free CaO appears 

(^ Actually, in practice, these planes result not strictly t - const, or 9 = const., but more or less incli - 
ned with respect to ( a; 9 ) or ( a; t) because of the variability (with tj) of the time and the temperatures rea 
ched to bring a sample to the test temperature tj«



in this interval whereas CaCOg has already 
disappeared at t2 (8);

• between tß and t^ (about 1250eC and 1300°C) 
where the CjS formation starts.

The values tj, t2> tß and t^, and those of the corre
sponding ordinates are typical of the reactive pro - 
perties of the mix.

2.3.3 The portion of pseudo-isochrone <p= f (t) for 
01 ~ const, between about 400°C and tß is called 

decarbonation function <"9). FIG. 2 shows some 
examples derived from Vogel's (2) and Ritzman's (9) 
papers. These functions, characterizing the decar 
bonation and the first reactions in the solid phase, 

FIG. 1 .PSEUDO-ISOCHRONE OF REACTION.

are greatly important in the study of the calcining 
processes outside the kiln (10).

2.3.4 The portion of pseudo-isochrone between t2 
and about 1450°C, expressed by CaOf = f (t,0) for 
0~const. ; is exponential:

CaOf = ea"^>t(0issconst.), mass % ^3^j

and it has two different trends (different couples of 
the constants a and b) in the t2 - tß and tß - 1450°C 
ranges. These trends characterize the diffusion 
processes in the solid phase and in the presence of 
the liquid phase, respectively. FIGS. 3 and 4

show the functions of four typical mixes of which 
the literature (11, 12) and other sources (13, 14) gi
ve the necessary number of couples of values (CaOf, 
ti).
TAB. I summarizes the values of a, b and tß.

2.3.5 The portion of pseudo-isotherm between tß 
and about 1450°C, expressed by CaOf = f ( 0, t) for 
t const. , is a logarithmic function (4, 13):

CaOf = k-hln0 (tf~ const.), mass % ^4^

(with constant k and h), at least in the O' 6 0 6 30' 
range for tf = 1380°C (4). FIG. 5 shows some exam 
pies (12, 13).

2,4 Measure of burnability. It is expressed by one

FIG. 2 .FUNCTIONS OF DECARBONATION . 
AFTER VOGELt 2 )AND RITZMANN ( 9 ).

of the following quantities (determined under stric
tly reproducible conditions):

• measure of CaOf of a pseudo-isochrone at gi
ven tj. Examples: 30' and 1300°C or 1400°C 
(15); 45' and 1450°C (16); 42' and 145O°C 
(13); 15' and 1450 °C (3); 15' and 1370°C (4); 
15' and 1400°C (17); a.s.o. Increasing va - 
lues of CaOf correspond to decreasing react! 
vities (*);

• measure of 0f of a pseudo-isotherm, necessa
ry so as CaOf becomes equal to or lower than 
a fixed value. Example: 0^ for CaOf 4= 2% at 
1350°C (18). Increasing values of 0f corre - 
spend to decreasing reactivities (*);

(*) Therefore this quantity expresses more precisely a reluctance to burning (13).



factor Ksu. Sulikowski (11) characterizes the 
burnability as the ratio of CaOt to the maxi - 
mum of CaOf =f (t) in the 700°C £ t 1400 C 
range, 6 being of few seconds:

CaOt
Ksu = CaOfmax. ’

The measure is based on thethess that the ma
ximum quantity of CaOf released during the 
process should be the lower the more reactive 
the mix. Ksil, always > 1, increases as the 
reactivity rises;
factor AC. Blaise et Al. (12) rightly think 
that the evaluation of the bumability demands 

undim

FIG. 3 . FUNCTIONS CaOf=ea"bt IN 

LINEAR CO-ORDINATES.

FIG. 4 .FUNCTIONS CaOf = ea-b* 

IN SEMILOGARITHMIC CO-ORDINATES.

ve function for fixed 9^ in the aforesaid tempe
rature range:

AC Co+2C1+2C2+3C3+4C4+4C5+2C6’Undun’L6 

where Cq. . .Cg are the values of CaOf at se - 
ven different increasing tT, for 0q = 20' ,9y 20'+ 
20'... 6g = (6x20)' + 20' (**). The reproduci-

a quantitative expression related to the CaOf= 
f (t,6) trend in the overall 1000° et 1450°C 
range. This requirement is satisfied by the 
ratio of a constant (-600) reference surface 
(CaOf; t) area to the one iit€gtal(*) of the abo-

TAB. 1. VALUES OF THE CONSTANTS 
a,b,t3OF CaOf.ea-bt(91^CONST.)OF THE 
FOUR RAW MEALS OF FIG. 3 AND FIG.4.

raw 
mix

intervals 
of t
•c

91
a b

(xlO-2) t3 ref.

D 1000.1300
1300*1400 0 7.56

13.87
- 0.412
.0.916 1300 (ID

134 1000.1300
1300.1450 (») 5.14

22.88
. 0.120
- 1.493 1300 fl2)

CD 1200.1450 42' 19.21 - 1.380 - (13)

BU 1000,1200
1200.1450 («) 5.51

22.67
-0.178
- 1.611 12X1 (14)

(*) see factor AC in paragraph. 2.4«

(*) Suitably enlarged for the highest temperatures.
(**) The times necessary to pass from each level of temperature to the next higher one are added to these ti
mes. Consequently a CaOf = f (t,0) quite different from both the isochrones and the isotherms is obviously usel.



bility of the measure is ensured by strictly 
controlled working modes.

The inadequancy of the first three methods, expres
sing the measure of the bumability by means of the 
co-ordinates of an only point of CaOf = f (t, 9 ) is ob 
vious. On the contrary, the factor AC seems to be 
more interesting tn this connection. It has the ad - 
vantage of considering the overall course of the 
CaO combination in the pres ence of liquid, the trend 
of the reactions in the solid phase as well as (by the 
value CO) the extreme portion of the decarbonation 
function.

It is also clear that the examined measures of burna 
bility give results whose significance, method by me

Time 6 , mtn.

FIG. 5 .FUNCTIONS CaOf = k-h-ln6 
IN LINEAR CO-ORDINATES.

thod, does not exceed that of the relative compari - 
son, since the technological process develops under 
quite different conditions from the laboratory ones 
and different from one another depending on the ty - 
pe of plant.

2.5 Evaluations of the bumability by calculation. 
At least three methods allow the bumability of the 

mix to be calculated (in the absence of mineralizers 
and other specific additions), by its chemical, mine 
ralogical and physical parameters. These procedu 
res are important since they explain, to some ex - 
tent, the influence of the different chemical and phy 
sical parameters on the burning process.

2.5.1 Ludwig and Ruckensteiner (18, 19, 20) sho - 
wed that the practical burnability (*) Bpr of a mix, 
determined as time of reaction at 1350°C needed to 
reduce the CaOf content to a value d 2%;

k-2
9135O-C-e ? ’min- [7]

coincides (correlation coefficient r = 0.985 for 12 
mixes) with the value of the theoretical burnability, 
Bt^, so called since it can be calculated from: 
Bth=55.5+H.9H1<9o+1.55(KstIlI-9O)2-O.43(SA)2, 

min. ^8 j

This equation is obviously valid for KstIII 5 90. It 
has been extended to the temperatures of 1375°C 
and 1400°C in a following paper (21).

The significances of the symbols are:

Hr9q, "heterogeneity >90lum", measured as the 
amount of raw meal retained on 90 ,um sie, 
ve lessened of the quantity of multimineral 
aggregations of elements < 90 ,um present 
in this oversize, mass % of the mix;

SA, amount of liquid phase at 135O°C after 
Dahl (22), mass % of the l.o.i.-free mix;

KstIII, Kalkstandard after Spohn et Al. (23), 
undim.

The hypothesis on which the determination of Hj^qo 
is based - namely that the ratio of CaO to hydraulic 
factors in the multimineral aggregations > 90 is 
equal to the one in the mix - majr not occur 
in all cases. ’

2.5.2 Kock et Al. (17) determined the correlation 
between bumability (CaOj for t^ = 1400 °C and 0^ - 
15') of 168 industrial mixes (raw materials of 15 dif 
ferent deposits) and 10 paramaers resulted signifi - 
cant out of 15 examined. From a 3r<^ order-regrey 
sion it results (correlation coefficient r = 0.949):

15' _ 0.022y -1 ->/(0,022y-1 )2+ 0,0188y2
CaUfl400°C O.OOSy +5‘

mass k 9

y = Yref. = x > mass % |10

(*) "Practical" means "experimental", without any reference to the technological process.



CaOref, - 5
yref. = _o .OQ4(CaOref. -5)z*0.022 (CaOref. -5)+l • 174 

, mass % ^llj

where:
CaOref = value of reference CaOf, obtained by 

burning any mix of the studied raw nia 
terials at 1400°C and 15', provided 
it has values of the parameters within 
defined limits;

= differences between the value of each 
paranetos arid the value of the same for 
the reference mix;

a^ = (constant) coefficients of Xj defining 
the regression.

TAB. H. PARAMETERS OF COMPOSI.
TION OF THE RAW MEAL AND CLINKER.

symbol parameter denominatioa ref-

CG 2.8S+1.65A^).35F max» contbinable CaO 
after Gutmann and GjHe (35)

SP 2.8Stl.lA<O.70F max- combinable CaO 
after Spohn. (36)

LP 2.8S+1.18A+O.65F max- contbinable CaO 
after J-ea and Parker (37)

BO ^of C3S,C2S,C3A
(C2^) and C^AE

"poreanal ccmpositian" 
after Bogae (38)

SA % of liquid at *C
’’liquid phase" after 
Dahl
"diagrams of clinkeri - 
zatLOn*

(22)

(39)

SM S : (A-e-F) silica moduhi (40)
TM A;F iron modulus (41)
CM C*:S calcare modulus (35)
MSO3 St 0.85 K sulphate modulus (42)

NOTES» S,A,F,C,S and X are mass cf
^e2^3> SO5 and ^^3+ respectively in the
l«o*i.-free tew meal (or m clinker),
C?* is mass %'of CaO ia tite l-o-i* -free raw meal (a* iiLclia- 
ker), combined in silicates.

The limits of the variables within which the corre
lation is valid are stated £9 J.

2.5.3 Christensen (24) reports an empiric relation 
enallirg CaO3?' „„„ to be calculated versus the ehe I IZi-UU u.
mical composition, as well as the content in parti - 
ties of calcite >125 and quartz and flint >44«m. 
This relation is consistent with Ludwig and 
Ruckensteiner1 s.

3. CHEMICAL COMPOSITION.

3.1 Composition in raw materials. The mass quan
tities of n raw materials, having independent che
mical composition (*), necessary for the mass unit 
of raw meal are solutions of linear systems of n si 
multaneous equations expressing the n-1 conditions 
of chemical composition assigned to the mix. The 
methods of algebraic solution, among which (25 , 26, 
27 , 28 , 29) and the graphic procedures, out of which 
Fenaroli's (30, 31,32) and Glauser's (33) ones are 
reminded, are based on this principle. A method of 
optimized solution (for the minimum consumption of 
fuel for burning) was developed by Xirokostas and 
Zoppas (34).
3.2 Composition in oxides. The chemical composi
tion of the mix is defined by assigned values of one 
or more characteristic parameters (TAB. Il) suita
bly chosen on the basis of the composition of the avai 
table raw materials.

3.2.1 In the system C - A - S - F, the compositions 
of the plane C3S - C3A - C^AF (the latter expressed 
numerically as C3A + CF), contain GG mass % of 
CaO. GG is fully combinable only under conditions 
of equilibrium cooling ensuring a complete reaction 
between free CaO and liquid during the cooling it - 
self. Therefore GG is a limit practically unat - 
tainable in any case.
An identical situation occurs for all the BO compo si 
tions without C2S.

According to Spohn (36) SP is the maximum amount 
(mass %) of CaO combinable in the clinker cooled not 
in equilibrium. The straight line 2.8S + 1.1A-C=O 
joins C3S with (C2A) in the plane C - A - S and it is 
called Xvetzel line (43) (**). In the space C - A - S- 
F, the plane 2.8 S + 1.1A + 0.7 F - C = 0 contains 
C3S, (C2A) and CzAF (this time expressed numeri - 
cally as C2A + C2F). Kuhl (44,45) defined Kalk stan
dard, (Kstl), as the CaO : SP ratio (of a clinker or a 
raw meal). LP is the maximum quantity of CaO com
binable in the clinker cooled not in equilibrium, ac
cording to Lea and Parker (37). In the space C - A - 

(*) The independence of chemical composition of any raw material (with respect to the compositions of any num 
her of others)is verified by the non-identity condition between suitable ratios of % of oxides expressing the ehe 
mical analysis and the homologous ratios of all the other raw materials, includirg those obtainable by addition 
or subtraction from one another.
(**) This line is near (but does not coincide with) the line joining C3S to point Z (Z = invariant at 1470 °C 
among liquid, CaO, C3S and C3A, having composition 54.8%CaO, 22.7%A12O3j 6% SiO2, 16.5 %Fe2O3).



S - F, the plane 2.8S + 1.18A + 0.65F - C = 0 con - 
tains CjS, invariant Z at 1470°C and C^AF (CaO 
combined with F is 4CaO - l.lSA^Oß). The compoä 
tions containing CaO S LP are deprived of equili - 
britun free CaO. The CaO : LP ratio is called lime 
saturation factor (LSF) or also modified Kalkstan - 
da rd (KstII).

Spohn et Al. (23) showed that MgO combines in clin 
ker up to the limit of about 2 mass % (of clinker) by 
releasing 0.75 mass % CaO for each 1 mass % MgO, 
as a rule. In most cases the amount exceeding 2% 
does not affect the CaO combinations. For such a 
reason these Authors proposed Kstlll as (CaO-O.75 
MgO): LP ratio, or (CaO-1.5) : LP when MgO £ 2% 
or MgO 2% respectively.

Christensen (46) attained a very similar expression 
of LSF corrected by the presence of MgO (not exce 
eding ~2%) on the basis of the phase relations in the 
system C-A-S-F-M;

Tcui CaO-0.77 MgO RLSF1=2.8S+ I.ISaTo 66F ’ undlln- L12J

3.2.2 The sulphate modulus, recently introduced 
by Osbaeck (42), determines the fraction of soluble 
alkalis with respect to the total alkalis in clinker 
according to the results of Pollit and Brown's re - 
search (47).

3.2.3 The reason why the potential compound com
position according to Bogue (38) does not corre - 
spond to the mineralogical composition of clinlter de^ 
termined by microscope and/or X-ray diffraction is 
well-known. Above all the calculated amounts of 
C3S and C2S deviate, being the former higher than 
that of alite and the latter lower than that of belite 
(23, 48, 49, 50). Nevertheless Bogue's model is a 
simple and clear reference of unnegligible prati - 
cal utility. Therefore Hansen (5D proposed its re
vision by calculating the aluminate as CjAq.qFq 
and the alumino-ferrite as C2A0 54^0 46
54).

The interpretation of SM, TM and CM in terms of 
the potential compound composition was given by 
Bucchi and Buzzetti. (55).

3.3 Chemical composition and reactivity. The ef - 
fects due to the minor compounds are discussed in 
Chaps. 6 and 7.

3.3.1 As the lime saturation of the mix increases, 
the number of CaCOß particles sterically "co-ordi

nated" by each particle of acidic oxides increases 
and therefore the mass fraction of CaO (of the total 
one present), diffusing into these oxides in the time 
unit for each temperature below about 1300°C, de - 
creases. All the values of the functions <p = f(t, 0) 
and <X = f (t, 0 ), expressing burnability and reactivi
ty decrease.

On the contrary, as the liquid phase appears (abo - 
ve — 1300°C), the kinetics of the dissolution proce^ 
ses in the liquid is affected onlv to a slight extent - 
any other condition unchanged by the mass of the pre, 
sent solid CaO. The graphs of the functions or=f 
(t, y ) and CaOf = f (t, 9 ) of mixes differing only in 
the lime saturation, between about 1300° and 1400°C, 
are roughly parallel and distant from one another 
of an ordinate value equal (case of CaOf) or about 
proportional (case of Ct) to the difference of free 
CaO present at temperature and time (tj, 0^) when 
the liquid appears. This trend seems to be confir
med by the data derived and calculated from Heil - 
mann's (56), Toropov and Luginina's (57), Pfrun
der and Rickert's (4), Blaise et Al.'s (12) papers. 
Also Mussgnug (15), Ludwig and Ruckensteiner (19), 
Kock et Al.'s (17) equations - even if with different 
dependence - express the increase in CaOf (for gi
ven tf, 0j) or in 0^ for CaOf 6 2?», when the lime 
saturation increases.

Therefore above 1300°C, the increase in this pa - 
rameter determines a decrease in bumability whe
reas it does not practically affect the reactivity.

3.3.2 The processes occurring in the presence of 
liquid phase are clearly affected by the amount com 
position and properties of the latter. The liquid a£ 
pearing at 1338°C in the system C - A'- S - F (1301°C, 
under MgO saturation conditions) has A : F = 1.23 
(1.63 under MgO saturation conditions) (58). The
refore AI2O3 and Fe2Oß act as agents of first mel
ting for raw meals having TM <1.23 (<1.63) or 
TM>1.23 (^1.63) respectively. At the same SM, 
the amount of liquid is maximum at TM = 1.23 (=1.63); 
at the same TM, the amount of liquid increases (22) 
as 3M decreases (*). At constant temperature, the 
viscosity of the liquid phase decreases as A : F re
duces (SO) with consequent increase in the rate of 
the dissolution processes.

These circumstances, and other examined in Chap. 
6, explain why the increasing silica modulus-mixes 
show worse and worse reactivities,atKst,TMand.a- 

ny other conlion unchanpd (4,15,60 (**). On th e contra

(* ) Dahl's (22) equations are based on a composition of the liquid, at 1338°C, having A : F = 1.38(59) instead 
of 1.23 (or 1.63 under MgO saturation conditions). This difference does not change the kind of reasoning. 
(**) Mussgnug (15) showed that the function CaOf = f (KS)(KS = S : A, Kieselsaüremodul) linearly increases 
with KS, for constant tf and 0a. CaOf-f(SM) coincides with CaOf=f(KS), when the angular coefficient of the 
first function is multiplied by the value •



ry the deductions on the influence of the TM varia - 
tions badly agree with the results of Mussgnug's 
(15) and Lehemann et Al.'s (8) works. Neverthe - 
less it is observed in this connection that raw meals 
having TM between 1.3 and 1.6 are almost univer - 
sally judged as the easiest to burn, at any other con 
dition unchanged.
4. PARTICLE SIZE.

4.1 Demolition of the structure of the clayey mine
rals . CaCOq decarbonation.

4.1.1 Both processes proceed according to first 
order-reactions and they are governed by the rates 
of this type of reactions. The research of many Au 
thors (62, 63, 64, 65 , 66, 67) shows that the time for 
the dissociation of a CaCOj particle is a linear func 
tion of the particle diameter, in the range of the 
usual sizes that they have in the raw meal.

4.1.2 The time 6'j^ demanded for the isothermal 
demolition of the mass unit of clayey mineral, di - 
stributed in quasi-spherical particles having nar - 
row grading interval, is approximatively properties 
nal to the reciprocal of the specific surface S'j^of 
these particles:

> s-e"1 [13]
M u ,

where k* is constant (s-cm^.g-l) at constant tempe
rature and activation energy.

4.1.3 Similarly, the time demanded for the decar
bonation of the mass unit of quasi-spherical CaCOß 
particles having narrow grading interval is expres
sed by a [13j type function (except for the diffe - 
rent numerical value of k') in that stage of the pro
cess when the dissociation rate is higher than the 
diffusion rate of CaO in the acidic oxides. This oc 
curs starting from the first appearance-temperatu
re of free CaO as far as the temperature of comple 
te disappearance of CaCOß (612). Below the for - 
mer temperature, the early decarbonation supplies 
CaO to the reactions with S1O2, A^Oj and Fe^Oj 
(absence of free CaO); in this stage of the process 
the dissociation times are controlled by the diffu - 
sion rate of CaO in the acidic solid phases.

4.2 Reactions between solid phases.

4.2.1 In the simple processes of binary diffusion 
between the fundamental oxides, the direction of 
transfer of matter follows De Keyser* s rule (68):

CaO (0.70) — SiO2 (2.39)

CaO (0.70)—►A^Oß (1.66)

A12°3 (1.66) — SiO2 (2.39)

(the affinity values of oxygen after Katelaar are wi
thin brackets) according to which the oxide having 
less affinity for the oxygen diffuses on and inside 
the oxide having a greater affinity (acceptor oxide). 
The diffusion proceeds by three ways (69):

(a) transfer of matter on the external surface 
of the particle of acceptor oxide (surface 
diffusion);

(b) transfer of matter along the surfaces joining 
the grains of the particles of the acceptor 
oxide (diffusion at the joints);

(c) transfer of matter inside the grains of the 
acceptor oxide (lattice or volume diffusion).

The weaker bonds of the atoms and/or ions at the 
surface and the greater disorder existing at the 
joints of the grains determine, in these sites, a hi
gher level of free energy than that pre sent inside 
the lattice. Consequently the activation energies of 
the process at the surface Qs, at the joints Q, and 
inside the lattice Qr, increase according to the fol
lowing order under isothermal conditions (70):

Qs < Qj < Qr , cal-moles"1 |jL4j

with corresponding decrease, in the same order - 
from [15] and ^18j - of the diffusion rate of each 
process. Therefore the processes (a) and (b) are 
by-pass of (c).The latter being the slowest one, con 
trols the overall stationary process under isother
mal conditions when the grains of the acceptor oxi
de have size higher by several orders of magnitude 
than the thickness of the surface layer of matter con 
cerned in the diffusion according to (a) (equal to so
me atomic distances of the acceptor).

4.2.2 Under stationary isothermal conditions, the 
advancement of the front of the diffusion inside the 
lattice is described by:

"aS* = *A 1 moles»s-)- Fisl 
d cz dy L J

where n is expressed in moles, 0 in s; c in moles 
•cm*3, D in cm^.si""^, y in cm (direction of propa
gation of the front) and A in cm^ (surface across 
the direction of propagation). The negative sign in 
dicates the propagation towards the lowest concen
trations . If the diffusion front travels y^ cm in 0^s, 
from fl51 it results:

]

or

yf = , cm^ [16

yi k 1 r i
— = yj— , cm-s- [^17] 

where k is constant at constant temperature and ac
tivation energy (*),

(*) Only formally the dimensions of k are the same as D,



In the portion of plane (+ > + y), the average
rate 0.7] of propagation along y is represented by 
a branch of equilateral hyperbola having asymptotes 
coinciding with the reference axes (FIG. 6).

The diffusion coefficient D (and therefore the rate 
dn/d0 of the process) varies according to Hevesy's 
equation:

D =Doexp > cm^.s-! Qlßj

where Q (cal • moles--*-) represents the activation 
energy of the type of diffusional process considered, 
T (°K) is the temperature at which this process oc
curs, and Do (cm^-s"*-) is a (quasi-) constant, cal-

Thickness y , cm

FIG. 6 .AVERAGE RATE OF THE PROGRESSIVE 
ADVANCEMENT OF THE REACTION FRONT VERSUS 
THE THICKNESS OF THE MATTER TRANSFORMED 
( LATTICE DIFFUSION ).

led pre-exponential factor or frequency factor (of 
the atomic oscillations) formally equal to D when 
T -oo.
4.2.3 From. [14] the reactivity in the solid phase is 
mainly controlled by the size of the grains of CaO 
acceptors, that is the acidic oxides, SiO2, AI2O3 
and Fe2Oj. '

The time 9"^ demanded for the isothermal reaction 
of the mass unit of acceptor oxide (distributed in 
quasi-spherical grains having narrow grading inter 

val) is approximatively proportional to the recipro
cal of the square of the specific surface of the grains 
S M :

- «’S'1 [191
SM

where k" (s-cm^.g-^) is constant at constant tempe
rature and activation energy Qr.
As seen, the validity of [j.9] is based on the hypo - 

theses that the volume diffusion is the bottle neck of 
the overall process and the grains of acceptor oxi
des have quasi-spherical shape of very narrow gra
ding interval. Consequently the description of the 
influence of S on 9*^ the more deviates fron ^19]tlTe 
larger the grading interval, the more ditierent the 
shape of the grains from the spherical one, and the 
smaller their shortest dimension.

Two remarks on the quantity S are necessary:

• 5 measures the surface of the mass unit of 
portions of single-phase matter (acceptor oxi
des) delimited by crystal joints where the dif
fusion coefficient Dj is higher than Dr. Brie - 
fly, 5 m represents rhe specific surface of 
single-phase grains delimited by active joints. 
Its value can be represented by the results o^b 
tained from the usual measure of specific sur
face of powdered matter only when the parti - 
ties consist of a single grain of a single mine 
ralogical species. Ludwig and Ruckenstei - 
ner's (18) concept of heterogeneity > 90 jUm, 
Hpcjo, already seen in 2.5.1, takes into ac - 
count this criterion.

" ^"iVi refers to the fineness that the acceptor 
oxides have when the reactions develop, in - 
stant by instant during the process (and not n£ 
cessarily to the fineness that they have in the 
raw meal before the thermal process).

From what considered in 4.2.1, the surface of the 
free particles, consisting of single - or multi-phase
grains, (that is the.one referable to the usual measu 
res of specific surface) affects the kinetics of the 
overall diffusion process in that it is an extent of the 
by-pass of the lattice process.

4.3 Reactions of clinkerization.

4.3.1 Clinkerization is controlled by the diffusion 
process in the liquid phase (71, 72).

4.3.2 Rumyantsev (73) and Kondo and Choi (74) sho 
wed that the isothermal dissolution of C2S and CaO 
in the liquid phase at the temperature of clinkeriza
tion is described by equations of the same type as 
0-5] , 06] , 07] , 08]and 09] governing the lattice 
diffusion (*).

(*) Rumyantsev's equation (73) does not differ from Kondo's and Choi's (74) and both of them do not differ from 
06j when, in the former, the due size (s'Cm'f) is assigned to T and in the latter Ctis expressed as the distan
ce covered by the diffusion with regard to the radius of the grain or particle.



Nevertheless, in the isothermal dissolution, S 
represents the surface of the mass unit of the CgS 
and CaO grains wetted by the liquid phase, whereas 
de : dy is the gradient of concentration in the con - 
tact solution.
4,3.3 Therefore the process rate is controlled by:

• tie grain size of the phases produced in the 
previous reactions between solid phases;

■ the size of the CaO grains, resulting from de
carbonation; (differently from what occurs 
for the latter process, the time for the disso
lution of CaO is proportional to the fourth po
wer of the grain diameter);

• the wetting power (surface tension) of the li
quid phase.

4.4 Technological considerations. The described 
model is an approach that, as such, has only a be
ginning-value. Nevertheless it allows some deduc
tions useful for the practice to be drawn.

4.4.1 The diameter of the grains of the acidic ox
ides - at the fourth power in [19] - would have a 
decisive effect, according to this model, on the ki
netics of the reactions both in the solid phase and 
in the presence of liquid. Thus the considera - 
ble importance, for the reactivity of a mix, of the 
size of quartz here contained is explained. On the 
contrary, in the reactions in the solid phase, the 
diameter of the pure CaCOy particles would have a 
reduced influence, merely proportioned to the squa 
re of its size (see equation [13] ). During the dis
solution process in the liquid, the diameter of the 
CaO grains from the decarbonation of CaCOg would 
have the same importance as that of the acidic oxi
des. '

These deductions are directly or indirectly confir
med by several data of the literature (56,16, 75, 
76, 77, 78, 79, 80, 81), but not by others (82, 8).

4.4.2 The particles consisting of coarser single
phase grains in the industrial raw meals, are the 
last to complete the reactions. It becomes obvious 
that the reactivity is increased by the reduced gra
ding interval, at the same specific surface. In this 
connection, therefore, methods and equipment to - 
day used for grinding the raw meal in the technolo
gical practice do not seem the most suitable to pro
duce the most reactive grading at the lowest energy 
consumption. Clearly this inadequacy must be at
tributed to the poor separation precision of the 
equipment "cutting" the feed produced in the closed- 
circuit mills. It is also due to the indifferentiated 
application of the mechanical grinding energy to ma 
terials having different grindability which, because 
of this, are differently distributed into the differot 
grading intervals (83).

This problem can be solved by separately grinding 
the component the most difficult to grind (for ex. 
quartz) (76, 84), according to a method already 

used in some modern cement factories (85, 86).
5. MINERALOGICAL SPECIES AND THEIR 
REACTIVITY.

5.1 Activity state of solids.

5.1.1 The ease or hardness of an industrial raw 
meal to burn must be referred to the petrographic 
characteristics of the rocks composing it, the pre
sent mineralogical species and their state of activi
ty just before being attributed to the different tech
nological parameters, such as chemical composition, 
fineness of grinding, homogeneity a.s.o.

The two expressions of the previous chapter:

D=Doexp--^r , cm2.s’1 [ißj

Qs < Qj < Qr , cal'mcles'-*- Jl/J

(of which significance and symbols are specified in
4.2.2 and 4.2.1 respectively) allows the interpre - 
tation of the different behaviour that different solids 
show in the solid-phase reactions and in the presen
ce of liquid. The energy of diffusional activation Q 
of [18J (or Qs, Qj or Qr, if the elementary proce_s 
ses, on the external surface of the grains, at the 
joints or inside the lattice are considered) is, to s£ 
me extent, a measure of the chemical rigidity of the 
lattice: it is the lower (that is the process is the fa 
ster) the higher the level of free energy related to 
the lattice (or the zone of lattice) involved in the 
process or - as is briefly said - the higher the ac - 
tivity state of the portion of solid matter conside - 
red. Moreover the equation [14] expresses that 
the active state of a portion of a same solid species 
is maximum at the delimiting surface, lower at the 
junctions between grains and minimum inside the lat 
tice.

5.1.1 The active state of solids is evidenced by the 
measure of suitable quantities which are directly or 
indirectly related to the lattice disorder as:

• distorsions inside the lattice (87, 88, 89);

• concentration of punctual faults (broadness 
and intensity of the lines of EPR spectra) (89,
90) ;

• position, shape and area of DTA effects (82,
91) ;

• enthalpy and rate of reaction and/or dissolu
tion (88, 6);

• a.s.o.

5.1.3 The aforesaid type of approach justifies a 
great deal of well-known phenomena (69, 92, 93, 94, 
95,96,18,97,89,98):

• a mean value of Q, characteristic of the spe
cies , is due to each solid matter or mineralo
gical species carrying one or more oxides in
to the raw meal. Each mineral, or solid mat



ter, reacts with its own. rate, all the other 
conditions unchanged;

• for a same species of matter, the value of Q is 
a function of the particular state of activity 
that this species assumes from its formation 
and elapsed vicissitudes. Faults, defective 
structures and disorder of any origin in the 
lattice, increase active state and reactivity. 
Even if not as a rule, higher levels of free 
energy are often related to the condition of so 
lid solution of substitutive type (especially 
among ions of different charge and at the limit 
of the dimensions of replaceability), interesti 
tial and subtractive type. The pseudo-solids 
and the matter badly crystallized or having li
mited lattice periodicity (glasses, colloids, a. 
s.o.) owe the high reactivity to the high con - 
tent in free energy of these structures;

• similarly the solids in transient state of struc 
tural modification (especially if it results from 
a deep rearrangement) and the chemical spe - 
cies in the nascent state are exceptionally 
reactive. The'hgeing"of the structures, on 
the contrary, reduces the concentration of 
their crystalline faults, increases their stabi
lity and grain sizes, and so makes them less 
reactive;

• the surface extension cf an exposed phase as veils as 
the concentration of junctions among the grains, 
are liable for great variations in the active 
state where the same crystalline species, or 
the same minerals of a rock, can be found.

5.1.4 The application of suitable mechanical stres
ses to the solid matter can cause distorsions inside 
the lattice and/or changes to the structural arrange 
ment in the proximity of the free surfaces, whjch in 
crease its state of activity (mechanical activation) 
(99,4,6, 100).

5.2 Carrier of acidic oxides.

5.2.1 The main minerals, and most of the accesso
ry ones, of argillaceous materials (clays, shales, 
slates), phyllites, schists, flysh, marls, sandsto - 
nes are carriers of acidic oxides. The use of me - 
tastable glassy volcanic rocks, such as tuffs, pbz - 
zolanas, trass, pumice and industrial wastes, such 
as fly-ashes and blastfurnace slags, is less fre - 
quent. When necessary, the raw meal is corrected 
by small amounts of siliceous materials, laterites, 
terra rossa, bauxite, limonite, siderite or pyrite 
cinders, depending on the lacking oxide and the ma
terial available at the lowest cost. An exhaustive 
review of these materials is contained in Wolfe's 
(101) paper. Kiefer (102) published a synthesis on 
the structure and properties of the main clay mine
rals . Of the latter Beutelspacher and Van der Marti. 
(103) presented over 250 electron micrographs of ra 
re evidence. Leroux (104) reported significant no
tes on the different textures of clayey and marly . 
rocks.

5.2.2 SiO2 released through thermal amorphization 
of phyllosilicates has great dispersion and conside
rable activity because of its nascent state. There - 
fore it is much more reactive than the several types 
of natural silica.

As for the clastic quartz of clays, sandstones,sands 
and veins in limestones, as for chalcedony and/or 
opal of flint, as well as gels of "aged" natural sili - 
ca, it is the dispersion and the size of grains, the 
type of structure and the degree of disorder inside 
the lattice at the temperature of reaction which con 
trol their reactivity anyhow low. The results of 
Dyckerhoff's (16) and Akatsu and Ikeda's (91) works 
are very instructive on this subject. According to 
Makashev (97) the reactivity of the different types 
of SiO2, free and combined, increases in the order:

quartz < chalcedony < opal< or-cristobalite; 
a-tridymite < silica of feldspars (orthoclase; 
albite; anorthite) < silica of micas and amphi
boles < silica of clay minerals < silica of gla^ 
sy slags;

whereas Mchedlov-Petrosyan et Al. (89) found that 
silica of volcanic glasses and that of clayey mine - 
rals are more reactive than that of blastfurnace sla 
gs;

5.2.3 It can be reasonably assumed that an analo
gous situation to that of SiC>2 occurs for AI2O3 and 
^e2®3’ thermal demolition of the structure of 
a phyllosilicate gives these oxides in the nascent 
state at temperatures at which their reaction with 
CaCOj can begin and develop at practically useful 
rates. Gibbsite, bohemite, diaspore, goehtite, a. 
s.o. - present as accessory minerals in clays, or 
as main constituents of residual sediments (lateri - 
te, terra rossa, bauxites, limonites a.s.o.) - con
tain, "at the green state", the hydroxides under con 
ditions of poor crystallinity and high configuratio - 
nal energy. However they are unable to offer the - 
se hydroxides under this very condition to the rea£ 
tion with CaCOg over 500°C during the conventional 
process of burning. In fact the gradual heating of 
the raw meal dehydrates these compounds premature 
ly and it favours their structural rearrangement. 
Consequently the latter reduces their energy con - 
tent, activity and reactivity.

In the light of these concepts, the pyrite cinders 
are the worst carriers of Fe2C>3, because of the 
high temperatures at which they form.

5.2.4 Generally the most abundant phyllosilicates 
in the clayey fraction of the raw meal are illite, 
chlorite and muscovite (102, 105, 106, 16). Kaolin! 
te is frequent but less abundant. According to Le
hmann et Al. (8) montmorillonite would be rare even 
if it appears to be present and sometimes abundant 
in raw materials and raw meals examined by other 
Authors (107, 81). It is mainly found in the altera
tion products of volcanic ashes and as accessory mi 
neral of recent marls. More common carriers of 
octahedric layer-Fe^+ are glauconite (ferric illite) 



and nontronite (ferric monttaorilloiiite). Detailed in 
formation on the presence of the different phyllosili 
cates in the sediments of different origin and nature 
is found in Grim's (108, 109) and Millot’s (110) clas. 
sical texts.
The lattice stability of these minerals is related to 
the temperatures of initial and final hydroxyl dehy
dration. The stability decreases - all the other con 
ditions unchanged - as the sinnnetry of the sheet d£ 
creases and, for a same type of structure, by mo - 

' ving from the alumina terms to the iron ones (102). 
As Goerg (111), Hill and Schwiele (112), Ludwig et 
Al. (113), Bereczky (114), Lehmann and Thormann
(7) and Mchedlov-Petrosyan et Al. (115) show, itis 
thought that, as the stability of phyllosilicates de - 
creases, the reactivity with CaCO^ increases, as 
a rule, according to the order:

muscovite < montmorillonite < chlorite < illi
te < kaolinite.

Nevertheless there are disagreeing experimental re 
suits (116, 117) and opinions (101, 118). Actually, 
it would seem ri^it to relate the reactivity of a phyl 
losilicate towards CaCO^ töt to the activity of the 
structure before the demolition of the latter, but era 
re properly to the temperature at which SiO2, Al^Z^ 
and Fe^Jj are offered in the nascent state with re
spect to the temperature at which the CaCOt disso
ciation, in their presence , attains practically useful 
values. Therefore the different phyllosilicates are 
likely to show different degrees of relative reactiyi 
ty on the nature and texture of the carbo-
natic rock with which they react.

Anyhow, if the requirements of chemical composi - 
tion of the industrial raw meals are considered, it 
must be concluded that the three layer-sialites of 
pyrophyllitic structure (montmorillonite, a.s.o.), 
having Si : (Al, Fe) atomic ratio equal to or slightly 
lower than 2 (SM~2.3), give more reactive raw 
meals than those containing other sialites (kaolini - 
te, illite, chlorites, muscovite a.s.o.) which, even 
if of very different nature, have Si : (Al, Fe) atomic 
ratio 61 (SM=sl.2). In fact the latter ones must al 
ways be arcoi.pained, in the raw meal, by higher 
contents in poorly reactive free SiOg (or combined 
in another tecto silicate) than the former ont»«;.

5.3 Carriers of CaO.

5-3.1 Calcite (rarely and in negligible amounts, 
aragonite and ankerite) of the carbonatic rocks is 
the main carrier of CaO in the raw meal. A contti- 
bntion in CaO can be sometimes given by blastfurna
ce slags and wastes from other industries in the 
form of silicate, hydroxide or oxide. The supply of 
CaO from dolomite, gypsum, magmatic rocks, and 
phyllitic silicates having adsorbed or reticular Ca^*1 
is always poor.

The case of raw meals containing quicklime obtained 
by burning limestone (119) is exceptional.
5.3.2 The state of activity (and therefore the reac

tivity) of calcium oxide released from CaCOj for the 
diffusion in the acidic oxides is determined by the di 
sorder and concentration of defective structures pro 
sent in the dissociation product which, in their turn, 
depend on (93, 120, 121, 5, H, 122, 123 , 97 , 90):

• the microstructure of the carbonatic rock;

• the temperature of formation of CaO;

• the temperatures and the times during which 
the produced CaO "ages" before reacting with 
the other solid phases, or before dissolving 
in the liquid phase.

The most influential variable is the size of the cal - 
cite crystals. As it decreases, the concentration

FIG. 7 .GRAIN SIZES OF THE DIAGENETIC 
CARBONATE SEDIMENTS AND NON-CARBONATE 
FRACTION (< 6,3 pm ). ELABORATION FROM 
MARSCHNER'S PAPER (124).

of the defective structures of the dissociation CaO 
increases and the temperature at which - for a gi -
ven equilibrium of solid phases - 

tically useful values, decreases.
pco2 attains pra£

On the other hand,
Marschner (124) proved that, for diagenetic limesto 
nes, the sizes of the grains are inversely proportto 
nal to the content of clayey minerals (FIG. 7) who - 
se protective coating would prevent the formation of 
large crystals during the diagenesis.

5-3.3 These concepts explain the great burnabili - 
ty of marls and the preference that the cement manu 
facturers generally give to limestones of "polluted" 
microstructure rather than to pure or very pure car 
bonatic rocks. Subordinately, among these, micri
tes and micro-and cryptocrystalline limestones are 
more reactive; the middle-grained sediments are ac



ceptable. Clearly the worst carbonates used for ce^ 
ment are pure limestones deqly diagenized and con
taining Large crystals, such as marbles.

5. MINOR COMPOUNDS.

6.1 Concentrations of minor compounds in the raw 
meal. Admixture s.

Minor compounds (*) are chemical species different 
from the four fundamental oxides which participate 
in the transformation process of the raw meal into 
clinker. As a rule, they derive from the accessory 
minerals of rocks, fuels, refractories, wear parts 
of equipment; they can also result from admixtures 
added to the raw meal for specific purposes. Blai-

The main purposes that have been stimulating the re 
search on the minor compounds and admixtures for 
several years are: '

• production of more reactive raw mixes;

• improvement of particular technological con
ditions in order to increase efficiency of 
the process;

• increase in the allowable levels of impurities 
and consequently enlargement of the availabi
lity of raw materials and types of fuel. The
re is also the possibility of using industrial 
wastes or the ones of different source for eco 
logical decontamination purposes; •

TAB. in. CONTENTS IN MINOR COMPOUNDS 
OF INDUSTRIAL RAW MEALS (127,128,129,1JO>

minor 
com - 
pound

num
ber 
of sam 
pies

^CE 
extremes 
of cone» 
mass %

interval 
of fo 
mass %

fo 
frequency 
of 41Cfo 

%

CM 
median 
content 
mass %

c m 
mean 
content 
mass %

MgO 113 0.30-4.00 0.50.0.80 26 1.00 1.053
K2O 141 0.05-1.50 0.45-0.50 13 0.55. 0.571
SO3 122 0.00-1.91 0.09-0.13 11 0.20 0.306
Na2O 140 0.03-0.63 0.08.1.11 19 0.16 0.173
TiO2 136 0.02.0.40 0.14-0.17 35 0.15 0.155
M12O3 77 0.01.0.83 0.09-0.11 39 0.09 0.116
P2°5 136 0.01-0.50 0.04-0.07 35 0.07 0.093
SrO 77 0.01-1.47 0.05-0.07 21 0.06 0.074
F1- 89 0.00.0.34 0.04-0.06 35 0.05 0.055
ci1- 118 <1.10-4.0.20 <1-10-4.0.01 40 0.01 0.021
Cr2C>3 91 «8-10-3.0.03 8-10-3.0.01 46 0.01 0.013

ne et Al. (125, 126) published the frequency distri 
bution of 17 minor elements into 186 portland ce - 
ments as well as the results of a research concer
ning their effects on the properties of cement.

TAB. Ill gives the significant statistical quantities 
of the concentrations of 11 minor compounds in 141 
industrial raw meals (127, 128, 129, 130). The me
dian values of the concentrations decrease in the 
order;

MgO > K2O > SO3 > Na2p > TiO2 > M^Oß > 
>P2O5 >SrO >F1- >C1^- >Cr2O3;

the frequency distribution is of normal-logarithm 
type (except for that of TiO2, approaching the nor
mal one).

• production of cements having better quality.

6.2 Modifiers of the properties of the liquid phase. 
These are the minor compounds called fluxes and 
mineralizers acting in the liquid and/or liquid-so - 
lid phase. Fluxes are substances which lower the 
first appearance-temperature of the liquid phase 
(131). Mineralizers are substances which, throu^i 
any mechanism, accelerate the rate of the process 
or reaction between solid phases, or in the liquid 
phase or at the liquid-solid interface (131). 
Attributing (84) both properties to fluxes - that is 
the lowering of the first-melting point and the re - 
duction in the viscosity of the liquid-must be avoi
ded because not always the same substance produ
ces the two effects simultaneously. It does not 

(x) Also called: minor components, minor constituents, minor elements, impurities, traces.



even seem suitable to assign (132) the role of mine
ralizers only to fluxes, since many of these act just 
in the solid phase.

TAB. IV. COMPOSITtoN OF THE-LIQUIDS 
OF WHICH BUTT AND TIMASHEV (137 ) 
STUDIED THE VARIATIONS OF »AND ij .

liquid 1 
pentectic at 

1333*C

liquid 2 
saturated at 
U50*C

CaO 54.8 57.0
SiO2 6.0 7.5
Al^Dj 22.7 22.6
Fe^Ps 16.5 12.9

a 2.76 2.78

b 0.016 ».025

6.2.1 The important role that fluxes play on the 
transformation of the raw mix must be referred:

• first of all, to the necessity of the presence 
of a liquid phase for the rapid C^S formation 
(peritectic reaction);

FIG. 8 .POLYTHERMS OF a OF THE LIQUID PHASES
1 AND 2 OF TAB. IV .AFTER BUTT.AND TIMASHEV 1137).

• afterwards, to the need to avoid the ’’ageing" 
of the CaO and C2S crystals before dissolving 
in the liquid;

• finally, to the energy saving of the process, 
which results to be the higher the lower the 
first appearance-temperature of the liquid.

It has already been mentioned (paragraph 3.3.2) 
that this temperature is 1338*C in the most basic 
part of the system C - 5 - A -F (59); 1301 “C in the sei 
me in the presence of 5% MgO (58); 1280°C in the Sjf 
stem C - S - A - F - M - N (133). All the minor com- 
pounds dissolving in the liquid phase decrease its 
first appearance-temperature. Nevertheless, sin
ce CjS does not form below 125O°C, this temperatu 
re must be considered the lowest (also theoretical) 
limit for clinkerization.

6.2.2 The substances able to modify the kinetics of 
the C2S and CaO dissolution and the rate of ionic 
diffusion in the same, affect the rate of the peritec
tic reaction (134f 135, 13f , 73). Butt and Timashev

Minor compound content, mass

FIG. 9 .ISOTHERMS (1450°C) OFo OF THE 
U0UIDPHASE2 0FTAB.IV FOR INCREASING 
CONTENTS IN DIFFERENT MINOR COMroUNDS. 
AFTER BUTT AND TIMASHEV (137 ),

(137) have exhaustively reported on the mechanism 
of formation of clinker. The mineralizers act, at 
the solid-liquid interface, by increasing the wetting 
power of the liquid phase - that is by reducing its 
surface tension - and they increase the fraction of 
exposed surface of the solid phase which dissolve. 
On the contrary, the mineralizers in the liquid pha
se accelerate the ionic diffusion by reducing the vi
scosity.

The surface tension a of the liquid phase of clinker 
is of the order of hundreds of dynes-cm"■*•, betwe - 
en 1300°C and 1450°C (138); the viscosity T) is of 
the order of poises (60). According to Butt and Ti
mashev (137): 

logio (7= a - ™ , undime

is valid between 1400 s C et 1500 °C for the quatema 



ry liquids having the composition given in TAB.IV. 
The values of the constant a and b are also shown in 
the same TAB. IV.

FIG. 10 . POLYTHERMS OF q OF THE LIQUID PHASES 
1AND3 OF TAB. IV. AFTER BUTT AND TIM ASHE V<137l.

The variation of <T versus the temperature is shown 
in FIG. 8, whereas FIG. 9 gives the isotherms o

Minor compound content. mess%

FIG. 11 .ISOTHERMS (1450 °C) OF q OF THE 
LIQUID PHASE 2 OF TAB. IV FOR INCREASING 
CONTENTS IN DIFFERENT MINOR COMPOUNDS. 
AFTER BUTT AND.TIMASHEV (137).

of liquid 2 at 1450°C for increasing concentrations 

in different minor compounds.

The viscosity is caused by the mobility of the ions 
SixC>z-.

In the presence of minor compounds the values of 7J 
depend on the equilibrium displacement between the 
co-ordinative strictures of the amphoteric dements:

tVieO4'5^:Me3+ + 4 O2' ' fzil

FIGS. 10 and 11 show the variations of Tj versus 
the temperature and the concentration of different 
minor compounds. It must be pointed out thatincrea_ 
sing K2O and bla2O reduce a but increase 7/ , at the 
same temperature.

TAB. V. DECREASING ORDER (FROM ABOVE 
DOWNV/ARDS) OF THE EFFECTIVENESS IN RE 
DUCING THE VISCOSITY OF THE LIQUID PRAT 
SE OF DIFFERENT IONS. VALUES OT THE 
FIRST COLUMN AFTER GRACHLAN ET AL.(14£J.

decreasing 
order of 

effectiveness

electrone 
gativily 

X

field
$/»!

X-2

ionic 
potential 

Z/a 
a-1

Be2+ 1.5 0.72 5.71
Mg2<- 1.2 0.44 2.50
Sr2* 1.0 0.31 1.65
Li1+ 1.0 0.23 1.22
Ba2+ 0.9 0.26 1.39
Na1+ 0.9 0.18 0.91
Kl* 0.8 0.13 0.68
SiFg- 4.0 - -
Fl- 4.0

so2- 3.6 - -
ci1- 3.0 - -

NOTES. Values of Xafter Pauline (141) for ions 
in octahedral co-ordination with O^-; 0.7 ♦ 0.4 
scale.
ao - sum of the ‘cation radius and O^-.
a - cationic R^^ after Whittaker and Muntus(143- 
4 " number of ionic charge.

6.2.3 The ability of an ion to modify the characte
ristics of the liquid is a property of the electron 
configuration of the ion itself. The effectiveness 
by which the viscosity is reduced, at the same tem
perature, increases as the electronegativityX, or 
the field force Z/aq, or the ionic potential Z/a of 
the ion increase (137, 139, 140),as diown by the values 
cf TAB. V. Iqns like K^+ and Na*-'*" having large radius and 
low charge do not reduce but increase T) (137). Al
so the mineralizing effectiveness, measured by the 
degree of combination of CaO through the liquid pha 
se, increases asX, Z/a^ and Z/a increase (143, 



144,145,146,141,148) (FIG. 12); in fact ions ha - 
ving small radius and high charge (Cr, V , Ti, Mn,
а. s.o.)are the most effective mineralizers.

This behaviour towards the liquid phase of clinker 
must be considered as a particular- case of a more 
general rule, valid for all the silica tic magmas G4S).

б. 3 Equlibrium modifiers between phase and struc
ture modifiers of the clinker minerals.

6.3.1 The minor compounds distribute differently 
into the clinker phases at high temperature and they 
dAt—rmine displacements of the equilibria among the 
phases'. New solid solutions and new compounds of
ten form. In any case the evaluation of the effects

FIG. 12 . MIKERAltZtNG EFFECTIVENESS OFDFFEREHT 
CATIONS FCfl CLHWER LSF=0S6 SM^2,2 AND TM=2fl 
BURNT AT 13S0*C UNDER lOADOFgtOOWITHADDITION 
OF O.Otg-% EOUTV. OF F“. AFTER TEOREANU AND 
TRAN VAN HUYNH ( 146 >.

of one or more minor compounds presume the know
ledge of the resulting phase relations, out of which 
the most important are reported in Chap. 7.

6.3.2 These minor compounds that, tn adequate con 
centration, increase the hydraulic properties of din 
ker and/or its minerals, are called activators (of 
hydraulicity) (150,151,152). The fundamental pa - 

pers (137,138,153,154,155,156,49,157,158) pu
blished on this sib j?ct allow two types of model of ac 
tivation to be designed:

• the presence of an isomorphogeneous substi. - 
tute in a lattice causes disorder and often in
creases the concentration of defective struc - 
tures of any kind (punctual, linear and super
ficial). This rise can increase the free ener 
gy of the structure by reducing its stability 
and by activating its hydraulicity (*). There 
are, however, some exceptions: for instance 
the impurities do not increase the concentra - 
tion of the imperfections inside the lattice of 
C2S (160). Foreign ions, depending on their 
ionic potential, can make the structure of ß - 
-C2S more stable (and decrease its hydraulic 
activity) (161);

• when ions having high value of Z/a vary the 
surface tension, the ionic mobility and the 
concentration gradients in the liquid, they mo 
dify the conditions of formation and growth of 
the crystals at the same time. In this'way the 
microstructure of clinker varies with possible 
increase in the relative hydraulic activity 
(162).

6.4 Mineralizers between solid phases and through 
formation of atypical liquid phase (**). These are 
the minor compounds which increase, at the same 
temperature, the dissociation tension of CaCO^, the 
rate of the diffusion processes in the solid phase 
and/or give intermediate compounds favouring or ac 
celerating the C^S formation.

The mineralizers of this type (NaCl, CaC12, B2P3, 
NaNOg, phosphates, fluorides, sulpha - 

tes, a.s.o.), which gave interesting laboratory re
sults, are numerous. Nevertheless most of them 
have the disadvantage of yielding technological con
ditions unfavourable for other aspects, or they in - 
vo)ve costs not repaid by the advantages obtained. 
For tins reason, today, the cement industry utili - 
zes only fluorite and gypsum (or anhydrite), in par
ticular cases and for specific purposes.

6.5 Minor volatile compounds.

6.5.1 The minor chemical species, whose vapor 
tension is unnegligible at the burning temperatures 
and, at the same time, not high enough at the tempe 
rature of the exhaust gases, volatilize in the hotter 
zones of the kiln and condense in the cooler ones 
(on the raw mix, on the walls, on the recuperators,

(*) The stability of a structure corresponds to a minimum of the free energy F at temperatures > 0‘K (F=U-TS, 
for isothermal and isochoral systems). Disorder and imperfections increase both the internal energy U and the 
entropy S. The stability decreases when zlU »TAS (159).

(**) Liquid phase different from the typical liquid phase of clinkerization as for composition and properties (i. 
e. liquid phases of chlorides, sulphates, nitrates, a.s.o.).



а. s.o.). Thus, a cycle of these compounds is esta
blished (163,164,165,166,167,168,169, 170, 171, 
172, 173, 174).It increases the concentration in the 
processed material up to the (maximum) level Xj ne
eded to balance the entering and the coming out 
amounts. .

V/ith respect to the concentrations and of the 
chemical species i, in the fresh raw meal and in the 
fuel respectively, expresses the intensity of the 
cycle of that chemical species by the recycling fac
tor Kj(167):

Xi r IKi=ÄT7Ä]- -undim> L22J

with Xp Aj, and A^^ in homogeneous units of mass 
concentration.

depends on the type of process (171) and other 
different parameters, among which the coefficients 
of primary volatility and cycle volatility °f 
the considered species (167):

€34 = mass fraction, with respect to the total 
one, of the species i volatilized from the 
fresh raw meal having concentration Aj 
(undim.);

e2i = mass fraction, with respect to the total , 
one, of the species i volatilized from the 
burning raw meal having concentration X^ 
(undim.).

The two coefficients are referred to given tempera
tures .

Ritzman (172) published the quantitative relations 
from which X^ and the concentration of i in clinlcer, 
at steady condition, are calculated versus A^, A^, 
eli’ e2i an^ other variables of the process. From 
Locher et Al.'s (170) equations, it is possible toed, 
culate X^ versus the time of recycle, as well as the 
time necessary to attain the equilibrium concentra - 
tion X^ in the burning material.
б. 5.2 CL*--, Br-*--, J-*--, alkalis, sulphates, fluori
des and zinc compounds produce cycles. of the 
two latter species are very low. There is little in
formation on the cycles of Brl~ and even if the
re is evidence of the aggressiveness of these halo
gens on the electrofilters and their ducts. (and 
therefore X^) of chlorides, sulphates and alkalis are 
high and liable for the direct or indirect formation 
of most coatings and rings which jeopardize the re
gularity and the operation continuity of kilns.

In the technological practice, three methods allow 
the coming out amounts of volatile compounds to be 
increased in order to reduce X^:

• shut off of the cycle generally by total elimi - 
nation of the dust of electrofilter (and someti
mes of grate in the lepol kilns) when the vola
tile compound concentrates in the dust (170, 
175). The latter condition, and the necessity 
to reutilize the recovered dust, limit the prac 

ticability of the method only to the kilns pro
ducing very reduced amounts of dust (0.04 < 
* 0.06 kg/kgcli.), that is to the lepol and the 
nodule-fed kilns. (In order to reduce the pro
duction of dust the characteristics of the nodu 
les can be improved by avoiding the presence, 
in the raw meal, of compounds hydrolyzable in 
Ca^"1", by adding Na2CO3, a.s.o.);

• shut off of the cycle by (partial or total) bypass 
of the exit gases in the suspension preheater 
kilns (165, 166), especially when they are 
equipped with precalciner(176, 177, 178, 10);

• reduction in the volatilization of the chemical 
species which recycles by addition of suitable 
compounds to the raw meal (see paragraphs
7.3.4 and 7.6.3) and by adopting the measu - 
res which enable the burning at lower tempe - 
ratures. Obviously, in this way, clinlter be
comes richer in volatile compound. This me
thod is favoured by the semi-dry process sin
ce the nodules release fewer compounds than 
the raw meal, at any other condition unchan - 
ged (164, 171).

7. BEHAVIOUR OF SOME MINOR COMPOUNDS.

7.1 Sulphates.

7.1.1 Sulphates (gypsum, anhydrite, celestine, ba 
ritine), and exceptionally elementary sulphur, are 
often present in the evaporitic limestones. On the 
contrary the ancient limestones can be mineralized 
by sulphides (prevailingly blende and galena).
Clayey sediments, marls, detrital rocks contain 
both sulphides (pyrites and marcassite) and sulpha
tes. Gypsum and'anhydrite are sometimes added to 
the raw mix as mineralizers and modifiers of the re 
cycle of alkalis (170). Sulphides and sulphur of the 
raw meal and the fuel are oxidized to sulphates and 
combined, as such, in the solid phases during bur - 
ning(179, 169). ■

7.1.2 Fundamental knowledge of the sulphate-con
taining systems:

• SO3 preferably combines as (K, Na^SO^. At 
ordinary temperature, the solid solution con
tains the two sulphates in the same ratio of 
the present oxides if (in moles) SO3 ^2® + 
Na2O; on the contrary it corresponds to about 
Sl^SO^/Na2SC>4 in the opposite case (180);

• RCaSO^'I^SO^ is stable upto 1011 °C in the
system CaSO^-K2SO^. The compound can 
form during the cooling of high potassium and 
sulphate clinkers (181); -

• 3CA.CaSO^ (182, 183) is stable up to about 
1400°C. Kostov (184) explains how to calcu - 
late its amount, eventually together with C3A, 
in the clinkers rich in CaSO^,. Alkalis (185) 
and low A : F ratios (^0.64) (186) prevent its 
formation;



• 2C2S -CaSO^ (187) forms from the oxides al
ready at 900°C. Above 1298°C it decomposes 
in a -CaSO^ and. a* -C2S containing 1.1 mole 
%CaSO^;

• C3S coexists with CaSO^ in. the system CaO- 
C^S-CaSO^ (188). The saturated solid solu
tion of CaSO, in C3S contains about 2.ÄSO3 
(at 1310°C) (189). Sulphatic C3S has lower 
hydraulicity (189) and decreasing mechanical 
strengths as the SO3 content increases (190);

• the compatibility (coexistence at the equili - 
briue) among CaSO^, 2C2-8‘CaSO^ and 3CA • 
CaSO^and SCA-CaSQ^ with CaO, C2S,012^7 
and Ca - in the 950*/1150eC range and in the 

lower alkali content than SO3 (including the one of 
fuel), in the absence of Cl1-, allows the alkalis to 
be "fixed" in clinker as sulphates and therefore it 
reduces the internal cycle of the kilns (FIG. 13). 
Generally the quality (early mechanical strengths) 
of clinker is favoured by the condition (in moles) 
SO3 > KoO + NagO - at least for limited amounts of 
SO3 in excess (200 , 201, 202, 203 , 204). The most 
effective action of CaSO^ is obtained on raw meals 
having low A : F ratio (1.2 t 1.5) and moderate lime 
saturation (~0.8), for contents of 2.3 * 2.5% SC^in 
clinker (186).

Alkali sulphates are less active mineralizers than 
CaSO^. On the other hand they pro mote-similarly

FIG. 13 .FOBMATION OF ALKALI SULPHATES IN 
CEMENT KILNS. AFTER LOCHER ET AL. ( 170 ).

FIG. 14 .SOj EMISSIONS WITH THE GASES OF 
SUSPENSION PREHEATER AND LEPOL KILNS . 
AFTER LOCHER ETAL.(170).

absence of $250^ and C3S - was established 
by Pliego Cuervo et Al. (191).

7*1.3 The advantages of the addition of <ra let tim sul 
phate to the raw meals have repeatedly been repor
ted, especially by Äussian Authors (192,193,194., 
195, 196, 197,198, 199). CaSO^ is an effective 
flux and mineralizer; it lowers the appearance tem
perature of the liquid phase by over 100 *C, it de - 
creases its viscosity and surface tension and tncrs*a 
ses the mobility of Ca2*, StyO?', Air*, AlOz . ~ 
Fe^dSJ). r 4

The addition of CaSO^ to raw meals having mblarly 

to F^-'and Cl^~ - the formation of C3S (181).

7.1.4 Nevertheless the use of calcium sulphate 
must be cautious. One must consider the lower hy
draulicity of sulpha tic alite, as well as the fact iiat 
the simultaneous presence of A13+ and SO^ , in the 
absence of MgO, impoverishes the clinker in C3S, 
whose formation can even be prevented (189). Still 
in the absence of suitable concentration in MgO, al
so Na2SO^ and high contents in K2SO^ can avoid the 
C3S formation (181). The unfavourable effect of the 
combined action of Al^* and SO^~ is eliminated, or 
strongly weakened, by the presence of a sufficient 



quantity of MgO. These phenomena are likely to be 
related to the particular "wetting and penetrating" 
properties of the liquid phases containing high 
amounts of alkali sulphates which,in this way, would 
be able to "mineralize" a very rapid decomposition 
of CjS at 1250°C, during the clinker cooling (205). 
Finally one must remember the role of sulphates in 
the formation of rings and coatings (206 , 207) which, 
in the upper parts of kilns, prevailingly consist of 
sulphosilicate, 2CaSO4"and Na2SO^.

7.1.5 The SO2 emissions with the kiln gases which 
process, under normal condition, raw meals and 
fuels containing sulphur compounds are poor (179, 
170, 208, 209). The graph of FIG. 14 shows the 
SC>2 concentrations in the gases, calculated by Lo
cher et Al. (170) versus the overall amounts of sul
phur entering the kiln.

7.2 Fluorides.
7.2.1 The vicariance between F^~ and OhA” makes 
fluorine the most important halogen of the sedimen - 
tary rocks. It is contained in carbonatic rocks 
(100 ■» 600 ppm F), combined as fluorite and fluor-a
patite; in marls, clays, shales (300■* 2500 ppmF); 
in sandstones, calcareous sands, loess (80 -s 360 
ppmF). The minerals of the most rich clays are il 
lite (0.1 «0.3%F), micas (0.1 t0.2/t>F), montmoril
lonite (~0.03%F). Fluorine is always present in 
the cement raw mix and it is often added to impro
ve its reactivity.

7.2.2 Some aspects of the equilibria in the CaF2 
containing-systems are interesting for the practi
cal implications:

• in the system C - S - CaF2, (C2S)2*CaF2 
forms at 95OeC and decomposes at 1040’C in 
a*- C.-2? an<l CaF2 (210). The compound 
HCaO.4SiO2,CaF2 (211), or more precise - 
ly 19CaO*7 SiO2‘2CaF2 (212), also called 
"(C3S)3*CaF2" is stable between 1110’C 
and 1185°C. Its incongruent melting gives 
trigonal CjS, (X'-C^S and liquid, at 1185’0;

* in Cp2^7> is replaced by F^~ at 1300’C 
in a continuous series of solid solutions (213), 
Ci2-xA7,(0aF2)x (0<x4 1), whose extreme 
term contains 2.7%F. The singular term, 
when x = 0.8, contains 2.3%F. In the most 
basic part of the system 0 - A - CaF2, the so 
lid solutions of the interval 0.8 £ x 4 1.0 are 
in equilibrium with CaO at 1300’0; those of 
the interval 0 6 x £ 0.8, with C3A (214) • In 
the most basic and F-poorest part of the sy
stem C - A - S - CaF2 (215) the solutions of 
the interval 0.8 £ x £ 1.0 are compatible, 
each time, with C2S and C3S at 1300’C, or 
with C3S and CaO, but not with C3A. On 
the contrary, the latter is in equilibrium with 
the solutions of the interval 0£x£0.8,C2S 
and C3S (FIG. 15). It is therefore wrong
to think that, in every case, 0aF2 decompo

ses C3A in CaO and a solid sd.uti.cn.dtF in Cp^V 
(216) ; really this occurs only for higher con
tents in CaF2 than those of the plane C2S-C3S 
-On.2Aj■ (CaF2)9,g. In the practice the flu£ 
ridized clinkers contain C3A or Cp2-x-^-7‘ 
(CaF2)x, or both, depending on the F content 
and the cooling conditions (217);

• the system 0 - A - F - CaF2 at 1250’0 (218), in 
its most basic part, has not quaternary com - 
pounds but only solid solutions containing a 
small amount of fluoride;

• in the system 0 - C2S - CaSO^ - CaF2 between 
1000’0 and 1150’0 (212), an only quaternary 
compound 3C2S*3CaSO^iCaF2 (fluorellestadi-

FIG.15 .MOST BASIC PART OF THE SYSTEM C-A-S-CaF2 
(NOT TO SCALE). AFTER MASSAZZA AND PEZZUOLK215I.

te) is present. It is incompatible with both 
C2S not saturated with CaSO^ (1000’0) and 
"(CgS^'CaF^1 (1150’0). The two silico-fluo- 
rides (028)2-CaF2 and "(038)2-CaF2" would 
only form in the raw meals containing F : SO3 
(mass %) >O.-158.

7.2.3 Even small amounts (< 0.3% CaF2) of fluori - 
des in the raw meal increase the values of p„„ -f 
(t) of the carbonatic phase and they modify the 
kinetics of all the burning reactions deeply (2, 219, 
82, 3 , 220 , 221, 222). The amount of , which 
forms as from 750’0, increases and a liquid phase, 
which favours the diffusion processes among the 
reacting solid phases, appears already al 800'0(223X 
Therefore, at 850’0 (Pqq = 1 atm), the presence 
of CaF2 determines the*“ 2 formation of (028)2- 
• CaCO3 which, at 960’0 (pco = 1 atm), decom - 
poses by separating CO2, 2 C2S and CaO, 
the two latter in a particularly active state to be 
combined in C3S; in this way, spurrite would play 
a role of intermediate phase which accelerates the 
formation of alite. These phenomena are evidenced, 
in the DTA graphs, by the variations in height or 
area of the thermal effects of the transformations 
versus the content in CaF2 (82) (FIG. 16). The de



creases in the specific effectiveness of fluoride as 
its concentration increases is also clear, as alrea-

FIG.16 .DTA EFFECTS OF THE RAW MEAL VERSUS 
CaF2 CONTENT. AFTER COURTAULT( 82).

dy pointed out by Vogel (2) and recently reconfir - 
med by Johansen et Al. (224).

Similarly to spurrite, also 2 an<f CjgSy
•2CaF2 would give rise, between950 and 1200°C approx., 
to a mechanism of formation of alite through incon - 
gruent melting of CigS7*KaF2, according to a sehe, 
me proposed by Gutt (220). The higher rate of for
mation of CjS In the presence of CaFj is also attri
buted (224) to the larger extention of the primary 
phase field of C3S in the C - S - CaF2 and C - S - A 
systems. In any case the C3S formation begins at 
lower temperatures by at least 150* ♦ 200°C than 
those in the absence of fluorides.

On die contrary the existence of CjgSy2CaF2 in - 
volves - during the clinker cooling - the attack of 
alite and belite by the liquid, with separation of 
Ci9S-7*X:aF2 because of the peripheral reaction at 
1185*C (2S). In the practice the rate of cooling is 
always fast enough so that the reaction does not oc
cur; nevertheless the case of fluoridized clinkers 
containing C^gSj-2CaF2 (as a coating of alite) is 
not rare. The poor hydraulicity of C3S fluoridized 
(226) would explain the low mechanical strengths of 
clinkers containing more than 0.5 » 0.6% F (227).

7.2.4 The mineralizing action of fluorine com - 
pounds is attributed to their influence on the stabi
lity of the rhombohedral structure of CaCOj and on 
the mobility of the (SiO^)lV groups of silicates (02). 
This influence increases as the lattice energy of 
fluoride increases and therefore, in first approach,

as the radius of the cation decreases. For this rea 
son, at the same concentration In F, MgF2 and LiF 
have higher effectivenesses and (in decreasing or - 
der)NaF, CaF2, SrF2 the lower.ones. BaF2 and 
KF are the less active (82, 147). The fluosilicates, 
having the same ionic species and equal content in 
F, have equal (82) or slightly lower (228) effective
ness than that of fluorides. .

7.2.5 Fluorite is generally used in the technologi
cal practice for its lower cost and its easy handling. 
In the last few years its use has extented not only 
to the manufacture of white clinkers but also of nor
mal ones because of the fuel saving and the increa
se in the kiln capacity that this mineralizer and flux 
often enables. The advantages obtanable, at the sa 
me amount added, are not equal for all the raw 
meals and all the types of kiln; as a rule, the har - 
der raw meals to burn, containing macrocrystalline 
rocks, and the short processing-kilns, above all 
the lepol ones, take the most advantage. The inter^ 
nal cycle of fluorine in the burning plants is weak 
and such that only traces are found in the gases 
(229). The losses correspond to the eventual shut 
off of the cycle by extraction of the electrofilter 
dust which generally has higher (10 t 20%) concentre 
tion in fluoride than that of the raw meal (values re 
f er red to the calcined matter).

Experience suggests to limit the additions of fluorite 
not above 0.5 t O.b%F of clinker, in order to avoid 
the dangerous decrease in mechanical strengths. 
Within this limit the hydraulicity and the strengths 
of clinker are quite normal if it still contains 1 « 2% 
free CaO or anyhow it is intended for the produc - 
tion of high fineness cement. ■

7.3 Phosphates.

7.3.1 The organogen sedimentary rocks (fossilife- 
rous limestones, marls and clays of shore-sea fa - 
cies, a.s.o.) contain varying and sometimes const 
derable amounts of phosphates. These minerals are 
also present in sandstones, sands, and prevailin - 
gly detrital clays. Phosphorus compounds are con 
tained in the by-products of the siderurgical indu - 
stry (blastfurnace slags, slags from electric furna
ces, from converters, a.s.o.) often used in the ce
ment raw meal.

7.3.2 The fundamental knowledge on the phospha
tic clinkers is mainly due to the Researchers (230, 
231,232, 227 , 233, 2"2Q>') of the Building Research 
Station of Garston (United Kingdom). Schlaudt 
(234), V'lkovand Tabakova (235), Fix et Al. (236), 
Salge and Thormann (237) gave further contribu - 
tions.

P2P5 preferably concentrates in belite to the detri 
meat of alite and the intersitLal phase (237): the 
concentrations in the three phases are in the ratio 4: 
2 : 1 approximatively.

In the system CaO - SiO2-P2p5, a series of solid 
solutions of CaO and P2Og in C3S (233) appears as 



a primary phase of crystallization. The composi - 
tions given in TAB. VI have been assigned, to the 
saturated term (called CjS") (233 , 234 , 237). C3S"

TAB. VI. APPROXIMATE COMPOSJ 
TIONS (MASS %) OF C3S" AFTER 
DIFFERENT AUTHORS (233,234,237).

Gutt 
(1963)

Schauldt 
(1964)

Salge and 
Thormann (^ 

(1973)

CaO % 74.0 73.4 72.9
S1O2 % 25.5 25.5 25.1 .
P2O5 % 0.5 1.1 2.0
C3S % 96.9 96.9 95.4
CaO % 2.6 2.0 2.6
P2O5 % 0.5 1.1. 2.0
(*) in the presence of AI2O3, Fe2P3, 
MgO and alkalis*

has trigonal structure; with respect to C3S, it 
shows a distorted elementary cell having reduced di 
mensions (227). The hydraulic activity ought to be 
slightly higher than that of C3S.

Phosphatic belite is a solid solution of a -C3P in 
ß -C2S (for contents 4 2% P2P5) and ina'andCt-C2S 
(for higher contents in P2P5) (227). Since the se - 
ries of solid solutions C2S - C3P shows a lack of 
subsolid miscibility, a limiting composition called 
PS S' is in equilibrium with C3S" at 1500 “C. The - 
re are still considerable uncertainties for the practi
cal consequences on the composition of PS S' 
(TAB. VII). It must not even excluded that it falls 
outside the line joining C2S to C3P, towards higher 
lime contents, because of the marked aptitude of 
this solution to take hyperstoechiometric CaO (236, 
237). The composition of PSS' found by Nurse(230) 
confirms tis hypothesis.

7.3.3 The portion of the system CaO - C2S - C3P 
near C2S and C3S, at 1500°C, is shown in FIG. 17 
where the compositions deducible from the paper 
(237) have been assigned to C3S" and PSS'.

The phases in equilibrium are:
• C3S and solid solution C2S - PSS',for lower 

content in P2P5 than the line C3S - PSS';

• solid solution C3S - C3S" and PSS', for con - 
tent in P2P5 between the line C3S - PSS' and 
the line C3S" - PSS';

• CaO, solid solution C3S - CgS" and PSS' for 
higher content in P^c than the line C3S" - 
PSS'.

CqS" disappears, as an equilibrium solid phase,for 
higher contents in PpOq than the line CaO - PSS'. 
In the C3S - C2S - PSS' - C3S" field, the amounts of 
C3S and/or C3S" decrease and that of solid solu - 

tion between C2S and PSS' increases as the % of " 
^2^5 increases: an experimental confirmation was 
obtained by Salge and Thormann (237). The opportu 
nity of using very high values of lime saturation (or 
even supersaturation) for the phosphatic raw meals, 
consistently with the present content in P2O3, is 
clear.

The hydraulicity of the phosphatic clinkers shows a

TAB. VII. APPROXIMATE COMPOSITIONS (MASS%) 
OF THE LIMITING SOLID SOLUTION PSS' AT 155O°C 
AFTER DIFFERENT AUTHORS (230, 233, 234 , 237).

Nurse (*) 
(1952)

Gutt 
(1963)

SchLaudt 
(1964)

Salge and 
Thormann (**) 

(1973) .
CaO 66.5 63.7 64.1 63.9

SiO2 26.5 30.3 31.8 31.0
P2O5 7.0 6.0 4.1 5.1

C2s 76.0 86.9 " 91 88.8
C3p 15.3 13.1 9 11.2
CaO 3.7 - - -
(*) indicated as PSS. In the presence of A^O^, 
^e2p3j and alkalis, at 1400eC.
(**) from FIG. 14 of (237). In the presence of AI2O3, 
^«2^3» MgO and alkalis*

slight increase for low contents in P2P5 (0’5 » 1 -O/o) 
(235 , 237 , 238 , 239), probably due to the peculiar 
structure of C3S"; afterwards it considerably de - 
creases as the content in P2O5 increases. This 
drop must be related to the decrease in the C3S/C2S

FIG. 17 -MOST BASIC PART OF THE SYSTEM 
CaO-CzS-CaP AT 1500 °C (NOT TO SCALE).



ratio, as well as to the progressive increase in the 
a mmmt of the structures tt,andaC2S> to the detri - 
ntent of the ß-form«
7.3.4 It is recognized (235 » 2^1, 241, 242) that pho 
sphates have a strong accelerating action on all the 
reactions occurring during the burning of clinker.
The process of combination of CaO in the solid pha
se is facilitated; conditions favourable for a rapid 
crystallization of the clinker minerals occur in the 
presence of liquid phase.
The presence of hydroxyapatite in raw meals con - 
tanring chlorides ou^it to reduce their intensity of 
internal recycle in the kilns and in this way it diould 
avoid (or mnimize) the formation of spurrite coa -

TAB. VIII. MAXIMUM AND OP
TIMTM CONTENTS IN
Ö4ASS % IN THE RAW MEAL) 
AFTER VLKOV ET AL. (235).

s&toratiaa
mAirmmm 
content

OpUZEtUIEL 
content

0.74 2.0 1.5
0.84 1.5 1.0
0.94. 1.0 0.3

tings (207). Therefore the correction of raw meals 
with suitable amounts of phosphattc additions can be 
an effective means to improve some technological 
conditions of the clinice-r burning.

The uncertainty of the compositions of C3S’* and, 
above all, of PSS* does not allow the calculation of 
the maxitnum. content in P2P5, practically allowable 
in a raw meal. V'lkov and Tabakova (235) suggest 
the limits shown in TAB. VIII.

7 .3.5 The favourable influence of CaF2 on the raw 
meals containing ^2^5 was examined by several Au 
thors among whom Simanovskaya and Vodzinskaya 
(243) and Gutt (220). Tymashev et Al. (244) studied 
the effects of concentrations of 0.8» 1.5% P^5 on 
the raw meals containing high amounts of alkalis.

7 -4 Titanium compounds.

7.4.1 Titanium is present in the clayey sediments 
and in the detrital ones as both hydrolysis product 
cooprecipitated with Al, Fe, Be and Zr (bauxites, 
laterites, a.s.o.) and combined in less alterable re 
sidual minerals, such as ilmenite, rutile and tityi -

7.4.2 Owing to die great proximity of the ionic rays 
and the strong energy of the bond Ti-O, Ti^+ is vi
cariant of Fe3* in the tetrahedra (FeOz)v of cal - 
ciumalumtoo-ferrite(245,246, 247, 24©. It also re 
places Al3* in die same alumino-ferrite and the alu^ 
urinate (orthorhombic, cubic and tetragonal forms)

TAB. IX. RELATIVE RATIOS OF MASS 
CONTENT IN TiO2 IN THE CLINKER 
PHASES AFTER DIFFERENT AUTHORS .

Mid gley
(253) (*)

Hornam
(49)

Regourd 
et Al.

(158) G«*)

Knofel 
(254X***)

alite 1 1 . 1 1

belite 1.1 2 1.7 2

aluminate 0.8 3.3 3

alummo-ferrite
} 7 -4

6 10.8 7

TiC^% clinker 0.24,0.34 0.78 - 1.00

NOTES. (*) Arithmetical mean of the determinations on four 
industrial clinkers« 
(**) Clinker 1 of (158).
(***) Mean of six determinations on one laboratory clinker*

(158, 249). In alite, the vicariance between (TiO^^ 
and is limited (1500‘C) at 13 mole %, equal to 4.53
mass % TiO2 of C3 (S, T). The form Mjj and the 
form R remain stabilized up to 7 mole % (2.45 mass % 
TiO^) and for higher contents respectively (250). 
The limit of the solid solution in belite corresponds 
to 0.76 mass % T1O2 (251). The limits of vicariance 
of Ti^-* instead of Si4-+, A13* and Fe3* in the mine
rals of pure clinker result from a recent research 
(252):

no2 
mass %

C3(S,T) 5.0 + 0.3

C2(S, T) 0.7^0.1

C3(A,T) 1.1+0.2

c4(af,t) 18.5 + 0.5
The distribution in the different phases of clinker 
appears to be varying (253,49, 254, 158); neverthe
less the tendency to the enrichment in alumino-ferri 
te is clear (TAB. IX).

It was reported (254) that increasing amounts (up to 
4%) of TiO£ in a clinker having Kgt= 90, SM = 2, 
TM = 1 - not in equivalent replacement of SjOp - 
determine a sharp reduction in the alite content with 
equal gain in belite without, however, appreciable 
variations in the amounts of the other phases (FIG.18).

Variations of the same type are much more restrai
ned when TiC>2 is added in place of equivalent a - 
mounts of SjQp. It is assumed that either the solid 
solution of TiO2 in belite contains hyperstoechiomje 
trie CaO (as is assumed for phosphatic belite) or 

the presence of TiO2 displaces the compositiais 
of the invariants at 1338°C and 1341 eC of the sy - 
stem C - S - A - F.
In any case, in the practice, it seems suitable to cad 



culate the saturation of the raw meals containing 
TiC>2 (not exceeding ~ 2.5%) by summing the %of SiC>2 
to the % of TiC>2 (in equivalent amounts).

TiOj content in clinker (not 
substituting S1O2 ) 1 mas$%

FIG.18 .PHASES IN THE TiO2CLINKERS. AFTER KN0FEL|254|.

7.4.3 1% (of clinker) of TiO2 is enough to reduce 
the temperature of incipient melting of the raw meal 
by 50° - 100 °C (254). TiC>2 reduces the surface ten 
sion of the liquid phase (138) and causes a drop in 
the viscosity proportional to its concentration (at 
least within 4% TiC^) (255). These conditions faci - 
litate the CaO combination and the alite formation, 
which are however considerably favoured also by 
the intermediate formation of CaO - TiO2 and solid 
solutions of CaO in the same. The effectiveness of 
the mechanism of C3S production would even exceed 
the one occurring in the presence of Cap2 (256). 
The presence of TiO2 gives clinker a darker colour 
than the usual one.

7.4.4 TiO2 retards the initial rate of the clinker
hydration (250 , 49, 254 , 257) with slower setting ti
mes and lower early strengths (1 and 2 days). Ne - 
vertheless Kondo (250) showed that alite containing 
TiO2 has a higher hydraulic activity than ordinary 
alite for ages over three days. The TiO2 clinkers 
examined by Knofel (254 , 252) confirm higher (up to 
20%) strengths between 3 and 90 days, for TiO2 con 
tents of about 1%. The highest increases occur in 
clinkers having very high lime saturation and high 
SM (252). "

7.5 Chrome compounds.

7.5.1 Generally limestones contain only traces of 
chrome. Since Cr is an isomorphogenous substitute 

in the femic silicates, it is found in the sediments 
from basic and ultrabasic rocks and in the sedimen
tary products of hydrolysis (laterites, bauxites, a. 
s.o.). Chrome is sometimes present in the raw 
meals containing siderurgical slags. The wear of 
the grinding media and the linings of the raw mix 
mills as well as the one of the refractory inside the 
kilns produce only traces.

7.5.2 Although there is a certain disagreement 
(258 , 259, 155 , 260) about whether chrome replaces 
Ca2+ or Si4+ in C3S, or both, the latest research 
(261, 262) seems to indicate that tetrahedra (CrQj)H 
and (CrO^)^ replace (SiO^)^ according to:

2 Si^+-*2 Cr5+ + Caca 2- [23

Si4+— Cr4+ [24'

(Caa2- = lattice vacancy of Ca), with mean state of 
oxidation of Cr + 4.6 (155). Different Authors fix 
the limit of solubility at 0.9 (263), 1.4 (264), 1.5 
(265, 266), 1.7 (155), 2.0 (259) of C^Oj mass % of 
solid solution. The C^Oj saturation increases the 
solubility of AI2O3 (1.1 to 1.3%) in C3S and it de
creases that of Fe293 (0.9 to 0.7%) (155). Cr2C>3 
in excess with respect to saturation decomposes 
C3S in C2S and CaO (155, 265, 138). According to 
Sakurai et Al. (155) the forms T[ and T^ (for 
Cr2O3 6: 1.4% and Cr2O3 > 1.4%, respectively) re
main stabilized at ordinary temperature; according 
to Ho main (49), on the contrary, the hexagonal 
forms and M[ado.

Cr5+ replaces Si^+ in C2S at 1100°C t 1250’C, 
by stabilizing the form ß at ordinary temperature; 
the limit of solubility attains at least 8.6 of 
Cr2O3% solid solution (267 , 261).
Cr6+ replaces Al3"1" in C3A (49, 150). 

InCgApFj-p (0 £ p £ 0.7)Cr^+ occupies octahe^ 

dric sites instead of Fe3+ and Al3+ (247).

Peters and Hummel (268) studied the relations 
of subsolid phase in the systems CaO - AI2O3 - 
3CaO• 3AI2O3 ■ CaCrO^.- AI2O3 at 1300°C and 
SrO • AI2Q3 "" • 3AI2O3 • SrCrO^ - AI2P3 at
1400 °C.

In a typical clinker containing 0.55% Crjd^ , 
76.3% 038,9.1% C2S,5.3%C3A and8%C4AF, 
Homain (49) found the following distribution of 
chrome into the different phases (ratios among 
mass concentrations of Cr2O3 in the phases): 

alite : belite : aluminate : alumino-ferrite

1:2; 0.1 ; 1.4

The limit of solubility of Cr2O3 in clinker is 
about 2% (under oxidizing conditions): considera



ble amounts of free CaO appear above this concen 
tration (241).

7.5.3 The viscosity of the liquid decreases, at 
the same temperature, for concentrations up 
to 2% Cr2Ö3 of liquid (138).
Increasing contents of CrjOgup to 4 mass % 
cause also a reduction in the surface tension; this 
reduction is the greater the higher the A : F ra - 
tio (269).
Therefore the lime combinations is favoured in 
the raw meals which are difficult to burn and 
have high A : F ratio (270).
Alite forms more rapidly and its crystals become 
larger (49).
However, also as regards the kinetics of the 
clinker formation, it is suitable that the CryPg 
content does not exceed 0.5 t 1.0 % of clinker 
(154, 137).

7.5-4 The solid solution of chrome in C3S con 
tains, in the lattice, punctual defects due to vh 
cancies and linear faults which, during the rea£ 
tion with water, favour the detachment of Ca2+ 
from the latyice sites.
Although the data of the literature are discor
dant on the minimum amount of CrjO needed, ne
vertheless it is accertained that the presence 
of 0.25 * 0.50 % CrpOj increase the initial hy
draulic activity of clinker (155, 260, 138, 49, 
241, 271, 152).
The effect mainly concerns the mechanical 
strenghs at very short ages (270) of clinkers ha
ving high lime saturation (154) and high A : F 
ratio (270).
Strengths at longer ages are not affected or are 
negatively influenced (270).
The presence of small amounts of fluorine and 
manganese favours the action of chrome (272).

7.6 Potassium and sodium.

7.6.1 The main carriers of alkalis into clayey 
rocks and clastic sediments are orthoclase, al
bite and plagioclase of magmatic rocks.
K and Na are also contained in the structure of 
some phyllosilicates, above all the three layer- 
sialites such as micas, illite, montmorillonite, 
montronite, a.s.o.
All the sediments, including the carbonatic ones, 
sometimes contain soluble alkali salts which are 
residues of the deposit environnement.
Kjp and Najp in the raw meals of European ce
ment factories (170) range between 0.5 and 2.0% 
and between 0.05 and 0.6% respectively (ratio 
of the mass concentrations between 3 and 10).
Jawed and Skalny (273) have recently revised the 

knowledge about alkalis in clinker.

7.6.2 Because of their marked volatility, alka
lis give rise to a cycle, inside the kilns, which 
increases their concentration in the processed 
material with possible danger to the regular cour 
se of the process (164, 167, 169, 170 , 274).
The intensity of the recycle more concerns the 
potassium compounds than the sodium ones, being 
the former more volatile than the latter, at the 
same temperatures (FIG. 19) (164 , 275 , 276). 
Moreover this intensity depends on the nature of 
the present alkali minerals and anionic species, 
on the chemical composition of the raw meal, on 
the characteristics of the process as well as on- 
the type of kiln (173).
"Under normal conditions, the alkali volatility of 
the raw meals increases, in the order, for feld
spars, micas, illite and montmorillonite, that is 
as the bond energy of the considered silicate de
creases (164). ' - 
Sulphates determine less intense cycles than car 
bonates, and these than chlorides (164) (FIG, 19). 
The nodiie-fed kilns (lepol and long with internal 
recuperators) have poorer recycles than the dry 
meal-fed ones (both with suspension preheater 
and long with internal recuperators) and than the 
wet kilns (17D.

7.6.3 Although they act as fluxes, alkalis are the 
technologically less desiderable compounds among 
the minor ones, They can be eliminated from the in
ternal cycle through the three systems already inertio.

FIG. 19 .VAPOR PRESSURE OF SODIUM AND 
POTASSIUM SULPHATES AND CHLORIDES(164^75^761



ned in the paragraph 6.5-2:

• through shut off of the cycle by (total or 
partial) elimination of the electrofilter 
dust. This technique is not practicable 
with the suspension preheater kilns;

• through shut off of the cycle by (partial or 
total) bypass of the external recuperator. 
Unfortunately the method involves the 
wasting of an amount of energy which is 
proportional to the amount of bypass; this 
loss can substantially be reduced by the 
technique of the calcination outside the 
kiln (10).
Today the total bypass of the kiln gases 
with a nearly full precalcination, enables 
low alkali clinkers to be cheaply produced 
also from raw meals rich in alkalis (277), 
eventually by using addition of calcium chlo 
ride (278 , 279 , 280 , 281);

■ through clinker. The method can be used 
in all the kilns and demands the conver - 
sion of alkalis to sulphates (279 , 282).
It involves fairly high amounts of recycling 
phase in the burning material and the pro
duction of clinkers having all the alkalis 
contained in the raw meal and fuel. The - 
refore it is not practicable with raw meals 
too rich in alkalis (K2P + Na^ > about 1 ß% 

' of the calcined material) because of the 
forming coatings and rings. Moreover it 
is not even practicable with raw meals 
not very poor in alkalis (6 0.6% Na2*3 + 
+ K2O equiv. of the calcined material) if 
they are intended for low alkali clinkers. 
The presence of Cl (>50 ppm of the calci
ned material) makes the system ineffecti
ve.

7.6.4 The alkalis present in clinker as sulpha - 
tes, particularly K2SO^, favourably affect its 
strengths at early ages (up to 3 days) whereas 
they lower those at 28 days and over (42, 283).

7.7 Magnesium.

7.7.1 In the practice there are not calcareous 
rocks deprived of magnesium, which replaces 
Ca^+j also at random. Generally limestones of 
the oldest formation are richer. Magnesium is 
also present in clayey and detrital sediments as 
a carbonate, as a silicate of primary rocks and 
finally as an isomorphogenous substitute in some 
phyllosilicates.

7.7.2 MgO distributes, in the solid solution, into 
the clinker minerals as far as saturation; the ex
cess remains uncombined as periclase.

In alite, the solid solution is of substitutive type 

Mg2+—e-Ca2+ (284, 158). Its content in MgO is 
a constant fraction of MgO of clinker, within the 
0 4= MgOcü 4s 3% range: this fraction is 0.74 ac - 
cording to Yamaguchi and Takagi (285) and 0.63 
according to Kristmann (50). As a rule, the ri - 
chest alites are monoclinic (286); the poorest ones 
are trigonal (158, 50). The MgO content in beli - 
te is 0.25 t 0.35 MgO of clinker, within the 
0 £ MgOci£ 4s 2% range (50). The presence of high 
concentrations in MgO would reduce the activation 
energy of the conversion a - C2S —► a'- C2S > with 
consequent stabilization, during cooling, of the 
hydraulically less active form ß (287). Although 
the liquid phase can contain up to 8% MgO (A : F = 
= 1.3) (288), the replacement of Ca2+ and Fe^+ 
by Mg2+, in CjA and C2ApF^_p (0s p 4 0.7), ge 
nerally yields matrixes containing 3.5% MgO. In 
some cases, concentrations of 6% and over have 
been found (50). The presence of magnesia favours 
compositions of C2ApF^_p having higher values of 
p, with decrease in C3A and corresponding in - 
crease in C3S, to the detriment of C2S (288, 289, 
290, 48, 291).

Periclase appears as an independent phase in clin
kers containing over 2% MgO (23 , 50): depending

FIG. 20 . AUTOCLAVE EXPANSION FOR 
INCREASING MgO CONTENT(297,298,299).



on its excess and the rate of cooling, it appears 
in large roundish crystals arranged in clusters as 
well as in dendritic shape, finely dispersed and 
well-distributed into the mass (292, 293, 294).

7.7.3 The reactivity of raw meals is favoured by
the presence of M^) only in the range of the higher 
temperatures (about 1300*0) (228). At any other 
variable unchanged, the first appearance-tempera
ture of the liquid drops by some tens of °C; visco
sity and surface tension, of the liquid reduce whe - 
feas the mobility of all the present ionic structu - 
res increases (137). Under these conditions, the 
dissolutions in the liquid of C^S and. CaO are mo - 
re rapid and CjS forms more quickly (228). Unfo^r 
innately - as known - the presence of periclase 
(especially the one in the form of large crystals in 
clusters) makes the cement unstable. Therefore 
the standards of several countries (295) limit its 
content and/or prescribe a test of unsoundness in 
autoclave (296). ■ •

The results achievable by this test with regard to 
the & of MgO in clinker, reported by different Au
thors (297, 298, 2Ö) are shown in FIG. 20.

Nevertheless it is recognized that the test is not 
probative with every type of cement (288, 298). 1

Moreover the decrease in the mechanical strengths 
at medium ages, that some cements containing a li
mited amount of MgO ( < 4 ♦ 589 show, also with 
qntte normal volume stability, is worrying (291, 
TSJ, 288). According to Soda et Al. (287) this phe^ 
ntmenon would be limited only to clinkers very 
rich in C2S, containing over 2% MgO, and it would 
be attributed to the convertion of <X -C2S to ß -C2S.

7.7.4 Finally it must be noticed a curious rela -
tion between MgO and SO3 present in clinker. 
It was seen (paragraph 7.1.4) that the impoveri- 
shiMnt in C3S caused by the combined action of 
SO^- and Al^*" is hampered by a suitable concen
tration in MgQ. On the other hand, Schmitt-Hen- 
co (299) showed that the vohime instability of ce - 
ments containing over 2$> MgO is neutralized by 
the presence of an amount of SO3 (in clinker) 
equal to: •

% SO3 = 0.67 (%MgO - 2) j/sj

when 2 £ %MgO & 6 about.

7.8 Strontium.

7.8.1 As a rule, strontium is present in minimum 
amounts in ancient limestones (and marls), attribu 
table to sediments of skeletons and of orgaZ 
nisms. On the contrary, even important contents 
(up to 10% SrO and over) are sometimes found in 
recent limestones (and marls), especially of eva
poritic and chemical origin. The more frequent 
mineral is celestine (SrSO^). This (together with 
other evaporitic minerals) is also present, as a 

cement, in the calcareous and siliceous detrital se
diments (sandstones, grauwackes, a.s.o.). Stron
tianite is relatively rare; it is generally found in 
veins of limestones and marls.

7.8.2 The phase equilibria of the system CaO - SrO 
- SiO2 were reexamined and completed by Brisi and 
Appendino (300) at 12006C and, in the most basic 
part, at 135O°C.
In Ca2SiO^, Sr2+ is vicariant of Ca2-1" in all the 
proportions (with stabilization of the form a'), whe
reas in CajSiO- the vicariance is limited to 1 ♦ 2 
atomic % Sr, roughly corresponding to (Ca2 g2 
Srg 05^SiO5 (P°int N of FIG. 21). The structures

FIG. 21 . MOST BASIC PART OF THE SYSTEM 
CaO-SrO-SiOjiNOT NO SCALEXAFTER BRISI 
AND APPENDINO (300).

Tj and Ty remain stabilized, at room temperatu
re, up to 1 atomic % Sr and at the limiting concen - 
(ration respectively (301). In the two-phase field 
C2S - M - N - C3S, the solid solutions of SrO in 
C2S and SrO in C3S coexist, whereas in the 
three-phase field C-M - N, (Ca2-ggSrQiQg)SiOg 
is in equilibrium with the solid solution (Caj 
SiO4 (point M) and free CaO. It is deduced that 
the mixes of CjS + C2S can carry not more than 
2.25 t 11.40% SrO (segment NM) in the solid solu
tion, depending on the C3S : C2S ratio; for conterts 
exceeding these limits, free CaO of equilibrium 
(coexisting with N and M) always appears. When 
SrO exceeds a value between 11.40% (point M) and 
8.71% (point W) depending on the C3S : C2S ratio, 
the solid solution of 3SrO- SiO2 in C3S disappears 
and only (Ca, Sr)2SiO^ and (Ca, Sr)O remain in 
equilibrium (in the case concerning the composition 
of portland cement clinker, (Ca, Sr)O is practical
ly pure CaO).

7.8.3 Gilioli, Massazza and Pezzuoli (302, 303) 
studied the equilibria of the systems CaO-SrO-SiCg 
-SO3 and CaO-SrO-A1203-SO3at 133O*C. They 



found in the former, on the segment CaSO^-SrSO^, 
three series of solid solutions separated by two 
lacks of miscibility, and the compound . CaSO^- 
•2SrSO^ (304) as a singular term (for x = O.vob) 
of the series (Ca^_xSrx)SO^ with 0.6 x £ 0.7. 
The saturated solution N in the presence of SOy is 
in equilibrium with M, CaO and a solid solution 
SrSO^ - CaSO^: for this reason, the limits 2.25 ♦ 
t 11.40% SrO become higher in the presence of 
SO3 (in fact, as FIG. 22 shows, a part of SrO 
forms a solid solution with CaSO^).

The equilibria of the systems CaO - SrO - AI2O3 - 
SO3 (FIG. 23) evidenced incompatibilities between 
solid solutions C3A - 3SrO* AI2O3 and all the sulpha

FIG. 22 .MOST BASIC PART OF THE SYSTEM 
CaO-SrO-SiOj-SOj. AFTER GlLlOLI ET AL.(302).

tic phases, except for the extreme term 3SrOiAL2O3 
with SrSO^: therefore the solid solutions 3(CaO, 
SrO)‘A12O3 decompose in the presence of SO3 to 
form free CaO and a solid solution of the series 
4(CaO, S rO) • 3AI2O3 • SO3, having the compound 
3CA • CaSO^ (305, 183 , 306 , 307) and the compound 
3(SrO*A12O3)-SrSO^ (308) as extremes. .

The direct measurements (electron microanalysis) 
carried out by Massazza and Pezzuoli (309) on in
dustrial and laboratory clinkers confirmed that, 
for contents of 4 * 5% SrO, this element preferably 
distributes into be lite and, to a lesser extent, into 
alite. Free CaO is just contaminated.

7.8.4 Although celestine (and probably strontiani
te) have an accelerating action on the combination 
reactions of CaO in the solid phase (310) and they 
lower the appearance-temperature of the liquid 
(302), their presence in the raw meals is not desi
rable since they are liable for the release of free 
CaO of equilibrium and - over certain limits - for 

the distruction of alite. From this standpoint, 
SrCO3 is more dangerous than SrSO^ and the clin
kers having high degree of lime saturation are mo - 
re vulnerable than the prevailingly belitic ones.

FIG.23 .MOST BASIC PART OF THE SYSTEM 
CaO-SrO-AljOa-SOj.AFTER GlLlOLI ETAL.(303).

On the other hand SrSO^ - at least in the absence 
of alkalis - decomposes the solid solutions 3(CaO, 
SrO)-A12O3 by releasing CaO in this case too.
The limits of acceptability of the SrO concentration 
in two typical raw meals are given in TAB. X. It 
would seem that higher concentrations can be allo - 
wed in the presence of CaF2 (310).

Butt et Al. (311) found that hydraulicity and 
strengths developed by strontium alites are conside.

TAB. X. - ACCEPTANCE LIMITS OF SrO 
CONTENT IN THE R.LW MEALS, MASS % 
OF SrO ON BURNT MATTER (309) .

form of combination KgtI-0.76 KgtI-0.96

celestine (SrSO^) 8 3

strontianite (SrCOß) 6 3

rably lower than those of the ordinary ones; they 
attributed this fact to the lower number and the 
smaller sizes of the lattice voids in strontium ali - 
te.

7.9 Barium.

7.9.1 Limestones contain varying.amounts of ba - 



rium (10«600 ppm Ba), essentially as barite. Eva 
pontic limestones are rich (up to 1000 ppm) or, ex 
ceptionally, very rich. Barium can concentrate 
in the hydrolysis minerals of clayey sediments al - 
so in appreciable amounts. It is fbund in the de - 
trital rocks, besides as a sulphate, also as a re - 
sidual femic mineral (amphiboles and pyroxenes).

7.9.2 Ba^+ replaces Cain all the minerals of 
clinker, except for alumino-ferrite (152).
FIG. 24 shows (312) the portion richest in lime of 
the system CaO - BaO - SiC^.

It results that:

FIG.24 .MOST BASIC PART OF THE SYSTEM 
C*O-BaO-SiOi(NOT NQSCALE1.ÄFTER BRISI(312|.

• in the two-phase field C-jS - C2S - Q - R; s£ 
lid s olutions (C, B^S and sold schtions (C.EQjS;

• in the two-phase field C3S - R-CaO: solid 
aolntlons (C, 8)3S and CaO;

• in the three-phase field CaO - Q- R; solid 
solution (C, d)2S having composition Q, 
saturated solid solution (C, B)^S having 
composition R, and CaO;

• on the right of the Q- CaO line:solid solu
tions (C, 8)2 S and CaO;

coexist in equilibrium, in each of these times.

The limiting solid solution R of BaO in C3S con - 
tains 1.5 mole % BaO (2.96 mass %) (313), or
1.0  mole % BaO (1.99 mass %) (301), at 1600eC 
and 1450eC respectively.

The stabilized form is Tu (in the presence of MgO 
» 2% moles, Miinv-) (301). The solid solution Q 

of BaO in C2S, in equilibrium with R and CaO, con
tains 7 mole % BaO (11.55 mass %) at 1350°C (312).

The form a* remains stabilized (314, 315)- The li
miting" solid solution of BaO in C3A contains about
1.5 mole % BaO (about 2.5 mass %) (152).

7.9.3 In disagreement with other Authors (316, 
317), Suleimenov et Al. (318) and Kurdowski (152) 
believe that the presence of BaO - also in limited 
amount - affects neither the characteristics of 
the liquid phase nor the rate of the lime combina - 
non.
On the contrary, barium appears to be one of the 
most effective "activators" of the hydraulicity and 
strengths of clinker; the latter are higher by 10 * 
* 20% at any age, all the other conditions unchan - 
ged(152, 271, 150 , 319 , 320).

The optimum concentration is between 0.3 and 0.5 
mass % BaO and the clinkers containing few fluxes 
(SM > 3.0) (152) and having high content in C2S 
(150) are more favoured by this concentration. 
Barium cements demand suitable additions of gy - 
psum and eventually of K2SO^ (320).
This behaviour of clinker is strangely different 
from that of the solid solution of BaO in C3S; for 
this solution, in fact - because of the larger ionic 
radius of Ba^+ with respect to Ca^+ - Butt et AL 
(311) theorized and experimentally confirmed a re
duced hydraulic activity.

The action of BaC12 on between 900 °C and 
1000°C, was studied by Muminov and Akhmedov 
(321).

7.10 Zinc.

7.10.1 The content in zinc in the sedimentary 
rocks does not exceed the tens of ppm, as a rule. 
It is mainly contained in the detrital and clayey 
rocks (magnetite and chlorite vector.s). Sprung 
and Rechenberg (322) found amounts ranging bet - 
ween 25 and 62.10~^% ZnO in 23 raw meals from 
German cement factories. Nevertheless higher 
concentrations must be expected in raw meals con
taining limestones mineralized by sulphides or cor
rected with pyrite cinders rich in blende.

7.10.2 During the burning process, 80 * 90% ZnO 
(or ZnS) in the raw meal is combined in clinker 
(322 , 323). Therefore clinkers contain between 30 
and 100•10-Zt% ZnO, depending on the content in 
the raw meal and the amount of electrofilter dust 
rejected out of the cycle.

Roughly half zinc distributes into silicates (with 
sharp preference for alite, to the detriment of be- 
lite) and the other half does into the matrix (with 
preference for the ferritic phase) (323, 293). The 
refore, for a normal composition of clinker, alumi 



no-ferrite and aluminate, alite and belite should r£ 
suit less rich in the decreasing order two by two.

Hornain (49) found concentrations (ZnO mass % of 
phase) resulting in the ratios:

belite : aluminate : alite : alumino-ferrite

1 : 4 : 8 : 17

According to Knöfel (323), the saturation attains 
5 ♦ 6% ZnO in alumino-ferrite, 4» 5% in aluminate, 
about 1% in alite, 0.3% in belite.
According to Ono et Al. (324) and Tsuboi et Al. 
(293), trigonal CjS would be stabilized; according 
to Knöfel (323) CgSM^ and ß -C2S, and accor
ding to Hornain (49) CjS and ß -C2S would.

In the clinkers studied by Knofel (323) - also con
taining only 1% ZnO - a new phase probably con - 
sisting of free ZnO (zincite) appears together with 
zinc containing-minerals.

The presence of ZnO reduces the amount of alumi - 
nate in favour of alumino -ferrite (323 , 293 , 325) : 
each 1% ZnO reduces the former and increases the 
latt er by little less than 2%.
Strangely, an increase in alite does not correspond 
to this variation (323).

7.10.3 Zinc is a very effective flux and minerali
zer (323 , 293): it lowers the clinkerization tempe
rature and accelerates the lime absorption.
Nevertheless the effect on the properties of clin - 
ker (except for a darker colour) are not quite clear. 
According to Aktsu (325) just 0.3% ZnO would ne - 
gatively affect the hydraulicity.

On the contrary, Knöfel's (323) research show that 
limited contents in ZnO ( < 1 ■» 2%) in a typical 
clinker having Kgt = 95, SM = 2.2 and TM = 2.5 
determine an improvement in its mechanical 
strengths by up to 20% and over (especially at 
short ages).

8. CONCLUSIONS.

8.1 It is important to distinguish reactivity from 
bumability of a raw mix. In the present paper, 
the concept of reactivity has been associated to 
that of rate of reaction, or of a set of reactions, 
for given conditions of temperature.
On the contrary, burnability expresses an amount 
of matter transformed or still to transform, at any 
instant and temperature of the process.
This distinction seems particularly useful to compa
re raw meals having different lime saturation.

8.2 Reactivity and burnability are fundamental pro
perties having important effects on the capacity of 
plants and the energy needs of the process.
The choice of the type of kiln and its dimensions, 
the proportioning of the raw meal, the more suita
ble admixtures cannot prescind from a right evalua 
tion of such properties. '
Nevertheless the knowledge on this matter is not 
satisfactory, above all for want of a suitable metho 
do logy of measurement, universally adopted.
The methods entrusting the eval nation of bumabili
ty to the value of CaOj-,that the function CaOj = f (t, 
0 ) assumes for only a couple (t^; 6j), or to the va
lues and 9'^, for which the quantity of CaOf be - 
comes equal to or lower than an established amount, 
prove to be insufficient.

On the contrary, Blaise et Al. 's method seems to 
be rational. It evaluates bumability on the basis 
of the course of the reactions in the overall range 
between 1000®C and 14500C.
For practical purposes, the characterization of the 
raw mix by three values of average reactivity rele
vant to three significant temperature intervals (for 
instance, 500°C t lOOO’C, 1000’C t 1300''C, 
1300"C t 1450°C), under standard conditions of 
temperature and time gradients, could result even 
more useful.

8.3 Reactivity and lime saturation affect the value 
of the burnability.
In its turn, reactivity is a function of SM, TM, fi
neness, present mineralogical species and activity 
state of such species.
The laws governing the diffusion processes among 
solids and between solids and liquid well explain 
the influence that those variables have on the reac
tivity.
Particularly, the dependence of the diffusion coef
ficients on the activation energy, and the dependen 
ce of the value of the latter on the concentrations 
of defective structures in the solid matter, consti
tute the basis for a satisfactory model of interpre
tation of the phenomena. This model also explains 
the interesting possibilities offered by the so called 
mechanical, thermal, and chemical activations of 
the raw meal.

8.4 It seems right to expect that the chemical activa 
tion (or however one prefers to call, or must inter
pret, the action of the minor compounds acting as 
mineralizers and/or fluxes) constitute the more 
promising field for the development of new technolo, 
gieal methods. The knowledge on the mechanism of 
action of these compounds, and on the phase rela - 
tions that they yield, more and more frequently al
low higher capacities of the equipment and energy 
savings to be obtained. Thanks to this knowledge, 
also the limits of exploitability of raw materials as 
well as of wastes, which are sometimes introduced 
into the raw meal for ecological decontamination pur 
poses, are enlarging.
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The properties of the cement are essential
ly influenced by the composition and thermal 
treatment of the clinker. The clinker,compo
sition mainly depends on the composition of 
the raw material mixture. Besides, it can be 
affected by the type of fuel used and the 
ash constituents of the fuel. Depending on, 
the type of burning process applied, materi
al circulations in the kiln and preheater 
will frequently lead to an enrichment or de
pletion of volatile substances and thus to a 
change in composition.

During the thermal treatment the properties 
of the clinker are mainly determined by the 
temperature, heating rate and burning peri
od. Equally important are the interactions 
between the material to be burnt and the 
furnace atmosphere as well as the cooling 
rate of the clinker.

The underlying report presents a summary of 
the recent findings that have been published 
since 1973/7^. Only in a few cases reference 
is made to older publications. In its first 
part the report deals with the composition 
of fuels as far as they have an influence on 
the properties of the clinker. Subsequently 
the reactions during heating and sintering 
of the kiln feed and its interactions with 
the kiln atmosphere and the resulting mate
rial circulations are being discussed. In 
the last part of the report the influence of 
the cooling rate is described,

2. Fuels for Cement Production
2.1 Fuel Oil
Mineral oil still is the most important 
source of energy for the production of ce
ment . For burning heavy oil is used most 
frequently. In 1978 heavy oil accounted for 
64 i of the total fuel consumption in the 
German cement industry (1), The composition 
of fuel oils differs according to the origin 
of the crude oil. The composition of the ce
ment is mainly influenced by the sulphur 
content which may amount to anything between 
1 and 2,5 wt.-% (2) in fuel oil grade 3. In 
fuel oil with residues from cracking even 
higher sulphur contents have to be expected. 
During combustion sulphur is converted to 
SOg which reacts with the alkalis and the 
calcium oxide of the cement raw materials.

Moreover, fuel oils contain small quantities 
of ash which may amount to ,01 to ,1 wt.-Z, 
depending on the origin of the oil. The ash 
constituents mainly are SiO?, Al?0,, K,0, 
Na^O and Ni. If the V-content amounts to 
.0001 to .0109 wt.-X in the crude oil (3), 
similar concentrations may be expected in 
the fuel oil. As far as we know today, other 
heavy metals, such as Pb and Zn, occur in 
concentrations of .0016 and .0020 wt.-X (12).

2.2 Coal
Hard coal and lignite are used more and more 
frequently as sources of energyDepending 
on the-conditions of its formation, coal may 
vary in composition very much. Important 
characteristics are the ash and sulphur con

tent .

The coal ash forms from the mineral admixtu
res such as the clay minerals of kaolite and 
illite, some quartz, carbonate minerals and • 
pyrite. The ranges over which the composi
tion of coal ashes may vary in the USA, the 
U.K. and Germany are shown in Table I (4).

Table I: Composition of Coal Ashes 
(ace. W. Gunz) (4)

Hard Coal Lignite
ÜSA U.K. Germany Germany

w t.-X
Si02 20-b7F 25-50 25-45 8-18
A1?O, 10-35 20-40 15-21 4-9
Ti625 0,5-2,5 0-3 — *•

Fe2°3 
Cao 3

5-35 0-30 20-45 2-6
1--20 1-10 2-4 25-40

MgO 0,3-4 0,5-5 0,5-1 0,5^6
Nao0+KoC i-4 1-6 3-4 (6) 0-1 (6)
so| 2 0,1-12 1-12 4-10 0-50

The ash content of coals may vary between 
about 3 and 30 wt.-X. Acid coal ashes tend 
to form melts of low viscosity which react 
with the material to be burnt in the kiln. 
In this way the tendency of coating and ring 
formation in cement kilns is enhanced (5).

Besides, the coal ash will change the clin
ker composition. If high-ash coals with high 
Si02> AlnO, and contents are fired in
the^kiln, the CaCO^ content of the raw meal 
must therefore be increased proportionately 
in order to maintain the standard lime fac
tor or the LSF of the clinker. The homoge
neous blending of the ash with the kiln feed 
is also important, Kilns working as suspen
sion-type preheater kilns offer the most fa
vorable conditions for homogeneous blending. 
In kilns with grate preheater ash may accu
mulate on the pellet surface which increa
ses the formation of CjS and melting phases. 
This, however, does not seem to change the 
technical characteristics of the cement (7). 
A very homogeneous distribution of the ash 
can be achieved if coal is used as fuel for 
precalcination. This is the'reason why ac
cording to E. Steinbiss (8) low-grade fuels 
from waste materials can be used profitably 
and without impairing the clinker quality. 
However, the use of such fuels is limited 
due to the emission of organic carbon com
pounds and GO,

Of special importance for the burning pro
cess are sulphur and chloride and occa
sionally alkalis. The sulphur content of the 
coal frequently amounts to .5 to 1,2 wt.-X. 
Most of the sulphur is bound in pyrite or 
marcasite (FeSj). The proportion of sulphur 
bound in the organic substance is not sig
nificant. Lignite may contain sulphur in the 
form of calcium sulphate or alkali sulphate. 
In coals with a higher FeS2 content the sul
phur may also rise to values of more than 
2 wt.-X (4).



Contrary to fuel oil, coal may contain as 
much as .01 to .1 wt.-% of chloride. In 
coals that are particularly rich in ash and 
salt, chloride contents of up to .4 wt.-% 
have been measured (9). A high supply of 
chloride in the kiln enhances the tendency 
of coating and ring formation (10).

The amount of alkali fed into the kiln with 
the coal is low, i.e. about .1 wt.-% at an 
ash content of 20 wt.-%. The alkalis from 
the coal together with the alkalis from the 
raw meal have an effect on the emission of 
sulphur dioxide (10). Coal also contains 
traces of other pollutants, i.e. heavy me
tals such as Pb, Zn, Ni, V, Co, Cr, As and 
Tl. In coal from West Germany concentrations 
of .00010 to .0150 wt.-% (10 to 150 ppm) of 
such elements were found (3> Hi 12). The Pb 
and Zn contents that have so far been mea
sured in West German lignite amounted to 
about .0010 to .0030 wt.-5J (10 to 30 ppm) (12).

2.3 Alternative fuels
The alternative fuels that are being tested 
with the purpose of saving fuel oil consist 
of burnable waste materials from production 
processes and municipal waste. The calori
fic value should amount to at least 
12,600 to 16,800 kJ/kg (3,000 to 4,000 kcal/ 
kg) (13-18). In general alternative fuels 
are able to produce 10 to 30 % of the heat 
supply today.

As far as the composition and properties of 
the clinker are concerned, it is the ash 
content of those alternative materials, the 
ash composition and the content of alkalis, 
chloride and sulphur that is of importance. 
No reliable statements can be made about the 
average composition of alternative fuels. 
Analytic data that have so far been pub
lished are summerized in Table II.

Table II: Composition of Alternative Fuels 
(13-18)

Ash S k2o Na2C
wt.--i

Bleaching earth 48-52 1,0-1,5 0,6 1,2
Acid sludge 2-6 10-15 — —
Used tyres 4-6 1-2,1 — —
Delayed coke 
(Canada)

2,5-4 5-6 0,1 —

Bleaching earths containing about 50 wt.-!S 
of ash require a correction of the CaCO, 
content in the raw meal because the ash"> 
primarily consists of SiO, and Al^O-,. The 
ash contents of the other alternative fuels 
are below 10 wt.-%. Municipal waste, how
ever, may contain more ash depending on the 
water content (15).

Alternative fuels contain various amounts of 
sulphur depending on their origin; in the 
case of acid sludge the sulphur content may 
rise to as much as 15 wt.-%. In order to 
avoid SO2 emissions, the sulphur supply to 
the kiln must be adjusted to the supply of 

alkali. For this reason, acid sludge can , 
only be used to a limited extent. The alkali 
and chloride contents in the materials men
tioned in Table II are insignificant with 
respect to kiln operation and clinker compo
sition. Other alternative fuels, such as 
shredder waste (13) or chlorinated hydrocar
bons (17), were less desirable because the 
chloride content led to an increase in the 
chloride circulations in the kiln and inter
fered with the kiln operation due to coating 
and ring formation.

The influence of heavy metals on the clinker 
quality and the emission is not yet known. 
According to the results of studies made so 
far, alternative fuels may contain .0100 to 
2 wt.-% of Pb, Zn, Cu, Sn, Ni and V. Concen
trations of less than .01 wt.-% are reported 
for Cd, B, Mo and Cr (12, 13, 16, 18). In 
used oil a bromine content of .15 wt.-% was 
found (16). The contents of other elements, 
such as Tl, As and Se, have not yet been 
studied in a systematic way.

2,4 Fuels with a high content of inert 
materials '

Such fuels that are more and more being used 
as a substitute for high-grade sources of 
energy, are oil shale, coal-containing shale, 
low-grade coal with a high inerts content 
and charcoal. The typical characteristics of 
such fuels are the low content of natural 
burnable substances and, consequently, a 
high ash content. Therefore these fuels have 
a low calorific value which, according to 
B, Mayer (19), amounts to only 9,300 kJ/kg 
(2,200 kcal/kg) in a Corean coal shale or to 
as little as 3,900 kJ/kg (930 kcal/kg) in 
oil shale (Dotternhausen), according to 
R, Rohrbach (20). Flotation slimes formed 
during coal preparation have an ash content 
of 53 to 74 wt.-%, according to W. Poersch 
(21), The calorific values are low, i.e, 
6,500 to 15,800 kJ/kg (1,548 to 3,762 kcal/ 
kg), The values given for the composition of 
such fuels are summarized in Table III; they 
may differ so widely from each other that-an 
average composition cannot be stated.

Table III: Composition of Fuels with a High 
Content of (6, 19-22) Inert Ma
terials

Ash k2o Na20I S Cl

Dil shale 80 2,0 0,3 3,0 —
loal shale 69 2,7 0,2 1,95 "Ö7Ö4
Coal slime 
(flotation)

53-74 — 1,1*-1,3 —

Due to their high content of ash rich in 
SiOj and AljO-,, the use of such fuels re
quires a correction of the CaCO-, content in 
the raw meal. In addition to continuous mo
nitoring of the raw meal composition, homo
genization of the coal in mixed beds and 
continuous checking of the ash content 
and ash composition would also be desi-



rable (19)-
Coal with a high inerts content can be used 
as primary fuel up to an ash supply of 50 to 
75 kg/t elinker (in all following cases me
tric ton), according to J. Parisis (23), 
without coating or ring formation in the 
transition zone from sintering to calcina
tion. If the coal is very finely ground and 
injected at high speed, even an ash quanti
ty of 100 to 150 kg/t clinker is considered 
acceptable. In kilns with grate preheater 
high-ash coals can usually not be used.

From the angle of process engineering, the 
use of coal with a high inerts content is 
more advantageous for precalcination of the 
raw meal. If enough excess air is present, 
complete combustion will occur due to high 
meal and gas temperatures of about 700 to 
1,000 °C. The released heat is immediately 
used for dissociation of the raw meal. Be
sides, the ash mixes homogeneously with the 
kiln feed, as the experience with several 
kilns equipped with a suspension-type pre
heater has shown. Obviously, complete mixing 
even occurs if the suspension-type preheater 
is only charged with limestone meal and the 
required quantities of SiOj, AIjO} ani^ Pe2°3 
are exclusively supplied from tne^burnt up 3 
secondary fuel such as oil shale, bituminous 
lime marl or washery refuse (19-20, 22-25),

According to Table III, fuels with a high 
content of inert materials may contain major 
sulphur quantities which may rise to 3 wt.-% 
and mainly occur in a chemically bound form 
as pyrite or marcasite (FeS^). On the basis 
of geochemical studies (3), higher contents 
of heavy metals than in prepared coal and 
lignite must be expected in such fuels. It 
is therefore necessary to analyze their com
position and decide whether they can be 
used.

3* Burning of the Clinker
When the cement raw meal is heated, CaCO, 
and the clay minerals dissociate first. Even 
before this reaction is completed, the for
mation of the clinker phases begins which 
is accelerated at higher temperatures by the 
clinker melt. The reaction rate is important 
for reducing the heat requirements and for 
the properties of the cement clinker. For 
this reason, it has often been attempted to 
predict the burnability of raw meals and to 
influence it by suitable measures. During 
burning the clinker composition can be in
fluenced by the kiln atmosphere and may be 
changed by the type of fuel used and by cir
culations. Besides, the cooling rate of the 
clinker which was slowed down by the use of 
planetary coolers may have an effect on the 
setting and development of strength in the 
cement.

3.1 Burnability
3.1.1 Dissociation of raw meal constituents 
The dissociation reactions of raw meal con- 
stituegts occur at temperatures of less than 
1,000 C. When pure calcium carbonate is hea- 
tea in a CO^ atmosphere, decomposition will 

start at a temperature of about 900 °C. With 
decreasing C0? partial pressure, the disso
ciation occurs at lower temperatures, accor
ding to the equilibrium conditions. For _ 
technical-scale processes, the reaction time 
required for complete dissociation is of 
special Importance. In addition to CO, par
tial pressure6and temperature, also the par
ticle size and crystalline structure of the 
calcium carbonate and the reactions of the 
CaCO, with the other main constituents of 
the raw meal are major factors of influence. 
According to a summary byF.W. Locher (26), 
the reactions already begin at a temperature 
of about 550 °C. Due to the reaction of 
S10-, Al-0, and Fe?0, the dissociation pres
sure of the CaCO, which is still very low in 
this temperature^range will start to rise. 
As reaction products 0,3, aluminates with 
lower calcium content and calcium aluminate 
ferrite will be formed. Free CaO only forms 
at temperatures above 900 °C.

The dissociation rate of the raw meal con
stituents is particularly important from the 
angle of process engineering. In the modern 
heat saving kiln installations operating on 
the basis of the half-wet or dry process, 
the raw meal is mainly preheated in the 
grate and suspension-type preheaters in 
counterflow to the hot kiln exhaust gases; 
decomposition only amounts to 20 to 40 % in 
the preheater (27). Dissociation is taking 
place subsequently in the rotary kiln. Ac
cording to a summarizing description of the 
state of the art in the field of process 
engineering by L. Kwech (28), the output of 
the kiln could only be improved to a signi
ficant extent while maintaining nearly un
changed favorable energy consumption figures 
when precalcination was introduced. The 
higher kiln output was due to the fact that, 
after raw meal preheating in the heat ex
changer, an almost complete calcination in 
an additional calcinator step with seconda
ry firing was taking place so that the only 
process occuring in the rotary tube was the 
sintering process. Essential prerequisite 
for the precalcination technique are an im
proved heat transfer and a rapid dissocia
tion of the raw meal constituents.

Other possibilities of saving energy may 
arise from a better burnability of the raw 
meal. The kinetics of the CaCO, dissociation 
were studied in detail by B. Vosteen (29). 
More recent studies with a laboratory reac
tor about which A. Müller, B. Dahm and 
'J. Stark (30) reported in a summarized form, 
showed that the time required for complete 
dissociation of the CaCO, decreases with in
creasing temperature of the kiln feed, de
clining CO, partial pressure in the com
bustion.gases, decreasing load of solid par
ticles in the gas flow, decreasing mean par
ticle, size of the CaCO, and decreasing cry
stallinity. Although the test results and the 
mathematical formulas for precalculating the 
degree of dissociation or the dissociation 
rate derived from them cannot automatically 
be transferred to practical conditions, they 
might be useful for estimating how an in



crease in material temperature in the cal
cinator step of the preheater, a decline of 
the CO- content in the combustion gas, if 
natural gas is used instead of fuel oil, or 
a greater fineness of the ground CaCO, in 
the raw meal would affect the acceleration 
of precalcination in technical scale instal
lations. The influence of clay minerals and 
quartz on the dissociation rate of the CaCO-, 
however, is not considered in this approach.

The impact of the heating-up velocity on the 
dissociation rate of limestone and cement 
raw meal was studied by K. Volke (31) in the 
temperature range of about 100 to 2000 K/min, 
The heating velocity in technical installa
tions is estimated to amount to a few hun
dred K per minute. From studies made on a 
laboratory scale with Nj as carrier gas it 
appears that in the case of low heating ve
locities the dissociation rate of limestone 

-meal mainly depends on the mass transfer.
With rising heating velocities and increa
sing calcite particle size, the inadequate 
thermal conductivity and a mounting CO
partial pressure inside the particle will 
slow up the dissociation rate. In cement 
raw meal and a high heating gradient of more 
than 450 K/min. the CaCO- dissociation is 
enhanced by the reaction^with the clay con
taining raw meal constituents, and the de
laying effect of the inadequate thermal con
ductivity is partially offset. Similarly, 
Y. Nygardas (32) found that by slightly re
ducing the number of rotations of the kiln 
to .92 r.p.m. as compared to 1.33 r.p.m., 
higher heating velocities were observed on 
the particle surface of the kiln feed which 
led to a higher degree of calcination at the 
same mean material temperature, B. Vosteen 
(35) has developed a formula for precalcu
lating the retention time of cement raw meal 
for complete decomposition taking into-con
sideration the heat transfer in a suspension
type preheater with a downstream calcination 
step. These calculations, however, are baded 
on the dissociation equilibrium of pure 
CaCO, so that they will only lead to an ap
proximation to the actual conditions even if 
a large number of parameters are included.

An accelerated heating rate also favors the 
reactivity of CaO and thus the rate at which 
clinker phases will form. According to stu
dies by O.P. Mtschedlow-Petrossian and co
workers (33), the increased reactivity of 
CaO which is formed at 800 to 900 °C and 
does not recrystallize at short retention 
periods, is due to a high content of lattice 
defects and lattice voids, U. Ludwig (34) 
also emphasizes the technical advantage of a 
high heating gradient in the temperature 
range below 1000 °C for the sintering reac
tion. .

K.P.  Kacker, R.C. Satiya and D. Chandra (36) 
as well as H.J. Wächtler (37) have studied 
the influence of clay minerals and other 
foreign oxides on the thermal dissociation 
and dissociation rate of calcite. According 
to these studies, the lowering of the dis
sociation temperature of the calcite in the 

clay containing raw meal by about 90 to 130 
K is supposed to be exclusively due to water 
vapor (36). H.J. Wächtler (37), however 
found that besides clay minerals alkali 
salts occurring in quantities of up to 2wt.-% 
will reduce the activation energy of the 
CaCO, dissociation. Their effect is due to 
the formation of salt melts or easily mel
ting compounds at the reaction front of the 
CaCO,. During technical-scale operation al- 
kali^compounds are carried into the raw meal 
by the kiln dust. The most effective sub
stance for reducing the activation energy in 
cement raw meals is NajSiFg. Additives such 
as basalt, lead and copper slag, apatite, 
triphosphate, phosphorite and phosphorous 
slag have a similar effect. V.V. Timasev,
J.A. Fridman and A.L. Polanskij (38) were 
able to accelerate the raw meal decomposi
tion and increase the kiln output by adding 
FeCOj (Siderite).

These investigations thus lead to the con
clusion that a high dissociation rate of the 
raw meal constituents has a favorable effpct 
on the rate of clinker phase formation and, 
thus, on the output of the kiln. Additives 
to the raw meal also expedite dissociation. 
A similar behaviour can be expected of fo
reign substances which are carried into the 
kiln system mainly by way of alternative 
fuels, although this still requires detailed 
and comprehensive studies. Since, in prac
tice, the retention time of the material in 
the rotary tube often is too long, the tech
nical benefit of the quick dissociation of 
the raw meal constituents will be partly or 
fully lost unless such parameters as length 
and number of rotations of the kiln are ful
ly adjusted to the conditions of precalci
nation.

3.1.2 Sintering
The sintering reactions accelerate at tempe
ratures of more than 900 to 1000 °C. Mainly 
dicalcium silicate, calcium aluminate and 
calcium aluminate ferrite as well as free 
CaO are formed in the process. The content 
of free CaO decreases when clinker melt is 
formed and C,S formation may occur at a fa
ster rate at^temperatures above 1250 °C. The 
significance of melt quantity, melt compo
sition and the equilibria that occur as well 
as the kinetics of the sintering reactions 
are discussed by V.V. Timasev in his report.

The temperature at which the clinker is 
burnt must be above 1250 °C to promote the 
formation of C,S which is important for the 
development of^strength. In rotary cement 
kilns the burning temperature usually amounts 
to about 1450 °C. Higher burning temperatu
res of up to 1700 °C may be disadvantageous 
and therefore are of no technical import 
tance for the time being (26). Previous stu
dies by J.M. Butt and V.V. Timasev (30) show 
in principle the advantage of a high sinte
ring temperature for the rate of clinker 
phase formation. Below 1450 °C C,S formation 
mainly occurs as solid body reaction when 
the quantity of clinker melt is still rela
tively small. At a higher temperature the 



sintering time is reduced to a few minutes 
because the amount of melt increases and its 
viscosity decreases. Japanese studies (40) 
have led to similar conclusions. If, however, 
the isothermal holding time at burning tem
peratures of more than 1350 °C is extended 
to the extreme value of 120 minutes, the 
C,S content will decline. The reason for 
this is the dissolution of the C-,S in the 
enlarged amount of melt (41). It'is ques
tionable whether sintering at temperatures 
exceeding 1500 °C will be of any interest at 
all in future, since substantial energy sa
vings cannot be expected from the accele
ration of the Sinterung process and the ro
tary kilns with the present types of li
nings cannot be automatically used for such 
processes. Of much greater technical inte
rest might be those processes in future that 
permit to burn clinker also at temperatures 
below 1400 °C. Indications in this direc
tion were given by N.P. Kogan, O.P. 
Mtschedlov-Petrossian and V.I. Satarin (42). 
It might be worth-while to study the influ
ence of the heating rate in this context.

According to 0. Philipp (47), a high hea
ting velocity promotes the sintering of the 
cement raw meal at temperatures of up to 
1450 °C, since the CaO and the other oxides 
show a high activity due to the fact that 
no recrystallization occurs; this activity 
leads to the fast formation of clinker 
phases at temperatures as low as 1000 °C as 
soon as the melt begins to form. Studies by
J. Stark and D.Q. Phu (48) as well as stu
dies by J.M. Butt, V.V. Timasev and J. Stark 
(49) on a laboratory scale at temperatures 
of up to about 1700 °C also show that the 
clinker obviously has good strength charac
teristics which are mainly due to a higher 
CjS content and a reduced particle size of 
the C,S as a function of burning time. The 
technical significance of the process can
not yet be estimated because no data have 
so far been given with regard to the energy 
requirements.

Of a more practical importance for burning 
is the small particle size of the raw meal 
constituents and their homogeneous distri
bution. Sintering is mainly promoted by fine 
grinding and homogeneous distribution of the 
raw meal constituents (26,44). At tempera
tures above 1450 °C the particle size dis
tribution is less important, as studies by 
ur~Eudwig and G. Ruckensteiner (43) have 
shown. Coarse quartz and calcite particles 
of a diameter larger than 100 microns should 
not amount to more than 1 and 6 wt.-£, re
spectively. H. Lehmann and P. Thormann (45) 
found that the C,S forms fastest if the ave
rage particle size of the calcite is 15 
microns. When standard treatment methods 
are used, however, quartz sand which is ad
ded to the raw mixture is rarely ground more 
finely than to an average diameter of 50 to 
100 microns (46). .Due to the poor grinding 
characteristics of quartz sand, cements from 
lime stone and quartz with a reduced amount 
of clinker melt cannot be produced econo
mically, as calculations by F.W. Locher (26) 

have shown. The energy required for grin
ding the quartz would be higher than the 
energy saving that could be made as a re
sult of the better grinding characteristics 
of a clinker with a lower melt proportion. 
Similar statements may be made for experi
ments aiming at a better decomposition and 
sintering behaviour by mechanical activa
tion and grinding to maximum fineness in 
vibration mills (50, 51).

The burning of cement clinker may also be 
promoted by fluxes and mineralizers. 
Whereas fluxes reduce the temperature at 
which melt will begin to form and change 
its viscosity, mineralizers enhance the C-S 
formation without any melt. Fluorides act 
as both fluxes and mineralizers. A summary 
on the use of fluxes and mineralizers was 
given by W.A. Klemm and J. Skalny (60). It 
appears from this summary that not only _ 
oxides but also fluorides and silicofluori
des have proved to be effective in labora
tory and industrial scale studies. Similar 
conclusions are reported by J. Stark (52) 
for the production of quick burnt clinker 
in the laboratory.

Additions of Ba, P, Or, SO-, Na, Ti and, 
other elements are supposed to have a mine
ralizing effect, whereby A.K. Chatterjee 
(44) mentions an optimum concentration of 
.2 to 1 wt.-% in most cases. In laboratory 
scale burning tests a mineralizing effect 
of the elements Cu, Cr, Mn, Ti, Zn and Pb 
was observed if these were added in quan
tities of up to 4 wt.-Ä (55~59), Substances 
that act as a flux or mineralizer and which 
especially promote C,S formation, are often 
contained in industrial waste materials. In 
this context A.M. Dmitriew, M.T. Wlasowa 
und B.E. Judowitsch (53) as well as Th. 
Uschold and E. Giesa (54) refer to blast 
furnace slag, nepheline sludge, phosphorous 
slag, wollastonite, basalt, power plant ash 
and heavy metal containing waste such as 
copper slag and lead slag as raw meal con
stituents.

In summary, it appears from all these stu
dies that little is known about whether the 
industrial scale use of such materials, esp. 
in comparison with modern production methods, 
would lead to cost and energy savings, pro
duction increases or to a marked improve
ment of the cement quality. When burning 
mixtures of natural raw materials and stan
dard composition with an Al-O, ratio of 
1.38, the optimum quantity of'’melt will be 
formed at the lowest possible temperature 
that leads to complete sintering, according 
to studies by H,R,M. Banda and F.P. Glasser 
(61), In such cases the additional expen
ditures for buying, storing and dosing of 
the fluxes or mineralizers do not appear to 
be economically, justified. Such expenditures 
might possibly be useful if raw material " 
mixtures with a high content of lime and a 
low melt formation are to be burnt which 
would otherwise require a very high sinte
ring temperature (26).



3.1.3 Testing procedures
For planning new cement kiln installations 
and deciding about operational measures for 
reducing the heat requirements of older in
stallations or making specific changes in 
the clinker quality, it is very important to 
determine the burnability of the raw meal. 
The burnability or sinterability depends on 
the material properties of the raw meal and 
the process engineering conditions. The ma
terial properties include the chemical and 
mineralogical composition of the raw meal, 
the particle size distribution and the de
gree of interstratification of the consti
tuents. The process engineering parameters 
are the temperature rise over time up to 
sintering temperature, temperature diffe
rentials in the raw meal particle, sintering 
temperature, retention time at sintering 
temperature, kiln atmosphere and cooling 
rate. Tests for characterizing the burnabi
lity or sinterability are therefore made 
with the objective to verify the success of 
the thermal treatment by examining the clin
ker or to burn the raw meal unter controlled 
conditions and observe the process of the 
reactions.

An appraisal of the burning behaviour by 
microscopic methods is suggested by Y. Ono 
(62), M. Kristmann (63), F.A. DeLisle (64) 
and by J.D. Dorn (65). The influence of the 
fineness of the calcite and quartz particles,, 
the heating and cooling conditions and the 
kiln atmosphere on the sinterability can be 
qualitatively recognized from the micrograph. 
On certain conditions it is also considered 
possible to classify the clinker in quality 
categories (62).

A summary of the studies made so far for the 
appraisal of burnability was given by
E. Rauschenfels (66). The methods used for 
testing the burnability are characterized by 
steady-state or dynamic burning conditions, 
and in some cases the burnability of un
known raw meals is computed on the basis of 
regression analyses determined previously. 
In experimental processes using steady-state 
burning conditions the success of burning is 
usually measured by the free lime content. 
The burning temperatures amount to between 
1000 and 1500 °C and the retention time re
mains constant (67-70). In a comparison with 
a standard meal of known burning behaviour 
relative conclusions can be drawn with res
pect to a deviating burning behaviour, and 
the duration of the sintering process, the 
rate constant or the activation energy can 
be computed. The kiln atmosphere and heating 
rate often are neglected in such calcula
tions.

The experimental procedure suggested by 
U. Ludwig and G. Ruckensteiner (71) for de
termining the burnability permits the calcu- 
latory prediction of the sintering behaviour 
(B ) of raw meals made from limestone, clay 
ana sand, since there is a proved correla
tion between the practical burnability B 
in minutes at 1350 °C determined experi-p 
mentally under steady-state burning condi

tions and the theoretical burnability B.. . 
For such a prediction data on the lime1' 
standard III, the proportion of melt inclu
ding the proportion of alkalis and SO, (72) 
and the particle size distribution of^the 
raw meal constituents are required. With ri
sing burning temperature-the burning period 
(B ) decreases in a non-linear way (73). The 
effects of the heating velocity, motions
of the kiln feed and kiln atmosphere on the
burning period BP are still unknown.

The studies by N.H. Christensen (74),
V. Johansen (75) and E. Fundal (76) basical
ly lead to a similar definition and compu
tation of burnability. The free lime con
tent determined after a 30 minute burning 
period at 1400 0C shows a linear correlation 
with the lime saturation factor (LSF), the 
silica module and the proportion of calcite 
> 125 microns and of quartz > 44 microns in 
raw meals that do not very much differ in 
composition. The influence of the alumina 
module (.5 to 4) is obviously excluded by 
the choice of the burning conditions. The 
alumina module essentially determines the 
melt point temperature of the clinker melt 
(61). The effects of the motions of the kiln 
feed, heating rate and kiln atmosphere are 
also neglected.

Dynamic methods for testing the burnability 
of stationary raw meal specimens were sug
gested by H.-J. Wächtler (77, 78), J. Kieser, 
A-. Krähner and B. Gathemann (79) as well as 
by H. Hoffmann (80). Such processes are 
based on thermoanalytical and thermogravime- 
tric studies for determining the raw meal 
activity and raw meal decompositon rate and 
the use of a gradient kiln for determining 
the sinterability or the degree of lime bin
ding. The laboratory burning equipment per
mits to adjust the heating rate to the tem
perature curve of a technical-scale kiln in
stallation and the creation of a CO, con
taining atmosphere. This process was also 
applied for studying the effect of alkali 
salts and spurrite formations on the burna
bility by way of a model (79). As with 
other processes, the burnability of raw meal 
was calculated on the basis of the standard 
lime, silicate module, alumina module, 
screen retainings and heating gradient which 
are the factors that have an effect on and 
are correlated to the free lime content (80).

From these studies the conclusion can be 
drawn that there obviously is a considerable 
interest in predetermining, by means of 
suitable testing methods, the burnability 
and sinterability of raw meals and the 
effect that additives may have on both. How
ever, with all testing procedures known to
day simplifications must be made so that a 
number of parameters that are known from 
practical burning operations are neglected. 
Thus, for instance, the motions of the kiln 
feed, the reactions between the kiln feed 
and the gas atmosphere and the heat transfer 
cannot fully be taken into consideration in 
laboratory tests as yet. Therefore it is to 
be assumed that the test values found in the 



way described can only be considered as re
lative values to which the burnability of , 
the raw meals is to be compared with practi
cal experience. This means that even with 
very complex and sophisticated testing pro
cedures only a relative measure might be 
found for the burnability which could also 
be found by simpler means.

3.2 Composition ,
The composition of the raw meal essential
ly determines its behaviour during calci
nation and sintering, the economy of the 
burning process and the properties of the 
clinker. The most important criterion for 
the clinker properties is the strength of 
the cement made from it and its workability 
characteristics. The economy of the burning 
process mainly depends on the kiln output 
and the heat consumption. Besides, the grin
ding characteristics of the clinker also 
influence the energy requirements of cement 
production.

Usually the sinterability of cement raw 
meals is created in practice by an adequate
fineness of grinding, reduction of the sili
cate module (3^, = SiO^/CAlpO- * Fe~O,) and 
standard lime (KST =100 Ca0/(2.80 SiOj + 
1.18 Al-O, + .65 Pe-0,) and by increasing 
the melt quantity and^lowering the melting 
point temperature of the clinker. The lowest 
melting temperature occurs at an alumina mo
dule (T„ = Al203/Fe20,) of 1.38 (61). Fur
ther details as^to the influence of the main
and minor constituents on raw meal sintering 
can be found in the literature (66-80). G. 
Gouda listed the various technical require
ments to be met by the raw materials and 
the raw meal composition (81). Of critical 
importance is the chemical and mineralogi
cal composition of the raw materials, the 
energy,required for crushing and homogeni
zing and for drying and burning. Due to the 
different characteristics of the raw mate
rials, the optimum production conditions 
have to be determined for each plant separa
tely, whereby the procedures used for tes
ting the burnability may supply the first 
indications. In this connection attention 
must be paid to the fact that an improve
ment of the sintering characteristics due to 
a higher proportion of melting phase may 
lead to a decrease of the grinding characte
ristics of the clinker which is directly pro
portional to the extent of melting phase. 
Complete sintering should therefore take 
place at the lowest possible temperature 
and the minimum quantity of melting phase

The influence of the clinker composition on 
the development of strength and workability 
characteristics of the cement produced on a 
technical scale was studied by C. Schmitt- 
Henco (83) and by B. Sutej and K. Vrgoc (84). 
According to these studies, the setting time 
can be prolonged and in this way the worka
bility characteristics of the cement can be 
improved if the ChAF content of the clinker 
is increased at the expense of the C,A con
tent and no change is made in the amount of 

melting phase. It was observed that the 
strength of industrially made clinker in
creased with rising standard lime (KST). A 
silicate module rising from 2 to 3.2 may 
lead to particularly, high 28 d strength,pro
perties if the quartz is present in a,fine
ly dispersed form and complete sintering is 
achieved. Under comparable conditions,a ri
sing alumina module will lead to a slight 
increase in the early strength. The test re
sults obtained in factory-made clinkers can 
only be transferred to other raw material 
compositions, factories or even kilns as far 
as their general tendency is concerned, 
since in most cases the sinterability and 
burning conditions (heat transfer, kiln tem
perature curves, kiln atmosphere and cooling 
rate) are different. This also applies to 
tests for determining the strength develop
ment in advance on the basis of the chemi
cal composition of the clinker by means of 
a multiple regression analysis (84) or 
quantitative phase analysis (85).

The minor constituents also have an effect 
on the workability and strength characteris
tics of the cement. Increasing quantities of 
free lime will reduce the soundness and 
strength if the CaO has formed in a primary 
way and recrystallized (83). Free CaO in 
quantities of up to about 6 wt.-? from weak
ly burnt shaft kiln clinker, however, did 
not impair the properties of the cement, 
according to tests made by K. Nagy (86).

The effect of alkalis bound in the clinker 
as described by I. Jawed and J. Skalny (8?) 
may differ according to the prevailing con
ditions. Alkalis that are mainly bound in 
the C-,A usually increase its reactivity and 
may therefore contribute to quick setting 
of clinker that is rich in C,A and to higher 
early strength but lower 28 d strength (88). 
In clinkers in which the alkalis are essen
tially bound as sulphates (sulphurization) 
by CaSOjj additions or by burning with high- 
sulphur^fuels, the early strength will in
crease. The final strength remains unaffec
ted up to a total alkali content of about 
.8 wt.-5S (Na-0 - equivalent). If, however, 
the total alkali content rises to values of 
more than 1 wt.-S6 (Na^O equivalent) as a re
sult of sulphurization, the 28 d strength 
may decline (89).

In natural raw meal heavy metals only occur 
in trace amounts, and it may be assumed that 
they have no major effect on the clinker 
properties. However, it is not yet known 
what the effect of those heavy metals may be 
that are carried into the cement kiln when 
substitute or alternative fuels are used. 
That seems to be of interest assuming that 
most of the heavy metals are bound in the 
cement clinker. According to the experiences 
made so far, clinker may contain heavy metal 
concentrations of up to about 200 ppm (12 - 
18),

A large number of studies many of which, 
however, were only made in the laboratory, 
deal with the effect of higher heavy metal 



and fluoride quantities added in the form of 
mineralizers or fluxes. In the older litera
ture (60) the effects of fluorides on the 
cement properties are assessed in very dif
ferent ways. According to P. Tewari and P.K, 
Mehta (90) as well as W. Gutt and M.A. Smith 
(91), a marked increase in the final strength 
was observed when fluoride was bound in the 
clinker. Studies concerning the practical 
use of fluoride sludge in the cement fac
tory showed a considerable improvement of the 
3 d and 28 d strength values, according to
G. Stampendahl, H. Tauchmann and Ch. 
Engelmann (92).

However, the specific energy consumption for 
cement grinding was 16 to 22 % higher than 
the energy required for grinding cement 
which was free of fluxes.

Elements such as Ba, Sr, Ce, Cr, F, Ti and 
Zn that were added to the clinker in con
centrations of up to 3 wt.-% or contained 
in the raw materials had more or less the 
same effect on setting and strength. With 
the exception of Ce which obviously did not 
influence the properties of the clinker in 
any way, and Cr which led to higher early 
strength values, all those elements delayed 
the hydration of the cement. Besides, it is 
being assumed that .5 wt.-% of VjO,-, Cr-O, 
or BaO in the clinker may improve the grin
dability (91*).

The conclusion to be drawn from those stu
dies is that the effects of trace elements 
or minor constituents cannot be appraised 
in a quantitative way. It is practically im
possible to compare the results because the 
production conditions of the various cements 
differ too much from one another,

3.3 Kiln atmospher.- 
Experience has shown that, for quality rea
sons, the burning of the clinker requires an 
oxidizing atmosphere. This means that espe
cially in the sintering and cooling zone of 
the kiln there must be an adequately high 
excess of air. The oxygen content of the 
kiln atmosphere cannot be controlled by 
simple means during the burning process in 
the sintering zone of the kiln. 0, contents 
of 1 to 2 vol.-1 measured in the Kiln ex
haust gas before it enters the preheater 
very often are no reliable indications of 
the absence of reducing conditons in the 
sintering zone. This largely depends on the 
shape of the flame, optimum atomization of 
the fuel, complete combustion of the fuel 
after mixing with hot air before it comes in 
contact with the kiln feed.

The results of older studies dealing with 
the influence that burning under reducing 
conditions has on the clinker quality were 
discussed in a summarized form by F.W. 
Locher (7) and H.-M. Sylla (98). Sylla again 
studied these correlations in a systematic 
way under laboratory conditions. The raw 
meals were burnt for 30 minutes at 1450 °C 
in air and in a COp and CO atmosphere. The 
most striking characteristic of a clinker 

burnt in a reducing atmosphere was its 
brown color. This, however, only occurred if 
the clinker was cooled slowly to 1200 °C 
also in a reducing atmosphere. Cements made 
from clinker burnt in a reducing atmosphere 
and cooled slowly had a shorter setting 
time and also a considerably lower final 
strength. The early strength was not affec
ted as strongly. The reason for the fast 
setting was the much higher C,A content in 
the clinker than would have been expected 
in view of the composition and phase calcu
lations according to Bogue. The increase in 
C_A formation is due to the fact that part 
or the iron is reduced and can therefore 
not contribute to the formation of aluminate 
ferrite. The loss of strength is mainly 
caused by the fact that the C,S takes up 
bivalent iron in its lattice during burning 
and becomes unstable as a result. The in
crease in the C,A content and the decrease 
in the C,S content is promoted by slow 
cooling in the temperature range between 
1450 °C and 1200 °C.

The conclusion to be drawn from these stu
dies is that, under normal operating condi
tions, the clinker quality will not de
teriorate because in most cases the burning 
is done with an adequately high excess of 
air. Reducing burning conditions that may 
occasionally exist will only affect the 
clinker properties to any extent if, at the 
same time, the cooling zone of the kiln is 
longer and the clinker therefore is not 
cooled quickly enough.

3.4 Circulations
The gas in the cement kiln which flows in 
the direction opposite to the direction of 
the kiln feed, not only contains CO-, O2, 
CO, N2 and water vapor but also dust from 
the kiln feed and a number of other gaseous 
and vaporous compounds. Most of the nitro
gen oxides NO and NOp formed during com
bustion are emitted with the exhaust gas 
(99).

The kiln gas also contains alkali, sulphur, 
chloride and fluoride compounds which are 
formed from vapourized and dissociated con
stituents of the kiln feed and the fuel by 
reactions in the gas phase. When they react 
with the kiln feed or condense again in the 
cooler parts of the kiln, the preheater or 
in the hot-air drying and grinding plant, 
an inner circulation is created. An outer 
circulation is formed when dusts which are 
separated in the electrical precipitator 
containing the condensed compounds are ad
ded again to the raw meal and fed into the 
kiln. The circulation is interrupted when 
separated dusts are rejected.

The reactions of the volatile constituents 
in the kiln atmosphere were discussed in a 
summarized form at the 1971 VDZ Congress 
(10). The most important statement made in 
the paper was that the alkalis and the sul
phur are mainly bound as alkali sulphates 
in the clinker and in the dust. The S02 
emission of cement kilns is therefore low if



a stalchiozaetrle alkali surplus exists. For— 
' ty investigations of kilns resulted in a

ntean SO, concentration of 30 mg/m3 (1013mbar, 
273 °K>^dry). When the raw material and fuel 
composition are changed or when new instal
lations are planned, the SO, emission can be 
predicted by approximation. However, a 
higher SO, emission must be expected if 
there is an excess of sulphur or when bur
ning is done in a reducing atmosphere. In 
agreement with B. Frankenberger and J.
Matejka (100) it was found that a surplus of 
sulphur also enhances the tendency of sul
phate spurrite coating (2 CaO • SiO, - 
CaSOh). This often occurs if the cement raw 
materials are low in alkalis and high-sul
phur fuels are used. The use of raw mate- , 
rials richer in alkalis leads to an increa
sed sulphur absorption in the clinker, and 
thus represents an effective remedial mea
sure in production.

Contrary to the less volatile alkali sul
phates, the alkali chlorides evaporate more 
easily. Only very little of_them is bound 
in the clinker. The mean Cl~ concentration 
in the clinker amounts to about .01 wt.-56. 
In clinker with a high proportion of mel
ting phase it may rise to levels of up to 
.03 wt.-$. Alkali chlorides therefore often 
build up an inner circulation in the kiln 
and must be removed via a bypass, if neces
sary. Studies on suspension-type preheater 
kilns have shown that a bypass is required 
whenever the Cl~ content in the raw meal 
amounts to more than .015 wt.-Z and the K,0 
supply exceeds 20 g/kg clinker.

The Cl- concentration in the kiln feed near 
the kiln inlet may rise to values of 1 to 
2 wt.-S. Such a chloride enrichment favours 
coating and ring formation in the cement 
kiln and in the area of the lower stage of 
the preheater (10, 101). According to stu
dies by H.-H. Sylla (102), A.E. Moore (103) 
and I.G. Luginina (101f), this is mainly 
caused by the formation of salt melts and 
spurrite and a number of other compounds. 
W. Banowski and J. Kieser (105) found that 
in the rotary kiln with shaft preheater the 
risk of coating is low even if the alkali 
content amounts to 20 g K-O /kg clinker and 
the chloride content is five times higher 
-(106)-; These studies, however, also indicate 
that the balances show relatively high de
ficits on the output side. These may be due 
to an emission of KC1. An emission of chlo
rides, however, would have the same effect 
as a bypass because it would interrupt the 
circulation. This agrees with later fin
dings by P. Rdsner, F. Feige, W. Danowski 
and J. Kieser (107) according to which the 
Cl concentration in the kiln feed at the 
kiln inlet was not higher than only 1 to 
2 wt.-X and permitted trouble-free kiln 
operation although the Cl- content in the 
raw meal amounted to .05 wt.-g.

Contrary to the reactions of sulphur, chlo
ride and water vapor in the kiln atmosphere 
lead to an increase in the volatility of 
the alkalis. It is therefore possible to 

volatilize alkalis by adding Cl , to remove 
the alkali chlorides via bypass and to re
duce the alkali content of the clinker in 
this way. Tests of this kind were made among 
others by R. Bohmann (108). However, it was 
found that the addition of CaCl, leads to 
relatively high operating expenses. Addi
tionally, the alkali chlorides in the bypass 
reduce the efficiency of the electric pre
cipitator which increases the dust emissions 
(109).

Other measures for reducing the alkali con
tent in the clinker which are easier to, 
carry out from the technical point of view 
would be to remove dusts with a high al
kali load from the kiln system. Especially 
in grate preheaters with a high alkali sup
ply of over 12 to 15 g KjO/kg clinker this 
measure has a chance of success (110). In sus
pension-type preheater kilns with precalci
nation, contrary to kilns without precalci
nation the size of the bypass can be varied 
in a wide range. In special cases the use 
of the kiln exhaust gases for raw meal pre
heating can be entirely dispensed with 
(100 % bypass). The design and operation of 
such kiln systems were described by J. 
Svendsen (111), J. Warshawsky and E.S. Porter 
(112) and H. Ritzmann (113). They also gave 
data as to the amount of energy required 
for reducing the total alkali content to 
values below .6 wt.-% NajO equivalent. A 
study made by the Portland Cement Associa
tion, USA (114) also contains information 
about the energy costs to be expected for 
bypass installations. '

Minor alkali and alkali sulphate contents 
in the cement lead to an increase of the 
28 d strength, as investigations by V. 
Johansen (115) and B. Osbaeck (116) have 
shown. Besides, the storage and processing 
characteristics are improved (117-118, 88). 
If the total alkali content is less than 
.6 wt.-% NajO equivalent, the cement may 
be used for the production of concrete with 
alkali-reactive aggregates.

Besides the circulations of alkalis, sulphur 
and chloride the fluoride and some heavy me
tal circulations were also studied. It was 
found that most of the fluoride is bound in 
the clinker. Gaseous fluorides are not 
emitted. The emission is limited to fluo
rides, that are bound predominantly as CaF, 
in the dust of the waste gas having passed 
the precipitator.

Heavy metals are contained in the raw mate
rials and fuels at lower concentrations. By 
using substitute or alternativ fuels larger 
quantities of heavy metals may be supplied 
to the kiln. So far only the reactions of 
lead and zinc in the' cement kiln have been 
studied (12). It turned out that, depending 
on the kiln system, 80 to 95 % of the zinc 
is bound in the clinker and 5 to 20 % in the 
dust respectively. Lead shows a behaviour 
similar to the one of zinc. More recent in
vestigations, however, indicate that the 
degree,of lead bindings in the clinker may 



also be somewhat lower so that the lead con
tent in the kiln dust increases and conse
quently the inner circuit too. In kilns with 
grate preheaters and in the case of a high 
chloride load this seems to be a frequent 
observation.

According to the studies made so far, lead 
and zinc can only be emitted with the dust 
which means that the lead and zinc emission 
depends on the efficiency of the precipi
tating system of the kiln (12, 16-18). The 

. effects of binding fairly low concentrations 
of Pb and Zn in the clinker on the proper
ties of the cement have not yet been stu
died in a complete way. Systematic studies 
of the reactions of other heavy metals that 
are contained in the raw materials and es
pecially in the fuels and substitute fuels, 
have not yet been made. However, it may be 
assumed that these reactions might prove to 
be more important in connection with the 
emissions to the environment than they are 
to the properties of the cement.

4. Cooling of Cement Clinker 
The cooling rate and kiln atmosphere influ
ence the strength development and setting 
behaviour of the cement. In this part of 
the report only the effect of the cooling 
rate on the cement properties will be dis
cussed.

The test results described in older publi
cations (7, 26) show unanimously that fast 
cooling of the clinker generally leads to 
higher strength values. Fast cooling has 
a positive influence on both the early and 
the final strength. Fast cooling from sinte
ring temperature is required in order to 
prevent reduction of the C,S content by re
sorption which would lead to an increase in 
the C2S and C,A content. Fast cooling is 
also required^to avoid decanposition of C,S 
to CgS and CaO and to obtain a fine-grained 
periclase crystallization. According to
K. Mohan and F.P. Glasser (120), the C,S 
decomposition is initiated by slow cooling 
in the temperature range between 1210 °C 
and 1025 °C by the formation of 0,3 and CaO 
nuclei on the C,S surface. The CjS and CaO 
in the clinker accelerate the decomposition 
rate. Only by quenching the reactivity of 
the C,A which is essential for setting be
haviour can also be reduced. From a techni
cal standpoint, however, quenching ist not 
practical and would lead to a loss of 
strength.

Recent studies by H.-M. Sylla (98, 121) have 
shown that cooling in an oxygen-containing 
atmosphere generally leads to higher final 
strength values than cooling in a reducing 
atmosphere. The effect on the early strength 
values is less important. Losses of strength 
will occur if the clinker is cooled from ■ 
sintering temperature to room temperature by 
quenching. When the clinker was shortly 
quenched with water at a temperature level 
of 1450 °C and then slowly cooled by air 
without impairing the crystallization of the 
melt, the highest 28 d strength values were 

obtained in laboratory-made clinkers. Me
dium 28 d strength values were reached when 
the clinker was cooled from 1450 °C to 
1250 °C within 30 minutes and then cooled 
faster by air. The explanation can probably 
be found in the reactivity of the C,S which 
can obviously be influenced more strongly in 
the temperature range between 1450 °C and 
1250 °C. However, these processes have not . 
yet been fully clarified. Evidently the de
cisive phase of the cooling process still 
occurs in the kiln between the end of the 
sintering zone and the entry of the clinker 
into the cooler. The cooling zone varies in 
length depending on whether the kiln is, 
equipped with a planetary or grate cooler. 
The length of the cooler also depends on the 
insertion length of the burner lance. How
ever, so far no significant differences in 
strength have been found in technical scale 
cements-that would have been due to diffe
rent conditions during clinker cooling (7). 
Similar conclusions are to be drawn from the 
investigations by T. Enkegaard (122) and 
0,L. Jebsen (123) who compared the effects 
of the cooling rates of grate and planetary 
coolers. The samples taken at the inlet of 
the cooler and at the cooler outlet, however, 
primarily characterized the influence of the 
different cooling zone length in the kiln 
rather than the effect of the cooler design 
on the strength of the cement.

The conclusions to be drawn from the results 
available today show that the difference in 
the cooling rates may lead to significant 
changes especially in the final strength of 
the cement, as laboratory tests have indi
cated, In this connection only the tempera
ture range from 1450 °C to 1250 °C is of 
interest. In technical-scale clinkers no 
effects on the strength could be observed 
despite the differences that existed in the 
cooling conditions in the kiln. This, how
ever, may only apply if the clinker is burnt 
and cooled in an oxidizing atmosphere. In a 
reducing atmosphere longer cooling periods 
in the high-temperature range may impair the 
development of strength and the setting be
haviour of industrially made cements.
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The problem of the catalysis of the syn
thesis of Portland cement clinker, espe
cially at the liquid-phase stage, is be
coming more and more topical because of 
the general tendency towards the reducti
on of energy consumption in chemical engi
neering, Since the formation of the phase 
composition and of the micro- and macro
structure of clinker grains depends, to a 
considerable extent, on the amount of the 
melt in the sintering system and its phy
sico-chemical properties, the control of 
these parameters is a very important task. 
Ho substantial change in the properties of 
the melt formed in the C-S-A-P system can 
be achieved by the control of the modular 
characteristics of clinker (1). In this 
connection, many investigators are sear 
ching for elements or their combinations 
that would have an efficient influence on 

the structure and properties of the melt 
in the sintering grains of the material, 
on the microstructure .and composition of 
the crystalline phases in clinker.

THE ACID-BASE EQUILIBRIUM IN THE MELT
The clinker liquid phase belongs to the 
class of slightly associated and high- 
basic alumofezrosilicate melts. The low 
degree of polymerization is confirmed by 
the low values of viscosity (0.1 to 0.3 
Pa • s) and by its nearly exponential 
dependence on temperature and also by the 
absence of relaxation effects. The ionic 
nature of the melt is evidenced by the 
results of investigations of its physico
chemical characteristics, such as elec
trical conductivity and surface tension, 
the values of which correspond to the pa
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rameters characteristic of typical electro 
lytea—-molten aalte.
The akeleton structure of the melt is 
built up of ailicon-oxygen radicals which 
are present predominantly in the form of 
the complex Si04~, Ca2+ ions and ampho
teric Al and Fe, which enter, depending 
on the conditions, into the composition 
of the groupings [Meo|“J or [MeO^ ] . 
By forming the complex [Meo5 ] , the 
ions Al3+ and Fe3+ display the properties 
of acids, and when they remain as free 
cations with an octahedral oxygen envi
ronment of pMeO?—j the ions Al-^*- and Fe-^ 
exhibit the ” properties of bases.
In the low-oxygen complexes [MeO^”] the 
Me - 0 bond is more stablCgthan in the 
octahedral groupings [MeO?-J, as a 5con- 
sequence of which the complex[MeO, J 
moves in the melt predominantly in the 
undissociated state, whereas the complex 

[MeO?“] dissociates into Me-3* and bO^”, 
whole mobility is high.
In the melt there must exist an acid-base 
equilibrium between the various corrdina- 
tion forma of amphoteric elements:

MeO.” — Me^1" + 402” (1)
4

K - [Me3+) [o2-] 4
Meo|']

(2)

The elements S, P, B, etc., which form 
stable silicon-pxygen complexes, [SOf*], 

[P02~l, and[B05-J , bind Q2- , thereby^ 
ddcreasing its concentration in the melt, 
which causes the dissociatipri of such an 
amount of the complexes[MeO^-] which is re
quired to restore the upset acid-base 
equilibrium (1). As a result of the-break- 
down of part of the complexes [MeO. J , 
the viscosity of the melt is decreased and 
the diffusion coefficients of its structu
ral units are increased. The elements Ti. 
Cr, Mn, P, Cl, Ni, etc., combine with O2- 
in the melt to give groupings, the type 
of which depends on the value of the Me - 0 
bond energy. Por example, the presence of 
P, Cl, B, and Mo increases the absorption 
in the region of valence vibrations (400
700 cm-1), which is evidencegof the in
crease of the number of [AlOg"] group
ings in the melt and of the shift of 
the equilibrium (1) in the melt to the 
right. The ions Ba2+ and Sr2+ , on the 
contrary, caused a decrease in the absorp
tion in the spectral region indicated, i.e. 
caused the shift of the equilibrium (1) to 
the left. '
Belov and coworkers (2,3) assume the forma
tion in the melt of neutral angular 0=5 = 0 
molecules at a deficiency of free oxygen

ions in it, which participate in the build
ing-up of the crystal lattices of CgS and 
c3s. "
THE STRUCTURE AMD PROPERTIES OP A MELT 
WITH A HIGH CALCIUM CONTENT

The effect of variour elements on the pro
perties of the melt which is formed in 
clinker at 1450°C and which has the fol
lowing composition (per cent by mass): 
CaO - 57, SiO- - 7.5, Al203 - 22.6, Pe2O3- 
12.9, has been studied ( Plg.1 ).
The experimental procedures have been des
cribed in the literature (5). The elements 
were introduced into the melt in an amount 
of 0.1M in the form of oxides, carbonates 
and ammonium salts. The viscosity of the 
melt in the presence of s-elements decrea
sed in the order of their decreasing basic 
properties: K —— Ba —*- Na ——- Sr—- Ca — Mg. 
Accordingly, the quantitygdecreased with 
increasing acidity of p—elements in the 
sequence: Al —•- P —— B —— S —— Cl—-P 
(Pig.2).

Electronegativity (after Pauling)

Pig. 2. Effect of the electronegativity of 
s— and p-elements on the visco
sity and surface tension of the 
melt.



That 1b, there exists a linear dependence 
of the viscosity on electronegativity of 
elements with the same structure of their 
outer electron shells. In the presence of 
d-elements the viscosity, 4 , increa
sed with decreasing state of oxidation 
(Tig. 3) of the elemnts, which corresponds

ti h2. J§400

600

Fig. 3, The viscosity of the melt against 
< the ratio of cationic charge to

cationic radius Z/r (1) and 
against the energy of the bond 
between tha cation and oxygen 
Me - 0 (2).

(according to the Kossel scheme) to the 
weakening of their acidic properties in 
the sequence: Jfo —— W —— T Or —*- Tl—

—— Mn —— Fe —— Co —— Cu —*- Hi—-
— Zn—-Cd,

Ab the charge-to-radius ratio of the ion 
and the Me -■ 0 bond energy dlminlEdies the 
decreasing effect of the element on the 
viscosity of the melt is weakened. This 
dependence is characteristic of s- and 
p-elements as well as of d-elements (Fig.3) 
When comparing the effect, on the viscosi
ty , of a- and p-elements which are 
situated in the periodic table in the sar- 
me period but in different groups, it has 
been established that the viscosity dec
reases with increasing nuclear charge 
(Fig.4). An insignificant difference in

Fig. 4, Effect of tha nuclear charge of 
the element introduced on the sur
face tension and viscosity of the 
melt, 

the properties of d-elements of the same 
period, which is accounted for by the iden
tical structure of their outer electron 
shell (2 s-electrons), is responsible for 
the fact-* that the properties of the melt - 
differ little in the presence of these 
elements. Thus, for example, in the series 
lto-Fe-Co-Wi the viscosity of the melt in
creased from 0,129 (Mh) to 0.143 Paes (Hi), 
and the in the series Ti-V-Cr it increased 
from 0,123 to 0,128 Fa*s, With increase of 
the cationic radius in their comparable se
ries, which corresponds to the increase of 
basic properties,•the viscosity of the melt 
diminishes to a lesser extent.
The activation energy of the viscous flow 
of the melt, , was equal to 364 kJ/mo
le* In the presence of s-elements E » dec
reased with increasing basicity of the ca
tion within the limits of 317 (Ife) and 193 
kj/mole (K). Tha quantity Bs of melts 
containing Cr, Hi, Mo, Mn, V, Cu, W, Ti 
and Co varied within the limits of 113
155 kJ/mole; in tha presence of Zn and Cd 
the activation enerar increased abnoimally 
up to 193 and 251 kj/mole, respectively. 
The values of B* of the melt in the pre
sence of p-elements were very lows from 
84 to 147 kj/mole. An exception is a sys
tem with phosphorus, whose *Bi. increased 
up to 251 kj/mole. a
The departures of the function log ■ f 
(1/T) from the exponential law, the appea



rance of points of inflection on the curve 
and the increase of the quantity E« can 
be explained by the onset of crystalliza
tion of the nrit in the presence <f the corresponding 
elements. The following temperatures of 
the onset of crystallization of the melt, in 
the presence.of individual elements are as 
follows (in °C): 1432 for P, 1427 for Hi, 
1406 for V, 1402 for Or and Cl, 1400 for 
Cd and Mn, 1397 for Zn, 1387 for Cu, and 
1386 for Co. The viscosity is decreased 
most strongly under the influence of ele
ments when their concentration in the melt 
is 2-3 per cent; higher concentrations of 
the elements may bring about negative re
sults.
When several elements are jointly present 
in the melt, the properties of the melt 
are not additively changed by the ion con
centration. The negative effect of K* and 
Ha+ on the viscosity of the melt is well 
compensated for by Mg2+. According to the 
data obtained by Osokin and Mironov, the 
effect of 1.5 per cent of (IU0 + Ha^O) is 
fully compensated for by 6.per ^cent of 
MgO. Further increase of the amount of MgO 
causes the viscosity to decrease due probab- 
ly-to the oversaturation of the melt with 
Mg + and to the onset of the crystallization 
ofgthe latter. The positive effect of 
SO;* on the viscosity of the melt is weake
ned by Na+ and K*-; but if these cations are

Pig. 5. The isocoms of the viscosity of 
the melt in the presence of the 
complex MgO-RgO-SO^.

present together in the ratio corresponding 
to the compounds Ha^SO. and K-SO., the vis
cosity of the melt *is *neverthe- 
less considerably diminished. After the 
stoichiometry is exceeded there is observed 
an intensive increase of with increasing 
amount of Ha+ and K* in the melt. In such 
cases the melt undergoes microliquation. 
The joint presence of Ha , K+ , Mg2+, and 
SO?” in the melt is accompanied by the chan- 
ge*of from 0.08 to 1.65 Pa-s, depending 
on the ratio of the ions. The microliqua
tion of the melt in the presence of the 
given group of elements is retained (fig.5) 

44- The effect of a complex consisting of Ti , 
Mh3+, and SO?” on the viscosity of the 
melt is more4 complicated: in the respecti
ve concentration triangle the viscosity 
isocoms are broken. A considerable decrea
se of the viscosity of a melt containing 
an increased amount of SO^ and Mn3* com
bines with zones of increased viscosity, 
which are situated closer to the side of 
Ti-Mn. The increase of the viscosity at a 
certain ratio of the elements may be acco
unted for by the formation of stable com
plexes in the melt. To the lowest n value 
(0.085 Pa-s) of a melt containing the com
plex (Mg2+ + Ba2+ + Mn-'4") there cor- ■ 
responds the maximum content of Mn^t and 
Mg2+ and the minimum qontent of Ba2+. The 
above-given examples of- the effect of a 
group of elements on the viscosity of the 
melt are in agreement with the character 
and specificity of the action of the cor
responding individual elements.
The surface tension of the melt is gover
ned by its structure in the bulk and also 
by the composition and Structure of the 
surface layer. In the presence of various 
elements the value of 6 is changed not 
only as a result of the change of the ac
tivity of the matrix ions of the melt but 
also because of the high absorption capa
city of the ions introduced, which, as 
compared with viscosity, complicates the 
dependence of the variation of •(? on the 
nature of the element.
With increasing electronegativity of s-ele- 
ments there is observed an increase of 0 , 
and, on the contrary, the increase of the 
electronegativity of p-elements is accom
panied by the decrease of the surface ten
sion of the melt (Fig.2). True, in view of 
a wide spread of experimental data, one 
should speak only of a tendency in the ma
nifestation of the above-discussed regula
rities. As the values of ratio Z/r and the 
Me - 0 bond energy of elements increase, 
the following effect of elements is obser
ved: the alkali and alkaline-earth cations 
increase and acid cations, on the contra
ry, ■ decrease 6 , this being in agreement 
with the data obtained by Yesin. The ca
tions K4" and Ha+ are weakly bonded with 
02” , which leads to their displacement 
into the surface layer of the melt, whose 

6 decreases from 0.58 to 0.35-0.40 H/m 
with increasing concentration of these ca
tions (Pig.6). As the values of the Me - 0



Content of oxides, % by mass

Fig. 6. The isotherms (145O°C of the sur
face tension of the melt tn the 
presence of s-elementa (a) and 
p-elements (b).

bond energy and Z/r of p-elements increa
se, their surface activity is enhanced 
(Fig* 6), this being due to the stability 
of the complex ions PO4" , SO?“, and BO?", 
which cannot be held in the * bulk of ■ 
the liquid and are displaced into its sur
face layer. The anomalies in the behaviour 

"of Y* and SO?“ (Flg.4) are accounted for 
by the liquation phenomena that occur in 
the melt. The increase of 6 caused by 
the addition of more than 1.5 per cent of 
AlgOj maF **6 associated with the satura
tion of the melt with the complex [a1o5“1 
and with the- increase of its viscosity.* 
With increase of the acidity of d-elements 
there is observed the tendency towards 
the decrease of the surface tension of the 
melt (Fig.7), just as is the case with the

40
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Fig. 7. The surface tension of the melt 
against the cationic charge-to- 
radius ratio Z/r (1) and the ener
gy of the bond between the cation 
and oxygen Me - 0 (2).

regularity obtained for 5 (Fig.3). The or
der of arrangement of elements is evidence 
that for ions having close radio the sur
face activity increases with Increasing 
state of oxidation, i.e., with increase of 
acidic properties: Co — V — Or — Mo.
According to Appen (6), .the introduction 
of a component having a smaller value of
6 brings about a decrease in the surface 

tension of the system. Such a mode of chan
ge of 6 caused by mutual replacements of 
b-> P-, and d-elements in the melt occurs 
rather regularly.
When the ions K*, TTa+, and SO^“ ions are 
present together in the melt, the observ
ed decrease of the surface tension of the 
melt is described by the empirical equa
tions (1). In the presence.of a group of 
the elements K+ , Na+, Mg2* and S°* , be
cause of the screening of the cations Ma',‘ 
and especially of K* by the anion S0^~, 
there arises an extensive liquation zone 
with the formation of a liquid characteri
zed by the decrease of 6 down to values 
of the order of 0.1-0.25 M/m (Fig.8).
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Pig. 8e The Isocoms of the surface tension 
of the melt in the presence of the 
complex IfagO^-TiOg-SO^.

Mn203

The Jta»Ti complex contributes to the in
crease of 6 up to 0.54-0.60 N/m, but upon 
addition of S to it and with an optimum 
ratio of all the three elements the surfa
ce tension of the melt may be diminished 
down to 0.34-0.36 H/m.
The sizes of vacancies (microcavities) in 
the melt, as calculated from the values 
of 6 , are as follows^ at 145O°C the radi
us of vacancies is 1.1 and at 1525°O 
it is equal to 1.15Ä, which is an indica
tion of the increase of the free volume 
of the melt upon heating It above the 11- 
quidus temperature. The density of the 
melt at 145O°C Is 3020 kg/m3. As the 
temperature rises from 1450 to 1475°C the 
value of p drops to 2900 kg/m3, which con
firms that the structure of the melt In 
the pre-llquidus region has undergone 
considerable changes. '
The clinker melt is characterized by the 
electronic-ionic conductivity (1). The 
electronic component is due to the ex
change of electrons between the iron ions, 
and the ionic component is due to the high 
mobility of the Ca" cations and also due 
to the transport of electricity by the oc
tahedrally coordinated ions Fe’+ and Al^+. 
The nature of the effect of the ions in
troduced into the melt depends on many 
factors: the size of the ion and its char
ge, the strength of the Me - 0 bond, the 
mutual polarization of oxygen and several 
cations, the viscometric properties of 
the melt and the change of the electronic 
component of conductivity. The joint pre
sence of several charge-transfer agents 
and the presence of the electronic compo
nent complicates the interpretaion of 

the results obtained.
In the presence of the ions of Mg, Sr, and 
Ba the electrical conductivity or the melt, 
which is equal to 63.7 S/m at 145O°C, in
creases proportionately to their concentre 
tion, its value increasing with decreas
ing field strength of the
cation (Fig. 9).

M

Fig. 9. The electrical conductivity of the 
melt versus the charge-to-radius 
ratio Z/r of s- and d-elements.

The observed increase of x with increasing 
radius of the cation is accounted for by 
the fact that the size of vacancies (micro
cavities) in the clinker melt, which is* 
equal to 1.1 A at 145O°C, is commensura
te with the size of the cations of Mg, Sr, 
and Ba. Therefore, the most probable me
chanism of diffusion for them is the vacan
cy mechanism and in this case the geometric 
factor (the quantity r) has no substantial 
effect. The predominating effect is exer
ted by the energy factor—as the field 
strength increases, so does the attractive 
energy of the cation 02-, which is what 
lowers the probability of the vacancy me
chanism. This increases the mobility of the 
cation Ca2+.
The Na+ ions contribute to the growth of K 
due to the increase of the concentration . 
of current carrier in the melt, and the K 
ions reduceacdue to the decrease of the mo
bility of Ca2+ and the reduction of the 
electronic conductivity (there are formed 
FeO?** ions which are less capable of ex
changing electrons).
An analogous dependence is observed for the 
majority of the d-elements studied (Fig. 9) 
The abnormally high electrical conducti
vity of melts containing the ions of V (79) 
to (94), W (97), Fe (87 S/m) is explained 
by the increase of the electronic conduc
tivity, which has been observed for molten 
glasses and slags (6). An increase in the 
content of chromium increases ac , because 
the energy levels of the transitions Fe2+ 

—•- Fe3+ and Cr2+ —Crl4- are practi
cally identical and the increase of the 



content of Cr Increasea the nmaber of 
vacancies and the probability of electro
nic transltloM« But, judging by the res- 
ulta of viscoelty neasurenents, one could 
have expected a more aubetantlal decrease 
of electrical resistance In the presence 
of Cr, but the electrical conductivity 
Increased only up to 76 S/m with the con
centration of CTp0! beljn8 4 per cent. 
The Incorporation of p-elemente into the 
melt leads to an increase of ac due to the 
decrease of the viscosity of the system 
and the attending Increase of the mobi
lity of the cation Ca.2*. In the presence 
of phosphorus Ions the electrical resis
tance Increases In proportion to the con
centration of PpOc, which Is accounted ’ 
for by the formation of complex anions of 
the type (— 0-S1— O-Ca-O-P-O), which 
reduces the number of current carriers.
Che electrical conductivity of the melt 
Is enhanced within the temperature range 
from 1400 to 1500OC, It Increasing most 
Intensively In the pre—llquldus region. 
The activation energy of electrical con
duction In the melt, which Is equal to 
50 kj/mole. Is 3 times lower than Bno 
(163 kJ/mole), which supports the 
•fact of transport of electricity In the 
melt both by ions and electrons.
The diffusion coefficients of the struc
tural components of the melt oveS the 
temperature range 145O-1525°C are as fol
lows: DCa = (5.31 to 8.55) x 1^ ; D^e - 
(5.70 to 14.2) x 10^°$ » (2.35 to
7.10) x 10*10 $ =. (4.73 to 15.8) x
lÖ-11 m2/s. The diffusion coefficients 
increase with rise of temperature. A com
parison of ths size .of vacancies in the 
melt (1.1 to 1.15 1) with the.effectlve 
radii of the cations Ca2+ , 115+, and 
Fe-?* (ca. 1 a) suggests', the vacancy 
mechanism of their diffusion: larger ani
ons, such as [SlCq*] , [FeO^-] , and 
[110^-Jdiffuse by way of exchanging pla
ces upon rotation of the corresponding 
groupings relative to each other. In 
the presence of Na+ and K* ions the dif
fusion coefficients of all the structural 
units of the melt were diminished; they 
Increased under the influence of lfc2+ and 
so|-.
The high surface activity of p-elements 
(P, d. Si, P, S) causes the formation 
in the melt of micro— and macroliquation 
regions which differ considerably in 
acidic-basic properties. The segregation 
of the composition of the liquid phase 
results from the adsorption of the anio
nic groupings by" the surface layer of 
the melt and also from the low mobility 
of the s ill con-oxygen complexes, which 
leads to an Increase in their concentra
tion in the melt regions adjacent to the 
dissolving silicon-contalnlng phases 
(SiO. , CgS, C^AS# etc.). The tendency 
of the ions of Si, Al, and Pe to form a 
coordination sphere leads to the follow

ing: elements such as P, Cl, and 3, espe
cially in combination with Ba, Cd, Sr, Ba, 
and K, enhance the liquation phenomena.
According to the theory developed by Weyi 
(6), the degree of shielding of catIona in
creases with increasing polarizability of 
aniona. Since the F*-lon has a lower pola
rizability (0.96 A03) than O2- (2.74 A°3), 
it is readily displaced from the coordina
tion sphere of the complex-formers (Si, Al) 
into the coordination sphere of Ca2+, Ha4" 
and K+. Therefore, even at a fluorine con
centration of about 1 per cent in the melt 
there is observed the appearance of liqua
tion zones (Fig- 10) which are

Fig. 10. The liquation regions in the clin
ker melt at the following con
centrations: a — 1.0 per cent 
F“ by mass; b 3-0 per cent Cl" 
by mass (magnification x 10000).

(2 to 3) x 103 8 in size. The appearance 
of non-misclbility in a fluorine-contain- 
ing melt has also been confirmed by the 
appearance of the exo—effect on the then- 1 
mograms at 850°c, which resuite from the 
crystallization of liquating drops and 
from the presence of two endothermic ef
fects (1200 and 1380<>c), which has also 
been observed In the case of glass—forming 
systems (7). The fact that the T— ion is 
close to Ca2* contributes to the micro- 
heterogenizatlon of the melt to regions 
enriched with groups containing the bonds 
Si - 0 and Al - 0 and to the,zoneg with 
an increased concentration of modifying 
cations, where the Me - 0 bond Is predomi
nating.
The chloride Iona exhibit a higher polari
zability than do the fluoride Ions and 
therefore In their presence the degree of 
shielding is increased ami microliquation 



appears at higher concentrations of Cl 
(2-3 per cent; with the formation of li
quation regions of a smaller size* The 
ions S®+ are even more polarizable and 
therefore in this case the liquation is 
observed only in the presence of Ha+ and, 
especially, of K+, Thus, for example, when 
the total content of SO3 and KagO in. the 
melt is 2,7 per cent, the observed micro
liquation (the size of drops being 103 A) 
changed to complete immisclbility at a 5- 
per cent concentration of the oxides* In 
the presence of the complex SO3—K2O, ma
croliquation appeared even when their tot
al concentration was 2*4 per cent* The 
addition of Mg2+ to a melt containing the 
complex R2O--SO3 contributes to the sup
pression of the liquation phenomena and 
the phase separation occurs only at high 
concentrations of sulphur and alkalis in 
the melt.
Liquation salt melts enriched with P. Cl, 
K, Ha, and S have a viscosity which is 
lower by about two orders than the visco
sity of the matrix liquid phase and low 
values of surface tension (0.15 to 0.19 
H/m). Therefore, the macrosegregation in 
the system alters, to a considerable ex 
tent, the kinetics of dissolution of gra
ins of CaO, C2S and other minerals, and 
also hinders the aggregation of the par
ticles of the materials in the sintering 
zone where clinker grains are formed.
DISSOLVE!OH AHD CHYSTALLIZATIOH
The liquid phase formed in the sample of 
the material being burned fills separate 
pores and capillaries, forming thin films 
on the particles. Some authors (8-10) pre
sume that the melt in the sintering samp
les is a continuous phase in which grains 
of CaO, CgS and C3S are distributed. The 
interaction of the minerals indicated 
above with the melt takes place in con
strained conditions when the diffusion of 
the ions required for the growth of C3S 
crystals limits the course of the syn
thesis reaction.
At lower temperatures (1000-1200°C) there 
are formed non-equilibrium melts of acidic 
nature (11), which arrange themselves in 
the form of small drops predominantly 
near the softening quartz grains and which 
contains the ions of S, P. 01, Na, K, Oa, 
Si, Al, Pe, and 0, It is through these 
melts that the Ca2+ ion is transferred 
to the surface of the S102 grains and C2S 
is synthesized. In spheres consisting 
of a shell having the CoS composition and 
a kernel of Si02 the acidic melts are 
retained until they Eire absorbed (pulled) 
by the melt enriched with Ca2+ as a result 
of the countercurrent diffusion of Ca2+ 
and SinOg|- (a pore is.left in place of the 
S102 kernel). Between-the grains of CaO- 
C2S, CaO-C3S, CaO-C2S-C3S there are formed 
zones of the melt enriched with Ca2+, in 
which crystals of O3S are generated. The 
zonally arranged melts characterized by 
concentration gradients and different aci

dic-basic properties when brought into con
tact with each other exchange their ions 
at the interface, tending to the equilibri
um composition, when the melts have large 
volumes, the averaging of their composition 
is contributed by convection, but in thin 
capillaries and films the transport of a 
substance is accomplished only by diffusion. 
The retainment of molten volumes» of diffe
rent composition in clinker grains (metas
table microliquation) and the development 
of liquation processes in the presence of 
impurities lead to the separation of solid 
phases which are at equilibrium with these 
liquids* ,
The kinetics of the dissolution of sintered 
samples of CaO and C2S in melts of differ
ent composition have been investigated by 
the equally-accessible-surface through the 
control of the thickness of the diffusion 
layer by altering the intensity of rotation 
of the sample. At 145O°C the rate of disso
lution of C2S in the main melt (n= 600 to 
1400 r.p.m.) was equal to (1.94 to 2.78) x 
10T8 m/s and that of CaO was (6.10 to 8.34) 
x 10r8 m/s, i.e., higher by 3 times. The 
activation energy of the dissolution process 
is as follows: EnaO " 2^4 kj/mole-and EqoS 
= 419 kJ/molee The rate of dissolution of 
CaO is commensurate with Dca (Eca ” 163 
kJ/mole) and that of CoS is commensurate 
with Dgi (Esi = 368 kj/mole). The differen
ce in the0 values of EcaO and Ega an^ 
also in the values of EqoS and Egj_ may be 
attributed to the complex mechanism-of the 
multi-component diffusion (8,10) within 
the thin films of the melt. The diffusion 
mar.haniam of the dissolution process con
firms the dependence of the rate of dissolu
tion of CaO and C2S on the viscosity of the 
melt (Fig. 11). The fact the dissolution is

Viscosity, Pa-s
Pig. 11* The rate of dissolution of CoS and 

CaO cakes versus the viscosity of 
the melt* ,



speeded up with decrease of is associa
ted with the decrease of the thickness 
of the diffusion films on the particles 
being dissolved*
The sulphur, chloride and fluoride ions, 
which render the melt acidic and lower 
its viscosity, speed up the dissolution 
of CaO (by 1.5-2 times) and of C^. In 
the presence of Ba2+ and Sr2+ the rates 
of*dissolution of CaO and Cgd (Inao end 
IggSl are somewhat diminished. The rate 
of dissolution lyao very strongly 
decreased in a melt containing 
Ua+ and K+ (by 2 to 4 times at 3—4 per 
cent BoO) due to the Increase of % « The 
rate of dissolution of C2S in an alkali- 
containing malt increases anomalously; 
by 3 to 7 times with the content of KoO 
being O.5-1.9 per cent by mass and by 
30 to 50 times with the content of MaoO 
being 2.2-4 per cent by mass; the rates 
of dissolution In the latter case are 
78 and 133 x Ky*°m/s, respectively. The 
special role of the ions Na+ and K* may 
consist in the following: being concentra
ted In the diffusion layer on a particle 
of CoS, they also speed up the transport 
of the low-mobile ions SlnOg". The dif
ference in the effect of Ma and K may 
be ascribed to the sizes of their ions: 
Ha = 0.97 A and K = 1.33 A. When BoO and 
SO3 are present together In the melt, 
this leading to the microliquation of the 
™alt, XgoS Is lower than In the presence 
or B20 alone, but it exceeds by 
3 to 5 times. The kinetics of the expa
nsion of the CjS zone, at the point of 
contact between of the layers of the com
positionCaO + C3S + melt and C3S + C9S + 
melt (1500°C) referred to the rate of2 
formation of C3S is expressed, according 

literat^ data (8, 10), by t^ 
following parabolic relation:

x2 = Kt (3)

where x is the width of the C-^S zone, t 
t»nthr^/Cxi05t.tinle’ K 15 a cons
tant (cmVs). The reaction rate constant 
“creasaa increasing amount of the 
melt from io to 30 per cent, upon replace
ment of part of AI2O3 by. Fe203 and with 
rise of temperature.JThe prSpdrtlonallty 
between the amount of the melt and the 
F®*?k0fhth8 Processes of binding of CaO 
In the preparation of clinker has also 
teen established by Butt, Timashev and 
Osokin (1). The positive effect of the 
replacement of Al3* by Pe3+ is due t” 
the decrease of the viscosity of the melt " 
involved (Pigs. 2 and 4). It has been

that with increasing size 
of the particles of CaO, SIO?, CoS. etc 
T?8?* ff0™ deci,ease of tie rite of * 
1aS^ dissolution, the following anomaly 

°^®®rV9d", ^Q^procass takes place 
in cycles, this being caused by the for- 

the f?ao1:inS grains, of frln-

onset of a new cycle of the accelerated

reaction* The cyclic course of the reacti
on correlates well with the existence of 
local melts which differ in composition*
In,the zones of the acidic melt (CoS + li
quid) the formation of C3S is„controlled by 
the rate of diffusion of Ca2+ ions from 
the regions with a larger content of lime 
to the crystal nuclei and also by the rate 
of dissolution of C2S, the alite crystals 
growing in the direction of the C2S partic
les. In basic melts and especially in tte 
presence of Ma* and K* the rate of dissolu
tion of CgS is high, and the process is 
limited by the rate of dissolution of CaO 
grains, the C3S crystals being formed at 
various points in the volume of the melt. 
After the grains of CaO (and also of 0 SiOQ 
are dissolved there are left pores in 
their place*
For a modal system composed of particles of 

Slass, it has been established 
120) that the concentration of the liquid 
phase undergoes change in the direction of 
*5®. *?J^olvin8 Particles and, for example, 
at 1450OC the portions of the melt in the 
CaO-melt and CgS—melt zones are characte
rized by different concentrations of Ca and 
Si because of the difference between the 
diffusion coefficients of the ions of these 
elements.- The % values of the melts are dif
ferent: with increasing concentration of 
Ca" the viscosity of the melt is decrea
sed. During the course of the synthesis 
there takes place a mutual diffusion of the 
melts until there are formed zones of super
saturation with respect to portions of the 
melt saturated with. O3S* In the supersatu-» 
rated zones there occurs the crystallize- 
tlon of C3S with the formation of a satura
ted melt.
Since the rate of the reaction of formation 
of r35^?-8 usually proportional to the con
centration gradient (a c) in the diffusion 
layer and the surface area of tte latter is 
equal to that of tte dissolving particles 
(20, 37, 38), the kinetics of tte process, 

a$ t^$e iBi-tial stage, is satis- 
ihctorily described by diffusion equations 
of the following type:

/ 1 ------ 1 %n 2D n 0( 1 - V 1 -x.) = - ----- *------ T = KT
r^

where * is the fraction of the reacted sub
stance andTis the time. Tte fraction of 
the reacted substance has been found to be 
proportional to tte viscosity of tte melt, 
pi comparing models for the process of sin- 

preliminarily synthesized 
C3S» one should bear in mind 

that under tte Influence of the capillary 
presstu?e of the melt tte porous grains of 

9?Ss, be dispersed, thereby dis
torting tte kinetics of the dissolution 
process (1, 8).
The presence of 1 per cent of TiOo in tte 

.t* results in an increase of tte amount 
decrease "in tte tempera

ture, at which the process of binding of 
CaO is completed, by-50-looPc, but with a 



higher content of titanium the amount of 
O3S la diminished (51)» Th6 catalytic pro- 
pert lea of the complex (RoO + MgO + SO3), 
which Is usually present In the composi
tion of raw mix have been analyzed (52-54)» 
According to the literature data (52), the 
process of binding of CaO Is speeded up 
with the following content of the compone
nts: 0.2-1.2% MgO + 1-4% SO3 + 0-0,3% RgO; 
the effect of a complex consisting of 
3-5% MgO + 1-1,5% SO3 + 1% MnO has been 
found to be positive (53). Complexes hav
ing a more complicated composition have 
also been found to be effective (54); two 
examples are (MgO + CaClg + CaPo + CSSO4 + 
p2°5)» (Mis0 + SO3 + RgO + MnO + BaO).
In order to prepare a clinker with a satu
ration coefficient of 0.88 at 1400^0, the 
original clinker containing 1 per cent of 
CaO, the optimum concentrations of the com
ponents of the complex MgO-CaSOA-R-O (whe
re R20 = K20/ira20 = 3/1) must b3 ifl the

Fig. 12. The region of the optimum ratios 
of the components of the complex 
MgO-CaSOi-RgO (where RoO-KyO/HaoO 
= 3/1) for producing the clinker 
with SC„- 0.88, n - 2.1, p = 1.2 
at 1400^0, containing less than 1 
per cent of free CaO,

range presented in Fig, 12, With the incre
ase of the saturation coefficient from 0,88 
to 0,96 and of the burning temperature the 
limiting concentration of R20 is decreas
ed.
The presence of several elements often has 
a positive effect on the binding of CaO 
upon burning. A complex consisting of WapSty 
(0.3%) and MgO (3%), while causing the vis
cosity of the melt to decrease, contributes 
to the binding of CaO, though the microliqu
ation of'the liquid has also been observed
(22) . The process of binding of CaO is ca
talyzed by the complex (BaSO,, + MgO + R2O), 
this lead J ng to the decrease^of % and 
the temperature at which a melt is formed
(23) . The addition of magnesium oxide to

Ro0 and Po0c eliminates the unfavourable 
effect of* -’alkalis and phosphorus (24).
Under the action of a flux of accelerated 
neutrons (200-400 kGy/s) the rate of bind
ing of CaO increased by about 100 times 
(14), and the process of alite formation 
is completed at 1100-1300°C in 5-15 seconds 
with an energy consumption of about 33OOJ/g.

THE LIQUID-PHASE SIKTERIHG OF CLINKER

The mechanism of the formation of the mic
ro- and macrostructure of clinker granules 
obeys the general regularities of the pro
cess of liquid-phase sintering (15, 16). 
The process of formation of clinker grains 
in the presence of an equilibrium melt may 
be subdivided into three stages: (1) the 
combination and rearrangement of particles; 
(2) the packing of granules due to dissolu
tion-crystallization reactions; and (3) the 
cooling stage followed by the crystalliza
tion and freezing of the melt.
The Combination and Rearrangement Stage. 
When a melt is formed, the particles of the 
material being d fired and their aggregates 
enter into random contact interactions and 
combine with one another due to the surface 
tension of the melt. The rearrangement of 
the particles in the grain is made possible 
by the high value of 6 (0.5—0.6 N/m) of 
the melt and its low viscosity (0.1-0.2 Pa* 
s), and also by the compression of the 
grains by the overlying layer of the mate
rial being burned in the furnace. The in
tensive rearrangement of the particles, 
which takes place in the initial period 
(stage 1) results in the shrinkage, of the 
granules (Fig. 13). Stage 2 is characteriz-

Flg. 13. The relative linear shrinkage of 
pressed samples against the time 
of thermal treatment at various 
temperatures: 1 — 145O°C; 2 —• 
14000C; 3 — 135O°C.

ed by the reduced rate of shrinkage and its



lower absolute value; its aachanlfl» con
sists of dissolution-crystallization re
actions. With rise of temperature the aao- 
unt of ths melt Increases and there Is re
quired lass and less tine for ths rearran- 
geaent process to be complete.
The capillary force which draws the par
ticles together at the rearrangement sta
ge. Is deteralned by two components: Fi 
and '^he force is due to the diffe3>- 
ence between the pressures on both sides 
of the nanlscus or the melt in the partic
le contact zone (the Laplace law): the 
pressure inside the liquid ring is lower 
than that outside, and the particles are 
brought nearer to one another. The force 
F„ is due to the tendency of the free sur
face of the liquid to contract and depends 
on the surface tension of the melt. Hav
ing calculated the total drlvirig force of 
the process, P, one can derive an equation 
for the kinetics of shrinkage of the sin
tering grain of the material (dl/lo), 
which characterizes the rate of the rear
rangement process (17, 18):

6 cos (y +8 )
sin «f

1

cos (f+e)

+ 2 sin tf dU (4)

dl/l0
1 - cos

(1 - cos'f)[l - sin («f+8

Squat ion (4) take account of the dependen
ce of the rate of shrinkage of grain« on 
the properties of the liquid phase, such 
as 6 . 1 and 0 (the angle of wett
ing and its amount (the angle depending 
on the amount of the melt) at a certain 
particle size. After substituting hl/lo 
by the total driving force of the process 
of drawing of particles together (17) Bq. 
(4) can be used for the computation of 
the kinetica of the aggregation of ths 
particles of the oaterial being burned 
Into clinker grains in the sintering zone 
of the rotary furnace. By ehanging the 
properties of the melt, ths process of 
aggregation of particles of different sass 
can be influenced in any desirable nag.

The dependence of the predominating size 
2? 1 he clinker grain, as calculated from 
the modified equation (4), on the sur
face tension of the melt (Pig. 14) is al-

Surface tension, B/m

Pig. 14. Dependence of the final size of 
dimker grains formed in the ro
tary furnace on the surface ten
sion of the clinker melt.

tnoat linear. An appreciable decrease in 
ths surface tension of the mit achieved 
tinder certain conditions In the presence 
of K*, 3Ta+, Sr2*, »>3*, and S6* was accom
panied by a decrease in the final size of 
the agglomerate (17). A slight decrease of
6 , the more so its increase, observed In 

ths presence of M.4*, A13+, Fe3*, Jto3*e 
and yg2*, contributed to the prograss of 
the aggregation process. The effect of1 the 
joint presence of several elements satis
factorily obeys the dependence of F on <6 
(Fig. 14). Ano-mal les arise In those cases 
where the melt undergoes liquation In the 
presence of impurities. For example, in 
the presence of nSOi ♦ mB^O, as a result 
of the liquation, tnere is formed a sul
phate-alkaline liquid with a low surface 
tension (0.3 to 0.35 l/a), which lowers 
the driving force F of the process of ag
gregation. The final size of the clinker 
grain Is reduced almost by half In the pre
sence of F* and Cl”, which also canses 
liquation with the formation of salt ^anes 
in the melt with decreasing S . The indi
cated dependences of the grain size, fi, 
on the surface tension of the melt ( 5 ) 
are well reproducible in industrial con
ditions. But In such rases it is necessary 
to take into account ths effect of many 
technological factors on tta process of 
aggregation: the fluctuations la tempera
ture in the sintering zone; the particle
size distribution of the material before 
it enters the zone of intensive aggrega
tion; the dlmenalona of the sintering zo
ne, and ths shape of th* flame.
The dlssolutlon^rystallization stage in
volves the formation of stable crystals 
of minerals and tte coiB^actlon of the sys
tem due to a more compact packing of cry— 



stala and to the decrease of the pore vo
lume. At thia stage therei takes place the 
crystallization of C3S from the melt. 
This is accompanied by the convective tra
nsport of the melt between zones with 
temperature gradients and also the dif
fusion averaging of the composition of 
the melts characterized by concentration 
gradients. The driving force F of the 
process of rearrangement of crystals and 
of their approach (i.e., the shrinkage 
process) is the same as that at the first 
stage, but with a small correction intro
duced for the non-spherical shape of the 
crystals formed.
The kinetics of the shrinkage of clinker 
grains at the second sintering stage may 
be^ex|ressed by the following equations

41/1 - (6 K25doC_c5 V0/KiRT)1/3r"4/3.

.T1/3 (5)

where Ki is the ratio of the pore radius 
to the radius of the particles: Kp is the 
proportionality factor; Co is the equili
brium solubility of C3S, m/m3;.Dq is the 
diffusion coefficient for S10 4? in the 
melt, m2/s; Vo is the molar volume of 
C3S, m3/kmole; 6 is the thickness of 
the film of the melt between the C3S cry
stals, m; R is the universal gas cons
tant, J/kmole; T is the absolute tempera
ture, °K; r is the size of C3S crystals, 
m; $ is the duration of heat treatment, 
seconds.
At a constant temperature (T) the values 
of Cq and (5 are sufficiently stable, 
and therefore the amount of shrinkage 
will depend on the rate of the growth of 
the volume fraction of C3S (Vq, 6 , Do), 
which determines the time of the process, 

*C . As the grain structure become more 
and more compact the diffusion of the 
most slowly moving ions Si04~ to the cry
stal nuclei of C3S becomes H the rate
limiting factor of the process. The dec
rease of the viscosity of the melt attai
ned in various ways contributes to the 
increase of Do«Q4- 8114 speeds up the pro
cess of D 4synthesis. The dependen
ce of the clinker microstructure on the 
viscosity of the melt containing Ti, V, 
and Cr has been deduced by Kurdowski (21).
Since the packing of the sample at the 
second sintering stage is associated 
with the formation and growth of C3S cry
stals (r), one can predict, by solving . 
Bq. (5) for r, the size of the crystals 
of the mineral during the occurrence of 
the process of shrinkage of the clinker 
grain.
At the cooling stage (stage 3), the con
vection of the liquid is increased in the 
clinker grain (because of the large »!), 
as a result of which there may appear in 

it zones of increased porosity (usually, 
a surface layer) in it, and, on the con
trary, compact zones (zones in the middle 
portion). The specific volume of the eutec
tic melt is lowered when it is frozen to 
glass. The volume of the hardened melt con
taining RpO and CroOq also decreases: in 
the presence of SOf,-' ngo, and CaFp it is 
increased (19). The increase of the speci
fic volume of the cooled melt occurs due 
to the formation of pores in the solid 
phase of the pores upon crystallization. 
The compression atifl expansion deformations 
that take place upon cooling the melt, 
especially if they are alternating in the 
various zones of the grain, develop mecha
nical stresses in it. These stresses are 
enhanced by the difference in the thermal 
linear expansion coefficients of the cry
stals of the minerals (as determined on 
sintered samples at 25-600°c): CgS = 19.5 
x; C^S = 13 x; = 10 x; glass = 10.8 
x 10“6 K“\ Solid solutions of CoS with 
PpOc (2.5-3 per cent) are characterized by 
even higher thermal-linear expansion coe
fficients (39 x IO“» K-l): the thermal li
near expansion coefficient also increases 
upon dissolution of K20 in the lattice of 
the mineral and when Cr^+ and T14+ are 
Incorporated the linear expansion coeffi
cient decreases. The crystals of solid 
solutions formed in the non-equlllbrlum 
regions of the malt exhibit, when cooled 
slowly, the tendency towards chemical and 
physical breakdown. These processes may 
lead to a partial (dusting) and complete 
(crumbling) destruction of clinker grains. 
Melts with a high content of Iron, with 
a temperature above the llquidus temperatu
re are prone to overcooling by lOO-lSC/’C 
below the solidus temperature (55). The 
crystallization of the overcooled liquid 
proceeds spontaneously. It has been shown 
(56) that on the DTA curves for glass pha
ses being cooled there appear endothermal 
effects caused by the pre-crystallization 
nucleation. The heat of crystallization of 
minerals Is as follows: 436 kj/kg for C3A; 
109-197 kJ/kg for CgArPy; 34 kJ/kg for 
C2S; the pre-crystalllzation effect of the 
crystallization of C3S is 155 kj/kg.

THE STRUCTURE AND COMPOSITION OF CLINKER 
AND ITS PHASES
The crystallization of minerals from a melt 
containing various chemical elements as 
impurities is accompanied by the formati
on of non-equlllbrlum multi-component so
lid solutions. A comparatively large num
ber of elements (about 12-15) are distri
buted non-uniformly among the main phases 
of clinker (25, 40-43). Belov and Boikova 
(25, 40) have found that the least amount 
of impurities is contained In the crystals 
of alite (4 per cent), and the largest 
amount, in the aluminate phase (13 per 
cent); the bellte phase contains 6 per 
cent of impurities, and the aluminoferrite 
phase contains 10 per cent. The Mg2+ ion 
is preferentially dissolved In the alumin- 



oferrite phase (1«9—3-2 per cent) and en
ters, in a considerable amount, into the 
composition of C3S and C3A (41)- The lfa+ 
ions are concentrated in C3Ä (0.3-4»6 per 
cent), and ths K* ions are concentrated 
in C2S. In crystals of C3S and C2S there 
are more Ha+ and K+ ions in the centre 
than in the surface layers (27). The con
centration of A13+ and Fe3+ is considerab
le in G3S and CpS, but their concentration 
in the bellte phase is two times higher. 
The elements Tl, Mn, and Or dissolve pre
dominantly in the aluminoferrite phase, 
and S6+, p5+, Ba2+, and Sr2+ dissolve in 
CgS.

Solid Solutions of Minerals. A new monoc
linic modification M3 of C3S has been de
tected by the microscopic method (26): Ti 
(ca. 6206c), T2 (620-920OC), T3 (920-980°C 
Ä (980-990OC), (99O-IO6OOC), M3 (1060
1070°C), R (107006). * It exists in a 
narrow temperature range of about 10^0 bet
ween M2 and R. The transitions Tj T2,
T) =: J^, M2 M3 and M3 R 
differ from each other by their optical 
properties, such as birefringence and the 
orientation of axes, and T3 M^, 
M2-=ssr M3 and M3 R differ by twin
ning. The transition Mj. M2, which 
cannot be determined by heating optical 
microscopy has been identified bv the X- 
rt^ spectral analysis ( ß = 90° for Mp 
and < 90° for MjJ.

The modification M3 has also been identi
fied in a solid -^solution of C3S + 0,5% 
ZnO in the temperature range from 1020 to 
1090°C (27). It is stabilized in clinker 
in a solid solution of C3S + MgO with a 
content of MgO being equal to or greater 
than 2 per cent (23). With a lower concen
tration of MgO there is observed a zonal 
structure in the alite crystal with Ufa and 
M3 $ a high concentration of Mg24- in the 
peripheral portions stabilizes ths lattice 
structure corresponding to M3, and the in 
the central portion, which is impoverishr- 
ed in ^2+, there is retained the Mi modi
fication. Here the zonal boundary Is pa
rallel to tto outer hexagonal boundaries 
of the crystal. The transition R —— M3 
is accompanied, at a temperature of about 
100000, by the formation of a cyclic twin 
structure along {1120^ for monoclinic cry
stals of CIS. The phase transition M3—M. 
is one of the processes of activation of "L 
the lattice.
If the content of MgO is low, the stabili
ty of monoclinic forms of O3S depends on 
the rate of cooling of clinKer (43). In 
the slowly cooled clinker, MIa or Mtt- is 
stabilized, and in the rapidly cooled“clin
ker the MIa modification is stabilized in 
ti» central portion of ti» alite crystal, 
whereas in the surface layer it is the Mn. 
modification which is stabilized (Mrb is 
ti» monoclinic modification of a solid 
solution containing Al20^ and MgO).

In monocrystale (single crystals) of solid 
solutions of C3S with MgO, AlpOi and 1'6203 
grown by the Kurse procedura- there 
have been detected a block (39) and a do
main structure (29)with the impurity ions 
being distributed along the' domain boun
daries. A solid solution of Al and 01 in 
C3S has been synthesized in the fora of 
single crystals, which has the composition 
CiiXsi, ADaOirCI or 60838105 • 4oa0 • 
2A10C1 (30). The chromium spurrite has be
en identified: 20a2Si02» CaCrO4 (46). In 
the system CaO-SiO»-Ca612 there have been 
isolated (48) 0838104012 in the form of 
needle-prismatic and monoclinic crystals 
and 082810301 in the fora of transparent, 
almostjflbrous crystals. Chloroalite melts 
at 104000 and chloro-orthosilicate melts 
at 920°C. In the system CaO-SiOp-Alpt^“ 
0aS04 the mineral C3S is decomposed by the 
action of AI2O3 and SO3, but in the presen
ce of MgO the aecomposltion process is 
slowed down.

24Heterovalent replacement of,Qa ions by 
Cr3+ and of 81^* ions by Or6* in the sys
tem 838-0^03 bring about the stabilization 
of the Tni modification of O3S over the 
entire concentration range up to 2.5 per 
cent of Crp03 by mass. At 3 per cent of 
Cr203 the M-. modification is stabilized. 
The volume of the unit cell attains a maxi
mum value for a solid solution of C3S with 
1.75 per cent of ^203. In the binary sys
tems 038-1102» C3S-Mn203 and C3S-SO3 there 
are formed solid solutions of the substi
tution type at concentrations of the added 
impurity reaching 3.Par cent by mass. Upon 
replacement of Ca2+ ions by’Hn3+, of 814+ 
by f and of S14+ by Ti*-1" and of the • 
complex ion 8104- by 80?“ there takes 
place the 4 ^stabilization of 
the Tji modification of C3S. The presence, 
in the composition of solid solutions, of 
complexes containing (0.5% TiOp + 0.5% Mnp 
O3 + 0.5% SO3) and (2.0% TiOo + l.(^ Mn203) 
leads to the stabilization of the Mj mo
dification of 038. When ti» contents of * 
oxides in ternary complexes is increased 
and also with titanifcto-aulphur, manganese
sulphur combinations there is formed a 
triclinic modification of O3S.

Calcium orthosilicate at an 161203 content 
of more than 1% by mass in a solid solu
tion is stabilized in the > - and dUi. - 
forms; as the content of Mi203 increases . 
up to 7 per cent the fraction^of the 
form of c2s increases up to60 per cent. 
Thia enhances the degree of disorientation 
of fragments of the block-mosaic structure 
of bellte crystals (44). Sulphoailicate

ÄIn some works (27,43) the polymorphic 
forms of C3s Ara designated as follows: 
TI* Tn* TIII» MIa» “lla’ ^Elb» Re



2(2Ca0eS102). CaSOjCCcSpSi) formed at low 
temperatures Is dedomposed at 1298°0 Into 
oc'-CoS and «L -CaSO4. In the presence of the 
complex BaSOA + MnoOo there is formed 2(BaO 
CaO) • SiO2 4(45). 5
A study of the symmetry and coordination of 
the structural units of C3A and Ci0A7 has 
shown that the Al3+ ion entering Into the 
composition of these minerals gives rise 
to tetrahedral complexes which perform the 
function of anions (31). Belov and Boikova 
(25) assume the occurence of_a "feldspar" 
balanced substitution Ca2+Al^+ ITa+Si2|+ 
during the formation of solid solutions 
in C3A and calcium alumlnoferrltes. In 
this^substitution the maximum amount of 
KaoO in C3A will be lower than during the 
formationJof a saturated solid solution of 
itc8a3. .
There have been synthesized the following 
halogeit-containlng compounds: C^AYCaFg 
(Tmelt " 155O°C), CnA7CaCl2(Tmelt s 1520oc 
011K1CaBi2 (Tmelt s 1420°C), ^Calg 
<Tmelt “ 1410°C), 3(CA) • CaF,, =
15O5°C), 3(CA) • CaClg (Tmelt = 1540OC), 
3(CA) • CaBrg (Tmeit • 1580°C) and solid 
solutions of the type • Ca52
(0 & x 4- 0.7) The stability of the
minerals decreases in the following sequenr- 
ce: F —— Cl -** Br I. Minerals that 
contain Br and I are readily decomposed 
in air with to the evolution of bromine 
and iodine vapours. Like the compound 3(CA) 
• CaS04, the mineral 3(CA),CaP2 is formed 
at low temperatures (IIOG-IIS^C) (47). 
In order to prevent the volatilization of 
the halogens during the firing process, 
to raw mix there are added, salts (say, 
HaCl-AlClo, ]TaB-MgP2), which form thermal
ly stable compounds. A solid solution of 
3(CaxBa1_xA)»CaS0^ has been produced (50). 
The analysis of the Mössbauer spectra of a 
complete series of solid solutions of cal
cium aluminoferrites (32) has shown that 
the Fe->+ ions are uniformly distributed in 
tetrahedral and octahedral cavities of the 
crystal laltioe of calcium.aluminoferrites. 
The same sites are occupied by the Al3+ 
ions which replace the^Pe-5* ions. The in
corporation of the Pe^’*’ and Mg2+ ions in 
place of A13+ and Pe3+ into the crystal 
lattice of calcium aluminferrites causes . 
the appearance of ionic vacancies in plai
ce of Al-’* (33). The incorporation of Cr3+ 
and Cr?* ions alters the composition of 
solid solutions from C6A2P to C4AP; the 
iron and aluminium have predominantly 
coordination number of 4 in C4AP and a 
coordination number of 6 in CgAgF. Upon 
replacement of Pe3+ with Mn3+ there are 
formed solid solutions of the composition 
CoAB(P, Mn)i„n j the limiting composition 
18 pC4APo.3«tan.7 35). Crystals of 
CgAjP- have been found to grow in a heli
cal 'manriA-r (44). In the presence of ?2^5* 

calcium aluminoferrite becomes impoverishr- 
ed in iron because of the replacement 
PeOi" P05~, and in the presence of 
P“, on the ^contrary, the content of 
iron increases in it. The Ba2+ ions favo
ur the separation of PegO? - enriched 
calcium aluminoferrites from the melt, 
and the acidic components ZnO, CuO, P2°5 
favour the separation of Po2O3 -impoveri
shed calcium aluminoferrites (36). The 
Na* ions contribute to the formation of a 
high-iron aluminoferrite phase and C3A. 
The abovementioned changes in the composi
tion of the aluminoferrite phase conform 
with the acid-base equilibrium (1) of the 
melt.

Crystal Defects. Real crystals of mine
rals, the more so their solid solutions, 
have imperfections or defects. The stres
ses that arise in crystals upon rapid co
oling may be responsible for the formation 
of supersaturated metastable structures 
and for the occurrence of the processes 
of replacement of ions, say, of Ca2+ by 
Mg2* (49). Prolonged annealing reduces 
the number of defects and stresses in cry
stals. The mineral C3S cooled from 155O°C 
to 25°C was found to display a prominent 
thermoluminescence peak and high reacti
vity. The magnitude of the peak decreased 
upon slow cooling and when the mineral 
was allowed to stand in air for a prolon
ged period of time (58). This increased 
the degree of binding of electrons in 
traps.
Several types of electror^-hole defects 
have been detected in the formation of 
solid solutions of clinker minerals;
1. Electron-hole paramagnetic centres on 
cationic and anionic vacancies, which have 
been detected from the spectra of gamma
irradiated solid solutions of calcium 
silicate (57).
2. Free charge carriers-electrons (n-type) 
and holes (p-type).
3. Thermoluminescence centres, which have 
been detected for C3S after heat treat
ment and ultraviolet irradiation (58).

The changes of the concentration of point 
defects of the first two types are inter
connected and depend not only on the spe
cific features of the crystal lattice 
structure and the type and chemical natu
re of the impurity added but also on the 
arrangement of Impurity‘ions in the crys
tal lattice of minerals. "
The magnitude of electrical conductivity 
of solid solutions of C3S, CoS. and CoA 
ranges from IO-' to 10-10 ( g-1 . m-17, 
which is characteristic of dielectrics. 
Even when its value is increased by addi
tion of Impurities, the materials under 
study cannot be assigned to the class of 
typical semiconductors. On the basis of 
measurements of the parameters of the Hall 
effect in alternating electric and magne-



tic fields carried out by the four-probe 
method it has been found» however, that 
solid solutions Of Clinker mineralp exhi
bit the properties of semiconductors; the 
properties of semiconductors; in the case 
of impurity-free minerals the p-type con
duction can be changed to the opposite 
type by introducing certain additives, say 
Fe»03* JT1O, or CaO. Tito concentration of 
holes in pure C3S and C3A is 2.6 x 1CÄ5 
and 2.1 x IO18 I/m3, respectively, with 
the same mobility of charge-carriers (1.2 
x KF*3 m2/v«s), which is probably caused 
by departures from stoichiometry, the 
presence of cationic and anionic vacancies 
and by the unsaturation of valence bonds. 
The introduction of impurities leads not 
only to an increase in the concentration 
of charge carriers but also to a change 
in their mobility, which is evidently 
associated with the spreading of charges 
over structural defects, such as disloca
tions, twins, grain boundaries, etc. It 
has been established that the mobility of 
charge carriers ranges from 10~5 to IO-8 
mVV’s. The concentration of charge carri
ers and their mobility for the g -and -C* 
—forms of CgS depend on the nature and 
content of modifying additives. It should 
be noted that the concentration of charge 
carriers is practically always higher in 
samples of <*,* -CgS since for the high» tem
perature forms to be stabilized, there is 
required a larger amount of the Impurity, 
which causes additional structural dis
tortions. This regularity is also charac
teristic of solid solutions of C3S. The 
concentration of charge carriers, however, 
decreases in the following sequence of 
polymorphic formss rhombohedral ----- —
triclinic ----- — monoclinic.

Two types of conduction have been estab
lished for the formation of solid solu
tions of C^S:
1. Electronic Conduction. In the systems 
C3S—FSoO^, C3S-C0O, and C3S—N10 upon iso— 
and heterovalent substitutions, the co»- 
centration of charge carriers increases 
withIncreasing concentration of additives 
(up to 1 per cent by weight) (Pig. 15).

(modifications with respect to ZnO)
Concentration of added substance, % by mass
Pig. 15. The concentration of charge- 

‘ carriers (H) and their mobility 
( ) versus the content of
the elements dissolved in C3S

The electronic type of conduction in solid 
solutions with Pe is associated with the 
redistribution of the electron density 
of valence bonds with the Si;* ions being 
predominantly replaced by Pe^* and the



structural cavities being occupied by Fe3+ 
ions. In other cases, perhaps, not only the 
replacement of S14+ and C&2+ ions is a de

. clsive factor, but ths type of conduction 
’ also greatly depends on the specific fe

atures of the electronic shell structure, 
the departures from stoichiometry, and 
the changes In the concentration of other 
types of defects, which are difficult to 
take into account. Sing has determined (59) 
the electronic conduction in the system 
CoS-lTiO but the concentration of charge 
carriers and their mobility differ signi
ficantly from the data obtained by the 
author of the present paper.
2. Hole Conduction. The majority of solid 
solutions of C3S of varying composition 
the display p-type conduction. Upon Iso- 
and heterovalent replacements of Ca2+ and 
Si'+ ions by the ions Zn2+. Ba2+, Mg2+, Jta3+, Cd2*, Ä13+, Cr3+, CrS+, and CÜ2+’ 
and also upon Incorporation of Na+, Ba2+, 
etc., into the crystal lattice of the 
matrix the concentration of charge carri
ers increases as a result of a change in 
the density of valence bonds, different 
degrees of substitution in the non-equl- 
librlum crystal lattice, the presence of 
defects, etc. The concentrations of free 
charge carriers is Influenced especially 
strongly by the replacement of Ca2+ by 
Mg2+, the incorporation of Na+ into the 
structure of C3S and the addition of com
plex additives of the type (0.3% by mass 
of SO3 + 0.7% by mass of Ha20) which ex
ert a simultaneous effect on the anionic 
and cationic parts of the structure. The 
largest concentration of charge carriers 
has been found in solid solutions of C3S+ 
0.7% HaoO and O3S + 1% lte0_(from 1.8 x 
1019 to and 3.2 x 1(A9 l/m3, respectively) 
The changes in the galvanomagnetic cha
racteristics that take place in the solid 
solution systems 038-161203 and 038-0^03 
are presented in Fig. 15 as examples or 
what results from heterovalent substitu
tions.
The density of dislocations In alite cry
stals ranges from 5 x 1012 to 5 x 1013 
mr2 (60), and the area occupied by dis
locations on the surface of crystals of 
minerals is as follows, as evidenced by 
microphotographs: (1/3-1/2) for C3S and 
(1/6-1/3) for C2S (61). The Burgers vec
tor of screw dislocations in alite should 
be expected to have a value of 0.05 to 
0.1 urn since the nucleus of alite upon 
its crystallization from the melt is of 
the same order of magnitude (1). As the 
concentration of dislocations increases, 
so does the number of surface-active cen
tres on which the hydration starts. The 
high rate of hydration of .z'-CgS as com
pared with J5 -C2S has been accounted for 
(62) by the difference in the structure 
of the crystals and also by the presence 
of linear dislocations in * -CoS. Accor
ding to Boikova (63), the density of et
ched pits on the surface of crystals of 

- and * -CoS is, however, lower 
by a factor of 2 and 3.5, respectively.

than in crystals of / -CgS. Ho direct 
relationship between the amount of impuri
ties in a crystal and the density of etch
ed jilts on its surface has been establish
ed by Boikova.
Point defects, thermoluminescent centres, 
and electron-hole defects contribute to 
the adsorption of charged particles from 
aqueous solutions on crystal surfaces.
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The grinding of clinker and secondary compo
nents Is the ultimate stage in cement manu
facture. It is the grinding which, by freeing 
the surfaces necessary for clinker hydratiory 
give the final product the reactivity to 
water leading to high strengths. Research on 
grinding was focused on the manufacture of 
high strength cements for many years.

Since this objective has now been reached, 
recent research on grinding has concentrated 
more on the regularity of cement manufacture 
and towards a reduction in grinding energy 
consumption. In these two fields, results 
have been obtained only through reflexion 
on the physics of comminution applied to 
cement and after a thorough study of the 
properties of ground material. These three 
topics : physics of comminution applied to • 
cement, properties of the ground material 
and energy utilization are developed In the 
following paragraphs.

1.-  PHYSICAL PRINCIPLES OF COMMINUTION

The physics of comminution is a complex 
scientific field devoted to the study of mo
difications in the structure of a material 
subjected to mechanical stresses.

The most important parameters concerning 
these stresses are their distribution and 
-the rate at which they are applied, taking 
into account the mechanical properties spe
cific to the material. Structural modifica
tions include the setting up of free surfa
ces and defects in the molecular organization 
within the material.

The surfaces defined by comminution have 
very different characteristics from those 
set up by sublimation, diffusion or conden
sation. The physics of comminution aims at 
studying these particular features.

The defects in molecular organization caused 
by comminution also show specific characteris
tics very different from those induced by tem
perature variations, chemical actions, ionic 
bombing. Study of these features constitutes 
the second aspect of the physics of comminu
tion.

1.1.-  Fracture mechanics

Fracture mechanics was introduced by 
Griffith (1) in 1920. His work underlined 
the importance of structural defects in the 
understanding of fracture phenomena, and 
promoted understanding of why former theore
tical calculations, which failed to take 
structural faults into consideration, re
vealed strengths 100 to 1000 times higher 
than those observed in testing of the 
strongest natural materials. These strengths 
are only some tens of MPa under tensile 
stress, whereas calculation founded on che
mical energy gives results up to 1000 MPa. 
Moreover it Is only recently that flawless 
materials were manufactured, revealing the 

tenslla strengths forecast by these calcu
lations. Such materials are essentially 
fibres produced in such a way that micro
cracks do not occur.

With fracture mechanics it is possible to 
determine the mechanical stress conditions 
in which the microcracks can develop and 
give rise to fracture of the material. It is 
possible in this way to calculate the 
strength of materials with structural flaws, 
however provided that two determining micro
crack propagation parameters are known : 
the mean dimension of microcracks and the 
specific fracture energy y^.
The specific fracture energy is the energy 
which has to be used per freed unit surface 
to propagate the crack. This energy is much 
higher than the surface energy, that is to 
say the energy needed to break the molecular 
bonds present on the surface. Indeed, sur
face energy is around 0,05 to 0,5 Joule per 
m2, whilst fracture energy is around 5 Jou
les per m2 for brittle materials, 10 Joules 
per m2 for plastics and 500 Joules per m2 
for metals. The differences between surface 
energy and specific fracture energy show 
that more energy must be used to develop a 
crack by opening the two edges than is 
needed to break the molecular surface bonds 
by an ideal means. This difference finds 
its explanation in the setting up of high 
stress concentration near the edge of the 
crack ; this concentration is due to the 
application of forces necessary to the pro
pagation of the crack and. brings about plas
tic deformations In the material, themselves 
sources of irreversible energy losses. These 
losses are all the higher the more plastic 
the mechanical behaviour of the material as 
is shown in the preceding values.

Crack propagation energy is provided by the 
field of elastic stresses applied to the 
material. As propagation develops, this 
stress field decreases in intensity, that Is 
to say in energy, part of energy being trans
formed into specific fracture energy. This 
transfer of mechanical stress field towards 
fracture energy corresponds to a deteriora
tion of mechanical energy into heat. The 
orders of magnitude involved are as follows.

Q the section, L the length. Transverse 
fracture requires 2Qy which must come from 
this stress field. Consequently it is neces
sary that .

2
2Qyf < QL

Eyf
or again L >4

a
that is to say that the propagation of a 
crack starting from an elastic stress field 
is possibly only above a certain dimension 
of the volume in which this stress is exer
ted. As an example for glass the preceding
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formula gives an order of magnitude to 
the micron and for a plastic material to 
the millimeter.

These examples illustrate a point which 
will be reconsidered later : the difficulty 
of fine grinding and the importance of a 
precise determination of y to fix the 
grinding limits. This parameter can be 
determined with mechanical tests by apply
ing to the material an appropriately chosen 
stress field where all the energy trans
forms into fracture energy. Huet (2) has 
studied these techniques and applied them 
to a large number of materials to determine 
their coefficient. The values obtained 
are given in detail in table I.

Material \
1 1
I Yp Joules/m2!

Fired clays I 5,5 to 40 I

. Plate glass .! 3,5 !

Ceramics ! 20 to 60 !

Natural stones ! 3,7 to 59 !

,__D r 1 e d clays ! 7,3 to 25,3!

A12°3 ! 20 to 50 !

'Refractory bricks I 30 to 50 !

NaCl + fibres ! 200 I

TABLE I 1

Another particularly important parameter 
in the study of comminution is the mean 
size of structural flaws which are respon
sible for cracking onset. Weber (3) shows 
that stressing a cylinder by simple com
pression leads to unstable cracking, that 
is to say that an excess of elastic energy 
must be provided to obtain crack propaga
tion, this then occurs in an uncontrolled 
way and the excess energy is transformed 
into cinetic-energy of fragments. Weber 
indicates that the effectiveness of the 
operation, that is to say the prdportlon 
of elastic energy transformed into fracture 
energy, is proportional to a , mean dimen
sion of the onsets of fracture in a mate
rial .

The overall fracture behaviour of a material 
can consequently be discribed by two in
trinsic parameters yF and ao.

Table II provides as example the values of 
these parameters for two common materials.

Material " YF Joules/m2
1* a microns! o

Fired clays] 5,5 to 40 ; ioo to i5oo
Glass * 3,5 ! 20

TABLE II

For clinkers very little work has been un
dertaken up to present to determine y^ and 
a according to the composition of the mate
rial and taking into account its thermal 
treatment. It would be appropriate to under
take this research with the alm of correla
ting the manufacturing parameters with the 
specific fracture energy along the lines of 
work carried out on alumina by Simpson (12). 
It would then be possible to explain more 
thoroughly the differences in grindability 
observed on industrial clinkers and focus 
attention on producing more grindable mate
rials.

1.2.-  Grinding methods

Crack propagation occurs through stressing 
of material. This stressing can be brought 
about in three ways (figures 1, 2 and 3).

Fig. 1 - By slow compression between two jats

.. i
'7))))^)) )))))

Fig. 2 - By impact compression of a falling 
body .

Fig. 3 - By projection against an anvil

These three means of stressing material cor
respond to three grinding modes which have



defined three technological approaches : 

. roller mills,

. rad or hall mills, •

. impact or impeller mills. *

Rumpf (4) and his school have analysed these 
grinding modes, giving a very exact des
cription of the stress field in these three 
cases. Theoretical investigations and tes
ting carried out an glass beads have revea
led only few differences in’the stress field, 
evert when the kinetic effects linked to the 
rapidity of stressing were expected as in 
grinding by projection. This research was 
carried out by crushing the material grain 
by grain and measuring the surfaces freed 
as’well as the grinding energy used for this. 
The grinding energy is the deformation or 
kinetic energy supplied to the grain.

Tn this way, Rumpf (51 checks on grain by 
grain testing the proportionality of the 
freed surface to the energy .spent, that is 
to say that the Kittinger law, known since 
the nineteenth century and currently used 
in the cement industry is still applicable, 
with a certain approximation to the indivi
dual grain scale.

The Kittinger law stipulates more generally 
that, for a given grinding precess, the 
grinding energy is proportional to the sur
faces set up ar, in other words, that the 
output of a grinding process is constant 
and cansepuently independant of the fineness 
of the material. This law proves correct for 
camman finenesses, but it is found that far 
high finenesses the grinding efficiency 
falls. This was been attributed to clustering 
but it happens even when this is prevented. 
The explanation of this fall in output is 
un-deubtedly dual :

. an one hand, the areas of plastic deforma
tion became extensive compared with the 
sizes of the grains and the grinding by 
transfer of elastic energy into surface 
energy is no langer possible, as was shown 
previously $

. on the other hand, successive grinding 
exhausts the micracracks in the material 
and when a certain size is reached, the 
useful microcracks have all been freed. 
The material is then a mcnocrystal medium 
difficult to grind. '

The two phenomena limit the law of Rittinger 
towards the high finenesses. Rumpf (5) by 
undertaking a dimensipn analysis has given 
this phenomenon a new law which takes into 
account the size of grains in the application 
of the Rittinger law.

Haese (6) reports on Systematic grinding 
tests on clinker grain by grain. In the light 
of tests carried out with different modes of 
grinding the author determines the parameters 

which indicate the aptitude of a clinker to 
comminution. He especially studies in detail 
an essential magnitude : the probability of 
fracture of a grain of given size according 
to the load applied on it. He also examines 
the aspect of grading distributions of 
ground material and gives a formulation de
duced from the testing.

1 .3 . - Surfaces freed by grinding

The surfaces freed by grinding are generally 
measured by two methods : the Blaine method 
which gives an envelope surface and the BET 
surface which gives the total surface taki-ng 
into account all the dislocations and sur
face fractures. Comparison of the two methods 
gives useful'informations on the structure 
of surface set up by grinding.

Schwenk (72) has found (5) that with vacuum 
grinding, it is possible to obtain very 
active surfaces. Grinding was undertaken at 
to'5 Tarr the surfaces freed were measured 
before and after being in contact with the 
air. This revealed that the action of the 
air and of its humidity especially lead to 
a decrease of these surfaces by closing of 
cracks. The reduction factor was 1,6 in the. 
case of quartz and about 2,6 for glass, there 
fore the surface reactions during the very 
grinding are of considerable importance.

This importance has led research scientists 
to study the influence of the surroundings 
on grinding performance, SchBnert L7] has 
shown that grinding with liquid water or 
steam leads to a decrease in specific frac
ture energy. The decrease only occurs how
ever with low rates of crack propagation : 
10 3m/s. When the rate of propagation is 
higher, the specific fracture energy is 
identical in vacuum or in water vapour. This 
gives an evaluation of the kinetics for the 
fixing of water molecules in the heart of 
the crack. The very active surfaces set up 
by grinding can weld together again, this 
is the phenomenon ofclustering which can 
be avoided by covering the surfaces with a 
surface active product. This phenomenon will 
be described later In the case of cement.
The structure of the surface set up by grin
ding is amorphous (8). This statement is 
explained by the plastic deformations which 
occur with the crack propagation and 'also 
by the very high temperatures which prevail 
in the crack neighbourhood. Weichert and 
SchBnert (9) have measured these temperatura 
by basing their calculations on the light 
emission of grains during grinding and they 
have found in certain cases temperatures of 
several thousand degrees.

Other surface phenomena have also been stu
died by various authors. These phenomena 
are surface loads and triboluminescence.

Surfaces obtained by grinding have numerous 
properties ; research scientists have exa



mined the variations in these properties 
according to the grinding mode. Schönert 
(10) has considered that all the grinding 
modes lead to similar fracture phenomena, 
therefore to identical surface properties. 
This conclusion is however challenged by 
fine grinding where marked differences in 
surface aspect (11) have been revealed by 
scanning electron microscopy between impact 
compression grinding and projection grinding.

1.4.- Structural flaws induced by grinding

It is commonly accepted that fracture onset 
is necessary for material fragmentation and 
none the less discutable that grinding can. 
induce extensive dislocations and disorders 
in the crystalline networks. ,

Numerous investigations have been undertaken 
orr this subject. Sciora (13) examines the 
effect of grinding on hydrates and shows 
that the mechanical forces bring about modi
fications in the network identificable by 
the dehydration temperature variations. Cer
tain network modifications can also be made 
easy to identify by a widening of diffrac
tion X rays. Tekiz (14) studies the zinc , 
oxide and zinc sulphur network modifications. 
The widening of rays makes it possible to 
obtain an order of magnitude of dislocations 
which occur during the grinding and which 
can be later suppressed by a thermal treat
ment. Legrand and Nicolas (15) have applied 
these techniques to clays and have also 
found extensive transformations in the 
crystalline network. Opoczky (16) points 
out similar phenomena for ßC2S to which 
grinding confers a certain amorphization 
and therefore a certain activation which 
must be taken into account in the grinding 
work index. Using calorimetric tests (16) 
it has been possible to indicate an order 
of magnitude of this energy.

The importance of a thorough study of the 
fundamentals of comminution for the che
mistry of cement is also clearly obvious 
since cement hydration is first of all a 
surface reaction i it therefore varies with 
the quantity of surface freed and the phy
sical nature of these surfaces (73). It is 
also a transformation reaction of the anhy
drous phase transformation whose kinetics is 
linked to structure. However grinding can 
modify this structure towards greater acti
vity (16) and concequently, towards an im
provement of transformation kinetics.

2.-  THE ROLE OF COMMINUTION IN THE CHEMISTRY 
OF CEMENT

2.1 . - Particle size distribution of ground 
clinker

The aim of grinding is to free the surfaces 
necessary for the hydration reaction. Mea
suring these surfaces according to the 
Blaine method has for a long time constitu
ted the most used parameter to identify the 
ground state of a cement. However it became 

obvious that the particle size distribution 
was also a capital indication towards know
ledge of cement properties. The grading cur
ves after comminution do not comply with 
any theoretical formulae which have been 
drawn up in the past. So it is necessary to 
manage with approaching these actual distri
butions by approximate formulae.

The most used functions are as follows (D(a) 
is the proportion of undersize at diameter 
a) :

Function of Gaudln and Schuhmann :
m 0(a) = (■5.) 

k

Log-normal function : .
f alP -

D(a) = » ln(|)

where $ represents the integral of the 
Gauss function.

Rosin-Rammler function :
n

Ota) = 1 - exp - (—)
o

This later function is widely used. The mean 
value of the distribution is :

A = aoTTHT

The standard deviation is :

The maximum frequency of the grading distri
bution corresponds to the diameter :

When this function is represented in loga
rithmic coordonates in

1Ina and Inin -—-1-0

a straight line is obtained

Y = n(x - x ) where x = Ina 
o o o

n is the slope of the straight line and 
notifies the smaller range grading distri
bution, whilst x represents the degree of 
fineness.

Theoretically the grading distribution should 
make it possible to calculate the specific 
surface thanks to the following formula :

S = — J — where p is the density 
p 0 a

In the case of Rosin-Rammler distribution 
we find :



This function is not defined for n 4 1 and 
for n > 1 it gives values which are very 
different fron» surfaces determined by the 
Blaine method. The two other formulae propo
sed bring us no clcser to obtaining correla
tion between theory and experience. This is 
due to the ever approximate nature of the 
functions proposed, this nature above all 
obvious for the lower extremity of the gra
ding curve, that is to say for the very low 
values of a. These are the frequencies cor
responding to these values which have the 
highest weight in calculating S. It is not 
surprising therefore to find the disagree
ment mentioned previously. In spite of this, 
the Rosin-Rammler formula is very useful 
since, thanks to two parameters aQ and n. 
it is passible to identify a grading dis
tribution with enough accuracy for routine 
grinding.

Closer study must be made on complete gra
ding determinations carried out by sieving 
with the elutriator or the Andreasen pipet
te. With a mare recent method (171 it is 
passible to carry out a complete grading 
determination in a few minutes by using 
laser beam diffraction. Thanks to this me
thod. grading determination has become rou
tine in laboratories.

The grading curve is used to calculate the 
specific surface with the formula : 

S

where p is the density and AB the propor
tion of grains in the class characterized 
by the diameter a. This gives a value of 
the specific surface which is generally 
close to that determined by the Blaine me
thod.

It is then passible ta compare experimental
ly as Siegten did (18) this new determina
tion of the specific surface with that 
carried cut according to Blaine and to look 
for the determination which gives the clo
sest definition of the cement characteris
tics. In spite of the interest of this 
research, recent work emphasizes more the 
grading distribution than the surface deter
minations to evaluate the cement properties. 
Indeed it is obvious that the specific sur
face depends essentially on the finest 
grains s however these grains hydrate very 
quickly and if they play an important part, 
this remains limited to the initial proper
ties of cements and cannot be extended en
tirely to their future development.

2.2.-  Relation between grading distribution, 
rate of hydration and strength

According to zur Strassen (19) hydration is 
a diffusion reaction which propagates on a 
uniform front of the clinker grain surface 
towards the core. Measurements carried out 

following values for depths of penetration 
of the reaction

1 d ay 0,5pm
3 days 2 pm
7 days 3-4 pm

28 days 6 - 7 pm

For CjS zur Strassen admits the following 
values :

30 days 1 pm
60 days 2 pm
80 days 3 pm

This shows that in a cement rich in alite 
the 30 micron grains are hydrated at 87,5% 
at 28 days and that the grains smaller than 
3 microns undergo complete hydration shortly 
after mixing.

This points to two conclusions :
. first, that the 0-3 micron fraction grains 

(and these contribute to giving the cement 
a high specific surface) are indispensable 
for initial strength but make no contribu
tion to final strengths.

. secondly, that the 0-3 micron fraction 
grains are the only ones to contribute 
meaningfully to final strength. Grains over 
30 microns only partially hydrate ; conse
quently their contribution to strength is 
very low.

Beke (20) has checked these conclusions on 
blends of different classes of cements by 
replacing missing classes by an inert pow
der. From this work, he was able to draw 
useful conclusions on mill adjustment.

Ritzmann (21) checks the relation between 
the time-dependent development of strength 
and the grading curve by blending about 
thirty cements from ten distinct grading 
classes. This relation can be expressed as 
a satisfactory theoretical formulation with 
the hypothesis which zur Strassen used that 
the hydration reaction is a diffusion reac
tion. Using a grading curve it is then pos
sible to determine the quantity of hydrated 
cement as a function of time. Ritzmann shows 
that quantity determined by calculation is 
linked to strength by a linear .law, however 
provided that the water/cement ratio is 
constant. If the cement is mixed at normal 
consistency, the excess water brings about 
falls in strength for a given rate of hydra
tion. Nevertheless such decreases in strength 
can be forecast by calculation taking this 
excess water into account.

Locher, Sprung and Korf (22) come to the 
conclusion that with equal specific surface 
it is the cements with a narrow grading 
spectrum which offer the best final strength, 
whilst initial strengths are equivalent. 
These findings can again be explained by 
the concept of depth of hydration. The laws 
drawn from these tests are not however gene



ral, they are based on the chemistry of ce
ments : so with an identical curve, a cement 
rich in alkalies will offer an initial 
strength higher than a cement without alka
lies whereas its final strength will be 
lower. The obvious conclusion is that the 
increase in specific surface with the aim 
of improving initial strengths will be more 
marked for a cement with low alkali content.

Keienburg (33) takes three distinct clin
kers to study the relationships between the 
grading curve, the hydrated fraction of the 
clinker and the normal mechanical strengths. 
The quantity of clinker hydrated is deter
mined by measuring the non-evaporable wa
ter. Consequently this quantity is no 
longer dealt with as a calculation interme
diary, but as a physical factor whose cor
relation with strengths has been checked. 
This work underlines how the zur Strassen 
diffusion model explains the correlations 
between grading curve and quantity of hy
drates. The relation between quantity of 
hydrates and strengths may be linear for 
a given cement but nevertheless varies a 
great deal with the composition and struc
ture of hydrated cement. It is shown that 
with a given composition, the whole kinetic 
formation process of strengths could be 
described by two points on the grading cur
ve 10 and 50 microns for example i but this 
information is to be added to the specific 
surface.

The great importance of the structure of 
hardened pastes in explaining the relation
ships between rates of hydration and 
strengths is underlined by Syrkin and co
workers (23) as well as by Butt, Kolbasow 
and Berlin (24) who have linked fineness to 
hardened paste porosity. It has been found 
that the increase in cement fineness beyond 
a certain threshold would not lead to a 
marked transformation of cement structure 
and that the grains more than 10 microns 
in diameter offer favorable conditions for 
porosity of the order of the micrometer.

The concept of depth of hydration penetra
tion makes it possible to explain the in
fluence of grading distribution on the 
quantity of cement hydrated. Explaining 
the relation between the quantity of hydra
ted cement and strengths is found more dif
ficult. However we can consider certain 
the fact that for a cement of given compo
sition and for a fixed water/cement ratio, 
the rate of hydration is an excellent in
dication of ‘ strengths. It still remains 
that the structure of hydrates vary with 
their growth kinetics and that the know
ledge of this structure could complete the 
determination of the hydration rate for 
improved forecasting of strengths according 
to grain size. Research on porosity alrea
dy quoted can open an approach to bring 
light on this question.

2.3.-  Clustering and the role of grinding 
aids '

When grinding in a ball mill is pursued to 
very high specific surfaces, it is found 
that beyond a certain limit the specific sur
face no longer increases in spite of the 
energy input.

This phenomenon has been interpreted by the 
recaking of grains whose active surfaces 
bond together to form large size composite 
grains. Papadakis (25) has drawn up a for
mula showing the Influence of the ball mill 
and ball sizes in the understanding of the 
phenomenon which seems linked to the grin
ding tool and its working. In extreme cases, 
continuing grinding will imply a decrease 
in specific surface (figure 4) and an unac
ceptable waste of energy.

Fig. 4 - Development of specific surface 
plotted against grinding energy in a ball 
mill

The phenomenon has been studied in detail 
by Beke (26) who has measured the develop
ment of grading curves in a ball mill plot
ted against grinding time and energy used. 
As the grinding progresses, three stages 
became obvious :

1 . The coefficient of uniformity remains 
constant ; the straight lines represent 
the grading distribution moving parallel 
to themselves.

2. The coefficient of uniformity increases; 
the finest grains are monocrystals dif
ficult to grind ; grinding continues 
only thanks to failure onsets in the 
largest grains. The specific surface 
tends to stagnate at a ceiling.

3. The coefficient of uniformity falls sin
ce the fine grains cake together to form 
larger grains. The specific surface 
tends to decrease.

Figure 5 shows this development plotted 
against energy supplied to the material.



Fig. 5 - Development of the coefficient of 
uniformity plotted against the number of 
impacts N, the diameter of the mill 0 and 
the mass of balls G according to Beke.

Clustering can be lessened by adding grin
ding aids. The products used are generally 
polar surface active which saturate the 
fresh surfaces set up by grinding. These 
surfaces consist of free links and electric 
charges which encourage the grains to come 
together. The additives composed of polar 
organic molecules bind with the oxygen ions 
of these surfaces by hydrogen links. This 
phenomenon is analysed by Iwabuchi (271 
who also comes to the conclusion about a pos
sible action on failure onsets, action which 
would have a positive effect on grinding 
efficiency. Von Seebach (28) has carried out 
grinding in different atmospheres without 
succeeding in revealing an influence of or
ganic substances of these atmospheres on 
the grinding output. We must conclude that 
grinding aids act essentially on the caking 
and this point of view is properly confirmed 
(29)00) by rheology studies on dry powders 
obtained with and without grinding aids.

Grinding aids of the glycol or ethanolamine 
type have considerable practical importance 
since they offer the possibility of pursuing 
grinding to its technological limits (fixed 
by sizes or the energy of milling bodies) or 
its physical limits (limit of plasticity of 
the material).

Grinding aids also influence the hydration 
reactions. The covering over of active sur
faces by a monomolecular layer of organic 
material also affects the hydration kinetics 
and 'the morphology of hydrates. This influ
ence has been studied on pozzolanas (31) by 
grinding the material to the same degree of 
fineness without and with grinding aids. The 
influence of the aid is then examined accor
ding to whether it is added to grinding or 
in the mixing water. Differences thus be
come obvious in the kinetics of hydration 
and in the morphology of hydrates which seem 
more pronounced when the aid is added during 
grinding. The mechanisms of this influence 
are as yet incompletely known s it is how
ever probable (32) that the hydrogen links 

set up by the organic molecules with the 
crystal surfaces orientate the crystalline 
growth as well as the dissolution of crys
tals .

It seems then that the role of grinding aids 
is complex . Their influence is obvious on 
several parameters :

. the caking rate,

. the Blaine fineness,

. the grading distribution, 

. the reactivity of surfaces.

All these parameters influence the kinetics 
of hydration.

2.4.-  Grindability of clinker according to 
its chemical composition, thermal 
treatment and storage conditions

The grindability of different clinker phases 
has been extensively investigated. Beke and 
Opoczky (34) especially have ground separa
tely synthetic preparations of CyA, C^AF, 
C-S and OS. Grinding carried out in a ball 
mill has shown how the behaviour of the 
various cement phases is differentiated.
C S was particularly grindable, showing only 
a slight tendency to caking, whilst BC^S 
was more difficult to grind with more accen
tuated likelihood of caking in spite of 
grinding aids being added. BC^S was ground 
a long time but It was impossible to exceed 
a 5000 Blaine surface. This surface more
over fluctuates during grinding, the phases 
of increasing surface being followed by 
caking phases during which the surface de
creases. With pure C S, 10000 Blaine surfa
ces were obtained. C^AF and CgA show inter
mediate behaviour. C,A is close to OS and 
C.AF similar to ßC^S. X-ray diffraction stu
dies reveal a distinct tendency to amorphl- 
zatlon of all phases, except C_S when grin
ding is pursued to an extreme limit. It is 
however noted that when grinding of the 
phases is simultaneous, this amorphization 
then also extends to CjS, which proves an 
interaction between the phases during 
grinding in a ball mill. This interaction 
undeniably leads to less effective grinding 
of CgS In the presence of the other phases.

Gouda (35) carries out investigations on 
four factory clinkers whose grindability • 
improves the lower the liquid phase concen
tration. Consequently it is advisable to 
keep to a low liquid phase concentration and 
a C_S content as high as possible to improve 
clinker grindability,

Deckers (36) also studies the influence of 
physical parameters ofclinker on its grinda
bility and especially the influence of its 
porosity. This parameter has a very marked 
Influence for primary grinding below 
2000 cm2/g Blaine.

The presence of free lime which Indicates 
firing conditions and consequently the 



structure of clinker, influences grindabi
lity to produce an increase in this proper
ty with higher free lime content, an in
crease obvious in the ranges of fine or 
primary grinding. The influence of cooling 
systems has been examined by Regourd (sup
plementary paper) working on industrial and 
synthetic clinker tempered in air and 
water. Regourd observes significant diffe
rences in the crack network and in grinda
bility. Differences in the latter property 
which reach 10% can especially be explained 
by elastic energy stored in a grain put to 
thermal shock. Hasselman (37) has calcula
ted this energy which corresponds to the 
gain in elastic energy which has been 
revealed by experimenting.

Storage conditions act on clinker structure 
and therefore on its grindabi11ty. Exposure 
'has a negative influence on clinker grinda
bility. Cussino and Pinter (38) have ana
lysed the causes of this phenomenon. First 
it is observed that the specific surface 
variations no longer follow the grading 
spectra variations since the very fine par
ticles caused by exposure show a very high 
specific surface which superposes that of 
the cement proper. Moreover during grinding 
the particles formed by exposure cake 
around clinker grains and absorb a high 
fraction of grinding energy. Exposure there
fore reduces mill efficiency especially 
ball mills and causes overestimation of the 
specific surface still hydratable. So it is 
not surprising that grinding evaporated 
clinker in a ball mill leads to lower 
strengths if the fine particles are not ex
tracted from the mill as grinding proceeds 
and if the fineness determination is not 
corrected from the specific surface of these 
same particles. Clinker deterioration 
through exposure can be avoided by immediate 
grinding as soon as it leaves the furnace. 
Schweindig (39) proposes grinding clinker 
as it leaves the cooler at 400°C and using 
the roller mill as an exchange unit capable 
of lowering the clinker temperature to 
100°C whilst generating hot gases. Pospisil 
(40) has investigated the effectiveness of 
grinding at different temperatures. Using 
laboratory equipment he finds that grinding 
energy increases when clinker temperature 
rises from 20°C to 200°C. This increase is 
not surprising in so much as it expresses 
a decrease in the brittleness of the mate
rials with the increase in temperature. The 
author also notes that clinker grindability 
decreases with storage time. This fall is 
attributed to the relaxation of internal 
stresses whose potential encouraged grinding; 
it can also be due to a slow reorganization 
of microstructures leading to microcrack 
consolidation. It seems therefore that 
clinker as it leaves the kiln retains a 
capacity of development which leads it to
wards a greater stability as grinding tests 
show. This stabilization is detrimental to 
grindability especially l.f it combines with 
deterioration through exposure to air.

2.5.-  Chemical reactions in the ball mill 
and mineral releasing of clinker 
phases

The ball mill must be considered as a 
chemical reactor where complex phenomena 
occur liable to modify the behaviour of 
cements.

Up to now this paper has only mentioned 
clinker proper. In reality grinding clinker 
in a ball mill is generally carried out 
simultaneously with that of gypsum and with 
a certain proportion of alkaline sulphates 
within the clinker itself. These components 
definately tend to be unstable when the 
temperature of the material increases du
ring grinding following degradation of an 
extensive part of the mechanical energy of 
grinding accompanied by heat. This rise in 
heat must be controlled ; in the case of 
ball mills it can be limited by energetic 
ventilation or by injecting water. The 
strong stearn-genera11 ng heat helps to 
absorb the surplus thermal units. The ther
mal work index of such a process has been 
drawn up by Reuss (41). Hansen and Clausen 
(42) have checked its harmlessness on the 
cement properties.

The regulating role of gypsum rests with 
grinding conditions. Research has shown 
that when grinding is carried out in a 
selective way to produce monodimensional 
grains, the optimal gypsum proportioning 
is appreciably higher than during tradi
tional grinding in a ball mill. Poljärvi 
and Matikkala (43) have ground cements in 
a ball mill, but so as to obtain a clear 
grading restricted to 30 microns. They 
found that the optimum gypsum proportioning 
lies between 9 and 12%. A similar result 
is found with cements ground in a vacuum 
spinner type mill grinding by projection 
(11). This phenomenon had been attributed 
to more thorough mineral release obtained 
by projection grinding and especially the 
mineral release of CgA- Regourd, Hornaln 
and Mortureux (44) examined the hydration 
of these cements, showing that projection 
grinding made it possible to achieve more 
complete hydration of the different cement 
phases. They have also found that the 
texture of these hydrated cements is diffe
rent from that usually observed, which 
seems to confirm that the modification of 
the gypsum optimum corresponds to extensive 
modifications in the hydration of cements 
undergoing selective grinding, whether in 
a ball mill or put to projection grinding.

The increased importance of gypsum for these 
cements leads to studying the role of dis
solution kinetics which varies with its 
fineness and degree of hydration. These 
factors were the subject of interest in a 
study by Kato and Hirose (45) who prepared 
27 samples varying the clinker grading dis
tribution, the gypsum porportionlng and its 
degree of hydration. These tests confirm 



the negative effects of an excessive solubi
lity of gypsum and the importance of a high 
proportioning in gypsum for cements with a 
various grading spectrum.

Gypsum solubility can be checked by regula
ting the mill atmosphere (temperature and 
humidity). The complex role of this atmos
phere has been examined especially by 
Sprung (46) who investigated the reactions 
liable to occur between the aluminates, the 
gypsum and the alkallnes sulphates and 
leading In particular to ettringite 
SCaO.Al-O-. 3CaS0 , 32 H20. to the semi
hydrate and the syngenite CaSO . K^StM, 
HO. These reactions exert an influence 
not only on the setting of the cement, but 
also on, its hardening and strengths. They 
vary with the quantities of alkaline sul
phates. gypsum and water present, but also 
with the quantity of aluminates released by 
grinding and the degree of activation of 
these aluminates by grinding. Work in pro
gress in different laboratories should make 
it possible to define more clearly the role 
of these different parameters and especially 
their contribution in the rheology and 
durability of concretes.

3.-  GRINDING EFFICIENCY

Grinding consumes large quantities of ener
gy. It is therefore important to study ways 
of fulfilling grinding objectives with the 
minimum consumption of energy.

These objectives may include :

. a giv^n specific surface, _

. grading distribution,

. strengths on standardized test-pieces, 

. concrete strengths. k

This last objective is the most important 
one for industry.

Figure 6, drawn from (47). gives as an 
example the relationships observed between 
grinding energy and concrete strength.

Cleemann and Hodeweg-Hansen (47) have 
observed that the different parameters : 
surface, grading curve, standardized 
strengths and concrete strengths show preci
se correlations between them for a given 
type of grinding. However these correla
tions are no longer respected when the 
grinding system is modified, even if there 
are only minor modifications such as the 
running of a separator for- example. When 
the grinding mode is basically changed, the 
relationships between the preceding parame
ters undergo even more extensive changes. 
Research on these modifications which has 
just entered an active stage will lead to 
improved knowledge of grinding and impor- , 
tant technological development in this 
field.

strength measured on concrete, based on 
results by Cleemann and Modeweg-Hansen

3,1 . - Comparison of energy consumed by diffe 
rent modes of grinding clinker

The three modes of grinding mentioned in 1.2 
were investigated thoroughly by Rumpf, 
SchBnert and their co-workers. These tests 
were first carried out grain by grain and 
then mechanized in the appropriate equipment 
The amount of energy consumed is measured 
for each test.

Haese (6) and SchBnert (10) have published 
these results for clinker.

Figure 7 drawn from £48) sums up results ob
tained by different authors on quartz.

The tests carried out are : 

. slow compression

on isolated grains.
on a set of grains between a cylinder 
and a piston, 
in a roller mill,

. impact compression by a falling mass

on isolated grains, 
in a ball mill,

. projection against an anvil

grain by grain, • '
' by a plate revolving in vacuum.

For each test measurements were taken of the 
energy supplied and the surface freed. The 
surface set up per unit of energy is plotted 
on the ordinate and the surface on the 
abscissa.
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Fig. 7 - Efficiency of different grinding 
processes expressed in square meters of 
surface set up per Joule consumed (and in 
efficiency compared with the theoretical 
surface energy! plotted against fineness 
of ground material expressed in square 
centimeters per gramme using the Blaine 
method

Since this graph sums up tests carried out 
in different laboratories, the indications 
should be taken cautiously. Extrapolating 
tests carried out on quartz to results 
obtained on clinker can not be done without 
taking precautions.

However this graph can be used as a refe
rence to illustrate the general conclusions 
drawn from the most recent research in the 
field of grinding.

These conclusions are as follows :

. The efficiency of all the methods in 
respect to surface energy is low and in 
any case close or below 1%.

, The efficiency as regards specific 
cracking energy is around 10%.

, The different modes of grinding and the 
mechanical equipment Implementing these 
modes fall in a range of efficiency whose 
extreme values are in an approximate ratio 
of ten.

The best output is obtained with slow com
pression grain by grain. The grinding ener
gy here is the compression work of crushing 
bodies. Unfortunately this process cannot 
be undertaken industrially : it would lead 

to minute output. Collective crushing of 
grains reveals a loss compared with crushing 
isolated grains but remains one of the best 
methods from the energy point of view. More
over it seems possible to mechanize it, which 
encourages Schönert (10) to consider its 
application to the cement industry. The 
roller mill, compared with the preceding 
process introduces additional losses due to 
roller friction, but this process proves 
to be much better than the ball mill. This 
explains the present development of the 
latter for clinker grinding (49) ( 50 ) (51 ) .

Impact compression by falling mass offers 
good efficiency for low values of fineness, 
as shown in the diagram obtained by crushing 
a 2 mm grain with a falling mass. Here the 
crushing energy is the kinetic energy behind 
this mass. If improved fineness is required, 
the crushing body energy must be increased. 
It is then found that the efficiency of this 
grinding mode drops. It moreover joins the 
efficiency of a ball mill which remains 
constant for a certain range of fineness. 
This fall in efficiency can be attenuated 
if the mass of the crushing body is reduced 
with naturally lowering the incident energy". 
This essential adaptation of the Size of 
the crushing bodies to the fineness of the 
material has been studied by Bombled (52). 
It is also at the origin of the recent deve
lopment in small size finishing ball mills 
(53)(54).

Generally speaking experience has shown that 
grinding equipment - a ball.mill just as a 
roller mill - reaches maximum efficiency 
for a well defined grain size. Now,grinding 
produces a wide spectrum of sizes. It there
fore seems advisable to extract the fine 
particles from the grinder as soon as they 
have reached the required size to avoid 
overgrinding and therefore waste of energy. 
The air separators offerthis possibility. 
In the case of roller mills, the separator 
is built into the grinder casing i with 
the ball mill, it is generally a turbo-sepa
rator (55) connected on to the grinder.

The optimal configurations mill-separator, 
preparatory grinder-ml11, mill-finishing 
mill have been thoroughly.studied based on 
mathematical modelization (56 ) (57)(SB ) (59 ) 
( 60 ) (61 )(62 ) . Beke (63) however states that 
the development of ball mills now seems to 
suffer from a limitation due to the princi
ple which results from the impossibility of 
increasing the concentration of energy to 
obtain finer grinding at higher outputs.

Projection grinding is not subject to this 
limitation because the rate of projection 
of material can be increased to high speeds. 
Here the grinding energy is the kinetic 
energy of the material. The graph in figure 
7 shows .that the efficiency of this grin
ding mode is high if compared with ball 
milling. Mechanization of this grinding mode 
only brings about a slight fall in efficien-



cy If It is carried out according to the 
process advocated by Planiol (64) who has 
succeeded in fine grinding by accelerating 
the material with a wheel turning in vacuum. 
However this solution raises a certain num
ber of technological difficulties which 
still have to be faced. It is also possible 
to accelerate the material by a Jet of gas 
(65) but the transfer of compressive energy 
of the gas into kinetic energy in the mate
rial occurs with a much more mediocre effi
ciency than in the device advocated by 
Planiol. The satisfactory output of this 
grinding mode offers the possibility of 
planning developing an industrial-scale 
projection mill which would constitute a 
third generation of mills after the ball 
mills and the roller mills.

Having surveyed the output of different 
grinding processes, it is now possible to 
check the energy losses which bring down 
the overall grinding efficiency.

. The first source of losses must be attri
buted to the propagation of cracks. This 
mechanism brings about a dissipation of 
energy by plastic deformation near the 
surfaces. It was analysed in paragraph 1.

. The second source of losses comes from 
the surplus elastic energy which must be 
transmitted to the material for crack 
propagation. This phenomenon requires a 
certain amount of energy which is taken 
from this elastic energy, the surplus is 
generally lost in the shape of kinetic 
energy through chipping.

. The third source of losses is a lack of 
selectivity in the crushing body action. 
These masses transfer to the material 
more energy than necessary to obtain the 
critical elastic energy, that is to say 
the energy which leads to failure. This 
lack of selectivity can le§d to the mate
rial clustering or caking.

Grinding by slow compression is very selec
tive especially if it is carried out grain 
by grain and at low rates of reduction.

Grinding by projection in a vacuum centrifu
gal mill is also selective ; since the 
speed is constant, the kinetic energy varies 
with the mass of particles. In this way a 
large grain Is worked on more than a fine 
grain.

Ball milling on the other hand is not selec
tive, the ball falls with the same energy 
on a large or small grain. This explains the 
modest output of ball mills which can how
ever be improved by a separator eliminating 
the fine grains. This elimination makes the 
lack of selectivity of this equipment less 
important.

The three sources of losses are traced on 
the graph figure 7 where the areas in which 
they exert Influence are numbered 1, 2 and 
3.

To evaluate the total energy consumption of 
a mill, those losses due to the machine must 
be added to the preceding causes. They are 
analyzed by Sillem (66).

3.2.-  Optimization of clinker hydraulic 
activity by different grinding modes

The preceding comparisons were carried out 
based on the specific surface. In paragraph 
2 the importance of the grading curve was 
underlined for forecasting the behaviour of 
clinkers and especially the 3-30 micron 
class. A precise .comparison of the advan
tages of different grinding modes must conse
quently be found not only on their capacity 
to set up surfaces, but also on their apti
tude to produce grains In the 3-30 micron 
range. This approach was adopted by Schönert 
(10) and has made it possible to emphasize 
the advantage of slow and collective compres
sion used with declustering equipment and 
a separator to produce a cement in compliance 
with the preceding grading criteria.

The selectivity of the projection mill makes 
it possible to produce cements with various 
grading spectra. As formally stated, there 
is a greater probability of the larger grains 
being crushed tha'n the smaller ones. The 
comminution modes of these mills therefore 
makes it possible to obtain narrow spectra 
(11) which satisfy criteria of not containing 
grains over 30 microns, that is to say grains 
which only hydrate partially, at the same 
time showing no excess of fine grains where 
hydration would occur too early to really 
contribute to strengths. These fine grains 
which have the highest specific surface 
require high crushing energy out of propor
tion with their contribution to the quantity 
of the crushed material. This aspect of 
crushing effectiveness has been developed 
in mathematical form by Reuss ((67) (68) with 
an alm to obtaining maximum clinker hydrau
lic activity with minimum energy consumption.

Cleemann and Rodeweg-Hansen (47) have carried 
out experimental study on a ball mill working 
with a separator with an aim to relating the 
strengths measured on standardized test
pieces to the grinding energy. This research 
has proved that the most effective crushing 
equipment from the point of view of mortar 
strengths is the mill producing 3-30 micron 
grains with maximum selectivity.

3.3.-  Optimization of cement properties by 
selective crushing of its ingredients

Secondary constituents are of increasing 
importance in present day cements. They are 



generally Incorporated in the cement during 
crushing in a ball mill. This process offers 
great advantages through its simplicity 
because the mill also serves as a homogeni- 
ser. On the other hand, this process is not 
very satisfactory from the physico-chemical 
point of view since there is no possibility 
of controling the grain sizes of the various 
cement ingredients. This control is only 
carried out on the finished product for 
which the total grading curve can be imposed 
as well as the specific surface, but it is 
impossible to control the curves of each 
of the different ingredients which vary in 
the grading ranges according to their spe
cific grindability.

In this way, by grinding a blend of clinker 
and slag (which is less grindable than 
clinker) (69) a range of grading will be 
obtained containing large proportions of 
slag in the coarse sizes and a large quan
tity of clinker in the finest sizes. Since 
clinker is intrinsically more active than 
slag, it is the latter which should be 
ground finer to develop its hydraulic po
tential properly..Simultaneous grinding of 
ingredients leads to the opposite result 
and consequently to a waste of the hydrau
lic potential of the materials. To avoid 
such waste research scientists have ex
plored the possibility of separated or 
selective grinding, each ingredient being 
ground according to its reactivity, that 
is to say the higher the reactivity, the 
coarser the grinding. As far back as 1965 
Bombled (70) carried out separate grindings 
of slag and clinker, finding improved ten
sile strengths. Recent X-ray diffraction 
research attributes this increase to the 
presence of a high proportion of ettrin- , 
gite.

Iwabuchi and Dkaue (71) have studied the 
parameters which influence the behaviour 
of cements with slag ground simultaneously 
or apart, with an aim to determining the 
influence of the grinding mode on the 
optimal gypsum content.

When clinker and a very soft pozzolana 
are ground simultaneously, the latter be
comes much finer than the clinker but in 
this case this fineness is preferable be
cause a pozzolana is improved when activated 
by thorough grinding, so simultaneous 
grinding contributes to an-optimization of 
the cement characteristics. However this is 
a specific case where selectivity is 
obtained naturally by a fortunate coinci
dence between the activity of the materials 
and grindability.

As for fillers, their role can be essential 
as secondary constituents of a very narrow 
grading spectrum clinker. Research has 
shown that such cements (whose grains are 
monodimensional, therefore impeding an 
optimal grading filling) hydrate, leaving 
a porosity of the order of a micrometer (24)

This porosity can be filled in by adding a 
fine filler which thus becomes a granular 
complement of a narrow spectrum. This combi
nation of a narrow spectrum for the active 
matter and of a complement of fine and inert 
material could be an optimal solution for 
making up a cement which, together with good 
strengths, offers the possibility of notice
able saving in clinker and therefore in 
energy. It is hardly likely that simultane
ous grinding leads to the required result. 
Selective grinding of the different ingre
dients is necessary along with reformulating 
the cement by blending the ground materials.

3.4.-  Optimization of concrete quality in 
accordance with the cement

The behaviour of cements is usually tested 
on standardized test-pieces which are mixed 
with a constant quantity of water, in weight 
half that of the cement quantity. The con- • 
Crete test-pieces are made with constant 
workability, that is to say that the quan
tity of water to add to the concrete to 
obtain a given consistency is determined.
The influence of water on concrete strengths 
is capital. Excess water quickly brings down 
concrete strengths, so cements must give 
concretes the required rheological proper
ties with as low water contents as possible. 
Cements which comply best with this objec
tive (74) are those which show a continuous 
grading curve to ensure optimal filling. If 
this is so, instead of accumulating in the 
microcavities, the water moves between the 
grains and promotes their relative displa
cement. Good rheological properties are 
thus obtained with a minimal water content. 
From this point of view the ideal grading 
curve is undoubtedly close to a curve dis
cribed by

D(x) = I if>

where x is the grain diameter, D(x) the 
undersize at this diameter and <f> the maxi
mum diameter. The ball mill working in open 
circuit tends to produce curves of this 
type. This is not surprising because the 
ball falling on the material compacts it and 
contributes to grinding, whilst there are 
voids in the layer of material. Through its 
internal working such a mill tends to pro
duce a curve without voids, therefore an 
optimal curve for rheological behaviour.

Paragraph 2 pointed out that the optimum 
curve for hydration is on the contrary a 
narrow grading spectrum curve. So there is 
opposition between the two imperative requi
rements : maximum hydraulic activity and 
optimum rheological properties. This oppo
sition has been noticed by numerous research 
scientists either on narrow grading spectrum 
cements made up'from separate classes (21), 
or on narrow spectrum cements obtained in 
ball mill separators (47), or in roller 
mills (50) or gas-jet mills (75).



The rheological differences noted usually 
imply a requirement for a greater quantity 
of water. This excess water however exerts 
only limited influence on strengths because 
of the additional activation of the clin
ker. The result is generally positive (50)$ 
it could undoubtedly be still further impro
ved by better knowledge of the physical 
parameters which influence the rheology, 
that is to say apart from the grading dis
tribution, the grain shape, their surface 
activity, the composition of pore liquid 
and especially the dissolution of gypsum 
in this liquid.

/ It also appears timely to investigate the 
role of appropriate fillers which could 
exert a positive influence on rheology as 
is the. case with fly ash. There is reason 
to hope that fillers which contribute to 
the compactness of hardened pastes (3.3.) 
have a favourable influence on rheological 
properties. This is a field where research 
has available an extensive field of inves
tigation and where the work to be under
taken will make it possible at one and the 
same time to reach a better understanding 
of cements and achieve savings in the 
manufacture of these products by discerning 
replacement of certain clinker gradings 
by less energy-intensive materials.
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1. INTRODUCTION

This paper presents a review of the litera
ture on the mechanisms of hydration of Individual 
portland cement clinker minerals and portland 
cements at normal temperatures (i.e., hydration 
above 60°C Is not discussed). The paper is not 
intended to be comprehensive; rather, it will 
discuss selected works on the mechanistic aspects 
of hydration reactions, especially those pub
lished after the 1974 Congress in Moscow. Papers 
discussing hydration in terms of mechanical pro
perties are generally not included, and the struc
ture, morphology, and influence of the various 
hydration products and their modifications on 
the engineering properties of cement pastes, mor
tars, and concretes will be reviewed by other 
authors. Therefore, these subjects will be ad
dressed only when they bear on mechanistic in
terpretations.

Our review will consider the mechanisms of 
hydration with respect to the crystal form of 
the minerals; the presence of impurities (e.g., 
solid solutions), minor components (e.g., alkali 
sulfates), and chemical admixtures (e.g., accel
erators, water reducers); and special treatments 
(e.g., carbonation). The scope of the interpreta
tions given will depend on the importance of the 
particular mechanism to overall cement perform
ance and on the availability in the literature 
of appropriate experimental and theoretical data.

2. HYDRATION OF CLINKER MINERALS

2.1 Tricalclum Silicate

We shall pay special attention to the hydra
tion of tricalclum silicate, CgS, because it is 
the most important component of portland cements, 
responsible for most of the engineering properties 
of hardened cement paste (e.g., strength, dimen
sional stability). C3S hydration is also often 
used as a model for explaining the hydration of 
cement — an approach that is acceptable after 
the first few hours of hydration, when the most 
important reactions of the aluminate and sulfate 
phases have occurred. Scientific literature pub
lished on the subject of trlcalcium silicate 
hydration after 1974 is reviewed yearly in 
Cements Research Progress. In addition, several 
review papers discussing the controversial views 
on the mechanism of CgS-water Interaction have 
been published (1-3).

2.1.1 Hydration Mechanism

There is a vast amount of literature dis
cussing the basic mechanism of CjS hydration. 
This is due to 1) the recognition of C3S as 
the main component of portland cements, and 2) 
the extremely complex and still unresolved details 
of its reaction mechanism with water. As is the 
case with other cementitious compounds, hydration 

of C3S involves a sequence of overlapping reac
tions, some slow and others fast. All of these 
contribute to the technical importance of portland 
cement concrete: workability at early stages, 
strength development, and volume stability and 
durability at mature ages.

C3S reacts immediately upon contact with 
water in a short exothermic reaction (pre-induc
tion period), followed by a so-called induction 
or dormant period of relative inactivity. During 
the induction period, an exchange of ionic species 
between the solution and solid anhydrous C3S 
occurs, leading to reaction conditions that cause 
an autocatalytic increase in reaction rate — 
referred to as the acceleration period. During 
this reaction stage, large amounts of hydration 
products with lower density and larger volume 
than the anhydrous phases deposit into the avail
able (water-filled) space, causing an overall 
decrease in system porosity, decreased transport 
of ionic species on the solid-liquid interface, 
and overall deceleration of hydration. This stage 
is referred to in the literature as the diffusion- 
controlled stage of hydration.

Numerous attempts have been made to explain 
the complex C3S hydration processes. Calorime
try, analysis of the liquid phase composition, 
surface area measurements, and electron microsco
py have been the most commonly used experimental 
approaches. In recent years, these have been 
supplemented by thermoluminescence, spectro
scopy (e.g., Raman, ESCA/Auger), electron micro
scopy (STEM, AEM, high-voltage EM), silicate poly
merization analysis, and other techniques. Based 
on data obtained with these high-precision meth
ods, new mechanisms are being proposed.

The Pre—Induction and Induction Periods

Protective Hydrate Theories, de Jong et al. (4) 
have proposed the formation of a protective hy
drate layer, which inhibits further hydration 
of C3S and thus starts the induction period. The 
"first hydrate", C3SHn, which is not readily de
tectable by direct observation, is converted into 
a "second hydrate" with a lower C/S ratio 
(~0.8-1.5) and a thin—film morphology. Since this 
hydrate is more permeable to diffusion of ionic 
species to and from the C3S surface, its formation 
signals the end of the induction period. Lat
er, during the post-induction acceleration peri
od, it transforms to a fibrous "third hydrate" 
(C/S - 1.5-2.0).

This proposed sequence embodies many of the 
ideas of Brunaue^ and Kantro (5), and a somewhat 
similar mechanism has been adopted by others (6
9). Barret et al. (10) concluded from a study 
of concentrations of ions in solution that con
gruent dissolution occurs initially; but, because 
the first C-S-H precipitate has C/S < 3, the C/S 
ratio in solution tends to increase indefinitely. 
However, in our opinion, congruent dissolution 
in C3S pastes is at best a transient state, and 
a truly congruent solution cannot be said to occur 
with certainty in the bulk solution. Andreeva 



and Keshelava (11) report data Indicating the 
transient nature of congruent dissolution at high 
solids contents of suspensions.

Shpynova et al. (7) also postulate initial 
congruent dissolution with subsequent precipi
tation of C3SHn, which is based on a calcium 
hydroxide structure containing SIO4 tetrahedra. 
This material is unstable, and the silica conden
ses first to SI2O7 units and then to Infinite 
silicate chains (as in wollastonite or xonotlite) 
with the simultaneous release of CaO as Ca(0H)2. 
Magnan et al. (9) agree that silicate polymeriza
tion occurs concomitantly with liberation of lime 
from the primary C-S-H (first hydrate). Conden
sation of isolated silicate tetrahedra forms a 
gel structure which, by pozzolanlc effect, re
acts with lime in solution to form the final 
silicate hydrates. Both Reblnder et al. (8) 
and Andreeva and Keshelava (11) consider the 
ionic concentrations to be important in crystal
lizing new C-S-H phases and subsequent structure 
formation.

Magnan et al. (9) could not detect the 
formation of a primary hydrate directly, but 
Fuji! and Kondo (12) were able to locate hydration 
products on the C3S surface after 20 minutes of 
hydration. Menetrler et al. (13) also observed 
the development of hydration products in the 
first 20 minutes of C3S hydration; after the ini
tial formation of minute, round or rod-like par
ticles, Type £1 C-S-H developed on the surface 
(Fig. 1).

Lattice Defect Theories. Maycock and co-workers 
(14) explored the influence of lattice defects on 
the initial reactions of C3S with water. They 
concluded that the number of lattice defects 
(the degree of crystal disorder), introduced by 
mechanical grinding or heating and quenching, 
was directly related to the length of the in

duction stage of hydration. Using a fast-response 
calorimeter, they were able to separate the first 
heat evolution peak into two (believed to cor
respond to physical adsorption of water and for
mation of a hydrate) and to show that the in
duction period shortens with increased concen
tration of lattice defects. They postulated that 
this effect was controlled by solid state diffus
ion within the anhydrous grain rather than by 
diffusion of species through a "first hydrate" 
that (and this was considered important) was 
formed after the introduction of the defects 
and thus could not be the reason for initiation 
of the induction period.

In related studies, but with different ex
perimental approaches and Interpretations, 
Fierens and Verhaegen (15-19) attempted to cor
relate lattice defects, introduced by u.v. excita
tion, to the early reactivity of C3S. Using 
calorimetry and thermoluminescence as the main 
experimental tools, they found that irradiated 
C3S gave two thermoluminescence peaks; however, 
for C3S hydrated with water vapor or liquid, 
one peak diminished with hydration time while 
the other remained unchanged. The time for com
plete disappearance of the first thermolumines
cence peak was about the same as the induction 
period determined by calorimetry. The higher 
the probability of the escape of electrons trap
ped in the defect structure, as measured by 
thermoluminescence, the shorter was the induction 
period. They therefore concluded that the main 
reaction during the induction period involved 
participation of the trapped electrons. Using 
ESR, they showed that the active sites on the 
surface, originating from lattice defects, were 
highly nucleophilic and provided preferential 
sites for chemisorption of water molecules during 
hydration of C3S. Menetrler et al. (13), using 
high-resolution SEM, observed non-uniform attack 
of the C3S surface exposed to water. According 
to Fierens and Verhaegen, the absence of any in
tensity change in the second peak indicates that 
the process does not involve the whole C3S sur
face.

Fierens and Verhaegen have proposed the fol
lowing mechanism for C3S hydration: 1) rapid 
chemisorption of water on C3S particles, 2) si
multaneous formation of hydrated nuclei on the 
active sites and dissolution of a small quantity 
of C3S, and 3) exothermal growth of C-S-H. The 
induction period ends when C-S-H nuclei reach 
their critical size and start growing according 
to the laws of nucleation kinetics, l.e., as the 
result of a potential barrier corresponding to 
the critical size of the C-S-H nuclei on the C3S 
surface and not because of a protective layer 
which would prevent further contact with water. 
Exposing C3S to water vapor prior to paste hydra
tion decreases the Induction period, apparently 
because the water vapor produces nuclei, or at 
least potential nuclei, on the active sites, 
which can be used in the final step of exo
thermal growth of C-S-H. The Induction peri
od, l.e., the time required for appearance of a 
sufficient number of stable nuclei, is thus ap



preciably reduced. Fuji! and Kondo (12) also ‘ 
believe that the Induction period Is terminated • 
by propagative surface nucleation growth of C-S-H 
Initiated by high Ca^- concentration.

According to Stein (3), the above mechanism 
— although Incorrectly Interpreted from experi
mental data — is not necessarily incompatible 
with the hypothesis of de Jong et al. For in
stance, If one kind of lattice imperfection is 
due to an ion that is significantly displaced 
during the inward diffusion of water into C3S 
to form the first hydrate, whereas a different 
kind of lattice defect is due to an ion unal
tered by the first hydrate formation, then 
the Fierens-Verhaegen and de Jong et al. mecha
nisms are complementary. A possible model, ac
cording to Stein, involves displaced calcium ions 
on the one hand and Imperfections related to 
silicate ions on the other.

Calcium Hydroxide Nucleation Theories. The argu
ments of Fierens and Verhaegen and Maycock et al. 
favor a "delayed nucleation* rather than "pro
tective layer" explanation for the early hydra
tion mechanism. Additional arguments In favor 
of this view were given recently by Young (20), 
Young et al. (21), Tadros e£al. (22), Dent 
Glasser et al. (23) and others, but these concen
trate more on the question of the nucleation of 
calcium hydroxide than of C—S-H.

Young et al. (21) have studied the composi
tion of the liquid phase of hydrating C3S pastes. 
The Ionic product for calcium and hydroxyl ions, 
[Ca*2HOH~]2, was calculated as a function of 
time and correlated with CH crystal growth data 
and calorimetric measurements of C3S hydration. 
The results confirmed that the maximum Ca2* con
centration corresponds to the end of the in
duction period and coincides with the onset of 
Initial nucleation of CH. The onset of maximum 
crystal growth correlated closely with the period 
of maximum reactivity (heat evolution). The in
crease of ionic products after CH nucleation 
began was attributed to the dominant role of the 
[OH-]2 factor, which did not decrease during 
the subsequent growth of CH. This continued 
increase in [OH-] may have resulted from the 
polymerization of silicate species, which were 
formed during renewed activity of C3S at the 
end of the induction period. According to Young • 
et al., the following scheme for C3S hydration 
seems plausible:

Initial hydrolysis:

H
C3S * "C2S" + Ca2* + 0H~ <la>

(where "CjS" can be considered a lime—deficlent 
C3S structure after undergoing initial hydroly
sis) .

H *-
"C2s" + 2Ca2+ + H2sio|~ + 20H~ (lb)

2H2Si0|- + 20H~ * Si2o|- + SHjO. (1c)

At the end of the induction period:

Ca2+ + 20H- * CH (2a)

2S1o£“ ♦ Si2o|" + 20H~ ♦ [SiO3]2- +

+ 2n0H-. (2b)

Young et al. did not have any evidence for 
C/S - 2 in reaction (lb). It is also unknown if 
Si20§- would be unprotonated in reactions (la) 
and (2b), but this does not affect their argument 
"C2S" was deduced solely from relative concentra
tions in solution rather than from experimental 
evidence, but it could be the "first hydrate" of 
Stein (3). The end of the Induction period may 
be inferred from both the crystallization of CH 
and the formation of acicular C-S—H (second hy
dration product) from "CjS." A major reaction 

' occurring during the growth of the second hydra
tion product may be the polymerization of mono
silicate ions (in C3S) to disilicate and higher 
polymers (in C-S-H). As pointed out by Magnan 
et al. (9), this gel structure of polymers can 
react with lime solution to form the final hydra
tion products.

Changes in the Ca2+ ion concentration with 
lime have also been studied by Fierens and 
Verhaegen (24) and Siegers and Rouxhet (25). 
Fierens and Verhaegen observed that initial re
lease of Ca2+ was independent of the reactivity 
of C3S as measured by thermoluminescence, but 
that the [Ca2+] Increase depended on the specimen 
treatment used (Fig. 2). In contrast to Young 
et al. (21), they found the [Ca2+] peak not to 
coincide with the end of the induction period. 
Siegers and Rouxhet (25) have confirmed that the 
Ca2* ion concentration peak is a real supersat
uration peak. However, crystalline CH was de
tected long before the appearance of this peak. 
This is surprising but could be due to the crys
tallization of CH near the grain surfaces. 
Crystallization of CH at or near grain surfaces 
of hydrating C3S, where a high concentration 
of Ca2+ ions would be expected, has also been 
noted by others (7,26,27).

Fig. 2 Variation of Ca2+ concentration with 
time for five different samples of 
C3S. Arrows indicate the end of the 
induction period, determined by con
duction calorimetry (ref. 24).



New data by Tadros et al. (22) point to a 
similar C3S hydration mechanism. At the beginning 
of hydration, the Ca/Si ratio In the liquid phase 
was found to be much higher than 3, and zeta
potential measurements showed the presence of a 
positive charge on the surface of the C3S parti
cles. Additionally, CH crystal growth studies 
showed that that the presence of silicate ions 
retarded the nucleation and growth of CH crystals 
and, thus, led to supersaturated CH solutions. 
Based on these observations, Tadros et al. sug
gested the following mechanism for early hydra
tion of C3S. Upon contact with water, C3S under
goes a rapid hydrolysis, releasing Ca^+ and 
SIO^ into solution. The ratio of C/S is much 
greater than 3, implying that the surface of the 
original C3S becomes deficient in calcium. As 
indicated by zeta-potential data, calcium ions 
chemisorb on the Si-rich surface, giving it a 
positive charge:

Using ESCA for analysis of surface layers, 
Thomassin et al. (28) and Menetrler et al. (13) 
found evidence to support this view. Initially, 
the C/S ratio at the surface falls rapidly to 
about 2.5, but quickly rises again to about 2.75 
after 1 minute (see Fig. 3). Thereafter, a slow, 
but continual decrease in C/S ratio with lime is 
observed over several hours. The high Ca^* con
centration in the interfacial region, perhaps 
aided by the underlying Si-rich layer, reduces 
further the dissolution of C3S, thus initiating 
the induction period (22). The Ca2+ and OH- ions 
continue to dissolve at lower rates and, since 
the growth of CH crystals is inhibited by sili
cate ions, the liquid phases become supersatura
ted with respect to CH. When the supersaturation 
reaches a certain limit (1.5-2.0 times the satur
ation value), CH nuclei are formed and rapid 
precipitation of CH begins. This marks the end 
of the induction period. The precipitating ions 
act as a sink for ions in solution, which, in 
turn, enhances the further dissolution and re
action of C3S. The CH crystals Incorporate sili

Fig. 3 Changes in C/S of surface of hydrating 
C3S as a function of time (ref. 28).

cate ions and therefore may also act as nuclei 
for C-S-H. The dissolution of C3S marks the 
the beginning of the acceleration period.

Stein (3) disagrees with the above inter
pretations; he believes that these observations — 
a molar C/S »3 after 1 minute of hydration, a 
positive zeta-potential indicating an outer layer 
of chemisorbed Ca2+, and initiation of CH crys
tallization simultaneous with the end of the 
induction period — can be more satisfactorily 
accounted for by using the hypothesis of de Jong 
et al. (4). He considers the end of the induction 
period to be the cause rather than the effect of 
CH crystallization, and feels that the Tadros et 
al. mechanism cannot explain the experimentally 
found accelerating effect of amorphous silica on 
the hydration of C3S. .

Other Theories. The question of the induction 
1 period of C3S hydration is discussed also by 

Odler and Dorr (29). According to these authors, 
upon C3S contact with water, the Caz ions are 
leached out from the surface to form CH in 
solution. Water molecules are simultaneously ■ 
taken up by the surface to form a C-S-H of low 
C/S and high H/S ("first hydrate"). This initial, 

,| topochemical reaction terminates upon super- 
I' saturation -of the liquid phase with respect to 
1 CH, so that no more Ca2+ can be accommodated.

At this point, the degree of reaction has reached 
about 1-2 percent. Almost simultaneously, nuclei 
of a "second hydrate" form on preferential C3S 
surface sites. The exact reasons for the induc
tion period are not clear. During this period, 
neither the "first" nor the "second" hydrate can 
form because of, respectively, the supersatura- 
tlon of the liquid phase with respect to CH and 
the size of nuclei, which are smaller than criti
cal. The induction period terminates when the 1 
second hydrate nuclei reach the critical size, 
enabling rapid propagative surface nucleation.

• The reaction continues until it is decelerated 
by consumption of anhydrous C3S and the diffusion- 
controlled character of the process. The "second 1 
hydrate" has a lower H/S and higher C/S than the • 
"first hydrate." However, since both C-S-H forms j 
have a C/S < 3, liberation of free lime is oc— I 
curring simultaneously. During the formation of I 
the "second" C-S-H, amorphous CH is formed, which, 
upon conversion to crystalline form, is initially | 
effective in nucleation and growth of CH. During 1 
this time, the supersaturation of the liquid 1 
phase with respect to CH decreases to the satura-f 
tion concentration. Formation■ of detectable I

I solid CH at the beginning of the acceleration 1 
I . period is considered to be the consequence of ;
1 rather than the reason for the termination of 1

the induction period. , ■ 1

The considerable variation in estimates of 
the C/S ratio for a "first hydrate" emphasizes 
the difficulty of obtaining a good measure of its 
stoichiometry. Dent Glasser et al. (23) noted 
an apparent discrepancy between the C/S ratios 
of the C-S-H obtained by the direct and indirect 



methods at early ages: for pastes a few days 
old, their own results from the Indirect method 
gave low values, around 1,0, while direct analyses 
by analytical electron microscopy gave a mean 
C/S of about 1.6. They suggested that the C-S-H 
might exist In two different forms, which they 
called "surface" and “precipitated" hydrate. The 
precipitated hydrate was what had been observed 
by electron microscopy, and included both Type I 
and Type til Diamond varieties (30). The surface ‘ 
hydrate was formed from the surface regions of 
reacting C3S particles as a layer of approximately 
fixed thickness, which contracted as the C3S was 
consumed, its mean C/S ratio was assumed to be 
below 1, and the actual value ranged from a 
maximum value of 3 at the C3S interface to a 
minimum well below 1 at the solution interface. 
Several assumptions are implicit in this hypothe— ' 
sis. First, variations in C/S with degree of 
hydration are due to changes in the relative 
amounts of different kinds of C-S-H, rather than 
to changes affecting the whole of the C-S-U.
Second, there is a continuous conversion of 
surface into precipitated C—SHI. The concept 
thus differs from that of inner and outer hy
drates tn that, tn the latter model, inner hy
drate is never converted into outer or vice 
versa. The two concepts are not mutually exclu
sive, however, as the precipitated hydrate could 
be differentiated into inner and outer products. ,

A mechanism for Portland cement hydration has 
been proposed (31-33) which also requires the for
mation of a protective layer-around the alite 
grains. This layer, however, is considered to 
act as a semlpermeable membrane, thereby allowing 
osmotic pressures to develop. Passage of Ca^+ 
and 0H~ through the membrane leaves behind a 
silica-rich solution. C-S-H grows by a "silicate 
garden" process as the membrane ruptures and 
forces out the liquid beneath. These ideas are 
discussed more fully in the section on portland 
cement.

According to Taylor (1), the assumptions 
that some sort of protective layer causes the 
induction period and that nucleation of C-S-H or 
CH or both ends it need not conflict. In
deed, in his view, the combination is highly 
probable. Similarly, the delayed-nucleation the
ory and the hypothesis that an osmosis-like me
chanism plays an Important part in the hydration 
reaction are not necessarily contradictory. This 
conclusion is based partially on the recognition 
of the inherent difficulties in the concept 
(described earlier) of a membrane enclosing a 
silica—rich fluid through which Ca^“*" has to 
pass. It is almost certain that the silica 
would polymerize to form a gel, and it is dif
ficult to visualize how calcium could migrate 
through such a gel to form C-S-11. Using an 
analogy of the behavior of rubber in benzene. 
Dent Glasser (34) noted that a gel can absorb 
solvent, develop an inblbition pressure, and 
swell without being enclosed in a semi-permeable 
membrane. She seems to be Implying the existence 
of a polymeric gel, although the evidence shows 

that polymerization occurs during later hydra
tion. Thus, Instead of a cement particle coated 
with a semi-permeable membrane that encloses a 
Si-rich liquid to which additional water flows 
by osmosis, we may be dealing with a semi-fluid 
gelatinous coating that draws water by inhibi
tion. This concept may provide a bridge between 
the ideas of Fierens, Young, Skalny, and others 
on the one hand, and those of Jennings and Pratt 
— and to some extent of Double, Blrchall and 
others — on the other hand, tn Taylor’s view 
(1), the ultimate driving force of the hydration 
reaction is twofold: attraction of protons to 
the basic oxide and silicate ions, and attraction 
of water molecules to all the ions. A calcium— 
depleted layer is produced, as suggested by 
Tadros et al. (22) and others, but this layer 
may be semi-fluid and based on a mobile, hydro
gen-bonded network of highly protonated silicate 
ions and water molecules. If this layer actually 
imbibes water, as suggested by Dent Glasser (34), 
then a continuous hydration of the underlying 
C3S surface is feasible. Ca2 ions could dif
fuse outward through this layer, but would be 
held back on the surface by an excess of negative 
charge. This may explain the existence on the 
surface of a chemisorbed Ca-layer as reported by 
Tadros et al. (22).

The Post-Induction Periods

Until now we have discussed the experi
mental data and theories relative to the first 
few hours of hydration — a period characterized 
by a relatively low rate of C3S-H interaction. 
However, the main property of cement namely, 
its structural integrity (strength, volume sta
bility, and durability) — is to a large degree 
the consequence of an accelerated C3S hydration 
during which a substantial amount of C-S-H forms 
a rigid network. Unfortunately, compared to the 
pre-lnductlon period, the acceleration and dif
fusion-controlled stages of hydration are less 
fully explored. The reasons for this lack of 
knowledge are inadequate instrumentation and the 
extremely complex character of the structures 
formed, both on a micro- and a macro-scale. To 
illustrate our uncertainty about the post-induc
tion mechanism, note the disagreement of various 
reported data on the composition of C-S-H as a 
function of time and temperature of hydration, 
the degree of hydration, composition of the liquid 
phase, etc. This issue has been discussed re
cently by Bentur and Berger (35). The "re
activity” of C3S is influenced by thermal his
tory, particle size and distribution, polymor
phism, form of minor components present, etc., 
and in turn, influences the post-induction 
period as well as earlier hydration. Although 
these Issues may seem academic, they are actually 
the preconditions for full realization of cement 
potentials. This knowledge could enable predic
tion and better control of concrete properties 
on the basis of "microstructural engineering." 
More experimental evidence is thus needed to 
better explain this and the decelerating diffusion 
processes, e.g., the role of porosity and liquid 
phase composition.



Powers (36), Terrier and Moreau (37), and 
others have distinguished between "inner" and 
"outer" hydration products, formed in spaces 
previously occupied by anhydrous solid and water, 
respectively. It is not clear how these hydrates 
relate, if at all, to the types of hydrates 
recognized by Diamond (30) or to the "precipita
ted" hydrate discussed by Dent Glasser et al. 
(23). Stucke and Majumdar (38) have measured 
C/S ratios for both inner and outer hydrates, 
but the issue is far fropi resolved. •

Taylor (1), based on previous work of Tadros 
et al. (22), Dent Glasser et al. (23), and others, 
proposed a possible mechanism for the post-induc
tion period. It is shown, together with his ideas 
about the pre-induction period,- in Fig. 4. As the 
C3S-H reaction progresses, there is necessarily 
an interface that advances into the diminishing 
C3S grain. Behind it follows a semi-solid, Si- 
rich (low C/S) layer, which, depending on its 
thickness, may dominate the composition of C-S-H 
as a whole. Outside this layer, some of the 
ions from the reacting C3S form a zone of inner 
product with increasing C/S. Other ions pass 
through the inner product to augment the outer 
product. This hypothesis needs additional ex
perimental proof, however.

Fig. 4 Mechanism of C3S hydration proposed by 
. Taylor (1).

2.1.2 Hydration in the Presence of Admixtures

Since a special report on admixtures has not 
been prepared for this Congress, we will address 
the subject here. Because of space limitations, 
we will concentrate on more fundamental aspects 
of C3S-admixture interactions and will continue 
the discussion in the section on cement. There 
is no single mechanism that will explain the way 
in which set-modifying admixtures affect the hy
dration of C3S, primarily because the reaction 
rates and products of hydration are controlled by 
numerous simultaneous chemical and physical pro

cesses. For example, the Influence of any ad
mixture may affect the length of the Induction 
period, the time of maximum rate of heat evolu
tion, or the area under the main heat peak (total 
heat evolution) (39). Any of these changes may 
cause acceleration or retardation. Furthermore, 
other properties have been used to evaluate set
modifying effects, such as strength development, 
non-evaporable water content, development of sur
face area, formation of hydrates, etc. —pro
perties which are not necessarily related lin
early. _

Inorganic Electrolytes

It has been suggested in the past that the 
effect of an electrolyte, e.g., CaClj, on the 
hydration process is sequential, i.e., it par
ticipates in only one reaction at a time. For 
example, DeKeyser and Tenoutasse (40), in their 
study of the ferrite phase, concluded that calcium 
monochloroaluminate-ferrite, C3(A,F).CaC12<IOH2O, 
is not formed until all the available gypsum is 
consumed. On the other hand, Rozenberg and 
Kucheryaeva (41), in agreement with Ratinov and 
Rozenberg (42), concluded that simultaneous for
mation of basic salts from a complex hydration 
system is possible. Using CaC12, Ca(NO3)2, and 
Ca(NO2)2 with calcium hydroxide (C3S reaction 
product) alone and with additions of C3A, they 
calculated the reaction rates and yields for the 
various combinations and concluded that, when two 
or even three electrolytes are added to a system 
together, the reaction that has the higher rate 
constant will have the higher yield. Unfortu
nately, the authors do not discuss the effect of 
added salts on the mechanism of C3S-H reaction.

Despite the long and extensive use of CaC12 
as a commercial accelerator, very little is known 
about the mechanism of its Influence on C3S ' 
hydration (43,44). Many investigators have com
pared the behavior of different metal chlorides 
(39, 45-48) and have attempted to correlate the 
effectiveness of the cations in accelerating C3S 
hydration with their ionic radii and electronega
tivity. However, there is no general agreement 
on the proper order of rank for cations because, 
as Kantro's study shows (39), the relative accel
erating power of cations depends on the salt 
concentration and the criterion used for accel
eration.

The influence of various anions on the 
accelerating process has also been studied
(39,47,48).  Although these studies used dif
ferent cations, and thus are not completely 
comparable, it is apparent that chloride ion is 
not necessarily the best anion for accelerating 
the hydration of C3S. Kondo et al. (47,48) 
related the effect of the anion on the C3S 
calorimeter curve to its ionic mobility (Fig. 
5a) and found that sulfate, chromate, and thio
sulfate ranked ahead of the chloride ions for 
potassium salts. Kantro (39) observed similar 
anion rankings for calcium salts (Fig. 5b).



Although there is general agreeeent between the 
results of the two studies, there are some nota
ble differences. For example, the calcium salts 
are generally better accelerators than the potas
sium salts, and the behavior of I- and SCN~ is 
quite sensitive to the cation.

Fig. 5 Effect of inorganic anions on C3S heat 
evolution: (a) Potassium salts (ref. 
47), (b) Calcium salts (ref. 39).

The effects of various other salts have also 
been studied (21,39,49—51). Most inorganic elec
trolytes behave as accelerators, with the excep
tion of fluorides (47,48,21), phosphates (52), 
and those cations that precipitate Insoluble hy
droxides (39,47,48). It is clear that CaC12 Is 
not unique In this regard, but has the advantage 
of being a cheap and readily available material.

Young (53,54) has attempted to explain the 
influence of soluble salts by considering each 
stage of C3S separately and sequentially. The 
importance of the composition of the liquid phase, 
particularly with respect to CH supersaturation. 
Is supported to some extent also by work of 
Teoreanu and Muntean (45). This would explain 
the higher acclerattng effects of calcium salts 
compared to potassium salts. Kondo et al. (47, 
48) considered ion diffusion to be an Important 

property. A highly mobile anion, such as Cl-, 
can penetrate the initial protective layer to 
the underlying C3S, forcing diffusion of other 
ionic species (e.g., Ca2+) to maintain electro
neutrality, and thus accelerating hydration. , 
The order of Cl- diffusion coefficients was 
found to be DM„C12 > DCaCl2 > DL1C1 > DKC1 
> DfiaCl» and the values are greater than those 
of the cations. This order Is also approx
imately that found for their accelerating ef- ' 
feet on C3S hydration.

When cat tons precipitate insoluble hydrox
ides, retardation of C3S hydration is observed
(39.47.48) . This is attributed by Kondo et al.
(47.48) to the formation of an Impermeable layer 
of Insoluble hydroxides or other insoluble cal
cium salts. Young (53,54) has suggested that 
the precipitation produces the retarding effect 
by keeping the contact solution from becoming 
supersaturated with respect to calcium hydrox
ide. However, neither theory explains why Na2 
CO3 accelerates C3S hydration (21,51).

Organic Admixtures

Most organic admixtures retard the hydration 
of C3S — including those used as accelerators for 
cement, e.g., triethanolamine. Salts of ligno
sulfonates, which contain varying amounts of sug
ars and related compounds, are an Important com
ponent of commercial retarding admixtures. Mile
stone (55) investigated the effects of such or
ganics, using fractionated lignosulfonates, glu
cose, and sodium gluconate. At 0.It concentra
tion, fractions high in sugar at first retard
ed C3S hydration and then accelerated it. The 
same concentration of fractions high in ligno
sulfonate caused little delay, but a 0.5% con
centration completely inhibited hydration of C3S. 
Adding 0.1% glucose delayed hydration for about 
11 days, whereas the same amount of sodium glu
conate caused complete inhibition. Milestone 
concluded that the retarding effect of ligno— 
sulfonate is due to the presence of sugar acid . 
Impurities, which are more effective than sugars 
alone because of their charge and stability, 
i.e., the readily Ionized, negatively charged ’ 
sugar acids adsorb on the positively charged 
surface of the C3S and retard hydration. Thus, 
as proposed by Tadros et al. (22,56), the de
lay in hydration Is believed to be caused by 
poisoning of the CH nuclei. Total inhibition of 
hydration by sugar acids Is perhaps caused by 
their adsorption on the C-S-H nucleation sites 
(55).

In a related study. Jawed et al. (57) found 
that the Na-lignosulfonate delayed or completely 
inhibited the growth of CH from a supersaturated 
solution (Fig. 6). At a lignosulfonate concentra
tion of approximately 2.5 ppm, no effect on 
crystal growth was observed. At somewhat higher 
concentrations, well-defined induction periods 
were noticed followed by accelerated growth rate. 
At concentrations above 200 ppm, the growth, and 
probably also the nucleation, of CH was com-



pletely inhibited. In a C3S paste, higher super
saturation was required to overcome the poisoning 
effect of lignosulfonate. When crystal growth 
did occur, numerous small crystals formed rather 
than a few large ones. This may well explain 
the delayed acceleration observed by Milestone 
(55). (See also discussion in section on C3S- 
temperature effects.)

Fig. 6 Effect of lignosulfonate concentrations on 
growth of CH crystals from supersaturated 
solution (ref. 571.

2.1.3 Selected Issues

Hydration of CqS Polymorphs

It has been reported in the past that the 
various crystal forms of pure C3S have comparable 
reactivities with water. In the presence of 
impurities, minor differences in hydraulic activ
ity are noted, but these are related to lattice 
and electronic defects rather than to the crys
tal form (58,59).

An attempt to better characterize the reac
tivity of the C3S polymorphs was reported by 
Harada et al. (60). Using synthetic C3S prepara
tions atwTc of 0.3 and 0.4 (20’C) and quantita
tive X-ray diffraction analysis, the authors found 
the following order of reactivities at early 
stages of hydration: monoclinic < triclinic < 
rhombohedral. With time of hydration, the dif
ferences diminished, and, at 3 months, the degree 
of hydration of all three polymorphs reached 
approximately 70Z. According to the authors, 
the morphologies of the C-S-H formed depended on 
which polymorph was hydrated:

£38

rhombohedral 
monoclinic 
triclinic

C-S-H

thin sheets 
fibrous 
amorphous

The reactivity of C3S may depend on the ■ 
particular oxide Impurity used (61,62). Kau- 
shanskli-.and Tlmashev (63) believe that dif
ferent defects affect reactivity to different 
extents. At low levels (<0.3%) of AI2O3 in C3S, 
Al^+ replaces Ca^"1" in the lattice, creating donor 
centers and releasing conductivity electrons. 
Above 0.3Z, Al^+ substitutes for Si^"*"," and cre
ates acceptor centers or "holes." The presence ■ 
of holes causes greater reactivity.

Effect of Temperature

C3S hydration is affected by temperature in 
the first three stages. The Induction period 
shortens and the heat peak in Stage 3 becomes 
more Intense. Later, when hydration becomes dif
fusion-controlled, temperature • sensitivity de
creases. Boyer (64) and Boyer and Berger (65) - 
have found that the temperature of hydration 
affects the size of calcium hydroxide crystals. 
At 5“C, relatively large crystals are formed 
while, at 40’C, a much greater number of small 
crystals is formed. This change is even more 
marked when the temperature is raised just prior 
to the end of the Induction period. A large 
number (~1000 times those formed at 5“C) of 
very small crystals is formed if the temperature 
is changed from 20* to 40*C, for example. This 
effect is believed to be due to the decrease of 
calcium hydroxide solubility with temperature. 
Raising the temperature causes the solution in 
contact to become highly supersaturated with re
spect to calcium hydroxide.

Seeding

Davis and Young (66) used afwillite to seed 
C3S hydration. Addition of afwillite accelerated 
the hydration of C3S, but strength development 
was not influenced to the same degree. Afwillite 
appeared to form both by conversion from C-S-H 
and directly from C3S. Seeding was most effective 
when the seed material was interground with the 
C3S rather than mixed by blending. Mchedlov— 
Petrosyan et al. (67) observed similar behavior 
when seeding C3S with prehydrated C3S. Stein 
and Stevels (68) have attributed the accelerating 
effect of amorphous silica to its Influence on 
the nucleation of the "second" C-S-H.

Carbonation , .

C3S carbonation reactions have been pursued 
by a few authors, but most results are descrip
tive rather than mechanistic. According to 
Takagi et al. (69), hydrating C3S specimens pre
pared from triclinic, monoclinic, and rhombo
hedral polymorphs all produce calcite upon carbo
nation. Goodbrake et al. (70) developed a kinet
ic equation for the carbonation reaction of both 
C3S and B-C2S in the presence of water vapor:

[1- (1-«)1/3]2 - K/t (3).

where a - degree of carbonation, Kj' - apparent 
rate constant, and t - time of reaction. Kj' 
depends on the actual rate constant, K, the 



diffusion coefficient, D, and the average particle 
size, rot -

K-* - (4)
ro

The carbonation reaction Is exothermic (-83 kcal/ 
mol C3S) and follows a decreasing-volume, dif
fusion-controlled kinetic model. ■ The activation 
energy was found to be 9.8 kcal/mol. The overall 
equation:

_ H _ 
C3S + 3C * 3CC + SH - SHZ (5)

describes the carbonation process satisfactorily.

When liquid water comes in contact with the 
solid during carbonation (w/s ■ 0.10-0.20), the 
course of the reaction changes, and C—S-H (be
lieved to be similar to that formed In normal 
hydration) is formed and subsequently carbon
ated:

C3S + (3-x)C + yH + C^SHy + (S-xjCC' (6)

CxSHy + xC + (z-y)H * xCC + SHZ (7)

The overall reaction is the same as in Equation 
5.K A simple rate equation of the form

■ k log t . (8)
dt

can be used to describe carbonation. The form, 
is the same as is often used for hydration, but 
the rate constant is several orders of magnitude 
larger.

Mathematical Modeling of the Hydration Process

Mathematical modeling of cement hydration 
processes is the subject of another review; there
fore, we will present only a brief discussion 
here.

Potnmersheim and Clifton (71), using mainly 
experimental data of Kondo and co—workers (6,72) 
and de Jong et al. (4), developed a mathematical 
model for C3S hydration by which the following 
output variables could be predicted as a function 
of time: degree of hydration and its rate, core 
and particle radii, amount of free and combined 
water, amount of CH and C-S-H formed, inter
granular porosity, and the rate of the control
ling process. For modeling purposes, the hydra
tion was broken down into several processes: 
1) diffusion of chemical reactants through ever
thickening spherical layers of precipitated po
rous hydrates to the interface between the C3S 
core and the innermost hydrate layer, 2) disso
lution of ions from C3S and their hydration 
near this interface, 3) diffusion of soluble 
product ions out through deposited hydrate layers, 
and 4) precipitation of insoluble products (inner, 
middle, and outer C-S-H). The middle (barrier) 

product layer forms at early stages of hydration; 
its later disappearance may mark the end of 
induction period and the beginning of the ac
celeration stage.

Tomosawa (73), in an attempt to relate the 
hydration process to practical engineering pro
perties of concrete (e.g., strength development, 
heat liberation), developed a model that assumed 
an induction period at the early stages of C3S 
hydration followed by a diffusion-controlled 
stage. Kinetic models for C3S and S-C2S hydra
tion were also proposed by Fuji! and Kondo (12, 
74).

2.1.4 Proposed Mechanism of Hydration

■ The following concepts describe processes 
during the induction and acceleration periods 
of C3S hydration:

o C-S-H nucleation
o CH nucleation 
o Osmotic pumping
o Crystal defects.

Table I reviews the different theories on the 
three main stages of hydration.

An appropriate mechanism should be able to 
explain the effects of experimental variables on 
the hydration of C3S. TalPe II lists the pre
dictions of the various m= ■’■anisms for some of 
the variables discussed above. Based on the 
reported experimental data and on Taylor’s ideas 
reconciling some of the conflicting views (1), 
we propose the following mechanism of C3S hydra
tion.

Stage 1. Initial hydrolysis with water causes 
protonatipn of to 0H~, SiO.’- to 
^SiO^'11- \ and Ca^"*" to Ca2+(aq). Hy
drolysis occurs preferentially at ac
tive sites, and the number of such 
sites determines how rapidly this proc
ess occurs. As Ca2+ and OH- prefer
entially leach into solution, a surface 
layer reaction product forms that can 
be best described as an assembly of 
silicate ions, such as ^SiO^ and 
H^Si^Oy-, held together mainly by hy
drogen bonds and a few calcium ions 
(Fig. 7). This layer is certainly amor
phous and bears no resemblance to the 
original crystal structure. It may 
not be very rigid and might tend to 
imbibe water and swell (the imbibition 

, pressure which causes swelling is
similar to an osmotic pressure, but 
does not require a specific seml-perme- 
able membrane). Charge balance is 
maintained by loss of Ca2+ into solu
tion to compensate for H"1" taken up from 
the water during hydrolysis. An ele
ctrical double layer sets up between



Table I

COMPARISON OF MECHANISTIC CONCEPTS 
FOR C3S HYDRATION

Initial Hydration (i) 1st hydrate (CjSHn) Congruent dissolution
(Stage 1) (ii) Chemisorbed layer (^.gSH,,) Incongruent dissolution 

Ca adsorbed on silica-rich 
hydrolyzed layer

(iii) Semipermeable membrane C-S-H Ca(OH)2 + Si2O76"

(iv) No specific retarding layer Change in solution composition 
Change in active sites

(v) Semi-liquid layer (C<1SHn)

Induction Period (i) C-S-H Nucleation Control 2nd hydrate C^^ gSHn (acicular)
(Stage 2) (ii) CH Nucleation Control Acicular C-S-H also C^ g_2 'QSHn

(iii) Osmotic Pumping Osmotic pressures burst coating.
C-S-H same composition as membrane

(iv) Crystal Defects Nucleation of C-S-H at active sites

Acceleration Period 
(Stage 3)

(i) Growth of C-S-H Heat peak due to renewed hydration 
of C3S and formation of C-S-H. 
CH is a by-product

(ii) Growth of QI and C-S-H Heat peak due to growth of CH 
which controls renewed hydration 
of C3S

Table II

EXPLANATION OF VARIABLES THAT AFFECT HYDRATION OF C,S 
IN TERMS OF PRINCIPAL HYDRATION MECHANISMS 1

Variable C-S-H Nucleation (H Nucleation Osmotic Pumping Crystal Defects

Temperature Affects nucleation 
of 2nd hydrate

Affects initial rate 
of hydrolysis;
thermal shocking may 
accelerate hydration

Affects initial 
dissolution of C,S 
and build-up of J 
osmotic pressure

Affects rate at 
which reactive sites 
react. Quenching from 
kiln temperatures -\ 
affects initial number 
of sites

Effect of 
adding Ca(0H)2

Retards by inhibiting 
nucleation of second 
hydrate

Should shorten 
induction period, 
but crystals may be 
poisoned. Not 
always retarding

No predicted effect. 
Might assist in. 
development of membra 
and might influence 
development of osmot: 
pressure

No predicted effect

ne

c

Effect of 
adding CaCl2

Promotes nucleation 
of second hydrate

Shortens induction 2+ 
period by adding Ca4 
and reaching 
supersaturation 
sooner

Not predicted Not predicted, but may 
affect reactivity of 
active sites

Effect of 
adding a retarder

Not predicted Lengthens induction 
period by inhibiting 
crystal growth. 
Higher supersaturatior 
is required.

Not predicted Active sites inhibited 
by adsorption of 
retarder molecules

Effect of adding 
amorphous SiO2

Aids nucleation 
of second hydrate

Initial formation of 
C-S-H will occur 
which may prevent 
poisoning of CH

Not predicted 
but might aid 
membrane formation

Not-predicted .
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the relatively mobile Ca^+ and the im
mobile silicate surface layer, and is 
observed as chemisorption»

A=H3SiO4" cxl= H^S^O,2

Fig. 7 Initial hydrolysis of C3S.

Stage 2. The surface layer first formed in Stage 
1 continues to develop, and Ca^+ and OH" 
ions continue to pass into solution. 
But the process Is slow because the 
ions must pass through the electrical 
double layer. The characteristics of 
the double layer will be affected by 
the concentration of Ca-+, t.e., ions 
will move more readily through a dif
fuse double layer (solid line. Fig. 
8) than through a condensed layer 
(dotted line. Fig. 8). Nuclei form 
from assembly of atoms in solution, 
but are not able to reach the critical 
size necessary for growth. The nuclei 
contain Ca2+, 0H“, and silicate tons, 
and will form either CH or C-S-II.

Fig. 8 Variation of double layer with Ionic con
centration In solution. - -

Stage 3. Ionic concentrations in solution become 
large enough for the nuclei to grow. 
Growth is first observed when the solu
tion becomes supersaturated with re
spect to calcium hydroxide, and occurs 
close to the surface of the grain where ■ 
ionic concentrations are highest (Fig. 
9). Growth of C-S-H Is confined to the 
surface because of the difficulties in 
transporting silica (surface raecha- 

. nlsm). Mostly small particles form be
cause of lack of silicate movement. 
Growth of CH may occur initially at 
the surface, but some crystals also 
form in the pores away from the grains. 
These grow more rapidly because of lack 
of space constraints, and eventually 
consume most of the smaller crystals 
near the surface. Growth of CH is con
trolled by the supersaturation of the 
liquid phase. Growth is firsC a
chieved at the end of Stage 2, but 
continues even during Stage 3.

Fig. 9 Nucleation and crystal growth at the end
of the Induction period.

Stages 4 Rapid Initial growth of CH and C-S-H 
and 5. slows down as supersaturation decreases.

, Most initial growth takes place out
side the original grain boundaries in 
the water-filled space. Later growth 
(see Fig. 10) takes place within the 
original grain boundaries (hence this 
C-S-H Is often called the "inner prod
uct"). The interface and Si-rich layer 
move Inward, and C-S-H precipitates 
predominately beneath the outer aclc- 
ulae because these act as a barrier to

' ionic transport. However, some addi
tional growth of actculae will occur

' during the Initial period of Stage 4. 
The morphology of the inner C-S-H will 
be different because of lack of space 
and changes in ionic concentrations 
(solutions are no longer highly super
saturated). The composition of inner 
C-S-H may also change because of 
changes in ionic mobility and space 
restrictions. Thus, inner and outer 
C-S-H may be quite different, or there 



may be a structural and compositional 
gradient through the C-S-H layer.

Fig. 10 Formation of Inner product C-S-H.

2.2 Dicalcium Silicate

Dlcalclum silicate Is one of the most Im
portant components of portland cement clinker, 
where It exists mostly as the metastable B poly
morph, stabilized by the presence of Impurities. 
Because the hydration rate of B-C2S is low com
pared to that of C3S (alite), B-C2S does not 
play an important role in the development of ce
ment properties during the early stages of cement 
hydration. Consequently, only very limited re
search Is focused on this clinker mineral. -How
ever, in view of Its substantially lower temper
ature of formation compared to C3S, and the sub
sequent possibility of energy savings, more in
terest in the chemistry of C2S has been shown 
recently. It should also be noted that the hy
dration products of C2S play an Important role 
in the development of the ultimate engineering 
properties of mortar and concrete. Hydration 
of C2S polymorphs has been recently reviewed 
(75,76).

2.2.1 Hydration of Y-CyS

The Y-form is known to be the least reactive 
C2S polymorph at ambient temperature. Under nor
mal conditions, it is not found in industrial 
clinkers. Danilov (77) explains the differences 
in the rates of hydration of clinker minerals in 
terms of the electronegativities and lonic/cova- 
lent character of Ca-O-X bonds, and states that 
the low reactivity of Y-C2S is caused by in
adequate saturation of the liquid phase and sub
sequent low probability of formation of C-S-H 
nuclei. Others attribute the low reactivity of 
Y-C2S to the regular coordination of its cal
cium ions with oxygen atoms tn the olivine-type 
(Mg2S104) orthorhombic structure, to the absence 
of holes of atomic dimensions, or to the dif
ferences in hydration mechanism between the Y 
and ß forms. In the view of Sychev et al. 
(78), the limited hydration of Y-C2S proceeds by 
a "through solution" mechanism, whereas ß-C2S re
acts by a "topochemical" mechanism. Lea (79) 
questions some of these explanations for the 

relative reactivity of C2S polymorphs. He ar
gues that the absence of "holes" and a highly 
coordinated structure are much less important 
than the Impurities used to stabilize the high- 
temperature polymorphs for the hydration studies. 
He uses the highly reactive C3S (six-coordinated 
Ca-ions) and very soluble NaCl (no "holes" in 
its structure) to prove his point. There is no 
accepted and experimentally proven explanation 
for the differences in the reactivity of the 
various polymorphs. Any future mechanistic re
search would have to consider all the above fac
tors.

DTA and IR investigations by Bensted(80) 
of FeO-stabillzed and pure Y-C2S have shown that 
the Y-form does hydrate to form C-S-H and calcium 
hydroxide, but that the rate and degree of hydra
hydration is much lower than for the other poly
morphs, especially ß-C2S. The C-S-H was sim
ilar to that formed by the hydration of a, 
a", and B modifications. At the end of five 
years, only approximately 20-25Z of the material 
had hydrated. At elevated temperatures, espe
cially in the presence of steam, Y-C2S is 
known to react rapidly to form various calcium 
silicate hydrates (81). Y-C2S also reacts rap
idly with high concentrations of CO2 (82), near
ly as rapidly as B-C2S under the same condi
tions.

2.2.2 Hydration of ß-C?S

Effect of Solid Substitutions

Pritts and Daugherty (83) studied the effect 
of incorporation of small quantities of metal 
oxides (V54", Cr64", B3+, S6+, Na"1", K+) on the 
rate of ß-C2S hydration, and developed a mod
el relating B-C2S to the charge/radlus ratio of 
the stabilizing metal ion. As expected, they 
found the hydration of B-C2S to be temperature 
dependent and the activation energies of the ac
celeration stage of hydration to be 14 and 12 
kcal/mol for the Cr203~doped and pure C2S, re
spectively. According to these authors, the da
ta were consistent with a silicate polymeriza
tion rate-determining step for the acceleration 
stage of hydration. They concluded that, al
though it is possible to significantly alter the 
hydration rate of B-C2S by doping it with metal 
oxides, it still hydrates much more slowly than 
C3S and undoped B-C2S. Their data showed that, 
in all cases, both the calcium and slllcon-sub- 
stltuted samples hydrated at lower rates that 
were inversely proportional to the charge/radlus 
ratio. They concluded that partial replacement 
of C3S (alite) in industrial clinkers by activa
ted B-C2S was not possible — a view which is 
not universally accepted. '

In a related study. Maycock and McCarty (84) 
explored the mechanism of B-C2S stabilization by 
metal oxides and discussed the subsequent re
activity of the doped product. Using a solid 



state physics approach — Interpreting the e— 
lectrical conductance of the solids — they con
cluded that generation of point defects by ad
ding iapurities is not as important to the sta
bilization process as is the precipitation of 
impurity phases during the cooling process» 
The influence of lattice defects, generated by 
mechanical grinding and heating of B-CjS (and 
C3S), was studied by Maycock et al» (14) and 
Opoczky and Juhasz (85)» Maycock et al. showed 
that lattice imperfections influenced both the 
pre—induction and the induction stages of hydra
tion by enhancing the diffusion of ions within 
the solid particle. They argued that introduc
tion of lattice defects in the unhydrated solid 
could not affect the solution processes or the 
diffusion through a "first hydrate** layer» 
Using thermoluminescence and quadrupole mass 
spectrometry, Fierens and Trllocq (86) have 
Shown that the differences in the rate of hydra
tion of 8 and Y modifications are not related 
to the very first stage of hydration (chemi
sorption of water on the anhydrous surface) be
cause the sorption of water vapor is the same 
for both polymorphic forms.

Reaction Mechanisms

It is our opinion that the experimental 
evidence Indicates substantial similarities be
tween the hydration mechanisms of C3S and 
8*^2^’ ^te different hydration rates are be
lieved to be a consequence of the differences 
iii crystal structure between the two silicates. 
Therefore, the hydration of ß-CgS an<^ ^38 can 
be discussed in similar mechanistic terms. Ma
jor differences are the lack of high super
saturation with respect to CH and the low rate 
of heat evolution, which makes it difficult to 
study the reaction calorimetrically. The over
ran composition and morphology of C-S—H formed 
from C2S and C3S appear to be similar, but 
there are definite differences In micro-struc
tural details (87)..

Tong and Young (88) have shown that, during 
hydration of 8-028, the rate of release of ionic 
species is slow, with a consequent low degree of 
supersaturation and slow increase in the ionic 
product, R^p[CH]« If, as is assumed, the degree 
of supersaturation Is related to the nucleation 
of CH and C-S-H, then the small supersaturation 
observed for 8-C2S will mean slow rates of hy
dration. It has been found (87) that larger CH 
crystals are formed in 8-C2S than in C3S 
pastes, as would be expected from a low degree 
of supersaturation. With small a®)unts of C3S 
in the 8-C2S, the crystallization of Ca(0H)2 
and, thus, the 8—C2S hydration proceed at a 
higher rate (89) because the faster hydrolysis 
rate of 'C3S essentially restores the high de
gree of supersaturation needed for rapid for
mation and growth of nuclei.

The usefulness of liquid phase studies has 
also been demoostrated recently by Fuji! and

Kondo (74). They consider the early hydration of 
B-C2S and C3S to proceed in a similar manner. 
After initial congruent dissolution of the sili
cate, water molecules adsorb on the surface of 
the particles, and "CSH(I)" precipitates from 
solution, thereby causing a decrease in silicate 
ion concentration. Eventually, nuclei of calci
um silicate hydrate, with a time-variable C/S, 
form and grow on the surface of the particles, 
while Ca2^ and OH- diffuse into the solution 
and cause*a supersaturation with respect to cal
cium hydroxide. At the maximum supersaturation 
(~80 hours after contact with H2O), the hy
dration of B-C2S, unlike that of C3S, starts to 
accelerate; when the degree of hydration reaches 
approximately 20%, deceleration, followed by a 
renewed acceleration, is observed.

In saturated lime solution, the deceleration 
stage was found to be more pronounced, but no 
explanation for this phenomenon was given. Based 
on liquid phase and microscopic experimental data, 
and several assumptions (some of them, unfortu
nately, contradicted by experimental evidence, 
e.g., fixed C-S-ll composition Independent of time 
and temperature of hydration, and congruent dis
solution of B-C2S), the authors conclude that 
1) the early 8-C2S hydration may be a "propagative 
surface-nucleation-growth reaction," 2) the sec
ond acceleration stage is peculiar to B-C2S, and 
3) in contrast to C3S, the precipitation of CSH(I) 
at the very early stages of interaction with water 
does affect the hydration rate.

Recently, @-€28 hydration was studied (90) 
using ESCA and high-resolution SEM» As has been 
reported for C3S (13), non-uniform etching of the 
surface was observed. Hydration products were 
observed on the surface at times as short as 15 
seconds after contact with water (Fig. 11).

Fig. 11 Stereomicrograph of hydration products ob
served on the surface of 8-C2S, after 
15 sec of hydration at 25OC« Scale:

0.1 ym



Influence of Admixtures and Special Treatments

Compared to the voluminous literature on the 
effect of admixtures on the hydration of tri
calcium silicate and cement, relatively few stud
ies have been performed in recent years on the 
hydration of dicalcium silicate in the presence 
of admixtures.

Effect of Calcium Chloride. It is assumed that 
the effects of CaC12 on the hydration of 
B-C2S and. C3S are similar (43,44), although 
mechanistic interpretations are virtually nonex
istent. It is generally agreed, however, that 
CaC12 accelerates B-C2S to a lesser degree 
than C3S. According to Zharov and Demel (91), 
the dissolution of B-C2S in the initial stages 
of hydration, both with and without CaC12, 
Is incongruent. This result contradicts data 
given by others (11,74,84). The authors (91) 
found the 28-day strengths of CaC12“doped C2S 
pastes to be 10-15 percent higher than those 
of chloride-free samples, whereas Young and Tong 
(87) did not observe significant differences in 
tensile strength. Klyusov et al. (92) studied 
the effect of CaC12 and NaCl upon B-C § hydra
tion at temperatures of 20°, 5°, 0“ and —5°C.
As expected, the rate of reaction with water at 
lower temperatures decreased, and NaCl, but not 
CaC12, decelerated hydration. Young and Tong 
believe that, as In the case of C3S, CaC12 con
trols the composition of the solution.

Effect of Carbonation. Studies of the effect of 
CO2 on calcium silicate hydration. Initiated in 
the early 1970's (93-95), have been continued. 
The most recent work published on carbonation 
of B-C2S and C3S was by Goodbrake et al. (70, 
96). As was the case for C3S, the B-C2S re
action with CO2 and water followed a decreasing
volume, diffusion-controlled kinetic model. The 
activation energy of this exothermic reaction was 
found to be approximately 17 kcal/mol and the heat 
of formation -44 kcal/mol. The degree of carbon
ation Increased with increasing reaction tempera
ture, particle surface area, reaction time, rela
tive humidity, and partial pressure of CO2. The 
ultimate reaction products were identified as 
aragonite and silica gel. In the presence of 
water vapor, only very small amounts of C-S—H 
were found in the early stages of•carbonation; 
but, when liquid water was present, considerable 
quantities of C-S-H were formed (96). It is 
believed that the initial reaction is;

C2S (or C3S) + (2-x)C + yH * CxSHy + (2-x)CC (9) 

followed by carbonation of the C-S-H:

CxSHy + xC ♦ SHy + xCC. (10)

The reaction is similar to Equations 6 and 7 
for C3S, and the composition of the initial 
C-S-H is probably similar to that formed in 
ordinary hydration. Calcite is now the pre
dominate form of calcium carbonate.

Highly reactive B-CpS. Roy and co-workers (97, 
98), using the evaporative decomposition of solu
tions (EDS) technique, succeeded in preparing 
B-C2S with a reactivity 10 times higher 
than that of a comparable, conventionally prepared 
B-C2S. By pumping a fine mist of solution of 
Ca(NO3)2*aq and colloidal S102 into a long hot 
zone at a temperature of 750° to lOSO’C, they 
formed C2S by the reaction:

2Ca(NO3)2 + 8102 * C2S + 4N0x" C11)

Similar experiments were done with CaC12. The 
preliminary data showed that the quality of the 
C2S formed depended on the choice and concentra
tion of the feed solution and on the temperature 
of its decomposition. Attempts to form C3S at 
low temperature failed: a feed solution of C:S ■ 
3:1 yielded C3S only at temperatures above 1250°C.

Under hydrothermal conditions, the B-C2S 
produced by EDS was found to be much more reactive 
than than B-C2S prepared by usual techniques 
(99). Reactive, finely divided 8-028 has also 
been obtained (100) by calcining carbonated wol
lastonites at 700-900°C.

2.2.3 Hydration of a'- and a-OpS

As is the case with the Y and B polymorphs, 
the reactivity of the high-temperature a' and a 
forms depends on the impurities used to stabilize 
the structure. Although earlier studies reported 
the «-028 to be non-reactlve, Ono et al. (101) 
showed that doped o' and a forms could react with 
water.

According to Bensted (80,102-104), o'- and 
a-C2S are less reactive than the B form but much 
more reactive than the Y-C2S. It has been re
ported that the reactivity of the C2S polymorphs 
can be correlated with the concentration of lat
tice defects (105); the density of pits in the 
etched surfaces was found to be ß-C2S> a*-C2S 
> a-C2S. This finding does not agree with those 
reported by Maycock and McCarty (84).

Jelenlc et al. (106) found B203~doped a'-C2S 
more reactive than a comparable sample of B-C2S: 
both the degree of hydration and the compressive 
strengh were found to be higher in the a' form. 
Using electron microscopy and diffraction techni
ques, the authors attributed the larger reacti
vity of «’-€28 to differences in crystal imper
fections.

The reactivity of a- and a--028 thus must be 
considered to be sensitive to specimen-specific 
conditions, such as its thermal history, and 
type and level of stabilizing oxides. It is 
possible that exsolution of Impurities during 
the phase transformations at lower temperature 
could cause reactive grain boundary precipitates 
as well as crystal defects.



2.3 Tricalcium Aluminate

2.3.1 Mechanisms of Hydration

A well-established theory is that the rate
controlling step of C3A hydration is diffusion 
through a layer of "hexagonal hydrates* (C4AHJ3 
and C2ÄHg), which forms rapidly at the surface of 
each grain (107). Since these hydrates convert 
rapidly to C3AH5 — due to the large heat of 
hydration of C3A which raises the temperature of 
pastes to critical levels —— this barrier does 
not persist, and the C3A rapidly hydrates 
completely, primarily to CjAHg.

Corstanje et al. (107) have deduced from 
studies of mixtures of C3S + C3A + CSHj that 
the primary cause of C3A retardation is not the 
sulfate Ion but the precipitation of amorphous 
A1(OH)3 on the surface of the C3A grain. The 
formation of the hexagonal hydrates (C4AH33, "
C4ÄSH32» nnd their solid solutions) provides an 
"insulating layer” that Isolates each grain from 
the bulk of the solution. This layer is not 
sufficient In itself to severely retard C3A 
hydration since water and ions can move through 
it. However, their flow is sufficiently slow to 
allow the solution beneath the layer, in contact 
with the surface, to maintain a different 
composition from the bulk. Thus, subsequent 
formation of C4AH33 depletes the solution in 
contact with the C^A grain in Ca^"*", thereby 
causing Al(0H)3 to precipitate:

4C3A + 24H

+ '

12Ca2+ + 8A1(OH)4~ + 160H~

♦ H

3C4AH13 + 2Al(0H)3. (12)

Although C4ASH32 can act as an "insulating 
layer", its formation will not cause the 
precipitation of AH3 since CaZ+ Ions are 
supplied by the gypsum present. Breakdown of the 
insulating layer, e.g., by conversion to C3AH6, 
will cause the AH3 layer to be broken down by 
the high concentrations of Ca2+ ang 0H~ in the 
bulk solution, and C3A will continue to hydrate. 
In the absence of sulfate ions, this happens 
quite readily.

■ It can be seen from Fig. 12 that the conduction 
calorimetric curves can be quite complex and are 
significantly Influenced by the different amounts 
of C3S and gypsum present. Evidence is presented 
for a sequence of unusual reactions that occur in 
the presence of these additional compounds:

C3ÄH6 + CH + 6H ♦ C4AH13 (13)

C3A + 6H ♦ C3AH6 (14)

3C4AH33 * 3C3AH6 + 3CH + 18H. (15)

The last reaction gives an endothermal effect (Fig. 
12). This sequence apparently is most noticeable 
at intermediate gypsum additions for reasons 
that are not clear. If the insulating layer were 
not present, then the diffusion of ions Into the 
surrounding solution would not allow concentra
tions sufficient for the precipitation of AH3 
when C4AH33 first forms. Periodic breakdown 
of the insulating layer, e.g., by conversion to 
C3AH5, would allow the AH3 retarding layer - 
to be attacked by Ca2+ and 0H~ in the bulk 
solution, and C3A would continue to hydrate.

Tadros et al. (108) suggested that retardation 
by the hexagonal hydrates does not play a significant 
role. They studied the kinetics and stoichiometry 
of C3A dissolution in water and HC1 and found 
initial dissolution to be incongruent by both 
solution and surface analyses: more calcium 
and fewer aluminum ions were released into 
solution compared to the stoichiometry of C3A. 
In the experiments in which C3A was reacted 
with HC1 solution, an induction period was ob
served, at the end of which the pH rose sharply 
(Fig. 13). The authors suggested that the pri
mary retardation of the dissolution was caused 
by formation of an Al-rich layer, and that the 
induction period represented the process respon
sible for the removal of the Al-rich layer. 
The time required for these processes to occur 
was long in the presence of HC1 but was short 
when C3A was reacted with neutral water. 
Hydrolysis of Al^* to form polynuclear complexes 
such as [Alg(0H)2Q] + and Al(0H)4 may re
present such processes.

Both of these theories, while ultimately 
predicting the formation of some kind of aluminum 
hydroxide, approach the problem from quite differ
ent perspectives and mist be considered to be 
speculative at this time. Surface analysis, high 
resolution SEM, thermal analysis, and solution 
chemistry will all have their part to play in 
unraveling the complexities of C3A hydration, 
particularly the early formation of precipitates. 
The initial formation of an amorphous gel, first 
observed by Breval (109) (see Fig. 14), is perhaps 
pertinent here. It can be considered to be 
either AH3 or the precursor of C4AH33 through 
reaction with Ca^+ and OH- from solution. Knowing 
that crystalline hexagonal hydrates grow from 
the gel layer, we may not be have to Invoke the 
special conditions of precipitation suggested 
by Corstanje et al. (107).

The exact role of the Al-rich layer In the 
overall hydration of C3A is not yet clear. Does 
it persist through the hydration process, or is 
it no longer capable of forming once C3AH5 
nucleates and grows? In pure water, the induction 
period will be quite short, as observed by Splerings 
and Stein (110), and the gel (or aluminum hydroxide) 
may be responsible for the later retardation of 
C3A. To further understand the consequences 
of Initial hydrolysis and early formation of 
precipitates, we will need to investigate this 
part of the reaction in considerably greater 
detail, drawing on a wide range of solid state
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(a)

Fig. 12 Conduction calorimetric curves fo^r 
pastes containing C3A, CjS and CSHg 
(adapted from ref. 107): (a) Variable 
C»A:CjS weight ratios, no CSM», 
(b) Variable CjAiCjS weight ratios at 
constant CjAiCSHa weight ratio of 25:1

Fig. 13 Rates of dissolution of CjA in 0.155 M HC1, 
with and without gypsum (adapted from 
ref. 108)

Fig. 14 Formation of gel on the surface of 
hydrating CaA (ref. 109)



analyses. These early reactions are of considerable 
iaportance In characterizing the retardation by 
sulfate ions and organic roolecules.

2.3.2 Hydration Products

Breval (109) has exhaustively studied the 
sequence of product foraation in CjA hydration 
and h^ confiraed the overall findings of numerous 
early studies. She has, however, developed some 
new interesting details (see Fig. 15). Gel 
foncation is apparently the precursor of the 
hexagonal hydrates, which grow first as thin, 
irregular flakes with poor X-ray diffraction 
patterns. With time, these flakes can grow to 
better crystallized, hexagonal forms, but this 
process competes with the transformation to 
C3AH5 at normal ambient temperatures. Breval 
suggests that thin hexagonal plates, tdiich are 
observed only at low hydration temperatures, may 
be formed from a secondary precipitation process 
rather than by growth from the gel. According to 
Breval’s data, C3AH5 forms at or below 20QC, 
somewhat lower than the generally accepted trans
formation teniperature. This may well indicate 
that even when very small quantities of C3A are 
hydrated i^ large quantities of water (~2 mg 
C3A/IOO ng water), local temperature rise at the 
surface of grains may nucleate C3AH5 in the gel 
layer. The fact that C3AH5 has been reported in 
pastes hydrated as low as —5°C (111), where its 
formation is excluded thermodynamically, lends 
credence to this view. Once nuclei have formed, 
it is likely that they can slowly grow at this 
low temperature to fora large Isolated crystals. 
The gel persists above 60*C as a transient phase, 
but then C^AH^ forms directly' from C3A as an 
aggregate, or matrix, around the grain. Breval1s 
data re-eaiphasize the importance of the heat of 
hydration in controlling the hydration products 
in small quantities of pastes or slurries (w100

C3A/IOO—500 H2O), since C3AH5 is the
major hydration product even at Simulating
the hydration of C3A under conditions that 
might approximate those of a cement paste would 
consequently present considerable difficulties.
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Figure 15. Sequence of formation of C3A hydra
tion products (adapted from ref. 109).

2.3.3 Effect of. Prehydration

Another topic of potential technological 
significance is the effect of prehydration of 
C3A upon contact with wateo vapor. This phenomenon 
can have a profound influence on the subsequent 
performance of the cement because changing the 
course of C3A hydration can affect the sulfate 
balance and the way admixtures interact with 
cement. Since no liquid water is involved, at 
least some of the C3A can Interact without 
sulfate ions being present, as was found by Breval 
(112,113). From this study, she concluded that, if 
the bound water (W^) is less than 3X, the hydration 
products formed do not interfere with subsequent 
hydration in water. If, however, > 3Z, the 
hydration products profoundly influence the 
products during subsequent hydration, leading 
primarily to the formation of C3AH5.

Wittmann (114), using thermoluminescence 
to study the vapor hydration of C3A, has reported 
that initially metastable hydration centers are 
created, which can be destroyed by subsequent 
heating or drying. With increasing relative 
humidity, these centers become stable. No other 
studies of this nature have been reported, although 
the Influence of prehydration on the subsequent 
reaction with sulfates and other admixtures is 
clearly of interest. Studies of prehydration 

could be quite valuable in helping to elucidate 
hydration mechanisms.

2.3.4 . Effect of Admixtures

Alkalies

It is now well known that sodium can sub
stitute readily in C3A, thereby inducing different 
crystal modifications. There seems to be general 
agreement (110,115-117) that the reactivity of 
C3A markedly decreases as the Na20 content in the 
crystal increases. This has been attributed (116, 
118) to the formation of a less reactive structure 
as Na"*" ions fill the holes in the lattice. Splerings 
and Stein (110), on the other hand, believe that 
the lower reactivity is due to the effects of Na+ 
after it is released into solution. When NajO 
was incorporated into C3A, the time of conversion 
to C3AH6 during hydration, as observed by calorimetry, 
increased considerably, and the size of the heat 
peak was markedly reduced. With Increasing Na20 
content, this effect was much less pronounced.

To further understand the reactions, Splerings 
and Stein (110) hydrated pure C3A in various 
concentrations of NaOH, The calorimetric data 
were rather complex and suggested that both OH- and 
Al(OH)^ were influencing the reaction, but the 
effects appeared to be independent of the cation. 
As the concentration of NaOH increased up to 
0.1 M,’the early reactivity of C3A decreased 
markedly. On the basis of conductivity measurements, 
this result was attributed to the precipitation 
of a retarding, amorphous Ca(0H)2 precipitate, 
promoted by the highly alkaline conditions. The 
formation of Al(OH)^ would, in this case, tend 



to prevent precipitation of AH3 and to favor 
the formation of C2AHg rather than C4AH33. The 
calorimeter peak corresponding to conversion to 
C3AH5 became Increasingly retarded and smaller 
as NaOH was added, suggesting that the hexagonal 
hydrates, or gel, were stabilized with respect to 
C3AH5. This peak occurred earlier at high 
concentrations of NaOH, and it also became 
sharper, although the area under the peak did not 
change very much. Spierlngs and Stein (110) 
attributed this result to the decreasing stability 
of the hexagonal hydrates, but their calorimetry 
data Indicated that the overall hydration of 
C3A decreased as the concentration of NaOH in 
solution Increased.

Sulfates

Tadros et al. (108), Skalny and Tadros (119), 
and Mehta (120) have recently questioned the 
role of ettringite in the retardation of C3A by 
sulfate ions. In studies of the dissolution of 
C3A in acid media, it was found (108,119) that 
the induction period, discussed above (Fig. 12), 
was significantly Increased in the presence of 
sulfate ions. This was attributed to the adsorp
tion of sulfate ions on the positively charged 
surfaces, and a Langmuir-type adsorption Isotherm 
was found to apply. Increasing the concentration 
of sulfate ions resulted in a decrease in the 
positive surface charge, but charge reversal did 
not occur. ' At the concentrations used, no pre
cipitation of ettringite was observed, although 
substantial retardations were found. Similar 
results were obtained with additions of CaSO^ 
or NajSO^

Fierens et al. (121) observed from 
thermoluminescence studies that the Initial 
reactivity of C3A did not influence its reaction 
with gypsum, in contrast to its behavior in pure 
water. This observation could be explained by a 
rapid adsorption of sulfate ions on active surface 
sites. For C3A in cements, Locher et al. (122) 
found an induction period lasting several hours, 
which was independent of sulfate concentration 
(the clinkers contained some alkali sulfates) 
and the formation of ettringite and hexagonal 
hydrates (monosulfoaluminate?).

Collepardi et al. (123) have challenged 
these coriclusions in a new study of the system 
CgA-CH-CS^-H. They observed that retardation 
of C3A, as determined by Isothermal conduction 
calorimetry and by DTA, occurred only when 
ettringite was formed. Thus, when Na2S(>4 was 
added, there was little early retardation because 
ettringite did not form. The effect of the 
sulfates on later hydration is not clear from 
this study. Retardation was greatest when both 
CSH2 and CH were present, a fact attributed to 
the presence of small, colloidal-sized crystals 
of ettringite that form under such conditions 
(124,125). Mehta (124) suggests that this is a 
gel-like form of ettringite. It is noteworthy 
that, in such systems, a gel-like coating ap
parently precedes the growth of identifiable 
ettringite crystals (126) and appears remarkably 

similar to that observed by Breval (109) in 
sulfate-free systems.

Corstanje and co-workers (107) took a slightly 
different point of view. At S/A molar ratios • 
where ettringite can be detected, retardation was 
observed; but, at S/A ratios^ less than 0.10, when 
ettringite does not form, CSH2 tended to promote 
C3A hydration. As discussed above, monosulfo
aluminate can form an "Insulating layer," but 
its formation does not promote AH3 precipi
tation to the same extent as C4AHJ3 formation.

These various studies come to disparate 
conclusions; clearly, more work needs to be done 
to clarify the situation. As in the case of 
sulfate-free hydration, the evidence indicates 
that, after the initial hydrolysis, a gel forms 
which can cause retardation. In this case, the 
gel undoubtedly contains S0^- ions, and the 
relative proportions of calcium, aluminum, and 
sulfate may well determine how readily the gel 
may recrystallize to other hydration products — 
ettringite, hexagonal hydrates, or C3AH6. 
Such a hypothesis is an extension of that suggested 
by results of studies on sulfate-free systems and 
considers ettringite formation to be the process 
following the initial retardation.

The apparent contradiction between the 
studies discussed here can be reconciled if it is 
remembered that the conditions of hydration were 
very different. Skalny and Tadros (119) studied 
suspensions, whereas Collepardi et al. (123) 
studied pastes. A brief induction period of 
about 15 sec was observed (126) in pastes and 
could well have occurred in Collepardi*s systems 
also. Corstanje and his associates investigated 
C3A hydration in the presence of C3S, and 
Locher et al. studied C3A in portland cement. 
It might be useful to consider three sequential 
retarding steps, any one of which may be the 
dominant mechanism for a given set of conditions:

1) Formation of a hydrolyzed double layer, 
which is Important in dilute suspensions

2) Formation of an amorphous hydration product 
(gel), which may be most Important in cement 
pastes

3) Formation of ettringite, which dominates 
retardation in pastes of C3A and gypsum.

Recent studies (126,127) have confirmed 
earlier observations that monosulfoaluminate may 
form even when gypsum is still present. Evidently, 
the crucial factor is the reactivity of C3A 
compared to the rate of release of sulfate ions 
from the gypsum crystals, l.e., the sulfate 
balance must be assessed from a kinetic viewpoint 
as well as from stoichiometric considerations.

Chlorides

Although calcium oxychloride has not 
been recognized as a normal hydration product of



Organic Admixtures
C3A In the presence of chlorides. Its formation 
has been reported by Lepnev et al. (Ill) in pastes 
containing CaC12 — but not NaCl. However, 
Traetteberg and Grattan—Bellew (127) confirmed 
earlier conclusions that C3A*CaC12*10H2O 
forms along with C4AH33, and that the formation 
of oxychloride is dubious, pr, at best, occurs 
only under special conditions. C3A*CaC12*10H2O 
has an X-ray diffraction pattern very similar to 
that of C4AH13, and a solid solution may exist 
between the two (127). The chloroaluminate 
hydrate may be mistakenly Identified as n-C4AH23. 
Calcium chloride accelerates the formation of 
ettringite (127). With high proportions of 
chloride (16 wt.Z), the chloroaluminate ■ 
hydrate forms before ettringite converts to 
monosulfoaluminate. This finding agrees with 
previous results of Tenoutasse (128).

Other Inorganic Admixtures .

Holten and Stein (129) studied the effects of 
finely divided quartz on the reactions between 
C3A and CSH2 under conditions where ettringite 
was the stable phase. They found that the quartz 
significantly increased the rate of reaction of 
C3A and concluded that this was primarily due 
to the formation of ettringite on quartz parti
cles, which prevented it from acting as an "In
sulating layer" of the type described earlier. 
This explanation ignores the possibility of any 
reaction between quartz and the solution, 
even though some chemical activity might be 
expected. A similar phenomenon might be expected 
in the case of natural pozzolanic silicas, but, 
in this case, the initial reaction of C3A 
was retarded compared to that with quartz (130). 
The effect of the pozzolans was to increase the 
conversion to C3AH5 In gypsum-free systems, and 
to Increase the rate of consumption of calcium 
hydroxide whether or not sulfate was present. It 
is even more likely in this case that the silica 
was chemically active In the system, and it 
is thus tempting to attribute the accelerated 
consumption of CH to the formation of calcium 
silicoalumlnate hydrate, recently reported by 
Regourd et al. (131).

Tashlro and Oba (132) reported that oxides 
that retarded the hydration of C3A (e.g., Cu(0H)2 
and ZnO) stabilized the hexagonal hydrates with 
respect to C3AH5, while those that accelerated 
hydration (e.g., PbO) increased the rate of 
conversion. This result is analagous to the 
influence of organic admixtures (133). Both 
Cr2°3 (132) and CaCrO4 (134,135) also retard the 
hydration of C3A. The effect of CaCrO4 Is 
attributed to the initial formation of the chromate 
analog of ettringite, which later transforms to 
the hexagonal C3A«CaCrO4’nH2O. The X-ray 
diffraction pattern of this compound appears 
to be similar to that of C2AHg, and the peaks 
attributed by Tashlro and Oba to C2ÄHg may 
actually result from the presence of C3A* 
CaCrO4*nH2O or the cuprate and zincate 
analogs. TI2CO3 retarded the reaction of C3A 
with gypsum (136), and calcium carboaluminate 
hydrate was detected in the system.

Ramachandran (137) reported that trietha
nolamine accelerated the hydration of C3A both 
with and without sulfate, increasing the amount 
of CgAHg or ettringite formed in the first few 
minutes. No changes in the nature of the hydra
tion products were observed. Milestone (138) 
showed that sugar acids such as gluconic acid, 
which are formed as oxidation products of sugars, 
were very effective retarders of C3A hydration. 
Gluconic acid was about 10 times more effective 
than glucose, for example. The retarding power 
of commercial lignosulfonate admixtures was 
attributed (139) to the presence of small, but 
significant, quantities of sugar acids.

Milestone’s study confirms that retardation 
is accompanied by the stabilization of the 
hexagonal hydrates due to organic molecules 
entering the crystal lattice. Since it has been 
shown that the hydrates are poorly crystalline In 
the presence of retarders, it could be argued . 
that organic retarders impede the crystallization 
of the initial gel layer to the hexagonal hydrates 
and C3AH5. The effect will depend on both the 
concentration and the alkaline stability of the 
admixture. Compounds that retard the hydration 
of pure C3A also retard Its reaction with calcium 
sulfate. This would be expected If the admixtures 
affect the Initial gel layer, regardless of 
whether it contains sulfate ions. This would 
also explain why accelerators such as triethanolamine 
react the same way In both systems.

Normally, a retarder is added with the mixing 
water; but, when it is added after a few minutes of 
hydration, retardation increases (133). The 
degree of retardation is assumed to be controlled 
by the concentration of the admixture in solution 
which, in turn, is controlled by the degree to 
which the retarder Is removed from solution by 
sorption on the solid materials. Sorption la 
greater when the retarder is added during the 
initial formation of the hydration products. In 
a recent study (126), a retarder, citric acid, 
was allowed to contact the solid surfaces of a 
C3A-CSH2-C mixture before water was added. 
The result was a longer Induction period followed 
by increased reactivity and then prolonged retarda
tion (Fig. 16). When the citric acid was allowed 
to come In contact with C3A only, early reactivity 
Increased even more, but no subsequent retardation 
occurred. Clearly, the competition between citric 
citric acid and water at different solid surfaces 
is an Important factor.

What causes some organic compounds to be 
accelerators and some retarders? It has previously 
been shown (133) that retarders are good chelating 
agents; yet, accelerators, such as triethanolamine 
or 8-bydroxyqulnoline, are also excellent chelating 
agents. An accepted view is that chelation with 
the aluminate Ion [AICOH)^] may accelerate the 
Initial hydrolysis of C3A by changing the chemical 
potential of species in solution and thereby 
preventing immediate precipitation of a gel. 
Evidence for the formation of aluminate complexes 
has been summarized elsewhere (133). Once precl— 



pltatlon of a gel starts, removal of some of the 
admixture by adsorption in the gel or crystalline 
hydration products will allow further rapid 
precipitation, thereby causing flash set. The 
initial acceleration is usually followed by 
retardation of later reactions, as would be 
expected if the adsorbed admixture can Interfere 
with recrystallization of the hydration products. 
As postulated by Skalny and Tadros (119) for sulfate 
retardation, the organic molecules in very strong 
retarders may adsorb on the Al-Ca double layer, 
which would inhibit even initial hydrolysis. 
Adsorption of this kind has been suggested by 
Jawed et al. (57) for lignosulfonate-alkali 
carbonate combinations in cement. The relative 
importance of adsorption on hydration products 
in any particular case will depend on the molecular 
structure and concentration of the admixture.

2.3.5 The Nature of the Retarding Layer

The recent results discussed above clearly 
require a reformulation of the previously accepted 
view of retardation. Although the formation of 
an Al-rich layer at the surface of each CgA grain 
may occur initially, other evidence points to the 
formation of a second retarding layer by 
precipitation processes, which probably accounts 
for secondary, extended retardation. It may not 
be necessary to postulate the existence of 
precipitates of distinct chemical composition as 
suggested by Stein and co-workers. The retarding 
layer can be considered as a co-preclpltate of 
aluminum and calcium hydroxides and sulfates, 
the exact composition of which depends on the 
surrounding solution. The degree of condensation 
of the alumina phase will also depend on the 
nature of the solution. From this amorphous 
precipitate — Breyal’s gel^ phase — can grow 
C4AHx, C2AH8, C4ASH12, C6AS3H32, or CgAHg, 
depending on the particular circumstances.
However, the gel phase could be a hydrolyzed 
layer similar in principle to the protective 
layers suggested for C3S hydration. Minor 
components or admixtures, such as alkalles, 
chlorides, organic molecules, etc., may also 
enter the gel and modify crystal growth by random 
substitution in the lattice of the hexagonal 
hydrates. This mechanism would have much in 
common with other cementitious systems, that of 
C3S and C2S, monocalcium aluminate, or magnesium 
oxychloride.

2.4 The Ferrite Phase

Recent studies (140-150) have confirmed 
previous conclusions that hydration of the ferrite 
phase (Fss) is very similar to that of C3A, both in 
the presence and absence of sulfate. Reactivity 
increases with increasing A/F ratio (140,141), 
but Fss reacts more slowly than C3A (141,142).

Figure 16. Hydration of C3A-CSH2-C mixture with 
citric acid (CA) added at different times (adapted 
from ref. 126): (a) Rate of heat evolution in 
the first few minutes, (b) Rate of heat evolution 
over several hours.

2.4.1 Hydration Studies

Hydration Without Sulfate

At low temperatures, C4(A,F)H3g, usually 
detected as C4(A,F)H33, is the stable product; 
but, at about 20°C, it soon converts to C3(A,F)Hg. 
Ramachandran and Beaudoin (150) considered the 
conversion of C4(A,F)H39 to C3(A,F)H(j to be slower 
than in C3A hydration — possibly because C3A 
pastes may reach very high temperatures due to 
the high heat of hydration. Thus, the conversion 
of the hexagonal hydrates to C3AH5 cannot be 



distinguished ealorimetrically unless the reaction 
is retarded* In contrast, the conversion to 
C3(A>F)H5 in C4AF pastes can be readily 
separated (see Fig. 17) (67), and the process 
C4AF In which C3(A,F)H5 has already formed. 
At higher temperatures (>50°C), only C3(A,F)Hg 
is formed. Although Bensted (142) claims that 
the hydration of the ferrite phase should be 
studied only in the presence of calcium hydroxide 
to simulate conditions in a portland cement 
paste, others (140,141) have shown that its 
presence has very little effect on the hydration 
kinetics and does not change the hydration pro
ducts. Sanzhaasuren and Andreeva (148) found, 
however, that calcium hydroxide retarded the 
conversion of Ca4(A,F)Hj3 to C3(A,F)H5.

Fig. 17 - Influence of seeding on hydration of * 
C4AF (ref. 67); (a) No seeding, (b) seeds mixed 
with C4AF, (c) seeds ground with C4AF.

Two unresolved questions concerning the 
hydration of the ferrite phase have been:

1) Is amorphous ferric hydroxide (or
aluminum hydroxide) formed as required 
by stoichiometry? _

C4AF -I- 22H * C4(A,F)H19 -I- (A,F)H3 (16)

2) What is the degree- of iron substitution in 
the hydration products?

Rogers and Aldridge (143) provided direct 
evidence on these two points. Using the SEM, 
they observed finely divided particles that 
contained only iron and must therefore have been 
ferric hydroxide (or more likely, hydrated ferric 
oxide). This phase could not be detected by XRD 
and was therefore amorphous, as is usually assumed* 
Since no aluminum hydroxide was observed, the 
reactions must be (143):

C6A2f + 30H + C4AH19 + C2AH8 + FH3 (17)

C4AF + 22H * C4AH19 + FHy (18)

2C6AF2 + 60H ♦ 3C4(A2/3F1/3)H19 + FH3. (19)

These reactions are in general agreement with the 
degree of Fe-substltution found in the hexagonal 
hydrates and determined by variations in the d— 
spacings (Table III). Since there was a small

substitution of iron in all cases, a little Al 
was probably included in the FH3. By contrast, 
Sanzhaasuren and Andreeva (148), using the same 
method, estimated 602 F in C3(A,F)H5 at 20°C and 
502 F at 50°C. Klyusov et al. (151) reported the 
presence of gibbsite in 64AF pastes. It is not 
clear why different results were obtained for 
iron substitution in the hydration products. •

Table III

DEGREE OF SUBSTITUTION OF Fe IN C3(A,F)H6 (Ref. 143)

Temp, of 
Formation CRA7F C4AF CfiAF2

21 °C 2.5 ± 12 6 ± 32 30 ± 32

50°C 3.0 ± 22 — 2 ± 22

Neither Rogers and Aldridge (143) nor 
Teoreanu et al. (146) found evidence for the 
formation of C3FH5 in these systems, in contrast 
to the claims of Tamas and Vertes (144). They also 
found less Fe—substitution than assumed by Vertes 
and Ranogajec-Komor (145). The interpretations 
by Vertes and co-workers were based on Mössbauer 
measurements alone, but Rogers and Aldridge were 
not able to distinguish between any hydration 
products — C4(A,F)H33, C4FH33, C3AH5, C3FHg, or 
FH3 — by Mössbauer measurements. C4FH33 and 
C3FH5 formed only in C2F hydration (see below). 
C3(A,F)Hg was unstable at high temperatures and will 
break down to C3AH5, hematite (a-Fe2O3), and 
lime; thus, decomposition was complete at 150°C.
In contrast, Teoreanu et al. (146) did not observe 
Fe^)3 above

Hydration With Admixtures ’

Sulfates. When gypsum is" present, the hydration 
sequence is the same as for C3A (141,142,147,152); 
ettringite is first formed and later converts to 
monosulfoaluminate when the gypsum is exhausted. 
The calorimetric curve has the same features as 
observed for C3A (142). However, early hydration 
of C4AF is much more strongly retarded by 
gypsum than is C3A, and, when calcium hydroxide 
is also present, early hydration practically 
ceases. It is not clear why this difference 
occurs; perhaps sulfate adsorption, as discussed 
for C3A hydra»ion, is very effective in first 
step retardation.

At high gypsum contents, Ramachandran and 
Beaudoin (152) observed conversion of ettringite 
to monosulfoaluminate before all the gypsum was 
exhausted. This may have been caused by local 
depletions due to the screening action of 
ettringite. The effect was more noticeable with 
high temperatures and low porosities.

Hydration With Chlorides. When hydrated with 
<3N CaCl2 solution (151r153), C4AF forms 
C3(A,F)»CaCl2,10H2O as a major hydration 
product. Stukalova and Andreeva (153) considered 
this compound to contain only about 102 F at 



concentrations of CaC12 >4.5N. The chloride 
analog of ettringite forms, but not if NaCl is 
used Instead of CaC12 (151). Also, C4(A,F)Hig 
does not form in the presence of chloride, and 
only C4(A,F)Hj3 is observed. As in the case 
of the C3A-CSH2 system, CaC12 accelerates " 
the formation of ettringite from C4AF-CSH2 mix
tures (154). After the sulfate is consumed, 
C3(A,F)•CaC12*10H2O forms rather than 
monosulfoaluminate. These results are in 
general agreement with earlier studies for C3A 
pastes (140). The presence of chloride does not 
change the stoichiometry of ettringite. The Fe- 
substitutlon remains at about 35%.

2.4.2 Hydration of Calcium Ferrites

Hydration of C2F forms C4FH33 (140,143), 
which has been shown to initially form as 
C4FHig, and amorphous FHX (143). At 38°C, C4FHj^3 
converts to C3FH6 within 1 day, but the latter 
rapidly breaks down to CH and hematite. At 80°C, 
C3FH6 has never been observed, only its decomposition 
products. Teoreanu et al. (146) did not observe 
either C4FHjg or C3FH5 in their study of 
C2F hydration. However, it has been pointed 
out (143) that these hydrates give the same 
Mössbauer spectra as FHX, and that XRD is not 
sensitive unless a good monochromator is used to 
filter out iron fluorescence. Aldridge and Rogers 
also studied "C3F" and "C4F," which are really 
Intimate mixtures of C2F and C. Äs expected, 
they behave similarly. CF also hydrates in the 
same way, but much more slowly.

2.4.3 Competition with C3A

Since their hydration is so similar, C3A and 
the ferrite phase must compete for sulfate ions 
during the hydration of portland cement. This 
interaction has not been adequately studied, but 
Jawed et al. (141) added small quantities of C3A 
to C4AF + gypsum and found that conversion of 
ettringite occurred much sooner, depending on the 
amount of C3A. The calorimetric curves showed 
what appeared to be a conversion peak for C3A 
followed by one for C4AF. These results Indicate 
that C3A competes more effectively for sulfate 
ions and suggest that local exhaustion of SO4 
may occur near the more reactive C3A grain. When 
hemihydrate was used instead of gypsum, the 
conversion reactions were retarded. It was not 
clear why this, happened, but the more soluble 
hemihydrate will release SO^ at a greater 
rate, thereby allowing C4AF to form more ettringite 
initially and so retard its hydration more effectively.

It must be remembered that impure phases are 
present in portland cement. C3A may contain up to 
10% F (corresponding to CgAg^F]^), while the 
ferrite phase contains Si, Mg, and alkalles. The 
effect of these substitutions might be to lower 
the reactivity of C3A (155) and increase the 
reactivity of the ferrite phase (156), thereby 
making competition easier.

3. HYDRATION OF PORTLAND CEMENTS

Portland cements are composed of clinker 
minerals and smaller amounts of minor components, 
e.g., alkali sulfates and MgO. In addition, a 
limited amount of calcium sulfate, usually in the 
form of gypsum, is added for set regulation. The 
main clinker minerals in cement are impure forms, 
containing small quantities of every element that 
is present in the raw materials.

3.1 Hydration Mechanisms ,

Selected mechanistic studies performed on cement
water, rather than on pure clinker mineral-water system, 
will be discussed in this section. Because the early 
development of C-S-H is primarily due to the hydration 
of alite, a direct correlation is generally made be- " 
tween the hydration of cements and alite. However,■ 
we do not know the precise Influence of the C3A and 
C4AF phases on the hydration of the silicates. Neither 
do we know the exact effect of gypsum, alkalles, MgO, 
etc., on the above interrelationships.

3.1.1 Mechanisms Suggested by Soviet Scientists

The basic cement hydration mechanisms are 
given special attention in the U.S.S.R. (157). 
The cement-water system is generally handled as a 
heterogeneous liquid-solid system with Interacting 
components, in which the development of hardened 
cement paste properties is the result of condensation 
of disperse systems. General conclusions regarding 
the solidification of all cementitious systems 
are based on theoretical considerations.

Sychev (158) presents views very similar to 
those discussed earlier in the C3S section. The 
low coordination of some surface atoms plays an 
important role. Thus, for example, the formation 
of the first hydrates on the surface of an alite 
particle may well initiate at these active centers. 
The first hydrate, formed on the surface and 
initiating the induction period, is believed to 
be an unstable, semi-permeable film of 038^20. 
For structural reasons, some of the Ca atoms, 
not coordinated with the silicate tetrahedra, 
react with water, thus enabling transfer of Ca2+ 
into the liquid phase. The 638*^0 membrane 
changes into a layer of hydrates with C/S < 3, 
which is more permeable, and the hydration re
actions resume to form a cementitious phase with 
high surface area (acceleration period).

The formation of new phases is related to 
the surface protonation of calcium silicate 
particles (which produces an Increase of pH), 
ionization of silica tetrahedra, and formation of 
a double layer. These phenomena are considered 
important during the paste structure development. 
As the [Ca?"**] in the liquid Increases, saturation 
level is reached, and adsorption of Ca^+ on the 
surface leads to formation of hydrates outside 
the originally formed primary hydrate ("outer 
product"). Water molecules diffuse through the ' 
hydrates to the anhydrous surface forming the



"inner product." The solidification of a 
cementitious paste is the result of condensation 
of the solid particles and formation of hydrogen 
and donor-acceptor bonds at the interparticle 
contacts. The adhesive and strength properties 
of the cementitious system are strongly dependent 
on the electrostatic properties of the cations 
and their ability to form covalent bonds. In 
hydrated portland cement, hydrosilicates with 
lower C/S should have increased strength.

According to Danilov (77), the initial step 
in the hydration is the transfer of a proton 
(from water) to the oxygen Ions at the cement 
mineral surface (e.g., C2S, C3S, CjA). The 
ions thus formed (e.g., Ca^+) transfer into 
the solution where they react with water to reach 
an equilibrium distribution of complexes. These 
complexes adsorb on the surface, thus passivating 
it and initiating an induction period. The re
lative reactivity of the various clinker minerals 
is ascribed to the differences in the electro
negativity of the metal ions and the ability of 
the double oxide to protonate. This approach is 
used to explain the higher hydraulic activity of 
C3S (characterized by the Ca-O-Ca bond) compared 
to that of B-CjS, as well as to explain the 
increased reactivity of AlgC^-substltuted 
alite and the inhibited hydration rate of ^2^5” 
substituted alite. The induction period ends 
when hydrate nuclei are formed and disrupt the 
adsorption equilibrium. The kinetics of the 
crystallization are determined by the location of 
the new nuclei formed (bulk liquid phase, surface 
of Impurities, or adsorption film). Kapranov 
(159) and Polak (160) have presented quantitative 
treatment of the initial hydrolysis and formation 
of crystal nuclei. Usherov-Marshak and Urzenko 
(161) also conclude from thermodynamic considera
tions that nucleation controls cement hydration.

Vyrodov (162) considers the hydration of 
cement to be a topochemical process characterized 
by the formation on the anhydrous surface of 
layers consisting of thermodynamically unstable 
hydrate. These layers can form because the rate 
of primary hydrate formation is greater than the 
rate of its concurrent dissolution. The Induction 
period is thus caused by a decrease in the anhydrous 
surface-to-water interaction. The renewed reac
tivity (acceleration period) is ascribed by 
Vyrodov to recrystallization of the primary 
hydrate layer into new hydrates or to its dis
ruption by "internal mechanical stresses of a 
physico-chemical nature." The hydration process 
is described as topochemical also by Sorochkin et 
al. (163) .

3.1.2 Osmotic Pressure Mechanisms

Double et al. (31), using high-voltage 
electron microscopy (HVEM), postulated an 
analogy with "silicate gardens" and developed 
the following mechanism. Within minutes after 
the initiation of hydration, a semi-permeable 
silicate hydrate envelope forms around the 
anhydrous silicate grains. The gelatinous envelope 
separates the anhydrous material from ,the bulk 
liquid, thus initiating the induction period.

Whereas calcium ions can diffuse through the 
membrane, the silicate ions, formed by disso
lution of the anhydrous material beneath the 
membrane,,cannot penetrate the membrane and, 
thus, increase the osmotic pressure. This 
mechanism, according to the authors, is evi
denced by the sharp Increase in the Ca^+ concen
tration but a low silicate concentration in the 
bulk liquid during the induction period of hydra
tion. When the osmotic pressure is sufficient 
to rupture the membrane at weak points, the 
calclum-depleted hydroslllcate is squeezed into 
the bulk liquid where it recombines with the 
Ca2+ ions to precipitate tubular fibrils and, 
possibly, other morphologies. This event marks 
the initiation of the acceleration period. The 
mechanism is based mostly on microscopic evidence.

Decrease of the pressure within the membrane 
enables further dissolution of the cement grains 
with deposition of C-S—H material (of different 
morphology and, possibly, composition from that 
formed in the outer spaces) inside the original 
grain boundaries. The authors believe that the 
two different but simultaneous precipitation 
processes account for the difference in the 
morphology and composition of the "inner" and 
"outer” hydration products. However, the mechanism 
does not address the question of various morphologies 
as distinguished by Diamond (30). The formation 
of calcium hydroxide and aluminate hydrates pro
ceeds by the conventional dissolution-nucleation- 
crystal growth mechanism. A similar mechanism, 
schematically shown In Fig. 18, was proposed 
by Blrchall and co-workers (32). According to 
this model, the early hydration of the calcium • 
silicates Involves neither nucleation and 
growth of C-S-H nor a "through solution" 
mechanism.

Whereas Double et al. and Blrchall et al. 
used diluted suspensions in a special environmen
tal cell, Jennings and Pratt (27,33) were able 
to examine pastes of normal consistency in a 
differentially pumped specimen stage. Their 
HVEM data also showed the formation of a membrane 
which they considered permeable to water and Ca, 
but, in contrast to the above authors, they 
believed that the end of the induction period, 
indicated by the disruption of the membrane, was 
caused by Ca(0H)2 nucleation on its surface. 
Solutions rich in Ca^+ and silicate mixed, forming 
C-S-H of thln-foll morphology, which subsequently 
rolled up during drying to form acicular Type I 
C-S-H, Although neither of the above "protective 
membrane" mechanisms addresses explicitly the 
function of the aluminate, ferrite, and minor 
clinker phases in the overall cement hydration 
mechanism, Jennings and Pratt acknowledge the 
presence of minor components in the membrane, 
and suggest that they are responsible for the 
differences in hydration, as well as in the 
morphology of hydrates formed from pure C3S ’ 
and portland cements. In contrast to Double et 
al. (31), who reported the existence of hollow 
C-S-H needles formed by an osmotic mechanism, 
Jennings and Pratt found hollow acicular needles 
containing Ca, Si, Al, and S, implying ettringite 
composition. The situation is unclear, and much



more evidence is needed to explain the available 
data. Care must be taken in extrapolating 
observations made on suspensions at high w/s to 
pastes at normal w/s. High water-solids ratios 
extend the induction period of C3S and may 
change the mode of formation of C-S-H.

Fig. 18 - Mechanism of hydration proposed by 
Blrchall et al. (32)

3.1.3 Hollow-Shell Hydration

Barnes et al. (164,165) have recently reported 
the occurrence of "hollow shell" hydration of cement 
particles. Although first observed at glass-cement 
Interfaces (164), this feature is also found in the 
bulk of the paste and may occur also in pure sili
cates. The mode of hydration leading to the ob
served structure formation is not known, but it is 
an additional factor that must be ultimately ex
explained in any description of hydration.

3.2 Selected Issues

3.2.1 Early Structure Formation

The practical implications of the early hy
dration reactions of cement are found in the 
setting behavior and early strength development. 
Specific examples of how these properties are 
affected by such factors as alkalles, crystal 
modifications, admixtures, etc., are discussed in 

the next sections. Here we briefly review the 
more general aspects of the subject. The wealth 
of information available on cement hydration 
clearly indicates that alite hydration controls 
early strength development and probably normal 
setting behavior, although Gebauer (166) has 
suggested that highly reactive alite may con
tribute to abnormal setting behavior in cer
tain cases. Adams (167) and Prevlte (168) have 
found good correlation between the end of 
the induction period and the initial set determined 
by standard ASTM tests; final set occurs about 
midway through the acceleration period.• However, 
Locher et al. (122) believe that normal setting 
occurs upon the recrystallization of ettringite, 
rather than by the formation of new hydration 
products of C3S. Schramli (169), considering 
the effect of C3A on the setting of portland 
cement, points out that such an analysis is 
complicated by lack of uniformity in 1) methods 
of determining setting, 2) measurements of C3A 
content, 3) material on which experiments are con
ducted, i.e., paste, mortar, or concrete, and 4) 
the changes in cement composition that occur when 
when C3A contents are changed.

Locher et al. (122) have concluded that 
the effects of gypsum on setting behavior are 
due not to changes in the rate of hydration of 
C3A, but to the way the hydration products 
form. With the correct amount of gypsum, small 
crystals of ettringite cover the surfaces of the 
grains and do not affect the rheology of the 
system. Setting will occur when the ettringite 
recrystallizes to form larger crystals which 
bridge the cement grains. If too much sulfate 
is present, large crystals of ettringite will 
form Initially and cause premature stiffening. 
Recrystallization of gypsum or precipitation of 
syngenite will cause the same effect but generally 
more rapidly. If too little ettringite is 
present, large crystals of the hexagonal hydrates 
can form and bridge particles in the same way. 
In extreme cases, flash setting may occur. Thus, 
C3A causes "abnormal" setting behavior if the 
SO3-C3A balance is not corect. Either the 
reactivity of the sulfate or of the C3A (117) . 
or the presence of admixtures (170-173) can 
affect this balance. In I0W-C3A, Type V cements, 
C4AF may play the same role as C3A. Frigione 
(174) has studied the false set caused by gypsum 
dehydrated in the grinding mills.

It must be remembered that the effects on setting 
and early hardening may be quite different because of 
the concomitant effects on C3S hydration (117, 172). 
The rate of early strength development is of course 
determined by the rate of C3S hydration in the ac
celeration period, but the processes occurring at 
this stage may also affect later strength 
development. For example, CaC12 influences the 
properties of C-S-H and the pore size' distribution. 
Similarly, Bentur (175) has shown that the presence 
of sulfate ions can reduce the "intrinsic strength* 
of C-S-H, and thus affect the optimum gypsum 
content of a cement. Such influences on C-S-H 
may also change the diffusion coefficient of the 
C-S-H layer around the cement grains and, hence,



the rate of later hydration.

3.2.2 Interactions Between Hydrating Cenent 
Compounds

The main cement compounds do not react In 
isolation, and interactions between them can be 
Important. For example, it is known that CjS 
hydra’tion is retarded when C3A is involved in 
uncontrolled initial reactions. This behavior is ' 
believed to be one of the factors affecting 
optimum gypsum content (176) and the low rate of 
C3S hydration attributed to a high lime demand 
during the formation of hexagonal hydrates. 
However, Cottin (177,178) attributes retardation 
to the release of small amounts of soluble alumina 
when sufficient gypsum is present. A similar 
explanation Is offered by Bobrov and Shiklryansky 
(179) to explain the adverse effect of C4AF on 
C3S hydration in the absence of sulfate. 
Conversely, C3S will slow the rate of hydration 
of C4AF by the liberation of large quantities of 
lime into the solution. The formation of calcium 
silicoaluminates (131) indicates interaction of 
C3S and C3A during the hydration.

Young and Tong (87) have shown that only 
small quantities of C3S are necessary to control 
the concentration of Ca2+ in the contact solution. 
They argue that the faster nucleation of CH in 
the presence of C3S should speed up the hydration 
of as I*38 been observed earlier.

3.3 Factors Affecting Hydration Behavior

The reactivity of cement depends on parameters 
such äs crystal size, solid state impurities, 
stabilization of polymorphs, presence of- minor 
cos^onents, etc. The way these factors are 
affected by manufacturing processes is discussed 
in the review papers of Theme I of this conference. 
The mechanistic implications of. some of these 
factors have already been addressed; other ■ 
parameters, which are Important in cement hydration, 
are discussed below.

3.3.1. Effect of Minor Components '

Alkalies 1 ' e

Jawed and Skalny (180) have written a - 
conqirehenslve review on the effect of alkalies on 

.the hydration and properties of cement. Although 
release of"alkalies from the silicate phases may 
be slow, within a month or so, alkali concentrations 
in the pore fluid of pastes made with low-alkali 
cement may rise to about 0.2 M and may exceed 0.7 M 
in pastes of high-alkali cements. However, in 
many modern clinkers, a substantial fraction of 
the alkalies is present as sulfates. These pass 
into solution very rapidly, leading to a continuous 
rise in alkali concentration and complete 
dissolution of almost all the alkalies after 
about 28 days. The high alkali concentrations 
thus raise the pH of the solutions and lower the 
concentration of Ca2+ ions and the solubility of 
Ca(0H)2 accordingly. Alkalies must therefore 
Influence the hydration processes and modify the ■ 
setting and hardening of cement pastes.

Alkali sulfates accelerate the hydration of 
cement (117,181-186) and may lower their activation 
energy (181). They principally affect alite - 
hydration, which agrees with results of studies 
on pure C3S (175). Cottin*(178) concludes 
that K2SO4 accelerates alite hydration by •
preventing the alumina poisoning that occurs 
when C3A is present without sulfate ions. 
However, K2SO4 is known to accelerate C3S 
hydration in the absence of C3A. Collepardl 
et al. (187) have confirmed previous studies 
that sodium carbonate is an accelerator. Since 
CaCC>3 was found In the system, they postulated 
that sodium sulfate forms according to the reac
tion:

Na2CO3 + CaSO4*2H2O * CaC03 + Na2SO4 + aq. (20)

Luglnina et al. (188) reported that alkali sili
cates also Increased the rate of cement hydration. 
From these various studies, it can be concluded 
that alkali salts increase the hydration rate by 
affecting alite hydration, presumably through 
their influence on Ca(OH)2 solubility. The anion 
might influence C3A hydration and could lead to 
setting problems as discussed below.

Alkalies can promote flash setting of cements, 
and this phenomenon has been the subject of recent 
research. Richartz (189) and Sprung (190) found 
that rapid setting by potassium sulfate was due 
to the formation of syngenite:

K2SO4 + CaSO4*2H2O + K2S04*CaS04*H20 + H20. (21)

Syngenite not only causes a plastic-type set, but 
the reduction of S0^~ in solution prevents 
satisfactory retardation of C3A hydration. 
Regourd (117) also observed syngenite formation 
when C3A hydration in a cement was accelerated by 
the presence of K2SO4. Rapid stiffening and 
lower early strength observed In certain cements 
have been attributed (191) to the presence of 
alkali carbonates in the clinker. Rapid setting 
with alkali carbonates (187,191) was also attributed 
to lowered Ca2+ concentrations, which hindered 
the formation of a retarding ettringite layer and 
thus accelerated C3A hydration. • -

" Although alkali sulfates present in clinkers 
will increase the rate of alite hydration, and - 
hence early strength, strengths at 28 days or 
later generally decrease (192-194). This is in 
keeping with the general observation that more 
rapid early hydration results In lower ultimate 
strengths. Johansen (193) obtained good 
correlation between the amount of K2SO4 in a 
clinker and 28-day strengths. Increasing the 
K2SO4 content decreased 28-day strength but 
increased the amount of water combined after 3 
minutes of hydration. Changes in optimum gypsum 
requirements (see discussion below) may have a 
bearing on this behavior (186,195).

Effect of SO3 and CqA -

Hobbs (195) has recently reviewed the earlier 
literature concerning optimum gypsum content in 
cements. Although optimum content can be correlated



with the C3A and alkali contents of the cement, 
Ost (196) used a standard multiple regression 
analysis to show that Lerch's original data (197) 
could be correlated primarily with cement fineness 
and secondarily with alkali content. Further, 
there was correlation with Fe2O3 content rather 
than with C3A. Hobbs (195) re-analyzed earlier 
data on SO3 concentrations that caused large 
expansions during moist curing up to 7 days and 
found a correlation with cement fineness or, less 
probably, with alkali content. From these studies, 
it can be concluded that fineness is the major 
parameter controlling optimum gypsum content, 
but, with the tendency for some modern clinkers 
to contain larger quantities of alkali sulfates, 
a new study of this subject could be of value. 
Smith and Matthews (198), for example, have shown 
that alkali sulfates in the clinker are more 
effective in controlling C3A reactions than is 
added gypsum, although this contradics the results 
of Collepardl et al. on pure C3A (123).
When other parameters are equal, optimum gypsum 
content depends primarily on clinker sulfate 
levels. A reasonable correlation exists between 
3-day heat evolution and total SO3 content.

Other Minor Components

Minor components can have three effects on 
the hydration of cement:

1) They can affect the reactivity of the 
cement minerals by influencing their 
defect structure (see discussion in 
earlier sections of C3S and 3-C2S 
hydration and References 60,199,200).

2) Their release into solution can accelerate 
- the hydration of the silicates. Chromium

(201,202), which exists primarily as 
K2CrO4, accelerates C3S hydration. 
Phosphorus causes C3S to be more 
reactive (200), but, in the presence of 
P-substituted C3A, C3S hydration is 
retarded unless gypsum is also present. 
This can be explained by assuming that 
the rapid hydration of C3A releases 
phosphate ions, which are known (52) to 
retard the C3S hydration.

3) Minor components may change the relative 
amounts of each cement compound in a 
clinker. Thus, TIO2 (203) lowers the 
amount of C3S formed and hence reduces 
early strength. Similarly, P2O5 In raw 
materials is known to decrease alite in 
the clinker.

3.3.2 Grinding and Prehydration

The effect of grinding on defect structures 
has already been discussed (14,85) and has been 
used to explain the effects of prolonged grinding 
(85). Grinding by jet milling (204) was observed 
to increase the hydration of the clinker compounds, 
particularly C3S.

silos. This is most likely to occur if the cement 
is stored while still warm, and too much water 
has been carried over from the grinding process 
(189); but, in .certain circumstances, gypsum may 
dehydrate in the silo to provide additional 
moisture. Under the near-adiabatic conditions of " 
a silo, the warmth of the cement combined with 
heat of prehydration may push the temperatures 
above lOO’C, causing partial or complete dehydration 
of the gypsum. A cement temperature of ~70l’C 
may be sufficient (205). Sprung (190) has shown 
that gypsum dehydration depends on 1) local 
temperature (temperature gradients in the silo 
result in greatest dehydration in the center), 2) 
C3A content, and 3) alkali content of the C3A. 
Dehydration is thus apparently aggravated by the ‘ 
desslcatlng action of hydrating C3A. Water given 
off by the dehydrating gypsum can condense in 
cooler parts of the silo where prehydration 
without dehydration can occur. -

There Is general agreement that high-alkali, 
high-C3A cements are very sensitive to the effects 
of prehydration. It appears that alkali substitution 
in C3A increases its initial reactivity towards 
water. If alkali contents are low or most of the 
alkali is in the form of sulfates, the effects of 
prehydration are low. This result is in apparent 
conflict with observations that alkali-substituted 
C3A is less reactive. Most probably, if the 
crystal structure is not changed, substitution ' 
will enhance crystal imperfections.

Prehydration delays setting times because a 
coating of hydration products grows on the C3A 
grains. Although ettringite is generally cited 
as a major hydration product, Theisen and Johansen 
(206) did not observe it in their studies. The 
relative humidity must be high (> SOX rh) (113) 
to form the water films between grains that allow 
the transport of sulfate ions necessary for the 
rapid formation of ettringite. In addition, 
premature stiffening can sometimes occur due to 
the reduced reactivity of C3A after prehydration: 
syngenite (KCS2H) can form when there is a high 
alkali sulfate content, or gypsum dehydration can 
be enhanced (189,190,207). Prehydration also 
reduces 1-day and 28-day strengths, particularly 
with hlgh-CsA and high-alkali cements. Most 
cements will have normal setting and strength . 
development if the loss on ignition at 500°C due 
to prehydration (corrected for gypsum and CH) is 
less than 0.35Z (113). This can be done by 
keeping cements cool, mill humidities low, or 
using a grinding aid (207).

Storage of unground clinker can also cause 
problems with strength development. Cusslno and 
Pinter (208) have attributed this to the Influence 
of prehydration on the grinding of the clinker. 
Small clinker particles that are significantly 
prehydrated become easier to grind, thus producing 
a preponderance of fine material with low 
reactivity. The good, unhydrated clinker is more 
coarsely ground, and thus reacts more slowly than 
expected. ■

Prehydration of cement is the cause of "silo 3.3.3 Effect of Temperature on Hydration
set" or "pack set" that can occur in storage



Sub-Zero Temperatures ,
The hyaratlon of cement at temperatures 

below zero is of particular interest to Russian 
scientists because of their need to place concrete 
In severe climates. Cement and cement compounds 
will hydrate at -5°C (92,151,209-211), but 
hydration essentially stops at —10*C (151,211). 
Hydration is very slow at sub-zero temperatures, 
particularly In the case of ß-C^S (92,210), and 
accelerating admixtures, such as CaClj are used. 
Logodla et al. (210) believe that hydration can 
be initiated at temperatures as low as -15°C by 
supercooled water: the heat of hydration then 
causes localized melting at the surface of the 
cement grain, which allows further hydration to 
proceed. The data in Table IV support this 
concept since most hydration takes place in the 
first 3 days when it is relatively rapid and 
temperature sensitive. B-C2S does not hydrate 
appreciably because It is inherently less reactive 
and has a much lower heat of hydration than the 
other compounds. Hydration of cement at -20°C is 
dependent on the length of time the fresh paste 
is held at ambient temperature before being frozen 
(211); the critical period appears to be 4-6 hours 
(Fig. 19), which Is sufficient time for alite 
hydration to pass through the Induction period.

Fig. 19 - Influence of prehydration (at ambient 
temperatures) on the hydration of cement at -20°C 
(ref. 211). ,

Table IV

DEGREE OF HYDRATION IN FROZEN SUSPENSIONS 
AT--15°C (QXDA data) (from Ref. 210)

Percent Hydrated
Compound 3 days 90 days .

CgS 44 53
B-CgS 3 4
CgA 71 86
C4AF. 64 79

The mechanism of hydration does not appear 
to be radically altered by lower temperatures. 
The Induction period in CgS hydration Is lengthened, 
but subsequent hydration can be quite rapid (Table 
IV). The hydration products are generally the 
same as those observed at normal temperatures; 
C-S-H, however, has somewhat different properties 
when formed at low temperatures (209,212). 
Measurements on C-S-H'formed at 4°C (77) suggest 
that the changes in properties result from slower 
aging processes.

Above-Ambient Temperatures

CgS hydration Is reported to be accelerated 
more than that of CgS at higher temperatures (213). 
Hydration of CgS is accelerated to a greater extent 
above 60’C than between 20° and 60°C (213-215). 
Since the solubility of silica increases more 
rapidly above 60°C, and the solubility of calcium 
hydroxide decreases approximately linearly In 
the range of 30°—80°C, the dissolution of silica 
may be a controlling factor. No changes in 
hydration mechanism have been reported in the 
temperature range up to 90°C. The induction 
period is shortened (214,215), and the second 
heat peak Is sharper and more intense, indicating 
very rapid hydration at the end of the induction 
period (213-216). After the Initial rapid 
hydration, the rate of CgS hydration decelerates 
at elevated temperatures (214-216), the apparent 
result (214) of a dense C-S-H layer around the 
CgS grains due to accelerated aging processes. 
Bentur et al. (212) have reported data on the 
properties of C-S-H at 65°C that support this 
view.

A long-standing question concerning the 
hydration of CgA is the stability of ettringite 
at elevated temperatures. It has variously been 
reported unstable at many different temperatures 
ranging from 40°C to above 100°C. Recent studies 
have not clarified the situation. Barvinok et 
al. (217) found ettringite to be unstable in the 
range 50-70°C, while Lach and Burev (213) observed 
ettringite up to 90°C, which is the limiting 
temperature of stability according to Moldovan 
and Butucescu (218).

3.3.4 Influence of Admixtures on Cement Hydration

Research programs assume, either tacitly or 
explicitly, that the effect of admixtures on 
cement hydration is due only to their Influence 
on the hydration of CgS and/or CgA, and that CgS 
and C4AF can be Ignored. The validity of this 
assumption has been justified by experience, since 
the precise action of a "set-modifying* admixture 
depends on how It affects the hydration of CgS 
and CgA. Under normal circumstances. It is the 
hydration of CgS that affects setting, while CgA 
is responsible for unusual setting behavior and 
changes in water requirements.

The classification of accelerators and 
retarders poses some problems of definition. An 
accelerator is generally described as a material 
that hastens the setting time and/or strength 



development of portland cement. However, such a 
definition does not specify the exact nature of 
the measurement being used to develop the criteria, 
nor does it indicate the effects on the basic 
hydration processes. For the purposes of this 
review, we will classify accelerating admixtures 
into those that primarily accelerate the hydration 
of CjS to achieve their effect and those that 
primarily accelerate C3A hydration. The exact 
effect on cement will depend on the relative 
acceleration or retardation of each component 
(219). Such a classification is of more fundamental 
value than one based on inorganic/organic or 
setting/hardening distinctions, even though these 
have practical advantages.

Accelerating Admixtures

Since calcium chloride is the most widely 
used commercial accelerator, it has been exten
sively studied. A review article (43) and a 
book (44) summarize the influences of calcium 
chloride on hydration and properties of cement 
compounds and pastes.

Admixtures Accelerating C3S Hydration. As discussed 
earlier, most inorganic electrolytes accelerate 
the hydration of C3S, with soluble calcium 
salts being the most effective due to their 
greater effect on the crystallization of calcium 
hydroxide. It is clear from Kantro’s extensive 
survey (39) that there is no single mechanism 
that can explain all observations. A salt may 
change the length of the induction period, the 
time of maximum heat output, or the area under 
the main heat peak (Fig. 20). Young (53,54,133) 
has attempted to analyze admixture interactions 
In terms of possible C3S hydration mechanisms.

Fig. 20 - Effects of accelerating admixtures on 
cement hydration (solid line: normal hydration): 
(a) Shortened Induction period, ,(b) faster rate 
of heat evolution in stage 3, (c) increased amount 
of heat evolution in stages 3 and 4.

The accelerators of C3S hydration may affect 
also the hydration of C3A. For example, 
CaSO4"2H2O retards the hydration of C3A 
more than Na2S04 (123), while calcium chloride 

can accelerate the formation of ettringite in 
the presence of gypsum (127,128,220). It should 
be noted, however, that many salts can form ■ 
complex hexagonal calcium aluminate hydrates of 
the type C4AX2Hn [C3A-CaX2enH2O].
Thus, if C3A forms hexagonal hydrates in the - 
early stages of hydration, then the possibility 
•exists for complex formation with the admixture. 
In such Instances, overall C3A hydration would 
probably be retarded. Because of this retardation, 
there is no good correlation between temperature 
rise and cement setting times.

Admixtures Accelerating C3A Hydration. Although 
most organic compounds retard the hydration of 
cement, some are considered to be accelerators. 
Triethanolamine (TEA) is a case in point and has 
been the focus of much interest since it is also 
extensively used commercially. Recent studies 
(172,221) have shown that the accelerating 
characteristics of TEA are due to its effect on 
C3A hydration, since it retards C3S hydration. 
In small quantities, TEA has little effect on 
the setting times of cement and strength develop
ment. Cements containing more than 0.1% TEA tend 
to flash set and show reduced strength after 3 days. 
This effect of TEA is similar to that of sugars 
(172), which also tend to cause flash setting in 
large quantities, but which are strong retarders 
of C3S hydration.

It Is thus -questionable whether we should 
consider TEA (and similar molecules) an accelerating 
admixture because of its influence on C3S; yet, 
it is often included in an admixture formulation 
to offset the retarding action of a water-reducing •- 
component. This strategy presumably works because 
an increase in the rate of hydration of C3A will 
allow the hydration products to absorb larger ' 
quantities of the retarding molecules (53,133). 
TEA can be used successfully since the concen
tration needed to achieve adequate acceleration of 
C3A does not cause excessive retardation of C3S and 
flash setting. This conclusion is supported by * 
data summarized in Table V. Nevertheless, flash 
setting induced by TEA in the commercial admixture 
has been reported (172).

Retarding Admixtures

Studies on the hydration of pure cement com- . 
pounds have shown that retardation of cement de
pends primarily on retardation of alite. As has 
been mentioned above, a retarder may retard or 
accelerate the hydration of C3A. Again, the over
all hydration of pure C3A may be retarded while 
"initial reactions may be accelerated, thus leading 
to the practical problems of premature set or excessive 
slump loss (171,172,173,222,223). Studies .of such pro
blems (170,172,222) have clearly demonstrated that. In 
many cases, an admixture can upset the aluminate-sulfate 
balance so that the cement behaves as if it were under
sulfated. Addition of sulfate to attain the optimum 
sulfate content for the cement-admixture combination 
can often alleviate the problem. The situation is some
what complex since no two cements behave in the same 
way. The amount and reactivity of the C3A are clearly 
important, as is temperature. Sometimes the potential 
for false set arising from dehydrated calcium sulfates



can be changed by the addition of an admixture. On the

TABLE V

EFFECT OF TRIETHANOLAMINE AND SUGAR ON
CEMENT HYDRATION

Admixture Concentration Z Change in Setting Time Ref.
(wt. %) Initial Final3

trlethanol- 0.025 + 13 + 2 221
amine 0.05 + 12 + 1 221

0.1 F.S.b +200 221
0.1 F.S. c 172
0.2 F.S. c 172
0.3 F.S. c 172

Sucrose 0.05 +125 +130 257
) 0.1 +325 +330 257

0.1 - 31 + 28 172
0.2 F.S. c 172
0.3 F.S. c 172

NOTES: Negative sign indicates shorter setting time.
, a) Changes > 2005! indicate excessive retardation of 

' ‘ CjS.
b) F.S. « flash setting indicating uncontrolled re

actions of C3A. ,
' c) Final set according to ASTM C-266 even though C3S 

has not yet completed the Induction period. 1

other hand, although sugar-based admixtures are most 
cotmonly implicated in setting problems, the potential 
exists for most retarding admixtures to cause difficulties 
under the right circumstances. In view of the practical 
implications and scientific Interest in the problem, 
the lack of basic studies is somewhat surprising.

If the mechanism of retarding action is to be 
elucidated, it is useful to know how different or
ganic compounds affect the hydration of C3S. 
Taplin (224) reported such a survey for a com
mercial cement, and Milestone (225) has made a 
similar survey using conduction calorimetry. The 
two studies are in good qualitative agreement, but 
we must assume that the observations for cement 
reflect the combined Influence of C3S and C3A 
hydration. It can be concluded that a molecule 
must have a strong chelating group if it is to be 
a good retarder. The best chelating unit is typified 
by the B-hydroxyl-carboxylate grouping (Fig. 21a), 1
which forms a strong 6-membered ring with a metal 
ion. For example, tartaric acid, which contains the 1 
grouping, is a strong retarder, while succinic acid, 
which does not have the B-hydroxyl group, is not; 
maleic acid retards, but fumaric acid, which cannot 
chelate, does not; and, similarly, glyceric acid Is 
retarding, but propionic acid is not. Groupings 
which form larger or smaller chelate rings have less 
retarding power (Fig. 21b). Electronic effects are , 
also important as can be seen in comparing pyruvic ' 
and glyceric acids or different hydroxylbenzoic 
acids (Fig. 21c). The .retardation effect is re
lated to the molecule's ability to chelate at more 
than one site, shown by the difference in retarding 
power between the dihydroxylbenzoic acids (Fig. 21c) 
and also between ketoglutaric acid and gluconic acid

(Fig. 21d). More detailed comparison of retarders re
quire studies of their effects on the hydration of 
pure C3S. Milestone (55), for example, has shown that 
0.1st Z gluconic acid has greater retarding power 
than glucose for pure C3S, although this is not true 
for all cements (225,226). Undoubtedly, the C3A 
content is an Important factor in determining re
lative behavior.

(a) 6-membered ring formed by chelating B-hydroxycarboxylate group

7-membered 
chelate nng 
0,S hr)

6-membered 
chelate nng 
(2 hr)

4-membered 
chelate nng 
(1 hr)

(b) effect chelate ring size on retarding power

pyruvic acid (14,5 hr) glyceric acid (1 hr)

26 dihydroxybenzoic 2,4 dihydroxybenzoic O-hydroxybenzoic
ecid (10 hr) acid (♦ hr) acid (2 hr)

(c) effect of substituents on retarding power

keto-glutaric acid (14.5 hr) gluconic acid (9 hr)

(d) effect of more than one chelating group

Fig. 21 - Effect of different molecular structures 
on retarding ability* Times represent the 
retardation of the main heat evolution peaks at 
0.1 vt* Z additions.



A few inorganic salts are known to retard 
C3S hydration — water-soluble.diphosphates and 
polyphosphates (52), and fluorides (21,217,219) 
are recent examples. However, fluorides apparently 
accelerate C3A hydration (217).

Water-Reducing Admixtures

With the introduction of the new "super
plasticizing" admixtures, considerable Interest has 
centered on the effects of these materials on cement 
performance. Unfortunately, few investigations have 
looked specifically at the influence of such admixtures 
on cement hydration, but it is clear from various ob
servations (227) that interactions with the hydrating 
compounds must be important: 1) water reduction is 
most effective when the admixture is added after the 
mix water, 2) C3S content"and sulfate levels affect 
the degree to which superplasticizefs increase work
ability, 3) subsequent slump loss is also affected 
by cement composition, and 4) excessive slump loss 
can be ameliorated by the concomitant use of a 
retarding admixture.

Little is known about the mechanism of action 
of high-range water reducers, although a vast 
amount of literature is available on their effects 
on the physical properties of mortars and concretes 
(227). They are believed to act by: 1) decreasing 
the surface tension of water, 2) charging the cement 
particles with equidirectional charges, or 3) pro
ducing a lubricating film at the particle surfaces. 
An interesting basic work, addressing the effects 
of surface-active chemicals on the viscosity of 
cement suspensions, has been published by Petri (228), 
but the effects on hydration are not discussed. 
Kondo and co-workers (229,230) have studied the 
effects of various dispersing surfactants, includ
ing a "superplasticizer," on the hydration of cement. 
Quaternary ammonium chlorides, representing 
cationic surfactants, caused some acceleration 
due to the influence of the chloride ion. Polyvinyl 
alcohols, representing non-ionic species, showed 
only slight retardation. Sodium p-n-dodecyl- 
benzene-sulfonate represented various sulfonate 
anionic surfactants; generally, alite was much 
more strongly retarded than cements, particularly 
at high concentrations when the admixture con
tained long-chain aliphatics, and some hydrophilic 
substituents were present in the hydrophobic com
ponent. ■ However, studies (229) have indicated 
that adsorption of these compounds is relatively 
low, and that absorption into calcium aluminate 
hydrate^.; is not as strong as that observed for 
other retarding molecules. It has been hypo
thesized that differences in adsorption behavior 
due to molecular structure determine the extent 
to which adsorbed layers of these admixtures 
will affect the access of water to the surface.

Suzuki et al. (231) also studied the inter
action of surfactants with C3S and came' to similar 
conclusions. Non-ionics, such as polyethenes, 
have little effect on hydration, whereas anlonics, 
such as sodium gluconate or laurate, have retard
ing properties. Sodium gluconate strongly retards 
the hydration of C3S at concentrations >0.1Z and 
changes the surface charge to a positive value, 
affects surface charge less. These results are 

explained in terms of different adsorption 
characteristics. Tarnarutsky (232) found that 
additions of high molecular weight fatty acids 
as hydrophilic admixtures•tended to retard hy
dration of cement and of the individual cement 
compounds. The effect on cement hydration depended 
on the alite content."Sugi et al. (233) considered 
lignosulfonate and polyol water reducers to in
fluence gypsum solubilities and hence to affect 
false-setting tendencies of a cement. However, 
more work is necessary to further refine their ideas.

"Superplasticizers" can be used to either im
prove workability or lower w/c ratios to achieve 
strength. Another approach to attaining low w/c, 
high-strength concretes has been to work with 
ground clinkers using conventional lignosulfonate 
admixtures along with an alkali carbonate. The 
combination of lignosulfonate and sodium carbonate 
produces greater dispersing power and retardation of 
both ground clinker and cement than does lignosul
fonate alone (57,234,235): the presence of carbon
ate apparently maintains higher concentrations of 
lignosulfonate for longer periods (57,234). The 
precipitation of CaC03 decreases lignosulfonate 
in solution and causes the onset of C3A hydration 
and eventually C3S hydration. It has been hypo
thesized (57) that a negatively charged lignosulfonate 
carbonate complex forms, which can adsorb effec
tively on the cement grains to form negatively 
charged surfäces that repel each other. This 
adsorption strongly retards C3A hydration even 
in the absence of sulfate, but does not prevent 
Ca2+ Ions from passing slowly into solution. 
When Ca^"*" concentration exceeds a normal level, 
CC precipitates, destroying the lignosulfonate 
complex. C3A can now hydrate more normally, and 
lignosulfonate is gradually removed from solution 
either by precipitation as calcium lignosulfonate 
or by absorption into calcium aluminate hydrates. 
Removal of lignosulfonate from solution overcomes 
its poisoning effect on calcium hydroxide crystalliz
ation, and C3S can proceed to hydrate normally.

3.4 New Experimental Techniques

It is evident from the foregoing discussions 
concerning■the mechanism of hydration of portland 
cements and its compounds that we are dealing with 
a complex system. It is therefore desirable to 
assess the potential of new experimental methods 
that might provide additional Insight into the 
physico-chemical processes occurring. A number 
of papers that explore these possibilities will 
be reviewed in this section. We can divide 
these into four classes: new analytical methods, 
electrical measurements, spectroscopic investiga
tions, and miscellaneous techniques. Theoretical 
intepretatlon of the data obtained by many of 
these methods is difficult because of the complex 
nature of pastes. Comparisons with established 
techniques would be helpful in many Instances, 
but are not always available. From a practical 
point of view, a method may provide useful compara
tive data, for example on the effect of admixtures 
on settiqg "behavior, even x^hen complete theoretical 
interpretations are not possible. ‘ '



3.4.1 Analytical Methods

The application of silicate polymerization 
analysis as an alternative means of assessing the 
degree of hydration in CjS pastes has been sug
gested (23). This idea Is based on the assumption 
that no monosilicate occurs in C-S-H; it remains 
to be seen whether this holds true for cement 
paste.

The composition of the liquid phase is known 
to be an important consideration in the hydration 
process. In the calculation of ionic equilibria, 
activities should be used in preference to con
centrations. Specific ion electrodes measure 
activities directly, and the calcium ion electrode 
has been used in the analysis of hydrating systems 
(25,236). Concentration-time profiles determined 
by this method agree well with those from conven
tional methods. pH changes with time can be 
measured using a glass electrode, but, once pH 
rises above 12, the method does not seem to be 
sensitive (25). This may be due to potential 
errors that can occur at high pH, and it has 
been suggested (237) that metallic electrodes 
can be used successfully. Other specific ion 
electrodes could be of use for investigating ad
mixture interactions.

3.4.2 Electrical Methods

Measurements of electric conductivity of 
cement pastes have been used for many years in 
hydration studies. A number of other parameters 
based on electrical measurements have also been 
evaluated in recent years. Changes in the 
dielectric constant of a paste are observed 
(238,239) during hardening and can be used to 
follow the setting process. Dielectric changes 
have been correlated with other measurements 
during early hydration (238). Podkin and Rozen- 
thal (240,241) and Rozenthal and Fedlngln (242) 
have also measured both dielectric constant and 
electrical conductivity in the radiofrequency 
range (5-100 MHz). The dielectric constant at 
5 MHz is very sensitive to the dipole orientations 
that lead to thixotropic behavior, and changes in 
its value are observed on redispersion of pastes 
during the first few hours. In contrast, the 
dielectric constant at 100 MHz Is insensitive 
to such changes. Conductivity measurements cor
relate with hydration behavior rather than with 
physical changes within the paste. Reboul (243, 
244) has determined complex electric permittivities 
of pastes from microwave resonance measurements 
(permittivity depends on free water content; it 
decreases with time and can be used to estimate 
setting). At 3 kHz and -20*C, permittivity Is 
affected by water adsorbed on surfaces. It has 
been shown that adsorption of water on C3S or 
cement surfaces is complete In 10—15 minutes, even 
though no hydration products are observed within 30 
minutes.

3.4.3 Spectroscopic Investigations

Nuclear magnetic resonance (NMR) has been 
used in the study of cement pastes, and Lahajnar 
et al. (245) have surveyed the various applicable 

:mR methods. Proton relaxation data (either spin
lattice, Ti, or spin-spin, T2) of adsorbed water, 
as distinct from crystalline water in a structural 
lattice, change with time and can be used to follow 
hydration (246-249). Pulsed NMR methods are better 
than spin-echo techniques for determining these 
parameters. Other NMR methods that can be used 
are line-shape measurements, proton-free induction 
decay, multiple pulse method, and ^63. NMR studies. 
The intent of all these methods is to separate sig
nals due to adsorbed water and crystalline H2O or OH-.

Blinc and co-workers (246) studied the proton 
and deuteron relaxation times in hydrating C3S 
and cement pastes. They concluded that the H2O 
molecules were highly mobile in the adsorbed mono
layer and exchanged rapidly with pore water in 
contact with the monolayer. They also showed that 
the relaxation times directly reflected the number 
of active surface sites and could be used to follow 
the hydration process. These studies (using Tj) 
have been applied to probing the effect of admixtures 
on the hydration of cement. The results are en
couraging: setting times and rate of hardening can 
be estimated. Unfortunately, correlations with other 
hydration studies do not appear to have been explored. 
Palkin et al. (249) used line-shape studies to follow 
hydration of cements and concluded that the 
formation of structured liquid layers pre
ceded the development of microstructure.

Infrared (IR) spectroscopy has been used 
to study compounds of interest in cement 
chemistry, but line broadening and difficulties 
in quantitative measurements have precluded its 
use in detailed hydration studies. Bensted 
and Bansted and Varma (250,251) have drawn atten
tion to the possible application of laser Raman 
spectroscopy and the complementary nature of the 
two techniques. It is likely that IR and Raman 
spectroscopic studies could be used more in 
hydration studies than has been the case, but 
experimental methods and approaches may have to 
be further developed to utilize their full poten
tial.

3.4.4 Miscellaneous Techniques

Changes in ultrasonic pulse velocity measure
ments during setting and hardening have been studied 
on cement (252) and C3S (253) pastes. The pulse 
velocity rapidly changes from 1400—1500 m/s in 
the fluid state to over 3000 m/s in the first 
few hours after setting. Velocity then continues 
to increase more slowly to above 4000 a/s. The 
method has been shown (252) to correlate well 
with heat evolution and changes in voltage be
tween electrodes embedded in the paste. The 
maximum rates of change in pulse velocity, 
voltage change, and heat evolution agree well 
with the final set as measured conventionally. 
The method is useful to distinguish between the 
Influence of admixtures in hydration (252,253) 
and on microstructural development (253).

Taylor (254) has described a method of 
hydrating undisturbed specimens for subsequent 
SEM observations. Advantaged claimed are high 
sensitivity to early hydration, detection of 



both amorphous and crystalline phases, and a 
capability for following the hydration of In
dividual phases in a mixture. However, the 
method entails the use of a very high w/c 
ratio. Other workers (13,126) have hydrated, 
premounted, and compacted specimens In a 
similar way to follow early hydration re
actions of cement compounds.

Thermoluminescence studies are described 
in the discussions of reaction mechanisms, and 
Mössbauer spectroscopy has been used to study 
the hydration of the ferrite phase and cement. 
Shchurov et al. (255) have used low angle X-ray 
scattering (LAXRS) to study the hydration of 
C3S and C3A. They point out that LAXRS can 
detect volume heterogeneities in anhydrous 
cements with similar BET surface areas but 
different LAXRS surface areas. Siegers and 
co-workers (256) have studied radial electron 
density distributions (RED) of hydrating C3S. ' 
Interpretation of the complex curves supports 
the idea that silicate polymerization occurs 
during hydration.

4. CONCLUSIONS

Considerable progress has been made in 
our understanding of cement hydration since 
the last Congress. There is general agreement 
on the main features of hydration, although 
there is still considerable disagreement over 
details of interpretation. We have a sufficient 
body of knowledge to be used to advantage in the 
cement and concrete industries; however, tech
nology transfer is the major limiting factor 
in our progress. -

The large gaps remaining in our knowledge 
concern the cement-water interactions occurring 
In the first few hours of hydration. If precise 
control over the development of microstructure 
is to be achieved, the hydration process that 
directs it must be understood in more detail. 
Control of microstructure will lead ultimately 
to the greater realization .of the potential of 
portland cement and, perhaps, to new uses of 
concrete not yet imagined. The developments of 
modern-day metallurgy and ceramics are good ex
amples of the powerful effects of microstructural 
control on engineering properties.

To achieve these aims, we should try to 
answer th$ following practical questions in 
the indicated areas:

1) Controlling the reactivity of 
calcium silicates

How can we increase the reactivity 
of C3S of CjS ■ H°w do we measure 
reactivity? Can two plants (or even 
laboratories) produce cements with 
exactly the same properties?

2) Cement-admixture interactions 

gypsum for set regulation? Can we 
scientifically design admixtures? 
Can we better predict rheological 
behavior?

3) Control of microstructure formation

How do alkalies and minor components 
, affect the course of hydration? How 

do interactions between clinker com
pounds affect the course of hydration 
and structure formation? How can we 
use external factors to direct the ■ 
formation of microstructure?

We already have some partial answers to many 
of these questions. To make further progress, we 
must make greater use of techniques used in other 
disciplines, such as ESCA, NMR, Raman spectroscopy, 
etc., and develop research programs that will probe 
the fundamental behavior of the cement-water system.
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I. PRODUCTS FORMED AT ORDINARY TEMPERATURES
The reaction of portland cement with water in pastes 
at ordinary temperatures gives as the main products a 
nearly amorphous form of C-S-H, Ca(0H)2. and smaller 
amounts of an AFm (hexagonal plate) phase or an AFt 
(ettringite-type) phase or both. We review here 
current knowledge and hypotheses of the compositions 
and structures of these phases in the forms in which 
they exist in cement pastes. We shall deal also with 
C3S and B-C2S pastes, but not with mechanisms of 
formation, morphology, microstructure or relations to 
properties.

C-S-H COMPOSITION: INDIRECT OR DIFFERENCE METHODS
The Ca/Si ratio of the C-S-H in a C3S or 0-C2S paste 
can be obtained by difference, using determinations 
of unreacted starting material and of Ca(OH)2 formed. 
Such methods give values usually between 1.5 and 2.0 
for fully-reacted pastes, depending somewhat on water/ 
cement ratio and other factors.- For low degrees of 
reaction, results vary widely. Some workers have 
reported that the Ca/Si ratio passes through a mini
mum for C2S but not C3S pastes (1,2), but this is not 
universally agreed; for a discussion, see Odler and 
Dorr (3). The results at low degrees of reaction are 
very sensitive to small experimental errors, and 
different methods of determining the Ca(0H)2 tend to 
give different results; some or all of the published 
results may be wrong. However, it has also been 
suggested that the Ca/Si ratio in the early stages of 
reaction, and whether or not it passes through a 
minimum, may depend on the reactivity of the starting 
material (1,3,4).

DIRECT OR ELECTRON-OPTICAL METHODS
Indirect methods give an average Ca/Si ratio for all 
the C-S-H in a sample and can thus eliminate sampling 
ärrors, but they have serious limitations. Their 

"reliability at low degrees of reaction has already 
been mentioned. In addition, they cannot give inform
ation about possible differences in composition 
between different regions, such as “inner" and "outer" 
products, or between individual particles within a 
given region. They cannot safely be applied to 
cement pastes, because of uncertainties connected 
with subsidiary components and phases.
Direct or electron-optical methods can avoid these 
drawbacks. Electron probe microanalysis (EPMA) and 
scanning electron microscopes (SEN) fitted with X-ray 
detectors have been in use for some time. These 
methods allow ready correlation of composition with 
microstructure, but have limitations. The volume 
analyzed (about 2 pm in each direction) is probably 
too large for the scale of heterogeneity of the 
material, and certainly too large for the study of 
between-particle variability. Corrections for 
absorption and other effects can be difficult, 
especially if rough surfaces are used. The identity 
of the sample analyzed, or its freedom from crystall
ine impurities, cannot be checked by a diffraction 
pattern. Some newer instruments overcome these 
limitations. In the analytical electron microscope 
(AEM), a transmission electron microscope is fitted 
with an X-ray detector; analyses can be obtained 
from regions a few hundreds of A in each direction 
(5). The scanning transmission electron microscope 
(STEM) offers further possibilities (6), but these 
have thus far scarcely been exploited in the analysis 
of cement hydration products.

ELECTRON-OPTICAL ANALYSES OF C3S PASTES
EPMA and SEM studies of the C-S-H in C3S pastes (7-9) 
have mostly indicated Ca/Si ratios of 1.6 - 1.9, in 
general agreement with results of indirect methods 
for mature pastes. Some have distinguished between 
inner and outer products: Goto et al. (10) found 
1.8-2.0 for the inner product of a mature paste, and 
4-4.5 for the outer product; this latter value 
presumably relates to a mixture with Ca(0H)2. Stucke 
and Majumdar (11), studying a 1-month old paste, 
obtained values of 1.9 and 1.6 for the inner and 
outer products respectively.
Using AEM, Gard et al. (12) found mean Ca/Si ratios 
of 1.5 - 1.7 for the C-S-H in C3S pastes cured for 
1 - 180 days. The means for two different C?S 
preparations were 1.5 and 1.6, but no significant 
correlations with curing time, degree of reaction, 
or morphological type of C-S-H were found. All the 
samples showed significant compositional variation 
between particles; the range of Ca/Si ratio over the 
161 particles analyzed was 1.21 - 1.96. For high 
degrees of reaction, the results agreed broadly with 
those obtained for the same samples by an indirect 
method, but for low degrees of reaction the latter 
gave lower Ca/Si ratios. Two possible explanations 
were suggested: either the indirect results were 
wrong, or the AEM results related to only a part of 
the C-S-H. The specimens were prepared for electron 
microscopy by grinding and redispersing, and this 
procedure could have enriched them in material 
easily detached from the cores of unreacted C3S. This 
question will remain unanswered until a better method 
of specimen preparation, such as ion-thinning, has 
been developed.

C-S-H COMPOSITION IN CEMENT PASTES '
This could not be reliably determined before electron- 
optical methods were available, but some useful 
indications were nevertheless obtained. Kalousek (13) 
concluded from thermal analysis that the amounts of 
AFm and AFt phases were too small to account for all 
the sulfate ion present, and that some of it must 
enter the C-S-H. Copeland and coworkers, in studies 
summarized by Copeland and Kantro (14), concluded from 
indirect evidence that the C-S-H could accommodate 
As.3+, Fe3+ and SOn2’ ions, in eachcase to the extent 
of about 1 ion per 6 Si, and that their presence in 
the C-S-H was associated with an increase in Ca/Si 
ratio. SEM studies have supported sone of these 
conclusions: Diamond (15) found Ca/Si ratios of 2-3 
and evidence of significant S substitution, while 
Stucke and Majumdar (16) reported a bimodal distribut
ion of Ca/Si ratio with maxima at 1.90 and 2.15.
Lachowski et al. (17) analysed 365 particles of C-S-H, 
Ca(0H)2, AFm phase and AFt phase from pastes of 
cements and clinkers using AEM. All the phases 
other than Ca(0H)2 showed significant compositional 
variation between different paste specimens and also 
between different particles within each specimen.
Fig. 1 gives a general indication of this variability 
in a typical case. Nearly all the C-S-H particles 
analyzed contained significant amounts of At, Fe and 
S, and smaller amounts of Mg. Many contained a 
little Na or K, and a few contained traces of Ti or 
Ct. For the pastes to which Fig. 1 refers, the mean 
atomic contents, expressed as ratios relative to 
10(Ca + Mg), were : .

Na Mg At Si S Ct K Ca Ti Fe 
<0.1 <0.1 0.5 5.7 0.8 <0.1 0.1 10.0 <0.1 0.1



Si / 10 (Ca + Mg )
Fig. 1 - Atomic ratios in particles of hydration 
products in some cement pastes, determined using 
analytical electron microscopy (17). Open and full 
circles denote S/10(Ca + Mg) ratios below and above
1.5 respectively. Water/cement ratio = 0.7, curing 
times 1 - 28 days.

For 156 C-S-H particles from these and other pastes, 
the mean Ca/Si ratio was 2.0.

THE WATER CONTENT OF THE C-S-H IN PASTES
For the C-S-H of fully reacted and D-dried C3S or 
cement pastes, H20/Si ratios are typically about 0.5 
below Ca/Si ratios11*; i.e., H20/Ca is about 0.7. 
Heating to 150-200°C under dynamic (TG) conditions 
leaves a similar amount of water in the C-S-H, though 
the effect on the structure is not necessarily the 
same. In either case, the water retained presumably 
occurs partly as molecules and partly as OH groups 
bound in various ways, but the respective amounts are 
unknown. Opinions differ as to whether the H20/Si 
ratios of C-S-H in partly reacted pastes are higher 
or lower than in the case of fully reacted pastes, 
and for this and other reasons, the use of 'fixed 
water" as a measure of the degree of reaction'is of 
uncertain validity.
The terms 'chemically' and 'physically' bound water 
have no intrinsic meaning, but it is legitimate to 
enquire about the mobility of water molecules lost 
under given conditions, the part they play in the 
structure, or the way in which the latter is affected 
by their loss. The results of Feldman and others 
indicate that substantial and partly irreversible 
changes begin to occur at water contents much aboye 
those produced by D-drying.

STRUCTURE OF THE C-S-H IN CEMENT AND CALCIUM SILICATE 
PASTES

Because the C-S-H formed in pastes cured at ordinary 
temperatures is almost amorphous. X-ray or other 
diffraction methods provide only slight structural 

information and there have been no significant recent 
developments in this respect. Mather (18) and 
Diamond (19) have reported typical X-ray powder 
patterns, which show only a very weak, diffuse band 
at 2.6 - 3.1 A and a somewhat sharper one at 1.8 A. 
A 20-year old C3S paste gave a closely similar 
pattern (20) and there appears to be no foundation 
for occasional suggestions that the crystallinity of 
the C-S-H increases significantly over a period of 
some decades.
Of other methods used to provide structural informat
ion, trimethylsilylation (TMS) has’proved the most 
useful. This is a chemical method that provides 
information on the distribution of Si among different 
anionic species. It was first applied by Lentz (21), 
who showed that the monomeric anions (SiOn) initially 
present are replaced in the course of reaction by 
dimer (Si207) and ultimately by polymer. Recent 
improvements in TMS procedures (22,23) have led to a 
more exact and detailed understanding of this process.

ANION-SIZE DISTRIBUTION IN C3S AND B-C2S PASTES
The silicate anions in C3S and B-C2S are monomeric, 
and recent TMS studies have shown that for calcium 
silicate pastes cured at room temperatures the amount 
of monomer corresponds to that of unreacted starting 
material found using QXRD (2,4,24,25). Little or no 
monomer is therefore present in the C-S-H. This does 
not hold, however, for C3S pastes cured at 4°C.
Bentur et <xl. (24) found that such pastes contained 
much more monomer than could be attributed to unreact
ed C3S. They suggested that the C-S-H formed initial
ly contained monomer, which was later converted into 
dimer and then into polymer; at room temperatures, 
the dimerization step was sufficiently rapid that the 
concentration of monomer was very low.
It is now widely agreed that the C-S-H of C3S pastes 
cured at room temperature contains much dimer, a very 
little linear trimer (SisOio), virtually no cyclic 
trimer (Si 309) or cyclic tetramer (Sii.0i2), and vary
ing amountsof polymer (2,4, 23 -25). Unless other
wise stated, this latter term will be used here to 
include all silicate species larger than those listed 
above. Dent Glasser et al. (4) found that for degrees 
of reaction up to about 20% the Si in the C-S-H was 
present entirely as dimer, but that at later stages 
of reaction polymer was also present. The absolute 
amount of dimer increased throughout the period 
studied (about 15 months); a nearly fully-hydrated 
paste of this age contained about equal amounts of 
Si as dimer and as polymer. Comparison with electron
microscope evidence suggested that Type I C-S-H 
(nomenclature of Diamond, 19) contained only dimer 
and that Type III C-S-H contained either polymer, or 
a mixture of dimer and polymer. Mohan (20) later 
extended this study to a 20-year old C3S paste 
provided by Dr. D.L. Kantro (Portland Cement Assoc
iation); of the total Si, 2% was recovered as 
monomer, 36% as dimer and 47% as polymer (total 
yield, 85%).

ANION-SIZE DISTRIBUTION IN CEMENT PASTES
In the main, results obtained by TMS procedures have 
been similar to those for calcium silicate pastes. 
The most important difference is that for pastes 
hydrated at ordinary temperatures, the C-S-H contains 
an appreciable amount of monomer (26, 27). For three 
fully-hydrated cement pastes 1.8-6.3 years old, 
Lachowski (26) found 9-11% of the Si to be recover
able as monomer, 22- 30% as dimer, and 44-51% as 



polymer. Polymer here includes 1 - 22 as linear trimer, 
and the total yields were 80 - 882. As with C3S pastes, 
little or no cyclic trimer or cyclic tetramer has been 
found, but Sarkar and Roy (27) observed peaks in the 
GLC curves of the IMS derivatives which they attrib
uted to linear tetramer (S1*013) and cyclic pentamer 
(SisOis). Berger et at. (2) found that, for cement 
pastes cured for short times,the proportion of the 
Si in the C-S-H present as polymer was less than for 
comparable C8S or CzS pastes. The higher proportions 
of monomer in cement pastes could be associated with 
partial replacement of Si by other elements (2,27,28). 
A little monomeric silicate could also occur in the 
AFm and AFt phases.

ANION-SIZE DISTRIBUTIONS WITHIN THE POLYMER FRACTION
These have so far been studied most effectively by' ' 
gel-permeation chromatography (GPC) of the TMS 
derivatives (26,27); thin-layer chromatography also 
appears promising (29). It is also possible, from 
chemical analysis of the TMS.derivatives, to deter
mine the mean connectivity (Q) of the polymer fract
ion; this quantity is defined as the mean number of 
Si-O-Si linkages formed by each Si atom and is, for 
instance, 1.6 for linear pentamer, 2.0 for a ring or 
infinite chain, and 3.0 for the finite, three
dimensional ion SieOi».
For fully-reacted cement pastes, both Sarkar and Roy 
(27) and Lachowski (26) found anion-size distribut
ions within the polymer fraction peaking at a mole
cular weight of about 1100 for the TMS derivatives. 
Sarkar and Roy considered the main component of the 
polymer to be cyclic pentamer. They found no 
evidence of anionic species larger than this, but 
Lachowski’s distributions (Fig. 2) for the three 
pastes mentioned in the previous section showed 
tails on the high molecular weight sides, with minor 
peaks or shoulders indicating significant contribut
ions from anions with 6-9 Si. The number and 
weight means for the anion size corresponded to 8-9 
Si and 14-17 Si atoms respectively, and the mean 
connectivities were 2.3. Later work using a differ
ent GPC instrument indicated the slightly higher 
modal molecular weight of 1300 (30).
Mohan (20) has applied Lachowski's methods to C3S 
pastes (w/c = 0.45 or 0.47). He obtained GPC curves 
which broadly resembled those in Fig. 2, and which 
gave the results shown in Table I. Some tentative 
interpretations are are follows. First, for the 7
day old paste, about a half of the Si in the polymer 
fraction is present in anions containing less than

Fig. 2 - Gel permeation chromatograms of poly
silicate derivatives from cement pastes aged 1.8 -
6.3 years (Lachowski, 26)

8 Si, possibly mainly linear pentamer; much of the 
rest is in anions with 8-9 Si. Second, during the 
next 3 months, there is little change in the fraction 
present in anions with less than 8 Si, but the 
fraction present in highly-polymerized anions .
(>10 Si) increases at the expense of that present in 
anions with 8-9 Si. Third, changes continue over a 
period of years, during which time the fraction of 
the Si present in anions with less than 8 Si also 
decreases considerably; in the 20-year old paste, 
possibly half of the Si in the polymer fraction is 
present tn highly-polymerized anions. The connect
ivity results are also of interest, and their 
significance is discussed later.
Ono et at. (25) have obtained somewhat higher mole
cular weights for the polymer TMS derivatives obtain
ed from alite pastes with and without added Na20. 
They reported values of about 3000 for pastes 3.-28

TABLE I

CjS Pastes : Anion-Size Distributions Within the Polymer Fraction (Mohan, 20).

Curing Time Molecular
Mode

Weight of TMS Derivatives No. of Si Atoms in the Anion Mean
Connect!vity 

(ä)
Number 

Mean
Weight 

Mean
Number 

Mean
Weight 

Mean

7 days 1300 1600 1900 7 8 1.8
14,30,42 " 1300 1600 2100 7 9 1.8- 1.9

84 " 1300 1700 2400 7 10 1.8 .
180 " 1300 1800 2600 8 11 1.8
20 years 1300 2500 7000 11 33 2.1



days old, rising to nearly 4000 for the Na20-free 
paste at 91 days. - " ■ .

STRUCTURAL MODELS FOR C-S-H / ' ' -

Two assumptions about the structure of the C-S-H of 
cement and calcium silicate pastes are widely accept
ed: first, that it is a layer structure, and second, 
that when the silicate ions polymerize, they do so in 
a way that produces chains. Both assumptions derive, 
at least in part, from the suggestion made over 20 
years ago by one of us (H.F.W.T.) that the structure 
resembles that of tobermorite. The view that there 
is any close relationship to tobermorite is now - 
generally rejected, but the assumptions of a layer 
structure and of silicate chains remain, and it is 
timely to examine whether they are soundly based.
Four arguments for a layer structure may be consider
ed, via: . ■
(i) Diffrootion. The most obvious interpretation of 
the weak x-ray peaks or bands at 1.8 and about 3 A is 
that they are Hk reflections from layers similar to 
those in Ca(0H)2, but possessing only short-range 
order and distorted because many of their oxygen 
atoms are shared with silicate tetrahedra in a part
icular way. Very occasionally, particles have been 
found that give selected-area electron-diffraction 
patterns (31,32), and these patterns are also . 
consistent with the above explanation (33).
(11) Surface-Area Studies. Differing structural 
models have been advanced to account for the results 
of studies of specific surface areas and related 
properties, but nearly all share the common feature 
of a layer structure. It is not clear whether layer 
structures are the only ones that can explain the 
data, or whether they have been adopted because of 
the other arguments outlined here.
(ii.i) Morphology. Some, though'not all electron
microscope studies suggest that Types I and II C-S-H, 
which predominate at early ages, are composed of 
either flakes or foils, in some cases either rolled 
into scrolls or joined to form honeycombs (31,32, 
34.- 36). For Types III and IV C-S-H, which seem to 
predominate in mature pastes, the morphology gives 
little clue to the underlying structure, though the 
description of Type III C-S-H as "irregularly equant 
or flattened particles" (19) could possibly be 
considered as suggesting a layer structure.
(iv) Analogy with Other Basic Salts. Many, though by 
no means all basic salts are known to have layer 
structures, and analogy suggests that these could 
include the C-S-H of cement and calcium silicate 
pastes.
None of this evidence is conclusive, but taken as a 
whole it suggests that there is indeed a tendency 
towards formation of layers, which is possibly 
stronger in Types I and II than in Types III and IV 
C-S-H. The diffraction evidence shows that it is no 
more than a tendency. As Diamond (19) has emphasized, 
the structure possesses only short-range order, and 
the absence of any X-ray powder spacing in the 9-ISA 
region shows that there is no close approximation to 
a set of regularly spaced layers. The structure 
must differ markedly from those of such crystalline 
or quasi-crystalline phases as tobermorite, jennite, 
C-S-H(I) or C-S-H(II), and the use of any of these 
as models is likely to be misleading.
The only significant argument for a chain-type anion 
appears to be the diffraction evidence; condensation 

of the SiO» tetrahedra into chains would distort the 
Ca-0 sheets in a way that would produce the observed 
diffraction effects. However, some other.patterns of 
condensation, including the mere formation of dimer, 
would probably have the same effect. .
The TMS evidence gives no support to the hypothesis 
that polymerization produces chains, and affords 
some indications against. Sarkar and Roy's (27) view 
that the main constituent of the polymer fraction is 
cyclic pentamer has already been mentioned. The - 
combination of relatively low mean molecular weight 
and relatively high connectivity found by Lachowski 
(26) and Mohan (20) does not support the view that 
the higher molecular-weight constituents of the 
polymer have chain structures. It suggests rather 
that they are rings or, perhaps more probably, - 
compact and roughly equidimensional anionic species 
similar to, though not necessarily the same as those 
known to exist in silicate solutions (37).
These arguments suggest that most and perhaps all of 
the models that have been suggested indicate a higher 
degree of crystalline order than really exists. In . 
Types I and II C-S-H, there may well be an approxi
mation to continuous Ca-0 layers, in which the oxygen 
atoms form parts of Si207, OH, and, for the C-S-H of 
cement pastes, SOu and A£- and Fe-containing groups. 
For Types-III and IV C-S-H, such sub-crystalline order 
as exists could be confined to the neighborhood of 
small fragments of Ca-0 layers, perhaps only some 
tens of A large and only rarely parallel to each 
other (Fig. 3). The intervening spaces could be 
totally amorphous and any silicate ions in them 
might well be of compact types. It is by no means 
certain that Types III and IV C-S-H are particulate 
in nature, and Fig. 3 has been drawn in a manner 
intended to show this. ■

500 A

Ca-O sheets with 
attached anions, 
including SijOy

• typical spaces 
containing Ca.HjO 
and anions, including 
compact polyeilicate 
anions

Fig. 3 - Suggested structure for Type III C-S-H 
(schematic; ref. 38)

A model of this type would appear compatible with 
some other data, such as the densities of 2.3-2.4 g 
cm-3 found for material equilibrated to 11% R.H. (39). 
Nitrogen specific surfaces of about 60 mzg-1 could 
reasonably apply to the C-S-H particles, and the much 
higher values of around 950 m2g'1 found using low- 
angle x-ray scattering (40) to the Ca-0 sheet frag
ments and the anions directly associated with them.

CALCIUM HYDROXIDE IN CEMENT PASTES
Analytical electron microscope analyses of Ca(0H)2 
crystals from cement pastes showed that most contain 
a little Si, S and Fe and that a few contain a little 
AH; maximum contents of any of these elements 
relative to Ca were 0.02-0.03 (17). The relative 



abundance of Fe coepared with Al suggests that it may 
be present as Fe2*, which could replace Ca. It is 
not clear whether the other elements are present in 
the Ca(OH)2 structure or in inclusions, although no 
indications of a second phase were observed.
AFM PHASES
These are crystalline phases of hexagonal-plate 
morphology and are typified by monosulfate,
C CazAtCOHlslzfSlM.SHzO. The basic crystal structure 
and other data are well established; several reviews 
exist (41 -43). AFm phases have layer structures 
related to that of Ca(0H)2; every third Ca is . 
replaced in an ordered way by a tripositive cation, 
which causes considerable distortion, and anions and 
H20 molecules are intercalated between the layers.
The general formula is Ca2M(0H)6.X,aq., where M is an 
octahedral cation (normally M?* or Fe3*), and X is 
the interlayer anion. Many anions can occupy these 
sites, including among others OH-, C032-, SO»2- Ct-, 
A£(OH)„" (in C2AHe), H2AÄSiO5- (in C2ASHg) and a 
silicate ion of unknown constitution. Up to one 
interlayer anion can be accotmodated per unit of 
CCa2At(0H)6]*.
The AFm phase of cement pastes has often been regard
ed as monosulfate or as a mixture or solid solution 
of this phase with its hydroxide analog, CuAH,, but 
this view is an oversimplification. Regourd et al. 
(44) studied C3S-C3A- gypsum pastes by SEN and EPMA. 
They found that both AFm and AFt phases can be form
ed which contain Si but no S. Lachowski et al. (17) 
studied the AFm phase in portland cement pastes with 
w/c 0.7, hydrated for 7 days at 25°C; they found the 
following atomic ratios :

Mg At Si S K Ca Fe
0.01 1.06 0.11 0.15 0.02 1.99 0.03
These are mean ratios for 30 particles and are given 
relative to 2(Ca+ Mg). Assuming the Fe to be in 
octahedral sites, and ignoring minor replacements, 
this gives the ionic constitution

Ea2AJlg.37Feo.o3(OH)g](SOi,)e.i5Alg.g9Sio. ii0xHy.
The constitution of the interlayer is not given in 
more detail because the forms in which the At and Si 
occur are not known. Marked compositional variation 
between particles »ras observed (Fig 4a) and the AFm 
phase clearly has aspects of both a mixture and a 
solid solution. The mean composition corresponds to 
that of a mixture or solid solution of which the 
components are C«,AHX (about 50 mole %), monosulfate 
(C3A.CS.HX ; about 30 mole %) and a composite 
component with interlayer At and Si (about 20 mole 

Fig. 4 - Compositions of individual particles of 
AFm phases in pastes of a cement hydrated for (a) 
7 days_and (b) 28 days. The components are defined 
asCifAS.aq., CgA.aq. and CxA(A,AS2,S2).aq., with 
substitution of Fe for At in each case (ref. 17).

'%), all with some replacement of At by Fe. With 
increase in time to 28 days (Fig. 4b), the proportion 
of this composite component increases, at the expense 
largely of C^AHjt; a major part of it is 2[C2AHxi. 
Lachowski et al. also analyzed the AFm phase formed " 
in pastes of finely-ground clinkers; as might be 
expected, the interlayer sites were occupied largely 
by OH- and by At- or Si-containing species, with 
relatively little sulfate.
AFT PHASES
These are crystalline phases of hexagonal prism or 
needle morphology, and typified by ettringite, 
[Ca3Ai(0H)6 .IZHzQiz(SO.,)3.2H20. As with AFm phases, 
the basic structure and other data are well establish
ed; for reviews, see refs. 41 -42. AFt phases have 
columnar structures, the material enclosed in the 
square brackets forming the columns and that outside 
them occupying the intervening channels. The At can 
be replaced by Fe3 or, in thaumasite, 
CCa3Si(0H)6-12H2C[](S0i))(C03), by Si. Various anions 
can occupy the channel sites, including SO,2-, C032", 
Ct-, a silicate ion of unknown constitution (45) and 
possibly OH (45). Under some conditions, solid 
solutions between ettringite and thaumasite can be 
made (46).
The AFt phase in canent pastes has usually been regard
ed as ettringite, but the work of Regourd et al. (44) 
suggests that it may contain Si. Lachowski et al. 
(17), in their AEM study, had difficulty in obtaining 
reliable analyses of AFt phase because of suspected 
loss of S and Ca in the beam; for a typical portland 
cement hydrated for 1-28 days, the mean atom ratios 
were Ca 4.74, K 0.09, Mg 0.03, At 1.64, Fe 0.06, 
Si 0.30, S 1.60. These are means for 100 particles 
and are given relative to (At + Fe + Si) =2. The 
theoretical contents of Ca and S are 6 and 3 
respectively; the deficiency in S is probably too 
large to be wholly attributable to loss in the beam 
and some of the channel-anion sites may be occupied 
by OH- or C032-. The results confirm the presence 
of Si, and it was only possible to explain them 
rationally by assuming that this largely or wholly 
replaced Al.
DISTRIBUTION OF SUBSIDIARY ELEMENTS IN CEMENT PASTES
The AEM studies of Lachowski et al. (17) give tentat
ive indications of the distribution of the Al, Fe and 
S among the product phases. Comparison of the mean 
C-S-H canposition with that of the cement suggests 
that about a third of the At and by far the greater 
part of the S ends up in the C-S-H; the mean 
composition and probable amount of AFm phase are 
compatible with this. The data did not justify such 
calculations for the Fe, but suggested that this 
tends to enter C-S-H in preference to AFm and AFt 
phases. '
Copeland et al.lM) obtained X-ray evidence of the 
formation of a hydrogarnet phase from a wide range of 
cements. It had a = 12.4 A, and they concluded that 
it may have been silica - containing and of approx
imate composition CbAFSzHs. Relatively few other 
workers seem to have detected hydrogarnet phases in 
normally cured portland cement pastes (18).
Seligmann and Greening (48) concluded from indirect 
evidence that the C-S-H formed at early ages should 
be high in S04 and low in At, and that it should lose 
SOu and gain Al as reaction proceeded. There is 
probably no direct evidence for or against this view 
in the case of At. Evidence for a decrease in SO» 
content was found by Lachowski et al. (17).



II. PHASES FORMED AT ELEVATED TEMPERATURES

INTRODUCTION '

The hydration products of portland cement, C3S or 
B-C2S in pastes at temperatures up to or somewhat 
above lOO’C do not differ essentially from those 
formed at ordinary temperatures, though there are 
differences in morphology and microstructure. Odler 
and Skalny (49) studied C3S hydration at 25- 100°C; 
the C-S-H Ca/Si ratio increased (from 1.88 to 2.04), 
while the H20/Si ratio for D-dried material decreased 
from 1.52 to 0.98. Bentur et at. (24) found more 
polysilicate in C-S-H formed at 65°C than in that 
formed at 25°C. The upper stability limit of ettring
ite has been studied, because of the importance of 
this phase for expansive cements; from static exper
iments, Roy et at. (50) placed the transition temper
ature for decomposition to monosulfate plus hemi
hydrate at 105±5°C at 690- 1380 KPa. Satava and 
Vejrek(51), using dynamic hydrothermal analysis, 
placed the onset of the DTA peak in liquid water at 
111 °C, in reasonable agreement; taken together, 
these studies define the maximum stability temperature 
at relatively low confining water pressures. Izozaki 
and Nakagawa (53) found that various inorganic salts 
failed to stabilize ettringite at 180°C under satur
ated vapor pressure. Monosulfate is reported stable 
up to 190°C (51), and in an Fe-substituted form has 
been obtained from CmAF and Fe-At-ettringite at 190°C 
(52).
The phases described in the remainder of this review 
are formed in autoclaved or hot-pressed materials, or 
hydrothermally, as in deep oil-well or geothermal 
cementing operations. They range from X-ray amorph
ous to highly crystalline phases. Because of their 
varying degree of crystallinity and sometimes also 
difficulties of isolation, many uncertainties remain 
about compositions and structures, especially in 
regard to products formed in autoclaved cement-based 
materials, which typically result from reactions 
lasting only a few hours. Nevertheless, there has 
been progress since the Moscow Congress review (42), 
in both synthetic and structural studies. Taylor and 
associates in Aberdeen have obtained new powder diff
raction data from many of the phases, for inclusion in 
the JCPDS file; these revisions have emphasized the 
use of calculated patterns whenever the structures 
are known, to permit recognition of impurity peaks, 
reliable indexing, checks on intensities, and unit
cell refinements. New combinations of analytical and 
structural tools have been applied to help elucidate 
relationships between initial phase compositions, 
reaction conditions, and structures and compositions 
of products; of particular interest is the develop
ment of a microscope for direct observation of auto
clave processes (54). Some new mineral localities 
have been investigated that contain an abundance of 
hydrothermal calcium silicates and related minerals, 
of which the chief are the Hatrurim Formation in 
Israel and the Fuka locality in Japan, which have 
been studied by Gross (55) and by Henmi and associates 
in Okayama respectively. .
Table II lists the phases that either have been found 
in cements hydrated at elevated temperatures, or which 
from other evidence could possibly be found in such 
materials, and summarizes new data. Fuller accounts 
of some of these recent studies follow.

WOLLASTONITE GROUP
Xonotlite has assumed increasing importance from its 

persistent formation in higher-temperature autoclaved 
materials and presumably in deep oil-well and geo
thermal cements. Kudoh and Takeuchi (56) determined 
the crystal structure of the AT polytype; it basic
ally resembles the much more approximate structure 
found earlier by Mamedov and Belov. Kalousek et at.
(57) studied 15 natural and synthetic xonotlites by 
X-ray diffraction, TG and AEM. An earlier suggestion
(58) that xonotlites can be defective in Ca was 
confirmed; the deficiency is balanced by presence of 
SiOH groups,which partly or wholly explains observat
ions that samples made at low temperatures contain 
more water than that indicated by the formula C6S6H. 
The results also showed that AX. can enter the 
structure and that this affects the cell parameters. 
Tashiro and Kawaguchi (59) studied the effects of 
Ca/Si ratio and added Cr203 on xonotlite synthesis. 
The formation temperature is increased either by 
departure from the 1:1 composition; or by adding 
Cr3+. The formation temperatures at 0% and 10% Cr203 
were, respectively, 210° and 450°C at C/S 0.83, 160° 
and 280°C at C/S 1.0, and 250° and 270°C at C/S 1.2. 
The Cr appears to enter the C-S-H(I) structure and to 
interfere with formation of tobermorite.
A new polytype of wollastonite (7T) has been 
discovered (60). Foshagite has been proposed as a 
feasible constituent of geothermal cements; it 
appears to contribute favorably to the mechanical 
properties due to its fibrous habit (61,62) . 
Hillebrandite can also occur under conditions 
relevant to geothermal cements (62).

TOBERMORITE GROUP
11^ Tobermorite. Considerable effort has been 
directed to both synthesis and properties of tober
morite phases. Many of the studies center on 11 A 
tobermorite, which is a major component of many 
autoclaved building materials and is also formed in 
cementing deep oil wells. Mitsuda and Taylor (63) 
discussed 'normal' and 'anomalous' behavior in 
natural tobermorites (in normal tobermorite the basal 
spacing decreases to about 9.3 A on heating at 3OOoC 
while in the anomalous variety it does not). Normal 
behavior is associated with defective silicate chains 
and Ca/Si ratios above the theoretical 5:6, while in 
the natural anomalous tobermorites studied, all of 
which contained AJl and alkalies, the structure was 
defective in Ca and the Ca/(Si + ax) ratios were 
below 5:6. EX-Hemaly et at. (64) reported on the 
synthesis of normal and anomalous tobermorites; they 
found reaction to pass through the sequence semi
crystalline C-S-H ■* normal tobermorite ♦ anomalous 
tobermorite. Addition of AX3"1" generally favored 
growth of normal tobermorite, while AX3+ plus alkali 
yielded anomalous or intermediate varieties.
Other Crystatline Tobermorite Phases. 14 X tober
morite has been synthesized (64, 65) ; Hara et al. 
(65) obtained it from prolonged reactions at 60°C 
under conditions similar to those used originally by 
Kalousek and Roy (66). The occurrence of 10 Ä tober
morite as a natural mineral has been confirmed; Ca/Si 
ratios of 1.3- 1.7 have been found (55 , 67). 
Tacharanite appears closely related to the tobermorite 
minerals; it contains essential AX and may be 
identical with the previously reported 12.6 A 
tobermorite (55, 68)-.
Hydrothermally-Produced C-S-H and its Conversion . 
into Tobermorite. In autoclaved materials and ' 
cements hydrated under hydrothermal conditions, 
various forms of C-S-H can occur either as intermed-



TABLE II Hydrothermally Produced Calcium Silicates, Aluminosilicates and Related Phases

Compound Composition Constitutional Formula Comments, New Beta, and References

yoltastonite Group
Nekoite C3S5HB 3CflSi 2O5.8H2O Natural mineral, not synthesized 

Ditto; new occurrence“5Okenite CsSgHg 3CaSi205.6H20
Xonotlite C6S6H CaeSisOitCOHJz Structure56composition and substitution 

57"59, geothermal cements61 62 6"1*
Wollastonite CS CaSiO3 (B-) New polytyp^’
Foshagite C»S3H Ca^fSiOa)3(0H)s Geothermal cements61 62
Hillebrandite c2sh Ca2(S103)(0H)2 Geothermal cements62

Tobermorite Group
14 X Tobenmorite CsSgHg Ca5(Si6018H2). 8H20 Synthesis64-66
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lates In the formation of 11 8 tobermorite or as the 
final product. The designation "C-S-H" denotes any 
sub-crystalline or amorphous calcium silicate hydrate 
and includes a wide variety of phases, many of which 
probably differ markedly in structure both from the 
C-S-H of normally-cured cement pastes and from the 
tobermorite phases. The term 'C-S-H(I)' refers more 
specifically to forms of C-S-H with a relatively high 
degree of crystallinity and a composition and 
structure approaching those of the crystalline 
tobermorites. Sauman (69) explored the conditions of 
formation and character of the binding phases in auto
claved cement-silica materials; imperfectly develop
ed 11 A tobermorite and CSHn (a form of C-S-H) were 
reported to be the major phases in compact silicate 
concretes, but cellular (aerated) concretes contained 
well-developed crystals of tobermorite; Mitsuda and 
Chan (70) showed this to be anomalous. Grennan et aZ. 
(71) and EÄ-Hemaly et al. (72) also studied dense 
lime-quartz materials. They found the binder to be 
a poorly crystalline C-S-H, and TMS studies showed 
a gradual change from monomer and dimer to polysil1- 
cate as reaction proceeded and the binder Ca/Si ratio 
decreased. The binder H2O/Si ratio was related to 
its Ca/Si ratio, very much as in the C-S-H of normally 
cured cement.
Several studies have been made on the transition from 
C-S-H into tobermorite, in reactions starting from 
various combinations of lime, colloidal silica and 
quartz (73- 77). In the lime-quartz-water reaction, 
the reaction of the lime is controlled by the rate of 
dissolution and that of the quartz by diffusion 
through the coating of reaction products (76). The 
role of AJI2O3 in this reaction is complex; kaolinite 
can retard the reaction of the quartz, perhaps 
through the formation of dense, surface coatings (76, 
77), but it can also accelerate the crystallization of 
tobermorite from C-S-H (74, etc.). Alkali accelerates 
reaction of quartz but retards conversion of C-S-H 
into tobermorite (78,79), which can take up K (80). 
Formation of C-S-H and tobermorite from mixtures of 
cement or ß-C2S with quartz has also been studied 
with reference to geothermal and other borehole 
applications (79, 81-84). Reaction passes through 
successive formation of various types of C-S-H to 
tobermorite, and high strengths have been obtained 
both with C-S-H(I) and with tobermorite as the binder.

JENNITE GROUP
Jennite has not been synthesized, but Gard and Taylor 
(33) showed a possible relationship to the semi
crystalline, fibrous C-S-H(II), which can be made by 
aging dilute aqueous suspensions of @-C2S or C3S. 
They reported that W. Wieker had shown using paper 
chromatography and molybdate methods that C-S-H(II) 
contains di- and polysilicate anions. Three 
independent studies show that jennite does not 
contain any significant amount of Na, as previously 
supposed (55, 85, 86). Jennite and its dehydration 
product metajennite have layer structures, with the 
possible constitutional formulae given in Table II.

GYROLITE GROUP v
Recent interest in phases of this group has arisen 
mainly because of their formation in potentially 
useful geothermal cements. Buckner et al's (87) 
observation that they form particularly readily from 
starting materials that include high-surface area 
silica has been confirmed in several recent studies 
(61, 62, 88-91); however, contrary to some previous 

suggestions, they can also form from mixtures of 
cement or ß-C2S with quartz or fly-ash (61,90) and 
when once formed can persist in runs as long as 98 
days at 350°C and 69 MPa. Concern over the 
suitability of truscottite as a phase in geothermal 
cements centers around its stability relative to the 
alternate assemblage containing xonotlite and quartz 
(89,90).
AEM and X-ray studies of natural and synthetic 
truscottites show that in absence of substitution, 
the formula is Ca7(Si i2029)(0H)i,.rblH20 and that the 
phase can accommodate At and K in absence "of each 
other to the extents of about 0.7 A^ or 0.25 K in the 
above formula (92). Substitution of At causes a 
small increase in cell dimensions, which can approach 
those of reyerite. The latter phase is structurally 
very similar to truscottite, to which it appears to 
be related by ordered replacement of one Si in the 
above formula by Ai and incorporation of alkali 
cations in otherwise vacant sites. The molecular 
water is zeolitically held and for any given 
temperature and humidity the water content of reyerite 
is probably at most only slightly higher than that of 
truscottite.
X-ray and electron-diffraction studies of Assarsson's 
Z-phase confirm that it is structurally related to 
gyrolite (93), in the formation of which it can be a 
precursor.

PHASES STRUCTURALLY RELATED TO y-C2S
This group includes kilchoanite, C8S5, calcio-chondro- 
dite and the indefinite mixture or intergrowth of 
these phases known as C2SH(C) or C2S y-hydrate.TMS 
studies confirm the presence of monomer and linear 
trimer in kilchoanite (27). Eilers and Nelson (94) 
have shown that kilchoanite can form from mixes of 
portland cement and quartz hydrated in heavy brines 
under simulated geothermal conditions, its formation 
being favored by use of finely ground cement with 
relatively coarse silica and concentrated brine. 
Calciochondrodite has been found in very strong, 
dense, hot-pressed cement pastes reacted for 30 min 
at 250°C, where its relatively high density is 
consistent with that of the microstructure (95). 
Jernejdii and Jelenid have confirmed that kilchoanite 
and C8Ss ("P-phase") can be prepared from y-C2S and 
quartz at ^200°C (96).

OTHER CALCIUM SILICATE HYDRATE PHASES
”3.15 S Phase". This phase, the name of which refers 
to the strongest powder reflection, was first 
described by Bezjak et al. (97), who determined the 
composition and the unit cell or pseudo cell, and 
studied the thermal decomposition behavior. It has 
also been obtained by Kalousek and Nelson (84). In 
both these cases the starting materials included 
y-C2S, but it has also been formed, together with 
truscottite, from mixes of Ca(0H)2 and silicic acid 
(90). It forms typically at 250- 300°C under hydro
thermal conditions and, while possibly a purely 
metastable product, has been found to persist in runs 
of up to 28 days1 duration.
a-Dioaleiwn Silicate Hydrate. This dense, orthor
hombic phase forms in portland cement pastes that 
have been autoclaved without added silica, or in 
autoclaved lime-quartz pastes of suitable composition. 
Its presence in autoclaved building materials is 
normally, though not always associated with low 
mechanical strength, presumably caused by relatively 
high porosity. Chiocchio et al. (98) autoclaved 



ß-C2S with small amounts of C3A and CSF, and showed 
that some Al and Fe can enter the a-C2SH structure 
and that this generated resistance to sulfate attack. 
a-C2SH can form as a first product on autoclaving 
ß-C2S even in presence of quartz if the 5-C2S is 
extremely finely divided (83). The crystal structure 
of the Ge analog has been determined (99); the 
constitution Ca2(HSiO^)(OH) found in Heller's origin
al determination was thereby confirmed but some of 
the atomic positions were significantly in error. 
a-C2SH has been found as a natural mineral (55).
Other Phases. New crystal structure determinations 
or refinements have been reported on suolunite (100), 
afwillite (WlXkillalalte (102), and tricalcium 
silicate hydrate (103). Klllalaite 1s identical with, 
or closely similar to the “Phase F" which has been 
found in autoclaved products. Tricalcium silicate 
hydrate has been found in hot-pressed cement pastes 
prepared at 250°C and 350 MPa (95). Dellaite has 
been found In reaction products of materials under 
investigation for high-temperature geothermal cements 
(61,62) but the cement compositions yielding it are 
probably not the most favored.

MISCELLANEOUS PHASES
Scawtite is a ubiquitous phase in hydrothermal 
calciwn silicate reaction products obtained in the 
presence of minor concentrations of C02 up to about 
350°C (61,84, 90). Its formation in geothermal 
cementing seems to be Impeded by AS, (84 , 90) or 
alkalis (62). In moderate quantities it can apparent
ly be a satisfactory binder. A new C03-contain1ng 
phase, fukalite, has been discovered (104). Pectolite, 
a fibrous phase, can form In large amounts in Na-bear
ing hydrothermal systems (62 , 78 - 80). It has been 
reported to coexist with truscottite, gyrolite, 
toberworite, xonotlite and foshagite. Rustumite, 
contrary to earlier reports, contains essential CS.; 
its crystal structure has been determined (105).
Several calcium aluminate and aluminosilicate phases 
are readily formed in autoclaved materials or hydro- 
thermally processed cements. Hydrogarnets and 
strätlingite (C2ASHe) have long been known; new 
thermal and structural data for the latter have been 
obtained (106). Both triclinic anorthite and its 
hexagonal polymorph have been found in geothermal 
cements (61,62,90, 107). The hexagonal form can be 
a dominant phase, having cementing properties (61,62). 
A product called X-phase Is now believed to be closely 
similar to hexagonal CAS2 (61). Bicchulite (C2ASH) is 
another cannon product in high-temperature geothermal 
cements (61,62,90) . Its crystal structure is 
related to that of sodalite but differs in symmetry 
(108). It is also related to that of CdAjHj, with 
which bicchulite probably forms solid solutions in 
which AZ + H replaces Si; C^AsHg forms hydrothermally 
and also (95) in hot-pressed cements.
Contrary to some earlier reports that it cannot be 
made, the hydrogarnet end-member C3FH6 has been 
obtained by hydration of ferrite phase at temperatures 
up to 80°C (109), but at 110’C only Ca(0H)2 and 
hematite were obtained. Mössbauer spectra were found 
useful as an aid for characterization in this system. 
Hydrogarnet phases can be a major constituent of very 
strong pastes made either by hot-pressing (95, 110), 
or by hydration, with or without autoclaving, of 
dense C,,AF compacts (111). Both studies showed that 
strength depends not only on the structure and 
morphology of individual phases, but also on the 
density and microstructure of the material.
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1. INTRODUCTION

Slags arising from metallurgical and simi
lar industrial processes differ characteris
tically in their chemical compositions, 
their mineralogical and physical structure 
and, therefore, also in their typical prop
erties and the possibilities of their util
ization /1/ /2/ /3/ /4/ /5/. Some typical 
analyses of well-known types of slag are 
compared in TABLE I. It can be seen that 
even the two most important slags of iron 
and steel making, as there are blastfurnace 
slag and steel slag (LD slag in this spe
cial case), are basically different. On the 
other hand, blastfurnace slag can be rather 
similar to phosphorus slag.
The best known and quantitative most im
portant slag is the blastfurnace slag. It 
arises besides the pig iron during the me
tallurgical treatment of iron ores and 
leaves the blastfurnace as a highly viscous 
rock, melt of 1350 to 1550 °C. The speci
fic quantity of slag which 30 years ago 
still amounted up to 1 t/t pig iron de
creased more and more in the last years. 
Today slag quantities of about 0.3 t/t pig 
iron are sufficient for modern blastfur
naces. In 1974 the world production of pig 
iron was 513 Mt/year. This comes up to more 
than 250 Mt blastfurnace slag.

2. GENERAL CHARACTERIZATION OF BLASTFURNACE
SLAGS '

The molten blastfurnace slag is formed out 
of the gangue and the secondary constitu
ents of the iron ores, the combustion resi
due of coke and the necessary additions as 
there are limestone or dolomite. Their che
mical main components are CaO, Si02, AI2O3, 
and MgO. At a given ore base a relative 
small range of the chemical composition has 
to be kept, because otherwise the blastfur
nace operation would be disturbed or too 
much thermal energy would be necessary. 
F.* SCHRÖDER reported in detail /6/ on the 
most useful composition of these slag melts, 
their liquid structures,and their liquidus 

temperatures. Also V.I. SATARIN referred to 
it once more/7/ /8/.
This slag melt has a high content of thermal 
energy of about 1700 kJoule/kg (406 kcal/kg). 
If this energy is fully dissipated by slow 
cooling a stabil crystalline CaO-MgO-Al.,0,- 
silicatic rock product is formed with mecha
nical properties similar to basalt and being 
used for a long time as road construction 
material to a very large extent and also 
being suitable as concrete aggregate /I/ /2/ 
/3/ /4/.
The location of the blastfurnace slags with
in the quaternary system CaO-SiO--Al„0--MgO 
at the 10 % MgO level is shown in FIGURE 1.

FIG. 1 - Main Field of Chemical Compositions 
of Blastfurnace Slags with IO wt-% MgO.

TAB . I - Characteristical Compositons of Metallurgical Slags in wt-%

Non-Ferrous Slags Ferrous Slags

Lead 
-Zinc

Un. Kingdom

Nickel

Canada

Copper

South Africa

Phosphorus- 
furnace

USA

Steel BOF 
(LD Slag) 
Germany

Iron Blast
furnace 

Europe

Si°2 18 29 ' 34 41 13 34 '

CaO 20 4 9 44 47 41

MgO 1 2 4 1 1 7

A12°3 6 1 ■ 6 9 ' 1 13

FeO + MnO X X 38 53 44 1 31 1

CaO/SiO2 1.1 0.1 0.3 1.1 3.6 1 .2



The most important minerals of blastfurnace 
slag which were found so far are given in ' 
TABLE II. The main part of the basic blast
furnace slags consists of melilite and mer
winite. If the CaO/SiO?-ratio becomes , 
smaller than 1.0,pyroxene can occur in
creasingly. Contrary to some other slags 
and to Portland cement clinkers, blastfur
nace slags never develop free oxides, such 
as free FeO,free CaO or free MgO. Also the 
lime rich clinker minerals 3CaO . SiO2 and 
3CaO . AI2O3 do not arise. ,

TAB. II - Mineral Compositions of 
Chrystallized Blastfurnace Slags

Possible main components

Melilite solid solution of
Gehlenite 2CaO . A12°3 ■ Si°2
and and
Akermanite 2 CaO . MgO . 2SiO2

Merwinite + 3CaO . MgO . 2S1O2
Diopside ++ CaO . MgO . 2S±O2
and other Pyroxenes

Possible minor components

Dicalcium silicate* 2CaO . SiO_ 
(<*,€<,',/> , y' )
Monticellite + CaO . MgO . SiO2
Rankinite 3CaO .. 2SiO2
Pseudo-Wollastonite CaO . SiO2
Oldhamite CaS

Seldom observed minor components

Anorthite ++ CaO . A12O3 . 2SiO2
Forsterite 2MgO . SiO2
Enstatite ++ MgO . SiO2
Perowskite CaO . TiO2
Spinelie MgO . A12O3

+only in basic slags ++only in acid slaas

Fully crystallized'blastfurnace slags of 
the usual composition have either no or only 
very weak hydraulic or latent hydraulic 
properties. If, however, caused by quick 
cooling, this lowest energy level of the 
crystallized stage is not reached, then an 
unregular slag glass, richer in energy is 
formed (heat of crystallization about 
200 Joule/g). This granulated blastfurnace 
slag is latent hydraulic. The lower energy 
level is obtained by forming solid hydra
tion products under heat evolution when 
activated by lime and sulphate. These are 

principally the same hydrates as we have in ' 
Portland cements /?/ /9/. ,
The yearly production of granulated blast- 1 
furnace slags in Western Europe amounts to I 
approx. 22 Mt /2/. The tendency to use I 
their hydraulic properties for cement, con
crete, and road building material is in
creasing. '

3. GRANULATED BLASTFURNACE SLAG
3.1 Granulation -
It was in 1953 when the granulation of the 
blastfurnace slag was started in order to 
produce a granular bulk material out of the 
slag melt which can easily be transported. In 
doing so a sand with a more or less high 
content of glassy constituents was formed. 
In 1862 EMIL LANGEN found out that this 
product showed certain hydraulic proper
ties . Some time later it was proved 
that the glassy constituents of granulated 
blastfurnace slag, namely the super cooled 
slag melt, was the carrier of the latent 
hydraulic properties. Thereupon, the granu
lation processes were improved to obtain 
granulated blastfurnace slags with a high 
glass content for the production of slag 
cements. The glass content of modern cement 
slags amounts to 90 wt-% and more.
Since 1953 many granulation processes were 
tested and applicated /I/ /1Ö/. It was the 
aim of all these processes to abstract as 
much heat as possible from a large quantity 
of molten slag in the shortest possible time. 
For that purpose in all cases the slag is 
broken into small droplets or grains up to 
a size of 3 or 5 mm which then are brought 
into contact with a lot of air or water as 
coolants. Processes running with compressed 
air have the advantage of a dry product. By 
this dry-granulation process, however, glass 
contents of only 60 to maximum 80 wt-% are 
obtained and, therefore, granulation is 
mainly done with water today.
In case of basic blastfurnace slags suita
ble for the cement production it is espe
cially important to reach very quickly tem
perature ranges <■ 800 °C in order to keep 
the glassy state /6/. The glass already 
starts to recrystallize between 800 and 
900 °C, and merwinite is precipitated as 
the first phase /6/. High quantities of 
water or an increased water pressure are 
necessary for prevention. Mostly both meth
ods are combined. Water quantities of up to 
10 m-Vt of slag are reported for granula
tion in water channels. If granulation is 
carried out with spraying jets the water 
jets are under compressions up to 6 bar. 
In this case the water quantity could be 
reduced to 3 nP/t of slag. The most modern 
German granulation plant is situated at a 
blastfurnace with a pig iron production of 
9500 t/day. The capacity of this plant is 
to granulate 3000 t of 1550 °C hot blast
furnace slag a day at a hydrostatic pres
sure of 2.2 bar and a water quantity of 
about 10 mJ/t of slag /II/. The glass con
tent of the granulated slag reaches 95 to



TOO wt-%.
After granulation the water content of slags 
can be undesirably high and can exceed 30 
wt-%. The greatest portion of the water will, 
therefore, be removed by intermediate stor
age in gravel filter basins /II/ or in 
interposed water extraction tanks /I2/. 
Another part is still lost during transport 
to further treatment. Subsequently the 
granulated blastfurnace slags still have 
water contents of 8 to 12 wt—% and can. di
rectly be grinded to slag cements in dryer
mills /11/ /12/. For grinding in usual ce
ment mills or for producing supersulphated 
cements the slag is dried up to a residual 
moisture of wt-%.
A new granulation equipment named "Pel
letizer" was developed in Canada and is 
operating in some other countries, too /10/ 
/13/ /14/. It is a half-dry granulation pro
cess by which the molten slag is pre-cooled 
with water and is flung into the air by 
a rotary drum (300 r.p.m.). As it is shown 
in FIGURE 2 different fractions result from 
this process. The large pellets up to 15 mm 
have a lower glass content and are suitable 
as lightweight aggregate. The smaller frac
tions up to 3 or 5 itm have a higher glass 
content and are reported to be suitable for 
the production of blastfurnace slag cements. 
The process seems to be advantageous because 
of the low water consumption of about 
1 mJ/t of slag and the small residual mois
ture of the pelletized material of about 
IO wt-%.

FIG, 2 - Slag Pelletizer (System GALEX /14/)

Tests of CERILH showed an even lower water 
consumption by this thermomechanical granu
lation method. Even at a total dry thermo
mechanical treatment blastfurnace slags 
still had satisfying hydraulic properties 
/15/ /16/.
According to prevailing opinion a hydraulic 
active blastfurnace slag should have a high 
glass content, if possible >-90 wt-%. On 
the other hand, it seems that small amounts 
of crystalline material in the vitreous 
slag will not have very detrimental ef

fects /15/. From other investigations it is 
even reported that crystal nuclei in the , 
vitreous slag have an advantageous effect 
Hf /8/ /17/.
3.2 The Structure of Vitreous Blastfurnace 

Slag -
The network theory of ZACHARIASEN /18/ 
proved a suitable basis to describe the 
structure of the vitreous slag and some of 
its properties /5/ /19/« At this the glass 
consists of a more or less disturbed three
dimensional net of oxides of network forming 
elements. They are characterized by small 
ionic radii and by highest possible ionic 
valencies. They are surrounded by 4 oxygen 
atoms only (co-ordination number 4) in the 
form of a tetrahedron. The network is formed 
that way that distinct oxygen atoms belong 
to two tetrahedra at the same time. One typ
ical network former is Silicium. Within4the 
vitreous blastfurnace slag it forms SiO’ - 
tetrahedra. Si"-groups, chains, and other 
polymerlzation^products /20/.
The negative valencies of these anionic- 
groups become neutralized by the positive 
valencies of cations. They are called net
work modifiers. In general, they have larger 
ionic radii and higher co-ordination numbers 
than the network formers and are mostly sit
uated in the cavities of the network. A typ
ical network modifier wlthi^^the vitreous 
blastfurnace slag is the Ca* -ion with the 
co-ordination number 6.
The higher the part of network modifiers is 
the smaller the polymerization grade of the 
network-forming SiO.-tetrahedra will be. 
That means that the glass has a smaller sta
bility and a higher chemical reactivity. The 
state of bond of the other two main compo
nents of the blastfurnace slag, as there are 
aluminium and magnesium is said to play an 
important role. These two amphotere metals 
appear in silicates, both in fourfold co
ordination and in sixfold co-ordination /6/ 
/19/. Their bond within the vitreous slag as 
network former (AIO^ aud.Mgof-) or as net
work modifier '(Al and Mg )has been 
investigated with different results for a 
long time /6/ /7/ /19/ /20/.
Today it is proved that aluminium and magne
sium can also arise in the vitreous slag 
both in fourfold co-ordination and in six
fold co-ordination at the same time /6/ /7/ 
/20/. In this case the ratio of MeOg/MeO. 
depends on the chemical composition and the 
thermal treatment (granulation) of the glass 
/7/ /20/.
The kind of bond of the MgO as a constituent 
of the three-dimensional glass network makes 
it understandable why no free MgO was found 
in granulated blastfurnace slags even not at 
MgO-contents of 1O to 20 wt-% /21/ /22/ /23/. 
In case of hydration of the vitreous slag 
the magnesium will be Incorporated into the 
hydration products and even at high MgO-con- 
tents up to 20 wt-% no Mg(OH), and no expan
sion phenomena were observed /7/ /8/ /20/ 
/24/ /25/ /26/ /27/ /2S/ /29/.



The minor components of the blastfurnace 
slag, such as manganese, titanium and sul
phur, are also constituents of the glass 
structure in the granulated slag. Sulphur 
is_probably incorporated homogeneously as 
S in the places of oxygen into the net
work. The precipitation of sulphides starts 
first at contents of >3.3 wt-% /30/. Manga
nese was found in sixfold co-ordination in 
synthetic vitreous slags with MnO-contents 
up to 7.5 wt-% /19/. Titanium seems to exist 
in sixfold co-ordination at TiO_-contents 
up to 4 wt-%. At > 4 wt-% TiO^ It- becomes 
a network former with fourfold co-ordination 
/20/.
The opinions on the influence of the glass 
structure on the hydraulic properties of the 
blastfurnace slag are not always uniform. 
This is due to different reasons. First of 
all it depends on the method by which the 
hydraulic properties are tested. The follow
ing properties of the slag can be measured: 
rate of solution, reactivity at alkaline 
and/or sulphatic activation, strengths of 
test cements after a few days or after 
months.
In case of different slags the reactivities 
mostly have another sequence than the 
strengths of the cements. Cements with low 
early strength often develop a higher final 
strength than early strength cements. Fur
thermore, besides the thermal pretreatment 
the glass structure is very strongly influ
enced by the chemical composition /7/ /20/ 
/31/. Therefore, the influence of the chemi
cal composition on the hydraulic properties 
of the slag can mostly be recognized much 
clearer than the influence of the glass 
structure on.the hydraulic properties /32/.
The strength forming constituents of the 
hydrated slag cement are the calcium sili
cate hydrate phases as it is with Portland 
cement. Consequently, pure CaO-SiOj-glasses 
should reach the highest strengths. They 
would, however, react too slowly at normal 
temperature. It is,.therefore, important that 
the network of SiO^ -tetrahedra within the 
blastfurnace slag is disordered by additional 
constituents, such as aluminium and magne
sium. As a result, the glass is on a higher 
energy level, is less stable and has a 
higher reactivity.

For this case, the way in which these ampho
tere elements become effective by modifi- 
cating the glass structure was estimated in 
different ways. They are reported to have 
a high effectiveness if they are present in 
sixfold co-ordination and thus in form of 
network modifiers they reduce the degree of 
polymerization of the SiO: -tetrahedra /2O/ 
/33/. Thus the reactivity4of the glass is 
increased. It has, however, to be taken into 
account that not all network modifiers have 
this function. Manganese for example is 
present in sixfold co-ordination at contents 
up to 7.5 wt-% MnO /19/, but nevertheless 
it stabilizies the slag glass and reduces 
its hydraulic activity /34/. According to 
a different opinion aluminium in fourfold 

co-ordination as a network former is of 
high effectiveness because the cations of 
the Aicr -tetrahedrea in the network are 
bou^d more weakly as for example by the 
SiO^ -tetrahedra and, therefore, they become 
dissolved more easily /35/.

The investigation of 15 Russian blastfur
nace slags with same AljO^-contents (5.3 to
6.1 wt-%) and comparable chemical composi
tions (4.4 to 6.3 wt-% MgO) showed that the 
highest effectiveness can be expected in 
case of a certain ratio of Al and Mg in 
sixfold co-ordination to Al and Mg in four
fold co-ordination /7/. The highest 
strengths were obtained at a

MeO, 
n—- ratio-of 0.35 Mea4

There not always exists unanimity on the 
significance of the states of bond and co
ordination numbers in the glass structure 
of the blastfurnace slag and the measuring 
methods are partly quite complicated. On 
one point, however, all experts agree: the 
glass structure of the slag has to be dis
ordered as strongly as possible to get a high 
hydraulic effectiveness.
There is also the opinion that the beginning 
of crystallization can result in a more dis
ordered glass structure and in an increased 
reactivity of the slag /17/ /36/. In this 
connection, however, various investigation 
methods and effects have to be taken into 
consideration. The solubility of certain 
elements, such as Ca, Na, K,and S, increases 
with increasing amount of crystalline con
stituents in the granulated blastfurnace 
slag 736/. This, however, is no argument for 
better hydraulic properties of the glassy 
constituents.
If, however, the influence of the crystal
line constituents on the strength of a 
blastfurnace slag cement is tested, their 
kind and distribution will certainly be of 
importance. If parts of the ground slag are 
present in form of totally crystallized 
grains, the strength will accordingly be 
lower. If, on the other hand, crystals of 
smaller size ar tightly intergrown with the 
vitreous slag, they will most likely be of 
unessential influence on the strength. A 
higher strength could be expected if the 
crystalline constituents are homogeneously 
distributed in the vitreous slag as sub- 
microscopic crystal nuclei.
Finally it has to be considered that by 
crystalline influences the grindability of 
the slag will improve. Advantageous and 
detrimental effects have possibly to be dis
cussed altogether in case there are men
tioned good hyraulic properties of blastfur
nace slags containing noticeable crystalline 
portions /7/ /15/ /37/ /38/.
An additional view is based upon the opinion 
that even without crystalline separations 
the vitreous slag will not have a homogene
ous structure but consists of micro hetero
geneous ranges (500 to 4000 A) of different 



glass phases /39/ /4O/. The highest hydrau
lic effectiveness is expected if the differ
ent ranges are not too large and if there is 
an optimum phase separation /41/.
The investigation of the microstructure of 
the vitreous blastfurnace slag is very im
portant from the scientific angle of view. 
It cannot be expected, however, that the 
hydraulic behaviour of glasses is mainly 
based on their structure /42/. Due to the 
fact that the test methods are rather com
plicated, they did not reach much importance 
for the valuation and the control of cement 
slags. It is more essential to control the 
glass content of the granulated blastfurnace 
slag by well-known microscopic or X-ray " 
methods in a relatively simple way.
One testing method by which also structural 
properties of the blastfurnace slag can in
directly be evaluated, too, is the well- 
known investigation of their fluorescence 
in the ultra-violet radiation /6/ /7/ /43/. 
The reason for this fluorescence in the 
light pink and red range of the spectrum are 
defects in the glass structure which also 
increase the reactivity of the slag. This 
ultra-violet test is an approved method to 
control well-known blastfurnace slags. In 
case of more different slags a combination 
with the CaO/SiO--ratio proved appropriate 
/43/. Ultra-violet tests with unknown slags 
should also consider the chemical analysis.
3.3 Influence of the Chemical Composition 
In case of evaluating the hydraulic proper
ties of the blastfurnace slag in practice 
besides the glass content the chemical com
position is of great importance. It is a 
characteristical attribute, for it deter
mines the basicity and the kind of reaction 
of the slags and also influences the struc
ture of the vitreous slag.
In TABLE III analyses of blastfurnace slags 
from different areas of the world were 
sUftmarized which are used as hydraulic 
active components of cements or concretes. 
It has to be considered that within the 
various ranges increasing MgO-contents gene
rally coincide with decreasing CaO-contents. 
The ranges of CaO + MgO are, therefore, 
smaller than the ones of CaO. It can be seen 
that generally the ranges of SiOj, CaO + MgO 
and A12O^ are rather similar. The on an 
average high MgO-contents of the slags from 
South Africa and the very high Al-O.-con- 
tents of the slags from India arezremarka- 
ble. .
As chemical analyses can be carried out in 
rather a simple and quick way a lot of at
tempts were made to characterize the blast
furnace slags by chemical hydraulic-factors 
or -moduli. For the discussion of these fac
tors and formulas the following abbrevia
tions are used:

SiO2 = S CaO = C MgO = M A12O3 = A 

The basicity ratios p of the slag /I/, well- 
known from the blastfurnace practice, were 
the starting-point for most of the hydrau

lic identification values. '
_ C n _ C t M _ C + M

' P1 S P2 S * 3 — S + A

These basicity ratios- however, are not very 
suitable as hydraulic factors because the 
alumina is not taken into account in the 
proper way. Furthermore, the common name 
"acid slag" for p. <1 is no limiting value 
for hydraulic slags, if the lower CaO-con
tents are compensated by corresponding high
er contents of MgO and Al^O^.

TAB. Ill - Ranges of Chemical Coi 
tion of Granulated Blastfurnace 
in wt-%

nposi- 
Slags

Area S102 CaO MgO A12°3
Refer
ence

USSR
USA and 
Canada
Australia
Japan

India
South- 
Africa
Western 
Europe 
+ Yugo-. 
slavia*'

30/40

33/42

33/38
31/40

27/39

30/36

30/38

30/50

36/47

39/44
38/45

30/40

30/40

33/47

14/2

16/1

4/1
8/2

17/0

21/8

10/2

5/17

6/16

15/19
13/17

17/33

9/16

9/18

(7)
f2) r44)
(45)
(2)(45)
(45)
(2) (27)
(45) ■
(2)

(2) (10)
£45) (46)

Ranges of minor components generally 
less than 4 % T102, 2 % MnO, 3 % FeO, 
2 % S, 2 % Na20 + K2O

‘average ranges of granulated BF-slags 
from Yugoslavia, Italy, Spain, France, 
Belgium, Netherlands, United Kingdom, 
and Germany-West

The best-known hydraulic factors are listed 
in TABLE IV. The first group F, to F^ con
sists of the main components of the blast
furnace slag only. F. is also included be
cause in a comprehensive comparison the 
ratios F. to Fg showed the same statistical 
significance or insignificance, respective
ly. F, and F_ anyhow contain nearly the same 
statement /I/. F, is the best-known modulus 
which was incorporated into the regulations 
of various countries (e.f. F- 5= 1.0 in West
ern Germany, F.1.4 in Japan). F- was de
veloped for the 28-day strength of'MgO rich 
slags.with AljO.-contents in the range of ' 
IO to 35 wt-% and is not relevant for the 
usual blastfurnace slags.
In the factors Fg to F.- MnO and other minor 
components are taken into consideration, too. 
F, was proposed for MnO-contents up to 14 
wt-%. In the case of the moduli F^ and



the hydraullcity of the slag is reduced by 
increasing Al-O^-contents. F.. was original
ly developed for the 28-day strengths. In 
the case of F-- it is especially stated 
that this modulus is valid for strengths 
after 28 days and more only;whereas F, and 
F, are more suitable for the 2-day strengths Ä0 /32/. y

The applicability of the ratios F,, F_, Ffi, 
F„, and F-. to 26 blastfurnace slag cements 
with 50 wt-% slag was statistically tested 
in a comprehensive program with 13 different 
granulated blastfurnace slags 1511. For the 
early strengths up to 3 days no correlations 
could be determined. In the case of the 
strengths after 7 and 28"days, F, and Fs 
showed the best correlations. The coeffi
cients of determination (square of the cor
relation coefficient r in %) were 

2 'r = 35 to 83 %.

TAB. IV - Well-Known Hydraulic Factors 
for Granulated Blastfurnace Slag

F^IOO-S (1) F2=-10°-.?. (1) F3=£±^+A (1)

F4=™-,10 (47) F5=C+MM+O.6A (22)

F6=C+O.5M+A-2.OS (48) <49)

p _C+0.5 M+A+CaS ... p _C+0.5 M+A
h8 S+MnO (1) F9 S+FeO+(MnO)2 (50>
p _C+M+A+BaO •
F10--- S+MnO ~ (51)

F -C+M+0.3 A , _ C+MF11 S+0.7 A '52) F12 S+0.5A (32)

A similar experiment was.made in the For
schungsinstitut Eisenhüttenschlacken during 
an extensive test series with 24 granulated 
blastfurnace slags (glass contents > 95 %) 
the chemical analyses of which covered the 
whole range of Western-European slags listed 
in Table III /46/. 192 blastfurnace slag 
cements were made (2 clinkers, 2 specific 
surfaces, 60 wt-% and 75 wt-% granulated 
slag) and strengths according to German 
Cement Standard DIN 1164 were measured from 
2 up to 91 days. The linear correlations to 
a lot of hydraulic factors were tested on 
the basis of the compressive strengths after 
2 and 28 days of the 96 blastfurnace slag 
cements with 75 wt-% granulated slag. The 
ratios F., F_, F,, F., Ffi, F„, and F- showed 
the best’coefficients of“determination r4. 
They all were low and there was no signifi
cant difference between the 7 moduli. After 
2 days rz ranged from 51 to 61 % and after 
28 days from 44 to 50 %. In this case the 
average results of the simple ratios F. and 
F- considering SiOj only were not worse than 
tne more complicated ones. This phenomenon 
was referred to by F, KEIL a long time ago 
already />/,

By the calculation of coefficients for each 
of the chemical components on the basis of 
multiple regressions, the items F, and F, 
could be extended to hydraulic ratios with 
rz from 60 to 75 %. A decisive improvement 
was obtained only after the basis of linear 
influences was neglected. The/compressive 
strengths of 2, 7, 28, 56 and 91 days then 
resulted in the complicated (empiric inter
polation formula
D = aQ + a^flC+M) + a2.f(A) \ a3-f(MnO)

+ a4.f (Na20 + 0.66 K20) + a^vf(I>205)

The individual terms "(f(X))" of this formula 
are non-linear functions of the chemical 
components. The coefficients "a" strongly 
depend on the type of clinker component es
pecially at early, strengths'. All the coeffi
cients of determination rz were better than 
90 %. After 2 days they amounted to 93 % and 
after 28 days to 94 %.
This formula practically represents only the 
mathematical description of the strength de
velopment of 192 blastfurnace slag cements 
(960 data). SiOj does not appear in the for
mula, for it is implicated as a completion 
to 100 wt-%. Because of the high statistical 
significance the following results were 
safely proven:
a) An increase of the AljO,-content above 
13 wt-% increased the early strengths only. 
FIGURE 3 shows that the 91-day strengths 
were even lower at high.er Al20,-contents. 
This tendency is indicated in Table IV by 
the factors F^ and F^.
b) MgO in the range up to 11 wt-% had quan
titatively the same effectiveness as CaO 
had.
c) If the minor components MnO (up to 1.4 
wt-%), P2°5 (up to 0-2 wt-%) ' an<^ alkalj 
(up to 179 wt-%) were not considered, r 
decreased to a value of 80 to. 85 %. In every 
case MnO had a negative effect. The influ
ences of P-0, and alkali depended on the 
kind of the clinker used and on the testing 
age. After 28 days P,0, always proved posi
tive. Partly the effect of the minor com
ponents was so strong that after 7 days al
ready some blastfurnace slags with 11 wt-% 
Al-O, showed higher strengths than those 
withJ15 wt-% A12O3.
d) The statistical examination of TiO, (up 
to 1 wt-%), FeO (up to 2 wt-%), and sulphur 
(up to 2 wt-%) did not prove any significant 
influence.
e) Besides the clinker-content and the fine
ness, the strength developments of the 
blastfurnace slag cements also considerably 
depended on the kind of clinker.

For the investigated range of the chemical 
compositions these results conform well to 
the general state of knowledge upon the 
hydraulic properties of granulated blastfur
nace slag.;
All experts agree that increasing SiO^-con- 
tents generally have a negative effect and



AI2O3 of Granulated BF-Slag in wt-%

FIG. 3 - Average Variation of Compressive 
Strengths of Blastfurnace Slag Cements with 
Increasing Al-0.-Content of the BF Slag. 
Cements with 75 wt-% slag and 3850 Blaine.

that CaO usually has a positive influence. 
With the exception of a few special cases 
also MgO is said to have a positive influ
ence up to contents of 18 wt-% /20/ /53/, 
15 wt-% /22/ /54/ and, for sure up to con
tents of 12 wt-% /46/ /55/. According to 
Russian authors the most suitable MgO-con- 
tent depends on the Al-O.-content /56/. In 
the case of MgO-contents of 10 to 12 wt-% 
/55/ or 13 to 18 wt-% /20/ accordingly 
higher AljO^-contents of 14 to 18 wt-% are 
recommended. For the hydraulic moduli (see 
Table IV) MgO is added to CaO by multiply
ing it with factors of 0,5 to 1.4. The most 
often used factor is 1,0 which was statisti
cally confirmed for MgO-contents up to 
11 wt-% /46/.
The two publications reporting on a strength
diminishing influence of MgO cannot be com
pared with the other literature. In the 
first publication blastfurnace slags with 
25 to 28 wt-% A12O3 from India were investi
gated which apparently react in a different 
way /27/. In the second publication synthe
tic glasses of the system CaO-MgO-Al-O.-SiO- 
were activated with Ca(OH)-, only /49/. A 
comparison with the strengthening of slag 
cements is impossible because the important 
components sulphate and alkali are missing. 
In blastfurnace slag cements sulphate is 
added not only as a set-regulating compo
nent but is also used for the optimum acti
vation of the slag /6/ /9/. Furthermore, 
pore solutions in hardening Portland cements 
and blastfurnace slag cements are no CafOH)-- 
solutions at all but highly concentrated 
alkali hydroxide solutions with Ca(OH). as 
a precipitate /57/ /58/.
The interpretations of the Influence of 
AljOj are apparently contradictory because 
the Influence depends on the testing age 
/32/ /46/ and on the Al-O.-range investi
gated /46/ /53/, The considerably positive 
influence up to contents of 18 to 21 wt-% 
/20/ IT2.I /55/, also expressed in most of 
the hydraulic factors is evidently re

stricted to the early strengths /32/ /46/. 
At testing ages of 28 days and more a dimin
ishing of the effectiveness of Al-O, is re
ported /53/ and a negative influence begins 
if the Al-O,-contents will exceed a maximum 
of 13 to 14 wt-% /46/. According to other 
investigations contents of more than 11 wt-% 
already can cause a distinct decrease of 
the strengths after 7 and 28 days /32/. 
These results prove that the influence of 
Al_0, in a hydraulic formula cannot be de
scribed as a linear term.
MnO is commonly said to have a detrimental 
influence /I/ /7/ and according to this it, 
appears as a strength diminishing term in 
all hydraulic moduli (see Table IV). Never
theless, there is also a report on good 
hydraulic properties of blastfurnace slags 
containing up to 14 wt-% MnO /51/. In case 
of a special form of the glass structure 
/34/ or at higher Al20,-contents /59/ no • 
effect was found at all or even advantageous 
effects were observed at MnO-contents up to 
6 wt-% /GO/.
As reported TiO, distinctly diminishes the 
strength in case of contents of more than 
4 wt-% /61/. The detrimental influence can 
be reduced by adding alkali to the slag melt 
/62/.
Finally it must be considered that the kind 
of the clinker component has a great influ
ence on the strength development of blast
furnace slag cements /46/ /63/ /65/. Little 
is known of quantitative correlations so 
far. Generally, clinkers with high CaO-con
tents or high C.S-contents or with highest 
possible early strengths are preferred. 
While discussing the clinker components of 
blastfurnace slag cement the fact was often 
neglected that not only the clinker acti
vates the slag but that vice versa the slag 
itself and its minor components can have 
great influence on the strength development 
of the clinker component.
Summarizing, it has to be taken into account 
that a hydrating blastfurnace slag cement is 
a complicated multi-material system. There
fore, it cannot be expected that the result
ing strength development can be predetermi
nated by aid of simple hydraulic factors. 
In the regulations of several countries 
these hydraulic moduli are referred to for 
a rough classification into different groups 
of blastfurnace slags and they have also 
proved suitable for the control of known 
slags within relatively small ranges. This 
applies especially to blastfurnace slags 
coming from one steel plant only. They, 
however, neither have the grade of generally 
valid functional correlations between hy- 
draulicity and chemical composition nor are 
they suitable to quantitatively classify 
blastfurnace slags coming from different 
plants. '
4. CHARACTERISTIC PROPERTIES OF BLASTFURNACE 

SLAG CEMENTS
Blastfurnace slag cements with slag contents 
in the range of 36 to 80 wt-% (Western



Germany) or up to 95 wt-% (France) can be 
produced In the same strength classes (28 
days) as Portland cements except those of 
the highest strength class getting more 
than 60 N/mm2 after 28 days (ISO). Blastfur
nace slag cements, however, have a somewhat 
different strength development than Portland 
cements. Having the same 23-day strength the 2-d 
strength of blastfurnace slag cements in 
general is lower, but the strength increase 
after 28 days is higher and more continuous 
than the one of Portland cements. FIGURE 4 
shows the characteristic strength develop
ments of a Portland cement and a blastfur
nace slag cement containing 65 wt-% slag.

FIG. 4 - Average Strength Development of 
Cements Z 35.
Reference point: 45.0 N/mm2 after 28 days
For a long time these specialities are as 
well-known as the low hydration heat of 
blastfurnace slag cements and their higher 
resistance against various chemical attacks 
/6/ Illi which only recently has been proved 
by new investigations /66/ /67/. Also the 
special qualification of blastfurnace slag 
cements for marine constructions was verified 
again by evaluating extensive long-time 
studies with mortar and concrete /68/ /69/< 
as well as by research works on seawater 
desalination equipments /70/.
Discussions on steel corrosion in connection 
with blastfurnace slag cements are not to 
be repeated here for they are mostly based 
on theoretical suppositions only. In prac
tice any damages of this kind are not known, 
and in the meantime respective apprehensions 
have proved unfounded /6/ /71/ /Tl/ /73/. In 
Western Germany blastfurnace slag cement is 
used for all kind of prest'ressed concrete 
/67/. One of the most modern big engineering 
structures made entirely from blastfurnace 
slag cement (HOZ 35L and HOZ 45L) is the 
prestressed posttensioned concrete bridge 
over the river Rhine at Köln-Deutz. The 
bridge was built as unsupported cantilever 
construction with lightweight concrete /74/.
Three important characteristic properties of 
blastfurnace slag cements less known up to 

now were investigated quantitatively only 
recently:
Blastfurnace slag reduces the reactivity of 
the cement with alkali reactive aggregates 
/75/ /76/ /77/ /78/. For the quantitative 
correlation between the effective alkali 
content A f-, decisive for the alkali reac
tion, andetne total alkali content A of the 
cement in dependence of its content of gra
nulated blastfurnace slag H the formula

A = a Tl - (2-)2" ■
eff A * ‘h?L ° J

was proposed /79/. H is a constant, which 
means that in case of H > Hq no expansion 
phenomenon will occur. The examination of 
40 Portland and blastfurnace slag cements 
executed by a working group of the Verein 
Deutscher Zementwerke e.V., confirmed this 
formula. Provided that Portland cements with

0.60 wt-% alkali (Na2O-equivalent) in 
practice do not cause any alkali damages 
(low alkali cements) - that means, in case 
of Aff^ 0,60 wt-% - the permitted alkali 
contint of low alkali cements resulted in 
/80/ . - .

. , _________0.60______
1 - 1.8 . (H/100)2

The effect of blastfurnace slag in this for
mula is plotted in FIGURE 5. TABLE V shows 
the limitting values for NA-cements (low 
alkali cements) fixed in German regulations 
/81/. '

Granulated BF-Slag of Cements in wt-%

FIG. 5 - Alkali Contents of NA-Cements.
(Cements with0.60 wt-% effective alkali)

One property being of importance for the. 
corrosion protection of the reinforcement as 
well as for the prevention of alkali aggre
gate reactions, is the high resistance of 
concrete made from blastfurnace slag cement 
against the diffusion of chlorides /68/ /82/ 
/84/ /85/ and alkalies /84/ /86/. The dif
fusion resistance increases considerably 
with an increasing content of granulated 
blastfurnace slag /84/ /86/ /88/. At this "



TAB. V - Cements with Low Effective 
Alkali

Total alkali 
in wt-% 

NagO equivalent

Granulated 
blastfurnace 
slag in wt-%

Portland 
cement «0.60 -

Blast
furnace 
slag 
cement

1.10 50

(■£2.00) > 65

the composition of the cement has a dis
tinctly stronger influence than even the 
w/c-ratio of the concrete has /37/ /88/. If 
blastfurnace slag cements containing
> 70 % slag are used, concrete layers of 

more than 2 cm thickness become practically 
impermeable for NaCl /67/ /86/. The graph 
in FIGURE 6 shows the influence of the 
blastfurnace slag in the cement on the pro
gress of Cl-diffusion in concrete bars 
10 x to x 50 cm. The relative Intensity of 
the influence is characteristic for blast
furnace slag /83/ /84/ /87/.

FIG. 6 - Chloride Diffusion into Concrete ■ 
Bars.
HaCl-solution: 3 mol/1 - Test layer: 2/4cm
The third typical property of concrete 
made from blastfurnace slag cement is the 
increasing impermeability with increasing 
content of blastfurnace slag /6/ /89/ /90/. 
Some special properties of blastfurnace 
slag cements are closely connected with 

this higher density. In this case not the 
total pore volume, which highly depends on 
the w/c-ratio, is decisive, but the more 
advantageous pore-size distribution of the 
blastfurnace slag cements /87/ /91/. The 
hardened cement paste of Portland cements 
has a higher quantity of capillary pores • 
(radius > 300 A), whereas blastfurnace slag 
cements develop more gel pores. That means 
that in the paste of blastfurnace slag 
cements the average pore size is smaller 
/87/. The results of an extensive test 
series with 6 cements with graduated con- ’ 
tents of blastfurnace slag and with differ
ent storage conditions of the test specimens 
could be evaluated statistically /91/. With 
increasing content of blastfurnace slag, 
the pores >■ 300 A decreased continuously. 
With increasing slag content of 0 to 76 wt-% 
slag, the quantity of these pores expressed 
as volume-% of the hardened paste were re
duced from 30.5 to 22.5 volume-% (after 
storage in water) or from 37.0 to 25.0 
volume-% (after dry storage). That means 
a relative reduction of the capillary poro
sity of about 25 to 30 %.

5. REVIEW ON THE UTILIZATION OF GRANULATED 
BLASTFURNACE SLAG

Besides Portland cement clinker, granulated 
blastfurnace slag is the only cement compo
nent which corresponding to its hydraulic 
effectiveness can be used as well as a sec
ondary constituent of the cement as also a 
main constituent with more than 50 wt-% up 
to 80 wt-% (Germany) or even 95 wt-% 
(France). Such high slag contents should 
only be used, however, if these slag cements 
are produced in the cement plant from the 
definite single components in the same way 
as all the other cements, and if they are 
tested and controlled in the same way. In 
countries where suitable blastfurnace slags 
and sufficient experience with slag cdments 
are available, blastfurnace slag cements • 
are used in the same way as other cements 
and in certain cases they are favoured /6/ 
/7/ /68/ /69/ /81/. The tendency is increas
ing for there is no other, cement component 
by which more energy and natural resources 
can be saved than it is with the granulated 
blastfurnace slag /3/ /53/ /92/. In case 
of a modern fabrication technique for the 
production of 1 t Portland cement about 3
1.5 t raw meal and 3.53 G Joule (840 . IO 
kcal) energy are necessary. For the produc
tion of 1 t blastfurnace slag cement con
taining 65 wt-% slag which originally had a 
residual moisture of 15 wt-%, only Q.5 t 
raw meal and 1.67 G Joule (400 . 1Od kcal) 
are necessary. In this calculation the dry
ing of the slag was considered as well as 
the different demands of electrical energy 
which are necessary to grind either the raw 
meal and the clinker, or the slag /93/. 
Calculations with similar results are re
ported for North America where it is expect
ed that the blastfurnace slag component of 
all cements will rise to about 30 wt-% with
in the next decade /92/.



It is nearly impossible to list up the total 
utilization of granulated blastfurnace slag 
quantitatively, for in many countries also 
Portland cements are allowed to contain slag 
(for instance in Germany=S 5 wt-%, in Aus
tria ^15 wt-%, in Yugoslavia ^-15 wt-%). In 
other countries (for instance South Africa 
and Great Britain) most of the granulated 
blastfurnace slag is mixed into the concrete 
at the building site. In France about 10 to 
15 million t "Graves-Laitier" are used for 
road construction-yearly /2/ /3/. This hy
draulic hardening material contains 15 to 
20 wt-% granulated blastfurnace slag and 
about 1 wt-% Ca(OH)- as an activator /94/ 
/95/ /96/ /97/. In 1977 in France 3.0 mil
lion t granulated blastfurnace slag were 
used for road construction and 2.9 million t 
were used for cement production /3/. At last 
blastfurnace slags are used in multicompo
nent mixtures, too, which besides clinker 
and slag contain also natural or artificial 
pozzolanas. The production of super sulphat
ed cement has been very much reduced.
For these reasons statistics about world
wide production data and applications of 
granulated blastfurnace slag often differ 
very much. Even data given for slag cements 
are not in good accordance. To allow at 
least a rough orientation for the cements, 
in TABLE VI data are summarized for those 
countries which produce more than 2 million 
t slag cement a year. Data for 1977 were 
asked for by personal correspondence /45/, 
whereas data for 1978 were taken from 
official statistics /98/. Table VI was com
pleted with known data for.1971 /7/.

TAB. VI - BF-Slag Cement Production of 
Countries with Amounts of 
> 2 Mt/year

Country
Slag cement 
production 
in Mt/year

Percentage 
of total 
production

Year

USSR 27.1
30.0

- 27 1971
1973

France 1977
>35 % slag 2.0 7
<35 % slag 10.0 35

Germany- 
West 1978
>35 % slag 5.4 16
«35 % slag • . 2.7 8
Poland 5.2 40 1971
CSSR 4.3 54 1971
Japan 3.3 . 4 1977
India - .3.3 17 1977
Roumania 3.0 36 1971
Italy 2.7 7 1977
Netherlands 2.2 ■ 55 1977
Belgium 2.2 32 1977
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INTRODUCTION

Blastfurnace slags are the most useful latent 
hydraulic materials, because the amount 
produced is very large and its properties are 
very stable compared with other industrial 
byproducts.
Slag cements have been an important topic in 
the previous symposiums, and are reviewed at 
each time (1. 2). Many reviews concerning 
the utilization of slag (3-6) are written 
after the previous symposiums, showing the 
importance of slag utilization in every 
country. There are also several attempts to 
find new way (7-11) to utilize blastfurnace 
slags. '
The present authors wish to take this oppor
tunity to introduce results obtained in this 
field especially after the previous symposium 
in 1974. They will welcome comments on their 
own research work, as well as on this review 
paper.

DETERMINATION OF THE DEGREE OF HYDRATION

Slag hydration should be determined by the 
similar methods to those used for cement 
hydration (12). There are two differences;
(i) slags are in glassy state, and (ii) the 
hydration of slag is generally very slow.
The general problem in determining the cement 
hydration is the change in the compositions 
of the produced hydrates with the progress of 
the hydration. Therefore several kinds of 
experimental techniques must be used in order 
to get a full picture of cement hydration.

Quantitative Analysis of Slag

The degree of hydration is usually shown by 
the amount of residual reactant, in the usual 
hydration of cements, when produced hydrates 
change in their compositions with the progress 
of hydration. X-ray diffractometry can be 
used when reactants are crystalline. As slag 
used in cement are in glassy state, it is 
necessary to find a suitable method for the 
quantitative analysis of slag.
Kondo and Ohsawa (13) introduced an extraction 
technique; 0.5g sample is put into a beaker 
together with 2.5g of salicylic acid, 35cc of 
'aceton and 15cc of methanol at room tempera
ture for 1 hour. After 1 day, it is filtered 
and residue is washed with methanol, dried 
and heated at 850°C for 10 minutes. The 
original slag sample should be treated in the 
same way before hand, in order to correct the 
experimental results. Fig.l is the typical 
results obtained by authors (14). Mironov, 
Kurbatova and Vysotskie (15) recommended this 
method.
At elevated temperature hydration products 
are well crystallized and dissolved into acid 
solution very slowly, and so extraction method 
is not available. Authors adopted X-ray 
quantitative analysis of melilite crystallized 

by heating at 900°C for 5 min. (16). A den
sity separation method (17) and an infrared 
spectroscopy (18) have been also proposed, 
but these techniques are only for the original 
mixes of slag cements or for the semi-quanti
tative analysis. The thermoluminescence 
measurement was also applied to study slag 
hydration (19)(20).

Non-evaporable water, free lime and free
gypsum

The amount of the non-evaporable water (21) - 
in cement paste increases with the curing 
time to give a similar results as the curve 
of the reduction of reactant slag. But two 
results do not coincide exactly, as the 
stoichiometry is not constant in the course 
of slag hydration. It must be noted that 
the sample should not be heated up to too 
high temperature in order to avoid a weight 
increase due to the oxidation.
Mikhail, Abo-El-Ehein and Gabr (22) adopted 
the non-evaporable water value to evaluate 
the hydration degree of slag cements. The 
amount of combined water should be closely 
related to the strength of hardened body. 
Because hydrated cement is a typical porous 
material, and porosity is the main factor to 
determine the mechanical strength. Pore 
space which was originally occupied by water 
decreases with the formation of hydration 
products.
Ca(OH)2 and CaSO4 are the most typical acti
vating component of slag hydration. It has 
been reported (23) that activators play role 
in slag hydration not only as glass attacking 
catalysts but also as reagents in hydrate 
formation reactions. Therefore it is very 
important to know the residual amount of 
Ca(OH)2 and CaSO^. There have been proposed 
many extraction methods for free lime (24,25), 
and Foren's method (13,26) for free gypsum.
Fig. 2 shows the reaction rate of gypsum in 
the same high sulphated slag cement as in 
Fig.l. Both graphs exhibit similar tendency, 
and suggest that the gypsum is not an exciter, 
but an important reactant in this system.

Fig. 1 - Percentage of reacted slag as a 
function of time in slag + lOwt.%CaSO^12H2O 
+ various amount of Ca(0H)2 (141



Fig. 2 -Percentage 'of reacted CaSO4 as a 
function of time in slag + 10wt.% CaSOj-2H2O 
+ various amount of Ca(0H)2 (14)

Calorimetry .

The heat of solution, the adiabatic and the 
conduction calorimeters are frequently used 
for the calorimetric determination. Among 
those, the conduction calolimeter have been 
used for the measurement of the heat of hyd
ration, as heat can be obtained continuously 
at almost constant curing temperature for a 
long period. Many investigators have made 
conduction calorimeters (12,27,28), in which 
determination is possible using small amounts 
of cement samples for the convenience of using 
synthesized samples. But larger amount of 
sample should be used in the case of slag hy
dration for slag hydrates slowly.
The results of conduction calorimetric meas
urements also show the parallel tendency with 
the degree of slag hydration obtained by 
extraction method, although they are not 
exactly identical (14). De Jong (29) studied 
slag hydration mainly with this method. 

LATENT HYDRAULIC PROPERTY OF SLAG

Certain activators such as sodium hydroxide, 
calcium hydroxide and gypsum have been known 
to accelerate the hydration of slag. The 
activation mechanism on the hydration of slag 
has not been adequately reported.

Hydration of Slag

Kondo (12,30) studied the hydration of calcium 
alumino-silicate glass powders and found that 
glasses with composition of above 50% CaO and 
below 20% SiOj content had hydraulic properties. 
In the suspension hydration of C2AS glass, a 
low permeable coating which was approximately 
ASHg in composition and 0.2 pm in thickness 
was formed on their surfaces, and the liquid 
concentration was kept low as shown in Fig. 3. 
Fig. 4 showed that the suspension hydration 
of C2AS glass was accelerated by the addition 
of Ca(OH)2r because SiO2 and particularly 
AI2O3 were apt to be liberated from above men

tioned coating, and the solubility of hydrate 
decreases under this condition. These results 
were reconfirmed by the authors (31).
Such activating effect seems similar to the 
effect of MgC12 in magnesia cement. Table 1 
shows the MgO concentration in liquid phase, 
after mixing MgO and MgC12 solution (32). 
MgO dissolves very rapidly into MgC12 solu
tion of higher concentration. Main difference 
between the hydration mechanisms of slag and 
magnesia cement might be that the former hy
drates topo-chemically and the latter with 
through solution mechanism (30,31). Regourd 
(33) considerd that the poorly crystallized 
hydrated layer around the slag grains could 
be called "pseudomorphic" layer.

Fig. 3 - Repeated extraction of C2AS glass 
(5g of C2AS per 100ml of water) (12,30)

Fig. 4 - Solubility of C2AS glass with 2 
moles of Ca(OH>2 (1g of solid per 100ml of 
water) (12,30)



Table 1. Dissolution of MgO into MgClj solu
tions (5g of MgO per 450ml of solution) (29)

Cone.
Of MqCl? 5min Ih 2h 3h 4h 5h 6h

10.72% .059 .011 .007 .005 .003 .004 .005
20.22% .078 .313 .487 .596 .622 .130 .086
29.49% .155 .433 .632 .754 .835 .895 .905

Hydraulic Reactivity of slag

Reactivity of slag has been considered to be 
determined by the glass content (34) and
chemical composition, which can be represented 
by a number called hydraulic moduli or basi
city such as (CaO + MgO+AljOg) / SiOj’
When other conditions than chemical composi
tion are in good controll, certain trends can 
be shown in hydraulic activity and composition. 
Coal, Wolhuter, Jochens and Howat(35) report
ed the iso-strength plots of lime activated 
slag cement, in SiC^-A^O^-MgO-CaO system. 
Teoreanu and Georgescu(36) also presented 
such iso-strength plots for slag cements, 
with 15% portland cement clinker and 2% CaC12. 
Miyairi and Takaki(37) concluded that CaX2 
accelerate the hydration of portland cement. 
Taneja(38) discussed the role of AI2O3, MgO 
and MnO contents in slag.
Taneja(39) observed, that the incorporated 
MgO up to 2.5% improved the hydraulic behav
iour MgO in slag have been supposed to behave 
very differently from that in portland cement. 
Mascolo(40) suggested the formation of a sol
id solution between C4Aaq and M^Aaq, and 
explained the volume stability of slag port
land cement with slags having very high MgO 
content. But, according to Casselouri and 
Parissakis(41), blastfurnace slag did not 
stabilize the volume unstability of high 
magnesia cement, while a certain fly ash had 
a stabilizing effect.
But it has recently been found that two values,
i.e.  hydraulic moduli and glass content can 
not describe the latent hydraulic property of 
slag. Akatsu, Ikeda and Sadatsune(42) studied 
on glass with the composition between C2AS and 
C2MS2. The results could not be explained by 
basicity. Smolczyk(43) reported none of the 
well known fomulas was able to give generally, 
valid information of the hydraulic activities 
of 192 laboratory cements. Totani, Saito, 
Kageyama and Tanaka(441 studied using three 
different slags with similar glass content 
and chemical composition and found that the 
reactivities are very different each other. 
This is supposed to be one of the most impor
tant problem in this field which must be 
solved. Detailed studies should be performed 
on the structure of glass.

Activators for Slag Hydration

Fig. 5 is the changes in the amount of combin
ed water of hydrated slag with various acti
vators (45). In the case of Ca(OH)2 (a), the 
curves showed that slag hydration was not 
largely dependent on Ca(0H)2 content when it

was more than 5%. In the case of NaOH (b) 
and CaSO4'2H2O (c), the combined water contin
uously increased with the amount of additives. 
When NaOH was used, the reaction proceeded to 
a considerable extent within one day and 
almost the same as those of 3 and 7 days. 
The curves for Ca(OH)2 + CaSO4•2H2O (d) , 
showed an optimum lime content, which was 
very low value. ,
It was found that the activators, Ca(OH)2, 
Ca(0H)2 + gypsum, and NaOH remarkably promot
ed the hydration of slag (45). Ca(0H)2 repre
sents slag portland cement, and Ca(0H)2 + 
gypsum represents high sulphate slag cement. 
NaOH is a powerful activator, but this has 
not frequently been utilized until now. New 
techniques using such alkaline activators 
have recently been attempted (10,11).
Voinnovitch and Dron(23) proposed the stoichio
metric formulas in the first approximation 
for the slag hydration as follows.
C5S3A + 2C + 16H ------ > C4AH13 + 3CSH ••• (A)
C5S3A + 2CS + 76/3H------ »

3CSH + 2/3«C3A-3Cs*H32 + 2/3A1(OH)3 ••(B)
It can be seen that lime and gypsum are not 
simple "activators" but main reactants. But 
in the case of NaOH activation, NaOH seemed 
to play a role as a simple catalyst(23). 
Sersale, Aiello and Colella(10) recognized 
C-S-H and hydrogarnet as hydration products 
in this system. Regourd(46) gave more details 
on different activators.

Amount of additives (wt.%)
Fig. 5 - Amount of combined water during the 
hydration of granulated blastfurnace slag 
with various activators (■ Id, * 3d, • 7d)(45)



HYDRATION OF SLAG IN SLAG CEMENTS

Gypsum and lime are the most typical acti
vators. Lime has activating effect by dis
solving AI2O3 and Si02 from slag. Gypsum, on 
the other hand, does not have such effect, 
although it is an important reactant to form 
AFt phase. And so gypsum is always used with 
a certain alkaline activator. Accordingly, 
lime and gypsum + lime are the most typical 
activating system, and they are related to the 
most important slag cements, i.e. slag port
land cement and super sulphated slag cement.

Slag Portland Cement

Slag portland cement is the most popular way 
to utilize granulated blastfurnace slag. • 
Slag portland cements with higher slag con
tents are frequently used for mass concrete 
because of their low heat evolution. And 
those with lower slag content are generally 
used as a substitute of portland cement. 
Smolczyk(47) reported this cement was very 
suitable to be used with alkaline active 
aggregates. Slag have been permitted to be 
added in portland cement in several countries 
(1,2), and Japanese Industrial Standard has 
also permitted the addition of 5% slag or 
other latent hydraulic or pozzolanic materials.

For slag portland cements, activation of slag 
is accomplished by the Ca(OH)2 liberated 
during the hydration of portland cement. 
Therefore CafOH)? has been generally used in
stead of portland cement in fundamental studies 
of kinetics and mechanisms of hydration, in 
order to simplify the experimental system.
Table 2 is the results obtained by Abo-El- 
Enein, Daimon, Ohsawa and Kondo(25). 20 wt% 
Ca(OH)2 was used as the activator. Slag hyd
ration is not such a simple reaction as shown 
in formula(A). A high lime product with molar 
C/(S + A) ratio of 2.5 - 2.6 is formed during 
the early stage of the hydration process. 
Then the molar C/(S + A) ratio drops to a 
value around 1.6.
Table 2 shows, slag was hydrated at relatively 
high rate during the first 7 days, but there
after the reaction extremely delayed. The 
calculated depth of the hydrated layer on the

Fig. 6 - Effect of Ca(OH)2 activator content 
on the compressive strength developed by 
blastfurnace slag (35)

slag grains was found to be as little as 0.3 
pm in the later stages. This coincided well 
with the previous results by Kondo and Ohsawa 
(13), and they concluded that the reaction 
rate became very slow when compact sheath had 
grown around the slag grains to a certain 
thickness.
Thus the slags have been supposed to hydrate 
jyery_slowly, so that the strength develop
ments of slag portland cements are smaller 
than usual portland cement. But there are 
two papers reporting that slags hydrate fast 
in some cases when they are activated by 
portland cement or Ca(OH)2-
Coale, Wolhuter, Jochens and Howat(35) found 
slag hydrated, in the presence of very small 
amount of lime, rather rapidly especially at 
later periods. Fig, 6 is their results. 
Nagataki and Tanaka(48) observed the micro
structure of hardened concrete with slag 
aggregates, and found very thick reacted 
layers around each aggregate grains.

Table 2. Hydration of the low porosity paste of blastfurnace slag and
20 wt.% Ca(OH)2 (25). "

Hydration time (days) 1/4 1 3 7 28 90 180

Combined water (wt.%) 1.132 2.120 3.124 4.013 5.628 7.168 8.-799
Combined slag (wt.%) 3.13 5.19 6.70 11.09 16.05 20.14 20.55
Combined lime(CaO) (wt.%) 1.81 3.11 3.28 3.33 3.54 - 3.82 5.24
Ignited products (wt.%) 4.94 8.30 9.98 14.42 19.59 23.96 25.79

Reaction ratio of lime 0.114 0.195 0.206 0.209 0.222 0.240 0.329
Reaction ratio of slag 0.038 0.062 0.081 0.134 0.193 0.243 0.248
Depth of reacted layer (pm) 0.040 0.065 0.080 0.150 0.220 0.260 0.280
CaO/(S1O2 + AI2O3) 2.507 2.563 2.295 1.825 1.630 1.553 1.714



Those two results were obtained in very 
different experimental conditions. The 
former occured at very low ratio of act- 
vator to slag, and the latter at very high 
ratio of activator amount to slag surface. 
Further studies are desirable to clarify those 
phenomena.

High Sulphated Slag Cement

High sulphated slag cement is not such a 
common cement, as slag portland cements, but 
has been used successfully for concrete in 
soil involving sulphate in Europe for a long 
time. As it contains 80 - 90% of slag, it 
should be the best way for the full utili
zation of latent hydraulic property of blast
furnace slags.
A small amount of lime or portland cement is 
commonly used in supersulphated slag cement, 
as an activator together with calcium sul
phate. Van Haute(49) proposed to use a com
bination of aluminous cement + Ca(OH)2 + 
K2SO, as alkali agitator. Uchida, Nomi and 
Minegishi(50) obtained a good results by 
using haüyne type clinker.
Fig. 7 shows the results of calorimetric 
study with different lime contents(51). 
It can be seen that the hydration processes 
are much influenced by the amount of lime. 
The curve of low lime content, <0.3% Ca(OH>2, 
shows a small but sharp peak which corresponds 
to the main hydration in a short period of 
time (less than 9h) and after 3d, it approx
imates to that of 0% Ca(OH)2- On the other 
hand, the curve of high lime content, ^1.0% 
Ca(0H)n, shows a broader peak and after 3d, 
drops below that of 0% Ca(OH)2- The time for 
the appearance of the main hydration peak 
tends to be delayed with the amount of lime.
It is suggested from these results that, in 
the presence of lime, the early reaction 
rate is greatly accelerated. In the case of 
low lime content, the reaction is steadily 
accelerated throughout the test period (5d). 
This behaviour is sharply contrary to that of 
the high lime. From the results obtained, 
it can be estimated that the optimum lime 
content for activating supersulphated slag 
cement is very small (around 0.3%). Similar 
results have been reported by Tashiro and 
Urushima(52).
Fig. 8 shows the effect of lime content on 
the amount of reacted slag. This appears 
to support those from the calorimetric study. 
Fig. 9 is the result of free lime determi
nation. It is seen that the consumption of 
Ca(OH)2 in the early stage is rapid especial
ly in the case of 0.3% Ca(0H>2 addition, the 
CatOH)^ is almost consumed within the first 
3h. After this, the concentration of free 
CatOH)^ gradually increases. The trends in 
free lime curves are generally similar for 
all the lime added samples. Moreover, free 
lime is detectable in the unadded sample 
(0% Ca(OH)^) after Id and also shows a slight
ly increasing trend. This suggests that free 
lime can also be extracted from other hydrated 
phases in the system, as reported by Bentur

Fig. 7 - Conduction calorimetric curves of 
slag hydrated with 10 wt.% CaSO^ and various 
amount of Ca(OH)2 (51). '

Time
Fig. 8 - percentage of reacted slag as a 
function of time in slag + 10 wt.% CaSO^ + 
various amount of Ca(0H)2 (51).

Fig. 9 - Percentage of free lime as a func
tion of time in slag + 10 wt^% CaSO, + various 
amount of Ca(0H)2 (51).



and Berger(53).
The above mentioned results indicate the 
following mechanism. In the case of no 
Ca(0H)2 addition, it may be considered that 
calcium silicate hydrate (C-S-H) is formed, 
and thereby AI2O3 is liberated from the slag. 
CaSO^ slowly reacts with the liberated AI2O3 
to form AFt phase (54,55) and the reaction 
proceeds with a controlled rate throughout 
the process. With Ca(0H)2 addtion, the reac
tion in the early stage, in comparison with 
the former, is considerably rapid as seen in 
Fig.-l. This may be explained by that AI2O3 
is rapidly dissolved under high basic condi
tion, and the AFt phase is formed by a, violent 
and rapid reaction of CaSO4 and Al2O3 re
leased into the solution. As time goes by, 
reaction products increasingly coats the 
surface of unhydrated slag grains and resluts 
in the inhibiting hydration reaction of slag.
These discussion are coincided with the 
results by Tashiro and Urushima(52), Yang(56) 
and Midgley and Pettifer(57), they concluded 
that the hydration products in this system 
were C-S-H and ettringite, or AFt phase.
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1. INTRODUCTION

According to the principal report on slag 
Portland cement presented at the Moscow Congress in 
1974, by SATARIN (1), two lines of research on cement 
hydration can be determined : in one case the reaction 
mechanisms between the slag and the water and the 
other the development process of the structure during 
the setting and hardening. The Paris Congress will 
continue these two themes of which the first is given " 
to DAIMON.

This report highlights the work done on the mi
crostructure of slag cements published since the Moscow 
Congress. These studies concerning the hydrate struc
tures and their comportment was accomplished by 
varying a certain number of parameters such as the 
composition and the granularity of vitreous slag, the 
mode of activation (alkaline, sulfatic), the thermal 
treatments and the aggressive agents (sulfates, chlori
des, sea water).

2. SLAG CEMENTS HYDRATION
2.1 Activated slag hydration

The thermodynamic study by DRON (2) of the qua
ternary system CaO - SiOj — AI2O3 - HjO has shown that 
the hydrated phases that coexist with the aqueous phase 
in slag pastes are limited to three. The system of 
three compatible hydrates shows on the ternary diagram 
lime-silica-alumina a unique mode of subdivisions in 
triangular domains (fig. 1) but no matter which acti
vator is used, the hydrated calcium silicate is always 
present.

Fig. 1 - Triangulation of the ternary diagram of slag 
hydration in presence or not of gypsum (ref. 2) .

2.1.1 Alkaline Activation

Alkaline activation can be either soda or lime 
activation. Activated by soda, the slag gives C-S-H, 
Ci|AH^g and C2ASHg. The C^AH^g and C2AHg are hexagonal 
plates which play the role of crystalline bridges 
between the slag grains. Electronprobe microanalysis 
reveals that the plates of C^AH-^g contain silicon (3). 
The C-S-H covers the slag grains but by the interme
diary of the solution, it is found equally on the inert 
supports such as a metallic (4) or a glass (fig. 2) 
blade on which was placed a drop of slag-soda solution 
suspension. TERRIER (5) has found its Ca0/Si02 ratio 
to be weaker than that of the clinker C-S-H : it is 
around 1 according to the electronprobe microanalysis 
measurements by DRON et al (6).

The soda activation in the preceding examples 
was obtained with NaOH solutions. The soda can be re
placed by sodium carbonate (7) or sodium silicate (8, 
9).

In the lime activation the hydrated phases compa
tible with Ca(OH)„ are C-S-H and C^AII^g. The hydrated 
gehlenite C2ASH8 does not show itself in the presence 
of calcium hydroxide. In slag-lime cements with a low 
porosity (w/c = 0.20), AB0-E1-ENEIN et al (10) found

C a first hydrate rich in lime = 2.5 but at 180 

days, this ratio was only 1.7.

2.1.2 Sulfate Activation

According to D’ANS and EICK (11), sulfate activa
tion due to gypsum leads to the formation of C-S-H, 
ettringite CgA.SCaSO^.32^0 and aluminum hydroxide 
A1(OH)3.

The sulfate activation is slow during the evolu
tion of pastes composed of slag (90 %) + gypsum (10 %), 
w/c ratio = 0.5, ground between 40 and 63 pm and obser
ved at 2, 7, 15 and 28 days. The ettringite is only 
detected after 15 days and X-ray diffraction lines of 
gypsum are still present at 28 days. At that time the 
slag grains are surrounded by a thick layer of C-S-H 
and ettringite needles (fig, 4). The adherence of the 
C-S-H to the smooth slag grains is not good : a part 
of the hydrate layer detaches from the anhydrous grain 
during the breaking of the sample by traction. The 
feeble adherence of C-S-H to the slag grain is an unfa
vorable factor in the case of slags coarsely ground. 
The same observation has been reported by SYRKIN et al 
(12).

Sulfate activation can be obtained with other 
sulfates than gypsum, for example hemihydrate, anhy
drite and phosphogypsum. The sulphur present in the 
slag can also be an autoactivant.

2.1.3 Mixed Activation

In the presence of gypsum and lime or gypsum and 
soda, the alumina Al(0H)3 is transformed into ettrin
gite. The sodium is found in the form of sulfate 
NsjSOli . •

The sample of slag paste containing 90 % slag ♦ 
10 % gypsum and mixed with a normal soda solution is 
covered with C-S-H fibers and ettringite, from the 
second day at which time half the gypsum is already 
consumed. The sodium sulfate is detected on the X-ray 
diffraction diagram : the soda, therefore, has played 
an important activating role and has given a notable 
proportion of hydrates. According to the theoretic 
formulas of VOINOVITCH and DRON (8), the soda
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activation uses five times more activant than the 
lime activation, but the quantity of hydrates formed 
is twice as great. The soda plays the simple role of 
a catalyzer while the lime and gypsum enter into the 
hydration reaction.

Fig. 2 - Soda activation : C^AHpg (o), slag (+)

Fig. 3 - Soda activation : C2ASHg, C-S-H (x)

Fig. 4 - Sulfate activation : 
Ettringite (A),C-S-H (x)

2.2 Slag cements hydration

Two slag activants are present in cements : the 
gypsum and the lime liberated by the hydration of the 
clinker silicates.

In all samples of industrial slag cement, the 
Portland cement clinker is the first to hydrate. The 
C-S-H hydrated silicate due to the dissolution of the 
tricalcium silicate covers both the clinker and the 
slag grains. The portlandite Ca(0H)2 is present in 
layers of hexagonal plates (fig. 5). The ettringite 
is spread out in non dense needles in the C-S-H, but 
rather localized around the clinker grains (fig. 6).

In the 2, 7 and 28 days study of industrial slag 
cement pastes, w/c ratio 0.5, the beginning of the 
slag hydration was only observed at 28 days. It shows 

xon the X-ray diffraction diagrams by a lessening of 
the Ca(0H>2 content in samples containing 20 and 50 % 
slag and by the disappearance of portlandite in ce
ments with an 80 % slag content. Slag grains already 
covered by the clinker C-S-H are surrounded by a com- " 
pact hydrated zone (fig. 7). Elementary analysis with 
the aid of X-ray energy dispersive analysis shows the 
difference in composition of Mg, Al and Si between the 
slag grain, its hydrate and the clinker C-S-H in a 
hydrated paste at six months : the slag hydrate is 
richer in MgO and A1203 than that of the clinker. The 
slag C-S-H is poorly crystallized. According to the 
infrared absorption spectrometry studies of BENSTED 
(13), the silica tetrahedra of this C-S-H are only 
slightly polymerized.

Along with the lime activation, there is also a 
sulfate activation which first of all gives ettrin
gite. The morphology of the ettringite needles depends 
upon the slag content. The needles are shorter and 
more fixed in the samples rich in slag and in 80 % 
slag cement, they seem to play the role of a binder 
(fig. 8). At later dates, when the gypsum is complete
ly combined, the ettringite transforms into monosulfo
aluminate which forms solid solutions with tricalcium 
aluminate CqAH^s (fig. 8).

According to DE JONG (14) and following the 
theory of D'ANS and EICK (11), sulfate is the princi
pal slag activator. The alkaline reactions cause, in 
the beginning, the formation of acid hydrates surroun
ding the slag grains. These first hydrates can block 
the slag hydration. The sulfate ions dissolve the first 
hydrate and favorize the formation of a second hydrate 
of a rougher structure that does not oppose the pene
tration of water. . . •

Hydrogarnets CgASHq have been identified by 
TANEJA (15), SERSALE et al (16) and DASGUPTA (17) in 
cements with a lowmagnesium content. To the contrary, 
in .the products with a high MgO content, the hydrated 
aluminates CqAHx transform into MqAHx (15, 18). The 
hydrotalcite MggA12C0g(0H)has been found by 
KUHKLEand LUDWIG (19) in slag cement pastes containing 
up to 29 % MgO. KOERTH (20) has detected the vicatite 
C3S2H3 : it is a transformation-of the afwillite C3SH3. 
It can contain MnO, ZnO, FeS, MnS, CaS which in its 
crystalline lattice substitute for CaO,



HYDRATION OF A SLAG PORTLAND CEMENT

1. Hydration of Portland cement

Fig, 5 : Portlandite (o), C-S-H <x) Fig. 6 ; C-S-H (x). Ettringite (A)

2. Slag hydration

Fig. 7 : Slag grain S, monosulfoaluminate (M), 
C-S-H (x).

Two layers of hydrate (1, 2) surround the slag
grain.

The X-ray energy dispersive analysis shows that 
the "pseudomorphic" slag hydrate (1) is richer 
in AI2O3 and MgO than that of clinker (2).

Fig. 8 : Binding ettringite (A) and monosulfoaluminate - C^AH^j solid solution (o).



2.2.1 Influence of the glass structure

In his principal report at the Moscow Congress, 
SATARIN (1) discussed the relation between the hydrau
lic properties of slags and the structure of their 
glassy phase. Silica tetrahedra coexist in slag glass. 
These tetrahedra can present a certain degree of poly
merization which, if too high, can lead to a lessening 
of the hydraulic activity. Aluminum ions are coordina
ted either tetrahedrally or octahedrally with the 
oxygen ions. The Al-0 liaison in the tetrahedron 
(AlOq.)^“ is less covalent than the liaison Si-0 in the 
tetrahedron (SiO^)4*" and therefore is weaker. It is a 
fact that there must be an optimal rate of octahedral 
and tetrahedral coordination for a maximal hydraulic 
activity. The Si207^~ or SiAlO??“ complex seem to be 
a base structural unit of melilite glasses of high 
hydraulic activity.

•The depolymerization of silica-oxide complexes 
has been studied by ROYAK et al (21) by electron 
paramagnetic resonance and infrared spectroscopy. The 
authors have concluded that the slag activity is in 
function to the degree of depolymerization of the 
oxide-silica complexes, the energy of the Me-0 liaison 
of the depolymerizing cation and the coordination of 
this last factor which could differentiate between two 
slags with an identical chemical composition but with 
different hydraulic properties.

The highest mechanical resistances were obtained 
by SABATELLI et al (22) with slags which, during the 
devitrification study, recrystallized only in melilite. 
An increase in the MgO and CaO content diminishes the 
degree of polymerization of slags and increases the 
SiO^ ** fraction (23) favorable to a diffusion of Mg^+ 
and Ä13+ ions from the moment of the devitrification 
and the formation of melilite. In the same way, VAN LOO 
(24) has shown that the merwinite is unfavorable to the 
hydration of slag.

These ideas on the polymerization of the tetrahe
dra have just been precised by DRON (25, 26). The 
silicate glasses with an average basic oxide content, 
such as slags, can, like the glasses with a high oxide 
content studied by MASSON (27), be represented by 
statistical methods.

The silicate melts are formed of isolated linear 
elements (straight chains) or branched (internal or 
external ramifications) of which the numeric distribu
tion form geometric series. It is the creative proba
bility of the singly bonded oxygen atoms on the silicon 
and the other tetracoordinated structural elements 
(Al and Mg) which determine these structures. In the 
domain of average basicity, the silicon atoms at zero 
or four atoms of singly bonded oxygen are practically 
nonexistant. The Si atoms with one, two or three singly 
bonded oxygen atoms are distributed following a bino
mial law and constitute respectively the following 
elements :

2) Chain element E : — 0 — Si — 0 —
I

3) Element of chain ending Z

Because of its more metallic character, aluminium 
would essentially be surrounded by four doubly bonded 
oxygen atoms and would constitute an element of double 
ramification designated by the symbol X.

I 
0 
I

4) Chain crossing element X : — 0 — Al — 0 —
I
0 -
I

This chain crossing element carries a negative' 
charge (AIO2)”. The aluminium atoms surrounded by four 
doubly bonded oxygen atoms have the same tetrahedral 
configuration as that of monocalcium aluminate. ,

The magnesium atoms are tetrahedrally coordinated 
to the doubly bonded oxygen atoms as in the crystalline 
structure of akermanite C2MS2. The chain crossing ele
ment X carries two negative charges (Mg02)2“.

I
0
I _

1) Element of simple ramification Y : — 0 — Si — o"
I I

0
I

To the contrary, calcium only leads to- ionic bonds. 
It is the oxygen atom brought by the CaO which, in for
ming bonds of the covalent type with the structural 
elements in the degree of their affinity, determines 
the reduction in the degree of chain branching. This 
idea identifies with that which has been called degree 
of depolymerization, an expression which is not precise 
since the monomers of the type (SiO^)4- and more surely 
those of (A10h)5- do not exist in the domain of granu
lated blast furnace slags. The octahedral coordination 
does not exist for Al or Mg.

The hydration of the granulated slag leads to its 
dissolution in the aqueous phase and to the recombina
tion of the liberated ions in this solution conforming 
to the schema of LE CHATELIER. In the initial phase, 
that is to say before the first C-S-H precipitations, 
it is the most basic structural elements of glass 
which pass preferentially into solution such as 
(SiOg 5)3_or i(Si2O7)^_ and (AIO^)-. This dissolution 
is hyirolytic^and non hydroxylic. It explains the basic 
reaction of the slag. It is to be noted that one finds 
the same entities in the crystalline lattices of ran
kinite C3S2 and monocalcium aluminate CA.

Following and especially in normal reaction (dis
solution-precipitation of C-S-H) the dissolution beco
mes approximately congruent. The C-S-H C/S ratio is 
inferior to that of the slag, the solution therefore 
becomes richer in calcium and corelatively weakens in 
silicon to respect the product of solubility constant.



Further, the aluminium accumulates in the solution up 
to the beginning of the crystallization of the alumina
tes which is late in occurring (28).

The microstructure study of seven blast furnace 
cements containing the same Portland cement but slags 
of a different chemical composition has shown that 
there is a correlation between the amount of akermanite 
of the recrystallized slag and the degree of hydration 
of the granulated slag (29). The variation of the crys
talline parameters of the recrystallized melilite has 
given akermanite contents varying from 20 to 55 % for 
seven slags. A coefficient of linear relation equal 
to 0.98 was found between the akermanite content and 
the rate of slag hydration. This was determined by 
chemical analysis using the dissolution method of 
KONDO and OHSAWA (30) : the richer the slag is in 
C2MS2 the slower it is to hydrate.

Foreign ions Mn, Ti, P, in solid solution in the 
recrystallized melilite enlarged the X-ray diffraction 
reflections and thusly created substitution or addition 
disorders but they did not displace the angular posi
tion of the maximum of the chacteristic reflections. 
The amorphous phase halo of the granulated slag is 
proof that a certain degree of local order already 
exists in the liquid and it was fixed by the quench. 
The long distance order, to the contrary, does not 
exist.

The influence of the quench on the hydraulic reac
tivity of slags has been studied by FIERENS et al (31, 
32, 33) with the aid of electron thermoluminescence, 
exoemission and thermogravimetry. The products used 
were gehlenite, synthetic slags and industrial slags 
(32). The thermoluminescence is well adapted to the 
study of synthetic products. It proves that the quench 
influences the superficial excited centers and allows, 
by the lowering of its characteristic peaks, to study 
the degree of advancement of the hydration. The study 
of the lessening of the thermoluminescence peaks of 
gehlenite shows that the hydration is effectuated fol
lowing a nucleation reaction auto-inhibited by the 
hydrate which progressively covers the grains. The 
deep hydration is produced following a process of dif
fusion shown by the thermogravimetry. The same mecha
nism can be applied to synthetic slags : there is a 
relation between the kinetic coefficient of diffusion 
and the cooling speed estimated by thermoluminescence. 
The quench is very important in the caseof basic slags. 
For industrial slags, only the photostimulated exoemis- 
siou results were used : for the same industrial slag, 
the number of exoemitted electrons varies in function 
with the quench and the long term hydration occurs 
according to a process of diffusion. The quench also 
influences the texture of the hydrated product and for 
a same degree of progress in the hydration reaction, 
the mechanical resistances are in function to the coo
ling process. The same techniques were used in the 
study of aged products which hydrate slower than the 
fresh. The hydration mechanism remains unchanged. 
A three year old gehlenite is not devitrificated but 
the loss of a part of its hydraulic power is probably due 
to a progressive deactivation of the excited centers 
of the surface.

2.2.2 Influence of the fineness 

to a high degree of fineness gives a clinker very finely 
ground and a slag still too coarse. A separate grin
ding of the slag and the clinker will allow a much 
finer slag.

The hydration of a slag cement, Blaine Specific 
surface equal to 5720 cm^.g-! composed of 85 % slag 
ground to 6310 cm^.g-1, 13 % Portland cement clinker 
ground to 3500- cm^.g--*- and 2 % CaSO^ has been followed 
by X-ray diffraction (fig. 9) and scanning electron 
microscope. The samples studied were fragments of ISO 
mortar samples (4x4x16 cm) having served for the 
measure of mechanical resistance at 2, 7 and 28 days.

2 9 CuKaj

Fig. 9 : X-ray diffraction pattern of the anhydrous 
slag cement.

The slag cement was compared to the Portland 
cement that entered into its composition :

- from the second day, there is a greater quantity 
of ettringite in the mortar of the slag cement than in 
the mortar of the Portland cement (fig. 10). This et
tringite was formed by the reaction of CaSOq with both 
the CgA of the clinker (on the order of 1.5 % in the 
slag cement) and the alumina of the slag. The C-S-H 
comes from the simultaneous hydration of the C3S of 
the clinker and the slag. The proof of the early reac
tivity of the slag is illustrated by the diminution
by 30 % in the intensity of the amorphous phase halo. 
Scanning electron microscope observations reveal that 
a large quantity of ettringite is spread throughout 
the sample in contact with the slag grains and in the 
pores.

- at seven days, the ettringite is partially trans
formed into'sulfoaluminate C3A.CaSO^.WHjO and hydrated 
aluminate C4AH13 in Portland cement. On the slag cement 
X-ray diagram, one can observe the increase in the C— 
S-H reflections. CaSO^ and all the clinker phases have 
disappeared. Ettringite is still abundant and micros
copic examination shows it to be crystallized in fine 
needles.

- between 7 and 28 days, the hydrates continue to 
develop. The size of the slag grains that have not yet 
reacted with water at 28 days is between 10 and 20 pm.

The early hydration of the slag gives a compact ' 
material after short periods. In tests accelerated by

Slag cements finely ground hydrate quicker than 
ordinary cements and give more compact structures (1, 
12, 34). The fineness of the clinker influences the 
first mechanical resistance while the-fineness of the 
slag enters into the final resistance (1). However, 
the simultaneous grinding of the clinker and the slag



soda, the slags 6310 cm^.g"! are well separated from 
the slags 3500 cm^.g-! (Table I). -

(a)

2 6 A CuKa1  C3S

and slag cement (b) at 2 days.Fig. 10 : X-ray diffraction patterns of Portland cement (a)

Table I : Compressive resistance (Rc) and flexure re
sistance (Rf) for the same slag ground to two degrees 
of fineness. Test accelerated with soda.

Time of 
hydration

2 -16310 cm .g x 3500 cm2.g-1

R
CMPa

Rf 
MPa

R
CMPa

Rf 
MPa

6 hours 23.7 5.7 8.5 2.2

24 hours 32.2 8.8 . 15.7 4.5

In the same conditions and for a specific surface 
of 3500 cm^.g--*-, a reactive slag gives Rc = 7 to 8 MPa 
at 6 hours and 12.5 to 15 MPa at 24 hours.

A finely ground slag cement presents a feeble 
bleeding, a good plasticity, an early but relatively 
minor heat liberation, a slight shrinkage (fig. 11) 
and an increased resistance to flexure as well at 20 °C 
as at 5 °C (fig. 12).

The crystallization of ettringite into fine need
les can explain the minor shrinkage as well as the 
high traction resistance. The shrinkage, generally tied 
to the presence of fine grains, would be compensated 
by the crystallization of trisulfoaluminate with 32 
molecules of water. This crystallization into fibers 
would be more favorable to the flexure resistance (35). 
Such a correlation between the flexure strength and 
the formation of fibrous ettringite has also been re
ported by SUGI et al (36).

Fig. 11 : Shrinkage of slag cement (A) finely ground, 
compared to those of OPC and slag cement (B) ground 
to 3500 cm^.g“!.

Fig. 12 : Flexure strength at 5 °C of slag cement (A) 
compared to those of OPC and sl^g cement (B).



2.2.3 Influence of thermal treatments

The temperature is at the same time a thermodyna
mic and a kinetic factor : it modifies the values of 
the free enthalpy of the hydrate formation and acce
lerates the hydration reaction.

(i) Thermal treatment

Hydration reactions of cements are exothermic. 
At a given instant, the quantity of heat liberated 
can characterize the overall state of the advancement 
of the reactions. If the dormant period is excluded, 
that is to say if one considers the heat liberation 
from the beginning of the setting process, the calori
metric isotherms at 20, UO, 60 and 80 °C are affine. 
The heat production, therefore, acts like a system of 
separated variables, temperature and time. The affini
ty ratios follow the ARRHENIUS law (37). The energy 
value of activation E of the hydration reaction of 
cement can be easily determined from the calorimetric 
curves if one keeps in mind a certain lessening which 
increasesin relation to temperature. The same affinity 
ratios have been found in the evolution of mechanical 
resistances of ISO mortars.

After about 4.hours at 20 °C, the calorimetric 
curve of a Portland cement presents an important ther
mal effect which characterizes the beginning of the 
setting and hardening process during the course of 
which precipitate hydrated silicates, portlandite and 
sulfoaluminates. The same cement hydrated at 60 °C 
gives an earlier and narrower signal. If we consider 
the heat liberation from the beginning of the set to 
the end of the thermal effect, we notice that to ob
tain the same degree of advancement ex, ittakes ten ti
mes less time at 60 °C than at 20 °C and 26 times less 
time at 80 °C than at 20 °C. The energy activation va
lue E determined from these three experiments is 
46 kJ.mol -1. However, it must in all cases be precised 
that the calorimetric’curves show a lessening in the 
total quantity of heat liberated at 60 °C and 80 °C. 
This diminution is 5 % at 60 °C and 10 % at 80 °C. 
According to X-ray diffraction measurements, this cor
responds to a lesser rate of CgS hydration (37).

The evolution of the compressive strengths of ISO 
mortar samples has been followed at the same tempera
tures. The resistances were measured up to 45 days at 
20 °C in order to encompass the major part of their 
growth. At 60° and 80 °C the measurements were conti
nued up to the point where the variations became very 
weak from on day to another, that is to say 10 days at 
60 °C and 7 days at 80 °C. A study of the evolution of 
these resistances shows that the maximum values obtai
ned at 60 °C and 80 °C are less than those obtained at 
20 °C. The curves corresponding to the temperatures of 
60 and 80 °C cross the curve traced at the ambient tem
perature. However, when one represents the variations 
of resistance in relative values giving a value to a 
equal to 1 when the resistances no longer vary in a 
significant manner, onenotices that the curves are 
affine. A coefficient must be utilized to compensate 
for the lessening in resistance from 20 % at 80 °C. 
It is observed that the affinity ratios are the same 
as in the case of the evolution of the heat of hydra
tion. •

In the same manner, the Variation curves of the 
heat of hydration (fig. 13) and the resistance to com
pression (fig. 14) at 20, 60 and 80 °C of a clinker 
slag cement (CLK) containing 80 % slag permit the de
duction of affinity ratios which are higher than those 
of OPC (12 instead of 10 at 20 °C, 34 instead of 26 at 
80 °C) and a greater energy of activation (50 kJ.mol-1

instead of 46). Therefore; thermal treatment shows 
itself to be favorable to slag cements.

Fig. 13 : Heat liberation of a slag cement at 20 and 
60 °C. The left curves, in relative coordinates, are 
affine.

Fig. 14 : Compressive strengths of a slag cement at 
20, 60, 80 °C. The bottom curves, in relative coor
dinates, are affine.



However, all granulated slags do not react in the 
same manner during a thermal treatment. Three slags, 
A, B, C, were used in the composition of three blast 
furnace cements CHF (70 % slag) beginning with a Port
land cement containing 62 % C,S and 12 % CgA. The 
table II of the resistances obtained after a treatment 
at 80 °C compared to resistances measured at 28 days 
at 20 °C show a prolonged thermal treatment is not 
favorable to cement A.

Table II : Compressive strengths of ISO mortars 
thermally treated.

CHF cement 
70 % slag

ISO mortar compressive strengths 
(MPa)

28 days at
20 °C

7 h at 
80 °C

14 h at
80 °C

A 54 21 22

B 46 26 30
C 39 22 27

If,after the treatment 7 h at 80 °C, the three 
cements are placed in water at 20 °C for 28 days, the 
resistance will be :

- Cement A : 27 MPa
- Cement B : 37 MPa
- Cement C : 36 MPa

Cement A only reaches half its resistance at 
20 °C. X-ray diffraction analysis of the mortar sam
ples show that there is a large quantity of monosulfo
aluminates. Microscopic examination shows these mono— 
sulfoaluminates to be compactly grouped in the form 
of hexagonal plates (fig. 15). A very dense layer of 
C-S-H surrounds the slag grains and covers the grains 
of sand with a thick layer which ends up as foils 
(fig. 16). The rather brutal hydration of this cement 
over short periods at 80 °C, only progresses feebly 
after the' thermal treatment is discontinued. To the 
contrary, with the two other cements, the hydration 
continues up till 28 days. The essential difference 
between the three slags concern their chemical compo
sition and especially their content in alumina 
(Table III). The slag C-S-H contains less lime than 
the anhydrous grain. The differences in the chemical 
composition between the slag and its hydrate are more 
important for alumina and magnesia. With the same 
thermal treatment the C/S ratio of the Portland cement 
C-S-H is l.U at 20 °C and 1.7 at 80 °C.

The favorable role of thermal treatment on the 
setting and hardening of slag cements was equally no
ticed by KUREPA et al (38) : 70 % of the final pro
jected resistance were reached after 12 hours of ther
mal treatment at 40 °C. According to MIRONOV (39), in 
20 % slag cements a short treatment at 95 °C diminis
hes the difference in the resistance between Portland 
cement and slag cement. However, some precautions are 
always necessary concerning the composition of slag 
cement and the gypsum content. HATO et al (40) have 
thermally treated concretes prepared with cements 
containing 0 to 60 % slag for either 1 hour at 65 °C 
or 3 hours at 80 °C. If the gypsum is not consumed 
during the course of the thermal treatment, the 
ettringite formation which takes place at the end of the 
treatment results in unstable concretes.

Fig. 15 : Monosulfoaluminate
7 hours at 80 °C.

in a slag cement after

Fig. 16 : C-S-H in a slag cement mortar after 7 hours 
at 80 °C.

Table III : The C/S, C/A, C/M ratios values in the 
anhydrous slag grain and in the C-S-H of the three 
blast furnace cements (70 % of slag) surrounding the 
slag grain.

Slag CaO/SiO2 Ca0/Al203 Ca0/Mg0

A 1.4 5.6 6.9
Anhydrous B 1.4 6.4 3.7

C 1.3 6.6 3.8

A 1.0 4.6 3.2
20 °C „B 0.9 4.8 1.9

(28 days) c
1.3 4.8 1.4

A 1.0 5.4 3.5
80 °C „

• 1.3 5.0 1.4
(6- days)' c 1.1 4.4 1.5



(ii) Autoclavage '

Autoclavage associates the elevation of the tem
perature to pressure. The work done since the Moscow 
Symposium concerns synthetic slag and industrial pro
ducts .

With the aid of infrared absorption spectrometry, 
■conductimetry , X-ray diffraction and differential 
thermal analysis, GOVOROV (41) has identified four 
types of synthetic glasses giving different hydrates 
in the case of finely ground slag pastes treated 2 
days at 150, 200 and 250 °C in an atmosphere of satu
rated water vapor. The highest mechanical resistances 
were measured on samples with a composition approa
ching that of wollastonite or anorthite. The structure 
contain a limited number of silica tetrahedra and form 
during hydration essentially tobermorite or gyrolite. 
Higher alumina contents tend to reduce the resistance 
of slag pastes in particular for treatments at 150 to 
200 °C, with the exception of glasses containing iso
lated silica tetrahedra which favorize the development 
of hydrogarnets. Xonotlite was found by BASH (42) in 
slag + loess mixes autoclaved above 250 °C. Its forma
tion leads to an increase in mechanical resistances. 
The lessening of resistances observed at temperature 
superior to 200 °C can be tied to the presence of 
C2SH and to a too violent crystal growth of the hy
drates .

In a 95 % slag mix (ground to less than 100 pm) 
and 5 % gypsum, compacted to 200 MPa and autoclaved 
at 180 °C, MASSIDDA and SANNA (43)- have tied the in
crease in the resistance to compression to the fact 
that the material is less porous. Plazolite was iden
tified by X-ray diffraction, the crystals filled the 
spaces between the slag grains. In slag pastes + 
activator (lime, sodium carbonate) studied by SERSALE 
et al (7, 16), the hydrates formed in the course of a 
steam treatment at 205.°C are amorphous or slightly 
crystallized silicates and hydrogarnets. The resistan
ces are tied to the microstructure of the materials : 
at 20 °C there are many spaces in the paste which are 
filled after autoclavage. Sodium carbonate is proven 
more efficient than calcium hydroxide. It gives a more 
compact material from which the possibility to produce 
molded products (100 MPa) and the hydrothermal treat
ment of slag. Molding pressure and fineness of the 
grind favorably influence the mechanical comportment 
of slag mixes + Ca(0H)2 , but high temperaturesare not 
always favorable to mechanical resistances.

According to a study by KONDO et al (44), the 
initial stage of the hydrothermal reaction in the 
system slag + lime ♦ water corresponds to the forma
tion of C-S-H with a low lime content. The ulterior 
formation of crystallized C-S-H and hydrogarnet dimi
nish the mechanical resistances. In the system slag + 
lime + quartz + water, a C-S-H rich in lime is the ■ 
first to form, but after the free lime is completely 
consumed, this C-S-H weakens in calcium. The slag is 
very reactive but it inhibits the reactivity of the 
quartz especially in the initial phase of the reaction.

Tobermorite at 11 X was identified by X-ray 
diffraction in cements with a high slag content that 
were treated for 5 hours with saturated water vapour 
at 1.3 MPa. KAMEL(45,46)found hillebrandite, tobermo
rite and xonotlite in samples only containing slag 
that were treated in the same manner as slag cements.

AB0-E1-ENEIM et al (47, 48, 49) have reported 
the following from their systematic study of autocla
ved mixes slag + lime, slag + lime + sand, slag + 
clinker + sand. The hydrated phases obtained in the

different mixes are :

- Slag + lime : C-S-H + hydrogarnets CgASH^

- Slag + lime + sand optimum composition :
first, the tobermorite poorly crystallized, 
then the tobermorite at 11 X crystallized in 
plates. The acceleration of the slag hydration 
inhibits the reactivity of the quartz.

- Slag + clinker : C-S-H + CßASH^ + Ca(0H)2

- Slag + clinker + sand : semi-crystallized tobermo—
rite, then tobermorite at 11 X (fig. 17).

Fig. 17 : Tobermorite in an autoclaved mortar (ref.47)

The resistance of autoclaved slag + clinker + 
sand paste samples could be linked to the pore struc
ture and their distribution in relation to the micros
tructure of the hydrates formed. Mesopores with a hy
draulic radius (surface of the water molecule = 11.4 
&2) between 18 and 23 X of lamellar structure (36 — 
46 X) have more effect on the resistance to compres
sion than micropores with a hydraulic radius between 
3 and 4 X or lamellar structure (7 X). The number of 
mesopores diminishes up to the sixth hour of treat
ment (10 atmospheres saturated vapor pressure) and 
correspond to an increase in Rc. After 6 hours the 
number of mesopores increases to a maximum at 12 hours 
and simultaneously," the resistance diminishes.

MIYAIRI and MYOJIN (50) confirmed the previous 
results : the compressive strength is maximal after 
6 hours of autoclavage at 180 °C in the case of Port
land cements containing 60 % slag. The optimum alumina 
content of the cement must not be greater than 9 %.

According to NAKAHARA et al (51), a water vapour 
treatment at 75 °C is favorable to slag cements with 
a high gypsum content (10 % OPC, 65 % slag, 25 % gyp
sum) but an autoclavage at 90 °C causes an expansion 
and a cracking for mixes containing less than 50 % 
slag and more than 20 % gypsum.

The good resistance of autoclaved cements contai
ning 8.5 % MgO from blast furnace slags has been tied 
by NIKIFOROV et al (52) to the very fine periclase 
crystallization. MASCOLO et al (18) have shown the 
crystallization of M^A^ which causes no expansion 
during autoclavage and the formation of SHgO.AljOj. 
Si02*

This review of the work on-hydration of slag ce
ments has revealed that these products give the same 
hydrates as PortiAnd cement. They are slow to react ' 
with water but they can be activated chemically (alka
line or sulfate activation), mechanically (over grin
ding) and thermally. Slag cements to the contrary are 



well known for their resistance toaggressive chemical 
agents.

3. BEHAVIOUR OF SLAG CEMENTS

All long term tests have shown the good perfor
mance of slag cements in aggressive environments such 
as sulfate water, sea water and pure water.

3.1 Resistance to sulfate water

The attack on cements by sulfates like MgSO^ is 
double. The magnesium takes the place of the calcium 
of the cement hydrates such as CaCOHjj and C-S-H and 
gives respectively Mg(0H)2 and M-S-H without binding 
properties. The SOq^- ions react with the Ca^+ ions 
displaced by the Mg^+ ions and form a secondary gyp
sum CaSO^.2H2O which reacts itself with the aluminates 
giving birth to an expansive ettringite.

This series of reactions can be observed in sam
ples of synthetic mixes containing 50 % CjS + 15 %C,A 
+ 5 % gypsum + 30 % quartz immersed in a solution of 
5 % MgSOq. From the first day, the samples showed a 
large swelling, they were destroyed at the end of 
7 days. The hydrates formed, detected by X-ray dif
fraction and scanning electron microscope were 
Mg(0H)2, CaS0q.2H20 (high quantity of gypsum, much 
superior to the 5 % in the anhydrous mix), 
C3A.3CaS0q.32H20(secondary ettringite) and C-M-S-H 
(fig. 18).

Fig. 18 : Secondary gypsum and cracked C-M-S-H

In a second series of samples, the 30 % quartz 
was replaced by 30 % granulated blast furnace slag. 
After seven days of immersion in sulfate water, the 
samples were still in good condition. The hydrates 
observed were a dense C-S-H (fig. 19), crystals of 
Ca(0H)2 and monosulfoaluminate and some dispersed 
needles of ettringite of which the size was only about 
pm (fig. 20). The hydrated slag grain are surrounded 
by a layer of C-S-H. It is partially a lime activa
tion : the quantity of Ca(0H)2 is less after 7 days 
than after 1 day according to the X-ray diffraction 
diagram on which is detected neither Mg(0H>2 or secon
dary CaSOq.2Hj0. Here, the denseness of the material 
and the low lime content are both favorable to the 
sample resistance to sulfate attack.

According to SMOLCZYK (53), the good chemical 
resistance of 65 % slag cements remains even if the 
concrete is in contact with sulfate water after its 
preparation. KODAMA and KITAMURA (54) have also shown 
the good resistance of cements containing 60 % slag 
ground to a Blaine specific surface of 4000 cm^.g-!. 
A finer than normal slag granulatiry, on the order of

5000 cm^.g-l, however, increases its chemical resis
tance in decreasing its porosity (55).

Fig. 19 : Dense C-S-H in presence of slag.

Fig. 20 : Ca(0H)2 (o) and finely crystallized 
ettringite (x) in presence of slag.

. 3.2 Resistance to chloride waters

Mortar samples of slag and Portland cements were 
immersed in different solutions of MgC12 by KOBAYASHI 
and OKABAYASHI (56), The penetration of the Cl- ion in 
successive layers has been estimated by chemical analy
sis at :

- 20 mm after 4 weeks for OPC,
- 10 mm after 52 weeks for the cement containing 

65 % slag,

both having been immersed in a solution containing 25 g 
of MgC12 per liter.

Chloroaluminates CgA.CaC12.10H20 have been charac
terized by X-ray diffraction. VIRODOV et al (57) have 
detected hydrotalcite MggA12(0H)g.CO3.4H20 in the pre
sence of MgC12.

3.3 Resistance to sea water

When a Portland cement, totally immersed in sea 
water, shows a large swelling, it would be the same for 
slag cements containing less than 60 % slag. This re
sult was obtained on. ISO mortar samples (4x4x16 cm) 
conserved in the same conditions for one year (58),

OPC
OPC + 50 % slag
OPC + 30 % slag
CLK (80 % slag)

1000 pm/m
750
690
190



Table IV : Evolution, in function of percentage of slag, of the compressive resistances of UxUx 16 cm mortar 
samples immersed in sea water, compared to the compressive resistances of the same samples immersed 
in fresh water (59).

R compression 6 months fresh water
—----- ■ - ;------------------------  in %

R compression sea «ater

x : destruction of the sample, S : slag.

Portland cements
Slag Cement 

type A
S < 30 %

Slag Cement 
type B 

30 % < S < 60 %

Slag Cement 
type C

S > 60 %

6 months 1 year 3 years 6 months 1 year 3 years 6 months 1 year 3 years 6 months 1 year 3 years

" 73 57 X 66 51 33 68 86 118 99 124 191

:::: 6lt 33 X 59 41 X 63 63 52 95 140 193
5g 29 X 53 25 X 68 63 X 108 133 160

Potential composition of Portland cement (% in weight)

C3S C2S C3A CltAF

K 96 32 6 16
X« 55 22 10 13
:::::: qq 17 10 13

Further, the compressive resistance of samples 
of the same type compared by MIYAIRI et al (59) to 
their resistance at six months in fresh water (Table 
IV) showed that for a non marine cement, only the ad
dition of more than 60 % slag will give an increase 
to resistance over a period of time.

The aggressive sea water salts are magnesium sul
fate and magnesium chloride. The secondary products 
are therefore MgWfOj, M-S-H, CaSOif.2H2O and CgA. 
3CaS0!t.32H20 (60).

In sea water as in fresh water, the clinker hy
drates first in slag cements. The chlorine and the 
sulfur coming from the dissociation of the chlorides , 
and the sulfates dissolved in sea water diffuse in the 
sample forming chloroaluminates and sulfoaluminates.

The figure 21(a) shows the polished section of a 
pure paste slag cement sample examined by electronpro
be microanalysis after three years of immersion in 
fresh water. A comparison with the same sample immer
sed three years in sea water [fig. 21(b)] reveals 
that the material is just as compact in the two cases 
and that in sea water there was neither the dissolu
tion of CaO nor a diffusion of Mg2* ions. To the con
trary, in the Portland cement which enters into the 
composition of the clinker slag cement (CLK), the 
Mg2* ions were able to progress and formed M-S-H 
around the clinker grains [fig. 21(c)].

The penetration of chlorine into the samples 
leads to the formation of chloroaluminate [fig. 21(b)] 
However, it is limited in slag cement if compared to 
that of Portland cement [fig. 21(c)]. The reticulated 
C-S-H containing Cl" ions in their crystalline net
work were not observed in slag cements. Ettringite is 
finely crystallized and more disseminated in the clin
ker slag cement (CLK) than in the Portland cement 
where it is more localized around the CgA crystals 
where the alumina saturation is the strongest. 
Figure 21(c) also shows two zones superimposed around 
a grain of CgA, the interior zone is composed of chic- 
roaluminate and is the first to form, the exterior is 

composed of ettringite. Chloroaluminates are not sta
ble in sea water. In decomposing, they permit a new 
crystallization of ettringite. Trisulfoaluminate can 
also be obtained at later dates by a delayed hydration 
of CgA crystals which are in the large clinker grains ; 
this leads to a cracking of the C-S-H.

In clinker slag cement (CLK), all the alumina of 
the slag grains does not combine with the chlorides 
and the sulfates, it also enters into a solid solution 
in the C-S-H which remains compact (60).

The kinetics and the mode of crystallization of 
ettringite ar'e different from those of Portland cement. 
Trisulfoaluminate appears by a relatively slow process 
of the passage into solution, its distribution is dif
fused (61). Its content is less because of the low 
percentage of Ca(0H)2 which could give rise to a secon
dary gypsum.

Fully immersed, the samples are covered by a white 
film composed of brucite Mg(0H)2 and CaCOg in the form 
of a calcite and aragonite mixture. MARCHESE and 
SERSALE (62) found more aragonite than calcite in 
Portland cements. To the contrary, in blast furnace 
cements, the calcite content is greater than the ara
gonite. The vaterite pCaCOg, which could come from the 
carbonation of the hydrated silicates in fresh water 
(63) is not observed in sea water.

In alternate immersion, the attack is both physi
cal and chemical. The degradation of certain blast 
furnace (CHF) and clinker slag (CLK) cements that had 
insufficiently resisted to the conjugated action of 
sea water, waves, sand, wind, sun and freezing has 
been tied to the slow hydration speed of the slag 
grains. In this sense, T. IDEMITSU et al (64) have 
shown that the comportment of slag cements is very 
sensible to the initial conditions of conservation. 
Certain precautions are therefore necessary in a ma
rine environment : surface protection, a longer hydra
tion period than that for Portland cements before im
mersion in sea water, dense concretes or mortars with 
a heavy cement content (65). After having tested



Absorbed Electrons : S = slag, M = monosulfoalurInate, (- = cr.lorcaluminate, E = ettringite, K = clinker

(a)
Fresh water : Slag Cement

Cl

Fig. 21 : Electron Probe Microanalysis. 
Elemental distribution of Mg, S, Cl 
in a slag cement (80% slag) after three 
years immersion in fresh water (a) and 
sea water (b) compared to that of OPC 
immersed under the same conditions.

(b)
Sea water;Slag Cement (b)

(c)
OPC (c)



different types of cement for seven years, 
1*Electricite de France selected a blast furnace ce
ment (CHF) for the construction of the Rance tidal 
power station started up in 1966. The total surface 
exposed to sea water is 90,000 it?. This work of civil 
engineering remains in excellent condition. Slag ce
ments are also used in the form of injection grouts 
in marine environment (66).

3.4 Resistance to carbonation '

The carbonation of slag cements which, in the 
case of reinforced concretes, leads to the depassiva
tion of the steel reinforcing, is no greater than 
that of Portland cement if the concrete is compact and 
conserved in an atmosphere sufficiently humid (53). 
The results of SMOLCZYK (53) are confirmed by YODA 
et al (67), after seven years conservation in an at
mosphere of 100 % relative humidity, the carbonation 
is zero in cylindrical samples 15x30 cm.

In carbonated cements, the steel rusts at the 
same speed in a slag cement containing sulfur and a 
cement without sulfur (53). Electrochemical measure
ments (pH, conductance, redox potential, corrosion 
potential, potentiometric curves) taken by LOHGUET 
(68) on the aqueous interstitial phase of concretes 
have proven that the clinker slag cements (CLK) con
taining more than 80 % slag protect the steel reinfor
cing as well as Portland cements.

Slag cements have a good resistance to thermal 
carbonated waters. The CO2 dissolved in the water can 
only penetrate very slowly because of the compactness 
of the material (69).

Short term carbonation does not sensibly modify 
the crystalline texture of the hydrates according to 
MURAT and NEGRO (70), the reaction with COa would be ■ 
a true pseudomorphosis. Carboaluminates were observed 
by FRIGIONE and SERSALE (71). Their quantity is in 
function to the gypsum content of the cement. In the 
case of a high gypsum content (> 4 %), the carboalumi
nates give way to ettringite.

3.5 Comportment at low temperatures

Slag cement is not as favorable as Portland ce
ment in countries with long and rigourous winters be
cause it hydrates slower at temperatures lower than 
20 °C (72). However, it is possible to increase its 
resistance to freezing and its mechanical performance 
by accelerating its hydration with chemical activators 
such as sulfoaluminosilicate (73).

Portland cement accelerators admixtures are not 
always as good with slag cements : CaC12 is fixed in a 
greater quantity by the slag (74) but it increases the 
porosity (more "open structure")of the cement paste 
(75). The accelerating effect of CaC12 decreases from 
tricalcium silicate to dicalcium silicate (principal 
constituants of Portland cement) to rankinite C3S2 and 
to wollastonite CS, silicates with a composition close 
to that of the slags (76).

The addition of air entrainers equally increases 
the porosity and diminishes the rate of hydration of 
the cement (77).

3.6 Resistance to the alkali-aggregate reaction
In concretes containing reactive siliceous ag

gregates, slag cements are preferable to Portland ce
ments which are rich in alkalines. Tests conducted by 
SMOLCZYK (78) on 30 different types of cement mixed 
with ground Pyrex glass show that the expansion due to 
the alkali-silica reaction decreases in function to 

the slag content. An addition of 70 % slag to a Port
land cement can move the admitted limit of NajO from 
0.6 % to 2 % without risk of degradation to the 
concrete.

4. CONCLUSION. FUTURE RESEARCH

The hydrates of slag cements are the same as those, 
of Portland cements : C-S-H, C3A,3CaS0q.31H20, CgA. 
CaSOq^lZ^O, C^AH^g. The granulated slag reacts slower 
than the constituents of Portland cement but it can be 
activated. The activation can be chemical, mechanical 
(overground) or thermal. Whichever form of activation 
is used, hydrosilicate C-S-H is always present. It is 
not as well crystallized but denser than the fibrous 
C-S-H of Portland cement. The ettringite is present in 
fine binding needles more disseminated in the paste 
than the ettringite of Portland cement localized close 
to the C3A crystals. The alumina of the slag grains is 
also found in the C-S—H in solid solution.

In the hydration of slag cements, the alumina ’ 
plays a role which has not yet been completely eluci
dated and which has already been signaled by SCHRODER 
(79) at the Tokyo Symposium in 1968. In’certain cases, 
the increase in mechanical resistance from one slag to 
another has been tied to a higher alumina content. In 
other cases, alumina"shows itself to be unfavorable to 
the development of these same resistances at the am
bient temperature as well as during thermal treatment 
or autoclavage.

Two vitreous slags of identical chemical composi
tion can present different hydraulic properties which 
leads to the difficulty of using one or the- other of 
the hydraulicity modules proposed in the last few 
years (80). The difference in reactivity seems to be 
tied to the structure of the glass. Current studies on 
the polymerization of silica, alumina and magnesia 
tetrahedra by bridging oxygen- atoms will permit a bet
ter understanding of the mechanism of slag hydration.

Cements with a high slag amount contain little or 
no Ca(0H)2, their C-S-H is compact and contains alumi
na in solid solution. These cements offer a strong re
sistance to chemical attack. ■

The medium and long term perfoznance of slag ce
ments are equal or greater to those of Portland cement 
and their short term performance can be improved.

The utilization of blast furnace slags, by
. products of the metallurgical industry, enters in the 
framework of the savings energy and will be necessary 
developed in the near future. Europe and Japan have 
already acquired a large experience in their use.

Current studies involving other by-products are : 
slags from the steel industry or LD converted slags 
(81, 82, 83, 84), copper slags (85,86), electrothermo- 
phosphorous glasses (87), slags containing foreign 
elements such as Ti (88), Mn (89) and Ba (90). Certain 
of them, much less hydraulic than blast furnace slags, 
call for a greater activation the conditions of which 
are yet to be defined. .
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This paper is a normal state-of art of a part of the reports 
submitted by Massazza (1) and by kokubu andYamada(2) 
at the 6th International Congress on Chemistry of Ce 
ment. Consequently it will not deal with the knowletf 
ge already acquired with certitude, but will be li - 
mited to giving an account of the subsequent addi - 
tion to our knowledge,by defining, where possible,the 
practical results of the scientific and technologi - 
cal progress, whilst endeavouring to give specific em 
phasis to the problems which cal 1 for further research.
1. INTRODUCTION
Table I represents the classification of the princi
pal materials having the property of fixing lime.This 
classification takes the origin into account.

table i , 
Classification of the principal lime-combining materials

Natural Artificial

Sialic material Siliceous Mixed
type

Unaltered Diagenetic
Pozzolanas Mthotd Clay 

tuffs (clay
(zeolitic) minerals)

Traditional Non tra 
ditional

Fly Clays Plant ash
ash Shales

Burnt di a 
tomaceous

It can be observed that the natural materials can be 
divided into: sialic, siliceous and mixed-type pro - 
ducts.
The former groups include materials rich in silica 
and alumina, such as: volcanic glass, zeolites and 
clay minerals, but the latter do not yield an appre
ciable hardening when they fix lime.
The latter groups are characterized by materials of 
organogeneous origin, extremely porous and crumbly, 
formed mostly by the siliceous remains of radiolari
tes and diatoms. As a group, these types of earths 
are very reactive to lime but, being formed by angu
lar, porous and spindle-shaped skeletons, they need 
a considerable quantity of water when they are mixed 
with the cement and the resulting pastes and mortars 
present, consequently, a decrease in the resistance 
to atmospheric agents and an increase in dryingshrin 
kage. Therefore they are not considered as materials 
of quality (3) even if sometimes they are used i n 
the production of binders (4).
The reactivity of diatomites can be increased by ther 
mal treatment at 500o-600°C (5)(6). The class of the 
mixed-origin materials, sialic and siliceous, includ 
es Gaize (Ardenses and Mense) and Moler, a tertiary 
deposit of diatomaceous earth with a rather high clay 
content (Denmark). French gaizes, polluted by clay, 
can be used after the thermal treatment.

2. SIALIC MATERIALS '
2.1 Unaltered materials
2.1.1 Pozzolanas '

This term must be reserved solely for essentially vi 
treous pyroclastic material easily zeolitizable. IT 
is well known that one of the fundamental conditions 
for a rapid zeolitization is the structure of finely 
subdivided volcanic glass (7). Equally familiar is 
the fact that the zeolitization process of pozzolanas 
causes cementation of the incoherent material so that 

(true) pozzolanas must be considered as the non-zeo- 
litized equivalents of volcanic tuffs. In this con - 
nection it is interesting to note that not all pozzo 
lanas zeolitize with the same ease. In fact the mosT 
easily zeolitizable pozzolanas are precisely those 
which have a more marked hydraulic activity (trachy- 
tic or leucitic pozzolanas (8)).

2.1.2 Selection_of_gozzolans
This can be done on the basis of the vitreous phase 
content, by the difference between the silica and 1£ 
me content respectively, which is determined by the 
usual chemical methods. A limit value around 34% 
would reveal the absence of the vitreous phase (9). 
Colour of pozzolanas would only result from the de - 
gree of iron oxidation without implying reactivity. 
Therefore black pozzolanas are not inferior in quali
ty to red pozzolanas (11). '

2.1.3 Comgosition_of_gozzolanas

It fluctuates between the following limits^iO?: 45
-60%; Al^-H^Og: 15-30%; CaO+MgO+alkali m 15%:1oss 
on ignition up to 10%.
A true pozzolana is formed essentially of a sma 1 1 
quantity of crystalline minerals (feldspar, leucite, 
augite etc.) plunged into an abundant vitreous mass, 
more or less altered by atmospheric agents.porous to 
such a point that it simulates a gel and with wide 
internal surface. Beside solubilizable silica,it coji 
tains significant quantities of solubilizable alumi
na.

2.1.4 Origin_gf_gozzolanas

They form (12)(13) as a result of volcanic, explosi
ve-type eruptions, because of the violent projection 
of melted magma into the atmosphere, in the form of 
minute particles which bring about a phenomenon of 
tempering responsible for producing a vitreous state, 
They are made up of elements of different aspect and 
dimensions: pumice, scoria etc. which can be distin
guished by grading.
On the contrary non-explosive eruptions produce vol
canic ash, much.less reactive with lime than pozzola^ 
nas even if identical in composition and grading,siji 
ce the quick tempering process has not occurred. In
deed only once has Vesuvius produced pozzolanas, dur 
ing the well-known eruption which destroyed PompeiT 
and Herculanum in AD79 and which Pliny the Younger 
described in his letter to Tacitus (14). Following 
this and failing explosive phenomena, it has only 
produced ash.

2.1.5 Dosage_gf_the_vitreous_ghase_of_gozzolanas

The reactive fraction of pozzolanas is the vitreous o^ 
ne, since the partially altered minerals react to a 
lesser extent.
By X-ray diffraction it was found that the diffused 
band which can be attributed to glass is directly pro 
portional to the vitreous phase content,therefore it 
could be determined after appropriate calibration of 
the instrument with an obsidian whose mineralogical 
composition is as close as possible to the sample to 
examine (15). .
A vitreous state index, calculated on the basis of the 
width of the diffused band of diffractograms around 
d = 4-5 A appeared to give good correlation with 
scanning electron microscope observations and wi th 
values of mechanical strength by making it possib 1 e 



to classify pozzolanas according to reactivity (16).
2.1.6 petection_of_pozzglana_texture
The observation under the optical microscope at low 
magnification (50 x) allows pozzolanas to be classi
fied into scorias and pumice.
The scanning electron microscope cannot reveal the 
differentiation of the feldspar from the vitreous pha^ 
se because of a transgranular break in the crystals, 
given the common conchoidal aspect of the elements 
(17).
2.1.7 Jnternal_structure_of_pozzolanas
The absorption infrared spectroscopy has been used 
to underline the variations in structure determined 
by a chemical attack or by a thermal treatment ofpoz^ 
zolanas (18). Although pozzolana spectra are diffi - 
cult to interpret, since the high degree of vitreous 
state allows the recording of only slight differences, 
however the interferences between atomic vibrations 
and infrared rays seem to be the most appropri ate 
means for studying components formed by amorphous and 
crystalline fractions and they give useful informa - 
tion on their reactivity.
2.2 Diagenetic materials
2.2.1 Lithoid_tuffs
The term tuff must be reserved to pyroclastic rocks 
which form because of diagenetic phenomena acting on 
the vitreous, incoherent fraction which has settled 
in different circumstances because of volcanic explo 
sions (7).
Volcanic materials, mostly vitreous, accumulating in 
all the different sedimentary basins, represent in 
fact in most cases the cradle of zeolitization pheno 
mena. Silicate glasses with their higher content in 
free energy are particularly sensitive to any sort 
of reaction especially in a wet medium and, by hydra 
tion, solubilization, hydrolysis, they can give rise 
to phenomena of zeolitization, feldspar!zation or 
transformation into clay which are responsible for 
the cementation of the original material.
Therefore we can only call tuffs the zeolitized equi^ 
valents of pozzolanas. The most compact compounds , 
therefore, show a lithoid aspect and have a compres
sive strength of about 100-300 kg/cm2; from early 
times this property determined their use in building. 
Once ground, these tuffs show an aptitude to combine 
with lime similar to that of non zeolitized equiva - 
lents (true pozzolanas) and sometimes an increaseda£ 
titude, since the zeolitic fraction is more easi.ly 
attacked by lime than the pozzolana glass.
As for characteristics of quality, cements made with 
trass, for example, make very plastic, compact con - 
cretes which are impermeable to water and have 1 ow 
heat of hydration (19).
2.2.1.1 0rigin_of tuffs
It seems logical to attribute the process which go - 
verned the genesis of the best known and best studi
ed formations - such as the Rhine "trass", the Na - 
pies yellow tuff, the tawny tuff of the Alban Hills, 
the Grand Canary tuff etc., to the category of diage 
netics, set up by the action of meteoric waters on 
volcanic glass.
The zeolitization mechanism has been interpreted in 
the light of the factors which encourage this pro - 
cess and also assumptions justifying the contemporä- 
ny presence in some formations of zeolites and clay 
minerals have been proposed (7).
2.2.2 Clays ' ■ ' 

Pyroclastites are also liable to transform into clays 
(20); as we have already emphasized, this process is 
sometimes combined with zeolitization, in turn deter
mined by diagenetic phenomena. The development of vol
canic glass in one or other direction is probably de
termined by a series of factors: chemical composition, 
microstructure, grading and permeability of Sedimente 
ry materials, the pH of the sedimentary medium, the 
type of ions present in the solution, the age of depo 
sits, the pressure and temperature, the composition 
of pore waters.
Clays do not interest the cement industry as materials 
capable of reacting with lime. Indeed although the de^ 
composition of clay minerals under the action of lime 
causes the neoformation of the same hydrated phases 
which can be observed from non clay.ified equivalents 
(pozzolanas and tuffs) and although the combining ra
te as well as the quantity of reacting lime generally 
have higher values (21), their use with clinker low - 
ers mechanical strength. This confirms the fact that 
the quantity of lime reacting with the compounds hav
ing this property, is not enough to foresee the deve
lopment of the mechanical strengths (22)(23). Their 
plasticity implies that clays are not adapted to be 
incorporated in cement (13).
The mechanism prevailing in the processing by lime at 
ambient temperature is a long alteration process of 
the crystalline lattice. This process affecting more 
directly the octahedric strata of the structure was 
revealed by means of infrared spectrometry.
In the field of neoformation compounds roentgenogra - 
phic analysis carried out on materials originated by 
reaction at 39°C during 250 days of lime on kaolinite 
has allowed C-S-H hydrated calcium aluminates and hy
dro-garnets to be identified (25).
3. ARTIFICIAL MATERIALS ■
As shown in table I, these can be classified in two 
categories: traditional materials and those of more 
recent use. The first comprises in order: fly ash, 
burnt clays and shales.
3.1 Fly ash
The term "artificial pozzolana", adopted to describe 
these important materials as well as those obtained by 
thermal treatment of clays and earths, in general must 
be dropped, because it only sets up confusion between 
categories of materials which have in common the aptj^ 
tude of reacting with lime, but which present substaji 
tial differences in origin, formation and microstruc
ture (13). This term went through a period of validi
ty of course, since in the past there was a need to 
overcome the distrust of introducing on the market 
little known products, little known especially i n 
their behaviour. Today it is no longer meaningful be
cause fly ash proved to be not inferior to the best 
pozzolanas. Indeed they were successfully tested i n 
several cases: as secondary components to cements(26) 
(27)(28)(29) added to mortars and concretes (30) (31) 
as raw materials (32)(33) in the precast industry and 
in road works (34)(35).
Consequently, the residues from combustion of pulveri
sed coal in power stations must be called fly ashes. 
They represent an industrial-product of growing inte 
rest, especially if we take into account the fact that 
world production reaches about 180 million tonnes(36) 
with a rate of use of approximately 16-17%.
This production will probably increase since less li
quid and gas fuels are being used in power stations. 
Power station boilers can be of two types with melted 
ash and dry ash. In the first case 85-99% of sol i d 
residue is collected in a state of fusion and quench



ed rapidly in water. The unburnt carbon content is ex 
tremely low. In the second case, a fraction (10-158J 
of solid waste settles at the bottom of the combo - 
stion chamber; it is removed mechanically and is ma
de up of small size particles (30/* - 30 mmcinders); 
the remains(85-90%) collects along the exaust path, 
to be removed afterwards by the electrofilters (37). 
This is true ash, sold either in a dry state, or hu
midified (8-12%).
The vitreous state of the material is due to the com 
bustion temperature and then to the quenching. AsF 
formed at temperatures from 1200-1400°C can be used 
in cements but higher quality ash is obtained only at 
1500-1700°C (38).
About 45 million tonnes of fly ashes are produced per 
year in the U.S.A., with a yearly increase of 10%. 
The cement industry uses about 10% of the annual pro 
duction (3). France is in second position behind the 
U.'S.A. amongst the countries which devote vast quan
tities of ash to their production of hydraulic bin
ders. About 95% of production comes from coal ashes 
(39)(40) with a very low calcium content and a Blai
ne specific surface between 2500 and 4000 cm2/g. Out 
of 5 million tonnes produced in 1976, 2.5 were used 
in the building industry (41).
On a lesser scale France also produces ashes from li_ 
gnite combustion (42) characterized by higher cal - 
cium content and specific surface (5000-8000 cm2/g) 
called sulphocalcic ashes. It also produces ashes 
containing a high percentage of calcium (<-' 44%)call_ 
ed hydraulic ashes. Both are used in the hydraulic 
binder industry.
England produced 10 million tonnes of fly ash in 1971 
-72. About half of this production was used (43) mo
stly as filler and a small quantity in cement produ£ 
tion.
3.1.1 Composttion_of_fly_ashes
Coal ash is basically composed of silica and alumina. 
The composition is approximately: 50% SiOg. SOSAlgO,, 
2% CaO, 5% alkalies, 7% FegOg. The unburnt matter ra/ 
ges between 1 and 6%. These are therefore silico-alu 
minous products with a high degree of vitrificati on 
and few crystalline elements.
Electronic probe investigation reveals extensive va
riability in the particle composition, variabi 1 1 ty 
which has no influence on the overall chemical compo 
sition for ash produced by a single well-tuned power 
station burning coal from one mine.
Lignite or hydraulic ashes are richer in lime and 
their composition varies within the following limi ts 
(44) SiOo: 23-50%; AlgOg: 8-14%; Fe-Og: 8-20%; CaO: 
18-50%. Its hydraulic reaction increases in propor - 
tion to the lime content and from ashes richer in H 
me, the neoformation compounds are identical to tho
se obtained from Portland cement, the reaction occu£ 
ring with heat evaluation. The light colour of this 
ash is a proof of good quality.
As regards the most interesting ashes, the more im - 
portant chemical characteristics taken into conside
ration by standards in different countries are those 
indicated below in the prescribed limits (45).
Loss on ignition, directly limited to the unburnt mat 
ter (1-6%) varies between 5 and 12%. The sulphate coji 
tent which can cause volume instability of concretes 
falls between 2.5 and 5% as SO3. This content,as well 
as that of the unburnt matter, is an element to be 
taken into consideration for ashes used in reinforc
ed concretes (46). The percentage of mainoxidesfSIOg’ 
+A1gOg+FegOg) should not fall below 70%. The magne - 
sia content can reach a maximum of 5%, since we have 
not yet checked with certainty if its methods used to 

estimate volume stability of Portland cement are va - 
lid for fly ash cements. The alkali content, such as 
NagO should not exceed 1.5% for concretes made with 
reactive aggregates. The humidity content must lie bet 
ween 1 and 3% since a higher content favours loss of 
reactivity.
The quantity of the unburnt material which varies with 
furnace design, regulation of combustion and the coal 
volatile matter content, should be kept as low as pos 
sible. Unburnt matter is generally found in the smalT 
est fractions, is inert and although it causes no da
mage up to a maximum content of 12%, it can influence 
the colour of the concrete. Lean coals leave a higher 
rate of combustible material than the rich coal. It 
can be eliminated by sieving, by mechanical ventila - 
tion or by both methods combined. Black stains occur 
because the residual carbon contained in ash used in 
manufacturing cements may rise to the surface. These 
stains can be prevented from forming by adding a ten- 
sio-active agent (sodic alkhilnaftalenesulphonate(47)) 
with absorption of organic molecules at the surface of 
carbonated fractions, lowering of the solid-water in
terface tension and consequently elimination of the 
spontaneous flottation phenomenon.
3.1.2 Physical_prggerties_of_fly_ash
Fineness is one of the principal parameters to define 
the aptitude of ash to be added to cement since it in 
fluences the rate of developmentof mechanical strength 
and the relative values to be attained. There is an op 
timal fineness above which the increase in strength" 
becomes less significant because of the increase i n 
the specific surface (48).
This fineness which can be determined by the Blaine 
method varies from country to country from 270 m2/kg 
to 425 m2/kg. Because of its porous nature the presen^ 
ce of combustible material distorts this determina - 
tion since it gives higher specific surface values if 
the air permeability measurement methods are used. 
This is why the sieve procedure is preferable (45). 
Laboratory tests carried out on fly ashes containi ng 
slightly reactive forms of MgO and CaO (49) ' have 
shown that grinding lasting 10-15 minutes under suite 
ble conditions in a planet mill gives rise to chemi - 
cal activation linked to a phenomenon of agglomera - 
tion and amorphization of the structure producing hy
drates of higher"mechanical strength.
The influence of the ground material fineness is un - 
declined by research carried out on lignite fly ashes 
of Greek origin (50).Mecham"cal strength tests on mor
tars have shown that the ash can replace 20% of Port
land cement if ungraded material is used. The quanti
ty to add can reach 45% if only the < 45 ft fraction 
is used. It is preferable to grind ungraded material 
rather than to sieve. Optimal grinding time is about 
10 minutes (51).
3.1.3 Structure_of_fly_ash
The specific characteristics of each ash are revealed 
by scanning electron microscope investigation (52). 
Ash is seen as a powder made up of fine spherical par
ticles whose sizes vary from 0.5 to 200n. Shape and 
colour are variable. There are indeed small hollow or 
solid spheres, angular grains with bulges and hollows, 
open shells. The grain surface is generally smooth 
and glossy. ■
From the mineralogical point of view they consist mo
stly (53) of vitreous alumino-silicates with modest 
quantities of iron, sodium, potassium, calcium, magne 
slum, titanium. The other predominant phases are mul
lite, quartz, hematite and magnetite as well as combu 
stible material. Traces of mullite in the residue aft 



er diluted chlorhydric acid attack seem to be a means 
to differentiate ash from pozzolana in cements (13).
3.2 Clays, shales, burnt diatomaceous earths
Heating clays, at temperatures corresponding to those 
of the thermal destruction of minerals which characte 
rize them, brings about rupture in the lattice and con 
sequently the formation of a mixture of amorphous sT 
lica and alumina in the stoechiometric proportions of 
the original minerals. Since the increase in structu
ral disorder brings about an increase in the instabi
lity of the system, reactivity with lime and loss of 
plasticity become noticeable. Cement pastes w.ith ap - 
propriate proportion can offer mechanical strengths of 
the same magnitude as those obtained using pozzolanas 
or fly ashes.
The use of burnt clays added to cement is not wide - 
spread owing to the energy needs and the eventual com 
petition of fly ashes which have already undergone 
thermal treatment and require no further energy con - 
sumption, not even for grinding. From this point of 
view they prevail over pozzolanas.
Even spent oil shales (ashes) can be used to combine 
with lime (54). Ungraded material with density above 
2 can be competitive if used in an area not exceeding 
a distance of approximately 30 km from the production 
or the collecting point; which explains how ternary 
blends of shales (85%) fly ashes (13-15%) and lime(l- 
-2%) are used in road works.
Finally the main consequence of the thermal treatment 
on diatomaceous earths is the activation of clay mine 
rals which makes them polluted.
3.3 Non traditional artificial materials
Amongst plant-based materials which can be used as a 
source of active silica, rice husk seems the most ap
propriate. Rice growing is extensive all over the 
world, particularly in developing countries (55).This 
use of husk appears very timely since a tonne of raw 
rice produces 200 kg of husk which, because of its low 
specific gravity, is very bulky. Without counting the 
calories which can be retrieved for energy purposes, 
burning rice at about 800°C will produce 20% of 1 ts 
weight as ash containing a high percentage (80-95%)of 
very reactive silica and 1-2% of potash. The remain - 
ing part is unburnt matter.
It was stated that by adding 50% of this ash toclin^ 
ker, mechanical strengths higher than those of Port - 
land cement are obtained even in the case of short cur 
ing (56) and the mortar gains resistance to attack by 
diluted acids, whether organic or inorganic.
Other reactive forms of silica are dusts trailed by 
fumes from ferrous alloy production furnaces;the Blai^ 
ne fineness is about 20.000 cm^/g (57). Their use in
creases cement hardness and chemical resistance(58). 
Very interesting projects also concern the use of by
products and manufacturing wastes which lead to sav - 
ings in natural raw products (59).
4. POZZOLANIC ACTIVITY
Pozzolanic activity - that is to say the phenomenon 
which determines the neo-formation of phases likely 
to show mechanical strength after hardening - occurs 
through the effect of the reaction of lime on - com
pounds formed by the al kali neattack of acid silicates 
(60). The reaction produces hydrated phases similar to 
phases neoformed by clinker/granulated blastfurnace 
slag reaction (61)-hydrated calcium silicates and a
luminates with excess lime-and is very advantageous 
from the industrial point of view when the basis mate 
rial contains silica and alumina easily mobil i zed, 
which is typical of amorphous structures and particu

larly acid glasses. This explain why pozzolanas, fly 
ashes and burnt clays are preferred as active addi - 
tions.
In the case of zeolitic type crystalline structures, 
reactivity which is sometimes even higher than that of 
vitreous equivalents (12) is probably due to the more 
open porous structure, therefore more likely to be ajt 
tacked. Indeed these pores allow chemical agents to 
penetrate, attacking their crystalline structure 
through destruction and freeing of silica,alumina and 
alkalies, the first two of which combine with lime.
In an alkaline medium, zeolitic minerals as well as 
glass are subjected.to a hydrolysis process which 
brings silicate and aluminate ions into the solution. 
With Ca+2 and Mg+2 ions, very low solubility product 
phases form, such as silicates and aluminates. Their 
precipitation promotes the passage of other silicate 
and aluminate ions into the solution, so that the hy
drolysis process can continue, differently from what 
would happen if the attacking agent were only water. 
With this last assumption the system tends to balance 
after a certain time.
A pozzolanic reaction mechanism was recently proposed 
with reference to the structurr of feldspar (60). It 
is well-known that the K AlSijOg orthoclase consists 
of three SiOg units and one AlOj ynit, the aluminate 
ion charge being compensated by K . These units are 
tetrahedrons.
Within the feldspar structure, a SiOg unit can be re
presented as in figure 1. Each of the four oxide 0*2 
ion is linked to the central Si+4, as well as to oth
ers which are not on the figure but lie along the dott 
ed line.
On the contrary the situation is quite different for 
a unit on the outside surface: instead of an oxide ion 
there is an hydroxile according to:

0*2 + h20 ----- > 20 H'
This allows the *2 charge to find compensation outsi
de the external surface. The contact with a water so
lution also allows the other 0*2 ions to transform pro 
gressively into OH*. The tetrahedron is thus less and" 
less bonded and at a given moment breaks ,away from the 
original position and passes in solution as HsSiOz;*. If 
this solution contains Ca+2 ions, insoluble, hydrated 
calcium silicates are formed. .



The glassy structure of a pyroclast is more predispos^ 
ed to the replacement of 0*' ion by OH- ion since less 
intense links allow progressive detaching of units 
from the tetrahedron.
These would not be topochemical-type reactions since 
the hydrated phases would occur through total desinte 
gration of the glass silico-aluminous lattice (60). 
Very probably for stable crystalline structures such 
as in feldspars, the surface attack by the line-satu
rated solution proceeds in an orderly way, layer by 
layer. With more labile crystalline structures of the 
zeolitic type, the attack starting here again on the 
external surface where the links are less intense, 
would penetrate more easily inside, because of the "£ 
pen"-type structure, leading to grain gelification 
and swelling.
This assumption would be confirmed by the trend of 
curves showing line combination by zeolitic minerals 
and powdered tuffs (62); these curves go up suddenly 
even after short attack times. The calcium/alkali ex
change cannot totally explain this development.
The lime solution attack is made easier by the subdi
vision of the solid and by its porosity (63) even 
though (as already pointed out) this is on the molecti 
lar level.
With short periods of curing, the specific surface 
plays a fundamental role on the reaction kinetics; 
with long periods of curing, the chemical composition 
predominates, that is to say the silica and alumina 
(vitreous and zeolitic phase componentsjdetermine the 
behaviour (64).
Research on kinetics and mechanism of reaction of pul
verised zeolitic tuffs subjected to combining with li
me in water solutions and at a temperature of 65°C 
(65) seems to prove that the attack by the lime-satu
rated solution brings about surface dissolution of the 
grains from the very beginning of the reaction, with 
rapid local formation of C-S-H gel. The dissolution 
of the original compound would continue at the inter
face C-S-H solid/grain surface in a favourable medium 
to reach levels of sursaturation. Then the develoo - 
ment of gelatinous silicate toward forms of greater 
crystallinity would be regulated by a process of con
trolled diffusion.
Without forgetting that each pyroclast has specific 
characteristics and must be studied individually(66), 
with the aim at bringing light on the complex chemico 
-physical phenomena which cause pozzolanic activity, 
solids with simple structure and constitution have 
been used. The reaction of silica gel with lime has 
been studied (67) by determining its reactivity as a 
function of prior thermal treatment and the relative modi 
difications in its structure. The temperature usecT 
and the contact time with the solution at first satu
rated with lime were obviously the determining factor 
for the activity of the solid. Research also checked 
that the silica gel selectively combines with potas - 
sium and in general the alkalies (68), so that its be 
haviour can simulate that of a pozzolana only when no 
alkali is present.
As shown in industrial practice, colloidal silica com
bines with lime (69) by increasing the strength of c£ 
ment pastes after short curing, even if they call for 
a quantity of water which can only be reduced by in - 
corporating the appropriate admixtures.
4.1 Factors which influence "pozzolanic" activity
4.1.1 Incgherent_lithoidj2yroclasts. Other natural gro 

dücts
Apart from the structure, the morphology and the che
mical composition, it is the fineness of the ground m£ 

terial which determines the reactivity of pyroclasts 
(11)(64). The quantity of lime added, without howe - 
ver disregarding its type (16), plays a fondamental 
role on the binder hardening kinetics, as well as the 
water content which intervenes in the composition of 
neoformed phases bringing about cohesion.
The development of mechanical strength can be mainly 
attributed to the low basicity hydrated calcium sili^ 
cates (11) with high water content, whilst alumina - 
tes seem to play only a secondary role.
Thermal treatment would not appear to be a useful 
means of increasing pyroclast reactivity. In any ca
se there is no convincing explanation for a possible 
increase in reactivity (70), but the treatment can 
be positive if the basic product is polluted wi th 
clay. This treatment is negative if it determines a 
lowering of specific surface (71) as probably hap - 
pens for powdered volcanic tuffs or in an extreme c£ 
se if it brings on crystallization of any kind.
With lithoid pyroclasts (tuffs), reactivity is also 
determined by the quantity and type of zeolitic min£ 
ral diffused in the matrix, by its amorphous frac - 
tion and pumice content (13) as well as by the more 
or less noticeable presence of stable crystal line 
phases.
In Italy vitreous pyroclasts (pozzolanas) found ex - 
tensively in Campania and Latium are used for binder 
production more often than lithoids (tuffs) since the 
former require less costly grinding. In other coun - 
tries the use of lithoid materials is investigated 
with interest and recently it is referred to in the 
case where the materials available for cement produc 
tion have high alkali content (72) in order to pre - 
vent al kali/aggregate reaction.
Tuffs and ignimbrytes comparable to the former, al - 
though their composition is different from the gene
tic point of view, have proved to be appropriate in 
pozzolanic cement production (73).
Fineness of grinding (74) and the particular nature 
of the basic component also determine the reactivity 
of some compact, effusive rocks (which are found a
mongst others in the Massif Central) made up of a my 
riad of microcrystals surrounded by amorphous glass. 
Their composition is similar to that of pozzolanas.e 
ven if their basicity is higher. Indeed blends of b£ 
salt, line and water in cylindrical specimens have 
shown the same values of compressive strength as the 
best pozzolanas (75).
4.1.2 Fly_ash
The reactivity of ash varies with: the type and sour 
ce of coal, the chemical and above all mineralogicaT 
composition, the vitreous phase quantity, the combu
stion temperature, grinding fineness as already em - 
phasized and low unburnt carbon content.Fineness of 
grinding and carbon content again determine the mix
ing water demand (53). As in the case of pyroclasts, 
reactivity becomes high after a period of latency 
(76) even if the ash and the pyroclast are not inert 
even with the shortest curing periods (2)(77). 
Mechanical strengths of mortars increase with fine - 
ness of grinding and the decrease in carbon content 
percentage (78).
It seems that the particles of ash most eas.ily atta
cked by lime, are those which are not entirely vitre
ous (79) containing inclusions of mullite and quartz. 
However the latter show low reactivity (78).
The grains of ash seem to be covered by a glassy film 
which shows down the action of the water but sets up 
the reactivity. The grinding process by breaking this 
film would accelerate the reaction with water (80). 



Chemical analysis of ash determines the inert a nd 
reactive fraction percentages, as well as that of so 
luble silica (total silica minus the inert fraction 
percentage) and makes possible the classification of 
the material according to an activity factor result
ing from the sum: soluble silica + alumina + lime + 
+ magnesia + sulphuric anhydride.
Ash reactivity is favoured by temperature (81), by 
certain setting time accelerators(NagSO^, NagCOg, 
NaOH etc.) as well as by the use of slightly acidi - 
fied or alkalized water (36). Ash can just,as well, 
be actified by immersion in a concentrated solution 
of Ca(OH)j (82) at 60°C, followed by desiccati on , 
which causes decomposition of the grain surface vi
treous layer. The fixing activity of the lime increa^ 
ses, but there is no corresponding increase in mecha 
nical strength, at least as regards mixtures with 20J 
ash.
According to research concluded on synthetic silico- 
aluminous ashes (83) aimed at determining the influ
ence of fineness, crystalline structure and chemi - 
cal composition on reactivity, the results show that 
the properties of combining with lime would be influ^ 
enced by the vitreous phase contents much more than 
by fineness. The state of tension in the vitreous pha^ 
se (68) would influence reactivity. The iron content 
would reduce it, the calcium increase it. The solu - 
ble components in HC1 and HF would give an approxima 
te evaluation of the reactive fraction in ashes. Mo
reover it seems that the pozzolana activity is put 
directly in correlation with the AljOg content (85). 
The reactivity of ash in cement is shown by a surfa
ce "corrosion" of active particles (86) by lime re - 
leased during hydration. Consequently the formation 
of bonds with the hydroxide yields mechanical strength 
because of the neoformation of calcium silicate inso 
luble in water and hydrated calcium aluminates. AT 
first hydration is slower than in the case of pure 
Portland cement (87) and then becomes faster so that 
at the end the nature of hydration products are qui
te similar to those of Portland cement (88) even if 
the reciprocal ratios between the resulting new form 
ed phases are different (53).
The time necessary to achieve the equilibrium condi
tion depends on the quantity of ash and its activity 
as well as fineness and other factors; generally it 
is about three months. The reactions are identical to 
those of pure Portland cement in the initial period, 
ashes having high fineness and activity,or when themate^ 
rial is further ground if the quantity of ash falls 
under 25-30% (89).
Light has been brought on the hydraulic behaviour of 
ash with high lime content (90). Most of it is sili- 
co-aluminous and badly crystallized. First contact 
with water causes portlandite crystallization follow 
ed by considerable formation of ettringite due . to 
high calcium sulphate content (91). The vitreous frac 
tion releases silica and alumina slowly and without 
interruption, causing formation of C-S-H and hydrat
ed gehlenite at the expense of a part of portlandite.
5. EVALUATION OF POZZOLANIC ACTIVITY
Preparing a simple and quick test to estimate pozzo- 
lanic activity with certainty is still today a com - 
plex unsolved problem (92).Many research groups in - 
eluding CERILH, the Laboratoire des Fonts et Chaus - 
sees (French civil engineering 1aboratories)and the 
cement manufacturers are at present studying this 
question (93).
To determine the activity of a pyroclast or a fly ash, 
it can be tested on mortar or concrete (3) by conti
nuing strength tests'up to a year if necessary (94). 

However it is possible to obtain useful information 
from simple compressive strength on pozzolana binder 
/lime (80% pozzolana.* 20% slaked lime) specimens(95). 
These considerations result from a survey on recent
ly completed chemical,, physical and mechanical me - 
thods.
Tests were undertaken to correlate pozzolana activi
ty and the soluble component content in acids or ba£ 
es.
As regards pyroclasts, the soluble silica content - 
which can be related to the capacity of the material 
to combine lime rather than its mechanical strength 
potential properties - can in any case be considered 
proportional to the compressive strength only by a 
comparison between the products of same origin and na 
ture. For curingsup to 28 days a difference of 10T 
in the soluble silica content would have repercus - 
sibns on the strengths determined on lime mortar fol 
lowing the ASTM Standard C 595 but not on blends witF 
Portland cement (96).
The methods appropriate for correlating the lime rea^ 
tion kinetics to the dissolution heat in a nitro-hy- 
drofluoric mixture are apparently not suitable for 
fly-ash. Considering the fact that the mixture of 2 
molar of nitric acid and 0.6 molar of hydrofluoric a^ 
cid would be too aggressive (97), by hiding the dif
ferences in particle reactivity, a determination of 
pozzolana activity is proposed by means of measuring 
the electrical conductivity of a fly ash suspensi on 
in 0.1 molar hydrofluoric acid (non-ionic) following 
the increse in conductivity due to the new formation 
of hydrofluosilicic acid (ionic) proportional to the 
quantity of dissolved silica. Assuming that for ash
es the silica dissolution follows a diffusive pheno
menon, a pozzolana index in agreement with mechani - 
cal behaviour is obtained.
However objections have been raised (98), namely that, 
beside silica, other ash components are soluble 
in hydrofluoric acid and that consequently the elec
trical conductivity cannot be put directly in corre
lation with the active silica content of ashes.
There is also uncertainty as regards the methods of 
determining pozzolana activity on the basis of the 
quantity of combinable lime. This lime can be added 
as it is or as clinker. Having carried out tests to 
determine the quantity of lime consumed by pyro - 
clasts or by fly ashes after 16 hours'boiling of a 
gram of the compound, with a gram of lime and 200cm^ 
of water, they need to be completed by chemical ana
lysis of the solid and by a balance between the lime 
in solution and that still in solid state (99).
To obtain the kinetics curve of the process of lime 
combining by vitreous or lithoid pyroclasts and pro
perly pulverised zeolitic minerals, a constant quan
tity of the material must be kept shaken in contact 
with the same quantities of distilled water,without 
CO?, having different initial quantities of calcium 
oxide (62). With rapid sampling, at determined inter^ 
vals of time, of a certain quantity of clear liquor 
above the bottom deposit and the following determine 
tion of alkali and lime concentration, it is possi - 
ble to determine the moment from which the contact 
solution becomes unsaturated. By subtracting from 
the total quantity of lime the amount still present 
in the solution which is no longer"saturated,as well 
as that removed by the successive liquor,sampling, the 
operator finds the quantity of stably combined lime, 
taking into account the influence of alkalies. This 
process ensures to obtain a certain differentiati on 
in the behaviour of the above-mentioned components t£ 
wards time.
A possible objection to this method is that for su



spensions it requires delays and therefore considera 
bly deviates from the actual water/cement ratio con
dition.
To evaluate the activity of pozzolanas, the ISO poz- 
zolanicity test was used improperly. It was conceiv
ed to verify whether a ciment can be considered pouz 
zolanic without requiring the knowledge of the base 
portland cement. 
The validity of the test for pozzolanic cements has 
been recently confirmed (101).
On the contrary the test is less suitable for charac 
terizing the activity of pozzolanas (53) since it uri 
dergoes the influence of many factors depending on 
the working modes (101)(100), the clinker compost - 
tion (102)(103)(104)(105) and the difficulty, typi - 
cal of the systems made up of hydraulic binders, of 
attaining complete equilibrium conditions (99)(100). 
By trials, the pozzolanicity test allows the determi_ 
nation of the minimum quantity of pozzolana or fly 
ash necessary to prepare a really pozzolanic cement 
(53).
Some useful indications concerning activity of fly 
ash have been obtained by analyzing the concentra - 
tion of a lime-saturated solution at room temperatu
re and at higher temperature (82).
As regards evaluating pozzolanic activity on the ba
sis of the nature of hydration products, it is impos^ 
sible to differentiate those of clinker from those 
of pozzolanas since the latter are quite identical to 
the former, except for calcium hydroxide. 
Mechanical strength tests are still today the indi - 
spensable complement to chemical and physical me - 
thods. Of course it is impossible to differentiate 
the clinker fraction from that of the pozzolana fra£ 
tion in their contribution to mechanical strength.lt 
is nevertheless possible to determine at ordinary tern 
perature the mechanical strength of mortar specimens 
prepared with blended cements and to compare the re
sulting values with those obtainable in standardized' 
conditions with mortar specimens prepared with the 
same neat cement or with the equivalent quantities of 
effectively inert material (106).
The most meaningful mechanical tests seem to be tho
se carried out on mortar of normal consistency, pre
pared with active materials and lime, although the 
results are affected by-the amount of inert fraction 
and porosity. From one country to another in fly ash 
investigation there is a certain variability in the 
test terms as well as in the percentage to add to the 
binder.
Accelerating the setting and hardening process by 
curing the specimens in an atmosphere with vapour sa 
turated at 100°C or in an autoclave cannot be consi
dered a practical approach (100).It is possible to 
extend the Chapelle test to cements, by testing a 
pozzolanic cement and by comparing the quantity of re 
maining lime with that due to hydration of the corre 
spending quantity of binder without additions (99). 
To intensify this phenomenon a gram of pure lime can 
be added and the mixture shaken magnetically. 
It was shown that at the end of the test the quanti
ty of lime measured is under one gram, that is to say 
that the pozzolana combines with more lime than that 
released by the clinker. However the quantity of com 
bined lime will not increase in proportion to the 
quantity of active additions.
By considering that the rate of lime combining (as 
well as the contribution of fly ash to the develop -• 
ment of mechanical strengths)is sensitive to temper^ 
ture changes and, even if slow at low temperature,it 
increases more quickly than Portland cement, the in
troduction of a determination of the lime combini ng

aptitude of the same type as that proposed for pyro - 
clasts (107) is looked favourably (45). It advocates a 
comparison between the compressive strength of a mor
tar hardened at 18°C and at 50°C. The increase i n 
strength recorded on the specimen hardened at ordina
ry temperature, can be practically attributed to the 
additions. With this test it is possible to obtain in 
seven days a useful indication of the contribution 
which a particular ash added to the cement can give 
to the development of mechanical strengths with long 
curing times (53). •
To assess the quality of ash it was proposed to take 
into account tests on concrete, bearing in mind that 
for an equal level of replacement of cement by fly ash, 
the water/cement ratio decreases and the compress! ve 
strength increases in relation to the mortar(80)(108). 
As regards certain ash where the SO3 content is below 
1% (36) a good correlation coefficient has been noted 
between the quantity of combined lime after three hours 
and the compressive strength. If the SO3 content in - 
creases up to 2-3% there is no longer any possible r£ 
lationship.
Investigations have even been carried out on the cor
relation existing between Blaine specific surface. 
Chapelle test, percentage of the quantity of material 
sieved at 40y, and compressive strength. The best 
correlation would be that between the percentage of 
material sieved at 40m and the compressive strength 
in the case of ash treated with 10% lime or blends of 
sand, ash and lime.
Finally it was proposed (109) to express 
the hydraulic value of an ash by a factor (K) so as to 
determine the quantity of ash necessary to replace a 
certain quantity of cement. This factor depends on the 
curing temperature, as well as on the fly ash/cement 
ratio and the water/cement ratios of concretes with 
or without ashes having the same strength.
6. NEW MATERIALS FORMED FOLLOWING THE REACTION OF PY- 

1T0CLASTS AND FLY ASTTUITHTIMr---------------------------
In a lime-pozzolana mortar, the quantity of lime is g£ 
nerally in excess, so because of the presence of hy - 
droxide, there is no possibility that hydrated gehle
nite forms and there are formations of calcium silica 
te and hydrated tetracalcic aluminate (13). The gehle 
nite can form fr'om products such as calcined kaolin, 
following the consumption of the whole quantity of ad 
ded lime and therefore to the detriment of the lime 
produced by the decomposition of aluminate.
For sulphoaluminates to form there must be sulphates, 
obviously present in fly ashes. With excess lime (60) 
two phases will develop: hydrated calcium silicate 
and ettringite. The monosulphate will occur only aft
er total consumption of calcium sulphate during the 
formation of ettringite. It will form to the detri - 
ment of the latter.
According to the similitude between hydration pro - 
ducts of Portland, slag, pozzolanic and fly ash ce - 
ments, binding properties are attributed to new forma 
tion compounds. However morphology, microstructure , 
stoechlometry, quantity etc. which contribute, each 
differently, to the formation of bonds also contribu
te at different levels to make up the mechani cal 
strength and the chemical stability of the conglome - 
rate.
With roentgenographic analysis on lime-pozzolana pa - 
stes from Auvergne (10) prepared with 10 to 34%of li
ne and 8% water, it is possible to define, among the 
various crystalline phases, only the 4CaO.Al2O3.HHpO, 
probably carbonated. This analysis takes care of the 
fineness, since the vitreous fraction more finely 
ground, tends to concentrate in the finest part. The 



hydrated calcium silicate was detected by scanning e 
lectron microscope and by microprobe it was possible 
to determine that the CaO/SiOg ratio was below l.The 
quantity of combined lime and the compressive strength 
increased till a year.
Investigation of pozzolanic cement hydration by the 
observation of the main infrared spectral bands al - 
lowed the identification of the hydrated calcium si
licate of a type similar to that formed by the hydra 
tion of alite and belite of ordinary Portland cement. 
Research on some Roman andFlagrean pozzolanas, mixed 
with different quantities of lime, wetted with water, 
formed and cured with steam at 50-90°C (112) "has re
vealed that the reaction is influenced by the tempe
rature and by the pozzolana treatment, by the quanti 
ty of added lime and that the amorphous calcium si IT 
cate similar to that neoformed at ordinary temperate 
re, represents the main reaction product (113).
It has also been observed (114) that beside the 
well-known combinations between lime and pozzolana, 
it is possible to obtain other reactions between poz^ 
zolana and C3A or its hydration products through a 
mechanism governed by the presence of gypsum.
It was also noticed (53) that the fly ash-lime pro - 
duct tends towards a C-S-H (I) with a lower CaO/SiOj 
ratio than the final Portland cement hydration pro - 
duct which is of the C-S-H (II) type. The quantity of 
C-S-H gel in a hydrated fly ash cement is higher than 
that occurring with Portland cement, which causes a 
fall in the permeability of the conglomerate. This 
phenomenon together with the decrease in calcium hy
droxide concentration explains the better resistance 
to the chemical attack, especially of sulphates. The 
gelatinous C-S-H increases in proportion with the ash 
content, whilst the portlandite phase decreases. 
The hydrated pastes of ash-based cements are better 
predisposed to carbonation than those of Portland ce 
ment (89)(115) when ashes exceed 30%.
The reactions between fly ash and calcium oxide have 
also been studied in hydrothermal conditions (116). 
Blends with fly ash/lime weight ratio = 3:1, treat
ed at 175°C have revealed, after 2-4 hours heating, 
the presence of C-S-H (I), of 11 A tobermorite and 
of a hydrogarnet whose composition is close to ASH4. 
After four hours'processing, the C-S-H (I) develops 
into 11 Ä tobermorite.
As the ash SiO2 content increases.there is also an in 
crease in the quantity of new formed 11 Ä tobermori
te and a decrease in hydrogarnet, whilst Fe203 and 
A1203 would have a contrary effect.
The alkalies making up the vitreous phase up to a coji 
tent of about 3% would promote the formation of to - 
bermorite. Beyond this value it would decrease.
As regards the link between the nature of phases and
mechanical strength, tests carried out on pastes coji 
taining 15-30% lime, 65-85% ash and 0-5% gypsum, au
toclaved between 140 and 185°C have shown (118) that 
the highest compressive strength values around 300
-400 kg/cuH can be reached with a very low hydrogar-
net content (<5%) and a considerably high gelati - 
nous hydrated calcium silicate content, with partial 
isomorphous replacement of Si+4 by Al+^.

7. IDENTIFICATION OF PYROCLASTS AND FLY ASH IN CEMENT
To combine with lime, an addition must meet certain 
specific conditions, for example it must be acid,that 
is contain a high percentage of silica and alumina; 
it must have a high percentage of vitreous fraction 
and a high specific surface. By treating it with hy
drochloric acid at 1:50, it will be possible to set 
aside the basic fraction (cement) and in this way de
termine the percentage of addition and, if need be. 

its specific surface (99).
The presence of a band which can be determined by X 
rays, included between 2.5 Ä and 5 Ä (16) with a max 
imum at 3.5 Ä, will characterize the vitreous phase 
and after preliminary calibration of the apparatus, 
will give indications on quantities. The determina - 
tion of feldspar and pyroxene phases leads to the de 
finition of vitreous pyroclasts. The presence of zeo 
lites disseminated in the matrix which can only here 
vealed by using X rays (7)(12) allows the pyroclasts 
of lithoid origin to be determined; traces of mulli
te lead to recognize the acid fly ashes (119).
If the insoluble fraction in the acid exceeds the nor 
mal quantity, the pyroclast can be differentiate? 
from siliceous additions by infrared spectroscopy pro 
vided that the spectra of the materials used are 
known. In the case of vitreous pyroclasts quantitati 
ve analysis uses infrared spectroscopy at the 697 cnrl 
band or titration with an alcohol solution of salicy 
lie acid (120).
The direct determination of the quantity of silice - 
ous addition in the cement can also be carried out on 
the basis of the different solubility of the compo - 
nents (clinker and additions) in sulpho-salicylic a
cid. The method could also be used when each com
ponent is not available separately (121).
It was also proposed a analysis method by X ray dif
fraction (122) which is appropriate for rapid detec
tion of phases characterizing fly ashes and other ma
terials of industrial interest.
8. PRESENT DAY INTEREST FOR ACTIVE ADDITIONS
Beside the positive specific effects which fly ash 
and pozzolana determine on binders, the interest con 
cerning their use and consequently the promotion oT 
scientific and technological research in this field 
is obvious when reference is made, for example, to 
the energy aspect of binder production (123)(124). 
Ten tonnes of addition represent a saving of a tonne 
of fuel (76). In Italy pozzolana cement product i on 
has brought about a saving of half a million tonnes 
of fuel.
Adding more than a million tonnes of fly'ash to ce - 
ment has enabled the French cement industry to save 
120.000 tonnes of fuel per year (125).
About 15 million tonnes of pozzolanic cementwere pro 
duced in Italy in 1977, that is to say approximately 
40% of the total cement production, by using at least 
5 million tonnes of pozzolana.
9. EFFECTS OF VITREOUS PYROCLASTS AND FLY ASHES ON 

CEMENT
Pyroclasts added to cement in optimal quantity make 
pastes more workable (126), reducing the heat of hy
dration (127), thermal expansion, increasing water 
proofing, resistance to sulphate attack, and lower - 
ing expansion due to the alkali reaction with'aggre
gates (128), so cutting production costs.
Another point of interest concerns the influence on 
the freezing-thawing behaviour, especially as re - 
gards lime,pozzolana and aggregate mixtures used in 
road construction (129).
Unfavourable effects will be found if materials with 
a mediocre hydraulic value are used or if the ratios 
between the mix components are not appropriately ch£ 
sen.
Adding pyroclasts also produces cements with a good 
capacity for stopping chlorides - which are a danger 
to steel reinforcement - by a mechanism setting up 
the formation of hydrated calcium chloro-aluminate 
and, subordinately, chloride compounds of hydrated 
calcium silicates (130). Different reactions are ob- 



tained in the case of materials of another origin coil 
taining active silica but incapable of producing hy - 
drated calcium aluminates owing to the reaction with 
lime.
In the same way adding fly ashes to clinker lowers the 
amount of water demand (131) compared with that need
ed for concretes prepared with Portland cement; it aj^ 
so reduces heat evolved (132), shrinkage-expansion 
and improves resistance to corrosion (133)(134) eith
er from aggressive of pure waters, and also the freez^ 
ing-thawing behaviour (135). This latter advantage is 
however considerably diminished if there is a quanti
ty of carbon residue (136). All fly ashes can also lo 
wer mortar expansion owing to the al kali-aggregate re 
action (137).
Adding ash is yet again beneficial as regards the re
duction in expansion of cements containing 7-10% MgO 
(138)(139)(140). Further more there is an increase in 
sulphate resistance (141),it rises in proportion to 
the C^A content of Portland cement, reaches its maxi
mum with 50% ash and falls beyond this content. The 
positive influence of ash is due on one hand to the 
reactivity of lime and the formation of stable com - 
pounds, and on the other to the reduction in water coil 
tent with identical consistency and to the resulting 
increase in compactness of the concrete.
The presence of ash also brings about an increase in 
the rate of hydration of calcium silicates, as Compaq 
ed with the case of Portland cement (142). Italsoma- 
kes the mix more sensitive to hardening with steam cu£ 
ing .therefore the curing of relative cements can oc
cur at higher temperatures (89).
Steam curing also improves concrete surface hardness. 
However this hardness is compromised when the quanti
ty of ash added to the cement reaches 40% (143). 
Finally if ash is added to aluminous cement (144), by 
lowering the CaO content, it modifies the CaO/AlgOg 
ratios.
When ashes rich in lime are added to cement, they fur 
ther lower the heat of hydration as regards the sili- 
co-aluminous ashes. This decrease varies with the 
quantity added (145). The corresponding binders have 
slightly longer setting times and a small drop in me
chanical strength compared with cement.
10. CONCLUSIONS
The general trend of research completed since the Mo
scow International Congress suggests the following 
statements:
1. It is time to draft an orderly terminology of the 

range of materials used in the industry for their 
aptitude of combining lime. Therefore it seems ti
mely to restrict the term of pozzolanas to vitreous 
pyroclasts and that of tuff only to pyro clasts 
changed into lithoids by a zeolitization.
For other materials with equally high character! - 
sties of quality.such as properly called fly ashes, 
the most apt term must be reserved to express their 
origin, composition and microstructure.
The term “artificial pozzolana" must therefore be 
dropped, since up to now it was used to ident 1 fy 
very different materials, setting up unnecessary 
confusion which still continues today.

2. The prospects for using the vast range of mate - 
rials adapted to the cement industry through their 
property of combining with lime seem very promis - 
ing. Amongst these materials particular emphas 1 s 
is placed on fly ashes and pozzolanas ' as cement 
addition, not only for aspects linked with the 
shortage of fuel and the possible use of by-pro - 
ducts, but essentially for the very positive ef - 
fects these materials produce in the respecti ve 

binders. This implies that research in this field 
should be particularly fostered.

3. Modern analytical methods for identifying mate - 
rials reactive with lime can give useful indica - 
tions for their differentiation-1n homogeneous 
groups and for assessing the combining kinetics and 
the quantity of combinable lime. These indications 
are however insufficient to foresee the mechanical 
behaviour with certainty.

4. The most appropriate way to determine the reactivi_ 
ty with lime of industrially interesting materials 
is still the test on mortar or concrete obviously 
limited by long delays in obtaining results. More
over useful information can be deduced on the ba - 
sis of compressive strength tests carried out on 
pastes prepared with hydrated lime.

5. The rapid and quantitative determination of pozzo- 
lanic activity therefore remains a complex and un
solved problem, requiring the preparation of a test 
exempt of any uncertainty.

6. The quantity of combinable lime in active mate - 
rials is not generally correlatable with the va - 
lues of mechanical strength (146), even if the fac 
tors which govern this process have been identifi
ed sufficiently. ■

7. There are valid bases for assuming the mechanisms 
of attacks by lime on vitreous or lithold pyro - 
clasts and on related materials, but the subject de 
serves research to develop further experimental 
tests, whilst neoformation products have already 
been Identified to a satisfactory degree.

8. The probable activation of the materials used 1 n 
the industry as additions sets up problems worthy 
of further research.
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1. POZZOIANIC REACTIVITY

"Pozzolana" is defined as natural or artifi
cial solids involving constituents which re
act with Ca2* or Ca(OH)2 and form new binding 
compounds under the presence of water. 
“Constituents", we say, means minerals, cry
stals, noncrystalline materials, glasses and 
"artificial"means chemical or physical treat
ment for natural materials. Fly ash is one 
of pozzolanas in this meaning.

"Pozzolanic reactivity" is defined as index 
of reaction degree at ordinary temperature 
between pozzolanas and Ca2+ or Ca(0H)2 with 
water or between pozzolanas, water and mate
rial which produces Ca(OH)2 under the pres
ence of water.

As the definition of "pozzolana" says, the 
mere physical absorption is excluded from 
pozzolanic reaction because this term means 
the formation of binding compounds by the 
reaction. In general, the chemical reaction 
has absorption process as one of reaction 
processes and after that process forms new 
compounds, but we interpretate here such a 
physical absorption process as so-called 
induction period and evaluate the degree of 
pozzolanic reaction of this period as zero.

In the definition of "pozzolanic reactivity", 
properties of reaction products or aggregate 
system which involves raw materials and reac
tion products are not mentioned. The reason 
is that the properties of paste which 
involves reaction products are substantially 
independent from pozzolanic reactivity. For 
example, strength, which is one of the repre
sentative properties of paste, is strongly 
influenced by the kinds, shapes, sizes and 
distribution of hydration products and pores, 
has not so good correlation with the degree 
of reaction.

The base of pozzolanic reactivity can be 
defined so that the difference of free energy 
between source system and products system or 
magnitude of activation energy from source 
system to products system, in the reaction 
system of pozzolanas, Ca2+ (or Ca(OH)2) and 
water, or pozzolanas, water and materials 
which form Ca(OH)2 under the presence of 
water. The nature of pozzolanic reactivity 
is determened by the character of pozzolanas, 
that is, the composition and structure of 
pozzolanas.

in the many papers, the term of "pozzolanic 
activity" or "pozzolanicity" other than reac
tivity has been used. Some of them (1), (2) 
used the pozzolanic activity for the test 
results of strength of pozzolanic cements.
ISO-(3) uses the "pozzolanicity" for the test 
results of Ca(OH)2 concentration in the liquid 
of cement suspension. The concept of these 
terms is not always authorized or standardi
zed and gives us unnecessary confusion. In 
this paper, the authors uses only the term 
of "pozzolanic reactivity", as defined at 
the first.

2. THE CHARACTER OF SEVERAL JAPANESE 
POZZOLANAS

2.1 Progress in Analytical Method

In general, since ceramics is the mixtures 
of fine particles composed of single crystal, 
polycrystal and amorphous phase, for the 
methods of characterization, it is necessary 
not only to know chemical and mineral compo
sition of micro area, the micro texture and 
surface state but also to gather wide range 
information from micro to macro, besides 
understanding conventional average chemical 
and mineral composition of the object. The 
recent development of analysing method for 
that purpose is remarkable and it is indis
pensable to take in and apply those new 
analysing method to the study of cement for 
the advance of cement chemistry. The de
tailed explanation in this field was recently 
done by Uchikawa (4).

2.1.1 The classification of analysing method

The analysing methods mainly used at present 
is classified roughly as compositional sepa
ration method and compositional analysis, 
indentification method. Compositional sepa
ration method is further divided into two 
groups, that is, chemical separation method 
which dissolves or leaves desired composi
tion in the sample by the difference of pH 
or the complex formation constant using 
aqueous solution such as acid, alkali and 
complex formation agents, or nonaqueous 
solution, and physical separation method 
which utilizes the difference of specific 
gravity, surface property, magnetic suscep
tibility and electrical property. '

For the compositional analysis and identi
fication of substance, method is divided 
into two main classes, for macro character 
and for micro character. Average chemical 
composition is one of the main factors of 
macro character. Though the methods change 
with the property and the shape of the 
sample, the kind and the quantity of coex
isting component and required precision, 
main component is determined mainly with 
chemical analysis such as gravimetric and 
volumetric analysis, fluorescent X-ray and 
emission spectrochemical analysis, for the 
analysis of trace component atomic absorp
tion and spectroscopic analysis are widely 
used. As for new analysing methods, induc
tively coupled plasma method, radio activa
tion analysis, anodic elusion voltammetry 
are going to be in practice. For the 
average structure analysis and state analy
sis, there is powder X-ray diffraction which 
is used for analysis of solid solution (peak 
shift), crystallinity (peak profile), low 
crystalline materials (radial distribution 
function method) and long-range order crys
tal (small angle scattering method). UPS 
(ultraviolet rays) and XPS (soft X-rays 
excitation) are used for the methods to 
examine atomic bond state from the position, 
the shape and the intensity of spectrum of 
X-ray, electron beam, ultraviolet and 



infrared absorption.

As the methods for the determination of micro 
character, the apparatus which can determine 
the variance of composition of micro area 
without separation procedures of the sample 
are going to be widely used. Electron Probe 
Microanalysis (EPMA) is the apparatus that, 
can analyse elements qualitatively or quan
titatively and estimates the state of elec
tron of atom by measuring characteristic X- 
rays generated with mutual interaction 
between accelerated electron beam and materi
al. Analytical electron microscope (AEM) is 
very useful tool for the analysis of micro 
area as it has high resolving power especial
ly for thin sample which has less matrix 
effect. Scanning electron microscope (SEM) 
is effective for observation of micro surface 
structure with back scattered electron and 
secondary electron generated from the sample. 
Elemental analysis can be also made with the 
image of Auger electron, and cathode lumines
cence (7) of wave length 4500-10/J00Ä can make 
elemental analysis and clarify the state of 
atomic bond. Ion microprobe mass analyser, 
which makes mass analysis of secondary ions 
generated by ion bombardment instead of 
electron beam, is utilized for surface 
analysis.

2.1.2 The progress in several characteristic 
methods

The extention of measurement to ultra soft 
X-rays area, which have large amounts of 
information owing to the improvement and the 
development of apparatus and soft ware, and 
the application to microquantitative analysis 
are considered to be one of the remarkable 
progresses in the field of fluorescent X-ray 
analysis. In recent years synchrotron orbit
al radiation (8) comes to be used for 
excitation of X-rays which has higher intensi
ty than conventional source of X-ray, high 
degree of parallel, polarized ray. Quantita
tive analysis and state analysis of &C, 80, 
gF (9) can also be made by the progress of 
analysing crystal such as TAP and RAP, and 
organometalic thin film analysing element 
such as LMD (Lead Myristate Dicanoate). 
Semiconductor X-ray detector that Li is 
doped into Si or Ge and has high sensitivity 
is developed and is used for trace analysis 
as energy dispersive spectrometer.

Inductively coupled plasma spectroscope (ICP) 
also comes to be used for trace analysis of 
cement and related samples. It measures the 
intensity of emission generated by the 
excitation of elements of atomized sample 
heated at 7j000oK by plasma and has higher 
sensitivity compared with conventional atomic 
absorption analysis (5) , (’6) . Burman, Ponter 
and Bostron (10) used ICP for the analysis of 
Si, Al, Ti, Ca, Mg, Na, Fe, Mn, Cr, Ba, Zn, 
Cu in quartzite and Scott and Kokot (11) 
applied ICP to quantitative analysis of Cu, 
Zn, Ni, Co, Pb, Mg, Fe, Al in soil and 
obtained good result.

In laser micro emission spectrochemical 

analysis, laser light is gathered at the 
analysing point and generated emission is 
recorded. It has characteristics that the 
component of extremely microquantities can be 
analysed since temperature of generated ' 
plasma is above 10iÖ00oK, that the effects of 
the shape of sample the state of chemical 
bond and formation process of plasma are 
small because the vaporization of sample is 
very .rapid that the quantity of sample is • 
less than 1 ug and it needs little time for 
analysis. Bensted (12) investigated the 
structural inhomogeneities of clinker mineral 
particles, characterization of clinker min
erals, the identification of calcium sulfate 
and the detection of carbonation of cement 
hydrates by Raman spectroscopy using laser.

EPMA is most widely used for micro area analy
sis with electron beam, but the space resolu
tion of obtained information is not so high 
because incident beam diffuses into thick 
sample. To overcome this problem AEM was 
developed recently. AEM is designed to ana
lyse excited X-rays generated with transmit
ted electron through thin sample before it 
diffuses, and has practically space resolu
tion of 100Ä. Since X-rays are generated from 
extremely micro area of very-thin sample and 
very weak, energy dispersive spectrometer 
with semiconductor detector is used in stead 
of analysing element for wave dispersion " 
which is applied in EPMA. The trace analysis 
of fine crystal can be made with this method 
and is utilized for identification of Mg, Si, 
Fe and so on in calcium aluminate sulfate 
hydrates, sizes of which are about 100 x 500 
pm, existing in hardened cement paste (13) , 
and for compositional analysis of each phases 
in rock minerals.

Though the resolving power of Transmission 
Electron- Microscope (TEM) is dependent on 
the wave length of electron beam and spheri
cal aberration, in recent years TEM of which 
resolving power is about 1.4Ä (100KV) can be 
designed with the progress of high power 
magnetic field object lens. Lattice image 
can be observed sufficiently with that 
resolving power and many kinds of lattice 
images are explained with diffraction theory 
and imaging theory. The observation of Si04 
chain arrangement of calcium silicate 
hydrate (13) and the direct observation of 
the lattice image of cordierite (14) provide 
effective data for the studies of lattice 
defects, dislocation, crystal growth and so 
on.

As for NMR, conventional method which uses 
continuous high frequency magnetic field, is 
modified to pulse Fourier transformation NMR 
with the introduction of computor and the 
means of Fourier transformation. Since the 
amounts of information in definite time is 
increased highly with that method, the obser
vation of the nuclides which have low natural 
existence rate or have low sensitivity such 
as 13c, 15n becomes easy. In the field of 
cement chemistry, adsorbed water was analysed 
quantitatively by pulsed proton NMR and the 



information about hydration and structure of 
cement was obtained (15).

The precision of X-ray diffraction recently 
rises and the delicate difference of radial 
distribution of glass phase comes to be able 
to be discussed by means of computor and 
measurement technique of high precision. 
Yasui, Hasegawa and Imaoka (16) analysed 
radial distribution of K20-Si02 using MoKa 
X-ray monochromatized by graphite monochro
mator and balanced filter and showed that 
experimental curve well coincided with 
calculated radial distribution considering 
various conditions. That method is desired 
to apply to structural study of glass phase 
in pozzolana.

New information and epoch-making progress on 
the Studie? of cement chemistry are very 
largely due to development and establishment 
of new analysing methods. The authors expect 
that a lot of outcomes of studies which are 
obtained using those new apparatuses and 
methods will be presented on Paris Congress.

2.2 Characterization of Japanese Pozzolanas

2.2.1 The geological consideration and 
microscopic observation of natural 
pozzolanas

(a) Beppu white clay (V)

Beppu white clay is collected at the district 
of Beppu hot spring, Öita prefecture. The 
rock, which constitutes the neighborhood of 
mineral deposite of Beppu white clay, is 
made of hornblended andesite. Silicate 
minerals in hornblended andesite decomposed 
to silica gel by the action of hot spring 
and formed opal. That opal stayed original 
position and formed irregular massive fairly- 
soft ore deposite.

Observing by microscope, Beppu white clay is 
constituted mainly of amorphous silica, and 
small quantities of quartz, cristobalite and 
opaque minerals.

(b) Higashi-Matsuyama tuff (G)

Higashi-Matsuyama tuff yields in the neigh
borhood of "Yoshimi Hyakketsu", Saitama 
prefecture. The lithofacies of that acidic 
tuff has no bedding and is homogeneous.. The 
surface of outcrop is like white powder, the 
inner is tinged with blue-gray.

Higashi-Matsuyama tuff is constituted mainly 
of glass phase and small quantities of 
quartz, plagioclase, clay minerals and very 
small quantities of zeolite. Main composi
tion of volcanic glass is Si02 and AI2O3. 
Fe203 and K are also contained.

(c) Furue shirasu (F)

"Shirasu" was formed by a large quantity of 
eruptions which fell down after Pleistocene 
(the secondary glacial age) from two caldera 

volcanos, Aira and Ata, south part of Kyushii. 
That eruptions have several rock faces which 
are pumice fall, pumice flow and welded tuff, 
and shirasu was formed from pumice fall.

In general, shirasu is constituted of vol
canic ash, volcanic sand and pumiceous 
lapilli. As the mineral composition, shirasu 
is made up with glass phase mainly and has 
small quantities of quartz, feldspar and 
hypersthene.

With optical microscope, almost particles 
are made with glass phase and quartz and 
plagioclase are slightly observed.

(d) Tominaga Masa-soil (M)

"Masa" is a term of geology or engineering 
work. Masa-soil exists abundantly in Aich and 
Gifu prefecture and is the sand of weathered 
granite and contains feldspar, quartz, mica, 
kaolinite limonite and so on.

In the six kinds of rocks which constitute 
that district granodiorite is closely con
nected with masa-soil. Granodiorite is in 
general constituted of coarse-grained and 
relatively homogeneous. The color of 
granodiorite is dark-green or black and it 
contains amphibole and biotite. Granodiorite 
is decomposed easily by the weathering action 
and forms masa-soil.

(e) Kanto loam (Hachioji loam) (R)

"Kanto loam" layer exists widely in the 
diluvial upland of Kanto plain. Kanto loam 
is considered to be formed with falling ash 
by volcanic activity of Diluvial age.

Several terraces are observed in Kanto loam 
layer, Tachikawa Terrace, Musashino Terrace, 
Simo-Sueyoshi Terrace and Tama Terrace and 
the collected loam is corresponded to upper 
Musashino loam layer.

Musashino loam layer contains pyroxene and 
olivine as colored minerals, and hypersthene 
and magnetite are also contained. As 
noncolored minerals, much quantities of 
feldspar, small quantities of quartz are 
contained. Allophane and less than 20% of 
hydrated halloysite exist as clay minerals. 
Under optical microscope, quartz, plagioclase 
hypersthene and weathered olivine are main 
minerals, the rest are fine opaque minerals.

2.2.2 Characterization of natural and 
artificial pozzolana

Characterization was made for five kinds of 
Japanese natural pozzolanas and one kind of 
artificial pozzolana of fly ash which used 
in the present study.

As the item of characterization, the means, 
which investigate the composition and the 
structure of pozzolanas itself directly, 
are adopted. That is, the structure was 
observed with optical microscope, SEM and



Table I Chemical composition of pozzolanas

(%)

Natural pozzolana Artificial 
pozzolana

Beppu 
white clay

(V)

Higashi- Furue 
Matsuyama | shirasu 
tuff '

(G) 1 (F)

Tominaga Kanto _ 
masa-soil (Hachioji) 

; loam 
(Ml 1 (R)

Takehara 
fly ash

(T)
h20 (-) 
ig.loss

1.18 1.33 ’ 0.36 0.72 15.25 0.40
4.09 6.50 1.85 3.11 ; 12.07 4.62

insol. 84.38 85.38 87.99 65.78 . 13.61 52.09

H
ot

 HC
1 so

lu
bl

e p
ar

t a
na

ly
sis SiO? 8.48 4.02 4.72 12.90 23.94 16.87

TiO? 0.10 0.04 0.16 0.48 0.69 0.47
AI2O3 0.38 0.95 1.73 8.94 18.70 10.35
Fe 0 0 -a 0.29 0.46 0.88 2.17 10.15 3.24

FeO 0.01 0.03 0.42 1.17 0.79 0.79
MnO 0.01 0.14 0.07 0.30 0.37 0.10
MgO 0.02 0.33 0.21 1.07 2.07 1.15
CaO 0.05 0.15 0.58 0.54 0.74 5.35
NaaO 0.01 0.22 0.23 0.03 0.07 1.12
K90 0.04 0.12 0.13 1.20 0.06 0.51
P205 0.01 0.00 0.04 0.14 0.07 0.18

Total 99.68 99.67 " 99.37 98.55 98.58 97.24

To
ta

l an
al

ys
is

Si02 87.75 71.77 69.34 65.21 33.03 49.06
TiO? 1.10 0.14 0.25 0.56 1.05 1.23

Al •> 0 -a 2.44 11.46 14.56 16.43 20.86 24.37
Fe? 0 3 0.41 1.14 1.02 2.20 10.24 4.20

FeO 0.05 0.56 ' 0.83 1.19 0.83 0.93
MnO 0.02 0.32 0.23 0.33 0.61 0.13
MgO 0.23 0.54 ■ 0.71 1.19 . 2.35 1.76
CaO 0.19 r.10 ' 2.61 1.67 ’ 1.07 6.15
Na?0 0.11 1.53 , 3.00 1.47 : 0.42 2.22
K20 0.11 2.55 2.39 2.79 0.17 1.27
P2O5 0.03 0.02 0. 06 0.16 . 0.11 0. 21

S 0.11 0.00 0.00 0.00 0.03 0.51
Total . 98.45 98.96 97.21 97.03 i 98.09 97.06

( ); notation

TEM, the composition was determined with 
chemical analysis and powder X-ray diffrac
tion. In addition to those examination, the 
physical tests, which are.thermal analysis, 
IR analysis and measurement of cation ex
change capacity (CEC), were made. Results 
are shown in Table I, II and Fig. 1.

3. HYDRATION REACTION BETWEEN LIME, CEMENT 
COMPOUND, PORTLAND CEMENT AND POZZOLANA

3.1 Hydration in the system pozzolana-Ca(OH)2

3.1.1 The process of hydration

The crystalline hydrates formed in the reac
tion between lime and pozzolana in the pres
ence of water were summarized by Massazza 
(17) as hexagonal calcium aluminate hydrate 
(C4AHx), calcium carboaluminate hydrate 
(CgA-CaCOg-Hia), calcium aluminate monosul
fate hydrate (C3A-CaS04-IIi2), calcium sili- 
coaluminate hydrate which were identified by 
means of DTA, powder X-ray diffraction and 
electron diffraction analysis.

The kinds and compositions of produced hy
drates are generally related to the charac
ter, that is, chemical composition, -crystal, 
structure of constituents of pozzolana, and 
the conditions of hydration. However, there
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Fig. 1 - Scanning electronmicrograph of pozzolanas

are no remarkable difference between hydrates 
formed in paste and those of suspension 
hydration at later age. *

Ludwig and Schwiete (18) studied the hydra
tion in the system Ca(0H)2 and two kinds of 
trasses containing 50-70% of glass phase, 
feldspar, quartz analcite etc. in suspension 
and paste. They confirmed the formation of 
C4ÄH-L3 and C3S2 hydrate in the case without 
gypsum, and ettringite and monosulfate 
hydrate with gypsum. ■

Amicarelli, Sersale and Sabatelli (19) stud
ied the suspension hydration of argillified 
pyroclasts in lime saturated solution. They 
found C2ÄSHß, C4AH13 and tobermorite-like • 
calcium silicate hydrate in clayish pozzolana 
containing large amount of halloysite, C2ÄSHg 
and tobermorite in zeolitic pozzolana con
taining chabazite and C3Ä-CaC03-Hi2 and 
tobermorite in tuff containing leucite and 
halloysite at the age' of 20 days. The amount 
of combined lime was 17% by weight of added 
lime. Hydrogarnet, or C2ASHg and hydro
garnet, were formed at the later stage of 70
150 days, when the combined lime was from 46 
to 60%.

In the five years old paste initially con
taining 40% of lime and 60% of calcined poz
zolana, Sabatelli, Sersale and Americarelli 
(20) observed two typical different cases 

consisting of C-S-H (I) and C2ASHg, and C-S- 
H (I), C2ASH8, C4AH13 and OgA-Cat^ .H12•

In the authors' study, the hydrates produced 
in the paste hydration of pozzolana-Ca(OH)2 
in W/S=0.56-0.46 at 20°, 40° and 60°C using 
five kinds of Japanese natural pozzolanas and 
one kind of fly ash were classified into 
three cases according to pozzolanas, that is,
(1) C-S-H only, (2) C-S-H, (C3A CaCOg H12- 
C4AHi3)ss and hydrogarnet in later age, (3) 
C2ASH3, hydrogarnet, and a little amount of 
C-S-H. The first case was Beppu white clay 
consisting of opal. The second case was tuff 
containing volcanic glass and shirasu con
taining volcanic glass and plagioclase. The 
third case was Kanto loam containing much 
allophane. The formation of hydrogarnet in 
allophane rich pozzolana was accelerated in 
the increased amount of Ca(OH>2 and in the 
rise of temperature.

The hydrates formed in the paste hydration in 
the system pozzolana-Ca(OH)2 are shown in 
Table III.

Regourd, Hornain and Mortyreux (21) recog
nized silicoaluminates of CgA-CS-Hj^ and C3A. 
jCS-Hgj near C3A grains in the hydrated paste 
of C3S-C3A and C3S-CjA-CaSO4•2H2O at 28 days 
by SEM with energy dispersive X-ray analysis 
(EDX). These hydrates might be produced in 
the pozzolana system.



Table III Hydrates formed in the paste hydration in the 
system pozzolana-Ca(OH)3

Pozzol'ana
Curing 
temp.

(°C)
Age 

(days)
C-S-H c3ah6 

C3AS2H2
C3A-CaCO3-H12 

C4AH13 C2ÄSHg

Furue 
shirasu(F) 20,40,60 7 

180
4-

(+)
+

(+)

Higashi- 
Matsuyama 
tuff(G)

20 7 
180

+;+ — (-i-) 
+

—

40 7 
180

(-i-) 
+++ — (+)

(+)
—

60 7 
180

+ 
-I-++

—
— —

Kanto _ 
(Hachioji) 
loam(R)

20 7 
180 (+)

(+) +++
+++ +++

40 7 
180

(+)
(+) +-H- ++

+
(+)

(+)
(+)

60 7 
180

w +-H-+ 
+4-4-++

(+) —

Beppu white 
clay(V) 20,40,60 7 

180
-1-

— —
—

Tominaga 
masa-soil 

(M)

20 1 
180 ■

(+) +++ 
++ —

40 7 
180

— (+)
++ + + —

60 7 
180 (+)

+ 
+++

+
(-b) ■

Takehara 
fly ash(T) 20,40,60 7 

180
+

4-+ .
—

+ (-I-)

Table IV CaO/SiO ratio of formed C-S-H in the 
system pozzolana-Ca(OH) estimated by 
FESEM with EDX

Accelerating voltage $ 20kV

Pozzolana CH/P 
ratio

Curing Temp.
- (°C)

Age 
(M.)

Ca/Si molar 
ratio

Beppu 
white 
clay(V)

25/75

20

40

60

3 00
0 

00
 00 
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H
 ui 

1 
1 

1

00
0 

*4
 00 

-s
]

U
1 O 

*4

Higashi- 
Matsuyama 
tuff(G)

25/75

20

40 3

1.49-1.35

1.75-1.60

The concentration of Ca2+ in the liquid of 
the system pozzolana-Ca(OH)2 is kept between 
2 m mole/1 and 9 m mole/1 (22). The former 
corresponds to the value equilibrating to 
C-S-H and the latter corresponds to the value 
in the liquid equilibrating to Ca(0H)2 coex
isting with alkalies. The molar Ca0/Si02 
ratio is closely related to the concentration 
of Ca2+ in the liquid. Some of the authors* 
results are shown in Table IV. In the case of 
of Beppu white clay the CaO/SiC>2 ratio was 
about 0.8, because the added lime was con
sumed before 3 months and in the case of tuff 
the ratio was 1.4-1.7, coexisting with 
remained lime.

3.1.2 Kinetics of hydration in the system 
pozzolana-Ca(OH)3

Drzaj, Hocevar, Slokan and Zajc (23) studied 
kinetics and mechanism of reaction in the 
system zeolitic tuff-CaO-H2O at 65°C using 
the 1:1 mixture of CaO and three kinds of 
tuffs and one kind of heulandite hydrated in 
W/S=50/6 at 65eC. They determined the rela
tive decrease of the minerals in reactants 
and the relative increase of the amounts of 
CSH(I), tobermorite, tetracalcium aluminate 
hydrate, nekoite, osumilite in products by 
powder X-ray diffraction referring the SEM 
observation. They described that the initial 



reaction was the diffusive dissolution of 
zeolite and Ca(0H)2 as it agreed with Fick's 
first low, and that the reaction was diffu
sion-controlled topochemical reaction limited 
by the diffusion of Ca2+ and OH* through the 
membrane of CSH(I) gel, which formed on the 
surface of zeolite grain in the processes of 
zeolite + Ca(0H)2* CSH(I)-»- töbermorite, and 
the interface layer between zeolite and CSH 
(I) gel membrane. They also pointed out that 
CSH(I) formed in the early stage of reaction 
and that tobermorite formed as final product 
through heterogeneous nucleation on the solid 
(CSH(I))-liquid (solution) interface.

Kondo, Lee and Daimon (24) studied the hydro
thermal reaction at 181 °C in the system 
quartz-Ca(OH)2-H2O. They classified the re
action by the N in the modified dander equa
tion : (1-^1-oi)N = kt.' They explained that 
N = 1 meant the surface reaction on the grain 
boundary and rate determining step was the 
dissolution and precipitation, and that N = 
2 was the diffusion, of which rate determing 
step was diffusion of material through the 
reacted layers. Dividing these into two 
parts they considered that N<2 implied the 
reaction of which reacted layer became less 
dense with age and N>2 implied the reaction 
of which reacted layer became dens,er with 
age. They speculated by the calculation of 
N that dense hydrated layer with high CaO/ 
S102 was kept in the presence of Ca(OH>2 . 
solid and less dense hydrated layer with low 
CaO/SiO2 was formed when solid Ca(0H)2 was .. 
completely consumed. ~ 
\
In the authors' study, the amounts of reacted 
Ca(0H)2 per unit weight of pozzolana in each 
pastes prepared under the condition described 
in 3.1.1 with varing the mixed amounts of 
Ca(0H)2 are shown in Fig. 2.

Fig. 2-Reacted Ca(0H)2 in the system pozzola- 
na-Ca(0H)2 estimated by X-ray diffrac
tion analysis varying the mixing ratio 
and.curing temperature

In all pastes regardless of the kind of poz
zolana and curing temperature, the more 
Ca(0H>2 was mixed, the more the amount of 
reacted ca(0H>2 became. That is, the rate of 
pozzolanic reaction is accelerated by mixing 
more Ca(0H)2. And it was decreased with age 
in logarithmic relation.

Judging from the N calculated from modified 
Jander equation, the reaction in early stage 
is considered to be controlled by the disso
lution of atom or atomic groups from the 
surface of Ca(0H>2 grain and the precipita
tion of hydrates on the surface of pozzolana 
grain as a rate determing step (N<1) and 
after a week, N attains above 2, it is also 
considered to be governed by the diffusion of 
atoms and atomic groups through denser layer 
of hydrates formed between pozzolana and 
Ca(OH)2 grain as a rate determining step.

On the other hand the degree of reaction of 
pozzolana was the order of Kanto loam, 
Beppu white clay and Furue shirasu as shown 
in Fig. 3.

Fig. 3-Degree of reaction of pozzolana in 
the system pozzolana-Ca(OH)2

These data coincide with the rate of reaction 
estimated from the amounts of reacted Ca(OH)2.

Raask and Bhaskar (25) thought that the rate 
of the dissolution of silica fraction in 
pulverized fuel ash was governed by the dif
fusion of silica through insoluble layers on 
the surface of grain and that this process 
could be adopted by the equation of diffusion 
-controlled dissolution for uniform spherical 
particles. ■

Wr/Wo = l-6/iT2?l/n2 .exp(-Dnir2t/a2) 
n=2 .

= 1-6/ir2-expt-Dir^t/a2). -(1)
where a is the radius of particles, D is the 
diffusion coefficient, n is an integer, t is 
time, Wr is the amount of silica reacted at 
time t. Wo is the total silica. When d rep
resents the density of grain and S represents 



specific stirface area, the equation becomes

Wr = Wo(l-ße-at), a = DTz/a2 = ir2Dd2S2/9
ß = 6/ir2 -(2)

Considering log(l-Wr/Wo) = log ß-at, the 
relation shown in Fig. 4 are obtained by 
plotting log(l-Wr/W0) against age from the 
author’s data.

W/3 = 0.56 (
,CH/P ratio = 40/60 
7 28 91

Time (days)

Fig. 4-Logarithmic plott of (1-Wr/Wo) 
against age

The slope of the curve was the largest in the 
Kanto loam which has the largest specific 
surface area and that of Beppu white clay and 
Furue shirasu followed in this order, which 
indicate the good fit to the equation of dif
fusion controlled dissolution. The value of 
a, the slope of the curve, decreased with 
age. This implies the decrease of specific 
surface area of pozzolana which has far great 
contribution to a. After very fine particles 
are completely consumed, the rate of reaction 
is governed by the diffusion coefficient, 
which has close relation to.the nature of 
amorphous film on the surface of pozzolana 
grain attributed to its structural factor and 
by the character of precipitated hydrates 
layer outside the film.

3.1.3 The mechanism of the hydration in the 
system pozzolana-ca(OH)2

The mechanism of the hydration in the system' 
pozzolana-Ca(OH)2 has been studied mainly on 
suspension hydration and few researches on 
paste hydration were published.

Drzaj, Hocever, Slokan and Zajc (23) studied 
the suspension hydration on the system 
zeolitic tuff and Ca(OH)2 at 65°C and report
ed that the hydration proceeded by the diffu
sive dissolution of zeolite and Ca(OH)2 and 
by topochemical reaction of the precipitation 
of hydrates on the surface of zeolite from 
the experimental fact that CSH(I) precipitat
ed on the surface of zeolite grains.

Diamond and Kinter (26) found that the ad
sorbed amount of Ca(OH)2 molecules on the 
surface of clay grains is at most 3% by 
weight of mixture while the consumption of 
Ca(OH>2 proceeds over 3% with age. From these 
results they thought that Ca(OH)2 molecules 
are adsorbed on the surface of clay grains at 
first, then adsorbed Ca(OH)2 molecules and 
clay grains dissolve into water precipitating 
hydrates near the clay grains.

It is well known that the concentration of 
Ca (OH)2 in the liquid is lowered towards zero 
when allophane is dispersed in the Ca(0H)2 
solution.

Berrell and Gradwell (27) considered that 
cations are adsorbed on the surface of allo
phane as the adsorption equilibria followed 
BET equation.

Wada and Ataka (28) considered that cations 
were adsorbed on the surface of allophane as 
salt from the fact that CEC was related to 
the concentration of exchanged salt and pH 
value of the solution. On the other hand, 
.limura (29) described that cation adsorption 
of allophane was an ion exchange phenomenon 
based on the dissociation of weak acidic 
group of the grain surface.

Greenberg (30) studied the reaction between 
silica and calcium hydroxide solution and 
concluded that the reaction could be divided 
into six elementary processes, that is, the 
adsorption of Ca(0H)2 to silanol group of 
silica surface, the dissolution of silica, * 
the reaction of H4S104 + Ca(OH)2*C-S-H, the 
formation of nuclei, the growth of nuclei and 
the precipitation of crystal. They also 
emphasized that the dissolution of silica was 
the rate determining step of overall reac
tion. And the rate of reaction was influenced 
by the surface area of silica and its free 
energy state but it was not influenced by the 
concentration of Ca(OH>2 above 3.6 m mol/1.

Van Aardt and Visser (31) studied the reac
tion between feldspar and Ca(OH)2 relating to 
the alkali-aggregate reaction of cement and 
described as follows : Ca(OH)2 liberated by 
the hydration of cement precipitates on the 
surface of feldspar grains and dissolves 
alkalies in feldspar. The alkalies exist in 
the liquid phase as KOH and NaOH or from 
alkali silicates to precipitate on the 
surface of feldspar grains as gel. Alkali 
silicate film is destroyed by the repetition 
of expansion and shrinkage caused by the ad
sorption and the adsorption of water. The 
fragments of destroyed film of alkali sili
cates are flown into opening and crack of 
aggregate as viscous fluid and repeat the 
expansion and shrinkage.

Many pozzolanas contain fairly large amount 
of glass phase and a little amount of alka
lies. It is easy to imagine that glass phase 
plays an important role and alkalies are 
related strongly to the reaction between 
pozzolana and Ca(OH)2.



Sanders and Bench (32) showed that, on con
tact with water, alkalies in the glass dis
solved preferentially into water leaving the 
thin layer of silica gel. They also said that 
dissolution proceeded more actively in soda 
glass than in soda-lime glass, and that the 
inhibition of dissolution in soda-lime glass, 
was due to the formation of Ca and Si rich 
layer where Na+ was leached off.

El-Shamy (33) studied the reaction between 
potassium glass and water. He showed that 
the surface of glass was protonically attack
ed remarkably in the high alkaline solution 
of pH>9 and SiOH group dissociated to SiO~ 
and H+ making electric double layers between 
the surface of glass and the solution, and 
that the resulting negatively charged glass 
attracted alkali ions in the solution. He 
described that the diffusion of ions through 
the reacted surface layer was the rate deter
mining step of the erosion reaction of glass 
by alkalies.

These previous researches are very suggestive 
in considering the mechanism of hydration in 
the system pozzolana-Ca(OH)2■

In the hydration in the system pozzolana- 
Ca(0H)2, C-S-H precipitated near the pozzo- 
lana grains and Ca-Al hydrate Ca-Al-Si hy
drate etc. precipitated apart from pozzolana 
grains as shown in Fig. 5.

A. C-S-H B. Ca-Al hydrate
Fig. 5-Transmission electronmicrograph of 

, the hydrates formed in the system 
pozzolana-Ca(OH)2

Ultra fine particles of A-order suggesting 
the dissociation of SiO^ from the pozzolana 
grains were recognized m high resolution 
transmission electron microscopic observation 
as shown in Fig. 6.
As shown in Fig. 2, regardless of the kind 
of pozzolana, the amount of hydrates formed 
by the reaction between pozzolana and Ca(OH) 2 
was proportional to the added amount of 
Ca(0H)2 even in the age when solid Ca(0H>2 
coexisted.
Clifton, Brown and Fronsdorff (34) reviewed 
the works for the reaction of fly ash with

A. SiOz, group product
B. precipitated type I C-S-H
C. pozzolana grain

Fig. 6-SiO4 group released from 
pozzolana grain observed in 
high resolution transmission 
electronmicrograph

cement, as follows : the adsorption of 
calcium hydroxide on the surface of fly ash 
particles occurs initially» and forms a 
membrane over fly ash particle. Water gap 
exists between the membrane and fly ash par
ticle. The pozzolanic reaction products are 
precipitated in the water gap and cover the 
fly ash particle to form a reaction rim.

Summarizing these experimental results and 
the previous works, the mechanism of the 
paste hydration in the system pozzolana- 
Ca (OH) 2 is considered as follows : 

After mixing with water the liquid is satu
rated with Ca(0H)2 in the short time and pH
of the liquid is kept above 12.7. Pozzolana 
grains are protonically attacked by water in 
high caustic solution dissociating the SiOH 
group on the surface of the grains to SiOz/- 
and H+ leaving negatively charged grains.
Ca2+ is adsorbed on the surface of pozzolana 
grains by electrostatic force and alkalies 
in pozzolana dissolve into the liquid phase. 
The disolving-out of alkalies and so on 
remains a thin amorphous Si, Al-rich layer 
on the surface of pozzolana grain. SiO^*- 
and AIÖ2- in the layer gradually begin to 
dissolve and combine with Ca2+ to increase
the thickness of the layer. The expansion and 
destruction of the layer due to the osmotic 
pressure caused by the difference of concen
tration between outside and inside of the 
thin layer proceed following the mechanism 



mentioned-later (31).

SiO^A- is considered to diffuse more slowly 
than AlOj-» as the former has larger electric 
charge and has more oxygen atoms than latter . 
The concentration of Ca2+ enables Ca-Al hy
drate to precipitate is generally higher 
than that of C-S-H. For these reason, Ca- 
Al hydrate precipitates at the place apart 
from pozzolana grains.

Pozzolana having large dissolving surface 
area, wide precipitating site of hydrates 
and high free energy state gives high rate 
of pozzolanic reaction.

3.2 Hydration in the System Pozzolana-Cement 
Compound

3.2.1 Hydration in the system pozzolana-CsS

Few papers are published on the hydration of 
the pozzolana cement compound.

Stein and Stevels (35) investigated the in
fluence of amorphous silica on hydration of 
CgS using C3S, amorphous silica, quartz and 
portland cement. The conduction calorimetry 
on the hydration of C3S and cement paste, 
TEM observation of pastes and suspension and 
the measurements of calcium and silicate ion 
concentration, electrical conductivity and 
pH in C3S suspension brought them to the 
following conclusion. Amorphous silica 
accelerates the rate of hydration of alite 
in cement pastes and that of C3S. By lower
ing calcium and hydroxyl ion concentration 
in the liquid phase for a few minutes after 
mixing with water silica converts the C-S-H 
film on the surface of C3S or alite into less 
protective film composed of low Ca/Si ratio 
which accelerates the hydration of C3S and 
cement paste. In portland cement pastes not 
only the hydration of alite but also the 
consumption of sulfate by the formation of 
ettringite are accelerated by the addition 
of amorphous silica. As calcium ion con
centration is low, ettringite crystalizes 
generally apart from C3A particles.

Lukas (36) investigated the rate of hydration 
of each clinker compound by X-ray diffraction 
and quantitative analysis of Ca(0H)2 by DTA 
using the specimens prepared from 30% of 
fly ash and 70% of cement with W/S ratio of
0.4  from two kinds of cements and one kind of 
fly ash. Fly ash accelerates the early hy
dration of C3S phase. But after three days 
it inhibits the hydration of C3S. -Though 
the rate of hydration of C3A in cement is 
not so fast as that of pure C3A, fly ash 
accelerates its hydration. Ettringte was 
not found by X-ray diffraction in early stage 
owing to its low content. But it increased 
from the first day to 14 days and then de
creased. At the age of 14 days monosulfate 
hydrate was detected. The amount of Ca(OH)2 
is lower than that calculated from the sto
ichiometrical equation, so C-S-H has higher 
Ca/Si ratio than 1.5 shown in the sto
ichiometry. The decrease of Ca(OH>2 in paste 
at the later age is attributed to tne absorp

tion by fly ash over than the amount of 
Ca(OH)2 released by hydration.

Nelson and Young (37) investigated the addi
tions of colloidal silicas and silicates on 
the hydrations of the Type I cement and C3S 
pastes. The amount of added four kinds of 
colloidal silicas and silicates were based on 
percentage of the theoretical amount required 
to convert all the Ca(OH>2 to C-S-H gel. 
Water was added to achieve given workability 
and water reducing agent was used when nec
essary. C3S with colloidal silicas needed a 
higher W/S ratio than that without colloidal 
silicas to achieve given workability and its 
strength decreased with increase in W/S 
ratio. The decrease in Ca(OH>2 content occurs 
in all cases especially in quite early age 
such as within one day. Amount of silica 
added to portland cement were 6.6% of cement 
by weight, which is 25% of theoretical amount 
required to complete the pozzolanic reaction 
with Ca(OH)2 produced. The W/S ratio was ad
justed 0.45 adding much water reducing agent. 
While one day strengths were improved by ad
dition of colloidal silicas and silicates, 
later strengths were not affected by them. 
The reduction of Ca(OH)2 in portland cement 
pastes by given amount of colloidal silicas 
and silicates is greater than in C3S pastes 
which indicate the occurence of other reac
tion than C-S-H formation.

Takemoto, Ochikawa, Ogawa and Yasui (38) 
studied the hydration of the 6:4 mixture of 
C3S and pozzolana with 0.4 of water solid 
ratio. Five kinds of Japanese pozzolanas 
and one kind of Japanese fly ash were used 
in this experiment. From the conduction 
calorimetry at initial and early stage of 
hydration, estimation of the rate of hydra
tion of clinker compound by X-ray diffrac
tion, quantitative analysis of unreacted 
pozzolanas by salicylic acid-methanol extrac
tion method and observations of broken sur
face of hardened paste by SEM, they concluded 
that the addition of pozzolana and fly ash to 
C3S accelerated the initial hydration within 
an hour. This tendency is remarkable in 
Beppu white clay and Kanto loam which are 
mainly consisted of opal and allophane, re
spectively. Degree of hydration of C3S after 
the induction period was increased by the 
addition of pozzolana. Pozzolanas consist
ing mainly of opal and allophane were more 
reactive with C3S than that consisting main
ly of volcanic glass and fly ash. C3AH6 and 
C4AH13 are found by DTA at the age of 28 days 
in case of the pozzolanas rich in allophane 
and aluminum-rich fly ash, respectively.
But in the other pozzolanas no Ca-Al hydrate 
was found at 91 days. They also showed that 
there exists the void between the surface of 
pozzolana or fly ash and the layer of hydra
tion products so that the hydrates tend to 
be stripped easily in the form of shell as 
shown in Fig. 7.

Summarizing above-mentioned previous works: 
Additions of pozzolanas accelerate the hy
dration of C3S. Acceleration of hydration
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Fig. 7-Scanning electronmicrograph 
pozzolana-CgS paste showing 
hydrates 

of the fracture surface of hardened 
the clearance between pozzolana and

after induction period by pozzolana is due 
to the stimulation of C3S dissolution by the 
adsorption of Ca2+ in the liquid with pozzo
lana and due to the increase of surface by 
the addition of pozzolana which is preferable 
to the precipitation of C-S-H. C-S-H precip- 
tated after induction period has higher Ca/Si 
ratio than 1.5, when sufficient amount of 
Ca(0H)2 exists. C-S-H and Ca-Al hydrate etc. 
are generally formed by the pozzolanic reac
tion between Ca(0H)2 and pozzolana after one 
day and the physical properties, for example 
strength of paste, develops in later age. 
Aluminate hydrates are formed later and their 
period of formation depends on the characters 
of pozzolanas, that is, aluminum content and 
their solubility. Addition of pozzolanas 
also accelerates hydration of alite and C3A 
phase in cement.

3.2.2 Mechanism of the hydration in the 
system pozzolana-CgS

Studies on the mechanism of the hydration of 
C3S are actively performed recently.

Dent Glasser, Lachowski, Mohan and Taylor 
(39) reported informative work, and recent 
works on this field were reviewed by Skalny, 
Jawed and Taylor (40). They suggested that" 
the reaction of hydration proceeded in the 
following cycle, that is releasement of 
calcium ion from the surfaces of C3S par
ticles and formation xDf amorphous silica rich 
layer by protonic attack of water, swelling 
and opening of surface film by osmotic 
pressure, formation of inner hydrates by 
movement of calcium ions from outside to the 
inside of the film by passing through the 
opening, precipitation of Ca(OH)2 on outside 
of the film. This view is accepted as a 
whole to be right.

Takemoto, Uchikawa, Ogawa and Yasui (38) 

carried out the observation of the polished 
surface of hardened paste in the system pozzo- 
lana-C3S and the analysis of hydrates be
tween C3S-C3S grains, CgS-pozzolana grain and 
pozzolana-pozzolana grains by FESEM with EDX. 
Considering the data obtained by FESEM with 
EDX and the results of analysis of liquid 
phases at initial and early stages and SEM 
observation of C-S-H precipitation on the 
surface of quartz grain in C3S-quartz and 
that in C3S-alkali treated quartz systems, 
they obtained the following results. C-S-H 
formed between C3S and pozzolana grain 
precipitated in spherical structure wrapping 
C3S grain which extended from C3S grain to 
pozzolana grain and showed zonal structure. 
Each zone had its own chemical composition. 
Stepwise decrease in Ca/Si ratio from C3S 
grain towards pozzolana grain was clearly 
observed.

Ca(OH)2 crystals could be observed where 
Ca/Si ratio was abnormally high. The disso
lution of alkali from pozzolana was higher in 
the system CsS-pozzolana than in the case of 
pozzolana alone. C-S-H precipitated on the 
surfaces of all C3S and quartz grains in the 
system C3S-quartz, while C-S-H did not seen 
occationally on the surface of alkali treated 
quartz grain though it was observed on the 
surface of C3S without exception in the 
system C3S-alkali treated quartz.

Considering above mentioned results they pro
posed the following mechanism of the hydra
tion in the system pozzolana-CßS.

As shown in Fig. 9, calcium ions dissolved 
from C3S run about freely in liquid are 
captured by collision to the negatively 
charged pozzolana grains and are adsorbed on 
the surfaces. C-S-H formed by hydration of 
C3S precipitates as the hydrates of high 
Ca/Si ratio on the surface of C3S grains and



Aga 91 day

Electronmicrogragh of hardened
CjS-Beppu white clay
paste after etching with 2°/«HCI- 
ethanol solution and coated by 
carbon

Age 3 days

CgS-fly ash past, no etching

o

(Accelerating voltage:20kv, sample 
current : 10 ppA , carbon coating )

Fig. 8-Field emission scanning electron 
micrograph of pozzolana-CjS paste 
showing zonal structure of hydrates 
and the distribution of calcium and 
silicon between pozzolana grain and 
C3S grain.



CgS gram PozzolQna

Fig. 9 - Schematic explanation of the 
mechanism of hydration in the 
system pozzolana-CjS (38)

as the porous hydrates of low Ca/Si ratio on 
the surfaces of pozzolana grains. On con
tacting with water, surfaces of pozzolana 
grains are protonically attacked by H30+ 
formed by the dissociation of water. It 
brings gradual dissolution of -Na+ and K+etc., 
resulting si and Al rich amorphous layer on 
the surfaces. Dissolved Na+ and k+ accelerate 
the dissociation of water, intensify the 
protonic attack of water and accelerate the 
dissolution of SiO44-and AlOj which combine 
with Ca2+ and increase the thickness of layer. 
Due to the osmotic pressure generated by the 
difference of concentration of ions, such as 
alkalies, SiO44*, AIO2-, between inside and 
outside of layers, the layer swells gradually 
and the void between layer and pozzolana 
grain is formed. The void is filled with Si, 
Al, Na+ and K+ rich liquid. When osmotic 
pressure attains certain pressure, the film 
is broken and Si044- and A102- diffuse out
side through the openings to meet Ca2+. The 
condition of precipitation being satisfied, 
C-S-H and Ca-Al hydrate precipitate on the 
surface of outer hydrates of C3S. Solution 
near the outer surfaces of destroyed film 
becomes poorer in Na+ and K+ than inside and 
Ca2+ is apt to be adsorbed on the film re
sulting in the precipitation of C-S-H and 
Ca-Al hydrate. Considering the thickness of 
film and the distribution of Ca ion concen
tration, the amount of the precipitated C-S- 
H and Ca-Al hydrate is, however, very small 
compared with the amount of outer hydrates 
of CoS. Vacant space remains inside the film 
as the hydrate do not precipitate there be
cause of high concentration of alkalies. The

hydration proceeds according to the repeti
tion of above mentioned cycle. Accordingly 
vacant space always exists between the film 
and pozzolana grain. '

When alkalies do not exist, destruction of 
amorphous Si, Al rich film enables Ca2+ to 
move into the inside of the film from the 
openings and to precipitate C-S-H and Ca-Al 
hydrate on the surface of pozzolana grain and 
filled the clearance. Therefore no clearance 
is observed between pozzolana grains and hy
drates .

Pozzolana is a mixture composed of alkali 
containing minerals and glasses and those 
without alkali. In paste hydration, some 
places become rich in alkali and others are 
poor. Therefore, the hydrates produced in 
alkali rich region tend to be stripped off 
from pozzolana surface and the hydrates 
produced in alkali poor region attached 
closely to pozzolana grain. The glass such 
as in fly ash contains homogeniously much 
alkali, so the typical stripping off of the 
hydrates from pozzolana grain is often clear
ly observed.

3.2.3 Hydration in the system pozzolana-C3A

Few investigations have been made on hydra
tion reaction in the system pozzolana-C3A.

Holten and Stein (41) examined the influence 
of guartz surface upon hydration in the 
system of CgA-CaSC^ • 2H2O"" H2O by measuring 
the heat of hydration by conduction calo
rimetry, the identification of formed phases 
by X-ray diffraction and the observation of 
hydrated specimen by SEN. They found that 
heat evolution peaks are divided into four 
stages. The first peak corresponds to the 
formation of ettringite, the second one to 
perfect consumption of CaSO4*2H2O, the third 
to a part of formation of AFm and the fourth 
to the formation of monosulfate hydrate and 
8.2a carboaluminate coexisting with ettrin
gite. Quartz prevents ettringite from pre
cipitating on C3A surface by presenting the 
site of its precipitation and lowers the re
tardation by SO42-. Surface of C3A particles 
is covered with layer having similar compo
sition to A1(OH)3, because Ca2+ on C3A 
surface is preferentially extracted by dis
sociated hydronium ion. The the hydration 
in NaOH solution, disturbed surface layer 
having similar composition to that of Ca(0H)2 
is formed on surface of C3A particles by the 
preferential extraction of aluminate ion by 
OH-.
Collepardi, Baldini, Paure and Corradi (42) 
examined the hydration in the system C3A, 
CaSO4’2H2O, Ca(0H)2 and volcanic and dia
tomaceous silica rich pozzolana at 20±0.5°C 
and W/S = 0.8 by carrying, out the measurement 
of the heat evolution, DTA and SEM observa
tion. They found that the heat evolution in 
the system of C3A hydration decreases with 
addition of pozzolana, especially in dia
tomaceous silica rich pozzolana. This effect 
is rather small when the rate of hydration of 
C3A is retarded by CaSO4*2H2O and/or Ca(0H)2- 



They concluded that retardation of hydration 
of C3Ä by pozzolana was caused by the absorp
tion of pozzolana to surface of C3A particles. 
Ca(OH)2 in C3A paste decreases rapidly when 
pozzolana exists. This decrease can not be 
related to the lime-pozzolana reaction, which 
is much slower. They described that 
ettringite, lime and C3A reacted to form 
hexagonal solid solution when gypsum existed 
and "that hexagonal hydrates were easy to 
convert to C3AH6 in the C3A sample containing 
Ca(0H)2 and volcanic pozzolana. These facts 
show that reactions between pozzolana and C3A 
or pozzolana and hydrates from C3A proceed 
besides well known reaction between lime and 
pozzolana.

Uchikawa and Uchida (43) studied the hydration 
in the system C3A-CaSO4•2H2O-Ca(0H)2contain
ing 40% by weight of five kinds of Japanese 
pozzolanas or one kind of Japanese fly ash at 
20 ±1°C and W/S=0.60. The identification and 
quantitative analysis of formed hydrates by 
DSC-TG under Ar atomosphere, conduction 
calorimetry in hydration, quantitative 
analysis of C3A by X-ray diffraction, SEM 
observation and the measurement of cation 
exchange capacity of pozzolana brought them 
following results. In the absence of Ca(OH)2, 
hydration of C3A, formation of ettringite and 
conversion of ettringite to monosulfate 
hydrate were accelerated by the addition of 
pozzolana especially pozzolanas mainly com
posed of allophane, volcanic glass and opal. 
The acceleration was roughly proportional to 
the added amount of pozzolanas. The formation 
of ettringite and conversion of ettringite to 
monosulfate hydrate were retarded by the 
addition of CalOH^« Pozzolana containing 
much alkalies (Ha,^K) accelerated the forma
tion of CjAHg. They deduced that the reaction 
of acceleration of hydration of C3A by addi
tion of pozzolana was adsorption of Ca^to 
the surface of pozzolana and that the accel
eration of the dissolution of C3A particles 
was due to less formation of ettringite film 
on C3A grains caused by the precipitation of 
ettringite on the surface of pozzolana grains. 
As the hydration of C3A is accelerated fcy the 
addition of pozzolana, so that the complete 
consumption, of solid calcium sulfate is also 
accelerated, which make the ettringite con
vert to nemosulfate hydrate. The reason why 
conversion to CgAHg was accelerated in 
pozzolana containing much alkalies.is proba
bly the decrease of the stability of hexago
nal hydrate with increasing alkalies concen
tration as reported by Spierings and Stein 
(44).

Summing up above mentioned previous works, 
hydration of C3A is accelerated by addition 
of pozzolana. The degree of acceleration is 
larger in pozzolana with larger specific sur
face area and higher CEO value. The reason 
for acceleration of the hydration of C3A by 
pozzolana is adsorption of Ca2* in liquid 
phase to the surface of pozzolana and accel
eration of C3A dissolution due to the preci
pitation of ettringite on the surface of 
pozzolana. Accelerated conversion to C3AH5 
under coexistence of pozzolana containing 

much alkali is responsible for decreased 
stability of hexagonal hydrates under high 
alkali concentration. Decrease of Ca(OH)2in 
initial and early stages of hydration may not 
be due to pozzolana reaction but another 
elementary process of reaction such as 
adsorption.

3.2.4 Mechanism of the hydration in the 
system pozzolana-C3A

There are many studies on the hydration of 
CgA and on the effect of Na20 (44) (45) and 
SO42- (46) (47). Summing up these reports, 
Skalny, Jawed and Taylor (40) presented the 
mechanism of the hydration of C^A as follows:

On contact with water, C3A dissolves incon- 
gruently leaving Al rich surface. Ca ions 
chemisorb on this surface producing positive
ly charged particles. The formation of such 
a structure decreases the number of active 
dissolution sites and thus, the rate of C3A 
dissolution decreases. Sulfate ion is 
adsorbed on the positively charged C3A par
ticles resulting in further reduction of 
dissolution sites. This blocking effect 
retards rate of hydration further more.

There are few reports, however, on the mecha
nism of hydration on the system containing 
pozzolana-CgA.

üchikawa and Uchida (43) presented the fol
lowing mechanism of the hydration on the 
system CgA-CaSC^ •2H2O-Ca(OH)2 -pozzolana 
combining the idea of Skalny et al (40) on 
C3A and the mechanism of the hydration of 
pozzolana as shown in Fig. 10.

On contact with water, C3A is protonically 
attacked by H3O+ formed by the dissociation 
of water releasing Ca2+and leaving amorphous 
Al rich layer on C3A grain surface. Amorphous 
layer is expanded by osmotic pressure and 
formes slight clearance between hydrated CjA 
particle and itself. This clearance is fill
ed with A1O2~ rich solution. There exists 
Ca2+, SO42-rich solution at the near outside 
of the layer brought by the coproceeding 
dissolution of calcium sulfate and calcium 
hydroxide. Ca2+ is adsorbed on the amorphous 
Al rich layer on the surface of C3A. The 
grain charges positively and the active sites 
on the surface of C3A decreases. Therefore, 
hydration of C3A is stopped temporarilly.
SO42-is adsorbed on the surface of positively 
charged grain and play a part of blocking 
against protonic attack of hydronium ion. 
Amorphous Al rich film is brocken at the 
weakest point by osmotic pressure. From the 
openings Ca2+ and SO42- introduced into inner 
side of film. A1O2 moves towards outer 
side of film and ettringite precipitates on 
both sides of film. On inner side of film, 
monosulfate hydrate often precipitates as 
SO«2- is apt to be in shortage. Monosulfate 
hydrate on the inner side is generally small 
in size because of the narrow precipitation 
space. Precipitated hydrates have high crys
tallinity, so it is easy for Ca2*, A1O2~, 
SO42- etc. to diffuse through the hydrate



CgA grain

u

Pozzolana

Fig. 10 - Schematic explanation of the 
mechanism of hydration in the 
system pozzolana-CsA under the 
existence of Ca(OH)2 and CaSOj* 
2H2O (43)

layer covering the C3A grain. The porous 
ettringite layer is broken by the expansion 
of itself to make the contact of water to 
CgA easy. .

Hydration of C3A proceeds repeating above 
mentioned process as one cycle. When solid 
CaS04*2H2O is consumed completely and concen
tration of SO42- lowers, monosulfate hydrate 
or solid solution of monosulfate hydrate and 
C^AHjj precipitates on the outside of film. 
Void In the paste outside the grain is usual
ly large, so hexagonal monosulfate hydrate or 
its solid solution precipitate as large 
crystal towards large void to build the well 
known card house structure.

Ettringite once formed converts to hexagonal 
hydrate, monosulfate hydrate or its solid 
solution. The time of conversion of hexagonal 
Ca-Al hydrate to cubic C^AHg depends upon the 
concentration of alkali ion. Negatively 
charged grains of pozzolana, on the other 
hand, adsorb Ca2+ formed by the hydration of 
CgA, CaSO4*2H2O and Ca'(OH)2 on their surface. 
By the adsorption of Ca2+ in liquid phase and 
by presenting the site of precipitation of 
ettringite, pozzolana accelerates the hydra
tion of CgA.

General features of hydration of pozzolana 
are about the same as those of pozzolana-CgS 
system.

5IO42- and A1O2~ near at the outside of film 

precipitate as ettringite, monosulfate hy
drate, Ca-Al hydrate and C-S-H on the surface 
film of the outside of pozzolana grain or on 
the surface hydrate layer of C3A grain ac
cording to the concentration of Ca2+and SO42- 
in the liquid. As the rate of diffusion of 
SiO44~ is slow and the concentration of Ca2+ 
is rather high even at the neighbour of poz
zolana grain. C-S-H is observed in the 
paste containing negatively charged acidic 
pozzolana with low alkali and high Si02-

Concentration of SO42-in the liquid near the 
pozzolana grain is low, so the nearest hydrate 
to the pozzolana grain consists mainly of 
Ca-Al hydrate and towards outside, the solid 
solution of Ca-Al hydrate and monosulfate 
hydrate and monosulfate hydrate precipitate 
in this order". Ettringite, precipitated in 
the early stage of hydration, is not observed 
m the later stage.

3.3 Hydration in the System Pozzolana-Cement

There is no essential difference between the 
hydration in the system pozzolana-cement and 
that in the system pozzolana-Ca(OH)2 and 
pozzolana-cement compounds. Here the authors' 
results are shown.

Pozzolanic cement, 4:6 mixture of five kinds 
of Japanese natural pozzolanas, one kind of 
fly ash and ordinary portland cement, was 
hydrated at 20°C with W/S=0.3.

Heat evolution curve by conduction calorime
try, degree of hydration of alite in the 
pozzolanic cement paste estimated by X-ray 
diffraction analysis and the degree of 
pozzolanic reaction with curing time are 
shown in Fig. 11, Fig. 12 and Fig. 13.

The degree of pozzolanic reaction was expres
sed in term of the difference between the 
amount of estimated Ca(OH)2 which might be 
formed in the case when no pozzolanic reac
tion occurs and that formed actually in 
pozzolanic cement paste. The amount of former 
was determined by measuring the degree of 
hydration of alite in ordinary portland 
cement by X-ray diffraction using the prede
termined relation between the de’gree of hy
dration of alite and the amount of Ca(OH)2 
formed in the ordinary portland cement paste 
hydrated in the same conditions as pozzolanic 
cement.

Fig. 11 - Heat evolution curve in hydration 
of pozzolanic cement
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Fig. 12 - Degree of hydration of alite in 
pozzolanic cement

Fig. 13 - Degree of pozzolanic reaction 
expressed in term of the quantity 
of reacted Ca(0H)2

The hydration of pozzolanic cement,especially 
the hydration of alite, was accelerated by 
the addition of pozzolana, except for the 
initial stage of Kanto loam and fly ash.

The pozzolanic reaction in general is consid
ered to proceed the hydration of cement from 
the early stage. But it took 7 days for 
Beppu white clay mixed pozzolanic cement and 
Takehara fly ash mixed fly ash cement, and 28 
days for Furue shirasu mixed pozzolanic 
cement, Higashi-Matsuyama tuff mixed pozzo
lanic cement and Tominaga masa-soil mixed 
pozzolanic cement to be able to recognize 
clearly the pozzolanic reaction by the amount 
of reacted Ca(0H)2. In Kanto loam mixed 
pozzolanic cement, the pozzolanic reaction 
seems to proceed even in the initial stage.

There were no difference in the kinds of 
produced hydrates among the kinds of pozzo
lanic cement within 180 days. In the early 
age ettringite, solid solution of monosulfate 
hydrate-C4AH]_3 and Ca(OH)2 were produced. 
Ettringite disappeared at three days. C-S-H 
attained to the detectable amount by X-ray 

diffraction at 28 days. In the Kanto loam 
mixed pozzolanic cement containing much 
amount of alumina, CjAHg were observed at 
40’’C. Gehlenite hydrate (CjASHg) « which ap
peared in the system pozzolana-Ca(OH)2» was 
not detected.

4. STRENGTH OF POZZOLANIC CEMENT

4.1 Microstructure of Pozzolanic Cement 
Paste

In the study for morphology, composition and 
structure of cement paste and particles which 
constitute cement paste, the analytical 
method, experimental means and interpretation 
of obtained results are significantly dif
ferent with the sizes of the objects.

In this report, to avoid the complexity. 
Diamond’s classification (48) is used with 
some modification, as follows:

(1) the problem for texture level (pm order); 
remarking the texture of hardened paste

(2) the problem for particle level (0.1 pm
' order); remarking gel structure with hy

drates particles and unhydrated particles 
which constitute paste structure

(3) the problem for atomic level (unit cell 
order); remarking atomic arrangement and 
crystal structure of hydration products 
which constitute hydrates particles

Texture level corresponds to the order of 
paste structure as texture. The composition 
can be analysed by EPMA, and the morphology 
can be observed by SEM as the macro structure. 
The objects of texture level are aggregate 
texture of C-S-H particles,aggregate texture 
of crystalline hydrates particles, that is, 
Ca(OH)2« ettringite, monosulfate hydrate, 
hydrogarnet, unhydrated particles and capil
lary space.

Particle level corresponds•to gel structure, 
the composition can be analysed by AEM and 
the morphology can be observed by SEM or TEM 
as the micro structure. Type I to type iv 
C-S-H particles, polycrystalline particles 
like Ca(OH)2, ettringite, monosulfate hydrate, 
hydrogarnet and gel pore are the object of 
this level.

Atomic level structurally corresponds to 
crystal structure, which is observed by TEM 
as lattice image. We now have no tool to 
analyse the composition directly such micro 
area. The objects of this level are solid 
solution, lattice defect, atomic arrangement, 
strain of lattice and so on.

4.1.1 Texture level

Cement gel and unhydrated particles make 
characteristic aggregation according to water 
material ratio, degree of hydration, morphol
ogy and size of hydrate, precipitation time 
and form characteristic paste structure.



Fig. 14 - Scanning electronmicrographs of 
hardened pozzolanic cement paste

the fracture surface of

A. ettringite F. calcium hydroxide
B. type I C-S-H G. monosulfate hydrate
C. fly ash grain H. pozzolana grain
D. cast-off shell of fly ash I. pozzolana grain
E. type III C-S-H J. capillary space

Ciach, Gillott, Swenson and Sereda (49), who 
studied hardened C3S paste structure with 
electron microscopy, showed that fibrous 
grain, formed around C3S particles, inter
locked each other and made mesh structure of 
pseudohexagonal arrangement, and that amor
phous C-S-H particles of high CaO/SiO2 
particles filled the pores of mesh structure 
to form platy particles. This platy particles 
bound unhydrated particles each other or . 
bound amorphous particles formed at the posi
tion of unhydrated particles.

Not only Ca(OH)2but also C-S-H particles form
ed platy particles helving high compressive 
strength. It was due to fibrous network in 
amorphous materials, and the reason of low 
tensile strength was that those platy grains 
didn't interconnect each other but merely 
overlapped.

Collepardi, Marcialis, Massiddo and Sanna (50) 
studied the reaction between Ca(OH)2 and four 
kinds of Italian pozzolanas. Hardened pastes 
had textures consisting of low crystalline,

irregular shaped grains. The texture become 
closely with the higher CaO/SiO2 ratio and 
the pore size distribution was divided into 
two parts, 1^0.2 ym and 0.2 0.02 pm with
the measurement of mercury penetration 
porosimeter of the pressure between 100 to 
10,000 atom. The former was the pores in 
pozzolana, the latter was the pores in the 
particle texture formed with the reaction 
between CaO and pozzolana.

On the other hand it is known that Ca(OH>2 
forms on the surface of fly ash like a film 
in the reaction process between fly ash and 
cement or Ca(OH)2, Kokubu (51) showed that 
the 0.5^1.0 pm water gap (capillary space) 
existed between unhydrated fly ash particle 
and hydrates with the observation of fracture 
surface of concrete cured for 3.5 years, and 
assumed that Ca2+ was supplied- to fly ash 
surface through the gap.

In the early stage of pozzolana cement reac
tion, the hydrates texture mainly consists 
of type I and type III C-S-H particles. 



needlelike crystal of ettringite, card house 
structure of monosulfate hydrates formed to
wards pores just like as in portland cement 
paste. With the curing time, type III C-S-H 
becomes predominant phase and the piled large 
Ca(0H)2 crystal often penetrates the aggrega
te texture.

In the reaction between fly ash cement, even 
in the early stage, hexagonal Ca(0H)2 crys
tals penetrate the hydrate texture can be

. seen. Type III C-S-H forms on the surface of 
< fly ash, and card-house structure of mono
' sulfate forms toward pores. The shape of 
Ca(0H)2 crystal becomes irregular and makes 
piled crystal with the curing age.

There are very few studies for hardened paste, 
not only pozzolanic cement,fly ash cement but 
also portland cement in texture level though 
those play an important role on the proper
ties of hardened paste. Those problems will

■ become much more apparent by SEN and the new
tools in near future. ‘

4.1.2 Particle level

When cement paste is considered in hydrated 
particles order, C-S-H is morphologically 
classified (48) type i (fibrous particle), 
type II (reticular network), type ill (small 
equant grains) and type IV (inner product). 
Each particle is usually polycrystal.

1, Calcium hydroxide forms as hexagonal or irre
gular accumulating shape. Ettringite is

, , columnar. Monosulfate hydrate is hexagonal 
' plate and forms far apart from each other or 

makes card house structure. Calcium alumi
nate hydrates have the same morphology as 
monosulfate hydrate or can rarely be observed

■ as a trapezohedron, those hydrates have high 
crystallinity in general and some are con
sidered to be consisted of single crystals.

Recently the composition of particle level, 
that is 0.1 pm (l,000fi) order, is frequently 
determined with the spread of AEM (13) (39). 
Diamond (52) showed, using SEM-EDX, that C-S- 
H of cement contained SO3. (Ichikawa, Ochida 
and Mihara (13) showed, using TEM-EDX, that 
in the case of ultra rapid hardening cement, 
C-S-H contained sulfur and aluminum and 
monosulfate hydrate and ettringite contained 
silicon.

Lukas (53) analysed, using EDX, composition 
of ettringite which showed the higher in
tensity of SiKa in the hydration of fly ash 
cement than that in the case of ordinary 
portland cement. Though we do not have works 
on these matter for pozzolanic cement,similar 
invasion of the "third" ions to the hydrates 
could be occured for pozzolanic cement.

TMS (trimethylsilylation) analysis (54) has 
given the better understanding of the struc
ture of C-S-H in these days. Dent Glasser, 
Lachowski, Mohan and Taylor (39) suggested, 
in the hydration of C3S, that C-S-H contained 
dimer and polymer and the latter increased 
with curing time using TMS analysis. The 
authors found by TMS analysis, in the-hydra

tion in the system pozzolana-CgS, that the 
paste containing the pozzolana of higher 
reactivity yielded more quantity of polymer 
at the same curing age.

4.2 Pore Structure of Pozzolanic Cement 
Paste

4.2.1 Total porosity, capillary space and 
gel pore space

Pozzolanic cement, mixture of five kinds of 
Japanese natural pozzolanas and one kind of 
fly ash with 40% of ordinary portland cement, 
was hydrated at 20°C with W/S = 0.3. 
Hardened paste was D-dried and total porosi
ty, capillary space, gel pore space and com
pressive strength which changed according to 
the curing time was determined. The result 
was shown in Fig. 15.

Time (days)

Fig. 15-Change in total porosity, capillary 
space and gel pore space of pozzo
lanic cement paste with age

Total porosity was determined with the method 
by Yudenfreund, Older and Brunauer (55) and 
the volume of capillary space which was 
corresponded to the pores above 75a radius 
was measured with mercury penetrating 
porosimeter. Gel pore space was calculated 
as the difference between total porosity and 
capillary space. Therefore, gel pore, men
tioned here, contains pores above 20a which 
is average distance of C-S-H particles.

Total porosity was increased according to the 
quantity of added pozzolana in the early and 
middle age. That phenomena is considered to 
be mainly according that the increase of 
added pozzolana causes less formation of 
hydrates. Though total porosity decreases 
with the curing time, it shows still higher 
value than that of portland cement at about 
180 days.

The volume of capillary space decreased re
markably with the curing time and the degree 
of decrease has characteristic tendency with 
the kinds of pozzolanas. This means that 
hydration products are liable to precipitate 



selectively on the surface of particles 
surrounding relatively large pores, and shows 
the process that larger pores are in turn 
filled with hydration products. Therefore 
the decrease of volume of capillary space is 
remarkable in the early age when reaction of 
cement hydration is active and large pores 
mainly exist. The decrease of volume of 
capillary space is small in pozzolanic cement 
made of Kanto loam or Tominaga masa-soil 
which has large amounts of soluble alumina. 
The reason for this is supposed that besides 
C-S-H, large crystals of calcium aluminate 
hydrates or/and gehlenite hydrates precipi
tate significantly, and form porous structure 
of hydration products. Though fly ash has 
large amounts of soluble alumina, the volume 
of capillary space is similar to natural 
pozzolanas which have small amounts of solu
ble alumina, because pozzolanic reaction of 
fly ash is rapid and large amounts of hydra
tion products are formed.

Gel pore increases with the curing time in 
the early stage, but turns to decrease be
tween 91 days and 180 days. The fact shows 
that along with filling capillary space by 
hydration products formed in the early and 
middle age, fine gel pores are newly formed 
in the filled capillary space and gel pore 
space bigins to decrease in the later age 
when the amounts of filling of gel pore with 
fine crystals, such as C-S-H, exceeds the 
volume of formed gel pore. Therefore, the 
ratio of the amounts of gel pore and total 
porosity, that is G/T, increases rapidly till 
91 days, then decreases after that.The change 
of gel pore ratio accompanied by the curing 
time is similar in the following couples, 
that is, Beppu white clay mixed pozzolanic 
cement and Higashi-Matsuyama Jtuff mixed poz
zolanic cement, Furue shirasu mixed pozzo
lanic cement and Takehara fly ash mixed fly 
ash cement, Tominaga masa-soil mixed pozzo
lanic cement and Kanto loam mixed pozzolanic 
cement.

4.2.2 The shape of gel pore

Adsorption-desorption isotherms with N2 gas
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Fig. 16 - Adsorption - desorption isotherms 
with N2 gas of hardened pozzolanic 
cement paste and hardened ordinary 
portland cement

of Beppu white clay mixed pozzolanic cement, 
Takehara fly ash mixed fly ash cement and 
ordinary portland cement paste are shown in 
Fig. 16.

In the pozzolanic cement, pronounced hysteri- 
sis of adsorption-desorption is observed with 
the curing time and the tendency that can 
easily adsorb but hardly desorb, is noticed. 
This result is cosidered to show that the 
proportion of fine pore or joore which has 
small opening to gel pore increases with the 
curing time and the order is in turn Beppu 
white clay mixed pozzolanic cement, Takehara 
fly ash mixed fly ash cement and ordinary 
portland cement.

Calculating.the ratio of height and radius 
of pore using the data of specific surface 
area determined by BET method and adsorption 
isotherms and assuming the shape of pore as 
cylinder (56) , in Beppu white clay mixed 
pozzolanic cement paste, the ratio is 4 at 3 
days and 11 at 91 days, in Takehara fly ash 
mixed fly ash cement paste, the ratio is 4 at 
3 days and 7 at 91 days and in portland 
cement paste, the ratio is 3 regardless of 
the curing time. That is, in the pozzolanic 
cement the shape of gel pore changes to be 
slender with the curing time.

4.2.3 Pore size distribution

The data of pore size distribution above 75Ä 
radius in pozzolanic cement by mercury pene
trating method is shown in Fig. 17.

Pore size distribution and change of pore 
size distribution with time is divided into •_ 
three groups. In Beppu white clay mixed 
pozzolanic cement and Higashi-Matsuyama tuff 
mixed pozzolanic cement, gore size distribu
tion has peaks at 125-375A and above 1,870a 
at 3 days. Though the peak at 125-375Ä de
creases and shifts to small radius with the 
curing time, the amounts of decrease of the 
pores above l,870Ä is small and a significant 
amount of pores remains even at 180 days.

Tominaga masa-soil mixed pozzolanic cement 
and Kanto loam mixed pozzolanic cement paste 
have higher peak at 125-375Ä at 3 days com
pared with above case and have a smaller 
amount of pores above 1,875a. Though the 
peak shifts to small radius, the amounts of 
decrease of peak height is small. The con
siderable amounts of pore about 100Ä exists 
even at 28 days.

In Furue shirasu mixed pozzolanic cement and 
Takehara fly ash mixed fly ash cement paste, 
pore size distribution is similar to that of 
Tominaga masa-soil mixed pozzolanic cement 
paste till 3 days, but after 7 days it 
changes like that of Beppu white clay mixed 
pozzolanic cement and Higashi-Matsuyama tuff 
mixed pozzolanic cement paste.

These pore size distributions of pozzolanic 
cement pastes are different from that of 
portland cement paste, therefore, it is 
supposed that the difference of the peak



Fig. 17 - Pore size distribution curve of hardened pozzolanic cement 
paste measured by mercury penetration

Fig. 18 - Gel pore size distribution curve of 
hardened pozzolanic cement measured 
by BET method using N2 gas

height of 125-375& and above 1,875X at 3 days 
is due to the amounts of produced hydrates 
and the pore size distribution of mixed 
pozzolana itself.

Pore size distribution of gel pore measured 
by gas adsorption of BET method is shown 
in Fig. 18.

Though the quantity of gel pore is different 
with the kinds of pozzolanic cement, that is 
0.195 cc/cc in Beppu white clay mixed pozzo
lanic cement paste, 0.201 cc/cc in Takehara 
fly ash mixed fly ash cement and 0.150 cc/cc 
in portland cement, in all the cases pore 
size distribution shifts to small radius 
with the curing time and the peak appeares 
at about 10Ä radius at 91 days.

4.3 The Strength of Pozzolanic Cement Paste 
and the Character of Pozzolana

There are many studies which have tried to 
connect the strength of pozzolanic cement 
with the character of pozzolana. •

Hanna and Afify (2) described that definite 
relation existed between 91 days mortar 
strength of.pozzolanic cement and the ratio 
of the quantity of soluble SIO2 + R2°3 
pozzolanic cement paste to the quantity of 
SiO2 + R2°3 i-n t116 starting materials except 
for diatomaceous earth and granulated slag.

Battaglino and Shippa (57) stated that there 
existed correlation between the strength of 
pozzolanic cement and the change with time 
of specific surface area and the quantity of 
adsorbed CaO by pozzolana, that is, As/At 
and Ac/At, till 3 days and that As/At had 
higher correlation with the strength, and 
concluded that pozzolana, which was rich in 
amorphous silica and glassy silica, was 
desirable.

Jambor (58) stated that there existed the 
relation expressed in equation of tertiary 
order between compressive strength of 
pozzolana-lime mixture and the volume of 
hydration products except for burnt kaoline 
which formed different hydration products, 
and porous silica gel.



Chatterjee and Lahiri (59) showed that, 
though mortar strength of pozzolana-Ca(OH)2 
mixture had correlation with the specific 
surface area of the same pozzolana, the cor
relation was varied by the kind of pozzolana.

Thorne and Watt (60) showed that the strength 
of 2.5:1::2 mortar of fly ash, CaO and sand 
had correlation with the specific surface 
area of fly ash till 91 days, and after 91 
days, with the content of SiO2 + AI2O3 in fly 
ash.

Joshi and Rosauer (61) reported that the 
strength of 2 : 1 paste of synthesized fly ash 
and Ca(OH>2 had correlation with the specific 
surface area of fly ash and that CaO in fly 
ash increased the strength but Fe2O-j de
creased the strength.

Spitanos, Voyatzakis and Melidis (62) stated 
that the mortar strength of fly ash cement 
mixed with 30% of classified fly ash had 
correlation with grain size of fly ash and 
the finer the grain size of fly ash, the 
higher the strength was.

Summing up the result of above mentioned 
previous studies, it is showed that the 
character of pozzolana such as chemical com
position, SiO2, AI2O3, Fe2O3, etc^ in pozzo
lana, the quantity of amorphous silica and 
glassy silica, and specific surface area,and 
the factor which have relations with the 
character of pozzolana such as the amount of 
formed hydration products, the quantity of 
CaO absorption in paste and the increment of 
specific surface area of paste, have some 
correlation with the strength. Those cor
relations, however, are mere results obtained 
under restricted condition as there exist not 
a few exceptions and the result is restricted 
to the case of the same pozzolana.

The fact clearly shows how difficult to con
nect the character of pozzolana with the ' 
strength of pozzolanic cement unequivocally 
and universally is. Therefore in the present 
study, the relation between character of 
pozzolana and the strength of pozzolanic 
cement should be connected by mediating other 
properties which have better-defined'relation 
with character of pozzolana such as pozzo
lanic reactivity or properties concerning 
with the pore of paste of which correlation 
with the strength have been clarified to 
some extent.

4.4 The Strength and the Pore of Pozzolanic 
Cement Paste

It is well known that there exists fair 
linear correlation between the strength of 
the material and the porosity, and it is 
confirmed that the strength of cement paste 
also has a similar relation with the 
porosity (63). '

Uchikawa and Tsukiyama (64) showed in the 
studies on the hydration of ultra rapid 
hardening cement that the slope of strength
porosity correlation curve changed by the 
size and shape of pores dependent on the size 

and morpholohy of crystals of hydration 
products and stated that in the early stage 
the strength remarkably developed but de
crease of the porosity was small with for
mation of the large amount of prismatic 
crystals of ettringite and in the later stage 
in spite of relatively small strength devel
opment, porosity decreased remarkably with 
the formation of C-S-H.

Crennan, El-Hemaly and Taylor (65) studied 
that the relation between porosity and coarse 
dense crystalline material using the strength 
as parameter and showed that the lower the 
porosity, the higher the strength of the 
same amount of coarse dense crystalline 
material, the porosity increased to a con
stant value and beyond that decreased with 
the increase of the amount of coarse dense 
crystalline material. Therefore, there 
exists the amount of coarse dense crystalline 
material which makes porosity maximum and 
that in general the strength is higher when 
the amount of coarse dense crystalline 
material large.

Uchikawa and Tsukiyama (66) analysed the 
relationship between the shape of pore and 
the degree of stress-concentration under the 
loading by finite element method and showed 
that the strength of cement paste was influ
enced by the shape of pore.

The relation between compressive strength of 
pozzolanic cement, made with Japanese natural 
pozzolanas and fly ash, and total porosity is 
shown in Fig. 19.

Fig. 19- Relation between total porosity 
and compressive strength of hard
ened pozzolanic cement paste

From the result of Fig. 19 and Fig. 15, it 
became clear that the strength of pozzolanic 
cement paste had good correlation with total 
porosity and it had particularly good cor
relation with capillary space in the early 
and middle age, and with gel pore space in 
the later age.

The value of developed strength, however, is 
different even if the value of porosity is 
the seme. For exeimple, in Beppu white clay 
mixed pozzolanic cement and Higashi-Matstyama 
tuff mixed pozzolanic cement, though the 
change of porosities with curing time are 
nearly the same, the early strength of the 



former is extensively higher and the latter 
attains to nearly same value at 180 days. 
In Furue shirasu mixed pozzolanic cement and 
Takehara fly ash mixed fly ash cement, though 
the change of porosities with curing time are 
approximately the same, the development of 
the strength of the former after 28 days is 
larger than the latter and the strength of 
the latter is higher till 91 days than the 
former.

The fact suggests that besides porosity, pore 
size distribution and the shape of pore have 
the effect on the strength.

As shown in Fig. 17 in the early age Higashi- 
Matsuyama tuff mixed pozzolanic cement has 
larger amounts of pores of which size is 
between 0.2*1,0.02 pe but on the contrary 
Beppu white clay mixed pozzolanic cement has 
larger amounts of pores of that size in the 
later age, therefore it can be understood 
that pore size distribution and strength have 
close relation. In Furue shirasu mixed 
pozzolanic cement and Takehara fly ash mixed 
fly ash cement, the difference in the strength 
of the two is considered to have closer re
lation to the difference of pore shape than 
pore size distribution.

The strength of Tominaga masa-soil mixed 
pozzolanic cement is low and that of Kanto 
loam mixed pozzolanic cement is the lowest, 
that difference of strengths is too large to 
explain only with porosity, pore size dis
tribution and the shape of pore.

That is, as other factors than above mention
ed, it is- supposed that the strength of non- 
porously coagulated hydration products 
participates.

Duckworth (67) showed that there existed 
following relation between the strength of a 
porous brittle polycrystalline body (S) and 
specimen porosity (P):

“bp 'S = Soe P -(3)

where So is calculated strength of a brittle 
nonporous polycrystalline body and b is cons
tant. The strength for pozzolanic cement and 
the data of total porosity is substituted in 
above equation and the value of calculated 

strength of a brittle nonporous polycrystal
line body (So), that is, the case of total 
porosity is zero and the constant (b) is 
obtained as Table V.

Considering from the equation for the calcu
lation of total porosity, zero total porosity 
means the case that there exists no water 
except for the combined crystalline water and 
the paste is constituted only with unhydrated 
cement particles, unreacted pozzolana parti
cles and nonporously coagulated hydration 
products, and So means the strength of the 
aggregation of those particles. If the 
strength of unhydrated particles is supposed 
to be higher than the hydration product, So 
is considered to be the value which reflect 
the strength of nonporously coagulated hy
dration products. The fact, that the value 
of So is high in Higashi-Matsuyama tuff mixed 
pozzolanic cement, Beppu white clay mixed 
pozzolanic cement and Furue shirasu mixed 
pozzolanic cement, and low in Kanto loam 
mixed pozzolanic cement, Tominaga masa-soil 
mixed pozzolanic cement and fly ash cement, 
is considered to show that So is related to 
the S/A ratio of acid soluble part of pozzo
lana and the strength of nonporously coagu
lated C-S-H is relatively higher compared 
with that of nonporously coagulated Ca-Al 
hydrate. The reason why So of the high 
siliceous pozzolanic cements are higher than 
that.of pure portland cement is the same as 
above mentioned.

Though the constant b is different with the 
kind of material, the kind of measured 
strength, the relation between the shape of 
pore and the direction of load and so on, for 
compressive strength, it is said that in the 
case of idealized cubic closest packing of 
sphere, b = 6 and in the case of hexagonal 
closest packing, b = 9 (68) and large b value 
means the increase of contact points of 
mutual particles, that is the increase of the 
contact surface. The b value was about 11 in 
most of natural pozzolana mixed cements and 
was lower value in fly ash cement. These 
differences in b value are not clear at 
present.

4.5 The Evaluation of Pozzolana

It is considered that there exists following

Table V. So and b calculated from the strength and total 
porosity of paste using the equation (3).

Cement W/S So (N/mm2) b

Portland cement 0.30 421 7.0
Portland cement 0.40 657 7.6

F-PC 0.30 1088 10.6
G-PC 0.30 1421 11.9
R-PC 0.30 941 10.7
V-PC 0.30 1303 11.2
M-PC 0.30 304 6.3
T-PC 0.30 559 7.6



Table VI. Weighting constant (w) and correlation coefficient (r) in equation (4)

System
Curing 
temperature 

(°C)
Age 

(day)

C = wo + w^fi + W2f2 + + w4^4
r

wo wi W2 w3 w4

7 -0.62 0.159 0.268 0.601 0.070 0.99

Pozzolana-Ca(OH)2 20 28 16.68 0.020 0.021 0.418 0.060 0.89

(W/S=0.56, 0.46) 91 21.5 0.064 0.100 0.589 0.106 0.98

40 7 -7.41 0.267 0.225 0.845 0.226 0.99
60 7 2.80 0.217 0.127 1.03 0.274 0.99

Pozzolana-Cement 20 91 -2.69 0.030 0.057 0.219 0.086 0.99
(W/S = 0.30.) 180 -2.44 0.066 0.264 0.264 0.086 0.99

amount of Ca(0H)2 reacted (g/100g pozzolana) 
amount of glass (wt%) 
amount of acid soluble part (wt%) 
S/A in acid soluble part 
specific surface area (m2/g) 
correlation coefficient -

unequivocal proportional relationship between 
the characters, such as chemical composition, 
the kind and the quantity of glass, the kind 
and the quantity of mineral, specific surface 
area and so on, and pozzolanic reactivity 
represented by reacted Ca(0H)2-

C = wifi - (4)

where C is the quantity of reacted Ca(0H>2, 
f is the factor of character and w is weight
ing constant. Satisfactory linear relation
ship between the quantity of reacted Ca(0H>2 
and the character of pozzolana was obtained 
in the case mentioned 3.1. The weighting 
constant of each factor and correlation 
coefficient are shown in Table "VI.

Since in the calculation not all the charac
ters of pozzolana are used, the value of r 
is considered to approach to 1, when the new 
factors of characters obtained by advanced 
characterization are added to the calculation.

On the other hand the correlations between 
the quantity of reacted Ca(0H)2 and the 
strength, are low in general as shown in 
Fig. 20 except for a few cases.

The correlations between pozzolanicity by 
ISO method for five kinds of Japanese pozzo- 
lanas and one kind of fly ash and the 
strength are also low in general as shown in' 
Fig. 21 except for a few cases.

Therefore, to evaluate the quality of pozzo
lana by measuring the.pozzolanic reactivity 
is not appropriate and it is considered that 
pozzolana should be evaluated with direct 
measurement of the most important properties 
in many pozzolanic properties and if the 
strength is assumed to be representative 
property, evaluation should be done by 
strength test itself although there are some 
inconveniences that it takes long time to 
obtain the result of evaluation (69).

Fig. 20- Relation between reacted Ca(OH)2 
and compressive strength of 
hardened paste in the system 
pozzolana-Ca(OH)2

Total alkalinity (m mot 0H”/l)

Fig. 21 - Pozzolanicity test for pozzolanic 
cement (P/C=20/80) by ISO



5. CONCLUSION

On the hydration of pozzolanic cement, fol
lowing results were clarified referring the 
previous studies mainly after Moscow 
Congress and by the authors1 investigation.

(1) Though the character of pozzolana has 
correlation with the quantity of reacted 
Ca(OH>2» that is, pozzolanic reactivity, the 
correlation between the character of pozzo
lana and strength of pozzolanic cement is 
low. The correlation between pozzolanic 
reactivity and the strength of pozzolanic 
cement paste is also low.
Therefore, the quality of natural or artifi
cial pozzolana for pozzolanic cement should 
be evaluated by strength test, not by reac
tivity test.

(2) The new analytical methods and sample 
preparation techniques such as ESCA,ÄEM,ICP, 
TMS and ion thining etc. are giving great 
progress to cement chemistry, but their ap
plication to pozzolanic cement are poor at 
present. They will bring us more extensive 
information of cement chemistry in near 
future.

(3) The decrease of CatOHjj in the early 
stage is not due to pozzolanic reaction but 
to other elemental processes such as adsorp
tion. With the consideration of the kinetics 
of pozzolanic reaction from the both sides, 
the quantity of reacted Ca(OH)2 and reacted 
pozzolana, it could be seen that pozzolanic 
reaction is diffusion-controlled dissolution 
reaction which rate determining step is the 
dissolution of unhydrates and the precipita
tion of hydration products in the early 
stage, and the diffusion of ions or ion 
radicals through amorphous surface layer of 
pozzolana and precipitated hydrates layer on 
the surface of pozzolana in later stage.

' (4) Though the hydration products in pozzo- 
lana-Ca(0H)2 system are slightly different 
according to the kind of pozzolana, condition 
of hydration and so on. Those were either 
combination of C-S-H, CgA^CaCOg•Hi2-C4ÄH^3 
solid solution, C2ASHg and hydrogarnet.

(5) In the hydration of pozzolana-CgS sys
. tem, addition of pozzolanas accelerate the 

hydration of C3S. Acceleration of hydration 
after induction period is due to the stimu
lation of C3S dissolution by the adsorption 
of Caa+ in the liquid with pozzolana and due 
to the increase of surface by the addition of 
pozzolana which is preferable to the precipi
tation of C-S-H. C-S-H precipitated after 
induction period has a higher Ca/Si ratio 
than 1.5, when sufficient amount of Ca(0H)2 
exists. C-S-H and Ca-Al hydrate are general
ly formed by the pozzolanic reaction between 
Ca(0H>2 and pozzolana after one day but the 
physical properties, for example mechanical 
strength, develops in later age. Aluminate 
hydrates are generally formed later and their 
period of formation depends on the characters 
of pozzolanas, that is aluminum content and 
their solubility^

(6) In the hydration of pozzolana-CgA system 
under the existence of Ca(0H)2 and CaS04* 
2H2O, hydration of C3A is accelerated by the 
addition of pozzolana. The degree of accel
eration is larger in pozzolana with larger 
specific surface area and higher CEC value. 
The reason why hydration of C3A is accelera
ted, is the stimulation of C3A dissolution 
by the adsorption of Ca2+ in the liquid with 
pozzolana and the precipitation of ettringite 
on the surface of pozzolana grain. When 
pozzolana which contains much alkali are 
used, CgAHg are formed earlier, the reason
is considered to be the decrease of the 
stability of hexagonal hydrates under the 
existence of alkalies.

(7) The hydration in the pozzolana-CgS 
system and pozzolana-CgA system under the 
existence of Ca(OH)2 and CaSO4’2H2O, proceeds 
through the processes, that is, alkali dis
solution from the surface of pozzolana grain, 
formation of negatively charged amorphous 
layer rich in Si, Al, collision of Ca2+ in 
the solution with pozzolana grain, swelling 
of the amorphous layer on the surface of 
pozzolana grain by osmotic pressure, destruc
tion of film and so on. In the pozzolanic 
reaction, alkali in pozzolana plays an im
portant role and has an influence on the 
state of precipitation of hydration products.

(8) Total porosity of pozzolanic cement 
paste is larger than that of portland cement 
paste in the early age. Capillary space de
creases with the curing time, but gel pore 
space defined as below 75Ä in radius in
creases till definite age, then turns to 
decrease. Pore size distribution shifts to 
small diameter with the curing time. Those 
change has the characteristics according to 
the kind- of pozzolana. Though the shape of 
gel pore comes to be slender with curing age 
in pozzolanic cement paste and fly ash cement 
paste, there is almost no change with age in 
portland cement paste.

(9) The strength of pozzolanic cement paste 
has good correlation with total porosity in 
the same pozzolanic cement, especially with 
capillary space. When the kind of pozzolana 
is different, however, developed strength is 
different even if total porosity is the same. 
The strength is influenced by pore size 
distribution and the shape of pore besides 
total porosity. The factor which has in
fluences on the strength besides above 
mentioned, is the strength of assumed non- 
porously coagulated hydrates and it was 
suggested that the strength of nonporously 
coagulated C-S-H is higher than that of non
porously coagulated Ca-Al hydrate.
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SUMMARY

World wide use of many different types of alumi
nous cement continues to increase and with it the ■ 
interest in the chemistry of calcium aluminates. The 
type of cement most frequently encountered is still 
that made by fusion of natural bauxite and limestone 
and containing approximately Uo $ alumina. Generally 
known as cement Fondu, this was the first to be pro
duced industrially, the original patent dating from 
1908, and is the main subject of this, and previous 
reviews. High alumina cements containing up to 80 $ 
alumina, used almost exclusively for refractory 
applications (to approximately l800°C) are made by 
both fusion and sintering processes, but the overall 
pattern of manufacture has not changed appreciably , 
during the period in question (197^ - 1979)- Publi
cations concerning these special cements are 
mentioned only in-so-far as they contribute to gene
ral understanding of the chemistry of the alkaline- 
earth aluminates.

Hie principal hydraulic constituents of the alu
minous cements, CA, CAg are generally, but
not exclusively reported to melt'incongruently : in 
particular the melting point of CipAy appears to be 
affected by oxygen partial pressure or.water vapour. 
Iron oxide, in the lower purity cements, is soluble 
in all the calcium aluminates to a significant 
degree, and can replace up to 50 % of the alumina 
in gehlenite, which occurs in silica containing 
alnmimt» cements. Further studies of pleochroite 
now prove that it requires a fairly high ratio of 
ferrous to ferric ion for its formation as a stable 
phase. The iron oxide content of Uo alumina cement 
is however greater than can be accommodated in the 
above manner, so that calcium aluznino-ferrites of . 
the CgA - CgF solid solution series, and even free ' 
wustite, appear in the crystallised product. ,

The reactivity of the calcium aluminates with 
water increases with the C/A ratio, but the predomi
nance of CA in aluminous cements makes this the most 
important hydraulic constituent. Pleochroite is lar
gely inert in comparison, but the alumino-ferrite 
solid solutions display significant reactivity. 
Gehlenite is inert, however stratlingite does appear 
as a hydration product of the lower purity cements, 
due to the interaction of mono-calcium aluminate 
hydrate and calcium silicate hydrate formed from 
the small quantities of ß-C^ found in these cements. 
CAH-|q is the principal hydrate formed from CA at 
temperature of 20°C or less, CgAHg predominates at 
temperatures around 30°C, and both 'convert* increa
singly rapidly to C3AH5 as temperatures are further 
increased. Stochiometry is maintained by the forma
tion of AH3 and free water. The free water released 
by conversion (or by carbonation) is taken up by 
further hydration of residual cement in mixes made at 
or below the critical water/cement ratio, so that 
changes in porosity are minimised. The hydration 
of CltAF leads to the formation of Cl, (A,F)Hi3 at 
room temperature, and to C3(A,F)Hg later or at higher 
temperatures.

The Cap Al(OH)g+ cationic layers in the C>tAHn 
structure are separately by aqueous anionic inter
layers in which many mono-and-di-valent anions can be 
substituted from solution, Al(0H)l, being a special 
case which shows CpAHQ as a .solid solution product 
of ChAHij. Substitution of certain anions in the

CpAHg interlayers confers a degree of stability to 
the structure, and reduces the rate at which conver
sion to CgAHg occurs.

Hydration of CA in the presence of carbonate leads 
to the formation of mono-carbo aluminate and a lower 
rate of conversion of the hexagonal aluminates to 
the cubic form. The ultimate products of carbonation 
are calcite and gibbsite. The reaction of atmosphe
ric COp with hardened cement, and that of solutions 
of sulphates to produce ettringite and chlorides to 
produce mono-chloro aluminates, is a very slow sur
face phenomenon at low water/cement ratios, and does 
not adversely affect strength. Chemical attack is 
thus associated with permeable high water/cement 
ratio mixes which are in any case to be proscribed 
for reasons of strength alone.

It has been shown that precipitation of calcium 
aluminate hydrates from solutions in contact with 
CA or aluminous cement does not occur through hete
rogeneous nucleation by the anhydrous grains. Never
theless, the nature of the hydrate which crystalli
ses is influenced by the C/A ratio of the solution 
and, as hydration proceeds, apparently by the nature 
of the hydrate initially precipitated. Another new 
result is that the hydration of amorphous CAHn 
(10 > n > 1.5) does not lead to cementitious bonding 
although the hydrate formed, CAH10 is chemically the 
same as that produced from CA. Iforphology is thus 
also a critical factor in strength development.

A high proportion of publications continues to 
deal with the effects of conversion on long term 
behaviour. Some authors appear to maintain support 
for the view that the initial extremely high 
strength of aluminous cements due to CAH-jq can be 
exploited in permanent structures provided precau
tions are taken to prevent conversion, while others 
still regard conversion as an inevitable cause of 
vulnerability. Yet there is virtually universal 
recognition of the importance of temperature and 
water/cement ratio on the durability of aluminous 
cement concrete, although failure to distinguish bet
ween free and total water/cement ratio causes confu
sion in some cases. The most important publica
tions relating long term strength and conversion 
however, clearly show that aluminous cements will 
convert relatively rapidly (a few months or years) 
under nearly all service conditions, so that the 
rapid hardening properties should be used only by 
designing to the converted strength of low water/ 
cement ratio mixes. Much work on measuring conver
sion by derivatographic methods has appeared. 
Although this is a valuable technique under strict 
control, its wide adoption as a quick method of 
assessing concrete quality in the field is far from 
reliable, to use degree of conversion as function of 
eye to infer water/cement ratio is to rely on an ef
fect which is difficult to quantify even in the labo
ratory, and to ignore the overriding effect of 
temperature. Thus heating, deliberate or not, will 
cause rapid conversion whether a low or a high water/ 
cement ratio has been employed.

Some alternative approaches to 
quality assessment are mentioned and data is given 
to show that the porosity of converted aluminous 
cement concrete- is not greater than that of Portland 
cement concrete of the same water/cement ratio. In 
relating conversion to mechanical properties several 
recent publications provide further information on



the modulus of elasticity and creep of aluminous 
cement concrete. ,

1. COMPOSITIOU

1.1. Manufacture

Since the original French patent of 1908, a 
variety of methods have been reported for the manu
facture of aluminous cements involving sintering, 
fusion under oxidizing conditions, reductive fusion 
in the Blast Furnace or by cupola, and melting in 
electric furnaces, (1). However, over the last 5 
years, no major changes are apparent in the pattern 
or methods of manufacture of aluminous cements, 
although the increasing preoccupation with the use 
of waste products as raw materials is to be noted.

The literature concerning manufacture which has 
appeared since 1971*, frequently in the form of 
patents, has been concerned mainly with the produc
tion of high alumina cements containing 70 $ or more 
aluminium oxide, and it is not appropriate to discuss 
this extensively in the present paper : brief mention 
only will be made of some of the publications in this 
area.

Sintering is difficult to control when raw mate
rials containing appreciable quantities of iron oxide 
are used. For this reason the preferred process is 
still fusion for the manufacture of the most widely 
encountered type of aluminous cement, the raw mate
rials being red bauxite and limestone ; hence the 
origin of the name ciment Fondu'for this product. To 
the author's knowledge, and contrary to an earlier 
report, (2), fusion in electric furnaces has not 
been used for many years for the manufacture of this 
type of cement containing approximately 38 % CaO, 
39 ? AlgO-j, 16 % iron oxide and t % silica.

A laboratory study of the use of ferrous sulpha
te as a mineraliser for the sintering of lime or 
limestone and alumina has been reported by TEOREANU 
and co-workers (3) and the same research institute 
has also described (h), the properties of sintered 
mixtures of alumina and combinations of magnesium, 
calcium and barium carbonates. The mixtures were 
chosen to give either 20 % or 50 1 magnesia spinel 
in the fired material. From the study of the porosi
ties of the clinkers produced it was found that compo
sitions in the partial system BA-BAg-BC^Al) sintered 
without formation of a liquid phase and thus gave, 
clinkers of higher refractoriness, although harder to 
grind to cement fineness.

" DROZDZ and WOLEK, (5) have extended earlier . 
studies of barium aluminate cements prepared by sin
tering. The principal mineralogical phase formed is 
BA which has considerable hydraulicity - a heat of 
hydration between 200 and 300 cal/g, — twice that of 
commercial aluminous cements, is reported. In prepa
ring refractory concretes from such cements, if more 
than the minimum amount of gauging water needed to 
form barium aluminate hydrates is used, alumina hydra
te and barium hydroxide are formed, or barium carbona
te in the presence of atmoshperique COg. Contrary to 
calcium aluminates, the carbonation of barium alumina
te cements does not improve strength. The rapid set
ting characteristics of barium aluminate can be retar
ded by citrates and borates, for example but apparen
tly not by halide salts, phosphates or sugar. Despite 
its high refractoriness barium aluminate cement does 

not appear to have yet achieved any industrial success.

KRAVCHENKO et al (6) have investigated the manu
facture by sintering of high alumina cements (alumi
na contents, 70 to 80 %) using various metallurgical 
slags. The use of alumina rich slags containing only 
small quantities of silica minimises the amount of 
gehlenite, CgAS formed thus increasing the CA con
tent of the final clinker and hence its cementitious 
behaviour.

KONDRASHENKO (7) discusses the preparation of a 
cement composed primarily of CAg. This is produced 
by melting, either as a slag during the production of 
ferro-titanium or ferro-chrome by alumino-thermic 
reduction or by remelting of such slags in an elec
tric furnace, with suitable additons of alumina and 
lime. The product contains 70 to So % alumina with 
CAg as the principal phase, and is thus intrinsical
ly more refractory than cements based on CA. However 
its rate of hydration and hence bonding efficiency, 
is much less than that of the mono-calcium aluminate 
cements since the hydraulic activity of the calcium 
aluminates increases with the lime/alumina ratio.

Another publication, (8) also discusses the 
manufacture of aluminous cements from metallurgical 
slags produced in the smelting of aluminium. One of 
the difficulties normally associated with using such 
slags (60 -90 h AI2O3 content) is due to the presen
ce of AIN or AlhCß, which evolve ammonia or hydro
carbon gases in contact with water. By sintering such 
slags with a complement of lime in the presence of 
manganese carbonate or oxide, these impurities are 
removed.

Alternatively the slags can be remelted in an 
electric furnace and ferro-manganese or ferro-silicon 
added together with the necessary lime. This study 
was not restricted to high purity cements, the range 
of compositions produced being CaO 20 - 35 
AI2O3 Uo - 65 %, SiOp 2 - 10 %, together.with small 
amounts of Fe20g, MgO and other impurities. Setting 
times in the range Uo to 150 minutes are reported, 
with reasonable subsequent strength development.

1.2. Mineralogy

The calcium aluminates, C12A7, CA and CA2 
encountered in industrial aluminous cements as well 
as the calcium alumino-ferrites, were reviewed by 
ROBSON (9) at the 197** International Symposium on 
the Chemistry of Cements (Moscow). All the calcium 
aluminates can take up appreciable quantities of 
ferric oxide in solid solution, the remaining iron 
appearing as calcium alumino-ferrites. Ferrous oxide 
can appear as wustite and may also be combined in 
pleochroite.

The alumino-ferrites are solid solutions between 
the end members, CpA - CpF. The general formula 
Cl^AF is thus frequently given. However, in aluminous 
cements of the Fondu type, the composition is most 
often on the iron rich side of the solid solution 
range, represented by the formula, CiqAFIj, (9).

conditions, CA and CAp are »U- 
reported to melt incongruently. CipAy however, takes 
up moisture at high temperatures and melts at 1390°C 
so that in air, for example, it appears to melt 
congruently. In' a paper (10) which examines the 



formation of CA from CgA and a-Aj^Og, C-i^Aj is repor
ted as an intermediate product :
CjA + 3A a-A1203 * 1A Ci2A7

lA C12A7 + 5 A a-Al^)3 ■* 3CA

The rate of formation of CA was accelerated in 
the presence of water vapour.

However, in another paper UDALOV, CHEMEKOVA and 
APPEB, (11) working on pure materials, state that 
water vapour does not affect the melting of calcium 
ni imri nn+.r-s and that C12A7 melts congruently in oxidi
sing atmospheres. CjA3, which decomposes above 820°C 
to C-12^7 ahd CA under oxidising conditions, is stable 
under reducing conditions and also melts congruently. 
Congruent melting of CA and CAp is also claimed.

, PETZOLD and RIEDEL (12) discuss the phase compo
sitions of aluminous cements made by reductive fusion 
of bauxite and limestone with coke, in electric arc 
furnaces. An optimum coke utilisation produced low 
iron (OA to 0.6 %) cement, without appreciable 
formation of calcium carbide, suitable for high 
temperature applications. Under the conditions used, 
the silica content of the raw materials appeared as 
B-CpS in the products, which on cooling transformed 
spontaneously to 7-028 below 600°C, with disintegra
tion due to the associated volume increase. The CgS 
could be stabilised in the B-form by the addition 
of boric oxide or vanadium oxide. Many other mate
rials are known to have the same effect. In relating 
the strength development of the cements to their 
mineralogy, these authors assimilate HO2 with SiOg. 
The best results are reported for compositions which 
when SiOg + TiOg is considered as SiOg, lie on the 
line CA-CgS of the C-A-S diagram. This is consistent 
with earlier observations where SiOg is considered 
alone (13) for which the maximum utilisation of 
alumina to form CA is obtained for compositions close 
to the line CA - CgS.CgAS.CA.

GLASSER and SORRENTIBO, (11t), (15) have considera
bly extended the study of the phase diagram corres
ponding to aluminous cements of the Fondu type, 
(— Uo % alumina).

The lime-alumina-silica-iron oxide system of 
aluminous cements, under oxidising conditions (pOg 
=0.2 atmos - free air) has a ratio of ferrous oxide 
to-, total iron oxide which does not exceed 1.5. In 
this system, pleochroite is not formed on solidifica
tion. The same observation applies to the study of 
the subsolidus at these levels of oxidation. It 
follows, that since the pleochroite phase is occasio— 
naly encountered in practice, its existence as a 
stable phase requires the higher ferrous to ferric 
oxide ratios found in aluminous cements, (12). This 
is directly confirmed by a further publication, (16). 
At the same time these studies demonstrate that the 
Si02 concentration at which large quantities of 
gehlenite ^re formed, is lower than in the lime- 
alumina-silica diagram alone. This is important in 
explaining the upper limit to the SiOg level in these 
types of cement, beyond which a significant propor
tion of the alumina is used in forming CgAS at the 
expense of CA, thus seriously reducing hydraulic 
activity.

In practice this limit is found at about 6 % 
SiOg, whereas it would not be expected from the C-A-S 
diagram alone until the CA/CgAS boundary is reached 

at — 10 ?. Thus pleochroite formation has been, in 
the past, considered as the factor responsible. The 
recent studies show that in the presence of iron 
oxide, the CA/CgAS boundary moves to lower silica 
concentrations and indeed, to about the 6 $ level 
under practical conditions.

Several researchers have made further studies 
of pleochroite. A phase of composition 22CaO. 
ISAlgO^.SMgO.SiOg found (17) in the Ca0-Alg03-Mg0- 
SiOg system is considered equivalent to pleochroite 
if MgO is replaced by FeO and some A1203 by FegO3. 
Using electron microprobe analysis three possible 
compositions for synthetic pleochroite are proposed, 
(16) : 22Ca0.13Alg03.3FeOAsi02, 23CaO.ISAlgOj. 
3Fe.3.5SiOg, 23CaO.13(A12O3.FegO3) SFeO.bSiOg.

Finally, from the analysis of this phase in 
industrial aluminous cement clinkers, a general 
formula is suggested, (18) of the type : 
(Ca.Na.K.Fe11^ (FeIHAl)B (AlgO7)8 (AlO^lg-x 
(SiTiOlflx, where A and B take on various values to 
maintain ionic balance. Typical values are given as 
A = 26, and B = 13 but wide variations were obser
ved : A = 31, B = 10 to A = 20, B = 17.

1.3. Siliceous aluminate cements

Some studies of aluminous cement compositions 
with high silica contents are reported by OHTA and 
AKIYAMA, (19), In general, cements containing 10 
to 16 $ SiOg showed the presence of C3A, C^gAj and 
CA. Those with more than 16 % SiOg contained large 
quantities of CgS and CgAS, and exhibited much less 
hydraulic activity. All the compositions studied 
contained little or no iron oxide. The behaviour 
of mixtures of some of these cements with a CA/CAg 
cement of composition 33 < CaO, 60 ’fc Al203, 
3 ? SiOg and Ü % Feg03 is also described. The 1,7 
and 28 days strengths of the high silica cements 
alone were much lower than for the CA/CAg cement, 
but when added (20 X) to the latter, strengths were 
higher than those of the CA/CAg cement itself. The 
improvement was greatest with siliceous cements 
having the highest C/A ratio but it is to be noted 
that the addition of pure SiOg was also beneficial :

Table I : Summary of results from reference (19)

R* = Ratio of 1 
of CA/CAg 
strength ol

day strength of 80 : 20 mixtures 
md siliceous cements to the 1 day 
CA/CAg cement alone.

R* 1 1.2 1.27 1.5 1.9 2.3
SiOg content of 
siliceous 
cement

20X 20£ 16% 100)8 16% 16%

C/A ratio of 
siliceous 
cement

1.35 1.85 1 - 1.3 1.33

Reported mine
ralogical com
positions of 
siliceous 
cement

CA

CgAS

CgS

CA

C12A7

CgS

CA 

CgAS 

CgS

pure 
silica

CA

CgAS 
c2‘s

CA

C12A7 

CgS

R 0 0.61» 0.56 0 0 1
R = Ratio of 1 day strength of siliceous cement to 

the 1 day strength of CA/CAg cement.



Mixtures containing more than 20 58 of the sili
ceous cements showed progressively poorer performan
ces except in the case of the highest C/A ratios. The 
above results are somewhat difficult to explain 
except perhaps an increase in the strength at ages 
less than 1 day which occured with the cement having 
a C/A ratio of 1.85 but not with that having a C/A 
ratio of 1.35 - accelerating effect of C12A7 ?

ZAKHAROV (20) has described the preparation of 
an alumina-belite cement with a chemical composition 
intermediate between that of aluminous cement and 
ordinary Portland cement. The raw materials, lime
stone and alumina rich clays, with a small quantity 
of gypsum as a mineraliser, are sintered at a rela
tively low temperature and then quenched. By this 
means (arresting the reaction before equilibrium 
is reached) a clinker is produced containing princi
pally ß-CpS and CA and avoiding the formation of the 
inert phase, CgAS. ß-CgS contents of 60 $ can be 
obtained but the CA content is quite' low. Most of 
the iron oxide in the raw materials appears to be in 
solid solution in the silicate and aluminate phases, 
while the gypsum is combined in the form of C4A3S.

This cement is further examined in another 
publication (21) under the title 'Porsal' cement. 
The clinker produced, also on a laboratory scale, 
contained approximately 60 % g-CgS, 15 % C4A3S, 9 $ 
CigAf an|i about 6 to 7 1 CA. Sintering was at 
approximately 1300°C for 20 minutes after which the 
product was air quenched.

As may be expected from its mineralogical compo
sition this type of cement displays hydration kine
tics more typical of Portland than aluminous cements. 
Thus a standard mortar made with Porsal cement at 
a water/cement ratio just below.0.5 attained lU MPa . 
in compression after 3 days normal curing, and 26.5 
MPa after 28 days. So although this material contains 
nearly 20 % alumina, considerably more than is 
encountered in Portland cement, its chemical and 
physical characteristics are not those of the alumi
nous cement class.

SORRENTINO, (22) describes the preparation of 
a ß-CgS - Cj^y.CaX cement by sintering at approxima
tely 900°C in the presence of water vapour and mine- 
ralisers such as fluorides, chlorides or bromides.— 
This approach differs from that of ZAKHAROV in that - 
equilibrium is established during the heating pro
cess. The presence of substantial quantities of the 
CiiAy.CaX phase leads to very rapid setting and con
siderable amounts of gypsum are added to provide 
workable properties. Early strength development 
intermediate between that of Portland and aluminous 
cements is reported, but the system appears somewhat 
difficult to control.

2. HYDRATION

The general chemistry of aluminous cements has 
been extensively reviewed in past publications ; eg. 
ROBSON, 1962 (1), LEA, 1970 (23), TALABER, 1971» (2), 
- and the papers on this subject which have appeared 
from 197** onwards, while extending previous knowledge 
substantially confirm many of the views previously 
presented.

It should be remembered that aluminous cements of 
the most generally encountered type (Fondu type), 
although containing mono-calcium aluminate as the 
principle phase, do not contain more than 50 % of 
this compound. Thus in understanding the hydration 
and other characteristics of this type of material, 
it is important to take due account of the several 
other hydraulic constituents present : C12A7, CgS, 
CjjAF. Recent studies have not ignored this fact, 
but more work, particularly on the iron containing 
phases, is undoubtedly desirable.

2.1. Calcium aluminates

BARRET and co-workers (21f) (25), have investi
gated the processes occuring during the initial 
period of contact of calcium aluminates with water - 
ie the period up to the time of initial set. Pure CA 
and an aluminous cement (Fondu) were studied.

In a first series of experiments curves of the 
Wells type are compared with the behaviour of fil
trates (B curves) obtained after the first 5 to 10 
minutes of contact (21°C with agitation) which leads 
to the maximum solution concentrations of lime and 
alumina. When the solids are placed in contact with 
distilled, COg free water, the W curves (heteroge
neous system - excess solid present) and the B curves 
(homogeneous system - solids removed by filtering) 
for pure CA, both exhibit a dormant period which is 
characterised by stability in solution concentrations 
of lime and alumina. By contrast, using cement, while 
the B curve shows a dormant period the W curves do 
not. This suggests that pure CA grains present du
ring the determination of the W curves are not provi
ding nucleation surfaces for hydrate formation, 
whereas a nucleation mechanism may occur when cement 
is used instead of synthetic CA. However, when the 
cement is shaken with a saturated filtrate obtained 
from CA and water or cement and water, both W and B 
curves show a dormant period. The lack of a dormant 
period in the cement-pure water system cannot there
fore be attributed to heterogeneous nucleation by 
the cement grains.

In a second series of experiments, aluminous 
cement is pretreated with water for various periods 
(up to half an hour) before being placed in contact 
with a saturated filtrate. Hie longer the period of 
pretreatment the shorter the subsequent dormant 
period observed in the Wells curve. It is also obser
ved that the length of the dormant period for fresh 
aluminous cement (not previously treated with water) 
in contact with filtrates, decreases as the degree 
of undersaturation of the filtrate increases. This 
clearly points to the initial dissolution of the 
cement as the critical factor which triggers bulk 
hydrate precipitation. ■

These results represent an important step for
ward in the understanding of the behaviour of calcium 
aluminates on first contact with water.

Another publication (26) (27), relates the ini
tial dissolution of calcium aluminates to the pH of 
the solution phase. The process is seen to be diffu
sion controlled both from the kinetics of concentra
tion change and the acceleration induced by agita
tion. Like that of BARRET, this work also used high 
liquid/solid ratios but also mono-crystals as a means 
of slowing the process down to more readily measura-



ble rates. Both CA and CigAy were studied. The pH of 
11.5 developed is attributed to hydrolysis of alumi
nate ions formed from the dissociation of dissolved 
calcium aluminate : .
Ca0.A1203 t Ca2+ + 2AIO2" ’

2A102- + to20 ■* 2A1(OH)1.-

2A1(OH)V ■* 2A1(OH)3 + 20H-

In agreement with this, the solution concentra
tion of aluminate increases with pH and achieves the 
same values for the CA-water system as is found in 
the alumina gel-water system. Also, artificially 
increasing the pH of the solvent phase reduces the 
rate at which calcium aluminate dissolves.

The lime/alumina ratio in solution was 1.1 to 
1.2 irrespective of the nature of the starting alu
minate and these results agree well with the papers 
previously described, where pure CA and aluminous 
cement each gave values at saturation in the same 
range. However it may be noted that the initial C/A 
ratio of solutions in contact with Fondu type cement 
is slightly higher than that obtained with pure CA.

The dissolution of C12A7 is extremely rapid, 
more so than that of CA or CAg (indeed the rate of 
solution increases with the lime/alumina ratio of 
calcium aluminates). Thus, without prejudice to the 
mechanism of hydrate formation suggested by BARRET 
(2^/ (25), the shorter dormant period for aluminous 
cement (containing some Ci2A7) compared with that of 
pure CA, in the B curves shown in his publications, 
may be due, at least in part to this effect. Consis
tent with the above idea, is the known acceleration 
of the setting time of calcium aluminate cements 
when C12A7 is present, as reported anew by SMITH, 
(28).

Reference (26). also reports that CgAHg is the 
hydrate first precipitated when CA is put in contact 
with water at 25°C (or Cl^AHig if nucleation is slow 
compared to the rate of solution of the anhydrous 
material), thus the CA is never in equilibrium with 
its own solution.

BERGER and PUSHBYAKOVA (29) studied the solubi
lity of C3AH6 in solutions of alkali metal hydroxi
des j Solubility increased with the concentration of 
alkalis (and hence pH) with Li proceeding Na, pre- 
ceeding K, in order of activity. The effect of adding 
calcium hydroxide was to reduce the solubility. Solu
tion concentrations of dissolved C3AH5 reached a 
maximum value and then fell to a quasi-equilibrium 
level in which the solution coexisted with a solid 
phase in which some Ci|AHi3 was apparent by DTA analy
sis, and in proportions which increased with the 
concentration of hydroxide employed.

COSTA, MASSAZZA and TESTOLIN (30) describe the 
hydration of CipAj and CuAj.CaFg. Although this 
study was directed towards the behaviour of Portland 
cements, the results are of interest for aluminous 
cements which frequently contain small percentages 
of C12A7. Calorimetric and X-ray diffraction experi
ments showed a dissolution, nucleation and bulk 
precipitation process qualitatively simil ar to that 
reported by other workers for CA and for aluminous 
cements. At 20°C the initial hydrate formed was 
CgAHg from C12A7 and CjAHg from the fluoro-aluminate. 
Hiis correlated well with a higher lime/alumina ratio

developed initially in the solutions of the latter 
material. At later stages (3 days or more) CgAHg 
also formed from solutions in contact with C12A7. 
Small quantities of CAH10 were apparently formed, 
which could be explained on the basis of stochiome- 
tric differences between the composition of the 
anhydrous starting materials (C/A = 1.7) and that 
of the hydration products (C/A = 2 or 3). However, 
the conconmittant formation of alumina gel (undetec
table by X-ray diffraction)is an alternative mecha
nism. '

2.2. Calcium alumino-ferrite

Aluminous cements of the Fondu type contain 
appreciable quantities of calcium alumino-ferrite. 
Although the contribution of these ferrites to the 
hydration of aluminous cement is generally eclipsed 
by that of the more active mono-calcium aluminate, 
they should not be regarded as an inert constituent.

A detailed study of the hydration of C^AF is 
reported by RAMACHANDRAN and BEAUDOIN, (32). Neat , 
pastes at water/cement ratios of 0.3 to 1,0, and. 
pressed discs with water/cement ratios of 0.08 and 
0.13 were studied by thermogravimetry and X-ray 
techniques to identify the products of hydration. 
The accompanying changes in porosity, micro-hardness, 
hydrate morphology, surface area and specimen dimen
sions were also measured over periods up to U5 days. 
Hydration temperatures were 23 and 80°C, and 2l6°C 
in an autoclave in some cases. Hydration was rapid, 
with C^CA.FlHig the intiial reaction product, which 
predominated at the lower temperature. However at 
the higher temperature of 80°C, C3AH5 was increasin
gly formed, and the cubic hydrate was also favoured 
by the very low water/cement ratios achieved in the 
pressed discs. Of course, as may be expected, the 
degree of hydration was lower than in the higher 
water/cement ratio pastes. The hexagonal hydrate 
C|;(A,F)Hi3, reported from the DTA analyses was not 
detected by X-ray diffraction. ' .

At 23°C the surface area of the hydrated speci
mens decreased markedly with water/cement ratio. At 
8o°C the pattern is less clear since although a pre
dominance of cubic hydrate tends to reduce surface 
area, the greater degree of hydration has an opposite 
effect. Complementary scanning electron micrographs 
showed a more compact hydrate structure associated 
with the lower surface areas, and with the higher 
hydration temperatures. Such structures are consi
dered typical of a strong cementitious material. 
Porosity decreased with decreasing water/cement ratio 
and increasing degree of hydration. A parallel 
increase in microhardness was observed and a correla
tion between porosity (p) and microhardness (h) was 
found of the form, log h = ki - kpp, where ki and kg 
are constants. The coefficient of correlation was 
0.978, This compares well with the results of GÖTTIN 
S REIF (31) on aluminous cement and synthetic CA.

The overall conclusion is that the formation of 
CßtA.FjHg as the hydration product of CljAF, in place 
of the hexagonal hydrate 01,(4,F)Hi3 lower density, 
which appears to an important degree at loyer tempe
ratures and high water/cement ratios, need not be 
detrimental to the mechanical properties of cements 
containing C^AF - Portland cement, and aluminous 
cement made from red bauxite. This paper thus provi
des valuable evidence in support of the contribution 



of the ferrite phase to the strength development of 
aluminous cements. It can obviously contribute to 
the long term strength of this material at 'normal' 
service temperatures, and more so to massive alumi
nous cement structures which develop high internal 
temperatures during the initial cure, or concretes 
which are deliberately heat cured.

2.3. Calcium alumino-silicate

Another hydrate which may play a significant 
role in the later age strength of aluminous cement 
is CgASHg, (33). Thus MIDGLEY describes the forma
tion of stratlingite from the reaction between 
CAH-iq and CSH.

CAHiq is of course, a major product of the low 
temperature hydration of aluminous cement, while CSH 
is intrinsically available due to the presence of 
ß-CgS as a minor constituent. The reaction of alumi
nium gel with CSH to form CgASHg only occurs in the 
presence of CH, which is absent in hydrated alumi
nous cement. Although the formation of CgASHg was 
demonstrated with experimental cements of an alumi
nous character formulated to encourage its presence, 
the contribution to strength could not be conclusi
vely demonstrated.

The use of fly-ash as an addition to aluminous 
cement is advocated in another publication, (34). 
The authors suggest that CgASHg and CSH are formed 
by such additions, and show that the solution concen
trations in contact with such modified cements exhi
bits a lower than normal C/A ratio. The presence of 
these calcium silicate hydrates may enhance strength 
but the lower C/A ratio, by discouraging the forma
tion of CjAHg in favour of the hexagonal hydrates 
of lower density is considered to be the main advan
tage of the fly-ash addition. _

While it is undoubtedly true that the addition 
of a material which absorbs calcium ions will modify 
the pattern of the normally produced hydration pro
ducts of aluminous cement, the use of fly-ash for 
this purpose is of doubtful value since its princi
pal effect is as a diluent of otherwise more active 
hydraulic material. Also while the presence of fly
ash may hinder, it is unlikely to permanently prevent 
conversion. Moreover, fly-ash is an intrinsically 
variable material. So, although the addition of this 
material to aluminous cement may be of chemical 
interest, support for such a combination in practice 
is difficult to find.

A study of the hydration of Porsal cement (21) 
presents C2ASHg and CJjAHj^ as the initial products 
formed. However, as mentioned in section 1.3., the 
chemical composition of this type of cement is more 
typical of Portland than aluminous cement, and more 
detailed consideration of this paper is not warranted 
in the present review.

2.4. Hydrate solid-solutions

The formation of complex hydrates from ChAH^ 
and CgAHg has continued to attract research interest. 
The ionic constitution of these hydrates is : 
Ca2Al(0H)g+. OH-.3H2O,(CitAHi3), and Ca2Äl(0H)g+. 
A1(OH)1|”. 3H20, (CgAHg). A solid solution between 
these two end members occurs when, for example, 
ClfAHig absorbs aluminate ions from sodium al ™i mt« 

solution, (35). However, such solid solutions are 
only reasonably stable at low temperatures (0°C) and 
tend to decompose in alkaline solutions, to C^AHg.

The structure of. these types of hydrates con
sists of cationic layers of Ca2Al(0H)g+, separatedly 
by interlayers containing anions surrounded by wa
ter. The 0H~ anion, or the aluminate anion can be 
substituted by a wide range of other mono or diva
lent anions, giving complex hydrates of the general 
formula : [~Ca2Al(OH)^~| + Qm/n Xn~.(l - m)Al(OH)lt~. 
mAl(OH)3.aq.7] ~. In this formula, n is the valency 
of the substituting anion X, and m is the degree of 
substitution.

KUZEL and SCHELLER, (36) show that a and ß-di- 
calcium aluminate hydrates are not polymorphs as 
previously proposed, but differ slightly in their 
water content : a-CgAHg and ß-CgAHy.j. The a *• ß 
transformation temperature lies near 20°C (l8°C at 
36 $ relative humidity, 26°C in nitrogen at more 
than 4S % relative humidity). The stacking of the 
Ca2Al(0H)g+ layers differs in the two forms.

DOSCH and KELLER, (35) have studied a wide ran
ge of anions, both inorganic and organic which can be 
introduced into CljAHlg without modification of the ca
tion layers, as shown by X-ray diffraction. The C4AHX- 
CgAHg solid solution range is given as lying between 
m = 0.5 and m = 0.7, in contrast to the range 0.66 
to 1 previously reported.

The stabilization of C2AH8 is also described 
by DOSCH and KOESTEL, (37). A number of anions, 
and particularly CrO^^- anri s0g2- from the calcium 
salts are shown to form complex hydrates, stable 
in moist conditions up to 70° or 80°C, conditions 
under which CgAHg alone is very rapidly transformed 
into C3AHg and AH3. This is suggested as a basis 
for preventing the conversion of aluminous cement. 
In support of this, the strengths of aluminous 
cement specimens, with and without the addition of 
these compounds (CaSO3.1/2H2O and CaCrO^) are compa
red after 1,7 and 28 days storage under 'Water at 
30°C. Specimens without the additives■showed the 
highest strength at 7 days but the lowest at 28 days, 
compared to the stabilised product. A stabilising 
effect was thus evident, but longer term tests would 
be needed before any conclusion could be drawn about 
durability. From a practical point of view the ' 
quantities of 'stabilising' agent required (2.2 to 
10.7 $ by weight) are rather large.

HOUTEPEN and STEUf, (38) have studied the 
dehydration of CgAHg hydrates containing substituted 
mono-valent anions, by calorimetry and using a 
thermo-balance. The enthalpy of dehydration, AHjgjj, 
determined calorimetrically from the heats of solu
tion of the hydrate and the dehydrated compound, were 
significantly lower than those calculated using the 
Clausius-Clapeyron equation, from the hydration and 
dehydration curves observed thermogravimetrically. 
This is explained by hysteresis in the hydration
dehydration curves associated with the change-in the 
layer spacings of the crystals, necessary to accommo
date the interlayer water. It.is concluded that the 
heat of dehydration cannot be determined as isoste
ric heat of adsorption (i.e thermogravimetrically) 
because the dehydrated material is not an inert 
adsorbent.



BENSTED, (39) reports an investigation of cal
cium nitro-aluminate hydrate using infra-red spec
troscopy, X-ray diffraction, DTA and chemical analy
sis. Calcium nitrate is shown to react with C3A to 
form compounds of the general type : Cl, [Äl(OH)gl 2-

SHgO or c3A'Ca(®°3)2"9H20, Furthermore, the 
aluminium ion can be substituted by other trivalent 
cations, Cr, Mn or Fe. The nitro-aluminates thus 
resemble the chloro-aluminates and do not form 
higher substitution products, isomorphous with 
ettringite, at normal temperatures, probably'for 
steric reasons.

The incorporation of chloride (from CaC12) in 
various calcium aluminate hydrates, is reported by 
DARR and LUDWIG, (1(0). C^AH^, Clt(A0 5,F0 e) H13, 
CßA.CaSOl,. ISHgO and C^A.SCaSOli.SSHgO were'prepared 
by mixing appropriate proportions of C3A, CljAF, 
,Ca(0H)2 and CaSOi, in water at a water/solids ratio 
of 2. Additions of CaClp were then made at 5°C, 20°C 
and Uo°C. The highest CaC12 addition was 1 mole/mole 
and ChAH^ and C3Ä.CaS01(. 12H20 both proved capable 
of absorbing up to 0.9 moles of chloride. The 
mono-sulphate hydrate reached equilibrium later and 
took up slightly less than the tetra-calcium alumi
nate hydrate. Ettringite appears in increasing 
quantities when the mono-sulpho aluminate hydrate 
takes up CaClg. The iron substituted tetra-calcium 
aluminate hydrate absorbed only about half the 
quantity of chloride added. Up to 0.8 moles of 
CaClg were incorporated in ettringite at 5°C after 28 
days. At 20°C, only 0.U moles were absorbed after 
100 days and 0.3 moles at l(0°C, also after 100 days. 
In general, both the rate of incorporation of 
chloride in these hydrates and the total equilibrium 
quantity absorbed increases with the solution 
concentration of chloride•added, but decreases as 
temperatures are raised.

2.5. Some effects Of heat and pressure

BARRET and DUFOUR, (!(1) discuss the solubility 
of dehydrated mono-calcium aluminate hydrate. Dehy
dration under vacuum at temperatures up to 90°C 
removes water from the CAH^q structure progressively 
and the solubility in water of the dehydrated 
product increases from that of CAHiq to that of CA. 
When dehydration is carried out above 90°C (100 to 
900°C), subsequent re-solution takes the form of a 
rapid increase in solution concentrations, to a 
maximum greater than that shown by CA itself, follo
wed by abrupt precipitation and a decrease in 
concentrations to a normal and steady level. A few 
hours later, further precipitation occurs and solu
tion concentrations fall to low values.

The dehydration products of CAHiq are amorphous 
until 900°C is reached, when X-ray diffraction and 
infra-red spectroscopy show the appearance of the 
CA structure. The re-solution is understood to take 
place through an initial hydroxylation of the 
solid surface and not through bulk solution of the 
dehydrated material. Since the precipitated hydrates 
formed by CA at room temperature are both CAH-jq and 
CgAHg + AH3 gel, while that of dehydrated, amorphous 
CAHX is exclusively CAHiq, it is suggested that 
the ’amorphous* product still reflects the original 
hydrate structure and thus seeds the precipitation 
of CAH-]q. High resolution electrom microscopy and 
electron diffraction appears to confirm this conclu
sion. It is also observed that the precipitation of 

CAHiq from solutions formed by the dehydrated 
product does not lead to setting and hardening 
unless the original dehydration has been’accompli
shed above 900°C - ie., resulting in the formation 
of CA. Thus while precipitation of hydrate is a 
necessary condition for strength development it is 
not sufficient. This supports the view that hydrate 
morphology is also a critical factor for hydraulic 
bonding.

KUZEL, (h2) suggested that the thermal dehydra
tion of CjAHg occurs by the formation of CigAy and 
CH, and BALL, (1»3) provides confirmation with thermo- 
gravimetric and infra-red studies : for the reaction 
TCgAHg ■* CigAjH + 9CH at 527°C the weight loss 
measured, 21,7 I agrees well with that calculated, 
21.77 X.

Another study, (UU)'of the dehydration of C3AH6 
and Y-AH3 shows that gibbsite present in high alumi
na cement, CA or CAg hydrated at 100°C (in which 
C3AH5 is the other hydrate formed) looses its water 
without passing through the monohydrate (boehmite) 
stage, whereas in synthetic mixtures of separately 
prepared C3AHg and y-AHg, boehmite appears as a 
transition phase during dehydration. Further results 
on the dehydration of hydrated neat high alumina 
cements used in refractory formulations, are repor- 
ded by WAGKER, (1(5). •

Iron free high alumina cements containing less 
than about 0.2 $ SiOg are frequently employed as ■ 
binders for cracking catalysts used in the manufactu
re of hydrogen by steam reforming of hydrocarbons, at 
temperatures approaching 1000°C, and the development 
of one such cement specifically for this purpose is 
reported, (1(6). Because of destruction of hydraulic 
bonding and the relatively slow rate of ceramic 
bond formation in this service temperature range, 
MILLS and HUGHES, (1(7) have studied the effects of 
curing such cements in steam and in carbon dioxide 
atmospheres : the effects of curing conditions on 
the intermediate temperature strength of aluminous 
cements is known to be important, (1(8), (1(9), (50). 
A cement consisting primarily of CA, cured at room 
temperature in air at 0.5 W/C is only partially 
hydrated in the first 2 days. Its 20°C strength, 
due to CAHiq, is good but its performance in steam 
at 85O°C is indifferent. Curing in steam produces 
C3AH6 and AHg with complete hydration and its beha
viour as a catalyst support binder is good. Curing 
in COg at normal temperatures produces CaC03 and 
CsAHg with green strengths as high as those obtained 
from CAHiq similar levels of hydration. Because 
of the high reactivity of the decomposition products, 
the performance at 85O°C exceeds that obtained by 
steam curing with full hydration.

The effects of curing Fondu aluminous canent 
(approximately Uo % AI2O3) and Secar, high alumina' 
cement (approximately 70 $ AI2O3) under even more 
drastic conditions, is described by GOUDA and ROY, 
(51), who used a hot-pressing technique. Hot-pressing 
at 250°C for 1/2 hour at approximately 350 MPa produ
ced C3AH6, and virtually all the gauging water was 
combined. At longer periods, CLA3H3 was als'o formed. 
Ho CH was detected with either cement even after 1 
year. Hot-pressing at 150°C did not lead to the 
formation of C^AgHj. Very high strengths and low 
porosities were obtained by this method with both 
cements, but it is noteworthy that the high alumina 



cement gave less good strengths than the ordinary 
type,.despite its greater calcium aluminate content. 
(The CA + CAg content of the Secar cement studied is 
approximately 50 % greater than that of Fondu 
cement). The water/cement ratios used were the same 
in both cases and much lower than the critical 
values (*), and virtually all (approximately 99 %) 
of the water provided was combined. The possible , 
conclusion that the morphology of the hydration 
products and hence their contribution to mechanical 
properties, is favorably affected by the non-alumi- 
nous contents of the lower purity cement remains 
to be proved.

FARRIS and MASARYK, (53) investigated the 
mineral products formed in dense massive refractory 
concretes made from high alumina cement. The initial • 
hydrates normally found in 110°C dried concrete, 
CßAHg and Y-AH3 were present, but progressively 
towards the centre of massive specimens, CljA^Hß and 
AH (boehmite) were detected. These phases are known 
to form under pressure and it is concluded that con
ditions within the body of a large concrete specimen 
approach that of an autoclave. This is because the 
initial rapid heat evolution during hydration cannot 
be quickly dissipated. The effect is intensified at 
lower water/cement ratios. However, comparisons 
between small and large specimens revealed no ■ 
influence of the different mineralogies on the 
strengths of the concretes.

3. CARBONATION ' "

The equations for carbonation of calcium aluminate 
hydrates may be written : 
CaO.AlgOj.lOHgO +'C02 * CaC03 + 2A1(OH)3 + 7H20 

3CaO.Al2O3.6H2O + 3C02 ■* 3CaCO3 + 2A1(OH)3 + 3H20

In both cases, water is released and it may thus 
be expected that a decrease in strength with increase 
in porosity will result. This is not the case in 
practice, indeed, the reverse occurs and one explana
tion is that of further hydration of anhydrous cement 
by the water released. The overall effect would thus 
be : 
Ca0.Al203.10H20 + C02 -» CaCO3 + 2A1(OH)3 + 7H20 

7/10CaO.Al2O3 + 7H20 + 7/10CaO.Al203.10H20

3/10CaO.Al203.10H20 +7/10CaO.Al203 + C02 * CaC03 + 

2A1(OH)3

In these circumstances the total weight of solid 
reaction products after carbonation is greater due 
to the incorporation of atmospheric C02, and this 
would be expected to decrease porosity and increase 
strength : the increase in the volume of solids 
represented by the above reaction is about 10

A study of the hydration of synthetic CA in the 
presence of silica or of CaC03 is reported, (5M- 
DTA and X-ray diffraction were .used to identify the 
reaction products at 5, 20 and 1tO°C. In the presence 

(») The critical water/cement ratio for an aluminous 
' cement has been defined by ALEGRE (52) as that 

needed for complete hydration in the fully 
converted state.

of silica CAH10 was formed at 5°C, and traces of 
C3AHg became detectable after U5 days. Alumina gel 
and gibbsite were present at all ages. At 20°C both 
CAH-iq and CgAHg were formed together with the alumi
na hydrates while some CgAHg was apparent earlier 
(28 days) than at 5°C. At to°C, CAHiq and alumina 
gel formed at ages less'than 1 day were no longer 
apparent at later ages, while large quantities of 
C3AHg and gibbsite were observed. This pattern of 
behaviour is entirely consistent with the results 
of earlier investigations.

In the presence of CaCOg, CAHiq was less in evi
dence at all temperatures but the appearance of 
C3AHg was also depressed in favour of the appearance 
of mono-carbo aluminate hydrate, C3A.CaCO3.11H20. It 
is concluded that the rate of conversion is lower 
in the,presence of CaC03 and that the formation of 
carbo-aluminate in place of C3AHg must reduce poro
sity and hence improve the strength of aluminous 
cement concrete. \

Support for the above conclusion is given by 
RAASK, (55) who studied the absorption of C02 by 
hydrated aluminous cement paste with water/cement 
ratios of 0.38 to 1.0, at temperatures of 17°C and 
37°C. From laboratory measurements of the rate of 
uptake of C02, an equation was derived which 
predicted well the measured penetration of C02 into 
a 5 year old aluminous cement concrete beam assuming 
a service temperature of 22°C. However, beams which 
had been in service for 8 years at 37°c showed a 
much lower than predicted depth of C02 penetration. 
This is explained by lack of liquid water in the 
latter case, which virtually prevents the carbona
tion reaction. In a further series of tests at 0.38 
total water/cement ratio carbonation was shown to 
decrease the degree of conversion and increase the 
strength of aluminous cement concrete treated in a 
C02 atmosphere at 52°C.

KUZEL and FISCHER, (56) have restudied the carbo
nation of tetra-calcium aluminate hydrates at 
various temperatures and relative humidities. No 
evidence of solid solutions was found' in the system 
ClfA.nH^ - C3A.CaCO3 ,nH20. Starting from ClAH^ or . 
C1|AHi3 crystals, carbonation leads only to a surface 
zone of half carbonate, CljA. 1 /2C02.12H20 while' the 
bulk of the crystals remain unaffected. .

FIERENS et al, (57) have studied the formation 
of tricalcium aluminate mono-carbonate hydrate from 
mixtures of C3A and CaC03, or CgAHg and CaC03, in 
water at 25°C. The formula C3A.CaCO3.HH2O is given. 
This compound is known, (58) to form as the inter
face material between the cement paste phase a'nd 
limestone aggregate in aluminous cement concretes, 
and may explain the higher strength of such concretes 
compared to those made using siliceous aggregates. 
The very rapid formation of the carbo-aluminate from 
C3A and CaC03, together with the simultaneous presen
ce of Cl,AHi3 is taken to imply the reaction scheme : 
C3A + H CitAHfg * CltAHis + C0? -*■ C3A.CaCO3.HH2O. 
It is believed that the hydration of C3A in the 
presence of CaC03 does not lead to the formation of 
C3AHg as a precursor to the carbo-aluminate. FIERENS 
also demonstrates that the attack of CaC03 in the 
presence of C3A/H20 is greatest on those crystals 
faces with the highest density of 003“ ions.

■ o



An extensive study of carbonation of aluminous 
cement concrete was reported by VASQUEZ and co
workers (59) at the 197^ International Symposium 
on the Chemistry of Cement (Moscow), and published 
in 1975. Here again a reduction in the rate of con
version is observed in the presence of COg. Short 
periods (2 weeks) of carbonation at relatively low 
temperatures (20°C) appeared to show reversibility, 
wherein carbo-aluminate could be decomposed under 
vacuum to reform C^AHg. Longer periods of carbona
tion, and particularly higher temperatures, (h3oC) 
produced a carbo-aluminate which was stable. 
Thermogravimetric analysis. X-ray diffraction and 
infra-red spectroscopy were used to identify 
reaction products and evidence is presented to show 
that COg substitutes step wise for 2, U and ultima- 
tly 6 molecules of water in the C3ÄHg hydrate in a 
manner analogous to the formation of hydraogarnets 
in the presence of silica. The final products of 
the reaction between CgAHg and COg are calcium 
carbonate and alumina hydrate.

As a general rule it may be stated that a carbo
nation of aluminous cement will only proceed at a 
significant rate in the presence of liquid water 
and when sufficient porosity exists to accommodate 
this water and allow penetration of COg. It thus 
follows that dense, low water/cement ratio material 
will show only very small depths of reaction even 
after many years. Recent studies, (60) of 25 alumi
nous cement concrete beams aged less than one year 
to up to 20 years showed exceptionally 60 mm 
penetration in the oldest beam, less than 5 mm in 
the youngest but 5 to 10 mm on average at ages up to 
17 years. Hie water/cement ratios of these beams 
are not accurately known but are estimated to be 
generally 0.5 to 0.55 total, (6l) which is relative
ly high.

RAUEN, (62) commenting on the failure of prestres
sing wires in some aluminous cement concrete of 
Bavarian origin (1962), reports depths of carbona
tion of several centimetres in 1 year old samples. 
Such a degree of attack is only conceivable in 
extremely porous, wet concrete made at very high 
water/cement ratios, but no information on this 
point is given. At the levels of attack reported 
by RAUEN the prestressing wires were inevitably 
in the carbonated zone and this may have contributed 
to one of the several forms of steel corrosion 
observed. By contrast, significant corrosion of 
prestressing wires was not observed in the very 
large number of concrete units of widely different 
ages, examined in the UK in recent years, (60), 
despite evidence of higher than recommended water/ 
cement ratios. There is thus no evidence for depassi
vation of reinforcement due to carbonation in well 
made aluminous cement concrete. .

Carbonation in the presence of alkalis (sodium 
and potassium hydroxides), in contrast to normal, 
carbonation, can seriously weaken aluminous cement 
bonded materials. This has been known for a long 
time and the mechanism, usually referred to as . 
alkaline hydrolysis, was explained by RENGADE, 
L'HOPITALIER and DURAND DE FONTMAGNE, (63) working 
in the Lafarge laboratories as early as 1935. The 
alkali is regenerated in the process so that relati
vely small quantities can sustain the reaction. The 
final reaction products, CaC03 and AH3 are the same 
as when carbonation occurs in the absence of alkalis.

but the effect on strength is reversed. It is there
fore highly probable that the two different mecha
nisms involved in the presence or in the absence of 
alkalis affect the morphology of the reaction 
products, but this remains to be proved.

From a practical point of view carbonation only 
reaches significant proportions when porosity or 
permeability is high, so that while alkaline 
hydrolysis was a problem in some early uses of 
aluminous cement concrete, it is very rarely encoun
tered today, as NEVILLE, (61f) points out. Now that 
the importance of maintaining a low water/cement 
ratio is recognised, aluminous cement concrete 
manufactured with a porosity high enough to engender 
alkaline hydrolysis must be considered unacceptable 
for long term applications whether alkalis are 
present or not,

U. CONVERSION AND ITS EFFECTS

As in the past, so during the period covered by 
this report a high proportion of publications 
concerning aluminous cement discuss conversion and 
its effects on durability. Several papers (65), 
(66), (67) report the results of long term labora
tory tests on aluminous cement concrete under 
various storage conditions, both artificial and 
natural. The effects observed are then explained 
in terms of conversion, wherein strength changes 
are related to changes in porosity of the cement 
paste phase. However, direct measurements of porosi
ty are regrettably rare.

The overall consequence of recent publications 
is a substantial confirmation of previous knowledge.

Quantitative comparisons of the results of dif
ferent workers is difficult due to different choices 
of experimental conditions : cement contents, mixing 
procedures, methods of compaction, curing and stora
ge environments and water/cement ratio.

U.1. Rate of conversion

MIDGLEY and MIDGLEY, (68) give a comprehensive 
account of conversion, bringing together a large 
amount of experimental data, some of which was 
reported prior to 197*1. From laboratory tests on 
neat cement pastes, mortars and concretes a number 
of empirical relationships are developed relating 
conversion to both compositional factors (mineralo
gy and water/cement ratio) and environmental 
factors, (temperature, humidity, age). Rate of 
conversion is seen to be increased by temperature 
and humidity of curing and storage of specimens, 
as previously established. These authors also 
present evidence, (69) to show that, other factors 
constant, the rate of conversion increases with 
water/cement ratio. For concrete specimens stored 
under water at 18°C this appears to be the case 
with total water/cement ratios of 0.5 or more, at 
ages of 5 years and later. The effect is shown in 
figure 1. It is swamped by the effect of temperature 
when similar concretes are stored at 38OC.‘



• concrete after 1 year at 18°C
+ concrete after 8 1/2 years at 18°C 
0 concrete after 8 1/2 years at 38°C 

Data from reference 66

Fig.1 - Water/cement ratio related to degree of
conversion

The effect of conversion on the compressive 
strength of aluminous cement is £hen discussed and 
extensively illustrated. The results confinn that 
the minimum strength of aluminous cement increases 
with decreasing water/cement ratio, and also that 
the minimum strength is higher the slower the conver
sion takes place. Note that the rate of conversion 
is dependent on temperature, an increase in one being 
accompanied by an increase in the other. Consequently 
minimum strengths are higher when conversion takes 
place at lower temperatures. This is well known, (l).

A general expression, S = (k log§ R + p) + 
q (w - m), is given, where S is the minimum strength 
expressed as a percentage of the 1 day unconverted 
strength, w is the water/cement ratio (the water/ 
cement ratio used would appear to be total water/ 
cement ratio) and k, p, q and m are constants. R is 
the rate of conversion defined as : 
R = loge Dc/{loge age (years x lO^)}, De being the 
degree of conversion, determined by DTA.

BRADBURY, CALLAWAY and"DOUBLE, (70) have studied 
conversion in neat high alumina cenent pastes of the 
•Secar’ type, containing CA, CÄ2 and free alumina. 
Low, (0.2) and high, (0.6) water/cement ratios were 
used and curing temperatures of 18°C and lt0°C. The 
hydrates produced were examined by DTA. and electron 
microscopy. The initial formation of CAHiq and CpAHQ, 
followed by conversion to C^AHg exhibited the normal 
pattern. There was qualitative evidence that conver
sion was less rapid at the lower water/cement ratio 
and the size of the CßAHg crystals was smaller than 
at the high water/cement ratio. An examination was 
also made of variations in the degree of conversion 
through a section of an aluminous cement concrete 
beam. Within the bulk of the concrete the degree.of 
conversion was high (70 % typically) but near, or at 
the surfaces, values of Ho to 50 % occured. This 

accords well with the frequently observed 'skin' 
effect on aluminous cement concretes due to a lower 
rate of conversion as a result of drying, or to the 
superficial effects of carbonation.

The authors also remark that substantial varia
tions in the water/cement ratio may occur from point 
to point in a concrete due to segregation effects 
before hardening commences, and that in aluminous 
cement concrete this can cause important differences 
in the degree of conversion and hence strength. The 
implication is, of course,'that deleterious locali
sed weakening will result and that the effect will 
be aggravated by errors in the control of water/ 
cement ratio. •

Two points may be made : (1), aluminous cement 
concretes should be designed on converted strrength, 
(2), when the converted strength is taken as that 
resulting from rapid conversion (at 38°C) - severe 
in practice - this strength is not more sensitive 
to water/cement ratio" than in the case of a corres
ponding Portland cement concrete, (66).

U.2. Long term behaviour

TEYCHENNE, (66) reports the results up to 9 
years of a major programme aimed at characterising 
the long term strength (in compression) of aluminous 
cement concrete. Concretes with total water/cement 
ratios ranging from 0.3 to 0.8 were stored under 
water at 18°C and also, after 21| hrs curing at 
18°C, under water at 38°C (l00°F). This latter 
temperature is considered a realistic maximum in 
practice for concrete in buildings in temperate 
climates. The cement used displayed converted 
strengths in the lower range of normally encountered 
values as was demonstrated by shorter term repeat 
tests on a number of other cements of the same 
origin. Its behaviour corresponded in fact, to the 
characteristic strength (95 $ confidertce) of the 
product tested. The data reported clearly reproduces 
the now well known sigmoidal strength development 
curve of aluminous cement concretes, although some 
doubt is left about the degree of strength increase 
beyond the minimum, due to the fact that the test 
age had not exceeded 8 1/2 to 9 years at the time 
of publication.

In view of this, and the importance of a real 
and significant increase in strength beyond the so- 
called minimum converted strength of aluminous 
canent concretes, the opportunity is taken to extend 
the results reported by TEYCHENNE, and also by 
GEORGE, (67) with the data shown in figure 2. The 
test programme represented by figure 2 was initiated 
in 1955, and in appreciating the value of the 
results today it is important to realise that 25 
years ago, the relationship between the unconverted 
and converted properties of aluminous cement was 
considerably less well established and understood. 
Thus while it was evident that if porosity increased 
due to conversion this increase would not exceed 
that corresponding to complete conversion, the 
results shown in figure 2 and-other long term tests 
which have now become available, are important : thqy 
establish with a degree of confidence never provided 
by accelerated tests, that there is a significant 
strength gain beyond the minimum converted value, 
and that this gain is- considerable at lower water/ 
cement ratios.
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Fig. 2 - Concretes cured 2h- hours in moist air at l6°C then stored outdoors (S. France)

It.3. Conversion and curing

An interesting feature of the work reported by 
TEYCHEN’E is the effect of different curing regimes 
on subsequent strength development. The experimental 
procedure was to cure concrete cubes under water 
either at 18°C or at a higher temperature (25, 35 
or 50°C). The period at the higher temperature 
was varied from 3 hours to hours and began imme
diately after placing the concrete, or after diffe
rent periods (up to 21 hours) of curing at 18°C. It 
was found that the temperature of 25°C had relatively 
little effect, but the higher temperatures induced 
lower strengths at earlier ages, if imposed imme
diately after placing, than if delayed for 3 to 6 
hours. Accompanying DTA estimates of the degree of 
conversion show a consistent pattern. Some examples 
are given in table II.

TEYCHEHBE offers no explanation of this effect.

COTTIB and GEORGE, (71) studied the effect of 
steady and oscillating curing and storage tempera
tures on neat aluminous cement pastes. Seales pastes 
(to prevent carbonation) at a water/cement ratio of 
0.4 were stored'from time of gauging continuously 
at 30°C and 38°C. Other equivalent specimens were 
cured for 24 hours at 20°C, then for 24 hours at 
30°C, at 20°C the following day, and so on. Finally 
the cyclic temperature test was repeated but with 
the initial 24 hours being at 30°C, followed by 20°C, 
etc. X-ray diffraction, DTA and infra-red spectros
copy were used to identify the hydrates formed and 
the proportion of cement reacted, while the percen
tage bound water was also measured. In parallel.

Table II : The effect of different curing regimes on degree of conversion and compressive strength of concrete

Data from 
reference 

(66)

Curing regime under water

T°C

■Strength ratio (?) 
after 3 months, regime X/ 
regime Y

Total water/cement ratio

6 hours at T°C. then 
18 hours at l8°C , 
(regime X)

Id hours at 18°C 
then 6 hours at T°C 
(regime Y)

0.4 0.5 0.6
Degree of 75 15 50 37 38 31

conversion 4o 10 35 95 49 36

after 3 months - 20 15 25 .99 107 109



compressive strengths and penetration resistance of 
the specimens was recorded. At 38°C, CpAHg formed 
initially, was fully converted after 2 days and 
C3AH5 and AH3 were the principal phases. The CA 
and alumino-ferrite contents of the canent were 
rapidly reacted. At 30°C the same effects occured 
more slowly with CgAHg finally disappearing after 
about 2 weeks. No CAH10 was detected in either case.

The behaviour under cyclic curing depended on 
whether the first 2U hours curing took place at 
20°C or at 30°C. In the latter case, the behaviour 
was qualitatively identical to that observed for 
continuous curing at 30°C. Despite subsequent 2U 
hour curing periods at 20°C, no CAH^q was detected. 
By contrast when the initial curing was at 20°C, 
CAH10 formed, and continued to form during later 
periods at 30°C, for up to U months. Beyond this 
age, with virtually complete hydration of the cement, 
the C3AH6 and AH3 contents continued to rise while 
the CAH10 gradually converted. CgAHS formed only 
during the first 21 hours and disappeared after 
2 days curing. •

All this suggests that there is some sort of 
seeding or epitaxial effect whereby the form of the 
hydrate initially precipitated at the end of the 
dormand period, (initial set) or during the early 
stages of hydrate development, influences the 
further hydrate form, and hence both the measured 
degree of conversion and the associated mechanical 
properties. This hypothesis is also consistent with 
the effects mentioned above, observed by TEYCHENNE.

Another observation, (66) which appears to 
reflect the same phenomenon is that conversion is 
slower at a given temperature if the initial curing 
temperature is low. Thus concretes cured at 18°C 
for 21 hours and then stored at 38°C reach their 
minimum converted strength at a degree of conversion 
of 80 - 8$ % after 3 months. Equivalent concretes 
cured and stored continuously at 38°C after placing, 
reach the same minimum strength after a few days. 
The inference is that the hexagonal hydrate, or 
CAH10 at least, after a few hours ageing, is more 
resistant to conversion than at its time of forma
tion. However, from a practical point of view the 
fact that the effect on strength is the same whether 
conversion is immediate or delayed, is the most 
important conclusion. This is another way of saying 
that the dominating factor for conversion is tempe
rature ; whether a concrete is subjected intermit
tently to an elevated temperature or continuously, 
immediately or later, the overall result will be 
the same.

This is one of the less widely known features 
of aluminous cement. It should not be confused with 
the fact that conversion occurs faster, and minimum 
strengths are lower and earlier, the-higher the 
curing or storage temperature, (68), (72).

The long term tests reported by GEORGE, (6?) 
involve a range of curing conditions (10 to 90°C), 
total water/cement ratios from 0.33 to 0.67 and 3 
different storage conditions : - under water at 18°C, 
outdoors and in ana outdoor hangar where specimens 
are protected from direct rain water J This last 
condition proves the most severe since not only did 
the concrete cubes experience climatic temperature 
variations from at least - 10°C to at least + ltO°C, 

but the effects of drying-out are not alleviated 
by liquid water. By contrast, storage under water 
at 18°C gave the highest and least variable 
strengths. The results over 10 years are in very 
good agreement with the 20 year test results repor
ted for the first time in the present review and 
extend the work of TEYCHENNE to a wider range of 
storage conditions. They also show that if initial 
curing temperatures are sufficiently high to bring 
about a major degree of conversion the concrete 
increases iri strength thereafter. It is suggested, 
(65), (72) that this offers a method of producing 
high strength concrete.

k.U. Porosity

Although there is virtually universal agreement 
that porosity changes accompany conversion, relati
vely little experimental information (30), (60), 
(68) on this point has been published since 197**. 
The subject was very thoroughly studied earlier, 
(31) and it was demonstrated that the compressive 
strength of aluminous cement paste is related to 
porosity by an expression of the form : log C = 
a - bP, where C is compressive strength and P is the , 
percentage porosity.

Table III : Results from reference (31)

Curing 
temperature

Constants Coefficient of
correlation Conditions

a b

10°C 3.331 0.085 0.997 unconverted

70°C 3.71** 0.105 0.976 converted

The porosity of concrete will depend on that 
of the aggregates used, voids due to entrained air 
or inadequate compaction, but primarily on that of 
the cement paste phase. Porosity will thus depend 
on cement content and water/cement ratio. Figure 3 
shows results obtained, (73) through laboratory 
and field tests, on converted aluminous cement 
concretes. Some data on Portland cement concrete 
is included for comparison. Qualitatively, these 
results confirm earlier findings that conversion 
causes an increase in porosity and that-this effect 
is greater the higher the water/cement ratio. Howe
ver, from a quantitative point of view it is impor
tant to see that the fully converted porosity of 
aluminous cement concrete is not greater than, but 
if anything, less than that of a Portland cement 
concrete at the same water/cement ratio. Such a 
finding is clear indication that conversion does 
not automatically imply lack of durability. Water/ 
cement ratio and temperature taken together are the 
decisive factors.
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5. ALUMINOUS CEMENT CONCRETE IN SERVICE

5.1* Mineralogical characterisation

Many publications have appeared describing 
methods of measuring the degree of conversion of 
aluminous cement. In most cases they have been 
developed as tools for assessing the quality of 
concretes made with this cement. Thermogravimetric 
and derivotographic techniques have received the 
most attention, and in particular the procedure 
reported by MIDGLEY, (tM- It is clear from this 
work that the DTA method, and similar techniques 
such as differential scanning calorimetry DSC, semi
isothermal gravimetry and derivative thermo-gravi
metry, DTG (75)$ offer a high degree of reproduci
bility, (0.5 %)• Errors due to sampling are more 
significant and when interlaboratory differences 
are taken into account the overall result is to 
estimate the degree of conversion to within ± 15 % 
(at 95 % confidence limits). In other words, if a 
measurement of the degree of conversion of a sample 
of aluminous cement concrete by the method descri
bed by MIDGLEY yields a value of 50 $ for example, 
there is apparently no more than one chance in 20 
that the actual degree of conversion is less than 
35 % or greater than 65 * 1

AH3 peak height + CAHiq peak height
Although strictly speaking, peak areas should 

be used, since De is expressed as a ratio better 
reproducibility between different laboratories was 
obtained using peak heights. The above formula is 
based on the equation : 
3CAH10 ■* C3AH6 ■’ + 2AH3 + 18 H

1 g 0.378 g 0.308 g
from which it can tie seen that the weights of CjAHg 
and AH3 produced by -the conversion of CAHiq are 
rather similar. As MEDGLEY points out, (68) such an 
approximation is not justified in laboratory studies. 
However it has been widely adopted in field studies 
of aluminous cement concrete. .

Semi-isothermal thermogravimetry is a technique 
which appears to facilitate the identification of 
the hydrate phases as their water content is progres
sively driven off, (76). In this method, the instru
ment is? switched from the dynamic mode (constant 
specimen heating rate) to the isothermal mode 
(specimen held at constant temperature) as each 
maximum in the DGT curve is reached. Continued 
weight loss is then recorded until the curve has 
again reached its base line. A return to the dynamic 
mode is then made, and so on. Results are given to 

show that this provides a more accurate measure of 
the quantities of individual calcium aluminate 
hydrates present in an aluminous cement specimen, 
and a better separation.

REVAY and WAGNER, (77) use DTG to measure 
degree of conversion in conjunction with a modified 
sample treatment designed to overcome difficulties 
due to overlap in the dehydration temperatures of 
different hydrates. Their procedure involves measu
ring the TG and DTG curves for the sample in the as- 
received state, and again after autoclaving. The 
autoclave treatment crystallises the alumina hydrate 
to boehmite with a dehydration peak near 500°C, well 
removed from the others. Daring the same autoclave 
treatment, the hexagonal hydrates, CAH-jQ and CgAHQ 
are converted to C3AH6 and further AH. From a 
comparison of the results before and after autocla
ving it is thus proposed to calculate the amounts of 
hexagonal hydrates which could exist in the material, 
and which may thus convert at some stage in the 
service life of the concrete.

STROBEL, (78) also points out the problem of 
peak identification using DTA due to overlap at 
dehydration temperatures below 200°C.

A number of points needs to be made about the 
use of the above techniques and the interpretation 
of the results obtained.

Semi-isothermal DTG appears to be the best 
method of overcoming assignment problems associated 
with overlap between different hydrates.

REVAY1s studies aimed at assessing the ultimate 
porosity due to conversion which could arise in an 
aluminous cement concrete in service, and hence 
an estimate of its minimum converted strength. 
However the autoclave method gives a false picture 
since there is evidence, (68) that the minimum 
strength of. aluminous cement concrete under most 
service conditions is passed before conversion is 
complete. Furthermore autoclaving changes the degree 
of hydration of the sample. Nevertheless REVAY’s 
approach does hot rely only on thermogravimetry : 
the cement content and as-received porosity in his 
samples is also measured. With this information some 
assessment of the quality of the concrete is indeed 
possible, as discussed later.

Most authors (7^)$ (75)$ (76) calculate the 
degree of conversion from the formula :

De $ 100 x ^3 height



It must be pointed out that the measurement of 
AHg as an indicater of C3AH5 ignores the fact that 
AH3 in aluminous cement can arise from sources other 
than the conversion of CAH-]q. At temperatures of 
20°C and above, the initial hydration of aluminous 
cement produces both CAHiq and CgAHg. The precipita
tion of CgAHg is accompanied by that of AH3 ; 2CA + 
11H ■* C2AH3 + AH3. (see for example references (6$) 
and (79))- If any CAj is present in the cement 
(rare in aluminous cement of the Fondu type) this 
will also produce AH3 during hydration. Finally 
the carbonation of calcium aluminate hydrates, 
results in the formation of AH3 as well : 
C3A.CaCO3.i2H + 3C02-* ItCaCOg + AH3 + 9H

Thus although techniques such as DTA, DSC and 
DTG give excellent reproducibility, the values of 
De obtained from AH3 are by no means an infallible 
measure of conversion.

The use of DTA to study the reaction of 
aluminous cement concrete with sulphates, chlorides 
and carbon dioxide is also recommended by MIDGLEY, 
(80). The reaction products, ettringite, C3A.CaC12. 
nHgO, AH3 and CaC03 have characteristic endotherms 
which may be quantitatively determined by this 
technique. However, the peak temperature increases 
with the amount of material being estimated. Thus 
greater precision is obtained by calibration with 
synthetic mixtures of controlled increments of 
composition. Ettringite has a peak temperature at 
— 100°C which can overlap with that of gypsum. 
However the above refinement enables the two com
pounds (product and reactant), to be distinguished. 
The peak temperature for C3A.CaCl2.nH2O is in the 
range 150 to 170°C approximately, depending on 
concentration. Attempts to distinguish between 
forms of AH3 produced as a result of carbonation 
in the presence or absence of alkalis, were unsucce
ssful.

This work was carried out in the context of 
disruptive chemical attack of highly porous alumi- 
nous cement concrete. While porosity (or permeabi
lity) is undoubtedly the dominant factor governing 
chemical attack (in any type of concrete), attention 
is drawn to the information on the porosity of 
converted aluminous cement concrete given in section 
h.lt. Conversion and vulnerability to chemical 
attack are not synonymous, and the fundamental 
importance of maintaining a low water/cement ratio 
in the manufacture of durable aluminous cement 
concrete cannot be over emphasised.

Thermogravimetric analysis has also been used 
by DAY and LEWIS, (8l) to analyse the products of 
autoclaved refractory high alumina cements and 
concretes. Quantitative estimates of the phases 
present were made aqd mass balance calculations 
agreed well with the known chemical compositions 
of the starting materials : calibrations were 
carried out with pure samples of boehmite, gibbsite, 
portlandite and C3AHg. The results obtained also 
demonstrated the decomposition of C3AH6 at approxi
mately 200 to 260°C, to C1A3H3 and CH. C1A3H3 did 
not form directly from CA. By contrast, a commercial 
high alumina cement containing predominantly CA and 
free alumina produced C1A3H3 directly from the CA 
present. The reason for the difference in behaviour 
between laboratory and industrial materials is not 
known.

X-ray diffraction is an alternative method of 
determining the phase composition of set aluminous 
cement and is recommended by PLOWMAN and 
GYLLENSPBTZ, (82).'It has the advantage of more 
reliable identification of the various hydrates 
but is generally less quantitatively reproducible 
than thermogravimetric methods, (30). The use of 
both methods is generally more instructive than 
either one alone.

Infra-red spectroscopy has been usefuly applied 
as a complementary technique.

LEJAWKA, (83) describes the use of quantitative 
X-ray diffraction to measure the CA, CAg and free 
a-alumina content of aluminous cements, mainly of 
the purer type employed in refractory concretes. 
For cements containing less than 2 % of materials 
other than lime and alumina, an external calibra
tion standard is considered satisfactory. Pure 
laboratory prepared samples of CA, CA2 or a-Al203 
are used as standards. For less pure cements an 
internal standard (quartz) is employed. In both 
cases the conditions of sample preparation are 
critical : grinding to crystal sizes less than ?u 
is considered necessary.

5.2. The assessment of quality

The use of degree of conversion calculated 
from the DTA peak heights of AH3 and CAHiq has been 
made the basis of a method of assessing the quality 
of aluminous cement concrete and has been extensive
ly applied, (60), (68), (81f). This method, which 
it must be stressed is intended only as an initial 
rapid guide to quality and not a definitive assess
ment, is based on relating the degree of conversion 
to its age, from which the rate of conversion is 
then inferred.

Since laboratory studies had shown that the 
rate of conversion of aluminous cement concrete de
pends, in part, on water/cement ratio'(see section 
1».1.) a classification was made of'concrete based 
on rate of conversion. This classification recogni
ses three broad classes of concrete - those with 
minimum strengths greater than the 1 day strength, 
those with minimum strengths less than half the 1 
day strength and an intermediate class. The limits ' 
are approximately ,

Table IV : Relative converted minimum strength and 
rate of conversion

* R as defined in section U.l.

S, minimum converted, 
strength as a frac
tion of 2U hours 
20°C strength

S>1 0.5 <s<1 - S<0.5

Rate of conversion, 
R* R<0.2i» 0.21kR<0.27 R>0.27

Approximate degree 
of conversion % and 
age (years)

from
30 % at

1 year
to .
50 $ at

20 years

intermediate

from
50 $ at

1 year
to
75 t at

20 years



In assessing the quality of aluminous cement 
concrete it is suggested that concrete having a 
value of R of 0.2U or less is good, while values of 
R in the intermediate range give cause for suspicion. 
Concretes with values of R above 0.27 are classified 
as ’highly converted* and this is assumed to gene
rally imply poor quality, because it results from 
a high water/cement ratio. v

The dependence of rate of conversion on water/ 
cement ratio is not very pronounced and, as shown 
in figure 1., the trend is only really noticeable 
at high water/cement ratios. However the most 
serious criticism of this classification is that it 
takes no account of the dominant effect of tempera
ture on rate of conversion. Die relative importance 
of temperature compared to water/cement ratio can 
be judged from the fact.that a change in curing 
temperature from 20 to 30°C can cause a bigger 
increase in this rate than that predicted at cons
tant temperature, for a change in water/cement 
ratio of 0.27 to 0.6. Consequently a low water/ 
cement ratio concrete which was been subjected to 
heat either during curing or at an early age will 
show a degree of conversion which would be conside
red on the above basis to imply a high water/ 
cement ratio. The conclusions drawn as a result 
about the quality of the concrete would be quite 
wrong.

Another feature of the above method is the 
procedure used in sampling the concrete. This proce
dure involves drilling the concrete with masonry 
drills to give a powder specimen, (7^). The well- 
known ’skin* effect on aluminous cement concretes, 
in which, due to dry surface conditions the degree 
of conversion is normally lower than in the bulk 
of the concrete, is allowed for by discarding the 
material produced during the drilling of the first 
U to 5 mm. Only the material extracted below this 
level is used for analysis, and results are presen
ted to show that .by this procedure a representative 
sample of the concrete is obtained. The results 
of two different drilling methods are described - 
rotary and rotary-percussion and compared with those 
obtained by crushing the concretes and taking inter
nal samples.

These different drilling methods do not appear 
to give equivalent data. Admitting that each indi
vidual estimate of the degree of conversion is 
subject to an error of at least 5 one way legiti
mately analyse differences of 5 % or more observed 
between the degree of conversion of drilled and 
crushed samples. The results analysed in this way 
are shown in figure 1». - the dotted line is purely 
conjectural.

It is quite evident that the estimated degree 
of conversion is higher for drilled samples than 
crushed samples, and the difference is more pronoun
ced the less the total degree of conversion. The 
most immediately obvious explanation is that the 
heat of drilling causes conversion and such an effect 
will evidently be greatest in those specimens which 
are initially the least converted. The determination 
of degree of conversion as a function of age must 
therefore be considered as a very imperfect prelimi
nary measurement and not in itself a reliable guide 
to the quality of aluminous cement concrete. But in 
taking high rates of conversion to imply high water/ 

cement ratios it correctly recognises the overriding 
importance of water/cement ratio.

The above method is put forward because no 
reliable direct method of assessing the water/cement 
ratio of a hardened aluminous cement concrete has 
yet been published. At this point therefore the 
opportunity is taken to report some previously 
unpublished attempts to make such an estimate. The 
test procedure involves measuring several related 
properties of a concrete sample : porosity (by 
water impregnation under vacuum), cement content 
(by chemical analysis) and density, which is a pro
perty determined incidentally during the measurement 
of porosity. Also needed is a knowledge of the che
mical composition of the aluminous cement employed 
and the amount of porosity in the sample due to air 
entrained while mixing the concrete, or resulting 
from inadequate compaction. Manufacturer's records 
nonaally provide a reliable estimate of the cement 
composition. The degree of air entrainment or lack 
of compaction cannot be established directly, and 
this is the only weakness of the method. However 
the degree of uncertainty which this imparts to the 
overall result is not necessarily serious.

(result by drilling — result by crushing 

result by crushing
0 rotary-percussion • simple rotary

Data from referenca 74

Fig. U - Influence of sampling method (drilling or 
crushing) on the apparent degree of con-
version of concrete



The general formula for calculating the total 
water/cement ratio is :
W/C = (P - A + L.d) 10/C where P is the porosity

by volume), A is the estimated entrained air (% 
by volume), L is the loss on heating under nitrogen 
at 55O°C (% by weight), d is the density of the 
concrete (kg/litre) and C is the cement content, 
(kg/m3).

Table V : Comparison of measured and actual water/ 
cdment ratios of hardened aluminous 
cement concrete - -

Concrete
Total water/ 
cement ratio 

Actual Measured

Measured % Air 
entrainedActual

Partially 
converted 
Fully 
converted

0.33
0.33 1.00

1.8
0.37 1.12

Partially 
converted 
Fully 
converted

o.U
0.38 0.95

2.1
0.1»55 1 .lU

Partially 
converted 
Fully 
converted

' 0.5
0.1*65 0.93

3.1
0.575 1.15

Partially 
converted 
Fully 
converted

0.67
0.67 1.00

6.0
0.70 1.01»

Table V shows the results of a series of expe
riments based on the above procedure on concretes 
prepared at known water/cement ratios, and for 
which the air entrained in the freshly placed 
concrete was also measured. For an unknown concrete 
it would be prudent to use a value of 2 J for the 
air entrained (see also reference (85)) and table 
V shows that the method provides quite a reasonable 
estimate. Any systematic errors tend to give an 
overestimate of the water/cement ratio.

A disadvantage of this method, and that of 
REVAY (77)» (86), is that a relatively large speci
men of concrete is needed for analysis, which in 
many cases in practice must imply the destruction 
of the unit under investigation. Also several experi
mental procedures must be carried out in order to 
arrive at the final answer. A more simple, non' 
destructive, though less rigorous approach, consists 
of estimating only the cement content of the concre
te. This can be done with considerable accuracy by 
classical chemical analysis, as the following 
results show : "

Table VI : Comparison of known cement contents with 
cement contents of hardened concrete 
estimated by chemical analysis

Cement content kg/m^ Average
Measured

Total 
water/c ement 
ratioMeasured Actual Actual

651, 640, 647 616 1.05 0.33
469, 495. 517 491 1.01 0.40
375. 345. 378 402 0.92 0.50 "
303, 310, 309 302 1.02 0.67

It is well established that the workability 
of concrete in general, for a given cement content, 
is very sensitive'to water/cement ratio. Since in 
practice, workability is probably the most consis
tently controlled parameter in precast concrete - 
manufacture, it follows that variation in water/ 
cement ratio will closely mirror variations in 
cement content. Figure 5 constructed from data in 
the publication by TEYCHENNE, (66) is illustrative :

Average density of fresh concrete, 2 372 kg/m3 
Data from reference 66

Fig, 5 - Aluminous cement concrete : slump (mm) •— 
and mix proportions

In view of this a simple estimate by chemical 
analysis of the cement content of an aluminous 
cement concrete, might provide quite a useful 
guide to water/cement ratio, and hqnce quality.

Acoustic emission as a non destructive techni
que for assessing concrete quality has been applied 
to aluminous cement based materials, (87), (88). 
Tests on beams during proof loading showed a corre
lation between acoustic activity, load and deflec
tion. Laboratory prepared cubes cured at 20°C and 
at lrO°C were monitored in compression. Acoustic 
emission increased with load but total levels of 
emission were lower for the samples cured at the 
higher temperature. These samples, due to conversion, 
also showed lower crushing strengths.

The acoustic emission of neat aluminous cement 
pastes at water/cement ratios of 0.35 and 0.65 was 
recorded during curing at 60°C. There was very 
little activity from the lower water/cement ratio 
sample indicating that conversion under these condi
tions does not cause acoustic emission. At the 
higher water/cement ratio, acoustic emission increa
sed to a maximum after about 25*30 hours at 60°C 
(preceeded by 2h hours curing at 17°C) and.then 
decreased to reach negligible levels after about 
ho hours. This activity is thus most probably asso
ciated with microcracking during conversion of the 
higher water/cement ratio, intrinsically weaker, 
specimen.

Recent mention has also been made of the 
assessment of aluminous cement concrete quality 
by measuring .ultra-sonic pulse velocity, (65)« (67), 
(89). It provides a broad non-destructive guide to 



the quality of concrete in service but is only real
ly reliable in cases where the many factors, water 
content, aggregate content, reinforcement, porosity, 
etc. affecting velocity can be individually allowed 
for through calibration tests on equivalent labora
tory concretes of known composition. The USPV method 
is thus not adapted to comparisons between different 
concretes, or to the absolute determination of 1 
mechanical properties, but is certainly a useful 
tool for monitoring changes with age of a given 
specimen.

It is suggested that methods such as acoustic 
emission, pulse velocity, velocity of sound or 
gamma-ray absorption for example, could well find 
wider application in laboratory studies aimed at 
following the changes in properties of aluminous 
cement during hydration and aging. By such techni
ques the most important'stages in property develop
ment might be more precisely identified and thus 
provide a means of choosing the most appropriate 
moments to carry out destructive tests, such as 
cube crushing. In this way better data might be 
aquired, from fewer specimens.

5-3. Modulus of elasticity and creep

The relationships between such -mechanical 
properties of concretes as creep, modulus of elasti
city and compressive or flexural strength change 
relatively little with the chemistry of the cement. 
The largest differences between Portland cement and 
aluminous cement concretes are found at early ages 
and are a consequence of the rapid hardening charac
ter of aluminous cements, (1). "

Recent work, (66) on the modulus of elasticity 
of aluminous cement concrete confirms that it 
increases with compressive strength : values at . 
the higher end of the range normally encountered 
with Portland cement concretes are reported. Results 
obtained for aluminous cement concrete with total 
water/cement ratios in the range 0.35 to 0.6 fall on 
the same curve, with higher values in the unconver
ted state (storage at 18°C) and lower values in the 
converted state, (storage at 38°C). Furthermore, 
it has been shown, (90) that the relationship 
between static and dynamic modulus is not affected . 
by conversion, and is the same, for practical 
purposes, for Portland cement concretes and aluminous 
cement concretes.

The modulus of elasticity of aluminous cement
granite concretes, and an ultra-fine Portland 
cement-granite concrete were measured in accordance 
with British Standard 1881 (1970), by SWAMI, . 
IBRAHIM and ANAHD, (91) who give the equations : 
E = U.S? (aluminous cement), E = U.07 Vc (Portland 
cement), where E is the static modulus and C is the 
cube crushing strength. .

2JEVILLE, (6if) quoting the work of CUSENS and 
JACKSON, (92) in a review of aluminous cements, sta
tes that the elastic modulus in the unconverted 
state is slightly higher than that of Portland 
cement concretes of the same strength, and at the 
lower end of Portland cement values in the converted 
state. ,

SWAMI and co-workers, (91) have also compared ' 
the shrinkage and creep of Portland cement and alu

minous cement concretes. Hie initial shrinkage and 
creep in the aluminous cement-granite concrete 
(first 2U hours), associated with the development 
of compressive strengths approaching 100 MPa, is 
necessarily high. Hie longer term characteristics 
however, are equivalent for the different types of 
cement. The specific creep of the aluminous cement 
concretes measured over a period when compressive 
strengths dropped from 109 MPa at 120 days age to 
77 MPa at 390 days age due to conversion, was1in 
the range Uo to 60 x 10~6 m/m per MPa, compared 
to a range of 50 to 60 for Portland cement concre
tes. Since the long term deformation characteristics 
are normal it is suggested that heat curing of 
aluminous cement concretes may be used. This 
produces concrete in the fully converted condition 
with early strength development and no possible 
subsequent strength changes due to conversion. 
Allowance should be made in design of prestressed 
units for the enhanced initial creep.

In another paper, SWAMI and ANAND, (93) report 
shear strain and some loss of prestress in the end 
zones of aluminous cement concrete, beams. It is 
suggested that this is a consequence of conversion. 
If loss of strength due to conversion is large, 
and no shear reinforcement is provided, the effect 
could be serious if the concrete has been specified 
in terms of its unconverted characteristics.

It is pointed out here, as elsewhere in the 
present review, that"the design of structural 
aluminous cement concrete should be based on the 
converted properties, which can be predicted and 
controlled through water/cement ratio.

5.U.  Water/cement ratio

Water/cement ratio can be defined as total 
water content (that absorbed in the aggregates at 
the time of mixing plus the gauging water) divided 
by cement content, or free water content (that not 
taken up by the aggregates) divided by cement 
content. It follows that free water/cement ratio 
is equal to total water/cement ratio only in a neat 
paste, and becomes progressively less than total 
water/cement ratio as sand and aggregate is added. 
For concretes in practice the difference can be 
quite substantial :

Table VII : Relationship between free and total 
water/cement ratio of concrete

Data from reference (66).

Ratio of 
cement to 
aggregate

R, Ratio of free 
to total water/ 
cement ratio

Coefficient 
of varia
tion $ of B

Range of 
water/cement 
ratios used

1 : 3 0.852 1.6 0.30 - O.UO

1 : U.5 0.820 3.7 0.35 - 0.50

1 : 6 0.810 " 2.k 0.2(5 - 0.60

1 : T.5 ‘ 0.819 2.1 0.59 - 0.80

Failure to distinguish between free and total 
water/cement ratio can thus lead to significant 
errors. For example, in a report (9M on the quali



ty of samples of an aluminous cement concrete which 
failed in service, it is stated that failure may 
have been due to the use of a free water/cement 
ratio greater than the value of O.U aimed at in 
practice, when the Code of Practice, (95) governing 
the manufacture of such concretes clearly specified 
a maximum total water/cement ratio not exceeding 
0.4. Thus if the concrete in question had a free 
water/cement ratio greater than 0.4 it would have 
had a total water/cement ratio of 0.5 or more.

The difference between average and characteris
tic strength (mean - 1.6? standard deviations) has 
been mentioned elsewhere- in this review, (section
4.2.)  and like the.difference between free and 
total water/cement ratio, must not be forgotten 
when comparing experimental results. These points 
are well illustrated by figures 6A and 6b.

50 Average compressive strength

MPa

40

30

20

10. (B)

ol .,,c 
0.3 0,4 0.5 0.6

Free water/cement ratio

. Data from 3 different sources presented in 2 different ways

a. Reference (95) X 
average strength, total W/C

b. Reference (96) ® 
average strength, free W/C

c. Reference (97) * 
characteristic strength, total W/C

a. Reference (95) X .

b. Reference (96) © 
corrected to total W/C

c. Reference (97) • 
corrected to average strength

Fig. 6 - Influence of water/cement ratio on compressive strength of aluminous cement concrete converted at 38°C

SEVILLE, (98) comparing curves a, b and c pre
sented in the manner shown in figure 6A, concludes 
that there is a considerable lack of agreement 
between different workers, which implies that the 
converted strength of aluminous cement is unpredic
table and may be lower than is generally reported. 
On the contrary, wheij the confusion between total 
and free water/cement ratio and between average and 
characteristic strength is eliminated, the converted 
strength is seen, figure 6b, to be highly reproduci
ble and clearly fixed by water/cement ratio.

In concluding this section it is appropriate 
to provide an indication of the reproducibility 
obtained in the manufacture of aluminous cement. 
The example given is of a 40 % AI2O3 cement of the 
'Fondu' type manufactured in compliance with the 
British Standard, 915- Spot checks made on 39 diffe
rent production batches gave the following results :

Table VIII Compressive strength (MPa) of 100 mm 
Fondu cement concrete cubes made from 
39 different production batches of 
cement

2U hours curing 
at 18°C

Fast conversion 
by curing for 5 
days at 38°C

Total water/ 
cement ratio 0.35 0.40 0.50 0.35 0.40 0.50

Mean strength 74.8 66.8 ' 59.4 51.0 40.5 25.6

Standard 
deviation 5.2 5.2 6.4 5.3 4.4 3.3



5-5- Recent reconmendations

In 197**» the collapse of an aluminous cement 
concrete beam in the roof of a swimming pool led 
to very extensive investigations of many structures 
in Britain. The conclusions reached as a result are 
given in several reports (6o), (61)» (91 2 3 4 5 6 7 8 9 10 11*) published 
by the government Building Research Establishment 
and the Department of the Environment. It is appa
rent from these investigations that service tempera
ture in the UK can frequently exceed 30°C and may 
at times exceed 35°C so that conversion occurs more 
rapidly than was earlier believed. Consequently the 
previous practice of designing on unconverted 
strengths, assuming that in service conversion 
will be so slow that it will have a negligible 
effect on strength, mist be revised. It is also 
apparent that much structural concrete had been 
made with total water/cement ratios in excess of 
the maximum of 0.1* prescribed (95).
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, It is because of these two conclusions that the 
recommendation was' made (61) to assume a minimum 
compressive strength for aluminous cement structural 
units of 21 MPa when appraising buildings made with 
this material. It must be strongly emphasised that 
this figure applies to concretes for which the 
water/cement ratio is unknown but assumed to be 
abpve 0.*» total, and which have been converted rela
tively rapidly in service. The value of 21 MPa is 
consistent with a total water/cement ratio of 0.5 
to 0.55» (95). By contrast, regular long term 
monitoring of structural aluminous cement concretes 
made at total water/cement ratios of 0.U or below 
has demonstrated the excellent durability in 
practice that laboratory tests predict, (67), with 
a minimum converted strength of at least 1*0 MPa 
in compression.

The failure of structural concrete during 
service must always be the subject of serious inves
tigations which should lead to more clear and 
reliable prescriptions for its future use. In the 
United Kingdom it was considered that the guidance 
given in the 1972 Code of Practice, (99) was inade
quate for the manufacture of durable aluminous 
cement concrete and reference to this material was 
withdrawn from that Code in 1975 while the Building 
Research Establishment investigations were being 
carried out, and has not been reintroduced up to 
the present time. It seems clear that future recom
mendations must limit the water/cement ratio to 0.1* 
total as required by the earlier code (CP 116, 1965 
- reference (95)) and not 0.1* free, Furthermore 
a minimum not a maximum cement content of 1*00 kg/m3 
is preferable to ensure adequate workability. Final
ly design should be on the basis of converted not 
unconverted strengths.

The Ministerial circular of 1970, (100) gover
ning the structural use of aluminous cement concrete 
in France, was also reexamined after 197** and this 
led, in 1979 to a new official circular, (101). The 
1979 French circular fully confirmed the view 
reached in 1970, that aluminous cement concrete 
manufactured at low water/cement ratios (0.1* total 
or less) is a durable structural material. It also 
takes advantage of Work since 1970, including the 
UK findings, to extend the scope of the prescrip
tions to be followed in using this material and to 
require manufacturers of this type of cement to

guarantee certain fundamental characteristics as 
well as to provide a complementary guide to its 
properties and applications. Such guarantees and 
guidance now exist for the aluminous cement known 
as ciment Fondu Lafarge, (103),
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INTRODUCTION
Commercial production of expansive cements 
was undertaken over 30 years ago /!/. In the 
last decade it had been expanded substan
tially in three countries: United States, 
Japan and Soviet Union /2-4/. In the United 
States about 300 000 tons per year of shrin
kage-compensating cement is produced, in Ja
pan - 50 000 tons of expansive additive, 
corresponding to 500 000 tons of the cement 
/3/, In the USSR 63 000 tons of self-stres
sing expansive cement only was produced in 
1977 /5/, to say nothing of other types of 
these cements. ,
The develpment of expansive cements produc
tion is connected with an important progress 
in structural engineering, as well as with 
the necessity to eliminate the well-known 
shortcomming of Portland cement, consisting 
in the formation of cracks in the concrete, 
due to natural drying shrinkage.
Shrinkage-compensating cements are used 
wherever a prevention of the shrinkage cra
cking, as well as of the changes in initial 
dimensions of concrete units is required, 
namely for the manufacturing of structural 
concrete units, airfields, runways, pavements 
water tanks, slabs of skating rinks, under
ground garages, warehouses, parkings, rail
roads etc.
The second field of expansive cements em
ployment comprises the production of self
stressing concretes, in which the prelimi
nary compressive stresses are obtained as 
result of so-called chemical stressing. This 
cement serves for fabrication of structural 
elements requiring a low optimum prestress, 
such as pipes, wall panels, thin slabs for 
floors and roofs, shells and folded plates, 
water tanks, pavements, sport objects etc. 
Recently the possibility of utilization of 
expansion potential of these cements to ge
nerate the jacking, forces in concrete con
structions was mentioned /6/,
Both the types of expansive cement differ 
in the magnitude of expansion potential. 
The level of compressive strengths develo
ped is in the range of 25 to 100 psi /2 to 
7 kg/cmv for shrinkage-compensating cements 
and up to 1000 psi /about 70 kg/cin / for 
self-stressing cements.
Generally it can be said, that the shrin
kage compensating cements are the most com
monly used and their technology is almost 
entirely acquired. The best experience in 
self-stressing cements manufacturing falls 
to the Soviet Union/4/.
An excellent review of theoretical founda
tions of expansive cement technology, pro
perties of these cements as well as fields 
of application of expansive concretes was 
presented by Mehta at the Sixth Congress on 
the Chemistry of Cement in Moscow in 1974 
/2/ and actualized recently /3/. Ever since 
not any new hypotheses concerning the theo
retical basis of manufacturing these cements, 
especially the expansion mechanism, have 
been appeared.

However, the industrial practice has been 
developed considerably and the position of 
expansive cements in structural engineering 
is being now well established /7/. This al
lowed to collect detailed material on the 
properties of expansive concretes in various 
conditions and environments.
Also the growth of interest in other, than 
ettringite, expansive additives appeared, 
in particular in free CaO, which has found 
already a practical application in Japan 
/8/.
In this paper a review of recent opinions 
on the physical-chemical relations, gover
ning the properties of expansive cements, 
as well as of suppositions tending to ex
plain the mechanism of expansion is given. 
Purely technological questions of expansive 
cements manufacturing as well as the pro
blems related to expansive concretes and 
their miscellaneous applications were redu
ced to a minimum. However a list of any at
tainable bibliograp^ in this subject is an
nexed .

TYPES OF EXPANSIVE CEMENTS
As mentioned before, the most of all deve
loped expansive Cements are these in which 
the expansion phenomenon is originated by 
the reaction of ettringite formation. Their 
technologies differ only in utilized raw ma
terials, which introduce the aluminium com
pounds, calcium sulphate and calcium oxide.
The most widely applied technology is that 
developed by Klein in the United States.
This_cement, so-called Type K, is based on 
C.AyS as alumina-bearing compound. It is 
usually produced by intergrinding ordinary 
Portland.cement clinker, an expansive clin
ker containing C,A_S and gypsum /or a mix- 
ture_of gypsum andJanhydrite/. Besides

• f yHiiyui *«.ö c3iiU
Its manufacturing is deve

in Japan /3/, and now in the So-

C.A-S the expansive clinker generally con
tains alite", belite, C^AF, anhydrite and 
some free lime _ ' ' ' " '
loped also
viet Union the works go on to start in its 
production /9/.
The K-Type cement can be manufactured by 
two means. Expansive additive is sintered 
separately in the form of calcium sulpho
aluminate clinker, which is then interground 
with Portland cement clinker and gypsum. 
One can also obtain - in a single process - 
a Portland-like expansive clinker with sui
table tetracalcium sulphoaluminate content, 
by addition of calcium sulphate to raw ma
terials, serving to ordinary Portland ce
ment clinker manufacturing.
The grinding of this clinker with addition 
of gypsum and/or anhydrite gives the expan
sive cement. As yet a technology Consisting 
in the separate preparation of the expan
sive clinker prevails. This method is ap
plied in two variants: in the United States 
the components of expansive cements are 
ground jointly, giving a commercial product 
- expansive cement, while in Japan other way 
is choosed: an adequately ground expansive 



additive rather than expansive dement is 
produced and marketed. This additive is ad
ded to concrete at the time of mixing, in 
amounts necessary to produce either a shrin
kage-compensating or a self-stressing con
crete .
The second type of expansive cements is ob
tained by addition of aluminous cement to 
Portland cement. This is so-called M-Type 
cement and its production has been developed 
particularly in the Soviet Union, owing to 
Mikhailov's works. In this technology the 
aluminous cement or aluminous slag as alu
mina-bearing component is utilized; in this 
latter case lime addition is applied /4/.
The first of these cements, SOT cement, is 
composed of Portland cement, calcium alumi
nate cement and gypsum in the ratio of 66: 
20:14 respectively; the second, SON cement 
- of Portland cement, calcium aluminate ce
ment, gypsum and lime in the ratio of 67: 
22:9:2.
The SGT cement concrete is exposed to hy
drothermal curing and then to water curing 
at normal temperature. According to Mikhai
lov, during the heating stage of the curing 
process calcium monosulphoaluminate hydrate 
is formed, and then - during normal curing - 
it is transformed into ettringite, that is 
responsible for expansion. This technology 
is being applied in precast units plants.
The SCN cement contains an aluminous slag 
and lime. It hydrates in natural conditions 
and the formation of ettringite in the paste 
is retarded in early ages due to the pre
sence of lime.
In elaborated by Mikhailov and produced in 
the USSR since 1948 so-called WEG cement, 
the high-alumina cement occurs as predomi
nant component /4/. This cement is a mix
ture of high-alumina cement, gypsum and 
calcium aluminate hydrate C4AH13 in the rat
io such as 65:22:13 respectively. Calcium 
aluminate hydrate is obtained by hydration 
of a mixture of high-alumina cement and li
me at 100°C. The annual production of this 
cement is about 15 000 tons.
Elaborated by Budnikov and Kravchenko and 
produced in the USSR expansive cement, uni
que in the world, being a mixture of alumi
nous slag and gypsum in the ratio of 70:30 
respectively, can be included also to this 
group /4/.
All the expansive cements produced in the 
USSR are ordered"in three grades: 20, 40 
and 60, as the expansive potential genera- 
.ted in these cements is about 20, 40 and 
60 kg/cm^ /280, 570 and 860 psi/, respecti
vely. The cement n° 20 is a shrinkage- com
pensating one and the two other are self
stressing cements.
The third type of expansive cement is S-Ty- 
pe cement, manufactured from Portland ce
ment clinker with increased C^A content. 
This technology finds limited^applications, 
first of all by reason of the difficulties 
in the getting under control the steadiness 

of ettringite formation rate from trical
cium aluminate. This means the difficul
ties with controlling expansion. Ettrin
gite is formed very rapidly from C^A phase 
in early hydration age and then the reac
tion becomes to be slowed down to very low 
rate at later age. In this connection even 
after 7 days the unreacted aluminate con
tent is still appreciable. ,
At early age the C.A^S phase hydrates more 
rapidly than C„A and°the rate of this reac
tion remains relatively high till the de
pletion of this compound. Fig. 1 shows the 
curves of ettringite formation from diffe
rent anhydrous aluminate phases, plotted

Fig. 1 - Relative rates of ettrinaite for
mation and depletion of GA, C,A„S, or C^A 
in pastes containing both gypäuht and lime 
/Mehta/ • ■

tion the rate of reaction is still appre
ciable, which results in complete trans-
formation of this phase into ettringite 
within 7 days. Examination of the curves 
given in this figure allows also to account 
for the advantage of M-Type cement over 3- 
Type one: in aluminous cement the alumi- ■ 
nium occurs mainly in calcium monoalumi
nate phase and this phase transforms into 
ettringite at considerably earlier ages 
than 7 days.
The separate group is made by expansive 
cements ivith addition of activated alunite. 
Studies in this field are conducted by Bul
garian as.well as Georgian investigators. 
Alunite containing raw materials utilized 
for this purpose are activated at 600° to 
800°C, and then interground with Portland 
cement clinker and gypsum. Alunite gives - 
as a product of reaction with other con
stituents - the ettringite phase. This ce
ment is manufactured in Bulgaria and USSR 
/11-14, 9/. ’ •
In the USSR a technology of expansive ce
ment had been elaborated in which the by



product from aluminium sulphate manufactu
ring process is utilized as alumina-bearing 
component /15-18/.
Further, entirely separate type of expansi
ve cement encloses a group of cements, made 
in Japan, with calcium oxide as expansive 
component. Kawano et al. /8/ developed an 
expansive additive that contains predomi
nantly uncombined calcium oxide; the addi
tive can be obtained by sintering a mixture 
of limestone, clay and anhydrite. The prin
cipal phases of the additive are alite 
/about 38^/, free lime /about 44-47h/ and 
CaSO, /about 6-10%/. This additive is in
terground with the Portland cement clinker. 
The CaO phase occurs, in great part as in
clusions of 10-30 urn large crystals in de
veloped up to 100-900 ^m alite grains, thus 
undergoing hydration more slowly, gradually 
as the alite itself hydrates, which ensures 
controlled expansive properties of the ce
ment. Recently a new expansive additive is 
developed, which contains large alite crys
tals and small /5-20 urn/ free CaO crystals 
dispersed in an amorphous calcium sulphate 
matrix /3/. The composition of a mixture 
with 40-70% of alite, 20-30% free lime and 
10-20% CaSO, gives good expansion characte
ristic.
Pollitt and Brown in Great Britain /19/ and 
Allen et al. in the United States /20/ de
veloped expansive cements based on similar 
principe as the first of the cements men
tioned above, proposed by Kawano. English 
investigators believe the most preferred 
range of free CaO content to be 3-12%. Ac
cording to Allen more than about 2% of free 
CaO in an ordinary Portland cement could 
lead to undesirably delayed hydration, when 
the free CaO is enclosed by less reactive 
compound, such as C^S.
A method of producing CaO and MgO contai
ning expansive cements was given by Collepar- 
di /21/. Also Daugherty et al. /22/ paten
ted a process for preparing expansive ce
ment with addition of free CaO and/or MgO. 
Expansive clinker containing 2-7% MgO and 
1-70% CaO as well as C3S is interground 
with Portland cement clinker. Utilization 
of MgO powder as expansive additive was al
so the matter of studies of Komendant et 
al. /3/.

MECHANISM OF EXPANSION .

In the Portland cement technology a des
tructive phenomenon of volume change, re
sulting in failure of the concrete, has 
been well known for a long time. The three 
reactions cause thi-s volume change: the for
mation of ettringite, portlandite and bru
cite. This phenomenon influences negatively 
the properties of mortars and concretes, if 
the process of formation of these phases , 
occurs after the hardening of the cement ' 
paste is over. At that time high stresses 
appear in the material, exceeding often 
its strength, which results in disruption 
of the concrete.

Numerous studies allowed to state, that 
the factors influencing this unfavourable 
volume change are not only the content of 
harmful components, but also their grain
size distribution and repartition in the 
material. For example Gille /23/ as early 
as in 1952 stated that periclase in the 
form of crystalline grains not greater than 
about 5 urn in size, do not gives unfavou
rable volume change even by its content of 
4-6% of cement. Similar observations con
cern free calcium oxide /2Af, Most of the 
studies on the expansion phenomenon dealed 
with ettringite formation, as that was the 
first, consciously utilized expansive reac
tion. The first hypothesis on the mechanism 
of expansion was suggested in 1929 by La- 
fuma /25/. He theorized, that possible me
chanism of expansion consists in solid sta
te hydration of tricalcium aluminate to et
tringite m saturated solution of calcium 
hydroxide, thus in topochemical reaction, 
whereas ettringite formation by through-so
lution reaction do not causes expansion. 
This hypothesis provoked large discussions 
and finally had been rejected in result of 
works carried out by Mehta, who demonstra
ted, basing on scanning electron microsco
py, that the ettringite is formed, as a ru
le, by through-solution crystallization 
/26/.
The next attempt to elucidate the expansion 
phenomenon resulted in hypothesis in which 
essential role was attributed to osmotic 
pressure /27/. It has been stated /28-29/ 
that electrically charged colloidal parti
cles show the ability to swelling, due to 
osmotic "suction* of water by charged sur
face .
As follows from the work of Moore and Tay
lor /30/, the crystals of ettringite have 
a negative surface charge and according to 1 
Mehta /26/ s colloidal nature of this phase 
in solutions saturated with lime is quite 
sure. Thus the experimental results are not 
out of accord with the osmotic hypothesis 
of expansion.
The most comprehensively supported by expe
rimental evidence is Mehta's hypothesis, 
developed in early seventies /31/. This 
author is of opinion, that negatively char
ged colloidal ettringite grains with high 
specific surface attract the polar molecu
les of water, which surround the crystals 
of this phase and cause interparticle - 
perhaps double-layer type -repulsion. This 
results in overall expansion of the system. 
In order to confirm this hypothesis experi
mentally, Mehta realized_a complete hydra
tion of the mixture C,A3S+8CS+6C+96H with 
formation of ettringife^in conditions pre
venting moisture loss or carbonation of the 
sample. Ettringite sample obtained was then 
exposed to water; volume changes after va
rious curing ages were determined. The cu
rve, given in Fig. 2, shows quite a large 
expansion of. the sample, which is- accompa
nied by no difference in the X-ray diffrac
tion pattern /32/. Thi-s mechanism is res-



Fin. 2 - Uniaxial expansion of ettringite 
on moist curing /Mehta/ 

ponsible also, according to Mehta, for ex
pansion of other colloidal hydrates, as 
Ca/OH/g, Mg/OH/ and alkali silicates. A 
further increase in the length of GaO sam
ples after the hydration is completed, 
stated by Ramachandran et al. /33/, is the 
case for this opinion.
Independently of Mehta's hypothesis, many 
authors continue to consider, that the ex
pansion can be caused by local transforma
tion of anhydrous phases into hydrates 
/34-36/. Electrolyte solution migrates 
through capillary pores to the grain of an
hydrous phase surrounded with hydrates, en
tailing an expansive reaction in situ. The 
hydrate, formed in situ, has substantially 
greater volume as porous anhydrous' phase 
and this generates stresses, leading to 
volume change of the sample. This hypothe
sis is^in a way a recurrence to the known 
Lafuma s conception. Experimental data sup
porting this hypothesis are rather scarce. 
One can here mention the scanning pictures 
of compact ettringite phases, forming the 
envelopes on CyA grains /36/. Japan inves
tigatory suggested the formation of C.ASH12 
on C.A-S grains /37/. This hypothesises 
not contradictory to the increase in poro
sity of pastes in the range of pore sizes 
from 0.2 to 0.8 pm, typical of ettringite 
formation. These pores appear in the mortar 
as early as after 1 day of hardening, exist 
up to 7 days and finally disappear between 
7-th and 28-th day of hardening /Fig. 3/. 
In npn-expansive cement pastes no maximum 
is o^erved in this range of pore size dis
tribution /36/. Generally speaking, expan
sive mortars are always more porous than 
Portland cement mortars /36/. Well-known 
fact of high ability of portlandite and 
ettringite to crystallization, two most 
easily detectable crystalline phases of the 
paste, is not out of accordance with this 
hypothesis.
Important experimental data supporting the 
hypothesis of expansion as result of the 
formation of hydrates in place of anhyd-

Fig. 3 - Pore size distribution of /!/ ex
pansive and /2/ non-expansive cements /Gas 
par/

rous compounds, thus in too .small volume, 
has been presented by Göttin /38/.
Fig. 4 shows, according to this author, 
calculated as well as determined experi
mentally expansion of a mixt of aluminous

Fig. 4 - Expansion of a mixt of high-alu
mina cement with gypsum /Göttin/

cement with gypsum, hydrating with insuf
ficient /30%/ water addition. Theoretical 



expansion was calculated basing on the 
known phase composition of the hydration 
product. .
Similar expansion characteristics were ob
served by Göttin for the samples exposed 
to water after a long period of prelimi
nary moist storage /Fig, 5/.

Fig. 5 - Expansion characteristics of the 
samples exposed to water directly or after 
160 hours of preliminary moist storage 
/Göttin/

Also Isogal's work /39/ seems to confirm 
this hypothesisThis author advances an 
opinion, that the calcium trisulphoalumi
nate hydrate is formed mainly by topoche
mical reaction in case of water curing, 
but chiefly formed by through-solution re
action in case of air curing.
The study of concrete corrosion processes, 
carried out by Regourd /40/ indicated, 
that the appearance of cracks was in re
lation to the formation of compact masses 
of amorphous ettringite, not detectable 
by X-ray diffraction, but also was accom
panied with the formation of large crys
tals of this phase /Fig. 6/. This seems to

Fig. 6. - Different forms of ettring.'te 
in destroyed concrete, a - amorphous, b - 
crystalline /Regourd/

show, that rather the amount of ettrigite 
formed than the size of crystals determines 
the expansion level.
Finally, the most recent investigations by 
Uollepardi et al. /41/ concerning the COA 
hydration proved, that an outside sourcS 
of water is not indispensable for occurence 
of expansive process; though in the sealed 
system it occurs less intensively. Colle- 
pardi relates this fact with transformation 
of the liquid water, present in capillary 
pores, into a low density configuration 
with water molecules, adsorbed on ettrin
gite crystals. Nevertheless these observa
tions do not refute the hypothesis of the 
conversion in situ of G^A grains, coated 
by a low-permeable ettringite layer, into 
hydrated calcium sulphoaluminate.
Bentur and Ish-Shalom /42/, examining the 
mixtures of CSfL and dll, proposed a
model of this^phocess, based on the growth 
of a_porous ettringite layer,around the 
C,A3S grains. This growth causes expansion 
or the sample as a result of spherically 
overgrowing ettringite layers pushing aga
inst each other.
As follows from this review, it is necessa
ry to obtain further experimental data, in 
order to elucidate completely and explain - 
conclusively the mechanism of expansion 
phenomenon.

SOME FACTORS INFLUENCING EXPANSION

Free lime

All the authors agree in the matter of fact, 
that the free lime content influences favou
rably the expansion process. This finds its 
expression in the compositions of industrial 
expansive cements. It has been found /37/, 
that the lime retards hydration of C,A„S 
and C^A, and accelerates hydration or CA 
/43/.JThe role of lime will therefore con
sist in a reduction of the amount of ettrin
gite formed at early age, and first of all 
within 5 hours of hydration. In this connec
tion the phases, giving ettringite, are not 
consumed in the period of plastic state of 
the paste, in which its formation is not 
followed by expansion. Lime addition gives 
beneficial expansion characteristics, with 
higher level of volume change not only at 
early ages, but till the end of the process 
/Fig. 7/. The curves of the content of some 
components in liquid phase of the paste con
firm also such a course of the process /Fig, 
8/. In a free lime containing cement the 
lime concentration of liquid phase is subs-_ 
tantially higher; the concentration of SO, 
ions is higher too. This indicates the retar 
dation of the process of ettringite forma
tion, which becomes accelerated after 5 ho
urs, simultaneously with the start of alite 
hydration. In a cement with very low con
tent of free CaO the process of ettringite 
formation runs continuously since the moment 
of cement mixing with water.
According to Mehta's results and hypothesis.



lime content in the solution promotes the 
formation of fine-crystalline ettringite

Fig. 7 - Effect of lime addition on expan
sion characteristic

Fig. 8 - CaO concentration in liquid phase 
of expansive cement pastes without and with 
free CaO

Portland cement

Not many data are available on this subject. 
It seems to be evident that an Increase in 
the amount of C_A and alkalis in Portland 
cement clinker Jis unfavourable. The effect 
of alkalis can be easily explained by reduc
tion in Ca+ ions content of the liquid 
phase in the paste and - as its consequen
ce - acceleration of ettringite formation.
Higher CJk content will make difficult the 
control Jof expansion, as in this case the 
latter appears to be extended in time.
Similar informations with respect to M-Type 
cements gives Gaspar /36/. He calls atten
tion to the advantageous effect of CO-, 
which promotes the expansion: on the other 
hand the ability to clinkerization of the 
raw materials as well as the high fineness 
of Portland cement are unfavourable /Fig. 
9/.

Fig. 9 - Effect of fineness on expansion 
for M-Type cements /Gaspar/

Expansive components

Tetracalcium sulphoaluminate is the only 
known ternary compound in the system CaO- 
-Al-0o-S0- /44/. It forms easily at tempe
rature as xow as 13OO°C and shows good sta
bility up to melting temperature, 16OO°C.
In the mixtures rich in lime it reacts with 
CaO with formation of C_A arid anhydrite /2/ 
In this connection an excess of the latter 
in industrial mixes is favourable.
The C.A-S is formed by sintering in rotary 
^ilns, °at temperatures not exceeding 1000 
UC. As raw materials limestone, various 
alumina-bearing materials and gypsum arc 
utilized. A large number of informations 
on the manufacturing of the clinker contai
ning calcium sulphoalumiriate was given at 
the Symposium in Tokyo /45, 46/. The K-Type 
.clinker contains, apart .from phases typical 
of Portland cement, C.A„^ and small amounts 
of free lime and anhydrite, expansive clin
kers manufactured in the United States con
tain 3-EX>zJ of C.A-S, depending on the de
gree of purity df^used raw materials.
The computing procedure of mineral composi
tion of K-Type clinker has been given by 
Mehta /2/. Adams and Larkin have elaborated 
a chemical method for determining the C.aJs 
content of-cement and clinker of K-Type. 3 
It consists in a combination of two separa
tion procedures, a maleic' acid-methanol . 
leach and aQ, ammonium chloride-water leach 
,/45/. Occasirially, in the expansive clin
kers burnt at low temperatures, the calcium 
silicosulphate /C-S/-CS has been detected, 
which at temperatnre about 1300°C is known 
to decompose to belite and anhydrite /46/. 



Substantial amount of this compound reduces 
the expansion potential of the cement.
Japanese expansive £omponents .for cement 
contain 15-20/, C A S, 45-5C^ö GS* and 20-30^ 
CaO. Belite is present as minor phase in 
these products /2/.
In the USSR expansive clinker differs in 
composition from known expansive clinkers 
produced in the United States and in Japan; 
it contains also a few percent of G -A- and 
a higher amount of CgS /9/. 1
As regards the expansion process, the con
tent of free lime is - as was stated, above 
- advantageous, however the /C2S/2CS phase 
should not to be present.
The specific surface of this component 
should be high; this can be obtained easily 
even by intergrinding of this clinker with 
Portland cement clinker, due to a good 
grindability of the former.
In the case of M-Type cement, as expansive 
additive either ordinary aluminous cement 
or refractory high-alumina cement - as SE- 
GAR - can be utilized /36/. The latter is 
more advantageous since as little as 1.5% 
of this additive gives a sensible expan
sion /36/. High fineness of aluminous ce
ment has a beneficial effect, as is evident 
from Fig. 9.t

EXPANSIVE CONCRETES

Many years of the practice in utilization 
of expansive concretes allowed to collect 
a comprehensive experimental material as 
well as to examine carefully their proper
ties. These acquirements had been presented 
at the Klein Symposium in Hollywood in 1972. 
Also Mehta /2, 3/ discussed widely the pro
perties of these concretes, and ACI Commit
tee 223 proposed recommended practice for 
the use of shrinkage-compensating concre
tes /7/ .
Limiting oneself to essential problems only 
one should state, that shrinkage-compensa
ting concretes are designed similarly to 
ordinary concretes with Portland cement 
and that, in general, their properties are 
in most respects close to those of Portland 
cement concretes.
Attention however should be called to the 
fact, that the type of aggregate utilized 
has sensible effect upon expansion /46/. 
Recently Polivka and Mehta /47/ have empha
sized the advantage of shrinkage-compensa
ting cement, which is capable to give a 
concrete with very low drying shrinkage, 
even from high-absorption aggregates.
A higher water requirement of the shrinka
ge- compensating concretes makes additional 
problem; in the case of these concretes a 
water-cement ratio higher by 0.05 is em-. 
ployed /2/.
These concretes exhibit also somewhat grea
ter slump loss, especially at elevated tem
peratures, than that of corresponding Port

land cement concretes. It can be eliminated 
in practice by designing a concrete mix with 
increased initial slump or by addition of 
retarding agents. Mehta ascertained very 
good action of 0.05% citric acid /2/ and 
Collepardi et al. of other hydroxy acids 
and polyalcohols /48/. Nevertheless these 
concretes should be protected against dry
ing in early stages of the hardening, as 
the drying shrinkage influences very unfa
vourably the expansion level and can cause 
shrinkage cracks. >
For behaviour of expansive mortars and con
cretes in various conditions, especially 
during thermal curing as well as during dry
ing, a great importance of the stability 
of ettringite has been emphasized. As re
ported by Mehta, no changes in X-ray dif
fraction pattern of a synthetic ettringite 
specimen have been observed when heating- 
under dry conditions up to Gti°C /51/. On 
the other hand, under moist conditions the 
ettringite phase is unaffected even when 
exposed to 93UC for 1 hour. Similar results 
v/ere obtained by Satava and Veprek /52/. 
They found, that in the atmosphere satura
ted with water vapour the ettringite decom
poses at with formation of C,AbH,_
and CS0i5. 4 12
Ludwig /53/ and four years later Skoblin- 
skaya and Krasilnikov /54/ examined desor
ption isotherms and corresponding X-ray 
diffraction patterns of ettringite samples. 
Ludwig reported, that the crystalline struc
ture of ettringite shows no detectable chan
ges in XRD pattern up to 12% relative humi
dity. At this humidity ettringite loses 
about 10 molecules of water. Also Berman 
and Newman stated that X-ray diffraction 
pattern of the specimen of ettringite after 
the removal of 9 H_0 remains unchanged /55/. 
On the other hand Mehta and Klein observed 
no significant differences in the X-ray dif
fraction pattern of ettringite, which loses 
as many as 15 molecules of water /3/.
A detailed analysis of desorption isotherm 
of ettringite based on its crystalline 
structure, determined by Moore and Taylor 
/30/ has been carried out by Skoblinskaya 
and Krasilnikov /54/. They found, that two 
of 32 molecules of water do not enter into 
the structure of ettringite; these molecu
les withdraw over a wide range of vapour 
pressures, which is characteristic of water 
in the lattice defects as well as of adsor
bed water. Thus the structure of ettringite 
contains 30 molecules of water. In the first 
step of dehydration ettringite loses 12 mo
lecules of water.
X-ray examination gives no changes in the 
structure and the microscopic observations 
indicate the presence of two hydrates: 
30 H_0 hydrate and 18 H-0 hydrate. The 12 
water molecules removed are probably these 
molecules from calcium polyhedra, which 
make additional vertices of the trigonal 
prisms.
In the second step of dehydration, ettrin
gite loses further 12 molecules of HgO.



That will be, at first, the third molecule 
of water from the main vertex of the trigo
nal prism, whereupon the last molecule of 
water leaves the Ca polyhedron, and n falls 
to 6. As early as the amount of water mole
cules decreases to 16, the 18 H„0 hydrate 
ceases to exist and regular crystalline 
structure appears to disintegrate.
The third, last step of the dehydration is 
concerned with the most strongly bound 12 
hydroxyl groups.
As is evident from all these investigations, 
the structure of ettringite is stable, and 
the curing of concrete under hydrtothermal 
cogditions, even at temperatures exceeding 
90uC, will cause not any decomposition of 
this phase. On the other hand, high-pressure 
steam curing will produce a decomposition 
of ettringite. Under these conditions cal
cium monosulphoaluminate hydrate can be sta
ble, as it decomposes in saturated vapour 
atmosphere at temoeraturos exceedin' 190 u 
/52/. "
Resistance of expansive concretes to sul
phate solutions depends on the type of ex
pansive cement; only K-Type cement shows 
good resistance /2, 56/. Durability of these 
concretes is very high, as has been disco
vered by Polivka et al. /57/.
Self-stressing concretes should be designed 
with extreme care, basing on laboratory 
tests. The effect of the type and amount of 
steel reinforcement should be taken into 
account.
Polivka /58/ pointed out, that for success
ful application of self-stressing concrete 
triaxial restraints of its expansion are 
nceeed, except such elements as slabs, in 
which biaxial restraints are sufficient, if 
the concrete is kept at relatively low pre
stress level.

CONCLUSIONS

The position of expansive cements and con
cretes produced with these cements has been 
evidently fortified. At the same time a 
substantial progress is made in the under
standing of the chemistry of these cements. 
It is to be expected, that in near future 
new factory produced types of these cements 
will appear, especially these with MgO as 
expansive component.
New prospects for application of the K-Type 
clinkers or very similar ones have been po
inted out by Mehta /59/. They repose on the 
possibility of manufacturing of clinkers 
with modified compound composition at tem
perature substantially lower as Portland 
clinkers, but which would be similar in 
performance to Portland cement.
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INTRODUCTION. Mankind today ia facing two 
global problems — apart from others — who
se successful solution is going to affect 
not only the economic affluence of the 
peoples in the modern world but the health 
and well-being of future generations as 
well. They are the necessity to protect 
the environment against pollution and that 
of conserving energy.
The cement industry is one of the most ma
terial- and energy-consuming branches, and 
its contribution to the solution of these 
two problems can be very considerable. Ac
cording to forecasts made by some scien
tists, the world production of cement by 
1985 will reach 1 billion tons (1) which 
will require more than 1.5 billion tons of 
raw materials and some 200 million tons of 
fuel.
The chemical, metallurgical, coal and 
other industries yield hundreds of tons of 
technogenic by-products and waste mate
rials which are not sufficiently utilized 
as yet. Many of these materials may be 
successfully used as raw materials and 
active mineral admixtures in cement in
dustry (2). The utilization of by-products 
is one of the main means of saving energy 
in cement industry (3,4).
Blast-furnace granulated slags have been 
extensively used in the Soviet Union for a 
long time. Their yearly consumption in ce
ment industry is from 28 to 30 million 
tons. Calculations show that out of all 
possible ways of utilizing blast-furnace 
slags their use in cement industry is, 
from the economic point of view, the most 
profitable one. The valuable experience 
accumulated in this field in the USSR was 
summarized in a paper presented by V.I.Sa- 
tarin at the Sixth International Congress 
on Cement Chemistry in Moscow (5).
Fuel ashes and slags are used more and 
more in the production of Portland cement. 
Extensive research and experimental work 
is carried out to utilize of other kinds 
of technogenic by-products produced by a 
number of industries (chemical gypsum, 
electrothermophosphorous slags, non-fer
rous metallurgy slags, etc.).

I. UTILIZATION OF TECHNOGENIC INDUSTRIAL 
BY-PRODUCTS CONTAINING 2CaO*SiO~ IN 

CEMENT PRODUCTION

The present paper deals with the experien
ce of utilizing technogenic by-products, 
mainly dicalcium silicates formed during 
the production of alumina, in cement in
dustry.
In contrast to foreign countries, the main 
trend in alumina industry in the USSR is 
more extensive use of highly siliceous 
kinds of alumina-containing raw materials. 

like siliceous bauxites, nephelines, alu
nites and some other minerals, Nephelinic 
ores are of special practical interest in 
this respect.
The nephelinic ores which are found in un
limited quantities in the USSR are poorer 
in alumina and richer in silica than baux
ites and differ from the latter in that 
they have a higher alkali content (10 to 
20 percent RpO). Such a composition makes 
them, according to Soviet researchers, a 
valuable raw material complex for the pro
duction of alumina, soda and cement.

In the USSR, following research by Soviet 
scientists (I.L. Talmud, O.N. Zakhar- 
zhevski, V.P. Pochivalov, N.I. Vlodavets, 
V.A. Krochevski, F.N. Strokov and others 
(6 ), for the first time in world practice, 
an all-round and practically waste-free 
processing of nephelinic ores and concent
rates into alumina, soda and potash using 
the so-called sintering method has been 
realized. It is done on an industrial sca
le, at three enterprises. The by-product 
of this process is a nephelinic slurry con
taining up to 50 percent water and 80 to 
90 percent of J5 -CgS in the solid compo
nent. <L
The possibility of producing binders using 
the solid component of nephelinic slurry 
was first studied by V.A. Kind, N.I. Vo
ronin and P.I. Bozhenov as early as 1932
1935. Their purpose was to produce a non
calcinated binder which they called 
"nephelinic cement" and which consisted of 
80 percent of dried slurry and 20 percent 
of lime, with an admixture of gypsum. But 
because this cement was found to quickly 
loose its activity during storage and 
transportation, it was not accepted indust
rially. The authors also pointed to the 
possibility of utilizing thia reject mate
rial as raw material in the production of 
Portland cement.
This work was continued by S.D. Makeshev 
f7) and in the postwar years by L.S. Kogan 
8), S.M. Royak and others. They discovered 

some specific physico-chemical properties 
of the bellte product, which considerably 
differ from those of the traditional raw 
materials in current use in cement produc
tion and which to use this product both in 
the production of Portland cement clinker 
at considerably lower energy consumption 
levels and as a hydraulically active compo
nent in cements which, according to the 
authors, closely resembled common Portland 
cement.
Though investigations in the field of com
prehensive processing of nephelinic.ores 
into alumina, soda and potash, with the be
llte by-product being utilized in the pro
duction of cement, were completed on the ' 
whole, in the USSR, in 1938-1940 (8,9), the 
industrial realization of the resultant 
technology had to be put off because of the 
World War II and was carried into effect 
in 1948 in Volkhov, near Leningrad.



Apart from nepheline, Soviet scientists in 
1959-1941 investigated other raw materials 
suitable for the production of alumina and 
cement.
For example, I.S. Lileyev, B.I. Kogan, 
A.F. Dumskaya, S.D. Makashev and others 
studied the ash of the Moscow brown coals 
for possible use as a new alumina raw ma
terial. The ash, when processed by the al
kaline method, yields, besides alumina, 
the so-called "ash slurry" whose solid part 
contains as much as 70 to 75 percent of 
p-C2S. S.D. Makashev (1939-1940) found that 
this technogenic by-product, just like 
nephelinic slurry, made a very effective 
raw material for producing clinker and a 
good component of Portland cement (7)« 
The same author obtained similar results 
for technogenic belite materials (slurries) 
formed during alumina extraction using the 
same method of extraction from new alumina 
raw materials like kaolin, mica slate, col
liery dump rock etc. which were investigat
ed at V.A.M.I. and G.I.P.Kb. It should also 
be remembered that the "Svobodny Sokol" 
plant in Lipetsk produced in 1938-1940 - 225 
thousand tons of alumlnate-silicate cement. 
The basic component of this cement was 
jr-02S obtained by slow cooling of blast
furnace slags having a high percentage of 
alumina. The cement required no grinding 
due to the autopulverization effect during 
inversion ( B -CoS —— r-C2S) and was of 
250 to 400 grade.
Following the method and technology worked 
out by Ch.De Sey assisted by K. Dickerhoff, 
alumina was industrially produced from TB5 
ash at a cement factory in Rüdersdorf. The 
TPS was using brown coal, and the "black" 
slurry formed in the process and consisting 
for the most part of f-CgS was utilized 
in cement production as a raw mix component 
(10).
So, the beginning of the industrial utiliza
tion of technogenic CpS in cement production 
dates back to the '30ies and *40ies.
The alumina industry in the USSR uses 
nephelinic ores from various deposits. 
According to N.V. Belov (11), the crystal 
cell of nepheline has the following for
mula:

2Ka2Al2Si208 • 2SiO2 = Na4Al^ [AlS^Og]

The chemical principle of extracting alu
mina from nepheline is based on formation 
of soluble alkali aluminates, Sa20 • AlpOj 
and KoO* AlgOx, and on conversion of silica 
into The insoluble compound 2Ca0«S102 in 
the course of reaction:

(Na,K)2 • Al205 * 2S102 + hCaCO^-*- 

2(Na,K)*Al205 + 2(2Ca0«Si02)+4C02

Here the following optimum ratios must be 
maintained in the alumina charge between 
the basis oxides- (6):

CaO : Si02 = 2 and 
Na20+ K2P : Al205 = 1

I. STRUCTDRB AND EROPhRTIES OF DICALCIUM 
SILICATE IN TECHNOGENIC BI-1R0DUCTS OF 
ALUMINA INDUSTRY. It is now accepted that 
C2S exists in five polymorphic forms:

' dL'u » j8 and y , with different sta- 
intervals at heating and cooling.

Transition of modifications is accompanied 
by complete reconstruction of the crystal 
lattice (12) or an insignificant structure 
shift (13), which affects enthalpy and 
conversion rate (14).
The structure of crystal lattices of all 
the polymorphic forms of calcium orthosi
licate has been studied fairly well. The 
oC-form features hexagonal (or, according 
to some reports, trigonal) symmetry, while 
the dLb , a'h and jr -C2S forms are orthor
hombic and the p -form is monoclinic. The 
structure of all the modifications is made 
up of independent SiO^ tetrahedrons linked 
together by calcium atoms whose coordina
tion changes from 6 to 10 during transiti
on from the jT - to the oC -form. Hydraulic 
activity of dicalcium silicate modifica
tions varies, f-C2S is considered hydrau
lically inactive, although it is reported 
(15,16) that it shows binding properties in 
the presence of alkalis and in alumosilica- 
te cements. Alumosilicate slags with com
positions within the crystallization field 
of dicalcium silicate in the C-i2A7 - C2S - 
GA elementary triangle of the CaO - S102 - 
AI2O3 system were industrially produced in 
a blast furnace.
When cooled gradually, the slags disinte-' 
grated into powder due to the transforma
tion of p -C2S into the hydraulically acti
ve -form.
The strength of cement solution at 28 days 
reached 250-400 kgs/cm^. This was a fast
hardening cement with daily strength of 
100-150 kG/cm2. Until then it was thought 
that only ß -C2S was hydraulically active. 
At present activity has been found to exist 
in high-temperature forms of dicalcium si
licate as well, jtooperties were found to 
depend on the composition and quantities of 
admixtures used for stabilization.
Stabilization of C2S modifications is due 
to isomorphism in cationic and anionic 
parts of the structure (16, 17). Isomorphic 
substitutions of Ca and Si lead to disar
rangement of the structure which is accom
panied by changes in lattice symmetry and 
results in corresponding changes in the 
physical, chemical and technical properties 
of C2S,solid solutions. An important factor 
in the formation of C2S properties is the 
ability to form solid solutions with a great 
number of oxides. The 028 lattice may com
prise ions of Al, Fe, K, Na, M., Cr, B, P, 
oxides or their combinations (12-14, 18, 
19). Dissolution of CaO or S102 in C2S lat
tice is also possible leading to deviation 
from the stoichiometric composition of C2S. 
In the case of CaO -C2S is stabilized.
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Basic diagram of integrated processing of nepheline.Fig. 1

in the case of SiOgjthe _ß—*- jT inversion 
is made easier.
In technogenic products of apatite or phos
phorite, processing undecomposed residues 
of basic rocks are always present.
I^Oc present in these products, depending 
on quantity, may cause stabilization ofoC , 

or ß -forms of CgS (18, 19)* Although 
the presence of the <Z and <*' modifications 
together with j3 -GgS does not reduce hyd
raulic activity of nephelinic slurries, it 
can lessen considerably their reactivity
in burning.
Of particular importance to the structure 
of calcium orthosilicate in technogenic 
products are solid solutions with AI2O3 
and FegOz (red slurries) which facilitate 
the inversion (1$). KpO at slow 
cooling was shown (20) to stabilize the 
^-form, while quick quenching resulted in 
the formation of an A* -and -C2S mix
ture.

According to reports (21), solubility in 
CgS drops in the series FegOz > MgO > HO2 
and is, respectively, A.8%, u.75 - 1»5% 
and 0.75%. These admixtures facilitate the 
ß—— jf inversion progressively in the sa

me order. Solubility of ^830 in C2S does 
not exceed 0.6$$ but, unlike the above men
tioned oxides, alkali stabilizes ß -CpS- 
It was shown (22) that KagO may be inclu
ded in the C2S lattice in considerable 
quantities (up to 5% or more) if alkali is 
introduced as a carbonate or sulphate. The 
alkali-stabilized ß -form, however, pos
sesses reduced hydraulic activity in com
parison to the <a -anä A* - modifications. 
Higher hydraulic activity in A - and

A* -forms of CgS and the possibility of 
their stabilization by chemical admixtures 
was reported by other authors as well.
It follows then that in alkali-containing 
technogenic products it is the > -form 
that is stabilized, whereas alkali-free 



sinters contain mainly the y-form of CgS. 
On the other hand, alkalis should be remo
ved as completely as possible because of 
the adverse effect they have on the quality 
of cement. It should be pointed out that in 
the presence of small quantities of fluori
ne not even sodium aluminate can stabilize 
the ß -form, and inversion becomes very 
intensive. (23)
Kh.N. Nurmagambetov, S-A. Tscherban and 
V.A. Belousova studied phase composition of 
orthosilicate on sinters and slurries from 
alumina factories by infra-red spectro
graphy and X-ray structure analysis (24). 
Fig. 2 which is based on their findings 
gives the infra-red spectra of jB - and 
y-C^S, as well as those of some nephelinic 
and bauxite sinters. According to the re
sults obtained, in nephelinic sinters and 
slurries C2S is present mainly in its fi - 
form, whereas in bauxite sinters and slur
ries the C2S form was not found to corres
pond to any of the known modifications. The 
authors ascribe this phenomenon to large 
quantities of ferric oxide dissolved in 
the CgS lattice. But a more natural suppo
sition is that the bauxite sinters studied 
by the authors were heterophase and contai
ned, apart from CoS, admixtures of alumo- 
ferritic nature. An indirect confirmation 
of this, as the same study points out, is 
chemisorption of AI2O5 by low-modulus so
lution whereas ß from nephelinic sin
ter practically did not absorb a AI2O5. 
Formation in nephelinic slurry of practical
ly only the jb -form is also reported in
(25) » but in the same study it is also noted 
that p -C2S absorbs alumina from solution 
with formation of hydrogarnets.
According to other data, nephelinic sinters 
and slurries contain, apart from theJ5-form, 
also »C - and </' -modifications of CpS
(26) .
According to some reports, the presence of 
a particular form or forms of CpS in slur
ries depends on the quantity of admixtures 
(see Table I).
Fhase composition of slurries in this pa
per (26) was studied using X-ray, thermo
graphic, crystallooptical, IH-spectrum and 
chemical methods.
The dt, -form of C2S in slurries resulting 
from the processing of highly siliceous 
bauxites was identified on the basis of 
X-ray data and by the presence of a broad 
absorption band in the 800- to 1000 cm-1 
region of the IB spectrum. When heated up 
to 800°C, =C -C2S-containing slurry samp
les showed an intensive <L-*- p conversion. 
This process was accompanied either by se
paration of the admixtures and their loca
lization around C2S grains or by formation 
of a new phase of the mellite type. Stabi
lization of the dl -form of C2S by alkalis 
was also reported in (27); the <z, -CpS con
tent of clinker was found to be closely 
connected with the quantity of insoluble al
kalis .

It should be stressed in summarizing the 
above reports, that the crystallochemical 
structure of CpS in the technogenic bellte 
products of nephelinic slurries depends on 
the quantity of admixtures and the degree 
of leaching and of alkali aluminates 
extraction, i.e. on the physico-chemical 
and technological particulars of alumina 
production. On the other hand, the latter 
determines the hydratian activity of the 
technogenic belite product in cement and 
its reactivity in cement raw mixes, i.e. 
exactly those properties which are of pri
mary importance to the chemistry, techno
logy and technical properties of cement. 
Consequently, an optimum technology for 
the all-round processing of nephelines can 
result only from combining the interests 
of both alumina and cement industries.
2. BEACTIVITY OF CEMENT BAW MIXES BASED 
ON TECHNOGENIC HiODUCTS CONTAINING DICAL
CIUM SILICATE. The above discussion con
cerned the composition and properties of 
the solid substance of nephelinic slurries, 
mainly from the point of view of hydration 
activity generation which makes them sui
table for cement production.
Of considerable interest is also utiliza
tion of this belite product as an ingre
dient of raw mixes used to produce cement 
clinker. One of the first reports concer
ning prospects of such an utilization was 
contained in the Makashev paper (7).
The same paper also discussed the main 
technological aspects of using nephelinic 
slurries as raw material to produce Port
land cement clinker by the wet method.
As a raw material for clinker production, 
nephelinic slurry formed as a coarse sus
pension containing 4C^ of water, has the 
following technologically important featu
res!
- all the silica and most of the calcium 
oxide in the solid substance of the slurry 
are present in the form of belite;
- a higher silicate modulus in comparison 
to the commonly used clays;
- a fairly considerable percentage of resi
dual alkalis, Na20 and K^O.
The first factor is responsible for higher 
reactivity of the slurry, a lower level of 
carbonate raw material consumption and, 
consequently, an increased output capacity 
of kilns and a reduced heat consumption re
quired for burning . In contrast, the two 
other features make the utilization of 
nephelinic slurries as raw material some
what difficult.
Table 2 gives typical chemical compositions 
of the solid substance of industrial nephe
linic slurries used by the cement industry 
(28).
The Achinsk slurry has a very high AI2O3 
and alkali content which points to 
worse conditions of sodium aluminata extrac
tion from the sinter.



TABLE I

Chemical composition and modification of technogenic CgS in slurries

Oxides in slurries. % Cristal

sio2 ai2o5 Fe205 CaO MgO so5 Ti02 Na20 k2o C2S

After pro
cessing i
clays 22.58 4.0 1.08 54.65 1.64 0.21 0.17 0.35 0.11 r
nephelins 28.79 2.48 2.89 54.67 2.55 0.95 0.33 0.95 1.16
highly si
liceous bau
xites 25.90 3.41 9«O5 48.03 1.29 0.57 2.35 2.13 0.50
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Fig. 2b. Infrared spectra of the solid sub
stance of slurries after the leaching of 
sinterss 1-sepbelinic sinter; 2-bauxitic 

sinter.
Fig. 2a. Infrared spectra of the p and 

r —modifications of dicalcium silicate.

Fig. 2. IB spectra of ]} and j* -CgS and sinters of nephelines and bauxites.

All of the solid substance of slurries is Judging by X-ray photographs, CgS in the 
mainly composed by p -CoS crystals. The Achinsk slurry has the most defective struc-
CpS grains in all the slurries do not dif- tore of all.
fer greatly in,size (up to 12-18 ju-m).



Tn the course of heating, recrystallization 
of CgS grains is observed, starting at 
about gOO-IOOQ^C and rapidly proceeding at 
11OOeC. Bellte,grains grow to up to 35
50 /in. The bellte product of the Achinsk 
slurry shows simultaneous disintegration of 
solid solutions and isolation, at grain 
boundaries, of ferric oxide which forms the 
almnoferritic phase. According to P,I. Boz
henov (29), admixtures in CoS crystals are 
originally adsorbed along the boundaries 
of mosaic blocks, in intercrystallite zo
nes, where their concentration is much 
higher than in the crystal volume«,At a 
ch»ng* of temperature, disintegration of 
solid solutions may occur in these zones 
even before the solubility limit is reach
ed in the crystal volume. When the cooling 
regime is changed, the admixture may be 
either isolated forming a new phase or 
"dissolved" in the crystal volume. Clinker 
properties thus become controllable. It 
should be noted that the presence of , 
amorphized Intercrystallite films in clin
ker phases, and their influence on clinker 
properties was confirmed by electronic 
microscopic investigations carried out by 
U.I. Eapiashvlli (30).
Recrystallization of CgS grains on heating 
and decomposition of solid solutions some
what reduces the reactivity of raw mixes 
based on nephelinic slurry. That is why the 
heating should be carried out as quickly 
as possible. Because of a higher silicate 
modulus, bicomponent mixes of nephelinic 
slurry and limestone are inferior, as far - 
as reactivity is concerned* to mixes contai
ning clay or marl and fluxes. That is why a 
tetra-component raw mix is in common use 
consisting of nephelinic slurry, limestone, 
and aluminous ■ and ferriferous correc
tion admixtures. This results in an unwan
ted reduction of slurry consumption per . 
ton of clinker in.comparison to bicomponent 
mixes (31).
Use of 0.4 - 0.5% CaFo admixture as a mine
ralizer allows to carry out successfully ■ 
the burning of a bicomponent raw mix ha
ving a silicate modulus of A.g. This in
creases the nephelinic slurry percentage in 
raw mix from 38-^0 to 50%, while that of .li
mestone is reduced from 55-57 to 50%.
Total raw material consumption is reduced 
by about 10 percent by mass (32).
Of particular importance to the reactivity 
of a raw mix and the quality of clinker ob
tained is the percentage of alkali oxides 
present, especially that of NagO, whose sub
limation during burning does not take pla
ce as easily as in the case of KgO. That is 
why the Achinsk slurry, as far as reactivi
ty goes, is very inferior to the other two. 
According to some authors, the unavoidable 
recrystallization of belite in the prepara
tory zones of rotary kilns results in such 
a substantial drop of reactivity in raw mi
xes based on nephelinic slurries that it af
fects the quality of clinker (33). Alite 
which is formed in such clinkers shows 
poorly defined crystallization and a defec
tive structure with crystal sizes of 20 to

30jum, while the hydration activity of 
clinker Is about 15 percent lower than 
when clay is used. However, the cause of 
the inferior microstructure and reduced 
activity of clinker is not the reduced 
reactivity of the raw-mix but rather the 
adverse effect of NagO on the alite struc
ture.
Fig. 3 gives changes in COg and CaO con
tent in roast material along the length 
of the 175-meter kiln of the Achinsk fac
tory (3^)« As can be seen, the amount of 
CaO does not exceed 5 percent in any part 
of the kiln, whereas in the case of the 
usual charge it reaches 15 to 18 percent 
at the end of the decarbonization zone. 
Assimilation of lime by the belite pro
duct of nephelinic slurry takes place pa
rallel to decomposition of CaCOj,

length of kiln, m

Fig. 3. Change in content of (1) COg and 
(2) free CaO in roast material along the 
length of the kiln'

A high NapO concentration in the charge 
of the Achinsk factory is responsible for 
the formation of large quantities of spur
rite 2(C2S),CaC0x in the roast material. 
At the 135th meter of the kiln It accounts 
for 46.7 percent of the roast material 
mass. ^Decomposition of spurrite takes pla
ce at a temperature above 940’0 according 
to the reaction« |
' (C2S)2 • QaCOj —- 2C2S + CaO + 002

The newly-formed belite and CaO in statu 
nascendj have adequate reactivity so that 
the formation1of spurrite is, from this 
point of view, even useful. But at the sa
me time intensive clinker dust generation



TABLE II

Composition of solid substance of nephelinic. slurries which are utilized 
in the USSR cement industry, in percentages, and its modulus

Slurry sio2 ai2o5 Fe20^ CaO MgO Ha20 k2o Silicate 
modulus

Alumina 
modulus

Pikalevo 
slurry 28.8 2.5 2.9 54.7 2.5 1.2 0.9 5.36 0.85
Volkhov 
slurry 28.4 2.6 2.6 55-2 1.7 1.1 0.8 5.17 1.06
Achinsk 
slurry 27.3 4.6 3-4 52.2 1.2 0.7 1.4 3.42 1-33

is observed which makes it much more dif
ficult for the kilns to function. At other 
factories which use nephelinic slurries 
of a lower general percentage of alkali 
and especially lower NagO content, the 
operation of kilns presents no'snares cau
sed by the ■ dusting effect .
At higher content of water-soluble alka
lis, rheological properties of raw slurry 
deteriorate as well when the wet method 
is used.
Table III gives average data (1979) on the 
mineralogy and strength (activity) of clin
ker at factories which use nephelinic slur
ry as a main component of raw mixes.
These data show that all these clinkers 
have high alite percentages.
The Achinsk clinker is inferior to the 
other ones in quality despite a higher 
CzA percentage, because of a higher alkali 
content both in nephelinic slurry and 
clinker. The Volkhov clinker is in the 
most active category and is superior in 
quality to most of the clinkers produced 
from traditional raw materials.
At all the above factories the output ca
pacity of rotary kilns is at least 30 
percent higher and the specific fuel con
sumption is 20 to 25 percent lower than 
for kilns of the same type used for the 
processing of traditional raw materials. 
Earlier we discussed some of the investi
gation results and the main lines of prac
tical utilization in cement industry of 
technogenic bellte products which are for
med during the all-round processing of 
nephelines into alumina, soda and potash. 
In future, other technogenic bellte pro
ducts with similar physico-chemical pro
perties can be obtained from the all-round 
processing of other alkaline alumosili- 
cate mineral rocks. Large deposits of 
such minerals are found in Siberia and the 
Far East, and in particular in the area 
through which the Baikal-Amur railway line 
is being built.
Similar bellte by-products may also be ob
tained in alumina production using the al
kaline charge sintering method, with soda 
added, from such materials as fuel ashes. 

kaolins, clay and mica dump slate and other 
materials containing sufficient amounts of 
alumina.
But, in utilizing TPS ashes and kaolins, 
clays and clay slate and other alumina
containing materials, a non-alkallne met
hod of processing may be preferable, like 
that proposed by the Polish academician 
E. Grzymek.
The non-alkallne method of processing such 
materials for alumina which yields y -CpS 
powder, with y -product grain sizes of about 

~1O to 20 jum, to be used as a component of 
cement raw mixes, was discussed by 
B. Grzymek in detail at the bth Internatio
nal Congress on Cement Chemistry in Moscow 
(35)* One of its major advantages Is the 
absence of alkali admixtures in its y -pro
duct, and is the corresponding difficulties 
in clinker burning . It should be said, 
however, that ensuring a steady and comple
te pulverization of alkali-free alumina 
sinters,' when the original raw material is 
of unstable composition. Is not a simple 
matter.
Original raw materials almost always con
tain P5*, B?*, Mni*+, Crfe*, V5+ and some 
other Ions in various combinations which, 
though present in relatively small quanti
ties, can have a stabilizing effect on C-S 
and thus obstruct the full polymorphic con
version on fi—-Cgü . This can be preven
ted, according to Grzymek, if the sinter 
is burned in a reducing atmosphere.
Slower dispersion rates of alumina sinters 
may also be caused by melts of a certain 
composition, which facilitate formation of 
finely crystalline GpS where the formation 
of y -CpS nucleus, ä Is somewhat hindered, 
by rapid cooling of*the sinter as well as 
by other factors.
From 1954, experimental industrial produc
tion of alumina and cement utilizing fuel 
ashes has been in progress in the Polish 
People’s republic. Taking into account the 
experience accumulated over the years in 
this field, a factory is being built there 
with an output capacity of about 100 thou
sand tons of alumina and 1270 thousand tons 
of cement. A similar factory is being built 
in the Hungarian People’s Republic in co-
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Mineralogy and strength of clinker -

Factories 
(large pro
duction units, 
plants)

Composition of clinker, mass percentages Compression 
strength at 
28 days, MPac?s c2s c5a c4af BgO

Pikalevo 62 18 4 12 1.3 47.6
Volkhov 59 18 5 14 1 .04 58.2
Achinsk 58 19 8 11 1.5 44.0

operation with the PPti.
Following reports on the possibility of 
utilizing a number of new alumina-contai
ning non-bauxitio raw materials, Soviet 
scientists have been engaged in extensive 
research of the technogenic y -product 
for its possible use in raw mixes in ce
ment clinker production.
For instance, researchers at V.A.M.I., 
Leningrad ascertained the basic possibi
lity of utilizing, as an alumina raw ma
terial, the mineral part of coals and en
closing rocks from the Ekibastus coal 
field in the Kazakh SSB.
Around this unique coal field, a number of 
large TPStations have been planned and 
partly built which, apart from alumina
containing dump rock with as much as 35 
percent of AlgOz, yield ashes and slags 
containing up to 25-52 percent of AlpOx 
and 62-68 percent of Si02. The overall out
put of these materials from 3»5 million 
tons a year is to reach JO million tons by 
1990.
The self-pulverizing alumocalcium sinter 
(dispersion degree of up to 95-99%) pro
duced from the above materials by the non- 
alkaline sintering method, subjected to 
leaching, yields a r-product containing 
as much as 60 - 65 percent of r -CoS 
(36. 37).
Besearch at Giprotsement (38) showed this 
material to be a highly reactive component 
of raw mixes for obtaining a highly active 
clinker, analogous in this respect to the 
((■-product which is formed during the extrac
tion of alumina from the previously studied 
kaolin from the Angren deposit." ;
It should be noted however that, notwith
standing its positive properties discussed 
here, the $• -product produced by the above 
method, is lacking in, or, according to so
me reports, has a very weak hydration acti
vity. This prevents, its use as an active 
component of Portland cement, until methods 
of activization are found.
3. BUILDING AND TECHNICAL PBOPEkTIES OF 
POBTLAND CEMENTS WITH ADMIXTUHES OF TECHNO
GENIC DICALCIUM SILICATE. Before turning 
to the discussion of the existing data con
cerning properties of cements which, apart 
from clinker, contain various quantities of 
technogenic dicaloium silicates as an ac

tive component, the term used to describe 
there cements should be discussed since it 
is not generally recognized yet.
The term used at present by some authors 
(39-41) "nephelinic cement". It was used 
previously to designate a binder produced 
by grinding together a mixture of dried 
nephelinic slurry, lime and gypsum.
Apart from this, a cement based on the mix
ture of Portland cement clinker and techno
genic bellte product can be produced, ac
cording to the above discussion, by the 
method of alkaline sintering not only from 
nephelinic raw materials, but also from 
other kinds of alumina-containing mate
rials, like highly siliceous bauxites, 
fuel ashes, clay and clay slate, kaolin. 
To avoid introducing new names to designa
te the latter kinds of cement which are 
quite similar, as far as composition and 
properties are concerned, to the ones pro
duced by processing of nepheline, cement 
which is composed of clinker and technoge
nic bellte product in excess of 20 percent 
is called "bellte Portland cement", shor
tened to BPC, throughout the discussion 
that follows. Portland cements with lower 
percentages of technogenic bellte and clin
ker which is produced by : burning a raw 
mix with nephelinic slurry in it require 
no special designation.
These cements are produced in the USSB at 
the factories in Volkhov and Achinsk, whe
re technogenic bellte product is used as 
an active mineral admixture in the produc
tion of.Grade 400 and 500 Portland cements 
(with admixtures) and of the GOST 10178-76 
fast-hardening Portland cement. The high- 
quality clinker from the Volkhov factory 
allows to produce mostly cements of enhan
ced strength. Building and technical pro
perties of BPC with over 20 percent of 
technogenic bellte were studied in detail 
at Giprotsement and L.I.S.I., Leningrad, 
under the guidance of P.I. Bozhenov 
(39-/*O). .
Fig. 4. shows how the quantity of bellte . 
product in nephelinic slurry affects the 
strength of cement produced at the Pikalevo 
factory (42).
At initial hardening stages, BPC with a 
higher bellte percentage is found to be so
mewhat inferior in strength to cement wit-
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Fig. 4. The influence of nephelinio-alurry 
bellte product and calcium silicate on BPC 

strength (E coop.).

bout admixtures, but at one to three months 
(and even at 7 days in the case of cement 
from the Volkhov factory) BPC having 40 to 
45 percent of nepbelinic slurry catches up 
with the strength values of control samples 
of Portland cement without admixtures and 
even surpasses them.at later hardening sta
ges. .
At greater percentages (to-80%) of bellte 
product, BPC reaches the strength of cement 
without admixtures at six months. But high 
alkali content (as in some of the cements 
from the Achinsk factory) keeps the strength 
values down (below 20 MPa) at all hardening 
stages. However, cements with up to 80 per
cent of bellte, after wet-heat treatment 
and especially after autoclave treatment, 
allow to obtain articles of superior 
strength (59. 45). -
Despite the different physico-mechanioal 
conditions under which £ -CoS Is formed in 
bellte products and Portland cement clin
kers, these belltes are so similar that 
their hydration processes are very much ali

ke both In kinetics and in the phase com
position of new formations.
BPC strength values in Fig. 4 are shown to 
depend not only on bellte product content, 
but also on the quantity of CjS and the 
overall C2S content in cement, including 
bellte contained both in clinker and in be
llte product (42).
It follows that starting at three to seven 
days, technogenic bellte takes an active 
part in cement stone strength formation.
As the overall CgS content grows and the 
Czß quantity Is accordingly reduced, cement 
hardening rate slows down, but at later 
hydration stages strength values grow, e.g. 
at six months to one year, the maximum 
strength is observed in cements containing 
20 to 50 percent of alite and 50 to Ö3 per
cent of bellte.
Tt should be mentioned, however, that wa
ter-consumption rates in BPC, estimated on 
the basis of water content in normal con
sistency paste, are increased by 5 to 4 - 
percent in the presence of 40 to 60 percent 
"of bellte product. But, according to 
P.I. Bozhenov, this has no effect on the 
water-consumption rates in the case of BPO- 
based concretes,
A special problem, as far as BPC is con
cerned, is a considerable reduction of set
ting time at higher bellte product content. 
Already at 50 to 40 percent the setting ti
me drops to the lowest level of 45 minutes 
allowed by GOST 10178-76. At 4-5 to 60 per
cent, setting starts 20 or 50 minutes after 
mixing.
An additional washing of slurry to remove 
the residual alkali aluminates permits to 
maintain the standard setting times in BPC 
containing 50 to 60 percent of bellte pro
duct, butt even in this case the beginning 
and the end of setting ere observed much 
earlier than in control samples.
Fig. 5 shows the effect of water-soluble 
alkalis present in nepbelinic slurry on the 
content of oxides, in particular of AI2OX, 
in the liquid phase during the hydration of 
slurry (44).
These data show that in the Initial stages, 
water-soluble alkalis cause a sharp increa
se in the extraction of aluminate ions from 
the slurry and in their transition to the 
liquid phase, which results in the reduc
tion of setting time. At the same time, the 
hydration of J -C2S grains is considerably 
accelerated. •
In order to avoid producing cements with 
non-standard setting times the industry 
still gives preference to the production of 
cements with up to 15 percent of bellte pro
duct. General characteristics of industrial 
cements are given in Table 4.
All the cements are characterized by high 
bending strength which is 10 to 20 percent 
higher than in control Portland cements.



Cement characteristics

TABLE TV

Factory Grade
Setting time, 
hours, minutes

Normal con
sistency, 

% .

Strength, H comp «MPa

5d. 7d. 28d. 1 day (steam 
ing)*Start Finish

Achinsk factory 400 2öä 310 2? .04 26.8 58.4 45 52.7
Volkhov factory 500 2^^ 54° 25.se 28.? 58.? 51.4 39.7

As per schedule: 2+3+6+2hrs (preliminary curing + temperature rise + warming up at 85eC + 
cooling). " - '

Fig. 5. The influence of water-soluble al
kali content in the liquid phase during the 
hydration of bellte product on AloOx con
tent: 1-0.21%, 2-0.5%, 5-1.0% and 4-2.0% of 
H20 (for.Ha2d).

Cements having higher bellte-product con
tents (50 to 60 percent) were produced at 
the Volkhov factory. At contents up to 50 
percent cements were of Grade 400 to 500; 
at 40 percent, Grades 500 to 400 were ob
tained, and'at 50 to 60 percent, cements we
re of Grade JOO (45).
Standard setting times were observed only 
in cements containing up to 50 percent of 
bellte product. But the somewhat accelera
ted setting did not prevent the experimen
tal cements from being successfully used by 
Leningrad factories producing prefabricated 
reinforced-concrete articles. High-quality 
articles were also produced from lightweight 
aggregate concrete. Despite some Increase 
in the specific consumption of cement, eco
nomy in clinker used to produce concrete, If 
we consider the reduction of its content In

cement, was JO to 50 kg/cu.m. ' '
Among other properties of BPC as a building 
and technical material a reduced heat-evo
lution during hydration, a lower water-sepa
ration rate, a sufficiently high corrosion 
and frost resistance and an ability to pro
vide an increased water-tightness of concre
tes should be noted (40). .
Concretes based on this type of cement are 
now intensively studied in particular their 
creep.
It should be noted that there Is considerab
le progress in the technology of leaching of 
alumina sinters at Soviet alumina factories 
where nepheline is used. These Improvements 
allow to raise the degree of alumina and al
kali extraction and, what is of major impor
tance to cement chemistry, to reduce accor
dingly the alkali content in the belite pro
duct. .
A very Interesting paper is presented at 
this, congress (NIITsement) by Akunov, Dmlt- 
rlyev, Makashev et al. concerning the possi
bility of increasing the strength of EPG by 
the method of jet pulverization instead of 
by grinding in traditional ball mills (46). 
The authors also obtained positive results 
in applying''this method to increase the 
strength of Portland cement containing 50 
percent of y -product.
At present nephellnlc slurries are being 
used in cement industry mainly to produce 
clinker and to a lesser extent as an active 
mineral admixture for cements.
4. SPECIAL CIWENTS BASED ON TECHNOGENIC DI- ' 
CALCIUM SILICATE (BELITE PHODUCT). A low CzA 
content in clinkers produced on the basis of 
nephellnlc slurry, as well as high corroslon- 
reslstence in cements with an admixture of 
technogenic bellte product have drawn atten
tion to,the problem of using them to produce 
a sulphate-resistant cement. . '
To this end, the sulphate-resistance of the 
common Pikalevq clinker and that of an expe
rimental highly siliceous clinker having a 
silicate modulus of 5.5 were studied. The 
latter was obtained by .burning .8 bicompo
nent raw mix which was composed of nepheli- 
nic slurry and limestone (47). The common 
clinker and the highly siliceous clinker con- 



talned, respectively, 4 and 2 percent of 
c5a. •
Cements based on these clinkers proved to 
be sulphate-resistant according to ÜSSH 
standards, although the expected advantage 
of the experimental composition was not 
confirmed.
Practical application o^clinkers based on 
belite slurry raw materials, and of belite 
product as an active component of sulphate 
resistant cements is difficult because of 
the high alkali content.
In order to overcome the adverse alkali 
effect, it is proposed to add small quan
tities of phosphorites to nepheline-con
taining raw mixes (0.8 to 1.5 percent of 
P2O5 in the mix) (48).
In control clinker, formation of CgAj and 
KC25S-12 al tail-containing phases was ob
served, with considerable presence of free 
lime. In phosphorous clinker, CoA, or 
KC25S12 pnases were not observed,'’but the 
presence of the Na^PgOn and Mgg^PO^.)? was 
noted. The aluminate phase,along with CxA, 
contained C-oA?, while the alum of erritic 
phase showed a shift towards C6A?P forma
tion.
This controlled phase modification caused 
clinker strengths to increase by 4 to 15 
MPa (28-day samples), while corrosion re
sistance which was tested in a 5-percent 
NapSOzi solution and in sea water, was con
siderably improved. Longer setting times 
were also observed.
This method of overcoming the adverse al
kali effect, although has not yet found 
practical application, is undoubtedly inte- ' 
resting.
The speedily developing production of oil 
and gas brought to the foreground .the neces
sity of increasing the production of oil
well cements.
Oil and gas extraction from deep strata 
seems to be generally favoured throughout 
the world. This entails drilling or deep 
end superdeep wells in which temperature 
reaches hundreds of degrees and pressure 
is up to a thousand atmospheres. Common 
oil-well cements, including those used in, 
hot" wells, cannot be used under such con
ditions because they thicken easily and 
loss their mobility before plugging is 
completed and because of their low resis
tance in the extreme conditions of super
deep wells.
The Soviet practice is to use for such 
purposes cements based on blast-furnace 
granulated slags.
Investigations which have been carried out 
in the USSE show that oil-well cements 
with all the required technical properties 
may be obtained using technogenic belite 
products.
Several oil-well cement compositions for 
super-deep we’lls, their basic component 
being the technogenic belite by-product of

alumina production from nepheline, were 
proposed by S.M. Aoyak and A.M. Dmitriyev 
(49). -
The bellto-siliceous ol^-well cement (BSC) 
was prepared from a mix containing techno
genic bellte product and quarts sand at ra
tios from 70s50 to 50t70, which was ground 
to a specific surface of 2 to 4 thous.sq. 
om/g.
It was found that at temperatures from 150 
to 500®C and pressures from 500 to ?00 atm. 
this cement hardened well without activi- 
zers such as Portland cement or gypsum. 
Setting times of BSC depend on the tempe
rature of the medium. At temperature ele
vation from 1o5 to 200°C, the onset of 
setting was accelerated from 4 hrs 15 min 
to 1«5 hrs, which is within permissible 
limits. Additional retardation of the on
set of setting (1.5 to 2 times) and an in
creased flow of oil-w,ell mortars can be 
effected by adding up"to 5 percent of ben
tonitic clay.
The strength of oil-well mortars ' was 
increased when the quartz sand content of 
BSC was raised to 50 percent. BSC prepared 
from a 70*50 mix of belite product and 
quartz sand reached its maximum strength 
of 45 to 50 MPa at 200°C. As the tempera
ture and pressure were increased further, 
its strength decreased though it remained 
sufficiently high, up to 15-17 MPa at 
500°C and 700 atm. A prolonged curing of 
hardened samples at this temperature did 
not cause any strength reduction. ■ 
Another BSC composition, alone with belite 
product and quartz sand, includes 
acid blast-furnace slags. By changing the 
composition of cement, a product is obtai
ned which can satisfy consumers both in 
terms of strength and in terms of setting 
time.
The composition of the new formations re
sulting from a prolonged steaming of BSC 
in an autoclave was studied by the method 
of X-ray structural thermography. The fin
dings showed that both of the two basic 
components - belite product and quartz 
sand — take part in the processes of hydra
tion and stone structure formation. Basic 
hydration products are low-base calcium 
hydrosilicates of the tobermorite type with 
minimum basicity of 0.8 (50). There are 
also unreacted p—O2S grains and some 
quartz. No free lime was found in cement 
stone.
CONCLDSIONS
The present paper summarizes mostly re
search data and experience industrial uti
lization of technogenic dicalcium silicate 
(bellte products) which have been so far 
accumulated in the USSR.
Unfortunately, at the time this paper was 
prepared, rather few sources were known in 
which similar work done in other countries 
was discussed. That is why the present re
view is not as complete as it could have 
been. '



It is to be hoped, however, that in the 
course of the 7tb International Congress on 
Chemistry of Cement, in discussing corres
ponding papers, this shortcoming will be 
overcome.
This hope seems to be well-founded, if one 
is to take into consideration the conti
nually expanded production of aluminium, 
that '’20th-century metal**,'from new kinas 
of alumina-containing raw materials and 
the insufficient resources of low-siliceous 
bauxites which still remain the basic sour
ce of alumina for aluminictm production. 
Extensive research by Soviet scientists and 
the practical experience of all-round uti
lisation of nephelines and in the future of 
similar alkaline alumosiliceous minerals in 
producing Portland cements in addition to 
alumina and alkali carbonates, will make it 
possible:
- to considerably extend the raw material 
base for the alumina, chemical and cement 
industries;
- to obtain, during the processing of nephe
line into alumina and alkali carbonates, a 
technogenic bellte by-product composed main
ly of dicalcium silicate in the form of 
p-phese, which, on the strength of its phy
sical and chemical properties, is the most 
effective material for the production of ce
ment clinker and Portland cement;'
- using the technogenic bellte product, to 
realize a more economical, in terms of fuel, 
energy and raw materials, production of ce
ment in relation to the traditional produc
tion based on carbonate and clay rocks;
- using the bellte product, to develop ah 
efficient production of (a) general-purpose 
cements of varying activity, including 
highly alitic and siliceous cements, and 
(b) special-purpose cements, such as sulp
hate-resistant cements, low-tBermic cements, 
hydrotechnical and .oil-well cements, where 
this technogenic maferial can be used as an 
active component both in cement raw mixes 
and in Portland cement.
Possibilities exist for extensive use of 
f-products which are formed during the pro
cessing of alumina-containing materials by 
the non-alkaline method as a component in 
raw mixes.
On the strength of these research findings 
the USSP, for the first time In world prac
tice acquired, apart from an industrially 
integrated, large-scale processing of nephe
lines by the alkaline sintering method intq 
alumina, soda and potash, another large-scale 
and highly efficient production.of cement 
from the technogenic beiite by-products of 
the above-mentioned processing of nephelines. 
According to the existing economic estimates, 
the combined nepheline-based production of 
alumina, soda products and cements allows to 
reduce specific investments by 20 to 25 per
cent and raw-material consumption by 25 to 
50 percent, as compared to having a separate 
production of alumina and bauxites, of calci
nated soda from salt solutions (sodium chlo
ride) and limestone, and a separate produc
tion of cement based on traditional raw mate

rials - carbonate and clayey rocks.
At the same time, an Integrated and prac
tically waste-free processing of nepheli- 
nic and similar, alkaline and non-alkali
ne, alumosiliceous rocks for alumina, 
cement and other products, stands for the 
maximum utilization of natural resources 
and is therefore, from the-point of view 
of ecology, a more effective production 
process than the two separate processes 
of obtaining these products which result 
in the accumulation of many tons of unu
sed waste (red slurry) from bauxite-based 
production of alumina, and of distillation 
slurries resulting from the production of 
soda out of limestone and rock salt.

acknowledgement
The author is grateful to 3<.B. Entin and
S.D. Makashev for assistance in prepara
tion of this paper.

KEFEkENCEb
1. - P.K.MEHTA (1978) "Energy, resources

and the environment - a review of the 
US cement industry". World Cement 
Technology, Jg, N° 5, 144-160 ( en 
anglais ).

2. - A.C.EOJfflHPEB (1978) "Cjiobo od OTXojiax"
Xmmmh h Ji 2 (1979) "Biopofi npo- 
nyKT" ComrajixcTirqecKafl BHsycTpM 168 
Cen russe ).

3. - H.M.MBOPOHKOB, A.C.EOMPEB, H.H.KO-
BAH, C.A.MAKA1KEB, O.nTMWIOB-IIETPO- 
Cffi, A.A.IIAlllEHKO, C.A.4ATAIMEB, T.D. 
tiETKHHA (1979) "TeopeTmecKoe odocHO- 
BaHae npzMeaeHHH hobhx bhaob chpm b 
IWeHTHOS npOMHnUteHHOCTK*’. SoKiasH 
AH CCCP, 245, J6 3, 666-669 X en russeX

4. - B.E.OPHOB (1978) "PesepBH Haponaoro
xoaaScTBa b HcnoxBsoBaHHH otxoxob npo- 
ESBQHCTBa" ämaHCH CCCP * 3, 11-15 , 
( en russe ).

5. - B.M.CATAPKH (1976) "fflaaKonopTJiamuie-
MeHT" JI MeamyHapQRHHä KOHrpecc no xa- 
mm ueyeHTa. T. IB, MocKsa, CTpofiaqRaT, 
( en russe ).

6. - H.H.KKMEP, B.A.HABEP (1962) "Hetiteja-
hh - KoMiueKCBoe cuphe amaHHeBofi 
npoHMMeHHocTi", MocKsa, "MeTajmyprxs- 
AaT", ( en russe ).

7. - C.JI.MAKAinEB (1946) "KomueKCHoe npoxa-
bqhctbo neueHTa x okxcx aroiaaMH" , fieueHT (lexxHipsm), J6 II-I2, 8-15 , 
( en russe ).

8. - A.C.KCTAH, K.H.SHffiEETMAH, E.B.PEBTMK
(1956) "UpxMeHeHxe b KeMCHTHOM npoxa- 
BQRCTBe oixosa ajmoBxeBofi npoMumjieH- 
hootx - dexxTOBoro Buraua", KeHxnrpan, 
"IIpoMCTpoflxEmaT", ( en russe ). •

9. - A.C.BOJaUHPEB (1938) KoMMeKCHoe npoxa-
BOfiCTBo okxcx ajrwxHXg, cquti x nopr- 
jamuieMeHTa xs He$exxxa, IIckcht , Jle- 
HXHTpim, i 3f ( en russe )•

lOr A.M.BEIHEB (1947) IIpoiSBOflCTBO jiencxx



V-3/14

MeiaaxoB. AjmoaieBaH npoiöBieHHOcTS. 
B BH. "IlBCTHaH M6T&urorea MeHipaeMot 
H BocTOHHot repgaHM* Hofi pexaKipiea 
B.A. SaopoBa. roc.HajrqHo-TexH. he®, xh- 
TepatypH ho nepxoS x hbcthoS Meiaejiyp- 

' n™, MOCKBS, ( en ruBse ).
II. H.B.BEJIOB (1954) TmmH MxcTXTyra Epac- 

‘‘’TaMorpegani AH CCCF, nm. 10, 6, ( en 
ruase ).

I2.-R.W.1TORSE (1954) III International Sym
posium on the Chemistry of Cement. Lon
don, (1952) General Report, London , 
HMSO, ( en anglais ). ,

IS^A.H.ECÜKOBA (1974) "IsepiiHe pacöOTH 
HeiteHTHHX iomepaioB", JleHXBrpaji, "Hay- 
Ba", ( en ruase ).

I4.-M.REGOÜRD, A.GUINIER (1974) "The Crys
tal Chemistry of Portland Cement Clin
ker Components", VI International Con
gress of the Chemistry of Cement, Mos
cow, 1974, General Report, ed. VNIIESM, 
( en anglais ).

IS.-n.n.EMHMKOB, B.A.BPOH, 1.B.XOPOIIABMH 
(1961) "flByxzMi>inreBHä cHMEar i ero 
CBoäcTBa'f TpygH MXTH HM.A.H.MemaieeBa, 
J6 36, 15-43, ( en ruase 7.

16.- D.K.SMITH, A.J.MAJUMDAR, P.ORDWAY 
(1965) "The crystal structure of 
r-CpS", Acta Crystallographies, v.18, 

785-795, (en anglais ).
17z-H.LEHMANN, K.NIESEL, P.THORMANN (1969) 

"Der Modifikationsstabilitätgereioh ven 
Dicalcium Silicates", Tonindustrie - 
Zeitung , B. 93, H° 6, 197-209 ( en 
allemand ).

Heieesa JI 72, ( en russe

soBirii cocTO nopMaBjmeMeHTHoro kjhh- 
Kepa" Cd. "CxaKaiH . IpyRH MXTM 
■M.Jl.K.MeHsejieeBa 8 68, I en russe ).

I9rD.$.IHHKm, B.B.TffllAfflEB, D.C.MMHHHH,

20.-M.HIRAI,  M.YANAGI (1968) "Formation of 
bellte burned in the presence of AlgCH 
and NagSOi", Revue of the 22-th Genf 
Meeting of Cement Association Industry, 
Tokyo, ( en anglais ).

21,-

TBepHMX paOTBOpOB CpS C OKHCiaMH H6- 
KOTOpHX WTaMOB" 
XHMHH, leHHHipaS, 
russe ).

fflflH (1976) "CiadHiHsaHHH cTpyKrypi ho- 
icTolTDBHX npa HopyaxMOfl Tennepaiype 

opK oprocEöKaTOB EaswH coesHHesM- 
mh HaTpis", Cd."CTpyKCTpa TexHmecKHi 
cuhestob" , TpysH MXTM mi.J(.H.Meme- 
xeesa JI 92, ( en russe ).

23. - X.H.HyrMATAMEETOB, C.A.BEIEAH (1971)
gpHaa^npo^RHoS xdob, JleHHHrpas ,

24. - X.H.HnUArAHE|TOB, C.A.HEHAH, B.A.EB-
lOyCOBA (1972) "MccsexoBaHEe crpyKTy- 
pu m^XKajiMiHeBoro CMHKata b cnexax 
h Maier raraoseiiHiDC sasottOB". UseTHHe 
MeraMH JI 8, 37-41, ( en russe ).

25. - H.n.MAJTMf, X.l.SMHKEBffl, O.M.APAKKMH
(1975) "BxMHHe ycjroBzfl BtinesaHraaHES 
cnesa aa cTenem> paaioxeHHa - -C2S , 
cooraoffleHHe odpas^iQHXca $as h cocTas 
THTOorpaHaroB , UB^THHe MeTaMH JI I, 
36-40, ( en russe ).

26. - M.B.KOTBH (1978) "JlByiKaALUHeBHä ch-
xHsaT b eaaMax-OTZcyiax lunsoseMHoro 
npoHSBQgoTBa*, KpaTKEe resacH xoExa- 
ÄOB Ha 7 BceC0D3H0M H^HHO-rexamtec- 
KOM COBeaaHHH HO XHMHH H TeXHOXOMH 
5eMeHTa (llocKBa, 26-29 ceHTHdpa
978r.y, HKÜKeMeHT, BHHM3CM, ( en 

rusae )A
27.-  T.M.EEFKOBHq, I.C.EJIOX, T.H.ITAHEBA, 

r.C.MAITOIJIHA, LC.n«. A.A.1OD- 
MEHKO, C.H.KA3AHEÜBA (1978) "KpHCiax- 
xoiHioraecKKe ocodeHHociH nopraamae- 
MeHTos bm npoHSBOACTBa acdecroHeMeHT- 
hhx HaneeHfl , KpaiEae TesncH goKiiaHOB 
aa 7 BceeoKSHOM HayrHO-rexHHHecEOM co- 
BemaHD no xhmhh h TexHoxoniH neMesra 
(MocEBa, 26-29 ceHTHÖpa I978r.l HHfflle- 
MCHT, EfifflBCM, ( en russe ).

28.-  A.A.HMCTHKOBA, M.B.KOTMH "CBOlcTBa 
He^eiHHOBHX MaiioB, noiyHaesMHX npa ne- 
pepatiorse paaamHoro HcxonHoro capM" 
UeMeHT. leHHHTpas, JI 10, 20-21, ( en 
russe ).

■ 29.- H.M.EOIEHOB, B.A.rFKTOPBEB, T.H.OKA- 
PEHKO (1978) *K npodaeMe Bsxyimx cboH- 
CTB Ha 0CH0B6 OpTOCHAHKaia EaiMtM", 
KpaiEHe TesHca HOKsaaoB aa y Bcecosa-

' Hom HayHHO-TexHHNeoKOM coseinaHHH no 
XHMHH H TeiHOaOrHH neiteHTa (MOCKBa, 
26-29 ceHTHÖpH I978r.) HKHIIeMeHT , 
BHJQDOi, ( en russe). '

30.- y.M.nAIIHAfflBIUM (1974) "SieKTpoHHoiBR- 
pocKonHHecKoe HccaemoBaHHe ocodeHHOc- 
TeS crpyKTypH noprsanmieMeHTHoro kmhh- 
Kepa h npqiyKTOB ero BsaaMQHelcTBHH c

■ Bo«oä" JSccepranHH, HHKHeMeHT, Mocebb, 
X en russe ). ■
BE «Ke WmaJäiDe JDe JEAaAXV* ilßrll# , UeVeUJwvAlwAUS 
KO h gp. (1974) "KomaeECHaH nepepa- 
dorsa He^eoHOBoro Mana", MocKsa , 
"MeTaiayprM", ( en russe ).

32.- X.A.KPCfiyyK, B.H.HECTSPOBA, C.M.POflK,
E.M.CTEBSHKO  (1963) "OÖxht jroyxKOMno- 
HeHTHofl aHxm" UeueHT, JleHHHrpaa, JI 3, 
8-10, ( en russe ). .

33. H.A.CA60H0B, M.A.CBfiEHKO, E.A.30T0BA
(1979) "OcodeHHociH nepepadoTBH cMpse- 
BHX MXT, CQgepxaBöCC deXMOHHfi KiaM", 
HatoHT. leHKHXpag, JI 3, 13-14, ( en 
russe ). •



34. - B.K.KJIACCEH, B.M.EEIflEBA (1976) "Oco-
ÖCHHOCTH npOIieCCOB KIHHKepOOdpaSOBaHHH 
B MomHHx BpaijaiiipixcH nesax npa otixare 
HHXTH Ha 0CH0B6 HC^eOHOBOrO BUiaMa" 
Tpyim MocKOBCKoro HHxraepHo-CTpoHrejnr- 
Horo HHCTHiyra (coKpasjeHHo - M0CM) 
HM.KyflömEeBa h BanropojiCKoro TexHOJio- 
raaecKoro HHOTHryra ctpohtmbhhx Maie- 
pKaaoB (coKpayeHHO - ETHCM) Ji 23, (en 
russe ).

35. - E.nUMEK (1976) "KoMOJieKCHHe mbtojih
npoHSBQRCTBa neMesTa" (OchobhoA äok- 
jism) yi MexsynapoAHHa KOHrpeco ho xh- 
MMH KeMeHTa. MOCKBa, "CTpofijianaT", 
T. Dl, 328-345, ( en russe ).

36. - H.M.EP0MH. r.S.HACHPQB, n.C.IIETBlIH£O
H äP. (1978) "üepepaöoTKa MHHepaztbHoä 
nacTH yraa SKHdaciyscaoro MecTopoxse- 
hhs Ha rxHHoseM h ueMOHT motojiom cne- 
KaHHH", "KoMueKCHoe HcncuiBSOBamie mh- 
HepaiBHoro chpm", hohÖpb 1 5, cTp.62- 
68, (en russe ).

37. - g.r.HPOflEEKO, jK.A.HPOHIHHA, C.B.niMHM-
KOB (1979) "IlyTH HCHOSbSOBaHHH SKHdaC- 
TySCKHX 801 H HUIHKOB B HapOflHOM XOSflfi- 
CTBe", KOMMeKCHOe HCHOSBaOBaHHe CHpBH, 
HBHB, * 7, crp. 72-77, ( en russe ).

38. - M.A.CBfiEHKO, E.A.30T0BA, M.M.CMEB
(1978) "OcodeHHOOTH naxyneHHa bhcoko- 
aKTHBHoro KJOHKepa na ochobo r-C?8 ~ 
mtaMa. KpaTime tcshch ÄOKaaooBHa 
7 BcecoDSHOM coBeqaHHH ho xhmhh h iex- 
HoxoTHH aeueHTa. (MocKBa, 26-29 cea- 
THdpa I978r.), HIDiUeMeHT.ISDQBCM, (en 
russe ),

39. - n.H.BOIEHOB, B.H.KABASEPOBA (1966) "He-
$exHHOBHe iMaMH”. AeHKHrpaA, Cipofias- 
flai, ( en rasse ). _

40t n.H.BOIEHOB, A.P.AJUMK. M.A.ACTAXOBA, 
B.M.nMOEMHCKAfl, B.3.HHCTHK0B, H.H. 
1HT01EPT (1974) "TexHHsecKHe cBoficiBa 
HefcexHHOBHX neueHTOB", IpysH ranpoue- 
MOHTa * 42 , 70-85, ( en rasse ).

41. - M.A.ACTAXOBA, H.n.IDTEnEPT, B.H.nQKOB-
PHHCKAH, B.3.HKCTHK0B (1970) "He^exH- 
HOBue neMeHTH* neueHT, JleHHHrpaji, 
# 12, 11-12, ( en rasse ). .

42. - B.B.BQIIKOHCKMK, C.Ä.MAKAiDEB (1976)
ÄHCKyccM, H MexmrHapoÄHHfi KOHrpeco 
HO XHMHH HgMeHTa, MOCKEQ, 1974, UTpOfi- 
M^RaT, T. U, 346-347, ( en rasse ).

43. - E.B.nHCTHKOB (1978) "OcodeHHOCTH h
npoHnyneciBa HcnoiBSOBaHUH ae^eiiHHOBo- 
ro ueMema b cTpoHTMBCTBe" neuem. 
jfeHHHTpaR, Ji 5, I0-II, ( en rasse ).

44t n.M.KJPEATOBA, B.C.KOIDÜIESW, B.F.AB- 
PAMKMHA (1979) '’BiMHHHe nexoaeä Ha 
THRpaBIHHeCKyD aKTHBHOCTB dexHTOBoro 
aoaua" neuenT, JleHEHrpaA, Ä 2, 21-22, 
( en rasse ). .

45.-  B.M.JIOPQffHOB (1978) "Ohht HcnoiBaoBa- 
HHH Ha BoXXOBCKOM aJDCMHHHeBOM aaBOfle 
deiHTOBoro miaua b KasecTBe xodasKH 
npa noMcuie neueHTa", KpaxKae leancn 
ROKiaROB aay BceooDaHou coBemaHHH no

xhmhh H TexHoiormi ueueHTa, (26-29cee- 
Mdpa I978r.) HfflmeueHT, BHMH9CM, (en 
rasse ). ,

46. - B.M.AKyHOB. D.H.AEllIKO, C.Ä.MAKAHIEB,
r.n.JQlTBMHÖB (1978) "CipylHoe asuejiB- 
HCHHe - 8$$eKTHBHHfi M6T0Ä HOBHnieHHH 
nmpaiailHOHHOfi aKTHBHOCTH deJOTOBOrO 
nuraua", ibid., ( en rasse ).

47. - C.KJIAHianEBCKM0, H.A.CA$OHOB, E.B.
PEBfflK, Ä.A.ifiÖAOOBA (1974) "0 HeKO- 
TOpHX TeXHHHeCKHX CBOfiCTBaX BHCOKO- 
iqDeMHeaeMHCTHX KiEHKepoB Ha ocHOBe 
dejiHTOBoro mxaua" Tprau ranponeueHTa, 
JI 42, I0I-I26, ( en rasse ).

48. - B.B.TMMABIEB, T.H.rAHHIEPMHA, C.H.EH-
KOBA. JI.M.CEBOCTMHOBA, H.S.HHLKOB
(1979) "BmMHHe $oc$opa aa $aaoBHfi 
cocTaB a CBoficiBa ueueHTa, nonyiaeMo- 
ro aa BHCOKomejionHoro CHpBH" UeueHT, 
JleHHHTpaÄ, JI 3, 6-7, ( en rasse ).

49. - C.M.POHK, A.M.JIMMTPHEB (1961) "0 bh-
zyqeu uaTepaane akh ixeueHTnpoBaHHa 
rjiydoKHX cKBaxHH", HemrsHoe xoaaäcT- 
BO Ä 7, (en rasse ).

50. - B.M.ByTT, JI.H.PAlllKOBm (1961) "Tsep-
fleHae Bflxyntax npa noBHmeHHHX Teunepa- 
Typax". MocKBa, CTpoftaanai, ( en 
rasse ).



THEME VI

■ Cement pastes : 
rheology, 

evolution of the properties 
and structures



SUB-THEME VI-1

Structure formation and 
development 

in hardened cement pastes

P.J. SEREDA 
R. F. FELDMAN 

V.S. RAMACHANDRAN

Conseil National de 
Recherche du Canada 

Ottawa - CANADA



1, FORMATION OF CEMENTITIOUS BONDS

1.1 INTRODUCTION . .

A binder is defined in the Handbook of Adhesives (1) 
as "a component of an adhesive composition that is 
primarily responsible for the adhesive forces which 
hold two bodies together."- In cements the property 
that enables a binder to act in this capacity is also 
responsible for the formation of a cohesive structure 
and, because it is usually a multi-component system, 
it is not obvious which component is the binder. Of 
course, it may be that the same component, or 
combination of components, may serve both as the 
structure (grain or micro unit) and the. binder 
(intergranular material).

In cement research, the strength and modulus of the 
unit or system, rather than its bond strength, has 
special significance. This is understandable 
because the cementitious binders based on portland 
cement consist of submicroscopic, colloidal-like 
particles, produced from supersaturated solutions, 
and which form a porous, interconnected network. The 
structure formation is a very complex process and it 
is difficult to define the grain, micro-unit or 
particle and the product at the boundary. Where 
these are crystalline and single component as in 
gypsum, the interparticle bond may resemble the grain 
boundary in ceramic materials. Because of this 
complexity, it is useful to maintain the concept of 
intraparticle and interparticle bonds.

It is the porous nature coupled with the indefinable 
stress concentration regime of the cementitious 
binders that undoubtedly presents the greatest diffi
culty in defining and measuring the nature of the 
bond. The measured value of strength cannot be 
reduced to a value of bond strength without a measure 
of bond area, a parameter difficult to measure. Many 
of the mechanical properties correlate with porosity 
and this, along with other data, enables comparison 
of results obtained by various workers.

Because hydration products are colloidal in size when 
first formed, models of other colloidal systems or 
gels (xerogel) have often been used to describe the 
nature of the structure of hydrated cement, especially 
to explain the nature of the bonds. Whether such 
models represent the structure of hydrated cement 
depends on whether their physical and mechanical 
behaviour is similar with respect to all the available 
experimental evidence. In.such complex systems one 
cannot accept evidence of similarity on the basis of 
one type of measurement. The authors have strived to 
provide a body of experimental evidence for a variety 
of similar and dissimilar cementitious systems, 
including compacted porous materials, showing physical 

and mechanical similarities and differences, to 
provide a basis for an evaluation of the structures 
of these different systems.

This paper will attempt to assess the available 
information with these criteria in mind. Mention 
will also be made of those parts of the knowledge 
system in this area which are as yet unknown.

1.2 BINDING SYSTEMS - NATURE OF BONDS

It is useful to use the term "binders" as it 
emphasizes the importance of the nature of bonds in a 
cementitious material. The question as to what kinds 
of bonds exist in cement paste has been discussed for 
a long time but little progress has been made because 
the greatest emphasis for practical applications has 
always been on strength and because the problem of 
measuring bond strength is very difficult.

Rehbinder et al (2) formulated theories for hardening 
of binders and stated that crystallization contacts 
are associated with the process of crystal coales
cence,' which is controlled by a given level of super
saturation. They suggested that there is a balance 
between the supersaturation level in the surrounding 
medium and the mechanical effort to maintain the 
crystals in a certain fixed position relative to each 
other. Thus internal strain is related to the pres
sure associated with the constrained crystal growth 
in a supersaturated solution. Strength increase is 
observed under conditions conducive to reduce inter
nal strain. Presence of strain in hydrating systems 
is possible since all such reactions result in a 
molar volume increase. A study by Gillott and 
Sereda (3) showed that Ca(0H)2 crystals undergo 
considerable strain during the hydration process. 
Evidence of this was found in X-ray diffraction 
transmission Laue photographs of Ca(0H)2 crystals.

Sychev (4) has dealt with the structure formation as 
a synthesis of a solid body through condensation of 
a disperse system. He tried to link the binding 
property of the hydrating system with products having 
polar groups, and also to verify that the first step 
of hardening is associated with the "constrained 
state" when particles are brought together,so close 
that long-range forces can begin to act and the 
polar groups in the surfaces can serve as a crystal
lization contact of valency nature.

This theory suggests that bonds are based on the 
superficial chemical "stitching-up"toy water 
molecules and thus saturate the ionic fields of the 
surfaces brought close together. According to 
Sychev, this bond can be strong only when there is a 
low concentration of water at the contact faces; 
this is possible during the active hydration



(reaction) stages due to the withdrawal of water to 
the reacting material.

Ubelhack and Wittman (5) concluded that thin films of 
water occupy the interparticle bond area. These 
water films exhibit a high degree of ordering due to 
surface force interaction, creating the so-called 
disjoining pressure. The work of these authors, 
based on measurements of Mössbauer spectrum on 
samples of "xerogel of hydrated cement doped with 
calcium ferrite hydrates," is difficult to assess 
because they do not characterize the samples ' 
adequately to enable comparison with work of other 
researchers.

Wittman et al (6) obtained from Mössbauer measurement 
values of the coupling constant for samples of 
hydrated cement hydrogel. These values were found to 
decrease from 2 x 10^ dyn/cm at 0% relative humidity 
(RH), 1.4 x IQS dyn/cm at 55% RH, to 0.8-x 10$ dyn/cm 
at 100% RH, which is consistent with the idea that 
water enters the system (including the interlayer 
spaces) and separates surfaces. That the modulus 
increases to a highest value at 100% RH, as observed 
by Wittman (7), can be explained, based on the fact 
that the water enters interlayer spaces where it 
reinforces the system by its interaction with the two 
layers. However, Wittman and Setzer (8) consider 
that the strength originates partly in chemical bond
ing which is not influenced by moisture. They esti
mate that about 50% of the total bond strength can be 
attributed to van der Waals1 interactions, but give 
no explanation for this. Their explanation of the 
increased modulus in the high relative humidity 
region is based on a two-component system, with water 
constituting one of the components.

These theories do not appear to have considered the 
theory of bond formation that involves consolidation 
of a dispersed system to form solid-to-solid contacts 
followed by polymerization of SiOH groups of the 
silicic acid. Collepardi (9) proposed the formation 
of Si-O-Si bonds by the interaction of SiOH + HO-Si. 
This conclusion is based on a study of pore sizes and 
surface area (N2 adsorption) and the changes with 
time, temperature and admixtures. For example, 
Collepardi attributes the decrease in porosity and 
surface area to the formation of solid-solid contacts.

Various ideas regarding the structure formation and 
its bonds admit the possibility of both the chemical 
and physical nature of bonds and does not make any 
clear-cut distinction between the nature of the intra
particle bonds and interparticle (intergranular) 
bonds.

Sereda et al (10) studied the effect of different 
levels of relative humidity on the elastic modulus 
and also applied the cold compaction technique of 
breaking and making bonds. This study showed that 
Young's modulus increased as the dry cement paste was 
exposed to progressively higher levels of relative 
humidity beyond about 50%, as was also reported by 
Wittman (7). This was unexpected because it does not 
fit the description presented by most previous authors 
of the nature of this system, namely, that the struc
ture was formed from "gel"-sized particles coalescing 
but maintaining layers of water at points of contact 
(although some chemical bonds were postulated because 
of the limited swelling). Such a system should show 
a decreasing modulus as water is adsorbed unless it is 
assumed that this water is interlayer water and has 
characteristics different than that of sorbed water. 
Sorbed water causes a decrease in modulus in the case 

of hydrogen bonded systems, such as acetate silk or 
cellulose.

A comparison of the behaviour of cement paste at dif
ferent levels of relative humidity with that of a 
high surface area material such as porous glass 
demonstrates that, although the porous glass h^s a 
surface area of 175 m2/g and pore radius of 20A 
(similar to cement "gel"), its modulus does not 
change over the entire range of relative humidities 
from 0 to 100% despite an expansion of 0.25% (11).

From these considerations, it must be concluded that 
water adsorbed in cement .paste does not behave simply 
as surface adsorbed water, as in the case of porous 
glass, nor does it attenuate the bonds, as in the 
case of cellulose, but that most probably water 
enters the intraparticle bond area where it acts to 
reinforce the bonds. This conclusion was the basis 
for a model for the hydrated cement paste system 
presented by Feldman and Sereda (12) . This model 
accounts for the highest modulus at 100% RH due to 
maximum influence of water on intraparticle bonds and 
no influence on the interparticle bond or contacts. 
Strength from interparticle bonds is highest at the 
dry state and suffers a moderate decrease when 
approximately a monolayer of water is introduced due 
to the crack propagation process that is characteris
tic of bodies with "fused" contacts.

The technique of cold compaction and recompaction of 
hydrated products has been used to provide evidence 
regarding the nature of bonds and structure that can 
be produced in this way and enable comparison of the 
bonds resulting from the structure formation during 
the hydration reations (13).

In the case of the cement paste material, the modulus 
and microhardness give the same values for a signifi
cant range of porosities whether the material samples 
are compacted, recompacted or cast-in-situ. This can 
be explained by considering that the micro-units or 
particles made up of a system of interlayer C-S-H 
sheets with their complement of interlayer water were 
the same in each case because none was dried below a 
condition of 30% RH. The compaction process produced 
interparticle bonds similar in nature to those 
produced by the hydration process; this might lead to 
the conclusion that these bonds represent contacts of 
random nature between solid surfaces. Recent work by 
Marchese (14) presents evidence, using the scanning 
electron microscope, of fracture surfaces that present 
strong adhesion between C-S-H gel and Ca(0H)2 masses 
in alite paste, confirming the above idea.

Using the compaction technique, Feldman (15) has 
studied the contribution of interlayer water on bond 
formation as measured by Young's modulus. Two series 
of compacted samples in the porosity range of 10 to 
60% were made: Series B made from bottle hydrated 
cement dried to 30% RH, and Series A from the same 
material dried to d-dried condition. Figure 1.1 gives 
the sequence of wetting and drying to which the two 
series of compacted samples, prepared at 11% porosity, 
were exposed. The values for Young's modulus at each 
condition are given.

Series B, hydrated cement compacted with interlayer 
water intact, and Series A, compacted with interlayer 
water removed (d-dried) both give high values of 
modulus. However, when series B samples are dried the 
modulus decreases by about one half. No change-occurs 
to the modulus of series A samples on wetting but they, 
too, suffer a loss in modulus when dried again.



Fig. 1.1 - Sequence of conditioning and testing (15)

The role of interlayer water in this sequence of 
measurements is that of contributing to the bonding, 
perhaps by coordinating with calcium ions which are 
present between the sheets. It is also evident that 
compaction of the d-dried material can bring the 
layers close together and so increase the surface-to- 
surface interaction. The result of this is that the 
value of modulus is about the same as obtained for the 
system with interlayer water. The higher density 
product of 2.41 g/cc obtained when compacting d-dried 
hydrated cement (Fig. 1.2), confirms the explanation 
given above.

Fig. 1.2 - Density vs compaction pressure for 
bottle hydrated cement.

COMPACTION PRESSURE. Nfmi»2 x 10"2

1.3 BOND STRENGTH AND MATERIAL STRENGTH

From the practical point of view, bond strength as such 
may not have any significance. It is the material 
strength, which is the value obtained in tests, that 
can be used in all design calculations.

If it were possible to obtain by measurement the total 
interparticle contact area, it would be easy to relate 
the material strength to bond strength. Although this 

is impossible as yet, some indirect measurements such 
as change in surface area have been made by 
Collepardi (9).

When strength of a material is related to the total 
porosity, one obtains a characteristic that is 
probably related to bond strength and contact area. 
Where modulus, hardness or strength is determined for 
samples at any one porosity, the results do not 
characterize that property and cannot be used to 
compare such a material as a binder with any other 
material. This is a feature of porous materials that 
does not apply to non-porous materials, and must not be 
overlooked. Much information in the current litera
ture has not considered this and is, therefore, of 
limited use.

When considering contact (bond) area, it must be 
remembered that size of particles plays a very impor
tant role. For example, when a model of uniform 
diameter particles is considered in a hexagonal, 
close-packed arrangement, the surface area per unit 
mass (assuming a density of 2.4 g/cm3) is related to 
particle diameter (Fig. 1.3). It is obvious that, for 
the same porosity, as the particle diameter decreases

Fig. 1.3 - Relation of diameter of spheres to their 
surface area in a hexagonal close-packed system



and surface area increases, the area of effective 
contact (where surfaces are within the field of force 
of long-range forces) increases.. This is the 
situation with cement gel which is first produced as 
sub-microscopic particles of various shapes and 
includes silicate sheets with a surface area of over 
700 m2/g (Winslow and Diamond (16)). This fact and 
the presence of stress generated by the hydrating 
reaction (as discussed in 1.2), provides the 
conditions for the formation of a structure that has 
considerable contact area between particles.

Most binders can be characterized by a relationship 
of the mechanical properties to porosity. This 
relationship may represent the bond strength or 
nature of the bond. In this regard the microhardness 
appears particularly useful because it seems to give 
the characteristic behaviour that is observed with 
flexure strength when the material is tested at dif
ferent levels of relative humidity. Microhardness 
measurement must involve, wholly or in part, the 
progressive breaking of bonds between particles as 
well as fracturing of particles as the pyramid 
indenter penetrates the porous material. The work by 
Sereda (17) has shown that even different preparations 
of gypsum representing different morphologies of 
the crystals when compacted could be characterized by 
the hardness-to-porosity relationship, as shown in 
Fig. 1.4.

Using microhardness techniques, Beaudoin (1.8) charac
terized various binding cements by a hardness-to- 
porosity relationship (Fig. 1,5). From this relation
ship it can be seen that magnesium oxychloride 
provides the strongest structure, with normal portland 
cement ranking second, and magnesium oxysulfate cement 
ranking the lowest.

Fig. 1.4 - Microhardness vs porosity for compacts 
of different samples of gypsum (17)

Fig. 1.5 - Microhardness vs porosity 
for several inorganic cementitious 
systems (18)

Bache (19) developed a model for the strength of a 
brittle material built up of particles joined at 
points of contact. In this model, the particles are 
large in relation to contact area. In the derivation 
of the equation to represent strength, the assumption 
is made that the mechanical properties of the contact 
area are the same as that of the particle. This is 
essentially the.assumption made in dealing with 
polycrystalline ceramic materials. The relation 
between strength and the volume concentration of 
cement in mortars made from silica "fines" and cement 
as obtained by Bache, agreed well with his theoretical 
equation.

Attempts have been made to predict the strength of 
cement paste by analysing various parameters of this 
system. Polak (20) derived a series of equations 
where the strength of the hardened system is a 
function of 12 parameters forming 4 dimensionless 
complexes. In this analysis the structure is defined 
by chemical and mineralogical composition, system 
geometry and force bonds derived from the structure of 
the material and the structure of its porous space. 
He suggests that 14 experiments are required to 
determine the parameters for use in the mathematical 
analysis but it is not clear what these experiments 
are. Grudemo (21) stated that, "The theoretical 
treatment of the strength vs structure relationship of 
such a system containing several solid phases in a 
non-random arrangement, and pores of various types in 
unknown proportions, is certainly very complex, if not 
impossible." However, he subsequently derived 
equations to relate properties with porosity. In this 
analysis (22) he does not include the influence of 
stress concentrations, or variation in stress inten
sity factors due to differences in pore shape or due 
to the heterogeneous distribution of matter in the 
solid phase including internal microstructural^ 
arrangements.

Lawrence et al (23) studied physical properties of 
hydrated tricalcium and B-dicalcium silicate pastes 
where the microstructures were altered by the use of 



admixtures and by temperature variations during 
hydration. Thus tensile strength was compared for a 
range of microstructures and was found to be 
uninfluenced by large changes in outer C-S-H 
morphology induced by admixtures. They concluded that 
strength development in C3S pastes appears to depend 
primarily on the total capillary porosity and that 
changes in microstructure have little influence on 
strength. Although this result agrees with those of 
others—that porosity is an important parameter in 
determining strength--their conclusion appears to be 
in conflict with work where unique strength vs 
porosity curves were obtained for different prepara
tions representing different morphologies (as dis
cussed in Section 2). Perhaps the result of Lawrence 
et al (23) is fortuitous due to the fact that only one 
W/C ratio was used in the preparation of the samples.

1.4 MICROSTRUCTURE AND BONDS

Since the emergence of the scanning electron micro
scope, a large number of micrographs have been pub
lished which show a range of morphologies of hydrated 
cement products. Diamond (24) summarized the informa
tion and proposed a classification based on 4 types of 
morphologies. It should be recognized, however, that 
it would be useful if an estimate were provided of the 
amounts of the different products characterized by a 
type of morphology in the microstructures, as stressed 
by Grattan-Bellew et al (25). In examining a system 
so lacking in distinct features as hydrated C-S-H, 
there is a tendency to concentrate on certain 
morphological features that may not represent the 
whole subject.

Most of the evidence from microstructural examination 
can be used to compare or characterize the particular 
samples under study but fails to indicate, even semi- 
quantitatively, when a given material is strong or 
weak, stable or unstable. When microscopic examina
tion is used as evidence for structure formation, 
there is a tendency to use the information obtained at 
the beginning of the hydration process (at the time 
when the morphologies of the different products are 
distinct). Thus it is assumed that the microstructure 
and the process responsible for it are the same at the 
beginning and at the end. All evidence points to the 
conclusion that this assumption is invalid and that 
the nature of the first product formed and the process 
causing it to form is more than likely very different 
from the final product and process. For example, work 
by Double and Hellawell (26) concluded that, at the 
start, the hydration process is driven by osmotic 
pressure occurring in fibrils which are tubular. This 
may not be a property that is relevant to the mature 
structure.

1.5 COMPACTION - STRUCTURE FORMATION

As an aid to a better understanding of the behaviour 
and properties of porous materials, the authors have 
used cold compaction of various powders for the past 
15 years to produce porous bodies as "models" from 
various materials, ranging from sodium chloride, 
gypsum, sulfur, to a variety of cementitious binders. 
In the numerous experimental studies where this tech
nique was used to prepare samples, the purpose was to 
provide a series of rigid, porous samples of varying 
porosity, thus enabling this parameter to be tested in 
relation to other properties such as sorption, dimen
sional change, modulus, hardness, and response to 
changing environmental conditions of various materials 
available as powders.

Compacted samples of calcium carbonate, silica gel, 
and molecular sieves were used successfully by Sereda 
and Feldman (27) and compacted samples of hydrated 
portland cement, by Feldman (28) to show the relation 
between sorption of water and dimensional change and 
to confirm the Bangham relation where simple 
adsorption occurs.
Compacted samples have been used effectively to study 
volume changes associated with hydration reactions of 
such materials as MgO (29) where it was shown that the 
expansion of the compact is related to the concentra
tion of MgO in lime. Similarly, the expansion of 
gypsum plaster on hydration was determined by means of 
compacts (30) where it was shown that expansion was 
related to initial porosity and temperature as shown 
in Fig. 1.6,

Fig. 1.6 - Expansion of pottery plaster as a 
function of porosity and temperature (30)

The compaction technique was also used to study the 
nature of bonds in portland cement system and gypsum 
system, as discussed in the previous section (13,31).

To show the significance of microhardness measurement 
in characterizing different binders, Sereda (17) used 
compacted samples where it was possible to distinguish 
between different preparations of gypsum (see 
Fig. 1.4).

Hot pressing of unhydrated cement followed by 
hydration was shown by Roy et al (32) to be a 
successful technique to produce samples of hydrated 
cement of very low porosity and very high strength.

It can be concluded that compaction technique can be 
a useful tool to study porous materials, especially 
the hydrated cementitious sytems.
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2. POROSITY AND PORE-SIZE DISTRIBUTION

IN ORDINARY PORTLAND CEMENT PASTE

This section of the paper will deal with some of the 
more important techniques used to measure porosity 
and pore-size distribution, which have helped 
determine the structure of hydrated portland cement. 
Pore structure is one of the most important 
parameters controlling the properties of porous 
materials. Many procedures to determine the pore 
structure of a solid have involved mercury 
porosimetry and nitrogen or water-vapour adsorption 
isotherms. Calculations based on these have been 
relatively successful for materials with pore 
structures that remain stable on removal or addition 
of water.

Measurements for unstable materials such as hydrated 
portland cement, however, have been difficult to 
interpret. Water used as a medium always gives a 
higher porosity for hydrated portland cement than 
that obtained by other media, e.g., nitrogen, 
methanol and helium (1,2). In order to measure many 
of the properties of hydrated portland cement, it 
must be dried; this presents a major problem since 
decomposition of some of the hydrates will occur. 
One may expect changes in porosity, surface area and 
other physical properties (3-10), Also, on exposing 
the material to water, rehydration of the decomposed 
hydrates may occur (11),.
In recent years, several advances have been made in 
the application of two techniques that have been 
widely used on a variety of materials for measuring 
porosity and pore-size distribution. These are the 
capillary condensation method, which uses several 
different adsorbates (mainly nitrogen and water on 
cement paste), and mercury porosimetry. These will 
be presented and discussed.

However, since the Moscow Symposium, two new 
techniques have been applied to the hydrated 
portland system. These are:

(i) the quasi-elastic or inelastic neutron
scattering method (12);

(ii) the helium inflow and helium pycnometric 
technique (13).

With the first technique, the fractions of free and 
bound water can be determined to quite a good 
approximation. Previously, nuclear magnetic 
resonance had been used on these types of hydrated 
silicates to distinguish between protons having 
different induction decay times caused by different 
types of bonding (14,15), but the relative amounts 
of differently bonded protons for samples containing 
appreciable fractions of free water, as occurs in a 
saturated cemen^ paste, were not measured.

With the second technique, changes to the structure 
can be followed as water is removed from the system 
or as water re-enters the system. This is important 
because much work has been done with the aim of 
relating porosity determined by water with that 
determined by other techniques. The difference has 
been termed "missing porosity" or "gel pores." The 
helium flow technique has detected this missing 
porosity, which is, in fact, the interlayer space 
normally occupied by approximately one layer of water 
when the material is in the wet condition. On drying 
and removal of the interlayer water, this space 

partially collapses. The effort and controversy 
related to the study of the "missing porosity" and 
its importance relating to mechanical properties has 
justified its inclusion in a discussion on porosity.

2.1 INELASTIC NEUTRON-SCATTERING METHOD

Neutron inelastic scattering is sensitive to the 
mobility of atomic nuclei, especially those of 
hydrogen, which has an exceptionally large neutron
scattering cross-section. A bound molecule 
undergoes vibration with some particular frequency, 
characteristic of the particular mode, and gives rise 
to an inelastic scattering distribution of neutron 
energies, which reflects the density of vibrational 
states, together with elastic peaks reflecting the 
time-averaged position of the molecule. In contrast, 
a mobile molecule has no particular time-averaged 
position and so gives rise to no strictly elastic 
peak in the spectrum, but rather a quasi-elastic 
distribution that reflects the Doppler shifts in 
frequency caused by the molecular motions.

In the context of a water phase in a cement, Harris, 
Windsor and Lawrence (12) considered it plausible 
to postulate a multi-component structure, each 
component obeying Fick's law individually (16), 
having a distribution of diffusion constants. In 
the analysis of water in vermiculite clays, workers 
fitted their results to a single diffusion constant 
(17).

The cement paste spectra correspond quite accurately 
to those of two-component systems with free 
components given by the pure-water spectrum and 
bound components by a resolution function. There is 
no evidence from the shape of the quasi-elastic 
frequency distribution that any more complicated 
model than a two-component system with free and 
bound water states should be used.

Table 2.1 (based on ref. 12) contains a spmmary of 
experimental measurements by neutron scattering and 
conventional methods, on four saturated cement 
pastes approximately 2 years old. The weight losses 
incurred by drying at 100“C and by evacuation at 
room temperature are consistently greater than the 
amount of free water calculated from neutron 
scattering measurements on the saturated pastes 
(Rows 2 and 3 respectively). This can be explained 
if one concludes that some combined water has been 
removed during drying.

The voltune fraction of free water calculated from 
the neutron scattering estimate of free water is 
approximately equal to the calculated (18) capillary 
water content (Rows 5 and 8). Other data (19) show 
that this capillary volume is approximately equal to 
the total volume available to liquid nitrogen in 
pre-dried pastes. As previously mentioned, the free 
water volume by drying ajt 100°C is much more than 
that determined by neutron scattering (Rows 7 and 5 
respectively).

These results are very significant because they 
agree with nitrogen adsorption data, suggesting that 
nitrogen adsorption gives realistic values and that 
evaporable water is partly combined. They also 
suggest that the neutron-scattering technique can be 
used to elucidate the structure of saturated cement 
pastes because it avoids the uncertainties associate, 
with drying.

The results from this work are illustrated in 
Fig. 2.1 (12), which shows the volume fractions of
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TABLE 2.1 - Estimation of free and combined water by neutron scattering and 
(based on ref-. 12)

conventional methods

Row Properties - saturated pastes w/c = 0.66 w/c = 0.33 Compact Compact

1 Ignition loss, weight fraction at 1000°C 0.4371 0.2880 0.2032 0.1209
2 Drying loss, weight fraction at 100°C 0.3006 0.1565 0.0933 0.0597
3 Free water by weight by neutron scattering 0.223 0.081, 0.045 0.019
4 Cement volume 0.305 0.465 0.595 0.726
5 Free water volume by neutron scattering 0.394 . ■ 0.172 0.109 0.052
6 Combined water volume by neutron scattering 0.301 0.363 0.296 ' 0.222
7 Free water volume by loss on drying at 100°C - 0.531 0.334 0.228 0.161
8 Capillary water volume, from weight loss on drying 0.379 0.135 0.063 0.064

cement, combined water and free water determined from, 
(a) neutron scattering data, and (b) from traditional 
concepts using the usual drying techniques. The 
over-estimate of the porosity by the conventional 
techniques is obvious in this illustration.

2.2 HELIUM FLOW AND HELIUM PYCNOMETRIC TECHNIQUE

This technique involves the normal pycnometric 
measurement of the solid volume of a body during 
which the helium surrounding the body is compressed 
to 2 atm. Immediately after this period (a total of 
2 min from the time helium is first admitted to the 
sample) the rate at which helium penetrates the body 
under an absolute pressure of 2 atm is measured for a 
period of 40 h (13). In other techniques such as 
sorption, weight or volume changes are measured as a 
function of partial pressure of sorbate, which does 
not take into account removal or replacement of, in 
this case, water from or to the molecular structure. . 
The helium flow technique is capable of following 
these changes and has been used to study hydrated 
CjS and portland cement as well as some relatively 
well-defined systems (20). ■

The study of the C-S-H gel found in hydrated 
portland cement by the helium flow technique has 
revealed that much of what was formerly thought to be 
adsorbed water is associated with the solid as 
interlayer water. The removal or replacement of the 
interlayer water results in changes to the solid 
volume, density" and porosityj which can be measured. 
Ageing effects that occur during wetting and drying 
treatments can also be detected.

The volume of interlayer space and the change in 
volume due to water removal or re-entry can be 
readily monitored by a combination of solid-volume 
and helium-inflow-change measurements. These 
measurements, together with those of other properties 
such as surface area, can determine hydraulic radius 
or average surface-to-surface separation and shape of 
the interlayer spaces.

Several of the pertinent experimental observations 
and types of calculations made through this technique 
are described in the following three sections.

2.2.1 Density and Porosity Measurements

Several types of density measurements can be made on 
hydrated portland cement (2). The most obvious 
density is that where most hydrates have been left 
intact. This can be partially obtained by measuring 
the solid volume of specimens conditioned at 11% RH, 
using the helium pycnometer. However, a constant 
procedure has to be adopted where the time-to-helium 
exposure is limited because of the problem of helium

WATER / CEMENT RATIO

Fig. 2.1 - The volume fractions occupied by cement, 
combined water and free water in saturated cement 
pastes (12). (a) Composition from neutron 
scattering; (b) Composition from drying loss

flowing into vacated interlayer spaces. The value 
for this density at~different water contents drying 
from 11% RH is shown in Fig. 2.2 (2).

Once density has been measured, porosity can be 
calculated from the apparent volume. Porosity was 
calculated for d-dried hydrated portland cement from 
the data in Fig. 2.2 (2) and compared with that 
obtained with methanol and with water. The results, 
shown "in Fig. 2.3 (2) for several water/cement 
ratio pastes, indicate that the porosities obtained 
with helium and methanol are very similar over the 
whole range. When water is used, porosity is about 
8% more at a water/cement ratio of 0.4. This 
corresponds approximately to the value estimated- by 
scanning isotherms (21) for the quantity of 
interlayer or hydrated water. When water is used to 
measure porosity or density of hydrated portland 
cement dried only to 11% RH, the values are similar 
to those obtained with both helium and methanol (2). 
This shows that most of the interlayer water is 
retained in the solid at this condition.

Density may also be calculated by including as pore 
space the volume of interlayer space that is free of 
water and in an uncollapsed state (22). In order 
to calculate this volume, the total volume of helium 
inflow at 40 h is subtracted from the solid volume 
measured by the helium pycnometer. The results



D
EN

SI
TY

, g/m
l

0 1 Z 3 4 5 « 7 8 9 10 11 12
I WEIGHT LOSS, »

<11* RHI

Fig. 2.2 - Relationship between density 
and weight loss for cement pastes with 
w/c ratios of 0.4, 0.6, 0.8 and 1.0 (2)

plotted in Fig. 2.4 (2) show that density 
increases with weight loss up to S to 6% 
after which it decreases. The maximum 
density occurs because collapsing sheets 
retard the inflow of helium into the 
interlayer space and in the 40 h of *
measurement complete filling of the volume 
does not occur. The low final density at 
the dry state is a result of the layers only 
partially collapsing which prevents helium 
from fully entering the space.
2.2.2 Collapse of Layered Structure on 
Drying

Figure 2.5 (2) shows typical helium flow 
curves with time for a hydrated portland 
cement dried from the initial 11% RH 
condition to a final condition obtained by 
heating at 140°C under vacuum for 6 h. 
Weight losses are recorded from the 
11% condition. ,

Individual rate curves are functions of the 
volume of vacated interlayer space remaining 
and the size of the entrances. When the size 
of the entrances are large, rate of flow will 
be rapid but because collapse occurs 
initially from the entrances, the rate will 
decrease even though more vacated space may 
exist. This is illustrated by the crossing 
over of the rate curves in Fig. 2.5 (2).

The effect of the withdrawal of water may be 
more clearly observed in Fig. 2.6 (23). The 
total inflow after all moisture is withdrawn 
is less than that at the initial 11% •
condition, mainly because there is an abrupt 
reduction in inflow over a very low 
weight-loss range. This is due to partial 
'collapse of the interlayer spaces.

Solid volume and total interlayer space 
vacated by water on drying. - Removal of 
interlayer water leads to a change in "solid 
volume" (AV) and to a change in total helium 
inflow, AD. Because part of the vacated 
interlayer space has collapsed, resulting in 
a change in solid volume, an assessment of 
the space occupied by the water molecules can

WATER I CEMENT RATIO

Fig. 2.3 - Relationship between 
porosity and w/c ratio for 
portland cement pastes (2)

Fig. 2.4 - Relationship between density 
(corrected for helium inflow) and weight 
loss for cement pastes with w/c ratios 
of 0.4, 0.6, 0.8 and 1.0 (2)
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WEIGHT LOSS, *



only be made by combining these parameters. 
Thus, a parameter AV-AD is obtained where, 
owing to increased weight loss, the 
decrease in volume is a negative AV, and 
increased inflow, AD, is regarded as 
positive. This then accounts for the space 
vacated by the water if helium enters all 
the space in 40 h.

Figure 2.7 (23) shows a plot of AV-AD and 
AV against weight loss, for 10 different 
samples. The AV-AD plot is linear up to 
5.5% weight loss of slope 0.7886 mL/g, 
which is the space occupied by 1 g of water; 
the inverse is 1.27 g/mL (±0.08 g/mL), 
which is the density of the water. ‘

Between 6 and 11% weight loss, there is 
very little change in AV-AD even though 
there is an increase in rate of change of 
AV. The departure from linearity of the 
plot in Fig. 2.7 (23) is due to the 
reduction in helium inflow because of a 
restriction in the entrances of the 
interlayer spaces and their partial 
collapse. .
2.2.3 Reopening of Layered Structure

When strongly dried hydrated portland 
cement is exposed to water vapour, water 
molecules re-enter between the sheets ■ 
(6,11); as the material is exposed to 
higher humidities, more water molecules 
re-enter the structure. This re-entry 
can be investigated by exposing material 
to various humidities before measuring 
helium inflow at 11% RH; helium inflow 
increases with re-entry and as the 
interlayer space becomes filled, helium . 
inflow decreases. Evidence of 
repenetration of water molecules has 
also been obtained from low-angle X-ray 
scattering measurements (24).

The penetration of the layered structure by 
water molecules leads to a variation of 
solid volume and density. Drying and 
wetting cycles result in a significant 
increase in solid volume, an example of 
ageing of the structure.

Fig. 2.5 - Helium flow into 
at different water contents

Measurement of total space occupied by 
repenetrating water. - The AV-AD vs weight 
change plot for re-exposure to water vapour 
is presented in Fig. 2.8 (6). It records 
an increase in AV-AD of only 1.75 mL/g for 
weight gain of up to 6.0%, on exposure up 
to 42% RH. The helium is not fully 
measuring the volume of the water that has 
entered structure." Beyond 6.0% a good 
linear correlation is obtained, resulting 
in a density calculation of 1.20 g/mL for 
the interlayer"water. "

The weight gain up to 42% RH would imply an 
impossibly high density for the water, and 
it is obvious that the water molecules are 
mainly entering the interlayer structure

Fig. 2.6 - Helium flow at 50 min and 40 h, plotted 
as a function of weight loss for 0.6 w/c ratio 
cement paste (23) - *

0.8 w/c ratio cement paste 
as a function of time (2)

WEIGHT LOSS, W ON DRYING
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Fig. 2.7 - Plot of AV-AD and AV as a function 
of weight loss for 10 different pastes (23)

or packing during changing conditions, then 3 At/S, 
is equal to the fractional volume change of the 
solid phase of the body.

A measurement of the solid volume by helium 
pycnometry would include the adsorbed water, as 
well as the solid in the expanded state. By measur
ing the solid volume at the dry state and at 11% RH, 
where the adsorbed water is approximately equal to a 
monolayer, one would obtain the volume of a 
monolayer of adsorbed water plus the increase of the 
solid. Illis is referred to as AV/y .

The difference of the volume changes would then be 
equal to the volume of the adsorbed water as a 
fraction of the total volume of the solid. This may 
be written as follows:

AV/y - 3 At/t = v/y

where "v” is the volume of adsorbed water and "V" 
the volume of the solid (25).

The measurement of both these volume changes assumes 
that during the change of condition from Oto 11% RH, 
no ageing occurs. Previous work (7) has shown this 
to be the case. -■

Because *V is the volume of the monolayer of 
adsorbed water on the surface bounding the porosity, 
the surface area can be readily calculated. The 
hydraulic radius of a pore system is computed by 
dividing the total pore volume of the system by its 
surface area; thus the hydraulic radius can also be 
readily calculated, as shown in Table 2.II for 
hydrated portland cement paste of w/c = 0.4, 0.6 and 
0.8.

that had partially collapsed on drying. This also 
indicates that the monolayer of adsorbed water on the 
open surface is a relatively minor part of the 6.0% 
sorbed up to this stage.

Results were obtained for 10 different samples of 
hydrated portland cement and CjS of various water/ 
cement-ratios. The surface areas of these samples 
were also determined by nitrogen adsorption, using

Beyond this point, the water is completely held in 
interlayer positions because all these measurements 
are made at 11% RH, and a monolayer on the exterior 
surface is complete at 11% RH. The

the same drying technique. These quantities are 
plotted in Fig. 2.9 (based on unpublished work by 
one of the authors.) Although a deviation occurs at

linear plot in this region indicates 
that helium fully enters the interlayer 
space (after exposure to 42% RH and up) 
and measures the volume of the inter
layer water and the remaining space.

Hydraulic radius and surface area of 
capillary porosity. - When d-dried 
hydrated portland cement paste is 
exposed to water vapour, the water 
molecules enter the pores, adsorb on the 
solid that is bounding the pores, and 
some molecules penetrate the layered 
structure within the solid. The solid 
particles swell, not only because of the 
interlayer penetration, but also because 
of the physical interaction of water on 
the surface of the solid. This is 
called Bangham swelling and is due to a 
decrease in surface tension forces that 
compress the solid. This swelling 
should be transmitted through the 
porous body and is referred to as Al/i, 
which is the measured linear expansion 
of the porous body. If Ai/l is small, 
3 A£/Jl is the volumetric expansion.
If there is no change in porosity 

Fig. 2.8 - Plot AV-AD as a function of weight 
change for 4 different pastes on rewetting (6)



TABLE 2.II - Surface area and hydraulic radius of 
hydrated portland cement by helium pycnometry

Water/cement 

ratio

Surface area, 
2 . m /g

Hydraulic radius, 

A

0.4 35.0 39.4
0.6 49.0 64.2
0.8 44.0 107.0

SURFACE AREA BY NITROGEN ADSORPTION, m2/g

Fig. 2.9 - Surface area by nitrogen adsorption 
and by helium pycnometry (Feldman, in process)

the lower surface areas, the agreement justifies the 
assumptions and confirms the general validity of the 
equation. The concept that the instantaneous helium 
pore volume is the same as the pore volume determined 
by nitrogen, and that the remaining pore volume is 
that of the partially collapsed interlayer space is 
sound. This confirms the validity of the inelastic 
neutron scattering experiments already discussed (2).

Hydraulic radius of the interlayer space. - As 
mentioned previously, the hydraulic radius of a pore 
system is computed by dividing the total pore volume 
of the pore system by its surface area. Until 
recently, this calculation could not be made without 
assuming a particular structure for the C-S-H gel, 
but the low-angle scattering data of Winslow and 
Diamond (24) has provided this value. In addition, 
as discussed earlier, the interlayer space is 
re-opened by exposure to 42% RH; at this condition, 
helium can fully enter the internal space within 40 h 
of flow time. The volume of the interlayer space can 
thus be measured on the partially-open or fully-open 
state depending on the relative humidity of exposure, 
using helium to measure the remaining volume.

The results from measurements on a hydrated cement
paste cured at a water/cement ratio of 0.6, using the 
helium-volume-change method reported here, give a 
value of 1.35% of water for the monolayer on the 
external surface which gives a surface of 49 m^/g. 
After exposure to 100% RH, 10.8% water was 

retained at 11% RH (11). This leaves 9.45% in the 
interlayer structure. A space of 2.4 mL unoccupied 
by water was also measured in the structure by 
helium inflow. -Using. 1.20 g/mt as the density of 
the water, referred to earlier, results in a volume 
of 10.28 mL as the internal space. The surface area 
for the internal space is 670 m2/g, determined by , 
Winslow and Diamond (24), resulting in 
670-49 = 621 m2/g for the interlayer surface, and a 
hydraulic radius of 1.65 A (0.165 nm).

Assuming that the pores are bounded by two parallel 
plates, the average separation between the plates is
3.3 A (0.33 nm) (twice the hydraulic radius). This 
model is consistent with the internal system 
composed of layers separated by, on the average, one 
water molecule. The impact of this calculation may 
be enhanced by another simple calculation.
If 9.45% of water is held as a single layer between 
two sheets, it will cover twice the normal area per 
molecule, i.e., 10.8 x 2 Ä2 (0.216 nm2). This 
results in a surface area of 687.2 m2/g compared to 
621 m2/g given by low angle X-ray scattering. This, 
however, assumes that all the water is held as a 
single layer, while in fact there may be "kinks" in 
the alignment of the sheets, leaving room for more 
than one layer of water. On the other hand, 
a coverage of 10.8 Ä2 (0.108 nm2) per molecule may 
be too high.

The hydraulic radius can be calculated for the 
sample when exposed only to 42% RH and where 5.15% 
water and 2 mL of space exist between the sheets. 
One obtains an average hydraulic radius of 
1.0 A (0.1 nm), obviously a result of a partially 
collapsed state.
Calculations of this type have also been obtained 
from data of Brunauer, Odler and Yudenfreund (26), 
and Mikhail and Abo-El-Enein (27). In these cases, 
the internal volume was obtained by measuring the 
difference between the total water and the total 
nitrogen porosity; the surface areas were determined 
by the difference between the surface areas given by 
Winslow and Diamond (24) and the surface area 
determined by nitrogen adsorption.

The results calculated from the data of Brunauer, 
Odler and Yudenfreund (26) are shown in 
Table.2.Ill; an average of 1.23 Ä (0.123 nm) was 
obtained for the four pastes at water/cement ratios 
between 0.35 and 0.57.

In Table 2.IV, the data of Mikhail and Abo-El-Enein 
(27),-corrected for decree of hydration, give an. 
average value of 2.51 A (0.251 nm) when the first 
value at 18.50% hydration is excluded. These data 
were obtained for pastes cured at a water/cement

TABLE 2.Ill - Surface areas, porosities and hydraulic 
radii of portland cement paste .

Water/ 
cement 
ratio

Sn2, St'Sn2, V -VH2° N2 vh2o-vn2^

2, m /g m2/g mL/g
ST ’S

0.35
0.40
0.50
0.57

56.7
79.4
97.3
132.2

580-56.7
642-79.4
642-97.3
670-132.2

0.0516
0.0717
0.0823

‘ 0.0617

0.99 '
1.28
1.51
1.14

avg = 1.23



TABLE 2,IV - Internal radius of low porosity pastes

Sample 
No.

Degree of 
Hydration,

%

V -VH2° N2, 676"Sn2, 

m2/g

Hydraulic 
radius,
X

I 18.50 0.92 644 14.4
II 33.80 0.175 628 2.78)
III 49.30 0.144 .646 2.22

avg =IV 57.1 0.155 655 2.36
V 62.0 0.184 667 2,78 2.51
VI 74.1 0.168 668 2.51
VII 78.1 0.166 671 2.48,

ratio of 0.2. This value is much higher than that 
obtained from the other data (Table 2.Ill), but is 
consistent with other results for low water/cement 
ratio pastes. Very low surface areas (27) and 
relatively low densities (28) are obtained for these 
pastes, and it must be concluded that there are many 
kinked regions in the stacking of the sheets and 
trapped space, due to lack of space during hydration. 
This is illustrated in Fig. 2.10, a further modifica
tion of a modification by Daimon et al (29) of a 
model by Feldman and Sereda.
2.3 MERCURY POROSIMETRY '

The mercury porosimetry method enables the widest 
range of pore-size distribution to be measured. The 
upper diameter limit can be as high as 1000 urn; the 
lower limit can be as small as 30 X (3 nm), depending 
on the pressure available and the contact angle used 
in the calculation.

A review of the porosimetry technique was published 
by Orr (30). More recently, Liabastre and Orr (31) 
assessed the structure of a graded series of 
controlled pore glasses and Nucleopore membranes, 
both of which have pores with right-cylinder charac
teristics, using both electron microscopy and mercury 
penetration. The data showed good comparison if a 

simple pressure correction was applied. It was 
suggested that pores are compressed to an hour-glass 
shape, thereby exhibiting an effectively smaller 
diameter until mercury actually enters them. Upon 
the entrance of mercury, the pores expand because of 
the equalisation of hydrostatic pressure, and return 
to nearly their original volume. Hie partial 
closing and reduction in diameter accounts for the 
apparent entry of mercury into pores smaller than 
they actually are, and the subsequent return to shape 
explains correct volume measurements.

A survey of the method as applied to cement systems 
and some results for cement pastes at different 
water/cement ratios was made by Winslow and Diamond 
(32). It was observed that the pore volume left 
unintruded by mercury at 15 000 psi (102 MPa) was 
significantly less than the 28% by volume that should 
represent gel pores.

Diamond and Dolch (33) again addressed themselves to 
the problem of whether there is a separate class of 
"gel pores" in the range of tens of angstroms. They 
showed that for a mature paste (318 days old) the 
pore volume, intruded below about 60 X (6 nm) in 
diameter, is not only less than that predicted by a 
log normal plot, which suggests that all the pores 
intruded belong to a single pore-size distribution, 
but is almost negligible in absolute terms. The plot 
of cumulative percentage of pore volume intruded vs 
pore diameter is given in Fig. 2.11 (33) for this 
sample. The total pore volume in this sample was 
measured as 0.306 cm^/g. The volume intruded between 
pressures corresponding to pore diameters of 77 A 
(7.7 nm) and 25 X (2.5 nm) is only 0.011 cm3/g.

In their study of capillary porosity, Auskern and 
Horn (34) showed that the addition of a small amount 
of water, does not affect the porosity measured by 
mercury, contrary to the findings of Winslow and 
Diamond (32). The porosity by mercury intrusion of 
an oven-dried sample up to 50 000 psi (340 MPa) was 
0.108 cc/g; the oven-dried sample exposed to 5% RH 
had a porosity of 0.115 cc/g. This type of result 
was also observed by Beaudoin (35). As a result, 
Auskern and Horn (34) used 117 deg as the contact

Fig. 2.10 - Modification of 
Feldman and Sereda model (29) *

Fig. 2.11 - Cumulative mercury pore-size distribution 
for 0.6 w/c paste 318 days old (33)



angle for all their work. They also found limited 
penetration below about 80 A (8 nm) and concluded 
that the "missing porosity" relative to the porosity 
as determined by water adsorption must be smaller 
than 35 X (3.5 nm). They found that the porosity 
measured by carbon tetrachloride saturation is close 
to, but a bit larger than, the porosity measured by 
mercury penetration. Beaudoin (35) measured total 
porosity by mercury porosimetry up to 60 000 psi 
(408 MPa) pressure and found that mercury porosimetry 
and helium pycnometric methods could be used 
interchangeably to measure porosity if the water/ 
cement ratio was equal to or greater than 0.40. 
These results are shown in Fig. 2.12 (after ref. 35). 
Included in this Figure are results for other 
materials, including porous glass in which mercury 
was able to penetrate only 69% of the pore space. 
Average pore diameter of this material was measured 
by other techniques (36) to be between 50 and 60 A 
(5 and 6 nm).

Fig. 2.12 - Mercury porosity vs helium porosity 
for hydrated portland cement paste (after ref. 35)

It is apparent that the results from the mercury 
intrusion method agree with those of other techniques 
described previously, and especially with the helium 
inflow measurements. The results showed that the 
porosity was made up of a pore structure into which 
helium could rapidly enter, and of interlayer spaces 
of hydraulic radius less than 1 X (0.1 nm) when the 
paste is oven dried.

In a study of capillary porosity during hydration of 
CjS and the effect of admixtures, Young (37) found 
that, on measuring the mercury intrusion, the pastes 
showed a threshold diameter that decreased with 
hydration; the results are shown in Fig. 2.13. This 
was in agreement with the finding of Winslow and 
Diamond (32). It was suggested by Young that the 
large intrusion immediately below the threshold 
diameter results from filling of the void spaces 
between C-S-H gel needles, and the filling of larger 
pores accessible only through intergrowth of needles.

Fig. 2.13 - Intrusion curves for a series of
hydrating C^S pastes (w/c = 0.4) (37)

Diamond (38) investigated the evolution of pore 
structure of cement paste at two temperatures and two 
water/cement ratios, 0.4 and 0.6. Results for 
w/c = 0.6 in Fig. 2.14 (38) show that there is a 
slight difference in the character of the product 
formed slowly at low temperatures as compared to that 
formed rapidly at higher temperatures; this shows up 
in the pore structure. After about one year of 
hydration, the pore volume of the paste cured at 40°C 
is higher than that cured at 6°C because of greater 
volume of pores smaller than 500 Ä (50 nm).

Fig. 2.14 - Cumulative pore-size distributions of 
0.6 w/c cement pastes hydrated at 6OC and at 40°C 
(38)



2.4 PORE-SIZE DISTRIBUTION BY NITROGEN ADSORPTION 
AND CAPILLARY CONDENSATION METHODS AND COMPARISON 
WITH MERCURY POROSIMETRY
Studies have been made (39-41) of pore structure as 
determined by water vapour adsorption. It has been 
shown in the previous sections that porosity 
determined by water is quite different from that 
determined by other fluids, largely because of the 
Interaction of water molecules-with the solid and 
their penetration into partially collapsed interlayer 
spaces. Several authors (42,43) have now confirmed, 
however, "that the high degree of specificity of 
water adsorption does not allow water vapour to be 
used as an alternative to nitrogen for determination 
of surface area and pore size distribution." It 
should, therefore, be exploited only to "provide 
information concerning the chemistry of the solid 
surface rather than its surface area and texture." 
This section will thus deal primarily with nitrogen 
adsorption.

The common method in use is that of "capillary 
condensation." The pore-size distribution data is 
obtained by applying the Kelvin or similar equation 
to either the adsorption or desorption isotherm. 
A number of different assumptions as to pore shape 
and thickness of the adsorbed film at each stage 
have been used (44-50), leading to some variation in 
calculation methods. However, in contrast to the 
wide range of sizes that can be determined by mercury 
porosimetty, capillary condensation methods are 
limited essentially to pores of diameters between a 
few tens to several hundreds of Sngströms. The 
lower limit associated with capillary condensation 
methods depends on the particular isotherms, but it 
is generally accepted that the Kelvin equation tends 
to break down for micropores. Kadlec and Dubinin 
(51) presented data suggesting that the Kelvin 
equation does not apply for pore diameters as small 
as 35 to 40 Ä (3.5 to 4 nm). They concluded that 
this equation is inapplicable at relative vapour 
pressures slightly higher than those at which the 
adsorption-desorption hysteresis loop closes, and 
appears to be a characteristic of the adsorbate.
The limiting diameters range from 20 to 35 X (2 to
3.5 nm) for various adsorbates.

Recently Winslow (52) reported results that showed 
satisfactory agreement between mercury porosimetry 
and nitrogen adsorption for porous alumina in the 
pore range 500 to 40 Ä (50 to 4 nm).

In a comprehensive study of a variety of pastes of 
portland cement and CjS, Bodor et al (53) found a 
maximum for the pore-size distribution atoaround 
12 X (1.2 nm) hydraulic radius, i.e., 48 A (4.8 nm) 
diameter with the assumption of cylindrical pores. 
In a review. Diamond (54) observes that most plots k 
in the literature display strong maxima between 30 
and 50 Ä (3 and 5 nm). Bodor states that no micro
pores are measured in hydrated portland cement by 
this technique nor by the "t-method." However, 
Diamond (54) observed that the cumulative volume 
determined by mercury intrusion was not too different 
from that by capillary condensation for pores 100 to 
400 X (10 to 40 nm) in diameter; below 100 X (10 nm) 
this is not the case. The capillary condensation 
data by some workers show steep slopes and consider
able pore volume below 100 X (10 nm) and particularly 
below 50 X (5 nm). This fact led Diamond (54) to 
suggest that large amounts of the C-S-H were 
encapsulated by calcium hydroxide and unintrudable by 
at least mercury, but the work of Auskern and

Horn (34) and the helium pycnometric work dispels 
this idea and, in any event, the pore-size distribu
tion by mercury intrusion should still be reasonably 
representative of the whole of the distribution. 
Diamond (54) used radius of gyration results obtained 
by Winslow (52) in his low-angle X-ray scattering 
work, and calculated mean diameters, assuming various 
models. He obtained a mean diameter of approximately 
300 X (30 nm) assuming a cylinder of equal length and 
diameter. Mikhail, Turk and Brunauer (55) later 
refuted this work on the basis that the calculated 
surface area was too low. They used both radius of 
gyration and hydraulic radius to calculate the 
dimensions of an average cylindrical pore and 
obtained a diameter of 47.2 X (4.72 nm) and a length 
of 466 A (46.6 nm). These authors, however, had 
obtained their hydraulic radius by water adsorption 
which, as stated previously, is not valid.

Most recent work by Daimon et al (29) presented - 
results on leached and unleached C3S. Accordingly, 
the pore volume of an unextracted Ca(0H)2 sample 
should be multiplied by 1.43 to compare it with the 
extracted paste. In fact, it was found that the pore 
volume determined by nitrogen adsorption was 1.39 
times the values of the unextracted pastes, suggest
ing that Ca(0H)2 does not engulf any appreciable 
volume of C-S-H. Work by Feldman and Ramachandran 
(56) with the helium flow technique lead to the same 
conclusion.

The pore-size distributions obtained by Daimon et al 
(29) are presented in Fig. 2.15 and Table 2.V. In 
this table, columns are given for the calculation of 
pore distribution using both the adsorption and 
desorption isotherm, and for parallel plate 
(Spp, Vpp) or cylindrical pores (SCp, Vcp). Best 
fit is 'given by the adsorption curve, and both models 
give a reasonable fit although the cylindrical model 
is better for the extracted paste. This is deter
mined by comparing calculated values with SgET and 
Vp in the upper part of Table 2.V (29). The 
hydraulic radius gives the pore diameter down to 
about 60 X (6 nm), assuming a cylindrical model.

Results by Collepardi (57) are shown in Fig. 2.16. 
Pore-size distribution by nitrogen capillary 
condensation shows that room temperature cured- C3S .

Fig. 2.15 - Pore-size distribution derived from 
adsorption isotherms (adsorption branches of 
N isotherms were used for calculation) 
(after ref. 29)



TABLE 2.V - N2 adsorption data (29)

Parameter Unextracted CjS paste Extracted CjS paste

Vm (cm3/g) 4.177 8.135
SBET (m2/g) 18.17 26.69

St (m2/g) 17.5 25.5

VP (ml/g) 0.1342

Adsorption Desorption

0.1862

Adsorption Desorption

Spp (m2/g) 18.09 33.43 24.32 43.78

svp (m2/g) 21.09 42.00 28.53 ’ 48.37

Vpp (ml/g) 0.1340 0.1412 0.1832 0.1942
Vep (ml/g) 0.1358 0.1453 0.1851 0.1994

paste has a maximum at about 20 Ä (2 nm) pore radius, 
although the average value appears to be much higher. 
It is also shown that by hydrating at different . 
temperatures the reduction in pore volume is due 
almost exclusively to the decrease in volume of the 
smaller pores down to about 60 X (6 nm) radius.
These results show general agreement with mercury 
intrusion, although nitrogen capillary condensation 
techniques indicate, in some cases, greater volumes 
in small pores. This difference may be explained, 
however, by the fact that "t"-curves are important in 
the calculation of the small pore distribution and 
measuring the appropriate "t"-curve is difficult for 
hydrated portland cement. In addition, the validity 
of their application for small pores is debatable.
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3. PHYSICAL FACTORS CONTROLLING

STRUCTURE AND STRENGTH DEVELOPMENT

Strength, modulus of elasticity, and permeability are 
important properties that determine the relative 
applicability of hydrated cement products. When 
portland cement paste is hydrated at room temperature 
and to a high degree of hydration, there is a fairly 
consistent relation between its mechanical properties 
and its porosity. If these data are extended to very 
low porosity, however, it is obvious that porosity by 
itself does not fully define the system (1-3).

Autoclaved cement pastes and pastes mixed with quartz 
and other sources of silica have been studied exten
sively by several investigators (4-12) and the 
sequence of reactions and nature of the products are 
reasonably well understood. It has generally been 
concluded that low strengths are associated with the 
formation of- C1-C2S hydrate or hydrogarnets at medium 
to high porosities and that high strengths are - 
associated with the formation of 11 X tobermorite 
together with poorly crystallized CSH(I) and CSH(II). 
The high strength compounds are formed when a suffi
cient quantity of ground quartz or equivalent material 
is added to the cement. On the basis of their work on 
a variety of materials Feldman and Beaudoin (10), 
Crennan et al (7) and Taylor (13) concluded that there 
exists an optimum ratio of crystalline to poorly 
crystallized products for a high strength product; 
others considered that porosity alone could account 
for strength differences (14).

These approaches made it apparent, however, that 
several significant factors should also be considered 
in studying the mechanical properties of hydrated 
cements. Accordingly, a porosity study should 
include the following:
(i) The relation of pore structure to bonding between 
crystallites and bonding within crystallites.
(ii) The effect of pore size or shape and total 
porosity on mechanical properties.
(iii) The effect of the nature of the solid; its 
mineralogical and chemical composition, its crystal 
size and density on the relation between porosity and 
mechanical properties.

These factors were discussed by Polak (15) in'his 
study of the kinetics of structure formation of 
cements and by Jambor (5) in his study of porosity. 
Significant findings in these areas will be discussed 
later.

3.1 MODULUS, STRENGTH AND BONDING

One of the first studies to indicate the type of 
bonding in hydrated portland cement is the compaction 
work of Sereda et al (16) and Soroka and Sereda (17). 
This showed that by merely compacting hydrated powder,, 
bodies of strength and rigidity equal to hardened 
paste at this same porosity could be made; in addition 
it was shown that the bodies formed did not decrease 
in hardness or strength significantly when wetted 
from 15 to 100% RH. In fact, the modulus of elasti
city increased significantly above 50% RH due to 
interlayer rehydration.

Further work by Feldman (18) showed that by compacting 
bottle hydrated powder in a d-dried state with 
dehydrated interlayer spaces, a body could be 
obtained with Young's modulus of a magnitude equal to 
that with interlayer water present. This was shown 
to be due to the sheets being forced closer together. 
Normally, without interlayer water. Young's" modulus is 

low. A higher Young's modulus indicates that either 
some new solid bonds have been established or simply 
that the proximity of surfaces, which results in 
increased van der Waals' forces (as suggested by 
Wittman (19)) is contributing. The fact that the 
water compensates exactly for any decrease in Young's 
modulus when the layers mbve apart emphasizes the 
bridging role of the water. It probably participates 
in bonding, perhaps by coordinating with calcium ions 
between the sheets.
It seems possible that the type of bonds that appear 
to form between sheets within a layered system might 
form between individual particles of C-S-H by compac
tion, or between different particles of C-S-H, 
originating from separate nuclei during hydration. 
Hie concept of cement paste as a continuous mass 
around pores, when the paste is reasonably mature 
rather than particles joined by special bonds may be 
a more useful concept with regard to models. Thus, 
the area of contact may be the critical factor in 
determining mechanical properties, and this is 
related to pore size and shape.

These concepts explain the particular ability of 
hydrating portland cement in filling space without 
large expansive strains. The very low surface areas 
observed by Mikhail and Abo-El-Enein (20) for pastes 
with low water-cement ratios and Hedin’s views about 
pore filling (21) illustrate this point. Other bonds 
due to silica polymerization will form subsequently 
(22,23). Bentur et al (24) also observed increased 
silica polymerization with specimens under load.

The strength of a brittle material as opposed to 
Young's modulus is controlled by critical flaws 
according to Lawrence et al (25). These may occur 
mainly at regions of inhomogeneity, such as at the 
interface of C-S-H gel and calcium hydroxide 
crystals. Care should thus be taken in relating 
measured strength of such a body in terms of strength 
of a specific bond.

3.2 EFFECT OF PORE SIZE, SHAPE AND POROSITY ON 
MECHANICAL PROPERTIES

The need to understand and improve strength and 
rigidity of portland cement and other concretes has 
led to the study of the influence of porosity on its 
mechanical properties. Correlation of porosi,ty with 
mechanical properties has led to three types of 
equations, mainly semi-empirical. These are:

a = »O(1-P)A (3.1)

derived by Balshin (26);

a = o0 e‘Bp (3.2)

derived by Ryskewitch (27). In these equations Oq 
is strength at zero porosity and p is the porosity. 
In the equation

a = D in — (3.3)
P

which was derived by Schiller (28), Pcr is zero 
strength porosity. A, B, C and D arfe constants.

Equations (3.1 and 3.2) were also used to relate 
Young's modulus to porosity. Schiller (28) showed 
that Eqs. (3.2 and 3.3) deviated only slightly at 
the two extremes of porosity: Eq. (3.2) is accurate 
at low porosities and Eq. (3.3) at high porosities.



Roy et al (1) and Roy and Gouda (2,29) used an 
equation similar to (3.3) to correlate data from 
specimens made to very low porosities and with high 
strengths by 'hot' and other forms of pressing.

These results are presented in Fig. 3.1. '

Data from Yudenfreund et al (3) and Verbeck and 
Helmuth (14) are included in the figure. The results 
of Verbeck and Helmuth refer to capillary porosity and 
do not fit into the main curve. The rest of the data, 
plotted as porosity determined by water adsorption, is 
linear over a wide range of porosities.

Fagerlund (30) correlated data for paste using 
Eq. (3.1), but with different constants for each paste 
with a different degree of curing. In this case, o0 
was around 500 N/mm’ and the constant A about 3.

Danyushevsky and Djabarov (31) studied the total 
porosity, pore-size distribution and phase 
composition versus strength of hardened paste from oil 
well cements, C3S, B-C2S and mixtures of these with 
silica flour, diatomite earth and bentonite. The 
pastes, which were made at several water-cement 
ratios, were hydrated at room temperature and 
autoclaved. It was found that with these cements at 
a CaO/SiO2 ratio of 2, a large crystalline structure 
of low strength was formed after autoclaving. With 
the CaO/SiO2 ratio down to 0.8, however, material 
with smaller pores and of high strength and low 
permeability was formed. The products were 
tobermorite, xonotlite or CSH(B). The spread of 
pore-size distribution found in this work is shown 
in Fig. 3.2. Data were correlated according to 
Eq. (3.1) by plotting data as a function of capillary 
porosity. Oq was found to vary between 1.5 to 
3.0 x 1q2 N/mm2. These authors concluded that optimal 
strength at fairly high porosities was found with 
medium size crystals, such as xonotlite.

Dyczek and Petri (4) prepared specimens of 
tobermorite, xonotlite and CSH(I), and correlated 
data with an equation analogous to Eq. (3.2)

' ' E = Eo e"Bp ' (3.4)

where E is Young's modulus and Eq is Young's modulus 
at zero porosity. They found Eq's to be 5.01, 0.097, 
and 0.762 x 105 (N/mm^) respectively and discussed 
the results in terms of the very low value for 
xonotlite. The value for tobermorite seems exces
sively high. Porosities were measured by water 
adsorption and the values are not realistic because 
tobermorite loses and regains large amounts of 
structural water on drying and wetting.

Jambor (5), recognizing the importance of pore size 
as well as the type of product and total porosity, 
prepared a variety of materials using Ca(0H)2, 
several siliceous materials, C3S, and C3A. He measured 
pore-size distribution, pore volume and compressive 
strength. The five types of products formed and a 
plot of compressive strength vs volume fraction of 
each solid is shown in Fig. 3.3. It was found that 
pastes containing the same type of hydration products 
had similar pore-size distributions.

Pore-size distributions are tabulated in Table 3.1 
with the approximate pore radius range as determined 
by the mercury porosimeter. Figure 3.3 also shows 
that there can be a considerable spread in compres
sive strength for the variety of materials at the 
same solid volume fraction or, in other words, at the 
same porosity. Jambor concluded that these

porosity, » '
Fig. 3.1 - Relation of compressive strength and log 
porosity cement pastes (29)
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Fig. 3.2 - Pore-size distributions curves 
hydrated at various temperatures (31)



differences were primarily due to the average pore 
size within each characteristic composition; the 
smaller the pore size, the higher the compressive 
strength, at a given porosity. This is illustrated 
in Fig. 3.4.

Feldman and Beaudoin (10,32) measured and correlated 
strength and modulus data for several systems over a 
wide range of porosities. They measured compressive 
strength and Young’s modulus of paste hydrated at 
room temperature, autoclaved*cement paste with and 
without additions of fly ash and also included data 
of other workers (1,3). Measurements of porosity 
were obtained either from a helium pycnometer or from

Fig. 3.3 - Relation between compressive strength 
and type as well as volume of binding hydration 
products developed in the hardened paste (5)

a capillary porosity calculation. Correlation was 
based on Eq. (3.2). Plots for strength data are 
shown in Fig. 3.5.

There are essentially three curves. Curve AB, 
representing all the pastes cured at room tempera
ture, covers porosities'from 1.4 to 41.5% and 
terminates at about 230 N/mm^ at zero porosity. The 
second line, CD, represents the best fit for most of 
the autoclaved preparations exclusive of those made 
with fly ash. This line intersects AB at 27% 
porosity (w/c ratio: 0.45). At porosities above 
27%, the room temperature pastes, when compared at 
the same porosity, are stronger than those made by 
autoclaving. This confirms Jambor’s view that 
porosity is not the only factor that controls 
strength, but it may be related to the pore-size 
distribution. In addition, it may also be related 
to the type of bonding within the bulk material or 
between crystallites. This type of behaviour was 
also shown in the work of Beaudoin and 
Ramachandran (33), in which they compared the

AVERAGE PORE SIZE IRAOIUS). X

Fig. 3.4 - Relationship of compressive strength vs 
average pore size of hardened pastes containing 
hydration products (Types I, II, IV, and V) (5)

TABLE 3.1 - Values of average pore size defining the pore size 
distributions of the hardened pastes containing hydration products 
of Types I to V (5)

Type of hydration product ih paste Approximate average 
radii of pores (Ä)

I. Mostly tobermorite and 
tobermorite-like phases 100 - 400

II. Mostly CSH(I) 200 - 800

III. Mixture of about 70-80% gehlenite 
hydrate and 20-30% CSH(I) 500 - 1 000

IV. Mixture of about 70-80% hydrogarnet 
phase and 20-30% CSH(I) 700 - 7 000

V. C^AH^ - hydrogarnet phase 3 000 - 20 000
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Fig. 3.5 - Strength vs 
porosity for autoclaved 
and room-temperature 
cured preparations (10)
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Fig. 3.6 - Compressive strength vs porosity for 
various autoclaved and room temperature"hydrated 
cement and cement-silica preparations (11)

mechanical properties of several cements including 
magnesium oxychloride, gypsum and portland cement 
(see Fig. 1.5).

On the third curve, CD, points representing cement 
containing sulfur and those of hot-pressed data of 
Roy et al (1) are represented. At zero porosity a 
strength of over 800 N/mm2 would be obtained for 
this series.

3.3 - EFFECT OF MINERALOGY AND SPECIFIC VOLUME ON THE 
RELATION BETWEEN POROSITY AND MECHANICAL PROPERTIES

Beaudoin and Feldman (10,11) prepared a variety of 
silicates by mixing different amounts of ground 
silica and normal type I cement and autoclaved each 
mixture at several water-cement ratios. Mechanical 
properties including microhardness, which approxi
mately represents strength (34), were measured as a 
function of porosity. These results are plotted in 
Fig. 3.6 according to Eq. (3.2), a = oq e"^P ; a fam
ily of.mechanical property-porosity lines results.
The oq values and the B constant (the slope for each 
set of preparations) are presented in Table 3.II. The 
data of Danyushevsky and Djabaro (31) fall into the 
range of these data. As the silica content is varied, 
the slope B of the line changes.

In Fig. 3.7 are shown the range of specific volumes 
obtained in this series of preparations. Results 
show that mixtures with low silica content contain a 
predominance of well crystallized, high density a-C2S 
when hydrated, while those with 20 to 40% silica 
contain predominantly CSH(I) and CSH(II) and 
tobermorite. The mixtures with 50 and 65% silica 
contain an excess of silica with tobermorite, CSH(I) 
and CSH(II).

The changes in slope and density support the view
- that an optimum amount of poorly crystallized 
hydrosilicate and well crystallized dense material 
provides maximum values of strength and modulus of



TABLE 3.II - Regression analysis of compressive strength vs porosity data (33)

-Bp 
0 = °0 e

% Si02 2 -2Gq (N/mm x 10 ) B* r**

0 9.500 0.1085 ±0.0142 0.949

5 3.105 0.0683 ±0.0138 0.945

10 " 6.223 0.0767 ±0.0138 0.967

20 5.200 0.0649 ±0.0038 0.995

30 2.952 0.0479 ±0.0018 0.988

50 2.254 0.0444 ±0.0053 0.977

65 2.838 0.0560 ±0.0067 0.987

* gives 90% confidence" limits

** correlation coefficient

elasticity at a specified porosity. At high porosity, 
it is very evident that not only porosity but also_ 
the bonding of individual crystallites plays a role 
in controlling the strengths.

It is apparent that disorganized, poorly crystallized 
material tends to form a higher contact area of 
bonds, resulting in smaller pores. As porosity 
decreases, better bonding will develop between high 
density, well crystallized and poorly crystallized 
material and consequently higher strengths will 
result; the potential strength of the high density 
and high strength material is manifested. This 
explains how very high strength can be obtained by

Fig. 3.7 - Specific voltime of solid phase 
vs silica content for various autoclaved 
cement-silica preparations (11)

hot-pressing, because a small but adequate quantity 
of poorly crystallized material at these low 
porosities provides the bonding for the high density 
clinker material. Work by Ramachandran and 
Feldman (35) with CjA and CA systems has shown that 
at low porosities, high strength could be obtained 
from the C3AH5 product because increased area of 
contact forms between crystallites than is possible 
at higher porosities. Work with fly ashes of a 
variety of compositions has confirmed these 
concepts (12).

Taylor (13) and later Grennan et al (7), in a 
discussion of these ideas, suggested that the 
distribution of crystallinity in-CSH formed in 
autoclaving can have a major effect on strength.

Increase in C-S-H crystallinity can either raise or 
lower strength, depending on the amount of unreacted 
quartz. This concept is presented in Fig. 3.8.
Lines P to T present results obtained for 5 different 
quartz particle sizes by Grennan et al (7). The 
diagram illustrates that the effect of particle size 
may outweigh that of porosity. Alexanderson (36) 
also observed maxima in strength with crystallinity 
of calcium silicate hydrates.

- --- IHCBEASING PROPORTION OF COARSE, 
DENSE. CRYSTALLINE MATERIAL------*—

Fig. 3.8 - Compressive strengths (MPa) 
as a function of porosity and particle 
crystallinity distribution. Lines AB, 
CD, EF are as in Fig. 3.5 (7)



3.4 - PORE REDUCTION BY IMPREGNATION AND ITS EFFECT 
ON MECHANICAL PROPERTIES

The effect of porosity on modulus of elasticity can 
be described by Eq. (3.4). This equation has a 
theoretical base for its derivation (37,38) but 
contains several assumptions. The constant B 
depends on pore geometry and orientation of the 
pores with respect to stress. As explained in the 
last section, B varies with different preparations. 
Equation (3.4) predicts that filling of the pores, 
even with a foreign material, would lead to greatly 
improved mechanical properties.

The technique of impregnation has been performed on 
many materials such as cement paste, concrete (39 to 
42) and porous ceramic tile (43) with methyl 
methacrylate, epoxy resins (44), and sulfur (45 to 
47). Mechanical properties have been found ■ to 
increase by several hundred percent and large 
improvements in water impermeability and resistance 
to corrosion have also been achieved.

Several workers have applied mixing rule equations 
to the concrete impregnation system to explain 
results (42,46,48,49). However, a high degree of 
impregnation has not been achieved owing to the 
size of the specimens, and thus bodies approxima
ting non-porous, uniformly impregnated specimens 
were not obtained. The main conclusions were that 
the elastic modulus and compressive strength of the 
impregnated cement paste or concrete are functions 
of the residual porosity after impregnation and 
that the increase of fracture energy of impregnated 
cement is due entirely to the polymer itself and is 
independent of the initial strength of the porous 
body.
Hasselman et al (50) and Hasselman and Pentry (51) 
noted that large increases in elastic moduli are 
surprising in the light of present theories of 
elastic behaviour of composites with fibrous, 
cylindrical or spherical inclusions. They 
concluded that the pore geometry must deviate 
considerably from these models and they 
theoretically analyzed flat or elliptic inclusions. 
Expressions were derived relating the effect of a 

second phase on elastic behaviour to the stress 
concentrations in the matrix phase, e.g., for 
porous ceramic bodies having flat pore geometry 
major changes in elastic moduli resulting from 
polymer impregnation can be explained even when the 
elastic modulus of the impregnant is considerably 
less than that of the matrix.

Simplified equations used were:

Ec = E01 [l*(aVs /(1*yVs)>] (3.5)

Hc = H01 11+{“VS /d+Yvs)}] (3.6)

where Vs is the volume fraction of the 
impregnant, a and y are terms incorporating stress 
concentration factors, Ec and Hc are the Young's 
modulus and microhardness respectively of the 
composite, and Eqi and Hoi are these properties at 
zero porosity.

When the stress concentration term reduces to one. 
Eq. (3.5) reduces to

V1 V2
Ec = 1/CF~+ T“5
C E01 t02 

(3.7)

where subscript 1 refers to the matrix phase and 
subscript 2 to the impregnant phase. This equation 
is the same as that derived from Reuss' model.

Portland cement paste and autoclaved cement-silica 
mixes from which mechanical property vs porosity 
data have been obtained (Table 3.II and Fig. 3.9), 
were impregnated with either sulfur or methyl 
methacrylate (41,45). Specimens were discs of 
3.2 cm diameter and 1.3 mm thick to facilitate 
complete and homogeneous impregnation. The residual 
pore volume of the specimens, measured by helium 
pycnometry, was, in most cases, lower than 3% of the 
volume of the sample.

Young's modulus and microhardness were plotted as a 
function of the volume fraction of sulfur. Linear 
regression of the results for Young's modulus are 
shown in Fig. 3.9. Each composition has a distinct 

VOLUME FRACTION OF SULFUR, »

Fig. 3.9 - Young's modulus of 
composite vs volume fraction 
of sulfur for preparations 
with different initial silica 
contents (45)



curve; for each curve a theoretical curve was plotted. 
Best fit for Young's modulus was with the stress 
concentration term fr*l, thus in effect using Reuss' 
model equation (Eq. 3.7). Values of Eqi were obtained 
from Table 3.II; they in turn had been obtained by 
extrapolating data according to Eq. (3.4). Curves for 
the specimens containing the high proportion of 
weakly bonded a-CjSH have the greatest value for 
Young's modulus at a given sulfur content.

Equation (3.7) provides an independent method for 
calculating Eqi for the various matrices. All the 
terms in this equation are measurable. If these values 
are substituted using the experimentally determined 
point with the lowest sulfur content, Eqi can be 
calculated for each composition (52). This is shown 
in Fig. 3.10; the values differ by an average of 
13.5% from those determined by Eq, (3.2). These 
results support the view that Eq. (3.4) is a valid 
expression to predict the effect of porosity on 
Young's modulus.

Microhardness data, however, could not be correlated 
with a Reuss-type equation. Unlike modulus of elas
ticity, microhardness measurements involve failure 
processes; if stress concentration factors are not 
included the agreement of Eq. (3.6) is very poor. 
However, despite the use of stress concentration 
terms, there is greater deviation between theory and 
experiment for microhardness than there is for modulus.

The results from these impregnation experiments 
provide, some data for understanding .the role of pores 
in these cement systems. The fact that Eq. (3.7) does 
not contain any stress concentration term suggests 
that impregnation is effective in modifying local 
stress concentrations so that they do not signifi
cantly affect the calculation of the elastic modulus 
of the composite. This of course was not true for 
microhardness, which Involves failure processes and 
much higher stress levels than were used for Young's 
modulus determinations. Nevertheless, significant 
improvements were attained in microhardness through 
impregnation. The ratio of microhardness, before and 
after Impregnation, Hc /Hu , is plotted in Fig. 3.11.

Improvements were greater by a factor of 5 for the 
specimen autoclaved with 5% silica, while predictions 
from Eq. (3.6) and an equation of the type

Hu = Hq e BHP amounts to a factor of 4.25 at the same 
volume fraction of sulfur. Improvements, for room 
temperature paste are about a factor of 3. This 
confirms that the shape of pores and the area of 
bonding are important in the strength formation of 
these systems. The systems containing a-C2S were the 
weakest at intermediate porosities and had the lowest 
Young's modulus despite the high strength crystals 
(Fig. 3.6). However, after impregnation, they had the 
highest mechanical properties because impregnation 
provided the bond. Before impregnation, at these 
porosities, the bond between crystallites was very 
weak compared with pastes cured at room temperature 
and specimens autoclaved with 20 to 50% silica.

Much work has been done with methyl methacrylate as 
the impregnant (40,53) and impregnation has been 
performed with mixtures of polymers, e.g., n-butyl 
acrylate to methyl methacrylate (54) to give more 
ductility to the impregnant and thus to the composite. 
Thus, potential material properties can be tailored to 
particular structural service requirements as shown 
in Fig. 3.12. However, there is still much that is 
not known with regard to the state of the polymer in 
the pore, since the actual polymerization takes place

Fig. 3.10 - Eqi calculated from mixture law vs Eqi 
determined by extrapolation of log E vs porosity (52)

VOLUME FRACTION OF SULFUR, V$

VOLUME FRACTION OF SULFUR, * .

Fig. 3.11 - Ratios Hg /Hu (microhardness of 
impregnated sample to that of unimpregnated 
sample) vs volume fraction of sulfur of 
composite.(A - Experimental; B - Theoretical)(45)

in this confined space and it is unlikely that it 
will be the same as the polymer found under normal 
conditions. Little is known about the role of 
adhesion of the polymer to the matrix surface and

• about" the durability of the composite. In an attempt 
to answer some of the questions the cement-silica 
systems were impregnated with methyl methacrylate 
(41). A calculation of Eq for the polymer from



Fig. 3.12 - Compressive stress-strain curves (54)

Eq. (3.6) results in values varying from 6.3 to 
11.8 x 1Ö3 MPa (N/mm2). This is two to three times 
the value of the polymer formed in the bulk phrase. 
The paste samples hydrated at room temperature 
covered a wide range of porosities and the 0.7 and
1.1 water/cement ratios contained a high proportion 
of large pores. The calculated values for Eq2 for 

the water/cement ratios of 0.25, 0.45, 0.7 and 1.1 
were 11.84, 11.54, 7.52 and 6.33 x 10* N/mm2 
respectively. Young's modulus of the bulk polymer is 
largely determined by van der Waals' forces between 
entangled long chains. However, when these long 
chains are formed in pores that have diameters of the 
same size as the length of the chains they may bond 
on both sides of a pore or crack. As a result, the 
properties of the polymer as it affects the composite 
may depend on the covalent bonds within a chain 
resulting in a higher composite modulus. As pores 
increase in size, the mean Young's modulus will 
decrease. Manson (in Ref. 53) has reported changes„ 
in the glass transition temperature of about 50 C deg 
for the polymethyl methacrylate in the pores. This 
may be due to the effects just discussed.

The values of Young's modulus for the polymer 
composite are similar to those for sulfur with regard 
to relative improvement for the various compositions 
but, quantitatively, the improvement ratios for the 
sulfur composites are higher. This is probably a 
result of the higher Eq for sulfur. These results, 
however, are reversed in the case of the microhard
ness measurements, suggesting that the polymer has a 
much greater facility for bonding with the surface of 
the matrix and is more effective in modifying regions 
of stress concentration in the composite. This 
factor is more important for improved microhardness 
than for improved modulus.
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4. INFLUENCE OF ADMIXTURES ON THE 

STRUCTURE AND STRENGTH DEVELOPMENT

In the previous sections the nature and significance 
of bonds, porosity and other structural aspects of 
portland cement pastes have been discussed. 
Introduction of admixtures to the hydrating cement 
influences to different extents, changes in setting, 
strength, morphology, porosity, density, surface area, 
volume, etc. In this section such changes are 
discussed with particular reference to more recent 
contributions. It must be recognized that variations 
in results reported in the literature for apparently 
similar systems are not unexpected, especially where 
commercial admixtures are used. In the presence of 
admixtures, the structure of the hydrating cement or 
cement mineral depends on the type and amount of 
admixture, chemical and mineralogical composition of 
cement, surface area, reactivity, w/c ratio, period of 
hydration, temperature and humidity.

4.1 STRENGTH .

4.1.1 Cement Minerals

A direct study of the influence of admixtures on the 
hydration and structuration of cement, although a 
useful approach from the practical point of view is 
not easy to interpret because the admixture may act in 
a complex way to affect the hydration of the 
individual phases and their hydration products. Hence, 
much attention has been directed to a study of the 
role of admixtures on the strength development in 
individual cement minerals.

Addition of CaC12 to portland cement results in a 
significant reduction in setting times and acceleration 
of strength development. Because of its ready availa
bility, low cost and predictable performance charac
teristics and application over several decades, CaC12 
is more widely studied than other accelerators (1). 
Compared with many other complex admixtures, CaC12 is 
relatively simple in terms of its chemical and physical 
nature. However, there is not only much controversy 
regarding the actual mechanism of its action but also 
a persistent disagreement on its effects on 
concrete (2).

The reactivity of cement minerals C3S and C2S 'to H2O 
may be enhanced by increasing their fineness. In an 
examination of the strength development in C3S and C2S 
ground to different fineness values, Balazs and 
Boros (3) found that increased dosages of CaC12 and 
fineness resulted in higher strengths (Fig. 4.1). In 
the presence of citric acid, the strengths decreased 
with increased dosages. However, as the fineness 
increased the strengths were enhanced. The main 
factors promoting strength development at increased 
fineness values are the initial compactness of the ■ 
structure and higher reactivity.

It is generally recommended that the dosage of CaC12 
in concrete should not exceed 1.5% by weight of 
portland cement. This does not necessarily mean that 
strengths are lowered at higher dosages in cement 
pastes or in silicate phases. It has been observed 
by Traetteberg and Ramachandran •(4) that in the system 
C3S-CaC12-H20, at a w/s ratio = 0.5, addition of 
2% CaC12 gives better strength than that obtained by 
5% CaC12 . However, at a w/s = 0.3, addition of 
5% CaC12 yields even higher strengths than those 
obtained by 2% CaC12 at a w/s = 0.5 (Table 4.1) (4). 
This indicates that in a more compacted system 
proximity of the particles would promote better bonding 

on the surfaces and therefore higher than normal 
amounts of CaC12 can be tolerated for achieving 
strengths.

TABLE 4.1 - Microhardness for C3S pastes containing 
different amounts of CaCl- (4)

Hydration 
time, 
days

Microhardness (N/mm^)

Water/solid = 0.5 Water/solid = 0.3

C3S+2% C3S+5%CjS+2%

CaCl2

C3S+S%

CaCl2 CaCl2 CaCl 2

1 113 13 132 98
2 83 23 221 155
3 98 27 271 225
7 117 41 292 284

10 150 57 360 346
15 186 92 311 353

Modulus of elasticity of a cementitious system can be 
obtained by the ultrasonic pulse velocity technique. 
In a study of C3S hydrated with calcium salts of 
thiocyanate, propionate, maleate, perchlorate and 
chloride, Lawrence et al (5) found that the velocities 
were higher with pastes containing admixtures. The 
velocity-time behaviour could partly be explained by 
the higher degree of hydration. Results with CaC12 
were anomalous; compared to other admixtures, it gave 
lower velocities and lower porosity at equal degrees 
of hydration. Since the velocity depends on the 
density of the product and the number of contact points.

Fig. 4.1 - Effect of CaC12 on cube 
strength of C3S and BC2S pastes (3)



it is possible that in the presence of CaC12 the 
higher density product that is formed reduces the 
contact points. Hence the applicability of the ultra
sonic technique for the cementitious systems contain
ing admixtures should be re-examined especially since 
the structure of the hydrate product is changed.

The silicate structure changes occurring in the 
hydrated cements was followed by Lentz (6) using the 
trimethylsilylation reaction. He found that with time 
of hydration the orthosilicate content gradually 
decreased, giving rise to disilicate and polysilicate 
structures. As an extension of this idea, polymeriza
tion of silicates in pastes containing C3S or C2S and 
admixtures CaC12, citric acid and thionyl chloride was 
examined by Tamas et al (7). The hydrated products 
were found to contain mainly the dimeric S12076' ions 
with small amounts of trimeric chains and tetrameric 
rings. In both C3S and K^S, the ratio of the mono- 
silicate/disilicate peak heights were lower for pastes 
containing CaC12 (Fig. 4.2) (7) indicating the 
increase in the disilicate formation with the progress 
of hydration. As it is known that there is an 
increase in strength in the pastes containing CaC12, 
it is possible that strengths tend to be higher in 
pastes containing larger amounts of polymerized 
silicates. The citric acid admixture which is a 
retarder shows less polymerization effect at very 
early ages. More work should be done before it can be 
stated that polymerization is directly related to 
strength development.

A comparison of the strengths developed in pastes 
containing different types of admixtures are usually 
compared at equal times of hydration. This method

Fig. 4.2 - Peak height ratios in 
chromatograms of silylated reaction 
product of CjS and C2S pastes, with 
and without admixtures, as a function 
of hydration time (7)

does not provide information on the intrinsic property 
of the product. The intrinsic property can be studied 
by comparing the strengths at equal degrees of 
hydration. In an investigation of tensile strengths 
developed by 662S containing CaC12> NaF, NaHCO;, 
NaH2PO4 and NaCl, comparison at 60% hydration showed 
different values (8). This would indicate that the 
nature of the products formed in the presence of these 
admixtures is different.

Admixtures also influence the strengths developed in 
C4AF and C3A pastes. In suspensions containing CaC12 
concentrations of more than 3N, early strength of 
C4AF can increase with the formation of a high 
chloride complex (9). Similar observations have been 
reported in the CsA-CaC^-F^O system containing 
16% CaC12 (10). These results would indicate that 
depending on the conditions of hydration and the 
materials, a much higher than normal amount of CaC12 
prescribed in cement can be used without detrimental 
effects to strengths.

4.1.2 Cement Pastes

The relative importance of factors influencing 
strength in a cement paste containing CaC12 is not 
completely resolved. Although it is recognized that 
CaClg yields high early strengths, there is no agree
ment on its influence on long-term strength develop
ment; the values may increase, decrease or remain the 
same as that of the reference cement paste. It is not 
even clear what the optimum dosage of CaC12 is for 
achieving the maximum strength. For example, contrary 
to general belief, Wolhutter and Morris (11) have 
found that the maximum strength at 28 days is achieved 
with 4 to 6% anhydrous calcium chloride. This 
indicates the existence of many factors that influence 
the strength development in concretes. As described 
already, comparison of the properties at equal degrees 
of hydration forms a good basis to study the intrinsic 
property of pastes hydrated in the presence of dif
ferent amounts of admixtures. This approach was adop
ted by Ramachandran and Feldman (12) for an examina
tion of strength development in portland cement pastes 
hydrated in the presence of 0, 1, 2 and 31% CaC12. 
Figure 4.3 (12) shows that at any one degree of 
hydration the sample with 31% CaC12 has the lowest 
strength; at lower degrees of hydration the sample 
containing 0% CaC12 is the strongest, although with 
the progress of hydration samples containing 1 to 
2% CaC12 form stronger bodies than all others. 
Porosity, density and bonding are factors that affect 
these results. It is thus evident that addition of 
CaC12 not only changes the rate of hydration but also 
the intrinsic nature of the hydration products.

The Soviet literature contains references to the use 
of many complex admixtures (13,14). For example, by 
using nitrites and nitrates in combination with CaC12 
higher strengths are reported at below-freezing 
temperatures. Mchedlov-Petrosyan et al (15) found ■ 
that among the combinations used, a mixture of 
1.1% CaC12 and 1.2% Ni(NOj)2 developed maximum 
strength. The higher strengths were attributed to a 
more complete hydration, low basic C-S-H formation and 
complex formation of the salt with the hydrating 
cement. Strengths are not a linear function of the 
degree of hydration and caution should be exercised 
when comparison is made of pastes containing complex 
admixtures. For example at 50% hydration of cement, 
the strengths developed with the Ca(NO3)2-CaC12 
combination and the reference cement were, 
respectively, 160 to 230 kg/cm2 (15.69 to 22.56 N/mm2) 
and 100 kg/cm2 (9.8 N/mm2) (16).



NON-EVAPORABLE WATER, %

Fig. 4.3 - Strength vs non-evaporable water 
relationship for cement paste containing 
calcium chloride (w/c = 0.4) (12)

A number of organic and inorganic compounds, such as 
aluminates, sulfates, formates, thiosulfates, 
carbonates and amines, have been suggested as alterna
tives to the CaC12 accelerator. None of them has been 
found to be as efficient and economical as CaClj. 
Using chlorides of Ca, Ba, Mg and Fe, Ranga Rao (17) 
found that 1,6% BaC12 gives 1-day strength equivalent 
to that, obtained with 2% CaClj . However, the 28-day 
strength with BaC12 was lower than that obtained with 
CaC12 . It was also found that BaC12 is not as 
efficient an accelerator as CaClj at 10 to 1S°C. It 
is likely that the differences in the solubility of 
SaC12 and CaC12 play a role in the mechanism of 
acceleration and strength development.

Triethanolamine is a constituent in certain admixture 
formulations in concrete and its addition is thought „ 
to reduce the excessive retarding action of a water
reducing admixture. Consequently, it is assumed that 
when used alone it should act as an accelerator. It 
may act as an accelerator for CjA, CjA + gypsum 
hydration (18) and as a retarder for the hydration of 
CjS (19). When added to portland cement, 
triethanolamine decreases its strength at all ages and 
also alters the setting characteristics (20). Fig. 4.4 
(20) shows the strength development in cement pastes 
containing 0, 0.1, D.25, 0.35, 0.5 and 1% 
triethanolamine. Strength decreases as the amount of 
triethanolamine is increased. Complex factors that 
may be involved for low strengths are: formation of 
C-S-H with higher C/S ratio, retardation of C3S 
hydration, rapid initial setting followed by large . 
heat development and a more porous structure. Sodium 
carbonate is also found to be an accelerator for the 
setting of cement. Strengths [1 to 28 days), however, 
seem to decrease by the addition of 2% M32C03 (21). 
In addition, there is an increase in the water 
requirement caused by the quick initial hydration of 
C3S and CjA components and the precipitation of CaCO;. 
The stow strengths are attributed mainly to decreased 
rate of subsequent hydration.

Water reducers, such as lignosul&mates, 
hydroxycarbo^rlic acids and, more recently, 
supeiplasticizers have been used widely in concrete 
practice either to achieve higher water reductions 
while maintaining the same workability or to obtain 
higher wortability at the same w/c ratio. Use of 

superplasticizers permits production of flowing 
concrete without any loss in strength. They can also 
be used to reduce water requirements by about 30% for 
the development of high strengths. Using 1 to 4% of 
a sulfonated melamine formaldehyde-based admixture, 
strength increases of the order of 50% over the 
control concrete have beerf obtained at the same slump 
value (Fig. 4.5) (22), There is still controversy 
as to whether the ultimate strength achieved, using a 
low w/c ratio (at nominal consistency) in the presence 
of a water reducer, is equal to or higher than the 
reference cement paste or concrete made at the same 
w/c ratio but at low workability (23-25). There is 
also some disagreement as to the relative strength 
values of cement pastes made with or without water 
reducers made at the same normal w/c ratio but with 
different workability characteristics. Generally the 
mix containing the water reducer yields higher 
strengths. The cement paste containing the water
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Fig. 4.4 - Compressive strengths of cement pastes 
containing triethanolamine (20)

Fig. 4.5 - The variation in strength development 
of constant initial slump concrete with a 
superplasticizer (22)



reducer will have higher workability and will be 
better compacted, resulting in a better bonding of the 
hydrated products. Collepardi and Massida (26) have 
observed that a reduction in porosity occurs in such 
pastes containing the water reducer. In these pastes 
a higher degree of hydration has also been observed. 
It is thought that the water layer surrounding the 
cement particles in the presence of water reducers 
provides a source of efficient hydration (27).

Renewed interest has recently been shown in preparing 
cement pastes at a very low w/c ratio. This is 
achieved by using a high surface area clinker 
(6000 to 7000 cm2/g) and a mixture of lignosulfonate 
with a carbonate or bicarbonate of K or Na. By this 
method a w/c ratio of 0.20 to 0.25 is possible and 
strengths of the order of 19 000 Ib/sq in. (131 N/mm2) 
have been obtained (28-31). Typically at aw/c = 0.22, 
the strengths at 15 h, 24 h and 3 days are, 
respectively, 2000, 9500 and 12 500 Ib/sq in. (13.8, 
65.5 and 86.2 N/mm2). Strength gain follows the 
kinetics of hydration, unlike what was observed in the 
hydration of portland cement containing gypsum. It has 
also been reported that addition of the Na2CO3 + 
Na-lignosulfonate combination to clinker or clinker + 
gypsum at the same w/c ratio results in 1-day strength 
being higher and 28-day strength lower for gypsum
containing clinkers (30). The mechanism responsible 
for these effects is not immediately apparent.

Roy and co-workers (32) have been able to obtain 
strengths as high as 95 000 Ib/sq in. (655.0 N/mm2) in 
cement pastes by using the technique of hot-pressing. 
The resultant reaction products formed using this 
technique are different from those obtained in normal 
hydration reactions. Also a substantial portion of 
the cement remains unhydrated. In an investigation of 
the effect of various admixtures, viz., 
triethanolamine, CaC12, citric acid, sulfonated 
naphthalene condensate and a polymer resin on hot 
pressed type I and type III cements, CaC12 was found 
to give higher strengths (33,34). Generally 
strengths increased as the hydration progressed. 
Citric acid did not improve early strengths and 
triethanolamine gave very low strengths. The effect 
of admixture seems to be to change the rate of 
hydration and form a product that bonds the high 
density matrix of varying porosity. The presence of 
CaC12 seems to result in the inhibition of crystalline 
products (34) and a change in the nature of the 
polymerization of the silicates.

4.2 PORE STRUCTURE

Total porosity and pore-size distribution are 
important parameters that provide information on the 
possible strength and durability characteristics of 
cementitious materials. A plot of strength vs 
porosity plotted on a linear scale or as a semi-log 
plot shows the dependence of strength on porosity. 
Although such a relationship appears to exist oyer a 
range of porosity values, its use for prediction . 
purposes is limited because the relation is different 
for different materials prepared in different ways. 
Some work has been carried out to determine the 
effect of admixtures on the pore structure of hydra
ting cement and cement minerals. Porosity and pore 
size distribution data for apparently similar 
materials may show significant differences depending 
on what methods are adopted for their determination.

4.2.1 Cement Minerals - •

A considerable amount of work has been done on the 
influence of CaC12 on the porosity and pore-size 
characteristics of CjS paste. Working on CjS 

containing 1% CaC12, Berger et al (35) found that at 
equal degrees of hydration the porosity of the paste - 
containing CaC12 was lower than, that of the reference 
paste. A plot of gel space ratio vs compressive 
strength indicated a linear relationship for pastes 
with or without CaC12 hydrated to different degrees. 
It was assumed that the specific volume of the pastes 
Was not changed by the addition of CaC12 . Recent 
work of Ramachandran and Feldman (12) on cement pastes 
has shown, however, that CaC12 influences the specific 
volume of the pastes. Since these workers (12) used 
Hg porosimetry with a maximum intrusion pressure of 
30 000 Ib/sq in. (206.9 N/mm2), only pores of 
diameter >0.0065 pm could be registered. However, it 
is known that pastes containing CaC12 can have a 
substantial portion of total porosity in pores of 
diameter below 0.0065 pm (36-38). Collepardi (39) 
found that in CjS hydrated with 2% CaC12 at 1 day, at 
a w/c = 0.5, the hydrated product had most of the 
pores in the range of 10 to 50A radius. Skalny and 
co-workers (40) using' N2 isotherms also concluded that 
C3S hydrated in the presence og CaC12 for 28 days has 
a lower hydraulic radjus (31.8A) than that of the 
reference paste (53.3A).

Figure 4.6 (41) shows the total porosity and effective 
pore diameter relationship obtained for CjS hydrated 
to different times in the presence of 1% CaC12 . As 
hydration progresses, porosity decreases because the 
hydration products fill the pores, and at 30 days the 
product contains mainly pores of smaller diameter.

Fig. 4.6 - Intrusion curves of a series 
of C3S pastes hydrated with calcium 
chloride (41)

In a study of the effect of 2 to 5% CaC12 on the 
properties of C3S hydrated at w/s ratios of 0.3 and 
0.5, Traetteberg and Ramachandran (4).found that an 
approximate linear relationship exists between 
porosity and logarithm of microhardness (Fig. 4.7), 
Lack of perfect linearity may be attributed to 
differences in pore-size distribution, composition and 
morphology. .
Some work has been carried out on porosity and pore
size distribution characteristics of C3S pastes . 
hydrated in the presence of non-chloride admixtures 
such as calcium lignosulfonate, Na2C03, polymers and 
calcium salts of maleate, perchlorate, propionate and 
thiocyanate. According to Collepardi (39,42), in C3S 
pastes hydrated to 1 day the porosity and pore-size 
distribution data for the reference paste and that 
containing calcium lignosulfonate are almost the same. 
However, in the presence of Na2COs the total porosity 
decreases from 0.091 to 0.06 cm^/g, and the volume of 
pores in the range 10 to SOX is lower than that of
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Fig. 4.7 - Microhardness vs porosity relationship 
for C3S paste; w/s = 0.5 (A), w/s = 0.3 (o) (4)

the reference. The lower porosity was attributed to 
the precipitation of CaCOj on the pore entrances due 
to the reaction between Na2COj and Ca(0H)2 . No data 
were collected for these systems to assess how the 
porosity and pore-size effects determine strength. 
Although the pore structure is similar for the 
reference paste and that treated with calcium 
lignosulfonate, the intrinsic structure may have been 
different if the results had been obtained at the same 
degree of hydration.

Young and co-workers (5,41) have measured the porosity 
and pore-size distribution values of C5S pastes 
hydrated with various calcium salts. Using mercury 
porosimetry, pore diameter only above 0.0065 pm could 
be determined. At a constant degree of hydration the 
intruded volume, as well as the pore-size distribu
tion, varied from one sample to the other. The dif
ferences were ascribed to variations in gel porosity, 
isolated large pores, air-entrainment, etc., assuming 
that they should have the same porosity. As already 
discussed, there is no reason to assume that the paste 
containing an admixture should have the same porosity 
as the reference material at the same degree of 
hydration.

4.2.2 Cement Pastes

In an investigation on the effect of different amounts 
of CaC12 (0, 1, 2 and 31%) on the properties of cement 
pastes, Ramachandran and Feldman (12) found that the " 
product shows a decrease in porosity as hydration 
progresses (Fig. 4.8). Helium pycnometry was used to 
determine the absolute density of discs of the pastes, 
and the porosity was computed from absolute and 
apparent densities. When cement is mixed with water 
it sets into a rigid body. Water in the pores slowly 
reacts with the unhydrated particles forming the 
hydrated products; these products fill the spaces 
originally occupied by the water molecules as well as 
spaces originally held by the unhydrated particles. 
Because the density of the hydrated cement is lower 
than that of the unhydrated cement a decrease in 
porosity results during hydration. The decrease is 
steep during the first 24 h, and at the same time

Fig. 4.8 - Porosity of cement pastes 
containing different amounts of 
calcium chloride (w/c = 0.4) (12)

there is a rapid rate of hydration. After 28 days 
most samples show a 50% decrease in porosity.

In Fig, 4.9 (12) the porosity of cement pastes is 
expressed as a function of the non-evaporable water 
content. Porosity decreases as the degree of 
hydration increases. The main factor causing this 
decrease is the filling of pores by the low density 
hydrated cement. A plot of absolute density vs

NON-EVAPORABLE WATER. *

Fig. 4.9 - Porosity vs non-evaporable 
water relationship; (a) w/c = 0.25, 
(b) w/c = 0.4 (12)

porosity shows a linear relation (Fig, 4.10) "(12), 
The relatively higher porosity.values for pastes with 
a w/c = 0.4 are due -to the higher initial amounts of 
water. A completely hydrated cement formed at 
w/c = 0.4 has an absolute density of 2.19 g/cm^ (43). 
An extrapolation of the line representing the sample 
made at a w/c = 0.4 to a density of 2,19 g/cm’ corres
ponds to a porosity of 22.5%. This is the minimum 
porosity that can be attained with a cement paste 
prepared at a w/c = 0.4 (made with or without admix
tures) . At the same degree of hydration for samples 
made at a w/c ratio of 0.4, porosity decreases as 
follows: Cement + 3|% CaC12>Cement + 2% CaCl2 >Cement 
+ 1% CaClg >Cement + 0% CaClg • Collepardi et al (44) 
compared the porosity of cement hydrate^ for 7 days 
with and without CaCl2 and found that the total 
porosity was higher in the paste containing CaClg . 
The differences in the porosity obtained at the same 
degree of hydration indicate that the types of hydra
tion products formed in pastes containing different
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Fig. 4.10 - The influence of absolute 
density on the porosity of cement pastes 
hydrated with calcium chloride (12)

amounts of CaCl2 are intrinsically different in 
nature. It can also be concluded that in this system 
the differences in porosity are mainly due to the 
variation in the absolute densities of the hydration 
products.

Although a substantial amount of work has been 
carried out on the effect of superplasticizers on the 
physico-mechanical characteristics of concrete, only 
meagre information is available on their effect on 
cement pastes. Collepardi (26) compared the porosity 
and pore-size distribution characteristics of cement 
pastes (with or without a superplasticizer) made at 
the same w/c ratios of 0.30, 0.35 and 0.44. The study 
covered only pore diameters in the range 0.01 to 1 nm. 
Porosity values were lower in samples containing the 
admixture and this was partly due to a higher degree 
of hydration (Fig. 4.11) (26). The results do not

PORE DIAMETER, micron

Fig. 4-11 - Cumulative pore volume in 
function of pore diameter or pressure 
of intruded mercury. The cement 
pastes were hydrated for 3 days with 
the following w/c ratios:

1 - w/c = 0.44; 2 - w/c = 0.35;
3 - w/c = 0.30; 4 - w/c = 0.44;
5 - w/c = 0.35; 6 - w/c = 0.30.
1-2-3 without Rheomac;
4-5-6 with Rheomac (26) 

permit an evaluation of the intrinsic nature of the 
paste because pore volume was not determined for pore 
sizes below 0.01 pm. In another study, however, 
Collepardi et al (23) investigated'the pore volume vs 
pore radius (down to 10Ä) relationship for cement 
hydrated with calcium lignosulfonate. In the pore 
radius range 10 to 70Ä, both the reference specimen " 
and that containing lignosulfonate showed a similar 
relationship. The lignosulfonate-treated sample 
showed a larger volume of pores of radius >70A than 
the reference paste. Similar trends were obtained in 
CjS pastes containing lignosulfonate. The higher 
shrinkage rate observed in pastes containing 
lignosulfonate was explained by the presence of larger 
amounts of pores from which water can escape more 
rapidly. .

Sodium carbonate can be used as an accelerator of 
setting. Addition of this admixture to cement changes 
the intrinsic nature of the hydrated product. Total 
porosity and pore-size distribution values of hydrated 
cement containing Na2COj are not the same as that of 
the reference paste. In the presence of Na2CC>3 smal
ler pores (r = 10 to 100Ä) are decreased and larger 
pores (r >150Ä) are increased slightly (21). The 
reduction in small pores may be due to the precipita
tion of CaC03 . A decrease in total porosity of 
cement pastes from 19.2 to 8.1% was observed by Butt 
and Kolbasov (45) when NaN02 was used as an admixture. 
The decrease in porosity was attended by an increase 
in compressive strength.

Uchikawa and Tsukiyama (46) compared the porosity of 
two regulated set cements A and B containing citric 
acid and CaS04,iH20, respectively. When strength was 
compared at different times, cement A containing 
citric acid appeared stronger than B containing 
CaS04.iH20 . However, a comparison of strength at 
equal porosity values showed that cement B mix was 
stronger than cement A mix. This implies that the 
internal structure of mix B was different from that of 
mix A.

4.3 SURFACE AREA

Surface area studies of a hydrated cement may yield 
information on the reactivity, strength, shrinkage and 
volume changes of the paste. The unhydrated portland 
cement has a Blaine surface area of about 3000 to 
4000 cm2/g. In a set cement (saturated condition) the 
values, determined by the small-angle X-ray scattering 
technique (47), are as high as 600 m^/g. This figure 
is even higher if computed for the C-S-H portion of 
hydrate. The specific surface area determined by H20 
vapour yields a value of about 250 m^/g and that by 
N2 decreases to 50% of this value or less. The large 
surface area indicates that the individual particles 
comprising the hydrated cement are of colloidal dimen
sions. It is generally observed that the surface area 
of a cement paste determined by H20 vapour gives a 
reasonably constant value independent of the method of 
preparation or history. Surface area determined by 
N2 gives values that differ,for different preparations 
and accounts for changes occurring as a result of 
sample history and ageing processes. Addition of 
admixtures influences significantly the N2 surface " 
area of pastes; in this section these effects will be 
discussed.

4.3.1 Tricalcium Silicate

The N2 surface area of hydrated CjS or C2S is increased 
in the presence of CaCl2 (37,39,40,48-52). The extent 
of this increase differs, depending on factors such as 
particle size and purity of the silicate, w/s ratio, 
amount of CaCl2 added, extent of hydration,temperature 



of hydration and drying conditions. If water is used 
as the adsorbate, surface area values are found to be 
much higher than N2 values. The HjO surface areas of 
CjS pastes containing calcium chloride are not much 
different from those hydrated without it.

Figure 4.12 shows the N2 surface area values as a 
function of the time of hydration "for C3S (51). In the 
presence of CaC12 in the first day, the surface area 
is about 220 ni2/g, which decreases to a value of about 
80 m2/g in 3 months. This value is still about three 
times that determined for C3S + 0% CaCl2 . Nitrogen 
area for CjS ♦ 5% CaC12 is even higher than that for 
C3S containing 2% CaC12 (53,54). Though surface area 
decreases as the temperature of hydration is increased, 
at any temperature, samples containing CaC12 show 
higher surface areas than those without it (54). In 
Fig. 4.12, C3S samples show a decrease in surface area 
as hydration progresses, and this is due to the 
"ageing" effect involving formation of physical and/or 
chemical interlayer bonds.

Surface area (by H2O vapour) of hydrated C3S carried 
out at a hydration degree of 64% shows a value of 
324 m2/g for C3S + 0% CaC12 and a value of 261 m^/g 
for C3S ♦ 2% CaC12 (40). The lower surface area is 
explained by the formation of C-S-H of higher c/s 
ratio and increased average thickness of the gel unit 
(55). A higher c/s ratio in the gel need not neces
sarily mean that it would have a lower surface area. 
For example, the gel with 5% CaC12 has a surface area 
of about 15 m2/g larger than that formed with 2% CaC12, 
though the c/s ratio of the gel at 5% CaC12 is higher.

Shrinkage of a C3S paste is increased in the presence 
of CaC12 . If the measurements are carried out at a 
particular time, the values may reflect the extent to 
which the hydration has progressed. Hence, Berger et 
al (35) compared the shrinkage of the C3S paste and 
C3S paste + 1% CaC12 at constant degrees of hydration. 
At any degree of hydration the paste containing CaC12 
showed a higher shrinkage. Though the higher shrin
kage values have been thought to be due to an 
increase in the finer pore size range, it can be 
considered that a higher surface area promotes 
greater shrinkage.

The non-chloride admixtures may also influence the 
surface area of the C3S pastes. At 1 day of- 
hydration the specific surface areas of the hydrated 
portion of the reference C3S paste, and that contain
ing CaC12> N32C03 and calcium lignosulfonate, are, 
respectively, 45, 198, 26 and 47 m2/g (39). Since 
C3S is hydrated to different extents at 1 day, the 
results do not mean that the values will be similar if 
compared on this basis at all levels of hydration. 
Addition of triethanolamine (TEA) results in an 
increase in the surface area of C3S paste. At 28 days 
of hydration N2 surface areas of C3S + 0% TEA, 
C3S * 0,1% TEA and C3S + 1% TEA are, respectively, 
24.8, 30.9 and 44.6 m2/g (19).' It may be envisaged 
that the chemisorption of TEA on freshly formed C-S-H 
inhibits the orderly growth of plates in a tubular 
form and thus promotes the formation of a higher 
surface area product. Triethanolamine also increases 
the amount of non-crystalline Ca(0H)2, and this factor 
may partly account for the increased area.

4.3.2 Cement Pastes

The addition of CaC12 increases the surface area of 
hydrated CjS and hence it follows that a similar 
effect should also operate in portland cement paste. 
In the presence of CaC12, the surface area values of 
portland cement, pozzolanic cement and blast furnace 
cement increase from initial values of 43.2, 45.4 and

Fig. 4.12 - Surface area of a C3S paste 
containing calcium chloride (51)

45 m^/g to 76.3, 61.0 and 198 m2/g, respectively (44). 
Calcium chloride is more effective in increasing the 
surface area of CjS paste than that of portland 
cement paste. Part of the explanation is that CaC12 
increases only marginally the surface area of the 
0C2S component of cement. The small increase in 
surface area of the pozzolanic cement is due to the 
negligible influence of CaC12 on the lime-pozzolana 
reaction. The activation of the slag by CaC12 may 
explain its significant influence on this system.

The surface area of various cement pastes, determined 
at a particular degree of hydration, was reported by 
Ramachandran and Feldman (12). At a particular 
degree of hydration the surface area generally 
increases as the amount of CaC12 is increased 
(Table 4.II) (12). Chemisorption of Cl-ions on the

TABLE 4.II - Specific surface areas of cement pastes 
containing . CaC12 at a particular non-evaporable 
water content (12)

CaCI2> 

%

Non-evaporable Water, 

%
8.2 14.4

Surface Area, m2/g

0 20.5 22.1
1 20.3 24.3
2 37.9 28.7
31 37.3 32 ,S

hydrating surfaces may be responsible for this 
effect (S3), The significant differences in the sur
face area values for the same degree of hydration 
suggest the existence of differences in the intrinsic 
properties of samples. At higher degrees of 
hydration, any decrease in surface area of pastes
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Fig. 4.13 - Shrinkage vs surface area for several admixtures (56)

containing 2 and 31 CaC12 may be due to ageing. The 
shrinkage of a cement paste containing CaClg depends 
on its surface area and the degree of hydration (44). 
If the degree of hydration is constant, the shrinkage 
values should depend on surface area. In Table 4.II 
(12), the surface areas of pastes containing CaC12 are 
larger than those containing no CaC12, indicating that 
shrinkage values should be higher in pastes containing 
CaC12 . This has been verified for the system 
C3S-CaC12-H2O (35).

The significance of surface area on shrinkage in 
cements hydrated with calcium lignosulfonate, 
hydroxycarboxylic acid and triethanolamine has been 
investigated by Feldman and Swenson (56). A plot of 
shrinkage (drying from 100 to 50% RH) vs surface area 
(N2) for various samples showed, that samples producing 
higher shrinkages had significantly higher surface 
areas (Fig. 4.13) (56). It appears that shrinkage is 
associated more with the degree of dispersion of the pastes 
than with the chemical composition or morphology.

As stated earlier, CaC12 at normal dosages increases 
the surface area substantially. At normal dosages 
calcium lignosulfonate increases only marginally the 
surface area of cement paste. Collepardi et al (23) 
found that with calcium lignosulfonate the areas 
increased from 43-48 to 48-53 m2/g. This increase was 
partly attributable to a higher degree of hydration in 
the presence of calcium lignosulfonate. Under similar 
conditions, addition of Na2C03 decreased the surface 
area of cement paste from 43-48 to 22.7 - 26.0 m2/g 
because of the blocking of pores by precipitated
CaCO3 . The shrinkage values were also lower in these 
pastes.

4.4 MICROSTRUCTURE

The microunits formed in the cement paste are too ■ 
small to be amenable to investigation by the optical 
microscope and consequently the electron microscope 
capable of very high resoltuion has received recogni
tion for the examination of the microstructure of 
cementitious materials. Radczewski et al (57) were 
probably the first to apply this technique for 
investigating cementitious systems and since then 
several refinements to the technique have been made. 

resulting in the publication of innumerable micro
graphs. It is beginning to be recognized that 
comparison of results by different workers has an 
inherent limitation because of the small number of 
micrographs usually published and the correspondingly 
small area represented by these micrographs, which 
may indicate a non-representative view of the 
structure. What may be selected by one researcher as 
the representative structure may differ from that 
selected by another. Even the description of 
apparently similar features becomes subjective (58). 
Consequently, speculations on the origin of strength 
and other properties, when based on these observa
tions, have limited validity, especially since many 
properties of cement paste are influenced at a much 
lower microlevel than can be observed by the 
electron microscope.

In spite of human and instrumental limitations, 
electron microscopic techniques have provided useful 
information on morphological features and an estimate 
of the elements contained in the microunits of various 
products; Depending on the starting materials and 
conditions of hydration, addition of admixtures to 
cements and cement minerals modifies to different 
extents the microstructure of the hydration products.

4.4.1 Tricalcium Silicate

The tricalcium silicate phase, constituting the major 
component in portland cement, greatly influences its 
strength characteristics and hence has received 
greater attention than other phases. A number of 
investigators have studied the effect of different 
concentrations of CaC12 on the morphological charac
teristics of hydrated calcium silicate. There has, 
however, been a variance in the actual description of 
the morphology (1). According to Odler and Skalny 
(55), hydrated C3S normally forms spicules or sheets 
rolled into cigar-shaped fibres 0.25 to 1.0 urn long 
and in the presence of CaC12 a spherulitic morphology 
is facilitated. Kurczyk and Schwiete (59) reported 
that needle-like products change to spherulites in the 
presence of CaC12. Young (41) found that the 
morphology of hydrated C3S + 0% CaC12 was needle-like 
whereas that of hydrated C3S + 2% CaC12 was lace-like 
in structure. In contrast.to the above, Murakami and



Tanaka (1) found the existence of a fibrous cross
linked structure in C3S pastes treated with CaC12 .

Using transmission electron microscopy, Ramachandran 
(53) found that C3S hydrated at a w/s ratio =0.5 
showed needle-like morphology, whereas that hydrated 
in the presence of 1% or 4% CaC12 exhibited a platy or 
crumpled foil-like morphology (Fig. 4.14). Collepardi 
and Marchese (51) and Berger et al (60) came to 
similar conclusions. These changes in morphology may 
have resulted from the chemisorption of Cl'ions on the 
C-S-H surface and introduction of these ions into the 
C-S-H lattice.

The morphological features become less distinct when 
the hydrated products are formed in a confined space, 
as for example, when the pastes are prepared at low 
w/s ratios. This is because the particles are so 
close to each other that there is not enough space for 
crystals to grow into larger dimensions. In Fig. 4.15 
(12) are shown the micrographs of C3S hydrated at a 
w/s ratio of 0.3 and obtained with 0, 2 and 5% CaC12 . 
A dense structure for pastes with 2 and 5% CaC12 is 
evident and this feature jnay be responsible for a 50 to 
150% increase in microhardness values over the paste 
containing no CaC12 . It may, however, be argued that 
a lower porosity and better contact or bonding of the 
particles are factors causing strength increases. 
Bendor and Perez (61) have ascribed the higher 
strengths in C3S pastes with CaClg to the honeycomb 
nature of the paste as opposed to the sponge-like 
feature in the reference CjS paste. Berger et al (35, 
41) compared the microstructure of C3S hydrated with 
and without CaC12 at the same degree of hydration and 
concluded that differences in external morphology 
indicated the differences in pore-size distribution. 
Porosity and pore-size distributions are recognized as 
important parameters affecting the strength develop
ment. However, in this work (35), it is not easy to 
assess pore sizes below 0.1 pm from the morphological 
features. Lawrence et al (5), on the other hand, 
have concluded that the outer morphology observed by 
SEM is not as important as the contact points closest 
to the unhydrated grains (which cannot be resolved by 
SEM) in assessing the mechanical properties of the C3S 
paste. It is important, therefore, to recognize that 
morphology, porosity, density and chemical composition 
are mutually dependent factors that determine strength 
characteristics.

Addition of CaC12 modifies the morphology of 
autoclaved C3S. Fibrous crystals and rectangular 
block-shaped crystals normally present are not found 
with CaClg . In the presence of CaClg , C3SH15 and 
a-CgSH are not formed (62).
Changes in the C3S paste.microstructure occurring in 
the presence of admixtures containing Ca are well 
documented but their relevance to strength develop
ment is still largely unknown. Young and co-workers 
(5,63) studied the effect of various anions contain
ing Ca++ as the common cation. The anions included 
perchlorate, thiocyanate, propionate, maleate and 
chloride. There was a change in the C-S-H morphology 
from an acicular to a lacey and honeycomb structure 
in the presence of some admixtures. Other changes 
such as the number of CH crystals per square 
millimetre, their relative sizes and crystal axis 
ratios, also occurred (Table 4.Ill) (63). The 
relevance of these changes to strength development is 
not completely clear and the results suggest that 
capillary porosity is the dominant factor controlling 
the tensile strength. The importance of the role of 
anions in modifying the morphology of BCgS pastes has 
also been examined using sodium salts of fluoride, 
bicarbonate, chloride and orthophosphate (8).

Berger and McGregor (64) have made an extensive study 
of the microstructure of C3S paste, with particular 
reference to the CH component. The pastes that

C3S+0% CaCl2 C3S+1% CaC12 C3S+4% CaCl2

Fig. 4.14 - Electron micrographs of tricalcium 
silicate hydrated for one month 
(magnification x 1500) (53)

TABLE 4.Ill - Influence of admixtures on the microstructure of C3S pastes (63)

Admixture
Effect on Hydration 

Kinetics 
(24 h)

Effect on Morphology Approximate 
number of 

CH crystals/mm2CSH Phase CH

Calcium chloride Strong accelerator Modified Large 
c«a

-

Calcium thiocyanate Accelerator Modified Large 
c«a

2.5

Calcium propionate Accelerator Unchanged Small 
irregular

14.0

Calcium perchlorate Weak accelerator Unchanged Large 
c«a

3.0

Calcium sulfate dihydrate Weak accelerator Unchanged Small , 
c<a

4.0

Calcium maleate Retarder Modified Large 
c^a

9.0



2% CaCl2 51% CaCl2

Fig. 4.15 - Microstructural features of cement pastes containing calcium chloride and 
hydrated to a non-evaporable water content of 8.2% (magnification x 2400) (12)

resulted by using 62 admixtures could be divided into 
four groups, based on the c/a axis ratios. The 
morphology was found to be dependent more on the type 
of anion than on the type of cation. There is need 
to investigate how these differences influence the 
engineering properties. It has often been reported 
that in CjS pastes containing various admixtures, the 
hexagonal phase typical of CH may or may not be 
present. According to Bendor and Perez (61), in 
pastes containing Cdl2 the hexagonal CH phase formed, 
whereas it was absent in the presence of CaCl2 and 
CrClj . The mechanism responsible for these differen
ces is not clear. In some instances the CH crystals 
may be obscured by the C-S-H gel.

4.4.2 Cement Pastes

Addition of CaCl2 to the hydrating cement affects the 
microstructural features of the paste. Without the 
admixture, the paste may consist of clusters of 
sheets mixed with fibres, the fibres being much more 
abundant than in CjS pastes. With the addition of 
2% CaCl2 the fibrous particles may be completely 
absent (23).

Ramachandran and Feldman (12) compared the 
microstructural features of cements containing 0, 1, 
2, and 31% CaCl2 , all hydrated to the same degree. 
At lower degrees of hydration (corresponding to a 
constant non-evaporable water content of 8.2%) pastes 



containing 0% CaC12 showed well-defined needles 
representing C-S-H and ettringite formation. Columnar 
particles of CH, identified by energy-dispersive X-ray 
analysis, were also present. At 1% CaClj addition, 
however, thin plates of C-S-H appeared. At 2% CaC12 
the structure became more consolidated and contained 
plates and small particles. A sponge-like mass was 
evident at Sit CaC12 addition. Specific area, 
density, porosity and strength differences existing 
between samples could not be explained on the basis 
of microstructure. Some of these may depend on 
microstructural features that are not easily resolved 
by the SEM. Also some of the features may be ' 
obscured by the deposition of a gel-like hydration 
product. Micrographs, however, showed that there 
were some morphological differences, especially at 
lower degrees of hydration. In hot pressed cements 
containing admixtures such as CaC12 , triethanolamine 
and citric acid, Sarkar and Roy (34) found dif
ferences in strength development but the micro
structural investigation yielded no useful informa
tion to explain the strength variations.

Cement pastes containing a normal water-reducing 
agent, as well as a superplasticizer, and formed at 
w/c ratios in the range 0.30 to 0.50 nay not show any 
morphological changes with reference to the cement 
paste containing no admixture (23,65,66). This would 
imply that the differences observed in creep and 
shrinkage with calcium lignosulfonate cannot be 
explained by the microstructural examination using 
the SEM technique (66).

A study of the low porosity portland cement paste 
(containing no gypsum) prepared at w/c ratios of 
0.22 to 0.24 with Na-lignosulfonate and Na-bicarbonate 
admixture has shown that the admixtures modify the 
microstructure (67). In place of fibrous and 
reticular network-type structure, normally found in a 
cement paste, the admixture-treated paste appeared as 
thin sheets in the first few hours and than as small 
equant grains. The presence of the admixtures 
promoted a more massive type of structure, implying 
improvement in mechanical properties. Odler et al 
(68) used a mixture of lignosulfonate and carbonate 
with clinker and portland cement and found no 
distinct differences in morphological characteristics 
of pastes (with or without admixtures) though.there 
were differences in the composition of the hydrated 
products.

It is generally difficult to study the microstructure 
of pastes formed at very low w/s ratios. Further 
difficulty is experienced when the pastes are formed 
using the hot-pressing technique. Because of high 
pressure, high temperature and low amounts of water, 
the structure becomes dense and nearly 70% of 
portland cement remains unhydrated. Using the hot- 
pressing technique, Oyefesboi and Roy (33) made ■ 
compacts of cement in the presence of various 
admixtures. Although substantial differences in 
strengths were observed, SEM showed no obvious 
differences.
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1. INTRODUCTION

The state of the art of knowledge on structure and 
properties of hardened cement paste has been compiled 
by Copeland /I/, Kondo /2/ and Taylor /3/ for the 
6th International Congress on the Chemistry of Cement 
held in Moscow in 1974. In this contribution it will 
be tried to point out some new developments and major 
achievements of the last six years.

It is not the aim of this report to provide a compre
hensive literature survey of all papers published 
on properties of hardened cement paste. This task 
is being done by the contributors to the annual 
"Cements Research Progress" which is published by the 
Cements Division of the American Ceramic Society 
and threfore this literature is easily accessable 
to everybody.

Instead of summing up all contributions on different 
properties it is tried to concentrate on the work 
done on the characteristic behaviour which is 
directly related to engineering applications. Special 
emphasis is placed on the interaction of hardened 
cement paste with water, because all properties are 
influenced by a change of water content.

The real structure of hydration products forming the 
xerogel of hardened cement paste is still not yet 
understood well enough. Therefore all relations 
between macroscopically observed behaviour and 
processes in the microstructure remain tentative and 
should not be overestimated.

Until now most contributions have concentrated on 
physical and chemical properties of C-S-H gel. It 
will be shown that mechanics of solids has to be 
taken into consideration to avoid erraneous conclu
sions derived from simple test data. The writer 
feels that this is one of the most important new 
aspects of materials science of hardened cement paste.

Another comparatively young branch concentrates on 
probabilistic aspects. This may mean the formulation 
of a statistically representative characterisation of 
the complex microstructure but it may also mean a 
probabilistic description of materials properties. 
In this context computer simulation methods will play 
an important role.

Further development in this field will largely depend 
on a closer contact and a better mutual exchange of 
ideas between the different disciplines involved.

2. STRUCTURE OF HARDENED CEMENT PASTE

2.1. General Remarks
One of the general aims of materials science is to 
relate relevant properties with the corresponding 
materials structure. In this way much success has 
been achieved in metallurgy. Experimentally observed 
behaviour could not only be explained satisfactorily 
by means of elementary processes but some properties 
could be ameliorated in a systematic way. In concrete 
technology comparatively little improvement has been 
reached by fundamental approach.

This fact may partly be attributed to lack of 
knowledge on the structure of hardened cement paste. 
Although more than 30 years ago Powers and his co
workers started with serious investigations into the 
microstructure of hardened cement paste />»/, we are 

still far form fully understanding the system which 
is built up when cement is being mixed with water. 
Some recent trends of research on the microstructure 
will be briefly summarized in this section. It may 
be hoped that compilation of all results eventually 
may provide a solid basis for a materials science 
approach to study the most widely spread building 
material, concrete.

The structure of hardened cement paste can be 
subdivided into three major components: solid phase, 
pores and water.

The solid phase essentially consists of hydration 
products and remaining unhydrated clinker particles. 
A considerable amount of a given volume is occupied 
by pores with varying pore size distribution. Under 
normal conditions the pores are partly filled with 
water. The interaction of the solid phase with the 
surrounding adsorbed or capillary condensated water 
has a significant influence on all properties of 
hardened cement paste. Therefore water is considered 
to be a seperate component. In contrast air and water 
vapour within the pore system are being neglected. The 
three essential components just mentioned will be 
treated consicutively.

2,2, The Solid Skeleton : xerogel 
The solid phase of hardened cement paste consists of 
crystalline and smaller amorphous particles, with 
respect to X-ray spectrometry. The structure and 
composition of hydration products will be dealt with 
elsewhere in this volume /5/. In this context we shall 
concentrate on the solid skeleton which is built up 
by hydration products thus forming a xerogel.

Sorption measurements once meant a real break through 
/U/. The importance of the information which has 
been gathered by means of sorption techniques can 
hardly be overestimated. Yet there remain serious 
limitations. It was early recognized that the hydra
tion products are not stable with respect to drying 
and subsequent rewetting /6/. That means, the system 
which is being studied changes during the measurements. 
The high internal surface is reduced as the adsorbed 
water films are removed. In this way the total energy 
of the system is lowered. In addition to this effect 
some hydrate compounds loose some of their hydrate or 
interlayer water as the vapour pressure is reduced. 
Only after■several drying-wetting cycles the system 
stabilizes 111. This hygral instability of hydration 
products is one of the reasons that sorption 
measurements have often been disputed and interpreted 
in different diverging ways.

By introducing simplifying assumptions a model for the 
structure of hardened cement paste has been developed 
8, 9/. This model (Munich Model) is essentially based 
on sorption measurements but additional information 
has been drawn a series of different approaches such 
as direct measurements of van der Waals forces at low 
distances, thermodynamic calculations and experiments 
to determine creep, shrinkage and strength as function 
of relative humidity.

With the help of this model the behaviour of hardened 
cement paste under different hydral conditions can be 
predicted quantitatively. In fact based on this model 
the time dependent deformation of concrete has been 
calculated and this method is now being applied to the 
design of real structures /10/.



The Munich Model suggests that the influence of water 
content on the properties of hardened cement paste can 
be explained by means of two different phenomenons, 
the surface energy of the colloidal particles and the 
disjoining pressure. In the region below 50 $ relative 
humidity all properties are predominantly influenced 
by the surface energy of the gel particles. The surface 
energy changes due to sorption as the hygral 
equilibrium is changed. At higher relative humidities 
gel particles are separated by thin water films due to 
the action of spreading pressure of water. In the high 
humidity region therefore the xerogel, that means the 
structure of the soild phases, is mechanically less 
stable than in the dry state.

This model describing the interaction of the xerogel 
of hardened cement paste with water and the conse
quences for the mechanical behaviour has proved to be 
succesful in predicting quantitatively properties of 
concrete. The heterogeneity of elements within the 
actual xerogel is replaced by a statistical average. 
The model does not take into consideration properties 
such as morphology of individual gel particles. By 
means of Scanning Electron Microscopes some infor
mation on this aspect can be gained. A huge number of 
papers describe observations with this technique. The 
benefit to further developement of our knowledge, 
however, may sometimes be questioned. It must also 
be kept in mind that usual preparation techniques may 
alter the microstructure.

Diand classifies four morphological distinct varieties 
of C-S-H gel /ll/. At the early ages fibrous particles 
are observed. Following a suggestion of Berger et 
al. /12/ Diamond calls these acicular particles Type 
I ■ fibrous particles. A second type of morphology 
is characterized by Type II = reticular network. 
Rather common in hardened cement paste are irrgularely 
equant or flattened particles. C-S-H particles of 
this form are designated by Diamond as Type III = 
equant grain. Finally there exists a phase which is 
normally maintained to an outer shell of other hydra
tion products. This type is possibly filling the space 
which was originally occupied by C,S. This type of 
morphology therefore is called Type IV = inner 
product.

The huge variety of different morphological details 
all present in hardened qement paste is not completely 
covered of course by these four types. There are many 
more details to be observed which may or may not be 
important for the properties of the system. Furtheremore 
one has to realize that a fractured stirface does not 
necessarely represent a three-dimensional micristruc- 
ture.

As scanning electron microscopes are further developed 
more information may be expected. Puchner has shown 
that visual inspection can be inaccurate and rather 
misleading /13/. He used conventional scanning electron 
microscopy in combination with scanning transmission 
electron microscopy.

Just one additional pecularity of the solid skeleton 
shall be mentioned here. It is well-known that most 
particles within the xerogel are not well defined 
chemical or mineralogical compounds. The calcium/ 
silica ratio for example may vary and many impurities 
have been detected /Ilf/. As a result the actual 
composition varies locally and intergrowth takes place. 
In some cases the growth of fibrous particles (type I) 
is oriented in a fairly regular way by intermashing 

platelike material. In fig. 1 an example of this type 
of structure is shown .

Considering the huge morphological variety in hardened 
cement paste it seems impossble to relate mechanical 
or non-mechanical properties directly with these 
structural details. It will probably turn out that 
the only way to approach this problem is to find 
appropriate statistical average representations. 
Computerized image analysing techniques may provide 
valuable information for a quantitative characteri
zation of different microstructures.

As mentioned above X-ray spectroscopy gives only 
little information on the structure of elements in the 
xerogel of hardened cement paste. Based on earlier 
work by Lentz /16/ Tamas et al. /IT/ used 
trimethylsilylation to determine the degree of 
polymerization of Si in hydration products.

This method proved to be most succesful and is now 
being applied by several groups of researchers. In a 
comparatively short time basically new information on 
the structure of C-S-H has been compiled /18 - 22/. 
Now it seems that the structure of hydration products 
markedly differs from quasi-crystalline calcium 
silicate hydrates such as tobermorite or jennite as 
has been earlier believed. There is no reason to 
believe that there in a layered structure.

It is not yet quite clear what the presence of dimer, 
linear or cyclic trimer, tetramer, and pentamer 
really implies for the properties of the xerogel. In 
any way the fruitless discusiion on postulated 
structural details used in simplifying models will 
come to and end. The quantitative determination of 
polymerization by means of trimethyl silylation 
provides a rational basis for a better understanding 
of gel properties. At this moment it cannot be 
differentiated whether polymerization exists within 
a gel unit or also across boundaries.

The mechanical properties depend on both the strength 
of the gel particles and their mutual coupling. 
Possibly further polymerization studies may lead to a 
better understanding of the link between structure 
and mechanical properties.

Since 197*» another method has been applied to study 
colloidal properties of the xerogel in hardened cement 
paste and that is MöBbauer spectroscopy. Usually the 
stiffness of a lattice immediately surrounding a 
MöBbauer isotope is determined by recoilfree resonance. 
It can be shown that in colloidal substances the 
recoilfree resonance is also influenced by the mutual 
coupling of gel particles /23 - 26/.

If the MöBbauer spectrum is measured as function of 
temperature the coupling force can be determined. It 
is of special interest to study the influence of 
porosity and adsorbed water layers on the mutual 
coupling within a xerogel. So far no other method can 
provide similar data.

Übelhack /21f/ has clearly pointed out that the porosity 
dependence of the elastic modulus of hardened cement 
paste, is essentially caused by the interaction between 
colloidal particles. This result has to be taken into 
consideration if one tries to explain Young's modulus 
of xerogels as function of porosity and of structures 
having different gel particles.



Fir, 1 : Micrograph taken with a Jeol ISM 35 with a magnification of 20.000x. The 
hardened cement paste was prepared using blast furnace slag cement. The 
orienting effect results in fairly regular fabric, (taken from Ref. /15/).

In concentrated suspensions the resonance lines of the 
Mößbauer spectrum are broadened by Brownian motion 
of the colloidal particles. As the Brownian motion of 
the gel particles gets obstructed the resonance lines 
become narrower. This effect was used to study the 
mobility of hydration products in water /27/. It was 
found that mechanical agitation destroys the gel 
structure in the suspension. After a few days, however, 
the metastable structure is rebuilt. This can be 
attributed to be ordering effect of thin wtaer layers 
between the colloidal particles.

It is obvious that by means of MöBbauer spectroscopy 
the compiling of particles in a xerogel as well as in 
a suspension can be determined. If one combines this 
new and non-destructive method with polymerisation 
studies it might be possible to develop a conclusive 
description of the structure of hardened cement paste. 
Furthermore it might be advisable to incorporate more 
of those techniques common in classical studies of 
colloids (see for example /28>n into the investigations 
on C-S-H.

2,3. Pore System 
In the previous section it was tried to point out some 
recent developments of investigations into the solid 
skeleton of the porous material. In some respect a 
complementary branch of research is porology. The aim 
of porology is to characterize a porous system by indi
cations such as total porosity, pore size distribution, 
and pore geometry. Related values are hydraulic radius 
and internal surface.

The is not one universal method to study porous systems 
but different techniques are being used in different 
ranges of pore size. Until an average pore radius of 
20 nm sorption methods are widely used. As the hydration 
products are not stable with respect to drastic changes 
of vapour pressure results of water sorption 

measurements necessarely involve some uncertainty. But 
this is true for all other techniques. Pore size 
distributions calculated from water sorption 
measurements possibly do not differ far from reality 
and can be interpreted for instance in terms of 
degree of hydration /29/. Winslow and Diamond /30, 31/, 
however, found values for the internal surface by 
small angle X-ray scattering far in excess of those 
determined by water sorption. At this moment the 
meaning of this discrepancy is not clear.

Pores with a diameter between 10 m and 10 urn can be 
observed by mercury intrusion techniques. Here again 
an inherent inaccuracy must be mentioned. The method 
assumes cylindrical pores with a constant taper. It is 
obvious that this condition is never fulfilled. As a 
consequence a characteristic pore size distribution 
is measured instead of the real one. The results can, 
however, be used for comparison of similar systems 
and to study different influences on the pore system. 
Kayyali et al. /32/ as well as Rostasy et al. /33, 31*/ 
have used mercury intrusion method to determine the 
influence of temperature on the porous structure. 
Beaudoin has compared results of mercury intrusion 
method with those of helium pyconemetry /35/. He also 
discusses his findings critically.

Even larger pores can be observed with optical methods. 
Computerized image analyzing techniques have become 
popular /36/. Artificial sphere-shaped pores caused 
by air entraining agents can be detected in this way. 
The preparation technique, however, remains difficult.

As most mechanical properties such as strength and 
Young's modulus are directly related to the pore 
system of a material several attempts have been made 
to investigate the pore structure of modified cement 
pastes. The influence of superplasticizers on the 
structure has been studied by Wittmann /29/. Diamond 



and Gome-Toledo studied the microstructure of low 
porosity Portland cement paste /37/. Using a somewhat 
more finely ground clinker instead of gypsum, 
lignosulfonate and alkali-carbonate or bicarbonate is 
added to regulate setting behaviour. They found that 
the microstructure of low porosity cement paste is 
quite different from what is known about ordinary 
cement pastes. Mikhail et al. studied the influence 
of fibre reinforcement on the microstructure /38/. 
The total porosity and the specific surface area have 
been determined and discussed in comparison with 
mechanical properties.

P.H. Water in Hardened Cement Paste
All properties of concrete are severely influenced by 
the interaction of the porous hardened cement paste 
with water. The interaction of gel particles with 
adsorbed water molecules, however, is not yet satis
factorily understood even in much simpler systems. 
Therefore there still exist widely differing views on 
this subject.

By means of luminescence experiments it has been shown 
recently that the first adsorbed layers interact 
energetically with the surface of the xerogel. 
Monolayers also interact with clinker but no hydration 
does take place and the sorption process is reversible 
/39/. Only at much higher vapour pressures irreversi
ble interactions can be observed.

A comprehensive, report on the interaction of water 
with concrete has been published by Setzer Ao/. He 
concentrates especially on thermodynamic aspects and 
develops a modified method to calculate pore size 
distribution from sorption measurements. Furthermore 
Setzer discusses mechanical properties of hardened 
cement paste on the basis of the Munich Model /8, 9/ 
as function of water content.
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Lahajnar et al. Al/ have applied pulse NMR techniques 
for the study of water in hydrating cement. Their 
results clearly show that there are several modifi
cations of differently bound water which essentially 
verifies earlier measurements A2/. The problem with 
NMR techniques, however, remains the comparatively , 
poor resolution. In general these findings can be used 
in combination with other methods of investigation.

Winslow A3/ tried to apply the photoacustic effect to 
study properties of water in hardened cement paste. 
With this method the thermal expansion of a thin gas 
layer surrounding a specimen is measured. This small 
pressure pulse is caused by a chopped incident light 
beam. From the presented results one can conclude that 
the photoacustic effect is linearely increased as the 
water content decreases until D-drying state is 
reached. Further removal of water (heating) leads 
again to a linear increase of photoacustic effect but 
with a higher slope. At this moment it is not yet 
quite clear what actually affects the photoacustic 
signal. Probably it is mainly the absorption coef
ficient of the drying material. Anyhow the observed 
behaviour can at least qualitatively be explained on 
this basis and especially the further increase of the 
signal as hydration products are thermally decomposed 
is then a consequence of the changed optical proper
ties /J, A/.

With the major aim to study frost action and ice for
mation in hardened cement paste several authors deter
mined phase transitions of water held in the pore 
system A5 ~ **8/. A typical example of measurements of 
the transition temperatures is shown in Fig. 2. 
Stockhausen et al. A8/ summarized these findings and 
they concluded that four different modifications of 
adsorbed and capillary condensated water can be dis
tinguished.
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In capillaries with a radius bigger than 100 nm normal 
bulk water is observed .These big pores are only filled 
if the sample is in direct contact with water.

Water condensated in capillaries with a radius bigger 
than 10 nm has a reduced chemical potential because 
of the interaction with the solid surfaces. As a 
consequence the freezing point of this second modifi
cation is shifted towards lower temperatures. This 
type of water is taken up by capillary condensation 
at high vapour pressures : 90^ RH 4100 %.

In still smaller capillaries the condensated water is 
structured. The corresponding capillary radius may 
range between 3 and 10 nm. These pores are filled by 
condensation between 60 % and 90 5! RH. The third 
modification undergoes a phase transition at a tempe
rature around -l»3C.

Finally there is a fourth modification and that is 
water adsorbed in layers not thicker than 2,5 
monolayers. This type of water does not freeze until 
a temperature of at least -160°C. The adsorbed films 
are firmly held on the surface but water molecules 
are very mobile within the layer. Therefore sometimes 
this fourth modification is called a two-dimensional 
van der Waals gas /9/- The comparatively high mobi
lity along the surface has also been found by Vignes- 
Adler A9/.

This subdivision of adsorbed and capillary condensa
ted water in hardened cement paste into four catego
ries is based on experiments at temperatures below 
0 C. It seems reasonable to assume that these con
clusions hold true also at room temperatures.

3. MECHANICAL PROPERTIES

3.1. General Remarks
The study of details of the microstructure of harde
ned cement paste is fascinating. Advanced modern 
measuring techniques can be and are applied. Next to 
the methods mentioned above results of techniques 
such as Raman spectroscopy /50/, ESCA /51/ and high 
resolution electron microscopy /52/ are described 
in the literature. The aim of all these studies, 
however, is to provide gradually a solid basis Jor a 
better understanding of properties of concrete. By 
means of computerized structural design complicated 
load histories and multi-axial states of stress can 
be taken into consideration in a realistic way. But 
the advantage of these methods can only be fully 
utilized if the corresponding materials data are 
available. In this respect fundamental research on 
concrete properties has recently gained a great deal 
of importance.

We have just pointed out that the structure of harde
ned cement paste is a complicated colloidal system ' 
and that many details are still not really understood. 
The chemical and mineralogical complexity of the 
xerogel in hardened cement paste necessarily leads to 
a certain smearing effect. The discovery of a close 
relation between structural details and macroscopic 
properties is thereby hampered. This may be one of 
the reasons that some authors prepare pastes with 
pure cement clinker compounds. Strength development 
and drying shrinkage have been measured by Lawrence 
et al. /53/ and by Mehta et al. /5h/ using tricalcium 
and P?-dicalcium silicate pastes. Young and Tong /55/ 
investigated the microstructure and strength develop 
development of /^-dicalcium silicate pastes with

and without admixtures.

Certainly pure clinker pastes are generally easier 
to be described quantitatively but it may be ques
tioned whether all results are characteristic for the 
material in which we are actually interested.

3,2, Load Induced Deformation

First of all we will deal with deformation of hardened 
cement paste under sealed conditions. If it were 
possible to model the complex structure of hardened 
cement paste realistically, by means of an enormous 
computer study the stress distribution within the 
solid skeleton could be evaluated. On principle the 
total, that means the instantaneous and the time 
dependent deformation, could then be calculated. 
Considering the actual microstructure it becomes 
quite clear that there is no hope that this aim will 
ever be achieved. This one may choose between a 
phenomenological and a statistical approach.

Several authors tried to relate what they call measu
red Young's modulus with properties of the micro
structure. In the dry state hardened cement paste 
approximately reacts like a linear elastic material. 
But even then bending tests of small samples will 
lead to erraneous results because of crack formation 
in the surface zone. At higher relative humidities 
hardened cement paste reacts like a linear visco
elastic material with relaxation times in the order 
of magnitude of seconds. Therefore a quasi-static 
measurement cannot provide all the necessary infor
mation to characterize the material. This has been 
clearly pointed out by Sellevold /56/. Instead of 
simple Young's modulus the complex form, that is 
storage and loss modulus, have to be used to describe 
materials behaviour. The internal friction which is 
given by the loss modulus is most probably caused by 
water redistribution within the solid skeleton.

In Fig. 3 the deformation modulus as measured at 
samples with a water/cement ratio of 0,U is plotted

Pig, 3 : Influence of water content of hardened cement 
paste in equilibrium with different relative 
humidities on Young's modulus. Results of two 
test series are being shown. (Taken from Ref. 
/9/).



as function of relative humidity /8/. Dashed lines 
indicate the expected behaviour if only adsorbed 
water would interact with the xerogel. This behaviour 
is predicted by the Munich Model /8, 9/. The obser
ved increase at higher relative humidities is caused 
by the above mentioned transition within the micro
structure. The existence of internal friction and 
relaxation times in the order of magnitude of a test 
duration is an excellent example to point out how 
careful one has to be if one tries to correlate 
results of simple mechanical tests with microprocesses 
or properties of microstructure.

In many materials creep mechanism can be described in 
a statistical way by means of rate theory. This 
approach has been applied to hardened cement paste by 
several authors. Klug and Wittmann determined the 
activation energy and the activation volume of creep 
of hardened cement paste 1511.

The activation energy of the creep process has been 
experimentally determined by Straub /58/. He found a 
value of k.lf? kcal/Mol in the temperature range of 
-JOG to +20C. Furthermore the activation volume has 
been evaluated from measurements of creep strain under 
compressive and tensile stress /59/. The activation 
volume depends on water/cement ratio and on age of 
loading. As can be anticipated the activation 
volume decreases as the microstructure becomes denser.

With the help of rate theory creep of hardened cement 
paste under sealed condition can be described satis
factorily. The influence of water content on creep 
in equilibrium can also be taken into" consideration. 
Under practical conditions, however, creep is most 
often accompanied by drying shrinkage. This case will 
be dealt with in the following section.

3.3, Drying Shrinkage and Creep 
As matured hardened cement paste is dried a volume 
change called drying shrinkage is observed. Here we 
shall not discuss chemical shrinkage or capillary 
shrinkage of fresh concrete /60, 61/.

Many authors have tried to correlate the macroscopi
cally observed shrinkage with structural processes in 
the hydration products (see for example /62/). These 
attempts necessarily involve a great deal of ambui- 
gity because as has been discussed above the structure 
itself is not well enough understood.

Young et al. /63/ came to the conclusion that shrinkage 
is caused by two different mechanisms and these are 
capillary drying and gel drying. Their subdivision is 
based on the measured lengtli change plotted as 
function of weight loss. There is, however, no data 
point which would clearly indicate two regions of 
different mechanisms. But more important, the curve 
of length change as function of weight loss does not 
represent equilibrium points. The inner core of a 
sample may still be staturated while the outer shell 
is already dried to equilibrium with the ambiant 
water vapour pressure. The moisture gradient is es
sentially dependent on the diffusion coefficient and 
on geometry. That means the total deformation 
measured cannot be linked directly to the shrinkage 
mechanisms involved. The only materials property 
which can well be related with properties and proces
ses of the microstructure is unrestrained shrinkage. 
This value has to be determined by extrapolation of 
measured data to aero thickness. Probably the 
extensive studies by Young et al. /63/ on the micro

structure using among other methods mercury intrusion 
porosimetry, nitrogen adsorption, and determination of 
polysilicate content may be reinterpreted taking real 
shrinkage data as a basis for discussion.

By evaluating equilibrium shrinkage strain values at 
different relative humidities Wittmann /8, 9/ sugges
ted on the basis of the Munich Model that hygral 
length change at low vapour pressure (RH < 50 %) is 
caused by a change of surface energy of the xerogel. 
At higher water content (RH > 50 X) the surface ener
gy is not influenced drastically by drying or 
rewetting. It is assumed that in this region spreading 
pressure of water between gel particles causes 
additional length change. At very high humidities near 
saturation the action of capillary action can be 
observed.

It is well known that the xerogel of hardened cement 
paste is thermodynamically instable. The high poten
tial energy which is stored in the large surface area 
tends to reach a minimum. Thus most changes around 
the xerogel will lead to a caorsening of the micro
structure. Drying and change of temperature are two 
possibilities to influence the metastable state of the 
xerogel.

There is a long lasting discussion in the literature 
whether or not mechanical loading has a similar 
influence. Several authors suggested triggering proces
ses caused by an external stress. Recently Gamble and 
Illston /61»/ raised this argument again. Parrott 
/65, 66/ explained his experimental findings by intro
ducing transient thermal creep. He found some analogy 
between polysilicate formation and transient thermal 
creep as defined by Illston and Sanders /6?/. By 
means of an extensive experimental investigation 
Mindess et al. /68 - 71/ observed changes in the mi
crostores of pure calcium silicate pastes as function 
of drying and loading. They subdivide the structure 
of calcium silicate paste into four groups. According, 
to this classification the "C-S-H component" consists 
of C-S-H particles and the micropores (d< 2,6 nm), 
the "Fore Component" includes all mesopores and 
macropores (d > 2,6 nm). Besides of these two compo
nents they have characterized "Calcium Hydroxide" and 
"Unhydrated Silicate Residue" as two crystalline 
components. They conclude that irreversible strains 
are caused by changes in the "Pore Component" and 
the "C-S-H Component". Under load microshearing bet
ween C-S-H particles is believed to occur.

In this study /68 - 71/ very valuable data on the 
influence of drying and loading on the microstructure 
have been gathered. If, however, all the data availa
ble are condensed in a simple model, questionable 
assumptions on the microstructure have to be made. 
The actual meaning of all the data on changes in 
microstructure will probably only become clear when 
more quantitative details on the xerogel are at our 
disposal.

So far we have neglected one aspect which cannot be 
separated from considerations on shrinkage and that 
is crack formation. It is well-known that tensile 
strength of hardened cement paste is comparatively 
low. Stresses caused by the contraction of the drying 
outer "shell rapidly overcome tensile strength. As 
mentioned above shrinkage strain of a tested specimen 
is not directly caused by shrinkage mechanisms but by 
the stress distribution which is given by the moisture 
gradient.



It can be shown that the stress distribution and as a 
consequence the measured shrinkage strain are seve
rely influenced by crack formation. By means of a com
puter study shrinkage strain has been calculated /10, 
72/. The approach is also mentioned in /73/. In Fig.*» 
the obtained shrinkage strain, taking crack formation 
into consideration, is plotted by a solid line. Dashed 
lines represent calculated shrinkage strain as an 
external load of 2 and 10 N/mm^ is applied respec
tively.

Fig. *» : Calculated shrinkage strain as function 
of time. A solid line indicates the 
behaviour of an unloaded specimen. If 
crack formation is prevented by an 
external load of 2 and 10 N/mm^ respec
tively dashed lines are obtained. 
(Taken from Ref. /10/).

An external load of 10 N/mm2 prevents crack formation 
in the outer shell of a specimen. As can be seen from 
Fig. *» the shrinkage strain under load at a certain 
duration of drying (5Q days) is nearly doubled. The 
time when the external load has a maximum influence 
is dependent on geometry and on water permeability. 
It should be mentioned that creep deformation is not 
taken into consideration in Fig. *». The only reason 
why shrinkage is increased if measured under load is 
thus the prevention of microcraking.

At this moment it cannot be decided whether this pure
ly mechanical effect accounts for all the transient 
drying creep. In any case the deformation which might 
be caused by triggered processes within the micro
structure is much less than usually assumed and 
possibly it is zero.

3.*». Crack Formation and Failure
Strength of concrete is undoubtedly related to crack 
formation and failure of hardened cement paste. There
fore a huge number of papers on this subject has been 
published and the already existing number increases - 
with a considerable rate. Excluding purely phenomeno
logical papers, the main attempts can be differentia
ted into four methotological different approaches. 
These are (1) microstructural investigations, (2) 
application of stochastic theories, (3) mathematical 
crack theory, and (*») application of fracture mechanics. 
Of course there are studies which incorporate more than 

one of the above mentioned concepts. Grudemo /?*» - 76/ 
studied the microstructure of Portland cement paste 
and pastes prepared with pure compounds by means of 
several classical methods of investigation such as 
mercury intrusion porosimetry and sorption weight 
change. He related his findings to results of tensile, 
compression and circular plate loading tests. In 
supplementary test series microhardness of hydrating 
samples has been measured. Grudemo pays special 
attention to statistical aspects of microstructures 
and he applies Weibull's distribution function. 
Summarizing his results Grudemo /76/ sketches possible 
crack path elements through the microstructure.

Higgins and Bailey /77, 78/ used a special optical 
microscopy technique taking advantage of diffuse 
illumination. By means of this method it is possible 
to detect stable crack growth in stressed samples of 
hardened cement paste. Higgins and Bailey did not find 
a zone microcracks in front of a crack tip as they 
expected. According to their observation the crack 
follows smaller microcracks in a line ahead of it.

In a homogenous material under tensile stress a crack 
propagates catastrophically once the stress has 
reached a critical value. In a composite material 
cracks may be arrested and thus failure take place in 
a less brittle way. It has been mentioned above that 
the complex structure of hardened cement paste can 
never be described analytically in a realistic way. 
Therefore a statistical representation seems to be a 
reasonable approximating approach. Several authors 
tried to describe failure of cement bonded materials 
as a statistical series of independent steps /79 - 82/.

Mihashi et al. /80, 81/ developed a stochastic theory 
for fracture of hardened cement paste and concrete. A 
speciment is subdivided into n units and each unit 
contains one crack. The orientation and the crack 
length may be distributed at random. The external 
stress field is markedly disturbed by the structural 
defects. As a consequence really acting stresses in a 
given unit are also randomly distributed within the 
solid skeleton. On these two basic assumptions a 
stochastic theory is developed. -

The formulae obtained by Mihashi et al. /80, 81/ 
describe failure of hardened cement paste as function 
of various loading histories such as sustained load, 
high rate of loading, and cyclic loading. The variance 
of strength of porous materials is also taken into 
consideration. Experimental investigations essentially 
verify this extremely interesting approach /81, 82/.

In Fig. 5 results from experiments to study the life
time of hardened cement paste under high sustained 
load are shown. The age at loading of the specimens 
varies between 1 day and 90 days. With a solid line 
the theoretical prediction of Mihashi’s approach is 
shown. It seems that with this concept the influence 
of porosity and pore size distribution on strength 
and variability of hardened cement paste can be 
formulated quantitatively for the first time.

Wittmann and Zaitsev /83, 8*» / have applied crack ' 
theory to describe the behaviour of hardened cement 
paste under load. Crack length in a porous matrix is 
studied as function of load. It is assumed that 
failure can be related to a critical total crack 
length. That means that the structure desintegrates 
under compressive load if the sum of all microcracks 
reaches a critical value. Under high sustained load 



cracks propagate and the lifetime of a given sample 
is dependent on the time necessary to reach critical 
crack length in the microstructure by stable crack 
growth. For reasons of comparison in Fig. 5 the life
time of hardened cement paste calculated on this 
basis is shown by dashed lines.

mined Kj„ of hardened cement pastes, aggregates and 
the interface.

JIC and Kj„ are measured by Mindess et al. /90/ at 
cement pastes, plain concrete and eight different 
steel and glass fibre reinforced concretes. They

Fig, 5 : Lifetime of hardened cement paste under high sustained load. 
The solid line is calculated by means of the stochastic approach 
of Mihashi et al. /80, 90/. Dashed lines are obtained by formulae 
given by Zaitsev et al. /83/.

Failure of hardened cement paste is comparatively 
brittle. Therefore the application of fracture mecha
nics seems to be justified. Fracture mechanics para
meters have been determined by various authors /85 - 
87/. Hillemeier /88, 89/ concentrated his investiga
tions on the interface between cement paste and 
aggregate. Using a wedge loaded CT-specimen he deter

conclude that the values of for concrete is not 
meaningful whereas JT_ can be used to characterize 
failure process of all cement bonded materials. Solz 
and Baron /91/ stated at the end of a thorough lite
rature study that has to be measured at large con
crete specimens. As a consequence they started experi
ments with specimens having a height of two meters.



They suggest that KTp should not be considered to be 
a fixed value but rather a function of crack length.

Finally another approach to describe failure of con
crete should be mentioned and that is endochronic 
theory. Bazant et al. /92/ have applied this very 
elegant method probably for the first time in this 
field.

U. OTHER PROPERTIES

The term "other properties" is very vide and there
fore a selection has to be made. Again major trends 
shall be outlined.

Schulte et al. /93/ investigated the electrical con
ductance of hardened cement paste as function of mois
ture content. Dry cement paste is a typical semi
conductor. The change of electrical conductance by 
adsorbed and capillary condensated water can be 
explained in terms of the interaction of water with 
a xerogel.

In colloidal suspensions usually a Zeta-potential can 
be observed. Wittmann et al. /9**/ have shown that 
movement of the diffuse double layer in the xerogel 
can be achieved by mechanical deformation. In fact on 
opposite sides of a bended bar a mechanically induced 
streaming potential, can be measured.

Puchner et al. /95, 96/ measured luminescence at clin
ker components as well as at hydrated pastes. It can 
be concluded that surface luminescence is observed. 
Therefore the measured intensity is dependent on the 
amount of adsorbed molecules.

Due to agressive industrial atmosphere and the increa
sed use of concrete under severe climatic conditions 
such as in marine technology the durability of harde
ned cement paste gains importance rapidly. Marchese 
/97/has studied chemical resistance of different 
hardened pastes. Durability of hardened cement paste 
as well as of reinforced concrete depends essential
ly on the permeability of the pore structure. Some 
preliminary results of a comprehensive study are to 
be found in /98/. Chen et al. /99/ have measured the 
diffusion of methane through concrete.

Measurements of the complex permitivity of hydraulic 
cement pastes can be performed with two different 
aims. First of all the dielectric behaviour of harde
ned cement paste and concrete has to be known for - 
special applications. Besides the determination of 
materials properties dielectric measurements can also 
be evaluated analytically. The interaction of adsor
bed molecules with the surface of the xerogel can be 
studied /100 - 102/. The range of frequencies used 
has been extended in the meantime until the micro- ' 
ware region /103/. This method can also be used as a 
fast and nondestructive way to determine the degree 
of hydration of hydraulic binders.

Internal friction of hardened cement past is dependent 
on moisture content. In /56/ low frequency internal 
friction has been related to short-time creep of 
hardened cement paste. There are reasons to suggest 
that low frequency internal friction is caused by 
water movement and that the mechano-electrical effect 
described in /91*/ as well as the above mentioned 
increase of Young’s modulus at high relative humidi
ties can be attributed to the same physical phenomenon. 
The effect of drying and resaturation on internal

friction has been investigated by Sellevold and 
Radjy /10W. ’

Microhardness of hydrating pastes with or without 
additions can be used to characterize the gradual 
development of mechanical properties. In /105/ 
Traetteberg et al. tried to relate microhardness with 
special features of the microstructure.

Finally the position anihilation as measured in harde
ned cement paste shall be mentioned /106, 107/. At a 
first glance this method seems to be rather exotic. 
There is, however, a possibility that by means of 
this approach new and valuable information on the 
microstructure can be provided.
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Modern methods of applied mathematics In 
combination with computer techniques open 
up possibilities for elucidating the gene
ral regularities of strength synthesis in 
cements with various physico-chemical cha
racteristics« Solution of such problems 
will make it possible to forecast the phy
sico-chemical properties of cement by cal
culation, to estimate the efficiency of the 
existing methods of production, to Indicate 
the paths for further improvement of manu
facturing processes and, in the final run, 
to establish more precisely the nature of 
manifestation of the binding properties of 
mineral materials.
At present, however, it is difficult to 
forecast the effect of the application of 
mathematical methods to cement manufacture. 
It is therefore natural that the problems 
of mathematical models of variation of ce
ment paste properties in time are discussed 
for the first time as a separate topic at 
the 7th International Congress on the Che
mistry of Cement. •
The discrepancy between the possibilities 
of mathematical methods and practical re
sults is due to the lack of rigorous syste
matization of the determining characteris
tics of the composition and structure of 
initial binders and hydration products, to 
the absence of definitions and methods of 
calculation of the kinetic characteristics 
of strength development in time with ac
count taken of the hardening conditions, 
and also to the relative nature of estima
tion of parameters of the disperse structu
re of the cement paste and mortar. The 
application of mathematical methods in such 
circumstances is often reduced to descrip
tion of the results within the framework 
of investigations carried out, supporting, 
as a rule, those scientific conceptions 
which were used to plan the given experi
ment. The number of factors that are taken 
into account in such experiments is limi
ted, and the generalization of the results 
is qualitative} that is why there is the 
same gap between the science and practice 
of cement manufacture and application. 
In this connection, in studying the varia
tion of cement paste properties using 
mathematical methods, we shall consider 
successively the strength characteristics 
of clinker and clinker-based cement on the 
basis of plant data for a 11-year period, 
with emphasis on the features which are of 
methodological nature and allow one to treat 
unambiguously the results of investigations 
of the increase of strength of clinker and 
cement.
The duration of the time series of clinker 
strength is determined by the constancy of 
standard methods of determination of its 
physico-mechanical characteristics and che
mical composition. Daily sampling was car
ried from the hot end of the furnace and was 
followed by averaging and testing. For 
monthly samplings, using the methods of 
mathematical statistics with a reliability 
level of P = O.95 with a two-sided restric

tion, the upper and lower confidence limits 
were set up and the average monthly values 
(Xj.) and empirical dispersions calculated. 
The correspondence of the average monthly 
characteristics of clinker to the total set 
for the 11-year period was estimated by the 
Student criterion, and the homogeneity of 
empirical dispersions (spreads) was eva
luated by the Bartlett criterion. The thus 
obtained characteristics of the strength of 
clinker are treated as individual values 
of the dynamic time series for the time pe
riod concerned. Analogous determinations of 
the successive values of the dynamic series 
have been carried out for the J-day 
strength and mineral composition of clinker.
Graphs of the time series of compressive 
strength at an age of 28 days the activity 
of clinker( Rgß» MPa) and 5 days (Rz, 
MPa) and also of the content of CzS, C^S, 
O^A, and C4AF, are given in Fig. 1,
The solid lines represent the initial va
lues, and the dashed lines, the trend and 
seasonal fluctuations.
In order to analyse the dependence of the 
activity of clinker on the factors indica
ted, the modified method of spectral analy
sis of random processes with subsequent 
correlation of the dynamic series was used 
(1-5).
At the first step, the mathematical expec
tation of the initial time series, the em
pirical dispersion (S2) are determined and 
with the aid of the Durbin-Watson criterion 
(the DW criterion) the necessity of picking 
out a trend of development of the phenome
non is estimated. In contrast to the accep
ted linear approximation of a trend, in all 
cases we made use of a trigonometric poly
nomial of fourth order, and its coefficients 
were determined with the aid of the Bessel 
formulas for the best (in the sense of the 
method of least squares) approximation. The 
amplitude characteristics of the trend (X^«) 
and the dispersion introduced by the trend1 
(S2) are determined from the polynomial. The 
difference between X^ and Xti is the star
ting quantity for determbring seasonal varia
tions (X^«), which is also evaluated by the 
DW criterion, and then the dispersion intro
duced by a seasonal variation (S2) is calcu
lated. After the amplitude of seasonal fluc
tuations is subtracted, the dynamic series 
is expanded, with the aid of the Bessel for
mulas, into a Courier series for K = M/4 
harmonics, which provides a good approxima
tion for practical purposes. In this parti
cular case, the amplitude characteristics 
of Fourier series (Xm) and the correspon
ding value of dispersion (S?) are calcula
ted at K - 53. After Xm is subtracted the 
values of the residualterms of the series 
are determined, which do not exceed in abso
lute magnitude the values of the procedural 
error in determination of the respective 
characteristics. The residual dispersion 
(S§ea), which is not taken into account by 
the trend, the seasonal fluctuations and the 
K harmonics of the Fourier series is deter
mined for the residual terms. Thus, the





TABLE 1

Factor Mean values
Empirical dispersions 

(above the line are given the absolute value, below the 
line, %%)

S2 St si S2 res

®2g» MPa 48.10 2.244
W.1

1.083
19^4

1.846 0.420 
7.5"

H5, MPa 35.58 w 0.741 
18.0 38.7 0.403 

9-8

CjS, % 56.93 7.453 
100

4^47^ 0.42^ 1.66^ 0.886
11.9

C2S, % 15.79 w 4.917
68.8

0»|3^ 1^497 0.505
7.1

09a, % 8.O5 O.iNO6 0.12^ 0,036 0^6|
20.9

c4af, % 12.06 0.189 
100

0^05^ 0.006 0.07^ 0.055

spectrum of the initial time series is dis
tributee! among the constituent dispersions * 
in the form«

S2 = S2 ♦ S2 ♦ S2 + S2es (D 

The distribution of the values of empirical 
dispersions for the characteristics presen
ted in Fig. 1 are tabulated in Table I. 
Emphasis should be placed on the presence 
of significant seasonal fluctuations for 
the activity of olinker, which are +1.71 
MPa for winter months and -1.81 MPa for 
summer months} for the 3-day strength the 
respective figures are +1.4 and -1.58 MPa, 
in relation to the trend of the time series. 
At the second stage, cross-spectrum analy
sis is performed, which allows one to deter
mine the coherence.between the harmonic 
components of the clinker activity and the 
factors being investigated and to calcula
te, the intensification factor and the ove
rall correlation using Parzen weights. Con
sidering that almost 60 per cent of the 
dispersion value of clinker activity is de
termined by the trend and seasonal fluctua
tions, we give the corresponding values of 
the correlation together with characteris
tics of mineral composition (see Table II).

TABLE II

Factor Trend Seasonal 
fluctuations

cxs p 0.4836 0.7934
c2s -0.4)41 -0.8166
°3A 0.4198 -0.3518
o4af -0.2914 0.3361

Let us note the significant correlation 
only for the seasonal fluctuations of the 
clinker activity and the content of C^S 
and CgS. The use of this correlation rorccn- 
stnicticn a mathematical dependence will 
not, however, be of practical value since, 
according to Table I, the dispersion va
lues per seasonal fluctuations of Czß and 
C2S are only 5«7 and J.2 per cent of the 
total values of the corresponding disper
sions. An almost analogous picture is cha
racteristic of the 5-day strength of clin
ker. '
Hence, for the entire time period being 
analysed it is impossible to establish a 
significant correlation in a linear appro
ximation between the activity of olinker 
and its mineral composition and, therefore, 
one cannot control the activity of clin
ker, taking into account only on the che
mical and mineralogical characteristics.
Let us now consider the possibility of 
constructing a mathematical model for the 
strerg th of cement, using as an example 
rapid-hardening Portland blast-furnace ce
ment M 400, depending on the amount of 
olinker (G, per cent;, slag (SI, per cent), 
gypsum (G, per cent), and on the specific 
surface area (S, cm2/g), which is determi
ned by the air-permeability method accor
ding to State standard GOST 310-60. "Ce
ments. Methods of Physical and Mechanical 
Testing".
The content of olinker, slag, gypsum in 
cement and the magnitude of specific sur
face area are the determining factors for 
cement strength. A requisite condition is 
the constancy of clinker activity. Other
wise, the activity of clinker must be known 
in advance and incorporated into the mathe
matical model for calculating cement 
strength. In other words, in the case con
sidered it is impossible to find an ade



quate mathematical dependence of cement 
strength for the entire time series of the 
clinker activity of clinker which was used 
to prepare rapid-hardening Portland blast
furnace cement (BTShPTs-4OO). If the period 
of time is limited to constant clinker ac
tivity, it is practically always possible 
to determine the dependence of cement 
strength on its determining factors In the 
form of an adequate linear equation of re
gression. Thus, to plot of the strength of 
cement versus its composition and the spe
cific surface area, we chose the last ■ 
quarter of 1975 and the first quarter of 
1976 (this time period is Indicated in 
Pig. 1 by an arrow).
During this slx-month period all the cha
racteristics of the cement under study ha
ve a normal distribution with the parame
ters given in Table III.
The composition of cement Is given In 
Pig. 2 as a ternary C-Sl-G diagram. The 
shown range of cement composition is re
stricted by the respective values of confi
dence limits which were calculated for 
P=0.95 and two-sided restriction.

Pig. 2. Phase diagrams and strength in
crease of rapid-hardening Portland blast
furnace cement M 400.

Using the known methods (4 ) , we find re
gression equations for the 5-day and 28
day strength: ■

H = -350.0 * 5.8862.0 + 5.2650»SI + 
5 * 4.560B.G ♦ 0.002056.S (2)

Rpp = -1102.9 * 11.6881.0 + • ■ ■
* 1O.8715‘S1 + 12.5855*0 ♦ . 
+ 0.002971 -S (5)

which are adequate, have a significant 
coefficient of multiple correlation and ta
ke into account the condition -

0 * SI * G = 100 per cent (4)
By constructing iso-strength and reflec
tion lines for the 5-day and 28-day 
strength, we may "relate" to the composi
tion diagram the time dependence of the. ■ 
strength characteristics of BTShPTs-400. 
The effect of specific surface area on R) 
and £.28 Piotured graphically with a 
26? om2/g step. Such a diagram allows one 
to easily trace the variation of cement 
strength in time as a function of its com
position for different specific surface.
Arrows in Pig. 2 illustrate the possibility 
of graphical determination the increase of 
cement strength, using a sample having a 
composition designated by the point A : C = 
55«2 per cent, SI = G = 5»50% at 
S = 3147 om2/g. The calculated values at 
age of 5 and 28 days are 23.0 and 47.7 MPa. 
The actual values of cement strength deter
mined by the method described by USSR . 
(GOST 31O-6O) State Standard 
at the age of 3, 7 and 28 days are 24.5, 
34.2, and 47.1 MPa, respectively, which are 
designated in Pig. 2 by the points 1, 2, 
and 3«
Hence, at constant clinker activity, it is 
always possible to determine the dependence 
of cement strength on its composition and 
specific surface at a given moment by har
dening". However, to determine strength va
riation in a continuous time scale a cha
racteristic which takes into account the ■ 
increase of cement strength should be intro
duced.
Investigations show that specific features 
of strength increase of various clinkers 
and types of cement are described by expres
sion: •

bt = H5 + *S • lo8<i: (5)
where RT la the compressive strength of ce
ment at‘'the age of T > 3 days, MPai fitis 
the compressive strength at the age of 
3 days, MPa, Aa Is a coefficient which cha
racterizes the increase of cement strength 
at the later stages of hardening; . I is 
the time from the moment of mixing the ce
ment paste with water, days.
From formula (5) the characteristic of the 
increase of the strength of cement at the 
later stages of hardening is calculated

8 lcgt/3 (6)



TABLE III

Statistical 
characteristic

Factors, dimensions

Bgg, MPa fi5, MPa SI, %% G, %%
■ ■ Ä -
S, ca /g

Mean values 47*65 22.95 40.41 4.55 5612
Lower limit 45*50 19.40 55*60 4*55 5170
Upper limit 51*77 26.49 44.80 5.50 5970
Empirical dispersion 4.69 5.16 5.85 0.21 45298
Coefficient of'variation 4*55 7.74 5.98 10.20 5.76

For our sample of cement we obtain
Ae = 25.29, therefore the 7-day strength 
is:

= 24.5 + 25.29 • log 7/5 =
= 55.1 »PS

By substituting formulas (2) and (5) into 
formula (6), we may determine the depen
dence of the intensity of strength increa
se of the cement on the composition and 
specific surface area:
For our example we obtain

= -776.18 + 8.0424*0 +
a + 7.8407*31 + 8.4779*0 +

♦ 0.0009645*3 (7)

If the strength of cement is expressed in 
relative units B../B28» the dependence of 
the intensity of strength increase on its 
determining factors will be fractional- 
linear by virtue of the relation:

A = 1 - VS28
8 log 28/5

(8)

It should be noted that if the absolute and 
relative values of intensity of strength 
increase is determined by composition and 
specific surface area then the hardening 
temperature has only relative effect on 
the magnitude of As. Studies of various 
types of cements showed that the relative 
effect of hardening temperature in the ran
ge 0-40°C is characterized by dependence:

Kfc = 0.58 + 0.021 t (9)

where Kt is the coefficient of the relative 
effect of hardening temperature on the in
tensity of strength increase} t is the 
weight-average hardening temperature in a 
logarithmic time scale determined by formu
la

61 * 108

i=1

(10)

where T, and T. are the periods of va
riation of hardening temperature of stan
dard samples under moist con
ditions, days; t^ is the hardening tempe
rature in the time interval from to 
tlf »0.
Therefore, the strength of cement at the 
age of T » 5 can be determined by the 
formula:

Bt = B5 * Kt • As • logT /5 (11)

where B_ and A_ depend on the oomposition 
of cement and “he specific surface area, 
and the relative effect of temperature on 
the increase of the strength is given by 
formula (9).
The intensity of increase of the strength 
of cement at the later stages of hardening 
can be determined more precisely from ex
perimental data by the method or least 
squares.
Of considerable theoretical and practical 
Interest is the problem of the applicabi
lity of.relation (11) in the range of at 
T < 5 days. Here it becomes necessary to 
solve the problem of the determination of 
the kinetic characteristics of cement 
strength increase at the early stages of 
hardening. The early period of hardening 
is here the time commensurable with the 
periods of the beginning (Tbeg» days) and 
the end (^end’ days) of cement setting. 
Special investigations have shown that the 
strength of 4 x 4 xl6 cm samples from ce
ment mortar of 1:5 composition using nor
mal sand produced in accordance with the 
USSB State Standard (GOST 510.4-76) "Ce
ments"."Methods of Determination of the 
compreaaive strength and modulus cf rupture",la 
Bben =0.2 +'0.05"MPa at the beginning of 
setting and-Bend = 0*42 + 0.02 MPa at the 
end of setting. The zero-hardening time is 
the time when the cement mortar is mixed 
with water. The characteristics Indicated 
make It possible to estimate the Increase 
of cement strength, from the beginning of 
setting of the cement paste. •
It has been found that at the Initial pe
riods of hardening the best approximation 
of experimental data on the increase of 
strength at the early period of hardening 
is provided.by equation of the type:



—B't
B, « R. (1 - • ) <12)

where BT is the strength of the cement 
mortar at T >T beg. MPa; is the one- 
day strength used for normalization in de
termination of coefficients Ain and B, 
MPa; Ain. and is the coefficient characte
rizing the kinetics of the increase of ce
ment strength at the initial stages of 
hardening.
After linearization

(13)

(14)
B

K1 
log In = log B

+ e logT 
coefficients A£n and B are determined by 
least squares methode
Knowing coefficients Ain and B , one can 
find the time of the most intensive streng
thening of the original (primary) structure 
of the hardening cement;

(A._ - 1 \ *in 
■~5------ | , (days)

Thus, the kinetic equation (i2) for 
strength increase during the initial pe
riods of hardening (fir) reflects the pro
cess of formation of the1 primary structure, 
and Equation (5) written in the general 
form

f=t = B, * A, • <15)
describes the strengthening of the primary 
structure in subsequent periods of harde
ning (Bn).
To make these equations consistent in time 
one must determine the time (ty) when the 
irreversible process of strengthening of 
the primary structure begins.
This may be solved taking into account the 
additive nature of actual compressive 
strength which includes strength due to for
mation of primary structure (adhesion forces, 
forces of weak chemical interaction) and 
strength due to further strengthening of 
primary structure (concretion of hydration 
produots).
Knowing that

B^ = Bj + B-pj (16)

with By being the advanced strergth, we can 
determine t0 from formula

T_ - 1/ EXP ( —------- ) . (17)

Thus, the overall equation for the kine
tics of increase of cement strength in ti
me takes the form:

Bt = R1 • [l + EXP (- B-T ln)] *
<- (18)

* Kt . A, • 1«6 -i- 

0

where the second term is taken into ac
count only for *U >T 0.
If we take into account that the intensity 
of strength increase at the later stages 
of hardening (A8) depends, as has been 
shown above, on the composition and speci
fic surface of cement, then, knowing the 
setting times and, hence, Hhe„ and Rend, 
and also the one-day strength, we can cal
culate the strength of cement at any mo
ment of time by means of Equation (18). It 
should be noted that Equation (18) may also 
be used for describing strength increase 
of clinker. .
The procedure described here for the cal
culation of the strength in time is illust
rated on the example of the clinker studied 
and rapid-hardening Portland blast-furnace 
cement M 400 prepared on from this clinker.
The periods of the beginning and end of 
clinker setting are O.O59 and 0.121 day 
respectively. The results of testing of 
clinker strength in time are listed in 
Table TV and are indicated by dots in Pig. 3. 
Performing linearization according to for
mula (13). we can determine, using the met
hod of least squares, the coefficients 
A«n s= 2.1656 and B = 2.1053 for ratio cor
relation r = 0.9842.
From Equation (14) we find the period when 
the primary structure is strengthened most 
strongly:

T, = 0.5327 day

The kinetic equation for the Initial period 
of strength Increase has the form:

B,. = 24.6 • (1 - e-2-1°53-i;2-1656) . (19) 

The values of strength calculated by means 
of this equation are given in Table IV(co
lumn 3) and in Fig. 3 (B^). By subtracting 
the values in Equation (19) from the initial 
values of strength and employing the method 
of least squares, the parameters of Equation 
(15) which describes strength increase in 
the subsequent hardening periods and is va
lid at correlation ratio r = 0.9974

Br = 3.6417 + 14.8516 • logt

Equation (17) is used to calculate the be
ginning of strengthening of the primary 
structure:

To = 0.5685 day ■
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TABLE IV

Time of 
hardening 
T, days

Actual strength, 
Et, MPa

Strength due 
to formation 
of primary 
structure, MPa, 
to equation (19)

Strength 
due to 
strengthen
ing of 
structure, MPa, 
to equation (20)

Total 
strength 
according 
to equa
tion (18)

0.058 0.20 0.112 0 0.112
0.121 0.42 0.529 0 0.529
0.250 1.29 2.443 0 2.443
0.330 5.51 4.275 0 4.273
0.500 8.78 9.215 0 9.213
0.66? 14.90 14.354 1.029 15.584
0.835 20.30 18.638 2.463 21.101
1.000 24.60 21.604 3.642 25.245
3.000 36.10 24.600 10.728 . 55-528
7.000 41.10 24.600 16.195 40.795

28.000 49.50 24.600 25.154 49.754

20

10

28
0
0, ,,  .... . . .
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Fig. 3. The kinetics of strength increase 
of clinker and quick-hardening Portland 
blast-furnace cement M 400.

Hsing the determined value of Tq , the 
equation of strength increase in the sub
sequent periods may be written as:

H,r = 14.8516 • log   — (20)
' 0.5685

The calculated values of strength are 
presented in Table IV (column 4) and in 
Fig. 3 (Ek2,('r>0.5685).
The differential values of thetfe strength 
characteristics are given in the form of a 
histogram in Fig. 3.2.
The overall kinetic equation of strength 
increase for clinker is

= 24.6 • (1 - e-2-1°55-t2,1656) +

+ 14.8516 • log —- ---- ' (21)

0.5685

where the second term is used when H> 
0.5685 day.
The values of strength calculated from 
equation (21) for clinker are presented - 
in Table IV(column 5) and in Fig. 5 by a 
solid line. It should be noted that the 
root-mean-square deviation (the adequacy 
dispersion) is 0.62 MPa.
For the rapid-hardening Portland blast-fur
nace cement we can obtain, in an analogous 
manner, the following kinetic equation for 
strength increase: "
Et = 24.5 • (1 - e-1«*26*^1e8456) ♦

1 r <22) 

+ 23.1383 • log —---
0.7641



where the second term is used when 
T > 0.7641 day.

The adequacy dispersion for thia 
equation is only U.361 MPa. The general 
form of strength increase of the cement 
with oomposition represented by the point 
A in Fig. 2, is shown in Pig. 3 by a das
hed line. The differential values of the 
strength characteristics of the cement are 
given in Fig. 3.}.
It should be noted that the intensity of 
cement strength increase at the later sta
ges of hardening, as calculated by the 
procedure described here and by means of 
Equation (?), as a function of the amount 
of slag, gypsum and clinker as well aa the 
apecific surface area, practically coincide. 
Analysis of kinetic equations of strength 
increase of clinker (21) and cement (22) 
shows the Intensity characteristics of 
strength increase differ considerably at 
the initial and later periods of harden
ing, while 26-day strengths values differ 
only slightly and are 49.30 and 47.1 MPa 
respectively.
Hence, the kinetic equation of strength 
increase (18) makes it possible to employ 
calculations for determination of strength 
characteristics of hardening cements, 
discarding tedious and crude methods of ra
pid (accelerated) determination of acti
vity.
In conclusion we would line to stress that 
the necessity of developing methods of cal
culation of cement strength was repeatedly 
noted at the VI International congress on 
the Chemistry of Cement (5) •

HEFEBENCES

1. - Äx.EEBaAT, A.mPCQI (1974) MavepeHHe h 
' aaaiHS axyvaftHHX irooyeccoB (nep. q

ami.), M., "ltapw, 1974, 463 C., (in 
RussianX

2. - a.H.-S.’BAäHy (1977) Koppauqu psnoB
MBaiuD0i..ll., "CTaiHCTHKa", 1977, II6c. 
(in Russian) .

3. - K.rPElfflIEP, M.XATAHAKA (1972) CneKT-
pajbHwit eaaiBB BpeiceHHHX pshob b skoho- 
MDce (Hep. c ami.), M., 'CTaTHcrmca", 
312 C,, (in Russian)«

4. - npHMajmag cTaraciHKa. Asaias h oqeHKa
Ha 3Hoi perpeccHOHHHX saBHCHMooTefi, M., 
■Hs®-«) cTamaproB", 1975 , 46 c., (m 
Russian).

5. - n.JÜDTPOH, K.E.IIETEPCEH, C.KPAH> (1976)
CospeMeHHHe MeTOfiH nexaHjnecKHX Hcnsra- 
hhS neMeHia. OchobhoI lOKiai. TpynH JI 
MexfljrHapQÄHoro Koarpecca 00 ismhm ue- 
MeHTa, ■., "CTpotaaaar", (in Russian).



THEME VII

Interface reactions 
between cement and aggregate 

in concrete and mortar



SUB-THEME VII-1

The bond 
between aggregates 

and hydrated cement 
paste

J.C. MASO 
Professor INSA 

Toulouse, France



INTRODUCTION

For a very long time, the idea prevailed that a top
grade concrete from a mechanical point of view resul
ted, for the main part, of the filling, at maximum 
compactness, of the volume to cast with fragments of 
rocks embedded in a matrix, both phases having mecha
nical strengths as high as possible. Obviously, it 
was taken for granted from the outset that the bond 
was supposed to be established between these two com
pounds. Nevertheless, the adherence seemingly satis
fying at work and the rocks not being able to be ex
tracted far away from the place of use -which always 
makes a limited choice- the main research effort bore 
quite naturally on the matrix, not however on its bin
ding ability, but on its embedding and filling abili
ty. .

However consider a concrete element subjected to a 
traction. Suppose, for simplicity's sake, that the 
grains of rocks and matrix possess identical deforma
bility, that the element has a constant cross-section 
and sufficient length. Then, should there be adheren
ce between the aggregates and the matrix, the strain 
and stress fields are uniform, except for the end 
sections. All around the aggregates, the stress 
shifts from traction to shear. Suppose that the bond 
between the two phases breaks down without either the 
aggregate or matrix being damaged. Then, the matrix 
alone bears the total stress ; it, however,, only oc
cupies a small fraction in any section of the element 
and the system behaves as if the aggregates were 
voids. They are almost completely useless, following 
the breakdown of the bonds.

In traditional concrete, the matrix is more deforma
ble than the aggregates. The consequence thereof, as 
shown by DANTU QJ is a concentration of isostatics 
towards and inside these latter. The bond breaking 
then takes place at an earlier stage than in the 
theoretical example mentioned above.-

Suppose, on the other hand, that the breakdown starts 
in the matrix. The aggregates, less deformable, slow 
down the crack propagation provides the strength of 
the bond is sufficient ; however, the propagation 
will increase if the bond is weak.

Yet,' the failure surfaces of concretes in traction 
follow the contour of aggregates (MASO [2j DHIR and 
SANGHA DJ). Some research carried out earlier, 
shows that if the bond does not exist or is very weak, 
its failure does not bring about that of the whole. 
The resistance depends only on the matrix, it is the 
first type of failure. If the bond is beyond a given 
value, its breakdown brings about the collapse of the 
whole because the matrix alone is unable to support - 
the total loading. It represents the second type of ■ 
failure (fig. 1). For equal composition, the strength 
in traction following the second type is higher than 
the one following the first type. Therefore, the bond 
plays a major role in the crack propagation process 
and the failure of the concrete. The concrete strength 
in traction is higher, all other things being equal, 
when the bond strength is higher.

These two types of breakdown are found also in com
pression but the aggregates continue to contribute 
to the strength, even beyond the rupture of the bonds. 
Furthermore, this process occurs for much higher loads 
than in traction. Indeed, the bonds stressed directly • 
in traction are only stressed indirectly in compres
sion, due to the differences in strength between the

Fig. 1 : Strength in traction by bending (t) of calci
te and quartz mortars •
calcite :0 clean (tg) A coated with silicones (ti) 
quartz : + clean (t^)  coated with silicones (t'j) 
c and e proportions, in volumes,of cement and water of 
the set-cement. Mortars have been mixed with N = cons
tant = 0,314 and the samples tested at 28 days.

matrix and the aggregates. These phenomena account to 
a great extent for the strength in compression being 
much higher than that in traction.

If engineers had not invented reinforced concrete.and 
pre-stressed concrete to supply the weakness of con
crete in traction, it is likely that researchers would 
have taken an interest in the bond between the matrix 
and the aggregates earlier, even if, as it will be 
seen further on, the study thereof proves more diffi
cult.

Therefore, those physico-chemists who took an interest 
in the cement-aggregate bond were few, more because of 
lack of motivation than tools. But it is likely that 
research in this field will develop, for the benefits 
to be excepted by the engineer are seen more and more 
clearly nowadays. In effect, the mechanics of composi
tes, non-existent until recently, allows the analysis 
of the influence of bonds between phases on the mecha
nical properties of the concrete. Moreover, a greater 
and greater number of research investigations are 
being undertaken in the world on the internal mecha
nisms, of crack propagation and failure of concrete. 
The necessity of analyzing the phenomena with fine 
resolution in order to understand and model them bet
ter, will lead inevitably to a greater number of re
searchers having an interest in the structure of bond.



We will not discuss the adherence, 1. e. the mechani
cal aspect of the problem. The purpose of our paper 
is mainly to present the current state of knowledge 
on the structure and the formation of the bond. The 
mechanical aspects and the alteration under the ac
tion of corrosive agents will only be briefly discus
sed, to show to the physicists and chemists, how in
teresting is the physico-chemical study of the hydra
ted set cement-granulate bond for the mechanicians 
as well as engineers.

It is with regard to the techniques used that we pre
sent the chief attainments of scientific research in 
that field among the works of which we have knowledge1 
In effect, the results available, if they enable us 
to form an idea of the mechanisms of bond formation, 
are still very incomplete and their interpretation 
very dependent on these techniques.

I - THE BOND WITH HON-POROUS MATERIALS 
THE TRANSITIONAL RING

1.1 - Determination of the bond closeness by the im
pregnation method and observation by optical 
microscopy

This technique used by FARRAN [4] consists in taking 

a sample of mortar and planing a flat face. The sample 
is then dried in an oven, set in a vacuum to remove 
the water and the entrained air and, then, impregnated 
with a coloured resin (Canada balm diluted in benzene, 
coloured with fuschine, red, or violet of gentian). 
Thin sections parallel to the plane face are cut and 
observed in optical microscopy.

FARRAN has studied, by this way, the closeness of 
bonds between artificial, blast-furnace, supersulpha
ted and aluminous cements, on the one hand, and defi
ned minerals issued from recent crushing of calcite, 
dolomite, quartz, silex, orthoclase, muscovite, bioti
te and anhydrite, on the other.

With a water-cement ratio W/C = 0,42 and a one month 
curing period in water at 15°C, he noticed the lack 
of any coloured edge around the grains of calcite and 
dolomite, for all cements concerned. Edge developments 
of increasing size in the following order were obser
ved : quartz, silex, orthoclose, mica and anhydrite.

Rings are thinner with aluminous cements than with ar
tificial or blast-furnace cements. When anhydrite is 
used, the ring is thinner with supersulphated cement. 

.We give in table I the chemical composition of the ce
ments used by all the authors quoted in this paper.

TABLE I - Chemical composition (per cent) of the different cements
(1) non indicated
(2) chemical analyses for the cement phase (cement 65 %, slag 35 %)

Authors Cement Si02 ai2o3 Fe-02 3 CaO MgO S03
Na20 
k2o 
Ti02

Fire 
loss

J. FARRAN Aluminous 4,0 38,9 17,1 38,0 1,3 0,5 0-.9
6,4 42,0 15,7 34,7 0,2 0,2 0,3

Portland 21,8 5,3 4,3 64,1 1,1 1,9 (1) 1,2
21,3 5,6 3,5 64,4 1,4 1,7 2,4

Blast-furnace 27,8 12,3 2,9 47,0 3,0 3,4 2,9

Supersulphated 25,8 9,5 5,1 46,7 4,4 9,0 ■ 0,1
28,2 10,7 0,6 43,9 4,7 8,3 3,1

J. GRANDET
J. P. OLLIVIER
8. PERRIN

Portland 21,5 5,0 2,3 64,3 2,0 3,2 (1) 1,4

S. DIAMOND Portland Type I 20,8 5,4 3,0 62,9 2,8 3,0 1,17 0,81
Type II 20,9 5,0 2,5 66,1 1,2 3,0 0,75 0,65
Type IS

(2) 21,2 5,4 2,8 64,6 3,5 2,4 0,11 0,04
Type V 22,7 3,5 2,8 65,5 1,2 2,1 0,74 1,32

J. GRANDET
J. P. OLLIVIER Portland 21,4 5,3 2,3 64,0 1,4 2,98 0,53 1,02

A. VAQUIER Portland 21,5 5,0 2,3 64,7 2,2 3,2 1,0 0,1

as
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film left is observed by T, E, M.

The resolution thus increases from a few microns for 
usual optical microscopy to 150 A by the double-repli
ca technique.

We give as an example, in figure 2, a micrography of a 
calcite and portland cement mortar.

Fig. 2 : Calcite mortar cured for 4 weeks
G = calcite grain ; W/C = 0,48

By means of this method, PERRIN et al. pQ studied 
the bond between grains of quartz or calcite and 
Portland cement, in which W/C and the hardem'ng time 
were made to vary. In most cases a first layer of hy
drated finely crystallized compounds was observed, 
tightly clinging to the aggregate surface. Subsequent
ly, a zone containing dark blotches tends to spread 
outwards, followed then by the matrix of hydrated set
cement. The dark blotches are due to grains clinging 
to the set-cement by the bioden film, then trapped by 
the metallic filmi. These grains undissolved by aceto
ne continue to cling to the metallic film. Their 
thickness is sufficient that the electrons emitted by 
the microscope are unable to pass through.

It appears, therefore, that the aggregates are sur
rounded by a particular matrix, varying in structure, 
composition and cohesion, between, the surface of the 
aggregate and the matrix of hydrated set-cement, 
which we will call transitional ring.

For given material and cement, its thickness increases 
with the W/C ratio and decreases with the hardening 

time until about seven weeks after the mixing under 

normal curing conditions.

For an identical U/C and identical time of curing, its 
thickness" depends on the mineralogical nature of the 
aggregate : it is thinner with calcite than quartz 
(fig. 3). The loss of cohesion, allowing the film of 
bioden to trap fragments of paste, is due to the ma
chining of the plane surface of the mortar by abrasion

The spreading and the number of particles removed 
(i. e. of the zone containing black blotches) are the
refore quite representative of the set-cement in part 
of the transitional ring.



Fig. 3 : Calotte and quartz mortars cured for 4 weeks
curve a : variation in thickness of the transitional ring

(aj : calcite mortars ; ag : quartz mortars}
curve b : variation of half-distance between aggregates

(mortars have been mixed with U = constant » 0,314)

In figure 4, we can observe that for the lowest U/C, 
the area of low cohesion disappears. It will be noti
ced however that cohesion still exists for normal 
W/C. The coloured edge observed by FARRAN certainly 
corresponds to the area of lowest cohesion of the 
ring, cracked by thermic treatment, vacuum action and 
mechanical action of preparation of the polished sec
tion. .

Fig, 4 : Calcite mortar cured for 4 weeks 
G : calcite grain1 ; T» o,55

In the case of calcite or quartz in association with 
Portland cement, it is not the interface proper. On 
the contrary, it is perhaps very likely the case with 
micaceous minerals,

PERRIN et al. were unable to determine the nature of 
fragments lifted by the bioden. Their research ought 
to be extended to include other aggregates and diffe
rent cements.

tie pointed out that at the interface of calcite and 
quartz, a finely crystallized layer tightly clinging 
to the aggregate could be observed. The double replica 
technique neither allows them to be identified nor 
permits theirobservation on a higher resolution scale. 
However, this is possible, to some extent, using the 
method mentionned hereafter.

1.3 - Study of the part of the transitional ring in 
close proximity of the aggregates by direct 
observation in T. E. M.

It is necessary to obtain sections of mortar thin 
enough to be crossed by the electrons in a T. E. M. 
OLLIVIER et al. QQ achieved this by ionic etching.

A first thin section of mortar, a few hundredth f«i)11- 
, meters in thickness is obtained after the technique 

traditionally used for the preparation of swiples In
tended to be observed In optical micrpscppy.

Fragments of tblxi sectfon incliwfl-nj bySretedl 
went - ±®rd5 &u6j*ctedl
mifirt fojr a tJriffi argdto - tat® ttesnir (fig» 5), <Mrt! thus 
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the sample. The iififencity @f beams being iftsxsfrffiw M 
the center, we get saThplles the thickness of while* ve
rles from' the center to the edges between 0> and attatt 
1 OÖO

The samples thus prepared are then observed‘ By T, E. W. 
The resoliution herein Is in the range of 20 A for nor
mal use. This technique has only been used se far for 
mortars associating grains of quartz or calcite to 
Porti and, cement or to CgS, Wit* normal W/C ratios, 
hardening times and modes of curing, there 1$ no loss 
of cohesion of grains which would destroy the samples 
and would make the observation impossible.

The micrography of figure 6 gives, as an example, a 
picture of the first layer of a bond of hydrated set 
Portland cement with a grain of calcite.
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Fig. 5 : Diagram of the ionic etching apparatus

Fig. 6 : Calcite (c)-set cement (p.c.) interface in 
a mortar cured for 6 months 
T= 0,45

Tne chief results provided by these studies are sum
marized below :

- no gap can be observed between the aggregates and 
the hydrated set-cement. If one does exist, its thick
ness is less than ten A, which implies quite high at
tractive forces of the Van der Waals type, and exclu
des any gap at the interface.

- no crystal of portlandite can be observed in the 
immediate vicinity of calcite or "quartz.

There can always be found, between the aggregate and 
the first portlandite crystals a thin film of tiny 
crystals causing a blurred ring around 3 Ä by elec
tron diffraction. This can be accounted for by the 
fact that the species observed are very tiny and do 
not present a' sufficient number of crystalline net
works to provide a distinct diagram in electron dif
fraction.

These two statements reinforce an hypothesis, already 
formulated by FARRAN in the case of calcite associa
ted to Portland cement and to aluminous cement, about 
the formation of compounds by combination of ions 
emanating from the aggregates and of ions coming from 
the dissolution of anhydrous constituents of cements. 
We will consider this hypothesis again later.

Tne diminutive thickness of the first layer of the 
transitional ring, the smallness of formed species, 
the combined action of vacuum and heat in the etching 
apparatus, and in the microscope limit the possibili
ties of this method of study because it does not al
low, except in a few well defined cases, the esta
blishment of the diagnosis of the constituents found 
in the first layer at the interface.

However, other means have brought complementary views. 
X-ray diffractometry and scanning microscopy which we 
will examine in turn.

1.4 - Study of bond by X-ray diffractometry and 
optical microscopy

Composite samples are fabricated according to the dia
gram of figure 7.

moulage*- conservation separation

Fig. 7 : Preparation of mixed samples



The face of the adjoining part in contact with the 
set-cement or the mortar was previously polished so 
as to facilitate the forthcoming splitting of the two 
parts of the sample. The latter is kept under speci
fied conditions, until the desired hardening time is 
reached. The two half-samples are then separated. The 
rupture occurs, either at the very interface or in the 
immediate vicinity, in the set-cement or in the adjoi
ning part. In the two former cases, one can observe 
both faces (adjoining part side and hydrated set-ce
ment side) by means of metallographic optical micros
cope and, by determination of refractive indices, i
dentify the well crystallized compounds. A layer se
veral n in thickness can also be obtained by scraping, 
on either side of the interface, and analysing it by 
X-ray diffractometry (oowder diagram). This technique 
was used by FARRAN [Q to determine the components 
laid in contact with samples of glass, calcite, 
quartz, orthoclase and stainless steel during the 
hydratation of cements menti'onned in 1.1. All the 
samples were kept in water at 15°C.

With aluminous cement and associated materials other 
than calcite, the contact film is constituted after 
a fortnight, of a non-identificated gel and bicalcium 
aluminate, C2AHg.

With ageing, the gel progressively disappears, to gi
ve way-to a finely crystallized mat of hydrated mono
calcium aluminate C A Hv (xr^8) which constitutes 
the main part of the. film observed at the interface. 
The non-identificated gel would be constituted almost 
exclusively of alumina and lime in an equimolecular 
ratio and water.

With calcite the previous formation of hydrated mono
calcium aluminate is observed, which disappears pro
gressively to give way to a solid solution of hydra
ted tetracalcium aluminate and calcium carbo-alumina
te, also observed by FIERENS [7J . Corrosion patterns 
are also noticed on the surface of calcite, which 
clearly confirm the partial dissolving of this mine
ral in contact with aluminous cement.

With artificial cement, one is still led to distin
guish between calcite and other associated minerals. 
With the latter, FARRAN observed that the interfacial 
film was either constituted of portlandite alone or 
of portlandite associated with a non-identificated 
gel. He did not observe any visible evolution beyond 
a fortnight's hardening.

With calcite, FARRAN was unable to observe the inter
facial film and by way of consequence, unable to 
identify the components because the rupture always 
took place in calcite. He assumed that, in this case 
again, the bond was insured for the most part of 
portlandite crystals. In order to justify the top
grade quality of the adherence between calcite and 
Portland cement, he formulated the hypothesis of epi
taxial arrangements between calcite and Portland ce
ment. We can observe in effect, on the one hand, that 
within 10.% the hexagonal base of portlandite crys
tals by association of three diamond-shaped faces 
of calcite rhombohedron can be obtained and, on the 
other hand, that calcite is etched, which results in 
bringing to light cliveageplanes crystallographically 
blank. The conditions necessary to the forming of 
epitaxial coupling,according to ROYER 00, are thus 
reunited.

With blast-furnace cement, FARRAN does not point out 
the differences in behaviour between calcite and the 
other associated materials studied. The interface 
film is constituted of portlandite, ettringite in 
abundance, hydrated calcium aluminates and non-iden
tificated gel. • • ,

With supersulphated cement, FARRAN noticed at the in
terface of all associated materials a very thick tan
gle of ettringite crystals and a non-identificated 
gel. . .

At the time, this research was carried out (1950-1955) 
and with the means at his disposal, FARRAN was unable 
to recognize the C. 5. H. Besides, he could not es
tablish whether the identificated compounds were ef
fectively in direct contact with the associated mate
rial, or at a certain distance, albeit very short, 
from the latter. .

The principle of the identification method used by 
FARRAN, the results of which we have just presented, 
was employed again by BARNES, DIAMOND and DOLCH, re
placing the optical microscope and X-ray diffracto- 
grams on powder by the scanning microscope and the 
E. D. X. A.

1.5 - Study of the bond by scanning microscopy and 
E. D. X. A.

BARNES, DIAMOND and DOLCH [s] studied the bond of 
glass with various cements. The optical microscopy 
is replaced by the scanning microscopy and the reso
lution thus increases from a few microns to a hundred 
Ä. Furthermore, the analysis by X-ray diffractometry 
is no longer global on the over-all layer gathered by 
scraping but is local owing to E. D. X. A.

BARNES, DIAMOND and DOLCH brought to light the exis
tence in close vicinity of the glass, of a twin layer 
which they called duplex film constituted of portlan
dite crystals the axes of which are perpendicular to 
the aggregate and layers of C. S. H. Beyond this fi(m 
about one micron thick, they observed a highly porous 
zone bearing portlandite crystals the axes of which 
run parallel to the glass aggregate, well-formed and 
rather large in size, leaving between them large spa
ces partially filled afterwards with heaps of secon
dary portlandite crystals with their axes perpendi
cular to the glass-surface, smaller in size, and of 
C. S. H. Moreover, this zone contains a large , 
quantity of HADLEY'S grains [if] . The latter, as men
tioned earlier are constituted by a C. S. H. shell 
about one micron thick, the inside of which is either 
empty or partially filled with a remainder of anhy
drous cement grains or, sometimes, of hydrated com
pounds.

These authors do not mention the presence of ettrin
gite. However, they mention lime-sulphate ratios ran
ging from 13 to 22 according to the sites.

BARNES, DIAMOND and DOLCH repeated these studies with 
siliceous sand mortars (OTTAWA - ILLINOIS). They find 
the same results again, but the preciseness of the 
contact area being smaller they were unable to bring 
to notice possible interactions at the aggregate-ce
ment interface. •

The schematic representation of the bond of figu
re 8, can be given from the observations of BARNES, 
DIAMOND and DOLCH.
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Fig. 8 : Schematic representation of the bond accor
ding to BARNES, DIAMOND and DOLCH.

The phenomena of preferential orientation of portlan
dite by the glass-surface associated to the,set-cement 
or by the aggregates is worthy of investigating.

1.6 - Study of the orientation of portlandite crystals 
by X-rays diffractometry

Utilizing again the technique used by FARRAN consis
ting of separating and splitting mixed cylindrical 
samples, GRANDET and OLLIVIER [IQ followed the evolu
tion of the intensity of the two beams at 4,90 Ä and 
at 2,628 A of portlandite as a function of the distan
ce to the interface. Both half-cylindars obtained af
ter separation are placed directly on tae goniometer 
of tne diffractometer and the ratio :

T _ I(001)/I(101)
1 = T 0",74---- ■

I/nnii = intensity of the beam at 4,90 Ä of the
' 1 001 planes of portlandite

I/non = intensity of the beam at 2,628 Ä of the 
1 '101 planes of portlandite '

for layers about 1 micron apart, the surfaces succes
sively analyzed being brought to light by minute scra
ping. Figure 9 gives the evolution of ratio I, charac
teristic of the degree of orientation for a given ce
ment and different adjoining part.

The degree of orientation varies linearly with the 
distance to the interface. The distance at which the 
adjoining part has no longer an influence on the 
orientation of portlandite "is important and indepen
dent of its nature.

The ratio JL[22D_ equals 0,74, when there is no 
^lOl)

Fig, 9 : Variation of the degree of orientation of 
portlandite as function of distance to the 
the interface and for different types of 
aggregates

0 : Mosset marble (FRANCE) x : quartz
+ : Calacata marble (ITALY) • : polyethylene

On the contrary, the slope of straight lines changes 
with the latter. It appears that the degree of orien
tation is smaller when the reactivity of the adjoi
ning part is higher which would tend to reinforce 
the hypotheses of formation of solid solutions bet
ween the set-cement and the aggregates.

Lastly, the discontinuity of orientation of portlan
dite indicated by BARNES, DIAMOND and DOLCH is not 
observed here. There is disagreement on this point 
between the observations of these authors and those 
of GRANDET and OLLIVIER.

1.7 - Hypotheses concerning the formation mechanisms 
of the transitional ring

When the mixing takes place, the aggregates become 
coated by a film of water several microns thick, in 
which grains of anhydrous cement can be found only 
in very limited numbers, if at all. The concentration 
in anhydrous cement, null in the vicinity of aggrega
tes, progressively increases afterwards with the dis
tance to the latter.

When the anhydrous components are dissolved, the most 
mobile ions are the first to diffuse in the water
film. With the Portland cements, for example, the or
der of diffusion is as follows : sodium and potassium 
ions, sulphate ions, aluminium ions probably issued, 
from an earlier dissolution of CgA-before fixation of 
sulphate ions on their surface, followed by calcium 
ions..Silicon ions remain at first fixed by the anhy
drous grains of the cement and spread only later on 
in the water film surrounding the aggregates.

preferential orientation.



If the latter are insoluble, these phenomena can be 
expressed as indicated on the theoretical diagram of 
figure 10-a. On the contrary, if they are partially 
soluble, a maximum concentration of ions issued from 
the aggregates is obtained at the surface of the lat
ter ; this concentration decreases quickly with dis
tance. It is represented in the theoretical diagram 
of figure 10-b.

Fig. 10 Schematic representation of concentration 
of ions liberated by the cement and by the aggregates 
for a given time (1 curve type 1 or type 2 resembling 
those given for each ion)
a : case where aggregates are non-soluble
b : case where aggregates dissolve partially

In the water surrounding the aggregate the first nu
clei! to form are those of the hydrated components 
corresponding to the most mobile ions ; ettringite and 
portlandite in the case of Portland cement.

Development of crystals is not hindered, and they 
reach considerable size, larger than in the body of 
the set where supersaturation is much higher and spa
ce more limited. They form a looser network the pores 
of which are progressively saturated with less mobile 
ions, such as silicon and aluminum ions for Portland 
cements. A second generation of crystals then develops 
in the voids left by those of the first generation. 
Taking again the example of Portland cements, we find 
C. S. H., and again ettringite and portlandite in crys
tals of smaller size.

One can think, as a consequence of the experiments of 
OLLIVIER et al., that first generation crystals do not 
develop in continuous layer in direct contact with the 
aggregates.

Furthermore, the latter always being partially soluble, 
the space left between the first generation crystals 
and the aggregates progressively fills with a very 
tight crystallite network formed by the ions issued 
"from the anhydrous cement and those coming from the 
aggregates which are able to combine. '

HADLEY'S grains observed by BARNES, DIAMOND and DOLCH, 
could have arisen from the Hydratation of the first, 
not very dense,layer of anhydrous grains of cement.

From GRANDET and OLLIVIER'S experiments one can deduce 
that the thickness of the water film surrounding the 
aggregates at the time of mixing depends little or not 
at all on the nature of the latter. On the contrary, 
it would play a non negligible part in the orientation 
of the first generation crystals and, as a consequence, 
of those of the second generation. '

Therefore, the Hydratation process, when the transi
tional ring is formed, would occur according to 
LE CHATELIER's theory, and not, as in the body of the 
matrix, by formation of a crystallized coagulated net
work.

It is therefore important to stress the probable exis
tence of an area of minimal concentration (figures 
10-a and 10-b). It is in that part of the ring that the 
largest crystals and the highest porosity will be 
found. It must correspond to the coloured edges obser
ved by FARRAN, to the zone of reduced cohesion pointed 
out by PERRIN and to that of maximum, porosity beyond 
the duplex film shown by BARNES, DIAMOND and DOLCH.

Lastly, the partial dissolution of the aggregates in
creases the roughness of surfaces, which favours the 
mechanical clinging of Hydratation products, increases 
the interface, which increases the effect of bond for
ces of a physical type, can cause a formation of che
mical type bonds by a combination of ions issued both 
from aggregates and cement.

1.8 - Relationships between the transitional ring and 
the properties of concrete - Perspectives

A material is all the less resistant to mechanical ac
tions as it is more porous ; therefore, the transitio
nal ring is more porous than the matrix of the hydra
ted set-cement.



Crack initiation and its propagation is easier in 
large size crystals than in the arrays of crystals of 
small dimension tightly entangled ; therefore, the 
transitional ring contains crystals larger than those 
found in the body of the hydrated set-cement and in 
greater quantities.

Moreover, these crystals show a preferential orienta
tion, an aspect favourable to the propagation of 
cracks.

For these three above stated reasons, the transitional 
ring is the weakest part of the granular cohesive ma
terial which constitutes hardened concrete.

In traditional concretes, the aggregates are less de
formable than the matrix of hydrated cement. Under 
the action of external forces, there is always a con
centration of stresses in the aggregates and, as a 
result, in the transitional ring.

The latter, therefore, happens to be both the most 
highly stressed part, and the weakest region of the 
concrete. It is then in the transitional ring that 
the first irreversibilities will occur, by packing, 
resulting from microruptures and the closing of pores, 
if it is compressed, by cracking when subjected to 
tractions or shears. The cracking, once initiated, 
then propagates from ring to ring. The observation of 
concrete fracture surfaces confirms this. In most ca
ses, these follow the contour of aggregates.

Numerous authors think, however, that the shrinkage 
cracks or microcracks the set-cement. It is to be 
pointed out that the experiments seemingly confirming 
this fact, normally lead one to submit the concrete 
to treatments which amplify the phenomenon to a great 
extent. However, it appears that the cracks resulting 
from shrinkage initiate at the aggregates and cause 
as a consequence ruptures of the transitional rings. 
If the concrete is effectively fissured initially by 
the shrinkage, it is then the roots of the fissures 
which are subjected to the highest stress. The tran
sitional ring would then no longer play a part in the 
first irreversibilities under the action of the exter
nal forces (beginning of crack propagation).

But its role would remain unchanged after the begin
ning of propagation for fissures would develop throu
ghout the transitional rings.

On the other hand, the action of corrosive chemical 
agents depends not only of the nature of the elements 
in contact but also on the exposed surface. Yet, the 
transitional rings, through higher porosity, and if 
they are effectively connected by a network of capil
laries or of microfissures resulting from shrinkage 
or from the action of external forces, conti tute a " 
preferential way for attack by aggressive agents sin
ce they offer a considerable amount of internal expo
sed surface. •

In the case of Portland cements, furthermore, the ele
vated concentration of portlandite in the transitional 
ring is an extra factor of alteration.

The objective of research directed towards a better 
understanding of the composition and structure of the 
transitional ring is therefore obvious. It is impor
tant then to broaden the research efforts to include 
various types of cements and aggregates. It would 

also be necessary to shed light on the influence of 
curing temperatures, admixtures, slags and pozzolanas. 
Finally, processes aimed at decreasing the ring poro
sity, at diminishing the size of crystals developping 
thereon and at preventing their preferential orienta
tions would probably have very favourable consequences 
on the behaviour of concrete under mechanical, physi
cal or chemical actions.

II - THE BOND WITH POROUS MATERIALS

Two cases are to be examined. In the first, one of 
the faces of the porous material is in contact with 
the cement, while the other is in contact with the 
atmosphere. In the second case, the porous materials 
are completely embedded in the set-cement.

II.l - Case of porous materials with only one face in 
contact with cement

Studies by GRANDET et al. QQ have been undertaken 
on this topic using bricks and a Portland cement. They 
made up composite cylindrical samples associating a 
cylinder of brick to a cylinder of set-cement or mor
tar. The samples of brick were chosen so as to cover 
a domain of capillary patterns as wide as possible.

Furthermore, for each sort of brick, they varied the 
initial water content from 0 to 100 %. The samples we
re Stored until testing in atmospheres saturated with 
water, devoid of C02 at the beginning.

After separating the brick from the set-cement, the 
two exposed faces were analyzed by X-ray diffractome
try. They were subjected to successive scrapings, 
each time removing a layer a tenth of millimeter thick. 
The new surfaces so obtained were in turn analyzed by 
diffraction. These researchers were thus able to draw 
diagrams presenting the variations of concentration 
in crystallized components as a function of the dis
tance to the interface.

With initially dry brick, one can observe that the 
percentage .of ettringite, maximum at the interface, 
decreases towards the body of the set-cement or of 
the mortar. The portlandite concentration follows an 
inverse law of variation (fig. 11). The phenomenon is 
all the more obvious as the internal specific surface 
of the brick is higher. The analysis of X-ray diffrac- 
tograms reveals the existence of a low hydrated area 
in the vicinity of the interface.

As the initial water content of the brick increases, 
the suction decreases and a diffusion of the ions 
from the water phase of the set-cement to that of the 
brick takes place. This results in an increase in the 
maximum concentration of ettringite at the interface, 
the diffusion effect augmenting that of suction. The 
portlandite concentration increases but still offers, 
even for the brick initially saturated with water, a 
value lower than one that would be in contact with a 
porous material.

Moreover, it can be observed that the delay of Hydra
tation in the vicinity of the interface also decreases 
when the initial water content of the brick increases.

Lastly, no noticeable preferential orientation of port
landite crystals in the vicinity of the brick is obser
ved.



Fig. -Il : Variation in concentrations of ettringite 
and portlandite in contact with a porous 
material as function of distance to the 
interface

a : brick initially dry
b : brick initially saturated with water
c : glass (given for comparison)

IE = intensity of the beam at 9,73 ft of ettringite
IC3A = intensity of the beam at 2,70 A of C3A
IP = intensity of the beam at 4,90 ft of portlandite
IC3S = intensity of the twin beam at 2,764-2,739 ft

of C3S

C3S

C3S
2.74 J 2.76

C3S
2jB1

C3S 
3.02

11 • I I I I I I o
20 W W 14 H H) 6 0 4 0

Fig. 12 : Diffractogram relative to set-cement in 
association with brick initially dry

a) at 10 mm from the interface
b) at the interface

The mechanism of bond formation would be as follows. 
With the initially non-saturated brick, the set-cement 
water is drawn by the brick, and this all the more as 
the level of initial impregnation of the latter is 
lower and its internal specific surface higher. This 
occurs fairly quickly, upon casting, therefore prior 
to the beginning of the cement setting. The consequen
ces of this suction phenomenom are, on the one hand, 
a diminution of the porosity of the set-cement or of 
the mortar, until the force of water retention by the 
set-cement balances that of suction by the brick, and 
on the other hand, the lack of a water film of consi
derable thickness in the vicinity of the interface.

We thus have important variations in water content 
between the brick and the body of the set-cement. 
For an initial W/C = 0,26, the W/C at the interface 
can be reduced to values from 0,14 to 0,11 with ini
tially dry bricks. -

In the course of time, the water may migrate,from the 
body of the set-cement to the brick thus allowing a 
progressive but very slow hydratation of still anhy
drous silicates.

The phenomenom is less pronounced as the initial water 
content of the brick is higher and its pores larger 
in size.

The hygrometry of the environment in contact with the 
side of the brick facing the set-cement or mortar 
plays an important role due to the evaporation resul
ting thereof.

When the composite sample is exposed to atmospheric 
carbon dioxide previous to total hydratation of the 
set-cement, carbonation of ettringite and portlandite 
from the interface liberates water in significant 
quantities, thus resulting in an acceleration of hy
dratation of the less hydrated zone.



The very uneven surface of the porous material, owing 
to the large number of capillaries opening onto it, 
would prevent any preferential orientation. The clin
ging is of an essentially mechanical type, through 
formation of ettringite crystals at the opening of 
the pores of the brick.

II.2 - Case of porous materials completely embedded 
in the set-cement

Whenever the porous material is completely embedded 
in the set-cement, as is the case with porous light
weight concretes, identical phenomena occur, excep
ting the evaporation of water in the atmosphere. They 
are therefore much less strong due to their having 
limited absorption capacities of water by the aggre
gates. Moreover, this absorption reverses after a few 
hours, the aggregates yielding back all or part of the 
water absorbed from the set-cement. No delay in hy
dration by lack of water in the vicinity of the ag
gregates can be observed.

Attempts made to observe a transitional ring by the tech
niques previously cited were all unsuccessful. This 
can be mostly accounted for, by the very intricate 
geometry, on the surface, of the porous aggregates. 
Methods of study adapted to this case then remain to 
be elaborated upon and put to work.

It is also to be noted that with some light aggrega
tes, the migration into the set-cement, by the diffu
sion of ions issuing from the partial dissolution of 
aggregates can have noxious effects on hydration. 
This is the case with pumice aggregates and Portland 
cement. VAQUIER et al. Q3 noticed that under wet 
curing, setting did not occur. They ascribed this.phe- 
nomenom to the freeing, by pumice, of SO4 Nag which 
considerably lowers the pH of the solution (to about 
10) thus preventing setting to take place.

It should be pointed out, last of all, that, as 
against aggregates used in traditional concretes, 
porous aggregates are, except for new concretes, ge
nerally more deformable than the matrix. Under the 
action of external forces, isostatics move aways from 
the aggregates and those, as well as their bond to the 
hydrated set-cement, are less stressed than the lat
ter. There is no longer any risk of rupture at the 
interface. On the contrary, any crack occur!ng in the 
matrix is attracted by the aggregates.

Ill - CONCLUSIONS

At the time of mixing, the non-porous aggregate be
comes surrounded by a water-film several microns 
thick, and hydration occurs mainly in accordance 
with the mechanisms described by LE CHATELIER. Around 
these aggregates, a transitional ring appears, diffe-• 
rent in its composition and its structure from that . 
of the body of the set-cement - more porous and lower 
in cohesion. The mineralogical nature of the aggrega
tes is of major importance.

In contact with porous materials not completely em
bedded, the suction of the set-cement water by these 
materials plays an essential part in the formation of 
the bond.

Around the completely embedded porous materials (case 
of lightweight concretes) no zone of composition dif
ferent from that of the body of the set-cement can 
be observed.

Numerous studies remain to be done, in order to clari
fy, among others, the natures of the components for
med immediatly in contact with non-porous aggregates, 
the influence of temperature, of admixtures, of slags 
and of pozzolanic materials. One can hope, by dimi
nishing the porosity of the transitional ring, the 
size and the orientation of the crystals which develop 
thereon, to improve significantly the mechanical pro
perties of concretes and their resistance to corrosive 
agents.
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1. - GENERAL INTRODUCTION .

Even when it is intended to apply the term DURA 
BILITY referred only to CEMENT as component, it 
would be erroneous to mislead CONCRETE as com
pound, and so much so when durability of any com
ponent of concrete and concrete itself may be affec
ted by any other component of it (sulfate-bearing 
aggregates, reactive silica, reactive silica, reactive 
silicate or reactive carbonate-bearing aggregates and 
alkali-bearing cements) ( 1 ). Moreover, the main 
and even the only finality of cements are cement deri 
vatives, i.e, , concrete in its different modalities.

Mechanical strength of concrete is not -not always 
Should be- the only or the main factor to be consider^ 
ed. On the contrary, durability should be always a 
factor to be taken in due account as it greatly and 
some times decisively influences and determines the 
strength of concrete and the general behaviour 
and performance of if in each moment, at shor - 
ter or. longer terms (2).

Concrete durability and the reverse concrete dete
rioration respond to very complex phenomena accord 
ing to the very many causes and to their several 
possible combinations acting simultaneously or succes 
sively ( 3 ).

Anyway, durability, as referred to cement or to con
crete, is a term which needs to be clearly and preci
sely defined. Several arbitrary and conventional de
finitions of it are possible and some of them have al
ready been expressed.

Durability may be defined in a most general way as 
the capability of material to mantein its good beha
viour and performance in safety conditions and in the 
foreseen service circunstances during the foreseen 
service time ( 4 ).

In a more specific manner, durability may be defined 
as the resistance of cement and concrete to either in
ternal (intrinsic) or external (extrinsic) physical, 
phisico-chemical or chemical actions (5 ) ( 6 ).

Whatever may be its definition, durability is a so 
broad matter that needs to be limited if it is to be 
treated within given disponibilities of time and/or 
space. So, as far as the purpuse of this paper is con 
cerned, durability is conventionally defined as the 
resistance of cement and cement derivatives -pastes, 
mortars and concretes- against external actions me
rely chemical in nature,acting only chemically on hy
drated cement paste. Nevertheless, durability even 
defined as resistance to chemical attack, to so limi- 
tate in some way the broad general problem of it, is 
by far complex ( 3 ).

Consequently, the (in origin) physical actions on ce
ment or concrete such as the freezing of absorbed or 
adsorbed water; the causes and effects of damages 
due to reinforcement corrosion -though chemical or 
electrochemical in nature and external or internal 
in origin-; the disruptive actions and effects owing to 

volume changes of internal -though chemical- origin 
(free lime and periclase expansive hydration), or 
external -though physical- origin (expansion, shrin
kage, swelling due to rapid and big changes of tem
perature and/or humidity), are deliberately discar- 
ted in principle and as much as possible, as consi
dered not directly belonging to the content of the bare 
chemistry of cement, which is the main -the only- 
matter of this 7th Congress. Alkali-aggregate reac
tion could fit in the group of internal chemical actions, 
but very specific in character. Protection and pro
tective materials and treatments are also obviously 
excluded.

Nevertheless, chemical, physico-chemical and phy
sical -even mechanical- internal and/or external 
actions are so-narrowly and indissolubly linked to
gether, at least in practice, that not always is either 
possible or convenient to separate from one another 
and to take into consideration only some of them, 
neglecting the rest. On the other hand, most of work 
done and papers written on durability of cement and 
concret seem to show in average an eclectic position 
in this aspect. Unfortunately, according to the reali
ty, neither "pure" actions (whatever their nature) 
take place, nor single unitary effects are observed 
in practive, but exceptionally. This reality implies 
an enormous complexity of durability problems and 
a huge difficulty to study and solve them, at least as 
far as the finding of general solutions is concerned. 
This has been -and perhaps still is- the aim of a cer
tain number of research workers on durability, even 
as it has been defined above. And the question arises: 
is it possible to reach such a purpose?. Before 
attempting to give an answer let us tray to evaluate 
the progress attained up tu date, taking as a referen 
ce the ratio of definite knowledge gained and practical 
-technical- problems solved, to the time devoted, 
the persons involved and the papers written and pu
blished, in the general research work done on ce
ment durability. Probably it could be said about it 
something similar to what has been opportunely said 
as referred to shrinkage ( 7 ): many hundreds -per
haps much more than a thousand- of significant pa
pers dealing with durability have been published in 
the last fifty years, and some basic knowledge has 
been gained with them; but the real and practical du
rability of today's concretes is not very different 
from that of the concretes in the thirties. At least 
it is not better to the extent which would to be ex
pected, considering the effort done. But possibly 
the same thing to one or another extent could be also 
said as referred to expansion, swelling, reinfor
cement corrosion, alkali-aggregate reaction, high- 
alumina cement conversion and alkaline hydrolisis 
and so many chief problems within a more extended 
field of durability.

What does it mean?. First of all and simply that a 
high proportion of the total effort has been vain or 
but scarcely profitable. And why?. The answer can
not be so simple, but a certain number of reasona
ble causes could be mentioned: a) repetition of tasks 



owing to lack of communication and coordination; b) 
discordant or even contradictory results -at least 
apparently- as attributed to the same of very similar 
experimental conditions, when in reality very diffe
rent, but anyway very frequently not (or not sufficient 
ly) specified; c) difficulty or impossibility to compare 
results obtained in conditions to be considered as 
different enough to permit an acceptable comparison; 
d) conelusicnshardly admissible or even erroneous as 
a consequence of an incorrect or undue evaluation and/ 
/or comparison of results; e) conclusions drawn 
through unadvised criterions of simplification, extra
polation, generalization or exaggeration applied to 
what is complex, specific, particular or normal;
f) a certain "orientation" of the experimental work 
from the very beginning of it in order to reach with 
a given (higher) probability some expected results. 
This latter possibility is obviously unconceivable and 
inadmissible in a pure scientific and technical work, 
but it is not su much so in some other type of applied 
"research", the results of which being -obviously- 
also published, when interests other than those con
cerning pure and true knowledge are involved.

Present knowledge slowly accumulated along the time 
on durability is nonetheless s very valuable and litte- 
rature is extremely copious even as referred only 
to chemical attack on cement by whatever aggressive 
medium. Periodically and recently compilations and 
summaries of the copious references found in the ge
neral abstracts have been made in a very conscious 
and efficient manner ( 1 ). But even if it is intended 
in such compilations to deal with durability as refe
rred only or mainly to cement, it is impossible to 
neglect concrete, as mentioned above, as otherwise 
the survey would be limited and unrealistic. On the 
other hand, selective criteria must be applied, as 
the number of references collected is really very 
high ( 1 ) ( 8 ) ( 9 ) (10 ). This is the reason why, 
as pointed out, it is intended in this paper to deal 
only with the main and more common chemical as
pects on durability.

Despite the superabundant litterature on the item, 
many dark and dubious aspects still remain without 
an adequate answer, so that a satisfactory and com
plete doctrine summarizing the fundamental matter 
is far from being reached ( 3 ). Nevertheless, inte
rest in concrete corrosion themes is permanent. In 
recent times research lines and directions have been 
exposed and proposed ( 11 ); attempts have been made 
to solve the difficult problem of describing the com
plex corrosion process on concrete ( 12); methods 
for quantitative analysis of such processes have also 
been described ( 13); and criteria for evaluating either 
the aggressivity of the environment or the concrete 
resistance to it, have been dealt with too ( 14).

When trying to evaluate consciously the relative in
fluence of all kind of factors (physical, mechanical 
or chemical in nature) affecting the chemical attack 
on concrete and the corresponding chemical resistan
ce of the material, a sort of disorientation arises 
from considerations found in the extense biblio

graphy existing on the subject. The reason in the 
author’s opinion may be the very different importan 
ce quantitatively given to such factors, depending on 
the various points of view based on several distinct 
mentalities or professionalities of the authors. So, 
authors in which an engineering formation predomi
nates, "authomatically" or "instinctively" tend to 
focuse the problems from mechanical or physical 
standpoints rather than from chemical bases. And 
so, one tends to pay greater attention to density, 
homogeneity, compacity, porosity, permeability, 
etc., in connection with penetrability, diffusion, ca
pillary suction and capillary raise, osmotic pressure, 
etc. , referred to pore size distribution -maximum, 
medium and minimum pore size-, evolution of poro
sity, intercommunication and accessibility of the 
pore system, etc. All the main paremeters of con
crete and concrete materials such as cement content, 
cement fineness, water/cement ratio, aggregate 
grading, etc. , are considered as factors determining 
the foregoing characteristics and properties of the 
concrete itself, as it is really the case.

On the other hand, authors possessing a more basi
cally scientific -perhaps chemical- formation will 
naturally tend to emphasize the importance of fac
tors of chemical nature, such as composition of ce
ments, reactivity of aggregates, etc., in connection 
with potential and actual reactions in any of the ma
terials or between them, or even of them with exter
nal and/or internal aggressive substances. So, one 
tends to consider all these factors at least as impor
tant coadjuvants of the characteristics, properties 
and performance of concrete, as is really the case 
too.

But in any case -in both cases- the effects such as 
losses in wight and/or in strength either by leaching 
of soluble products or by formation of non-hydraulic 
compounds with softening of the resistant structure; 
or by expansion (crystallization and crysyal-growth 
pressure cracking) causing disruption; or by rein
forcement (electro) chemical corrosion, etc., must 
be equitatively considered at the ligth of all the pos
sible causes and influencing factors. .

Dealing with chemical attack on concrete very many 
authors begin, very many others finish -or both- in
voking the compactness of the material as the first 
and by far the main condition to resist. This is really 
so to such extent that it is superfluous to afford par
ticular references. Thus, the nature of the cement 
as far as its intrinsic resistance is concerned, is 
considered in many cases as secondary or not opera 
tive, except in cases of leaner mixes, so that a high 
compacity obtained through a high cement content 
permits for instance to use with similar results ce
ments either of high or low content in C3A (in sea
-water attack), whereas lower cement contents im
pose the use of specifically resistant cements. More 
over, when differences in behaviour not easy -or not 
possible- tobe explained are detected, variations in 
compacity are generally invoked as a valid explana
tion ( 15) ( 16).



A clear example of conscious eclecticism to be applied 
in this sense has still been exposed ( 17 ) when con
sidering that kinetics of gas and water penetration in 
concrete, depending on its structure as determined 
by porosity and penetrability of aggregates and pas
te, in turn determining absorption, capillary rise 
and diffusion in the material, is decisive for durabi
lity. So that the knowledge of true coefficients of pe£ 
meability, either correctly calculated or determined 
in laboratory tests carried out duly in real conditions, 
is absolutely necessary ( 17 ). But absorption tests, 
permeability tests and capillary rise tests must be 
designed on scientific bases in such a way that they 
do permit to describe the actual behaviour of a po
rous system as far as water penetration in concrete 
is concerned ( 18 ) (19 ). On the other hand, it must 
be added that not only physical factors as homogeneity, 
porosity, permeability, absorptivity, capillarity, 
etc., with their respective features and implications 
are important for durability; cement composition in 
anhydrous state, degree of hydration of cement paste, 
bond strength between paste and aggregates, and se
veral others, are also factors affecting decisively 
concrete durability, which so becomes a very impo£ 
tant but most complex and difficult problem (20 ), 
either in real practice or in the field of more basic 
laboratory research work.

On the basis of the foregoing considerations the task 
of this paper will mainly be centered on the more 
outstanding specific aspects of the chemical attack 
on cement and concrete, and on the chemical resis
tance of concrete to external aggressivity of them on 
it.

2. - TYPES OF CHEMICAL ATTACK ON CONCRETE

Firs of all it must be said that chemical attack 
on concrete needs water or at least humidity to pro
ceed, and so the very many different aggressive m£ 
dia are mainly liquid (aqueous solutions): soil-waters, 
surface-waters, sea-waters, waste (industrial-wa
ter, etc., containing acids, sulfides, sulfates, chlo 
rides and in general salts of sodium, potassium, cal 
cium, hiagnesium, ammonium, etc. , in each case, 
and even organic compounds.

Much has been written on mechanisms of attack on 
concrete. Two main types of such mechanisms have 
been simply proposed for interaction between hardened 
cement paste and aggressive media in contact with it 
( 2 ): "dissolution (leaching, lixiviation) of water so
luble products formed first on surface and consecu
tively in mass as the attack progresses inwards ( 21 ), 
and expansion. Dissolution may be caused in acid or 
soft waters and/or by ion-exchanging salt solutions. 
In turn, it causes a loosening and softening of the 
structure of the cement paste. Expansion may take 
place when sparingly soluble products are formed 
and crystallization pressure due to crystal growth of 
salts acts causing structural disruption. This is the 
case of sulfates, ettringite and/or thaumasite formed 
successively ( 2 ) (21 ).

The possibility and the intensity of chemical attack 
depend, on the one hand, on solubilities, concentra
tions and dissociation constants of aggressive media; 
on the other hand, on the same parameters corres
ponding to the reaction products, all referred to or
dinary, "normal" or stagnant conditions. Extraordi
nary or "abnormal" conditions such as higher tem
peratures, freezing, water pressure or renewal of 
aggressive agents, as well as mechanical actions, 
may accelerate and intensify the chemical attack 
( 2 ).

So, in such conditions the concentration or propor
tion of an aggressive substance in an aggressive 
medium is not the only parameter determining the 
rate, intensity and effects of any specific attack. 
This depends also on other factors as those mentio
ned, so that a given concentration may behave as 
innocuous or as highly aggressive ( 3 ). This is one 
reason of the uncertainty (and therefore of the lack 
of agreement) concerning the establishment of general 
limits of concentration for safety. It also explain the 
-to a great extent- probabilisti-; character of the ehe 
mical attack. On the other hand, not always the action 
of an aggressive substance is proportional to its con 
centration. Moreover, changes in it may affect even 
qualitatively the process involved in the attack. This 
if, among many others, a possible cause of failure 
of the accelerated methods of testing based on high 
concentrations of aggressive media ( 3 ).

Many types of chemical attack on concrete may be 
considered according to the specificity of the aggres
sive agent and its chemical nature. From this latter 
point of view, either inorganic and organic types of 
aggression may be foreseen, or acid, basic and sa
line attacks can be considered. Schematically this is 
very simple, but the reality is much more complex, 
as various simultaneous or consecutive chemical 
actions may take place in an aggressive process.

From equilibrium solubility studies in the system 
C-S-H it has been shown that Ca(OH)2 is the least 
stable component of the hydrated cement paste, its 
solubility depending on the pH-value. Pore liquid 
in the paste as far as its Ca2"*" and OH ionic con

centrations are concerned, is in equilibrium with 
Ca (OH)2, provided this is present and in contact 
with the liquid phase. Otherwise, equilibrium esta
blishes between liquid phase and CxSyHz, the more 
complex solubility of the latter depending on the x/y 
ratio (22 ).

Parameters governing a pure acid attack are the acid 
strength and the concentration, i.e. , the pH-value 
( 22) (23 ). So, acid attack on cement acts on bases 
and basic salts formed in hydrated paste and causes 
deterioration provided that soluble salts are formed 
in it and leaching of them take place. In the case of 
organic acids it seems to be so to such extent that 
the order of aggressivity more of less coincides with 
the order of solubility of salt formed ( 23 ). But acid 
attack proceeds in a different way if less soluble 
salts are formed, which in turn can react with other 



hydrated components of the paste -this is the case of 
sulfuric acid attack forming gypsum ( 24)-.

The great influence of the pH-value is the reason why 
it is to be expected that acid waters of low pH (^4. 5) 
attack very strongly concretes, whatever their cement 
may be, but more particularly if it is a portland ce
ment. To such extent it is so, that as far as mine
ral acid attack on cement is concerned it has been 
roughly stated that none of the cements used resists 
the action of waters with pH-values lower than 4(25) 
and even lower than 5(23); that ordinary portland 
cements may resist without heavy damages waters 
with pH-values higher than 6, and that high-alumina 
cements may resist waters with pH-values between 
4 and 6 without any special protection ( 25).

But not only the pH-value as such is to be conside
red in the attack of cement by acids; the rate of 
their diffusion and/or replenishment from the su
rrounding environment (for instance, soil), particu 
larly if hydrostatic pressures are operative, must 
be taken into account. Possibilities of removal of 
the more or less soluble reaction products must al 
so be considered in practice ( 26 ). This is another 
of the innumerous cases in which factors other than 
those closely related to the chemical attack itself in 
fluence its kinetics and determine the rate and the 
extent of the damage, the chemical parameters of 
the aggressive process being constant.

Sulfuric acid attack from bacteriological origin is a 
typical one acting on the surface of sever concrete 
pipes, producing softening by loss of adherence bet
ween aggregate and cement paste. Destruction of 
concrete is caused by complex reactions of acid 
with hydrated lime and other basic hydrated compo
unds of cement to form sulfates (mainly of calcium), 
amorphous silica and calcium sulfoaluminates (ettrin 
gite). Sulfuric acid is produced by a bacteriological 
oxidation -at normal temperatures- of hydrogen sul 
fide, which in turn is formed by a bacteriological 
reduction of sulfates ( 24). Oxidation of hydrogen 
sulfide needs an almostneutral pH which can be 
reached through carbonation (weathering) of the 
fresh hydrated cement paste. Deterioration due to 
this type of acid attack is produced in two steps: 
first, formation of gypsum; second, formation of 
ettringite. So, portland cements low in CjA are, at 
least in theory, more resistant to this type of aggre^ 
ssion. In fact, it has been stated that there is little 
difference in behaviour and performance of ASTM 
cements of type I and type II. This seems to indicate 
that disruption caused by crystallization of gypsum 
formed in the first step may have a decissive im
portance ( 24).

Basic attack on concrete takes place when caustic 
bases such as sodium hydroxide penetrates the ce
ment paste and undergoes a carbonation,or when 
alkali carbonates directly penetrate, particularly if 
penetration continues and wetting and drying alterna 
tions take place. In the case of sodium hydroxide 
and/or sodium carbonate penetration, hydrated so
dium carbonates may be formed and damage may be 

produced by crystalization and crystal growth pres
sure (27 ).

Saline attack produce! by salts other than chlorides 
and sulfates may take place and produce effects de
pending on the chemical nature of the salt involved 
and on its interaction with hydrated cement compounds. 
For instance, ammonium carbonate, fluoride and 
oxalate form fairly insoluble products with cement 
paste and consequently they are not harmful to it 
(27). "

Destructive effects may be produced by nitrates 
through the formation and crystallization of calcium 
nitroaluminates in the pores of the cement paste. 
The corrosive action depends on the nature and con 
centration of the nitrate involved, on the time of 
contact and on the nature of the cement. In this res
pect, pastes made with blast-furnace slag cements 
with slag contents higher than 70 % have shown higher 
relative resistances to nitrate attack. Portland ce
ment pastes are relatively less resistant ( 28 ).

A special type of attack with internal origin in con
crete is that produced by sulfuric acid and/or sul
fates formed by oxidation of sulfides -generally iron 
sulfides (pyrite and marcasite FeS2 and pyrrhotite 
Fex_jSx- contained in some aggregates or -calcium 
sulfide- present in slag aggregate or in blast-furnace 
slag cements. Oxidation may take place prior to the 
use of the material or once it has been incorporated 
to concrete (29).

Saline attacks more common are those involving 
chlorides and/or sulfates (sea-water). They are 
specifically treated. Nevertheless, mention must 
be made here on the influence of cations and anions, 
as saline components, in general attack.as well as 
in some specific type of attack as for instance that 
of sulfates.

In this latter respect three types of cations may be 
considered: those forming soluble hydroxides; 
those forming sparingly soluble hydroxides; and 
those forming volatile or neutral compounds.

The former -alkali cations- form gypsum (expansi
ve or not by crystal growth pressure, depending on 
the initial sulfate concentration). In addition, they 
increase the OH--ion concentration lowering that of 
Ca(OH)2 m solution and facilitating an accomodative 
expansion process. On the other hand, at the same 
time the increase of OH -ion concentration facili
tates the attack of other cement constituents and re 
duces the strength of the paste ( 30 ).

Cations forming low solubility hydroxides (earth-al
kali cations as Mg^*" ) form expansive gypsum and 

hydroxide gels, some of them potentially expansive 
and some others potentially protective by coating,- 
specially in the case of compact pastes rich in ce
ment.

The third group of cations (NH4) neither favour 
accomodative processes nor protect 
by coating. They may cause a strong attack not only 
through expansion, but also by solubilization of ce
ment components ( 30 ).



But, if it is true and well known that cation .greatly in 
fluences the action and the corresponding effect of 
sulfate attack on cement, the reciprocal seems to be 
also true: anion influences the action and effects of 
cations, particularly those of Mg^" . In the case of 

attack by MgC12 the formation of the FRIEDEL’S 
salt retards the corrosion of cement, so that port
land cements with no CjA are more affected than 
ordinary portland cements. Whereas in the case of 
attack by concentrated MgSC>4 solutions ordinary port 
land cements, independently of their CjA content, 
may be stable, due to a rapid formation of gypsum 
and gel products which difficult and retard the pene
tration of Mg^"** and SO4 -ions ( 31 ).

As far as organic matter attack on cement is concer
ned, it could be made the following general conside
ration: if chemical attack on cement and concrete is 
a very difficult theme, it is much more so when the 
aggressive medium is organic matter, as most common 
ly this matter is a complex mixture almost never suf 
ficiently well defined as far as its composition is 
concerned. So, empiricism dominates the studies and 
research work on chemical resistance of concrete 
against aggressive matters of organic nature, much 
more than when dealing with inorganic attack. An 
example of the complexity inherent to the organic 
attack on concrete, even when the aggressive product 
can b ■ precisely identified with a well defined chemi 
cal compound, is offered by the deterioration caused 
byurea, or better, by its hydrolitic products in alkaline 
solutions. The damaging effects are attributed to 
dissolution (even through the hygroscopicity of the 
urea), penetration, crystallyzation and disruption, 
i. e. , to a series of phenomena physical in nature. 
But really, the exact nature of the chemical attack 
of urea in concrete is unknown ( 32). It seems not 
to be exagerated to think that much more difficulties 
and consequently much more lack of knowledge exist 
when organic aggressives are more complex and 
their composition is variable and not well defined. 
Nevertheless, these are the cases actually present 
in practice.

On the other hand, it is difficult to find a method of 
general and uniform application to assess the attack 
caused on concrete by organic compounds or matters. 
Only on the basis of wide laboratory and industrial 
empirical experience has been possible an attempt 
to group organic aggressives into three classes: a) 
compounds causing reversible deterioration; b) wa
ter-soluble and non dissociable products forming . 
calcium compounds; and c) water-soluble and well
-dissociable compounds ( 33). This classification 
has been introduced in some national standards (for 
instance, in the new Hungarian Standards).

Some regularity seems to exist in the case of attack 
caused by organic acids, in the sense that the order 
of their aggressivity more o less agrees with the 
order of solubility of their salts formed in the attack 
( 23). Phenols in aqueous solutions affect concrete 
as weak acids, so that water containing more than • 
1000 mg/1 of phenols should be considered aggressj. 
ve ( 34 ).

Carboxilic acids, alcohols, esters, etc. , may attack 
cement paste depending on their ability to penetrate 
rapidly into the concrete, and on their more or less 
intensive acid properties. Dichlorobutene, for ins
tance, has a pronounced acidic behaviour, so that it 
fully attacks the Ca(OH)2> leaching it in the form of 
CaClz (which in turn causes reinforcement corrosion) 
( 1 ). This migth unduly induce to simplify, in the 
way of attributing the main capacity of attack by or
ganic compounds to their acidic properties and to 
their possibility to form soluble calcium salts, par
ticularly CaC12 (in the case of chlorinated compounds).

3. - CARBONATION

Carbonation covers all the actions carried out 
and effects caused by carbon dioxide on cement and 
concrete. Carbonation may be spontaneous -that 
achieved by normal athmosphericC02* or forced 
-that artificially created by "pure" or "concentrated" 
CO2 even under pressure. Carbonation may act on 
anhydrous or hydrated cements, neutralizing their 
basic calcium compounds.

As far as hydrated cement pastes are concerned, it 
is obvious that the compound more susceptible to 
carbonation is calcium hydroxide. But it is also well 
known that other hydrated compounds -every hydrat
ed compound (35 )- can be affected to some extent 
by carbonation, being decomposed to form finally 
calcium carbonates and hydrated silica, alumina and 
ferric oxide, as ultimate products of a total carbo
nation ( 36 ) (37) ( 38 ) ( 39 ). For ins
tance, total carbonation of tobermorite gels accor
ding to the schema

C3S2H3+- 3 C—► 3 CC-b 2 S-f-3 H (40) 

has been suggested that proceeds by steps:

C3S2H3+ C--- >CC + 2 CSH+ H (39)

CSH-frC+H---- ►CC-»-SH2 (41)

A proof that compounds other than Ca(OH)2 may un
dergo simultaneous carbonation is that the decrease 
in non-evaporable water of cement after carbonation 
is lower than corresponding increase in carbon dio
xide, taking into account that there is a correspon
dence mol-to-mol in the fixation of COg and the li
beration of HgO when Ca(OH)2 carbonates ( 42) 
( 43 ). So, carbonation affects to hydrated and even 
unhydrated compounds, for instance C3S, tending to 
form calcite with the hydrated products of C3S, and 
vaterite with unhydrated C3S (44). Alkalies and 
aluminates carbonate very fast and fast, respective
ly ( 3 5).

Different opinions have been exposed as to the "selec 
tive" action of carbonation on hydrated phases of cal 
cium silicates and on cement pastes, aS well as in 
connection with the products formed in it according 
to the degree of hydration of the starting products.
It has been stated that CSH is attacked and decompos
ed by carbonation, whereas hydrogarnets are much



more resistant to it ( 1 ). XRD and IR data show that 
vaterite is formed in greater amount than aragonite 
when the degree of hydration of C,S previous to car
bonation is higher ( 45 ) ( 46 ). Carbonate phases 
have been detected by IR in carbonated CSH gel toge
ther with amorphous silica, the hydrated calcium si
licate tending to desappear by further carbonation, 
whereas portlandite is still present, as XRD reveals. 
This seems to indicate that carbonation acts on hydra 
ted calcium silicates rather than on portlandite, 
according to c —
c hydration^ CH carbonation- CH (
3 H C S gel

Probably this is not the usual case ( 47 ) ( 48 )
(49 ) ( 50 )•

Other opinions consider that carbonation of cements 
affects preferently to silicates and aluminates, all 
the forms of calcium carbonate being formed in it, 
as well as ettringite (51 ). But on the other hand,
other results conclude that ettringite is trasformed 
into calcite under the action of carbonic water (45 ).

It has been assumed that calcium ions in hydrated 
products other than Ca(CH)2 may be in two forms: 
one relatively susceptible, and the other non-suscep 
tible to carbonation. The former reacts topochemical 
ly with CO^, but remaining attached to the gel struc
ture. So, only a small part of the hydrated compounds 
other than CH may undergo a slow .carbonation ( 36 ) 
( 48 ) ( 52 ). This is a chemical reason why the si
tuation of full carbonation is practically never reached 
in concrete; another (physical,, mechanical) reason 
is that many factors hinder the carbonation progress.

Not always concrete carbonation has been related to 
free CH and, consequently to different types of ce
ments involved. Carbonation penetration in blast
furnace slag cements and even in portland cement 
is determined by permeability of concrete, so that 
a high content of CH -as in the case of portland ce
ments- cannot always protect concrete from carbo
nation, as has been stated ( 53).

As to the form in which silica liberated by carbona
tion appears, amorphous silica insoluble in hydro
chloric acid has been suggested ( 38 ) and confir
med ( 54 ) ( 55 ), the ratio of soluble to inso
luble rescue of cement paste in hydrochloric acid 
decreasing with the intensity and degree of carbona
tion ( 40 ).

Calcium carbonate may appear as mixtures of vate
rite; calcite and/or aragonite ( 35) in different pro
portions according to variable conditions. Hydrated 
alumina, firstly amorphous, is transformed after
wards into bayerite and finally into gibbsite ( 56). 
Gypsum may also appear together with aragonite, as 
result of carbonation of calcium solfoaluminates ( 35 ).

Carbonation of concrete depends on many internal and 
external factors such as relative humidity, tempera
ture and pressure, concrete porosity and permeabiH 
ty, depending on water/cement ratio, cement con
tent, nature and fineness and secondary components 
of the cements ( 15) (35 ) (37) (53) (56) (57) (58) (59), 

as well as on hydration conditions, age, strength and 
moisture content of the concrete. For instance, car
bonation of normal or of hydrothermically hardened 
concrete is different, -due to the different nature and 
composition of the calcium silicate hydrates in each 
case, and to the corresponding different structure of 
the paste ( 37 ) ( 40 ).

As far as carbonation of calcium silicate hydrates and 
its effects are concerned, the composition and the 
structure of the hydrated silicates are, as mentioned, 
particularly important. At first sight one could think 
that the higher the basicity of the hydrated silicates, 
the faster and deeper the effects of carbonation. Never 
theless, carbonation of less basic (tobermoritic) cal-- 
cium silicate hydrates, in spite of their high jdensity, 
is much faster than that of the more basic and less 
dense ones, as for instance those formed in hydro
thermal treatments of cements ( 60 ) as mentioned (40 ). 
The explanation given is based on the high specific 
surface and the laminar structure of the less basic 
hydrates, together with the different nature of carbo
nation products, mainly CaCOy which depends in 
turn of the carbonation conditions: low concentration 
of COg and slow carbonation give large calcite crys
tals with better structure, whereas at much higher 
concentrations of CO- small crystals equal in size are 
formed, which give place to a worse structure. This 
affects the strength as well as the degree of crystalli
zation of the calcium silicate hydratesundergdingcar- 
bonation. In the case of tobermorite, the less crysta
llized product forms loose calcite crystals, whereas 
the more crystallized one forms large solid and strong 
ly linked crystals ( 60 ).

Moreover, there is a great difference in initial carbo
nation of cements with lower early strength and high 
"afterhardening", on the one hand, and that of cements 
with higher early strength and lower afterhardening, 
on the other hand ( 53 ). This difference tends to dis
appear with the age of the concrete. In any case, taking 
into account the influences of permeability, cement 
content, strength development, etc., on carbonation, 
it has been stated that it is safer to make concretes 
with sufficiently high contents of normal or even slow
-hardening cement, than concretes with lower contents 
of high-early stength cements, provided that concretes 
in both cases have similar initial strengths ( 53 ).

Compaction is also decisive for carbonation, as, depen 
ding on it, a retardation of 20 to 25 times in reaching 
a given depth may be observed. Assuming theoretically 
that the amount of CO- penetrating to the depth x at a 
given time_t is inversely proportional to x, i.e.,. tnatthe 
timejt required to carbonate (neutralize) the concrete 
at the depth x is t = k. x^ (the constant k depending on 

concrete characteristics and mainly on compaction), 
it has been found for a concrete with w/c = 0, 60 poorly 
compacted that: t (years) = 7.2 x^(cm), whereas for 
the same concrete thoroughly compacted k = 167. So, 
167/7. 2 = about 23 ( 36 ). In practice it has been ob
served that, carbonation may be retarded by full com
paction of dry-consistent concretes, as carbonation 
proceeds along voids, and easier and faster in concretes.



of higher w/c ratios and lower cement contents.

As to the influence of the moisture content, soaked 
concrete or periodically rain moistened concrete is 
more resistant to carbonation than concrete stored 
in normal conditions, as far as relative humidity is 
concerned ( 61 ). An optimun moisture content in con 
Crete is necessary for carbonation ( 35).

As far as ambiental circumstances are concerned, 
relative humidity is equally decisive, as carbonation 
advances at very high rates for RH values between 50 
and 75 % (being much slower for RH 75-100 % or 0-45 
%). The reason is that another optimum humidity is 
necessary ( 35 ): values higher than optimum fill the 
cement pores with water and CO^ must first dissolve 
and thendiffuse to penetrate, which is much slower; 
values lower than optimum retard the process, pro
bably because at such lower values water has not the 
liquid characteristics corresponding to ordinary wa
ter for dissolving either Ca(OH)2 or CO2 (36- ), 
according to old ideas ( 52 ) ( 62 ).

As far as carbonation kinetics is concerned, several 
empirical equations have been proposed, in function 
of carbonation speed (depth of carbonation -cm, mm-) 
or of carbonation intensity (amount of CO2 fixed 
-grams- versus time -from days to years-), w/c ratio, 
compressive strength and some experimental cons - 
tants depending on cements, degree of neutralization, 
induction period, etc. Speed of carbonation of concre
te depends on the nature of the cement and on the po
rosity of its paste -indirectly on the cement fineness, 
the cement content and the w/c ratio- as intrinsic 
factors of concrete. Also, as mentioned, on the rela 
tive humidity as extrinsic factor ( 57 ) ( 59 ).

A summary of much of the mentioned equations, as 
well as an ennumeration of the methods and devices 
used to determine the depth of carbonation has been 
recently exposed ( 40 ). Among such methods and 
devices can be mentioned those consisting on colou
red indicators ( 63 ), radioactive tracer elements and 
neutronic radiography ('64 ), porosity measurements 
( 65 ) (^^ ) an<3 diffusion techniques ( 67 ), all of them 
summarily described as well ( 40 ).

One of the last equations proposed for carbonation 
kinetics, very sirojlar to others previously suggested 
has been x = a. t ' 4. b ( 35) ( 37 ) ( 53 ), in which 
x (cm) is the depth of carbonation, t_ (years) the time 
and a and b coeficients variable with a great number 
of factors and parameters. Other equations relate the 
amount of CO2 fixed to the square root of CO2 con
centration ( 45 ).

The depth of carbonation of a fully compacted and nor 
mal cured concrete is largely determined by tempe
rature (45) and by the w/c ratio in an almost linear 
relationship ( 61 ), through other opinion is that opti
ma w/c ratios -low in general- favour maximum car
bonation ( 45 ). Depth is also determined by the type of 
cement: other things equal, carbonation penetrates 
deeper in concretes made with blast-furnace slag qe- 
ments and pozzolanic cements (and so much so the 
higher their contents of pozzolan or slag) than in port 

land cement concretes. The reason seems to be the 
different proportion of "carbonatable" products in 
portland cements and in cements other than port
land ( 61 ) -lower content of Ca(OH)2 in the latter-. 
These relationships are qualitatively valid either for 
spontaneous outdoor or indoor carbonation, or for 
accelerated carbonation in chamber. In general, blen 
ded cements containing slags, pozzolans or fly-ashes 
carbonate faster than portland cements, and ordinary 
portland cements quiker than high-early strength port 
land cements. In fact, in blast-furnace slag cement 
concretes or in pozzolan cement concretes depths of 
carbonation have been observed one and half to twice 
than those corresponding to similar portland cement 
concretes ( 36 ).

Studies on artificial carbonation of hydrated as well 
as anhidrous portland cements submitted to later hy
dration have been recently carried out. In the case 
of hydrated cements ettringite, portlandite, vaterite, 
calcite, anhydrous C3A and (in short term hydration) 
gypsum are present. The non-carbonated phases are 
in proportion lower than in the case of not carbonated 
cements. As far as ettringite is concerned, it has 
been suggested that a decomposition process such as:

C-A (CS).H.- 4. 3 C---- ► 3 CC-hAH + 3 CSH, 4
3 ' '3 32 x 2

+ (32-X-6) H
could take place ( 49 ) ( 50 ). If CO2 acts on the 
same cement paste cured in humid conditions during 
much longer period, portlandite and ettringite are 
present in lower proportions, whereas calcite and 
vaterite show a considerable increase. Moreover, 
monosulfoaluminate present in notcarbonated paste 
cured in the same conditions disappears. This has 
been attributed to a decomposition by CO2 similar 
to that suggested for ettringite (49 ).

In the case of carbonation of anhydrous cement pre
vious to its hydration, anhydrous C^A, ettringite, 
carboaluminates, portlandite and calcite have been 
found in pastes cured during short periods; in addi
tion, vaterite and monosulfoaluminate are also pre
sent but anhydrous C^A is absent in pastes cured = 
during longer periods. Carbonated phases are more 
abundant in this latter case. On the other hand, car
boaluminates have not been detected in pastes of the 
same portland cement previously submitted to a long 
er and more intensive carbonation. It has been also 
suggested that water liberated in carbonation (from 
Ca(OH)2 mol-to-mol with respect to CO2 fixed) 
according to:

CH Ä. CH Hr 2+ oh-5 cc . H 
solid solution 

solid
aids to the hydration. Nevertheless, carbonation of 
anhydrous cement seems to slow the hydration in bulk. 
This is patent in the lowering of tensile strength of 
the corresponding pastes of carbonated anhydrous 
cements (48 ) ( 49} ( 50).

Carbonation mechanisms in clinker minerals -pure 
compounds- seem to lead to products of different na
ture and texture, depending on conditions and parti



cularly on humidity. Early carbonation of C^S-solid 
solutions gives granular products which further on 
turn into calcite, except in low humidity conditions. 
At early carbonation whisker products are formed in 
the caseofc/^CzS and angular plates are developped in 
the case ofo^' and^J -C2S, which grow to form stick 

structures in the case of ß-C-^S. All these formations 
correspond to the simultaneous formation of aragonite 
accompanied by vaterite ( 68 ).

Carbonation affects in one or another sense to seve
ral properties of cements themselves and of concre
tes, depending on particular conditions and on the 
fact that it may act spontaneously or in a forced and ■ 
controlled manner, either on anhydrous or on hydra
ted products with different degrees of hydration ( 40) 
(48 ).

Carbonation of hydrated cement may be beneficial in 
some cases ( 6 9 ). So, it may enhance strengths 
-which is known since long time ago and has been 
more and more confirmed ( 38 ) ( 40 ) ( 70 )
( 71 ) ( 72 ) ( 73 ) ( 74 ) ( 75 ); it
may also improve the durability in different aggres
sive media ( 7 5 ) (76 ) ( 77 ) ( 78 ) ( 79 )
(80 ).( ). In fact, either spantaneous or
previously induced carbonation of concrete may pro
tect it to some extent against acid attack in a similar 
way -and by similar reasons- as does the use of 
limestone aggregates in concrete ( 23 ). Benefits may 
extend to resist aggressive sulfate waters, mainly if 
the attack is produced in conditions of total immer
sion, for in alternative immersion a cracking may be 
produced depending on the C3A content of the cement. 
This is attributed to differential shrinkage due in turn 
to differences in deformation modul of external car
bonated and internal non-carbonated zones of speci
mens ( 59 ) ( 81 ). Improvements in sulfate resistance 
may also be obtained by superficial carbonation of 
sufficiently consolidated concrete ( 27 ) ( 77 ).

In alkali sulfate attack on concrete leaching of lime 
may take place to some extent, which increases alka 
Unity:
SO4-+ 2 Na4 + Ca(OH)2-#- 2 H2O M-------- ►

4---------*■ CaSCr. 2H,O+ 2 Na++ 2 OH-
4 2

if carbonation does not take place:
Ca2+"4- 2 OH-+ CO2------>-CaCO3+ H2O

But more intensive carbonation could form thaumasite 
and plazolite, specially at much longer terms ( 82).

As far as shrinkage is concerned, and old knowledge 
confirmed along the time indicates that carbonation 
seems to increase it, depending on previous curing 
conditions and drying treatments of concrete, and 
also on the conditions of the carbonation itself (75) 
( 83 ) ( 84 ) ( 85 )• Carbonation is worse
when acting on fresh, not yet sufficiently consolidated 
concrete, as softening of its surface takes place ( 27 ).

Artificial (provoked) carbonation of anhydrous port
land cements impairs them causing increases in their 
water demand for pastes of normal consistency and 

in the time of setting (more for final than for initial 
set); it also causes decreases in specific surface, 
compressive strengths (specially at shorter terms) , 
and heat of hydration ( 48 ). The action depends on 
realative humidity (being stronger at RH of 60-70 % 
than of 30-40 %). It manifests chemically in the for
mation of calcium carbonates, carboaluminates and 
carbosilicates (51 ).

At higher RH values more ettringite and calcium car
bonates and less carboaluminates are formed. It has 
been suggested that this is probably due in part to 
the process ( 51 ):

C3ACCH12+ 3 C---- ► 4 CC+ A + 12 H

As "aeration" is intended the atmospheric action 
(spontaneous or not) on anhydrous cements through 
CO2 and H2O. CO2 content in the air may vary in a 
range from 1 to lu, between values of 0. 01 to 0. 1 
per cent in volume (0.03 in average) (35 ). Air mois 
ture expressed as relative humidity may vary bet
ween very broad limits from low RH % to RH 100 %. 
Both CO2 and H2O in air may act conjointly on an
hydrous cements, so that their components may un
dergo either a partial hydration or (and) a carbona
tion depending on the chemical nature and fineness 
of cements. Studies based on IR spectroscopy on an
hydrous portland cements submitted to humid at - 
morpheres have revealed that hydration and carbo
nation may perhaps be interpreted as follows:

Free C+ H-----► CH (I) rapid

C,S+ n H------- »> CSH. -,*■ 2 CH (II) slow
3 _ (n-2)

CH+ C ----------► CC+ H (III) more rapid

Terms "rapid" and "slow" are relative. Processes 
(II) and (III) are respectively controlled (other things 
equal) by diffusion of moisture through hydrated pro 
ducts and by protection afforded by calcium carbona
te covering particles and closing their pores. Pro
cess (III) could explain the tendency of C and CH to 
disappear by aeration of cements, though it could 
be also explained (in the case of a strong humidifi
cation of cement) by a process such as:

C„AF+6 CSH,+ 2 CH9-50 H—«- 2 C.(A, F)(CS).H,- 
42 3 3 32

as alternations observed in IR-bands corresponding 
to water and gypsum coincide with the formation of 
ettringite. On the other hand, strong aeration seems 
to affect to the ferritic phase, lowering its A/F ratio 
to form ettringite ( 48 ).

Carbonation may affect to high-alumina cements du
ring and after their hydration in such a way that in 
CßAH^, 2, 4 or 6 water molecules may be gradually 
replaced by 1, 2 or 3 molecules of CO2 to form_ 
successively "CO2-hydrogarnets" such as CjACH^ 
and C,AC7H , ana finally CaCO- in a matrix of 
A1(OH)3 (865 ( 87 ).



4. - CARBONIC WATER ATTACK

Almost pure waters -natural acid waters, but not 
highly carbonic mineral waters- from mountains and 
snow melting may be aggressive, not only by their 
pH-value, but mainly by their contents of "total", 
"excess" and particularly "aggressive" dissolved 
carbon dioxide, and by their "temporary" -calcium 
bicarbonate in solution- and "permanent" hardness.

All "pure" waters contain a certain amount of "to
tal" dissolved CO^, depending on ambiental condi
tions. A part of it is "fixed" as calcium bicarbona
te; another part is "free". In turn, a part of this 
latter -"equilibrant" CO^- mantains calcium bicar
bonate in solution, according to the equilibrium:

(CO 4- H,O) H-CO t CaCO,—> Ca(HCO,),

Free carbon dioxide in the form of carbonic acid, 
in excess over the amount needed to mantain the 
equilibrium -i.e., the difference between "total free" 
CO, and "equilibrant" CO2: "excess" CO,- may attack 
and dissolve calcium carbonate, if the solution is not 
saturated with calcium bicarbonate, shifting the equi 
librium to the right. But this attack progresses only 
up to reach saturation in calcium bicarbonate, so 
that only a part of the "excess" CO^ (the so-called 
"aggressive" CO^) acts more or less depending on 
the lower or higher initial concentration of Ca(HCO3)2. 
The'temainder" dissolved CO^, if any, does not act 
in this way. Conversely, if "total free" CO£ in solu
tion is less than the corresponding "equilibrant" CO2 
-as is the case in "incrustant" (non-aggressive) wa
ters-, the equilibrium shifts to the links and calcium 
carbonate precipitates. Consequently, the equilibrium 
determines in each moment the aggressivity of a car 
bonic water and hence the possible extent of its attack 
on calcium carbonate.

Excess CC>2 of aggressive waters may attack Ca(OH)2 
from cements, but calcium carbonate formed preci
pitates in the pores of the paste. This is a way to 
compact concrete and, consequently, carbonation by 
carbonic waters may have a beneficial effect for con
crete, provided that no leaching of calcium bicarbo
nate occurs and attack stops by a compaction effect 
near to the surface of the concrete ( 23 ) ( 27 ).

Anyway, all the "excess" COj, can be considered as 
aggressive for concrete and a considerable leaching 
of lime is the outstanding result of an intense and 
continous carbonic acid attack through aggressive 
carbonic water, ( 88).

A schematic exposition of all the preceeding relation 
ships has been developped ( 23 ), which slightly mo
dified could be presented as follows:

Total CC>2 = fixed CC^-#- (total) free CC>2 (I) 

(total) free CO2 (I) = equilibrant CO2 (II) +

4. excess CO2 (III)
excess CO2 (III) = aggressive CO2+ remainder CO2-

Considering excess CO., as aggressive for cement, 
classification of carbonic waters as far as attack to 
concrete is concerned, may be as follows ( 23):

when I > II 
I =11 
KII

III > 0 (aggressive water)
III = 0 (equilibrated water)
UK 0 (incrustant water)

It follows that for a given total CO2, the higher the 
calcium content in water (hardness) the lower its 
aggressivity. This is specified in standards and re
commendations in terms of "nul", "very weak" (or 
negligeable), "weak", "strong" and "very strong" 
aggressivity, according to the content of aggressive 
(in this case "excess") CO^ •mg/1. - It could be ad
ded that a sure and serious attack is to be expected 
when aggressive (excess) CC>2 concentration is hig
her than 60 mg/1 ( 23 ).

So, natural water aggressivity depends conjointly on 
pH, on lime in solution and on aggressive (excess) 
CO^ content in it. The aggressivity may be lower at 
lower pH-values if the initial concentration of cal
cium bicarbonate in water is higher; conversely, it 
may be higher at higher pH-values if the initial concen 
tration of calcium bicarbonate is lower. In sum, " 
lower pH waters (if highly mineralized: with much 
dissolved CaO) may be less aggressive than waters 
of higher pH (if less or not mineralized) ( 25) ( 27 ).

Other dissolved salts may modify quantitatively the 
relationships so far exposed, as calcium salts in- • 
crease and alkali salts decrease the dissolved car
bon dioxide required to mantain equilibrium, so that 
for given equilibrium conditions the aggressive CO2 
and the corresponding attack is lower in calcium so 
lutions -for instance, in the presence of gypsum in 
solution-, and higher in sodium or potassium salts 
solutions ( 27).

Furthermore, other factors which may modify the 
extent (intensity) and the speed of the attack are the 
renewal of aggressive CO, of waters containing it 
and the percolation of carbonic waters through con
crete ( 25 ). In practice, and other things being equal, 
attack on concrete and concrete resistance to carbo
nic aggressive waters depend conjointly on the thick 
ness of the concrete member attacked and on the ti
me of action of the aggressive water ( 89 )• Thick
ness and time could be considered as conjugated pa
rameters as far as effects and importance of the da
mages caused by carbonic waters are concerned.

Carbonic compounds present in water may Influence 
other types of aggressivity on cement. For instance, 
sulfate attack depends on sulfate concentration and 
also on the pH of the aggressive media, so that when 
both -and even the HCO^-ion concentration- change, 
it is difficult to explain the aggressive action on the 
basis of only one unitary process of attack. In the 
case of a sulfate-bicarbonate combined action, co
rrosion products such as ettringite, gypsum and 
calcium carbonate (calcite) are formed in three main 
different zones from the not yet attacked surface of 
cement paste outwards, as follows: a first inner zo
ne where sulfate action begins, in which the amounts 



of ettringite and gypsum increase, and portlandite 
decreases outwards to a minimum; a second zone in 
which ettringite and gypsum have reached their ma
ximum concentration and the amount of portlandite 
increases to some extent; a third zone in which Ca 
(OH)2 decreases to a practically null value, gypsum 
and ettringite also decrease, and the amount of 
CaCOj increases to a high value ( 90). From ther
modynamic considerations to explain the formation 
of ettringite and that of gypsum it has been concluded 
that both may take place together, predominating the 
latter when cement is richer in CjA. The rate of pe
netration of the attack and the absolute and relative 
thickness of the zones depend on the rate of diffusion 
of SO^'-ions, which in turn depends on the chemical 
nature of the cement paste (90 ).

Similar thermodinamic considerations and calcula
tions have also permitted to determine the (relative) 
stability of hydrated cement minerals and corrosion 
products in terms of their solubilities in aggressive 
media, depending on the composition (anions,cations, 
pH) of their saturated solutions. So, further experi
mental results have confirmed the theoretical previ
sions as to the formation of calcite and gypsum in the 
surface attack of cement paste by simultaneously car 
bonic and sulfate waters ( 91 ).

5. - ALKALI-CARBONATE REACTION

This type of reaction involving alkalies of cement 
affects to some carbonate rock aggregates, as for 
instance very fine grained dolomitic limestones con
taining clay, which are reactive and expansive. The 
problems in this field seems to be to differentiate by 
suitable methods expansive and non-expansive, among 
reactive rocks ( 27 ) ( 92 ).

In the expansive reaction considered as a "dedolomi
tization" (93 ) according to the schema: _
MCC2+ XH----- y MH + CC -b XC

dolomite alkali brucite calcite alkali carbonate

brucite is formed to which expansion and correspon
ding effects are attributed, through processes based 
on inhibition of water and creation of osmotic pre
ssure by semipermeable membrane actions. Contribu 
tion to it is afforded by the weakening of bonds bet
ween rhombic crystals of dolomite. In all these pro
cesses the clay accompaying dolomite is thougth to be 
involved ( 94 ).

Other point of view consider that transformation ol 
dolomite into calcite and brucite according to;

MG + CH ----- b CC + MH

has expansive effects if magnesium hydroxide crys
tallizes forming brucite instead of remaining in gel 
form acting as a binder ( 1 ).

A reflexion of the writter at this point is that, as in 
the case of alkali-silica reaction, alkali-carbonate 
reaction seems to take place with injurious character 
preferently if the concrete is easily -continously or 
periodically- submitted to wet conditions. It should 

be thought if the true main mechanism of expansion 
might be adscribed first of all to osmotic pressure 
phenomena, in which clays may act as semipermea
ble membranes, or to which they may cooperate by 
contributing to the formation of such membranes 
-for instance, affording ions necessary to give them 
a semipermeable character-. This point of view 
could aid perhaps to solve the problem of differen
tiating expanding and non-expanding reactive dolo
mites, in function of their content of clays and of 
the nature of the clays ( 92 ).

6. - ALKALI-AGGREGATE REACTION

Alkali-silica reactions as concrete unsoundness 
causing internal autodestruction is different from that 
caused by an external chemical . attack ( 9 ) and si
milar to that caused by expansive free-lime or free 
magnesia -periclase- in cements. It is not intended 
to deal here in detail with alkali-aggregate (alkali
silica, alkali - silicate ( 95) and/or alkali-carbonate) 
reactions and much less so when so many technical 
papers and excelent compilations, reviews and sum
maries of very interesting papers have been issued 
along the time ( 8 ) ( 96 ) ( 97 ) ( 98 ) ( 99 ) 
( 100 ) ( 101 ) (102 ) ( 103 ) ( 104 ) ( 105)

Among them two have been 
recently issued. The one is a bibliographic compila
tion of 569 references of papers published from 1923 
up to 1975, classified according to dates of publica
tion, countries affected, test methods, laboratory 
investigations, performance of structures and case 
studies, cracking and pop-outs, pozzolans, aggrega
te performance, cement types, preventive measures, 
remedial action, bibliographic reviews and compre
hensive papers and general articles (104). The other 
is a CEMBUREAU confidential "state of the art" re
port on alkali-aggregate reactivity in concrete, of 
about hundred pages, containing three appendixes 
dealing with glossary of terms, rock names and si
lica forms involved in reaction, references on aggre 
gate classification and description, additional refe
rences -to (104)- on alkali-silica reactivity and fi
gures, maps, graphics and photographs (105). Tech
nical papers not only dealing with the current pros
pects on the possible future trends in alkali-aggre
gate reactions and expansions, mainly as far as - 
their mechanisms are concerned, have been publi
shed by some of the main personalities specialized 
in the theme (106) (107) (108).

Nevertheless, some considerations will be made on 
the outstanding chemical mechanisms, as the not 
well known but extensively described alkali-silica 
reaction presents many peculiar aspects not easy 
to explain and not yet fully or satisfactory explained.

Two types of alkali-aggregate reactions have been 
traditionally considered: alkali-carbonate (dealt with 
elsewhere in this paper) and alkali-silica reaction. 
As far as the possibility of a third type, that of alka
li-silicate reaction, it seems to be adscribed to so
me phyllosilicates, and when attributed to some



"argillaceous dolomitic limestones" is not to be ei
ther confused or mixed with the alkali-carbonate (se^ 
cond type) of alkali-aggregate attack (109) (110).
Each of them are possible, wether isolately or con
jointly. Alkali-silicate seems to proceed much more 
slowly and with but very little or negligible gel for
mation. But this is also possible in specific cases 
of alkali-silica reaction which may take place simul 
taneously. Nevertheless, the mechanisms and kine
tics of controverted alkali-silicate reactions are far 
from being known and explained (109). Calcium hy
droxide attack on clays and feldspars, in which tetra 
calcium aluminate hydrates, alkali silicates, hydro
garnets and free alkalies are formed depending on 
the type of feldspars involved, has been suggested 
as possibly related to cement (alkali)-aggregate reac 
tion (111).

Some principal factors have been mentioned as go
verning the expansive alkali-silica reaction: crys
tallinity and (induced) changes in crystallinity of ac
tive parts of aggregates (112); "opaline" nature, 
amount and particle or grain size of reactive mate
rials; amount and alkali content of cements; and water 
availability. As to the nature of the'reactive mate
rials, those containing glassy amorphous (hydrated), 
cryptocrystalline and microcrystalline forms of sili
ca, or crystalline silica with lattice defects able to 
absorb water ( 21 ) are the more active. Studies on 
specific reactivity of rocks and minerals have revea 
led that, depending on materials, the degree of strain, 
the microstructure, the crystallite size, the degree 
of disorder in the structure, the amorphous charac
ter, the hydrated condition and the acidic nature of 
natural volcanic glasses, the alkali cation -sodium 
or potassium- of syntetic glasses and the micro- 
porous channel system of materials, are factors in
fluencing the reactivity. The combination of some 
of the more decisive factors among those mentioned 
may explain the higher susceptibility of certain ma
terials such as opal, as well as their expansive and 
damaging actions, even when in very low proportions 
in aggregates ( 98 ). In fact, it has been found
that silicious aggregates showing a high IR absortion 
corresponding to OH bands, probably are alkali reac 
live. This seems to be in agreement with the hydrated 
character of the amorphous reactive silica, as in 
the case of opal ( 1 ) (113).

On the other hand, it has been stated that expansion 
is not always proportional either to the alkali con
tent of cements or to the cement content of concre
tes -both determining mainly the total content of al
kalies in concrete- ( 27) ( 114 ) ( 115 ). So, the 
heating-cooling and the wetting-drying exposure in 
accelerated testing of cement-aggregate combina
tions show a lack of close correlation between expan 
sion measured and alkali content of cements. This 
means that although alkali-silica reaction may con
tribute to produce expansion during the testing, the 
incompatibility of the cement and the aggregateTn 
combinations tested is independent -or not only de
pendent- on the expansive alkali-aggregate reaction, 
as very large expansions may be observed in speci
mens containing cement of very low alkali content. 

whereas reaction rims may not appear on potentially 
alkali reactive aggregate particles ( 29).

The limits of alkalies (equivalent NazO contents) in 
cements causing sensible expansions recently seem 
to tend to be enhanced -about 20 % from 0, 9 to 1,1
( 21 ). This might lead to consider if a similar crite
rion should be applied to the specification limits in 
cement standards, as far as the present limits -in 
general 0, 6 %- are concerned, affecting to the so-ca 
lied low-alkali cerrents. Such a consideration would 
be consequent with the spare of energy and lowering 
of fuel consumption in cement manufacture recomen
ded by the International Energy Agency.

As far. as the nature, amount and particle size of reac 
tive material in aggregate are concerned, it has been 
claimed that there is no clear quantitative relationship 
between them and expansion caused: expansion is some 
times greater far lower amounts and medium-size par 
tides than for higher amounts and smaller or greater 
particle sizes. Moreover, increases of reactive mate 
rials in concrete may sometimes cause decreases in 
expansion ( 1 ). All this -and sometimes the reverse- 
depends in turn on the degree of reactivity of the ma
terial itself ( 27 ) ( 114 ) ( 115 ), i. e., on the na
ture of the rocky material or artificial product, for 
instance, pyrex glass ( 1 ). Some standard test me
thods show that highly reactive aggregates may produce 
a smaller expansion than do considerable less reacti
ve aggregates. This seems to depend on the content of 
reactive constituents and on their proportion as com
pared with that corresponding to the most unfavoura
ble ratio of available alkalies to reactive, silica. Neve£ 
theless, it is not advisable to use highly reactive 
aggregates with high alkali, cements, even though they 
may show a small expansion in a given standard test, 
whatever may be it ( 29 ).

Other different points of view consider that there seems 
to be an amount -concentration- and a range of parti
cle sizes for which expansion is maximum. Mention 
is usually made since many years ago to "pessimun 
condition" of an active aggregate: maximum expansion 
for each size range, depending on the proportion of 
susceptible material in it; or for a given proportion, 
variable with size range -and depending on total con
tent of susceptible material in total aggregate- (116). 
So, pessimum condition appears easier and with higher 
values of expansion: i) for higher proportions of reac 
tive aggregate, the coarser it is; ii) for lower propo£ 
tions of it, the higher its reactivity and/or the higher 
its density (the lower its porosity), as dense pore-free 
structures of reactive aggregates favour expansion; 
iii) for different (decreasing) proportions of reactive 
aggregate, depending on cement nature (portland, 
blast-furnace slag cements with increasing slag pro
portions); iv) for different (increasing) total alkali con 
tents in cement, depending also on the cement nature; 
v) the higher the cement content in concrete (116).

The external manifestations, i. e., the appearance of 
the expanded specimens is different depending on the 
size of the expansive aggregate particles: exudation 
over them appears as an uniformly distributed fine 
white powder when expansive aggregate is fine, whereas 



the exudation is transparent and presents a spot-pat
tern distribution when the aggregate is medium to 
coarse; the coarser the particles, the larger the 
sponts. Generation and size of cracks also depend on 
the grain size ( 1 ) (117).

Not only the appearance and aspect, but also the com 
position of the alkali-silica gels -as well as that of 
the rims- formed in alkali-opal reaction and deposi
ted in cracks, may be very significant to interpretate 
the expansion mechanism, in function of the distance 
of gels to the reaction sites. Exudations of specimens 
containing opal show calcium, potassium and silicon, 
whereas those of specimens free of opal only show 
both cations ( 118 ). So, opal is transformed into a 
calcium silicate hydrate of low basicity, but the cal
cium content of the gels formed and accumulated in 
cracks is lower in the zones of gels close to reac
tion sites, whereas it increases greatly in the zones 
more distant from the sites ( 119 ).

Nevertheless, despite the generally accepted opinion 
that critical reactive aggregate particle size ranges 
-variable with the nature of the material ( 1 )- are 
necessary for the expansive action, modern results 
show that fineness of aggregate -size particle under 
a given value even lower than 50 microns down to 
30-20 microns- is not a guarantee that an active (opa 
line) material will be innocuous, though customarily 
it is thought that innocuity refers to expansion, not to 
alkali-aggregate reaction.

As to the lack of a general direct relationship between 
the extent and rate of the chemical alkali-silica reac
tion and the expansion -not always involved in it-, one 
of the difficulties has been the problan (notwell solved) 
of measuring the extent and rate of the reaction, for 
the measurement of the expansion is solved. A propo
sal has been made to determine the extent of reaction 
based on determinations (and corrections) of total al
kali content in pore liquid of reacting mortars and in 
that of blank mortars. Differences between the latter 
and the former values referred to the corresponding 
ages, expressed as percentages of the total alkali 
provided by the cement and plotted againsttime give 
the trend of the alkali consumption in reaction. Fur
ther hypothesis on stoichiometry (average value of 
(K-O+ NaO2)/ SiO2 mol ratio of 0, 25) of the alkali- 
-silica product formed permits to calculate the ac
tive silica consumed at each age by reaction in some ■ 
given experimental conditions (120). Among the se
veral factors influencing the method, one of them, 
that of the possible "reciclation" of alkalies displa
ced by calcium after reaction with silica -to form 
a more stable calcium-alkali silicate (that of a semi 
permeable membrane? -see later-) needs further 
consideration, as it may cause an underestimation of 
the extent of the alkali-silica reaction (120).

On the other hand, large expansion is not always 
accompanied by severe local cracking ( 10 ) ( 118 ). 
Differences to be attributed to grain size, as far as 
expansion is concerned, are more related to the ra
tes and relative amounts of expansion than to the 
character of it. So, there seems not to be a limiting 

size of aggregate over 20-30 microns below which 
expansion will not take place, though expansion due 
to the finer particles is sudden and complete in short 
periods, whereas that of larger particles is slower 
and more gradual and delayed. In the author's opinion 
the influence of the grain size is one of the many dark 
points in the alkali-aggregate problem, and this seems 
not to be consistent with the use of very finely ground 
expansive aggregate rocks and other materials -pozzo 
Ians, fly-ashes and slags- added to cement to avoid 
the effects of alkali-silica expansive reaction ( 27).

Another very important factor determining.alkali-si
lica expansive reaction is the initial moisture content 
of the aggregate and the availability of water to be 
absorbed and fixed -in the presence of alkalinity 
(OH-)- causing expansion ( 1 ). In any case it seems 
that permanent or almost permanent wet conditions 
are necessary for expansive reaction (21 ). The ex
tent to which the presence of water is determinant 
for the reaction -other necessary conditions for it 
being fulfilled; highly reactive particles in propor
tions, sizes and amounts favourable for expansion, 
and high contents of high-alkali cement in concrete- 
has been emphasized by the fact that inhibition of 
drying in concrete samples shows that the moisture 
content of massive concrete is sufficient -but also 
necessary- to cause deleterious alkali-aggregate 
reaction (121).

An important paper has been attributed to the OH - 
-ions in the mechanism of the reaction, as it has 
been claimed that they may attack silicious aggrega
tes more intensively after the early reactions of hy
dration, when the depletion of sulfate-ions permits 
a higher OH- concentration due to the higher solubi
lity strength and dissociation of the alkali hydroxides 
formed with alkali cations ( 97 ). This is the me
chanism by which alkalies forming sulfates -accor
ding to the writter in "saline" form- may pass to act 
as alkalies in "caustic" form. In fact, the expansive 
reaction seems to be conditioned by the pH of the li
quid phase, determined in turn by the type and amount 
of dissolved alkali ions ( 21). But OH--ion concentra 
tion seems to be the main governing factor, rather 
than alkali cations, which can influence the physical 
nature of the products formed and the rate of the ex
pansive reaction and cracking. In fact, the experien
ce seems to indicate that it is only in concretes with 
high hydroxil-ion concentration where attack on reac 
tive aggregates can be expected. Such high concen
trations are easier and earlier reached with high
-alkali cements, as are those favoured by new ma
nufacturing technologies developped even prior to 
fuel shortage ( 97 ). "

All these complex and seemingly contradictory facts, 
as well as the stresses and "map cracking" result
ing from reaction between some silicas and alkalies 
have been more or less convincingly but logically 
and generally interpreted (27 ) ( 122 ), as several 
mechanisms have been proposed to explain reaction 
and even expansion due to it ( 95) ( 97 ) (HO).
Among them, some assume that reactive silicious 
material may form with alkali and Ca(OH)z wether 



a solid non-expansive complex calcium-alkali-silica 
compound, or a solid complex alkali-silica compound 
able to expand by water imbibition. The formation 
(and the order of formation) of the one or the other of 
both complex compounds seem to depend on the rela
tive concentrations of alkalies and calcium hydroxide, 
and on the surface of the reactive material: in low alkali 
concentrations the non-expansive compound forms 
first and the process may continue without expansion, 
if the amount of reactive material Is either neglige- 
able or higher than a critical value, which depends on 
the alkali available and on the fineness of the active 
material. In high alkali-ion concentrations the expan
sive product first formed is a more or less fluid alkali 
silicate gel, whose imbibition and osmotic swelling 
may develop pressure depending on the proportion of 
reactive silica and available alkalies ( 29 ). The ex
pansion may be stopped only when the active material 
presents a surface for reaction great enough (very 
many reactive particles and/or sufficiently fine) to 
substitute the expansive reaction by the non-expansive 
one ( 27 ).

The swelling of susceptible aggregates to alkali hydro 
xide solutions or that of gelly alkali silicates by water 
imbibition (123) have also been invoked, more or less 
in connection with the lack of space to accomodate al
kali silicate reaction products of greater volume than 
that of the original reactive particle ( 95 ) (124). The 
osmotic pressure created in dilution of concentrated 
alkali-silicate solutions formed in reaction, by pas
sing water through a silicate semipermeable mem
brane -see later- has been also proposed and sus
tained ( 95) (124).

The higher expansion produced in specimens containing 
mainly sodium rattier than potassium ( 1 ) has been ex
plained on the basis of a much greater increase of 
volume in the case of hydrated sodium silicate forma 
tion. In a similar manner, the lower expansions ob
served when litium or barium salts are present have 
been explained in terms of the lower solubilities of 
the respective silicates formed (99).

In the writter's opinion -see later- a complementary 
-more detailled- explanation could be perhaps that a 
true semipermeable membrane of a complex silicate 
(of calcium and other cation) giving place to a "true" 
osmotic cell is more easyly and effectively formed 
when the cation is mainly sodium. Then, the osmo
tic pressure action of the "true" cellis maximum, as 
well as the corresponding expansive and disruptive 
effects (125) (126).

Suggestive explanations of expansive alkali-silica reac 
tion have been given and recently actualized conside
ring the nature of the reaction products formed in rims 
and cracks of reaction zones ( 96 ) ( 126 ): hydrated 
silica gels, alkali silicates of sodium and/or potassium, 
and complex alkali-calcium silicates. Not all of them 
are considered as producers of expansion, for sodium 
and potassium silicates, when in vitreous condition or 
in solution are stable. On the other hand, it has been 
invoked that when SiO2 reacts with alkali hydroxides 
the volume of the alkali silicates formed is smaller 

than that of the original reacting products. So, no 
expansion should be expected based on the forma
tion of pure alkali silicates. Moreover, silica gels 
are also stable, so that expansions from that alkali- 
-silica reaction should be based mainly on physico
chemical schemas other than hydration or imbibi
tion of alkali silicates or silica gels, such as the 
following:

SH + MH----».MSH , , = MS. (n+ 1) H
n n + 1 ' '

S H 4- MH—eMS H , . = MS .(n+l)H 
x n x n+ 1 x ' '

(here M is either Na£O or an<^ x = 3 in general) 

or: S + nH------ » SH = S.nH
n

SH + y H-----► SH = S. (x+ y) H
x x^-y

A point of view widely shared among many authors 
considers that expansion is primarily a consequence 
of the formation and widening of cracks due to me
chanical pressure exerted by reaction products 
( 127 ). But this sees not to be in accordance with 
experimental results showing expansions with no 
significant crack formation ( 118 ).

Osmotic pressure effect has been also suggested many 
years ago and supported by many authors since then, 
as causing expansion ( 128 ) ( 129 )■ For it it is
necessary the existence (the formation) of a semi
permeable membrane through which diffusion of ions 
•and molecules may take place, so creating a high 
differential pressure between both sides of it'. It has 
been suggested that the membrane may consist in 
complex alkali-calcium silicates of variable and not 
well defined composition or stoichiometry -polysili
cic complexes with metalic ions, oxides and hydro
xides adsorbed- ( 96 ) ( 126 ), formed according
to the schema ( 126 ).

X S+y CH+ z MH+ (n-m)H—► S C M H, .
x y z (y+z-rn-m)

probably in two steps. In the first one the disperse 
alkali in solution acts on a localized alkali silicate

x S+ z MH+ n H----* S M H, .x z (n4- z)

In the second one the disperse calcium hydroxide in 
solution may act on the alkali silicate first formed 
to give by partial cation exchange the localized com
plex compound previously mentioned, with liberation 
of^alkali, ready for further action:

S M H. ,+ yCH---->S M, ,C H. . *mMH
x z (n+z) x (z-m) y (n+z+y-m)

This schema is consistent with a point of view con
cerning the role of calcium. It states that in solutions 
highly concentrated in alkali ions and hydroxil ions 
from moderately high-alkali cements the calcium ion 
concentration drops in a few days to a very low value 
corresponding to saturation of Ca(OH)2. Afterwards 
it drops again to vanishingly small levels in a few 
months. It implies a possible isolation of portlandite 
from the pore solution, probably caused by a low-lime 
calcium silicate. This induces to think that calcium 



should not significantly participate in the initial reac 
tion product of alkalies with susceptible aggregates. 
Instead of it, it seems that sols first produced, flow
ing through open cracks (130) (131) (132) (133). In their 
way outwards take from portlandite crystals calcium, 
which they finally fix, simultaneously lossing a part 
or their content in alkalies which diffuse all around 
{130)- In fact, complex compounds of the type CKNSH 
in the form of amorphous "expansive" gels are pro
duced in the alkali-silica reaction (134),

On the other hand, the possible decisive influence of 
abundant calcium ion has been previously recognized 
and since widely accepted ( 97 ) through a some
what different interpretation: that of the "safe" reac
tion products corresponding to limited -swelling gels 
rich in calcium and "unsafe" reaction products co
rresponding to osmotically active gels richer in al
kali cations ( 122 ) potassium and sodium (but not 
lithium -another dark point in alkali-aggregate reac
tion- (135). .

It is well known that semipermeable membranes con
sisting in insoluble amorphous gelly masses of po
lysilicic anions with adsorbed metalic ions, oxides 
and hydroxides showing undefined compositions ( 96 ) 
( 126 ) may be formed when polivalent metal (Fe, 
Ni, Co, Mn, Ca, etc.) salts are put in contact with 
solutions of alkali silicates ( 96 ), according to a
schema more or less like this:

n Na^SiOji- n FeCl^* (3/2n+ x+ y+ z) H2O -----►

___ ► (m-r) SiO2. (m-3/2n)Na2O;jdi2(->iTSiC>2-yH2O +

+ nFe(OH)3. zH2O+ 3n NaCl

Other important factors conditioning the semipermea 
ble and ion-interchanging character of the membrane 
able to create osmotic pressure are temperature, 
time of contact, and more particularly the proportion 
of its components. Membranes rich in highly and ra
pidly reactive silica are impermeable. To lower con
centration of alkalies correspond higher concentra
tions of CH in the liquid phase and consequently highly 
calcic impermeable membranes. Therefore, there 
seems to exist a relatively narrow range of propor
tions and compositions most favourable to the semi
permeability and hence to the creation of osmotic prejs 
sure. This range, depending on the composition and 
concentration of reactants in the liquid phase, corres 
ponds to a sort of new notion of the concept of "pes
simum" advanced long time ago ( 136 ) to express 
the highest probability of destructive expansion.

The statement that early cracking precludes the for
mation -or the permanence- of "true" osmotic cells 
should be taken in the sense of "classical" osmotic 
cells formed by an intact and "real" semipermeable 
membrane. Otherwise, it is possible to imagine the 
formation and the permanence of "virtual" osmotic mem 
branes from gel structures, in such a way that solute 
ions electrically or chemically attracted by the gel 
framework are hindered to move freely, according 
to decreasing concentration gradients; consequently, 
the solvent -water molecules- moves in opposite di

rection so generating osmotic pressure in confined 
zones, even in the absence of "intact" membranes 
( 100 ). In the author's opinion this could be an
acute eclectic interpretation linking swelling of gels 
by water absorption and true cells acting by osmotic 
pressure. ,

Finally, other things related to concrete characte
ristics being equal, an important last condition is 
necessary for osmotic pressure expansion to pro
ceed: the presence of water -liquid water- to be dif
fused by endosmosis through the semipermeable 
membrane. This implies a "permanent" contact 
of concrete with water; otherwise, even if the re
mainder favourable circumstances for "pessimum" 
condition are given, expansion by alkali-silica reac 
tion does not take place ( 96) ( 126)

This vision of the alkali-silica expansive reaction 
mechanism enables interpretations of factors other
wise difficult to explain: the action of inhibitors such 
as pozzolans or other finely ground and highly active 
silicious materials -even the reactive aggregate it
self- in shifting the membrane composition from its 
"pessimum" condition, and dispersing the intensive 
local actions changingthem by much numerous and 
much weaker diffuse actions; smaller expansions 
observed with higher alkali cements and conversely; 
absent or much lower expansion when external water 
is not sufficientely available, etc. ( 96 ) ( 126).

According to the foregoing, some questions arise to 
the author's consideration. One first is the possible 
influence of the form in which akalies are present 
in cements ( 97 ) -"neutral saline" form (as sul
fates) and "basic saline" form (combined with cal
cium silicates and aluminates)- on the composition 
of membranes, and therefore on the possibility of 
expansion. A complete bibliographic compilation on 
alkali compounds in clinker, as well as on crysta
lline modifications of clinker phases by alkalies has 
been recently published (137). In the same way, a si 
milar compilation on the influence of alkalies on the 
morphology and structure of hydration products, as 
well as on other aspects affecting stability and dura
bility of cement pastes has been recently issued too 
(138).

If the influence of the form in which alkalies are pre 
sent exists -and it is considered to be so ( 97 )- 
another second question to be considered is wether 
the total content of alkalies in cements or the par
tial content of them in one or another of the mentio
ned forms are mainly responsible for expansive reac 
tion. If one of the two mentioned partial contents is 
more determinant of the expansion than the other 
-and if the value of the ratio K2O/Na2O is also deci
sive-, a third question arises concerning the justi
fication of limiting to 0. 6 % in cement standards the 
total alkali content (as equivalent Na2O) of the so- 
called low- alkali portland cements considered as 
more safe, as far as alkali-silica expansive reac
tion is concerned. In fact, it has been still claimed 
that the effect of the alkali content of a given cement 



should be at least partially a function of the state of 
combination of the sodium and potassium in the ce
ment, as well as of their total content. Most of the 
soluble portion of alkalies occurs as sulfates, either 
in the form of aphthitalites NK4S5 to NK5S6 or cal
cium langbeinite KC2S3, or in the form of carbonates, 
equivalent to hydroxides. Insoluble -less rapidly so
luble- portion of alkalies is combined in silicate 
(K,N)C23Sj2 and aluminate -ferrite- (K.NjCgAj pha
ses and the respective solid solutions, their speed of 
solution depending on their rates of hydration ( 97).

Moreover, alkalies may come not only from cement 
-clinker- but also from added materials (pozzolans, 
slags, fly-ashes), weathered aggregate constituents, 
concrete admixtures, sea-water or deicing salts, so 
that variable limits specified in standards for cements 
seem to be of less value than the effective amount of 
alkali present in a given volume of concrete -kg of 
eq. Na2O/m^-in order to assess the extent of alkali

-aggregate reaction. In fact, for given "pessimum" 
conditions not always cements of higher alkali con
tent give maximum expansion. Nevertheless, expan
sion is higher in general the higher the cement con
tent in concrete. On the other hand, concretes with 
medium to low contents of high-alkali cements may 
not always show deleterious alkali-aggregate reac
tion according to actual results in practice (116) (139). 
Furthermore, some other laboratory tests have shown 
that their results either correspond to those observed 
in practice or -if not- they are placed on the safety 
side (140).

Laboratories are making progress in the development 
of more rational guidelines governing specifications 
limiting the alkali content of cements. Attempts are 
being made to specify the total amount of alkalies per 
cubic meter of concrete, rather than to fix limitations 
to the total alkali content of cements (141). All this 
is duly justified because it has been claimed that high 
alkali content in cement -even together with a highly 
reactive aggregate- does not necessarily produce 
relative great expansion and damage, but even may 
reduce them. Despite that the rate of silica reaction 
is increased, when increments in alkali content in ce
ment are higher than an arbitrary and variable value 
they do not increase expansion, but reduce it. Then, 
large amounts of alkali react rapidly to form gelly 
reaction products with a Na2O/SiC>2 ratio high enough 
to be fluid -or even to pass quickly from gel to sol 
state by water adsorption-. The sol formed or the 
fluid gel, if not fully confined, penetrate and accomo
date in pores and free spaces around reacting parti
cles, neither exerting mechanical pressure nor pro
ducing damage (131) (132). Thism'ay make difficult to 
consider, at least in general, that the factor governing 
the kinetics of expansion is either the formation of al
kali-silica compounds or their swelling ( 118 ).

All these aspects among others have been recently 
exposed ( 126 ). It seems that they claims for atten
tion on further research in order to proof if the pre
sent limitation of total alkali content in cement stand
ards is operative and justified or not, as compared 
with the influence of other various factors involved 

in the expansive alkali-silica reaction. If not, there 
is no reason to mantain limitations affecting adver
sely the fuel consumption, particularly in most of 
the present more economical cement manufacturing 
processes ( 126 ). In any case, according to the 
preceeding considerations, it seems to be clear that 
in the case of a possible and probable expansion to 
be fear by the use of susceptible silicious aggregates, 
Portland cements, either low in alkalies or not, are 
not the most adequate to make concrete free of da
mages by expansion. Anyway, blast-furnace elag 
cements -and pozzolanic cements- seem to be more 
idoneus, partially because they permit a higher total 
alkali content in clinker, as established in most of 
the standards (142).

As final considerations it is worth wile to expose so
me of the more recent observations and conclusions 
concerning alkali-aggregate reactions. Among them 
(108): i) that the increase in reports of reactions du
ring last years in several countries is important; 
ii) that more parameters and a variety of climatic 
conditions wider than that so far considered seems 
to be involved in reaction; ili) that very quick and 
very delayed reactions have been reported, not co
rresponding to long term field performance or to 
laboratory test behaviours of specimens; iv) that, 
these facts, as well as many other factors question 
the reliability of the testing methods and criteria to 
detect, to evaluate, to foresee and to prevent damages 
from alkali-aggregate reaction. This could be preci
sed as follows: i) low-alkali portland cements may 
cause deterioration -the opposite could also be in
voked-, so that the limit of 0, 6 % equivalent NazO 
does not constitute a guarantee, and so less so as 
the alkali content of pozzolanic materials, slags and 
certain rocks -an overlooked factor- seems to be 
potentially operative; ii) aggregates earlier consi
dered safe must be reconsidered, as they may react 
and cause expansion and even deterioration, depending 
on their mineralogy and chemical (soluble) consti
tuents other than SiO2 -another overlooked factor out 
of control-; iii) the mechanical simplicity of tests 
based on expansion of mortar or concrete bars does 
not correspond to the physicochemical complexity of 
the reaction and expansion kinetics, in which many 
internal and external factors and parameters not 
(duly) taken into account or out of control do in fact 
influence ( 108).

A critic and objetive panoramic exposition of alkali- 
-silica problem recently presented (107) states that 
the more extensive and deeper the partial knowledge 
about it, the more complex and difficult seems to be 
its solution. Questions not yet solved, among others. 
are: 1) how and why disperse alkali-silica gels for
med on discrete active particles of aggregates create 
locally accumulated expansions, as expansive imbibi
tion of gels would exige integration of local efforts to 
produce fracture; ii) the true Influence of the "pessi
mum" proportion (amount and granulometry) of reac
tive aggregates and the ratio of inactive to expansive 
aggregate giving maximum expansion, as well as the 
dependence of pessimum proportion on many other 



different and variable factors; iii) the difficulty to 
establish a classification of different aggregates in 
types according to their alkali susceptibility (which 
does not permit to generalize testing methods, crite 
ria for evaluation and preventive measures); iv) the 
preventive effect of pozzolans and the influence of 
their nature, as well as that of their alkali content, 
which makes it difficult to classify pozzolanic mate
rials according to therir more or less beneficial 
action. The paradoxal conclusion to be drawn from 
the dark points preceedingly exposed is that the broad 
knowledge obtained up to date only serves to recognize 
the enormous complexity and difficulty of the problem, 
but it hardly aids either to foresee better the alkali- 
-silica expansion or to prevent it. A secondary con
clusion in which the writter agrees is that much sys 
tematic and cooperative basic and applied research 
is needed, as well as a better application of the know 
ledge still gained and to be gained in the future on the 
chemistry of silicates (107).

Many aspects of cement research, some of them dea
ling with durability, are or seem to be in conflict 
with some of the main present guidelines in cement 
development. This is particularly the case of alkali
-aggregate reaction as far as fuel consumption and 
profit of certain raw materials and by- products in 
cement manufacture are concerned (7 ). On the 
other hand, in the field of durability as well as in 
many other fields, most of research work runs around 
the same themes, using the same methods, applying 
the same ideas and arriving repeatedly almost always 
to the same partial and not decisive conclusions. As 
mentioned somewhere ( 7 ), as far as shrinkage is 
concerned, our present knowledge on durability either 
in general or in whatever specific aspect of it such 
as alkali-aggregate reaction in particular-, it is by 
no means proportional to the effort made and to the 
number of papers published since the beginning of the 
century. In fact, up to the present time the problem 
of alkali reactivity has been studied during more than 
thirty years. No clear conclusions have been reached 
on the mechanisms of reactions, expansions and de
teriorations, neither in the more common case of al
kali-silica reaction nor in the more complex one of 
alkali-silicate reaction. Reasons for it may be the 
many variables involved and their simultaneous inte£ 
actions creating feed-back problems which must be 
necessarily taken into account to establish test me
thods and criteria to evaluate test results ( 95 ).
These also depend on many other factors involved in 
active materials to be tested, even other things being 
equal (143) (144).

Tais is perhaps, among many others, a case in which 
a work of Synthese on the basis of a wide interdisci
plinary cooperative research, in addition to an almost 
exclusive basic research would be of profit to go on
wards. Probably such a Synthese would serve to fix 
directions and guidelines according to which further 
research should be orientated (7).

7. - ATTACK BY CHLORIDES AND DE-ICING SALTS

ON CONCRETE

It has been examined and described the actions 
(mainly physical) and the effects of chlorides -CaC12 
and NaCl- used as ice-removing salts on concretes. - 
Studies on de-icing salts and concrete resistance to 
them have been recently carried out and published 
(145). The characteristics of the concrete void and 
cement paste pore systems, the presence of admix
tures (particularly air-entraining agents) and the na
ture of the tests (based either on immersion or in 
surface application) have influence on the effects 
caused by the crystallization pressure created on 
ice formation. Several papers on this matter have 
been reviewed recently ( 1 ).

As far as the influence of the void structure of con
cretes is concerned, it seems that a sufficient (mi
nimum) amount of micro-air voids in concretes is 
needed to impart them an adequate de-icing salts 
resistance, provided that the void distribution and 
the maximum distance between voids are also ade
quate ( 21 ).

Two different mechanisms have been proposed to 
explain the attack of concrete by saturated calcium 
chloride solutions, depending on its low or high w/c 
ratio, and without taking into consideration freezing 
and thawing cycles. In the case of low w/c ratio lar
ge weight losses and degradations are observed, which 
cause loss in strength without expansion. This has 
been attributed to leaching. In the case of high w/c 
ratio weight gains and large expansions are produced, 
and degradations and loss in strength are observed 
due to crystallization. Nevertheless, more compli
cated seems to be the explanation in the case of 
(practical) intermediate w/c values (146).

On the other hand, two factors must be taken into 
account to explain the successive actions of de-icing 
salts -CaClg. NaCl- in concrete, according to more 
recent points of view. The one, physical in nature, 
consist in a change (lowering) of the evaporable . 
water content of the specimens, caused by an osmotic 
pressure action between the strongly concentrated 
salt solutions and the specimens in contact with them. 
This lowering of evaporable water firstly causes an 
increase of strength.

The other factor, chemical in nature, consists in a 
real attack which brings about a leaching and the co
rresponding losses in weight and decreses of strength. 
This leaching is caused by calcium chloride solu
tions, due to their low pH, which may produce the 
formation of soluble compounds with the cement paste. 
This is not -or this is much less- the case of strong 
NaCl solutions, and this may explain why these do 
not show the trend to reduce concrete strength, at 
least to the same extent as CaClz solutions do it 
(147).

Of course, both mechanisms are independent of some 
others based on hydraulic pressure, which may be 
superimposed when freezing-thawing actions take 



place simultaneously. The author calls attention on 
the importance given to the osmotic pressure actions 
also in other fields such as that of alkali-silica ex
pansive reaction (96 ) ( 126).

From the chemical point of view, in the attack of 
portland cement by solutions of CaC^ °f various con 
centrations and at different temperatures, mono
chloroaluminate hydrate C3A.CaC12-Hx (x=10) is al
ways formed. And in addition to leaching of CH the 
formation of other complex salts containing both CH 
and CaClz -and even calcium carbonate CC- may be 
formed, depending on time, temperature and con
centration of the CaC12 solution. Thus, it could be 
inferred that the attack on cement by calcium chlo
ride used as de-icing salt is caused by crystalliza
tion and crystal growth pressure of the mentioned 
complex salts formed. This action is facilitated by 
an increase of porosity due to the simultaneous lea
ching of CH (146) (148).

The attack of CaC12 to concrete seems to depend 
greatly on temperature, as a rapid deterioration is 
produced at 5°C, which is neither observed at 20°C 
nor at 40°C. The explanation given for it is that an 
expansive product stable at low temperature is for
med at 5°C, causing disruption ( 9 ) ( 149).

An interesting viewpoint concening de-icing salt 
attack is that attributing destructive effects not so 
much to chemical as to physical causes involving 
alterations in the frost mechanism through opposite 
actions conducting to an intensified freezing and to 
a stronger thermal shock, which produces serious 
contractions and the corresponding scaling (150).

In fact, independently of the chemical actions which 
de-icing salts may produce in hydrated cement pas
tes, the stronger damage observed in frost action 
when salts are dissolved in the freezing water has 
been physically explained by the lowering of the va
pour pressure and the .freezing point of the solvent. 
This makes, on the one hand, that the degree of wa
ter saturation of a porous body (cement paste) co
rresponding to equilibrium at a given relative humi
dity is higher when the porous body is impregnated 
with a salt solution than when it is imbibed with pure 
water. On the other hand, at lower temperatures the 
viscosity of the solution may be very high and pure 
solvent may crystallize, so that flow of pure liquid 
is hindered and the frost resistance thus impaired 
(151).

Anyway, though much research work has been done 
even in recent time (152) (153), and much practical 
experience has been gained, damages caused by fre^ 
zing of water and crystallization of de-icing salts 
have been not yet fully explained, and it is admitted 
that all of the several factors involved must be taken 
into consideration ( 154 ). This point of view is 
supported even at present. In the author's opinion, 
this is one more of the innumerous cases of durabi
lity in which factors, actions and effects purely che
mical or purely physical in nature cannot be separa
ted from one another, as they are linked together in 
an indissoluble manner, acting either simultaneously 

or successively. The importance attributed to the 
one or to the other of both factors wll depend on 
conditions and circumstances, and on the evaluation 
made of them in each particular case by each indi
vidual author.

Reaction of ions from different salts penetrating a 
cement paste depends on the permeability of the pas 
te to the diffusion of the ions Involved ( ). Attack
of chlorides proceeds by ionic penetration of Cl— in 
ordinary concrete. It has been stated that this pe
netration seems to follow the PICK'S diffusion law, 
and that it is independent of the chloride concentra
tion, and hence of the concrete penetrability to the 
salt solution as a whole, or even to pure water. 
Diffusion seems to be to some extent independent 
-or not only dependent- of the porosity of the mate
rial. Moreover, it seems to depend more on the 
nature of the cement paste. An explanation givgn 
for it has been the "primary adsorption" of Ca - 
-ions (and the "secondaty adsorption" of Cl--ions) 
by materials added to cement, or by combination 
products of them with the hydrolitic lime produced 
in hydration. This explanation may be valid in the 
case of pozzolanic cements (156).

If no gradient of electrical potential is established 
in the cement paste, diffusion and adsorption of 
bothe Ca^ and Cl--ions (one of the former to two 

of the latter) must be simultaneous.

It has been stated that chloride penetration is grea
ter in concretes with low CjA cements, though the 
decrease in strength caused by sea-water attack, 
for instance, is greater with increasing C3A content 
of the cement ( 1 ), for other factors are involved.

It has been quite recently stated that for ordinary 
portland cements the time is determinant for the 
Cl— -ion penetration, even through high quality con
crete; that w/c ratio influences the Cl--ion pene
tration to concrete surface layer and for short du
ration of concrete contact with chlorides; and that 
the type of cement has a major influence in deeper 
penetration and for longer durations of contact. Fur
thermore, in portland cements penetrations of Cl - 
-ions have been observed being from 2 to 5 times 
greater than those observed in blended cements. 
Moreover, Cl--ionic diffusion depends not only on 
the permeability and binding capacity of the Cl -ions, 
but also on the ion-exchange capacity of the system, i.e., 
of the cement paste (157).

Apparent diffusion coefficients of Cf -anion and va
rious cations from different salts (Li, Na, K, Ca, 
Mg) and salt mixtures (Li + Na+K) experimentally 
determined through hardened plates of portland ce
ment paste have shown, in the case of the cations, 
to increase in the order:

D^i+ aPProx^mate ratios of

1 : 1.5 : 2 This order is nearly the reverse 
to that of the radii of solvated -hydrated- ions (155) 
(158). On the other hand, other things being equal, 
in the case of chlorides the diffusion and penetrabi



lity of Cl -anion is greater when linked to divalent 
cations than when combined with monovalent cations, 
the order being:

Dcr(MgCl2)> Dcr(CaCl2) > Dcr(LiCl)

/'■ Dcr(KCl)'^ Dcr(NaCl) .

Moreover, the diffusion of Cl -anion is much greater 
than that of the cations.

DCr> DK+> DNa+> DLi +

despite almost equal mobilities of Cl and K'^" -ions; 

this is invoked as a proof of the electropositive cha
racter of the hardened cement paste considered as 
a semipermeable membrane (155) (158) (159).

These differences in ionic diffusion explain that in 
contact with CaClj or MgC12> Ca(OH)2 and Mg(OH)2 
-and even LiOH, NaOH and KOH in contact with the 
respective chlorides- are formed on the surface of
the cement paste by a mechanism of exchange bet
ween penetrating Cl--ions and OH -ions present in 
the paste, the latter reacting either with Ca^'^'or 
Mg^^-ions of lower mobility in solution. This ex

change may be considered as mutual diffusion (coun
ter-diffusion) of Cl- and OH--ions (155) (158).

OH -ions come out as a result of the deeper and ra
pid penetration of Cl--ions which interchange with 
OH~ in the bulk of the paste. Once in the external 
part of this, OH--ions compensate the alkali or earth
-alkali cations previously left in excess by the more 
diffusive Cl— -ions (155).

So, if it is accepted that the diffusion coefficients of 
alkali and earth-alkali cations decrease in the order:

Mg2'^Ca2'^Li+<Na'‘’<K+ _

it must be accepted that the destructive effect of Cl-- 
-ion decreases in the order:

MgCl2> CaCl2> LiCl> NaCl> KOI 

according to the valency and the radii of hydrated ca
tions (155).

Deep penetration by diffusion of Cl -ions into the pas
te from a solution of a divalent-cation chloride acce
lerates the dissolution of Ca(OH)_, which explains the 
acceleration effect on setting ana hardening (hydration) 
of the cement paste caused by CaCl2 solutions. 

Furthermore, the diffusion rate^of Cl -ions is 10 to 
100 times faster than that of SO4 -ions. Neverthe
less, sulfate attack causedbyNa2SO4 solutions is 
much greater than chloride attack produced by NaCl 
solutions on cement, as calcium sulfoaluminate hy
drate is less soluble than calcium chloroaluminate 
hydrate (159).

During hydration of portland cement in the presence 
of chlorides it has been claimed that ettringite is al
ways first formed, untill all the gypsum has been 
consumed. Only then monochloroaluminate is formed. 
On the other hand, in the case o tricalcium aluminate 
and tetracalcium aluminate hydration in the presence 

of chlorides, sulfates may act on monochloroalumi
nate previously formed to transform it into ettrin
gite, with new formation of chloride. So, ettringi
te seems to be a more stable phase (159 bis).

Monochloroaluminate first formed and crystallized 
in chloride attack to concrete, due to the more rapid 
diffusion of Cl--ions, is unstable in the presence of 
SO^-ions, so that afterwards it is transformed into 
expansive ettringite. This occurs in sea-water attack 
and this is also a reason why the use of sea-water 
as mixing water is not recommended for cement 
rich in CjA, since chloroaluminates first formed 
are transformed later on into ettringite. Moreover, 
Cl--ions also enter to form a reticular and porous 
solid solution in an initially fibrous CSH of the hy
drated cement paste ( 1 5 ) ( 58 ) ( 59 ).

In attack on surface of either alite pastes or port
land cement pastes by NaCl solutions and sea-water, 
different forms of calcium carbonate such as calcite, 
aragonite and vaterite have been detected as products 
of carbonation. The preferential formation of either 
of these forms depends on experimental or natural 
conditions (160).

Among salts other than sulfates and sodium and cal
cium chlorides, comporting conditions and proper
ties to be aggressive to cement paste -such as 
water solubility, a corresponding base weaker than 
Ca(OH)2 and an anion forming water-soluble calcium 
compounds-, magnesium chloride and ammonium 
chloride should be mentioned. Both react with Ca(OH)2 
to form calcium chloride and insoluble magnesium 
hydroxide (brucite) and volatil ammonia, respecti
vely. In the latter case ammonia evolution rapidly 
deteriorates the cement paste ( 23).

Different expanding products are formed on port
land cements with low (less than 1 %) or high (about 
12 %) contents of CjA as well as on blast-furnace 
slag cements (with about 75 % of slag) when attacked 
by 3M MgC12 and CaC12 solutions and by saturated 
NaCl solutions (161). Magnesium and calcium chlo
rides attack strongly to portland cement mortars, 
the expanding reaction products being MgO.Mg(OH) 
Cl. 5H2O and CaO. CaC^Z^O, respectively. Both 
are formed from free CH, causing a total loss of 
alkalinity. Astonishingly this affects more to denser 
than to less denser concretes. Slag cements do not 
form expanding oxichlorides and consequently they 
do not suffer deterioration. This may be one of the 
several explanations of the better performance of 
slag cements in sea-water attack and so much so the 
higher the slag content of the cement (162).

Sodium chloride, as stated (146) (148), forms 3CaO 
(Al, Fe)2O3. CaC12. 1OH2O with either portland or 
slag cements and the alkalinity of the paste is not 
lowered (147) (161).

As far as magnesium chloride attack on different 
cements is more particularly concerned, it has been 
pointed out that Mg^-ions form Mg(OH)2 on the sur
face of the concrete (specimens). The amount of bru 
cite formed -as well as penetration of Cl--ions to 



form chloroaluminate are higher in portland and fly
ash cements than in slag cements. Consequently, the 
strength of the former decreases considerably, whe 
reas that of the latter shows very little change. All 
this seems to be in accordance with the exchange of 
Ca by Mg in Ca(OH)2, causing leaching of calcium, 
which leads to an increase of porosity and pore vo
lume in specimens. This may aid to explain the more 
remarkable loss in strength in the case of magnesium 
chloride attack on portland cement mortars and con
cretes (163).

But, on the other hand, magnesium hydroxide formed 
may protect the cement paste -by coating its surface- 
from further attack, provided that MgC^ concentra
tion is not very hig, so that crystallization of bruci
te may disrump the structure of the paste (23 ). This 
is one of the many examples of compountt formed in 
aggressive reactions which may either cause damage 
or afford protection, depending on different conditions 
and circumstances. And this is also one of the several 
reasons by which durability problems are, at least 
apparently, so complicated, and their actions and 
effects so different and even so contradictory.

In opposition to what has been generally accepted (at 
least in the case of sea-water attack), i. e., that the 
presence of chlorides reduces the sulfatic action, the 
contrary effect has been postulated in the case of 
attack in the severe conditions in hot arid internal 
areas, where soil contains chlorides and sulfates, for 
climatic factors seem to influence decisively the na
ture and extent of the attack. Anyway, opinions on 
favourable, unfavourable or indifferent influence of 
chlorides on sulfate attack are very diverse, as shows 
the bibliography on this item, particularly in the last 
twenty years. Arguments based on variations of solu
bility of gypsum (in general sulfate compounds) in 
chloride solutions, and on their influence in inhibi
ting the formation of ettringite seem not to be valid 
in arid regions. On the contrary, the growth of attrin 
gite crystals in the presence of chloroaluminate has 
been invoked, as well as the stability of the latter in 
the presence of an excess of the former. These facts 
could explain the higher expansion and damage of ce
ment pastes, sometimes observed, caused by mixtu
res of chlorides and sulfates (164).

It has been proposed a schema to explain all these 
facts It consists in the formation of CaC12 and 
NaOH by reaction between Ca(OH)2 and NaCl. Cal
cium chloride forms chloroaluminate and simulta
neously ettringite is formed which in the presence of 
it experiments a crystal growth. If there is an excess 
of NaCl, more CaC^ may be formed which, if not 
reacting with C3A, may be leached, so increasing 
concrete porosity and permeability (164). As pre
viously mentioned, the action of chlorides is reinfor
ced by the much faster and deeper penetration of 
Cl -ions into the cement paste and by their greater 
adsorption in it, as compared with those of SO^— - 
-ions (59). 4X

Summarizing, in the author's opinion it could be as
sumed that penetration of Cl--ions take place more 

or less always (partially depending on the nature of 
the cement -portland, fly-ash cements pozzolan ce
ments, slag cements- in all the cases). But serious 
deteriorations occur only when the chloride contain
ing compounds formed are highly expansive in nature. 
The extent of the deterioration caused by them may be great 
er in some denser concretes, probably due to a more 
intensive and efficient effect of the expansive pressu 
re created. On the other hand, it seems to be evi
dent that conditions for chloride actions in sea-wa
ter attack and in dry and hot arid regions in connec
tion with a simultaneous sulfate attack are not the 
same. .The mechanisms of attack as well as the re
sulting damages of it are also probably different. So, 
no contradiction seems to exist necessarily between 
both types of aggressivity, not comparable to one 
another.

8. - SULFATE ATTACK '

Taking into account the chemical nature of the 
hydration products of the cements, it is easy to fo
resee the types of aggressivity to which they can 
be subjected(165). The more or less basic character 
of them implies the possibility of an acid attack at pH 
below a certain variable value. On the other hand, 
a base exchange may take place between Ca(OH)z and 
salts of cations giving weaker and/or less soluble hy
droxides and anions forming soluble calcium salts, 
as for instance magnesium salts. And finally more 
complex attack is possible by interaction of hydra
ted aluminates and ferrites with sulfates (23 ). It 
has been estimated that about 75 % of publications on 
concrete corrosion deal with sulfate attack ( 23 ).

All the knowledge accumulated on sulfate attack to 
cement has been mainly centered in the chemical 
reaction of C3A with external sulfates, by complex 
mechanisms even not yet quite clear due to confu
sing or contradictory results leading to different, 
opposite or erroneous conclusions. Something simi
lar could be said as far as the limits of C3A in ce
ment are concerned, to guarantee an immunity or an 
admisible degree of attack (166).

Nevertheless, chemical reactions and processes in
volved in sulfate attack to cements, as well as their 
effects, on concretes, depend basically on the natu
re of all three: sulfates, cements and concretes; on 
salts concentration, external conditions and time. 
Cations linked to sulfate anion, mixtures of different 
sulfates (and their relative proportions), the presen
ce or absence of chlorides and the more or less abun
dant C3A in anhydrous cement and of CH in hydrated 
paste may determine various isolated or conjoint 
-simultaneous or successive- types of attack. This 
may be significant for sulfate concentrations starting 
from limits widely and diversely established by dif- 
ferents authors -in general about 1000 ppm- (167). 
Anyway, a strong attack is always to be expected 
when concentration of SO^— -ions is higher than 3000 
ppm ( 23 ).



The effects of mixtures of sulfates are sometimes 
unexpected. They cannot be foreseen, as they are 
not additive; on the contrary, they are in some way 
"substractive", for additions of NS to MS or conver
sely reduce the attack of each of the two salts acting 
alone (166) ( 168).

Most abundant sulfates in soils are those of calcium 
(gypsum, selenite), magnesium (epsomite), sodium- 
-calcium (glauberite) and sodium (thenardite), which 
have very different solubilities. Soluble alkali and 
earth-alkali sulfates produce different effects on ce
ment paste, as they act in different ways. Sodium 
sulfate react mainly with hydrated aluminates to form 
ettringite, whereas magnesium sulfate also reacts 
with hydrated silicates to form gypsum, brucite and 
silica gel (27 ). Ettringite formed in stronger attack 
(169), being instable in the presence of MS, the attack 
of this produces even more gypsum, so that dama
ges caused by MS are in general greater than those 
produced by other sulfates -apparent on real excep 
ticns have been duly explained ( 27 )-. Calcium sul
fate as such, due to its lower solubility affects to 
cement to a lesser extent than other more soluble 
sulfates.

Sulfuric acid and other sulfates may be formed in 
soils by oxidation in acidic media of iron sulfides 
such as pirite, pyrrhotite, marcasite (29) (170). 
Sulfates may reach concrete in different ways and 
to different extents by several mechanisms condi
tioning the rate of attack, such as penetration, os
motic pressure, capillary rise, etc., depending 
mainly on concrete porosity and permeability, in 
turn related to the quality of construction materials 
and technologies (170).

2—The diffusibility of SO^ -ions through hydrated ce
ment pastes, as compared with that of cations (Li^- 
Na"*", K"*"), is smaller towards pure water and great 
er towards saturated lime solution. This indicates, 
as stated elsewhere in this paper, that hardened ce
ment paste behavies as a semipermeable electropo
sitive membrane facilitating diffusion of anions (155) 
(158) (159), depending on their nature. So, the rate 
of diffusion of SO^--ions is 10 to 100 times lower 

than that of Cl--ions; in spite of it, chloride attack 
is always much weaker than sulfate attack, due to 
the different nature and solubility of the main pro
ducts formed in each case (higher solubility for cal
cium chloroaluminate than for sulfoaluminate) (159). 
So, internal physical parameters of concrete, such 
as density, compacity, porosity, permeability, ca
pillarity, etc., depending on factors other than (but 
in addition to) the chemical nature of the cements, 
complicate the problem of sulfate attack -and those 
of durability in general- to such an extent that it is 
very often difficult to establish clear and even logical 
relationships between chemical composition of ce
ments and its influence on their chemical resistance 
(171). This is also valid as far as results of methods 
to study and to test durability are concerned.

Pore size distribution and amount of capillary pores 
over a given size (2500 X) after a sulfate (M5) attack 

varies very much depending on the nature of the 
(pure portland or blended) cement. In the case of 
blended cement the amount and nature of admixtures 
have also an influence, so that cements suffering 
more severe attack present more and larger pores 
than do better resisting cements (169). This may 
■condition the further course of the attack on either 
of the two types of cements.

All these factors influence greatly the sulfate attack 
because in it two different processes are involved. 
One being of chemical nature is very rapid, whereas 
the other, physical in nature -ionic diffusion as men 
tioned- is much slower and governs the rate of reac 
tion. This is a reason why the physical state of the 
mortar of concrete is decisive in determining the 
effects of sulfate attack and the resistance to it (172) 
( 173 ). This also makes that the time before attack 
being very important (174), may be very variable 
and even very long, but once the attack starts, the 
destructive process runs very fast ( 2 ) ( 172 ) (175). 
Both processes may explain that the most important 
factor in the attack by sulfates is, in given circums
tances, a combination -the product, as far as regre
ssion coefficient is concerned- of the (high) C3A 
content in cement and the (high) w/c ratio in the pas
te (172).

Even external physical factors such as temperature 
are important in sulfate attack on cement, though 
this is not always taken into due consideration. Tem 
perature may condition the type and the nature of 
hydrated aluminates and also those of sulfoalumina
tes formed in the attack of cements by sulfates. In 
addition, changes of these compounds once formed 
may be caused by changes in temperature, as they 
are stable phases in different equilibria which may 
be shifted in one or another direction depending on 
temperature variations (171) (176). This might ex
plain the different (better) behaviour (but not immu
nity) of thermically treated cement products in sul
fate attack. These different behaviours are not al
ways sufficientely clear on the basis of a reduction 
of CH forming with silica compounds, in thermal 
treatment, more resistant calcium silicate hydra- 
res of different composition and physical nature, or 
on the basis of the formation of a more crystalline 
tobermorite or hydrogarnets (171). Nevertheless, 
an indirect evidence of the protective effect of Cx 
SyHz tobermoritic gels on cements against (sodium) 
sulfate attack determined by expansion measurements 
is given by the better behaviour of industrial cement 
pastes and pastes obtained from mixtures of different 
calcium silicates and aluminates with gypsum, all of 
them treated in autoclave. An interpretation of the 
good behaviour has been proposed in terms of a co
vering of sensible Al3+and Fe3"*" ions in the weaker 
parts so resulting isolated from contact and interac
tion with SO^— -ions (177). Moreover, steam curing 
affects better than normal curing to cements exposed 
to (magnesium) sulfate attack, specially if their si
lica content is high -low C3S and probably rela
tively low C3A contents- (178). In the same or simi
lar sense could be invoked a higher difficulty of dif



fusion of sulfates in solution through pastes poorer 
in CH and richer in tobermoritic gels, in the case 
of slag cements (179). The case of thermal treated 
-steam cured concrete- is one in which it seems 
that sulfate resistance (and durability in general) is 
much more affected by the nature and composition of 
the cement than by other physical factors -including 
thermal curing conditions- (180). On the other hand, 
it seems that sulfate attack on cement is more usual 
and impontant in cold than in warm weather condi
tions (171).

Sulfate attack is centered on calcium aluminates. 
Nevertheless, some points of view consider that 
though cement susceptibility to sulfate attack depends 
on its CjA content, concrete mixes rich in cement 
even of medium to high content of CjA are less 
attacked by gypsum waters than are poorer mixes 
made with low C3A cements (181). Research work 
and publications on the effect of C3A on cement be
haviour is copious, as mentioned, but not always 
very useful to asses it duly, because of the lack of 
precission in describing real and/or experimental 
conditions (182). This is a general handicap in many 
features dealing with durability. Even more benefi
cial actions have been attributed to higher contents 
of CjA in cements, in the case of a complex attack 
by Cl- and SO^--ions in sea-water ( 183).

On the other hand, the reaction mechanism of alu
minates with sulfates and particularly with gypsum 
is far from being simple (171). Free energy calcu
lations for possible reactions of various calcium 
aluminate hydrates -and calcium aluminate double 
salt hydrates- as C4AHjj, C4ASH12» C4ACHJP 

C4AN2H10 and C3A.CaC12HjQ with sulfate ions show 
the possibility of their transformation into ettringite, 
on the basis of the corresponding negative free ener 
gy changes ( 45). Hydration of anhydrous C3A may 
form hydrates of different calcium contents depen
ding on the calcium concentration in the liquid phase. 
The more basic of them, C4AH13, may react in so
lid state even with very low sulfate concentrations to 
form expansive ettringite. The less basic CAHg may 
be hydrolized to give CH and AH3, which in solution 
may also react with sulfates to give ettringite as well, 
but not expansive, as it is formed from not crystalli
zed compounds and it may accomodate in pores and 
free spaces (184).

According to different authors tree or five main me
chanisms have been invoked as causing sulfate attack, 
depending on the fact of taking into account or not the 
influence of cations (166) (185) (186). Such mecha
nisms seem to be:

1) formation of sulfoaluminates (ettringite) -sche
matic ally S-:

C3A + CH + 12 H -----►C4AH13

C^AH.,+ 3 CSH,+ 14 H---- ►C-A(CS)-H„ CH
4 13 2 3 3 32

C3A+ 3 CSH^ 26 H------ ►C3A(CS)3H32

2) formation of gypsum (schematically):

NS+ CH+ 2 H------►NH CSH2

the acidic nature of sulfate attack causing sur
face deterioration by softening without expan
sion;

3) other reactions in which sulfate ions or sulfates 
are involved, as for instance formation of alkali 
sulfate crystals (when alkali sulfate concentra
tion is high and conditions are propitious, for 
instance: NS-b 10 H — • NSH30 (mirabilite) also 
contributing to surface deterioration by spalling 
or splitting (166) (186);

4) formation of brucite (in the case of magnesium
sulfate) with simultaneous formation of gypsum: 
MS-+ CH+ 2 H-----b MH+-CSH2 t
both contributing to deterioration;

5) formation of hydrated silica (in the case of magne 
sum sulfate) with simultaneous formation of gyp
sum and brucite (schematically):

CxS H^-b x MS+ (3x+ 0, 5y -z) H--------►

------► x MH4- x CSH2+ 0, 5y S2H

causing effects corresponding to 2) and 3) con
jointly (166) (186).

Process 1) adscribed to CjA is operative for very 
variable contents of it, according to different opi
nions and circumstances, but it seems that expan
sion is due to the water imbibing character of col
loidal ettringite formed in the presence of CH at 
lower concentrativon of sulfates (187). Process 2) 
can also take place when sulfate concentration is 
high -more than 1000 ppm- (167), as for instance in 
some NS and MS more concentrated solutions of 
ground, sea-water and industrial waters (188). Pro 
cesses 4) and 5) can take place simultaneously in 
some highly concentrated natural waters and some 
times in sea-water attack too. They are respective
ly characterized by elimination of portlandite and 
tobermorite (189). They can also take place simul
taneously with processes 1) and/or 2) in the most 

complex cases of sulfate attack. Either of the two 
processes 4) or 5) or both are found in some long 
term sea-water attack on cements with medium 
contents of C3A (188), but also in some laboratory 
tests carried out with very concentrated MS solu
tions. The results of such tests in general may not 
agree with the real ones in practice, as taking pla
ce in different conditions (189). Process 3) purely 
physical in nature, takes place by evaporation and 
concentration of salts in pores (186). As to the li
mit of C3A content in cement determining the degree 
of acceptability of expansion due to process 1), opi
nions differ widely -from less than 2, 3 or 5 % till 
less than 7, 9, 10 or even 12 %- (166). This indica
tes the great influence of other not always or not 
well considered factors (189).

Aside from the old and well known theory on the for
mation of expansive ettringite -through» solid state 
reaction mechanism when the liquid phase containing 



sulfate ions at sufficiently high concentration is over
saturated or saturated with CH (185)-, and that of the 
formation of non-expansive ettringite (by a through
-solution process when the liquid phase is not satu
rated with CH), other mechanisms discarding ettrin
gite action have been proposed to explain sulfate ex
pansion (30 ). So, some opinions have been exposed 
in favour of mono sulfoaluminate as causing sulfate 
expansion and deterioration instead of trisulfoalumi
nate. On the basis that in a paste of C3A+ C+ CSH2 
expansion takes place when ettringite dissapears and 
mono sulfoaluminate forms, it has been assumed that 
expansive monosulfate is formed in cement pastes by 
reaction of C4AHJ3 with sufficiently concentrated . 
SO2- - ions by an anion exchange process ( 30 ) which 
could be schematically represented as follows:

C4AH13 = [C3A <Ca2+^ 2 OH“)] h12
CaSO4 = (Ca2 + 4-SO2- )

|c3A (Ca2++ 2 OH_)j H12 +[ca2^-SO2-j—► 

---- ► (Ca2++ 2 OH-)+ [c3A (Ca^-h SO2- j] H12

Further increase of SO2- -ion concentration may 

transform mono sulfate into secondary harmless 
ettringite by a through-solution process, its crystals 
precipitating in pores. The character (expansive or 
not) of the monosulfate depends -as in the case of 
ettringite- on the CH concentration in the liquid pha
se (185): if it is high, the lowered solubility of C4AHj3 
hinders the accomodation of monosulfate in pores. 
And the exchanging-ion (anion) character of the pro
cess, essential for expansion, is confirmed on the 
basis of the replacement of SO2- -anions in monosul

fate by other anions, for instance Cl—, in CaC12 so
lutions, according to the schema:

£c3A (Ca2++ SO2- )J H12 + £ca2 ++ ZcCj ---- >

---- >-Ca244. SO2- +[c3A (Ca2'+2 Cl“)] H^d" 2H

This might explain expansion of cement pastes in 
chloride (CaC^) solutions by releasing of SO2— -ions, 

which once free and reaching the concentration needed 
to react with more C4AHj3, may form more expansi 
ve monosulfate ( 30). These assumptions lead to a 
solution for avoiding sulfate expansion: the transfor
mation of C4AH|3 into other more stable compound 
with a lower basal spacing, for instance, monocar
boaluminate, by the action of finely ground CaCO3 
added to cement (30 ).

Changes in ionic concentrations of solutions in con
tact with cement paste are important to interpre- 
tate the mechanics of the attack, as aggressive wa
ters may leach calcium hydroxide from the paste 
and introduce anions in it. In the case of sulfate 
attack the greater amount of sulfate anions introdu
ced corresponds to magnesium and ammonium sulfa
te solutions, which affords an explanation of the 
higher aggressivlty of them ( 82 ).

In this respect three types of cations regarding sul
fate attack may be considered: those forming solu
ble hydroxides; those forming sparingly soluble hy

droxides; and those forming volatile or neutral com
pounds. Differ entations and effects take place in each 
case, as pointed out when dealing with the different 
types of attacks to concrete ( 30).

Sulfate attack seems to be produced through forma
tion of gypsum, if this is not originally present:

3 CH-+ 3 XS-f" 6 H" ► 3 CSH2+3 XH to form ettringite: 

C3AH6+ 3 CSH2+ 20 H—kC3A(CS)3H32 and in total 
(23 ):

3 CH+C3AH6+ 3 XS+ 26 H---- ► XH

In the attack of sodium sulfate or magnesium sulfate 
on cement, gypsum in both cases and sodium hydro
xide or magnesium hydroxide are respectively for
med at early ages (less than 3 days) according to:

CH+NSH24--- > CSH2+NH (I)

CH 4- MSH?----► CSH2 -b MH-#- 5 H (II)

But few ettringite is then formed (176).

In the case of sodium' sulfate solutions, if the solu
bility product of CH is not depassed, more gypsum' 
is formed according to (schematically):

C, A ,F+ 3n CSH-+ n c+(24 to 26) n H-------►
2n n-1 2 ' '
------ *• n ^C3Al-l/nFl/n(C^3H30 to 32 J

(for phases between C2F and C^A2F), and:

C- AF ,+ 3n CSH.+ n C+(24 to 26) n H -----
2n n-1 2

1 — n| C-A. / F. . ! (CS)-H_ __
I 3 1/n 1-1/n' '3 30 to 32

(for phases beween C2A and C^AF2).

Increases of alkali concentration and/or of tempera
ture make decrease the lime solubility according to 
I. Then gypsum precipitates, the formation of et
tringite is at least stopped and ettringite still for
med tends to dissolve. This explains the continous 
growing of gypsum and the maximum attained by 
ettringite when comparing expansion by sulfate attack 
with the sulfate (ettringite and/or gypsum) contents 
in expanding speclments (176). .

Leaching of lime takes also place to some extent: 
SO^"+ 2 Na + Ca(OH)2+H2O4—►CaSO4. 2H2O 4

4- 2 Na4- 2 OH~ 
increasing the alkalinity in solution if carbonation 
Ca24- 2 OH~4-CO2--- ► CaCO34-H2O does not take

place. Intensive carbonation could form thaumasite 
(especially at much longer terms) and plazolite 
CA. CS. CC.H2. In each case, when the solution has 
reached the conditions for gypsum precipitation, 
gypsum crystallizes ( 82 ). Thaumasite formation 
as nedleshaped crystals forming big masses with 
high silica content and low contents in SO3 and CO2 
has been reported as taking place in concrete dete
rioration by sulfate attack ( 190).



In the case of magnesium sulfate solutions ettringite 
first formed is decomposed by the salt to form gyp
sum, and magnesium and aluminium hydroxides 
according to:

C3(A, F) (CS)3H31+ 3 MS--- >6 CSH2 + (A, F)H3-f-

+ 3 MH+13 H
Brucite is also formed ( 82 ) and in greater amount 
when the alkalinity of the paste is greater than nor
mally; this is the case when sodium silicate is added 
to portland cement to form grouts, as it affords an 
extra alkalinity depending on the molar ratio NajO/ 
/SiC>2- Seepage of Na2O making the grout less com
pact may also contribute to facilitate magnesium sul 
fate attack in this case (191).

The better resistance to magnesium sulfate of port
land cements with high iron-compound contents has 
been related to the fact that on hydration of brown
millerite in the presence of MgSO4, Fe is displaced 
from places in the hydrated cubic phase ( 9 ).

A suggestive explanation has been given on the 
stronger but slower attack of calcium silicate hydra
tes (especially those of low basicity) by MgSO^ solu
tions than by Na2SO^ solutions, on the basis of hete
rovalence and ionic radii of Mg^"*" and Nations ( 60) 

as follows: heterovalence and difference in ionic radii 
difficult or hinder the substitution 2 Nat<—k-Ca2"*" 
whereas it favour the substitution Mg^ <—»-Ca^ ,

the latter cations having the same valence and simi
lar radii. On the other hand, adsorptive capacity of 
bivalent Mg^~ ions on calcium silicate hydrates is 
greater than that of monovalent Na"*" ions. Further

more, reaction products of calcium silicate hydra
tes with MgSO4, i. e. , Mg(OH)2 (brucite) and CaSO4 
(gypsum) are in bulk much less soluble than those 
with Na2SO4, i. e. , NaOH and CaSO4. And finally, 
the protective action against ionic diffusion afforded 
by films of products formed by interaction of sulfa
tes "and calcium silicate hydrates depends on the 
structure of such films. This structure seems to be 
continuous, denser and more impervious for films 
formed from the more basic calcium silicate hydra
tes than for those formed from less basic tobermorltic 
compounds ( 60 ). In fact, it was known that the attack 
due to magnesium ion seems to be more intense on 
low C^A cements and in the presence of higher amounts 
of hydrated lime (high CjS cements), which today is 
clearly explained by the exchange between Ca and Mg 
in Ca (OH)2 and CSH to form Mg(OH)2 and MSH, the 
former potentially expansive, the latter much less or 
not hydraulic ( 58 ) (192).

In the case of ammonium sulfate attack an exchange 
of lime equivalent to the ammonium content takes 
place ( 82 ). ,

In conclusion, the mechanism of the alkali and/or 
magnesium sulfate attack on concrete seems to pro
ceed through a front of ettringite penetration which 
causes cracks. Afterwards gypsum and/or brucite 
crystallize in the cracks causing either further ex
pansion or the filling of cracks and pores (176).

In the case of gypsum attack on aluminates the ki
netics as well as the nature of the intermediate and 
final products depend on the characteristics of the 
starting materials, on the presence, amount and 
concentration of Ca(OH)2, on temperature, time, 
etc. , even though the final compound causing dete
rioration be also ettringite. Differences have been 
attributed to variations in the d-spacings of hydra
ted starting, intermediate and final products (171). 
In the writter's opinion, if it is so when dealing with 
well defined (or better defined) and controlled more 
simple reacting compounds as are bare calcium alu
minates, it is to be though that the complexity must 
be necessarily much greater when dealing with not 
always well defined mixtures of compounds, as is" 
the case of cements.

An early succint summary of the hypothesis concer
ning expansion due to ettringite formation has been 
exposed (187). According to it, increases of volume 
have been invoked ( 193 ) ( 194 ) or questionned 
( 195 ); crystallization pressure as a factor deter
mining concrete rupture has been supported by the 
measurement of pressures created in the formation 
of calcium sulfualuminates in different conditions, 
reaching values up to 200 kg/cm^ ( 196 ); solid
-state ( 194 ) ( 197 ) ( 198 ) or throug-solution 
mechanisms ( 195 ) ( 199 ) have been proposed;
suggestive osmotic pressure actions have been sup
ported ( 200 ) or considered doubful ( 201 );
thrust by anosotropic crystal growth has been advan 
ced ( 202 ) or refused ( 203 ) More re
cently new points of view have taken into considera
tion another alternative hypothesis (187), according 
to which only colloidal ettringite of high specific sur
face formed in the presence of lime is highly expan
sive, if it is in contact with outer water. The expan 
sion mechanism may be then a double-layer type of 
interparticle repulsion caused by a considerable ad
sorption of water around the ettringite, without chang 
ing its crystal lattice. This may also afford an ad
ditional explanation of why pozzol anic or slag cements 
and high-alumina cements with little or no Ca(OH)2 
in their pastes exhibit much less expansion due to 
ettringite formation in sulfate attack (187). The con 
elusion is that attack involving ettringite formation 
not only depends on the (crystalline) nature of CjA 
(182) -as pointed out elsewere- but also on the nature 
of the ettringite formed, to the extent that its forma 
tidn may produce either ddeterious (disruptive) ex
pansions or beneficial phenomena and effects -shrin 
kage compensation and self-str es sing- (187). Other 
somewhat different viewpoint in the same sense is 
that ettringite formed in hydration at pH 11. 5-12. 0 
by a through-solution reaction contributes to the 
strength and is not expansive, whereas secondary 
ettringite formed at pH 12. 5-13. 0 by a topochemical 
reaction may be expansive and destructive (159). It 
seems that ettringite formation by the one or the 
other^mechanism depend upon the (ratio of) diffusions 
of SO^--anion and cations. This ratio being nearly 
1 in th^case of the lower pH-values, SO^—, Al 

and Gallons meet together and 
form ettringite in spaces between grains -without 



expansion-, whereas in the case of higher pH values 
the ratio is also higher and SO^- and Ca2*ions meet 

together with Al"^" ions around and on the cement 
grains containing aluminates (159).

Much work has been done and very many publi
cations on it have been produced dealing with sea
-water attack to concrete and concrete behaviour in 
sea-water. Several International Congresses on Che
mistry of Cements, on Navigation, RILEM Colloquia 
and Symposia, etc., have monographically devoted a 
good deal of paper to these themes. The treatment 
of them is obviously very difficult due to their great 
complexity. There is -or at least there has been- a 
tendency to consider sea-water attack on concrete as 
a well defined and homogeneous topic within the gene
ral field of concrete durability. It seems doubtful to 
accept such a homogeneity as being general, as poten 
tlally very variable physical factors such as climate 
-temperature or frost’-; or mechanical factors such 
as erosion, streams, surfs, tidal and wave alternating 
actions, total or partial alternative immersion or 
biological factors, etc. , join Indissolubly their con
tribution to the mere chemical action due to salinity, 
to the corrosion of concrete by sea-water.

The mechanism of sea-water attack on concrete isalea 
tory and very complex, as many parameters difficult 
to isolate may contribute to the total damage (205).
The attack acting on concrete submitted to alternati
ve immersion and emersion in tidal zones manifests 
itself mainly as a physical effect of salt crystallization 
combined with carbonation and, of course, with mecha 
nical, erosional and frost actions depending on local 
circumstances (206). In particular circumstances ero
sion actions of sea-water on concrete are strong. 
Their effects superimpose to chemical attack and fa
cilitate it. Isolated or combined actions affect more 
to poor and/or to bad cured concretes (207). Combi
nations of physical and chemical actions correspond 
always to alternate immersion, whereas chemical 
attack alone is produced in total and permanent im
mersion (208). In the tidal zone alternative cycles of 
drying and wetting may produce concentration, crys
tallization and dehydration of salts (drying) and re
crystallization (wetting) processes in concrete mass, 
to which may contribute hygrometric and thermal ac
tion, insolation etc., as well as concrete porosity. 
Crystallization pressure of NagSO^ for instance crea

In addition to what has been exposed more in detail 
elsewere in this paper as regards of standard spe
cifications and sulfate resisting cements, it is to be 
said here that limitations of C3A and C4AF do not 
solve the problem of sulfate attack, so that restric
tion of the condition of sulfate resisting cements to 
those meeting specifications for ASTM type V seems 
not to be justified. Instead, pozzolanic (fly-ash) ce
ments made with clinker of less than 6, 5 % C3A and 
less than 12 % C4AF have been proposed as sulfate 
resisting cements (204).

9. - SEA-WATER ATTACK 

tes an expansive force in the exposed part of speci
mens, similar to that caused by ettringite formation 
in the immersed part of them ( 25 ). Moreover, in 
the tidal zone a complicated process of cement dete
rioration takes place based on diffusion mechanisms. 
Diffusion is negligeably slow when considering the 
penetration of water in concrete, but not always in the 
case of salt solutions, as gradients may be conside
rable if salt concentration in some pores and voids is 
much higher than in others. Complication may be even 
greater if either the water or the dissolved components 
react chemically with the hydrated compounds of the 
cement paste. Anyway, high gradients of osmotic pres^ 
sure may be created and much more so if salt con
centration increases by evaporation. If saturation is 
raised, crystal formation and crystal growth may 
take place so generating hydraulic and/or crystalli
zation pressure similar to that of the ice formation, 
with the corresponding disruptive effect (209). Fur
thermore, complexity of sea-water attack on con
crete, as referred to prestressed ocean structures 
has been exposed in a not exhaustive manner (210). •

On the contrary, it has been timidly claimed that the 
attack of sea-water on cement and even the resistan
ce of cement paste to sea-water attack seem often to 
be imprevisible and highly variable. In any case, so 
far they are considered as matters not yet elucidated, 
from VICAT and MICHAELIS onwards(211) (212). The 
reason is the great complexity of sea-water attack on 
concrete as the result of a number of superimposed 
mechanical, physical and/or chemical actions, which 
take place in very different conditions. It is impossi
ble to avoid in practice such an overlapping of actions 
and thus many variables are simultaneously operative, 
and as many parameters are affected in various ways 
and to different extents in each moment and clrcums- 
tance.

The total effect produced by sea-water attack is in g£ 
neral neither that corresponding to the sum of indi
vidual effects of each cause (.as it is sometimes higher 
or much higher), nor proportional to a given (isolated) 
action. For instance, sea-water attack is in most ca 
ses weaker than that to be expected from the SO2—ion 

concentration, as compared with that of sulfate solu
tions (213). Attack by sea-water weaker than that of 
MgSO4 solutions of similar concentration has been 
attributed to a greater solubility of ettringite and gyp 
sum in chloride solutions rather than to a lower level 
of reaction of sulfates in the presence of chlorides 
(214). Anyway it seems to be clear that sulfate attack 
is different in the presence than in the absence of 
chlorides (215). To such an extent, that in the pre
sence of chlorides (sea-water) a positive action of 
C3A in cement has been attributed to retardation of 
Cl--ion diffusion and reinforcement corrosion, qui
te appart from SO2—ion aggressivity (183). The 
greater solubility of ettringite in the presence of 
chlorides makes it to crystallize from solution in po 
res, in a harmless form without causing expansion 
(214). Though the presence of chlorides in the attack 
of cement by sulfates (as in the case of sea-water 
attack) has been considered in general as beneficial, 
other opinions are in support of an activation of the 



aggression, the intermediate chlorinated compounds 
formed being noxious, as they finally form ettringite. 
(209.

The fact that sea-water attack is weaker than that of 
sulfate solutions of similar concentration would seem 
to shift partially the deterioration mechanism of ce
ment paste by sea-water to the side of leaching and 
solution (non-expansive) processes ( 27). Anyway, dijs 
tinction has to be made between degree of reaction 
-even expansive in nature-, real expansion produced, 
and damaging effects of it, as in fact, observed swel
ling and deterioration are not always proportional to 
the amount of ettringite formed, though expansive 
ettringite formation and leaching of calcium hydro
xide by dissolution in the presence of magnesium 
salts seem to be the two principal factors conditioning 
the attack (205).

In fact, sea-water attack may respond to each of the 
several accepted mechanisms of sulfate attack or, 
what is more probable and general, to various of 
them simultaneously (167), as concentrations of sul
fates may reach from less than 4000 to 7000 ppm 
(189).

The most general, wide ranging and complete attack 
by sea-water on cement up to its ultimate consequen
ces is characterized: .

a) by elimination of calcium, either by solution of subs 
titution for magnesium -cation exchange-, i.e. , 
leaching of portlandite CH, formation of brucite MH 
or transformation of the CxSyHz type of calcium 
silicate hydrates into the more complex and less or 
not hydraulic Cx. Mx. . Sy. Hz. magnesium type of 
compounds (15);

b) by formation of secondary dense expansive ettrin
gite through reaction of sulfates with CH giving 
first secondaty gypsum CSH2;

c) by (subsequent) strong carbonation converting et
tringite into thaumasite CC.CS.CS.Hjg (16) (212) 
with previous formation of silica ( 70 ) ( 190 ),
calcite and/aragonite (216) (217);

d) by crystallization of gypsum;

e) by formation of C3A. CaC12- Hjq which first prevents 
the inmediate formation of ettringite, but being un
stable in the presence of sulfates finally tends to 
form ettringite;

f) by penetration of Cl -ions in tobermoritic gels 
CXS Hz ( 15) ( 16).

. 2-2 +Processes a) and b) due to the action of SO^ and Mg 
ions seem to be in general more important, though 
action c) -moderate carbonation- and d) may also take 
place to some extent. So, calcite and aragonite may 
be formed in a progressive attack on the surface and 
in the paste, either of portland or slag cements, and ei 
ther for short or for long periods of contact with sea-wa
ter. Brucite -solide MH- is formed on the surfacq or 
in the mass of portland cements only (218) -other pr£ 
vious opinions are that even in slag cements pastes 
MH may appear in the attack of them by synthetic 
sea-water (214), mainly in short contacts, whereas 

secondary gypsum has been detected in surface attack 
of both cements during long contacts, and in mass 
attack of them during shorter contacts. Sometimes 
ettringite formed in the attack of pastes during short 
contacts is not found in surface attack, neither during 
short or long contacts, probably due to its unstability 
and/or to a low or very low content of CgA in cement 
(219). In other aspect, processes e) and f) are favou
red by the fact that penetration of Cl— -ions in pastes 
progresses deeper and more rapidly than that of 
SO~~-ions (220).

In deep and prolongated attack by sea-water on ce
ment calcite, aragonite, secondary gypsum, ettrin
gite and thaumasite in addition to brucite are formed 
(212). Gypsum and thaumasite are more abundant in 
the more longly and/or deeply attacked cement pas
tes, whereas ettringite predominates in the more 
slowly and slightly damaged ones. The ratio ettrin- 
gite/thaumasite is lower in the former than in the 
latter. This seems to indicate that ettringite is for
med first and transformed later into (isostructural) 
thaumasite by a carbonation process -also responsi
ble for the formation of calcite and aragonite- and 
probably by a more or less simultaneous substitu
tion of Al by Si, the silicium being afforded either by 
formation of more or less alkali and/or earth-alkali 
(expansive) silicates containing alkalies from either 
the aggregate or the cement (or both), or by silica 
gel formed in the carbonation itself, affecting the 
calcium silicate hydrates (212) . This generally very 
slow transformation could be imagined as taking pla
ce by steps, with formation of intermediate compounds 
( 190 ). In a parallel way, regarding compounds
formed and destroyed by a complex attack of sea
water, ettringite, gypsum and brucite, as well as hy
drocalumite may appear, and portlandite crystals and 
tobermorite gels may dis sappear. This indicates on 
the one hand, that acidic action by carbonation may 
also take place; on the other hand, that slag cements 
and pozzolanic cements can be, as in practice they 
are, more resistant to long term action of sea-wa
ter (189).

Processes involving ettringite formation can be re
duced or eliminated by using cements of no or very 
low content of C3A; but when processes involving li
me dissolution occur over long terms, cements with 
low content of CgA -even lower than 3 %- may be 
affected. This shows that in preventing sulfate acidic 
action in long term sea-water attack a low content of 
CH in the hydrated cement paste, i. e., a low C3S/C2S 
ratio in clinker (188) is even more important than a 
low content of CgA in anhydrous cement, at least in 
general (166).

At this point it should be interesting to emphasize the 
-at least potentially- very good performance of ter
nary pozzolanic (fly-ash)-slag cements made with 
clinkers of low C3A content having an adequate 
C3S/C2S ratio. All this means that the prescription 
of a type V ASTM portland cement to prevent long 
attacks by sulfate concentrations higher than 1000 ppm 
may not be sufficient in all the cases. As far as per
formances of different types of cements in sea-water 



are concerned, results of long term French experien 
ces have recently been reported ( 15 ) (208) (221).

Sea-water attack has been also centered in the action 
of magnesium sulfate reacting with calcium hydroxi
de to form gypsum -through an irreversible process 
(222) (223)-, which, in turn, reacts with calcium alu 
minate to form the well known expansive ettringite: 

2"+ 2—Mg + SO4 + Ca(OH)24 H2O---- ►Mg(OH)2+ CaSO4.

•2H2°

3 CaSO .2H_O-f-3 C,A +30 H---- ►C,A(CS),H„ or:D 5 5 D u
C4AH13+CaSO4+- 18 H-----►C3A(CS)3H31 (25 )

The depressing action of chlorides in the sulfate 
attack may be attributed not only to an increase of the 
solubility of expansive calcium compounds (222) (223) 
but even to a greater instability and decomposition 
of them in chloride solutions when the content of C,A 
in cement and the sulfate concentration are high. For 
smaller contents of C3A it is possible that no ettrin
gite is formed in the presence of chlorides and no 
attack of sea-water on cements take place (209).

2+ 74.The fixation of Mg -obviously- and the loss of Ca^1' 
by cement pastes are greater In sea-water (as in 
MgClz and MgSO^ solutions) than in pure water, and 
they are also greater the higher the initial content 
of calcium compounds in cements (224). Moreover, 
in cements attacked by sea-water it has been stated 
that no mono sulfoaluminate is formed, because of the 
lack of CH necessary to formC4AHi3, necessary in 
turn to transform slowly the trisulfoaluminate pre
viously and rapidly formed into mono sulfoaluminate, 
thus

C.AH. - 3 CSH -14H—►C-A(CS).H,_-|-CH
4 13 2 3 3 32

C-A(CS)_H„+ 2 C.AH.,—► 3 C,ACSH.,+ 2 CH+20 H 
3 ' '3 32 4 13 3 12

This is another of the main differences between at
tacks by sea-water and mere sulfatic waters: the 
presence of stable trisulfoaluminate and the absence 
os mono sulfoaluminate -and portlandite- (222). An 
additional difference is connected with carbonation. 
Carbonation is insignificant under sulfate solutions 
and under sea-water due to the lower solubility of 
CC>2 in them; but in. any case aragonite is preferently 
formed in sea-water carbonation instead of vaterite 
and/or calcite, due perhaps -basicity appart- to the 
higher solubility of vaterite in chloride solutions.
These do not permit, even in basic media, either the 
formation of vaterite or its subsequent transformation 
into calcite (222). Moreover, aragonite is the denser, 
harder and less soluble form of crystallized calcium 
carbonate, and consequently the more apt to be for
med stably in the more difficult conditions. Anyway, 
protection by carbonation is practically absent on 
cement in contact with sea-water (222).

Insoluble brucite may also be formed by another me
chanism such as

MgCl2+ Ca(OH)2---- ► Mg(OH)2+ CaCl2

which may accumulate in pores and voids of a fair
ly dense concrete, so. reducing further action of 
sea-water on it. But the solubility of CaCl2 is high 
and those of Ca(OH)2 and CaSO4 are much higher in 
sea-water than in plain water. This may explain a 
much greater leaching of lime from porous and per
meable concrete in sea-water (209),

As far as an explanation of the weaker attack of sul
fates in the presence of chlorides is concerned, as 
is the case in sea-water attack- it has been Invoked 
that a part of the aluminate in the cement paste forms 
the FRIEDEL'S salt, and only the remainder alumi
nate forms ettringite (214). Nevertheless, whatever 
the explanation may be, experiments carried out with 
portland and blastfurnace slag cements submitted to 
sodium and magnesium sulfate solutions, either pu
re or each of them containing sodium chloride or so
dium bicarbonate, have revealed the following facts: 
first, that the stronger attack corresponds to the 
greater formation of ettringite, particularly in the 
case of magnesium sulfate attack; second, that the 
FRIEDEL'S salt is formed from monosulfate and/or 
from aluminate hydrate, or even from anhydrous 
aluminate, but not from the trisulfate; third, that the 
monochloroaluminate thus formed (by penetration and 
diffusion of Cl— -ion more rapid and deep than those 
of SO^--ion and more than those of K"*" and Na* - 

-ions) is not stable in the presence of sulfates, which 
transform it into trisulfate on attack ( 59 ) (214) -this 
transformation dissapoint the use of sea-water for 
mixing concrete (a very controverted matter (208) 
particularly if cement is rich in C3A (59 )-; and 
fourth, that as a main consequence of the preceeding 
results, the high content of Cl~-ion in sea-water has 
no essential effect on sulfate attack. Much greater 
influence seems to be attributable to the presence of 
sodium bicarbonate dissolved in sea-water, as it 
reacts with CH forming calcite on surface, so hinde
ring or retarding the penetration and diffusion of 
attacking sulfates (214). Calcite may also be formed 
in the absence of previously dissolved sodium bicar
bonate, or by the action of athmospheric CO2, but its 
formation is much slower and takes place to a much 
lower extent, so that it cannot hinder sulfate penetra 
tion, attack and damage. In the same way Mg(OH)2 
formed in the attack by MgSO4 does not influence the 
sulfate attack; but if Mg(OH)2 and CaCO3 are for
med together, a protective effect similar to that of 
calcite is afforded (214).

Anyway, chlorides, sulfates and magnesium ions may 
form chloroaluminate, sulfoaluminate, brucite and 
magnesium silicate without visible expansion, while 
free pore space permits the free growing of crystals 
-mainly of those of ettringite-. Afterwards, delayed 
hydration of C3A crystals closed in anhydrous silica
tes of the bigger grains of clinker gives place to a 
new formation of ettringite near to and all around of 
the C3A crystals. This "secondar/.'ettringite enables 
further penetration and diffusion of attacking SO4~- 
-ions ( 58 ).



Observations carefully carried out have shown that 
the layers of concrete attacked from outside to in
side contain successively aragonite (the form of cal
cium carbonate formed in the presence of magnesium 
salts), brucite, CSH4- MSH sourrounded by chloro
aluminates and sulfoaluminates. Sometimes aragoni
te in the first layer and brucite in the second one 
have protective effects as mentioned (214), by en
hancing compaction and imperviousness of the at
tacked paste (205). On the other hand, in superficial 
attack either of alite pastes or of portland cement 
pastes exposed to water, NaCl and MgSO4 solutions, 
and sea-water, calcite, aragonite and varite have 
been observed as products of carbonation, and gyp
sum and brucite as products resulting from the ac
tion of MgSO^. In each case calcium hydroxide and 
calcium silicate hydrates are affected to different 
extents, and different forms of calcium carbonate 
are preferentlly formed depending on experimental 
conditions (160).

Whatever may be, sea-water attack is quite different 
from that of pure sulfate solutions -and generally 
smaller due to surface protection of concrete (by bru 
cite formation and carbonation, if so), by the simul
taneous presence of anions other than sulfates (chlori 
des) and different cations. Moreover, the relative in
fluence of cations in aggressivity depends on the SO^— 

-ion concentration ( 23 ).

Isolated mineral components of portland clinker sub
mitted to sea-water attack show that penetration of 
Cl— accelerates the hydration of C3S and^ 
pastes, and that penetration of SO“—ions (and the 
consequent formation of gypsum) depends on the den
sity or porosity -related to the degree of hydration 
and to the morphology- of the pastes in which may 
have, as mentioned, a beneficial influence as far as 
silicate hydration is concerned (225). But sea-water 
action on hydrated C3A and C4AF pastes consists 
mainly and primarily in the formation of monosulfa
te-like phases C3A. Ca(SO4, C12)-xH2O, which in the 
presence of Ca(OH)2 and by penetration of SO^—-ions 
finally form ettringite. Almost the same occurs in 
magnesium sulfate solutions free from Cl--ions (a 
solid solution of monosulfate and C4AHJ3 is first 
formed). The chemical changes in pastes of CjA 
and/or C4AF produced by sea-water action cause 
morphological changes of structure accompanied by 
an increase of porosity, especially in the case of 
C4AF. These changes are to be added to the pure 
chemical action in the case of sea-water attack to 
hydrated silicates, aluminates and ferrite-alumina- 
tes (225). On the other hand, secondary ettringite 
formed at later ages from C3A occluded in anhy
drous silicate crystals may cause local strains and 
cracks in concrete, which may in turn facilitate fur
ther penetration and diffusion of SO4—ions ( 58) 
( 59).

Attack by sea-water brine at 80°C on mortar of or- 
finary portland cement, fly-ash cement and high-alu 
mina cement shows damages attributed to expansive 
crystallization of gypsum and to lime leaching by 
ionic exchange of Ca by Mg in tobermorite (or in hy

drated calcium compounds of the high-alumina cement 
pastes), in which a solft talk-like product is also for
med. In the case of high-alumina cements the propor
tion in which both mechanisms participate in the attack 
may be variable, depending on the composition and na
ture of the cement. The product of the attack seems,^ 
to correspond to a complex double hydroxide of Mg 
and Al^"*" , that ratio Mg/Al in it being also variable. 
(225 bis).

In general, as to the influence of the temperature on 
the attack by saline solutions and artificial sea-water, 
it has been recently reported that the penetration of 
SO*-—4 -ions, the attack of MgSC>4 solutions and the co
rresponding expansions and damages by ettringite and 
gypsum formation are more intense at lower tempe
ratures; conversely, in penetration of Cl--ions, for
mation of chloroaluminate and attack by MgC12 no in
fluence of temperature has been observed (226).

As far as cements are concerned, it is difficult to es
tablish correlations and to drow conclusions relating 
cement types and their resistances to sea-water, as 
whatever the type of cement, strong attack always 
leads to the destructive formation of calcite, arago
nite and non-hydraulic magnesium silicate (205). 
Being obvious that sea-water attack may act leaching 
lime from cement and forming ettringite with hydra
ted aluminates, it seems that portland cements re
sisting sea-water attack must be low in C3S and C3A 
( 25 ). Some recent interesting results have been re
ported according to which ASTM type II portland ce
ments -and to some extent type V cements also- mixed 
with water containing different amounts of either CaC12 
or NaCl, or some other salts to compose artificial 
sea-water ("ocean mixtures"), give at 28 days higher 
strength than the same cements mixed with plain wa
ter. Moreover, cements mixed with NaCl solutions 
and cured in "ocean mixtures" give even much higher 
resistances. This last result is surprising and no sa
tisfactory explanation seems to be for it, at least for 
the moment (227).

It has been invoked that ettringite from ASTM type I 
cement (mainly formed in sea-water and by action of 
sodium and magnesium sulfate on C3A) crystallizes 
with expansion, whereas that of ASTM type V cement, 
resulting from C4AF precipitates and remains as a 
non-expansive gel ( 202 • ). On the other hand, labo
ratory and field experience have shown that under cer 
tain conditions sulfate resisting portland cements may 
be damaged at long terms by sulfates (228).

Ettringite, other complex hydrated calcium alumina
tes, gypsum, brucite, MSH formation and leaching of 
CH in cement paste by sea-water action depend mainly 
on the various proportions of the different crystalline 
forms of C3A: cubic, orthorrhomblc and tetragonal in 
cement, and on their texture and grain size, rather 
than on the total amount of C3A, as each of these forms 
reacts in different way. Attack and damage depend 
consequently on this, as well as on the fact that the 
C3A crystals may be more or less sourrounded and 
protected by other big silicate crystals (58 ) ( 59 ) 
(205). As mentioned elsewhere one could perhaps in



fluence the crystalline condition of the C3A in cement 
through a deeper knowledge of the stability relation
ships of C3A at higher temperatures by mineralization 
with fluorite in clinker formation by fusion or by other 
non traditional burning processes. In fact, in the subs 
titutlon of by Na*" -ions in the cubic C3A a part 
of this is converted into stabilized orthorrhobic and te 
tragonal solid solutions. Two of the three possible 
forms in cement coexist. The hydration kinetics of 
each of them being different in pure water, the speed 
of hydration of the cubic form is greater than that of 
the orthorrohobic form and this in turn is greater than 
that of the tetragonal form. Moreover, to a faster hy
dration of C3A corresponds a faster hydration of C3S 
too. In contact with sea-water cements with cubic C3A 
give more ettringite than chloroaluminate; the oppo
site is valid for cements with orthorrhobic or tetra
gonal C3A. Ettringite formed at short terms (as still 
mentioned) may be non-expansive, as crystallized 
from solution and with free space at disposal; whereas 
that formed much later may cause expansion, as for
med locally in solid phase, without previous solubili
zation of alumina, and without free space for accomo 
dation (15).
On the other hand, the penetration of Cl-, SO^— and 
Mg^^" -ions in the reticulated CxSyHa tobermoritic 

compound -though more compact than the correspon
ding fibrous compound- makes the former more po
rous, and weaker as far as the substitution of C by 
M to form partially less hydraulic (or non-hydraulic) 
Cx. Mx. . SyHz is concerned. This leads to a greater 
friability of the paste (15).

As far as synthetic mixtures of C3S, C3A and CSH2 
are concerned, C3S hydrates faster and C3A slower 
in sea-water than in pure water. Proportions of hy
dration products in sea-water (ettringite, gypse, bru
cite and magnesian tobermorite) depend on the crys
talline form of C3A too. Cubic C3A gives more of the 
three former products, tetragonal C3A gives more of 
the latter, and orthorrhomblc C3A behavies in an in
termediate manner (15).

A question arises here as to the greater or smaller 
harmfulness of the weakening due to the more abun
dant magnesian tobermorite formed in the case of ce
ments or synthetic mixtures richer in tetragonal C3A, 
in comparison with that due to expansion caused by the 
more abundant ettringite formed in the case of cements 
richer in cubic C3A. In the author's opinion this uncer
tainty, joined to the interdependence of both causes of 
degradation -among others and together with several 
others- could clear some of the abnormal, uncommon, 
unexpected and always inexplicable results and beha
viours of some cements in some circumstances.
To the potential multiple variability so far exposed as 
far as the chemistry of cements, is concerned it is to 
be added those of the enviromment and of the concrete 
as regards its composition, permeability, capillarity 
and capillary suction, absorption capacity, pore sys
tem, etc. All the possible combinations of such poten
tially very variable factors intrinsic and extrinsic to 
concrete, overlapping to each other in all the very 
many possible forms and proportions, lead us, theore 

tlcally at least, to an extremely complicated picture 
of the real and practical sea-water attack on concre
te. And probably they also lead us to the discoura
ging conclusion that the doubful homogeneity invoked 
for sea-water attack as one of the main topics in 
concrete durability does not exist in a great majority 
of cases. This may be one of the reasons why some 
results of research work done in real practical con
ditions and/or of testing methods carried out in la
boratories do not agree with each others, or even 
they are -or seem to be- mutually contradictory, 
when otherwise expected. As a result it is really 
difficult to establish correlations between cement 
types and their performances -for instance on the 
basis of short term losses in strength- the main 
guarantee for resistance to chemical attack being 
in general a high degree of compacity obtained, 
other things being equal, with a high cement content 
in concrete. The probability of such guarantee may 
increase by using intrinsically more resistant ce
ments. Regarding portland cements nominally re
sisting sulfate and sea-water attack, some doubts 
already exposed have arlsed many years ago on their 
guarantee, which now-a-days are well justified and 
explained (15) (229).

In the perhaps extreme but possible and even very 
probable complex situation of sea-water attack to 
concrete, simplifications, generalizations and extra
polations may be very dangerous. For instance, as 
far as the pure chemical aspects of the problem is 
concerned, attempts have been made as it has been 
already pointed out, to assimilate sea-water attack 
to sulfate attack, despite the knowledge that the ac
tion of SO^— -ions of sea-water on cement is but ve
ry slow and secondaty, due to the presence of Cl— - 
-ion at a high concentration (223) (224). If not so, 
portland cements with lower contents of C3A would 
resist sea-water action better than those richer in 
C3A, according to the largely supported opinion.
But it is not always so, as portland cements with ve
ry low, low and high C3A contents have been almost 
equally and strongly damaged, as in the case of 
attack by MgC12 concentrated solutions (224).

This is so because in the case of sea-water attack a 
so-called "intrinsic" resistance of cements to SO^—- 
-ions depending on the nature and amount of their 
C3A is not the only operative one. The resistance 
of cements to very high concentrations of Cl—-ions 
and the possibility that brucite is formed filling the 
pores are probably much more important in the co
rrosive processes in sea-water as a whole. On the 
other hand, in very cold sea-water the action of sul
fates is even much less important (230).

In the case of specially high saline sea-water, as 
for instance that of the Dead Sea (231) -much more 
concentrated in alkaline, calcium and chloride ions 
and less concentrated in sulfate ions-, in addition to 
brucite calcium chloroaluminates and magnesium 
oxychlorides instead of sulfoaluminates are also 
formed during cement attack. Something similar 
occurs when the attack on cement is produced by high
ly concentrated sea salt deposits in which strongly 



corrosive kainite KCl. MgSO^. 3H2O is formed, and a 
severe threefold corrosion process produced by' 
SO^—, Cl- and -ions takes place (232).

These facts explain, as mentioned elsewhere, the 
much better behaviour in sea-water of cements con
taining highly silicic slags over a certain proportion 
-to be fixed between 65 and 80 %- compared with that 
of ordinary portland cements, and even of other sul
fate resisting cements -including portland, pozzola- 
nic and high-alumina cements (224) (231) (232) (233) 
(234) (235). And muchi more so if the portland clin
ker has a low conten of C3A, a high S/(A+ F) ratio 
and a lowA/F ratio (2 34).

Even better results are obtained by using ternary ce
ments composed with low C3A portland clinker, slag 
and pozzolan of adequate nature and composition, and 
in adequate proportions (232).

From a strict chemical point of view all these well 
known experimental facts are logical. Slag cements 
with 60-70 % of a highly silicic slag; pozzolanic ce
ments -even made with a clinker rich in C3S, provi
ded that the pozzolan has a high content of active si
lica (about 90 %) and a low content of reactive alumi
na and iron compounds- (234); and ternary cements, 
on the one hand they all have a low content of C3A; 
on the other hand they are able to fix CH, so elimi
nating or reducing the formation of solid portlandite 
(additionally they make difficult the formation of 
ettringite). Moreover, they are able to form tober- 
moritic gels in higher proportions (234).

In conclusions corrosion produced by solutions of 
MgSC>4 and MgC12 containing NaCl, as is the case in 
sea-water, is lower on binary or ternary composed 
(blended) cements. This is much more so the lower 
the content of free CH and/or of the more basic hy
drated aluminates in their pastes, other things being 
constant (236).

From.a more physical point of view, the higher amount 
of tobermoritic gels formed contributes to increase 
the imperviousness and to lower the penetrability of 
the cement paste, so protecting it from further attack. 
Furthermore, gels cover other sensible phases isola
ting them from the contact with aggressive media and 
inhibiting or retarding their corrosion.

In the case of pozzolanic cements as compared with 
normal portland cements, the effect of this physical 
.ction has been adscribed to a different proportion 
of phases, more than to a different nature of the pha 
ses formed. This difference in proportion of phases 
-particularly portlandite and tobermorite- leads to a 
structure of the cement paste with different physical 
characteristics. Among them, a greater impermeabi 
litv and a greater resistance to ionic diffusion of 
SO4—ions through the more abundant tobermoritic 
gels (234).

In different aspect, very variable external and gene
rally not well known circumstances condition the be
haviour of different cements in such a way that it is 
not always sufficient to make reference to portland, 
pozzolanic or slag cements in terms of their chemical 

composition and that of their constituents. This is 
sometimes less important as compared with other 
influencing physical factors considered either favou
rable or not (236) (237). But it seems clear that when 
the attack progresses from outside to the inside of the 
material, depending on its initial porosity and absorp
tion increasing with time, this attack is weaker if the 
cement is adequately resistant (238).

The result is a combination of physical and chemical 
factors which mutually combine and reinforce, acting 
together simultaneously and indissolubly. A question 
arises: in which way and relative proportion do the 
whole of each of these two factors operate in each 
circumstance and moment ? . Otherwise, which of the 
two factors is temporarily more important and finally 
decisive?. It seems obvious that there cannot be a 
general answer to this question. Each particular case 
will have its own answer, though unknown in most of 
them. Anyway, the importance is relative; it cannot 
be absolute.

This is one of the reasons why the influence of the po
rosity of cement pastes, mortars and concretes -open 
and total porosity, size and geometry of the pores, 
pore size distribution- seems to be so decisive in 
sea-water durability studies. Particularly when the 
behaviour of different types of cements and concretes 
is investigated. This has lead to affirm that if the 
compacity of the material is high, its behaviour is 
good, independently of the nature of its cement; but 
if the compacity is low, then the nature of the cement 
may have a greater influence on the chemical resis
tance of the material to corrosion (239). More dras
tically it has been expressed that when the volume of 
pores is less than 30 %, no attack is produced by sea
-water, whatever the cement may be (235), particu
larly if good concrete is permanently placed under 
low waters. In addition, this may lead to understand 
a series of facts difficult to explain, as for instance 
the different and sometimes opposite results as far as 
the behaviour of cements of the same type, class and 
quality in sea-water is concerned; the different be
haviour of one and the same cement when other varia
bles -for instance, porosity- are involved; the alter
nations in the order of the behaviour -from better to 
worse- of different types of cements when the porosity 
of their respective pastes -or some other factor, in
cluding the nature of the aggressive medium (5)- va
ries in different aspects.

And finally this may lead to the discouraging but inte
resting conclusion that it will not be possible lawfully 
to compare results of studies and research work done 
in common in different countries or institutions, as 
far as the real and practical behaviour of different ce
ments in various conditions is concerned, if these stu
dies and research work are not based on the knowledge, 
measurement and control of the porosity of the mate
rials involved; or at least on the guarantee that poro
sity is acceptably similar in all the cases and conse
quently it is not a variable to be taken into considera
tion as such.



Otherwise, one cement with a lower "intrinsic" che
mical resistance might behave better than another one 
with a higher "intrinsic" chemical resistance, provid 
ed that the porosity and penetrability of the material ' 
made with the former be lower than that of the simi
lar material made with the latter. The same could be 
said of capillary suction and rise, of absorption (233) 
and of many other physical factors more or less re
lated to porosity -not always well defined and differen 
tiated, as for instance, hygroscopicity-, when exter
nal conditions are propitious to the influence of such 
factors.

Furthermore, it must be added that when corrosive 
dislocations are mainly produced by mere physical 
actions due to crystallization of salts from very con
centrated solutions, the behaviour of the material in
volved depends much more on its physical structure 
and of its cement paste than on the chemical nature 
of the cement itself.

And nevertheless things are not always so simple as 
to generalize and accept without caution the preceed- 
ing observations. For instance, in the mentioned ca
se of the Dead Sea, materials with a higher w/c ra
tio -and consequently with a higher porosity- have gi
ven better results, because they had more free space 
to accommodate with less or no dislocation the large 
amount of salts formed in a very complex process of 
crystallization (231).

In connection with the studies whose aim is to esta
blish an order of behaviour of different cements in 
given experimental -laboratory or external field
conditions, it must be said that sometimes some not 
well known or uncontrolled influence may act. If the 
order obtained is that to be expected, then there is 
a tendency to minimize the importance of such in
fluences, because one does not think about them, even 
if there is a certain probability that they may invalida 
te the comparison of results; but if the resulting or
der is different from that to be expected, then it is 
more probable that such influences are taken into 
account, and a greater importance is attributed to 
them (235).

Moreover, the order may depend on very peculiar 
circumstances. For instance, in the repeatedly men
tioned case of the Dead Sea, mass concrete made with 
an ordinary portland cement behavies better than si
milar mass concrete made with a sulfate resisting 
portland cement, provided that the former is mixed 
with Dead Sea water instead of pure or distilled wa
ter. The explanation seems to be clear: in an ordina
ry portland cement richer in C3A mixed with water 
containing a high concentration of CT--ions a great 
proportion of chloroaluminate is formed; whereas in 
a sulfate resisting portland cement poorer in C3A, 
mixed with pure water, normal calcium aluminate 
hydrates are formed, which are able to experiment 
subsequent expansive complex reactions causing dis
location (231). At least one of the factors contributing 
to corrosion -that depending on the deteriorating rea£ 
tions of C3A- is minimized in the former case and 
manteined at its expected level in the latter case. In 

dependtly that probably some other factors may be 
involved, this particular result is obviously not to 
be generalized.

10. - METHODS OF TESTING .

Much controversy has been developped and much 
more could be still promoted on the item of test me
thods for cement and concrete durability. Complica
tion, poor effectiveness, difficulty to reproduce real 
conditions, to interpretate and evaluate results and 
to apply statistical methods to them, as well as the 
need of a scientific basis either for destructive or 
non-destructive accelerated testing procedures for 
durability in order to guarantee a minimum of relia- 
bility.reproducibility and simplicity of them, have 
been aspects clearly exposed ( 4 ). A relatively re
cent and detained summary of testing methods for 
sulfate attack has been published in connection with 
the extensive work on sulfate resistance carried out 
by the U.S. Bureau of Reclamation ( 240 ).

Some studies have been conducted to put in clear if 
different methods of testing lead to the same or si
milar results, specifically as far as the behaviour 
of different cements is concerned. Such studies are 
interesting when comparing methods based on the 
same or similar (comparable) principles. The results 
of such comparisons not always are concordant. An 
interesting conclusion in this respect is that LE 
CHATELIER-ANSTETT-BLONDIAU method (241) and 
ASTM C 452-68 method lead to results which seem 
to be concordant (242). In the author's opinion this 
is precisely due to the fact that in both methods the 
condition of similarity of principles is accomplished. 
Nevertheless, such concordance not always is in 
good agreement with the real behaviour of cements 
in practice, or even in other different test conditions, 
as far as some types of cements other than portland 
are concerned; for Instance, pozzolanic cements con
taining good silicious natural pozzolans ( 5 ) (241).

In general, the methods used to study, to test or to 
evaluate concrete durability are indirect methods in 
which some parameters of the material more or less 
related to its "durability" are considered. This is 
so because of the ambiguity of the definition of dura
bility, and this in turn because of the empiricism 
which considers that effects are by fare more impor
tant than causes and mechanisms (3 ). In this sense 
the main difficulty in comparing results is that me
thods to assess durability may operate on various 
types of specimens of neat cement pastes, mortars 
or concretes, submitted to different aggressive me
dia, in field or in laboratory, in very different ex
perimental conditions. These methods may consider 
changes in weight, volume or length, strength or 
composition -detected in each case by chemical, XRD, 
IR spectroscopy, thermal analysis, etc. -, or they 
may be based on techniques of ultrasonic pulse time, 
optical microscopy, energy dispersive X-ray analy
sis, etc. Most of the methods show either weakness 
or drawbacks in measuring progressive deteriora



tion of concrete, and according to their experimental 
conditions they may cause very variable degrees of 
damage depending on the different mechanisms of at
tack involved in them, either isolately or conjointly, 
simultaneously or successively (243). These appre
ciations are in agreement with the author's opinion 
on the difficulty and the risk to interpretate and eva
luate test results, and, what is probably more im
portant, to generalize and extrapolate them in all the 
cases to real practice.

The examples of the criticism made to different ty
pes of test methods could be innumerous, but the 
main of them refer to the adequation or inadequation 
of the methods to particular types of cements. One 
of such examples: some viewpoints on methods of 
testing sulfate resistance consider that in the case of 
slag cements those accelerated methods based on in
troduction of sulfate ions (gypsum) in specimens pro
ducing a deterioration "from inside" are not adequa
te. Otherwise, methods based on contact of speci
mens with aggressive sulfate solutions, which cause 
an attack "from outside" give reliable results as ap
plied to slag cements. These results, when referred 
to specific conditions, may be related to the C3A con 
tent in clinker and/or to the slag content in cement 
involved (244). But as far as the influence of the C3A 
content is concerned, it must be taken into account 
that each of the polymorphic forms of C3A in clinker 
behavies differently -as detained elsewhere- in sea
-water attack, as cubic form seems to be more sen
sible than tetragonal form. Independently of the lit
tle knowledge about the factors governing the forma
tion of individual forms in clinker, the foregoing con
siderations claim for an idoneous method to determi
ne the different polymorphic forms of C3A. In this 
respect the fact that calculation of C3A content by 
BOGUE's formulae gives results in general higher 
than those obtained by X-ray difraction -and also 
different than those resulting from optical microsco 
py- seems to be important. All these difficult pro
blems are related to the limiting specifications for 
C3A in cement standards (182).

In the author'opinion it should be clearly declared in 
each case what must be understood by "an adequate 
testing method": one favouring some given types of 
cements, though its results are not clearly in agree
ment with their behaviour in practice, or another one 
in which the situation is the contrary?. Independently 
of the fact that some methods seem to favour to some 
cements -and consequently to impair others- as far 
as their real performance In practice is concerned,- 
the so-called "accelerated" methods of testing gene
rally do not give sufficiently reliable results.

As far as accelerated methods of testing durability are 
concerned, based on increasing of tensions and stres
ses, temperature, pressure, concentration, porosity, 
percolation, surface of contact, surface-to-mass ratio; 
on decreasing of specimen size; on alternating (wet
ting-drying, freezing-thawing or immersion-emersion) 
conditions or renewal of aggressive media; on previous 
introduction of the attacking agent into the cement 
paste, etc. , and in general on all what tend to enhance 

intensively and/or extensively the contact between 
cement or concrete and aggressive media, it must be 
considered if they really (technically and scientifica
lly) represent natural or practical conditions, or if 
(on the contrary) their arbitrary empiricism intro
duces new disturbing factors not present in practice, 
which may alter the mechanisms and/or the kinetics 
of the real aggressive process. If so, the methods 
may affect (at least quantitatively when not also quali- 
tatitively) the results, so that no realiability can be 
expected ( 3 ) (245). Other aspect concerns the rela
tionships between the properties and parameters ob
served or measured in tests, the processes (mecha
nisms and kinetiqs) taking part in the attack and the 
damaging effects produced, as these latter, for given 
processes even expansive and disruptive in nature may 
be absent, depending -often mainly- on real and tes
ting conditions and/or materials, rather than on pro
cesses themselves (245). All this may have important 
consequences when comparing behaviours of materials 
which otherwise -i.e. , in practice- would perhaps 
show a different performance ( 3 ).

Methods have been proposed as being of general ap
plication to almost every type of cement using me
dium-size bars of normal mortar semi-immersed in 
magnesium sulfate solutions and measuring the stregth 
of both, immersed and exposed part (172). Neverthe
less, accelerated tests generally do not provide a 
quantitative measure of the prospective service life 
of concrete, even under ordinary conditions. They 
are intended to evaluate rapidly in either absolute or 
relative terms the resistance of concrete to specified 
exposures and they may be helpful in comparing the 
prospective durability of individual concretes. The 
value of such testsdepends on their degree of simula
tion of service conditions in practice, and on the ex
tent to which they reproduce the responses of concre
te in such conditions. They are needed because of the 
lack of possibilities to evaluate quantitatively those 
proporties of concrete which control its response to 
environments, and consequently they must produce 
the same or very similar effects than those occurring 
in practice, on the same material as used in practice. 
Such conditions are always difficult to be accompli
shed ( 29 ). Approaches to it can be reached if acce
lerated methods of testing take into account: type and 
nature of the attack (weakening by leaching -lixivia- 
tion- or by chemical reactions involving ion exchange; 
disruption by volume changes due to crystallizations); 
the corresponding type of laboratory exposure; the 
criterium to evaluate the attack, so that laboratory 
results can give reliable indications on resistance of 
cements and concretes to specific aggressions, con
sistent with field experience ( 29 ).

To such extent it is so considered that suggestions 
have been made in the sense that even by theoretical 
considerations on sulfate attack on concrete.it should 
be possible to foresee its resistance, better than by 
results based on accelerated tests carried out in highly 
concentrated aggressive solutions ( 82 ). So, it is 
thought that the problem is to select those accelerated 
methods the "more adequate" in each case for each 



particular purpose. For instance: it seems to be evi
dent that in comparing the relative chemical resistan 
ce of different types of cements, elongation measure
ments are not always sufficiently indicative, and the 
same could be said about methos based on neat paste 
testing and/or on "internal" attack (172). More use
ful in this respect seem to be methods based on in
dexes of aggressivity defined as the ratio of flexural 
strength of prisms in aggressive media and in pure 
water- at the same ages. And much more so if the age 
is not excessively short (better 180 days than 56 days, 
for instance). In this reaspect, as far as differential 
behaviour of several types of cements Is concerned, 
relatively short periods of observation do not permit 
to establish any clear conclusion, as results are not 
sufficiently discriminative; even they may be con
tradictory (246). Improvements in results can be ob
tained if these ratios of strengths are represented in 
function of the logarithm of the age (days), or if a 
mean value of them at different ages is taken as re
presentative of the comparative behaviour of diffe
rent cements. In this respect KOCH & STEINEGGER 
method more or less modified (improved) in its ap
plication seems to be of more general use than are 
other methods determining only the cement resistan
ce to calcium sulfate, either acting "from inside" or 
"from outside" (247). An interesting alternative de- 
velopped to assess cement resistance to sulfate at
tack is that based on the measurement of the com
pressive strength of small cubes Immersed in sulfa
te solutions at constant pH-value ( 9 ) ( 245 ).
Another new method proposed seems to be rapid, giving 
reliable results which permit to evaluate the behaviour 
of different cements, so contributing to solve the pro
blem of lack of correlation between laboratory testing 
and field performance of concrete (228).

The method of K&S permits to evaluate and interpre
tate the influence of G3A content in portland cements 
(249) -always with the reserves and limitations expo
sed elsewhere in this paper-. It also permits to eva
luate the Influence of the slag content in slag cements, 
that of the cation in the case of different sulfates, that 
of the concentration in the attack by sulfates or sea
water, etc. Thus its results seem to be in agreement 
with logical considerations on the composition of port
land and slag cements and, as far as such cements 
are concerned, the method seems to agree with ap
preciations and conclusions of other more controver
ted methods such as LE CHATELIER-ANSTETT- 
BLONDIAU and ASTM (247) (250). Other methods 
seem to be particularly appropriated to assess on 
cement resistance to sea-water attack (251).

Some of the more drastic tests for cement suscepti
bility to sulfates (gypsum) -for instance the mentio
ned LE CHATELIER-ANSTETT-BLONDIAU method
operate with hydrated neat pastes. Their results may 
depend on the degree of hydration of the paste at the 
time of mixing it with gypsum, which in turn may de
pend on the type and other characteristics of the ce
ment. So, in order to operate always in the same or 
very similar conditions of very advanced (if not total) 
hydration of the cements, a method has been develop-

ped to accelerate hydrationmartainirg all the other 
experimental conditions of the test. Acceleration is 
provoked by chemical action of vibration and percus
sion on the hydrating paste (252). .

Some other points of view on accelerated methods 
state that all of them based on acceleration procedu
res other than those consisting in the increase of the 
surface/volume ratio of the speciments risk of great 
deviations from real conditions and consequently their 
results may lead to highly erroneous interpretations 
and conclusions ( 25). This consideration advices that 
it is indispensable to compare every accelerated me
thod with one or several slow methods during suffi
ciently long periods of time, before taking the rapid 
one into consideration, as the slower methods are ge
nerally much more in accordance with real results in 
practice (246). On the other hand, long term testing 
is recomended on concrete specimens submitted to 
semi-immersion conditions in saturated CaSO4 solu
tions and/or in sea-water; lean concrete of high w/c 
ratio and rich concrete of low w/c ratio, as well as 
monthly renewal of aggressive medium are also re
commended ( 25).

As far as accelerated test methods for alkali-agre- 
gate reaction are concerned,' one of them has been 
quite recently proposed (253). Those based on heating
-cooling or wetting-drying exposure do not show a 
close correlation between their results in terms of 
expansion observed and alkali content of cements, 
other influencing factors being simultaneously invol
ved. Other standard methods of testing show a simi
lar lack of correlation between expansion measured 
and susceptibility of aggregates, all depending in ad
dition on the ratio of reactive silica to available alka- 
lies, as compared with the most unfavourable ratio (29).

In the author's opinion all these facts put the ques
tion of wether specifications for low-alkali cements 
in cement standards and those for aggregates in some 
of the corresponding standards are sufficiently justi
fied or not, specially the former ones implying harder 
and antieconomical conditions in cement manufacture, 
particularly nowadays when sparing energy and re
ducing fuel consumption in seriously recommended.

Finally, in order to overcome the insuficiency of pre
sent methods of testing durability in general, several 
proposals have been made -and are continuously made- 
to elaborate common test methods based on general 
(scientific and practical) principles, real experimen
tal conditions, reliable results easy to evaluate and 
interpretate, to which statistics can be applied. In 
these aspects, pessimism due to the difficulty of the 
task, and optimism based on the work done and now 
running have been manifested (254) (255).



11.-  STANDARD SPECIFICATIONS

Most countries produce and standardize cements 
resisting to some type of attack: sulfate attack (gyp
sum and/or other sulfates), sea-water attack, car
bonic acid attack, etc. . Some other countries tend 
to this type of standardization and so in recen time 
Japan, among others, has Included in the Japanese 
portland cement standards those corresponding to 
the chemical composition of sulfate resisting cements, 
comparing their requirements whith those of many 
other forcing standards (256).

In general, the problem of standard specifications 
for chemically resisting portland cements is linked 
to that of the recommendations for using one or 
another type of portland cements, or of cements 
other than portland, in each particular case of fore- 
seable aggressivity. This is a point in which some 
confusion may be created due to differences in cri
teria of different countries, not precisely based on 
scientific and/or technical viewpoints, but some
times on commercial interests.

In the case of portland cements it seems to be a ge
neral qualitative agreement as to the conditions to 
be fulfilled for their chemical resistance to sulfates 
or to sea-water attack, for instance. Something di
fferent occurs in the case of cements other than port
land, as countries posessing natural pozzolans claim 
for the use of pozzolanic cements, whereas other 
countries lacking of such pozzolans invoke the use 
of fly-ash cements, and finally other countries with 
traditionally produce and use successfully blast-fur
nace slag cements consider them as the more ade
quate. This may create confusion to an impartial ob
server and much more so because each of the mentio 
nes cements has properties which make it at least 
partially apt to be used in some given cases of aggre
ssivity. The confusionism may arise when trying to 
generalize and extrapolate the use of one or another 
of such cements in all the instances.

It is very difficult to explain, among others, the fact 
that very large variations are observed in the be
haviour of good concretes made with more o less sul
fate resisting portland cements in contact with (so
dium) sulfate. On the other hand, such laboratory re
sults agree with field results. Moreover, some pozzo 
Ians with low water requirement in pozzolanic ce
ments of moderately low CjA and C4AF contents im
prove substantially the behaviour of cements in sul
fate attack. All these facts lead to question the per
haps excessive Importance attributed to the more 
stringent limitations of C3A and C4AF contents, as 
far as the sulfate resistance of portland cements 
is concerned (182) (204).

In a recent general report on sulfate resistance of 
cements, concerning last works published up to 
1977 it is stated that, according to the litterature, 
sulfate resisting portland cements should be used 
when sulfate resisting concrete is required; that 
phase composition of cements does have a significant 
influence on sulfate resistance of concretes, though 
not so much as the bibliography and the standards 
indicate ( 1 ).

In the author'opinion this is an important point for 
consideration as, generally speaking, some papers 
probalby tend to overestimate some experimental 
results, and some standard specifications tend to 
secure and to guarantee -perhaps too emphatically- 
the performance of some cements in some aggres
sive conditions. If so, this leads to consider once 
more if the (excessive?) rigour of some standard 
specifications is always sufficiently justified. And 
so much so as the problem of limitating the C3A 
content of portland cement in standards to make it 
more resistant to sulfate attack may have implica
tions in cement manufacture, cement properties 
and cement behaviour, other than those concerning 
durability. So, the limitation of CjA content in ce
ment standards should be considered very carefu
lly (182), On the other hand, limitations of C3A 
and/or of x C3A + y C4AF and/or C3S in standards 
do not consider influences of clinker burning and 
clinker cooling conditions (2 57).

From practical points of view, as far as cements 
resisting sulfate attack are concerned, it is obvi
ous the much emphasis put in aluminate phases. 
Nevertheless, ferritic phases are also affected, 
and this has been also emphasized in discussing 
the chemistry of sulfate attack in terms of differen
ces in C3A and ferrite phase contents of cement 
clinkers ( 8 ) ( 240 ). In the author's opinion this 
leads to the conclusion that specifications concer
ning portland cements resisting sulfate attack must 
take into account not only the C3A content, but also 
the C4AF content, either as the bare sum or as 
some sort of "composed" sum. In fact, portland 
cement resistance against attacks of different de
gree has been expressed in terms of chemical and/ 
/or potential composition. More particularly in terms 
of the A/F ratio and in terms of C3A and/or (XC3A4- 
yC4AF) -and some times C3S- contents. ( 6 ) ( 23 ) 
(257). (Concrete Yearbooks, ACI Manuals of Concre
te Practice, DIN 1164 Standards, ASTM, Soviet, 
Spanish, etc. Standards). Consequently, portland 
cements low in all of the mentioned parameters are 
considered as being adequately sulfate resistant, 
and in each case different specified limits for C3A 
and/or for the ("composed") sum of C3A and C4AF, 
depending on country standards and local conditions 
as mentioned are fixed. For instance, resistance 
to sea-water attack is defined in the French speci
fications by the following two prescriptions: C3A^ 

10 % and C3A+O.27 038^ 23.5 %. Other similar 
prescriptions are imposed by several other stan
dards; those of ASTM are: C3A^L 8 % and C3A + 

4-C3S^ 58 %. Different limitations of C3A in norms 
seem not to be always fully justified, as it has been 
broadly observed that there is no close correlation 
between C3A content of portland cements and their 
.resistance to sea-water attack ( 25). A closer co
rrelation seems to exist between C3A content and 
resistance of portland cements to gypsum attack 
(gypsy s°il waters). So, portland cements resis
tant to soil waters with sulfate contents above cer
tain limits must be low in C3A and C4^AF, the 



maximum contents of them being variable with na
tional standards. As in the previous case they affect 
to the CjA content and to a simple or "composite" 
sum of C3A and C4AF. For instance, ASTM and 
French Standards specify CjA"^ 5 % and 2 CjA + 

+ C^AF 20 %; and Soviet and Spanish Norms pres
cribe CjAC 5 % and C3A+ C4AF^ 22 % ( 6 ) ( 25 ). 
All these limitations, particularly those concerning 
C3A are always subjeted to the criticism based on 
the decisive influence of the different crystalline 
forms of C3A in cement, on durability ( 20^ (258). 
So, it seems not possible to consider the attack on 
C3A without discrimination. The various forms of 
it still identified and characterized: cubic orthor
hombic and tetragonal react in different way with 
sea-water. Cubic C3A gives more ettringite, gyp
sum and brucite, whereas tetragonal C3A induces 
the formation of more MSH than the other two forms 
in the cement paste as already mentioned, (182) (205).

In the author's opinion the difference is important, 
as it may affect even to the qualitative nature of the 
attack: gypsum, ettringite and brucite formation im
ply mainly a disruptive action by expansion due to 
crystallization pressure and crystal growth, whereas 
the formation of non-hydraulic magnesian tobermori- 
te compounds by cation exchange Implies a lixiviating 
action causing softening and weakening of the struc
ture of the cement paste.

As far as limitations of C4AF in one or another form 
are concerned, they seem to contradict in any way 
the statement that portland cement rich in iron com
pounds resist better the magnesium sulfate attack 
( 9 )•

"Synthetic" portland cements obtained by mixing 
pure phases have shown that for a moderate con
tent of C3S (50 %) and even for a low content of 
C3A (1 %) the susceptibility of the cement is higher 
(its behaviour is worse) when 2 C3A+ C4AF ex
ceeds than 20 %. The performance is Improved if 
the C3S content is lowered to 35 %. Nevertheless, 
great differences have been observed between be
haviours of laboratory cements obtained as mentio
ned and industrial cements (257), due to minor 
components (manganese, phosphorous, titanium) ab
sent in the former ( 27 ) (257), as stated else
where in this paper. Such differences cannot be ne
glected when stipulating values and limitations of 
potential composition of portland cements in stan
dards, as they may qualify quite differently the 
same cement according to a given limitaing specifi
cation. For it, results obtained with industrial ce
ments seem to be much more independent -or even 
contradictory- as related to those to be expected 
from "theoretical", "rational" or "logical" consi
derations. Among industrial cements such differen
ces are not only due to minor components, but 
also to the manufacturing processes -burning, cool
ing, etc.-, which determine the glassy or crysta
lline condition of C3A and other aluminate and/or fe
rrite solid solutions (257). So, specifications ba
sed on calculated potentital composition are of little 

significance, as similar compositions may corres
pond to different behaviours. The question arises 
of wether these differences based on minor compo
nents and on manufacturing process peculiarities, 
generally nottaken into account in standards, may 
explain some or many of the sometimes apparently 
confuse or contradictory results. The author's 
opinion in this respect is inclined to be moderately 
affirmative.

Cements containing slag, or natural pozzolan, or 
fly-ash, generally in high proportion -much hig
her in the case of slag cements (always over 50 %) 
( 25 ) may be adequate as far as durability is con
cerned. The mechanism by which such materials 
are operative may be common to all of them or spe
cific of each of them. The common mechanism is 
the dilution of the clinker portion of cement, and 
hence that of C3A and C4AF, and the different 
nature of the calcium silicate hydrates formed. The 
specific mechnisms are based on the hindering 
of the formation of Ca(OH)2 saturated solutions 
-and hence that of highly basic C4AH13-, as well 
as the fixation of (almost) all the Ca(OH)2 in the 
case of pozzolanic and fly-ash cements ( 23) (184): 
and on the much less Ca(OH)2 formed in the case of 
blast-furnace slag cements, which consequently 
form much less gypsum and secondary ettringite 
(59 )• So, the performance of slag cements in sa
line attack (chlorides, sea-water) is in general much 
better than that of portland cements, and so much so 
the higher their slag content (162). But on the other 
hand, such slag cements perform well in sea-water 
provided that concretes are fully immersed; not as 
well if concretes are (partially) exposed to air 
(25 )•

In a similar way to what happens with limitations 
established in cement standards for composition 
of portland cements, the limits established to fix 
the aggressivity degree of sulfatic water and soils 
are very variable and depend on countries and orga
nizations. Those of DIN 4030 and of ancient CEM- 
BUREAU Working Party, as well as those of TGL 
Standards (DDR) seem to be sufficiently explicit and 
detained ( 23 ). It can be said in a summarizing and 
general manner that attack on concrete is sure 
and its consequences may be important if one or 
several of the following conditions are fulfilled: 
pH4.5; aggressive COg 60 mg/1; SO^—- 
-ion concentration 3000 mg/1.

12. - CEMENT -

. One of the main problems in durability of con
crete is that of the more suitable cements for a gi
ven type of attack depending on aggressive media 
and conditions. In a general maner it can be said 
for instance that, independently of the well known 
conditions to be fulfilled by any concrete to resist 
better whatewer type of chemical attack, neither 
high-early strength cement nor ordinary portland 



should be used for concrete resisting sulfate attack, 
owing to the two more important mechanisms of de
terioration: lime leaching and expansive sulfoalumi
nate formation, depending on the nature and amount 
of sulfates (calcium, magnesium, sodium,... with 
very different solubilities in the ratios of 1 to 150 to 
200) and on the nature and composition of the cements 
(170). On the other hand, sulfate resisting portland 
cement or better, blast-furnace slag cements or 
pozzolanic cements should be used (170). In some 
special cases supersulfated cements or high-alumina 
cements are more adequate (170). The same conclusion 
has been reached as to the behaviour of sulfate re
sisting and moderate heat portland cements and 
fly-ash cements in contact with magnesium sulfate 
solutions (169).

As almost always, not only chemical but also physi
cal factors are involved in durability, and hence the 
difficulty and the incertitude of some results in labo
ratory testing and in practice. For instance, the im
portance of the age of test pieces (or that of real con
crete) -i. e. , the degree of hydration and hardening-, 
as well as the influence of testing conditions has been 
revealed by studies made in Germany (as well as in 
many other countries) on concretes exposed to sea
-water attack at Wilhelmshaven. Conclusions were 
drawn contrary to real practical results, as far as 
the behaviour of portland and slag cements contain
ing pozzolanic ("trass") materials. Premature ero
sion on concretes of low maturity -so much so as po 
zzolans behavie in general as inerts at early ages in 
hard thermal and weathering conditions-may explain 
the abnormal results observed (259). So, the harden
ing rate of the cement -as well as its curing condi
tions- as factors determining the early strength, have 
a great influence in the performance of the cement, 
independently of its chemical nature. This is the rea 
son why some slag cements show sometimes a worse 
behaviour, and also why the performance of pozzola
nic and slag cements specially -but in general of eve
ry cement- is better the longer the curing period in 
adequate curing conditions (2) (260).

When attempting to correlate the chemical nature of 
the cements, either in terms of their chemical ana
lysis or of their calculated potential composition, 
(in the case of portland cements) with their perfor
mance in aggressive media, attention must be paid 
to the nature and proportion of the possible added 
materials, as well as to the chemical nature of the 
clinker. In fact, additions may modify the fineness . 
(granularity, granulometry) of the resulting blended 
cements as compared with that of the corresponding 
portland cements, so that the former may give more 
capillary adsorptive -and hence less durable- pastes 
in function of their higher content of finer particles 
than the latter (261). But, on the other hand, addi
tions may afford chemical properties and actions in 
benefit of a better durability.

The behaviour in sea-water of synthetic slag cements 
obtained from synthetic clinkers with various contents 
of C3S and C3A and slags with various C/S ratios 

-basicities-, mixed in different proportions, shows 
that the influence of the clinker composition is greater 
than that of the slag. The clinker influence depends 
on its contents of C3S and C3A, and that of the slag 
on its C/S ratio and/or on its A content. In both 
cases the relationship is inverse. The Influence of 
the cement itself depends on the ratio slag/clinker, 
particularly for ratios lower than 65 %. Moreover, 
it seems that for higher ratios slag cements resist 
sea-water attack regardeless of the compositions, 
either of clinker or of slag (262).

One reason for it may be that the cation exchange of 
Mg by Ca between CxSyHz and sea-water to give a 
non-hydraulic Cx. Mx. . SyHz (in the limit MxSyHz) 
is much more restricted in the case of slag cements 
than in the case of portland cements (15) (208).

On the other hand, slag cements are also more re
sistant than portland cements to saline and thermal 
water containing alkaline and magnesium sulfates 
and chlorides, as salinity accelerates the develop
ment of their strength. They resist also better to 
carbonic attack, fairly rapid on them but not pro
gressing (263). To saline solutions of MgC12, 
MgSO^ and mixtures at different temperatures slag 
cements behavie much better than sulfate resisting 
cements, and these better than ordinary portland 
cements (264). .

Nevertheless, some doubts have been expressed as 
to the resistance of slag cements to sulfate attack 
when the AI2O3 content of the slag is high. Increasing 
substitutions of SiOg by AI2O3 in artificial vitreous 
slags reveal increasing drops in strength of labora
tory slag cements. Such cements with normal blast
-furnace slags perform considerably better when the 
slag content increases from 35 to 50 %, particularly 
if their fineness increases too (179). Moreover, ce
ments with 50 % of slag content seem to be able to 
resist sulfate attack if the alumina content of the 
slag is low and the C3A content of the clinker is low
er than 10 %. This means that a normal portland 
cement clinker may be used to produce a sulfate re
sisting cement provided that at least 50 % of a slag 
poor in AI2O3 is added to it and the mixture is ground 
to sufficient degree of (fineness. This also means that 
the chemical composition of the slag and its propor
tion in the slag cement condition the behaviour of the 
slag cement in sulfate attack more than does the clin
ker nature (265). This, as applied to normal (commer 
cial) slag cements as far as their resistance to sulfa
te attack is concerned, seems to be at least partially 
different from -in opposition with ? "-similar conside
rations as applied to special (synthetic) slag cements 
-both slag and clinker being synthetic- as far as their 
resistance to sea-water attack is concerned, as above 
mentioned (262). Nevertheless, much lower contents 
of slag -about 10 to 15 %- have been invoked as being 
beneficial to the sulfate resistance of portland ce
ments made with clinkers with up to 7 to 9 % of C3A 
(266). '

Portland cements with low CjA and/or low (x C3A + 
y C4AF) content -limits depending on country stand



ards- are considered resistant to sulfate attack ( 23 ) 
( 25 ) (184) (257). This chemical resistance of port
land cements has been attributed to the formation, on 
their hydration, of more complex hydrates with a 
more resisting structure, containing simultaneously 
lime, alumina and silica, or lime, alumina, iron 
oxide and silica (267) (268).

In connection with the increase of sulfate resistance 
of portland cements, improvements have been achiey 
ed by using additions containing phosphorous (PjOg) 
and fluorine (electro-thermo-phosphorous slags) to 
clinkerizing raw mixtures. The effect isthe lowering 
of both C3A content and C3S/C2S ratio, to a conside
rable extent (269) (270). Very special cements highly 
resistant to sulfates are those portland cements con
taining barium in proportions of about 4 to 6 % of 
BaO (271).

An interesting observation has been made concerning 
the generally accepted resistance of cements with 
A/F ratios lower than 0, 64 and consequently exempt 
of C3A, at least "nominally" (FERRARI cements). 
It is considered that Na£O not combined as sodium 
sulfate may form in the clinker, as is well known, 
NCgAs, but according to:

3 C4AF+ N -#-2 C3S ----► NC8A3+ 3 C2F+ 2 C2S

the consequence is the lowering of CjS content in 
favour of C2S, and that of C4AF in favour of C2F, 
with simultaneous formation of an unexpected and 
undesirable phase (in general NXC^_X\ A3 in which 
x_> 0. 3), which is susceptible to sulfate attack. 
This may lower the sulfate resistance of cements 
free from C3A, particularly when high Na2O and 
low SO3 contents are present in raw material and 
raw mixes. This could also afford an explanation, 
at least in some cases, of the abnormally bad be
haviour of some cements free from C3A (272).

Really it has been but very little advancedin deciding 
whether portland cements with lower contents of 
C3A -eventually with lower contents of C3S too- or 
cements other than portland -slag cements, pozzo- 
lanic cements- behavie better or worse when expo
sed to sulfate or sea-water attack. A brief but very 
significative discussion has been developped ten years 
ago ( 27 ). According to it, independently of the na
ture and concentration of the sulfate(s) involved and 
of the details and circumstances of test pieces and 
test procedures, etc., the behaviour of "pure" port
land cements or that of "composite" cements will d£ 
pend, other things being equal or similar, on the 
composition of clinkers and additions. Variability 
observed -even in terms of contradictory or not lo
gical results- is fatally due to' the fact that neither 
clinkers nor additions are chemically pure and easily 
defined compounds and that finally, cement chemis
try is far from being a chemistry based on pure subs 
tances reacting through simple and well defined pro
cesses obeying to well known kinetics and stoichio
metry. So, not always the experimental results per
mit to accept that, for instance, portland blast-fur
nace slag cements perform better than portland ce
ments or conversely ( 27 ) (273),

But in general, systematic studies on portland cements 
with null (0 %), medium (about 8 %) and high (about 
12 %) contents of C3A, as well as on slag cements 
containing (relative) high (75-80 %), medium (65 %) 
and low (50 %) slag contents have clearly revealed 
that, for example, the attack by sodium and magne
sium sulfates, either alone or containing sodium 
chloride or sodium bicarbonate, is always related to 
the amount of ettringite formed in each case. The 
better behaviour of the cements is inversely related 
to the content of C3A of portland cements and directly 
related to the slag content of slag cements (214).

In the case of sulfate resistance in general many good 
arguments have been invoked in favour of the better 
behaviour of pozzolanic cements (and slag cements). 
Surveys of them have been afforded (274) (275) em
phasizing different possible actions. Thus the fixation 
of Ca (OH)2 with formation of more complex hydrates 
(267) (268) (276). Or the higher protective action on 
susceptible alumina compounds exerted by impervious 
films of different calcium silicate hydrates (204) (277) 
-with higher S/C and S/A ratios in the case of pozzo
lanic cements and with higher S/C and lower S/A ra
tios in the case of blast-furnace slag cements - ( 15). 
Protection also causes retention of lime from leaching 
(274). Or the more abundant gels lowering ionic dif
fusion (particularly that of SO2— -ions) through pastes 
(278) of lower penetrability and higher impermeabi
lity (279) (280), despite their higher porosity and 
water demand (156) (274). Emphasis has also been 
put on the instability of ettringite in the presence of 
pozzolans ( 281) and in the absence of Ca(OH)g (274).

All these explanations in addition to some others (268) 
(277), seem to show that not only a mechanism alone 
of the several possible is always responsible for the 
higher resistance of some cements to sulfate attack, 
but probably various of them acting together are res
ponsible in most of cases.

From a strictly chemical point of view sea-water at
tack should be stronger on pozzolanic cements than 
on portland cements. The reason could be that sea 
salts in bulk, and more particularly magnesium salts, 
cause a substantial decrease of pH in saturated solu
tions of Ca(OH)2 up to 9.5, unless solid Ca(OH)2 in 
excess or hydrated cement paste are present in con
tact with solutions or sea-water. When hydrated pas
te is that of a pozzolanic cement, excess of Ca(OH)2 
may not be available, and pH may not be xriahtainedata 
high value (282). .

Pozzolanic cements with 25 to 35 % of pozzolan (or an 
adequate fly-ash instead) and slag cements with no 
less than 65 to 70 % of slag -considered as equivalent 
to portland cements with less than 3 % C3A and 5 % 
AI2O3- may be estimated as sulfate resisting cements. 
Specially if their clinker component corresponds to 
that of a sulfate resisting portland cement ( 26 ). 
Another similar statement indicates that for sulfate 
contents in water higher than 400 mg/1 or in soils 
higher than 300 mg/kg, portland cements with less 
than 3 % C3A, slag cements with high content of slag 
(25 ) -more than 70 %(162). and slag cements from 



clinker with less than 3 % C3A and slag with less than 
13 % Al^Oj are considered as being resistant (283).

Slag cements submitted to sea-water attack form much 
less secondary ettringite than portland cements due 
to the much lower content of Ca(OH)2 in their hydra
ted pastes ( 1 ) (59 ). The same is valid for pozzo- 
lanic cements through a mechanism of fixation of 
Ca(OH)2 ( 58 ).

It has been stated that differences in behaviour of 
more resistant pozzolanic cements.to sulfate attack 
are observed, depending more on the quality of the 
pozzolan than on the clinker composition as referred 
to ASTM II and V types of portland cements ( 8 ) 
(240). On the other hand, fly-ashes considered as 
pozzolanic materials may afford higher resistance to 
sulfate attack. But it has been also claimed (284) 
that some fly-ashes act in the reverse sense, so that 
specifications of requirements for fly-ashes are needed, 
as for instance those of ASTM. Moreover, it has been 
observed that when fly-ashes act positively, the in
crease in sulfate resistance is greater the higher 
the content of their fine fraction. This leads to think 
in a physical effect of enhanced compacity in the ce
ment paste caused by the fly-ash, superimposed to 
its pozzolanic -chemical- action ( 8 ). This is also 
in the line of some patents of sea-water resistant 
concretes of low porosity, made with very finely 
ground cements.

Favourable modifications in the structural compact
ness of the cement pastes may be achieved by adding 
"water (soluble) glass", either to portland or to slag 
cements. In the case of the former significant amounts 
of Ca(OH)2 are present in their pastes, which facili
tates a marked attack by acid waters and soil waters 
containing alkali and earth-alkali sulfates and chlori
des, owing to the well known formation of ettringite 
due to water and ionic penetration. In the case of 
slag cements no Ca(OH)2 is present in their denser 
pastes. In both cases additions of water glass con
tribute to densify the cement paste so difficulting the 
penetration and diffusion of aggressive agents (285).

Sodium chloride accelerates the hydration of slag in 
slag cements, so contributing to a more rapid forma
tion of abundant tobermoritic gel phases of lower ba
sicity, and to reduce the porosity and permeability 
-penetrability- of the cement paste. This is a reason 
why in some cases, as for instance, that of cements 
for boring oil-wells -i.e. , used at higher temperatu
res and pressures- their performance is better when . 
mixed with salt, solutions -specially sodium and mag
nesium chlorides- similar to those found in the ground, 
to which oil-well cements must resist (286).

The chapter dealing with the behaviour of cement pas
tes modified by the presence of synthetic resins, pla£ 
tics polymers and in general organic materials added 
to cements or concretes would be extremely wide if 
treated. This is not the case now and here, but by the 
way it could be said that the performance of such dif- 
ferrently modified binding materials is very variable 
depending mainly on the behaviour of the organic modi 
fying materials, as far as its alkaline hydrolisis is 

concerned, in the presence of cement alkalinity in 
aqueous pastes (287). The performance may be no 
good, unless the material is resistent to the hydro- 
litic action of Ca(OH)2 (288).

The improvements afforded by heat treatments (steam 
curing) of cements at normal pressure and specially 
at higher pressures (autoclave) to their sulfate resis
tance is greater for cements originally not highly re
sistant, i.e. , for those having a fairly high content 
of CjA ( 27 ). Hydrothermal treatments modifying the 
composition and the structure of hydrates formed may 
also alter the behaviour of cement pastes against co
rrosion. Silicate hydrate phases may undergo diffe
rent actions, not only due to their higher or lower 
basicity and density, but also depending on their hig
her or lower specific surface. Less basic tobermori
tic calcium silicate hydrates of higher density have 
also a higher specific surface than the less dense and 
more basic ones. This implies a different behaviour, 
for instance as far as carbonation is concerned. This 
may also affect the nature of the more or less protec
tive films formed in the attack by alkaline or magne
sium sulfates; this explains the better behaviour of 
the more basic calcium silicate hydrates resulting in 
hydrothermal treatments of cements when in contact 
with such sulfates (60 ).

As special cements presenting the main advantages 
of portland cements and high-alumina cements (with 
none of the major inconvenients of either of them) as 
far as general chemical resistance is concerned, the 
so-called "alumina-belite cements" have been propo
sed (289). These cements are defined by a special 
lime-saturation factor and by silica and alumina mo
duli corresponding to ordinary portland cements. 
Their prevailing phases are CA, /5-C2S and C12A7. 
Other phases as (CAjjCS and (CS^CS are considered 
responsible for the increased chemical resistance of 
such cements manifested in sodium, calcium and mag 
nesium sulfate solutions, as well as in sea-water 
(chlorides). Thus, these cements have been proposed 
for sea-water works and dam construction (289). On 
the other hand, it has been recently stated the very 
good performance of high-alumina cements in soil 
water and sulfate attack (25 ).

It would appear that in sulfate attack at early ages 
the type of cement is less significant than the quality 
of the concrete. Nevertheless, the use of a sulfate 
resisting cement is even then better, particularly if 
concrete quality is not exceptional, though it is doub- 
ful if this assertion is equally valid for longer term 
behaviour of such cements in the same conditions 
(26).

Anyway, one of the more efficient measures to pre
vent the rapid and intense effects of a chemical at
tack (whatever it may be) on cement and concrete is 
to avoid a premature contact of aggressive media 
with the material, when this has not yet reached an 
adequate degree of hardening ( 2 ) (259) (260).

When relating sulfate resistance of portland cements 
to their potential calculated C3A contents, observa
tions have been made on the convenience of correcting



cement analysis for minor oxides of titanium, phos
phorous and manganese, as the criteria (limiting va 
lues of CjA) to separate cements of good or poor sul
fate resistance may substantially vary ( 27). Anyway, 
cement composition and particularly CjA content is 
much ■ more important -with the cautions and reser
ves exposed elsewhere in this paper- in intermediate 
and lean concrete mixes than in rich mixes, accor
ding to the previously exposed ( 26 ). This is once 
more a proof of the greater importance of compacity 
as a physical factor, as compared with the chemical 
composition of the cements ( 27 ). Better resistance 
to magnesium sulfate attack is offered by portland 
cements of high iron-compounds content ( 9 ). This 
seems to contradict in part the standard limitations 
affecting C4AF content. ■ ■

In addition to classical opinions of the reasons for 
higher resistance of cements other than portland to 
sulfate attack, an original hypothesis has been ad
vanced according to which the scarcity or the lack 
of calcium hydroxide in hydrated pastes of pozzola
nic, slag or high-alumina cements induces the for
mation of non colloidal and non expansive ettringite. 
The ultimate reason seems to be the lack of a double
-layer-type interparticle repulsion, otherwise pro
duced by a large water adsorption (187).

Expansive cements have been proposed as more ade
quate to resist sulfate attack, due to their higher con 
tent of calcium sulfoaluminate hydrates and more . 
particularly ettringite, as monosulfate is susceptible 
to react with sulfates to form at longer terms secon
dary (expansive) ettringite causing cracking:

C3ACSH12 + 2 CSH2 + 16 H--- ► C3A(CS)3H32

The behaviour is much better in the case of expansi
ve (shrinkage compensated) cements made with ASTM 
type II or type V, than in the case of those made with 
type I cement clinker.

Anyway, for equal C3A content expansive cements be- 
havie better than ordinary portland cements from the 
same clinker, and so much so the lower the C3A con
tent in each case. The different behaviour of different 
expansive (shrinkage-compensated) cements in sulfa
te attack is probably to be related to A12O3/SO3 ra
tio, i. e. , to the different contents of reactive alumi
na in them. Reactive alumina is defined as total alu
mina minus "relatively" inactive alumina (that com
bined as C4AF or in solid solution with calcium sili
cates), minus alumina fixed in the form of ettringite 
by SO3 of cement, on hydration. Reactive alumina 
may act on ettringite previously formed to convert it 
in monosulfate, ready to form the undesirable secon
dary ettringite at longer terms.

C3A(CS)3H32 + 2 C3A -t- 4 H ----- > 3 C3ACSHI2
When desintegration of concrete has an internal ori
gin due to attack by sulfates contained in the aggre
gates -exceptionally by excess of gypsum in cement 
too- a general realionship seems to exist between 
expansion, C3A content of the cement and total SO3 
present in concrete, including that of the cement it
self. Nevertheless, the many exceptions as far as 

the content of C3A is concerned, indicate that other 
factors of the cement composition may have a great 
influence on the sulfate resistance of cement. The in 
fluence of C3A is more evident for the. higher 
concentrations of.SOj in concrete. Even, in this 
type of attack, pozzolanic cements show better . 
performance (260).

In the case of alkali-silica reaction, and consistent 
with the explanation generally accepted for the co
rresponding expansive process ( 27 ) (122), the use 
of adequate very finely ground mineral admixtures 
and reactive materials in concrete, in addition to, 
or in substitution of a part of cement (which is equi
valent to add pozzolanic materials to clinker), may 
avoid or reduce the expansive effects of the reaction. 
So, natural pozzolans (trass) blast-furnace slags and 
fly-ashes -and even cristobalite and silica glass- in 
cements may be effective, as well as true expansive 
materials contained in natural rocky reactive aggre
gates when finelly ground to form powders of high 
specific surface and mixed with concrete ( 21) ( 27 ).

As far as acid attack by waters with pH-values lower 
than 4. 5 is concerned, it is always strong on any type 
of cement, so that whatever this may be, it behavies 
more or less in the same manner, i. e., bad (283), 
Nevertheless, waters with pH-values higher than 6 
do not cause strong deterioration on ordinary port
land cements, and high-alumina cements without any 
protection may resist waters with pH-values between 
4 and 6(25).

Pozzolanic cements and slag cements are considered 
to be more resistant to lixiviation of Ca(OH)2 caused 
by soft waters ( 1 ) than are portland cements, par
ticularly if these are rich in C3S ( 25 ). Portland ce
ments are not adequate for very pure waters or for 
mineral or aggressive CO2 containing waters ( 25 ), 
specially if these are considered as very strongly or 
strongly aggressive ones ( 23 ). High-alumina ce
ments perform well for extremely aggressive pure 
waters, as some spring waters may be ( 25 ). But 
recent conclusions show that slag cements with higher 
contents of slag resist much better than portland ce
ments intense attack produced by continous and pro
longed carbonic acid action (88 ).

Among the many physical factors influencing the du
rability of concrete, in addition to the chemical and 
mineralogical composition of the cements and par
tially depending on it, it must be mentioned the poro
sity of the paste, partially depending on the fineness 
of the cement as well. Both, composition and fine
ness do in fact determine the strength characteristics 
of the cement paste. Furthermore, the porosity is in 
a narrow relationship with the strengh (290) (291), ■ 
and in turn with the durability of hydrated pastes.

All these relationships may be even more complex 
due to the fact that (total) porosity, size of pores, 
pore-size distribution and kinetics .of pore formation 
in cement pastes -influencing their permeability and . 
penetrability- depend to some extent on the chemical 
and mineralogical composition of the cement, as men-



tioned. Thus, total (integral) porosity of portland ce
ments high in alumina is greater than that of port
land cements of lower alumina content, due to a slight 
ly higher formation of contration pores. Moreover, 
at 28 days of hydration the total porosity in pastes of 
portland cements richer in C3S is lower than that of 
cements richer in CjS, though large pores and gel 
pores are more abundant in the former case than in 
latter case. On the other hand, variations in pore-size 
distribution take place along the time, so that at fatter 
ages the pore content in the range of 100 to 1000 A 
diminishes. This occurs mainly and sooner in cement 
pastes of portland cements rich in C3S and C3A,

This interdependence between cement composition, 
cement fineness and pore structure 'of the paste is 
even more complex due to the influence of other va
riable factors on the paste itself and on concrete, 
such as w/c ratio, concrete compaction, concrete 
curing, etc. This is another factor contributing to 
difficult the understanding of concrete behaviour in 
chemical attack.

The influence of the voids and pore systems of con
crete, as well as their modification caused by admix 
tures (air-entraining agents) is also discussed when 
dealing with de-icing salts and chloride attack ( 1 ). 
Optimum amount of micro-voids, void distribution 
and distance between voids seem to be necessary for 
an adequate resistance of concrete ( 21 ).

Anyway, it seems to be clear that the nature and 
structure of the cement paste, as far as its porosity 
and chemical composition are concerned, determine 
its permeability and also the penetrability of salts 
and different ions in it. Details of these influences 
on ionic diffusion and penetration are also given when 
dealing with de-icing salts attack (155).

13. - FINAL CONSIDERATIONS AND FUTURE PROS-

PECTIVES

The obvious considerations derived from the 
foregoing exposition, from the General Introduction 
onwards, are: a) that whatever the definition and li
mitation of the subject on cement and concrete dura
bility, this is a very complex matter not always pos
sible or easy to simplify; b) that many variable fac
tors of very different nature are almost always in
dissolubly involved in durability problems; c) that 
the influence -isolated or superimposed actions and 
effects- of these factors not always are either quanti
tatively -or sometimes even qualitatively- in a clear 
and direct relationship with the factors themselves.

As a consequence, empiricism has predominated in 
a good deal of the research work carried out on du
rability, and confusing or contradictory results not 
easy to explain or even erroneous have been obtained. 
These facts, in addition to repetitive tasks not always 
conducting to the same or similar conclusions, may 
explain the relatively poor progress reached in the 
studies on durability, as compared with the effort 
made to achieve them. This would seem to be a pes
simistic appreciation.

So, when prospecting the future of cement durability 
research one might express a hope and a wish, rather 
than make any sort of prophecy or prediction, which 
is always risky.

Remembering the considerations in the General In
troduction of this paper, the author's hope is that 
research, from now on, progress along rational paths 
on basic scientific foundations, avoiding empiricism 
as much as possible. Interdisciplinary cooperation is 
needed, as physical, physicochemical and chemical 
aspects are involved in cement and concrete durabi
lity, so that all the possible different ideas and points 
of view must be taken into due consideration to cover 
all the many different features of the problem.

Fundamentals of inorganic chemistry of silicates, 
colloidchemistry, physico-chemistry of surfaces, 
adsorption phenomena, electrochemistry, crystal
chemistry, etc. , must be applied to cement and con
crete corrosion studies in a systematic and rational 
manner. On the other hand, doctrine on physics of 
porous bodies and capillary systems, solid-state 
physics applied to complex solid macro-systems, 
etc. , must also be focused in due way to such studies.

Intensive intercommunication between specialists in 
such disciplines working on cement is always absolu
tely necessary. Even better should be a previous con
sensus between them at worldlevel to set the bases of 
a general scientific -long term- research project on 
durability. Within it, partial research programs 
should be developped by groups, either in parallel or 
complementarily, to put in clear the many dark points 
and unknowns still standing. In fact it should be ne
cessary a sort of "normalization" or "standardiza
tion" of the research lines and procedures, in a si
milar way as it is admitted the convenience and the 
need of applying standard methods to test durability 
even empirically.

In these partial research programs it should be con
venient to proceed by induction starting from the 
simplest problems in which as many variable factors 
as possible should be eliminated as such. Ideally only 
one variable factor should be investigated in each 
program, which in principle could be the cement in a 
series of programs, and the aggressive medium in 
another series of them. The result of the combination 
of both series of programs would be the knowledge of 
several orders of intrinsic chemical resistance of the 
various types of cements to different kinds of attacking 
chemicals and media in given -and successively vari
able- conditions. This or something similar depen
ding on the priorities established in the research 
programs should be prior to attempt to draw dubious 
conclusions from work carried out under much more 
complex circumstances involving two, three or more 
variable factors.

Certainly, this does not correspond in principle to 
real situations in practice, in which many variable 
factors are involved in a very complex manner, over
lapping each other. Certainly too that some specific 
and practical problems of durability require rapid 
and effective solutions easier to achieve in general 



by empirical ways and means. But this must never 
be confused with what should be the "science of che
mical attack on cement", as a part of a broader 
"science of building materials and construction". On 
the other hand, induction procedure obviously implies 
further consideration of all the many and important 
factors involved, which cannot be neglected and either 
overestimated or underestimated.

Of course, this is not the first time that similar ideas 
have been exposed, but in the author's opinion it is 
worth insisting on them once again, mainly because 
previous warnings in the same sense seem not to have 
been sufficiently taken into consideration.

It is clear that such a systematic research method 
may appear tedious and discouraging, as it is really 
arduous. Furthermore, everybody is inclined to think 
that his own ideas, projects and methods are a sort 
of panacea which may lead to total and general solutions. 
But really there are but two alternatives: one is to or
ganize and "standardize" a scientific, rational and 
systematic work in common, so that each conclusion 
of it can be considered with a high level of probability 
as firmly established and having a validity the most 
general possible, without resorting to undue and en- 
thousiastic extrapolations and generalizations; other 
is to continue as before and even now, which implies 
much (unprofitable) work and repetitive tasks dubious 
ly efficient, with the risk to reach in this way the only 
valid conclusions already well known.for many years 
ago and almostalways invoked, particularly when no 
other clear and interesting conclusioreare possible: 
the main if not the only property which determines 
the durability of concrete is a good compacity as a 
guarantee of low porosity, penetrability, absorption, 
capillary raise, etc. ; and the main (elemental) rules 
to protect cement and concrete from chemical attack 
are those being in opposition to the well known ones 
normally applied to accelerate durability tests: to 
preclude or to reduce as much as possible the time 
and/or the surface (mass) contact between cement 
and aggressive media, either isolating and protec
ting the former or draining the latter; to neutralize 
or to weaken, as much as possible the aggressive 
agent and the aggressive conditions before the former 
may enter in contact with concrete and before the 
latter -temperature, concentration, pressure, cir
culation, percolation, etc. - may act accelerating the 
attack.

But this sort of "rules of thumb" obviously true in a 
great part, do- ■ not solve the problem of durability 
as considered from the strict point of view of the 
chemistry of cement and that of the chemical attack 
on cement and concrete.

And finally, the author's wish is that if the foregoing 
ideas repeatedly exposed in one or another way in 
previous occasions are really valid, they be put in 
practice as soon as possible with the highest care, 
interest, enthousiasm, perseverance and efficiency.
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Mineralizers and Fluxes in the Clinkering Process. 
II. Kinetics Effects on Alite Formation

Mindralisateurs et fondants dans la dinkerisation.
//. Effets cinetiques sur la formation d'alite .

N.H. CHRISTENSEN F.L. Smidth et Co.A/S
V. JOHANSEN COPENHAGUE, Dänemark.

RESUME : [.'influence de certains produits d'addition sur la vitesse de la reaction
C + C2S-»- CjS a 6t6 StudiSe dans des conditions isothermes d des temperatures comprises entre 
1350 et 1500°. Sont exposes, dans cette communication, des rSsultats exp6rimentaux concer
nant 1'effet cin6tique du spathfluor, du gypse et des alcalis sulfatSs ou non sulfates. , 
Alors que le spathfluor a un effet acc616rateur, les autres produits essoySs ont une action 
retardotrice sur la formation de I'alite.

Ces effets chimiques sur la formation de I'alite peuvent etre attribuös ä des modifications 
dans la composition de la phase liquide, de son coefficient de diffusion, de la force qui 
engendre cette diffusion, ou d'une combinaison de ces facteurs. Les effets cinfitiques obser
ves sont, pour une grande part, sous 1'influence de cette force. Les rSsultats semblent in
diquer qu'il existe une relation entre ces effets et les concentrations relatives, dans la 
bSlite et I'alite, des produits ajout6s.

SUMMARY : The effects of some additives on the rate of the reaction C + C2S*  CjS have been 
studied under isothermal conditions between 135O°C and 1500°C. Data on the rate effects of 
fluorspar, anhydrite, and sulfated and unsulfated soda and potassia ore presented. Whereas 
fluorspar acts as on accelerator, all the other additives studied are observed to retard 
alite formation.

Chemical effects on the alite formation reaction can be attributed to changes in melt content, 
melt diffusivity, and driving force for diffusion, or combinations of these. The rate effects 
observed in the present study ore to a large extent associated with influences on the driving 
force. The results suggest a relationship between the effects of these additives and their 
relative concentrations in CjS and C^S.



INTRODUCTION

In this presentation we shall report on 
results of kinetic studies of the alite 
formation reaction, C + C2S -*  C3S. In 
particular, effects of various fluxing or 
mineralizing agents upon this reaction will 
be discussed. The need for kinetic studies 
on this particular reaction step, separate 
from the other reactions occurring in burn
ability studies, was pointed out by R.Kondo 
twenty years ago (1). Results from his 
study (2) have greatly improved our insight 
into the mechanism of the alite formation 
reaction and, indeed, of the overall , 
clinkering process. By applying a modifica
tion of a sandwich (diffusion couple) tech
nique introduced by Kondo and Choi (2), we, 
have been able to collect further information 
concerning the effects of alumina, ferric 
oxide and magnesia on the reaction rate (3), 
and the same technique has also been applied 
in the present investigation. The advanta
ges of this method are that results are 
easily interpretable in terms of the 
fundamental principles for diffusion 
controlled reactions, and that fineness of 
the reactants has no influence on the 
reaction rate measured.

EXPERIMENTAL PROCEDURE

Batches of about 200 g were prepared from 
analytical grade reagents with known 
ignition losses; the ignited batch composi
tions are given in Table I. At the high 
temperatures, A-compositions with LSF>100% 
consist of C + C3S + melt, whereas 
B-compositions with LSF»80% consist of 
C3S + CjS + melt.

TABLE I

Tablet 
type

weight %
CaO SiO2 AI2O3 Fe2O3 MgO

1 A 72 22 3 2 1
1 B 66 28 3 2 1
2 A 72 22 1 6 0 0
2 B 66 28 6 0 0

Each batch was homogenized, calcined at 
1050OC, compacted into tablets (1 cm • 1 cm0), 
heated at ISOQOC for one hour, ground into a 
powder, and divided into portions of ~20 g. 
To some of these portions the required 
amount of CaF2, NaaCOg, K2CO3, Na2SO4, K2SO4 
or CaSO4 was added. At least one portion of 
each batch was left undoped as a reference 
sample. After further grinding, the portions 
(including the reference) were again com
pacted, heated at ISOQOC for one hour, and 
then air-quenched. One flat surface of each 
tablet was polished as the final preparation 
for the isothermal diffusion couple burn.

An A- and a B-tablet were stacked with their 
polished surfaces in contact. The couple 
was introduced into an electrically-heated 

vertical tube furnace, whose temperature 
stability over 20 hours was ±3oc. After 
a known period of heating time, t seconds, 
the couple was air—quenched, cut perpendic
ularly to the original join, polished, 
etched and studied under the reflection 
microscope. A region consisting of C3S + 
solidified melt, sharply demarcated from 
the A- and B-zone, had developed, and its 
width, x cm, was measured optically at 
5-10 positions. Further details of this 
technique are given in Ref. (3).

Analysis of the fluorspar-doped samples 
showed that about 10% of the added fluoride 
had evaporated during the latter part of 
the preparation of the tablets. Such minor 
evaporation was not considered important 
for the interpretation of these studies.

Samples associated with the study of the 
effects of alkalies and sulfates were 
analysed for SO3, Na2O and K2O, at the 
stage prior to the diffusion couple 
experiments, as well as after further heat
treatment duplicating that of the couple 
experiments. Here the volatility of the 
alkalies and SO3 often was >30%, and 
differences between volatilities of potassia 
and soda, sulfated and unsulfated, in 
A-tablets or B-tablets, were conspicuous.

For various reasons, the alkali and sulfate 
contents chosen to characterize each couple 
were those measured in the corresponding 
B-tablet, just prior to the diffusion couple 
burn. The actual concentrations during the 
burn of interest have thereby been over
estimated; the magnitude of this error is 
greater for the more volatile than for the 
less volatile constituents. Since the more 
volatile constituents proved to have the 
most marked rate effects, the errors 
associated with adoption of the procedure 
selected tend to diminish, rather than to 
accentuate, the differences in rate effects.

RESULTS

According to the theory for diffusion 
couples (3) , the width, x, should increase 
with the square root of the heating time, 
t^. Plots of x versus t% or of x2 versus t, 
should therefore be linear, and this was 
found to be the case for most series, cf. 
Fig. 1.

The rate constants, k, which are related to 
the slopes of these lines (x2 = kt) , should 
be a function of sandwich composition and 
temperature only. Dividing the rate 
constant for a doped sandwich, k^, by the 
rate constant for an undoped sandwich from 
the same batch, ko, both measured at the 
same temperature, gives a measure for the 
rate effect caused by the added agent. 
Values of k<j/ko, together with other 
important parameters, are shown in Table II.

The data for CaF2 in Table II show that 
fluorspar doping causes a marked Increase 
m rate, although the further effect upon



Fig. 1 - Plots of the square of product 
layer width, versus heating time 
for some couples specified in 
Table II, 1450OC.

TABLE II

Sandwich Additive 
wt. %

Temp, 
oc ^d/kotype

1 0.44 CaF2 1350 2.4
1 0.84 - 1350 2.6
1 1.80 - 1350 2.9
1 0.44 - 1500 1.4
1 0.84 - 1500 1.6
1 0.64 K2O a) 1400 0.42
1 0.64 - 1450 0.42
1 0.64 - 1500 0.38
2 0.60 - 1475 d> 0.41
2 0.60 - 1500 0.43
1 1.00 K2O b) 1400 0.74
1 1.00 - 1450 0.66
1 1.00 - 1500 0.55
2 0.90 - 1475 d> 0.63
2 0.90 - 1500 0.60
1 0.46 Na20 a) 1450 0.59
1 0.86 Na20 b) 1450 0.23
1 0.90 SO, c> 1450 0.46
1 1.10 - 1450 0.39

a) added as carbonate. no sulfate present
b) added as sulfate, a roughly equivalent

SO3 amount still present after firing
c) added as CaSO4
d) sandwich type 2 (A2/B2) did not grow

together at temperatures - 1450°C

increasing the concentration above 0.5-1% 
is small, indicating that some saturation 
is being approached. The factor 2.4-2.6 is 
almost the same as that caused by raising 
the reaction temperature from 1350° to 
1500° without fluorspar addition (3). Thus 
these results corroborate Klemm et al.'s 
finding (4) that addition of 1% CaF2 permits 
achievement of the same rate of alite 
formation at a temperature 150OC lower than 
without CaF2-

Dusting, caused by the beta/gamma belite 
transformation, completely excluded the 
preparation of couples having 5% CaF2, and 
somewhat complicated the measurements of 
the product width in the couples with 2% 
CaF2, due to crack formation. With 2% CaF2, 
growth of the product layer was markedly 
slowed down after one hour, probably owing 
to an excessive solid-state sintering of the 
alite grains, which was observed at 1500OC.

The addition-pf alkalies and gypsum always 
retarded alite^formation, i.e. k<j/ko <1. 
No significant difference in rate effects 
was observed between the type 1 and type 2 
samples examined, cf. Table II. The retard
ing effect of K2SO4 appeared to increase 
slightly with rising temperature.

In order to normalize the various effects 
measured at 1450OC to a common scale, it 
has been assumed that k<i/ko varies linearly 
with additive concentration. kd/ko can 
then be calculated for either 1 g of oxide 
in 100 g of clinker, or for the weight of 
oxide equivalent to 1 g of K2O per 100 g of 
clinker. The results are given in Table III.

TABLE III

kd/ko calc, 
for

K2O Na2O SO3
+SO3 -SO3 4-SO3 -SO3 4-CaO

1 g oxide 0.66 0.09 0.10 0.11 0.43
1 g K^equiv. 0.66 0.09 0.41 0.41 0.53

It is seen from Table III that on a simple 
weight basis, unsulfated potassia and soda 
in both forms are most effective, while 
sulfated potassia is much less effective. 
This finding is in good agreement with - 
observations of KRAMER and ZUR STRASSEN (6). 
However, on the potassia equivalent basis 
the picture is somewhat modified.

DISCUSSION

Our data on CaF2 effects agree well with 
literature findings. However, certain of 
the reports on the alkali and sulfate 
effects previously recorded are not consist
ent with our findings (7). Although it 
appears that all authors have found un
sulfated alkalies to be retarding agents, 
some have found that alkali sulfates and 
gypsum (anhydrite) may act as accelerators. 



These discrepancies may at least partly be 
accounted for by noting that in some 
instances quoted in ref. (7), the undjpped 
reference samples contained little or no 
melt phase at the chosen burning temperatu
res, while melt may have been formed when 
additive was present. In such a case, an 
acceleration of the reaction is to be 
expected.

It should also be borne in mind that, when 
sulfate is present, alkalies, in particular 
potassia, tend to accumulate in a separate 
sulfate phase (8,9). Addition of gypsum 
to a reference material containing un
sulfated alkalies may therefore cause 
transformation of the alkali from a more 
inhibiting to a less inhibiting state, i.e. 
an improvement of burnability is to be 
expected. On the other hand, addition of 
excess gypsum may again cause regression in 
the burnability.

Differences in volatility, and the fact 
that these studies (7) related to the over
all clinkering process, rather than to CgS 
formation alone, may also have contributed 
to the discrepancies.

Growth of the product layer in a diffusion 
couple is governed by the term a-D'-Ac (3). 
Here a is the volume fraction melt in the 
product layer (C3S + melt); D' is the 
effective binary diffusion coefficient for 
the melt; Ac = ca - cfo, ca is the 
concentration of CaO in the melt in equili
brium with C + CgS, and cfo the concentration 
of CaO in the melt in equilibrium with C2S 
+ C3S. Ac is the driving force for 
diffusion through the melt in the product 
layer; hence, changes in Ac are to some 
extent representative of changes in the 
driving force for the alite formation 
reaction (10).

In the present study, little change in a is 
to be expected as a consequence of the 
added compounds, and microscopic examination 
of our samples has confirmed this expect
ation. The observed changes in rate con
stants must therefore be attributed to 
changes in D' and/or Ac.

Butt et al. (11) reported that the viscosity 
of a clinker melt increased, and the tracer 
diffusivity for Ca in the same melt de
creased, when the concentration of un
sulfated soda or potassia in such melt was 
increased. If these relations also 
represent changes in D' for melts remaining 
in equilibrium with CgS while additive 
concentration varies, then the rate effects 
observed in our investigation may be 
accounted for through variations in D', as 
far as the unsulfated alkalies are concerned. 

However, Butt et al. (11) also observed that 
the melt viscosity decreased for increasing 
content of Na2SO4, K2SO4 and CaSO4. These9 
observations are not consistent with our 
findings that these additives act as 
retarders, unless we accept that Ac has

been negatively affected.

In fact, the occasional observation that 
the alite formation reaction is totally 
inhibited, or even reversed, by the 
addition of alkalies (6,8,12), cannot be 
explained as a result of a change in D', 
but must be caused by a marked decrease in 
driving force, so that lime and belite can 
coexist in equilibrium, i.e. Ac is zero.

Ac can be deduced from a relevant phase 
diagram; the width of the C3S primary field 
at the temperature in question is determined 
by Ac. Unfortunately, no diagram is avail
able for the sulfate-containing systems of 
interest. • However, D.M. Roy et al. (part I, 
preceding paper) have shown that the C3S 
primary field is widened when (A+F) is 
partially replaced by CaF2. Similarly it 
is also known that alkalies cause a 
narrowing of the C3S primary field (13). 
It therefore appears that effects on Ac 
contribute to the observed effects of CaF2 
as an accelerator, and of alkalies as 
retarders.

Since Ac is related to the thermodynamic 
driving force, it is also affected by the 
partitioning of the added constituents 
between the solid phases C, C3S and C2S; 
CaF2 preferentially dissolves in C3S, while 
alkalies preferentially dissolve in C2S. 
Such considerations also help to explain 
other examples of chemical effects upon 
alite formation reaction rates (10) .

CONCLUSION

The addition of a modest quantity of a 
foreign constituent may cause a change, 
positive or negative, in the rate of the 
alite formation reaction at constant 
temperature. Such effect is the net result 
of changes in: Content of melt, diffusivity 
of melt, driving force for diffusion. The 
most marked negative rate effects are 
associated with decrease in driving force. 
The most marked positive effects on the 
rate are associated either with increase in 
melt content from zero, or with increase in 
driving force. It would be reasonable to 
link the traditional terms fluxing and 
mineralizing effects to these two mechanisms, 
respectively.
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Cement minerals of complicated composition

' Composants complexes des clinkers

A BOIKOVA Doctor, Institute of Silicate Chemistry of the Academy of the USSR, Leningrad.

RESUME • On o effectuS la synthäse et l'^tude physico-chlmique des alites, bSlites, alums- 
nates et aluminoferrites provenont de divers crus ou melanges complexes; ces 616ments peuvent 
6tre consid6r6s comme des solutions solides multicomposant dansC.S, dansC2S, des oxXd“ de 
Na-O, K,O, MgO, Al70_, Fe,O3, TiO,, PyO^ dans de Na2O, K20, MgO, Fe^, SiO2, et dans 
^6 SiOj/ T1O2«
Les compositions synthStiques ont 6t6 choisies en partant des resultats de I'analyse d la 
microsonde 61ectronique des phases du clinker des produits industriels. Le troitement ö hau 
te temperature des compositions choisies provoque la formation d alite monoclinique, de bell
te a -» a* -,ß . de la phase aluminate cubique et d1 aluminoferrite orthorhombique avec la 
matrice composie de -

Les compositions chimiques des produits finals s/nth^tiques sont indiquSs. Les diagrammes de 
diffraction des rayons X montrent que les phases complexes sont dSrivfies de C^S, et
C.A-F. Les paramätres cristollins ont StS calculus et la density a St6 mesurie. L'exomen mi- 
croscopique a 6t4 effectuS sous lumidre tronsmise et sous lumidre rdfldchie. Une distinction 
claire entre les cristaux a de lo bdliie a dtd faite.

La particularity des phases contenant des impuretds est la capacity de former des cristaux 
imparfaits et des produits mal cristallisys. De telles phases possddent une activity plus 
grande ä faction de l'eau, que les memes phases bien cristallisyes. Des phases activdes peu
vent etre obtenues par le choix des mylonges d'impuretds et du rygime thermique approprid.

L*hydratation  aux premiers et derniers ages a ytd dtudide. L'analyse des courbes cindtiques 
montre que le cours du processus d1hydratation de chaque phase est particulier et diffdrent 
de celui des composants purs : CjS, C2$, C^A et C^A2F et des phases de composition simple.

SUMMARY : The synthesis and the physico-chemical investigation have been made of alites, beli- 
tes, aluminates and aluminoferrites of complicated composition which can be regarded as multi
component solid solutions of C,S and C-S with oxides Na-O, K,0, MgO, Al-O,, Fe,O,, TiO, P,Oc 
of C3A with Na2O, <20, MgO, Fe2O3, SiO2; of C^F with Na2O,ZK2O, MgO, BnO, SiO2 TiOj.2' Z

The synthesized compositions have been chosen according to the results of electron-probe 
microanalysis of the clinker phases of commercial products. The high-temperature treatment 
of the chosen compositions led to the formation of the monoclinic alite, the a a' -, ß - 
modifications of belite, the cubic aluminate phase, the orthorhombic aluminoferrite whose 
matrix is composed of C^A2F.

The chemical compositions of the final synthesis products are given. The X-ray diffraction 
patterns show that the complex phases are derivatives of C-S, C-S, C,A, C,A_F. The unit cell 
inrtransmi+^aeibek? caJc?lated ond the density has been mlasurld. Microscopic examinations
f - and r in 1«?!ed n9ht have been mode. A clear distinction between a -,
a z and ß modifications of belite has been observed.

cou5seaöf lydrathioir^o=eshsaofbeeachSthdied; °f kinetlc curves sh°*  that the
C A F and to Ikl 2 proce?s of each Phase is peculiar compared to "pure" C S C S C A 
C6A2F and to the phases of a more simple composition. P 3 ' 2 ' 3A'



A study of cement minerals of complicated 
composition analogous to phases of commer- . 
cial clinkers is one of the main tasks of 
the common problem of composition, structure 
and properties of the real clinker phases. 
The formation of these complex phases is 
first of all possible owing to the crystal 
chemical structural peculiarities of "pure" 
matrix compounds C^S, CpS, C,A,. CgAgF. Ce
ment minerals consist of such elements (Ca, 
Al, Fe, Si) which possess the greatest abi
lity (compared to others) to substitutions 
by various isomorphic elements. '
The real conditions of cement production - 
the chemical composition of raw materials 
and the heat treatment schedule - provide 
the formation of cement minerals containing 
many impurities.
The minerals were synthesized by annealing 
the batch of initial components the amounts 
of which were calculated according to com
positions chosen from results of the elect- 
ron-proba microanalysis of the phases of 
commercial clinkers. The annealing schedule 
(temperature, exposure, cooling rate) varied 
depending on the mineral synthesized.
The compositions of all products obtained 
were determined by chemical analysis. The 
identification of the phases, the determi
nation of the homogeneity of the samples 
were made using microscopic and X-ray me
thods.
ALITES OF COMPLICATED COMPOSITION
Table 1 gives the compositions of complex 
alites A,B,C, alite D with five impurity 
atoms - Na, K, Mg, Al, Fe, and alite E with 
three impurity atoms - Mg, Al, Fe. For com
parison purposes the samples of C3S were 
synthesized and studied. 1

TABLE I
"stiample

0xid^\^
Alites

A B 0 D E

CaO 71.13 71.03 71.62 71.89 71.58
S10- 25.72 24.95 25.24 24.83 26.40Nafo 0.20 0.23 0.28 0.18

0.11 0.14 0.15 0.12 ee
MgO 0.70 0.91 0.71 1.05 0.51
MnO 0.04 * •

r‘ »0.80 1.21 0.88 1^21 1.05Pe283 0.72 0.95 0.73 0.44 0.55
TtO' 0.22 0.31 „0.22 —
P2°5 0.16 0.25 0.10 ■ ■

L.Sf’lg 0.27 0.57 0.37 ■ ■■
_ £ 100.07 100.55 100.30 99.72 100.09

X impur • 2.95 4.00 3.07 3.00 2.11

As an example we give the formula of one of 
the complex alites in atomic and in the ge
nerally accepted formt 
alite Bt Ca103.87sl34.051,a0.6lK0.24M81.85 
A11.95Pe0.98T10.32P0.290180. 5 
3.O4CaO« SiO2«0.009Na20« O.OOAKgO«O.O54MgO- ' 
0.029Al2Oy 0.014Fe20y O.OO9T1O2*O.OOAPgOj.

Microscopic examination showed that each 
alite is a homogeneous well-crystallized 
phase with slightly increased refractive in
dices compared to pure C3S and with higher 
birefringence. N - N for alites is 0.005
0.008 and for pure "C^S is 0.003.
X-ray analysis showed that all alites are 
monoclinic; the unit cell parameters for 
them and refractive indices are given in 
Table II.

TABLE II

Alite
4 bvt 4 Hp

A 12.261 7.059 25.064 89o4*/ 1.729 1.722
B 12.252 7.054 25.018 89°2Y 1.728 1.720
0 12.263 7.056 25.049 B9°c5^ 1.727 1.720
D 12.249 7.048 24.988 1.728 1.722
E 12.243 7.050 25.018 89°43' 1.724 1.719

The unit cell parameters for C«S calculated 
by us are: a » 12.218 A; b = 7.319 A; c ■ , 
25.148 X; «L - 89ö54'; j8 - 89°42; / - 89°43. 
The refractive indices' are: N = 1.717, N =
1.714.  6 p
The X-ray diffraction pattern of complex 
alite B resembles that of pure C,S (Fig. 1). 
X-ray patterns of the other alites are not 
given as they are of the same type. '

Fig. 1 - Fragments of the X-ray diffraction 
pattern of C^S (curve I) and alite B.

The melting temperatures of alites measured 
on a heating microscope are close to each 
other: 2055 C ± 10« (for C,S 2070»C + 10»). 
The experimental density of alites is 3.18- 
3.203g/cmJ, the calculated density 3.13-3.17 
g/cmJ.
The IR spectra "demonstrate (Fig.2) that the 
lattice distortion caused by impurities 
shows up in the diffuse character of the 
curves. The decrease of intensity of the 
bands in the absorption maximum, the broaden
ing of the bands, and as a result, the mer
ging of stone of them are due to disorder 
in distribution of cations in the lattice 
of the solid solutions and to the distortion 
of the structural elements.
The hydration kinetic curves (Fig.3) were 
obtained using the results of X-ray analysis. 
The parallel rune permitted to make sure of 
the reproducibility of the process the gene
ral character of which can be revealed with 
sufficient accuracy by X-ray analysis.
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9n*ß  The observation over the course of

Fig. 3 - Degree of hydration of C,S (- - -) 
and alites B (' —), A (-•-) and C (-x-).

The analysis of the hydration process shows 
that at early hydration (in the given expe
riment for the first 1-2 h) the values of 
the degree of hydration of alites and C^S 
are close to each other. The hydration Jof 
alites A and B proceeds slower. But further 
it is with these alites that the stage of 
acceleration of the hydration reaction pro
ceeds moat intensely. After completion of 
this period all complex alites hydrated to a 
considerably greater extent than C3S; the 
value of cb was greatest for alites A and B. 
Although in structural relation the complex 
of impurities causes the usual transforma
tion of triclinic C,S to monoclinic alite, 
the influence of impurities on the hydration 
activity appears to be rather effective. 
Complieated monoclinic alites are more reac
tive than those with one or two impurities. 
Thus after 28 days the degree of hydration 
of the monoclinic alite B is twice that of 
the monoclinic solid solution of C,S with Zoo*  >

The compositions of el- ,Z-, rt-modifica- 
inOtheOL**< ite Wit\a C01^>lex‘^0f impurities 
in the lattice are shown in Table III.
The preparation of each of the modifications

___to be nosaible by choosing an ap
propriate heat treatment schedule. 
can be produced homogeneous if the total 
amount of impurities does not exceed 6 %. 
The amount of impurities in the different _ 
modifications can vary but not significantly.

TABLE III
\Beli 
\tes 06 > ^8

Dxic\ A B C D B P

CaO 61.97 62.88 62.48 65.70 60.68 61.71
SiÖ, 31.52 31.58 31.25 28.50 33.20 31.76

1.00 0.45 0.26 0.38 0.22 0.25
^0 
MRO

0.74
0.50

1.15 
0.52

0.65
0.94

0.37 
0.17

0.61
0.76

0.76
0.8C

MnO 0.05 0.04 «• 0.02 0.02
41^0, 1.44 1.68 1.87 2.58 1.89 1.5;

1.97 1.22 0.76 1.22 1.07 1.36
Cr^O^ ■ ■ • 0.029
T$o3 0.27 * 0.45 •e 0.30 0.56

0.45 • 0.55 0.79
■ ■ 0.13 0.53 0.18 w

w A 0.60 0.94 0.34 0.38 0.34 0.49
100.06 100.42 99.62 99.83 99.82 100.05

X imp. 5.97 5.02 5.55 5.25 5.60 6.10

The formula of ol-j3-belites in atomic 
and oxide forms can tre represented as fol
lows:
cb(A): cai,g4S1o,92IIao.o6K0.03Ms0.02A10.05
Pe0.04Ti0.006ltn0.00104 5
2.11CaO.Si02.0.03Ha20.0.015K20.0.024MgO.
O.027Al2O3.0.O23Pe2O3.0.0O6TiO2.O.OOl)üiO ;

ca1ig-zSi0ig2Na0i02K0e04Mg0i02Al()i06.
PeO.O3°4; .
2.13CaO.Si02.0.014Na20.0.023K20.0.024MgO.
0.03Al203.O.Ol4Pe203;
^■(C): Cai.94Sio.9iHao.o1K0.02Mgo.o4MnO.OOr 

A10.06Pe0.02T1O.OlP0.01S0.00304;
2.14CaO.Si02.0.008Ka20.0.013X20.0.045MgO.
0.001Mn0.0.035Al203.0.009Pe203.0.011Ti02.
0.006P205.0.003S03. ‘

c

c

c

c 
o «11.169A;

-11.182A;
-II.I89I;

-11.195A;

(B) 3 
^(C): 

^-(D): 

/-(E): 

J3- (F):

The unit cell parameters of belites are: 
eL-(A): a - 5.435A- c - 6.983X;

‘ ‘ -11.0471; b -18.730A;
- 5.520I; b - 6.799A;
J3- 123^'48- ; e

-„5.517Ä; b - 6.777A; 
0- 123ee39' ; e

- 5.5O9A; b - 6.77OA;
^36o5T ; »

- 5.526A; b - 6.771A;
123e56' .

Microscopic examination permitted to clearly 
distinguish «4.'-and fl-bellies; the </,- 
form represents crystals^with low blrefrin- 
wenC?\TS*  refractive indices are I - 1.720, 

J*  ’ ■fe At the edges and in the ^center 
S+t,’“9 ®ry°ta^8 are strips of crystals of the 
other phase which can be distinctly observed



under polarizing light owing to higher hire- 
fringence.
ou -bellte differs from - and ß-forms in 
striations of the surface i'n one, two and 
three directions. The refractive indices 

are as follows $ N -M.732 ■' and N =
1.719;  N -S =0.0^3. The exact determination 
of andsN pis difficult.

6 P 
ß-belite are crystals of a yellowish color 
with a rough spotty surface (not striated). 
H -1.733-1.735I H_= 1.714-1.718.
Each modlficatlonpcontains some amount of 
belites of the other form. '
X-ray diffraction patterns of <Z-- and 
ft - bellte are shown in Fig.4. The presence 
of reflections 350,341,122,231 permits to 
assign <z/to .

Fig.4 - X-ray diffraction patterns of poly
morphic modifications of bellte: I - eC^A); 
II -o^-(B); III- ^-CC).

Noteworthy is the ft - bellte (D). The bro
adening of many reflections in the X- ray 
pattern is evidence of imperfect crystalli
zation. It is apparently such a bellte that 
is structurally most close to belites of 
commercial clinkers which are usually called 
"products of imperfect crystallization". 
The change in the heat treatment schedule 
of this bellte leads to form either^- or 
well crystallizedj3 -modification. This un
stable form of bellte is closer in hydration 
activity to the <=o -form.

The«4-form is the most "sensitive" modifi

cation to the lattice rearrangement. The ac
curate regulation of the heat treatment 
schedule and impurity concentrations can 
lead to obtain, in our opinion, more than 
two varieties of the dL -form.
The IB spectra of belites (Fig. 5) indicate 
structural transformations due to the influ
ence of impurities and heat treatment condi
tions. The diffuse character of the spectra 
increases from one modification to another 
and demonstrates disorder in distribution of 
cations in the lattice and the distortion of 
the structural elements.

Fig. 5 - IR spectra of ct, - (curve I),<^g - 
(II), S-(III) belites and of A-belitewith 
b2o3 (iv).

The hydration kinetic curves of belites (the 
averaged curves from the parallel runs) were 
obtained using the X-ray method (Fig. 6)- 
The curves show a considerably higher reac
tivity of ot - andrZ/-belites compared to 6 - 
belites. Attention is drawn to the high ac
tive j3-belite D (curve III) imperfectly 
crystallized. ' '

Fig. 6 - Hydration kinetic curves of belites: 
1 11 -<<£p)5 HI -ß-(D); IV -Ä-(C)
V -^-(E); VI -j^(F). r

The increase of hydration activity of’beli
tes can be attained not only by providing 
the appropriate conditions for the fonaation 
of most reactive ob - and oU* - modifications 
of complicated composition but also by pro
ducing imperfect crystals.
The study of bellte phases is of interest 
due to their high content in some cements. 
A valuable property of bellte is the capabi
lity to yield active foxes.



ALUMIHATB PHASE
The peculiarities of the fme 
C,A nrovide the most favourable conditions 
f2r dietribution in the lattice of a consi
derably greater amount of impurities than in 
the silicate phases. The presence of ierge 
holes In the CJL lattice promotes the 
realization of different schemes of hetero
valent isomorphic substitutions and permits 
the distribution of elements with larger 
ionic radii.
The synthesized homogeneous samples of the 
aluminate phases contain not more than 13 
wt % of impurity oxides. It was observed 
that if the initial batch contained more 
than 5 wt % FßpO-,, then a certain amount of 
the aluminoferrite phase well identified 
microscopically and by I-rays always appea
red in the product formed. Most often the 
aluminoferrite phase crystallized in the 
form of fine intergrowths with the aluminate 
phase.
The composition of the synthesized cubic 
aluminate phase after the data of chemical 
analysis is as follows (wt %): CaO - 56.68; 
Al,0,- 29.31$ Fe2O,- 5.75; Ha90 - 0.48; K-O 
- 6.64; MgO - 0.57t SiO2- 5.84; TiO,- 0.12; 
PoOc- 0.08. The total amount of impurity 
oZides is 13.58 5t.
The formula of this phase in atomic and 
oxide forms has the following appearance: 
Cb2.74A11.56Ha0.042K0.037Mg0.O45FeO.20Si0.26 
T10.004P0.00306:
3.52CaO•Al203.0.03Ba20.0.OHKgO•0.O6MgO• 
0.12Pe203«0.34Si02. O.OOSTiOg. 0.002P205 .
The density of the-phase is 3.14 g/c^ (for 
pure 3.09 g/cnr). The parameter a = 
15.234-’A (for pure CjA a-15.255 A).
The phase contains some amount of calcium 
aluminoferrite detected microscopically 
and by X-ray analysis. The X-ray diffraction 
patterns for C~A and for cubic aluminate 
phase are analogous (Pig, 7).

I*  m

zt?" ? ™ diffraction patterns of C-A 
(I) and of the aluminate phase (II).

Ae shown by kinetic curves of Pi», r th« hydration process of the aluilSf; p£a« 
(curve II) proceeds like that of cure G A 
and solid solutions of Cyl with Ia20. C3A

Pig. 8 - Hydration kinetic curves of C3A(I), 
aluminate phase (II) and monoclinic solid 
solution of CyA with HagO (III).

The peculiarity of the aluminate phases is 
that in the formation process of different 
crystalline forms the main role belongs to 
alkalis, whereas the hydration activity de
pends on the set of all impurities. Detailed 
results on the study of the aluminate phases 
will be reported at the Seminar A.
ALUMINOFERRITE PHASE
The aluminoferrite phase, like the aluminate 
phase, is capable to distribute in its lat
tice a considerably greater amount of impu
rities than alite and belite owing to the 
peculiarities of structure. The occurrence 
of ^octahedral and tetrahedral positions with 
Pe-’ and A1J in the aluminoferrite lattice 
promotes the variety of substitutions of 
these atoms for isomorphic impurities. The 
structure of aluminoferrites is moat favou
rable for occupancy of the lattice sites by 
Mg,Si,Mn,Cr and Ti.
The compositions of the synthesized homoge
neous phases are given in Table IV.

TABLE IV
\^ample 
Dxides\^

AP-2 AF-3 AP-4 AP-6

CaO 46.60 50.02 50.15 49.98
«^2^3 23.54 19.41 21.30 18.08
ve2n3 23.86 20.83 20.97 19.80

0.25 0.11 0.18
v2n ee 0.18 0.11 0.26MgO 0.65 3.21 2.96 3.30MnO 1.56 1.04 0.27 0.56S10o 2.17 3.87 3.62 6.78Ti05 2.48 1.99 1.04 1.34

vP2°5 * 0.08 0.26z 100.87 100.88 100.53 100.54Eimpur. 6.87 10.62 8.11 12.68

A® “•»»pie, the formula of aluminoferrite 
AF-2 in atomic and oxide forms is as follows: 
°"1.94“l.0B'1o.7A.O4,toO.O531O.0B 
t1O.O7°5;
5.56CaO. 1.54Al204Pe20,. 0.11HgO .0.15Mn0 • 
O.24SiO2.O.21T102.



The unit cell parameters of AF72 are: a - 
5.29 I; b.- 14.57 A; c,= 5.54 A; for CgA,?: 
a = 5.27 A; b = 14.54 A; c - 5.53 X. ° c 
All aluminoferrite phases obtained are of 
the same type, possess analogous X-ray pat
terns and are similar to the aluminoferrite 
Cz-AyP. Figure 9 demonstrates as an example 
tae^X-ray diffraction pattern of the alumi
noferrite AP-2 and that of CgA-P for compa
rison. The matrix of all synthesized alumi- 
noferrites whose compositions were chosen 
according to the electron-probe microanaly
sis of commercial products appeared to be 
the aluminoferrite C^AgF.

Fig. 9 - Fragments of the X-ray diffraction 
patterns of CgAgF (I) and AP-2 (II).

Aluminoferrites of complicated composition 
are often distinguished by an imperfect 
crystallization. The most imperfectly crys
tallized is the aluminoferrite AF-6. But the 
quality of the crystals is influenced not 
only by the set of impurities but also by 
thermal conditions. Although the structure 
of AP-6 is so distorted that all reflections 
are strongly broadened and some of them dif
fused, nevertheless the character of the 
whole X-ray pattern remains similar to that 
of C6A2P (Fig. 10).

26

Pig. 10 - X-ray diffraction pattern of AF-6.

The X-ray diffraction pattern of AF-6 is 
distinguished also by the irregular shlftnof 
reflections at angle 26 of 32-35°, 45-50° 
and58-6l° what is due to the unit cell dis
tortion.
Aluminoferrites of commercial clinkers are 

also poorly crystallized. One of the signi
ficant causes of the lattice distortion is 
mainly the heterovalence type of isomorphic 
substitutions which requires the charge ba
lance, disturbs the microsymmetry and elect
rostatics of the structure. The distortion 
is due to the different sizes and different

The influence of a complex of impurities af
fected first of all the hydration properties 
of the aluminoferrite phase (Pig. 11). The 
phase of complicated composition AP-2 appea
red to be most reactive during the first 
days of hydration and its reactivity at all 
stages of hydration exceeds that of the stu
died aluminoferrite solid solutions of a 
more simple composition.

Pig. 11 - Degree of hydration of aluminofer
rites: I - AF-2; II - CrAj.P; III - C 
with 3.8% MgO and 2.4% SiO,; IV - C, 
3.5% MgO and 1.2% SiOg. *

COHCLUSIOH
Cement minerals of complicated composition 
analogous to phases of conmercial clinker 
can be regarded as multi-component solid so
lutions.
The preferential location of each impurity 
in that or another matrix mineral and the 
total amount of impurity oxides in the li
miting solid solutions depend on the pecu
liarities of fine structures of C,S, COS, 
C,A and CgAgP. 3
The contents of impurity oxides in the limi
ting solid solutions do not exceed the fol
lowing approximate quantities (wt %): 4.0
4.5% in the alite; 6% in the bellte; 10-11% 
in the aluminoferrite and 13% in the alumi
nate.
The presence of a complex of impurities and 
the appropriate thermal conditions may lead 
to form cement minerals with strongly dis
torted structure. In industrial conditions 
the clinker phases (especially bellte and 
aluminoferrite) are most often products of 
imperfect crystallization. Imperfectly crys
tallized phases are most active in the pro
cess of interaction with water.
The present paper reports the results of un
accomplished investigations. In further work 
attention will be paid to the preparation 
and study of the activated phases.

iFwith
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Synthesis of dicalcium silicate 
and tricalcium silicate phases

Synthese du silicate bicalcique et du silicate tricalcique.

Surendra Nath GHOSH Ph. D. Cement Research Institute of India, New Delhi.

RESUME : En chauffont les melanges crus contenant un corps r6actif (gel de silice) et en y 
ajoutant des minSrolisoteurs, le taux de formation des phases C2S et C3S peut etre considS- 
roblement augments. Des minSralisateurs tels que le Cap2 et le Nap ont StS utilises et on a 
fait verier le temjbs de cuisson d'une demi heure d une heure. La conversion du mSlange cru 
en ces phases Stait supSrieure ä 90 % dans le cos d'une seule cuisson.

On a aussi Studie la temperature de decomposition du CaCOg dans le melange par la methode 
ATD/ATG. L'effet des cations sur la decomposition du CaCOg a 6t6 observe et mis en correla
tion avec le rayon ionique des cations.

SUMMARY : The rate of formation of CgS and CgS phases can be increased considerably by hea
ting the raw mixes containing reactive material (silica gel) and addition of mineralizers. 
Mineralizers, such as CaF^, NaF were used and total retention time varied from 1/2 hour to 
1 hour. The conversion of raw mix to these phases was above 90 % in a single firing.

The decomposition temperature of CaCOg in the raw mix was also studied by DTA/TGA. The effect 
of cations on the decomposition of CaCO, was observed and correlated with the ionic radius of 
the cations. ,



INTBODUCTIOW TABLE 4 I
The' ayntheeie of the silicate phases, C-S and. C S 
attracted the author's attention during^the course 
of studying the action of mineralizers on the 
formation of ordinary Portland cement (OPC), 
Reports on obtaining a fairly good strength OPC 
with low percentage of alite (l) and on the prepar
ation of reactive - bellte (2) were of special 
interest. Considerable work has been reported in 
the past by various authors on the synthesis, reac
tivity, etc. of C-S phase and this has been covered 
recently (3). The synthesis of C_S phase of high 
purity has been a subject of interest over the 
years and among others had been dealt elegantly 
by Odler and Dorr (4). The present research was 
under2taken tot 
1/ increase the kinetics of formation of these 

phases, 
ii/ stabilize the phases in certain desirable 

polymorph! c/s olid solution states,'and 
ill/ understand qualitativly the kine tics 

and stabilization characteristics.

Preliminary results of the work carried out over a 
period of one year or so are being presented here, 
some of which were communicated as short notes 
earlier (5-7). Needless to mention the complexit
ies and involvement for carrying out this work 
are quite demanding.

EXPERIMENTAL

Mineralizer Percentages of addition

2^ " 4^ 6^

LIE 540 (w) 560 (nt) 530 (m)
620 (w) 710 (s) 675-(s)
850 (m) 880 (m) 830 (m)

NaF 790 (s) 56O (vw) 540 (vw)
825 Cm) 595 (w) 575 (w)
859 (m) 745 (s) 705 (s)

1020 (m) 845 (m)
930 (m)

CaF 875 (s) 865 (s) 850 (s)
1110 (vw) 890 (m) '

1015 (vw) 1010 (w)
SrF- 845 (vw) 820 (s) 835 (s)

917 (s) 870 (m) 870 (»)
1010 (vw)

BaF- 785 (w) 830 (s) 810 (s)
2 875 (e) 860 (m) 870 (»)

960 (vw) 980 (vw)

W « Weak, m « medium, vw = very weak, s e strong
All are endothermic peaks. DTA peaks without 
any mineralizer are at 560 and 94O*C  .

Techniques, such as rapid heating to the sintering 
temperature, use of rective starting materials, 
e.g. silica gel and additions of mineralizers were 
adopted. Reagent grade CaCO , mineralizers (2%) 
and commercially available silica gel (colourless) 
were used to make the batches (5g. each). These 
batchea(passlng 40X1) in the form of pressed pellets, 
were introduced in a platinum holder in a quench 
furnace normally preheated to the temperature of 
sintering and kept for a period of 1/2 hours to 
1 hour in general. The sintered materials were 
air-quenched and analysed by chemical, XRD, 
IR, microscopy, etc. .

RESULTS -

The dissociation temperatures of CaCO- in mixes 
containing CaCO- and SiO. (2tl) in presence of 
NaF were studied by DTA and TGA. These results 
are shown in Fig. 1. Decomposition temperatures 
corresponding to the DTA peaks with the highest 
weight loss were taken though several peaks with 
weight losses were observed in DTA/TGA traces of 
the samples (5)« The decomposition temperatures 
of CaCO. in mixes containing CaCO, and 810, 
(3il) with different mineralizers^were studied 
as shown in Table - I.

Fig. 1. Dissociation temperature-of CaCO, in 
mixes of CaCO, and SiOg (2|1) with 
various amounts of NaF. Endothermic DTA 
peaks corresponding to the highest Wt. 
loss considered.

The synthesis of /3-CgS phase with the addition of 
2< NaF was studied over the temperature range 
800-100*0  and some details of the results are 
given in Table - II and Fig. 2.



TABLB - IT

Slow heating (l0*C/min) Abrupt heating to sintering temperatures

800*C 1000*0 Raw mix decarbonated 
at 800*0  and tired 
aorupty at high 
temperature

Raw mix fired’ 
at 1000*0  and above

Formation of 
ß ~C0S phase 
witl/5% 
free lime

formation of ß -C S 
phase with free lime 
A’t; no reduction in 
free lime content 
with increasing 
retention time

At 850, 900 and 
1000*0,  the 
quality of free 
lime was 
around 2%

Up to 1000*0  
free lime content 
was around 2% but 
it increased at 
higher temperature

26 CuM

Fig. 2. XRD traces of rav mixes of CaCO. and 
S10 <2:1) and 2lS NaF. Fix I hlated 
abrfiptly to 1000*0 for 1/2 hrj Fix-II 
fired abruptly at 1000*0 for 1/2 hr 
after decarbonation at 800*0 
and Fix-Ill heated to 1000*0 for 1/2 
hr (10-C/min).

With a retention time of 1-2 nours, the formation 
of of -phase in presence of B 0 (1-3^), and 
Y-phase in presence of ’eO aiid excess CaO 

were also studied»

The formation characteristics of C-S phase in the 
®lneralizers3are outlined 

Of m^bl The total Peroeiitage of addition
vere he^. r k!Pt t0 811(1 the etches 
were heated abruptly to sintering temperatures.
DISCTSSIOB

°f the dec°®Position temperature of 
CaCO by the addition of mineralizers is not onlv 
important from the xievpoint of heat savingbn? 
also from the fact that CaO released at a io«r

A number of intermediate compound formations 
is indicated which leads to the decomposition of 
CaCO, in stages. Imlach (8) observed two 
types of mechanism in the decomposition of 
CaCOj in some plant raw mixes. The decomposition 
of CaCO, in the presence of FaF is of considerable 
interest (Fig. l). The temperature has been 
lowered to 555*0  from 880*0  (0^ Fa”) and further 
up to 6^ of addition of FaF, there was a conti
nuous fall in temperature and then again from 
12 to 16^. The effect of cations on the decom
position of CaCO, in mixes of CaCO,» S10- 
(3:1) is presented in ”igs. J and 4. 2

The formation of <'-0 S along with/5-C S in the 
presence of FaP was observed and it was found 
that with the addition of gypsum or CaS, the 
oC -phase disappeared. High conversion rate 
(~ 96%) for the formation ot*'-  and Y- C„S phase 
was observed (2 hours retention at 145O’C in 
a single firing).

The formation of C,S phase in the presence of CaP 
was observed at as3low a temnerature as 850*C  2
with a retention time of 2 hours. The free lime 
contents as determined chemically are 3.9% 
(1300*0),  2.13% (1350-C) and 2.32% (14OO*C)  with 
total retention time of 1 hour. An XHD trace of 
a mix heated to two hours (total retention time) 
is shown in Pig 5. decent work (9) has shown 
that the percentage of CaF. addition could be 
reduced to as low 0.5%. Tfiis indicates that a 
still purer C S sample can be synthesized. The 
formation of C S in the presence of flourides 
and other mineralizers in shown”ig. 6. The line 
/a ev? ,A' rePres®nt8 a raw mix containing FgO 
(0.5%) and Al20) (0.25%) besides CaF,,.



TABLE - ITT

Temperature 
of heating

CaFg NaF ■ Öa5öv4 2H2O CaHOP,4 CrOj F-1+PO4-5 F_+PO4' -3----+SQ-24 + CrOj

*A B CAB 0 A B C A B C A B C ABC A B C
1200eC fl V 1 fl TV H V P n — — — w' V H W F H W F H
1300/ 
155O»C VG w L VG VW M w F H 1300« F W H G W L G W L

w w VH VG w H
1350*

G W VH
1400eC VG w VL G VW M w F H G V VH W w H G VW L G - L

G Good} VG * Very Good; W s Weak # C3S = A
L = Low; H s High; F Fair c?s = B

VH = Very High; VG * Very fair VL Very low Free lime = C

-
These are relative value as obtained from XRD line intensities.

Fig. 5. The lowering of decomposition temperature
of CaCO in mixes containing CaCO, 
SiOg (3?1) and mineralizers. '

and

The kinetics for this mix (alite composition) is 
the fastest as observed qualitatively on a ' 
comparative basis. The lines marked ’M*  represent 
batches containing CaF_ ♦ CaHP0.2H_0 + CrO- 
(1*0.5  I O.5tO.5)l andZ(0) represents CaF 
CaHPO4 (ill). HF is apparently volatilised 
away at higher temperatures.

Fig. 4. Effects of ionic radii of cations of 
mineralizers (as mentioned in Fig. 5) 
on the dissociation temperature of 
CaCOj).

The kinetics of C_S formation process cannot be 
expressed by a single kinetic equation (10,1l). 
In the presence of CaF^, the primary phase field 
of C.S gets enlarged and this may be one of the 
reasons for increased kinetics (9). The formation 
of intermediate compounds, such as (C_S). or 
(C-S), CaFg 68 reported (12) besides reactive 
polymorphic form of CgS at higher temperatures 
(10,1l) may influence the kinetics of formation. 
The early liquid formation (in the case of OS) 
is also deemed responsible for the increased5 
kinetics of C.S formation. Details of some of which 
has been reviewed recently (15). A theoretical 
approach using polyhedral model to understand the 
stabilization of orthosilicate system has been 



outlined by Moore (14) but the recent experimental 
work by Baxnee et al (15) !■ rather Interesting to 
note. They found It difficult to correlate any 
affinity of a particular ion to go into solid solu
tion in the lattice of a particular form.

Fig. 5» fa XKD trace of C S obtained by the rapid 
heating technique^ftotal retention 
time-2 hr at 1400°C)

Tig. 6. '"he formation of O S phase in presence of 
mineralizes using fapid heating technique. 
XRB line intensity ratio of CaO and 
CjS used.

CONCinSIOH
The rate of formation C S and C.S phases can be 
cont«?8?4 C0n81^rablT rapldiy heating the mix 
?ddftl« 7a?tlTe ■■terlal (silica gel) and by 
additions of mineralizers. The purity of these 
materials can be improved by a judicious 
combination of these techniques.
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Contröle de la microstructure et de 
Tactivite des clinkers

Control of microstructure and activity of clinkers

B.V.  VOLCONSKI, candidat es sciences techniques, sous-directeur de I’lnstitut,
LG. SOUDAKAS, candidat es sciences techniques, chef du laboratoire de recherches physico-chimiques,
A.F.  KRAPLIA, candidat es-sciences techniques, collaborateur scientifique en chef,
LG. BERNSTEIN, collaborateur scientifique en chef, "Giprotzement”, Leningrad, U.R.S.S.

RESUME :
On a proc6d6 aux ätudes mietoscopiques de plus de dix. mille öchantillons prälevös dans des 
fours rotatifs de sept cimenteries prSparant la masse crue par la voie humide et sfeche.

On a analyst les conditions thermiques de production de ces Schantillons, dont plus de deux 
mille ont 6t6 soumis aux essai§ physico-mScaniques.

On a 6tabli, pour les clinkers industriels, l'identitä de types de microstructures qui ont 
ensuite ätä classes. On a montrd que la succession des passages d'un type ä 1'autre est r6gu- 
librement liäe ä la variation de l'intensitö du traitement thermique. D'autre part, on a ap- 
präciS quantitativement 1'influence directe de la microstructure sur l'activitä hydraulique 
(R2g). C'est sur cette base qu'ont 6t6 mis au point et introduits dans 1'industrie les prin
cipes de contröle de la cuisson du clinker, en s'appuyant sur la microstructure en quality de 
principal parambtre d1 estimation.

SUMMARY:
Over 10 thousands samples from rotary furnaces at seven cement plants with wet and dry 
production processes have been subject to microscopic investigations.

The thermal conditions of sampling have been analyzed and over 2 thousands of said samples 
have been subjected to physical and.mechanical tests.

The uniformity of types of the industrial clinker microstructures have been found out with 
corresponding classification provided. It has been proved that the sequence of transfer from 
one type to another is regularly dependent on variations of thermal treatment intensity. On 
the other hand, the direct influence of the microstructure on the hydraulic activity (RjgJhas 
been quantitatively estimated. On this basis the clinker calcination control principles nave 
been developed and implemented in the production to be used as the basic criterion of clinker 
activity.

i



I-IS

. »• - i-r .-^^pendance entre la microstructure 
'^„Dker et son activity Hydraulique a 

. -"obdet d'Studes de nonbreux chercheurs
i- .As Le Chatelier et Thomebom (1, 2). 
■^s les anndes 30 et, surtout, ces der- 
r.7.ai‘ 5 temps les Studes en cette direction 

"’"gout developpees de faqon suffisamnent 
t.’is.ss, mais en dSpis de ces efforts l u- 

: ■’ > sation pratique de cette interdependan- 
..^'n'ana 1« Industrie est restee jusqu'a au- 
3m .sd’hui trds limitde.

s etudes de plus de 10 mille couches min
ces pr61ev6es dans 7 usines differentes si- 
miltanement aux essais pijysico-mecaniques 
ie plus de 2 mille Sprouvettes de clinkers, 
la confrontation des conditions concretres 
d’obtention de ces Sprouvettes aux etats d<
I >.ase des minSraux du cl inker ont permis 
c-!6tablir une s6rie de rSgularitSs.
II &sest av6r6 que malgrS la diversity des 
matidres premieres et des conditions tech- 
nologiques des productions concretes, la 
microstructuzye de leurs clinkers präsente 
das traits ccanmuns» Cette community est 
avant tout la consequence de 1 identity de 
<26 thole utilises pour l'obtention du clin
ker : la cuisson. Notons toutefois, que les 
microstructures des clinkers fondus ou des 
clinkers obtenus par la voie radiative dif
ferent en principe des clinkers cuits.

*

Laß resultats de I'Stude mende permettent 
de distinguer quatre types principaux de 
microstructures embrassant pratiquement 
tons les cas Studies (fig. la, b, c, d).
Le 1-er type (fig. 1a) se caractSrise par 
une cristallisation incomplete et peu pro- 
nonc6e des principales phases, allant jus- 
qu'ä I*absence  complete de formes morpholo- 
giquement dSterminables. En rdgle g6n6rale 
il s'accompagne d’une distribution irregu- 
liere des mineraux.
Le 2-dme type (fig. 1b) präsente une abon- 
dance de phases silicates finement cristal- 
lis6es (moins de 20jum). Deux variantes se 
rencontrent ä repartition irrögulidre (en 
amas) et rdgulidre de mineraux.
Le J-äme type (fig. 1c) est constitud de 
microstructures avec de formations assez 
volumineuses d’alite et de b61ite aux con
tours flous. Ce type se caractdrise par des 
agr6gatlons au sein d’une meme granule. Les 
secteurs du type J sont souvent associds 
aux secteurs du -type 2 et 4.
Le 4-dme type (fig. 1d) ccmprend des cris- 
taux d’alite et de bdlite aux formes nettes 
en majoritd de dimension supdrieure ä J 0am. 
Le trait essentiel de ce type de clinkers 
est la rdgularitd de distribution des pha
ses. La Unite supdrieure des dimensions 
des cnstaux ne ddpasse pratiquement pas 
bOjim malgrd la prdsence quelquefois de 
gros cristaux (jusqu'ä 200jum) Isolds.
Il est ndcessaire de souligner que. prati- 
quement, chaque dprouvette de clinker cons- 
tltue une association d’dldments diffdrents 
en microstructure. Aussi dans nos dtadea 

prdalable, apprdcid I’homogdndi- 
td des dprouvettes pour n’analyser que cel-



Fig. 1d

Lea differences Limites dans la resistance 
des clinkers (R2q) en rapport avec les va
riations de microstructure Stabiles par nos 
etudes atteignent 120 ä 180 kgf/cm^. Cea 
Chiffres correspondent ä ceux trouvSa par 
d'autres auteurs (5, $)• Les meilleurs 
clinkers, sous 1* angle de la resistance ä 
28 jours, sont les clinkers du 4-Sme type.
L*influence  des conditions spScifiques ä 
1’entreprise se manifeste principalement 
dans le niveau de I'activite hydraulique 
du clinker mats ne se rSpercute pas sur 
I1importance du role de la microstructure. 
C'est ainsi, par exemple, qu’on a Stabil 
qu'avec une teneur moyenne en alcali dang 
la matiSre premiSre de 1‘ordre de 1,5 % la 
marge de variation de la rSsistance, due au 
changement de la microstructure, Stait de 
570 a 510 kgf/cm2, tandis qu’ä 1’usine uti- 
lisant une matiSre premiSre de faible te
neur en alcalis (environ 0,5 $) cette marge 
oscillait de 420 S 600 kgf/cm2. Une atten
tion particuliSre Stait attachSe aux pro- 
blSmes de stabilitS de la phase antique. 
Il a StS Stabil que mane les stades inl- 
tiaux'de la dSsintSgration, observSs le 
plus souvent au sein des microstructures 
parfaltes, entrafnaient des chutes de rS
sistance de 1'ordre de 50 S. 50 kgf/cm2.
L^expSrience de postcombustion en labora- 
toire des clinkers du 1-er type ä 1450 eC 
a montrS que I’amSlioration de la micro
structure eat le corollaire loglque d’un 
traitement thermique poussS du matSriau. 
L'Stude des rSgimes thermiques de fonction- 
nement des fours a montrS que la sSquence 
des variations de la microstructure, rSsul- 
tant de 1•intensification de la cuisson par 
1'SlSvation de la tempSrature dans la zone 
de cuisson ou du temps de maintient du ma
tSriau ä des tempSratures dSpassant 1500°C, 
de meme que de 1'accroissement de la "rS- 
ceptlvitS thermique" du mSlange brut / cons- 
tltue une constante de 1'entreprise consl- 

dSrSe, et, pour les entreprises diffSren- 
tes, ne varie qu’en dStails, en principe, 
de nature non substantiels. La manche gSnS- 
rale des variations du type 1 au type 4, en 
passant par les structures du type 2 et 5» 
se conserve dans ce cas. On est ainsi arrl- 
vS pour la premiere fois ä Stablir une 
Schelle de microstructures traduisant la 
liaison de 1'Stat de phases des clinkers 
avec la rSsistance et le regime thermique. 
Une telle Schelle (ä 8 degres) nous a servl 
de critSre pour le controls de la cuisson 
du clinker, opSration qui dans tons les cas 
(plus d’une dlzaine) nous a permis d’Slever 
la rSsistance moyenne du clinker dans les 
entreprises de 50 A 40 kgf/cm2.
La nature de I’influence de la microstruc
ture sur la rSsistance se manifeste essen- 
tlellement dans la diffSrence de I’etat de 
la surface des partlcules de ciment obte- 
nues aprSs mouture. (Il est blen entendu 
qu’on compare des ciments moulus dans lea 
memes conditions et jusqu'ä obtenir les 
manes caractSristiques standard.) La figu
re 2 fournit les diffSrences caractSristi
ques entre les formes des partlcules obte- 
nues a) d partir du clinker du type 1 et b) 
d partir du clinker du type 4. Vralsembla- 
blement le dSveloppement du contour des 
partlcules dans le second cas est le fac- 
teur contribuant d I’Sldvation de la rSsis
tance du matSriau en vole de durcissement. 
En tout cas la diffSrence de forme des par- 
ticules observSe constamment s’accompagne 
de variations dans les caractSristiques de 
la poudre de ciment telle la chaleur de 
mouillage, la cinStique de dSgagement de 
chaleur (6).

Fig. 2a

Fig. 2b



Ba ceaclusioD d® 1 •6'taide iieaSe on peal; dire 
au» la aierostnieture da clinker est juste— 
»eat la critire eoi doit etre utilise pour 
la ©omaade des fours de culsson et le con- 
trSle da processus*  Il taut en outre souli- 
gaer les avantages »ajeurs de la eicro— 
structure devaat la teaeur en residua d,o— 
a^de de calciutt, utilises jus^u'd aujour- 
d*liui  conote critdre principal.
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Spectroscopic studies of CasSiOs polymorphism
Les 6tudes spectroscopiques du polymorphisme du Ca3SiO5

M HANDKE, Cz PALUSZKIEWICZ, G. SIEMINSKA, School of Mining and Metallurgy, Institute of 
Materials Science, Krakow, Poland.

RESUME : On a etudie sur des echantlllons pulverises, les modifications polymorphlques du 
Ca^SiOj stabilise par ZnO, en utilisant les methodes de Raman au rayon laser et la spectros
copic infrarouge avec transformation de Fourier. Les modifications polymorphlques ont ete de- 
terminees par la diffraction aux rayons X. La spectroscopic vibrationnelle constitue une me
thode complementaire ä la diffraction aux rayons X et donne des informations sur 1'arrange- 
ment des^atomes dans les couches superficielles des crlstaux. On a propose une hypothese, 
deduite des resultats spectroscopiques, sur la structure reelle du Ca^SiO^ ainsi que le me- 
canisme de sa transformation polymorphique. Conformement ä cette hypothese, on peut conside- 
rer la structure du Ca^SiO^ comme composee de couches silicatees et de couches d'oxyde de cal
cium. Quelques polymorphes du Ca^SiO^ presentent des structures polytypes.

SUMMARY : Laser Raman and Fourier transform IR investigations have been performed on powdered 
samples of Ca^SiOj polymorphs obtained by stabilization with ZnO. Types of polymorph have been 
established by X-ray measurements. Vibrational spectroscopy is a complementary method in com
parison with X-ray diffraction and gives Information about short range order in crystal. The 
hypothesis deduced from spectroscopical results concerning real structure of Ca^SiO^ crystals 
has been proposed as well as the mechanism of polymorphic transitions of Ca^SiOj forms. 
According to this hypothesis Ca^SiO^ structure can be regarded as layer structure consisting 
silicate and calcium oxide layers. Some of Ca^SiOj polymorphs are polytypic forms.



DfTHODüCTION

silicate and structure of its different 
forms, the fundamental work is Bigare a et 
al. naner /4/. The polymorphism of tne CiS 
using X-ray and theraal analysis methods as 
well as microscopic investigations have 
been established. On the base of these par- 
pera an existence of six crystalline forms 
should be aooepted up to deooeposition te»« 
?erature of cJ /125O°C/. Three of these 

ores are triclinio, two — nonoolinlo and 
one is rhombohedral /the highast-teyperatu- 
re phase/*  The phase transivioa cycle ox 
the can be shown as follows i

Tremel,Blx and Heinke /6/ have confir
med that the C^S is the stable phase also 
at the 1300 - 18OO°C temperature range but 
the existence of another forms at these 
teroeraturea is not confirmed. It is possi
ble to find, in some papers, information 
about other C^S modificationst for example 
Uohikawa I’ll 5has found five additional 
weak effects on the DTA curves and has att
ributed them to additional phases structu
rally close to basic C-S modifications.

X-ray studies carried out using Qui
nter camera /1/ at different temperatures 
have shown that at the temperature 1100°C 
the crystal lattice of the C,S is hexagonal 
one and about 30 refleotions^on the diffrao- 
togran are ascribed to the H3m space 
group which corresponds to the structure 
proposed by Jeffery /8/. A temperature de- 
oreasA^gauses characteristic changes of the 
201, 204 and 220 reflection shapes in the 
20 = 310-33° and 510-52® angle range. 
In this angle range the changes connected 
with the C-S polymorphic transitions are 
especiallireasy to observe. During the pha
se transition at 1050°C the crystalline 
symmetry changes from rhombohedral to mono
clinic /R-4.M--/I this transition is only a 
small diaplacement of the elements in a 
unit-cell but the symmetry reduces rapidly 
freu B3m to Cm /GV. Considering the 
hexagonal symmetry H3m It can be confirmed 
that only two its subgroups exist t Cytri- 
gonal and Ca-monoolinio. The splitting of 
the 204 and 220 reflections shows the chaik- 
ge of a crystal system and this decides of 
the monoclinic system. The parameters of 
the monoclinic unit-cell exprdssod by the 
hexagonal system differ minimally i.e. , 
Aa ■ 0,02 1, Ac ■ 0,13 1 and yby 0,12°.

The phase transition at 99O"G is not 
connected with the symmetry change, so the 
second monoclinic phase of CjS /Mn/ is ef 
the sama space group Cm /C_/. On the diff- 
ractogram more distinct splitting of the 
2011 204 and 220 doublats is obsarrad*  
The My—>Myy transition is connected with a 
very small thermal effect.

At the 980°C temperature- occurs the 
transition with considerable thermal effect 
and «hang* of the symmetry from monoclinic 
to triclinic . On the diffracto-
gr-ge next splitting is observed of the men
tioned above reflections to the triplets. 
There are more reflections of this form on 
the dlffraotogram and it is impossible to 
explain then without an increase of the 
unit—a»ii parameters. In this case pseudo
hexagonal parameters a and b should be dou
bled to about 14 1, so the structure of the 
Tjn form must be described as super-unit- 
oell with four times quantity of atoms in 
comparison to the previous structures.

At the 920°C the strongest thermal 
effect is observed connected with the 
Tj-*T jj transition but without change of 
the symmetry and the unit-cell parameters. 
The unit-cell of this system is of trivial 
symmetry. On the dlffraotogram further 
splitting of the triplets can be seen.

The phase transition at the 600°C does 
not cause the change of the symmetry, but 
diffrac to grains chaiage significantly that 
certifies further increase of the unit-cell 
parameters by the next double a and b para
meters.
How the unit-cell has four times more of 
the atoms than the unit-cell of the Tj and 
Tjj forma, and sixteen times more than the 
Mh, and R forms.

Among these five general accepted 
polymorphic transitions of the C^S, only 
the Is the transition of the second 
type without thermal effect. The 'll
transition is practically unobserved In the 
X-ray dlffmattlon /the same diffraotograms/ 
but it is accompanied by the strong thermal 
effect connected with the transition to the 
second super-lattice.

The C-S crystals can form solid solu
tions wlth-'different additional cations. 
The Investigations of Bigare et al./4/ have 
shown that many of these cations can stabi
lize different crystalline modifications of 
the CjS.

PRKPARATIOH OP TH2 DIPPEESHT CRISTALLINR 
MODIPICATIONS OP THB C^S AID THSIR DXFIHI» 
TIOH USING X-RAT DIPPRACTIOH

The samples have been prepared by the 
stabilization with admixed ZnO. The stabili
zer concentration has been chosen as in the 
paper 74/. Por better comparison ef the re
sults ZnO has been introduced to the low- 
temperature Tj form the structure of whioh 
does not require the stabilization. Owing to 
this procedure the sample defected by addi
tional admixture has been obtained but its 
concentration did not cause structural 
changes. There were samples prepared with 
the following ZnO concentration /% weight/» 
0,5 * 1, 2, 3 and 5 that corresponds to the 
"illI ®u» Mj, Mjj and R modifications. 
The zinc has been introduced as the water



solution of Zn/COOCH^^a^O. To the adequa
te quantity of the sine aeetate water solu
tion the alxture of the CaCO^ and the SlOg 
has been introduced In the solar ratio 5*1*  
This suspension was dried at the tesroeratu- 
re 100°C, further holded at the 1OOODC /de- 
oarbonlsation/ and next after grinding - 
15OO°C, The heating at 15OO°C was repeated 
up to getting the clean phase of C^S, which 
was controlled using X-ray diffraction and 
IR speotra. ’

figure 1. X-ray dlffraotograns of the C^S 
polynorphio modifioations atabilised by ZnO.

figure 1 shows diffractograns of the 
different C^S forns stabilised by ZnO of 
different concentration. The diffraotograne 
were registered in the ranges nost oharao- 
teristio for these forns i 26 *51  -34® and 
500-55°. The indioes of the reflootions 
were found accordingly to the paper /2/. 
It is easy to renarJr that the reduction ef 
the crystal synaetry and inorease of the 
unit-cell dinensions cause the splitting of 
the singlet 204 reflection in the rhonbo- 
hedral structure to the doublet in the no— 
noolinic and to the triplet in the tricli
nic one. The behaviour of the singlet 220 
reflection Is the sane. The sane angle rear
go registered using Guinier oanera oould 
show nere conplicated, fine structure of 
these two reflections which oonflrns the 

formation of the superlattice for thy 2. 
teeperature modifications. These naastu’e---- 
nents agree with the results of previor.r 
works and synonymously define the oanplf ,• 
and allow to oonfira the getting of TIII»

or *1*  **II  8114 ® forms. Thia iden
tification is necessary for basic Bpet-r-^- 
scoplc Investigations.

SPBCTROSCOPIC RESULTS

Figures 2a and 2b show the spectra of the 
sane samples the diffractograns of which 
were presented in fig.1. On these spectra

Figure 2. a/ FIR speotra of the C^S poly
morphic modifications stabilised by ZnO| 
b/ MIR spectra of the C^S polymorphic modi
fications stabilized by ZnO. ' 

continuous changes with the inorease of the 
stabilizer concentration are observed. 
According to the selection rules of the vi
brational transition the disappearance of " 
some bands with the increase of the crystal 
synmetry Is not observed. Instead of this 
the characteristic band broadening is ob
served. It la especially visible in the 
800-1050 cm""1 /Si-0 bond stretching vibra
tions in the SiO^ tetrahedron/ and 100 - 
400 cm“^ /lattice vibrations/ ranges. This 
observation shows the broadening of the 
vibration energy levels so, the selection 
rules do not operate. These oould be only 
one explanation of this experimental faot- 
the inorease of disorder of crystalline 
lattice. It has been shown in the paper /9/ 
that in the mediun infrared range speotra 
the 81-0 bond vibrations are observed, 
which are meetly effected by the arrange
ment ef oxygen ions, because In the vibra
tions mainly these atoms notions are ob- . 
served In relation to more static cations. 
The Increase of the lattice disorder -



-which is shown by the spectroscopic data - 
concerns salnly the sublattice of the oxy
gen ions, less - the cation sublattice.

from the theory group calculations ma
de for the »hombohedral structure of C^S 
/1O/ it results that in the stretching vi
bration should be observed three 
Ij-type vibrations from the fully symmetric 
stretching vibration of the isolated SiO^ 
tetrehednon and six vibrations / ♦ 58 /
from the remained stretching vibrations. 
Tils quantity of the bands in the spectrum 
of the low-temperature C^S modifications is 
observed. In the spectra of highly symme
tric modifications the mean of these bands 
is observed and as the result for the rhom- 
bohedral modification three weak separated 
bands are observed; for fully symmetric vi
bration at about 840 cm-1 and for remained 
vibrations two bands : 890 and 930 cm-1. 
In the high-temperature modifications the 
splitting in the corelation field fer SiO^ 
tetrahedron is not observed, and the obser
ved splitting in the crystal field /activa
tion of the JLj vibration and reduction of 
the degeneration of vibration to B and 
JL]/ show the position sygmetiry of the Si04 
tetrahedra in the crystal structure accor
dingly to Jeffery - C^y. These conclusions 
are confirmed by the Raman spectra for the 
same samples. The Raman spectra have been 
obtained in the Si-0 stretching vibration 
range /800 - 1050 om-1/, in the remained 
range there are no characteristic bands for 
the C^S. The weak intensity and broadening 
of these bands increases strongly with the 
quantity of the admixed stabilizer. On this 
base it is possible to conclude that in the 
JIR range the spectra of the high-tempera
ture modifications are similar to the spec
tra of amorphous state. The position of the 
peaks of the oomplexed 800-950 cm”1 band ■ 
are almost the same like the bands in the' 
IR spectrum and the same changes of the 
band shape during the Increase of the eta-, 
bilizer concentration are observed /fig.3/, 
Tor the rhombohedral modification only 
three weak separated bands aw observed, 
similar to the IR spectrum.

Jigure 3. Raman spectra in the 700 -1000-'- 
cm range of the CjS polymorphic modifi
cations stabilised by ZnO.

DISCTSSIOir ilTD COHCLÜBIOHS

On the base of the IR and Raman spectra 
the following conclusions can be drawn t
- the symmetry of the tetrahedra in the 

structure of all polymorphic modifications 
is close to C, symmetry and during the 
ph»«» transitions the tetrahedron does 
not deform and its dimensions are almost 
the same,

- in the stabilized crystallochemically 
structures of the high-temperature modi
fications higher symmetry is obtained by 
the reduction of the oxygen sublattice 
order,

- the disorder of the oxygen sublattice is 
a consequence of the orientation disorder 
of the SiO^ tetrahedra in the C^S struc
ture /no splitting in the corelation 
field/.

In the paper /10/ we have put forward a hy
pothesis on the real structure of C^S, 
which can be now extented to explain the 
complicate polymorphism of the C^S. kocor- 
ding to our hypothesis the base symmetry of 
the short range order in the C^S crystals 
is the sane or very close to the rhombohed
ral symmetry /high-temperature form/ and 
the crystal is of "sandwich" structure with 
the layer by turn * silicate of CoS and 
oxide of CaO.
The dicaloiwa silicate layer is probably of 
ck -CgS structure in the rhombohedral modi
fications and in the low-temperature modi
fications «•- and p- C2S. About the sy
mmetry of the whole crystal and about the 
size of the unit-cell in the C^S polymor
phic modifications decides mutual arrange
ment of the oxide layer respecting to the 
silicate one.

During the polymorphic transition 
cycle of CjS the positions of oxygen ions 
are at first a little displaced what is the 
result of tetrahedra reorientation. This 
mechanism could be explanation of the small 
thermal effect of R*»Mjj  transition and 
rapid reduction symmetry from CjT to Cs 
with practically unchanged parameters of 
the unit-cell, it is necessary to suppose 
that during this transition calcium and 
silicon cations do not displace.

The transition is of similar
character and as a result the new tetrahed
ra orientation is established. During the 
further VjHTjjj transition the cations are 
displaced what can be presented as a »hift 
of the silicate layer respecting te the oxi
de layer. The consequence is the increase 
ef the unit-cell parameter of Tjjj form, 

the significant thermal effect 
of this transition.
During the transition the signifi
cant structural changes do net occur. 
During last ®u**Tj  transition occurs again 
the change of sequence of silicate and oxi-



de lasers causing further increase of the 
unit-cell cline ns ions and considerable ther
mal effect.

On the basis of our hypothesis we can 
distinguish two kinds of the transitions 
during the polymorphic transition oyole of 
the C^S 1
- with little only reorientation of 810» 

tetrahedra
- with the change of the mutual positions 

of the silicate and oxide layer being the 
structure elements of C^S.

The transitions of second type are t 
and Txi*~ ‘TIe double layer 

a9S and CaO by letters we can illustrate 
R, Mj and forms like 1 AIK... 1 Tjjj and 
Tjj forme like x and Tj form 1
ABCABC... .
Supporting on this hypothesis it is possib
le to explain the mechanism of the stabili
zing operation such ions like Zn^.Mg8* and 
Al^*.  Stabilizing Zn2+ and Mg2* ions subs
titute larger Ca2* ions in the C^S lattice 

causing loosening of the structure. Because 
substituted is mainly calcium from, the oxi
de layer, admixed ions cause change of the 
oxide layer orientation respecting to 
neighbouring silicate layer. The kind of 
the layer arrangement depends on the admix
ture concentration.
More oomplioate is character of Al^*  ions 
in the C^S structure what is a subject of 
our another paper /10/.

It is necessary to remark that the 
stabilization mechanism of the C^S forms is 
different from the stabilisation mechanism 
of the CgS modifications. There is a corre
ctness that the ions stabilizing for C^S 
are destabilizing for C2S and vice versa.
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Formation du clinker dans un grand flux
■ d'electrons acceleres

Clinker formation in high-energy flux of accelerated electrons
I.G  ABRAMSON, candidat ds sciences techniques, chef du laboratoire de radio-isotopie,
B.V  VOLCONSKI, candidat es sciences techniques, sous-directeur de I’institut,
S.K. DANIOUCHEVSKI, candidat es sciences techniques, collaborateur scientifique en chef,
G.B.  EGOROV, candidat es sciences techniques, collaborateur scientifique en chef,
Y.V. NIKIFOROV, candidat es sciences techniques, chef du laboratoire technologique, "Giprotzement", 

Leningrad, U.R.S.S.

BESUMEs Dane le but de produlre le clinker de ciment Portland on a procddd a de nombreueee 
expdriencee sur dee acceldrateure d’dlectrone de types divers. On ddcrit la mdthode uti- 
lls6e ainei que les installations monteee an laboratoire. Pour une puissance de doee re- 
tenue de 20 ä 40 Hrad/e et une press!on atmosphSrique normale la decomposition totale du 
carbonate de calcium et, pratiquement, le dfeveloppement complet de la reaction de eynthese 
du clinker de ciment de Portland n’ont exig6 qu'environ 10 s. Les me sure s de I’energie 
consoeim6e avec ce proc6d6 ont .donne JJOOjJOO J ou 800+70 cal/g ce qui est d'environ 100 
cal/g inf6rieur A la conponmation avec le pTOc6d6 purement t he rm i que. On a determine lee 
caract6ristiques de resistance du ciment (50 MPa ou 50° kgf/cm^ et plus) ainei que le ca— 
ractere extreme du rapport entre la resistance et la grandeur de la dose retenue. On a 
etudie les caracteristiques physiques et chimiques du clinker obtenu par le proc6d6 ra- 
diatif. On a d6tect6 une importante irr6gularit6 de phases, un contenu superstoechicmetrique 
et une cristall!sation fine de 1* alite. On a 6mIs une hypothese sur le m6can!me des 
transformations engendr6es dans le melange par un grand flux d'electrons acc616r6s.

SUMMABT: a plurality of experiments for obtaining a portland-cement clinker have been con- 
?CC616rat°r^ of various types. A technique with description of labora- 

^^loeballations is presented. At an absorbed dose power of 20-40 Mrad/s and normal at- 
deco™P°‘<.lt^on of calcium carbonate and substantially canpiete 

synthesis of the portlandcement clinker take about 10 s. The enerev conennntfon L’^f'S04,”:?300?300^’ "»>17° "1/8. .Meh l, "o“ «0 1”
”e^od* strength characteristics of the cement (50 MPa or 

häe bee^discove^r^^/1?16”^ ^rength-to-absorbed dose «lationsMp
a»Z®8* u P11?®1081 “d chemical features of the clinker obtained bm the metric ccmSosiSoS^d fine'^itJilfsatlon^^aHte’^^^d^ FUpe”^lcMo- 

the -echant =. Of tranefsTRalu been detected. Suppositions of
trons have been put forward. * thS mixture by a powerful flux of accelerated elec-



Dde qaeon a coeunencS ä produlre le clinker 
de ciment Portland eon dfeveloppement tech
nique ee baee excluaivenent eur le procSdfe 
themique et consiete au perfectionnement 
de la technologle et des equipenents» Quant 
ä. l’utillsation de la mSthode de haute in
tensity teile que le procfedS radiatif, con- 
sidfere d’un grand avenir dans nombre de do- 
naines de la technologle chlmique, on la 
jugeait Impossible pour les processus exi- 
geant beaucoup d*energie.  Pourtant la neces
sity de 1* intensification de la technologle 
du ciment Portland, de Vabaissement capital 
des dypenses en combustible nature1 de haute 
quality pour sa production ainsi que des 
prescriptions ycologiques ont incite St une 
reconsideration minutieuse des arguments 
avances.
En abordant 1’etude des possibilites d’ob- 
tenir le clinker de ciment Portland au, 
moyen du procede radiatif on a’est base sur 
certains succes de la technologle radiative 
en mati6re de l’utillsation du flux d’eiec— 
trons acc6ieres et de la possibility de leur 
introduction condenses dans le Systeme de 
reaction.
De nombreusee experiences sur des acc6iera- 
teurs d’eiectrons de types divers assurant 
une puissance de dose retenue de 20 i 40 
Mrad/s, ont montr6 que 1'Irradiation du me
lange brut de ciment de Portland permet 
d’aboutir a la formation du clinker pendant 
quelques secondes ou, au cas de flux 
d’eiectrons moins pulseants - en quelques 
dizaines de seconds. Le processus s’aeheve 
ä une temperature d’environ 200°C Inferieure 
a 1’ordinaire. Cela ee soldo par une diminu
tion de 1’ynergie d6pens6e. Des mesures rfe- 
alisees dans des conditions quasi-adiaba- 
tiques ont permis de 1’eetlmer ä 3500+300 
J/g ou 800+70 cal/g.
Par une vote analogue on a obtenu des sili
cates tri et bl-calciques purs. On a 6gale- 
ment synthetls6 une serie d'aluminates com- 
posant les agglomeres d'alumlne de I’lndus- 
trie d*aluminium.
La technologle radiative utilises pour la 
production du clinker de ciment Portland 
exige une pryparatlon de la mattere premiere 
par la vole seche. On peut soumettre ä 1’ir
radiation soit la ferine brute, soit le me
lange brut granule. Ayant etudl6 un grand 
nombre d'echantillons de clinker en labora- 
toire, on a obtenu les r6sultats suivants.
Les parametres de resistance du ciment sont 
suffisamment 61eves: resistance du ciment 
durci 50 MPa et plus; I’accroissement de re
sistance au cours du durcissement suit le 
rythme commun au ciment Portland ordinaire 
(fig.1). La dependance des indices de reel« 
stance du ciment de la dose retenue (fig.2) 
a un caractdre extreme. La surabondance com
me 1’Insuffisance dee doses retenues au cours 
de la formation du clinker se traduit par 
des indices de resistance du ciment inf6ri- 
eurs A ceux obtenus pour le clinker fabrique 
avec des doses optimales. Le pallet des dos
es optimales est toutefols suffisamment la
rge et ne presente pas de difflcultes tech- 
nologlques.

Le clinker obtenu par synthSse radiative 
est proche de celul du ciment Portland par 
sa composition en phases et ses caractferis- 
tlques physico-chimiques. Toutefols, la Vi
tesse assez grande des transformations chl- 
miques au sein du materlau soumls A. 1’action 
d’un flux puissant d’eiectrons acc616res en- 
tratne une serie de caracteristlques physi
co-chimiques du clinker obtenu. S’y rapporte 
le desequlllbre des phases du clinker, la 
teneur superstoechiemetrique en alite, la 
quantity insüffisante du composant lnterm6- 
diaire comprenant parml d*autres  aluminates 
ä basse basicity.

Flg.1. Cln6tlque du durclssement du ciment 
obtenu ä partir du clinker par le proc6d6 
radiatif pour des valeurs differentes de 
CaO llbre

Fig.2. Variation des Indices de ryslstance 
du clinker du ciment Portland en fonctlon 
de la variation de la dose retenue (y com- 
pris les pertes en chaleur):
----- o— FS -0,91 
—e—ps ■ 0,86

n - 2,0 p - 1,0 
n - 5»7 p - 2,3



On ob nerve nouvent one ntracture crletalli- 
ne h6t6rogene (cur une eeule coupe »ince on 
pent enregietrer dee eecteure de crietalli- 
eation tree fine peu prononcSe a cöt6 de 
eecteure de grande cHetaux aigulllSe de 
I’alite). La crietallleation de 1 aip® 
come du bfelite eet tr6e fine (de 3 a 7 
luecu'd 10 4 15/1», rarenent de aojin), 
I'allte ayant lee crietaux en prisnee al- 
long^F. on rencontre des crietaux de forme 
iecmStrique, irrSgulldre et en prianee 
courte. 1
Le clinker obtenu dane le flux d'felectrone 
acc616r6e a une broyabilitS plus elevee.

Le nScanieme dee tranefpmatione chlniquee 
de haute tenpSrature engendrSee par lee ra
diations propree aux flux puieeante amorces 
au sein du corps solide eet aujourd’hui in
suf ft eaement connue; lee mSthodes d*etude  • 
experimentale de ces flux eont loin d’etre 
parfaitee. Ansel ne peut-on faire que dee 
hypotheses sur le mfecanlRne de dSveloppe- 
ment des proceseus physico-chlmlques au 
cours de la formation du clinker'.par la t 
vole radiative. Belon I’une de ces hypothe
ses on pent supposer qu*d  c6t6 des proces
sus d’ionisation et d’excitation alnsi que 
de formation d’une quantity asses grande de 
dSfauts de radiation dans le matertau irra- 
dl6 on volt de ncmbreuses zones submicros- 
coplques de surchauffage local en forme de 
coins et d’avalanches thermiques. L’energle 
de cheque coin thermlque se disperse pres
que Instantan&nent dans le microvolume du 
materlau environnant et n’entralne pas 
d’SlSvatlon de la,temperature moyenne (pour 
des doses de 250 ä 300 Mrad on n’a jamais 
enreglstre de temperatures dfepassant 1300°C). 
Cependant en chacune de ces zones 11 se cr6e 
des conditions trds favorables ä la decom
position ultra-rapide de la mati6re pre
miere alnsi qu’a la synthdse 6galement tres 
rapide de phases de hautes temperatures 
(vraisemblablement sous forme de germe ou 
de premice de germe). Alnsi que la forma
tion du clinker dans un grand flux d’61ec- 
trons acc616r6s doit semble-t-11 Stre Inter- 
pr6t6e comme un ph6nomdne de radiation ther- 
mique dont 1’orlglnallte reside en une 
transformation trds efflcace de l'6nergie 
de radiation en 6nergie des transformations 
chimlques avec pertes minimales (devant les 
processus purement thermiques) d’energle 
dans le milieu environnant. Un tel complexe 
de phenomenes assure le transfert direct de 
l’energle du flux d’electrons au materlau 
irradiej les ph6ncm6nes purement thermiques 
ne jouant qu’un rttle eubsldtälre. C’est la 
raison qui nous autorise de soutenlr la 
thise que la vole radiative d’obtention du 
clinker de ciment Portland presente non 
settlement du point de vue cinetlque mats 

un procede de fabrication du clinker dont le rendement est en 
principe sup6rieur d celul bas6 sur des ' 
procedes d’utilisation directs de l’energle 
electrique. See principaux avantages sont; 
h-i-b^ce4de bee2in d’utilizer le combusti
ble organlque natural au cours du processus 
technologique, ce qui est partlculifr^ment

Important eu 6gard ä 1* orientation actuelle 
du developpement des techniques des courante 
forts/
- coincidence dans le temps des dlff6rents 
stades de formation du clinker, alnsi qu’une 
viteese trde grande de d6roulement du pro
cessus, qui I’intensifie dans son ensemble 
et cr6e des conditions favorables a la di
minution dee gabarits et des besolne en m6- 
tal du matSriel;
- poeslblllt6 de limiter I’empoussiferage au 
cours de la fabrication du clinker et, par
tant, I’abaissement trds important de pous
siert, et de produlte nocife 4vacu6s dans
1’atmosphere.
Le niveau actuel et les tendancee de la 
technique des acc616rateure autortsent ä 
croire que le probldme de la mlse au point 
d’accSlerateurs surpuissants pour des appli
cations techniques sera rSsolu dans un pro
che avenlr. Pour un rendement de la chaine 
de fabrication de 1800 ä 3000 t de clinker 
par jour 11 est nfecessalre de disposer d'un 
complexe d’accSlerateurs de puissance de 60 
ä 90 MW composfi de 7 accSlSrateurs d’une 
puissance de 10 a 15 MV chacun (un acc616ra- 
teur est en reserve).
Les orientations principalss des Etudes de 
fabrication du clinker par la vole radiative 
se concentrent actuellement sur la mlse au 
point de I’Squipement technologique du pro
cessus.
Nous croyons que la premiere chains indus
trielle de fabrication du clinker par la 
vole radiative qui correspondralt aux exi
gences SnergStiques et Scologiques actuelles 
pourrait voir le jour dans les annSes 90 du 
sldcle courant.
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Modeles mathematiques et leur application ä des fins 
d'optimisation des processus de broyage 
et d'elevation de la qualite du produit.

Mathematic models and their application for optimizing crushing 
processes and improving quality of products

V.V. KAFAROV, membre de l’Acadömie des Sciences de I’U.R.S.S., chef de chaire de la cybernetique 
des processus chimico-techniques de I’lnstitut chimico-technique Mendeleev de Moscou,

M.A. VERDIAN, candidat es sciences techniques, chef de laboratoire de simulation mathematique 
du "NIITzement”, Moscou, U.R.S.S.

RESUME : On 6tu<lie au niveau macrocinStique les processus de broyage des corps solides. 
Toutes les Studes sont realisees au moyen de calculateurs electroniques permettant ainsi de 
ne tralter que les variantes optimales d*organisation  du processus qui garantissent une 
haute activity aux produits de broyage ainsi que des dSpenses en Energie minimales.
On a mis au point des modules mathGmatiques types de moulins & tambour ; les broyeurs va
ries et les processus de broyage qui s’y dSroulent ont 6t6 classes d'aprds lea formes de 
leurs noddies mathdmatiques. ■
En conformity avec les nouveaux principes d'analyse et de calcul des processus et des 
broyeurs de corps solides la repartition des particules suivant la dimension est considdree 
camme I'aboutissement d'une interaction compliqu6e entre la cindtique de la mouture et la . 
structure hydrodynamique du courant de matdriau dans le broyeur, c'est-A-dire comme la dis
tribution du temps de s6jour des particules du matSriau broy6.'
On montre la liaison naturelle et continue existant entre la distribution des particules du 
matSriau en temps de sejour et en dimensions. D'oCi la possibility d*appreciation  qualitati
ve et de prevision de la granulometrie du produit broy6 d'aprds I'arrangement dans les 
broyeurs de la structure hydrodynamique du courant de mat6riau.

SUMMARY : The macrokinetic level of solid crushing processes investigations is considered. 
All the investigations are carried out with the use of computers, which provides for opti
mizing the variants of the process organization with high activity of crushed products and 
minimum power consumption.
Typical mathematical models of the drum mills have been developed and the diversity of 
mills and crushing processes occuring therein have been classified with respect to their 
mathematical models.
In accordance with novel principles of analysis and calculations of the solid ah-i ng 
processes and apparatuses, distribution of particles in size is considered as a result of 
intricate correlation of crushing kinetics with hydrodynamic structure of the material 
flow in the mill, i.e. with distribution of the exposure time of the crushed material flow 
particles.
The natural interrelation and inseparability of distribution of material particles by the 
exposure time and size is shown. This provides for qualitatively estimating and forcasting 
the grain composition of the crushed product depending on the organization of the material 
flow hydrodynamic structure in the mill.



miävation de la qualite des produits in
dustrials sur la base d'agrSgats de grande 
puissance unitaixe est un trait caract^ris- 
tioue du fonctionnement des entreprises de 
ciments modernes. On sait quelle importan
ce a acquis du point de vue pratique et 
th^orique le degre de dispersion du produit 
broyS dans la production du ciment ainsl 
que son role determinant dans I*elevation  
de 1'activite des produits moulus et l*a-  
baissement des frais en energie depenses ä 
leur production. Sur I’dlucidation de la 
nature de cette interdependence repose en 
grande partie l’efficacitd du processus 
technologique dont 1* elevation est en rap
port avec 1’organisation maximale de ce 
dernier ce qui exige des conditions opti—, 
males pour la marche du processus les frais 
d’etablissement demeurant constants et les 
depenses en travail mis en oeuvre, pour 
atteindre le but pose, restant minimales.
Pour une grande part cette interdependance 
a etd etablie dans la premiere phase en la- 
boratoire au niveau appel6 conventionnelle- 
ment etudes microcinetiques et" ä un moindre 
degre dans seconds phase, lots des etudes 
macrocindtiques sur des unites industriel
les d'essai et des complexes industriels 
mis en oeuvre. Il est evident qu'en prati
que la mise en oeuvre du processus dans les 
conditions etablies au cours de la premidre 
phase d'etudes s'avbre difficile et le tra
vail qu'il est necessaire de ddpenser pour 
le ddveloppement du processus est de beau
coup plus grand que celui du processus ide
al. XI est done bien entendu que plus le 
processus reel est proche du processus ide
al aoins grande est I'dnergie qu'il faut 
depenser a sa realisation. C'est sur ces 
prescriptions qu'on s'est appuye dans des 
etudes entreprises dans seconds phase.
Les etudes macrocindtiques incluent le 
choix de la dimension du broyeur et de son 
modele mathdmatique. Toutes les etudes sont 
mendes dgalement avec 1’aide de calcula- 
teurs dlectroniques ce qui permet de ne 
faire intervenir que des variantes optima
les garantissant la production du ciment 
avec un produit broye d'une haute activitd 
et pour une depense d'dnergie minimale.
Les etudes thdoriques et expdrimentalee du 
processus de broyage des corps solides en 
recourant ä la nouvelle methodologie de 
leur analyse (1) ont permis de determiner 
les traits caractdristiques des processus 
se ddroulant dans les broyeurs ä grande 
puissance unitaire (2). S'y rapporte la 
rdalisation du broyage dans des broyeurs 
dont le rapport de leur longeur au diamd- 
tre est different de la valeur optimale : 
1 aggravation des conditions cindtiques et 
hydrodynamiques de la manche du processus: 

«pelage afin d'dlever 
1 efficacitd du broyage, mesure ndcessaire. 

^5u^lsante ; le besoin imperieux de 
recourix aux systemes automatiques de r6- 

^Bences dlevdes envers ces sys- 
ueinQs*  ' 
Il va de 
ments du

sol que mane de petite dcarte- 
regime de fonctionnement optimal 

ou de la construction optimale d'agregats 
de broyage de grands diamdtres entrainent 
des pertes sensibles et abaissent les pa— 
rametres techniques et dconamiques de leur 
travail.
Uh role important dans 1' optimisation du 
processus de broyage et dans 1'elevation 
de la quality du produit des broyeurs de 
grande puissance revient ä la mise au point 
de modeles math&natiques de broyeurs types 
(1, 5).
Le fondement de la description mathematique 
du processus technologique du broyage se 
compose des Equations concernant 1'hydro- 
dynamique des courants (3). Le mouvement du 
courant de materiau broyd dans les moulins 
ä tambours utilises dans 1'Industrie du ci— 
ment est trds complique. Les differents 
elements du courant se deplacent suivant 
des trajectoires varices. La direction de 
leur mouvement devient meme quelquefois op
poses d cells du mouvement principal du cou
rant. Il s'ensuit que certains Elements du 
courant peuvent traverser le broyeur tres 
rapidement. Le adj our de ces elements dans 
le broyeur est tres restreint et infdrieur 
au sdjour moyen des 616ments du courant 
dans le broyeur. Pour les particules du ma- 
tdriau traversant le plus vite le broyeur 
le temps de sdjour dans ce dernier est in- 
suffisant pour acqudrir le degre de broyage 
ndcessaire. En cas de presence dans le cou
rant d'un grand nombre de ces dl&nents une 
partie de volume utile proportionnelle d la 
fraction de ces dldments dans le courant 
total est utilises de faqon inefficace.
Le temps de sSjour de certains elements du 
courant dans le broyeur peut ddpasser de 
plusieurs fois celui de sejour moyen et 
abaisser dgalement l'efficacitd du broyeur.
Ainsl done la mdconnaissance dans les cal- 
culs des broyeurs industriels de la struc
ture reelle du courant qui les parcourt 
peut etre la cause d'importantes erreurs 
aussi bien dans le calcul du rendement que 
dans celui du degrd de broyage.
Les etudes experimentales de la nature du 
mouvement des matAriaux broyes dans lea 
broyeurs de dimensions diverses (1, 3) ont 
dtabli que les broyeurs industriels cons
tituent des Installations (des systdmes) 
se caract&cisant par une h6t6rog6n61td net- 
tement exprimde de la distribution du temps 
moyen de sSjour du matdriau. On a ddfini 
les causes de cette hdtdrogdnditd de dis
tribution du temps de sdjour du mat dr lau 
dans les broyeurs. En leur nombre citons ! 
1'existence au sein du courant de rdgions 
de stagnation ; des courants de by—pass ; 
le transport d'une partie du matdriau dans 
le sens oppose au mouvement gdndral de ce 
dernier ; la diffusion turbulente ; le pro
fil irrdgulier des vitesses du matdriau. 
Lea causes mentionndes se man-i featsnt en 
diverses combinaisons dans les broyeurs con— 
ditionnent la spdcificitd de 1’ixrdgularitd 
dans chaque cas particulier.
Les dtudes rdalisdes pratiquement pour 
toute la classe des moulins d tambours, 



ont pexmis de mettre au point; des moddles 
mathematiques types de la structure hydro- 
dynamique des courant de mat6riaux broyes. 
Oes modeles traduisent 1* essence physique 
des processus de broyage ainsi que les 
traits spScifiques de ces derniers au cours 
de 1'utilisation pour le broyage de broy- 
eurs de dimenRinns variSes. Les modeles ma- 
thematiques types de la structure du cou
rant ■ dans les moulins ä tambours compren- 
nent (5) :
- le modele de deplacement id6al ;
- le module de malaxage id6al ;
- le modele de diffusion ;
- le modäle de maillage $
- le modele de deplacement idSal avec zone

de stagnation ; •
- le modele de deplacement ideal paralldle- 

ment ä la zone de malaxage idöal ;
- le moddle de malaxage ideal suivi de la 

zone de deplacement ideal ;
- le modele de deplacement idSal avec by

pass ;
- le modele de deplacement id6al avec re- 

cyclage interne ;
-le modele de malaxage id6al avec zone de 

stagnation ; '
- le modele de malaxage ideal avec contre- 
. courant et zone de stagnation ;
- le modele de malaxage ideal avec by-pass;
- le modele de malaxage ideal suivi de la 

zone de deplacement ideal connectant avec 
■la zone de Stagnation ;

- le modele de malaxage ideal avec zone de 
Stagnation et celle de deplacement ideal;

- le modele de malaxage ideal avec zone de 
Stagnation, suivi de celle de deplacement 
ideal, soumises au by-pass ;

- le modele de malaxage id6al suivi de la 
zone de deplacement ideal, connectant ä 
la zone de stagnation et soumis au by
pass ;

- le modele du maillage avec zones de Sta
gnation ;

- le modele du maillage avec contre-cou-
rants ; '

- le modlle du maillage avec by-pass et 
zones de stagnation.

Au cours de la mise au point de modäles ma
thematiques du processus de broyage dans 
les moulins ä tambours on s'est appuyö sur 
les modeles hydrodynamiques de la structure 
des courants pass6s en revue plus haut. Le 
processus de transformation du matSriau 
brut en un produit broyö est etudiö sous 
1* angle pseudochimique, la cinätique du 
broyage constituant une reaction du premier 
ordre :

dB

oü k est une constants de la vitesse de 
transf omation,

R, la dispersite caract6risee par la
. teneur en grosses particules (refus 

sur le tamis). ' ■ ■
Le domains d* application de mod61es passes 
plus haut en revue est fonction du broyeur 
type mis en oeuvre, de sa g6om6trie, des 
propriet6s du materiau utilise et des re

gimes de fonctionnement de 1’installation 
de broyage. Les etudes ont montre que pour 
les broyeurs tubulaires on peut recourir 
aux modeles de deplacement ideal et ä leurs 
combinaisons, le modele de diffusion, le 
modele du maillage et ses modifications. 
Pour les installations ä autobroyage - le 
mod61e de malaxage ideal et ses combinai
sons, le modele du maillage et ses modifi
cations. Pour l’etablissement du sch6ma 
technologique de broyage on construit le 
modele mathematique general en accord avec 
le schema structural sur la base des mode
les types de ses elements constituants.
C’est ainsi qu’apres des etudes de plusieurs 
anndes des structures de courants hydrody
namiques de moulins A tambours industriels 
on a mis au point et classe les modeles ma- 
thdmatiques types des processus de broyage 
des corps solides susceptibles de perfec- 
tionner la technologie et de promouvoir des 
installations de grande puissance unitaire. 
L*application  concrete de modeles cons!ste 
dans la simulation de schemas technologi
que s de broyage permettant ainsi de ddmon- 
trer le role de diffdrents facteurs varia
bles et de determiner les meilleures va- 
riantes de structure des schemas ; dans 
l’61aboration de projets optimises de mou
lins a tambours A grande puissance unitai
re, ainsi que de systemes technologiques 
de broyage sur la base du fonctionnement 
d*installations  pilotes ; dans 1* etude de 
1‘efficacite et de mise au point de Syste
me de controle du processus de broyage (1,
5).
On examine plus loin une des applications 
pratiques des modeles mathematiques con
sistant dans le calcul du degr6 de disper
sion du produit fini (4).
Le probieme se pose de la faqon suivante : 
les propri6tes du matSriau brut etant con- 
nues si I*on  connait la geomötrie et les ' 
conditions de fonctionnement de I'unite de 
broyage determiner la dispersite du produit 
Rsor A la sortie du broyeur. On utilise les 
modeles de malaxage ideal (1), de deplace
ment (2), de diffusion (3) et du maillage
(4) dont les equations prennent la forme :

Bsor = Ren 1 + KT ,

»aor = ' ='tT «>

‘ 4a»exp( 2®-)
R =R --------------------------------------------------------------son en o _

(1+a)<iexp(2»Fe)-(1-a)<i» exp(- j »Pe) 

0) 
oA a = Vi * 4kT/Pe'
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une nature atocimatique identique, ob6is-

sent certaines lois de probability iden- 
tiques et, partant, sont analogues. Gela 
signifie qu’entre les paramotres de ces 
Gourdes de distribution, par exemple, lea 
dimensions caractyristiques de a particules 
du produit et la dispersion de la distri
bution d’une part, et le temps moyen de sfe- 
jour et le malaxage longitudinal d’autre 
part, 11 existe un rapport univoque.
la dimension moyenne des particules du pro
duit fini est fonction du temps moyen de 
syjour du matyriau dans le broyeur, tandis 
que la dispersion de la distribution de la 
granulometrle 1‘est de la grandeur du coef
ficient de malaxage longitudinal.
Il s‘ensuit la possibility d’appryelation 
qualitative et de pryviaion d'obtention 
a «nne granulometrle voulue dans des broy- 
eurs de dimensions diffferentes d’apres I1ar 
rangement dans ces derniers de la structure 
hydrodynamique du courant de matyriau. 
C’est d'autant plus important que ^usqu’ä 
prysent on manquait de classification de 
broyeurs suivant la forme de leurs courbes 
de distribution des particules en dimen
sion.
La mise au point de modeles mathematiques 
types de structures hydrodynamiques de cou- 
rants et leur concrytisation pour les mou
lins ä tambours rendent possible une telle 
systematisation, la solution du problems 
devenant ainsi suffisamment gen dr ale et ri- 
goureuse. Vu la continuity de la liaison 
entre DTS et DPD, le domaine d'application 
de modeles mathdmatiques, les ddpendances 
de leurs paramytres des caracteristiques 
geometriques et des rdgimes des broyeurs 
determinent les dimensions des broyeurs 
dans lesquels on s’entend ä obtenir la DPD, 
ainsi que la liaison entre les caractdris- 
tiques du broyeur et les paramdtres de la 
DPD. Done le spectre de distribution des 
dimensions de particules le plus large cor
respond aux broyeurs de malaxage iddal, 
tandis que le spectre le plus etroit ä ce- 
lui de broyeurs de dyplacement iddal.
En consequence d ce cas limits de realisa
tion du broyage dans des broyeurs de ddpla- 
cement et de malaxage iddaux correspondent 
des cas limites de distribution de particu
les en dimension, href, toutes les particu
les sont dans le premier cas d’une meme di
mension et dans le second la teneur en tou— 
tes lea particules eat la meme. Les rdsul- 
tats obtenus sont confirmds par les publi
cations de donndes thdoriques et expdrimen— 
tales (5-8). Il semble dvident que I’utili- 
sation complexe et 1’apport mutual de la 
mdthode traditionnelle et de la nouvelle 
mdthode d’analyse de la DPD renfemnent de 
grandea possibilitds d’dldvation de 1’effi- 
cacitd de la solution du probldme fondamen— 
tai de la production du ciment : I’obten- 
tion du produit brqyd d’activity ddsirde 
avec une ddpense miniinn",« en dnergie.
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Cristallisation du periclase et Constance 
du volume des ciments

Crystallization of periclase and soundness of cements

Y.V. NIKIFOROV, chef de laboratoire, candidat es sciences techniques,
RA ZOSOULIA, collaborateur scientifique en chef, candidat es sciences techniques, Institut d’Etat 

de recherches scientifiques de I’industrie du ciment de I'U.R.S.S., ’’Giprotzement",

RBSMMB: De,nambreuBea etudes (Serov,V.V., Boudnikov P.P., Roiak S.M., Sghmitt-Henco C., 
etc.) out etabll qu'il exiqte une serie de mesures qui permettent d'attenuer fortement 
1 •influence native du magnesium dans le clinker.
tin des facteurs conditiqnnant la consignee,du volume des ciments magnesiferes est le mqde 
de Kristallisation du periclgse. Il a ete etabli qu’avec un periclase finement disperse 
(1 a 7qm) et regulierement reparti la teneur limits en MgO dans le clinker peut e^re ele
vee jusqti,ai8,5%. tine telle cristallisation s'observe lorsqu’on utilise en qualite de Da
tiere premiere des laitiera mggnesiferes de haut fourneau ainsi que des materiaux divers 
nontenant du silicate de magnesium.

SUMMARY: Numerous investigations (by Serov V.V., Budnikov P.P., Royak S.M., Schmitt-Henco
C., etc.) have proved that there are a number of measures which considerably decrease det
rimental influence of magnesia in clinker.
One of the principal factors dictating the soundness of magnesium-containing cements is 
the nature of periclase crystallization. It has been found out that when periclase is 
finely dispersed (1-7 microns) and uniformly distributed in the mix, maximum content of 
MgO in the clinker may be increased to 8,5%. Such a crystallization of periclase is ob
served when using magnesium blast furnace slags and various magnesium silicate containing 
materials as a raw material ingredient.



Lee dSfomatlone voluni6tr4quee dee clmente 
conditlonnSen par l’hydratation du pSricla— 
Fe Font eppentlellement fonctton de la di
mension de pee grains et de la nature de 
leur distribution-(1,2). Ausei en utilleant 
des precedes technologiques assurant une 
dlfroersltS SlevSe du pSriclaee peut-on ac- 
croTtre la llmlte admissible de la teneur 
en oxyde de magnesium dans le ciment sane 
alteration de sa qualitS. Cent ainsi, par 
exemple, que les ciments, obtenus £ partlr 
des clinkerF fondus prSsentant des cristaux 
de periclase de dimension de 1 ä 5/ln, sup-_ 
portent des eseals en autoclave sous 2 MH/m^ 
pour une teneur en oxyde de magnesium de 7 
I 8*  (3,4). '
Habltuellement dans lee clinkers indue
triels ä concentration 61ev6e en oxyde de 
magnesium le p6riclaee se presente soue 
forme de grains isoies de dimension de 15 a 
20jUm formant des accumulations compactes et 
constituent des pseudomorphoses sur des cris- 
taux de dolomite du melange brut (5,6).
On a montre que la dispersion du periclase 
et, partant, I’accroissement de la teneur 
admissible en MgO dans le clinker au cas de 
I'utilisation comma composant du melange 
brut du calcaire dolcmltique sent favorises 
par eon broyage plus fin (7), ainsi que par 
la diminution de la valeur du module d'alu- 
mlne dans le clinker (8,9). Le ciment Port
land magn6slfdre contenant iusqu'a 10% d*oxy-  
de de magnesium (dans le clinker) et dont la 
production a 6t6 mlse en oeuvre dans l,usine 
de ciment de Podolsk sur proposition de 
V.VSerov (10,11) nossede egalement un bas 
module d'alumine (0,6-0,9). Le ciment a r6- 
siste aux essals en autoclave sous une pres
st on de 0,8 et 1,4 MN/m • Sur la base de cet— 
te m6thode technologlque 1'ueine de ciment 
cit6e a produit pendant longtemps un ciment 
Portland magn6slfSre ainsi qu'un ciment 
Portland au laitier avec 10% d’oxyde de 
magn6sium dans le clinker.
Les 6tudes ult6rleures, r6alis6es par "Gip- 
rotzement" ont et6 Orientess vers la recher
che de votes d'attenuation de 1'influence 
nocive du periclase sur la variation regu
liere du volume. On a 6tabli que les compo
ses fluor6s (en particuller,CaF2» NagSIPg) 
une foie introdult en quantite doeee dens le 
m61ange brut contribuent ä dlminuer les di
mensions moyennes de cristaux du periclase 
et, partant, les ciments (sans adjuvants mi- 
n6raux actifs) arrivent a supporter I'essai 
en autoclave (pression 2 MH/m2) pour une te
neur en MgO jusqu'a 6% (2).
Toutefols ni 1'Introduction dans la matidre 
brute de composes de fluor, ni l'abaissement 
(dans lee limites indiqu6ee) du module de 
1'alumine ne s'opposent A la possibilite 
d'accumulation du periclase (par suite de la 
dissolubilite llmitee de I'oxyde de magnesi
um dans la fusion de clinker) et ne permet
tent done pas d'61ever la teneur en oxyde de 
magn6slum dans le clinker au-dessus de 6%.
Mais la cristall!eation devient de nature 
toute differente au cas d'utilisation en qua- 
lite de composants magnesifdres de base des 
laitiers magnesiens de haut fourneau. . 

Le periclase dans ces clinkers se repartit 
r6gulldrement sur toute la coupe mince sous 
forme des graine de dimension de 1 A 7jUm. 
Bien que 20 A 30% de tout le periclase pos- 
sddent des grains de dimension de 7 a 15jUm. 
Les accumulations de cristaux (de 80jum et 
plus) si communes aux clinkers formes de 
calcalres dolomitiques et d'argiles ne s'y 
observent pas. La nature de la cristallisa- 
tion mentlonn6e du periclase peut avoir pour 
cause deux circonstances. Tout d'abord, en 
utilisant des laitiers magneslens I'oxyde de 
magnesium llbre se forme par interaction de 
CaO avec les min6raux magnesiferes du lai
tier de haut fourneau a des temperaturef re- 
lativement 61evees - 1200-1400°C et, par 
Fuite, la p6rlode de recrietallisation du 
periclase se raccourcit fortement. Ensuite, 
la concentration en ionF de magn6Fium dans 
les mineraux des laitiers de haut fourneau 
est inferieure A celle rencontrAe dans les 
minAraux de carbonates (dolomite).
Il s'ensult que pour la m8me teneur en oxyde 
de magnAsium dans les mAlanges bruts le vo
lume des minAraux magnAsifAres eet de beau
coup supArieur lorsqu'on utilise dans la ma- 
tidre crue dee laitiers magnAsiens au.lieu ' 
du calcaire dolomitique. C'est la raison de 
la rApartition rAgulidre des grains de pA- 
riclase parml les granules du clinker.
La haute dispersite de la cristall!eation du 
pAriclase dans le clinker a base de laitiers 
magnAsiens de haut fourneau ainsi que sa rA- 
partitlon rAgulidre permet d'accroftre sen- 
si blement la teneur admissible en MgO sane 
entrainer des changements irreguliers dans 
le volume du ciment. Au cours de nos expd- 
riences les ciments a base de ces clinkers 
ont bien rdsistA au traitement en autoclave 
(sous 2 MN/m2) pour une teneur en oxyde de 
magnAsium ne dApassant pas 8,5%, se sont avA- 
rAs satisfalsants. Tandis que le ciment A 
base de clinker contenant 6,65% MgO et fab- 
rlquA a partir du calcaire dolomitique et de 
1'argile n'a pas rdsistA aux Apreuves de rA- 
gularitd de la variation de volume (Tabl.I).

al
SSnomfna- 
tion du 
composant 
argileux

figö^ahs 
le clinker 
en %

—snsntrs— 
linAaire, %

'BSinrq 
11 s- 
sage

ment en 
auto
clave

Laitier N.1 7,02 0,04 0,19
Laitier IT.2 8,00 0,04 0,29
Laitier N.3 11,2 0,04 ~14
Laitier N.4 6,82 0,02 0,16
Laitier M.6 7,55 0,04 0,23
Laitier M.7 7,70 0,02 0,15
Laitier N.9 9,50 0,04 5,4
Laitier H.10 6,94 0,06 0,41
Laitier N.11 7,85 0,03 0,57Arglle ' 6,65 0,02 -11



Done la llmite adalaalble de la teneur en 
oiyde de magnSslum dane lea clinkers a base 
de laltiera nagnSsiens de haut fourneau pent 
8tie 61ev6e par rapport aux normes exis- 
tantes sans alteration de la quality du ci- 
ment en ce qul conceme la r6gularite de va
riation du volume.
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Activation mecanique des matieres premieres 
pour la fabrication du ciment

Mechanical activation of cement raw materials

M.E. NOUDEL, candidat es sciences techniques, collaborateur scientifique,
G.S.  KRYKHTINE, candidat es sciences techniques, chef de laboratoire, NIITzement, Moscou, U.R.S.S

RESUME: Les auteurs exposent les resultats des recherches qui avaient pour but de mettre 
au point les principes de la rationalisation du procede de preparation des matieres 
brutes ä la cuisson. Ges principes sont fond6s sur l’&tude des proprietes des matieres 
premieres, proprietSs qui peuvent 8tre modifiSes par fragmentation de ces matieres et 
exex-cer une influence considerable sur leur transformation ulterieure, en reduisant la 
consommation du combustible pour la cuisson et en augnentant I’activitS du clinker. Par 
fragmentation on entend la dispersion et I’activation mecanique, c’est-a-dire, I’accrois- 
sement du nombre de defauts cristallins (destruction). On decriv l«s trois stades prin- 
cipaux de modification de la reactivite des matidres premieres pendant leur broyage, on 
etablit les Limites conventionnelles de ces stades et la possibilite de leur realisation, 
on donne les formules pour determiner le degrS et I’efficacite de I’activation mScanique 
des matieres premieres. On donne la definition des notions de "degre" et d,nefficaciten 
de I’activation mecanique. On expose succinctement les principes de fonctionnement d’un 
activateur destine ä augmenter les defauts de la structure et la surface de contact des 
grains des matieres broyees.

SUMMARY: The work deals with development of. a systematic approach to rationalizing the 
technology of preparation of" cement raw materials for calcination. It is based on study 
of properties of raw materials which may be changed during crushing and exert a consi
derable effect on further processing, on reduction of fuel consumption for calcination 
and increase of clinker activity. Crushing is considered as a process of dispersing and 
mechanical activation - increase of the number of defects in the crystalline structure 
(destruction). Three main stages of conversion of reaction capacity of the cement pro
duction raw materials during crushing are de scribed,conventional boundaries of there 
stages and the possibility of their achivement are given, formulae for determining the 
degree and efficiency of mechanical activation of raw materials are given. The notions 
of "degree" and "efficiency" of mechanical activation are defined. The operating prin
ciples of the activator intended to increase defects in the structure and contact sur
face of the raw mix grains are briefly discussed. '



L'efficacitS, la qualitS et la ptabilite de 
la fabrication du ciment dependent pour beau
coup de la maniere dont on tidrea premiere a a la cuiaaon. La P^Saente 
communication a pour objet 1 etude P’®" 
nri^tea dee matierea premierea, leaquellea 
peuvent 8tre modifiSea au coura de la 
fragnentation de ces demierea et exercer 
une influence conaidSrable put le proceaaua 
de traitement thermique de a produite broyea. 
La connaiaaance de cea proprietea et dee 
loia qui rSgiaaent leur modification au 
coura de la fragmentation dee matierea pre- 
miSrea permettront de choiair lee procedee 
lee plua efficacea de preparation de celles- 
ci 4 1ft cuiffob avec utilisation du mauerifti 
tant exiatant qu*inedit.
Hoe recherche a ont porte eur I’argile kaoli- 
nitique et lea calcairea de conpoeition chl- 
mique voiaine: un calcaire compact a groa 
criataux, un calcaire poreux a groe crietaux 
et un calcaire compact ä crietauxfine. Lee 
calcairea ont eubi la reduction eeparement 
et conjointement avec I’argile dana un , 
broyeur ä boulete de laboratoire" ä fonction- 
nement diacontinu. Lea produite du broyage 
ont 6t6 aoumia aux analycee granulcmetrique, 
thermique differentielle, calorimetrique , 
aux rayone X. chimique et microecopique*  A 
partir dea reaultate dea analyaee, on a cal- 
cule: la taille caracterietique dee parti- 
culea dee matierea broyeec,(tf 36,8)? l*6ner-  
gie d’activation pour la decarbonation dee 
calcairea (E); lea effete thermiqueeglobaux 
de la clinkerication du melange brut (Qc) et 
de la dieeolution dana l’eau de 1’oxyde de 
calcium recultant de la dScarbonation dee 
calcairea (QcaQ)’ le raPPort de la hauteur 
ä la largeur Cdana leur partie eituSe a 
mi-hauteur) dee pice repreeentant, eur lee 
radiogramme a, la etructure de la calcite 
(PcaCQi) et de I’o^yde de calcium (0Cao) 
pour dee quantitea invariable a de ceux-ci.
La figure 1 repr&aente graphiquement, en co- 
ordonnSee aane dimenaione, lee relatione ge- 
neraliafeea entre les variationa des grandeurs 
O' 36,8i E et Qc et la duree de la reduction 
dea calcairea et de leure melanges avec de 
I’argile. Il ressort de ces courbes que la 
vitesae maximale dee dScroiaeement de la 
taille caractSristique dee particules est ob- 
servSe pendant lea premidres minutea de leur 
reduction (le premier stade conventionnel de 
fragmentation), Enauite, la vitesse de la 
variation du degre de dispersion commence a 
baisser (c’est le deuxieme stade convention
nel) et, enfin, il arrive un moment (le de
but du iroisieme stade conventionnel) oil une 
reduction prolong6e ne provoque aucun ac- 
croissement appreciable du degre de dis
persion dea produits a broyer.
lavitesse minimale de la variation des gran
deurs E et Qc, qui traduisent respectivement 
la reactivite des calcairea et des consti- 
Fdant’’ de base lots de leur traitement 
thermique, est observSe au premier stade de 
fragmentation, et la vitesse maximalaU 
deuxieme. L’accroissement de la dur&e de re
duction des matiSres au troisidme stade favo- 
rise la variation des grandeurs E et Q. 
bien que la dispersity des produits broyes

Fig.1. Variation?, au cours de la reduction 
des matierea premieres, de I’effet thermique 
global de la clinkerisation (1), de 1’ener- 
gie d*activation du processus de decarbona
tion (2) et de la taille caracteristique des 
particules (5)-

reste pratiquement inchangee. Il existe done 
une certaine disproportion entre les varia
tions de la dispersite et de la reactivity 
des matierea premierea au coura de leur re
duction.
Pour pouvoir expliquer ce phenomene,nous 
avons ytudie la variation de la reactivity 
des metiSres premieres au cours de la re
duction j leur dispersite reatant invariee. 
On a preleve dans le broyeur des prises 
d’essai du calcaire, en faisant varier la ' 
duree de la reduction de celui-ci. Cn a ache- 
v8 le broyage pendant un court laps de temps 
(30 s) dans un broyeur de porcelaine en px-e- 
sence de 50% d’eau, ce qui entratne, cotnme 
il ressort de 1’analyse microecopique, la 
desegregation d'agglomerations secondaires 
constituees de particules trSs fines. Les 
prises d’essai ainsi desagrygees ont yte di- 
visees par tamisage en fractions qui ont yt6 
ensuite myiangees dans une proportion assur
ant une distribution logarithmique de la can
position granulometrique avec un coefficient 
d’unifornn.te de 0,7 et une taille caracty— 
ristique o jg g « 30 microns. On a ainsi ob- 
tenu une serie de prises d’essai des cäl- 
caires, ayant des compositions granulomy- 
triques voisines mais ayant subi un broyage 
de durees diffyrentes.
Comme il ressort des courbes 1 ä 3 (Fig.2), 
1 accroiFFement de la duree de reduction dep 
calcaire? au premier stade conventionnel 
aboutit a 1’obtention de produits qui pr6— 
sentent une valeur accrue de E ä condition 
de maintenir invariable la dispersity. Cette 
baisse de la,reactivity des calcaire? peut 
etre attribuee au dycroissement, au cours de 
leur reduction ä ce stade, du nombre de dy- 
fauts des particules ayant des degrSs de 
dispersion ygaux. Ce dycroissement est dfl 
au fait qu au premier stade de reduction il 
se produit essentiellement une dygradation 
fragile de la matiäre par suite de 1’ouver—
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Fig.2. Variation? de? valeur? de E, deßCan»de 
-PCaCC} et de QCaO defi echantillon? de cal- 
caire•'obtenuF a la FUite dee fragmentationf 
de differenteF dureef% le degre de diFoer- 
?ion reptant invarie. " 

ture des defauts volumiquep naturelp de sa 
structure_(pores, fissures, etc.), sans 
qu’il y ait une formation appreciable de 
defauts nouveaux. Cette hypothese est Stayee 
par 1'accroiFsement relatif maximal, parmi 
les calcaires examines, de la valeur E du 
calcaire poreux (de plus de J kcal/mole), 
ainpi qua par I’accroissement, au premier 
stade de reduction, de la valeur 
•^CaCC^ (Fi8-2, courbes 4 ä 6).
La diminution du degre de destruction de? 
calcaires favorise la formation, ä l’issue 
de leur dScarbonation, d’un oxyde de calcium 
presentant lui aussi une structure plus or- 
donnee (Fig.2, courbes 7 ä 9)» Ce phenomena 
est, a son tour, responsable de la diminu
tion de la riactivite de I*oxyde  de calcium, 
ce dont t&noigne, d’une maniere indirecte.le 
dScroissement de Fa chaleur unitaire de dis
solution dans I'eau (Fig.2, courbes 10 a 12),
La vitesse de la fragmentation au deuxieme 
stade se voit baisser par suite du d&crois- 
sement, au sein de la matiere, du ncmbre de 
dSfauts volumiques qui ne sont autres que 
deF "fisFurep ae deptruction" repultant des 

contraintep de deformation creees dans le 
broyeur. La degradation des particules a ce 
stade s’effectue en deux etapes: 1’appari
tion de la fissure (par suite de la deforma
tion plastique) et la propagation de celle- 
ci. Les divers defautp (dislocatione, hemi- 
tropies, etc.) qui apparaissent et se de- 
placent lots de la deformation plastique 
d*un  solide n’y donnent des "fissures de 
destruction" qu’en partie, a cause d’une re
distribution non uniforme des contraintep 
au sein du solide. C’est pourquoi au deuxie
me stade de fragmentation des calcaires on 
constate un decroissement de la-grandeur

CaCQ;*  Au cours du deuxieme stade de frag
mentation il se forme un grand nombre de 
particules dont la taille est infirieure a 
celle des grains cristallins constituant la 
roche. S’agissant deF calcaires etudiSs, la 
solidite des liaisons intracristallines est 
superieure a celle des liaisons intercris- 
tallines. Aussi, au cours du deuxieme stade 
de fragmentation, y a-t-il rupture de 
liaisons plup^solides qu’au cours du pre
mier. Il en results un accroissement de la 
reserve d’energie libre des surfaces en 
cours de formation, tandis qu’une tendance 
ä sa diminution a pour effet un deplacement 
plus intensif des atones superficials vers 
I’intSrieur, c’est-a-dire une destruction 
plus forte de la matiere. L’intensification 
de la destruction des calcaires accentue 
leur reactivite, ce dont temoignent ler va
riations correspondantes des valeurs E et 
Qcao» constatees en cas de prises d’essai 
aux degree de dispersion voisine au cours 
du deuxieme stade de fragmentation.
Au troisieme stade de fragmentation inter- 
vient un equilibre entre la formation 
d’agregations de petites particules et leurs 
desagregation, aussi un prolongeraent de 
1’action des effets sollicitant la matiere 
n’entratne-t-il pas de changements de son 
degr6 de dispersion. Toutefois, la destrac
tion de la matieie i-esultant espentiellement 
de la deformation plastique des particules 
dans les zones adjacentes aux endroits de 
leurs contacts superficiels continue ä 
s’accentuer, ce qui entralne un accroisse- 
ment de la reactivity des calcaires reduits 
ä ce stade avec 1’augmentation de la dur6e 
de leur broyage (Fig.2). '
En partant des donnees ainsi obtenus, on 
peut calculer qu’au premier stade de frag
mentation 1’accroissement de la reactivite 
results totalement de 1’augmentation du de
gre de dispersion des calcaires et se voit 
freiner pour 20 ä 40% par la diminution 
du degre de leur destruction. Au deuxieme 
stade de fragmentation, 1’accroissement du 
degre de dispersion des calcaires donne 35 
ä 60% de la contribution totale a 1’augmen- 
tation de leur reactivity, le reste ryeult— 
ant de la destruction. L’accentuation de 
85 ä 90% de I’activite des calcaires avec 
1’accroissement de la duryp de fragmentation 
au troisiSme stade est due ä 1’augmentation 
du degry de deptruction des products 
broyys.
En -consyquence, la fragmentation des consti
tuant s de base doit 6tre consideree non
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(1)

(2)Je

point come une modification de,leur degre 
de dispersion gais comine une operation 
d’activation mecanique. Pour 1 ‘e^® d® ®e 
phenonene, nous recommandons de faire usa
ge des indices de degre (I,} et d ef^®a~ 
cite (I ) de 1'activation äecagique des ma
tteres premieres, qui peuvent etre calcu- 
les d'apres les fonmiles suivantes:

Q*  - Q 
2, ■-— • 100

1,16 (Q^ - Qc) 

£

ou Q' et Q sqnt les effets thenjiques glo- 
bauxcde clSnkerisation, determines pour la 
mattere de.charge, respectivement avant et 
apres sa reduction; cal/g; .
E represente les depenses d'energle pour 
la reduction de la matiere de"charge, 
kW.h/t.
L'indice I4 inijique la part qui revient a 
1'activation mecanique dans 1'abalsaement 
de la consommqtlon unitaire de chaleur 
pour la clinkerisation lore du traitement 
thermique des matteres premieres, qlors 
que I'indioe Ie montre I'efftcacite avec 
laquel}e s'effqc^ue cette operation dans 
1'unite consideree. Pour determiner les 
valeurs.de la et de Ie on prepare plu- • 
ateurs echagtillone obtenus a differences 
depensea d'energle unltplrea pour la re
duction, oij lea soumet a une analyse ther
mique differentielle et on caloule lea va- 
leura correspondantes de Qc. En mettant 
lee valeura de Qc et de E dans J'equation 
auivantet qui traduit le phenomene d'acti
vation mecanique, on peut determiner la 
valeur de Qc:

• K.E
Qc - Q» exp (- -2----- ) (3)

Ko+ E

Etant donne que lea indices Id et Ie tra- 
dulaent bien les principales transforma
tions utllea intervenant succours de J'ac- 
tivation mecanique des matierea premieres, 
la misp en oeuvre de ces indices permet de 
mener a bien avep plus de certitude les 
prinqipaux prqblemes de^rationalisation du 
procpde de preparation a la cuiason des 
matteres premiereq, par rapport a 1'utili
sation descaracteristiques liees au degre 
de dispersion. Une meilleure precision eat 
notamment obtenuq quan<J 11 s'agit de de
terminer le degre de reduction optimal de 
la njatiere de charge ou bien de choisir le 
materiel le plus efficace et le schema 
technologique le plus rat^onne!. En outre, 
eq faisant verier le degre d'activation

Par oodification des parametres 
de fonptionnement des broyeurs, on par- 
vient a obtenir a leur sortie un oroduit avec une valeur constante de Q™ proault

Une analyse du fonctionnement des unices de 
broyage actuellement en usage a montre 
?u'elles ne fonctionnent efflcacement
Ie = 1) qu'au premier et au deuxieme sta

des conventionnels et n'atteignent pas.de 
ce fait le degre limite d'activation me
canique. C'est pourquo^ nous avens mis au 
poinj un dispositif special $ans lequel la 
matiere issue des deux premieres stades de 
fragmentation subit une destruction inten
sive.sans donner lieu a une variation du 
degre de dispersion. Dags ce dispositif,les 
matteres premieres broyees subissent des 
chocs qui ne desggregent point les parti- 
cules mats les deforment seulement d'une 
maniere plastique aux.endroits des contacts 
superficiels. Il en results une augmenta
tion brusque (de presque 100 fois) de la 
surface de contact,des particules^et leur 
destruction considerable. La matiere sort 
de 1'activateur sous forme de granules secs 
de 0,5 a 5,00 mm.
L'accroissement du nombre de defauta de 
structure et de la surface de contact des 
particules dans 1'activateur.pegmet d'aug- 
menter de 20 q 30% l'activite mecaniquq des 
matteres broyees. indice d'efficacite Ie 
est d'ailleugs 12 a 15 fois plus gragd 
qu'avec le meme degre d'activation mecani
que des majieres premieres dans un broyeur 
a bou^ets a fonctionnement discontinu^alors 
que realiser ce niveau,d'activatjon mecani
que dans les broyeurs a £oulets a fonction
nement continu est tout a fait impossible. 
L'activation plastique soys l'effet,de 
coupq, subie par lep matteres premieres , 
broyees, contribue a augmenteg JJactivite 
hydraulique du ciment {aprique.a partir de 
celles-cifce qui eqt du a un deroulement 
plus complej des reactions de formatjon 
d'a^ite et a une structure partlculiere des 
mineraux constituent le clinker.
La mise en oeuvre de la .ferine brute sous 
forme de gganules actives secs offge la 
possibilite d'augmenter l'in|enslte de com
bustion dgns le four.et de reduire la quan- 
tite du,melange pylverulent de ciment et 
de mittleres premieres qui oircule dans le 
Systeme "four -, echanggur de chalgur". Tout 
cela contribue a accrogtre considerablement 
le.rendement de 1'ugite, a stabiliser et 
ameliorer la qualmte,du clinker.de le ci
ment Portland et a gedulre les emanations 
de poussieres rejetees a 1'atmosphere.
On volt done que l'accrpissement de l'acti
vite mecanique des,matteres premieres n'est 
pas proportionnel "a 1'augmentation de leur 
degre de dispersion dans tout 1'Intervalle 
pqssible.de variation de ce degnier. Plus 
developpee eat la surface dg melange brut, 
plus grande est 1'efficacite qui peu^ etre 
attaints dans 1'augmentation de la reacti- 
vite par destruction de ses particules, et 
molndre es^ cells qui s'obtiegt par accrcds— 
sement ulterieur de leur degre de dieper- 

on* D®s lors» 11 existe des limit ea de 
1 activation mecan^qye des matierea pre
mieres qg'on a interet a atteindre dans 
les unites qui dispersent efflcacement la 
matiere. L'activation ulterieure peut etre 
avantageusement effectuee dans des uni t



dont la fonction principale eat une destruc
tion intensive des matieres divis^es. L. s 
Unites de 1•utilisation de ces unites de
pendent de leur conception, des proprietea 
et des particularites technologiques du^ 
traitement thermique ulterieur des matieres 
premieres. Ces limites peuvent 8tre mises 
en evidence avec recours aux indices de de- 
gre et d'efficacite de 1’activation meca- 
nique.



Etude thermodynamique de la cinetique 
de la formation de I'alite

Thermodynamic studies of alite formation kinetics

A.V.  BESSMERTNYKH, collaborateur scientifique,
V.K. KHOKHLOV, chef de section,
V.V, CHELOUDKO, chef de laboratoire, "NIITzement", Moscou, U.R.S.S.

RESUME: On analyse la cinetique de la formation du silicate tricqlcique en presence de la 
phage liquide par <Jes mqthodes thermodyngmiques de prqcessus irreversibles. Lea equations 
cinetiquea aogt presentees sous,forme d*equations  lineaires d'Onsager pour les differente 
domainea de deroulement de la reaction: la reaction eat limitee a) par la vitesag de die
solution des deux camposants de base en phase liquide, b) par la vitesse de la reaction en 
phase liquide, c) par la vitesse de cristallisation a partir de la fusign, d) par la vites
se de dissglütion d’un des composants de base. Dags eg dernier caa lea,equations d’Oneager 
sent bilineaires et poasedent des coefficients phenomenologiques croisea negatifs. On «nn- 
lyae les conditions de dominance de la saturation par la chaux en phases solide ou liquide 
du silicate bicalcique.

SUMMARY: The kinetics of formation of tricalcium silicate in the presence of a liquid pha
se have been analyzed by the irreversible process thermodynamics methods. The kinetic equa
tions are presented in the form of linear Onsager equations for different reaction regions» 
the reaction is limited; (a) by the rate of dissolving of both starting substances in the * 
liquid phase; (b) by the rate of the liquid phase reaction; (c) by the rate of crystalliza- 

the melt» by the rate of dissolving of one of the starting substances. In 
the latter case the Onsager equations are bilinear and feature negative cross-counline nhe- 
nomenological coefficient. The conditions of prevailing solid- or liquid-phase saturation 
of bicalcium silicate with lime have been analyzed.



Le processus complexe de formation du si
licate tricalcique en phase liquide (fusysi 
de silicate) peut ,se subdiviser en,une se
rie de processus elementaires se deroulant 
simultanement, parmi lesquels on degagera 
les processus suivants:
- dissolution de CgS et de CaO de base en 
phase liquide,
- reaction de formation du C3S en phase 
liquide,
- cristallisation de CjS a partir de la 
fusion.
Ces processus interagissant mutuellement, 
aussi juge-t-on util§ d’en donner une 
description simultanee. La liaison entre 
deux qu plusieurs processus en marche peut 
etre etablie sous 1'angle,de la thermody- 
namique des processus irreversibles (TPI), 
dont les methodes seront frequemment mis 
en oeuvre plus loin.
Soit ,un Systeme isothermique heterogene 
ferme comprenant des phases solide (s) et 
liquide (1) ainsi que des phases de l*a-  
lite cristallin. Vu qu’entre leq phases 
il se produit des phenomenes d'echqnge de 
masse, cea dernieres seront considereea 
comme ouvertes.

Les principes generaux de la description 
cinetico-thennodynamique de ,cea systemes 
sont, en particulier, exposes dans (1).
En se servant de llequation fondamentale 
de Gibbs pour chaque phase du systeige, en 
tenant compte du bilan massique ,et ener- 
getiqqe, ainsi que de la propriete d’addi- 
tivite de I’entropie, on peut mpntrer que 
Iq fonction dissipative du Systeme consi-

" A ß CaO WCaO + WC2S *

dere prend la forme
s c

CaO

^CaO s
“ c2:

fl - diS 

dT
T - -(p

dT

. >dnC2S t 
• p

dnCaO

" c
dnc2s

dT CaO dT 2S dT

£ Ml e Ik 
at

t
- # CaO dT C2S + P- c3s

dT

£ dnc 3S H a C3s
C3S dT r CjS dT

A ^c3s W<GJ“ (1)

Analyaona 1'equation (1) pour d^fferents 
domaines de deroulement de la reaction de 
formation du C3S cristallin, avec pri
se en qompte des limitations imposees a 
ea cinetique.

A. La vitesse de la reaction est limitee 
par celle de la dissolution des substances 
de base, les vitesses molaires de dissolu
tion constituent un rapport des proportions 
stoechiometriques :

toCaO 
dT = dT

Dans ce cas

dnc3s Mt dnCaO

dT " dT “ dT "

^CgS
soit.

dT r

WCaO = *C  S = “Wet 1* equation (1)
' 2 prend la forme:

0 = W(A /Z Ca0 + /I + A^+ JU, c^s) = WAg

. (2)
ou ' '

A “ Ua + ti 8 - P- qui est
s CaO r C2S C2S

I’affinite pour la reaction en phase solide. 
Les methodes TPI montrent que la fonction 
dissipative a toujours la forme:

6 - 2 X1Yi (3)

en outre» entre }es flux generalises et les 
forces generaliseqs on retrouve, avec 1'ap- 
plication de,la methode lineaire TPI, la 
relation lineaire uniforme d'Onsager:

m
Y, - 2 IX (i - 1, 2...m) (4)

1 j=i 13 3

Les donnees experimentales accumulees auto
ris ent d'admettre qqe dpns la grande majo- 
rite des cas Iqs phenomenes de transfert, 
(conducttbilite thqrmique, diffusion, phe- 
yomenes electrocinetiques, etc#,) peuvent 
etre decrits qvec un haut degre de preci
sion,par les equations du type (4). Au cas 
de reactions chimiques soumlses a la I04 
d'action des masses 1'application des me
thodes ^ineaires TPI se larnite au,domaijje 
de la realisation approchee de 1'egalite:

‘A/RT A 1 Ik \2 1 /a \3 „ A
"TT "■ TT W + 7T to/ IT

(5)
A,etant  l'qf^inite maximale pour 1'une des 
reactions elementaires,
D'apres les donnees fournies pqr (2) il eqt 
possible de calculer 1'affinite pour la re-



Action
CaO(s) + CgSta)CjS(e) 
A ■ - A 2 ■ 3939 cal/mol

pour T=17OOK

Lee donzieea thermochimiques de base P°ur 
le calcul de 1'affinite pour les reactions 
elementairea manquant, en posant ces der- 
nieres egalea I’une a I1autre, on obtient 
A • 1313 cal/mol.
Done, en tenant qompte de deux premiers 
termea dans le developpement en serie de 
la fonction exponentielle, il est.possib
les de decrire la vitqsse de la reaction 
par des relations lineairqs dans le do- , 
maine de temperatures posees avec une pre
cision allant jusqu’a 7,5%.
Eq revenant a (2) ecrivons la relation li- 
neaire

W - LAS (6)

nana Inequation cinetique on ne trouve pas 
sous une forme explicits les termes marqu- 
ant 1* influence de la phase liquide. Cette 
relation, comme la fonction dissipative 
qui lui correspond, eqt analogue par.sa 
forme aux equations decrivant la cinetique 
de la saturation par la chaux en phase so
lide du silicate bicalcique, autrement dit 
la phase liquide ee manifests par une ac
tion purement catalytique que traduit la 
grandeur du coefficient phenomenologique 
a propos duquel on peut remarquer ce qui 
suit:
si la reaction resultants

CaO(s) * C2S(s) C3S(s),

la relation lineaire etant W ■ LA, 
se deroule a des stades quelque peu ele- 
mentaires

1. CaO(s) + C2S(s) = CaO(l) + C2S(1)

(W1 = L^p

2. CaO(l) + C2S(1) C3S(1)

(w2 s L2A2)

3. C3S(1) C3S(s) (W3-L3A3)

alore on a entre les coefficients la re
lation

1 u. 1
L1 L2 T3 (7) 

additionnes dans ^e second mem—

J =
L

Les termes ___________ _ ,
bre, par analogic avec les^resietances " 
therm^que.et de diffusion, peuvent etre 
appeles resistances chimiquee des reac- 
tiOM elementaires. Si l,on peut, par ran- 
pgrt a I’une quelconque dee resistances.

de des reactions en phstses solides sans la 

phase liquide la resistance principale est 
2,0, resistance a la diffusion des reactifs 
a travers la,couche,du produit qui est, de 
beaucoup superieur a cells s’opposant.a la 
dissolution. Aussi la vitesse de la reac
tion en presence de la phase liquide est— 
-eile superieure a celle des reactions 
dans des phases solides.
B. La vitesse de la reaction eat limitee 
pgr celle de la dissolution de l’un des 
reactifs (par exemple, CaO):

^CaO
df < dT

Dans ce cas, on obtient de I’equation (1):

6 = W(4 JU, Ca0 + A^ + A JI G^g + AjU c^g) +

+ A WA/lg^g (8)

Lea equations lineaires correspondantes . 
compte tenu de la relation de reciprocite 
d’Onsager sont:

" ^l^a + I,12ZSyUC2S (9)

AW® L21As + L22 AjU^g j

Dans les relations (8) et (9) 
aW est la difference des vitesses de dis
solution des substances de base en phase 
liquide.
Done la vitesse de la reaction eat dans ce 
cas une fonction bilineaire, e’eat-a-dire 
■qu’il se produit une superposition,d*influ 
ences de forces thermodynamiquea generali- 
sees - de I’affinite chimique et de I’af- 
finite pour la dissolution de la qubstance 
de base dont la vitesae stoechiometrique 
molaire de dissolution est la plua grande. 
Il est en outre important de souligner que 
lea deux forces thermodynamiquea constitu
ent des tenseura d’ordre zero, e’est-a- 
-dire dee scalaires.
Pour 1’utilisation pratique de la relation 
(9) il est important d’etablir le eigne du 
coefficient croiee LP1 ■ Il est connu 
que les egefficienta directBura dea rela
tions lineaires d’Onsager sont toujonra po— 
sitifs., Quant aux coef^iqienta croises i^a 
ne posted ent pas, en general, de eigne de
termine et il eat neceasaire de le determi
ner dans cheque cas concret.
Pour etablir,le eigne du coefficient croiae 
dans le Systeme (9), rapportoqa-noua au me- 
caniape de la manche de la reaction aboutis- 
aant a la formation de C,S. La significa
tion physique de 21 W est la vitease du cu- 
mul de c2S en phase liquide. Si la phase, 
liquide eat prise pour une solution diluee 
obeissant a la lo} de Henry, on peut affin
er que 1 afflnlte pour la dissolution



s
~ RT1n eSat (10)

■ 2 C02S

ou est la concentration de satura-
tion.2a
Done, a meeure de 1•accumulation dans la 
phase liquide du composaiqt a dissolution 
plus rapide, son affinite pour la dissolu
tion diminue et, partant, sa vites^e de 
dissolution s’abaisse: le Systeme evolue 
vers un etat (appelons-le stationnaire) 
pour lequel A W ——0. Mais dans ce cas il 
est important qu’on ait:

A "t 
a.Ac2s " ^/‘•CgS > °*

En profitqnt de 11 independance des coeffi
cients phenomenologiques de la graqdeur de 
1’affinite, on tire de la seconde equation 
du systheme (9):

st 
f-CoS

■ L21 ’ -L22 ------"r- < 0 (11)
As

En portent (11) dans la premiere equation 
dq Systeme ,(compte tenu de la relation de 
reciprocite), il vient:

A * ^C-S 
W - L11As- L22 ---------*------------- --- <12)

As

Notons^'importance de cette equation pour 
1•appreciation de I’influence de }a quanti- 
te de la phase liquide sur la cinetique de 
Iq formation de CoS. En iaissant tomber les 
detailq indiquons^que 1’equation (12) se 
caracterise par Inexistence d’un maximum 
de la fonction

w - f ( Z Nj.)

pour une valeur optimale de la quantite de 
la phase }iquide T ; avec j.'accroisse- 
ment subsequent de ‘cette derniere la Vites
se de formation de C^S diminue.
C. reaction se deroule dans un Romaine 
cinetique, autremeqt dit est limitee par 
la vitesse de la reaction dont tous les 
participants sent en phase .liquide. Vrai- 
semblablement ce cas se presente pour un 
cuisson ultrarapide, se traduisant par la 
formation.d’un qxyde de calcium et de sili
cates en etat metastable qui se dissolvent 
rapidement. Le Systeme de relations line- 
airea qui s’y rapporte est:

W = L11Ab * Ca0+ 113Aj/UC2S

AWCaO= ^^s*  L22A^ZCa0+ I‘23A^C2S

aWC2S= L31As+ I,32AjWCaO+ 133AjtZC2S ' (13)

L12 “ L23 = L32’ ^l = L13

On peut egalement montrer que ce systems 
tend vers un certain etat stationnaire cor- 
respondant a la vitesse minimale de 1’ap
parition de 1’entropie.
^a prämiere equation peut egalement etre 
etudiee en rapport avec 1* extremum.
D. La reaction est limitee par la vitesse 
de cristallisation de la substance produita 
Dans ce cas il y a plusieurs variantes de 
rapports entre les vitesses des processus 
elementaires. Par exemple, pour

W < *CaO  ” W1 < *C 2S

le systems d'equations lineaires prend la 
forme:

W = L11As + I,12A81 +

AW1- L21Ab + L22Ab1 + I<23A>/U'C2S ■ (14)

A»2- I31Ab + L32Asl + L33A/XC2S 

ou ■
Kel” CaO +/i C2S C3S eet 1,af- 

finite pour la formation de C^S en phase 
liquide a partir de CaO et C25 qolides. 
Au cours des raisonnements precedents on a 
admis 1’eyistence d’un model de saturation 
en chaux a 1’etat liqqide. On peut alors 
sur la.bqse de considerations thermodynami- 
gues generales affirmer qu’il se cristalise 
a partir de la fusion une certaine modifica
tion stable de CqS (appelons la modifica
tion -x).
Toutefois dans le Systeme CoS - CaO, pou^ 
des conditions thermodynamiques approprie- 
es, il -peut y avoir lieu a formation d’une 
autre modification • y par reaction de sa
turation en phase solide. En presence de la 
fusion la modification« y est metastable, 
car eile doit se dissoudre rapidement dans 
la fusion pour cristalliser ensuite ä par
tir de cette derniere en une modification«! 
stable.
Il est connu que la dissolution de la phase 
metastable est de beaucoup super!eure a cei- 
le de la phase sqlide (3), assurant ainsi 
cqntinument le retablissement des surfaces 
reagissant suivant le mode de la phases so
lides de CaO et C2S. En posant que la marche



des reactions elementaires e’ecoule sous 
la forme
1. CaO (s) + CgS (s) y - C^S (s)

2. y - C3S (s) =r C3S (1)

3. C3S (1) x - C3S (s)

on peut montrer que dans ce cas l’equatiqn 
cinetique est analogue par la forme a l'e- 
quation (6):

w’ - L*A 8 (15)

Toutefois le,coefficient !• eet different 
de L et se determine au moyen de la rela
tion

1 .1,1,1
L*  L«2 L* 3

Done la question de dominance de la Satura
tionen phase liquide ou solide se reduit 
ä l'etabl'issement du rapport entre les vi- 
tessea de dissolution de CaO, CjS et y - 

C3S dans la fusion, Ce ,rapport est en pre
mier lieu fonction du regime de cuisson, du 
melange de composants de base et, dans cha- 
que cas concrqt, peut amener la dominance 
de l’un des mecanisme de saturation.

CONCLUSION
L'applica^ion des methodes TH a,1'etude 
de la cinetique de la reaction heterogene 
de formation du C,S peut conduire a de nou- 
veaux resultats fort importants. Lq Vites
se de formation du C,§ peut etre decrite 
par des relations lineaires de forme tres 
simple don^ 1'aspect varie syivant le do- 
maine dq 4eroulement de la reaction. On 
admet ,generalement que si la vitesse est 
limitee par celle de la dissolution de 
1'un des composants, la vitesse de dissolu
tion de 1'autre composant (et, partant, 
1'affinite pour cette dissolution) n'exerce 
pas d'influence sur la cinetiqqe de la re
action. Or 1'analyse par les methodes TPI 
montre que ce point de vue est en priqcipe 
faux. Get analyse permet egalement d'etab- 
lir les conditions de dominance du meca
nisme de saturation par la chaux de CoS en 
phase liquide ou bien solide.

SIGNES SPECIAÜX:
djS , ,

entropie degagee;

affinite pour la dissoulution 
(cristallisation);

forges et,flux thermodynamiques 
generalisees; H

sffinites pour les reactions 
selon Bonder;

dT

&J1 _

xv -

A -

W = — - vitesses de dissolution ou
dT de cristallisation;

n - nombres de moles;
- variable chimique;

L - coefficients phenomenomlogi-
l-J ques.
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L'oxyde ferreux dans le clinker
Ferrous iron in clinker

M.G. TOLOTCHKOVA, candidat es sciences techniques,
V.P. RIASINE, candidat es sciences techniques,
K.G. KOLENOVA, candidat es sciences techniques,
V.N. SERGUEEV, Ingenieur NIITzement, Moscou, U.R.S.S.

BESUME i II s’est av6r6 que des clinkers da seme type, d. teneur en oxyde identique,
prdaentent une activity hydraulique diffdiente. Dana nombre de caa la presence de 0,6 d 0,96 
de FeO ntiaipliquait paa 1* alteration de propridtda des clinkers de caisson industrielle.
Des dtudes ont dtd mend es pour ddfinir la composition quantitative et qualitative des phases 
du clinker avec la variation de la teneur en FeO de 0 a 1,8%. On a montrd, en particulier, 
comment varie la composition de la phase aluminferrite sous 1‘angle du rapport A/F et la prd*  
aence dans cette dernidre du FeO; Les rdsultats obtenus sont mis en rapport avec les condi
tions de formation du Fe2*  au cours de la synthdse du clinker dans an milieu gazeux oxydant.
On a a vane 6 une hypothdse sur 1‘influence de la formation du fer bivalent et de sa reparti
tion en phases du clinker caract6ris6e par le rapport FeO1:<it;fl1 sur les propri6t6s ’
des clinkers nontenant de 1‘oxyde ferreux.

SÜMMABT : It has been found out that single-type clinkers comprising equal amounts of fer
rous iron are characterised by different hydraulic activity. In a number of cases with 
0.6-0.8% of FeO present, no deterioration of plant-calcinated clinker properties has been 
detected.
Investigations of qualitative and quantitative composition of clinker phases have been per
formed with FeO content changing from 0 to 1.8%. Changes in the composition of the alumofer- 
rite phase are in particular shown, said phases being characterised by the A to F ratio and 
presence of FeO therein. The results obtained are correlated with the conditions of forma
tion of Fe2*  in the process of clinker synthesis in odixizing gas medium.
A supposition is made on the influence of the bivalent iron formation and distribution 
thereof among clinker phases, characterised by the ^eO^otal to FeOalite rat'1°« on the pro
perties of the FeO-containing clinkers.



On attribue souvent A la presence d1oxyde 
ferreux I’altAration de la resistance 11 
nite du clinker. Cependant les tenems 11 
Bites reconmandAes en FeO (0,3 A O,456) ne 
sent pas toujours suffisamment “guBenteea. 
Le aAcanisme de formation du Fe?*  M 
near quantitative ainsi que les 
des clinkers nontenant du FeO si 
de la composition et des propriätds de la 
matlAre premiere, du regime et du milieu 
dans lequel s'effectue la cuisson et le re- 
froidissement du clinker.
Au cours de la synthAse du clinker 1* oxyde 
ferreux peut se former-dans le milieu re- 
ducteur de la cuisson ainsi que par trans
formation A hautes temperatures des compo- 
s6b ferrugineux. Le FeO peut Agalement se 
former par oxydation incomplete du fer 
metallique introduit avec la matidre pre
miere. Le wustite Introduit avec-les mine- 
raux de la matidre premidre ou form6 au 
sours de leur destruction exerce une in
fluence favorable sur la rdactivite-du me
lange brut en accdldrant la dissociation 
des carbonätes et les reactions topochi” 
miques (1) . La reduction-de 1* oxyde fer“ 
rique par dissociation thermique s'effec
tue suivant le principe des transformations 
successives en passant par des stades ln- 
term6diaires ■

Fe20j-^ FejO4^-FeO —^-Fe

proprietds 
nt fonction

La decomposition de la modification para- 
aagnetique d, de Fe^O,, la plus stable, se 
rdalise aux temperatures de 1350-1500 °C et 
pratlquement Fez*  est identlfid.en prdsence 
d'une phase gazeuse neutre et meme oxydante. 
La formation du fer metallique dans ces con
ditions est neu probable, vu que FeO n'est 
dlssocie qu'a des tempdratures beaucoup 
plus dlevees (2500 oc).
Pratlquement la dissociation thermique A 
cause de la nAcessitd d'augment er I'intensi*  
td de combustion dans la zone de cuisson 
s'observe souvent avec I'utilisation de ma- 
tiAres premieres de basse rAactivite, avec 
la composition de melanges crus A cuisson 
difficile, au cas d'une preparation insuf- 
fisante du matArlau A la cuisson, de seme 
que lots d'un long sAjour du matdriau dans 
la zone de cuisson, ou 11 est mis en contact 
avec la flenune dea chaluaeaux*
L'accroissement de 1'intensitA de combustion 
au stade de la cuisson active entrains I'AlA- 
vation de la teneur en FeO ainsi que 1'ac
centuation de 1'influence nAgative sur les 
propriAtAs du clinker par suite de 1'abais- 
sement de 1'activitA hydraulique des sili
cates de calcium comprenant dans leur struc- 

a?as f2r?e d’WuretA Isomorphe 
(2-4). La phase CgAjFy s'appauvrlt en fer. 
L'accroissement de Fe 0 dans les clinkers 
industrielsjusqu’A 1,8% s'accoapagnalt 

raPP°rt eolalreA/F dans 
a? 2eLaluBof?rrltea de calcium
de 0,96 1,05 4.1,45-1,76 (fig.1). Pour des Baxl,lalea laSphase alumofer- 
rite possAde les compositions suivantes t

^^lueace de FeO sur lacompoaition 
*2.1® du e^dbker $ 1 - dans les fears ro*  
tatifs de longueur 185 2 “ dans les
fours rotatifs de longueur 150 m (produc
tion par la vole humide).



06^1,75-1,77PO,94-1,09f0,10-0,13 x)

Pour une teneur en FeO 6gale dans le clinker 
ä 1% on observait la divergence maximale en- 
tre la composition thdorique (selon Bogue) 
et experimentale (obtenue par analyse aux 
rayona X) de atteignant 3,8-5,5%.
L1ion du fer bivalent en pönStrant dans la 
structure des silicates vient se placer en 
position octa4drique (4,5). Avec un lent re- 
froidissement du clinker Te2*  eat capable 
de d6truire la structure de 1’alite en for
mant jusqu’d 3"8% de C^S. Toutefois, dans 
nombre de cas, surtout^avec la presence dans 
le clinker de FeO pour 0,6-0^8% la teneur en 
alite au lieu de diminuer augmentait que^que 
peu (fig.1). Ce fait est A ce qu’il parait- 
un tAmoignage de 1’existence de conditions 
dans lesquelles FeO ne fait qu’amorcer la 
clinkArisation (en abaissant Iq viscosite de 
la phase liquide) et joue le role de modifi- 
cateur des compositions de phases de teilte, 
d’aluminate et d'alumoferrite.
Il y a egalement formation de FeO au cas 
d’utilisation d'un combustible de bas pou- 
voir calorifique. La combustion incomplete 
du combustible est decrite par 1’Aquation 
connue de Boudoire selon laquelle le trans
port dans la couche du matAriau du systdme 
CO-CO. A travers la phase gazeuse au cours 
de la^cuisson favorise la formation d’oxydes 
infArieurs. La reduction de Fe5*  par le car
bone solide ou les produits de combustion 
incomplete presente un caractAre local.
Bn presence de clinker fondu on assiste A la 
reduction del’oxyde ferrique dit "actif" qul 
modifie de faqon efficace la composition en 
phases du clinker. En contact avec les agglo
merate de clinker suffisamment formAs (par 
exemple, avec du charbon A partir du chalu- 
meau) la rAductlon s'effectue principalement 
A partir de la surface des granules. Plus 
la dimension des granules est petite, plus 
grande est la surface de contact avec le r6- 
ducteur et partant, plus grand est le degrA 
de reduction. Le transfert Fe3+-*-Fe 2+ s'ef
fectue alors au sein des phases dejA formAes 
et contenant 1* oxyde ferrique dissous. Plus 
les granules sont grosses moins grande est 
I'lntensltA de la rAductlon nocive de Fe20^ 
dans 1'alite.
Dans les clinkers oA dominant des grosses 
granules de Fe*̂  on n'observe pas en gAnAral 
d'abalssement de laAquantitA d'alite alnsi 
cue de 1'actlvitA meme pour dqs teneurs en 
FeO de 0,8-1,06. D'un autre cotA plus la 
quantltA totale d'oxyde ferreux est impor
tante plus on a de chance de le trouver dans 
les petites granules du clinker.
Les essais sur les clinkers industrlels A 
teneur en FeO de 0 A 1,856 ont montrA la na
ture variable de 1'influence de Fe^sur les 
paramdtres de rAsistance (Tabl.1). O'est 
alnsi que I'abaissement dq la rAsistance 11- 
mite potrvalt s'ob server meme pour une teneur 
en FeO dans le clinker de 0,3-0.6%, 
la prAsence de 0,6-0,856 de FeO etant souvent 

^Symbole f - FeO

- TABLEAU I
leneiir en Jfaoteur Module Module R6sis"
FeO, % de de satu- sill- aluml- tance 1
masse ration ceux neux A la com 

pression 
28 jours 
kgf/cm2

0,00 0,90 1,86 1,29 506
0,00 0,92 1,95 1,50 525
0,00 0,95 2,07 1,35 531
0,00 0,97 2,00 1,28 520
0,18 0,89 1,85 1,30 500
0,25 0,90 1,83 1,27 509
0,28 0,95 2,05 1,40 523
0,30 0,90 1,86 1,30 511
0,31 0,92 1,96 1,48 497
0,32 0,96 2,00 1,13 528
0,38 0,91 1,82 1,35 502
0,39 0,97 1,98 1,22 471
0,44 0,92 1,77 1,40 470
0,44 0,93 1,79 1,38 430
0,49 0,93 1,81 1,38 489
0,56 0,90 1,85 1,24 492
0,60 0,93 1,91 1,19 469
0,64 0,96 2,17 1,46 553
0,65 0,83 1,83 1,39 454
0,75 0,95 2,05 1,35 423
0,75 ■ 0,90 1,84 1,20 489
0,78 0,96 1,89 1,10 514
0,80 0,93 1,98 1,22 528
0,86 0,94 1,98 1,34 511
0,86 0,91 1,92 1,25 424
0,92 0,92 1,84 1,23 461
0,96 0,94 2,16 1,47 452
1,03 0,97 2,10 1,38 514
1,15 0,91 1,81 1,19 457
1,33 0,97 2,21 1,56 ■451
1,36 0,92 1,96 1,54 456
1,39 0,90 1,86 1,20 420
1,44 0,95 2,05 1,35 429
1,53 0,90 1,89 1,29 433
1,74 0,98 2,26 1,65 474
1,77 0,90 1,88 1,28 444
1,80 0,97 ■. 2,20 1,50 463

sans effet sur les propriAtAs des produits 
cults. L'apparition d'une quantltA de FeO 
supArieure a 1% se traduisait toujours par 
une chute de rAsistance. Vraisemblablement 
selon les conditions de formation de FeO 
et, partant le mode de distribution de Te2*  
suivant les phases du clinker, 1'influence 
de 1* oxyde ferreux sur les propriAtAs du 
clinker se modifiait.
La teneur en FeO dans la partie non sili- 
ceusq des clinkers AtudiAs est A peu prAs 
la meme |t const!tue 0,18 A 0,2556. La presen
ce de Fe2*  dans la phase d*acuminate  et 
d'alumoferriete ne peut pas et^e rangeA par- 
mi lea facteurs nAgatifs, de meme que sa dA- 
tection dans la phase du bAlite au cas oA 11 
ne se produit pas, de dAstabilisation de la 
forme B • I’ion Fe2+ devlent le plus nocif 
dans la phase de 1'alite (5|6). En admettant 
?ue FeO se dissout de prAfArenee dans OpS 
selon (7) jusqu’A 0,8-1,256) et tenant fromp- 

te de sa presence obllgatoire dans la phase 
IntermAdiaire (0,2-0,356), on peut eupposer 
qu'avec 1'observation de conditions dAter- 
minAes de synthAse seule une petite fraction 



de la quantity totale de 1* oxyde ferreux 
sera contenu dans CiS*  Autreoent dit on est 
autorisS A supposer^qu'au aolna jusqu'A 1% 
de FeO pent se trouver dans le clinker hors 
la phase de 1'alite*  
D'aprds les donates fourniea par I'expArien" 
ce, en raison de cette (ou tres proche) dis
tribution de FeO dans lea phases de clinker 
une teneur en FeO de 0,6-0,8J6 n'altArait pas 
I'activitA du produit. Par constre une sen
sible baisse de I'activitA pour de petites 
(0,2-0,4%) teneurs en oxyde ferreux est con- 
ditionnAee A ce qu'il parait, par le fait 
que dans ce cas Fe2+ entre dans la structu
re de I1alite non pas par suite de la dis
tribution en phase (A partir de la fusion) 
mats en qualitA de produit de reduction de 
Fe2* dissous dans 1'alite.
La possibility de fixer FeO dans la phase 
vitreuse inerte (5) ou sous forme de magne
tite (?, 5) change Agalement nos idAes sur 
I'interdApendanee entre I*activity  hydrau” 
lique et la teneur en oxyde ferreux dans 
le clinker. Le FeO s'Acartant du-composA 
stoechiomAttiqug par un manque d'ions m6- 
talliques pent etre reprAsentA sous forme 
d'un syatAme, ou coexistent des ions de 
fer bi- et trivalents :

Fe^j. Fe^ o x o“2 , 

oA □ est la lacune anionique, x - la con
centration de lacunes dans le sous-rdseau 
mAtallique (8). Plus encore la similitude 
de liaison ohimique (liaison ionique), le 
rapprochement de dimensions des mailles 
Alömentaires et des rayons ioniques condi- 
tionnent la solubility rAclproque et I'ap- 
parition d'isomorphisme dans les solutions 
solides non llmitees (substitution)entre 
FeO et les oxydes de mAtaux bivalents. Aus- 
si I1assimilation du composA FeO A une pha
se de wustite pent-eile etre admise que de 
faqen touts conventionnelle. Done le m6ca- 
nisme de formation du fer bivalent ainsi 
que sa distribution en phases du clinker 
Get avant tout la valeur du rapport .
^total^alite^ sont les f®6teurs qui dAter- 
mlnent les proprldtAs des clinkers contenant 
FeO a
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Sur les solutions solides derivant du C2F 
par remplacement des atomes Fe par Mn et AI

Researches on the phase originated from C2F 
by substitution of iron atoms with Mn and A! ■

C. BRISI, professeur, et B. DE BENEDETTI, professeur assistant, Istituto di Chemica Generale e Applicata 
e di Metallurgia del Politecnico di Torino, Italie.

RESUME : On a etudie I'dtendue de la phase qu'on pent obtenir ä partir du ferrite bicalcique 
par remplacement des atomes de fer par des atomes de manganese et d*aluminium.  Cela dans le 
but de verifier la possibilite d'avoir dans le clinker des phases du type de 1* aluminoferrite, 
riches en manganese.
Dans les solides obtenus par trempe dans l1air, ä partir de 1300°C, le remplacement du fer par 
le mangandse se borne seulement au 2S% atomique, celui par 1’aluminium au 704. Il est cepen- 
dant possible d'obtenir des solutions solides dans lesquelles tous les atomes de fer du C?F 
sont remplacds en partie par 1* aluminium et en partie par le manganese; dans ces solutions so
lides, le pourcentage atomique de manganese, en relation au total Mn+Al, se situe entre 32 et 
444. ' .
Le manganese introduit dans le röseau cristallin du C2F präsente toujours, dans les solides 
trempes dans l'air, un degr6 d'oxydation moyen superieur ä trois'.

SUMMARY: The stability field of the phase obtainable from dicalcium ferrite by substitution of 
iron atoms with manganese and aluminium was studied. This with the aim to verify the possibili
ty to obtain in the clinker phases of the aluminoferrite type rich in manganese.
In the solids quenched in air from 1300°C, the replacement of iron with manganese'alone .is li
mited to 254 atomic, while the replacement with aluminium is limited to 704. It is, however, 
possible to obtain mixed crystals in which all the iron atoms of C^F are partily replaced by 
aluminium and partly by manganese; in these solid solutions the atomic percentage of manganese 
in relation with the total Mn+Al ranges from 32 to 444.
The manganese introduced in the crystal lattice of C2F always presents, in the solids quenched 
in air, a mean number of oxidation higher than three.



La phase ferritique, c'est ä dire la s6rie 
de solutions solides 2CaO.(Fe.Al)2O3 qui de- 
rivent du ferrite bicalcique par remplace- 
ment partiel des atomes de fer par des atomes 
d'aluminium, reprSsente un des constituants 
principaux du clinker de ciment portland.
En rSalitg celle gcrite ci-dessus est seule- 
ment une formule idSale parce que dans le 
systSme tres complexe correspondant au clin
ker une petite partie des atomes de calcium, 
fer et aluminium peut etre remplacSe par 
d'autres 616ments. Dans cette communication 
nous Studierons la possibility d'introduire 
dans le reseau cristallin de la phase ferri
tique des atomes de manganese, meme en pro
portions bien plus 61ev6es que celles qu'on 
peut rencontrer dans les matiSres premieres 
employSes pour la fabrication du ciment por
tland.
Quelques indications isolees stir ce probleme 
sont dejä contenues dans la littSrature sci- 
entifique.
Au cours du troisiSme symposium spr la chimie 
du ciment Pdrker (1) a signale 1'existence 
d'une phase de formule 4CaO.A12O,.Mn^Oj qui 
d6riverait de I'ainsi-dite brownmillerite 
(4Ca0.Al,0,.Fe-O-) par remplacement complet 
des atomes^de ter par des atomes de mangane
se. Entre cette phase et la brownmillerite 
on aurait, toujours selon Parker, une serie 
continue de solutions solides. Parker ne 
fournit aucune donnSe sur la structure cris- 
talline du 4CaO.Al2Oj.Mn2O, duquel il donne 
cependant un diagramme de poudres aux rayons 
X.
Les resultats auxquels parvient Parker ne 
sont cependant pas en accord avec ceux d'une 
recherche anterieure conduite par Guttmannet 
Gille (2), selon laquelle en partant de la 
brownmillerite le remplacement du fer par le 
manganese serait limits ä la composition 
4CaO.Al70,.0,4Fe70,.0,6Mn90,. -.*• w tt D X ö
A la meme conclusion semblent parvenir aussi 
Okorov et Peskina (3) qui eux aussi affirment 
que la formule 4CaO.Al20,.0,4Fe70,.0,6Mn70, 
correspond ä un solide monophase. L 5 
Une phase de composition 4Ca0.Al-0,.Mn703 a 
ete au contraire ä nouveau signalSe par 5 
Gharpurey et Pai (4) qui 1'auraient obtenue 
par Schauffement ä 131O-133O°C de melanges 
de CaO, A^Oj et MnO2. Pour cette phase ils 
donnent les paramStres reticulaires ao=S,23, 
bo=14,68 et Co=5,44 A; il n'est pas toute- 
fois clair si cettes valeurs ont StS mesurS- 
es directement par les auteurs ou ont etS 
calculees en prenant pour base le diagramme 
de poudres donne par Parker.
A cotS des travaux citSs au dessus on doit 
signaler deux autres notes concernant les 
solutions solides qu'on peut obtenir du fer
rite bicalcique par remplacement des atomes 
de des atomes de manganSse en absen
ce d'aluminium.
161s.%Cd^eLi-/,CMi1?n (5)’ Sui ont travail- 
le sur des solides echauffSs ä I'air ä 135O°C 
un tel remplacement serait possible jusqu'ä * 
une limite maximale du 251 atomique. Les pro- 
duits amsi obtenus prSsentent un excSs d^o

xygene en comparaison de celui demande par un 
degrS d'oxydation Sgal a trois soit pour le 
fer soit pour le manganese. La solution solide 
limite, en particulier, prend la composition 
2CaO.Fe. ,Mnn ,0, Pour cette phase on don
ne les päfamStreS’fgticulaires ao=5,40, b,= 
14,97, co=5,54 A; en comparaison du ferrite 
bicalcique on a ainsi une augmentation de bo 
et une diminution de ao et co.
Les rSsultats obtenus par Coates et McMillan 
on 6t6 confirmes plus rScemment par Bando et 
coll. (6), qui trouvent la meme limite de so
lubility et une meme variation des paramStres 
reticulaires, mais qui ne donnent aucune in
dication sur le degrd d'oxydation du mangane
se.

Tous les solides examinys ont ete obtenus ä 
partir de mdlanges de carbonate de calcium, 
sesquioxyde de manganese, hydroxyde d'alumi
nium et sesquioxyde de fer purs pour analyse. 
Le rapport atomique Ca/(Fe+Mn+Al) a §te main- 
tenu toujours constant et egal ä 1, tandis 
qu'ont etS modifies les pourcentages relatifs 
de fer, manganese et aluminium. '
Les melanges, broyes par voie humide en pre
sence d'alcool etilique absolu, ont Std 6- 
chauffes ä I'air ä 1300°C.
la realisation des conditions d'yquilibre a 
ety plutot lente, surtout pour les produits 
plus riches en oxyde d'aluminium; pour cette 
raison 1'ychauffement a yty prolongd pour des 
temps allant de 300 ä 600 heures. A la fin de 
la cuisson les solides ytaient soumis d trem- 
pe en I'air. On passait ensuite ä la determi
nation par voie analitique du degrd d'oxyda
tion moyen du manganese. Dans ce but 0,2 
grammes de substance dtaient dissus dans une 
solution aqueuse d'acide perchlorique et d'a- 
cide oxalique, en titulant aprds avec perman
ganate de potassium l'excds du dernier acide.
On a examind d'abord les produits obtenus par 
echauffement de mdlanges de carbonate de cal
cium, sesquioxyde de fer et sesquioxyde de 
mangandse. ’
Les resultats de 1'analyse aux rayons X (dia- 
grammes de poudres, radiation FeKa ) sont en 
accord avec les indications de Coates et Mc
Millan. Les solides avec un pourcentage ato
mique de manganese (5 I'dgard de la somme Fe 
+Mn) situd entre zero et 25 sont constituds 
par une seule phase ä symdtrie rombique sem- 
blable ä celle du ferrite bicalcique, on a 
ensuite une zone biphasde et aprds, entre 50 
et 1001 de mangandse, une deuxidme zone mono- 
phasde dans laquelle on rencontre une solu
tion solide Ca(Mn,Fe)0, avec une structure 
du type perovskite, qui ddrive du composd de 
formule iddale CaMnO, par remplacement par
tiel des atomes de mangandse par des atomes 
de fer.
Pour la solution solide rombique de composi
tion limite on a mesurd les paramdtres rd- 
ticulaires suivants: ao-5,38r, be*15,03,  
Co=5,540 A. 5



L'analyse chimique a donnS un degre d'Oxyda
tion moyen de fer et manganSse egal ä 3,14. 
Puisque on peut supposer que tous les atomes 
de fer maintiennent le degrS d'Oxydation 
trois, cela entraine un degre d’oxydation 
moyen du manganöse 6gal ä 3,56. La composi
tion du produit trempe de 1300°C correspond 
ainsi ä la formule ZCaO.Fe. rMnn ,0» ...
On pcurrait penser qu'un tel degrd d'oxydation 
pour le manganSse soit 116 ä la presence de 
lacunes dans le reseau des ions triralents, 
c'est ä dire ä la formation d'une phase du 
type 2CaO.(Fe,Mn)2-x0,; cela parait toute- 
fois ä exclure parce que dans ce cas, avec 
la composition des melanges de d6part, on 
devrait constater dans les produits examin6s 
la presence de quantitös pas n6gligeables 
d'autres phases ä rapport (Ca/Fe+Mn) infd- 
rieur ä 1, phases qui n’ont pas ete remar- 
qu6es ä l'examen aux rayons X.
D'autre part lia structure:,du ierrite_biqal- 
cique, qui correspond ä celle d’une perovski
te d6form6e avec des lacunes anioniques or- 
donnees (7) n'exclut pas la possibilit6 d’in- 
troduire dans le reseau cristallin des ions 
tetravalents. On a en effet röcemment signa- 
16 (8) des phases du type Ca2Fe2-xTix°5+O 5x 
dans lesquelles.au moins pour des pourcenta- 
ges de titanium pas trop 616v6s, les paramS- 
tres reticulaires changent reguli6rement 
avec 1'augmentation de la fraction d'ions 
fer remplaces par des inns titanium.
L'examen des solides obtenus par 6chauffement 
de m61anges renfermant (en plus du carbonate 
de calcium et de deux sesquioxyde de fer et

100% Mn
(CaMnO3.x)

100% Fe
(2C«O Fe2O3)

100% AI
(3CaO AI2C^*12CeO-7AI2O3)

Fig. 1 - Domaine de stabilit6 des solutions 
solides provenant du ferrite bicalcique en 
fonction des pourcentages relatifs de fer, 
mangandse et aluminium. 

de manganSse) aussi de l'hydroxyde d'alumini
um a montr6 que la solution solide ä sym6trie 
rombique provenant du ferrite bicalcique peut 
admettre le remplacement simultan6 des atomes 
de fer par atomes d'aluminium et atomes de 
mangandse. Ona ainsi des solides monophas6s 
representös par la formule 2CaO.(Fe,Al,Ah}2Q3+x- 
L'etendue de la zone de stabilit6 de cette 
phase, toujours pour solides tremp6s ä l’air 
ä partir de ISOO’C, est representee dans la _ 
figure 1.
La zone de stabilit6 des solutions solides 
provenant du ferrite bicalcique occupe la 
partie centrale du diagramme. Les produits 
plus riches en manganSse sent form6s par une 
m61ange m6canique de ces solutions solides 
avec la phase Ca(Mn,Fe)O, , tandis que Cel
les plus riches en oxyde a*aluminium  corre
spondent ä des m61anges triphas6es de 
2CaO. (Fe,Al,Mn),0, . v, 3CaO.Al,O, et 12CaO.7Al,O.. 
Le remplacement dans le ferrite bicalcique 
des atomes de fer par des atomes de mangane
se entraine, comme dejä dit, une augmentation 
du parametre bo et une diminution de ao et co; 
un phenomSne tout ä fait analogue arrive aus
si en presence d*atomes  d'aluminium, comme on 
peut bien voir dans le graphique de la fig. 2 
oü sont montr6s les paramStres r6ticulaires 
des solides ä pourcentage constant d'alumi
nium.

Rapport Atomique (Mn/Mn*Fe)-100

Fig. 2 - Parametres r6ticulaires des solutions 
solides 2CaO.(Fe,Al,Mn),0, ä pourcentage 
fixe d'aluminium: Al/tFe+Al*Mn)»651.

t'introduction d*atomes  d'aluminium ä la pla
ce des atomes de fer entraine au contraire 
une diminution de tous les paramStres reticu
laires, soit lorsque eile a lieu ä partir du 
ferrite bicalcique pur, comme l’on connait 
bien des nombreuses 6tudes sur les solutions 
solides 2CaO.(Fe,Al)2O3 (9,10,11,12), soit 



lorsque un tel remplacement a lieu en presen 
ce d’atomes de manganese, comme 1 on voit sur 
le graphique de la fig.3, qui montre les pa- 
ramltres rSticulaires mesurgs sur des Produits 
dans lesquels on m'hintenait constant le pour 
centage atomique de manganese.

Rapport Atomique ( Al/AI*Fe)1OO

Fig. 3 - ParamBtres reticulaires de solutions 
solides 2CaO.(Fe,Al,Mn)20,+ ä pourcentage fi
xe de manganese: Mn/(Fe*Ai+Hn)=25i.

Le remplacement des atomes d'aluminium par 
des atomes de manganese entraine 5 son tour 
une augmentation asset marqude du paramdtre 
bo , tandis que ao et co demeurent pratique- 
ment iinchangSs.
Le degrd d'oxydation du manganese va graduel- 
lement en diminuant avec 1'augmentation du 
pourcentage d'atomes de fer remplaces par l'a- 
luminium. On passe en effet de la valeur dejä 
indiquge de 3,56 pour ZCaO.Fe. -Ifiu. ,0, jusqu'a 
des valeurs pas beaucoup pl Vs elvVe« que 
trois pour les produits complStement depour- 
vus de fer. En main tenant constant le rapport 
entre atomes de fer et atomes d'aluminium, le 
degr6 d'oxydation du manganese montre au con- 
traire une augmentation avec 1’accroissement 
du pourcentage de manganese.
Bn regardant le graphique de la fig.l on peut 
observer qu'il est possible d'obtenir des so
lutions solides avec une structure semblable 
ä celle du ferrite bicalcique dans lesquelles 
tous les atomes de fer ont ete reninlaces par 
des atomes d'aluminium et de manganSse. Ce 
fait est asset remarquable puisque un compo
se 2CaO.Mn2O, n'est pas connu; 1'aluminate 
bicalcique 2caO.Al-O,, du m§me type structu
ral du ferrite bicalcique, a 6te prdpard re- 
cemment (13), il a 6t6 toutefois obtenu en 
travatllant sous une pression de 25.000 bar. 
L echauffement 3 pression ordinaire de melan

ges 2CaO + Al?0,, au contraire, donne nais- 
sance, comme if est bien connu, ä un melange 
mecanique de SCaO.A^Oj et de 12CaO. TA^O^ . 
Le domaine d'existence des solutions solides 
rombiques 2CaO.(Al.Mn)2O3+X est tr6s limits. 
Dans les produits trempes a 1'air de 1300°C 
il s'Stend environ de 32 a 44% de manganese 
ä 1'egard de la somme Al+Mn.
Pour des teneurs en mangandse plus Sieves la 
solution solide limite est en equilibre avec 
la phase CaMnO,. , pour des teneurs plus pe- 
titesavec SCaO.ÄlTO, et 12CaO.7A12O3. La so
lution solide en equilibre avec CaMnO3_x pre
sente les parametres reticulaires ao= 
5,25 , bo=14,96, co=5,475 A; la solution so- 
lide°en Squilibre avec les aluminates prSsen- 
te les paramStres ao=S,24r, bo=14,81, Co= 
5,46s A.
Des donnSes rapportSes ci-dessus on voit bien 
que, au contraire des indications de Parker 
et de Gharpurey et Pai, il ne nous a pas 6te 
possible d'obtenir le remplacement complet 
dans la brownmillerite des atomes de fer par 
des atomes de manganese. L'echauffement des 
melanges de carbonate de calcium, sesquioxyde 
de manganese et hydroxyde d'aluminium avec un 
rapport Mn/Al dgal 3 1 a en effet toujours a- 
mene ä la formation de melqnges mecaniques de 
CaMnO, avec la solution solide limite. Les 
m§mes resultats ont 6te obtenus aussi condui- 
sant 1'echauffement ä 1350 et 1400°C.

CONCLUSIONS,
On peut obtenir des phases ddrivant du ferrite 
bicalcique par remplacement total des atomes 
de fer par des atomes de manganese et d'alumi
nium.
Lorsque le manganese remplace le fer dans le 
C2F il prdsente toujours, dans les solides 
trempSs dans 1'air, un degre d'oxydation moyen 
superieur ä trois.
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Granularity Influence of Limestone and Quartz 
on the Reactivity of Cement Raw Material

Influence de la finesse de broyage du calcaire et du quartz 
sur la reactivite du cru ■

S. CHROMY, RNDr, CSc, Research Institute of Building Materials, Brno, CSSR (Tchecoslovaquie).

RESUME : On a utilise une methode cinetique basee sur I'analyse microscopique des phases de 
clinkers cults isothermiquement ä la temperature de 1400oC et de farines de matiere premiere 
ne differant que par la teneur en grains de calcite ou de quartz plus grands que A-Op m. On a 
montre la dependance lineaire de la reactivite avec la valeur inverse du carte du rayon de la 
particule moyenne de calcite, en definissant cette valeur moyenne, comme celle qui a 25 % de 
grains plus gros. On a determine une dependance analogue pour la grandeur medlane de la parti
cule de qdartz contenu dans la farine de matiere premiere. Seuls les grains de calcite les 
plus grands donnent naissance aux amas de grains de CaO libre; et d'une matiere analogue, les 
grains de quartz les plus grands donnent naissance aux amas des grains de bellte.

Aux correlations cl-dessus correspond la similitude geometrique de la reaction des amas de CaO 
et de bellte libres dans le processus de formation de 1'alite, qui Joue un role decisif du 
point de vue de la reactivite. Pour les farines de matiere premiere de meme composition chimi- 
que, et dans lesquelles tous ,le SiO^ se trouve sous forme de quartz, la reactivite est inver- 
sement proportionnelle au produit des rayons medians de calcite et de quartz.

SUMMARY : The reactivity of a series. of raw meals, differing only in the calcite or quartz
grain contents larger than 40 ,um, was determined by a kinetic method based on quantitative 
microscopic phase analyses of'clinkers isothermally fired at 1400°C. It was shown that there 
exists a linear relationship between the reactivity and the reciprocal value of the square 
of the average calcite partigle radius, if the size of the average particle is determined 
employing 25% of the coarsest calcite particles. An analogical dependence was determined 
for the average particle size of all the quartz in the raw meal. Only from the larger calcite 
grains there are formed agglomerations of free CaO grains and similarly the agglomerations 
of bellte grains are formed from larger quartz grains. To the above relationship corresponds 
Hrnr««t»iC^ !XmilariIV ° ^he reactions of the free CaO and belite agglomerations in the 
process of alite formation which is decisive from the point of view of reactivity*  For raw 
meals of the same chemical composition, in which all the SiO„ is in the form of quartz, the 
sausr^ f r=ir^eLllnaarly Wlth the reciProcal valtje the product of average diameter 
squares of calcite and quartz. 3



INTRODUCTION
Large limestone and quartz grains are the 
source of chemical inhomogeneity in the 
clinker formation process and therefore 
their size is one of the main factors of the 
raw meal reactivity. On rapid heating there 
occurs simultaneously with the formation of 
the liquid clinker phase at a high rate the 
formation of bellte, during which there are 
reacted the fine fractions of free CaO and 
all the SiO„. Out of the larger quartz 
grains there are formed belite agglomer
ations with the increased contents of more 
acidic interstitial melt. The agglomer
ations of free CaO grains left for the re
action of alite formation are formed from 
the originally largest limestone grains 
(1,2). The following reaction C + C-S = C-S 
is a slow process of free CaO and belite 
dissolution and alite crystallization, con
trolled by the diffusion of CaO in the 
■liquid phase, and its rate can be described 
by the modified Kondo and Choi equation 
(3.4)

(i- V i-oc) = .22.-.24.c.-y B Kt■= r(o6) /i/ 

o
where . oh = degree of conversion of free CaO 

. in the reaction C + CgS => C^S
D =-. diffusion coefficient of CaO in 

the liquid clinker phase
AC = CaO concentration gradient in the 

reaction zone
y = liquid phase quantity in the 

clinker
r = radius of average sized free CaO 

0 agglomeration in the reaction 
C + C2S = C3S

K = rate constant of the reaction 
t = duration of isothermal firing 

With regard to the great difference in the 
rate of the two following processes, the 
raw meal reactivity (Rm) can be determined 
as the relative value of the rate constant 
of the kinetic description of the second 
reaction (3)

Rn = /2/

/3/

where K*  = rate constant of the reference 
raw meal.After the elimination of the 
influences of the liquid phase quantity and 
lime saturation onto the rate constant (3), 
it is possible to determine simultaneously 
also the "reactivity of the raw materials 
source" (Rq)

K" r 2
°C

Rq = ----------- K-
K"orA 3 °S

where K"s » rate constant of the reference 
raw meal 

r = radius of an average sized CaCO, 
°C particle for the reaction

' C + C„S = C,S(approx. 25% of the 
coarsest particles)

r = analogically for the reference raw 
°S' meal.

Through a change in raw meal granulometry 
there is changed the rate of clinker for
mation (Rm), but the value Rq does not 
change, as long as jointly ground identical 
raw components are employed. The above ki
netic methods for the determination of the 
reactivites can be utilized for an objec
tive influence assessment of the size of 
limestone and quartz particles onto Rm. The 
information obtained represents a pre
condition for a simplified reactivity as
sessment and can be utilized also for in
fluencing the reactivity of cement raw 
materials.
ftAW MEALS
As raw components there were employed 
coarse-grained natural calcite, quartz, 
AIaO- and Fe20,. All raw meals had an iden
tical chemical"5(Table I) as well as. mine
ralogical composition, and differed only in 
their contents of calcite (C 1-0 6) or 
quartz (S 1-S 6) particles larger than 4Qum 
(Table II). The OS raw meal was prepared1' 
only from components that passed through 
the 4C/Un sieve.
TABLE I Chemical composition of raw meals

Ignition 
loss

SiO2 A12°3 K
) 

O
CM 

<D
Ik . Ti02

34,61 13,86 3,97 2,33 0,01
Ignition 
loss

Caö MgO k2o Na20

34,61 43,66 1,32 0,02 0,06

The granulometric composition of the frac
tions was determined, with the exception of 
the 90-200.um fraction, by the Coulter 
Counter Method and the average particle 
sizes (Table III) were calculated as the 
geometrical mean value from the relation
ship

log dy = E pi . log dj, /4/

where d = cross section of particle 
p = mass of fraction.

For the 90-200,urn fraction was carried out 
a partial sieve analysis and for the aver
age grain size of the individual fractions 
was taken the arithmetic mean of the mar
ginal values.

TABLE III Average grain sizes of the 
calcite and quartz fractions

Fraction(zum) 0-40 40-63 63-90 90-200
d - calcite 20,03 54,65 72,61 67,00
d - quartz 20,33 51,37 74,42 68,00
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The average raw meal grain sizes were 
computed from the values listed in Table III 
and from the cumulative curves of fractions 
according to equation /4/ cn the basis of 
values in Table Ilj  

"TABLE II Contents of limestone and quartz sieve fractions in the raw meals

CALCITE QUARTZ

Fraction(zum) C 1 C 2 C 3 C 4 C 5 C 6 S 1 S 2 S 3 S 4 S 5 S 6

0 - 40' 71,22 71,22 71,22 76,22 66,22 61,22 7,65 7,65 7,65 9,65 2,65 —

40 - 63 10 5

63 - 90 10 5 15 20 5 3 10 12,65

90 - 200 10 5

RESULTS
In accordance with the methods for the de- 
terniration of reactivities (3), from each 
raw meal clinkers were fired with an ef
fective isothermal holding period at 
1400öC of 1.6 and 5.6 minutes. The clinkers 
were subjected to a quantitative micro
scopic a'nalysis (5) and the reactivities 
listed in Table IV were computed. 

- - 

Table IV Reactivity (Rm), conversion (04 = ------------- ) of experimental firings and ratii
CjS max

of average calcite (rQ ) and quartz (r0 ) particles in raw meals

cs C 1 C 2 C 3 C 4 C 5 C 6 CS S 1 S 2 S 3 S 4 S 5 S 6
Rm 3,03 2,44 2,00 1,34 2,37 1,61 1,29 3,03 1,92 1,01 0,74 1,81 0,41 0,25
Rq 0,46 0,47 0,50 0,47 0,43 0,53 0,55 0,46 0,40 0,24 0,21 0,38 0,13 0,10

1.6 0,668 0,649 0,591 0,586 0,644 0,591 0,578 0,668 0,525 0,508 0,451 0,598 0,344 0,244
5.6 0,883 0,850 0,806 0,751 0,845 0,776 0,743 0,883 0,779 0,681 0,614 0,794 0,489 0,384

r*  o£/um) 18,38 20,66 23,47 28,13 20,2 27,11 30,91

r0(/™) 
q •

10,16 14,67 16,97 21,53 13,82 28,33 37,20

The dependence of the reaction grade (ofr) 
expressed as the ratio of the alite quanti
ty in the clinker to is maximum possible 
quantity is shown ir. Fig .1,and the depen
dence of Rm on the average particle sizes 
in Fig. 2.
A satisfactory linearity of the dependence 
of the raw meal reactivity (Rm) on 1/r 2, 
assumed from equation /I/, was obtair.e8 for 
the determination of the average particle 
size from 25% of the coarsest particles of 
the raw meals C 1-C 6, and for the raw meal 
series S 1-S 6 for the determination of the 
average particle size of all the quartz in 
the raw meal (Table IV,Fig.2). The elimi
nation of granulometric differences in raw 
meals with coarser calcite is therefore ef
fective and for considerable differences in 
the Rn values, the differencies in the raw 
materials source reactivities (Rq) are 
slight (Table IV). The quartz granulometry 
is a factor of the raw materials source re
activity and therefore both reactivity val
ues in raw meals with coarser quartz partic
les are changing concurrently. An analogy 

of the dependence of Rn cn the size of cal
cite and quartz particles (Figs.1,2) points 
to a geometrical analogy of the belitic ag
glomerations degrading process with the dis
solution of free CaO agglcmerations. A dif
ferent slope of dependence lines in Fig.l 
may be caused by a different size of the 
belite and free CaO agglomerations formed 
from equally large calcite and quartz grains 
Microscopic studies have shown that in the 
reaction course of the isothermal alite for
mation in the clinkers C 1-C 6 there is - 
formed rapidly a homogenous belitic environ
ment, in which the free CaO agglcmerations 
are reacting (Fig.3).This corresponds to the 
geometrical model of equation /!/, the free 
CaO grain agglomerations being somewhat 
smaller than the original calcite particles. 
On the contrary, on heating the raw meals of 
the S 1-S 6 series are formed very rapidly 
belite agglomerations after larger quartz 
grains, whereas the free CaO is uniformly 
scattered (Fig.4), The degradation process 
“„hese agglomerations through an internal 
CaO diffusion is a geometrical analogy of



Fig. 1 - Conversion change with the quantity 
of coarse CaCO, ( O ) and quartz (  ) pai- 
ticles , isothermal firing of raw meals C 4
C 6 and S 4-S 6, 1400 C, 1.6 and 5.6 mi
nutes .

Fig. 2 - Change of reactivity (Rm) with the 
size of the averace calcite and quartz par
ticle. e-CS, C 1-C 6, ■ -CS, S 1-S 6.
the Dander and Ginstling-Cronstein model, 
and for the description of its rate for 
lower conversions there can also be em
ployed equation /I/.The volume of the be- 
litic agglomerations is more than three 
times as large as the orltinal quartz 
grains and the largest agglomerations are 
only being partially reacted, since they 
represent the source of residual belite,es
pecially in clinkers with a lower lime satu
ration. •
From Fig. 5 can clearly be seen the linear 
dependence of Rm on the reciprocal value of 
the products of squares of average

F:.c. 3 - Free CaC agglomerations in C 2 
clinker, firing at 1400t'C, 1 minute. Phases 
according to blackening of photograph : 
Interstitial mass, free CaO, alite ,belite . 
Lage homogenous area - epoxide. (CH,COOH 
vapour)

Fig. 4 - Belite agglomerations in S 5 clinker, 
firing at 1400°C, 1 minute. Phases same as 
in Fig. 3.
limestone and quartz particle radii that 
have been determined as described above. 
This dependence holds true only for raw 
meals ®f identical chemical composition in 
which all the SiO2 is in the form of quartz. 
Since in industrial raw meals the ratio 
SiO_/quartz is always > l,it is necessary 
to take into account for the practical uti
lization of the above findings also the in
fluence of the quartz quantity onto the 
rate of clinker formation. The raw meal re
activity can be influenced only by the 
quartz grains which cause the formation of 
such local Si0o concentrations in the be- 
litic clinker that hinder "the following 
alite formation process. With intensive 
heating, this effect of the smallest quartz 
particles is suppressed already in the 
course of the formation of the liquid phase, 
and therefore there exists a critical size, 
below which all forms of SiO_can for prac
tical purposes be considered^as approxima
tely identically reactive. This fact has 
been established already in previous in
vestigations end the critical size can be 
found closely bellow 40,urn (6,7). Since 
the reaction mechanism of larger silica
tes grains as well as their influence 
onto the reactivity is analogical to 
quartz,it is possible to propose a



simplified method for the determination of 
the raw meal reactivity on the basis of 
sieve, analyses of the raw meal',, the in
soluble residue and the chemical composi
tion :

Rm'= ----- =---------- 5------------------ - /5/
r . r . CTS max S 
°C °Q 3

where L = computed liquid phase quantity
in the clinker
C,S  max ■ computed equilibrium C-S content 

in the clinker
r = average particle radius out of 

°C 25% of the coarsest raw meal 
particles

r = average particle radius of the in- 
°Q soluble residue of the raw meal 

in HC1
S = expression value in the brackets 

of the equation /5/, computed for 
the reference raw meal.

The influences of the liquid phase quantity 
in the clinker and of C,S max onto the re
activity of the rav/meal are well known (8, 
3), and in the course of the assessment of 
the insoluble residue the average grain size 
is determined experimentally only for the 
rest on the 40,urn sieve, and for the com
putation of r0' there is assumed an average 
grain size of ?he remaining SiOg dQ 40=2O urn. 
The proposed method for determining the re
activities of raw meals neglects the in
fluence of side admixtures and is loaded 
with the systematic error of the differences 
between the actual and calculated contents 
of alite and the liquid phase and the sim
plified assessment of the insoluble residue. 
It is therefore suitable especially for in
vestigating the reactivity of raw meals 
prepared from components out the same ' 

locality, i.e. for solving the problems of 
a cement plant, in the laboratory of which 
it can easily be realized.
CONCLUSION
The reactivity of the cement raw meal 
decreases linearly with the reciprocal 
value of the product of the squares of the 
average calcite and quartz grains. This 
relationship, together with certain findings 
concerning the mechanism of clinker for
mation, hape made it possible to present a 
simplified method for the operational de
termination of reactivity which can be re
alized in cement plant laboratory. The re
activity is determined from the chemical 
composition of the raw meal, its sieve 
analysis and the sieve analysis of the 
insoluble residue.
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Thermodynamics of closed systems applied 
to the annealing of clinker

Thermodynamique des systemes cfos appiiquee ä la cuisson du clinker

M. SHULTZ, Academician, Institute of Silicate Chemistry of the Academy of Sciences 
of the USSR, Leningrad, U.R.S.S.

RESUME : En thermodynamique, 11 a etc convenu d'appeler "clos" des systemes dans lesquels les 
processus se developpent sans echange de matlere avec le milieu exterieur; c'est a dire dans 
des.conditions d'isolation materielle. Dans la cuisson du clinker de clment, 11 y a des stades 
appropries qui, quoique approximativem ent, peuvent etre assimiles aux processus ayant lieu 
dans les systemes clos. Nous voulons parier des reactions de formation des mineraux et des 
processus de redistribution de matiere entre les phases qui continuent de se developper apres 
I'achevement de la deshydratation et de la decarbonisation, suivant les variations de la tem
perature dans chacune des zones du four.

Malgre le fait que, dans les conditions reelles, les etats d'equilibre ne sont pas att-eints, 
une consideration thermodynamique permet de mettre en evidence les directions essentielles 
les plus probables de developpement des processus a la cuisson’ du clinker.

Dans cette communication deux questions correlees sont considerees. En se basant sur des con
cepts thermodynamiques generaux, 11 a ete montre comment les changements de temperature in- 
fluencent les compositions des phases du clinker (les phases liquides et solides), pour une 
composition atomique donnee du Systeme, et en cas d'isolation materielle.

Dans la deuxieme partie de la communication une etude est faite, par la methode,des "series 
isomolaires" sur la stabllite relative des combinaisons des systemes Ca0-5102,CaO-AljO,,MgO- 
SiOz dans des conditions isothermiques et Isobariques, les oxydes dont sont constituesJles 
clinkers etaient, dans cette etude, dans les memes proportions que dans les diagrammes de 
phase habituels bien connus.

SUmUBY : In thenaodynanlcB it la cuatonary to call "cloeed" the ayatema in which the pro- 
ceaaea develop without exchange of material with the outer medium, i.e, under conditiona of 
material laolation- During the annealing of cement clinker there are appropriate atagea 
which, although approximately, can be attributed to the proceaaea taking place in the closed 
ayatema. We mean concretely the formation reactions of minerala and the redistribution pro- 
ceaaea of the material between phases which continue to develop also after the completion of 
dehydration and decarbonization in accordance with changing temperature in each zone of the 
cement kiln.
Despite the fact that under real conditions the equilibrium states are not attained, a ther- 
modynamiq ■ Mneideration permits to reveal the moat probable basic directions of the deve
lopment of proceaaea during annealing the clinker.
Two interrelated queationa are dealt with in the present paper. When solving one of these 
questions on the basis of general thermodynamio concepts, we tried to show how the tempera
ture changes influence the compoaitiona of the coexisting clinker phases (liquid and solid 
aolutiönäy at a given brutto-compoaition of the system, what corresponds to the conditiona 
of material laolation.
In the second part of the paper a consideration la given, using the method of "isoeolar ae
ries*,  of the relative stability of compounds in the ayatema CaO-SiO2, Ca0-ll20-, Xg0-S102 
under iaothermal-iaobarlc conditiona and at either but at a given maea correlation of the 
constituent oxidea of clinker minerals with respect to the known phase diagrams.
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IKPLÖBHCB OP TEÖHRATURB ON PHASE RELATIONS 
IN THE CLOSED SYSTEMS
A theieodynamio consideretion of the hete
rogeneous systems includes as a base, along 
with the principles of equilibrium and con
ditions of its etability, the concept of 
phase as combination of complexes of bodies 
the equilibrium properties of which can be 
described by the general theieodynamic equa
tion - an equation of phase» By Gibbs, the 
latter can be represented as follows:

SrdT - v^dp ♦ ^mJdM, • 0 (1)
i-1 1 1

where Sr and •rr are the entropy and the vo
lume of the phase$ mf is the mass of each 
of the components of^phase V_; T.p.M, are 
the temperature, the pressure and the chemi
cal potentials, respectively; r is the in
dex of phase. By solving the system of equa
tions (1) for two phases, the generalised 
differential Van-der-Waals equation is ob
tained which is considered in detail in /2/ 
and written as follows:

|1dT - v12dp + X (^-xJjG^dx] -0 (2)

12 12where Q and v are the thermal and vo
lume affects of phase transformation; x, 
and x. are the mole fractions of i-compo - 
nentsxin the solid and liquid phases, res- 
pttctivsly $

/ x 2 \ 1I is the second derivative 

of the Gibbs free energy by mole fractions 
of components in the phase. The symbols of 
phases and 7g are then introduced. 
Equation (2) is written in the variables of 
the composition of phase 7«; analogous equa
tion can be written in the'variables of 
phase 7g.
At full description of the equilibrium pro
cesses in the heterogeneous systems, the 
following equalities are also taken into 
consideration /2/:dp1 \ / ?)G2 \
dl xT*)  ■ I (3)

VdXi / T.p.Xj ] T.p.Xj

( 1 - 1......... n-1 )
which are reduced to the form

I \ T ■■(  ■<" T") dP  V sLdx,! ■ W/ 1^1/ “ k* *
. ■/ ^v2\ ,

+l dp *
V dxi/ I ^4) k-1

Sm^MteTfil't^ ^Sepeudent equations 
i-’T ? ,' together with equation f21is established using the nha«» Xh. equal to pnaae rule and is
tlone f2l and o^oeed systems, equa-

x].' * .p - - «.-t (5)
m' + ar ■ m° ■ const

where m? and m2 are the masses of phases 
7, and Vo; m? is the full mass of i-compo- 
ndnt; m° is The full mass of the system. 
Differentiation of the system of equations
(5) leads to the following expressions: 

m1dx^ +m2dx^ - (x2-x])dm] (i«1,...n) (6)

A consideration of combination of equations
(2),(4),(6)  often leads to rather bulky 
and difficult for interpretation expressions. 

However, as it follows rrom the works of Bi- 
lippov /3/, the representation of the appro
priate systems of equations in the form of 
vector expressions permits to easily draw 
rather clear and visual conclusions. To this 
purpose, vectors of phase compositions (or 
generalised vectors of the directions of 
changes in phase composition), dx,, are int
roduced as well as vectors of tie-lines 
(xo-x») connecting the figurative points of 
the coexisting phases V, and Vp» The concent
rational space is represented In the metrics 
of Gibbs free energy; operators G, and G
are introduced to which the matrices | r 
(r-1,2) correspond; and finally, use is1  
made of the general expressions for the con
centration, gradient a of the entropies of 
phases V s' and VS . This results, as dis
cussed in detail in /3-6/, in the following 
expressions for isobaric conditions: 
m1dx1 + m2dj^ - (xg - x^dm1 (7)

*

*

G1dx1 -VS^T « Ggdxg -Vs2dT (8)
- x3)G1dx1 - [s1- S2-^-!,) Vs1]dT (9) 

After making several transformations of the 
system of equations (7)-(9) and after intro
ducing the additional term - the concentra
tion gradient of the entropy of the hetero
geneous system as a whole, VS, (the proper 
entropy of the heterogeneous system is ex
pressed as S • S m'+ 8 m^) one obtains, as 
shown in the following expression
characterizing the influence of temperature 
on the composition of one of the coexisting 
phases, e.g., of the phase 71 ;

dx. , 
G1----- - VS1 - VS (10)

dT
Scalar product of -equation (10) by the vec
tor e, lying at the tangent to the isotherm- 
isobaf of phase V, (the straight line T-(7,- 
7g) in Hgure 1) Jives ? 1

®1G1“~ ■ ^(Vs1 - VS) (ii)dx
The left part of equation (11) is a projec- 

dx.
tion of vector ‘ • against, the tangential 

With vector values the phase index stands



vector and characterizes the shift of the 
composition of phase V1 in relation to the 
primary position or, in other words, the 
motion of the end of the tie-line (or its 
turn) with the isobaric change of tempera
ture (Figure 1). -

Fig. 1 - Change in position of the isotherm 
-isobar and of the tie-line in the closed 
system V^-Vg with changing temperattire.

As seen from equation (11), the direction 
of the vector of the tie-line turn at the 
fixed brutto-composition of the system is 
determined by the correlation of projections 
(in a common sense) of the entropy gradients 
of phas^ V- and of the system V.-Vp against 
vector e.£fj(V,-Vp) or, what is the same, 
by the correlationof the corresponding con
centration derivatives. Actually, it can be 
shown that

'e1( VS1-VS) V (12)
k^i^

where xJ is the mole fraction of i-compo- 
nent irr the phase V- and x. is the brutto
mole fraction. The following general con
clusion can be formulated: If the difference 
of the derivatives characterizing the entro
py change of the phase V1 and of the system 
V.-Vp in the direction oi vector e1€!-(¥-- 
Vp) tangential to the isotherm-isobar1is1 
positive, then with isobaric increase in 
temperature of the system the shift of com
position of phase V. and consequently the 
turn of the tie-line will occur in the di
rection of vector e^, and on the opposite- 
Let us note that in a particular case when 
the tangents and the isotherms-isobars of 
the coexisting phases are parallel (such a 
case will be dealt with somewhat later), the 
following equation can be obtained:

e^Vs'-Vs)

Due to the equilibrium conditions which are, 
in particular, expressed by equality (3), 
the differences of the entropy derivatives 
in equations (12) and (13) can be replaced 
accordingly by those of the enthalpy deriva
tives by concentration attributed to the ab
solute temperatures. The correlations consi
dered here are of special Interest for such 
cases when the coexisting phases are of va
riable composition. D»ring the annealing of 

clinker one often deals with the cases when 
many phases of variable composition enter 
Into interaction ae the clinker phases re
present different solid solutions. However, 
there is a paucity of concrete data on the 
compositions of coexisting phases.
As it follows from /7/, two equilibrium so
lid solutions, (MgO,FeO)SiOp and (MgO,FeO)2 
SiOp, form in the MgO-FeO-SIOo system for 
which, although schematically^ the positions 
of tie-lines are given for different tempe
ratures. Based on these data to illustrate 
consequences (12) and (13), we show in Fi
gure 2 how the temperature influences the 
position of one of the tie-lines connecting 
the figurative points of two solid solutions 
(MgO,FeO)SiO? - phase V1 and (Mg0,Fe0)2S102 
- phase V2.

Fig. 2 - Positions of tie-lines of two- 
phase equilibria of the solid solutions 
(MgO,FeO)SiOn and (MgO,FeO)9SiO9 in the 
Mg0-Fe0-S102^8y8tem at 955 and<i1250oC.

As follows from Figure 2 and equations (12) 
and (13), the entropy and enthalpy deriva
tives by concentration in the equilibrium 
phases are larger for phase V- than for 
phase V2, but they are probably rather close 
in value.
It should be noted that the results given 
above are first of all of practical signi
ficance serving as strict (precise) thermo
dynamic criteria of the reliability of ex
perimental data. It is obvious that ■ such 
criteria are quite necessary for experimen
tal investigations of the systems of re
fractory oxides. This will be evidenced, in 
particular, by the material to be discussed 
in the next paragraph.
RELATIVE STABILITY OF COMPOUNDS FORMIHG THE 

MIHERALS OF CEMEET CLINKER
One of the main questions of the thermody
namic consideration of the formation pro
cesses of clinker is that concerning the 
most probable reactions of mineral formation 
under given particular conditions. This 
question is often answered by comparing the 
values of the Gibbs free energy decrease 
for different reactions and by asserting 
that the process with the greatest decrease 
of this function will be most probable. 
However, the mass correlations of the par
ticipants of the process should also be 
.taken into consideration, as shown on many 
examples by Mchedlov-Tetrossian et al /8/.



Long ago Shehukarev /9/ came to the conclu- 
eion that if in a system of two different 
elements a series of compounds is formed, 
then the thermal effects of compounds for
mation calculated per one gram-atom (in the 
total).represented graphically as a function 
of composition should be described by smooth 
curves without sharp inflections« This con
cent was illustrated by many examples} for 
oxide systems they are given in /10/. The 
analysis of the above-mentioned generaliza
tion af experimental data leads to the con
clusion that under certain conditions these 
data can be regarded as consequences of the 
principle of equilibrium stability developed 
in the most complete and strict form by 
Gibbs /I/, if the concept mentioned is rela
ted not to enthalpy but to free energy /II/« 
We shall not concern here the details of the 
imown conceptions but remind only of the 
■f^nmring- in the most general form the con
ditions of equilibrium stability are ex
pressed by the inequality

..........-n>° (14)

where A E is the internal energy of the sys
tem; s is the entropy; v is the volume; 
m1,.««, are the masses of components. 
The fulfilment of inequality (14) is a ne
cessary and sufficient condition for equi
librium stability with respect to any arbit
rary changes of the state. This inequality 
means that under indicated conditions (at a 
given mass of components included), if the 
system is in the state of stable equilibri
um, any change of the state which disturbs 
the equilibrium should be accompanied by an 
increase of internal energy. Pot the iso
thermal-isobaric conditions, analogous con
cept is applicable to the standard Gibbs 
free energy, i.e. under given conditions 
for.a system being in the equilibrium state, 
the following inequality should be fulfilled

<AG,1,P..)...........V?0 (,5>
at all changes which disturb the equilibrium 
of the system. Getting off the point let us 
note that inequality (15) can be used to de
rive the following requirement for the sta
tes of stable equilibrium}

[d Gtxp..., xn_i)]T>p^O (16)

(if the composition is expressed in mole 
fractions).
for the states of stable equilibrium, in
equalities (15) and (16) require that in 
graphic representation the surface of the 
free energy would be prominent in relation 
*?♦« °2??ldlna?e 8X68 of the system compo
sition. This principle is widely used in the 
study of solutions, i.e. at a continuous 

composition. In the form of inequa- 
I*  to the series of

compounds fonned by the same substances 
which enter into interaction in the diffe- 
thAt ?r>?2rtlona* Ihe only Peculiarity iB 

C?Be a comparison of states discontinuous in composition is made, as

Pig. 3 - Free energies of formation of 
stable compounds in the system A-B. Compo
sition is given in mole fractions of B (Xy).

This figure is drawn in such a way that 
each compound is stable with respect to the 
decomposition into any other compounds be
ing formed in the system. The point is in 
what concentration range the brutto-compo- 
sition of the mixture liest in one range 
some pairs of compounds are stable, in the 
other the different ones. This principle 
extends also to more complex systems where 
the number of coexisting stable compounds 
is determined by the phase rule. Without 
drawing such a diagram or without an appro
priate numeric calculation one cannot be 
sure that the experimental or calculated 
data are consistent with thermodynamic re
quirement of stability. Recently, for 
example, analogous diagrams were used to 
the same purpose in /12/. Graphic represen
tation is not always convenient but it can 
be replaced by appropriate calculations. 
Any complex compound which can be composed 
of "n*  less complex compounds or simple sub
stances will not decompose into them, if the 
following inequality is fulfilled:

xxAg* - Ag*]  Tip > 0 (17)

where x- is the fraction of the compound 
chosen as component of the conplex compound; 
ACT is the free energy of the component (or 
of the compound); A G*  is analogous value 
for the complex compound calculated per one 
mole of the total amount of interacting sub
stances. In all cases the values o GV and 
Ag* are obtained by dividing the molar 
free energies of compounds formation by the 
total number of particles farming the com
pound (A G^ ■ ; A G*  - ).

Let us turn our attention to several parti
examples and consider first of all 

the data for one of the major systems of in— 
.terest to the technology of cement, namely 
for the CaO-SiOg system. Several compounds 



form in thia systemt C-S, C2S, CoS2,CStthe 
thermodynamic data for^whicn are^reported in 
/8/ and presented in the well-known phase 
diagrams /13» p.33/« The thermodynamic data 
were used to draw figure 4 which shows the 
composition dependence (in mole fraction of 
SiO2(Xs>) of the free energy of compounds 
formation calculated per one mole of the 
total oxides (AG*).

Pig. 4 - Free energies of formation of the 
oxide compounds din the CaO-Si^ system as 
a function of mole fraction of^SiO«. The 
temperatures are 298K, 1300K, 1700K.

Is seen from Figure 4» only two compounds, 
CgS and CS, show consistency with require
ments of stable equilibrium given by inequa
lities (15) and (16). At all temperatures 
indicated in the figure the compounds'C^S 
and 'C-»S2 must decompose into pairs of com
pounds adjoining in composition. The compo
und C-S must decompose into CaO and C2S, 
and C«S2 into C2S and CS. However, the com- 
pound^C^S owingto the small difference ef
fect of^the free energy decrease according 
to equation (17), which apparently lies wi
thin the limits of experimental error, is 
probably located somewhere at the stability 
boundary as regards the process of decompo
sition into phases CaO and (Ca0)2SiO2. It 
should be noted that we have no aata^which 
would permit to attribute the phases C-S 
and C-S- to metastable phases. To this13 end, 
it would be*necessary  to obtain and study . 
the stability of solid solutions based on 
C-S and C-S- at variable contents of CaO and 
SIO2 in thefl.
If one turns attention to the corresponding 
phase diagram for the CaO-SiO2, it will be 
possible to attribute all compounds shown in 

Figure 4 to equilibrium compounds and ass
ume that all of them should coexist in equi
librium with the adjoining in composition 
compounds without decomposition over the tem
perature range studied, except for C-S below 
1250°C. It ought to be concluded that ther
modynamic data for this system do not agree 
fully with the phase diagram. Further check
ing of thermodynamic data and probably a 
more critical evaluation of results given in 
the phase diagram are needed.
The slowing down of the processes in solid 
bodies is probably responsible for the for
mation of unstable compounds which are pre
sented in the diagram along with stable com
pounds. However, to draw final conclusions, 
further precision of the experimental data 
discussed here is needed.
Analogous conception can be related to ano
ther system of importance for the technology 
of cement: Ca0-Al20-. Figure 5 which was 
drawn using data cf^paper /8/ shows the de
pendence of the free energy of foxmation of 
the calcium aluminates calculated per one 
mole of the total oxides on the mole frac
tion of AlgO^ in the compound.

Fig. 5 - Free energies of formation of the 
oxide compounds in the Ca0-Al20- system as 
a function of mole flection or -?SiO2. The 
temperatures are 1000K, 1500K, 1800 a.

As it is obvious from Figure 5 and condition 
(15), the compound CA is unstable with re
spect to the process of decomposition into 
compounds Cl« and C--A- adjoining in compo
sition at temperatures’of 1500 and 1800K. 
But if we turn our attention to the corres
ponding well-known phase diagram /13,p.210/, 
we shall see that in the temperature range 
considered in Figure 5 all the compounds

s



shown are equilibrium in themeelves and can 
coexist with the adjoining compounds. Obvi
ously, there is also some contradiction here.
Finally, to complement the picture under 
discussion, data on the MgO-SiOy system are 
presented in Figure 6. Here also in contra
diction to the appropriate phase diagram 
/13, p.28/, the compound MS is unstable.

Fig. 6 — Free energies of formation of the 
oxide compounds in the MgO—SiO^ system as 
a function of mole fraction of^SiOg. The 
temperatures are 1500 and 1800K

Hany examples could be given to illustrate 
the point when the phases are presented in 
the diagrams as equilibrium whereas by 
thermodynamic properties they should be 
attributed to unstable phases. The indica
ted facts, firstly, set the task of a si
multaneous study of phase diagrams and 
thermodynamic functions of formation of the 
compounds and solid solutions. Together 
with this, it is apparently of great scien
tific interest and of practical significance 
to develop concrete quantitative characte
ristics of the thermodynamic non-equilibri
um "freezed" solid phases and to study the 
factors of stabilization of the non-equi
librium states.

COHCLUSIOBS
Further development of the physico-chemical 
bases of cement technology implies the dee
pening of concepts in the field of thermo
dynamics of the heterogeneous processes and 
accumulation of appropriate data. It also 
sets the task of a critical analysis of 
thermodynamic data on the compounds forma
tion in cement clinker and of the appropri
ate phase diagrams. It is necessary to co
ordinate both data with respect to the 
equilibrium stability of the phases of ce
ment clinker. ’
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Fonction generalisee de clinkerabilite

Generalized clinkerability function

P. GOMA, docteur es sciences chimiques. Laboratoire de zone de Catalogne, Asland S.A., Espagne.

RESUME : On a etabll une methode pour determiner les temperatures de clinkerisatlon des crus 
de clinker portland ä partir des courbes de 1'abaissement de la teneur en chaux libre en fonc
tion de,11 augmentation de temperature jusqu'a 1.600°C dans une calcination dans des conditions 
controlees proches de celles d'un four reel.

Cette methode, qui a deja ete employee par des auteurs precedents, est associee icl, pour la 
premiere fols, ä une nouvelle methode d'analyse chlmique absolue due ä l'auteur. Elie elimine 
les erreurs encore inconnues dans le procede gravlmetrlque tradit^ionnel pour la determination 
de la silice ou dans ses variantes.

L'exactitude et la reproductlvite ainsi obtenues. ont permis de.voir 1'influence quantitative 
des variables qui influent sur la temperature maximum necessaire pour la clinkerisatlon des 
crus industriels.

On etablit une fonction generalisee qui donne le degre de clinkerabilite des crus.

Son application aux crus, dans un processus concret, permet de connaltre indirectement, en 
fonction de la chaux libre obtenue, la temperature maximum äquivalente qu'a atteint le mate- 
riau dans la zone de clinkerisatlon et d'evaluer indirectement le degre de concbntrati.on de la 
combustion obtenue, equivalent ä la valeur de I'echange "flamme-cllnker".

SUMMARY: We establish a method which can be used to determine the clinkerability temperatures of portland 
clinker raw mixes from the curves corresponding to the mowering of the free lime value depending on the 
temperatura up to 1.600°C by means of bumability under controlled conditions similar to those of a given 
kiln.

The base of the method, which has been used by other former authors, is combined here for the first time with 
a new method of absolute chemical analysis for the gravimetric determination of silica due to the author which 
avoids errors which are still unknown in the traditional gravimetric process or its variants.
The accuracy and reproducibility obtained in this way have allowed us to see the quantitative influence of 
the variants which affect the burning temperature maximum that it is necessary for clinkerizing the indus
trial raw mixes.

Its application on the raw mixes in a concrete process alow to determine indirectly, in relation with the 
free lime obtained, the maximum equivalent temperature reached by the material in the zone of clinkerization 
and to know indirectly the concentration degree of flame reached,’equivalent to the "flame-clinker" inter
change value.



I- Difficultes a surmonter pour^connaltre le degre 
d^optiaisation energetique d'tme installation 
de clinkerisation.

^utilisation energetique d^une installation depend 
de deux facteurs inportants: de la valeur des pertes 
de chaleur de 1'‘ensemble de 1 installation et de la 
valeur obtenue au moyen des transmissions de chaleur 
au laateriel au cours de ses trois etapes principales 
,celle de I'echangeur.et dans le four.celle des zones 
de calcination et clinkerisation,etant cette derniere 
cells qui permettra d'obtenir.selon sa valeur, un ni
veau de qualite süffisant pour une production donnee 
et de laquelle nous parierens dans ce travail.
la valeur globale de ces facteurs est determines 

d'habitude par les bilans .thermiques bases sur des 
eesures thernodynamiques et physiques,mais ces mesu- 
res ne suffisent pas pour evaluer sans interference 
la valeur de l'echange entre la flamme et le produit 
syntherisant dans la zone de clinkerisation que nous 
appelons echange “flamme-clinker".
te degre de cet echange serait obtenu en connissant 

la valeur de la temperature du materiel dans la zone 
de clinkerisation en fonction du temps. Cela n'est 
pas possible dans la technologic actuelle,mais nous 
essaierons d'expliquer comment on peut determiner la 
valeur de cet echange en fonction de la temperature 
maximun qui est mesuree indirectament ä partir de ce 
qu'on appelle les courbes de combinabilite obtenues 
dans le laboratoire dans des conditions determinee.

La temperatura maximum du clinker depend- en quan
tity de combustible constante- du degre de concentra
tion de la zone de combustion obtenu dans le four,qui 
permet d'aumenter le nombre de calories et d'energie 
de radiation par unite de surface Interieure de la 
zone.

Le degre de concentration de la combustion depent 
des parametres de la combustion dans le proces et de 
la stabilite de son equilibre thermique.

Dans la practique du proces industriel,ces varian- 
tes .se cachent et interferent de. manifere qu'il n'est 
pas possible de conaitre avec certitude,de fajon sys- 
tematique, quel est le cru le plus approprie a une 
installation, quand il y a des conditions forcee,quel 
est le facteur qui limite la production dans chaque 
cas ou si celui-ci depend des conditions chimiques du 
cru ou physico-mecaniques de 1'installation. Ces di
fficultes empechent 1'ajustement energetique des ins
tallations industrielles.

Nous croyons qu'il est possible de connaitre, dans 
des conditions determinees que nous essaierons d'ex
pliquer, le degre de clinkerabilite d'un cru de fagon 
suffisamment exacte et reproductible et que nous pau- 
vons deduire de celui-ci la temperature maximun äqui
valente" que doit atteindre le cru dans la zone en un 
temps constant pour obtenir sa clinkerisation correc
ts avec une faible teneur en chaux libre et que cette 
temperature est,a son tour, une mesure de sa demands 
d'Snergie.

La connaissance de ces points permet de reperer le 
facteur qui limite la production dans chaque cas et 
trouver le chemin pour reussir a 1'aumenter.
,Nous nous basons dans le fait que le temps de clin

kerisation soit sensiblement constant pendant le pro
ces en equilibre et que des petites variations de sa 
valeur dans le laboratoire ne parviennent pas a ve
rier ou diminuer remarquablement le taux de chaux li
bre et si,au contraire, 1'augmentation sensible de la 

"temperature maximum atteite dans le matSriel" nous a 

permis de pendre comme Variante principals cette tem
perature pour les mesures que nous prenons au cours 
de 1'analyse du proces.

II- Jugement analytique des antecedents
Parmi les premiers travaux systematiques se trouve 

celui de HEILMANN (1) fonde sur la determination de 
. la teneur en chaux libre en fonction de la temperatu
re. Les temperatures employees ont ete de 1400 a 1500 
°C ce qui amene 1'obtention d'une chaux libre infe
rieure ä 2%. BLAISE(2) emploie des cycles de tempera
ture entre 1000 et 1450 °C et mesure l'aptitude ä la 
calcination comme 1'inverse de 1'integrale de la cour- 
be de chaux libre en fonction de la temperature. SU
LIKOWSKI (4) utilise des temperatures entre 900 et 
1400°C et definit la calcinabilite par des parametres 
arbitraires. KOCH (5) avec des temperatures de 1350
1450 °C propose un modele d'analyse statistique pour 
deduirela valeur de chaux libre en fonction de dix va- 
riantes. LUDWIG et RUCKENSTEINER (6) emploient une 
tempe'rature de 1350 °C et expriment la chaux libre au 
moyen d'une fonction exponentielle. CRISTENSEN (7)eta- 
blit par calcination a 1400°C une function pour dedui
re la chaux libre a cette temperature. KONDO (3) a u
tilise des temperatures entre 1100 et 1450°C et a de
termine le comportement de differentes matieres pre
mieres et RAUSCHENFELS (8) a resume une etude compara
tive de procedes.

Les temperatures employees dans tous les travaux 
precedents sont remarquablement basses par rapport ä 
celles qu'on a reellement "dans le materiel" dans les 
zones de clinkerisation des fours avec les crus d'au- 
jourd'hui.

Dans notre travail nous employons des temperatures 
plus hautes jusqu'a 1600°C du m6me ordre des reelles. 

Les reactions,en 1'absence" de phase liquide, ont une 
cinetique de reaction differente ä celle qu'on a dans 
la cristallisation par le rafroidissement de la phase 
liquide selon les etudes a partir des diagrammes de 
phase.et les composes formes,avant son apparition,son 
modifies en fonction de la tenperature maximum attein- 
te.

L'influence de la composition chimique sur le degre 
de clinkerabilite est la plus importante et dans sa 
determination on n'a pas tenu compte de l'influence, 
que les methodes choisies pour 1'analyse ont sur les 
resultats.a cause de ses limitations et d'erreurs en
core inconnues aux quelles nous nous rapporterons.

La solution d'avoir recours ä 1'analyse mathSmati- 
que par regression renfermera tous ces inconvenients 

^armi d'autres dont nous n'avons pas tenu compte,puis- 
que nous ne croyons pas qu'ils puissent fournir,d'eux 
-memes, de nouvelles connaissances sur la physico-chi- 
mie du procSs. "

Nous n'avons remarque aucune fonction qui rapporte 
le degre de clinkerisation a la temperature maximum 
reelle atteinte par le materiel,mais nous croyons 
qu'il est beaucoup plus interessant se referer de la 
valeur de la clinkerabilite a cette temperature pour- 
quoi nous croyons que ceci permet d'evaluer indirecte- 
ment le degre de l'echange "flamme- clinker".

Ill- Conditions pour reussir a ce que la temperatu
re de clinkerabilite soit reproductible et co
rresponds a la composition chimique du cru.

Le procede que nous proposons essaie de mesurer le 
degre de clinkerabilite par la temperature que le cru 
a besoin d'atteindre,pendant 25 minutes,pour reussir 
la valeur de sa chaux libre a 2% (determinee par la me
thode au glycol). 1

Le figure n°1 ci-dessous illustre la diminution de 
la chaux libre en function de la temperature maximum 



a temps constant sur des crus a different deg re de 
clinkerabllite. Les courbes cl-dessous ont ete obte- 
nues en laboratoire par calcination a differentes tem 
peratures jusqu'a 1.600°C

Fig. n’l Variation de la valeur de la chaux libre 
en function de la tenperature du materiel 
pour crus ci differentes temperatures de 
clinkerabllite

Les courbes experimentales 
nentielle de type general :

suiven une fonction expo-

1450-t

CaO libre*  = A. e [1]

oil les parametres A et a dependent du degre de clin 
kerabilite dans des marges etroit. Leurs valeurs dedui 
tes s'expriment dans le tableau I

TABLEAU I
T«C 1450 1500 1550 1600 1650 1700
a " 80 92 104 116 130 140
A 2,0 3,4 5,2 7,4 9,5 12,0

1- Exactitude et precision dans la determination de 
la composition chimique.

Il faut choisir les procedes d'analyse par le fait 
connu que differentes methodes d'analyse menent a des 
resultats differents sur une meme echantillon homoge- 
neise.CHALMERS (9). Quand il s'aglt de la determina
tion de la silice ,cette dispersion est encore plus 
grande,a la suite de lexistence d'erreus encore inco- 
nnues dans la methode classique traditionelle ou metho 
de reference. GOMA (10) et(11).

L'auteur a etudie cette methode de fagon systematl- 
que ainsi que le comportement des gels de silice ana- 
lytiques et a fait apparraitre les variantes qui pro- 
duisent le passage de silice au filtrage qui sont: 
l'insecurite de 1'insolubilisation et la temperature 
haute pendant 1'extraction (d'usage repandu et genera
lise); la basse concentration d'acide et le volume e
leve en elle-m^me et pendant les lavages ,tous s'em- 
ploient couranment. Par centre, 1'extractlon doit S- 
tre faite en froid avec aclde C1H 1:1 ,le volume mini
mum et lavage a eau froide seulement. L'insolubilisa- 
tion avec anhydride acetique et evaporation-a 160-i5°C 
•La teneur de la silice quipasse au filtrage,selon ce
tte methode se mesure en fonction du contenu en SiO2- 

L'emploi de ce procede;celul de methodes d'analyse 
pour 1'aluminium dont le r^sultat ne solt pas altere 
par des impuretes d'autres sesquioxides .silice phos- 
phor.etc comme per exemple la complexometrie par retur 
avec pyridine-azo-naphtol et l'emploi de la complexome 
trie pour la determination de la CaO et MgO, permetten 
d'obtenir les parametres Lsf,Ms,et Mf(Lsf-facteur de 
saturation en chaux,Ms-module de silicates,Mf-module 
de fondants) avec 1'exactitude.precision et reproducti 
bilite exigees pour determiner le degre de clinkerabi- 
lite. L'ecart standard obtenu dans les resultats des 
oxides majoritaires est de 0,04 et sa repercussion 
dans la determination des parämetres du cru donne lieu 
aux variations suivantes Lsf : 0,8; Ms‘.0,07, Mf 1 0,07. •

2- Conditions de 1'homogeneisation
Dans les etudes de l'auteur mentionees (10) 11 en est 

arrive a la conclusion qu'il est indispensable d'emplo 
yer une capsule vibratoire pour la preparation des . 
crus

3- Conditions fondamentales pour obtenir les courbes 
de clinkerabllite

Le four employe a ete electrlque a element de chauf- 
fage vertical de SiC de 44 mm de 0 Interieur,58mm 0 

exterieur et une longueur de 400mm. Muni de relais de 
reglage autexnatique de temperature. On mesure la tempe
rature avec un pyrometre Pt/Rh-Pt en contact avec le 
materiel et la temperature verifies par moyen de subs
tances de point de fusion connu CaSO^ , Pd P

Une quantite constants de 10g.de cru edmprimee en 
forme de pastilles est clinkerizee dans un creuset du 
Pt selon les courbes standard etabllees dans le fig.-2 

La pression a utiliser doit 6tre entre 50-100

Fig. n°2 Courbes standard de temperature et pentes 
des courbes de refroidissement en fonction 
du temps pour obtenir les clinkerisations 
en laboratoire ä differentes temperatures 
maximum

Apres avoir refroadi.on determine la valeur de la 
chaux libre,dans un echantillon representatlf par la 
methode de 1'etllenglycol -aprSs broyage manuel a"fi- 
nesse extreme"

TV- La fonction de la clinkerabllite
Depend de nombreuses variantes panni lesquelles les 

plus importantes sont: lacomposition chimique ,1a 
granulometrie de 1'ensamble et de chaque composant. 



la cogposition mineraloglque et la presence ou non^de 
substances fondantes, etc. D"autres qui n_ont pas ete 
mentionnees comae‘par exeitple.la quantite de phase 
liquide est deja iaplicite dans le module de silica
tes Ns et, sa viscosite,dans le module de fondants.
Les oxides Strangers au Systeme SiO2.Al2O3.Fe2O3.CaO 

modifient ces dernieres et nous en tenons coznpte com
me Variante par la sorante de leurs pourcentages comnte 
F" F = (MgO,K20.Na20,S03.MnO,P205,)% [2]

GrSce a 1'Stude des crus au cours de cette derniere 
decade nous avons pu en arriver ä la conclusion qu'il 
est possible,a notre avis, de generaliser une fonction 
a six variantes comme influences plus importantes qui 
ont un effet “sensible*  sur le degre de clinkerabili- 
te- En plus, par les raisons ci-dessus,nous croyons 
d*interst  technique la mesüre du degre de clinkerabi- 
lite par la temperature maximum, Tc, dont le cru a be- 
soln pour sa transformation en clinker.

Tc =. Ti + CLsf.Ms.Mf.F.R g2 ,R 200)i') [31

si etR>200ja sont pourcentages des particules
superieures aux respectifs 0 en microns

La generalisation de cette fonction se fonde sur les 
points suivants t ,

" -sot le fait que les matieres premieres employees a 
tous les essais pour la determination de celles~ci 
oo-t ete naturelles parmi les calcaxres et silicates 
habituels dans les exploitations et en 1'absence d" 
agents d"*addition  comm© les silicates artificiels, 
fluorures cu d^autres dont l^effet pourra ^tre deter 

-mine, a posteriori,par le meme procede que nous 
prcposons.

-sur le fait que 1 "‘application est pour crus en Port
land gris a conposition variable dans de limxtes e- 
troites des corrpositions habituelles :Lsf=90-100%, 
Ms-2,O=3,5,Mf=1,5-3,O,F=1-5%,R>g2 =5-25% et »>20011- 
0-2% H
-sur le fait que dans cette zone de compositions 
restreite, ^influence des fonctions partielles de 
cheque variant© apparalt pratiquement comme lineai- 
re et uniquement l"effet de la finesse, se ratta
chant au rejet de dimensions plus grandes de 92p , 
se montre de type exponentiel *

-et que dans ces conditions l^influence de la compo
sition mineralogique est beaucoup plus petite que 
celle de la composition chimique

D*apres  nos recherches ,nous avons deduit, par le 
procede que nous decrivons dans III ,que les tempera
tures maximum äquivalentes atteintes par le clinker 
dans des differentes lignes de proces h fuel et,avec 
ou sans precalcination, qui avaient un degre de con
centration de flamme optimise,sont comprises entre 
1550 et 1650eC.Nous avons constate que quand la Tc est 
tres proche de 1600 °C on obtient un deroulement de 
proces regulier et en equilibre thermique stable et 
cette regulation devient difficile pour des temperatu 
res plus hautes ce qui deteriore fortement les refrac
tai res. .

Nous avons pris cette valeur comme point de repere 
et avons constate que les compositions de crus les 
plus courantes ayant cette Tc sont tres proches ä la 
suivante ou sont iso-combinables avec elles*  

Lsf=95%Ms=2,5.Mf=2,2, F=2,1 .R>92u=18%,R>200u =0 [4] 

Dans une serie de crus obtenus en laboratoire avec 
des matiferes premieres naturelies et avec des courbes 
granulometriques analogues ä celles des crus obtenus 
dans les circuits fermes usuels, on a nodifie chacune 
de ces variantes tout en gardant toutes les autres 
constantes, dans les marges Stabiles, pour obtenir les 

quotiens des accroissements partiels finis correspon- 
dant a chaque Variante.

Les valeurs moyennes obtenues ä partir d un grand 
nombre d'essais sont exposees sur le tableau II

TABLEAU II

Atc ÄTc A Tc A Tc A Tc A Tc
ALsf aMs AMf Ar92 Ar20C

+ 10,9 + 113 +50 +6,7 +31,6 -41,0

si 
dere. ‘

est la valeur moyen pour 1'Intervalle consi-

Le sens du terme indepependant Ti est la valeur de 
temperature de clinkerabilite Tc qui correspond a un 
cru aux carateristiques donnees sur [4] ,obtenu a par
tir d'oxydes purs, cas dans lesquels tons les autres 
termes de la fonction donnee sont annules puisque F 
es pratiquement zero.
Un cru avec ces caracteristiques [4] , avec des subs, 
tances pures naturelles, a et§ obtenu en laboratoi
re. Il est compose d’un quartz de 99,8% avec une 
granulometrie continue dont la grandeur maximum est 
de 30 microsn, une calcite du 99,7% avec une distri. 
bution granulometrique continue et dont la grandeur 
maximum est de 200 microns et un rejet sur tamis de 
particules superirures a 92 microns de 18%, une 
gamme alumine et une siderite, tres pures aussi , 
dont la grandeur maximum est de 10 microns.

La valeur de sa temperature de clinkerabilite a 
ete de 1.655°C, valeur moyenne de plusieurs deter
minations, que nous avons prise comme valeur de Ti 
(terme independant).

L’application des coefficnets partiels de chaque 
variable (Tableau II) qui a de I’influence sur la 
valeur de Tc trouvee dans les crus que nous avons 
Studies et la valeur du terme independant trouvee 
experimentalement, nous a permis d'etablir la fon£ 
tion polynomique ci-dessous:

Tc = 1655+(Lsf-95) . 10,9+(Ms-2,5) . 113+(Mf-2,2) .50+

+ (R>92j1-18).R0,65 +31,6.«.R;i200>1-41,O.F [5]

L’application de cette fonction a des crus diffe- 
rents, obtenus a partir de matieres premieres na
turelles a differente nature dont les parametres 
ont ete obtenus ä partir des analyses chimiques 
faites par moyen des procedes deceits dans ce tra
vail, donne les valeurs de leurs respectives tempe, 
ratures de clinkerabilite Tc. Celles-ci sont com- 
parees avec celles obtenues par le procede sur III 
et sont exprimees sur la Tableau III ci-dessous:

Les numeros des courbes de la fig.n°1 correspondent 
aux crus du m<me n°dans le tableau III.



TABLEAU III

Crus ref. 1 2 3 4 5
Lsf 90,2 91,7 95,4 91,1 98,5
Ms 2,84 2,56 3,00 2,27 2,60
Mf 2,52 2,33 2,20 2,21 1 ,51
R>92u % 14,2 18,3 6,9 19,9 18,0

S200P * 1,6
0,9

2,5
0,9

0 2,2
0,9

0

E % 4,1 2,3 3,2 2,3 3,4

Tc calculee en °C 1507 1596 1545 1565 1565
Tc Trouvee " " 1500 1571 1526 1545 1582

Dif. en°C +7 +25 -19 -20 + 17

Crus ref. 6 7 8 9 10
Lsf 92,0 98,5 98,5 90,6 93,3
Ms 2,41 2,82 2,80 3,40 2,43
Mf 1,60 1,69 1,71 2,50 2,05
R>92p % 17,9 20,2 22,7 16,5 17,6

’booji % 0 0 1,3
0,9

0 0

F %
Tc calculee en "C 1441 1634 1643 1590 1545
Tc Trouvee " " 1462 1622 1662 1568 1534

Dif. en °C +21 -12 + 19 -22 -11

L'application de cette fonction a des procedes avec 
des paramStres connus et fixes permet de la ramener 
a un nombre de variables plus petit selon les cir- 
constances.

Quand la valeur de R  - est plus grande que*--2%,  
nous avons essaye de determiner comment reagit sa 
fraction calcaire R,9nn quand le calcaire qui la 
compose est ä haut titre (superieur a 90%).

En introduisant un 5% de particles de calcaire du 
95% plus grandes que 200 microns a un cru aux carac^ 
teristiques suivantes Lsf = 90% Ms = 2,3, Mf = 
2,0 et F = 2,5% avec une Tc de 1.450,>C, il a ete 
clinkerise ä differentes temperatures. La valeur de 
la chaux libre residuelie en fonction de la Te est 
exprime sur la figura.n*  3.

Fig. n° 3. A- Courbe de la diminution de la 
chaux libre du cru avec R>7nn et 
T 1.450°C en fonction de fa tempe
rature.
B- Courbe de la diminution de la 
chaux libre du cru avec R>9nn = 0 en 
fonction de la temperature.

De ces resultats on peut deduire que quand la tempe
rature atteinte par le clinker dans une installation 
mesuree par le procSde propose, est plus grande que 
1.5506C, le r>2qq cru Peut ^tre relativement 
haut ce qui confirme les resultats de Heilmann (1).

La valeur de l'accroissement deATc du a la valeur 
de R>200p quand le calcaire qui la compose a >90% en 
C03Ca peut £tre exprimee a peu pres par la fonction 
suivante:

Tc = SI.e.R^oop-*̂ 1- (Tm-1450 )-6-10

Etant CX la fraction du calcaire exprime a tant pour 
1, et Tm la temperature du materiel.

V - Evaluation de la temperature maximum equiva
lents atteinte par le clinker dans un four 
donne.

Malgre tout les limitations qu'il y a pour trouver 
cette temperature nous croyons qu'il existe una ener 
gie thermique qui peut etre mesuree uniquement a 
travers la chaux libre residuelie, qui est equiva
lente ä celle donnee dans 1'essai en laboratoire et 
que nous rapportons A la temperature maximum attein, 
te a temps constant.

Nous avons pris comme composition chimique de refe
rence celle qui correspond au clinker obtenu parce 
qu'elle est la plus proche de celle de la clinkeri- 
sation et aussi de sa teneur en fondants. Quant ä la 
composition granulometrique nous avons pris comme 
point de repAre celle du cru ä son entree dans 1'echan 
geur. Ceci bien que n'etant pas rigoureusement exact, 
est techniquement utile.

La sequence d'operations a effectuer, en somme, pour 
evaluer quelle est la temperature maximum Äquivalen
te dans une ligne de proces est la suivante:

- Une fois obtenu un regime de marche en equilibre et 
stable dans le proces, on extrait un echantillon re- 
presentatif du cru (A) qui entre dans 1'echangeur 
(moyenne de plusieurs intervalles pendant une demie- 
heure). On y determine la composition chimique par 
moyen des methodes indiquees, les pourcentages de 
R>92 microns, R>200 microns et sa fraction de chaux 
soluble eh acide et la courbe de clinkerabilite sur 
trois points T° l.'SOO, 1.550 et 1.600°C.



= Au bout du temps pendant iequel ce siatSriel a Ste 
Clinkerisg", on extrait un Schantillon representatxf 
du ciinker obtenu (8) et on determine sa composition 
chimique et -Ba cbaux libre par moyen des memes mStho 
des et on d^duit les valeurs: 1st. Ms, Kf et le 
sowe de fondants F. On deduit sa temperature de 
clinkSrabfelitS par moyen de la fonction polynomique 
que nous avpns rapportSe avec les valeurs^R>92p et 
8>200u cdrfespondantes au era (A) et on deduit les 
vaieurs de CaO ä differentes temperatures au moyen 
de 1' Squation [l] avec les parametres correspondants 
donnSs dans le tableau I et on obtient ie diagramme 
de la figure n’fdj

Fig.n6 4 B- Courbe de clinkerabilite du cru' qui 
a la composition chimique du clinker et 
les valeurs de R>92#et R>200p qui corres_ 
pondent au cru qui entre dans I’echan- 
geur.
A- Courbe de clinkerabilite qui corres
pond au cru qui entre dans 11 11echangeur. 
Tm- Temperature equivalente atteinte par 
le clinker/ dans la zone de clinkerabi
lite du four industriel.
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La deviation standard pour la mesure de 
la temperature Tc est de +'20°C.

Celui-ci permet de deduire la valeur de la tempera
ture maximum equivalente en interpolant la valeur de 
sa chaux libre dans sa courbe correspondante.

Experimentalement on en est arrive ä la conclusion 
que la concentration de flamme, optimum est obtenue 
quand la temperature maximum equivalente est proche 
a 1.600°C. Le depassement de cette temperature com- 
portera conditions de marche forcee.

VT — conclusions.

1- On etablit les conditions et les methodes d'anal^ 
se pour obtenir 1'exactitude et la reproductibilite 
convenables specialement a la determination de la si 
lice par la methode gravimetrique classique modifies 
par I’atcteur.

2- On a trouve une fonction generalisee pour deduire 
la valeur de la temperature de clinkerabilite des 
crus dans les marges des compositions usuelles avec 
une erreur de + 20oC et une fonction exponentielle 
pourdeduire la teneur en chaux libre en fonction de 
la temperature du'materiel et d6 la temperature de 
clinkerabilite du cru.

3- Il est possible de determiner la valeur d'une tem 
perature maximum equivalente atteinte par le clinker 
dans la zone d'une installation donnee. Cette connai 
ssance ainsi que cells de la temperature du clinker™ 
permet 1'analyse du proces: evaluer indirectement le 
degre^de concentration de la combustion, la valeur 
de 1'echange "flamme-clinker" et la temperature de 
clinkerabilite maximum possible du cru pour tirer
le plus grand profit de I'energie en jeu.

Je suis reconnessant a As land S.A pour 1 aide 
qu'elle ä bien voulu m^apporter.
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The pore structure and the grindability of clinkers

La structure poreuse et !a broyabilite des clinkers

I.F.  PETERSEN, F.L Smidth & Co. A/S Vigerslev Alle 77, DK-2500 Valby Copenhagen, Denmark.

RESUME : On a recherche 1'lnfluence de la structure poreuse des clinkers sur leur broyabilite, 
les essais ayant porte sur des clinkers sans poussleres. Des mesures quantitatives au micros
cope et des mesures de la broyabilite ont ete utilisees. Pour un broyage ä 3000 Blaine, on a 
observe une reduction de 1'energle de broyage, lorsque la surface specifique des pores augmente.

En utlllsant un modele base sur la physique capillaire, on a montre que la structure des pores 
des clinkers dependait de 1'Importance de la phase liquide, de la finesse des crlstaux de C,S 
et de C^S,1- et des espaces Intercrlstall 1 ns. Des experiences faites pour confirmer le modele"1 
ont decele une cause supplemental re : la coalescence des crlstaux de C_S. Ces effets sont, 
dans une large mesure, commandes par la composition chlmique et minerafoglque du cru, et par 
sa finesse de broyage.

L'lnfluence de la poussiere des clinkers a aussl ete examinee.

SUMMARY: The relationship between clinker pore structure and grindability has been 
investigated, for clinker that do not contain clinker dust. Quantitative microscopy and 
grindability determinations were the techniques employed. A decrease in the specific power 
requirement for grinding clinker to 3000 Blaine was observed when the specific surface area 
of the clinker pore system increased.
Using a model based on capillary physics, it is possible to attribute changes in the clinker 
pore system to a combination of changes in melt content, fineness of C3S and C2S crystals 
and space between these crystals. Experiments associated with the model indicate an 
additional effect, caused by a coalescence of C3S crystals. These effects are to a large 
extent dependent on chemical and mineralogical composition together with fineness of the 
raw mix.
The effect of the content of clinker dust on grindability is also discussed.



INTRODUCTION
Clinker grindability is a relative measure 
of the ability of a given clinker to resist 
grinding forces. Previous investigations 
by Gouda (1) and by Butt et al (2) have 
emphasized the importance to clinker grind 
ability of melt content, clinker micro
structure and especially clinker pore 
structure.
In this study the relationship of the pore 
structure of industrial clinker nodules to 

-their grindability is investigated micro
scopically by determination of the specific 
surface of the pore system.
The clinker pore system results from the 
processes within the burning zone, where the 
charge, consisting of crystals and melt, is 
agglomerated. Therefore, factors affecting 
the specific surface of the clinker pore 
system are conveniently elucidated by a 
model which considers the clinker nodules 
as agglomerates in which the liquid phase 
has been frozen.

EXPERIMENTAL
The grindability index used here is the 
specific power requirement (kWh/t) for 
grinding the clinkers to a specific surface 
of 3000 Blaine in a standardized grinding 
test. This test consists of grinding a 
batch of 20 kg clinker in a tumbling mill, 
using three different charges of grinding 
media simulating three chambers. Two ball 
charges and one cylpebs charge are employed. 
The first ball charge is used until 85 wt % 
of the ground material is finer than 0.5 
mm; the second ball charge is then used 
until 85 wt % of the ground material is 
finer than 0.25 mm, and finally the cylpebs 
charge is used until the desired fineness 
is attained.
The specific surface area of the clinker 
pore system is determined microscopically 
in clinker polished section. Two measure
ments are carried out: A point count of 
the porosity e, and a measurement of 
Nl (mm~l), where Nl is the number of inter
sections of the pore surface with a random 
test line of unit length. According to 
DeHoff and Rhines (3) the specific pore 
surface area Os (mm2/mm3) equals:

2 NL
Os - TT7 (1)

Seven industrial clinker samples ranging 
from ordinary Portland clinkers to special 
types including white clinkers were investi
gated by grindability testing and micro
scopy. These clinker samples consisted of 
pure clinker nodules and contained no clin
ker dust finer than 0.5 mm.
Fig. 1 shows the results. A decrease in 
the specific power consumption for grinding 
to 3000 Blaine is observed with increasing 
specific clinker pore surface.

Fig. 1 - Power consumption for grinding 
clinkers to 3000 Blaine versus specific 
pore surface of clinkers.

PORE SYSTEM MODEL
To identify parameters influencing the 
specific pore surface of clinkers,it is 
appropriate to consider a model. The basic 
assumption in this model is that the pore 
system in the cooled clinker nodules can 
reflect the pore system at high temperature 
in the burning zone. At high temperature, 
the clinker nodules may be considered as 
agglomerates consisting of solid particles 
(CaO, C^S and C^S crystals) and melt phase, 
where the melt more or less fills out the 
void volume between these crystals.
Microscopic investigations of clinkers 
indicate that the melt is effective in 
wetting the crystals. It is, therefore, 
appropriate to analyse the specific pore 
surface in an agglomerate consisting of 
solid particles and a wetting liquid. In 
such an agglomerate there will exist a 
difference in pressure between the sur
rounding gas phase and the liquid, and the 
pressure will be lowest within the liquid 
itself. Provided that changes in liquid 
volume can be carried out reversibly, 
isothermally, and without compression, the 
following equation is a consequence of the 
first law of thermodynamics, as shown by 
Morrow (4).

-pc-dvi = 1Tzv-d(A£v+cose.Apv) (2)

Pc, the capillary pressure, is the diffe
rence in pressure between gas and liquid 
phase, V£ is the liquid volume,y, is the 
specific surface energy of the liquid-gas 



surface, Ajlv is the area of the liquid-gas 
surface, A is the area of the solid-gas 
surface, S^Ys the contact angle of the 
liquid against the solid and d denotes 
differential change.
The liquid volume within the agglomerate 
is appropriately expressed by means of the 
liquid saturation S„, defined as the frac
tion of the void volume between the solid 
particles occupied by the liquid.

VZ = VP * A • S£ (3)

VD is the volume of solid particles and 0 
is the void fraction in the packing of the 
solid particles.
Within an agglomerate with a low liquid 
saturation the liquid is found in discrete 
liquid bridges between the particles. In 
this case, changes in liquid volume cannot 
be considered reversible. At a certain 
liquid saturation S,*  , termed the irredu
cible liquid saturation, the liquid phase 
within the agglomerate becomes continuous. 
From Sj^*  up to a liquid saturation close 
to unity, it is realistic, at least to a 
first approximation, to consider changes 
in the liquid volume as reversible and thus 
to use expression (2). Within this range 
of liquid saturation, the capillary pres
sure varies little with liquid saturation, 
and may be considered constant (cf. for 
example measurements by Dodds and Lloyd 
(5)). According to Rumpf (6), the capillary 
pressure may be calculated:

pc = nv • V • • cos 0 (4)

A is the surface area of the solid parti
cles; thus Ap/Vp becomes the specific sur
face area of the solid particles.
Since clinker melt wets the crystals effect
ively, the contact angle 6 must be small; 
thus cosO must be close to unity. Use of 
this value of cosQ and substitution of 
expressions (3) and (4) into (2) give:

-Ap • dS£ = d(AÄv + Apv) (5)

The quantity (Aj>v+ADv’ t^le sur^ace area 
of the pore system, and can be obtained by 
integration of (5) using Sj*  and the corre
sponding surface area (aj<?.+aDv) as lower 
limits. Integration gives aYYer rearrange
ment:

-tVÄ—= K-S^ (6)
P

Where K is given by: 
A * + A *

K = + S * (7)
AP

Equation (6) describes the ratio of the 
pore surface to the surface of solid par
ticles, as a function of the liquid satura
tion.

The magnitude of the dimensionless quantity 
K has been estimated by simple calculations 
The system considered consists of equally- 
sized spheres, varying in packing between 
the two extremes: Three-dimensional close 
packing and simple cubic packing as descri
bed by Mayer and Stowe (7). In these pack
ings, liquid bridges corresponding to the 
irreducible liquid saturation have been 
introduced at particle contacts, using the 
circle approximation for the form of the 
liquid bridges as described by Pietsch and 
Rumpf (8). The calculated values of K, 
between 0.84 and 0.88, indicate that K,at 
least to a first approximation, may be 
considered constant.

EXPERIMENTS ASSOCIATED WITH MODEL
In order to investigate the model, six 
industrial raw meals produced for the manu
facture of Portland cement clinkers were 
burned at 1400°C for 30 minutes in the 
laboratory. The surface of the pore system 
and that of the CaO, C2S and C3S crystals 
considered as single crystals, were measu
red using the line-intercept method pre
viously mentioned. These measurements 
make it possible to calculate the ratio of 
the pore surface to the surface of the 
crystals. The liquid saturation was.deter
mined based on point counting of intersti
tial phase and pores. A plot of the pore 
surface relative to the surface of. the 
crystals is shown in fig. 2.

Fig. 2 - Ratio of pore surface to crystal 
surface versus liquid saturation.



A linear regression analysis on the data in 
fig. 2 gave the following expression with 
correlation coefficient 0.93:

A + A
J2.BX = 0.52 • (0.79-S.) (8)

AP 1

The relationship of this result to the cor
responding expression (6) from the model 
may be interpreted in the following way: 
The ratio of the pore surface to the sur
face of .the crystals is a linear function 
of the liquid saturation, as predicted by 
the model, but the derivative with respect 
to S, is found to be -0.52 and not -1. 
This can be explained as a result of a 
coalescence of crystals within the clinker, 
reducing the surface area of these crystals. 
This sintering effect appears to be espe
cially important for C3S-crystals. This 
is supported by numerous observations from 
clinker polished sections showing C3S areas 
of irregular shape, indicating that a grow
ing-together of several individual C3S cry
stals has occurred. Finally the quantity 
0.79 in expression (8) is close to the 
values of K found in the simple model cal
culations.
Now it is possible to obtain an expression 
for the specific surface of the clinker 
pore system. The total condensed volume 
within a clinker nodule is. the sum of the 
volumes of solid crystals V and of melt 
phase. Using expression (37 this sum 
becomes:

Vp + Vi =Vp +I^0 ‘ Si)

By multiplication by Ap on both sides of 
equation (8) followed by division by expres
sion (9), the specific surface of the pore 
system 0g becomes:

- _ Ajiv+ApV 
S Vp+VA 0.52 .Ap. (0.79-88.)

VP (1+Ä-SP (10)

From expression (10) it is apparent that 
the specific surface of the clinker pore 
system is influenced by the specific sur
face of the crystals Ap/Vp, the liquid 
saturation S, and the void fraction 0 
between the crystals.
The more common quantities clinker poro
sity (e) and wt%(L) of melt phase can be 
introduces by the following relations:

£ = 0 • (1 - St)

8$, = 1.16 . 120 . L 
100-L

di)

(12)

In equation (12) a density of 2.8 g/cm3 for 
clinker melt and an average density for 
3.25 g/cm for the crystals is assumed.

DISCUSSION
Data given by Butt et al (2) show that an 
increase in clinker porosity occurs when 
the amount of melt is reduced. Using the 
value 0.43 for 0 found from these data and a

combination of equation (10) and (12), it 
is possible to calculate expected values for 
the specific surface of the clinker pore 
system as a function of the amount of clin
ker melt and of the fineness of the crystals. 
By means of the data given in fig. 1, re
sults from these calculations can be used 
as an aid in the prediction of clinker 
grindability (fig. 3).

Fig. 3 - Expected specific pore surface 
and grindability of clinker as function of 
wt % melt for various crystal finenesses.

The various values for the specific surface 
of crystals A„/Vp (300, 200 and 150 mm2/ 
mm3) used in tig. 3 are in accordance with 
microscopic investigations of ordinary Port
land cement clinkers, and correspond to 
Sauter mean diameters of 20, 30 and 40ym 
respectively. The range of melt contents 
corresponds to values obtained with Lea and 
Parkers formulae (9) using compositions 
corresponding to ordinary Portland cement 
clinkers.

The crystal fineness has the strongest in
fluence on the specific surface of the 
clinker pore system and thereby on grind
ability.

An increase in specific crystal surface 
increases the specific pore surface and re
duces the power requirement for grinding. 
A reduction in the amount of melt has a 
similar, but less marked, effect.
It seems reasonable to expect finer crystals 
within the clinker when the fineness of the 
raw mix is increased. Very small C3S and 
C2S crystals are obtained in special—type 
clinkers with silica ratio about 10, for
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which the raw mix has to be ground extrem
ely fine in order to compensate for the 
otherwise difficultly burnable material.
The mineralogy of the raw mix also influen
ces the specific surface of clinker cry
stals. The finest crystals are in general 
obtained by burning of a marl-type raw mix, 
which nature has provided with a high 
degree of homogeity in distribution of the 
components. In the investigation from 
which fig. 2 was derived, the specific 
surface of clinker crystals decreased from 
200 mm2/mm3 to 150 mm^/mm^ when the raw mix 
changed from a marl- to a sandy type.
The amount of melt formed is influenced 
mainly by the chemical composition of the 
raw mix, with the silica ratio as the most 
important parameter. When the silica ratio 
increases, the amount of melt decreases and 
according to fig. 3 the power consumption 
for clinker grinding decreases. However, 
burnability and kiln operation considera
tions set a limit to the benefit obtainable 
from this effect, because decreasing the 
amount of melt without simultaneously 
ensuring fine crystals will increase the 
chance of a dusty clinker product.
Hitherto, the investigations and the 
discussion concerning clinker grindability 
have dealt with nodule clinkers, which con
tain no clinker dust finer than 0.5 mm. 
However, when clinker becomes dusty, grind
ability will suffer. For the first stage 
grinding with large-size balls, the fine 
clinker actually requires less energy than 
does coarse clinker, as the normal criteria 
for transferring the material to final 
stage grinding are based on coarse sieve 
residues. However, as a consequence of the 
reduced extent of grinding in the first 
and second chambers, the material leaving 
the second chamber actually becomes coarser, 
with larger residues on sieves finer than, 
for instance, 0.25 mm; as a result the 
power consumption in the third chamber, for 
grinding to 3000 Blaine, increases. Table 
I, which summarizes the results obtained 
in separate grinding tests of two size 
fractions of the same clinker, shows that 
the total power consumption for grinding 
to 3000 Blaine is about 25% higher for the 
fine clinker fraction than for the coarse 
one.

TABLE I

Size fraction, mm -8+0.5 -0.5

kWh/t in chamber I+II 10.0 2.6

% residue on 0.045 mm 
after chamber II

53 87

kWh/t in chamber III 24.9 41.4

Total kWh/t to 3000 Blaine 35.0 44.0

As long as the amount of clinker dust is 
modest, the increase in total specific 
power requirement for grinding to 3000 
Blaine is not great, because the decrease 
in power requirement in the first stage of 
grinding partially counterbalances the 
increase in the third chamber. However, 
with high dust content a drastic increase 
in total power requirement is to be expect
ed. Particularly at plants with major 
variations in content of clinker dust, the 
specific power consumption in the cement 
mills will increase, as in this case it is 
not possible consistently to take advantage 
of a low specific power consumption in the 
first chamber.

CONCLUSIONS
The fineness of CgS and C2S crystals in 
well-burned nodule clinker, together with 
the amount of melt phase, are important 
parameters for the structure of the clin
ker pore system and hence for the power 
requirement for clinker grinding. To op
timize clinker grindability, it is essen
tial to avoid too large an amount of fine
grained clinker dust. '
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Producing Portland cement clinker using 
blast-furnace barric-manganese slag

Utilisation de /aiders contenant BaO et MnO, dans 
/a fabrication du dinker de ciment Portland
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R.G. DOGANDZHIEVA, Senior Research Associate, 
Materials, Sofia, Bulgarie.

of Science, Institute for Scientific Researches
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containing "basic oxides necessary 
I- and in some cases also alloying

that slags < 
SiO?, Pe20:

SUMMARY : The investigations conducted show 
to form portland cement clinker - CaO, A1?O,, ■ce?u3 eulu" ou*“= „
oxides BaO and MnjO^, are valuable raw material for Portland cement clinker.
The high-temperature treatment at which the slags have been subjected permits the same 
to be equalized with the raw cement mixture at temperature 1000-1100 C, i.e. when the 
interaction in the solid phase is already completed with formation low-basic clinker 
minerals.
It is proved that, introducing of slags both in vitreous, or in crystalline state, inten
sifies clinker formation and in the same time the processes of lime saturation are- 
accelerated and the formation of clinker minerals is relieved. The presence of BaO and 
MnO in the slag contributes for the increase and modification of alite crystals, which 
leads to increased strength values of the cement.

RESUME : Des essais ont montre que.des laitiers contenant les oxydes de base necessalres ä la 
fabrication du clinker de ciment portland (CaO, Al20,, S102 et Fe20_) et dans certains cas 
contenant aussl des melanges des oxydes de Baryum etJde Manganesef peuvent etre utilises comme 
crus des ciments Portland.

La haute temperature ä laquelle les laitiers ont ete soumis, au cours de leur fabrication, les 
rend equivalents aux crus chauffes ä la temperature de 1000 ä 1100°C; notamment lorsque les In
teractions entre phases solides sont dejä achevees, avec formation d'un clinker faiblement ba- 
sique.

Il a ete montre qu'en utilisant du laltier ä I'etat vitreux, ou a I'etat cristallise, la forma
tion du clinker etait activee et qu'en meme temps le processus de la saturation en chaux etait 
accelere et la formation des composants mineraux du clinker aidee. La presence de BaO et de 
MnO dans le laitier augmente et modifie la cristallisation de I'alite, ce qui conduit ä one 
augmentation des resistances du ciment.



One of the effective directions, ensuring 
considerable economy of the consumption of 
fuel (solid or liquid) and electric power 
for the portlant cement production and 
increase of the rotary furnace activity, 
is the use of slags as raw-material for 
the portland cement clinker production, by 
feeding directly the cold end of the fur
naces.
The insuflation of the grinded slag (used 
in pure form or as a mixture) in the hot 
end of the furnace, which method (way of 
feeding) has been patented in Germany as 
early as 1929, and the first realization 
is put into practice in 1944, in the 
cement plant in Maastricht - Holland. 
On account of a number of difficulties 
this method had not been applied to very 
great extent.
In SSSR, the additional feeding of the 
furnaces has been applied first in 
Giprocement by E.I. Tsivileva (1), and at 
this, the additional component having been 
fed at,, the upper end of the-furnace. Later, 
this practice was developed in the scienti
fic works of I.V. Kravtchenko and coll. 
(2, 3). Their method treats the additional 
feeding of the furnaces, beginning from 
their cold end, in case of wet production 
way.
The aim of our investigations was the study 
of the processes of the clirikerforming, in 
case of additional feeding of the furnaces, 
beginning from the cold end, with blast 
furnace slag, using the dry method for 
portland cement production.
At the time of the slag feeding, at the 
cold end of the furnace, the joint baking 
of the materials is being effected, which 
are not been homogeneized in advance, and 
differ by their chemical composition, in 
connection of which the following factors 
have been studied :
- The influence of the phase and chemical 

composition of the blast furnace slag on 
the processes of the clinkerforming;

- The influence of the fed quantity of slag 
on the processes at the moment of the 
baking of the portland cement clinker 
and the properties of the portland cement 
clinker.

For the carrying out of the experimental 
work are used blast furnace granulated and 
non-granulated slag with varied make-up, 
limestone, marl and pyrites slags, the 
characteristics of which are given on 
TABLE 1.
Blast furnace slags differ in chemical as 
well as in phasal composition. Thus, 
furnace slag - 1 contains BaO and MnO, but 
slag— 2 does not contain these oxi des • The 
petrographical analysis of slags shows the 
following :
Blast furnace granular slag-1. The predo- 

component of the slag, in quantity 
89-93 per cent, represents glass of homoge

neous composition — compact sometimes 
porous with N - 1,68;
Blast-furnace ,non-granular slag-1. By 
contrast with the granular slag, here the 
crystal phase is much more and. gets to 
40-45 per cent. Predominant mineral here 
are bicalcium silicate and olehamide in 
dendritic form and size to 100 microns. 
Granules of melilite and alabandite are 
observed in some places.
Blast-furnace granular slag-2. By contrast 
with slag - 1, slag - 2 contains a great 
part of crystal phase 25-30 per cent. It is 
presented predominantly by melilite. The 
glass phase is homogeneous.
Blast-furnace non-granular slag- 2. By 
contrast with non-granular slag-1, 
blast-furnace non-granular slag - 2 consists 
predominantly of crystal phase, the quanti
ty of which gets to 60-70 per cent. The 
basic mineral which it contains are: 
ochermanite and gelenite, in the form of 
rectangular and square tablets with light
blue interference colouring. Dendrites of 
oldhamite and larnite crystals are observed 
in some places.
Some raw compounds characterized by the 
same chemical composition and the following 
module characteristics: KH = 0,921, n= 2,70, 
p = 1,60 were prepared in order to inves
tigate the influence of the phasal and 
chemical composition of the blast-furnace 
slag on its interaction into the portland 
cement raw materials.
The mixture was ground in a laboratory 
ball mill until 10% residuum on sieve with 
4900 mesh/cm2 was obtained. Then was added 
to it slag in quantity 10 per cent of the 
weight of the raw flour. Some briquettes 
were made out of the mixture obtained and 
they were baked in a laboratory supercantal 
furnace at 1100; 1200; 1300; 1400 and 
145O°C and an isothermic delay of two hours

It is known that the reactivity of the raw 
material mixture depends on a number of 
factors, mostly on the physicochemical 
nature of the initial raw material; the 
dispersion of the blend,the raw material 
mixture; on the temperature and duration 
of baking; on account of which, all enume
rated factors, during the experiments 
carried out, were equal except the chemical 
and phasal composition of the feeding slag. 
Table 2 shows the kinetics of the combined 
calcium oxide, depending of the kind of 
feeding slags, the chemical composition 
of which is shown in Table 1.
From the data in Table 2 it can be seen 
that, when introducing the blast-furnace 
slags into the raw material mixture, the 
kinetics of the clinkerforming is acceler
ated and a considerable difference is ob
served in the annealing of the calcium 
oxide.
In the raw material mixtures containing 
slags, the quantity of the free CaO varies



between the limits of 18,23 to 15,90 per 
cent. Simultaneously, the raw material 
mixtures not containing slags, have a con
tent of free CaO, getting to 23,67 per cent, 
which can be explained by the fact that the 
slag melting temperature, and especially 
that of slag - 1, is considerably l^wer 
(850-900°C) than that of the raw material 
mixture. From the data in Table 2 it can be 
seen that this regularity is kept with the 
further increase of temperature.
The phasal composition of the slags used 
does not exert a particular influence on 
the kinetics of clinkerforming. The combin
ing of the free CaO is almost equal when 
introducing granular as well as crystal 
slags (Table 2).
The chemical composition of the slags used 
exerts considerable influence on the combin
ing quickness of CaO. Thue, in a raw mate
rial mixture containing slag-1, the combin
ing of CaO passer faster than in mixtures 
containing slag- 2, which can be explained 

with the lower melting temperature of 
slag -1 in comparison with the melting 
temperature of slag - 2 (1000-1100°C), which 
brings an earlier appearance of a liquid 
phase and accounts for the acceleration of 
clinker forming.
Comparing the results of the petrographic 
investigations, one sees that the produced 
clinkers from mixture containing slag - 1, 
are characterized by a more clearly expres
sed crystallization of the alite and the 
bellte, the crystals of which are with re
gular crystallographic outlines. Crystals 
with the size of about 40-60 microns predo
minate.
The physical and mechanical testings of 
the cements obtained after grinding of the 
clinkers, with an addition of 5 per cent 
gypsum stone and a specific surface 
4000 cmz/g show that, according to their 
characteristics, they are almost identical

The results of the testing of the specimens



From the data in Table 3, one can see that 
the cements on the basis of clinkers with 
utilisation of slag -1, show higher . 
strength of pressure than these utilizing 
slag-i Prabably that is due on the influ
ence of the introduced with slag-1 oxides: 
MngO, and BaO, which, at liquid phase bak
ing, "'contribute to the increase of the 
alite phase quantity of a clinker with 
increased activity.

In such a manner, the investigations 
carried out show that blast furnace granu
lated slags represent a valuable raw materi
al for the portland cement cl inker produc
tion and their utilization will permit the 
increase of the activeness of his production 
thanks to the intensification of the pro
cesses of the baking. The introduction of 
the complex of oxides BaO and Mn^O, in the 
the raw material mixture, corresponds to 
the increasing of the alite quantity in the 

clinker, the enlarging of its crystals and 
increasing of the strength indices of the 
cement.
At the examining the influence of the in
troduced slag on the processes of the 
forming of the clinkers and the character
istics of the portland cement clinker, are 
utilized the same raw materials (Table 1). 
The blast-furnace slag - 1 is introduced in 
quantities 5, 10, 15 and 20 per cent.
The raw material mixture was prepared from 
the following modulus characteristics : 
KH = 0,92; n = 2,80; p = 1,65. The methods 
for the preparation of the raw material 
mixture and the baking of the clinker, are 
as described here above.

On Table 4 are given the data of the kine
tics at the time of the combining the free 
calcium oxide. It is seen that with the 
increase of the slag from 5 to 20$, thg 
speed of the CaO increases and at 1400 C, 
in the mixture containing slag, the free 
CaO is almost absent.

" TABLE IV

Kinetics tor the combining of free CaO
Quantity f r e e CaO - $

90 * 1300°C 135O°C 1400°C 145O°C

1. 0 16,42 7,22 2,42 0,70
2. 5 10,67 3,43 0,85 0,35
3. 10 8,91 3,09 0,68 0,28
4. 15 7,80 3,00 0,42 —
5. 20 7,63 2,85 0,20 —

The petrographic analysis of the clinker 
obtained shows that the samples of clinker 
No. 1 (without slag) is of a non-uniform, 
granular structure, with mostly alite 
crystallization. The alite crystals are 
of an irregular form and sizes of 60 to 70 
microns, average 40-50 microns. In almost 
all grains there are bellte inclusions. , 
The bellte is found foremostly as inclusion 
and rarely as separate grains. The inter
mediate mass is about 15$, with the alumo- 
ferrite sensibly predominating.
Clinker No.2 (with 5$ slag). In comparison 
with sample No,1, a crystallization with 
bigger crystals is watched (average 60-65 
microns) and better formed crystals.
Clinker No.3 (with 10$ slag). It is identi
cal to sample No.2, with still larger 
crystallization.

Clinkers No.No. 4 and 5 (with 15 and 20$ 
slag) are almost equal, with large crys
tallization, almost of alite type. The 
alite crystals with hypidiomorphic form 
and sizes to 120 microns. In some of them 
there are bellte inclusions. The bellte is 
presented in separate grains also, with 
sizes to 60 microns. Many pores.



From the petrographic analysis is seen that 
at introduction of slag the process of 
formation of clinkers is considerably in
tensified and the alite synthesis is acce
lerated. Apart of that, an enlargement of 
the alite and ballte crystals is observed.
The activity of the clinkers, which are 
obtained through using slag, in comparison 
with the common clinkers, is almost equal 
(table 5).

The intensifying influence of the slags at 
the time of the forming of the clinkers 
was examined in industrial conditions of 
plants working aocording to the dry and 
semidry ways, among which whifch, the 
furnaces with cyclone heat-exchangers, 
type "Humbold", "Polyslus" and "Iiepold". 
The high furnaces were consequently fed 
with different quantities of slag - from 
5 to 25 per cent, as regards the clinker.
In plant conditions was established:

- full assimilation of the slag introduced;
- increase of the productivity of furnaces;
- considerable decrease of the specific 

consumption of fuel and electric power;
- bettering the structure and increase 

the hydraulic activity of the clinker.

CONCLUSIONS
1. It has been proved that the blast

furnace slags, containing the basic oxides 
necessary for the forming of the portland 
cement clinker - CaO, AlnO,, SiO«, Fe2O^, 
and, in individual cases also alloying 3 
oxides BaO and MnoO,, represent valuable 
raw material for the production of portland 
cement clinker.

2. The introduction of the slag in the 
raw material mixture through additional 
feeding of the furnace, makes possible the 
intensification of the processes of the 
clinker formation; in order to increase the 
furnace productivity and to lower consider
ably the specific expenses of fuel and 
electric power for the portland cement pro
duction.
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Clinker-Raw Meal-Coal Interrelations in some 
Indian Cement Plants

Correlations entre clinker, cru et charbon 
dans certaines cimenteries indiennes

A.K.  CHATTERJEE, V.K. ARORA, T.N. VERMA, D.V. RAMANA RAO et D. GHOSH, Cement Research 
Institute of India, New Delhi, India.

RESUME : Une serie de recherches stir les correlations entre clinker, cru et charbon dans cer- 
taines cimenteries indiennes est expliquee ä 1'aide de resultats obtenus dans deux fours a pre
chauffeurs, d'une capaclte de 600 tonnes par jour etude 900 tonnes par jour dans un four Lepol 
d'une capaeite de 1000 tonnes par jour et dans deux fours a vole humide d'une capaclte de 600 
tonnes par jour (l'un avec des chalnes et 1'autre avec un concentreur) . On a essaye de corre- 
ler les variations de la composition chimico-mineralogique des crus, leur finesse et les ca- 
racteristiques des pendres du charbon avec les caracteristiques princlpales du clinker telles 
que la distribution des phases, la composition et la microstructure. On a demontre que la qua- 
lite du clinker obtenu dans de tels fours, utllisant des charbons riches en cendres (cendre 
21-29 %, MV 25-36 8) peut etre representee sous l'angle des microstructures par une combinai- 
son d'indices quantitatifs tels que 1'indice chimico-mineralogique, 1'lndice de grain et 1'in- 
dice d'agglomeration.

On a egalement demontre que, dans les conditions ci-dessus, la guallte du clinker, telle qu'e- 
valuee a 1'alde des indices indiques ci-dessus, pouvait etre prevue, avec une bonne probabili- 
te, en utllisant un autre indice, base emplriquement sur le cru; cet indice est calcule en te
nant compte de la composition du cru, apres calcination, de 1'lnfluence des cendres du charbon, 
de sa teneur potentiellqfen liquide et de sa fraction retenue sur le tamis de 15Q microns.

SBUBY I i oouree of InveetigstionB on GUmOB-Ut Xtil-teCjO, IKTEB3L1TI0I3 in eome Indian Cement plante 
hae teen illuetrated with the help of remits obtained fbom two suspension preheater kilns of 600 TTB and. 
900 TFB Oapaoity, one lepol kiln of 1000 TFB capacity and two wet kilns of 600 TFD capacity (one with 
ch*ln»  and another with concentrator)« Attempt» have been nade to interwelate the variation» in ctienioo— 
rineralogioal oompoaition of the raw meals, their fineness, ooal ash oharaoteristioe, and ash influence 
with the major clinker characteristics woh as phase assemblage, composition and microstructure» It hai 
beto demon atrated that the quality of olinker that is obtained from such kiln ay stems, using high ash 
coals la® a-29 IM 85-36 can be represented by a loombination of quantitative indices such as 
GheMoo-mineralogioal Index (CK), Orain Index (Gl), Clustering Index (CI) alongwith the mloro-Btruotural 
TBAwUTB»«

to the 8ih0lraJh»t Un4ef the given ooniitionis, the acceptable quality of clinker, as assessed
XdS e forecast with an element of certainty with the help of an empirical |aw meal
nottotlfilS composition of ignited raw mixes-with coal ash influence, together rith it.
potential liquid content and fraction retained on ^50 yu^n. ‘ • *



INTRODUCTION
Within about six decades of its existence and 
development, the Indian cement industry today has 
56 production units with an installed capacity of ’ 
22.75 million tonnes. The production comes from 
a wide variety of kiln systems that differ from 
one another in their processes, designs and rated 
outputs. In addition, the industry has of 
necessity to use hard crystalline or sedimentary 
I'mestones—Often quartzose or siliceous—in most 
of the plants along with high-ash coal. In an 
average cement plant the relative shares of raw 
materials and fuel (including power) in the 
aggregate cost structure obtain at 26.2 and 58.6 
percentage (l). therefore, one of the immediate 
needs of the industry is to optimise clinker 
quality and output by balancing the inputs of 
coal and raw meal.
The present communication is based on a svstematic 
investigation undertaken in this regard. Although 
the data and results presented below relate to 
five selected plants, the generalisations, 
"epo'ted her", have been arrived at from a wider 
set of data which have been excluded for the 
sake of brevity.
PLA'TT CHlRAC^RISTIfiS
The kiln, raw meal, fuel, and clinker 
character'sties of the nlants in question are 
p-escnted in Tables I A II. The plants were 
chosen on the following considerations:
To cover the three major processes of raw meal 
prepa'ation.
The kiln capacity range to represent the general 
mn i.e. 600-1000 tonnes per day (tpd), wulch 
indeed is the range of 50 percent of the 
ODe"ating k’jns.
The limestone characteristics to represent a 
cross section of the material used. Thus plants 
A,D and 5 make use of coarse grained quartzose 
limestone with a host of accessory minerals, while 
plant B utilises a compact crypto-crystalline 
fine-grained siliceous limestone, and plant C 
depends on a high-grade millolltic limestone. 
Further, while plants A,D and E make use of 
limestones of the same geological horizon, they 
differ in their raw meal preparation and 
preheating systems.
To represent different additives and correctives 
used (Plant A, sandstone 6%, clay Plant B, 
bauxite 1”^, laterite 4^; Plant C, clay 20^j 
Plant D, bauxite 2^, iron ore 2%, and Plant E, 
lime sludge 5%> red mud 2/ ).

Capacity 600 9ÖÖ 1000 8ÖÖ 300

TABLE I
Distinctive Features of the Kiln system

Plant A B C D E

TPD
Process Dry Dry Semidry Wet Wet 

(4-SP) (4-SP) (Lepol)(Concen-(Chalns) 
trator)

Cooler Grate Planetary Grate Grate Planetary 
(Recupol)

Heat 1100 1100 950 1500 1550
consumption
Kcal/Kg cl

TABLE IT ~|

Plant ^aw Mealj Coal and Clinker Characteristics
Raw '’eal Characteristics

Plant A B 0 D E
L0I 56.10 35. 61 54.98 34.69 34.83
Si02 13.70 13. 40 14.55 15.95 14.12

D 
O Fe2°5 1.40 1. 90 1.82 2.76 2.81

ai2°3 2.80 3. 25 3.13 1.47 1.77
OCX CaO 41.53 43. 60 43.51 44.55 44.82
B 
0 MgO 2.88 0. 83 0.68 0.91 1.02

Na20 0.28 0. 15 0.10 ND 0.75
£ k2° 0.96 0. 33 0.14 ND 0.22

I Raw Mn20?

S°?

0.97
ND

ND
0.

ND
17 0.20

ND
ND

ND
ND

Coa Characteristics

CO Moisture 5.51 2.06 2.45 1.46 2.98
co VM 36.05 31.26 28.90 24.91 28.95
"3 FC 34.09 40.57 47.26 44.75 42.555

26.91Ash 25.89 21.59 28.90 , 25.54
fl? 
0 C.V. 5290 5480 5870 5010 5366

K. Cal/kg

V-
sio2 59.82 65.08 58.71 61.14 58.94

XS co ?e2°5 6.01 7.45 6.57 8.56 6.89
co ai2°3

«aO
24.50 21.99 22.40 20.60 21.65

a 
0

3
5

5.13 5.48 6.11 ■ 4.25 6.55
D MgO 0.44 0.51 1.53 1.25 0.60

Clinker Characteristics

LOT 0.84 1.58 2.56 0.69 0.72
sio2 21.73 29.96 21.48 24.80 24.82

C O Fe20? 2.80 5.69 3.58 4.70 3.60
Al 0 lUg j 5.b4 6.55 4.58 3.50 4.20

e 0 CaO 60.66 64.99 64.96 63.45 63.92
P«
0 MgO 5.60 0.94 1.40 1.25 1.32

Na20 0.05 0.12 0.50 0.56 0.49

M KjO 1.52 0.51 0.71 0.30 0.37
Q Mn2°3 1.10 ND ND ND ND

so3 0.77 0.49 WD 0.35 ND
Ca0f 1.32 0.18 4.85 0.72 0.30

?r
c 0

C5S 44.30 48.11 45.00 21.00 50.37
cs 38.30 25.31 58.80 64.40 32.97§ 

c co 
0 V 4.50 7.67 10.00 3.40 4.45
B O C4AF 12.90 10.91 8.20 11.20 12.20
L>



CLI'KBR QTFALTTV,
Froa the phenomenologtcH inter-relations of 
phase composition,, micrCRtruotui-e, quality, and 
burning of portland cement clinkers (2) it is 
known that in addition to their chemical 
composition, the quality of elinker is defined by 
the optimum proportions ot the major phases, 
grain size of clinker minerals and overall 
microstructural characteristics. However, no 
quantitative indices correlating the above 
parameters have yet been established, -vevertheless 
from a study of a fairly large number of Indian 
plant clinkers it has been observed that the 
over»!1 quality can be represented by the 
combination af the following parameters*
Chemico-Mineralogieal Index (CMl)

CMI = 60(0.05—K)—(BIHxp—3) (1)

where

CaO—CaOf
' x = 5ZÖ

T = burning time taken as 20 min

biexp = as det^ned

experimentally, for example by QXHD.
tß.th high-ash coal firing in Indian plants,the 
chemico-mineralogical quality of a clinker 
appears to be acceptable so long' as CMI lies 
within 0.5 with the BI- ratio limited to 3.5. 
Any value of CTI beyond the above range indicates 
either high free lime, or low alite content, or 
disproportionate presence of the nonsilicate 
phase or their combination.

c sJxp+c?slx') r2)
80----- '

Crain Index (Cl)
01 =

Where P and Q refer respectively to the proportion 
of alite and bellte grains lying in the range 
21-40 micron.
The closer the index to unit',, the better is the 
clinker quality, when other quality indices are 
tbe same.

Clustering Index (Cl)
The clustering index is given by the cluster size 
and frequency. The cluster size is given in 
millimeters by their average length of linear 
intercepts obtained from a larger number of 
traverses across polished sections of clinker 
samples under the microscope with the help of an 
integrating stage. Parallely the cluster 
frequency can be denoted by the number of 
clustersper millimeter. The higher the intercept 
length or the lower the frequency, the poorer is 
the quality. With high-ash coal firing, 
clustering phenomenon appears to be very common 
in the plant clinkers and, hence, the significance 
of this index.
yjcrestructure
The microstructural characteristics are presented 
in qualitative and relative terms to cover the 
grain shape and outline, inclusions within grains, 
rimming, zoning and twinning, fnder Indian 
conditions. Type I monadoblastic microstructure is 
rarely achieved and the clinkers generally display 
Type II monadoblastic and Type TH glomeroblastic 
features (2).
The above quality indices of the clinkers produced 
by the five plants are illustrated in Table ITT. 
For better comprehension, the crystal size 
distribution o'" alite and belite as well as the 
nature of clustering in the above clinkers are 
presented in Fig 1 and 2. From Table III and 
Fig 1 and 2, one may conclude that the clinker of 
plant B is of the best quality with the only 
deiiciency that the grain growth is not entirely 
Satisfactory. In an overall grading of clinker 
quality plant B is followed by plants F, A,C and D 
although on the basis of C'U one may observe that 
the clinkers of plants A,C and D are below the 
acceptable limits, which is also corroborated by 
the facts that the free lime in clinker A is high, 
in clinker C very high and the alite content in 
clinker D is very low.
FAW MFAL COMPCFITIOV Avt) COAL ASH T,tfLttf?ICF!
The row meal characteristics of the five plants in 
terms of moduli values, burnability factor and 
potential liquid content are presented in Table IV 
which also shows the average ash absorption in

ALITE ( Maximum Length) -------------- BELITE (Minimum Diameter)

Fig.1. ALITE AND BELITE SIZE DIS'^IBUTION



Frequency
( 4v)

TABLE III
Clinker Quality

Plant A B c D E

CM 1.29 0.29 1.96 2.22 0.46
CI 0.32 0.22 0.41 0.72 0.64
Cluster 0.55 wegligible0.32 0.90 0.87
Size (Av)
Cluster 1.68 - 2.97 1.12 1.17

Description of Micrestructure
Plant A t Irregular grains of alite with profuse 

inclusions of bellte. Beiite grains 
twinned and zoned. Rims of bellte 
around alite present.

Plant B : Veil develop»-’ alite and beiite. No 
zoning O” twinning of bellte. Rims of 
bellte aromd alite and inclusions of 
beiite within alite rare.

Plant C I Regular grains of alite and beiite. 
BelUe better developed than alite. 
Beiite rims around alite present. Some 
alite have irregular margins. Twinning 
and zoning rare. Inclusions of bellte 
within alite not very frequent.

Plant D I Alite grains with wavy outline and 
inclusions of beiite. Two generations 
of beiite noticed, one regular and 
moderately coarse grained and another 
irregular and fine grained. Twinning 
in beiite present. Rims of beiite 
around alite rare.

Plant E : Alite with irregular outline and 
inclusions of beiite. Bellte better 
developed with twinning.

ciinker produced through the given kiln systems. 
The average asn absorption has been derived from 
the plant records of specific heat consumption in 
clinkerisatlon, compositional differences between 
raw meal and clinkers, and ash compositions for 
long periods of plant operation.
The effective changes in all the parameters due to 
ash absorption are also shown in Table 1V. For an 
additional indirect assessment of the relative 
burnability of the raw mixes, tne theoretical heat 
requirement (Up in K Cal/Kg) for clinkerisatlon 
with and without co->l ash influence has also been 
carried out following the methods of Strassen (?).

It is obvious from Table IV that the relative 
bumability of the raw meals cannot be clearly 
assessed from the set of data individually or in 
combination. The data is still more confusing if 
one tries to correlate them with the quality of 
clinker produced by the plants as summarised in 
Table III. For example, the relatively inferior 
quality of clinkers of plants C and D can hardly 
be envisaged from these indirect bumability 
indices. This led to the study of granulometry of 
raw mixes.

RAW MIX GRANULOMETRY

TABLE IV
Raw heal Composition and Coal Ash Influence

Plant - A B C D E
LSF 0.97 1.02 0.94 1.05 1.03
SM 3.26 2.60 2.31 3.30 • 3.08
AM 2.00 1.71 1.98 0.53 0.63
BF 110.31 121.91 112.84 131.52 124.65
Lc% 21.96 23.79. 22.18 18.41 20.86

“th 433 439 428 426 434

Ash 5.5 5.5 3.5 6.5 7.0
Absorption??
Effective changes due to Ash Absorption
LSF 0.83 0.87 0.87 0.86 0.85
SM 2.98 2.52 2.83 3.00 2.84
AM 2.28 1.8? 1.86 0.76 0.90
BF 94.50 106.35 111.07 109.82 105.39

25.63 27.06 24.27 22.53 24.87
^TH 402 403 408 386 394

The broad pattern of granulometry of the raw mixes 
of different plants including the five selected 
was studied by finding out the slopes of lines 
from the log-log plots of cumulative weight 
fractions, retained on different sieves (Table 7) 
and correlating the slopes with fraction retained 
on 150, 90 and 53 micron sieves oti a semi-log soaie 
iFig }}. It is evident from Fig 5 that there is 
a break in the slope of lines beyond~5% retention 
on 150 micron sieve and corresponding to —14% and 
— 37% retentions on 90 and 53 micron sieves 
respectively—all against a slope factor range 
of about 2. But the break in the case of 150 
micron is smoother than in the other cases with 
a detectable trend of approaching a linear 
relation.

TABLE V

Raw i-feal Particle Size Distribution

Pl ant A B C D E

In Microns

+150 3.05 4.70 3-90 8.49 3.26

-150+ 90 10.85 8.30 8.79 12.46 9.14
- 90+ /5 5.80 4.10 5.86 6.83 6.84
- 75+ 53 40.8 ( 19.40 14-50 27.37 49.94
- 53 39.43 63.50 66.95 44.85 30.82



Further, since modern trends of granulometric 
studies of raw mixes (4,5) have revealed tnat 
the size fractions retained in the 125-150 micron 
range have an appreciable effect on bur.*a>-ility , 
the mineral constitution of the coarser fractions 
of the raw meals and their effect on burnabilitv' 
were separately studied.
The mineral phases present in the +90 and +150 
micron sieve fractions in their order of abundance 
as well as the relative concentrations of calcite 

and quartz in these size fractions are presented 
in Table VI. It is evident that the patterns of 
mineral concentration in both the coarse fr-ctions 
are more or less ide'.tical out in certain cases 
there is some increase in the concentration of 
calcit= sr-ains in the -i 1^0 micron fraction, 
■''herefore, the effect of increase in the coarsest 
fraction i.e. + 150 micron range on residual 
free lime was further investi"atec, the results 
of which nave been reported later in this paper.

___________________ TABLE VI ________ _____________________________________________

Mineral Distribution in Raw Meal Coarse Fractions

riant a Plant B Plant Ü Plant D Plant g ~
7150-------------- -15I5+9Ö--------- +T55 -150+90 7150 -150+90 +W5 -150+90 +T575 -15Ö-J9O
micron micron micron micron micron micron micron micron -nicron micron

calcite. Calcite,, Calcite, Calcite, Calcite,
Dolomite, Dolomite, Quartz, Quartz, Quartz,
Muscovite, Quartz, Diaspore, .Montmon- Labradorite
Cnionte, Muscovite, Kaolinite, llonite. Sphene,
Bytownite, Chlorite, Gibbsite", Kaolnite, Kaolinite
Labradorite, Bytownite, Goethite Gibbsite,
Mn-minerals, Labradorite, Goethite
Spnene, vn-minerals.
Apatite, Apatite
Zircon bpnene

Calcite %
80.32 85.58 86.72 91.22 85.70 79.00 72.94 "70.25 08.36 77.34

Quartz >

19.68 16.41 15.20 8.70 16.30 21.00 27.05 29.74' 31.63 22.65

n=»lcite, Calcite, Calcite, C-'.lci te, CalciQuartz > 
Kaolinite, Quartz, Quartz, Quartz, Quartz *
Labraaorit0 Musco- Musco ÜUSC 0- Muse c
O W Ia+SW A 'vite vite, vite. vite.0 Biotite, hematit“. Tr emo- T^pt.c —

Hematite, Biotit“, lit“, lite.
0-oethite, Sphene Opaque 0 pacue
Sphene Minerals Miner

als

No of I th Travers«

Fig 2 NUMBER OF CLUSTERS PER MM 
AS OBSERVED IN TEN TRAVERSES.

M.UPE OF LOGARITHMIC PLOTS DF WEIGHT FRACTIONS Vs 
SIEVE SIZE ------------

FTG.3 RELATIONS OF DIFFERENT SIZE FRACT- 
- IONS WITH TOTAL GRANULOMETRY



CLINKER-BAW ?EAL-COAL IM^ER-BELATlOM BASED ON 
AN Ei'iPIRICAL RAW MEAL INDEX

Since the normally adopted moduli values on the 
burnability factor derived from them did not 
yield an acceptable approach to envisage clinker 
ouality and relative burnability as highlighted 
earlier in this paper, attempts were made to 
study the Indian plant raw mixes so as to 
es-aullsh the equivalence in terms of the 
burnability effect of moduli values vis-a-vis 
potential liquid of raw meals with coal ash 
influence, on the one hand, and vis-a-vis raw 
mix fraction retained on 150 micron sieve on the 
othe". In the context of such equivalence 
studies it was revealed that for the type and 
ranqe of ki±n systems under Investigation the 
normally favourably working ranges of potential 
liquid and size fraction retained on 150 micron 
sieve are about 22.5-27«5^ and 0-55$ respectively. 
The disturbance in bumability with potential 
liquid exceeding the limiting values is such 
that no equivalence can be established while the 
effect on account of the higher proportion of 
coarser fraction is regular and additive. Based 
on such observations a raw meal index could be 
derived which is given below:

Ri-J = 100 LST + WSM—(Lc—25)—2(5—R) ())
Where IS11’ and S" am derived from the ignited raw 
mix with average coal ash influence, L is the 
potential lionid content of that raw mix with 
coal ash (lying in the range 22.5-27.5) and R is 
the fraction retained on 150 micron sieve.

it has been further observed that so long as this 
index lies between 105 and 110 approximately, a 
fairly acceptable quality of clinker that is 
achievable with high-ash coal firing can be 
ensured with Ci lying in the rance of + 0.5.
The raw meai indices of the five selected plants 
arc given in "able VII.

TAnLE VII
Raw Meal Indices

Plant A BCD E

SMI 107.2 105.5 115.2 130.5 109.7

It may be worthwhile to mention here that so far 
as plant A is concerned, although RNI=107.2, CMI 
is not favourable. This is explained by the fact 
that the raw mix of this particular plant contains 
an appreciable amount of manganese oxide in 
addition to magnesia and iron oxide,. If now LSF 
is recalculated in accordance with Spohn’s 
formula taking into account the magnesia content, 
it increases substantially (from 8} to 91) and if 
manganese oxide is added with iron oxide to 
obtain the other moduli value, then the potential 
liquid of this raw mix becomes almost 29%, aS a 
result of which Equation (?) becomes untenable for 
this raw mix and consequently, the difficulty In 
obtaining a clinker of acceptable quality can be 
forecast.

CONCLUSIONS
With the type of raw materials and fuel used in 
Indian cement plants of 600-1000 tpd capacity, the 
quality of clinkers produced can be characterised 
by a combination of four parameters; Chemlco— 
mineralogical Index (CH), Grain Index (Gl), 
clustering size and frequency, and microstructural 
features. A CMI range of + 0.5 with high GI, 
low clustering, the Type Il/lII microstructural 
variety normally indicates an acceptable 
Quality of clinker. Such prognostication of 
clinker quality cannot always be envisaged with 
certainty from the conventional moduli values, 
burnability factors and potential liquid 
contents, either independently or in combination. 
The plant raw mixes generally contain an 
appreciable proportion of fraction retained on 
150 micron sieve, which, as expected, has a 
strong bearing on the overall bumability of 
raw mixes. From experimental and plant data an 
equivalent effect of chemical composition and 
potential liquid content of ignited raw meals 
with coal ash influence as well as of the raw 
meal fraction retained on 150 micron sieve, a 
raw meal index (RMl) has been worked out with 
certain limiting conditions. It has been 
observed that when the index lies within the 
ran-'e 105 to 110, an acceptable quality can be 
achieved for the clinkers under the given 
conditions.
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Influence des microadditions d'oxyde de chrome (III) 
sur la composition chimique et mineralogique 

des clinkers de ciment portland
The influence of chromium sesquioxide microadditions on the 

chemical and mineralogical composition of portland cement clinkers

I. TEOREANUl-H. BALASO1U, C. RADOVICI et D. CIOMARTAN, Roumanie.

RESUME : Le travail est une analyse de la fa^on ddnt la composition chimique et mineralogique 
des clinkers de ciment portland est influencee par des microadditions d'oxyde de chrome (III) 
(jusqu'ä 3 %). Les auteurs ont examine les modifications de la composition chimique des cons- 
tituants majeurs du clinker, par suite de la solubilisation du chrome (III) et de la varia
tion des proportions d'autres oxydes inclus dans les reseaux de base, et donnent des solu
tions solides complexes. La distribution du chrome (III) entre les phases kristallines du 
clinker, en fonction de sa solubilite dans chaque phase, est aussi analysee. On deceit la fa- 
gon dont la presence du chrome (III) influence la texture des clinkers et le polymorphisme 
de leurs constituants silicates.

IMBtAOTt
In the present work is analysed the'waiy th*  addition of variable amounts of chromium 

eesyiiexide (as nioroaddltiona op to 5 wt.%) exerts an influence on the chemical and minera- 
Legioal oosposition of portland cement clinkers. The changes in the chemical composition of 
khe main components of clinker as a consequence both of the ohromlum(III) dissolution and 
af the variations in the amount of other ions inclusion in the basic lattices, resulting in 

‘ >oaP^e?_ solid solations formation, are examined*  The distribution of chromiamcIII) in the 
irystalllne phases of clinker as a function of its solubility in each pheme i# analysed. " 
B*  way to whloh the ehroeium(III) presence influences the clinker texture and ths polymor
phiw of the sllloate constituents in olinker is examined, too.



A. INTRODUCTION
Dans une publication prSc^dente /I/ ont 

£t£ examinees les consequences de la pre
sence des ions de chrome(lll) but la forma
tion et la stabilite des phases silicatique 
dans le clinker de cltnent portland« Des mo
difications assez importantes peuvent avoir 
lieu dans la composition ohimique des pha
ses majeures du clinker par suite de la 
distribution differente des ions de chrome 
(ill) et par les modifications de la solu- 
blllte des autres Ions dans ces phases. La 
structure du clinker en general et la struc
ture de ses phases mlneraloglques en parti
culler, peuvent aussi subir des modificati
ons notables.

Le but de ce travail est d’apporter 
des Informations nouvelles en ce que con- 
cerne les questions indlquees plus haut, 
etant donne que des modifications chlmlques 
et structurelies du clinker et de ses con
stituents peuvent engendrer des variations 
importantes des propriety llantes des cl- 
ments respectifs. -

B. PARTIE EXPERIMENTALE
Afin d’obtenir ces informations 

(s'ajoutant h celles präsentes dans la 
llttSrature) ont St6 utilisSes comma mat!— 
feres premiferes pour les clinkers fe contenu 
en oxyde de chrome(IIl) variable (c’est & 
dire 0; 0,5; 3 % en poids) carbonate de cal
cium, bioxyde de sllicium, oxyde d’alumini
um, oxyde de fer(lll) et oxyde de chrome 
(III) de puretd ohimique (rdactifs Merck). 
Les paramfetres modulaires des clinkers syn— 
thetlsds sont suivants : Sj£=0,96; Msj = 2,2; 
Ma1=2. Les mdlanges brutes, sont caractdrl- 
ses par des surfaces specifiques dlevdes. 
rdsultat des dimensions granulaires rddui- 
tes des matiferes premiferes (le rdsldu sur 
le tamls de 0,063 mm est nul). La culsson a 
dtd effectude dans un four dlectrlque fe 
135O°C, pour 30 minutes.

L’analyse qualitative de la compositi
on mlndralogique des clinkers a dtd faite . 
par la diffraction des rayons X, fe la tempe
rature ambiante et aussi par dlffraotomdtrie 
fe haute temperature, entre 500-1200°C, pour 
cheque hausse de 100°C de la tempdrature. 
Ont dtd utlllsds un apparell de type DRON- 
2.0 h un gonlomfetre horizontal GUR-5 (USSR) 
et une chambre de hautes tempdratures de 
type GPVT(USSR). Dans tous les cas on a tra- 
vallld avec la radiation Cuj^.

L’analyse ohimique des dchantillons a 
dtd faite par la fluorescence des rayons X, 
avec un apparell de type VRA-2 (Freiberger 
Pr&zisionsmechanik-R.D.A.). Pour identifier 
Ca, Fe, Or on a travailld avec un tube de W; 
le crystal analyseur a dtd de LiF. Pour iden
tifier Al et Si on a utillsd le tube de Or, 
et crystal analyseur de pentaerytritol. Pour 
dliminer 1’Instabllitd fe court terme de 
1’apparell, on a utillsd un systfeme de me- 
sure fe moniteur. Pour dliminer les erreurs & 
long terme, on a remplaod pour 1’dtalonnage 
et les mesures, le nombre des impulsions cor- 
respondant au maximum du peak analytlque,par 
le rapport entre le nombre des impulsions au 

sommet du peak et le nombre des Impulsions 
au fond du mfeme peak (Ij/Iy). Pour chaque 
systfeme ont dtd prdpardes cinq pastilles 
dtalon et pour oompenser les effets matri- 
oiaux, les concentrations des dlements dans 
chaque pastille ont dtd calculdes jusqu’fe 
100 % utilisant un programme de calcul 
addquat.

Les rdsultats des analyses par fluo
rescence des rayons X ont dtd verifids et 
oompldtds par analyse chimique.

La co-existence des quatre phases 
crystallines et de la phase vitreuse rend 
tres difficile 1’analyse chimique quantita-. 
tiye des constituents mindralogiques du 
clinker. Pour dcarter en partie au moins 
ces obstacles, les constituents mindralo
giques du clinker, ont dtd sdpards par at
taque chimique sdlectif. On a utillsd une 
solution d’aclde salicilique en alcool dthy- 
lique qul. rend solubles les phases silica- 
tiques,les phases odlitlque et vitreuse res
tant insolubles. Les phases sillcatiques 
ont dtd reprdoipitdes par dbullition A sec. 
Les rdseaux crystallines attaquds ou labl- 
lisds par I’attaque chimique, et surtout 
les phases reprdoipitdes, deviennent suscep- 
tibles de rdagir (se carbonater, etc.),avec 
1’environnement. Four dvlter les erreurs 
prodults par ces rdaotlons, les produits 
rdsultant aprfes 1'attaque chimique ont dtd 
soumls & une culsson suppldmentaire, & 
135O°C pour 2 heures.

Ont dtd aussi effectudes dee analyses 
semiquantitatives avec une microsonde dleo- 
tronique Jeol de type JXA-3A.

Pour obtenir des informations conoer- 
nant la texture des clinkers & contenu va
riable en oxyde de chrome(IIl) ont dtd ef
fectudes des mesures de porositd pour 
touts la gamma des clinkers synthetisdes, 
utilisant un microscope analyseur d ’images 
Quantimet 720.

C. RESULTATS ET DISCUSSIONS
Les analyses diffractomdtriques ont 

mis en dvidenoe la diminution jusqu’fe, une 
disparition quasi—totale de 1 ’alite dans 
les dchantillons & 3 % oxyde de chrome(III) 
(rdsultat qu’on attendatt d’ailleurs 
d’aprfes /I/), la phase bdlitique dtant la 
plus importante; dans les clinkers exempts 
d’oxyde de chrome(lll) ou & 0,5 $ d’oxyde 
de chrome(lll) la phase antique est la 
plus abondante.

Les rdsultats des investigations de 
dlffractomdtrie & haute tempdrature ont 
montrd que 1’inclusion du chrome(lll) dans 
les rdseaux des mlndraux du clinker, 
n’lmplique pas des dlffdrenoes essentielles 
dans leur comportement envers les varia
tions de tempdrature, compardes & celles 
des mlndraux du clinker dtalon (exempts de 
Cr); on a remarqud 1’abalssement de la tern— 
pdrature de transition polymorphique 
du bdllte par rapport & 1 ’orthosilicate de 
calcium pur (mats ce phdnomfene est deter^- 
mind pas seulement par 1’Inclusion dans le 
rdseau de 1'orthosilicate de calcium des 
Ions de chrome(lll), male aussi des ions 
d’aluminium et de fer(lll)).



Tableaa I - la composition ohimique des 
ollnke"et des phases majeures pour : 
A - 056 CTgOj; B - 0,5» Cr2°3» c ~ Cr2°3

A

Oxydes Clinker
Phases 

alitique et 
bdlltlque

Phases 
cdlltlque et 

vitreuse 
» c » 0 56 c

Si°2 

ai2o3 
Pe2°3 

CaO

Total

23,76 0,21

7,89 0,36

3,66 0,76

64,45 0,58

99,78

28,96 0,35

1,04 0,40

1,15 0,01

68,73 0,62

99,88

10,02 1,40

16,98 0,40

9,65 1,31

62,48 0,39 

99,33

C

Oxydes Clinker
Phases 

alitique et 
bdlltique

■ Phases 
edlitique et 

vitreuse
» c c 56 c

sio2 23,68 0,43 29,70 0,36 9,49 0,45

A12°3 7,39 0,38 0,33 0,14 21,96 0,64

Pe2°3 3,79 0,01 0,26 0,01 10,98 0,04

CaO 63,95 0,62 68,16 0,72 56,77 0,66

Cr2O3 0,48 0,08 0,64 0,08 0,30 6,08

Total 99,29 99,06 99,50

-On a notd par "c" 1’erreur absolue et 
par les pouroentages en poids.

Dxydes Clinker
Phases 

alitique et 
bdlitique

Phases 
cdlitique et 

vitreuse
56 c 56 c 56 0

Si°2 23,52 0,46 25,89 0,41 8,96 0,30
ai2o3 7,48 0,22 1,75 0,12 19,94 0,10
Pe2O3 3,39 0,24 1,62 0,02 7,87 0,31
CaO 62,56 0,65 66,33 0,46 59,98 0,42
Cr2O3 2,97 0,12 3,94 0,16 2,39 0,16
Total 99,93 99,53 99,14

Lea compositions oxydiques des phases 
separdes et analyses par la fluorescence 
des rayons I et par la vole ohimique (ta
bleau I), montrent que le chrome (oalculd 
come oxyde de ohrome(lll)) eat distribuS 
surtout dans les phases alitique et b^ll- 

tique. le oontenu en chrome est presque dou
ble dans les phases ddj& mentionn^es par 
rapport & celui determine dans les phases 
c^litique et vitreuse.

la distribution prdferentielle des 
ions chrome(IIl) dans les phases alitique 
et b^litique est aussi d^montr^e par les 
images obtenus & 1’aide de la microsonde 
^lectronique; dans la figure 1 (a et b) 
sont prSsent^es les distributions des ions 
de allicium, aluminium, fer(lll) et chrome 
(III), correspondant aux clinkers it 0,5 et 
3 » oxyde de chrome(III) respectivement.

I’inolusion du chrome dans le rSseaux 
des mln^raux sllicatiques entrains des modi
fications dans les rapports Stabile entre 
les oxydes qui les composent, c 'est & dire 
les oxyde de base (oxydes de silicium et de 
calcium) et les oxydes solubilises dans les 
min^raux de base, formant des solutions so
lides (oxyde d 'aluminium et oxyde de fer 
(ill)) en fonctlon des modifications de la 
stability des ces mln^raux.

Bans le cas du clinker & 0,5 % oxyde 
de chrome(III), 1'inclusion d'une quantity 
relatlvement importante de chrome dans les 
r^seaux des silicates dicalcique et trical- 
cique ne modifie pas essentiellement le 
rapport gravimStrlque entre les oxydes de 
calcium et de silicium, mais determine une 
diminution importante de la quantity des ■ 
oxydes d'aluminium et de fer(lll) solubi
lises dans les constituents sllicatiques du 
clinker de clment portland.

Bans le clinker h 3 » oxyde de chrome 
(ill) on a determine une diminution nette 
du rapport gravim^trique des oxydes de 
chrome et de silicium, dans les conditions 
d 'une diminution de la quantity d'oxyde de 
calcium et d 'une augmentation visible du 
contenu en oxydes d 'aluminium et de fer 
(III), allant jusqu'S 3,37 » en poids, par 
rapport & 2,19 » en poids dans le cas du 
clinker sans chrome; le contenu en chrome 
(dötermlnS comme oxyde de chrome(IIl)) 
atteint 3.94 » en poids. Par consequence, 
le rapport gravimStrique entre 1'oxyde de 
calcium et les oxydes acides diminue, par 
rapport au clinker Etalon, de 2,21 
jusqu'fc, 2.

les modifications des rapport oxy
diques dans les mlndraux sllicatiques du 
clinker, lorsque le contenu en oxyde de 
chrome(IIl) est variable, sont certainement 
correlees aveo les changements de la compo
sition mingralogique des phases sillca- 
tlques. Les modifications, bien que peu im
portantes par rapport & I'Stalon pour le 
cas du clinker & 0,5 » oxyde de chrome(lll), 
deviennent importantes nour les clinkers & 
3 ■» oxyde de chrome(lll) (dans ce cas, on 
ne trouve pratiquement pas d'alite).

Pour la oomposition des phases cSli— 
tique et vitreuse (phases interstitielles) 
des clinkers obtenus & partir d hin 
melange brut (sans microadditions d'oxyde 
du chrome) un contenu 61ev4 en oxyde de 
oaloium est caractSristique, probablement 
par suite de la solubilisation de cet 
oxyde dans la phase liquide du clinker 
(qu'on retrouve apr6s la solidification 
comme phase vitreuse).



Figure 1 - La distribution dlomentaire des 
atomes de Silicium, aluminium, fer et chro
me dans deux sortes de clinkers a) ä o,5% 
en poids oxyde de chrome(III); b) ä 3% en 
poids oxyde de chrome (III).

Les clinkers ä additions d’oxyde de chrome 
(III) se distinguent par un contenu plus 
bas en oxyde de calcium dans les phases in
terstitielles, surtout dans le eas du clin
ker A o,5% oxyde de chrome(III). Cette con- 
statation est en accord avec le fait que le 
contenu en phases sllicatlques dans ce clin
ker est plus grand /I/. Dans les phases in
terstitielles du clinker A chrome on observe 
aussl un'abalssement du"contenu en oxyde de 
silicium. Bn mAme temps, on observe une aug

mentation du contenu en oxyde de'fer(III) 
et surtout. en oxyde d1aluminium. L’oxyde 
de fer(III; se trouve dans les phases inter
stitielles dans une proportion plus grande 
que dans le clinker Atalon, seulment dans 
le cas du clinker A o,5^ oxyde de chrome. 
Quand le contenu en oxyde de chrome(III) 
dans le mdlange brut atteint 5% los pourcen- 
tages des oxydes de fer(III) et d*aluminium  
dans les phases interstitielles sort plus 
bas isv rapport dux phases interstitielles 
des clinkers A o,5% oxyde de chrome(III). 
La somme "des pourcentages des oxydes de fer 
et d’aluminium incorpords est pourtant plus 
grande que dans le cas das clinkers dtalon; 
ceci peut 8tre atribud"au contenu relative- 
ment dlevd en chrome(2,39% en'poids, calcu- 
Id corame oxyde de chrome (III)).

On peut conclure que les variations des 
pronortions des phases cdlltique et vitreu- 
se dans les clinkers sont directemont in- 
fluencdes par les processus ayant lieu dans 
les phases silicatiques A 1* incorporation 
de proportions variables en oxyde de 
Or (TH), et par la tendence de solubiliser, 
notde dans le cas des phases interstitielles 
surtoüt dans le ferrite-aluminate de calci
um /2,3/.

Les additions en oxyde de chrome(TII) 
conduisent aux changements importants de 
la texture resultant des modifications de 
la composition et des influences sur les 
processus physiques et chimiques pendant la 
formation du clinker de ciment portland. 
Les rAsultats des mesures de porositd effec- 
tuAes sur les clinkers A contenu variable 
en chrome', utillsant le microscope-analy- . 
seur des images,confiraent les.suppositions 
onnoncdes plus haut,ct en mAme temps, sent 
en accord avec .les modifications dans la 
composition minAralogique et dans la mor
phologie des mindraux des clinkers /I/.

Tableau II - Kesures de porositA pour les 
clinkers ^uudids

Les proprietys Clinkers A:

examinees 0%
en poidn

0,5% Or2°3 
cn poids en ,‘jolds

La repartition 
irolumique des 
pores (%vol.)

2o,56 14,o9 12,31

Le diamötre 
noyen des 

pores(mm)
o,ol69 0,0085 o,oo96

Les donndes prdsentdes dans le tableau 
II montrent que la presence du chrome con
duit A une vitrification assez importante 
des clinkers. Ceci est en bonne concor
dance avec les conclusions occaslonnAes par 
les mesures de la composition oxydique des 
phases majeures du clinker. En meme temps 
avec 1’abaissement de la porositd totale a 
lieu une modification de la distribution 
des dimensions des pores (tableau III): la 



ppfiportilon en petita pores augments.

Tableau III - la distribution des pores 
—————* p0UP ies .clinkers Studies

Distribution du 
nombre des 
pores ayant le 
diamStre 
uompria dans 
1’interval 
(% du nombre 
total des pores)

Clinkers As

o% Cr20^ 
en poids

o>5/o Ci^Oj 
en poids

5/5 Cr20j 
en poids

o - 5 yim 5o,12 64,95 26,47

5 - 8 ^un 3o,93 2o,o5 55,69

8 -15 jim 17,o9 5,28 2o,15

15 - 2ojim 5,66 1,95 6,66

2o - 5o jim 5,o2 2,89. 7,22

Jo - Jo jim 6,6J 3,4o 3,98

Jo - 8o jin. 4,88 l,o8 1,54

plus de 8o Jim 1,76 o,45 o,J2

nonbra total0 
des ':ores/rfm" 575 lo79 961
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d. corcuTSTora
La presence du chrome dans le clinker 

entrain® das modifications de la compos!bion 
mlnSrale des clinkers et aussi des modi
fications notables de la composition chiiai- 
que des phases tnajeures; ces modifications 
peuvent 9tre eorrellSes avec celles qui 
sent observ4es dans la composition mindra- 
logiqua des clinkers, interessant surtout 
les phases silicatiques. Ces modifications 
sent plus importantes quand 1* oxyde de 
Cr(III) est inc&rporS dans des proportions 
SRp^rieures A o,5% poids. Lorsque'cette 
proportion augmente, la phase antique di- 
minue, 5us<3u,a une dlsparltion quasi-totale 
dans les clinkers 4 5% oxyde de chrome(III). 
Les modifications dans les proportions re
latives des phases silicatiques et dans 
le«r composition chimlque impliquent des 
modifications dans la composition et les 
pronrietds des phases silicatiques.

to presence du chrome dans les clinkers 
determine une vitrification plus intense; ä 
l’augnentation da content! en oxyde de chro- 
me(TII) correspondent an abaissement de la 
porositd totale et une modification de la 
distribution des pores (les petlts*porss  
deviennent beaucoup plus nombreux).



Common influence of BaO and Mn203 on the obtaining 
and the properties of the portland cement

Influence des additions de BaO et Mn2O3 sur la fabrication 
et les proprietes des ciments Portland

V. VALKOV, Associate Professor, Master of Science, Higher Chemical and Technological Institute, * 
Sofia, Bulgarie,

M.M. SITCHIOV, Professor, Doctor of Science, LTI, Leningrad; USSR,
L. GIGOVA, Senior Technical Assistant, Master of Science, NIISM, Sofia, Bulgarie,
Yu. V. NIKIFOROV, Senior Technical Assistant, Master of Science, Giprocement, Leningrad, USSR.

RESUME : Pour etudier I'influence de BaO et Mn,O, sur les processus de formation du clinker 
et les proprietes du ciment, on a fabrique et etudie des melanges de materiaux ä partir de 
ces composes chimiques et de matieres premieres naturelles.
Il a ete etabli que BaO et Mn^O^ accelerent la calcination de la pierre ä chaux, amellorent 
la structure cristalllne du clinker et augmentent leur teneur en alites.
Le clinker obtenu se caracterise par une mouture amelioree et par une activite chimique et 
hydraulique augmentZe. Les ciments portland contenant une addition de baryum-manganese ont 
un durcissement plus rapide et une resistance plus grande de 80 ä 120 kg/cm2 que les ciments 
sans cette addition.

Cette addition exerce une action complexe sur la formation des composants du ciment et leur 
mineralisation.

SUMMARY : For the investigation of the common influence of BaO-and Mn^O- on the clinker
forming processes and the properties of the cement obtained, raw material mixtures of 
chemical reactives' and natural materials are made up and studied.
It is established that BaO and Mn20, accelerate the lime absorption, better improve the 
crystal structure of the clinker and increase the alite contents in it.
The clinker obtained is characterized by a bettered grinding ability, increased chemical 
and hydrauj.ic activity. The portland cements containing a baryum-manganese addition 
harden faster and muster strength by 80-120 kg/cm higher higher in comparison with 
cements without addition.
The addition has a complex, alloying and mineralizing action.



The utilization of the alloying and mineral-*  
izing additions increases very much the 
possibilities of accelerating the,processes 
of the mineralforming sind regulation the 
structure of the portland cement clinker 
and its products. (1, 2). The action of BaO 
and MnoO» is of particular interest and 
each one of them has contradictory data 
(3-6).
In the present communication brief data 
will be given concerning the simultaneous 
action of BaO + MnoO,^ the use of which 
becomes real especially when utilizing 
different natural raw materials or indus
trial wates. The action of the addition is 
studied in laboratory, semi-industrial and 
industrial conditions.
The oxide of barium is introduced as BaSO. 
(baryte or concentrate of baryte), the 
Mn?0, as MnCO,, manganese containing ore 
or wastes. Additions containing 0,5 *-2,0$  
BaO and 0,4-t-2,0$ MngOj in different cor
relation, have been studied.

I. OBTAINING AND STRUCTURE OF THE PORTLAND 
CEMENT CLINKER

In the Portlant cement constituents the 
dissociation of BaSO. takes place at lower 
temperatures in comparison with the clean 
salt, and practically comes to his end at 
1400°C. The acid oxides SiOn, AIoOt and 
FeoO, (7) contribute for this. TEe^separat- 
ing barium oxide has alkaline comportment 
and appears as analogous to CaO. The manga
nese compounds most often fully pass into 
MngOj, which replaces F6203 in the consti- 
tients of the Portland cement clinker.
This fact was accounted for at constituting 
the raw material mixtures and the calcula
tion the mineral constituent of the clinker.
In the presence of BaO + MnoO^ accelerated 
annealing of the calcium lime (CaO) was 
observed. In clinkers with different consti
tuent (KH = 0,85-0,95 - according to 
Kind-Yong, n = 1,7-3,2 and p = 1-2,5), the 
full absorption of the lime terminates at 
temperature by 20 - 40°C lower in comparison 
with the samples without addition. "
In industrial conditions the obtaining of 
clinker is carried out without any devia
tion from the technological regime. More 
uniform and granulometrical clinker consti
tuent is established, with absence of fine 
and most corse fractions. The clinker 
obtained is of a decreased strength and 
Increased Brittleness and with 50$ 
ameliorated grind capacity.
The microscopic observations in laboratory 
and industrial clinkers show that the in 
the presence of Ba0 + Mn20, : the porosity 
of the clinker increases^improves the 
crystallization of the basic phases - of 
alites and belites (Fig. 1 and 2). Often 
the alite crystals show additional sectili- 
ty, some admixtures are included in them, 
or alteration of their surface is observed. 
The quantity of the alite phase is by 5 to 
8$ bigger.

Microphotography of clinkers, contain
ing BaO and MngO^, obtained in labora
tory conditions
(reflected light, Magnitude 90x)

Fig. 1

Microphotography of clinkers, contain
ing BaO and MngOi, obtained in factory 
conditions 
(reflected light. Magnitude 90x)

Fig. 2
The observations with microtester bear 
witness of practically uniform distribution 
of BaO in the Portland cement clinker struc
ture, while Mn20, remain mainly in the 
constituent of the interstitial substance 
which surrounds the alite and bellte 
crystals.

It is obvious that the action of the addi
tion BaO + MngO- begins as early as the 
reactions of the solid phases, with a par
tially formed aluminate of barium and a 
manganate of barium and calcium.
However, its presence in the clinker melt 
is the determining factor, the quantity and 
the activity of which is Increasing, while 
the viscosity decreases (8, 9). For this 
contributes the increased components of 
the system and the specific modifying in
fluence of Ba2+, Mn5* and SO^ . (1) 
The presence of BaO concerns, to the utmost



degree, the ballte phase and contributes 
for the stabilization of fl, while increased 
concentrations of also, a fact
confirming the data of v10).
The manganese, before all, forms a complexe 
alluminium-ferro-manganese phase, but some 
though very small part of it, is to be 
found in the alite and belite phases, 
something confirmed by data of microtester.

2. HYDRATATION AND HARDENING- OF THE CEMENTS 
CONTAINING BaO+M^Oj IN THE CLINKER

The increased defectiveness of clinker 
silicate phases, as well as the increased 
quantity of alite, are a prerequisite for 
an increased hydraulic activity. This is 
also favoured by the chemically more active 
varium ion, especially that from the sur
face areas of the clinker particles.
An established fact is-the increase of the 
degree of Hydratation of cements containing 
BaO+MnoO- in comparison with cements with
out addition, including the three month 
term of Hydratation in grout with norm 
density. This is also accompanied by sin 
increase of the activity of the liquid 
phase, which in our estimation, activates • 
the hardening. .
The laboratory data concerning clinker 
cements of different constituents (KH, n 
and p) and different content of BaO+Mn?O, 
show an increase both of the initial 3 
(1-7 day) and the later strength. In single 
instances-the difference ranges from 80 to 
160 kg/cm . .
The best strength of cements is obtained 
when the content of BaO is from 0,5 to 
1,5% and for Mn-O, - from 0,4 to 1,6%. 
The data were confirmed with obtaining 
clinker in semi-plant furnace (0,7x 8,0 m) 
working with liquid fuel.
The positive influence of BaO+Mn^O-. is mani
fested both in trials of grout and^ln re
ference solutions. This contributes to 
increasing the adhesive and cohesive pro
perties.
The laboratory and semi-plar.t trials have 
been carried out in different cement plants 
including those working by the dry, semi
dry and aqueous method with liquid or hard 
fuel.
The necessary quantity of BaO and Mn-O, is 
introduced with the help of an appropriate 
industrial waste matter, obtained when 
dressing the ironstone (11, 12)
When calculating the raw material mixtures, 
the content of MnoO, was equalized to that 
of FegOj, while that of BaO - to CaO.
The strength standard determinations show 
an increase of the hydraulic activity 
towards the 28th day with an amount of 
60 to 120 kg/cm2 (Table 1).
These data were confirmed by the correspond
ing tests of concretes with various compo

sitions.

CONCLUSIONS

The introduction of BaO+MngO- in the compo
sition of the portland cement raw material 
mixtures gives us the possibility to 
conduct the process of the clinkerforma
tion.

The addition has complex, alloying and
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mineralizing action, through which a 
nlinker with a better crystalization and 
with an increased contents of alite, is 
achieved.
The clinker os characterized by an increas
ed chemical and hydraulic activity.
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Formation and Stability of C3S and Alites

La formation et !a stability du C3S et des alites

Udo LUDWIG and Albrecht WOLTER, Institut für Gesteinshüttenkunde, RWTH Aachen, R.F.A.

RESUME : La Synthese du C-S d'une haute purete a ete realisee pour la premiere fols au-des
sous de 1300°C par 1'application de nouveaux modes de preparation, comme le sechage au petro
le chaud (HPT), la Synthese hydrothermale (HTS) et le sechage avec pulverisation (SPR).

De plus, une technique de culsson a ete mise au point, permettant, non seulement de chauffer 
tres rapldement et de malntenlr la temperature constante pendant un tres long temps, ä un ni
veau predetermine, mats aussl de faire varler cette temperature d'une fagon programmee. C'est 
alnsl que la temperature de stabilite du C,S pur, en presence de C2S et de chaux llbre, a pu 
etre determinee ä 1264 - 3°C.

Ensuite des solutions solides courantes de C,S ont ete essayees. Ce que I'on appelle I'alite 
normale est une solution soildedans le C,S, d'Al^O-, de Fe^O- et de MgO. La reaction solide 
qui produit cette alite ä partir de C-S, de CaO, ae^MgO et ae C^AF se prodult ä environ 1200°C 
et est beaucoup plus rapide que celle^qul produit le C,S pur. L*addltion  de phophate de zinc 
et de sulfate de baryum ä l'allte normale n'a qu'une faible Influence sur la temperature de 
formation de l'allte et sur la vltesse de la reaction. Mais 1'addltion de 2 % de MnFä l'all
te normale abalsse cette temperature ä 1100°C.

La formation de l'allte a aussl ete etudlee dans des crus industriels de clment Portland. Dans 
ces materlaux, la temperature llmlte de formation du C,S est Inferleure de quelques degres ä 
1200°C. Il n'y a que de faibles differences dans la formation du C^S, selon le taux de satura
tion en chaux du cru.
Ces resultats montrent 1'interet technique d'utiliser des crus tres actifs. Une resistance 
comparable ä celle des clments Portland peut etre obtenue meme ä une temperature relatlvement 
basse de culsson et un cru faiblement dose en chaux. Des economies d'energie peuvent aussl 
etre faltes dans le broyage du clinker.

SUMMARY: The syntesis of very pure C3S was made for the first time in the temperature range below 1300°C by 
using new preparation techniques such as "hot kerosene drying" (HPT), "hydrothermal synthesis" (HTS) and 
"spray drying" (SPR). In addition a burning technique was developed, which allowed not only to heat up very 
rapidly and keep the temperature constant at a prefixed point for a very long time, but also to change the 
sample temperature for distinct amounts. In this way the stability temperature of pure C3S from CgS plus free 
lime could be determined as 1264 ± 3°C.
After that some common solid solutions of C3S were investigated. A so-called "normal alite" represents the 
solid solution limit of C3S with AI2O3, FezOg and MgO. The solid state reaction of this alite from CgS, CaO, 
MgO and C4AF occurs at about 1200°C and proceeds much faster than the formation of pure C3S. Admixtures of 
zinc phosphate and bariumsulphate to the normal alite had only a small influence on the formation temperature 
and reaction rate of alite. But the addition of 2 1 MnF3 to normal alite reduced the formation temperature 
to 1100°C.
In specially prepared technical Portland cement raw mixes the alite formation was investigated too. In these 
materials the temperature limit for CgS-Formation was some degrees lower than 1200°C. There were only small 
differences between CgS-formation in a raw mix with a high and a low lime saturation factor.
These results point out the technical importance of the use of high active raw mixes. A strength similar to 
Portland cement is attained in spite of a lower burning temperature and a lower lime dosage. Additionally 
energy can be saved in the clinker milling.



INTRODUCTION .
The system CaO-SiO? is well known by work carried 
out by RANKIN and WRIGHT (1), LEA and PARKER (2), 
WELCH and GUTT (3) and many other authors. In the 
past with a high lime content of this system the 
calcium oxide (C) coexists with dicalcium silicate 
(C2S). At higher temperatures the tricalcium silicate 
is formed from these phases (see Fig. 1).

et=l!^^ear-h work was done t0 determine the lower 
oire or^nnAd'r (2,4’5)- They a11 synthesized 
iKnnor =.jP k C3S temperatures between 145j0 and 
1600 C and observed the decomposition of C3S to C?S 
1000OreeTn1th-in the l^rature range from 1300 to 
frnm th thlS W?y’ 1250 C could be extraoolated 
bu? there hasmnnt\tlOn at loWer temPeratures, 
of the stabilyet been an exact determination or me stability temperature of C3S.

Figure 2 shows the free enernv r™», tu« «.16 7 R Qi rt re^ energy over the temnerature 
tha th’’ easy t0 see that the tolerances nf

TEMPERATURE I °C

Fig. 2 Free energy (aG) for the reaction
C2S + C —► C3S (starting with ß-C^S)

Another difficulty is created by the strong influence 
of impurities on the C3S-reaction rate. Only a few 
authors gave information about the purities of their 
starting materials for CgS-synthesis. But nobody did 
report on the ourity of his synthesized C3S.

The affinity of AI2O3, Fe203 and MgO to C3S in the 
form of solid solutions ("alites") is well known 
(10,11,12). The solution limit is about 2 wt-X of 
MgO, 1 wt-% of AI2O3 and 1 wt-% of Fe203 in C3S. This 
alite we call "normal alite".

In technical Portland cement clinker there are a lot 
of other minor compounds such as alkalies (Na, K), 
heavy metal oxides (Ti02, Cr203, MngOg, ZnO, NiO, 
PbO etc.) and anion Groups (F, Cl, SO4, PpOc etc.) 
present. 3 1
To investigate the special influences of these com
pounds on alite formation we took the followina 
scheme (Fig. 3):

Fig. 3 Working scheme for qualitative investiga
tions on alite-formation



At first the stability temperature of normal alite 
was examined. The second part concerns the influence 
of the minor compounds, single and in combinations, 
on the alite formation temperature, reaction rate 
and sintering mechanisms in normal alite. To complete 
this research work, alite formation was observed in 
homogenized technical Portland cement clinker too. 
In the literature there is only one piece of infor
mation, that Fe++-rich alite decomposes spontaneous
ly at 1173OC (13).

EXPERIMENTAL
For the comparison of common preparation techniques 
such as homogenisation of heterogeneous compounds 
by milling and the new ones such as "hot kerosene 
drying" (HPT), "hydrothermal syntheses” (HTS) and 
"spray drying" (SPR) a series of samples was taken 
all with the same Ca0/Si02*ratio  = 3/1: '

Prepara
tion SiO^ - part Ca<’ - nart specific 

surface(BET)
m2/g

Mi Hing Quartz C3CO3 1,3
Mi 11 ing Aerosil Ca(0H)2 24,5
Milling
HPT

3-C2S
Ethylsi1icate

CaCOg
Ca(CH3C00)2

1,9
41,6 
2O,3++)

SPR Aerosil Ca(CH3C00)2 24,3 +) 
32,2++)

HTS C 35H 17,1

n
++)

200°C- dried- 
450°C - treated

material
- ma teri al

The values of specific surface (BET) from 1.3 to 
41.6 m^/g indicate distinct activities of these mix
tures, but it is not the sole characteristic of the 
activity, as the reaction rates in the temperature 
range from 1200- 1300°C show (see Fin. 4).

The worst activity can be seen in the mixture of 
quartz with CaCOj. The best "mixture" is the trical
cium silicate hydrate (CgSH). But as it was not pos
sible, to make really pure CgSH, the HPT-material 
was used for the determination of the CgS-stabi 1 i ty 
temperature. The low activity of the Aerosil -Ca(0H)2- 
mixture in response to its high specific surface is 
attributed to big inhomogeneities between Ca- and Si- 
distribution in the mixture.

For the very fast heating of the pressinos to the 
prefixed temperature in 2 or 5 min, a new burning 
procedure, was developed for samples with a volume 
of 1 cm^ which also facilitated the temperature chan
ge in the gradient of a chamber kiln with tubes. 
After burning the samples were quenched in air and 
examined for the free lime content according to the 
FRANKE-method and also for the phase-composition 
with x-ray-analyses. The reaction grade (UGR) was 
calculated from free lime value (Cfree) according to 
the formula:

UGR = 300 - (Cfree x 4,072) 
" 100 ’

and from the x-ray intensities of CgS, C2S and C by 
using a comouter programme.

For the investigations of alite formation in technical 
Portland cement clinker two technical cement raw mixes 
with Kalkstandard ill (KSt) = 100 and 107 were cal
cined at 900°C and homogenized by hydrothermal treat
ment in water suspension at 310°C/100 bar for 5 hours. 
After drying at 160°C a very homogeneous and fine
grained mixture of tricalciumsilicatehydrate, hydro
garnet and calcium hydroxide with small amounts of 
brucite was left behind.
All materials were pressed into small compacts with 
1 cm3 volume.

RESULTS AND DISCUSSION ■
After a burning neriod of 20 minutes at a temperature 
of 1300°C the reaction degree of pure C3S was 0.54. 
After the 20 minutes the sample was rearranged to a 
temperature of between 1220 and 1300°C. Figure 5 
shows the increase or decrease in the reaction rate 
with the square root of time.

The stabi 1 itytemperature 1 ies between 1260°C and 
1270°C. The exact temperature value of 1264,2°C can 
be extrapolated from the formation- and decomposition
rate over the temperature (Fig. 6). The error margin 
of this value is i 3°C, produced by the uncertainties 
of the thermocouple, the temperature measurement and 
the positioning of the sample in the temperature 
gradient.

The reason why the gradient of the increasing reac
tion rate is much higher than that of the decreasing 
reaction rate lies in the difference in the density 
of CjS + C and C3S. The C3S-decomposition produces



Fig. 5 Degree of CgS-conversion as a function 
of burning period and temperature

Fig. 6 Temperature dependence of the rate of 
formation and of decomposition of pure CgS

more dense phases and so micro-fractures are origi
nated, at which the solid state diffusion stops/On 
the other hand the newly formed CgS occupies a greater 
volume than the starting phases and so CgS-formation 
proceeds faster than CgS-decomposition.

On the basis of 1264,2°C as the lower stability limit 
of CgS, the free energy of CgS-formation from 
B-CgS+C at normal temperature in air was calculated 
to be 8.32 kJ • mol"1.

The formation of alite could be observed without a 
temperature change programme, because the alite for
mation is sharply accelerated as opposed to pure C3S. 
The synthesis of normal alite was carried out at tem
peratures Of 1100 to 1280°C (Fig. 7).

Up to 1200°C the alite forms metastably and decomposes 
after some 10-100 h again. At 1220°C a stable alite 
is formed. So, the stability temperature should be 
something higher than 1200°C.

Both halved and doubled quantities of the admixtures 
of Al203, FezOj and MgO had no effect on the stabili
ty temperature.

Fig. 8 Influence of low lime-dosage and of minera
lisators on formation of normal alite (SPR)

Figure 8 shows the influence of a lower lime dosage 
(alite : belite = 50 : 50) and of some mineralisators 
on the alite formation in the temperature range of 
1000°C to 1350°C. The burning period in each case was 
16 minutes. A lower lime content retards the alite 
formation. 3 wt.- barium sulfate accelerates the for
mation rate, but raises the formation temperatures by 
about 10°C. 2 wt.- zinc nhosphate also accelerates 
the formation rate, but it lowers the formation by 
about 20°C. The biogest influence was observed by ad
dition of 2 MnFg. The stability limit of this fluor
bearing alite is short under 1100°C. At lower tempera
tures a "pseudo-alite" is formed, which gives x-ray 
patterns similar to the SCgS • CaF2-phase. At tempera
tures higher than 1100°C a solid solution of alite and 
pseudo-alite ohase develops.

The alite synthesis in homogenized technical cement 
raw mix (KSt = 100) was carried out in the temperature 
ranne of 1185 - 1250°C. Figure 9 shows the reaction 
grade against burning time.



Fig. 9 Reaction degree of hydrothermal homogenized 
industrial Portland cement raw mix (KSt = 100)

The reaction proceeds in a clearly logarithmic fash
ion:

UGR = a + blnt 0 UGR 0.95
I t — 1 mi n

with the temperature depending constants a for the 
initial alite content after heating + 1. min burning 
time and b for the materials activity. That is to say 
alite formation in a very homogeneous mixture pro
ceeds like a chemical reaction. The error margin of 
the above equation in the technical cement burning 
process is attributed to the comparatively high het
erogen eityof the compounds in normal cement raw 
mixes (14,15,16).

For the 1250°C series a material with lower activity 
than for the other temperatures was used. The stabil
ity temperature of technical alite is determined by 
the very strong difference in reaction between 1200 
and 1192°C. The alite formation in the second techni
cal raw mix with KSt = 107 was very similar to the 
former raw mix. This result is in good correspondence 
to the behaviour of synthetic normal alite.
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Dispersing and Plasticizing admixtures to cements

Des ajouts disperseurs et plastifiants des ciments

K. KARIBAYEV. Doctor-Engineer. A. PASCHENKO. Professor, K. BEKISHEV, Doctor-Engineer,
D. Al DIAROV, Doctor-Engineer, B. TAYMASOV, Doctor-Engineer,

Kazakh Institute of Chemical Technology, U.R.S.S.

RESUME : On a cherche ä obtenir du ciment plastifie par addition de tanins 
de lignosulfonate du magnesium technique. Ces ciments plastifies possedent 
tes physico-mecaniques et constructives.

synthetiques et 
de hautes proprie-

^addition de 0,15-0,5 % de ces plastifiants abaisse 1 eau de mouillage necessaire de U a 
30 La resistance des ciments plastifies au gel et au sulfate est respectlvement 0,93-0,96 
et 0,9*-1,00.  Les processus d'"hydratation sont etudies par les methodes de radiographie, de , 
thermographie, de spectrographie infrarouge et d'analyse chimique. On a constate la regular te 
de l’hydratation des ciments en presence des ajouts,indiques. Les additions de lignosulfonate 
de magnesium et de syntane ameliorent la broyabilite des clinkers.

tin a etudie des ajouts de triethanolamine, de diethanolamine et monoethanolamine comme agents 
de broyage des clinkers. On a constate que le diethanolamine et le monoethanolamine (qui sont 
des homologues de la triethanolamine) sont des ajouts disperseurs tres actifs. Nous avons , 
etudie 1’adsorption des additifs par les differents ciments et son influence sur la broyabi
lite. En ajoutant 0,3 ä 0,5 de triethanolamine ä des ciments differents par leur composition 
chimico-mineralogique, nous avons obtenu des ciments pour le betonnage sans coffrage. Le ci
ment pour le betonnage sans coffrage peut aussi etre obtenu avec du ciment sursulfate normal 
et du ciment super-blanc. On peut I'utlliser pour la consolidation des excavations etpour la 
decoration des bätiments. La duree de prise de ces ciments est 8 ä 15 minutes, leur resistance 
a la compression est de 2,0 ä 2,3 MPa au bout de 2 heures et de 25,2 ä 36,3 MPa au bout de 
28 jours.

SIBIMARY : Possibility of plasticized, cement obtaining at the base of synthetic tannic 
acids and technical magnesium lignin sulfonate admixtures is studied« Plasticized cements 
possess high physical, mechanical, building and technical properties.

Introduction of plasticized admixtures (o,I5 -o,5%) lowers the water requirement of ce
ments by 14 - 30%, it increases the strength of cement, solutions by I? - 20%. Plasti
cized cements freeze and sulfate resistance is respectively 0,93 - 0,96 and 0,94 - 1.00. 
Processes of hydration are studied by X-ray method, thermographical method, method of 
infrared spectroscopy and by chemical analysis. Regularities of cement hydration in the 

of.ment:LOne^ admixtures are established. Magnesium lignin sulfonate and syntan 
admixtures improve clinker grindability.

monoethanolamine admixtures as intensifiers of clinker 
Triethanolamine homologs-diethanolamine and monoethanola— Su“s is SiSelective dispersing6admixtures. Adsorptive activity of 

is also studied^ Pns<i?MTf+ere5t ceme^s? influence upon the dispersity of powders 
introducing O *̂-0  of1ce™ent obtaining for the tubbingless cementation by
cheMcal-^ineMlovlÄa?^^^?^81^116 adjnJxtyres into the different (according to their 
c^ntatira^nbf5^»^ ?kOn).Cellen? ls established. Cement for the tubbingless 
be used for*  the -rnrV m ^ase no™al sulfate resistant white cemeot, it cansettiä is 8^15 ®tren8theniIiS and for the building decoration. (Sement
to 28days - 25^2 - 36*3 MPa?^ & oomPresaio11 in 2 hours of solidification is 2,0-2,3M?a



It is possible to obtain special plasti
cized. cements and intensify clinker grin
ding process with, a help of organic surfac
tants.Some scientists decided to divide the 
organic surfactants according to their wa
ter affinity and their influence upon ce
ment and cement stone surface properties 
into two big groupst water-retaining sur
factants and water-repellent surfactants(I)

The first group consists of sulfite-cellu- 
lose liquor, sulphite yeast converter mash 
and their derivatives,.which increase the 

cement water affinity. The second group 
consists of the additives of silicone li
quids compositions, fatty naphthenic acids, 
resin acids and their alkali salts. Adsorp
tion of these substances is accompanied by 
chemical fixation of additive polar groups 
with formation of unsoluble calcium soaps 
at the cement particle surfaces. Water-re
pellent additives act as plasticizers in 

the solution and concrete mixtures.

Besides, superplasticizing and superdilut
ing additives are widely used. Sulfonated 
melamine-formaldehyde and naphthalene-for- 
maldehyde resins, modified and purified 
lignin sulphonates, polybenzerne.aromatic 
and other compounds are used.

Plasticizing surfactants improve the cement 
mixtures and concrete properties. High pla
sticity and packing increase the concrete 
quality and its ageing.

We used synthetic tannic acids (syntan), 
SPS and technical magnesium lignin sulfo
nate as surfactant for obtaining plasti
cized cement. Plasticized capacity of ad
ditives and cement solution water require
ment lowering was studied. Tests were carri
ed out according to GOST 5IO-6O. The results 
are shown in table I. '

TABLE I

Admixture
Admixture 
quantity,%

Deliques
cence py
rocone

Water 
require
ment 
lowering

Without 
admixture 0 105 0

Syntan 0,1 125 10
0,15 150 14
0,20 145 20
0,5 206 30

Magnesium ligv 0,1 114 7,5
ain sulfonate 0,15 120 10

0,25 150 14
0,5 187 25

In the studied concentrations of surfactants 
the cement solutions plastislty increases 
permanently. Syntan plasticizing capacity 

is higher than it is with sulphite-cellu- 
lose liquor and technical magnesium lignin 
sulfonate. To obtain plasticizing Portland 
cement with deliquescence pyrocone of no 
less than 125mm it is necessary to use 
0,15% SPS or 0,25% magnesium lignin sulfo
nate. The best surface activity of syntan 
SPS in comparison with magnesium lignin 
sulfonate is proved by the data of determi 
nation of surfactants aqueous solutions 
surface tension.

Water—requirement lowering of plasticizing 
cements was determined according to the 
degree of decreasing the normal density 
value. Syntan SPS additive is the most ef
fective. If SPS concentration is o,1-0,2- 
0,5% the lowering pf Portlandcement solu
tion water requirements is I0,2o,50% and 
that of magnesium lignin sulfonate is 7,5
12,5-25% respectively. The admixtures used 
did not increase the plasticity and didn’t 
low the water requirement of high alumi
nous white cement.

Process of solidification of plasticized 
cement hydration were studied. Cement 
strength and the degree of hydration ac
cording to the content of CakOHjp and wa
ter in solid solution content are deter
mined. Results are shown in table II.

TABLE II

Admixture" Strength of Ca(0H)2,
compression 1n 2g

I 7 28 days

Without admixture
6,9 41,4 60,7 8,22

Syntan SPS 5,2 44,6 69,0 9,15

Magnesium lig
nin sulfonate 2,8 36,8 63,8 8.71

Plasticized cement strength and the degree 
of its hydration in a.day is less than that 
of the control cement. In the course of 
further cement solidification the velosity 
of Ca(0H)2 liberation and its strength in
crease and in 7-28 days they will surpass 
the control samples by 5-14%. It is in 
good agreement with X-ray, thermographic 
and infrared spectroscopic analyses data 
Ca(0H)2 peaks intensity of the X-ray 
patterns (4,90A), end-effect surface of 
the thermogram (480-500oc) and adsorption 
lines intensity on the spectra (5648cm) of 
theplastlcized cements in a day of solidi
fication is lower than that of control 
samples.

Strength of the plasticized cement-sand 
solutions in 28 days is higher by 17-20% 
thah that of the control samples.



Stregth <af plastieiaed ©emeat-sanl so- 
lutiea la 2S Says is highsc by 17-20^ than 
that of eaatral samlpes»

Slowing of hydrolysis reaction aai of plas- 
ticiaoa eesient hydration at the beginning 
of setting is explained by the surfactant 
absorption film formation on the surface of 
cement particles and new formations. This 
film sakes water combination with cement 
granules difficult. This slowing of plasti- 
ciaed cements hydration with the age in- 
ereasement of samples is compensated by 
higher hydration process velocity during 
this period.

It was also determined that plasticited ce
ments with ^yhtan SPS and MIS admixtures 
are highly freeae and sulfate resistant. 
Thus, they may be used in the strict 
esploitation conditions. Plasticized cement 
freeae resistance coefficient is 0,93-0,96 
(control sample - 0,67-0,80), firmness co
efficient in the aggressive media 0,9^1,00 
(control sample - 0,64—o,78).

r
Syntan SPS and magnesium lignin sulfonate 
admixtures intensify clinker grinding pro
cess. Of grinding time is the same, plasti
cised cement residue on the control sieves 
is 3-^, while control cement residue is 
16%, specific surface increases by 300 - 
4QQcm^/g.

Different surfactants as clinker grinding 
process intensifiers were studied. Amino 
aleohols-monoethanolamine (MHA), diethano
lamine (DEI) and triethanolamine(TE&) were 
used as surfactants. Cement powder disper
sity is determined by percentage residue on 
the control sieve*  by the specific surface 
end by grannie composition. Desalts of sur
factants influence upon cement residue on 
the control sieves are given in table III.

■ithout 
admixture 0

Monoethano
lamine (MEA) 0,025

0,05
0,10
0,20

Diethanola
mine (DEA) 0,025

0,05
0,10
0,20

Triethanola
mine (TEA)

0,025
0,05
0,10
0,20

10

Hesidue on 
sieve 008,^

According to their intensifying influence 
on grinding process, surfactants may be 
arranged as followst MEA, DEA, TEA. If we 
take into account the adsorption activity 
value of these amino alcohols their arrange
ment will be the same: MEA, DEA, TEA.

Aminoalcohols usage in a certain quantity 
also promotes the increasing of grinding 
product specific surface. However, disper
sity increasing determined by specific sur
face quantity, is much lower than that of 
the value by the residue on the sieve 008. 
Dispersity increasing of grinding products 
with surfactants additives, is obviously 
connected with the adsorption of strength 
and with the disaggregation of the surfac
tants.

Thus, triethanolamine analog-monoethanola- 
mine and diethanolamine highly intensify 
the clinker grinding process, that's why 
they can be used for cement mills Intensi
fication.

Possibility of obtaining the special cement 
for tubbingless cementation with triethano
lamine admixture was determined. Sulfate 
resistant, normal and white cements were 
the initial. substances for the tubbingless 
cementation. Triethanolamine admixtures 
were added into the make up water of the 
cement paste with water-cement ratio of0,40

Triethanolamine considerably accelerates 
cement settig time. Admixture optimal 
quantities for cement obtaining are: for 
the sulfate resistant sind white Portland
cement - 0,3% TEA, for normal - 0,5. Here 
setting time is 8-15 minutes, it meets the 
technical condition requirements. Beams 
( 4x4x16 cni) yere formed form cement paste 
with water -cement ratio of 0,40, with tri
ethanolamine admixtire 0,3 - 0,5%. Tests 
were carried out according to GOST 3IO-6O. 
Results are given in table IV.

TABLE IV

Strength of aamples(wa±er-cement 
ements ratio - 0,40), MPa

at bending in.

2hours 28dsiys 2 hours 28 days

Sulfate 
resistant 0,9 4,41 2,5 25,2
formal 1,01 4,48 2,2 36,3
White 0,95 4,05 2,3 30,8



The results of physico-mechanical tests 
showed, that the strength of sulfate-resis
tant, normal and. white cements with respec
tive quantities of triethanolamine met the 
requirements of conditions for the tubbing
less cementation. Thus, the strength of 
sempiession of sulfate resistant cement 
samples (triethanolamine optimal concen- . 
tration is 0,3%) in two hours of solidifi
cation is 2,0 MPa, and in 28 days - 25,2MPa 
that of normal and white "Portlandcement 
samples in 2 hours of setting is 2,2 and
2,3 MPa, and in 28 days - 36,3 and 30,8 MPa 
(4-,5). Cement for tubbingless cementation 
can be manufactured directly at the cement 
mills by introducing triethanolamine while 
clinker grinding.

CONCLUSIONS

Our studies showed that plasticized cements 
with syhtan SPS and magnesium lignin sulfo
nate admixtures had high physlco-mechanlcal, 
building and technical properties. The admix 
tures surfactants studied favourably ini- 
fluences the hydration and cement setting 
process.

Triethanolamine analogs-monoethanolamine 
and diethanolamine are very effective inten
sifiers of clinker grinding process.

Possibility of cement manufacturing for the 
tubbingless cementation by using higher tri
ethanolamine admixtures for different ce
ments was determined.
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Comminution and Dissociation characteristics 
of Indian limestones

Broyabilite et d6carbonatation des calcaires Indiens

S.K. SINHA, S-K. HANDOO et A.K. CHATTERJEE, Cement Research Institute of India, New Delhi, India.

RESUME : Etant donne que 1'Industrie indienne du ciment utilise des calcaires de presque 
tous les ages geologiques, depuis la periode Precambrienne jusqu’a la periode Pleistocene, 
des echantillons representant des horizons geologiques caracteristiques des differents ages 
ont ete rassembles dans differentes cimenteries indiennes pour une etude systematique. La 
presente communication rend compte de la variation de la resistance au concassage, de I'ap- 
titude au concassage, de la broyabilite et des caracteristiques de disintegration de la cal
cite et du quartz libre en fonction de leur assemblage mineral et de leur repartition gra-, 
nulometrique. Tout en-essayant de correler les parametres ci-dessus mentlonnes, on a etudie 
et on a compare la reactivite de differents calcaires apres leur disintegration, et les cau
ses de leurs variations ont ite itablies.

SGMUJ1T i Sinoe the Indian oement industry has bean using limestones of almost all the geological ages 
rtertlng from Precambrian to Pleistocene period., representative samples of typical geological horieone 
of different ages were collected from various Indian cement plante for a eyatematio study. The present 
paper reports the variation in the crushing strength, orushahility, grindability, and. dissociation 
characteristics vie-fc-vis their mineral assemblage and grain size distribution of oaloite and. free quarts. 
While attempts have been made to interrelate the above parameters, the reactivity of different limestones 
after dissociation has been investigated and compared, causes for the variations established.



TNfRODUCTION
The total reserves of cement-grade limestones in 
India, estimated at more than 59DOO million tonnes 
are distributed in geological time scale from pre
cambrian to recent times. At present, the contri
butions of precambrian and postcambrian limestones 
in cement production are estimated at about 78% 
and 22% respectively but the future expansion 
programme of the industiy is likely to increase 
the utilization factor of postcambrian limestones 
to some extent. Because of this changing pattern 
of utilization of limestones of diferent geological 
ages as well as to ascertain the degree of intrin
sic difference in*  the process response pf limesto
nes having different „characteristics, a systekatic 
investigation had been undertaken to establish the 
basic relationship between the property and charac
teristics of different limestones. Some of the 
significant trends of results obtained ere illust
rated with the help of eight varieties of limesto
nes belonging to different geological ages and 
horizons• 
LIMESTONE CHARACTERISTICS 
Chemical Composition
The composition of the limestones is presented in 
Table I. The compositional variability af these 
limestones is reflected in the ratios of CaO to 
SiO (C/5), (CaO +SiO2) to (Al.O.-i- Fe 0 ), and 

(CaOtSiO.+Al-O.+Fe 0-), designated as< , to (100-4 ) 
denoted'as B. The C/S ratio varied from about 3 
to 30, C+5/A+F ratio from 13.5 to 21.5, and € /B 
from 13.7 to 47.1. However, no specific correlation 
ould be established either amongst the above three 
atios or individually between the ratios and the 
sological age of the limestone horizons*

Mineral Constituents
The major and minor minerals detected in the lime
stones by X-ray diffractometry and optical'micro
scopy are listed in Table II. Apart from calcite, 
which is predominantly present, quartz and dolomite 
constitute the other important phases. The contri
bution of feldspathic, micaceous and clay minerals 
to thetotal composition of the llmetsones if of 
minor significance and more or less comparable in 
all ths varieties. The quartz accounts for the 
major proportion of silica present in the limestones 
while the magnesia present in limestone 5(5-8) 
comes mostly from dolomite and in 5(1-4) from-clev 
minerals.

Textural Features
The significance of crystal size of calcite and 
quartz in lime atones has been fairly well establi
shed (1). The grain.size ranges of calcite and 
quartz in the limestones under study slong with 
their average size, determined from the frequency 
of grains occurring in different size-ranges, are 
given in Table II. Depending on the average size 
of calcite grains (1) and comparing the grain size 
of calcite and quartz the limestones under reference 
can be classified as follows:

5 7 : Medium-grained (0.5-0.25mm) inequigranulSr 
A 5 8 $ Medium-grained equigranular

5 2 : Fine-grained (0.25—0.10mm)equigranular 
B 5 4 : Fine-grained inequigranular

5 1 : bery fine-grained (0.10-0.01 um)
€53:

5 6 : equigranular .

D 5 5 : Microcrystalline (<0.01 mm) equigranular 
Limestone 51 and 55 display poor, compaction.

CRUSHABILITY AND GRINDABILITY
The crushing strength of the limestone and their 
relative grindability (with respect to a standard 
clinker) are presented in Table III. The difficul
ties of correlating these parameters with the comp
osition or textural characteristics of limestones 
have been indicated earlier. Nevertheless, in the 

present situation for the given set of limestones , 
a qualitative relation between grain size plus C/5 
ratio on the other, was observed. -
So far as the crushing strength is concerned, it 
increased with decrease in grain size in the range 
of medium to very fine grain size. The anomalously 
low strength obtained for the very fine-grained 

and cryptocrystalline limestones 51 and 55 could be 
explained by the degree of weathering and poorer 
compaction. Within each range of the empirical 
erushing strength scale the limestones with inequi
granular distribution of calcite and quartz showed 
lower strengths than those with equigranulartexture. 
The relative grindability factor (2) of the limesto
nes, in which the easier grindability is denoted 
by higher indices, appears to have a joint relati
onship with the grain size and silica content. The 
coarser end less quartzose limestones dispalyed 
easier grindsbility (for example, 5-7 and 5-5). No 
quantitative relation could be established as the 
individual effects of graintsize and C/5 ratio on 
the grindsbility were apparently interactive and 
not additive. •

-Sampli 51 52 53 54 55 56 • 57 58
Cohs':''2">-J1o tituents (Pleistocene) (Miopliocene) (Cret) (Penn, carb) (U.Camb) (L.Camb) (U.Pre.Camb) (L.Pre.Camb)

L0I 41.17 42.44 39.42 40.54 36.41 40.99 42.15 35.64
Si02 3.70 1.76 6.82 4.86 13.25 6.46 1.72 14.92
AI2Ö3 1.05 0.15 2.52 1.24 2.54 1.00 0.27 1.61
EbtO) 1.24 0.11 1.83 0.75 1.59 0.81 0.45 0.85
CaO 51.63 53.87 47.93 51.44 42.72 47.90 51.43 45.08
MgO 0.96 0.66 1.10 0.53 2.94 2.16 2.69 1.32
Na203 0.05 0.06 0.05 0.04 0.58 0.58 0.50 0.03
K2O 0.02 traces 0.04 0.02 0.10 0.03 traces 0.03
SO3 Nil traces Nil traces 0.01 traces traces traces
Cl 0.008 traces traces traces 0.01 traces traces traces

Variability Indices
C/S 13.95 30.63 7.03 10.59 3.22 7.42 29.86 3.02
C+S ■ 24.12 215.08 12.58 28.32 13.54 30.04 73.57 24.35

E/B 41.74 33.97 39.16 47.08 16.73 16.73 13.73 30.45

TABLE I - CHEMICAL COMPOSITION OF LIMESTONE
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TABLE II 
Mineral Composition

Sample No,

51 S2 S3 S4 ' 55 S6 S7 sa

4ajor Calcite 
Quartz

Calcite 
Qua rtz

Calcite 
Quartz

Calcite 
Quartz

Calcite 
Dolomite 
Qua rtz

Calcite 
Dolomite 
Quartz

Calcite 
Quartz 
Dolomite

Calcite 
Dolomite
Quartz

'linor I ton
Oxide
Sphene

Chlorite
Organic 
reaains

Plagio- Montmo- 
clase, rillo- 
Chlorite, nite 
Tremolite illite 
Iron I ton
Oxide Oxide

Ortho
clase 
Montomor- 
illonite 
Illite 
I ron 
Oxide

Ortho
clase 
Chlorite 
Musco
vite 
I ron 
Oxide

Othoclase 
Mascovite 
Chlorite

T remolite
I ron 
Oxide

Kaolinite 
Chlorite
T remolite

Grain Size

Calcite
Range 0,05-0.40 0.06-0.30 0.01-0.15 0.02-0.50 0,005- .0.15-0.25 0.25-0.06 0.01-0.90
(in mm) 0.01

Average 0.09 0.12 0.05 0.20 0.005 0.20 0.40 0.45

Quartz
:fi mm')

Range 0.05-0.47 0.06-0.18 0.01 -0.10 0.01-0.50 0.005- 0.01-0.07 0.11-0.57 0.22-0.53
(in mm)
Average D.D7 0.09 0.03 0.07 0.005 0.04 0.17 0.37

TABLE - III
Sample 
No

Crushing strength Relative Grinda
bility factor

51
S2

s 1 .20
H 1 .25

S3 VH 1.18

S4 H 1 .28

S5 6 1 .10

S6 VH 1.20

S7 MH *.65

58 MH 1 .40

5=5oft (0-50)$ MH- 
(i - Hard (400-700)

Moderately 
; VH ■ Very

hard (50-430) 
hard (700 - 1000)

DISSOCIATION characteristics0
The dissociation characteristics of the limestones 
were investigated by differential thermal analysis 
carried out with the help of a Hungarian MOM 
Derivatograph. In order to study the effect of 
particle size on the dessociation phen erne na, each 
limestone was ground separately to three different 
finenesses and - 250 >*m)  and the
samples of each fineness were subject to thermal 
decomposition separately. The rate, temperature 
maximum (T max) and temperature range of decar
bonisation of the limestones ground to different 

finenesses are presented in Table IV. Fran the 
table it is evident that: ( i) no double stage 
decomposition (3) was observed even in the case 
of coarsely ground medium-grained limestones, 
and (ii) there was no consistent trend of increase 
in T max or decrease in the decarbonisation rate 
with decrease in the fineness of the limestones. 
The highest rates od decarbonisation, or the lowest 
T max did not necessarily tally with the finest 
grinding. In a large number of cases the limestones 
ground to 150 >un and sometimes to 250 shows 
relatively lower temperature of decarbonisation or 
higher rates of decomposition. 
Activation Energy of Dissociation 
It has beer^ reported (4) that activation energy 
of limestone dissociation has a strong effect on the 
activation energy of clinker mineral formation. 
The lime canbination at l300e-1400eC was observed 
to be higher in those cases where the activation 
energy of carbonate dissociation was lower.
Following the method of Imlach (5) the activation 
energies (Ea) of dissociation of the limestme 
smaples under investigation were determined 
(Table V). As reported by Imlach for the plant 
raw mixes, a two-stage decomposition with different 
values of Ea for the lower and upper stages could 
be obtained for most of the limestones. The 
Ultimate activation energies of all the limestones 
ley within the range of 30-60 kcal/mole as 
reported by Petrosyan (4). But at the same time, 
no well defined relationship could be observed 



between Ea and impurity alone. However, a 
similar interactive effect of grain size and 
impurity, as observed in the case of grindabi
lity, was apparent in the case of activation 
energy as well. The finer the grain size and 
the more impure a limestone, the lower is the 
activation energy of dissociation. Further, barr
ing a few except ions, which could not be readily 
explained, an apparent relation could be seen 
between Ea-Tmax and E a-deccmposition rate (Fig.1)

table v 
Activation energy of Dissociation

Sample No Activation Enerqv (Kcal/Mole)
(-45 m) Lower Staqe Upper Stage

51 1 22.74 42.42
52 36.1 B 39.91
s3 16.13 4 5. 80
54 27.73 49. 91
s5 22.01 32. 91
Sfi — 51.67
5? 46.90 59.31
5a - 58. 56

TABLE IV

Dissociation Characteristics

Sample

Ne

Fineness

(Um)

Rate of Decom
position

3
X 10 (g ms/min)

Temp. Temp, range
max

CO

of Decompo
sition 
co

S1 - 45 8.37 870 375
-150 10.11 920 360
-250 11.0 925 360

S2 - 45 13.03 .930 340
-150 14.26 940 295
-250 13.88 920 320

S3 - 45 9.12 940 • 400
-150 11.05 940 335
-250 9.0 935 290

S4 - 45 11.52 910 290
-150 15.0 925 270
-250 14.11 980 320

S5 - 45 7.95 915 400
-150 9.86 960 390
-250 "11.42 900 325

S6 - 45 12.57 895 285
-150 13.82 905 290

-250 13.97 935 305

s7 - 45 13.66 920 270
-150 15.60 930 270
-150 13.38 930 295

S8 - 45 13.75 945 250
-250 13.0 925 250

-250 6.83 915 260

ACTIWATfOW IWIIt la teN/e*

FIG.1 »CTIWTION ENERGV Ea Vs HATE OF 
DECOMPOSITIOH (------ . •)
ANO PEAK TEMPERATURE Tmu (—.0»

HIGH TEMPERATURE REACTIVITY
In order to establish the intrinsic reactivity of 
the limestones, samples of each variety ground 
to a finenesa of -150>im, were fired at temperatures 
ranging from EDO*  to 1100’C at intervals of 
100*C  and the phase changes taking place at 
different temperature were studied by X-ray 
diffractometry (Table VI and Fig. 2).
11 is evident from this investigation that the early 
formation of C^S is favoured by relatively lower 



ectivation energy of carbonate dissociation simulta
neously with the presence of fluxes along with 
silica. With higher activation energy the appeara
nce of C S takes place at higher temperatures. In 
the absence of fluxes the C S formation is pushed to 
high temperatures and the released lime crystals 
after dissociation tend to" grow with loss of reacti

vity. The new mineral formation was detected, as a 
rule, at temperatures above 800°C and depending on 
the limestone characteristics the first phases 
detected were C F, C AS, C2S and C-A. The presence 
of dolomite did not show any significant effect on 
the kinetics of dissociation and mineral formation.

TABLE VI

Changes in Phase Composition of Limestone with Temperature

Sam Pls • 
No. _________________________________________

Temperature Range (°C)

600 700 800 • 900 1000 1100

5, Calcite Calcite Calcite Calcite Calcium Hydroxide Calcium Hydroxide
Quartz Quartz Qua rtz Qua rtz Quartz Calcite

Calcite Quartz
s2 Cal cite Calcite Calcite Calcite Calcium Hydroxide Calcium Hydroxide

Quartz Quartz Quartz Calcium Calite Calcite
Hydroxide 
Qua rtz

Qua rtz Quartz

S4 Calcite Calcite Calcite Calcite Calcium Hydroxide Calcium Hydroxide
Quartz Quartz Quartz Quaztz Quartz Quartz

Iricalciurn- Calcite
aluminate Tricalcium-
calcite aluminate

s5 Calcite Calcite Calcite Calcite Calcite Calcium Hydroxide
Quartz Quartz Quartz Calcium Calcium Hydroxide Calcite

Hydroxide Dicalciurn Dice 1c ium
Dolomite Dolomite Dolomite Dicalcium Silicate Silicate .

Silicate 
Quartz

Qua rfz Quartz

S6 Calcite Calcite Calcite Calcite Calcium Hydroxide Calcium Hydroxide
Quartz Quartz Quartz Quartz Calcite Calcite

Calcium- Quartz Dicalcium Silicate
Hydroxide Dicalcium Silicate Quartz

57 Calcite Calcite Calcite Calcite Calcite Calcium Hydroxide
Dolomite Dolomite Quartz Tricalcium Calcium Hydroxide Calcite
Quartz Quartz Dolomite Aluminate Tricalcium Tricalcium Aluminate

SB

Quatz Aluminate 
Quartz

Quartz

Calcite Calcite Calcite Calcite Calcium Hydroxide Calcium HydroxideQuartz Quartz Quartz Quartz Quartz QuartzDolomite Dolomite Dolomite Calcium Calcite Calcite
- Hydroxide Dicalcium 

Silicate
Dicalcium Silicate

CONCLUSIONS
A wide variety of limestones belonging to different 
geological ages and horizons as well as differing 
in their chemicomineralogical and textural charac
teristics showed that, although no direct correla
tion of reactivity and dissociation characteristics 
of limestone is possible with their geological age 
and genesis, they can be linked-up with their 
chemicominerogogical and textural features. For 
the given set of limestones the crushing strength 
and grindability have displayed an apparent relation . 
with grain size and impurities present in limesto

nes. These two parameters also appear to have a 
significant effect on the activation energy of 
carbonate dissociation. The formation of dicalclud 
silicate at relatively lower temperature is favou
red in limestones with lower activation energy 
of dissociation and simultaneous presence of 
fluxing oxldee; otherwise the new phdses thst form 
are C F, C_A5 and C A, depending ofi the limestone 
characteristics. For the given limestone the 
first appearance of new phases was a temperature 
above 8Q0eC. The dolomite -did not ehow- any



FIG 2 CHANGCS IN PHASE 
' WITH' TEMPERATURE

significant effect on the dissociation or, reaction 
kinetics. On the whole, the grain size jointly 
with the impurities present in limestones controls 
their process response.
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Burnability of industrial Portland cement raw mixes

CuisabiHte des crus du ciment de Portland Industrie!

U. LUDWIG, Institut für Gesteinshüttenkunde, RWTH Aachen, Allemagne Föderale,
S.E. IBRAHIM, Bagdad.

RESUME : La cuisabilite de 14- crus granules Industriels a ete determinee pour des temperatures 
comprises entre 13^0 et 1420°C.
La cuisabilite, pour une certaine temperature, a ete definie comme etant le temps de cuisson 
en minutes qui est necessaire pour obtenir une teneur de la chaux libre de 2m-%.

Pour une temperature de cuisson de 1360°C
- 1' heterogeneite du cru eleve ce temps de 19 a 525 minutes, soit en moyenne 100 minutes,
- la teneur en chaux le monte de 34 ä 109 minutes, soit en moyenne 65 minutes, et
- la teneur en liquidus 1'eleve de 22 ä 78 minutes, soit en moyenne 50 minutes.

L'elevation de la temperature de cuisson de 1360°C ä 1420°C effectue une reduction du temps 
de cuisson de moitie.
La cuisson des farines non granulees cause des etats actifs pres de la temperature de dehy
dratation et de calcination, et par la la formation spontanee de depots adherant aux refrac- 
taires et la formation de grenailles.
A notre avis, ces etats actifs sent la cause des depots adherents, et des anneaux dans les 
fours. .

SUMMARY: The burnability of 14 different granulated industrial raw mixes was measured in the 
temperature range between 1340 and 142O°C. The burnability is the required burning period in 
minutes at a given burning temperature to reach a free lime content of 2 wt.-%.

At a given burning temperature of 136O°C ’
- the influence of the heterogeneity of the provided mixes amounts to between 19 and 525 

minutes, 1OO minutes on average
- the influence of the standard lime amounts to between 34 and 109, 65 minutes on average 

and
- the influence of the melt content amounts to between 22 and 78 minutes, 50 minutes on 

average.
The increase in the burning temperature from 1360 to 142O°C effects a lowering of the burning 
period by half.

of dehydration and decar
. .._  . —--- --------- -> — ml. adhesions on the lining

a to.^e formation of granules. In our opinion they are the cause of adhesionsÄ Tin 1*1  TlfTT i*iY"Tna  4- I — U. — J—— ■*

The burning of non-granulated powder leeds in the temperature range 
bonization to active states and thereby to spontaneous formation of

and ringformation in the technical kiln process.



INTRODUCTION '
The prediction of the burnability of a 
technical raw mix and of the factors in
fluencing it is for the design and the 
management of cement plants of great tech
nical and economical importance.

For determination of the burning behaviour 
of a raw mix the residue of free lime after 
a given burning period (1, 2) or the re
quired period to achieve a given content 
in free lime is normally measured (3,4,5). 
In a paper wich has just been published 
(6) the authors proposed to measure the 
ratio between the lime combined in the 
clinker minerals and the total lime of the 
mix in relation to a temperature-range of 
800 to 145O°C.

Mostly the burnability is valued only 
qualitatively. Quantitative valuations have 
existed for several years for calculating 
the residue of free lime or the required 
burning time at a given temperature from 
the different characteristics of a raw mix. 
A formula which has been used for some 
time in our work group (4) for the predic
tion of burnability was improved (7). Here 
the burnability again is marked as the 
burning period needed to achieve a residue 
in free lime of 2 wt.-%.

EXPERIMENTIkL .
Mainly the burning experiments were per
formed in a discontinuous working elec
trically heated laboratory rotary kiln. The 
heating was achieved by a partially sawn 
through coal bar inside the burning room 
of the kiln. The kiln is designed with a 
speed control. Mainly the raw mix feeding 
was done through the non-rotating stopper 
of the front wall. The stopper contains a 
second bore hole for temperature measure
ment. The depletion was done through a 
lateral opening.
With 600 g raw mix pellets the required 
period to reach the desired burning, tem
perature amounts to 9 minutes. The burning 
of granulated material did not give rise to 
difficulties. The output was nearly 100 % 
of the theoretical.

Most of the raw mixes were well burned at 
136O°C within 10 to 120 minutes. Mixes that 
needed a longer period of burning lateron 
were put into an electrical chamber furnace 
for long term burning.

Besides the measurement of free lime in 
the well burned clinkers, the content of 
alkali-, sulphate- and calcium-aluminate- 
ferrite phases were determined.

More details of the experimental equipment 
and procedure is given in (7).

Up to now we have not succeeded in burning 
powdered raw mix in the above-mentioned 
rotary kiln. The formation of active states 
within the raw mixes during dehydration of 
clay minerals and much more during decar
bonization of limestone leads to raw mix 
deposits on the lining of the laboratory 
kiln. In practice the crust and ring for
mation in the preheater system and in the 
rotary kiln respectively are caused pri
marily in the same way. In addition we 
directly watched the formation of loose 
pellets after decarbonization at 1050°C 
(fig. 1).

Fig. 1 - Loose raw mix pellets formed at 
1O5O°C in the laboratory rotary 
kiln

RESULTS
Chemical data
For the 14 examined technical raw mixes the 
following variations were derived from the 
chemical analysis:

lime standard III 94,3 - 107,6
silica ratio 2,1 - 4,7
alumina ratio 0,55 - 3,8
calculated melt content .
at 136O°C according 
to Dahl 15,0 - 28,4 wt.-%

By thermo-chemical measurement the melt 
formation was found to be in the range 
between 1270 and 1345°C. The latter value 
was found only at low alumina ratio and 
low impurity content.

Granulometrical data
The deviations in granulometric data are 
shown in fig. 2. A good characterisation is 
achieved by the gradient n and the most 
frequent grain diameter d' from the Rosin- 
Rammler-Sperling-Bennet (RRSB) diagram. -



Here as a new value the ratio between hete-

Fig. 2 - Data derived from granulometric 
measurement

rogenous HR and total coarse grain content R 
is introduced as heterogeneity ratio HG. HG 
in this paper is assumed to be constant for 
the coarse grain fractions. For better 
valuation of the influence of HG raw mixes 
with 50 wt.-% and totally pulverized coarse 
fraction >90 .urn were prepared. In the table 
they are designated as "1:1" and "<90/um". 
The residues R200/um and Rgo/um which are ■ 
used in pratice ate directly7readable from 
the RRSB-diagram.

Burnability data
Burnability data are derived from free lime 
determination dependent on the time. Four 
typical graphs show the time dependent de
crease in free lime at several burning tem
peratures and also contents of coarse raw 
mix.

It is impossible to get raw mix A well 
burned within 13 hours because of the high 
standard lime of c. 108. Experimental work 
with this raw mix shows that maximum stan
dard lime_could be c. 104 to get well burned 
clinker (< 2 wt.-% free lime).

A burning period of 2 1/2 hours at 1360 C 
was needed- to get raw mix B with standard 
lime of 103 and the heterogenous portion 
> 90,um (Hr9q) of 7,6 wt.-% well burned. The 
additional milling of the coarse fraction 
>90 .um leads to a reduction of the burning 
period to 70 minutes.

Raw mix Gs with the lowest alumina ratio 
of 0,55 was less burnable at 1340 C because 
of the formation of the clinker melt at 
higher temperature. That was also established 
with thermo-chemical analyses.

Improved burnability was measured with 
raw mix C because of its favourable chemical 
and granulometric data.

Fig. 3 - Typical free lime - time - curves 
at several temperatures and HRg0~ 
contents

The temperature dependent inter- and extra
polated practical burnability BT derived from 
the free lime - time - slopes follow an 
exponential equation:

p _ p 0.0126(1360-T)
BT - B136Oe

The correlation coefficient between the 
measured data and the data calculated from 
the above equation amounts to 0,95.

Fig. 4 shows a parabolic slope of the prac- 
-.ical measured burnability as function of the 



heterogeneity HRgQ. On the other hand from 
the values of the burnability of 5 raw mixes 
with additional milling of grain fraction 
> 25,um the conclusion can be drawn that 
there is a marked influence of hetero
genous particles up to this small grain 
size.

Fig. 4 - Practical burnability as function 
of the heterogeneity

With a constant heterogeneity ratio HG the 
sum of the heterogeneity influences^ HE are 
put together by HG, the gradient n, the most 
frequent grain diameter d’ and the value of 
the maximum grain diameter d-,, from RRSB- 
diagram. x

A total prediction of the Jaurnability of the 
raw mixes by computation s'hows besides the 
influences from heterogeneity an increase in 
the needed burning period with the square of 
the standard lime and a decrease with the 
square of the melt content. The coefficient 
of correlation beween the experimental data 
and the data calculated from the raw mix 
amounts to 0,96.

For all the burnability series together with 
the coefficient of temperature the connec
tion represented in fig. 5 was found. The 
coefficient of correlation amounts to 0,94. 
Excluding the series with a burning tempera
ture of 134O°C with incomplete melt for
mation the correlation coefficient was 0,96.

Fig. 5 - Practical and theoretical1’^ 
burnability #

CONCLUSIONS
The time dependent measured practical burna
bility Bpr in the range of 1340 to 142O°C 
of 14 technical Portland,cement raw mixes 
was set in relation to, their chemical and 
granulometric characteristics. This results 
in the possibility of the prediction of a 
theoretical burnability Bca^.

The time dependent free lime content at 
a given burning temperature and the thereof 
derived Bpr are of great importance for - the 
design ana the operation of cement kilns. In 
contrast the measurement of the chemical and 
granulometric characteristics shows the 
separate influences of the heterogeneity, 
the lime standard, and of the' melt content 
of a given raw mix on the burnability. This 
can help to optimize the composition of raw 
mixes.

ACKNOWLEDGMENT
The authors want to express their thanks to 
A. Wolter for his help in questions of 
mineralogical and mathematical content. - 
The work was supported by some cement plants 
that delivered the raw mixes and by the 
Deutsche Forschungsgemeinschaft that financed 
the project.



BIBLIOGRAPHIE
1. - H. KOCK,' R. REY and F. Becker (1974),

"A Statistical model for determining the 
burnability of cement raw mixes", VI 
Intern. Cong, on the Chemistry of Cement, 
Moscow, Suppl. pap. 31 sect. 1-4

2. - E. FUNDAL in, N.H. CHRISTENSEN (1979),
Burnability of Cement Raw Mixes at 
1400°C, I. The Effect of the Chemical 
Composition.Cement and Concrete Research, 
Vol. 9, 219-228

3. - N.A. TOROPOW and J.G. LUGININA (1953),
“Uber den Einfluß der Granaliengröße der 
Rohmischung auf den Bindungsprozeß des 
Calciumoxydes beim Brennen von Portland
zement", Silikattechn. £ Nr. 10 470/471

4. - ü. LUDWIG and G. RUCKENSTEINER (1973),
"Einflüsse auf die Brennbarkeit von 
Zementrohinehlen", Forschungsbericht 
des Landes NRW, Westdeutscher Verlag 
Opladen, Nr. 2372

"Einfluß der Phasengrenzen bei der 
Klinkerbildung", XI. Siliconf-, Budapest 
Vol. p. 365

"Einflüsse auf das Brennverhalten von 
Bementrohmehlen und die Klinkerqualität 
Tonind.-Ztg. 97, 313

(1974) "über die Brennbarkeit von Zement
rohmehlen", Gement and Corcrete Res. £, 
239 ■

5. - 0. PHILIPP (1973), "Einfluß des Auf
heizverhaltens auf den Garbrand von 
Zementklinker", Silikattechn. 24.» 265-68

6. - J. KIESER, A. KRÄHNER and B. GATHEMANN
(1979), "Modell zur Bestimmung der Roh
mehlaktivität unter praxisähnlichen 
Bedingungen", Zement-Kalk-Gips 32, 442-47

7. - S.E. IBRAHIM (1979), "Zur Optimierung
des Brennens von Zementrohmehlen", 
Dissertation Rheinisch-Westfälische- 
Technische Hochschule Aachen.



A comparative study of the effect of heating rate 
in 2-stage and 4-stage suspension 

preheater kiln installations
Etude comparee de I'influence de /a vitesse de chauffe 

dans les fours avec pr6chauffeurs ä deux et ä quatre Stages

M.V. RANGA RAO and KAMAL KUMAR, Cement Research Institute of India, New Delhi, India.

RESUME : Des resultats experimentaux, obtenus sur des fours a" prechauffeurs ä deux et a 
quatre etages, Installes en Inde, ont ete analyses, compte tenu du traltement thermique du 
cru. Cette analyse a mis en evidence 1'effet de la vitesse de chauffe du cru sur la struc
ture et les proprletes du clinker prodult. Apres avoir tenu compte de 1’effet Important de 
la composition chimique du cru sur la structure et les proprletes du clinker prodult dans 
ees uslnes (utillsant du charbon pulverise de quallte plus ou molns constante), on a pu iden
tifier I'effet de la vitesse de chauffe, conslderee Isolement. On a constate qu'en plus de 
1'effet sur la poroslte et la texture, une vitesse de chauffe elevee permettalt d'obtenir 
les princlpaux constltuants du clinker sous la forme de crlstaux tres petits, ce qul a une 
Influence favorable sur la clnetlque de formation du CjS; 11 en resulte aussi une produc- 
tlvlte plus grande.

SÖ1XA1Y I Operational cLata obtained, from one 2-etage aispenslon preheater kiln ayetem and two 4-stage 
suspension preheater kiln systems in India have been analyzed with respeot to the thermal treatment 
reoeived by the rax meal in these systems. The analysis highlights the effect of the different rates 
of heating of the raw meal on the structure and properties of the clinker produced. After giving due 
weightage to the effect of differences in chemical characteristics of raw meal on the structure and 
properties of olinker produced in these installations (using pulverised coal of more or less similar 
oharaoteristies) the effect of heating rate alone qn these properties has been identified. It is observed 
that| besides the effect on porosity, texture, etcj higher heating rate 6ives rise to relatively small 
size crystals of the major minerals and has a favourable influence on the kinetics of C-S formation, thus 
resulting in relatively higher productivity. J 1



INTRODUCTIö?
The foreatlon and propertlee of Portland Cement 
clinker In rotaiy kilns are influenced by a number 
of parameters such as (1) Raw Meal chemical 
composition, its particle size distribution and 
homogeneity, (11) Rate of heating of the Meal and 
the temperature at the time of occurrence of 
reactions, (ill) Fuel type and quality and (iv) 
Ash composition and absorption in the case of 
solid fuels containing inorganic mineral matter. 
Of the above (il) is an Inbuilt feature of System 
Design largely dependent on the type of fuel. 
With solid fuels of the grade mentioned in the 
text,reactions have proved to be more complex and 
any attempt to analyse data obtained from such 
systems is likely to lead to conflicting 
conclusions. Nevertheless an attempt is made in 
this paper to analyse the effect of the parameter 
on the microstructure of clinkers obtained from 
5 different dry process suspension preheater kiln 
systems one of which has a ? stage preheater kiln. 
All these systems used semi-Bituminous coal as 
fuel.

SYSTEM DETAILS

The system details of the 5 plants are given in 
Table I. The two 4 stage SP installations are 
herein designated as S , S and the two stage 
SP installation is designated aS SIT^. These 
three units have different rated capacities and 
these range from 300 tpd to 900 tpd. The clinker 
samples examined for this paper were taken when 
the operation«as stable.

TABbE I

Kiln bystem Details
SI. Parameter Systems
No. I II III
1. vv 15.69 16.62 25.95

2. Slope of kiln 5.5^ 5.0% 5.0%

5. Preheater fan capacity 
(m5/min at JSO’C)

1400 5400 1610

4. Pressure (mm of Wg) 650 550 720

5. Type of Coller Grate Hnax Vnax

6. RPM of kiln

Max 2 1.5 1.5
Min 0.5 0.5 0.5

1^*  = Effective kiln Diameter 
(inside brick lining)

RAW MEAL AND CLINKER CHEMICAL CHARACTERISTICS

Table II shows the character of the kiln feed 
used as meal In the different systems and the 
chemical characteristics of the corresponding 
clinkers produced therefrom. The inherent 
character of the coals used in these systems is 
given in Table III.

The operational data relating to the threee 
installations ST, S and S  are reproduced 
in Table 17. x 111

T ABLE II

Character of Kiln feeds and Chemical 
sties of Corresponding Clinkers

Character!-

KF
SI

CL KF
SII

CL
SIII 

KF CL
L0I 56.04 1.12 55.92 1.02 55.66 0.88

Si02 10.87 22.17 12.60 21.08 15.67 22.79

CaO 42.76 61.24 44.59 65.51 45.90 6'4.20I
Al2°5 5.50 5.05 5.54 6.20 2.45 4.66

Pe2°3 1.75 2.59 1.80 5.10 2.10
I

5.55

MgO 5.20 4.71 0.86 1.51 1.07
I

1.60

Mn205 1.55 Balance - Balance - Balance

NajO - 0.18 0.09 0.14 0.22 C .54

k2o - 1.45 0.50 0.75 0.60 0 .88

SO5 - - • - 0.55 0 .49

Moduli values

LSF 1.17 0.86 1.09 0.98 1.05 0. 88

SM 5.2 2.90 2.55 2.00 5.00 2 .77

AM 1.9 1.95 1.97 2.00 1.17 1 .51

LC 24.09 27.07 24.87 27.48 21.94 25 .00

TABLE III
Inherent Characteristics of Coals

Parameter System
I II III

% Residue 170.mesh 17.0 16.0 17.0

% Moisture 5.78 1.62 2.6

% Volatile matter 56.46 27.90 29.50

% Ash 29.54 25.44 26.0

% Fixed Carbon 88.40 45.08 41.90

Net calorific ▼al ue 5960 5200 5090

OPERATIONAL data



EFFECT OF RAW MEAL CHARACTER AHD ASH ABSORPTION 
ALONE ON CLINKER STRUCTURE
It may be Been from Table II that the characteri- 
stlo Moduli values of the raw material and the 
corresponding clinkers do not follow the same 
trend as is normally to be expected provided the 
operational parameters and coal quality, ash 
composition and fusion point System Design, are 
similar. The chemical characteristics of clinker, 
would not alone reflect how much of ash might 
have been absorbed in them. As such it may not be 
correct to infer that the effect of differences in 
the Moduli values of meal in these systems has not 
been any significant in respect of ash absorption 
and thereby the clinker structure. Thus the 
effect of differences in the characteristic values, 
vis. LSF, SM, AM of the rawmeal on the texture and 

porosity of the clinkers produced could be attri
buted to differences in the system design and 
operational parameters end could be delineated 
as follows«
a) On the basis of SM values, the size of alite

crystals formed from RMyjj would be larger 
than those from RM_ and smaller than those of 
RMh t

b) Cn the basis of AM values, the size of alite 
crystals formed from RM--- would be larger 
than those of both RM^ ana RMjj

c) On the basis of LSF also, the size of alite
crystals from RM_ would be larger than those 
of RM_ .& The nett deduction of a,b, 4
c would thus be that much larger sized alite' 
crystals would have been formed in S_ than 
in Sjj & S . 111

TABLE IV
Operational Data

SI 
No P^ameter

I
Systems
II III

1. Jim speed RPM 1.8 1.5 1.5
2. Temperature Primary Air °C 60 70 60

Secondary Air °C 760 710 700
3. Coal Consumption kg/kv-ol 0.29 0.18 0.21
4, Temp of gas at kiln inlet *0 920 930 ■ 780

at Preheateoutlet “C • 395 350 400
5. % Calcination at kiln inlet 25 35 NIL
6. Temp of rawmeal at Feed Point to S.P eC 60 70 60

Kiln inlet eC 775 830 580
7.
8.

Residence time of meal in kiln (Minutes) 
Temp Profile in the kiln

41.6 65.2 100

1) Gas • 172OeC-»156OeC-92OeC 1680*C*1495*C-930*C 172O*C-.1555*C-78O*C

9.

ii) Material 145O*C*-1OOC
Gas temperature corresponding to

•C*-820*C 1450*C«-1000*C»870*C 1450*C«1000*C-580*C

10.
meal temperature of 1260*0  
Velocity of Gauses (m/sec) "

1560 1495 1555

i) Calcining Zone " 6.0 8.6 ■ 6.5
ii) Transition Zone 6.7 11.3 7.6

11.
lit) Burning Zone 

Temperature rise of meal '
6.2 12.5 8.0

i) Calcining Zone 1000-775 = 225*C 100-830 - 170*C 100-530 - 420*C

11) Transition Zone 1260-1000- 260*C 26O*C 260 *C

12.
ill) Burning Zone 1450—1260-

Heating rate (*C/min)  in

190*C 190*C 190*0

i) Calcining Zone 8.8 5.8 7.6

ii) Transition Zone 36.3 19.6 15.9



ACTUAL OBSERVATIONS
On the otheihand from mloroaooplo observation« of 
the clinker from these system« wader an optical 
microscope it was seen that the relative size« of 
the alite «nd bellte crystals in different clinkers 
revealed that olinkers from S are smaller in 
size than those from S A S iufhe photo micro
graph« of the 3 olinkeJ« arSIshown in Figures1,2 
and 3 respectively.

ihferencb

One may infer from the above that operational 
parameters such as the heating rate of meal have 
predominantly influenced the rate of growth of 
alite and bellte grains and thereby the clinker’s 
structure, porosity and to some extent texture 
also. How this could have happened Is discussed 
in next section.
DISCUSSION
The deviation from the expected behaviour as 
derived from the chemical character of the mixes 
in the different systems may be summed up as 
follows«
Effect of operational parameter« and mechanical 
condition of the equipment In the systems«
The parameters that influence all the rotary kiln 
reactions are«
1) Velocity of flue gases

li) Temperature and Partial pressures of radiant 
gases.

ill) Residence time of the meal as derived from 
the rates of heat transfer.

The effect of above parameters on the course of 
the reactions in the kiln are discussed In the 
following sub sections.
Velocity of Gases
Due to the counter-current flow of gas and meal, 
the relatively higher velocity of gas entrains 
the solid particles, the quantity of particles 
entrained depending on the physical characteri
stics such as shape, density and texture. The 
density of calcium oxide being greater than 
silicon dioxide, sometimes it remains in the mass 
of meal as SiOgis lifted up due to the turbulent 
action of the gas stream in the loosely packed 
surface of the mass of meal exposed to It. 
Another parameter which Is of great significance 
and Importance Is the origin of SiOg. If It Is 
present as free x-quartz. Its particle size, 
shape and texture being different from silica 
obtained from m-situ dlssosiatlon of argillaceous 
components in the meal is not eo easily carried by 
the gas except for the finer fractions.
Temperature and Partial Pressure of the Gases 
Although partial pressure of 60- & H.O in the 
gases suppress the calcining resetion as it 
progressively inrease« unstream of the Kiln and 
then upto the 2nd stage of the preheater. The 
retardation in the decarbonation reaction is made 
up by the increase in radiant heat supplied to 
the meal by CO and H-0 in the gas stream along 
with 30 and other diatomic gases. (Stefan- 
Boltzman’s law still forma a basis for all radiant 
heat exchange calculations. Although the view 
factor & the product of absorptivity «nd emissivity- 
explain the mechanism of radiant heat transfer, 
certain hitherto uninvestigated phenomena,which 
m our view account for the differences in the 
crystal sizes of C„S and C S/'sri *" promoted by 
relatively higher temperature prevailing in the 
sintering zone.')
In Sj, poo. at the boundary of Tr I and calcining 
zones was less than in Sj- 4 S whereas at kiln 
inlet the gases in S___ had comparatively a higher 
value. The PH-0 values were more or lee« the same



at the corresponding points In the systems.

CONCLUSION

Reactions occurring in the kiln

The sequence of reactions In the burning zone 
finally alter the grain sizes and boundaries 
depending on the operating sintering zone temp
erature. The quantum of heat transfer in the 
zone depends on the CO- and water vapour partial 
pressure in the combustion products. The thermo
dynamics of combustion of coal are Inturn 
responsible for the changes in the values of 
partial pressure in the zones specially of CO . 
The thermodynamics of combustion inturn depends 
on the quality of coal, fineness and ash content. 
Coal finaess seems to play a vital role in the 
clinkerisation process. What comes into the 
sintering zone viz. C.ap, C,A and C-S, CaO 
(uncombined) forms the nucleus for further 
reactions in the zone. The two fluxing compounds 
melt and along with CaO form the vehicle for the 
remaining mineral C-S to react with the balance 
unsatisfied^CaO both in the liquid and solid states. 
The differences in the reaction times of the 
partially combined oxides of CaO, A1„O- and Fe_0_ 
on one hand and the complete combination of Siu.5 
with the CaO already liberated in the calcining^ 
zone on the other, obviously explain the differ
ences observed in the microstructure of the 
clinkers obtained in the sintering zones of the 
respective systems produced as a result of 
dlsintegration/dissoslation phenomena occurring 
in the transition zone with the C-S transformation 
to C-S being promoted at the relatively higher 
temperatures prevailing in the sintering zone.

From the heating rates, as can be deduced from the 
temperature and pressure conditions at the bound
aries of the reaction zone, it is to be inferred 
that low heating rates prevailed in calcining and 
burning zones and thus allowed the formation of 
more number of nuclei which ultimately result in 
smaller sized.grains of C 
from the photomicrograph

-S and C-S as is evident 
In Fiv.3?
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Effect of Na2O on the stability of calcium 
aluminoferrite under the reducing atmosphere 
Effet du Na2O sur la stabilite de I'aluminoferrite de calcium 

sous atmosphere reductrice

M. ONO, Senior Research Engineer, Research and Development Laboratory,
M, AKITA, Research Engineer, Mitsubishi Ming and Cement Co., Ltd.,
K. NIKITA, Research Engineer, Tokyo, Japan.

RESUME : La phase aluminate contenue dans le clinker de ciment portland, produit dans des 
fours a atmosphere reductrice, augmente avec la reduction de la phase ferrite. Pour en com- 
prendre le mecanisme, la stabilite de I'aluminoferrite de calcium (C.AF), avec ou sans NajO, 
a ete etudiee a 1420°C dans I'air et dans differentes atmospheres reductrices.

Sans Na-0 dans le Systeme, 1'alumlnate tricalcique se forme_| partir de la ferrite quand la 
pression partielle.de l'oxygene est maintenue ä moins de 10 atm. En presence de Na-0 I'alu- 
minate se separe de la ferrite dans n*"importe  quelle condition de cuisson, sans relation avec 
la .pression partielle d'oxygene, mais la quantite d'aluminate forme augmente avec la diminu
tion de la pression partielle d'oxygene. -

Les phases cubique, orthorhombique et monoclinique de 1'aluminate sont formees ä partir de 
la ferrite suivant la quantite de Na^O contenue dans le Systeme.

On determine egalement la solubilite solide du fer dans cette phase aluminate.

SUMMARY : Aluminate phase content in portland cement clinker increases with the reduction 
of ferrite phase burning under the reducing atmosphere. To clarify the mechanism, the 
stability of calcium aluminoferrite (C^AF) with or without Na20 was investigated at IhSO’C 
in air and several reducing conditions.

Without NajO in the system, tricalcium aluminate phase is formed from ferrite phase when the 
partial pressure of oxygen is kept less than 10 * atm. In the presence of NagO, aluminate 
is seperated from ferrite in all heating conditions having no connection with the oxygen 
partial pressure, but the amount of aluminate formed increases with lower oxygen partial 
pressure.

Cubic, orthorhombic and monoclinic phases of aluminate is formed from ferrite depending 
upon the NajO content in the system.

The solid solubility of iron in these aluminate phase is also determined.



INTRODUCTION
It is very important for the cement tech
nology to make clear the atmospheric effect 
on the formation of clinker minerals. Most 
of the investigations which have been carri
ed out in this field are as for the silicate 
phases, and only a few investigations, on 
the contrary, have been done to the inter- 
sticial materialsSome workers repprted 
that the quantitave ratio of the dark and 
light interstitial materials was changed in 
accordance with the oxygen partial pressure
(1),(2),(3).  J.A.Imlach and F.P.Glasser 
gave many investigations in regard to the 
effect of oxygen partial pressure on the 
formation of the clinker minerals in CaO

. .S.K _Q
Al2O^-FeO^Fe2O^ system under 10 ■ and 10 
atm. of the oxygen partial pressure (A). 
In this report, the stability of ferrite 
phase with Na-0 at the elevated temperature 

-ti -7 -Qunder 0.21, 10 ,10 1 and 10 9 atm. of the 
oxygen partial pressure is dicussed from 
some experimental results.

EXPERIMENT

C^AF burned at 1380*0  in air and NajO (as 
Na-CO-) were mixed in various ratios and re- 

■’ -hheated under 0.21(in air), 10 (in dry N-), 
—7 —910 and 10 (in CO/COj mixture) atm. of the 

oxygen partial pressurefPOj).
Samples were kept 30 min. at’ l,l20eC in the 
platinum crucibles put into the alumina tube 
furnace (50 mm^). The fused samples were 
cooled to 900*C  at the rate of 5 'c/min. and 
then allowed to cool to.room temperature. 
The total gas flow rate was 'lOOml/mln.. The 
samples were subjected to the exminations by 
X-ray powder diffraction, electron probe 
microanalysis, microscopic observation and 
chemical analysis.

RESULTS

It is shown for the X-ray powder diffraction 
that any phase except ferrite can not be 
detected from the sample without NagO which 

is burned under 0.21 and IO-'1 atm. POg. 
However in the presence of NagO, orthorhom
bic C^A is formed from C((AF. In proportion 
as NagO content the quentity of C^A increa
ses and its crystal system changes from 
orthorhombic to monoclinic. If NagO content 
of the samples reaches over 2.8%, C^A formed 
from C;|AF is decomposed into free CaO and 
/3-NaAlOg. When the samples without NagO 
are burned under the condition of IO-' atm.
POg, cubic C^A is formed from the ferrite 
phase. In this case, free CaO and tc-Fe are . 
also detected. However burning C^AF with 
NagO under the same condition, the quantity 
of C^A increases and its crystal system 
changes from cubic to monoclinic through 
orthorhombic in proportion as Ma„0 content 

—9 in the system. Under the condition of 10 
atm. POg, FeO is detected having no connec
tion with NagO content in addition to the 
minerals described above.
Small amount of the C^A phase which is 
not detected by X-ray diffraction, is obser- 

-f|ved in the samples burned under 10 atm. POg 
by reflective microscopy. It is shown in 
Fig.l that the parameter P of the residual 
ferrite phase (CgApF1_p) decreases with 
lower POg at the reheating condition and the 
analytical value of the reheated sample.
As shown in Fig.2 and Fig.3, the content of

Fig.l Relation between the residual ferrite 
phase compositlon(CgApFj_p) and NagO content 
in the reheated sample.



Na2O and Fe^ in the C^A phase formed from 
the initial CJ(AF are related to the quantity 
of Na2O in the reheating sample and Po2 at 
the reheating condition. In the case of Po2 
above 10”9 atm., Na20 content of the C^A 
phase reaches the maximum value of 6.2? when 
Na2O is included more than 2.8? in the 
reheated sample.

o M co

o

Fig.2 Relation between Na2O content of C^A 
and the quantity of Na2O in the reheated 
sample.

Fig.3 Relation between Fe203 content of C^A 
phase and the quantity of Na2O in the '
reheated sample.

It can be read off from Fig.1! that linear 
relationship exists between Na20 and Fe20? 
content of the C^A phase under every Po2 
except 0.21 atm,, and its slope decreases

12 3 ■ 4 5 6

NajC content of CjA (%)

FigJl Relation between Fe20^ content and 
Na20 content of the phase.

DISCUSSION

Ferrite phase is unstable under the reducing 
atmosphere. Therefor, 
to decompose under 10

without- Na-0 it bigins 
atm. and C^A, free

CaO,o(-Fe and FeO phase are formed below_7
10 ' atm. Po2. In the presence of Na2O, the 
formation of C^A from ferrite phase is pro
moted and the composition of the residual
ferrite phase shifts to higher Fe composi
tion. The C^A phase formed from the initial 
ferrite phase contains Fe20^ and its quantity 
changes lineally depending upon the Na2O 
content which is included in the C^A phase 
simultaneously. G. Yamaguchi et al.(5) esti
mated that the distribution of Fe^+ ion 
extend to the Al^+ sites as well as the Ca2+ 
sites in cubic C^A. Therefor the results 
of the present study are sufficint to under
stand that the substitution of Fe^+ by Ca2+ 
ion in the C^A phase obeys following equa
tion in the presence of Na*  ion.

2Ca2+ ---- > Na*  + Fe3*
If the above substitution could be occur 
^e2®3 content might be Increased in pro
portion as the content of Na20 in the C^A 
phase. '



CONCLUSION

The stability of C^AF with or without NaDO 
was investigated at the elevated temperature 
In air and several reducing conditions. The 
ferrite phase without Na20 blglns to decom
pose under 10“ atm. Po2 and C A, free CaO, 
-Fe and FeO phase are formed below 10~7atm..

In the presence of Na.,0, the formation of ” 
C3A phase from ferrite phase Is promoted In 
all heating condition having no connection 
with Po2. The C^A phase formed from the 
Initial ferrite phase contains Fe 0 and Its 
quantity changes lineally depending upon 
the Na2O content which Is Included In the 
C^A phase simultaneously.
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Aging of cement through long term storage

VieiUissement du ciment tors du stockage ä longue duree

Dr. M. MAULTZSCH, M. GIERLOFF and Dr. P. SCHIMMELWITZ, Federal 
(Bundesanstalt für Materialprüfung (BAM) Berlin, R.F.A.

Institute for Testing Materials

RESUME : Susqu’a present, on n'a etudle la stockabllite du ciment que pendant des durees de 
3 a 12 mois. On communique ici des recherches effectuees^sur des ciments stockes de 7 a 15 
ans. Des ciments ayant ete stockes en sacs de papier revetus furent legerement hydrates de 
facons variees. O'analyses de phases par thermogravimetrie, 11 ressort qu'il s'etait forme pen
dant le stockage,avant tout,des silicates hydrates de calcium, de 1'ettringite et de la synge
nite. Dans des zones marginales solidlflees du contenu des sacs, apparurent, de fagon importan
te, du silicate hydrate de calcium et de la calcite. On a pu conslderer la teneur en eau eva- 
porable jusqu'a 180<>C"(par des analyses thermogravlmetriques) comme mesure du degre d'hydrata- 
tion des ciments stockes. Ce parametre fut mis en relation avec le developpement de la resis
tance mecanique; il a servi aussi'pour la representation de la repartition locale de I'eau de 
hydrate dans des sacs de ciment individuels. Comparee avec des ciments frais, l'evolution de 
1'hydratation des ciments de stockage est caracterisee par une portion meins importante de 
silicates hydrates de calcium et d'ettringite nouvellement formes durant les premieres heures 
apres le gächage et par la formation initiale de gypse secondaire. La se trouve la raison de 
valeurs de resistance amoindries, specialement dans la phase initiale. Cependant, on a pu cons 
tater clairement que des ciments stockes pour une duree de 15 ans attelgnent aussi des resis
tances finales encore satisfaisantes.

SUMMARY: The storage possibility of cement was tested till now only for the period of 3 to 
12 months, whereas here tests were made on cement stored for a period of 7 to 15 years. The 
cements, stored in laminated paper bags were differently pre-hydrated. Thermogravimetrical 
phase determinations showed that principally calcium silicate hydrate, ettringite and syngenite 
were formed during the storage, Calcium silicate hydrate and calcite could be found especially 
in the hardened exterior parts of the bags. Through the thermogravimetrical analysis the water 
content was defined as reference for the hydration degree, as the water evaporable up to 
180 C. This reference unit can be related to the strength development; aswell the unit serves 
to describe the space distribution of the hydration water in various cement bags. In compari
son to fresh cements the process of hydration of stored cement is characterized by smaller 
contents of new-formed calcium silicate hydrate and ettringite during the first hours after 
the addition of water and an Initial formation of secundary gypsum. Herein lays the reason for 
the partially lower values of the strength, especially of early strength. Nevertheless it was 
established definitely that 15 years long stored cement reaches a satisfactory final strength.



INTRODUCTION
It is well known that the storage of cement 
may impair its most important property, the 
strengthening of mortar and concrete. The ex
tent of strength reduction depends on the 
type of the cement, the condition and the 
duration of storage. For cements in silos or 
in bags, stored for 3 months in a dry shed, 
the loss of strength may be about 10 % (1), 
in another study values of 10 - 20 % are 
mentioned for 3 months storage and 20 - 30 % 
for 6 months storage (2). 4'

Some of the earliest investigations on the 
aging of cements are those of Gary and Bur- 
chartz (3,4), carried out in the former Royal 
Office for Testing Materials, now Federal In
stitute for Testing Materials (BAM) in Berlin. 
The cements, spread out on the floor or fil
led in paper bags, were exposed to laboratory 
atmosphere for three or six months. They 
showed retardation of setting, lower hydration 
heat development and lower density than the 
samples of fresh cements, and they contained 
lumps. The strength values after 28 d harde
ning were up to 40 % but after 5 years harde
ning only about 15 % lower than those of fresh 
cements. In other studies cement bags were 
stored for 12 months. The early strength de
velopment was reduced by 30 %, while the re
duction in strength after 28 d and 2 years 
was only 22 % and 15 % respectively (5). 
Favorable to strength development is to screen 
out the lumps (6). Later on cement in 5-ply 
paper bags was exposed to a rather humid cli
mate. The strength values decreased by nearly 
30 %, but only by 12 % if the bags were wrap
ped in polyvinyl cloth (7). There are only 
few studies on long term storage. One of these 
was carried out for up to 4 years. The 28-d- 
strength of the cements stored in paper bags 
in rather humid climate came up to only 30 % 
compared to that of fresh cement samples (8). 
Most of strength reduction occurred in the 
early period of storage. In general the au
thors hardly enter into the reasons for 
strength reduction.

INVESTIGATIONS ON CEMENTS STORED FOR LONG 
TERMS '
During the last years the Federal Institute 
for Testing Materials (BAM) in Berlin had the 
chance to test cements stored for at least 7 
years, but mostly for 10 - 15 years. The ce
ments in 5-ply paper bags, one ply covered 
with bitumen or polyethylene, were piled up 
to 40 bags in height in large sheds. More than 
300 samples were at this investigation's 
disposal (9).

Many therriiogravimetric analyses were made to 
answer the question whether the stored cements 
were partially hydrated or not. For example 
Fig. 1 (bottom) shows the differential thermo- 
gravimetric (d.t.g.) curves for samples of a 
15 years old cement, taken from the outer and 
the inner zones of the bag. The peaks appear
ing with rising temperature mark the portions 
of adsorbed water (H), calcium silicate hy
drates (C-S-H) , ettringite (E) , gypsun (Cs-H,), 

calcium aluminate hydrates (C-A-H), syngenite 
(Sy), calcium hydroxide (CH), and calcium car
bonate (Cc). Fig. 1 (top) includes the corre
sponding curves for fresh portland cement in

Fig. 1 - Differential thermogravimetric curves 
of fresh portland cement (top) and stored 
cement (bottom).

unhydrated and partially hydrated state. The 
resemblance to the curves for the partially 
hydrated sample and for the stored cement is 
evident. Related to fresh cements the stored 
cement contains increased portions of calcium 
hydroxide and ettringite, probably a certain 
portion of such calcium silicate hydrates too 
which dehydrate at the same temperatures as 
ettringite, though'tobermorite phases dehy
drating at about 700 °C do not increase in 
general. Aluminate hydrates could not be 
identified definitely. InSthe outer zones of 
the bags above all such phases which dehydrate 
up to 180 eC occur in higher amounts, moreover 
a strong carbonation is significant. Further
more the potassium calcium sulphate "syngenite 
was found in quantities of 1,1- 1,4 % by 
mass, sporadically up to 4 % by mass, in all 
stored cements. The mineral syngenite is held 
responsible for the formation of lumps and 
for the false set (10, 11, 12). In this in
vestigation increased portions of syngenite 
were found mostly in lumps. As it crytallizes 
in needles similar to the ettringite the 
syngenite may cause a certain consolidation 
of the cement. The strengthening or hardening 
of the cement in the outer zones of the bag, 
however, should be attributed to beginning 
hydration, especially the formation of 
ettringite, and to carbonation, as the dotted 
line in fig. 1 (bottom) shows. Furthermore 
long term stored cements may be compacted by 
the pressure due to the high piles of bags.

The thermogravimetric analyses of the stored 
cements showed essential differences for all 
samples in the behaviour of dehydration up to 
180 °C. The weight loss in this temperature 



range includes the loss of adsorbed water, 
the partial dehydration of C-S-H phases (and 
slightly of a C-A-H phases too) and of ettrin
gite, also the complete dehydration of gypsum. 
Provided that each cement has a nearly con
stant content of gypsum due to the manufac
turing process, the loss of weight at 180 C 
may "be seen as a measure for the degree of 
hy'dratation. For simplification it is called 
"water content" in the following.

The "water content" of nearly 100 samples 
taken from two different cement types here 
called A and B were determined by drying at 
180 °C. In fig. 2 the "water content" values 
of the cements stored for various terms are 
compared with the compressive strength after 
2 and 28 days respectively. There is a good 
reciprocal correlation between the values, 
especially with regardto the 2-d-strength. 
A minimum value for the "water content" of 
about 0,4 % by weight may be recognized, 
referring to the original gypsum content of 
the cements. If reference values are available 
it seems possible to infer the strength devel
opment by this simple method. "
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Fig. 2 - Correlation of "water content" to' 
compressive strength after 2 and 28 days 
respectively, plotted for the cements "'A" 
and "B".

It was mentioned already that the outer zones 
of the cement bags were partially more hy
drated than the inner zones. By determining 
the "water content" the hydration degree, of 
cements was examined depending on the loca
tion in the bags. Fig. 3 shows the distribu
tion of the "water content" values in 
longitudinal sections of three bags piles one 
upon another, stored for 15 years. The 
maximum hydration degrees were found near the 
ends of the bags, above all at the filling 
valves on the right side of the figure. Rp-hIAm 
the "water content" increases if the air could 
not circulate because of the adjacent piles 
of bags. In this case the probability is 
greater that moisture from,the air would con

densate on the paper bags and water diffusion 
would take place.

Fig- 3 - Distribution of the 180 °C-evaporabli 
"water content" of cement in bags stored for 
15 years (longitudinal section).

The cement-bags shown in longitudinal section 
were stored in a shed that was not heated and 
badly ventilated. Thus the cement was exposed 
to a relatively humid climate at least for 
some time, and to alternating temperatures. 
Other bags stored in a rather dry, heated 
shed for 15 years too were examined in the 
same manner. High "water contents" were found 
in this case only in narrow zones at the 
edges of the bags. Consequently the storage 
conditions are very important for quality 
decrease of long term stored cements.

A simple test ascertained the amount of time 
that moisture needs to penetrate the 5-ply 
bitumen coated paper bags and to impair the 
quality of cement. Samples of fresh portland 
cement PZ 35 F was wrapped in original paper 
bag material and then exposed to an ambient 
humidity"of 95 % at 22 °C. The relative humic 
ity inside the test bags was measured contin
uously (fig. 4 top). It rose quickly, and it 
came up to 80 % r.h. within 10 days and to 
more thah 90 % r.h. within 40 days- That meat 
that the protective effect of this packing is 
small with regard to penetration of moisture.

At the same time the density of the cement 
samples decreased continuously from 3,06 g/ci 
to 3,01 g/cm3 within 10 weeks, as was also 
stated in other Investigations (3, 4, 13). 
Furthermore samples were taken after 6, 20, 
71 d respectively for tests on strength de
velopment (central part of fig. 4). In re
lation to the strength values of the origina 
cement the 2-d-strength values decreased to 
40 - 60 %. The 28-d-values were not reduced 
before a longer period of storage; after 10 
weeks the reduction was about 20 %. Alter
ations of mineral phases of the same cement 
samples were examined thermogravimetrically.



Fig. 4 - Tests by artificial storage: develop
ment in time of relative humidity inside the 
bag, strength values, and mineral phases 
expressed as weight loss (determined by 
thermogravimetric method)

The weight loss found by these analyses 
correlates to the portions of the phases, 
thus only the weight loss values for certain 
phases are taken for fig. 4 bottom. Syngenite 
content increases while gypsum content de
creases. The beginning of hydration is shown 
by formation of more and more ettringite and 
silicate hydrates dehydrating in the same 
temperature range. Aluminate hydrates increase 
slowly. The results found after a rather short 

but unfaborable storage agree qualitatively 
with those of long term stored cements.

Alterations of mineral phases by long term 
storage of cements affect the process of hy
dration, especially during the initial period. 
In general the hydration process of stored 
cements will be retarded. In fig. 5 the con
tents (as weight loss by thermogravimetric 
analyses) of gypsum and ettringite with C-S-H 
respectively in various cement pastes are 
shown in relation to the time of hydration. 
The fresh portland cement is continuously 
forming C-S-H phases and ettringite combining 
gypsum at the same time. Depending on the 
various types of cements, the extent and tl;e 
velocity of the formation of new hydrates in 
long term stored cements are lower. The con
tent of gypsum even increases slightly in the 
beginning, probably by redissolution of some 
ettringite and syngenite in the mixing water. 
This may cause "false set" in some cases. The 
slow hydration proceeding within the first 
hours after mixing with water presumably is 
responsible for the lower strength values of 
stored cements, particularly for the early 
strength development.

Fig. 5 - Thermogravimetrically determined 
weight loss & G referred to gypsum (top) 
and to C-S-H and ettringite (bottom) de
pendent on time of hydration.



Strength values of cements stored for 7-15 
are spread over a large range- Classified by 
the age in years, the frequency of 2-d- and 
28-d-compressive strength values is plotted 
in fig. 6. It is conspicuous that a greater 
number of strength values for the 11 - 15 
years old cements fall below the minimum 
values required for comparable fresh cements. 
On the other hand many samples of this age 
reach a rather high compressive strength. 
Cements stored up to 10 years altogether 
show a higher strength than the older ones. 
One of the-reasons may be the packing. For 
the younger cements one ply of the 5-ply 
paper bags was coated with polyethylene 
instead of bitumen. The moisture permeability 
of this material seems to be lower than that 
of the bitumen coated paper.
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Fig. 6 - Frequency of compressive strength 
after 2 d and 28 d. Number of values separate
ly plotted for the different ages of the 
stored cements.

The test on strength were made with unsieved 
samples. Further 300 partially lumpy samples 
recently taken from the same stores were 
passed through the 1-mm-sieve. in this case 
in\JalyeS,?£ strength exceeded the minima of 
10 N/mm*  after 2 d and 35 N/mm2 after 28 d 
Besides it is possible to obtain better * 
strength development by adding chemical rea
gents or regrinding the stored cements (9).

During the storage period strength development 
of the cements could only be observed insuf
ficiently because sampling by statistical 
point of view was impossible. The number of 
Bags in each store amounted to 20'000 - 
100.000, and the storage conditions were 
various and mostly undefined. Another cause 

is the change of the method of test according 
to the German standard in 1970. Nevertheless, 
based on all the. present values one may esti
mate the annual reduction of the 28-d-com- 
pressive strength to 1 N/mm2 or 2 % on an 
average with regard to long term storage in 
5-ply paper bags.

CONCLUSIONS
If cements packed in coated paper bags are 
stored for a long term their quality will be 
less seriously affected than presumed on the 
basis of short time investigations. Even 15 
years old cements are useable. In this case, 
however, it is recommended to screen out the 
lumps. Long term storage affects hydration on 
cement particle surfaces and formation of 
syngenite and ettringite. The loss of reac
tivity by partial hydration and particularly 
the changes in sulphate compounds affects a 
more or less retarded hydrationewithin the 
first hours after mixing with water. This 
results in reduction of strength, expecially 
of early strength. One of the most important 
factors for preservation of quality is the 
storage condition. Air humidity should be 
low, and the stores should be provided with 
good ventilation.
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Mecanisme de la stabilisation dans la transformation 
polymorphique beta-gamma C2S

Polymorphic Phase change of beta-gamma CaaSiOA

A. DERDACKA - GRZYMEK
J. GRZYMEK, Pologne.

RESUME : Dons cette communication, on pr6sente les rSsulltats des recherches faites sur 1 in
fluence de microquantitSs de cations Strangers et de grandes quantitSs d’aluminate de calcium 
ö 1'Stat vitreux sur le mScanisme de stabilisation du ß orthosilicate de calcium. En se ba- 
sant sur des risultats expSrimentaux, on a proposS une förmule pour estimer 11 abaissement de 
la temperature de 11autodSsintSgration de 1'orthosilicate de calcium.

La discussion des rSsultats a dSmontrS que I’activitS des cations dans le mScanisme de stabili
sation depend de I'intensitS du champ (eAr2), de 1161ectron6gativit6 de la configuration des 
electrons de valence et du nombre de charges positives des cations. Les cations qui stabilisent 
la modification ßC-S ont 6t6 subdivis6s en deux groupes. Au premier appartiennent les cations 
qui stabilisent la modification ßC.S ou-dessous de 0,5 % mol. par gmole C-S. Au second appar
tiennent les cations dont I’effet stabilisant est observe au-dessous de 1 % mol/gmole C2S . Les 
auteurs en concluent que la stabilisation r6sulte des surtensions dans 1'Interieur des cristaux 
sous I’influence du champ electrostatique d cause du ph6nomdne de la polarisation, et meme de 
1‘influence de la pression ext6rieure exerc^e sur les cristaux du ßCzS.

Le plus grand effet thermique sur les transformations polymorphiques du CjS a 6te observe dans 
le cas de la transformation a = a'^ (3,28 kcal/mole) . La transformation la plus rapide est cel
le de ß ■*  7(0,22 kcol/gmole). L1outod6sint6gration est accompagn6e d'un effet thermique de 
1,2 kcol/gmole. Si pendant la transformation polymorphique on eiSve, puis on abaisse la tempe
rature, le C-S peut perdre 25 % de son 6nergie interne. Les auteurs ont constate que l'6nergie 
interne du reseau de C2S otteint 4700 kcal/gmole.

SUMMARY: In this paper study of the influence of microamounts of foreign cations and of larger 
amounts of the glassy calcium-aluminate phase on the stabilization of calcium orthosilicate 
was performed. Basing on experimental results and theoretical considerations anempirical for
mula has been proposed for the quantitative evaluation of the decrease of the temperature of 
self-disintegration of calcium orthosilicate.
The discussion on the results shows that the activity of-cations in the stabilization is pri
marily dependent from the force of the cation fleldfe^-r^ electronegativity and valences. 
The stabilizing cations have been divided into two groups. To the first belong cations which 
stabilize totally the - Ca-SiO, in amounts up to 0.5% mol/gmol. To the second belong 
cations In case of which a stabilizing effect is observed only after addition of amounts 
above 1% mol/gmol CagSiO^.
Authors suggest that the directly reason of stabilizing effect are rising the strains under 
the effect of increasing electrostatic field inside the crystals as well as an external 
influence of pressure on crystals of calcium orthosilicate phase. The network energy of 
calcium orthosilicate amounts about 4700 kcal/gmol. '
In the paper, that the most heat effect among of the polymorphic processes of investigated 
Ca-SiO^, mark out, the two-way process of polymorphic transformation ofoC^o<L/3.28 kcal/gmol/ 
itself was determine. The shortest one is polymorphic transformation of ß-f /0.22 kcal/gmol/. 
The emission of 1.2 kcal/gmol heat during self-disintegration phenomena is the consequence of 
polymorphic transformation. When reheating and recooling, during the polymorphic transformation, 
calcium orthosilicate loses about 25% heat energy emission.



Le grand intferet auprfes de polymorphlsme de 
Ca-S10,, dont la preuye sent de nombreux tra- 
vaux de recherche, resulte certalnement d’une 
grande Importance de ce Probleme pour la pra
tique industrielle. Les travaux de Bredlg /I/ 
sur fluoroberylene de sodium modele sont des 
premiers dans ce domaine.
L'&cjjStence des differentes formes polymorphes 
01-<Xh- X" qul crlstalllsent sous 
structures; rombo&irlque, mcnocllnlque et he
xagonale dans le ciment portland, le laitier 
de haut fourneau et aussi dans les materlaux 
r6fractaires de dolomite stabilises est d’une 
importance exceptionelle de point de vue des 
proprietes de ces materlaux. Ce p^obl'ene est 
surtout rell6 au ph&iomene connu depuis plu- 
sieurs annSes sous le nom de "decomposition 
ealeique" qui se prodult h la transition de 
la phase (5 en forme polymorphe basse tempS - 
nature X- Ca-SiO. . Ce phenomene est accompag- 
n6 d’*une  abaissgment de poids specifique et 
d’une transition de la symetrie monoclinique 
de cristal beta C^S h la symetrie romboSdri- 
que de la phase gamma avec une reduction 
simultanSe de nombre de coordination d’atomes 
de calcium.
Le phenomena d’autopulverisation de l’ortho- 
silicate de calcium en grains d’une taille 
de quelques ou plusieurs microns comme le 
rösultat de la transition polymorphique beta 
en gamma est d’une importance Slänentaire si 
ce ph&iom^ne solt utilise pour la methode 
complexe de production d’alumine et des 
ciments portland & haute teneur d’alites 'h 
partir de materlaux h la base des nluminor 
silicates. Le principe de ce proc&i^ elaborS 
en Pologne /2, 3, 4, 5/ se traduit par la 
clinkerisation de calcaire broy6e en pr&ence 
d’aluminosilicates afin d’obtenir un agglo- 
m&rS aluminofere nontenant 1* orthosilicate 
de calcium et des aluminates de calcium. 
On fait 1’«traction de 1’oxyde d’aluminium 
de I’agglom6r8 refroidi et decompose en poudre 
avec des solutions dilufa de carbonat de so
dium. Le r&idu de 1’extraction, obtenu au 
cours de la production de I’alumina, conte- 
nant principalement Ca-SiO. sous la forme 
gamma est le mati'ere premiere pour la cuisson 
du clinker portland aprfes 1’addition de carbo
nate de calcium broyS. A partir de solution 
de 1’aluminate de sodium on obtient 1* hydro
xide d’aluminium, qui apres la carbonisation 
devient 1’oxyde d’aluminium de haute quality 
pour 1’Industrie metallurgique.
On a profits de ce ph&iom^ne d’autopulverisa
tion de CagSiO, pour le dfiveloppement des 
mSthodes de production des sables de moulage 
et des ciments colorSs de reVbtement /brevets 
polonais no. 62637 rt 62386/. Ce sont des 
examples uniques dans le monde entier de 
" broyage cristallochimique des materlaux " 
en utilisant dans ce but l’6nerdie declenchS 
par la transformation polymorphe de phase.
Il est evident, que non seulement pour des 
besoins scientlflques mals egalement prati
ques, la connaissance du m&anlsme de la sta
bilisation de la phase beta et 1’examination 

de la cinStique de transformation de la phase 
beta en gamma Ca2S10, sont d’une Importance 
considerable.

En annfes cinquantiennes nous avons comm@ic5 
en clmenterie Groszowice des recherches de 
retarriation ou mhoae d’arret de la formation 
des germes stables de la forme polymorphe 
gamma dans la phase beta, les efforts Staient 
bas&s sur 1’introduction des quantitSs limi- 
tSes des oxydes Strangers dans 1’orthosilicate 
de calcium synthetisS pendant la clinkerisa .̂ 
tion h la temperature 1450°C. Ces additifs 
peuvept avoir mbme une influence sur certains 
changements structurals de la phase beta dont 
la preuve sont postSrieures travaux de 
Goerlich /6/ portants sur des propriStSs 
thermodynamiques de cette structure ou des 
autres changements existants dans cette phase 
de 1’orthosilicate de calcium. En utilisapt 
le microscope h chauffage equipS d’echelle 
de temperature, nous avons reussi de saisir 
A l.’.aide^de phQtpgrapbie£CbBtinue^-'.de3a.mame- 
nts caractSristiques du processus d’autopul
verisation superficielle se produisant sous 
1’influence de tmnsformation beta en gamma 
Ca2S104.
Le charactbre du type de nucleation de- chan
gement de phase polymorphe beta en gamma ■ 
Ca-SiO, reliS ä. 1’autopulverisation de la 
phase gamma a.St^ examinS par Bethke et 
Grzymek /?/, Bielahski et Nedoma /8/. 
L’affirmation du characters du type de nucle
ation des trnsformation de phase mentionnSs 
et la determination de la vitesse de ces chan
gements avait une importance considerable 
pour 1’explication du mecanisme de ces trans
formation de phase.
Dans nos experiments nous avons observe que 
des oxydes introduits dans 1’orthosilicate 
de calcium synthetise - en tenant compte de 
leur influence sur la marche du processus 
d’autopulverisation - peuvent btre classes 
en deux groupes. le premier comprend les oxy
des ayant des cations avec le potential ioni- 
que plus eieve et plus eiectronegatifs. Ces 
oxydes provoquent la reduction de la tempera
ture d’autopulverisation de 1’orthosllicate 
de calcium de 525°C & la temperature infe
rieure de 400°C. L’autre groupe comprends les 
oxydes contenants des cations avec des poten- 
tiaux ioniques sensiblement plus fälblest < 
et moins eiectronegatifs. Les cations appar- 
tenants h ce groupe ont une moindre influence 
sur 1’abaissement de la temperature d’auto
pulverisation de 1’orthosllicate de calcium, 
qui.est comprise dans ce cas entre 525°C et ■ 
400°C.
Nous avons cependant constate la discontinui- 
te de la fonction entre 1’abaissement de la 
temperature de 1’autopulverisation et le po
tential ionique et 1’eiectronegativite des 
cations introduits pour la synthese de 
Ca^SiO^. Dans cette situation noys avons 
essaye de deriver la formula mathematique 
empirique, qui dans la mani’bre plus precise 
permettrai de trouver une relation continue 
entre les propriSt^s des cations utilises et 
1’abaissement de la temperature d’autopulveri
sation de 1’orthosilicate de calcium. Pour 
des calculs des elements supplementaires ont 
ete introduits, en tenant compte de la struc
ture des cations considerSs. La formula prends 
egalement en consideration le coefficient



d'activitS reli4‘a 1’action des charges posi
tives sur les niveaux energetiques individu- 
els. Avec une formula mathönatique ainsi ela- 
bor^e il est possible d’evaluer quantitative- 
ment 1* influence des cations utilisfe sur 
I'abaissement de la temperature jAnj d*auto 
pulverisation de 1 •orthosilicate de calcium.

W'(n-1),5(n-1),’es* ep* ed^n-l '5f^

E ■ dlSctronSgativite du cation,
VK,« nombre quantique principal de cation 

stabilisant correspondant a sa couche 
ei&tronique,

W = nombre quantique correspondant au niveau 
(n-l) energetique Interieur voisin bl la couche 

SISctronique du cation considers,
6- coefficient d’activitS relative des char

ges 61Saenta6caires positives plac6es sur 
des niveaux energetiques respectifs,

<6n- coefficient d'activitS relative des 
n charges fi.£mentaires positives locali- 

s<es sur la couche Sldctronique deter- 
minfe par le nombre quantique princi
pal (Wn I,

& coefficient d'activitS relative des 
charges fildmentaires positives locali- 
s6es au niveau energetique le plus 
proche b la couche Ildctronique du 
cation .

Dans 1* evaluation de 1’activite des charges 
eiÄnentaires positives qui depends de la re
partition aux niveaux energetiques respectifs 
ix>us avons pris pour 1’activity des charges 
positives dans la couche I« une valeur de 0,8. 
Cette activity relative correspond b celle 
de charges positives disposSes sur la couche 
du cation , qui dans notre cas, possede 
le nombre quantique principal le plus bas ■ 2 
Afin de determiner des activitfe relatives 
des chiarges el&aentaires positives localises 

- ________ TABLEAU I_________________________________________________

CATIONS As** p*5 g*3 As+3 V*5 Cr*6 p*3 K + 1 Na* ’

’d ..................... *C <0 <0 350 320 400 505 500

Ad......................‘C >525 >525 175 205 125 20 25

r........................ A 0.46 035 023 0.58 0.59 0.52 044 1.33 0.97

e e
..................TA? 7.52 12.98 18.05 2.84 4.57 7.06 4.93 0.179 0.338

STRUCTURE

ATOMIQUE

Argon Neon Helium Argon Argon Argon Neon Argon Neon

Sd'O 3P8 2 p1 3d10 3d3 3dS 3p3 4 s1 3 s’

4p3 3 s2 2 s2 4p3 4s1 3s2

4s2 4s^

Kl ———-----------------
' win)

4s24p3 3s2 3p3 2s2 2p1 4s2 4p1 4s2 4s1 3 s2 3p1 4s’ 3s’

K* _____ —■—’
' w I n -1)

— — —• — 3d3 3d5 — — —

e 5 5 3 3 5 6 3 1 1

Ies**p +ed)In) 2*3 2*3 2*  1 2*  1 2 1 2 ♦ 1 1 1

(«s+tp+ea 11 n -1) — — — — 3 5 — — —

5(n) 23 1.4 OS 2.3 2.3 2.3 1.4 2.3 1.4

5(n-11 — — — — 1.4 1.4 — — —

e 2.20 206 2.01 ' 220 1.63 156 206 0.82 093

tm....................."c -236 -37 350 353 360 373 397 524 524

Am.................... *C 761 562 175 172 165 152 128 1 1



aux niveaux energetiques consecutifs, nous 
avons pris un multiple de nombre 0,3. Or, 
conformement a 1* Hypothese accept^e, suivant 
dea resultats experlmentaux, I’activitd re
lative des charges positives localises aux 
niveaux energetiques respectifs des cations 
etudi^s, doit correspondre pour la couche K 
etant la plus proche du noyau d’atone & une 
valeur;
pour la couche K » 55„. = 0,5 'X),3 x 0 ■ 0,5

" " " L =5>'’ - 0,5 0,3 x 1 - 0,8
" " " M = 0,8 0,3 x 2 = 1,4
" " " N = 1,4 0,3 x 3 = 2,3
" " " 0 -2,3 0,3 x 4 - 3,5
" " * P - 3,5 0,3 x 5 - 5,0

r - rayon de cation en 8, 
e - -valence de cation = somme de charges 

positives localls£es dans les cages sur 
la couche electronique W(n) et de charges 
positives localises au niveau energeti
que W^n-1) voisin ä la couche electro
nique .

e = (es»ep*e d)n«- (es+ep*e d) 
id- temperature du debut d*autopulverisation  

de I’orthosilicate de calcium, detenni- 
nde experimentale, en°C,

tm- temp&rature d’autopulverisation de CpS, 
calcuiee & I*aide  dg la formule mathe- 
matlque deriv£e en °C,

■^5- expression pour le potentiel de la sur-- 
3*r^ face ionique, introduits par les auteurs.

Tableau I resume les resultats experlmentaux 
sur I’abaissement de la temperature d’auto
pulverisation de I’orthosilicate de calcium 
au - dessous de 525°C en presence de cations 
stabillsants introduits en quantity 0,3 % 
mole/gramme mole Ca-SiKL au agglomSrd syn- 
thetlsS A 145O°C. A^partir des r&sultats 
present&s dans le tableau ci-dessus, le ca- 
ract'ere stabilisant la forme ß Ca-SiO. 
possedent les cations ayant a la mane fols 
des valeurs elev^es de potential de surface 
ionique, elSctron£gativlt6 et surtout les 
cations se caract6rlsant d’un nombre de char? 
ges positives plus el6v6, localises sur les 
couches elSctroniques avec le nombre quanti-- 
que plus elSvi. Outre cela, ces cations doi- 
vent en nftme temps se caracteriser d’une 
stability thSrmlque au cours de leur syntha
se en presence de I’orthosilicate de calcium 
aux temperatures atteignants 1500 C.
Le cation As*̂  estiun example d’une activi
ty stabilisante considerable. Ce cation po- 
ss'ede en mhne temps une stability thermlque 
importante, el6ctron6gativlte exceptionelle- 
ment el6vS - 2,2 et le potential de surface 
de Section ibniqiap'jel6vi - 7,5 e/X . En ntoe 
temps la couche elfctronique localisfe dans 
ce cation et correspondante "b un nombre quan
tique el6v6 '■ 4 est privfe de 5 electrons, 
ce qui implique b ce cation le rble d’un sta- 
bilisateur le plus fort parmi tous examinfe. 
Malgrfe une stability thermlque exceptionelle 
et+le nombre quantique eiyvy - 6 de cation 
Ba z, 1’oxyde de baryum a prouvy des ptopriy- 
tys stabillsantes relativement faibles. 
L’abaissement de 1’activity;Stabilisante de 
BaO est I’effSt de sa yiyctron6gativlty 

basse E = 0,89 et du potential de surface 
de sectipg ionique exceptionellement faible 
0,354 e/X . En fkis, le nombre des charges 
a&ientaires positives limity, situyes sur 
la couche yLäctronique ext'erleure exclue 
1’activlty stabilisante plus ytendue.
Les plus-faibles ou pratiquement sans aucune 
influence sur l’abaissement de la tempyra- 
ture d’autopulverlsation de I’orthosilicate 
de calclun, sont des cations Na*  et K* . On 
peut expliquer cette faible activity de so
dium et de potassium par leur yi.£ctron£gati- 
vity la plus faible _E = 0,82 et 0,93 respec- 
tlvement. Ce caracta’e est en plus dH au 
potential de surface de-sectlon ionique faib
le de 0,179 a 0,338 e/Az avec J.e minimum,< 
soit une seule charge SLÄnentaire positive 
situye dans la couche S.yctronlque de ces 
cations. En outre, nous avons constaty, que 
tous les plus forts stabllisateurs pour le 
procyssus d’autopulverisation polymorphique 
tie Ca-SlOi, qui sont selon nous les siivants, 
classees dans 1’ordre d’activity diminuisan- 

+ S * S te} As , P , B , V , Cr , pendent ces 
propriytSs aprbs que leur valence ior.uque 
est reduite. .

♦ 3 ■•■3 *3  * *3Les cations As , P,V,B,Cr obtenues 
par la reduction chimique avec le charbon 
Introduit au cours de la cuisson de 1’agglo- 

de I’orthosilicate de calcium en limi
tant en 1’air, pendent leur propriytSs de 
l’abaissement de la temperature d’autopulve
risation.
On peut expliquer ce phenomene b partlr de 
la formule matti'dmatique deriv6e. Or, 'a cause 
de reduction chimique des oxydes ayant le 
degry d’oxldation plus eiyve,' le nombre de 
charges Ö-Änentaires positives situbes sur 
les couches Siyctroniques de ces cations est 
redult. La reduction des oxydes de ces ca
tions augmente en nfhne temps leur taill^. ce 
qui possede une influence sur l’abaissement 
de leur potentiel de surface de section io
nique. Ha reduction du potentiel de surface 
de section ionique, conformement It la formu
le derlvye, provoque 1’augmentation de la 
temperature d*autopulverisation  de 1’orthosi- 
cate de calcium plus sensiblement en presen
ce des oxydes ayant le degry d’oxydation plus 
faible qu’en css de presence des oxydes des 
nfbnes cations mais avec le degri d’oxydation 
plus eiyvy. On peut conclure alors, que dans 
les proc&ies Industriels il faut maintenir 
pendant la clinkerisation I’atmosph&re redu
ctrice afin d’obtenir une 1’autopulverisation 
compl'ete des agglomfrys aluminoferes conte*-  
nants.I’orthosilicate de calcium.
Afin d’obtenir une Evaluation quantitative, 
qui pourrai nous indiquer plus prfcis6nent 
le mecanisme de changements de phase dans 
I’orthosilicate de calcium on a utilisy 
1’analyse derlvatographique des ph&iom«ies 
qui accompagnent les changements de phase 
polymorphes 1’alde de 1’analyseur "Setaram". 
Les effets calorifiques obtenus - au cours 
de la synthSse et de refroidissement de I’or
thosilicate de calcium echyants b 1 gramme 
mole de I’ychentillon examiny de Ca2S10, ont 
yty presentys dans.le tableau II. z *



TABLEAU IL , ■

CaCO-j —>•
CsO * ^^2

2CaO ♦ SiOg
CagSiO^ R

^c
ha

uf
fa

ge

$1 T2 m t AC AQ

725

1430

1023

1478

958

1450

28,0

5,0

- 54410

* 12230

- 46800

+12230

o£ -----*■  Ah

oCh ---- »• cCl

ctj. —*-  
0 —*t

1 ’ autod^s. R
ef

ro
id

i
ss

em
en

t
1446
1193
707
550
525

1397
1055
625
539
384

1411
1175
684
546
515

5,0 
24,0
8,0
1,5 

12,Q„

+ 3285
+ 185
* 370
♦ 220

♦ 1110

♦3285 
+ 185 
+ 370 
+ 220 

+ 1110

Rechauffement au total 33.0 -42180

Refroidissement au total 50.5 *5170
Grand total 83,5 -37010

T1 - temperature /°C/ d*initiation  de I.’effet
I calorique de processus qui se produit 

dans I’echantillon £tudi6 dans le temps
T- - temperature /°C/ finale de I’effet calo- 

rifique de processus qui se produit dans 
I’echantillon Studio dans le temps t2

T - temperature /°C/ correspondante a 1’in- 
® tensitS maximum de processus qui se 

produit pendant rechauffement et refroi- 
dissement de I’echantillon

t = t--t1 durS /exprimS en minutes/ de pro- 
cnssus qui se produit dans I’echantillon 
etudiS entre temperature et

AC - effets calorifiques /exprimfe en calo- 
ries/gramme mole/ de mineraux individu- 
els presents dans des proportions de- 
terminSes dans I’echantillon StudiS,se 
produisant au cours de rechauffement ou 
refroidissement de I’echantillon

AQ - effet calorifique unit&ire /exprim^ en 
calories/ resultant au cours de rechau- 
ffage et refroidissement de I’echanti
llon, convert! pour 1’ gramme mole des 
des composants mineraux individuels 
compris dans I’echantillon.

L’echatillon a ^oumis 'a la temperature 
de 15CfO°C pendant 60 minutes. Vitesse d?£chau- 
ffement ou de refroidissement 10°C/min.
Les observations et conclusions qui se posent 
en tenant compte des donnSes comparatives du 
tableau II annexS des differences observSes 
qu’on a obtenues entre effets calorifiques 
et intervalles de temperature dans lesquels 
se produisent ces effets pendant r6chauffe- 
ment et refroidissement de I’echantillon etu- 
di'd. L’effet calorifique le plus important 
se produit pendant le processus mbme de la 
Synthese de 1’orthosilicate de calcium et
II attaint 12230 ca^gramme mml-e du Ca_S10, . 
Ce processus a lieu pendant r&hauffefnent4 
de I’echantillon dans 1’Intervalle Stroit de 
1430 & 1478 C. Cette synth'ese parcourt avec 
une intensity importante et se caractSrise

d’une vitesse relativement SLev^e du degage
ment du chaleur Sgale a 2445 cal/gramme mole/ 
minute. Le plus lents parmi des processus po
lymorphes ayant en nfeme temps les effets ca
lorifiques les plus faibles par 1’unite de 
temps sont des changements de phase bidirec- 
tionnels cCh • Le processus de change
ment de phase bldirectionel est un
processus rapide, ayant 1’effet calorifique 
le plus elevS des processus polymorphes. 
Le changement polymorph unldlrectionnel (?>-»!!" , 
lsol6 par nous, est un processus de change
ment de phase #’une dur^e la plus courte. 
Les transformations polymorphes bidirectio- 
nnelles dans 1’orthosilicate de calcium pur, 
sans additions srtaabilisantes, se produisent 
rapidement /dans un Intervalle de 1,5 a 6 mi
nutes/. Cependant cette observation ne s’app
lique pas au cphangement de phase de longue 
dur^e oCl °^n /qui dure 24 minutes/, ce qui 
mantrait, qu’il faudrait reviser les donnfes 
de la literature portantes sur des changements 
de structure qui accompagnent cette transfor
mation polymorphe. Les transformations de 
phase polymorphes äadothdrmlques unidlrectlo- 
nnelles sont d’une dürfe longue et se carac- 
tfeisent d’une manche plus moderfe se tradui- 
sant par un degrfe d’intensitfi plus faible.
A partlr de nos donnfes experimentales, nous 
avons calculS, en utilisant la formula de 
Kapustynski et le valeur de ek de A.E.Fersman, 
1’energle de rfeeau des cristaux de 1’ortho
silicate de calcium

E ■ E^ + Eg + Ej
E^ - Energie de r&eau du S102 
Eg - finergie de rfeeau du CaCT 
Et » AQ w calories degagfes au cours de la 

synth'ese 2CaO * S10- - 12,23 kcal/gramme 
mole du CagSiO^ - Bvalufes par nous.

La valeur moyenne de 1’Energie de reseau cal- 
culfe selon le deux mdthodes pour un gramme 
mole du CagSiO^ est Sgale A 4696,53 kcal. 
En appliquant pour A dans la formula de Born 
Mayer une valeur de 4,439 pour 0 quartz et 
en assument B ■ 9 pour tous les combinaisons 



binaires - 1’Energie de reseau pour quartz 
calcul^e selon la formule de Born Mayer est 
£gale ä E- = 3042 kcal/mole S10-. D’ ou la 
valeur ,de'üenergie de rSseau;
E 12,23+ 3042 + 2 x 825,15 -= 4704,53 kcal/ 

gramme mole du Ca2S10^.
En conslderant ces calculs on peut assumer 
que 1’Energie de reseau moyenne des cristaux 
de■l,orthosilicate de calcium doit 6tre en
viron 4700 kcal/gramme mol«'riu Ca„SiO^. 
A partir de ces donn^es on peut conclure, 
que les transformation /AQ/ se produisant 
dans 1’ ensemble de l*'£nergie  de rdseau /E/ 
et resultant du ph^nombne de changement de 
phase polymorphe Ca-SiO, qui provoque 
une disintegration totale deä cristaux de 
I'opthosilicate de calcium, sont tr£s faib- 
les par rapport ä 1’Energie de rdseau totale 
des cristaux de 1’orthosilicate de calcium, 
car ils ne depassent pas une valeur de
1,5 kcal/gramme mole. Ndamoins ces changeme- 
nts ont une influece importante sur auto
disintegration de ces cristaux. Il faut exp
liquer cette efficaciti considerable des 
changements inergitiques relativement falbles 
par le degrie exceptionnellment ilevi de 
l’intensiti de la marche des changements de 
phase polymorphes se produisant dans un Sys
teme fortement sursatur6 resultant de surfu
sion considerable de la phase (1 par rapport 
ä la phase iT Ca-SiO, . L’autodSsintigration 
totale du (1 ortnosilicate de calcium condui- 
sant aux grains d’une taille moyenne de 20/un 
est provoquie par une reduction, de 1’inergie 
de riseau totale de 0,032 % seulement. D’öu 
vient que la quantity de I’inergie de riseau 
nicessaire pour disintigrer une tonne d’un 
mineral composi de Ca-SiO. sous la forme 
des grains d’une taille^de.50 mm environ au 
cours de son transformation en poussiere 
/taille moyenne de 20/um/ est 8720 kcal.
Si I’on compare cette inergie & I’inergie 
consommie par des installations micaniques 
/broyeurs 1 boulets rotatifs/ oü il est nice-- 
ssaire d’assurer 200 kilowattheures par tonne, 
ce qui est equivalent & 172 000 Kcal, on volt 
bien qu’il est possible de faire des Econo
mies de 1’energie d’un facteur de 20 environ 
gr£-ce a 1’utilisation du phinomEne de poly— 
morphisme dans les opirations de.broyage.
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skopii Ramana", n° 7, 201, n° 8-9, 236, 
n° 10, 299. .

7. - S. BETHKE /1971/, "Kinetyka niskotempe-
raturowych przemian polimorficznych 
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mie, L’Acad. de Minnes et de Metalurgie.
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Intensification du processus physico-chimique 
de clinkerisation

Intensification of physico-chemical process of clinker formation

O.P. MTCHEDLOV - PETROSSIAN, professeur, docteur ös sciences techniques,
V.l. SATAR1NE, professeur, docteur es sciences techniques,
N.P. KOGAN, candidat es sciences techniques,
A.G.  KHOLODNY, candidat es sciences techniques,
E.P.  KOSTINSKI, Ingenieur, Youjguiprotzement, U.R.S.S.

RESUME : L'objet de I’etude a ete 1’analyse des principaux aspects theoriques de 2•inten
sification de la.cuisson du cliyker dans les fours rqtatifs, Le recourq aux flux disper- 
sifs au stade preparatoire de ^egarbonatatlon du m^teriau modifie le meqanisme des re
actions en phase solide. Il a ete etabli par 1’experience que pour des echanges de cha-j 
leur et_de masse pousses la vitesse de dissociation des carbonates est de beaucoup supe- 
rieure a celle de la fixation de la chaux par les oxydes acides. I’accroissement de la 
concentration du CaOjjjj actif au cours du traitement thermique ulterieur en couche e 
contijibue a 1’intensification du processus d'interaction des oxydes. Aq stade final, a une 
temperature de 1623°K, on pent obtenir yn clinker de structure perturbee avec une certaine 
quantite de CaOjib et ^e grande activite hydraulique.

SUMMARY : Theoretical fundamentals of intensification of clinker burning in rotary furnaces 
are considered. Use of disperse flows at the stage of preparation of material for decarbo
nization changes the mechanism of solid—phase reactions. It has been determined experimen
tally that at high heat and mass exchange the rate of dissociation of carbonates conside
rably exceeds the "rate of binding of lime with acid oxides. Increase of concentration of 
active CaOfree at further thermal treatment in the bed intensifies the reaction of oxides. 
At the final stage at a temperature of 1623°K, clinker with distorted structure may be 
obtained, this clinker includes a certain amount of CaOfree and features high hydraulic 
activity.



Une organisation rationnelle des processus 
physico-chimiques de clinkerisation dans le 
four est la condition essentielle de I’in- 
tensification de la caisson et de 1‘abaisse- 
ment des dSpenses specifiques d’energie en 
production du clinker. Dans les fours mo
dernes on utilise au stade pr^liminaire x*e  
preparation de la matiere le procede de 
flux dispersifs assurant une vitesse maxi
male ä 1* apport de chaleur et 1’utilisation 
de cette derniSre avec un haut rendement.Un 
rttle particulierement important revient aux 
precedes technologiques et physico-chimiques 
d1action aux stades suivants de clinkerisa
tion. L'addition au melange brut de compo- 
sants capables d'abaisser la chaleur theori- 
que de clinkerisation ainsi que le mode 
d’amenSe de la chaleur exercent une influen
ce sur 1’ordre et la sequence dee reactions 
en phases solide et liquide, ce qui au cas 
d’une cuisson dans des fours rotatifs, se 
repercute de faqon imminente sur la resis
tance limite du ciment.
Le nombre de reactions dont il faut tenir 
compte dans le Systeme chimique - melange 
brut - le nombre de phases engagSes et 
I’orientation d’interaction entre les phases, 
peuvent 8tre determines par la rdgle des ■ 
phases. Toutefois, en cas de la cuisson ra
pide le r61e decisif appartient aux parti- 
cularitSs de la cinStique chimique.
Il est connu gue la vitesse de transforma
tion des matieres dans les Systemes se 
trouvant en phase solide est fonction de la 
surface de contact des phases, de la concen
tration des agents chimiques, c.-a-d.:

dq
- . , (i)
a v

oü. m, n sont les ordres des reactions; 
P1’F2 ~ ■*' a purface Particular; C-^, Cg - 
la concentration des agents chimiques.
L’ordre apparent des r6actions peut verier 
en fonction de 1’activite catalytique de 
l’un des constituents, tandis que les sub
stances gazeuses intermSdiaires permettent 
d'amSliorer 1’6change de matidre entre les 
phases.
La haute valeur de la constante de vitesse 
de dicarbonatation aboutit ä ce que la vites
se de transformation du constituent calcique 
se trouve limitie par la vitesse de 1* apport ’ 
de chaleur.
Les calculs ont Stabil que le temps de re- 
chauffement des particular de matidre pre
miere servant A la production du ciment et 
ayant les propri6t6s d’un corps fin, pour un 
dlamStre Equivalent ä 0,000025; 0,00005; 
0,0001 m et une temperature dans le four de 
1273, 1373, 1473°K, re mesure en centiEmes 
de se conde.
La vitesse de synthdse des composes du calci
um avec les oxydes acides est de plusieurs 
degrip infSrieure ä celle de la dissociation 
du CaCOx, ce qui au stade prEparatoire de 
clinkerisation dans les courante dispersifs 

des fours industriels implique une haute te- 
neur en CaOj^b dans le materiau. De plus,^ 
dans ce cas, le constituant argileux s’avere 
convenablement prepare ä 1* interaction sub- 
sequente avec la chaux. .
Les produits finement disperses ainsi obte- 
nus possedent de grander reserves d’energie 
interne et, vraisemblablement, sont suscep
tible s d’influencer la marche des reactions 
en phase solide au cgs d’un rechauffement 
dans la couche roulante ’ du four rota- 
tif,ou la surface de contact des phases en
trant en reaction est grande.
AprEs L’apparition du bain fondu eutectique 
la clinkErisation se poursuit suivant 
1* equation des reactions heterogenes

D • S ■ dC 
W - —----- . — (2)

V dx

ou s est la surface; V - le volume du liqui
de; C - la concentration, D - le coeffici
ent de diffusion, X - la distance. '
On peut admettre que la concentration pous- 
see de chaux formee aux depens d’une rapide 
dissociation de CaCOj et une intensification 
de son interaction avec les oxydes acides 
peut egalement engendrer un Ecartement sen
sible du processus equilibrE de formation 
des minEraux a des tempEratures plus basses. 
La vitesse de croissance des cristaux (pE— 
riode de rEcristallisation accumulative) est 
une fonction exponentielle de la tempEra
ture, aussi faut-il s’attendre a une elEva
tion de 1’activitE hydraulique dee phases 
gEnerant le clinker-portland, y compris 
celle de la chaux libre.
A des fine de vErification de 1’hypothese 
formulee, on a utilieE, dans des conditions 
de laboratoire, un mElange brut a deux Con
stituante avec un facteur de eaturation-0,85; 
n - 3,3» P - 1,8. Le mElange cru 6tait broye 
jusqu’a la traversEe complete du tamis ä 
5476 mailles/cm2. Ensuite, on prEparait des 
pastilles de 10 mm de hauteur et de 8 mm de 
diamdtre qui Etaient chauffEes Jusqu’a 
1473°K. Lee Eprouvettes obtenues Etaient de 
nouveau broyEes puis passees ä travers un 
tamis de 5476 mailles/cm^ et pressees en 
pastilles. Les pastilles Etaient placees 
dans un four de platine chauffE jusqu’a 
1473°K et y Staient rEchauffEee jusqu’a 
1623°K au rythme de 12“/mn. Les Constitu
ante du mElange cru Etaient Egalement sou- 
mis E la cuisson eEparEment jusqu’a la tem
pErature de 1473°K, puis broyEs, passEs au 
tamis de 5476 mailles/cm2 et servaient a la 
confection de pastilles de composition chi
mique identique au premier mElange cru. Ces 
pastilles Etaient, elles aussi, cuites 
jusqu’A la tempExature de 1623°K. Les rE
sultate des dEtezminatione en Eprouvettes du 
CaO-^bavec 1’alcoole et glycErat sont don-1 
nEs au tableau I.
Il dEcoule du tableau que la vitesse abso- 
lue de 1* assimilation de la chaux est supE- 
rieure dans les Eprouvettes se caractErisant 



par leur teneur en chaux plus elevee dans 
les Schantillons de depart. L*acceleration  
de I*assimilation  de la chaux- est due a 
1’augmentation de la difference entre sa con
centration dans les phases en interaction. 
La teneur absolue en CaOi^t, est plus grande 
dans les eprouvettes dont les constituents 
etaient cuits separement. Toutefois, ä la 
temperature de cuisson de 1673OK la chaux 
est totalement assimilee independamment^de 
la teneur en CaO^b a des stades interme- 
diaires.
Les analyses aux rayons X, conme les etudes 
petrographiques d’Eprouvettes cuites, ont 
montre que I’alite se forme a des tempera
tures plus basses dans des materiaux ä te— 
neur Elevfee en chaux libre.

Tableau I

Mfelange cru homogene

52,59 56,46

11,31 27,38

9,24 18,0)
a a

2,49 6,33
a a

2,03
a a

Regime de 
cuisson

Regime de 
cuisson

Quantitfe de CaOüb dans des 
eprouvettes cuites

Melange cru ä par- 
tir de constituents 
cuits separement

T =. 1473°K 
de 1473 ä 
1523°K avec 
temporisa- 
tion de 
5 min 
de 1473 a 
1523°K avec 
temporisa- 
tion de 
15 min 
de 1473 
1573°K 
de 1473 
1623°K 
de 1473 
1673°K

de 1473 ä 
1523°K avec 
temporisa- 
tion de 
15 min 
de 1473 
1573<>K 
de 1473 
1625°K 

de 1473 
1673OK

T-1473OK !
de 1473 ä 
1523°K avec 
temporisatior 
de 5 min

Teneur 
en 
CaO-. j h % 1:Lb

Teneur 
en 

' ?°lib

Afin d’Elucider les raisons possibles de 
1’apparition precoce de I’alite dans les 
Eprouvettes, on a procfedfe ä la comparaison 
d’echantillons cuits ä des temperatures 
s’felevant jusqu’ä 1573°K. Il s'est avErfe que 
la bfelite, principal minEral formfe ä ce sta
de de cuisson., apparatt dans le mfelange 
homogene sous une seule forme et dans le me
lange comprenant des constituants cuits sfe- 
parfement, sous deux formes (Fig.1).
La Varianbe commune pour les deux types 
d1eprouvettes est la belite ä "faible" re
lief. La bfelite ä "fort" relief n’apparatt

Fig.1 La belite dans des eprouvettes du me
lange cru homogEne (a) et du mfelange cru 
forme a partir de'constituants cuits sepa- 
rementlpll - bElite ä "fort" relief. II - be
lite ä "faible" relief (500 x).

que dans les eprouvettes obtenues par cuis
son separee des constituants. Vraisemblable- 
ment, a en juger par la texture des eprou
vettes cuites ä 1623°K (Fig.2) la belite 
a. relief fort constitue une source d'alite.
Il est typique que dans les eprouvettes en 
mfelange homogene la belite a fort relief 
n’apparatt qu’une fois atteinte la tempfera- 
ture de 1623°K.
Des recherches pilotes on fetferfealisfees dont le 
schfema comprend un four rotatif de 1 m de 
diamfetre et long de 15 m, une installation de 
decarbonatation ä cyclone de 1,25 m de dia- 
metre et d’une capacitfe de 1,1 m^, un prfeci- 
pitateur de 1,45 m de diamfetre, deux Stages 
d’echangeurS'de chaleur a cyclones, un dis- 
positif de dfepoussierage et un refroidisseur 
a tambours. L’installation de dfecarbonata- 
tion est munie de quatre bröleurs a gaz. La 
matifere destinee fe la dfecarbonatation est 
transportee par le courant d’air utilisfe



Fig.2. Alite (1) dec eprouvetten en melange 
forme de conetituantF cuite.F&par&ment ä 
1623OK (groeeiFFement 5OOx).

pour la combuetion.
La matiere, apree avoir traverpS le pyeteme 
d*6changeure  de chaleur, eat dirigee vera 
I'inptallation de decarbonatation, d’od la 
partie precipitee du melange cru paeae par 
le conduit ä gaz du four rotatif pour ren- 
trer au prScipitateur, tandia que la partie 
reatante eat, eile auaai, emportee par lea 
fumSea vera le precipitateur; enpuite, tou- 
te la matiere, aprea avoir aubi un traite- 
ment thermique prSalable, eat introduite 
dana le four rotatif. L^inatallation d^aeai 
ne prevoit paa de cycle complet d'utiliaa- 
tion de la chaleur. Lea etude? etaient me- 
neea fut dee melangef de matierea premiere? 
dont le facteur de aaturation oacillait en- 
tre 1,0 et 1,13 ä dea temneraturea de decar
bonatation de 1123 ä 1323°K; la conaomma— 
tion en melange oru etant de 960-1788 kg/h.
L’accroippement du facteur de aaturation eat 
dfl a un entratnement eelectif du conptituant 
calcique. Le module ailicique variait de 3,2 
ä 3,3 et celui d'alumine, de 1,55 a 1,8. 
Le degrS de decarbonatation atteint fut cet
te inptallation aprea cuiapon ?e montait ä 
80%.
Le proceppue de clinkerieation a 6t6 etudie 
pur I’inatallation d'Serai en recourant aux 
mSthode? d'analyre chimique, aux rayon? X 
et aux dStermination? petrographique?.
Lee valeur? moyennep de determination? chi
mique e pont rapportee? ?ur le graphique de 
la figure 3. Lee donneee fourniee montrent 
que la clinkferieation ?ur I'inptallation uti- 
lieSe diffdre du procepeup ae deroulant dan? 
le four rotatif courant par une dScarbonata- 
tion acc616r6e.
Le CaO.,b apparatt aueeitöt que commence la 
decarbonatation puie, a me pure que le procep- 
fUf pe pourpuit, la quantity de CaOn^t, aug
mente proportionnellement au degre de dScar- 
bonatation, tant que ce dernier monte

Fig.3. La marche de la clinkerieation.

juequ'a 80%. Eneuite, on obeerve une brupque 
chute de la quantity de CaOjJb dan? le mat&- 
riau cult. Le point d'inflexion de la courbe 
de variation de CaO^^^ correepond au de
placement du melange cru vera le four rota
tif court, marquant ainai la fin du traite- 
ment thermique du matSriau en puepenaion et 
le d6but de cuieeon en couche. -
L'aepect dee courbea de la figure 3 implique 
qu'au coure de la decarbonatation en euepen— 
pion le? proceeFUF en phape polide aont 
quelque peu ralentie par rapport ä ceux 
obpervep Iotf de la cuippon en couche.

La diminution eenpible dee reeidup indiapo- 
lublee eat conetatee pimultenement au debut 
de la baippe de la teneur en CaC^j,^.
Le? donnee? d'analyee aux rayonf X et de? 
determinationF petrographiquef Font en ac
cord complet avec le? r£FUltatF d'analyee 
chimique.
Done, lee etudee^a I'Schelle induetrielle 
ont confirms qu'ä 1'etat de puppenaion la de
carbonatation e'effectue de faqon inten re: 
quant aux reaction? en phape polide entre 
CaO et lee conetituantr argileux eile? n'ont 
pap le temp? de re produire.
La concentration, de beaucoup plup grande 
qu'au cap d'une cuippon ordinaire, de CaOub 
et dee produite de tranpformation dee con- 
ptituante argileux ayant aubi un traitement 
thermique prealable eat le facteur qui aug
mente la vitepee de marche de? procepeup en 
phape polide dane le trongon court du four 
rotatif.
Au coure de I'SlSvation eubeequente de la 
temperature juequ'a 1573°K, la concentration



Tableau II

Propri^tSii phyeico-eScaniquee dee clinkers

Heire Fac- 
teur 
de sa
tura
tion 
de la 
ma- 
tidre 
pre
miere

Fac- 
teur 
de sa
tura
tion 
de 
clin
ker

Ca°lib
%

Sur- . 
face 
spy
ci- 
fique ea2/g

Consis- 
tance 
nor
male, 

%

Bap- 
port 
E/C, 

%

Ddlais de 
pri se,

Limite de rd- 
sistance A la 
compression, 
kgf/cm2

Limite de re
sistance a la 
flexionh-mn

ddbut fin 3 
jours

7 
jour i

28

Jours

3 
jours

7 
jours

28 
jours

1 1,00 0,90 *,72 3574 23,0 0,4 0-55 1-40 313 402 562 46,7 52,8 66,4

2 1,00 0,92 4,2* 3492 22,75 0,4 1-10 1-50 283 397 551 46,4 52,3 64,2

3 1,08 1,02 6,18 3574 24,0 0,4 1-10 1-55 320 394 611 45,8 46,7 56,2

* 1,08 1,0*. 4,51 3589 22,75 0,4 0-55 1-45 318 377 624. 44,3 47,9 70,8

5 103 1,01 3,57 3271 24,75 0,4 1-30 2-40 309 393 559 45,1 54,4 62,0

6 1,15 1,01 5,68 3213 24,5 0,4 2-05 3-50 324 390 572 44,3 49,4 62,8

dee maeeee en reaction fetant grande et lee 
transfomatione etructuralee se poureuivant, 
ea ebeerve d*!»tenses  interactions entre 
lee Constituante, ce que confident lee don
ates de d^tezninations physico-chieiquee.
H eet interessant que les fornations nou- 
velles, coene le confident les diagranunee 
radiographiques, contiennent ä c8t6 de la 
bSlite d*inportantes  quantitSs d*alite  
avant ntae I'apparition de la phase liquide, 
her clinkers ainsi obtenue se caract6risent 
par une activity hydraulique felevSe 
(500-600 kgf/<a2) quoiqu'ils contiennent 
une petite quantite de (tableau II).
Gonrae il s*ensuit  du tableau II, nalgrfe une 
certain» teneur en CaOi^v ä la temperature 
de 1623ttK le clinker obtenu possdde une 
grande activity hydraulique dont la raison, 
d'aprds les diverses mfethodes d,8tude, 
tient a 1* irregularity de la stricture per- 
turb6e des mineraux du clinker.
H laut noter qu‘avant on obtenait egale
aent des ciaents d*une  rysistance liaite 
yievy» y base de clinkers a haute teneur en 
CaOiib en abaiseant la te»p6rature de cuis- 
son dans la sone d*agglom6ration.Mais  ces 
clinkers exigeaient une aouture beaucoup 
plus fine.

COKCLUSION
Les ytudes entxeprises aontrent que 1* in
tensification de la dycarbonatation est le 
rysultat d’accyiyration, dans les courante 
dispereifs, dee 6changes de chaleur et de 
masse, engendrant une haute teneur en rh^n-r 
libre dans la matidre cuite.

En continuant d'dlever la temperature de la 
masse fluide dans le four rotatif, on arri
ve a accyiferer la clink6riration a tour 
lee stades suivants du processus gr9ce ä 
la grande concentration de CaOi£b et aux 
transformations des matyrlaux argileux.
Au stade final, ä la temperature de 1623°K, 
on peut obtenir un clinker de structure 
dysordonnde contenant une certaine quantity 
de CaOj£b et dont 1‘activitd hydraulique 
est tres grande.



Bases physico-chimiques de la formation 
. des granules du clinker

Physical and chemical grounds for granulation of clinker

B.S.  ALBATS, candidat es sciences techniques, chef de laboratoire,
L.S.  FILIPPOVA, collaborateur scientifique, NIITZement,
Y.R. KRIVOBORODOV, collaborateur scientifique, Institut Chimico-Technique, Mendeleiev, 

Moscou, U.R.S.S.

RESUME : Le processus de.formation des granules du clinker repose sur les lois d'agglomSra- 
tion en phase liquide des poudres et avant tout sur la relation entre la quantity, la tension 
superficielle, la viscosity de la matifere fondue, son pouvoir mouillant, la dimension initiale 
des particules et le retrait lin6aire relatif.

L‘accroissement de la dimension des particules de la matifere ä I'entrSe de la zone de cuisson 
et la variation de tension superficielle et de viscosity des matiSres fondues exercent I'in- 
fluence la plus efficace sur le processus de formation des granules.

L1accroissement de la tension superficielle des matiSres fondues dans le systfeme CaO~Al«O«~ 
FejOj-SiO- jusqu'ä 540-580.10*3  N/m pour les valeurs de la viscosity de 1,2 ä 1,6.10“'Pa.s, 
du ä°l1 introduction des oxydes de titane, d'aluminium, de magnesium, de cadmium, de nickel et 
de manganese, entralne I1augmentation de la dimension des granules du clinker. Les relations 
quantitatives obtenues permettent de rSgler la composition granulomötrique du clinker des 
fours rototifs par variation de la composition chimique du melange cru et du traitement ther- 
mique. 

SÜMMAEI : The process of clinker granulation Is determined "by conditions of liquid~phase 
sintering of powders and, first of all, interrelation between the amount, surface tension, 
viscosity of the melt, its wettability, initial particle size and relative linear shrinkage*  
The most effective method of controlling the granulation process is increase of the size of 
the material particles before the sintering zone and variation of surface tension and visco
sity cf the melt.
The surface tension of the melts in the CaQ-AlyOii-Fe-Oi-SiOy system is increased to 540- 
580*10"3  H/h at a viscosity of 1 ;2”1,6-10"*1  Pa.s'by introduction of oxides of titanium, alu
minium, magnesium, cadmium, nickel, manganese resulting in increase of dimensions of the 
clinker granules. The quantitative relationship obtained make it possible to regulate the 
granulometric composition of clinker in rotary furnaces by changing the chemical composition 
of the raw mix and thermal parameters in the furnace.
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Actuellenent la masse principal® du clinker
portland est soumise A la euisson dans les 
fours puissants avec une large game de rd- 
glage des paramdtres thermotechniques et 
technologlques» Cela peimet de combiner de 
faqon rationnelle le niveau de temperature 
de la euisson avec la composition chimico- 
mindralogique du mdlange cru pour obtenir le 
clinker ayant la composition et les proprid- 
tds optimales. Dans ce cas c*est  la stabili
ty du fonctionnement des fours qui est le 
plus importante$ eile dependfbrtement de la 
composition granulomdtrique du clinker car 
la presence dans le clinker d’une grande 
quantity de fines particules (de la pous
siere de clinker) et de grands agglomdrds 
provoque les perturbations dans le fonction
nement de 1'dquipement et la ddstabilisaticin 
de la euisson. C’est pour cette raison que 
1’ytude de la formation des graqules du 
clinker prdsente un grand intAret scienti” 
fique et pratique.
Le processus de formation des-granules du 
clinker repose sur les lois d*agglomeration  
en phase liquide des poudres et avant tout 
sur la relation entre la quantity, la ten
sion superficielle, la viscosity de la ma- 
tiäre fondue, son pouvoir mouillant, la di
mension des particules de ddpart et le re” 
-trait lindaire relatif. Les parametres in- 
diquds ddterminent la dimension finale des 
grains du clinker et la Vitesse du proces
sus d'agrdgation.
Nous avons montry prycydemment [1] que la 
dimension des grains du clinker dans les 
fours rotatifs se ddtermine par le rapport 
de deux forces • la force serrant les par
ticules de la matidre soumise A la euisson 
(F) et la force de pesanteur (P), sous la 
forme suivante $ 

eosOf*Q)  _sin2 f
1-cos

b-i—-

Xl^ös^J^sInr-TTeT] * 2 siny-sinCf*

+ 9)j , (1)

od 6 est la tension superficielle de la ma- 
tidre fondue, N/m;

r- le rayon des particules, mj , 
f- la density des particules, kg/nr; 
g- I’accdldration de la force de pesan

teur, m/s2}
6-1* angle de mouillage, degrds;
f-l*angle  ddpendant de la quantity de 

la phase liquide,degrds.
On prend la grandeur F/P pour paramdtre 
d'agrdgation sans dimension«
Il.est dvident que les particules cessent 
d’etre agrdgdes dans les cas oü F4P et le 
paramdtre d'agrdgation FZP41. Cette valeur 
du paramdtre eat critique [2]$ 
la vitesse du processus d'agrdgation peut 
etre exprimde en fonction de la vitesse de 
retrait du conglomdrat des particules en 
cours d'agglomeration t

T

sin<f -

6 cos(y+e ) 
1 - cos

1

uuat y * Q )
+ 2 sin(^+6)] 

sin-f (25
od dl/lo est le retrait lindaire relatif ; 

T- le temps, s;
1 - la viscositd, Pa-s.

Lors du passage de la matidre par la zone 
de prdclinkdrisation, plusieurs variantes 
du processus d'agrdgation, ddpendant de la 
valeur initiale (avant l'agglomdration) du 
paramdtre d'agrdgation et de la vitesse 
d'agrdgation, soat possibles. Pour dvaluer 
la grandeur F/P et la vitesse d'agrdgation 
nous avons utilisd les valeurs expdrimen- 
tales de la tension superficielle ’et de la 
viscositd des matidres fondues modules, prd- 
pardes sur la base de la matidre fondue de 
composition suivante' CaO - 57,0; SiOg ”7»5; 
^2^5 ~ 22,6 et PegOj ” 12,9% en masse, avec

Envisageons les variantes possibles du pro” 
cessus d'agglomdration.

additions des diffdrents oxydes. Les den
udes expdrimentales sont obtenues avec la 

participation de A.Ossokin et S.Ivachtchenko 
■ citees_dans. J^tableaUj____________________

Tableau
Addition, % 
en masse

Viscositd, 
Pa*s»10"1

Tension su- 
perficielle, 
N/m -10~3

llatlAre fondue 
1,0 de K90 
2,0 de K90 
2,5 de 36, 
1,9 de SO? + 
*3,0 de^K-O 

1,0 de MoO^ 
1,0 de BaO-’ 
1,0 de CdO 
1,0 de MgO 
1,0 de Al-0, 
2,0 de NaS)5 
1,0 de Na90 
1,0 de NiS), 
1,0 de Fe^O? 
1,0 de MnS)? 
1,0 de Boe;5 
1,0 de TtO^

1,6 
1.8 
2,4 
0,7

I* 6 1,2 
1,7 
1,6 
1,5 
1,5 
2,2 
1,7 
1,4 
1,5 
^»3 
1,6 
1,5

' 58U
455 
350 
350

150 
490 
565 
577 
573 
565 
457 
555 
560 
577 
560 
570 
577

1.La  grandeur "B/B atteint la valeur critique 
A 1'entrde de la zone de prdclinkdrisation, 
quand le processus commence et la dimension 
aes granules est faible. Cela est possible 
lorsque la tension superficielle de la ma- 
tidre fondue est trds basse (150 A 55O10 ”5 
UÄn) et la valeur de B/B est de 1,5 a 4, 
par exemple si. le bain fondu contient 2,5% 
en masse de SOi ou 1,9 % en masse de 
SO, + 5% en masse de K-0 et la vitesse 
d'agrdgation est grande (pour la viscositd 
du bain fondu de 0,7 A 1,2-10“‘ Pa-s). Dans 
ce cas 1'agrdgatlon s'achdve A peine commen” 
cde et la matidre passe toute la zone de 
euisson sous forme d'une masse finement 

dispersde.

*

2« La grandeur P devient dgale A P au milieu 
de la zone de euisson , lorsque le processus



d'agrSgatlon est assez ddveloppS et les 
granules formds atteignent la valeur commen
surable avec la dimension des granules du 
produit fini (de 8 d 10 mm). Cette variants 
du processus d’agrdgation a lieu si la ten
sion superficielle des matidres fondues est 
de $40 ä 580’10"5 U/m et le paramdtre 
d’agrdgation est dgal ä 6”9» par example en 
presence des oxydes de Ti,Mg,BajAl, et la 
Vitesse d’agrdgation est assez elevde (pour 
les valeurs de la viscosity de la matiire 
fondue de 1,2 A 1,6'10‘-1 Pa-s). Les granules 
ainsi formds seront compactds pendant un 
temps assez long en presence de phase li
quide, par suite de quoi il se foime le 
clinker de composition granulomdtrique ser- 
rde (sans particules fines). '
3dia grandeur P/P devient dgale A I'unltd 
dans la deuxidme moitid de la zone de prd- 
clinkdrisation, lorsque" le processus de 
cristalllsation des mindraux a partir du 
bain^fondu est intense. Cette situation ap- 
parait si la tension superficielle des ma- 
tidres fondues est assez dlevde (590 A 
520-10-’ N/m), le paramdtre d'agrdgation 
est de 4,5 A 6, par exemple en presence de 
1 A 2 % en masse, de K?0 ou de Na?0, et la 
vitesse d'agrdgation est petite (pour les 
valeurs de la viscositd de 1,6 A 2,6-10“” 
Pa-s). Dans ce cas le processus d'agrdgation 
ne s’achdve que vers la sortie de la zone 

_de prdclinkdrisation, lorsque la teneur en 
phase liquide de la matidre baisse brusque- 
ment. Par suite, les grains ainsi formds se 
trouvent sous 1* action des tensions thermo- 
mdcaniques. '
On pent influer sur le processus d’agrdga- 
tion, en ddplaqant son achivement vers le 
milieu de la zone de prdclinkdrisation, 4 
1'aide de la variation des paramdtres en
trant dans les Aquations (1) et (2). Noa re- 
cherches ont permis d1analyser I1influence 
des paramdtres indiquds et de choisir les 
paramdtres les plus efficaces pour la ccm- 
mande du processus d'agrdgation.
Influence de la quantity de la matidre fon
due. Les valeurs de I'angle 4” . caractArj- 
sant la quamtitA de la matidre fondue dans 
le systdme de prAclinkArlsation, Ataient 
calculAes d'aprds sa tangente qul, 4 son 
tour, Atalt determinAe d'aprds le rapport 
de la longueur de 1'isthme entre deux gra
nules, agglomArAs au cours de la cuisson, 
au diamdtre du granule. Les mesures des 
grandeurs mentionnAes Ataient effectuAes 
pour les granules des mAlanges de composi
tion nhlmtqua diffArente (avec la teneur 
en phase liquide de 11 4 55 % en volume). 
Ainsi on a Atabli que les angles meeurAs ne 
dApassent pas 40 degrAs. Comme le montrent 
les calculs d'aprds I'Aquation (1), la va
riation des angles f dans I'intervalle de 
10 4 400 conduit 4 la diminution du nara- 
mdtre d'agrAgation de 18-25 % (Fig.1).
Influence de 1* angle de mouillage. Des an" 
gles de mouillage, formAs par les bains fon- 
dus de clinker de composition diffArente 
sur les surfaces des agglomArAs denses de 
CaO et CgS, ne dApassent pas 50° [5]« 
Les calculs faits d'aprds I'Aquation (1)

montrent que la grandeur F/P diminue de

Dimensions des particules, nun 
0,2 0,3 0,4 0,5 0,6

Tension superficielle, N/m
"io 20 3Ö " 4Ö

_______ Angletf, degre' ,________  
0 10 20 30
Angle de mouillage,degre

Fig.1; Influence des caractAristiques du 
systdme de frittage sur le paramdtre 

.. . d'agrAgation
20-25 % lots de la variation de 8 de 0 4 
500 (Fig.1). Dans les conditions„rAelles 
les angles de mouillage peuvent etre sens!" 
b],ement infArieurs aqx angles mesurAs ou 
meme Agaux 4 zAro grace 4 la rugositA de la 
surface des particules dispersAes solides et 
4 11interaction chimique des phases solide 
et liquide, ce qui conduit 4-la diminution 
de 1'influence de 1'angle de mouillage sur 
le paramAtre d'agrAgation.
Influence de la tension superficielle. La 
tension superficielle des matiAres fondues 
dApend fortement du type et de la quantitA 
des additions et pent verier de 150 A ’ 
580-10“5 N/m 4 la tempArature de 1725°K 
(voir le tableau). La valeur du paramAtre 
d'agrAgation est proportionnelle 4 la ten
sion superficielle (equation (1)) et si 
cette derniAre varie dans les limites indi- 
quAes, eile augments d'environ 75 % (Fig;1).
Influence de la dimension des particules, 
L'influence principals sur le paramAtre 
d'agrAgation est exercAe par la dimension 
des particules, car la grandeur F/P est in- 
versement proportionnelle au carrA de leur 
rayon. La variation de 2 A 6 mm entraine la 
diminution du paramAtre d'agrAgation d'en
viron 95% (Fig.1). Pour une dimension "ma
ximale*  dAterminAe des particules en amont 
de la zone de prAclinkArlsation (prAs de 
10 mm), elles ne forment pas d'agrAgats.
Influence de la viscositA. La viscositA de 
la matiAre fondue influe sur la vitesse du 
processus d'agrAgation (Aquation (2)) et en 
fin de ccmpte sur la dimension des granules 
du clinker. Les grandes vitesses d'agrAga- 



tion sont dues aux petites valeura de la 
viscositd des aatidres fondues (0,7 a 1,2*
lO-l Pa«s) et les petites vitesses. aux va

leurs 41ev4es de la viscositS (1,7 a 
2t6-10-1 Pa-a).
L'analyse effeetuSe montre que le proc4d6 
le plus effioace d’action sur le processus 
de fonnation des granules consiste dans la 
variation de la tension superficielle, de 
la viscosity des matieres fondues et de la 
dimension des particules^ de la mati^re en 
axont de la zone de cuiason •
Il est pr4fArable d'utiliser les matieres 
fondues ayant une tension superficielle 61e~ 
vde qui assure de grandes valeura initiales 
du paramdtre d’agregation (6 ä 9) pour pou- 
voir ddplacer la fin du processus d’agrega
tion vers le milieu de la zone de pr6clink4- 
riaation en faisant varier sa vitesse. La 
variation de la dimension des granules du 
clinker en fonction de la tension superfi” 
cielle des matteres fondues est represent6e

Fig.2* Variation de la dimension des grains 
du clinker en fonction de la tension 
superficielle

On peut -accroitre la vitesse d’agrSgation 
par 1’introduction complSmentaire dans le 
melange cru de Fe-O, (le module alumine di” 
minuej ainsi que .ses oxydes de titane et de 
manganese en quantity de 1% en masse (en re” 
calculant pour la matiSre fondue). Des r4" 
sultats. analogues peuvent etre obtenus en 
augmentantla quantity de matiSre fondue.
On peut diminuer la vitesse d’agregation 
en augmentant le module alumine par 1*  intro
duction dans le melange cru d’une quantite 
suppiementaire d’AlgOj ou des oxydes de 
magnesium, de cadmium, de nickel en propor
tion de 1> en masse.
Daps les conditions industrielles, on a con- 
troie exp6rimentalement 1’influence des ad
ditions d’AlgOj, S05, Fe205, MgO, ♦ ^0, 

MnO sur la composition graaulometrique du 
clinker. La teneur eiev6e eii SO^et HgO, les 

autres conditions etant egales, empira la 
granulation du clinker; par contra la te
neur eievee en Al^O^, FegO^, MnO, MgO am6” 
liora la granulation.
En plus de 1’augmentation de la plasticite 
du melange cru, on peut influer sur la di
mension des particules de la matidre en 
amont de la zone de pr6c linker! sation en 
faisant varier 1= position et la longueur 
de cette zone. Ainsi, si la zone de pr6olin- 
kerisation est courte, la temperature de la 

, matiere dlmlnue dans la zone de calcination 
tandis que- la dimension des particules aug

ments (Fig.3)•

Fig.3. Variation de dimension des particules 
en fonction de la temperature dans la 
zone de calcination.

La composition granulometrique du clinker se 
trouve done bien ameiioree. Les compositions 
granulometriques des clinkers obtenues pour 
la zone de preolink6risation courte (courbe
2) et longue (courbe 1) sont representdes 
sur la figure 4.
La commande du processus de formation des 
granules du clinker n’est pas seulement im
portante du point de vue de la stabilite du 
fonctionnement du four mats aussi du point 
de vue de l’accroissement de 1’activite du 
clinker.
Les recherches effectuSes dans plusieurs ci” 
menterieg ont permis d’etablir les dependan
ces extremes entre la temperature theorique 
du courant gazeux dans la zone de pr6clirik6~ 
risation d’une part et la dimension dominan
te dqs granules du clinker et son activite 
ä I1age de 28 jours d’autre part (Fig.5).
Le caract&re des courbes tAmoigne de la de
pendance prqportionnelle entre la composi
tion granulometrique du clinker et son acti
vite. . .



Diametres des granules en mm

Fig.4. Courbeede repartition granulometrique 
du clinker.

T— Temperature calculee du courant 
■ gazeux dans la zone de cuiason 

du four rotatif, °K
d - Dimensions pr£dominantes des 

grains du clinker, mm
— activite du clinker, MPa comp.

Fig.5. Variation de la dimension dominante 
des granules du clinker (courbe 1) 
et son activite (courbe 2) en fonc*  
tion de la temp6rature theorique du 

' courant gazeux
Aux temperatures abaissees du courant ga
zeux dans la zone de nreclinkerlsation, on 
obtient un clinker qui a une grande teneur 
en particules fines et dont l’activite est 
g6neralement peu importante par suite du 
caractdre inachev6 des processus de forma

tion des min6raux. En plus d’un grand pour- 
centage de petites particules dans le clin
ker aux temperatures eievdes, on observe de 
gros boules. L’activite de ce clinker est 
egalement peu importante, ce qui est 116 ä 
la decomposition de I’alite (d’aprds lea 
donn6es de 1’analyse des phases aux rayons 
X) .
Enfin, 11 exists le domains optimal de tem
peratures qui correspond aux grains de clin
ker relatlvement gros (la dimension pr6pon- 
d6rante 6tant de 10 ä 15 mm) ä granulome- 
trie serr6e. C’est justement ce clinker qui 
pr6sente l’activite maxlmals.

COHgLUSICXS
La commands du processus je formation des 
granules du clinker pent etre r6alis6e sur 
la base des d6pendances quantitatives obte- 
nues.par modification de la composition 
chimique des melanges crus et des paramdtres 
thermotechniques du fonctionnement des fours 
rotatifs. L’action dlrig6e sur la formation 
des granules assure des caract6ristiques 
techniques et 6conomiques 61ev6es du föne“ 
tiennement des fours et le clinker ainsi 
obtenu est de haute quallt6.
Les recherches th6oriques effectu6es sont 
confirm6es dans les conditions industriel
les lors de la production des clinkers
portlands dans les fours rotatifs puissants.
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Mineralizers and fluxes in the clinkering process 
III. Burnability of synthetic and industrial raw mixes

Minöratisateurs et fondants dans le processus de dinkerisation 
///. Aptitude ä !a cuisson de melanges synthetiques et industriels

WA KLEEM and I. JAWED, Martin Marietta Laboratories, Baltimore, Maryland, U.S.A. 
" ‘ Z

RESUME: On a determine les effets de mineralisateurs et de fondants contenant
du fluor sur 1‘aptitude a la cuisson d'une serie de melanges crus, allant du Systeme quaternaire 
CaO-A1203'Fe203-Si02 ä des melanges plus complexes et industriels. On a trouve de nouveaux indices qui 
montrent que les additifs contenant du fluor ont une influence importante sur la composition de la phase 
liquide, laquelle accelere la formation des silicates entre 1200°C et 1300°C. MgO et K2SO4 influencent la 
repartition du fluor entre les phases silicate et intersticielle. Le processus de cristallisation de 
C3S entratne un depart de fluor des phases intersticielles, ce qui provoque un changement de composition 
de C]jAj*CaF2  ä C3A. Les resultats experlmentaux montrent les interactions entre le pourcentage de fluor, 
la temperature de dinkerisation, le rapport A^Oq/FegOg et les vitesses de reaction. ^0n a mis en evidence 
les facteurs qui influencent 1’hydratation et le dgveloppement des resistances. Ces resultats ont des 
implications directes sur la production du clinker et la conservation de I'energie.

SUMMARY: The effects of fluorine-containing mineralizers and fluxes on the burnability of a series of raw 
mixes, ranging from the quaternary system CaO-A1203~Fe203-Si02 to more complex mixtures and industrial 
mixes, were determined. New evidence has been found to show that fluorine-containing additives have a major 
influence on the composition of the liquid phase which, in turn, accelerates silicate mineral formation 
between 1200“ and 1300°C. MgO and K2SO4 influence the partitioning of fluorine between silicate and 
interstitial phases. The C3S crystallization process results in removal of fluorine from the interstitial 
phases, and causes a compositional shift from C3]Ay.CaF2 to C3A. Data are given which ghow the relationships 
between fluorine content, clinkering temperature, A12O3/Fe2O3 ratio, and rates of reaction. Factors that 
influence hydration and strength development are shown. These results have direct implications on commercial 
clinker production and energy conservation.



INTRODUCTION

A potentially attractive approach to energy 
conservation in the cement industry is through 
the addition of mineralizers and fluxes to the 
cement raw feed to enhance its burnability. This 
could result either in a decrease of the required 
kiln temperature or in an increase of the clinker 
production rate. Although for many years substan
tial efforts have been devoted to various aspects 
of this problem, most, for one reason or another, 
have been peripheral to gaining a fundamental 
understanding of the effects of mineralizers and 
fluxes on clinker formation (1).

The purpose of this present work was to 
establish the fundamental relationships and rela
tive importance of fluorine-containing substances 
and minor oxides on mineral formation and clin- 
kering reaction mechanisms.' This was approached 
by starting with the basic quaternary system, 
CaO-A12O3-SlO2-Fe2O3, and progressing to more com
plex compositions, including industrial raw mixes, 
to determine the reaction kinetics of liquid and 
compound formation under dynamic or nonequilibrium 
conditions.

EXPERIMENTAL

Reagent-grade calcium carbonate, silicic 
acid, aluminum oxide, and ferric oxide were used 
to prepare three experimental quaternary composi
tions. The total of AI2O3 + ^203 was held at 
10% in each composition, but the ratio A1203/Fe203 
was varied, as shown in Table I, along with the 
potential amounts of CuAj-CaF2 that could be 
formed if sufficient fluorine were available.

TABLE I

Quaternary 
Composition CaO/SiOa AlzOs/FeaOs Z Potential 

Ci iA 7*CaF2

A 3 0.67 0.36

B 3 1.50 6.82
C 3 4 loo 13.28

Further additions to each experimental com
position, on a loss-free clinkered basis, were 
made with reagent-grade magnesium oxide and potas
sium sulfate. Calcium fluoride and calcium fluo
silicate dihydrate were used as mineralizers for 
the above synthetic raw mixes, whereas fluoslllcic 
acid was used for an industrial raw mix. Free 
CaO, C3S, and CjjA7.CaF2 contents in clinker were 
determined by a quantitative X-ray diffraction 
procedure (2). The silicate phases were removed 
from the clinker by the selective dissolution of 
interstitial compounds with a hot aqueous KOH- 

sugar solution (3). The fluorine contents of both 
the original clinker and the separated silicate 
phases were determined by a method based on an 
initial lithium metaborate fusion, followed by 
dissolution in dilute HNO3 and measurement with 
a fluoride-specific ion electrode (4).

RESULTS AND DISCUSSION

The most readily observed improvement from 
adding fluorine to a cement raw mix is due to its 
interaction with the liquid phase during the clln- 
kering process. The Importance of this liquid 
phase on clinker burnability has been discussed,in 
detail in recent publications (5,6). The fluo- 
rine-containlngliquid, which after solidification 
usually contains CuA7-CaF2, is formed at a lower 
temperature and exhibits a lower viscosity, thus 
permitting the more rapid diffusion of reactive 
species and the accelerated formation of C3S.

Cllnkerlng Kinetics. Previous clinkering 
studies (7) on the three basic quaternary com
positions containing 0.5% F- as CaF^ and CaSlF^, 
at 1200'’ and 1300oC, established that as' the 
ratio A/F was decreased, the clinker burnability 
was somewhat improved. Furthermore, at the same 
level of fluorine, CaF2 appeared to be a slightly 
more effective mineralizer than CaSiFg. Using 
either the progressive decrease in free CaO, or 
the corresponding Increase in C3S in the clinker, 
as an indicator of the clinkering reaction, it 
was found that the reaction rate of mineralized 
compositions at 1300*0  was generally comparable 
to compositions without mineralizer additions at 
1450°C. These findings are supported by Johansen 
and Christensen (8), who studied the kinetics of 
the reaction (C + 028*038)  in the presence of 
CaF2, by means of diffusion-couple experiments.

To determine the effectiveness of mineraliz
ers on more complex mixtures, minor oxide addi
tions were made to the basic quaternary composi
tions. The effects of CaF2 and 1% additions of 
MgO and SO3 (as K2SO4) on the burnability of 
composition B are shown in Figure 1.

In the absence of a mineralizing additive, 
essentially no C3S is formed at temperatures as 
low as 1200°C, and only a small amount is formed 
at 1300°C. The addition of minor oxides to a non
mineralized composition produces two different 
effects. MgO functions as a flux because it low
ers the temperature of liquid formation and ,significantly increases the rate or C3S Formation at 
1300°C. A comparable addition of K2SO4 decreased 
the rate of C3S formation to below that of the 
basic composition.

Mineralization'with CaF^ (0.5Z F~) greatly 
accelerated the clinkering reaction, and permit
ted the rapid formation of C3S at 1200°C, a tem
perature well below the usual stability range of 
1300*  to 1800*0  for C3S. This is in aggreement 
with work by Mukherjl (9), who reported that in 
the presence of CaF2 the lower limit of decompo
sition of C3S is reduced from 1000*-1300°C  to



800’-1030'C. Roy and Sarkar (10) also observed 
GjS formation at 1200*0  in the presence of CaSiF6, 
and have shown the enlargement of the C3S primary 
phase field in the fluorine-containing ternary 
system CaO-Al^Oj-SiOj. -

Figure 1. Rates of C3S formation in composition B.

The previously observed negative effect of 
SO3 additions on the clinkering reaction rate is 
not apparent with the mineralized compositions. 
Minor oxide additions, particularly at 1300°C, 
seem to have a further fluxing effect and give a 
slightly higher C3S content than the composition 
with only CaF^. In every case, however, mineral
ized compositions exhibit a very rapid initial 
reaction rate during the first 10-30 minutes, 
followed by a greatly reduced rate of C3S forma
tion. Selected clinkering tests conducted for 
up to four hours duration indicated that the C3S 
content leveled off to about the same amount 
for each burning temperature. Approximately 40% 
C3S was formed at 1200“C, and 602 C3S formed 
at isoa-c. ■

Fluorine Partitioning. The finding of lim
its to maximum C3S content obtained at a given 
clinkering temperature raises the question of 
whether the limits are due to a chemical con
straint such as a change in melt composition or 
depletion of a reacting species, or perhaps a 
physical constraint such as inhomogeneities with
in the raw mix and localized regions of melt for
mation, which could restrict the diffusion pro
cesses.

To minimize burnability problems resulting 
from poor raw mix homogeneity, three samples of 
composition B, all containing CaF- (0.52 F“), 
12 MgO, and 12 SO3 (as K2SO4), were burned for 30 
minutes, ground, and subsequently reburned for an" 
additional 15 minutes, one each at 1100°, 1200°, 
and 1300*0.  The resulting analyses of major 
clinker phases and fluoride contents of the total 
clinker as well as the separated silicate phases, 
are shown in Table II.

TABLE II

Burning Temperature (0°)

1100 1200 1300

Free CaO (%) 16.8 5.8 0.7 • .

C3S (2) 9 42 59

Cj •CaFg* 4-H- +4- 0

F in Clinker (2) 0.48 0.44 0.39
F in Silicat es (2) 0.08 0.14 0.35

Fluorine Loss (2) 4 12 22

* Amounts are relative; 0 ■ none, + - 
++ - moderate, +++ = substantial»

detectable.

Again, although a steady-state condition was 
reached more rapidly, the C3S content was limited 
to about 402 at 1200*0  and 602 at 1300°C. Fur-, 
thermore, the amount of CjiAyCaF2 which was orig
inally 'formed at 1100*0,  decreased at 1200°C, 
and could not be detected at 1300’C. At this 
higher temperature. X-ray diffraction showed that 
C3A was the only aluminate phase present. The 
loss of CuAyCaF2 was accompanied by an increase 
of fluorine in the silicate phases. Additionally, 
as has been reported by other researchers (8,11), 
about 202 of the fluorine appears to have volatil
ized.

Based on the observed partitioning of fluo
rine between the interstitial and silicate phases, 
the following reaction sequence was proposed (12) 
to clarify the clinkering process in the pre
sence of fluorine-containing mineralizers:

1) Fluorine (as CaF2 or CaSlFg) reacts with 
the raw mix components to form a ferrite 
and aluminate liquid phase below 12000«*

2) The clinker liquid phase is required for 
low temperature formation of C3S. Ac
cordingly, C3S rapidly forms at tempera

- tures below 1200*0.  As CjS crystallizes 
from the melt, it continuously removes 
with it a small quantity of fluorine.

3) Depletion of fluorine results in a change
of the liquid phase composition, quail- 



tatively depicted as (Fss + C^jÄ7>CaF2*  
Fss + CgA). Such a change in melt com
position varies with initial fluorine 
content and clinkering temperature, and 
may limit the amount of CgS that will 
form at a given temperature.

4) At higher temperatures (e.g., 1300°C), 
sufficient fluorine may be removed from 
the clinker liquid to result in the 
complete decomposition of CjjA7’CaF2 and 
formation of C3A.

Calcium Fluosilicate and Minor Oxides. The 
effect of changes in interstitial phase composi
tion on clinker burnability and on the effective
ness of mineralization was determined on quater
nary compositions A, B, and C. The three compos
itions, representing alumina ratios of 0.67, 1.50, 
and 4.00, were prepared with minor oxide addi
tions of 1Z MgO, 1Z SOj (as K2.SO4), and a combina
tion of MgO and SO3. Each mixture contained 
CaSiFg (0.5Z F~) as the mineralizing agent. For 
comparison, the most complex mixture, containing 
both MgO and SOj, was prepared with CaF- (0.5Z F”). 
After burning each for 30 minutes at 1300°C, the 
clinkered products were analyzed, and the results 
are given in Table III. .

The amount of free CaO remaining after clin- 
kering may be used as an index of the progress 
of the clinkering reactions and, therefore, the 
relative burnability. It appears that the com
positions burn with somewhat more difficulty as 
the alumina content is increased. In all cases, 
however, the addition of minor oxides results in 
an improvement of burnability, and the combination 
of MgO and SOj gives the lowest free CaO contents. 
A comparison with those compositions contain

ing CaF2, suggests that, at equivalent fluorine 
concentrations, CaSiFg is the more effective min
eralizing agent. This is the opposite of what 
had been previously found in the absence of 
minor oxide additions.

An analysis of the clinkers for total fluo
rine content indicates that the amount of fluo
rine found in the basic quaternary compositions
A, B, and C are essentially the same, and that 
about a 20Z loss occurs during the clinkering 
process. Those samples containing MgO alone seem 
to have retained slightly more fluorine, and 
those containing SO3 have somewhat less. This 
could perhaps be attributed to the influence 
of K2O on fluorine volatilization.

Some interesting effects were observed in 
the partitioning'of fluorine between the silicate 
and interstitial phases in the clinker. MgO 
additions tend to Increase the amount of fluorine 
passing into the silicate phases, whereas SOg ad
ditions have a negative Influence on the process. 
In the absence of SO3, the higher alumina ratio 
compositions also exhibit less fluorine in the 
calcium silicate minerals.

There is a poor correlation between the 
amount of fluorine that can be calculated as 
being in the Interstitial phase and the CnAyCaF2 
content estimated from X-ray diffraction measure
ments. This is particularly true with composi
tion A, which is capable of forming only a very 
small quantity of CjjA7"CaF2. A substantial 
amount of fluorine is clearly associated with 
the predominate ferrite phase. In composition
B, partitioning of fluorine seems to occur between 
the aluminate and ferrite phases, as well as the 
silicate phases. Little has been done to charac

TABLE III

Clinker Silicate
Composition

Phase

Free CaO C3S Ci1A7*CaFz* F F
(Z) (Z) (Z) (Z)

A + CaSiF6 4.8 50 4. 0.39 0.31
A + MgO + CaSiF6 3.4 55 + 0.42 0.38 ■
A + SO3 + CaSiFg 3.0 55 + 0.36 0.21
A + MgO + SO, + CaSiFg 2.8 52 0.41 0.23
A + MgO + S03 + CaF2 3.7 55 + 0.36 0.23
B + CaSiFg 7.2 52 ++ 0.40 0.23
B + MgO + CaSiFg 3.8 52 44. 0.41 0.30
B + SOj + CaSiFg 4.2 57 + 0.37 0.19
B + MgO + S03 + CaSiFg 3.0 52 + 0.37 0.23
B + MgO + S03 + CaF2 4.0 _ 30 + 0.37 0.24
C + CaSiFg 7.4 56 44- 0.39 0.21
C + MgO + CaSiFg 5.2 53 1 | 1 0.41 0.24
C + SO3 + CaSiFg 5.2 63 44. 0.34 0.19
C + MgO + SO, + CaSiFg 3.6 54 44- 0.37 0.20
C + MgO + SO, + CaF2 7.2 33 ++ 0.38 0.18

* Amounts are relative; 3 ■ none, + = detectable. ++ * moderate, +++ - substantial.



terize these fluorine-eontainlng Fss phases, but 
Yamaguchi and co-workera (13) have reported that 
in a high calcium fluoroaluminate clinker, the 
ferrite phase approaches the alumina-rich end of 
the solid solution series and contains about 1Z 
fluorine.

Industrial Raw Mixes. An industrial port
land cement raw mix was chosen for study that 
broadly resembled composition B« The chemical 
composition is given in Table IV.

TABLE IV

Oxide °!-
Si02 13.88
A1jO3 3.27
Fe2O, 1.42
CaO 42.67
MgO 2.03
SO3 0.70
KO 0.67
Na20 0.16
Ignition loss 35,52

100.32

It has been reported (14) that improved bum
ability is achieved when the fluorine-containing 
mineralizing agent is added to the raw mix as a 
free mineral acid rather than as a salt. There— 
fore, all fluosilicate additions were made in the 
form of as a 24Z aqueous solution. This 
was accomplished in two ways. First, the acid 
solution was added to a slurry of the raw mate
rial, which was subsequently dried and identified 
as raw mix I. In the second way, the acid solu
tion was well mixed with the dry powdered raw 
material, which was called raw mix II. The 
fluorine contents of both raw mixes were 0.30 
and 0.60Z. Fach mix composition was burned for 
one hour at 1300°C. The amounts of free CaO and 
CjS in the clinker were determined by X-ray 
diffraction, and are shown in Table V.

TABLE V

Composition, H2SiFgAddition 
(% F-)

Free CaO
(%)

C3S
(%)

Baw Mix I Q..30 2.3 58
(slurry) 0.60 1.5 58

few Mix II 0.30 4.2 48
(powder) 0i*60 2.3 52

Both raw mixes had good ’ burnability char
acteristics, with the actual free CaO content 
depending upon the amount of fluosilicic acid 
originally used for mineralization. When com
pared with raw mix II containing the same 
amounts of fluorine, raw mix I had lower free 
CaO contents, and higher amounts of C^S formed, 
which are attributed to the greatly improved ho
mogeneity brought about by slurry mixing. This 

has permitted the same degree of cllnkering to 
be achieved with 0.3Z F- in a slurry-derived 
mix as could be achieved with 0.6% F— in a mix 
prepared as a powder.

Hydration and Strength Development. It has 
been established that portland cement clinker 
can be produced at temperatures of 1300°C, if 
fluorine-containing additives are used as miner
alizing agents. Furthermore, fluorine will par
tition between the interstitial and the silicate 
phases during clinker formation. The effect this 
will have on the subsequent hydration and strength 
development of cement produced from such clinkers 
is, therefore, of great importance. Welch and 
Gutt (15) and Nurse and co-workers (16) showed 
that the increasing fluorine content in C3S re
sulted in reduced strength and rates of strength 
development. However, this work was conducted 
on pure C3S preparations, and the effect of fluo
rine on C3S produced in normal clinker at lower 
temperatures had not been determined.

Cement from selected compositions was pre
pared with laboratory-burned clinkers and 5% gyp
sum, and ground to a Blaine fineness of about 
3500 cm2/g. These clinkers consisted of composi
tions A, B, and C, all containing 1Z additions 
of MgO and SO3 (as K2SO4), and burned for 30 
minutes at 1450°C. Similar compositions, miner
alized with CaF_ (0.5Z F-), were burned for 30 
minutes at ISOO^C. Industrial raw mix I, miner
alized with HgSIF, (0.3Z F”), and raw mix II, 
mineralized with HjSiFg (0.6% F~), were each 
burned for 60 minutes at 1300°C.

Mortar cubes, prepared according to ASTM C109 
procedures were made from all cements. Twelve 
25-mm cubes were produced with cements containing 
compositions A, B, and C, and four each were sub
sequently tested at 1, 7, and 28 days. Similarly, 
nine 50-mm cubes were produced with the cements 
made from the two industrial raw mixes, and three 
each were tested at 1, 7, and 28 days. The re
sults of these compressive strength tests are 
given in Table VI.

TABLE VI

Composition

Compressive Strength 
(MPa)

1 day 7 days 28 days

A + MgO + S03 6.2 23.1 31.6
A + MgO + S03 + CaF2 10.1 29.2 34.8
B + MgO + S03 7.3 22.6 33.6
B + MgO + S03 + CaFz 9.1 26.7 38.4
C + MgO + S03 5.6 28.1 38.3
C + MgO + S03 + CaFz 1.2 20.8 32.5
Raw Mix I + H.SiF 

(0.3% F-)
10.8 31.1 35.6

Raw Mix II + H2SiF6 
(0.6% F-)

6.3 28.1 33.6



Compared to the nonmineralized cements, com
positions A and B exhibit significant strength 
increases, particularly at 1 day. Composition 
C, however, which has the highest alumina ratio 
and the most CjjA7*CaF2,  is highly retarded at 
1 day, and also remains below the rate of strength 
development of the control samples at 7 and 28 
days. '

The two cements made from industrial raw 
mixes mineralized with fludsilicic acid also show 
good strength development characteristics. The 
effect of fluorine level, however, is evident in 
that the composition containing 0.6% F- is some
what retarded at 1 day compared to the composi
tion containing 0.3% F-.

CONCLUSIONS

Fluorlne-contalnlng mineralizers greatly ac
celerate the clinkerlng reaction, permitting CgS 
formation at temperatures below the usual stabil
ity range for C^S. Minor oxide . additions such 
as MgO, KjO, and SOj have a further fluxing 
effect. Clinker burnability is' also somewhat 
improved as the A12O3/Fe2Oj ratio is decreased.

Mineralizers have a major influence on the 
liquid phase of the clinker. At about 1100’C, 
the liquid phase contains a significant amount of 
CjiA/’CaFj, which subsequently transforms to C3A 
at 1300°C as a major portion of fluorine is 
preferentially taken up by the' silicate phase. 
The fluorine loss due to volatilization is about 
20%. The presence of MgO seems to favor the 
partitioning of fluorine into the silicate phase, 
whereas K2SO4 seems to Increase its volatiliza
tion. Studies of the interstitial phase further 
Indicate that partitioning of fluorine also takes 
place between the aluminate and ferrite phases.

Cement produced with mineralizers show, in 
some cases, significant increases in compressive 
strength as compared to nonmineralized cements. 
This was found to be true for both synthetic and 
industrial raw mixes.' The results, therefore, 
indicate the possibility of producing clinker at 
lower temperatures with compressive strengths com
parable to ordinary portland cements.
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Problämes physico-chimiques du broyage 
du clinker-portland

Physico-chemical problems of grinding of portland cement clinker

V.Z. PIROTSKI, candidat es sciences techniques, NIITzement, Moscou, U.R.S.S.

RESUME :Le processus de broyage du clinker-portland s'accompagne d'effets physico-chimiques et 
se coractSrise par la variation par stades de la constante de la vitesse de broyage et des pro- 
pri4t4s physiques de la poudre# ce qui est du ä 11 h4t4rog4n4it4 macro et microscopique de la 
structure du clinker et aux interactions superficielles. L'efficacitS du processus et la dis
tribution granulom4trique du ciment sont d6termin4es par I1interaction et 1 influence mutuelle 
des propri4t4s physico-chimiques du clinker, des conditions thermiques d'humiditS et d‘adsorp
tion. On a Stabil des relations qualitatives et quantitatives entre les indices de cinStique" 
du broyage et la distribution granuldmStrique et les propri4t6s de cohesion des clinkers-port- 
lands; ceux-ci se diffSrencient par le'urs caractSristiques minöralogiques et structurales, no- 
tamnent si l‘on utilise un agent de mouture. On a Stabil une possibility de principe' de Contro
ler les coractSristiques de dispersion et les propriStSs du ciment en utilisant comme agents 
de mouture des surfactifs, qui se distinguent par leur action selective sur les constituents. 
L‘accroissement de I'efficacitS des mSthodes physico-chimiques d1 intensification des proces
sus doit etre Fonds sur 11 optimisation du rSgime SnergStique et hydrodynamique relativement 
aux propriStSs du matSriau et du milieu.

SUMMlECf : The process of portland. cement clinker grinding is accompanied, by various physi
co-chemical effects and is characterized ty stepwise variation of the grinding rate cons
tant and of physical properties of the powder due to macro— and micro— inhomogenienties in 
the clinker structure and to surface interactions. The effectiveness of the process «nd 
the granular distribution of cement are determined by the interaction and interdependence 
of physico-chemical properties of clinker, heat-moisture and adsorption conditions. Quali
tative and quantitative dependences of grinding kinetics, of granular distribution, «dh«*-  
sive-autohesive properties were determined for portland cement clinkers with different 
minerological and structural characteristics, including grinding in the presence of sur
face-active compositions.
The possibility of controlling dispersion characteristics and propearties of cements by 
using surface—active compositions with selective action of the components is established, 
increase of the effectiveness of physico-chemical methods of intensifring processes 
should be based on optimization of the energy and hydrodynamic conditions in relation to 
properties of the material and medium, .



Le broyage du clinker-portland s'accompagne 
d'effets profonds et varida des interac
tions superflciellea, qui sont caractSris- 
tiques des processus p^sico-chimiques et 
influent sensiblement sur les indices 6ner- 
götiques, les caractdriatiques de disper
sion et sur l'activitd du ciment. Ces ef
fets consistent dans : ■
lladh.6sion et I'autohesion dues ä. 1* inter
action des particules de clinker entre 
elles et avec les surfaces de broyage $ 
la diminution de resistance d*  adsorption 
(resistance au broyage) et la d6segrega
tion dues ä 1* interaction entre les parti
cules de clinker et le milieu actif adsor
bent ;
la deformation plastique de la structure 
cristalline de la couche superficielle 
(destruction) et les reactions m6cano-chi- 
miques qui ae manifestent en cas de dis
persion trös profonde.
La valeur et la contribution des effets 
sont d6termin6es par les propri6tes piysi- 
co-chimiques du clinker et des additions, 
les parametres technologiques et les carac- 
teristiques de regime ainsi que par les 
conditions thermiques et d'humidite et 
d’adsoprtion (1 ä 6). Les precedes ptysico- 
chimiques d1intensification du processus, 
fondes sur la creation du milieu actif ad
sorbent dans le broyeur par addition de 
surf actifs, et sur le r6glage de la tempe
rature du processus donnent dans les con
ditions reelles un effet de 15 & 20 %. 
Theoriquement et experimentalement cet 
effet est 6valu6 ä 50-60 et est obtenu 
par optimisation des parametres et des re
gimes du processus relativ em ent aux pro- 
prietes du clinker et du milieu (1, 5• 6)• 
Dans cette optlque, 1* etude de la cineti- 
que du broyage et de la distribution des 
grains acquiert une importance primordia
le. On a montre auparavant (6. 7) que pour 
la plupart des clinkers, la dependance des 
depenses d*6nergie  sp6ciflques par rapport 
ä la dispersion E = f(S) se caracterise 
par des stades cons6cutifs : broyage gros- 
sier(<1500 cm2/g), moyen (1500 d 2500 cm2/$ 
et fin(>2500 cm2/g). La grandeur E/S deter
minant l'efficacite du processus est res- 
pectivement de (6 ä 10)-10“9. (10 ä 14)-10“9 
et (14 ä 40)-10-9 Wh/cm2 (6).
Au cours des etudes de la cindtique du 
broyage et de la distribution granulcmd- 
trique de 10 clinkers industrials, qui se 
distinguent par la composition mindralogi- 
que (C,S = 50 ± 5 % 5 C-S = 24 ± 6 % ; 
C,Ak yt. 5 % ; CUA? «10*1  5 %) et la micro
structure, on a rdvdie la variation par 
stades de la constants de vitesse de broya
ge relative (K) dans 1’Aquation de la cin6- 
tique du broyage :

■ = Bo * e -KtB. <D

La fonction K = f(T ) ae caract6id.se par 
une courbe d trois portions : accroisse- 
iient, Constance relative st diminution des 
valeurs de K (fig. 1). La valeur du rapport

eB'6 46 & 1,22. Les valeurs de

dispersion des points caracteristiques de 
la courbe K = fl'C ) coincident avec les 
points correspondants de la fonction E = 
= f(S).

Fig. 1 - Variation de la constants de Vi
tesse K, du coefficient d*uniformity n, 
de 1*angle de talus nature1 =C 0 et de la 
valeur d’adhAsion G en fonction de la du- 
rAe de broyage a

La valeur relative de Ga (%) et la cinAti- 
que de I'adhAsion Go = f(T ) dependent des 
particular!tAs chimicoHninAralogiques et 
structurales du clinker. Toutefois, on n'a 
pas rAussi A suivre I’interdApendance entre 
le contenu de certaines phases de clinker 
et la grandeur Ga, D'aprAs la valeur de Ga 
on a identif16 trois groupes de clinkers : 
A valeur maximale, moyenne et minimale, 
respectivement de>0,6 ; 0,6 A 0,4 et<0,4 % 
(par rapport A la masse des corps broyeurs). 
D'aprAs la cinAtique, on a Agalement Ata- 
bli trois groupes, caractArisAs par la 
courbe exponentielle, la courbe de "maxi
mum sature" (fig. 1) et la courbe d'ac- 
croissement par gradins.
En fonction de la classe granulcanAtrique, 
la grandeur K varie (fig. 2) non seulanent 
de faqon absolue mais aussi de faqon rela
tive. Dans le domaine de La fraction de



20 A 40um a lieu une brusque diminution 
de K et7la ••redistribution" de sea valours 
par rapport aux classes de 40/zm, ce qui 
est lie au ddbut du broyage des minSraux- 

nates dont la dimension prepondArante 
correspond A cette gamine, et aux differen
tes proprietys mAcaniques des phases de 
niinker (resistance et fragilite), ainsi 
qu’A 1* influence des phAnomenes d'adhAsion 
et d'autohesion.
Le caractAre par stades des processus se 
voit egalement dans la variation de densi- 
te apparente fv (g/cm^).
la relation <L 0 = f (*1  ), qui traduit les 
propriAtes "rheologiques" de la poudre et 
caractArise indirectement^sa fluiditA (mo- 
bilitA) prAsente un intAret particulier.
On a identifiA trois groupes de clinkers : 
A allure de variations graduelle, par 
sauts (fig. 1), ou extreme (fig. 5) de 
ot = fCT ).

o 60 cö >> o

TJ

Dimension des particules d,jum

3?ige 2 — Dependance de la constants de 
vitesse de broyage K de la classe granu- 
landtrique» 1 ä 9 - clinkers-portlands.

Le coefficient d’unifonait^ de distribu
tion granulomdtrique n dans liquation 
EBB

«a - B. • -(^)B «>

varie dans la plupart des cas A pen prds" 
de la mane faqon que <4. °, mais lea points 
extremes sont d'une orientation opposAe. 
La coihcidance des valeurs extranes du 
coefficient d’uniformitA n , caractArisant 

indirectement la capacitA d’agrAgation, 
avec la grandeur «6 ® ainsi que 1’accroisse— 
ment du degrA d’adhAsion (^au voisinage de 
ces valeurs tAmoignent de 1‘interdApendance 
entre la distribution granulomAtrique et 
lea propriAtAs d’adhAsion et d'autohAsion 
du ciment, ce qui est en accord avec lea 
donnAes de Beke, Opoc2iky et Mrakovitchne 
(4, 8). Notona que les dApendances gAnAra- 
lisAes citAea dans (9) n'Apuisent pas touts 
la diversitA des rAgularites de broyage n 
et << 0 au fur et A mesure de la dispersion.
Il est tout A fait Avident que la variation 
par stades de la constante de vitesse, 
1’influence des propriAtAs d'adhAsion et 
d'autohAsion sur les caractAristiques de 
dispersion et 1'efficacitA du processus 
commandent d'en tenir ccanpte lors de la 
simulation et 1'optimisation du processus.
Belativement aux stades Atablis, 1' influ
ence de la tempArature a'exprime par un 
accroissement du degrA d’adhAsion et d'ag- 
rAgation (6, 7). L*optimum  de tempArature 
se situe entre 90 et 110 °C. L'influence 
de 1’humiditA s’exprime par une baisse de 
la fluiditA (mobilitA) aux premiers stades, 
et une diminution du degrA d’adhAsion et 
d’agrAgation au dernier stade. L*optimum  
d’humiditA est alors Agal A 0,5-1*0  % 
(6, 7).
L’intensification du processus dans les 
conditions du milieu actif du point de vue 
de 1’adsorption est liAe aux effets de di
minution de la rAsistance, qui se manifes
tent aux stades initiaux ainsi qu’aux ef
fets de rAduction de 1'adhAsion et de 1’ag- 
rAgation au stade de broyage fin (5, 7) et 
d’accroissement de la fluiditA (mobilitA) 
du ciment.
En prAsence de surfactif s, le caractAre de 

oC° = f(*t  ) et n = f(T ) est plus calme et 
la courbe ne prAsente pas de variations 
par sauts de <>c 0 et n (fig. 5), ce qui est 
du A la diminution de 1’agrAgation.
L’efficacitA des surfactifs devient plus 
importante lors du broyage des clinkers 
ayant une dAfectuositA AlevAe ; eile bais
se lors de broyage simultanA avec des ad
ditions poreuses faciles A broyer ainsi 
qu'avec des additions mindrales A proprid- 
tds antiadhdsives (sable, tripoli, laitiers 
etc.) lorsque 1’humiditd devient supdrleure 
A 1,5-2 %. Le dosage optimal des agents 
tensio-actifs est de 0,01 A 0,05 % (par 
rapport A la masse du ciment).
Pour le dosage de 0,05 A 0,1 %, 1’effica- 
clte du processus soit ne varie pas soit 
diminue ; pour le dosage > 0,1 %, 1’effi- 
cacitd baisse brusquement dans la plupart ' 
des cas, ce qui est lid aux conditions 
empirdes du processus (diminution du coef
ficient de frottement, accroissement de la 
vitesse de mouvement du matdriaux, etc.).
L’interaction des surfactifs avec les par
ticules de clinker et le milieu broyeur 
influe sensiblement sur la cindtique du 
processus et la composition granulcmdtri- 
que du ciment, ce qui s’exprime par va-



Fis» 5 ■ Variation de la constants de Vi
tesse de broyage K, du coefficient d'uni- 
foxmitä n et d*  angle de talus naturel 06 0 
en fonction de la duree de broyage en pre
sence de surfactifs (a - 1ST : b - TEA *-  
* 1ST ; 1«1) 

riation des constantes K et n (fig. 1 ä 
5).
Sous cet angle, l’£tude des compositions 
de surfactifs präsente un intäret certain; 
il s’agit avant tout des compositions ä 
base de triäthanolamine et de lignosulfona
te technique (TEA + IßT), dans lesquelles, 
ä cotä de !•evaluation des däpenses d'äner- 
gie späcifiquea, des propriätes de resistan
ce et de dispersion du ciment, on a ätudiä 
1* influence but les indices K, n, d’, du ° 
et f v (Tableau I).
On a ätabli la a61ectivitä d’action des 
surfactifs complexes (leur quantitä est 
de 0,02$ % de la masse du ciment) par rap
port aux paramdtrea de la cinätique du 
broyage et de la distribution granulomä- 
trique.
Ainsi, lots du broyage du clinker sans ad
dition de surfactifs, la valeur de n et de 
d' est ägale reapectivement A 1,2 et 3* Jim, 
avec TEA A 1,38 et 23, avec 1ST A 1,51 et 
34. Lors du broyage avec' surfactif complexe 
(TEA + 1ST), ces indices sont de 1,6 A 1,7 
et de 35 A 40. Lorsque la part de LST dans 
la composition augnente, les valeurs de n

TABLEAU I

Influence des surfactifs sur la 
cinetique du broyage et la distri
bution granulernetrique du ciment

Indice
Sans 
sur
fac
tifs

TEA IST
Compositions c 
surfactifs

le

1:1 1:5 1:10 1:25

K-10”2 
r v

6,41
1,20

2,87
1,45

5'15
1,25

4,15
1,25

4,52
1,22

4,^
1,25

5,58
1,24

n 
d'

48
1,23
34

60
k38

53
1,51
34

49 
1,71 
38

46
1,62
45

57 
1,62 
45

53 , 
1,62 
40

3___ ne 0,85 1,04 0,82 0,83 0,83 0,84
Kcanp28 |

et d’ s'älävent." la sälectivitä d'action 
des agents tensio-actifs se manifeste par 
un rapport diffärent des däpenses d'änergie 
späcifiques lore de 1Evaluation de la dis
persion d'apräs la teneur en grosse classe 
et la surface späcifique. Lors du broyage 
avec TEÄ, ce rapport est plus bas et avec 
LST plus älevä que lore du broyage sans 
surfactifs. La mane rägularite est carac- 
teristique de<z.° et jTv. Les valeurs maxi
males de <L 0 et de f v correspondent aux 
ciments broyäs avec TEA et atteignent 60° 
et 1,45 g/cm3. Pour les ciments avec 1ST, 
elles sont respectivement ägales A 53 et 
A 1,25» Lors du broyage avec TEA + 1ST en 
diffärentes proportions, ces indices s'ex
priment pour la plupart des compositions 
par des valeurs intennädiaires.
L'ävaluation complexe de 1'action de la 
composition de surfactifs sur les indices 
änergätiques et de resistance,Eg/Rcomp2g , 
a monträ leur efficacitä dans le domaine 
des rapports TEA + 1ST de 1:5 A 1:25.
Ainsi on a ätabli une possibilitä de prin
cipe de controler le processus, les carac- 
täristiques de dispersion et les propriä- 
täs du ciment sur la base des surfactifs 
complexes dont les constituants ont une 
action selective par rapport au pouvoir 
dispersif et aux propriätäs du ciment. Ou
tre les propriätäs du matäriau et les pa- 
ramätres du procädä (type, dosage, distri
bution des agents tensio-actifs), 1'effi
cacitä des procädäs d'intensification pty- 
sico-chimiques däpend aussi des rägimes 
änergätique et iydrodynamique.
En partant de la conception de 1'influence 
dominante des propriätes physiques, physi- 
co-chimiques du matäriau et du milieu, la 
mise en etude, le controle et 1'intensifi
cation du processus doivent etre fondäs 
sur une "adaptation" des rägimes änergäti
que et hydrodynamique ainsi que des condi
tions thermiques et d'humiditä et d'adsorp
tion aux particularitäs de la cinätique du 
broyage et de la distribution granulomätri- 



qxie» Les paramdtees des regimes dnergdti- 
que et tydrodynamique doivent etre dtatlis 
de manidre A assurer A chaque stade une 
densltA dnergdtique optimale exprimAe par 
le rapport de I’taergie dea actions broyan
tes A I’uniti de volume du matdriau :

q - EL.Hfh/m5. 
’m

Le niveau de la densitd energdtique est 
determine par les dimensions du boulet et 
de la particule, le diamdtre du broyeur et 
le regime de vitesse de la charge broyante 
ainsi que par la vitesse et le caractere 
du mouvanent du materiau (regime hydrody- 
namique), definissant la concentration du 
matdriau dans le volume libre de l*espace  
utile. On a formule les principes d’opti
misation du processus :
I'energie, la frdquence et le type des ac
tions broyantes doivent etre optimises par 
rapport A la grosseur, a la broyabilite et 
aux propridtes d’adhdsion du clinker ;
les rdsistances hydraulique et adrodynami- 
que de la charge broyante et des diaphrag- 
mes doivent assurer une concentration et 
une vitesse de mouvement du materiau opti- 
nales, compte tenu des propridtds ptysi- 
ques, d’adhdsion et d'autohdsion et de la 
distribution granulomdtrique requise ;
les caracteristiques d’adsorption ainsi 
que celles de tempdrature et d’humiditd 
du milieu doivent assurer une manifesta
tion optimale des effets de diminution de 
la rdsistance et de la desegregation. .
La realisation du premier principe est pos
sible par les procedds suivants : utilisa
tion des schemas de broyage en plusieurs 
stades dans les cycles ouvert et fermd ; 
maintien du regime difterentiel de vitesse et 
de la classification des corps brcyants 
sur la base du blindage A coefficient d’ad
herence variable (12) ; application au 
stade de broyage fin de corps brcyants de 
petites dimensions (Systeme "Minipebs").
La realisation du deuxieme principe con
sists dans 1’application des sections ef- 
ficaces et rationnelles de diaphragnes des 
broyeurs, un rapport optimal entre lon
gueurs des chambres et degrds de remplis- 
sage Im/L- et fV'f’o • le choix judicieux 
de la valeur L/D, de 1’intensitA d’aspira
tion et de la composition granulomAtrique 
des corps broyante. La valabilite d’une 
telle*conception  est confirmAe par le tra
vail (10) ou I’on a propose une rndthode de 
calcul des broyeurs, ccmpte tenu de la ci- 
nAtique du broyage et de la distribution 
granulcmetrique. Les travaux (11), oü 1’hy- 
drodynamique du processus a 6t6 AtudiAe de 
faqon minutieuse, donnent des räsultats 
thAoriques et pratiques importants.
Enfin, le troisi&ne principe se rAalise 
par 1* introduction des compositions de 
surfactifs—intensificateurs du broyage et 
par le maintien de la temperature du pro
cessus dans les limites de 90 A 110 °C. 

t. • np-ti mi sa tt on des conditions physico—chi— 
miques est surtout d’actualitA pour les 
broyeurs de grande capaclte dans lesquels 
la puissance et le debit augmentent propor- 
tionnellement A 1)2,5 et A D2,7 et 1*  inten— 
site d’aspiration, proportionnellement A
1)2.  A cote d’une energie elevAe de 1’action 
unitaire, aux dernieres etapes du broyage 
ceci entrains une AlAvation de la tempera
ture du processus et conduit A I’accroisse— 
ment du degrA d’adhAsion et d’agrAgation et 
A la diminution de 1’efficacite du proces
sus.
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L'influence du traitement thermique sur 
la transmission [i-^y-CzS

Influence of thermal treatment on the transition ß-^y-CzS

M. GAWLICKI, docteur, L’Academie de Mines et de Metallurgie, Cracovie, Pologne 
et W. NOCUN-WCZELIK, Ingenieur.

RESUME : L'Importance particullfere de la transition polymorphique du ß-CoS en'y-C-S consiste 
dans le fait que cette transition, outre 1'augmentation du volume spdcifTque, provoque la 
perte des propriety hydrauliques du CoS. Cette transition peut Stre arrfitde par un traitem
ent thermique convenable qui limlte la^croissance des cristaux du ß-CoS aux dimensions aux- 
quelles la nucleation et la croissance des genues duy-C-S n'est plus^possible. La synthase 
du -CgS ä la temperature au-dessous de 1150°C ainsi que^la culsson du CoS & grains fins aux 
temperatures au-dessous de 1400°C assurent les conditions convenables de^la stabilisation du 
P-CoS. Le depassement, pendant'la synthfese du CoS, de la temperature de la transition 
/14zO-145O°C/ joue un EÖle particulifer dans le processus de la transition du |b-CoS eny*.  Aux 
temperatures 1420-1450oC le frittage du C-S est rapidement acceierd et les grains^du C-S atte- 
ignent les dimensions si grandes que pendant le refroidissement suffisamment lent on oBtientde 
grands cristaux deß-CoS qui se transforment facilement en . Simultanement le refroidissem
ent rapide des echanilfons du C-S cults aux temperatures superieures ä 1450°C provoque la for
mation d'un grand nombre des cristaux duoC'-C-S trfes fins et consequemment des cristaux du 
ß-CoS egalement fins dans lesquels la probabllite de la formation et de la croissance des ger- 
mes^de X-C-S est fälble. La microstructure speciflque des agregats des grains du 7-C0S compo
ses d'un grand nombre des paillettes et des aiguilles couvertes d'un reseau des profondes 
fissures permet de supposer que la dimension critique des cristaux du [5-C-S qui peuvent con
server la stabilite relative dans les conditions normales peut 6tre estimSe ä 0,2-0,3 ^im.

SUMMARY : The polymorphic transition of ß-C-S to y form involving the great increase of 
clfic volume and the loss of hydraulic properties of C-S is of particular importance in
SUmARX : The polymorphic transition of p-C-S to y form involving the great increase of spe
cific volume and the loss of hydraulic properties of C-S is of particular importance in the 
polymorphism of C-S. One of the ways of suppressing this transition is by limiting the growth 
ofp-C-S crystals. It can be realized by proper thermal treatment ^.“Co3 can be stabilized 
when synthesis from oxides is performed at temperatures up to 1150°C or when finely ground 
■y-C-S is fired for a short time at temperatures below 1400°C. When the temperature correspon
ding the transition ^-'ueeOC-C-S /1420-1450°C/ is exceeded, processes of sintering and crystal 
growth are rapidly accelerated. If, then, the cooling proceeds slowly,ß -C-S forms thin crys
tals which easily Invert toy-C-S. The rapid cooling of the C-S samples from temperatures 
higher than the transition temperature, that is 1420-1450°C, results in the material which 
has large proportion of very small crystals ofoC-C-S. These crystals transform to ß form on 
cooling. The probability of the transition of small -C-S crystals to y crystals is negli
gible. The aggregated y-C-S grains are composed of numerous needle - and platelike crystals. 
The smallest dimension of^these crystals can be estimated as to be equal to 0.2-0.3 pm. It 
suggests that the dimension of theß-C-S crystals which can be transformed toy-C^S crystals 
should be at least some about 0.3 pm.
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La transformation polymorphique deP-C^S en
7-C oS est une transition monotrope de Ta pha
se m^tastable en phase thermodynamiquement 
stable. Le traitement thermique, c'est-d-dire 
la temperature et le temps de la cuisson aux 
temperatures detdrmindes ainsi que la Vites
se du refroidissement des dchantillons du CgS 
joue un r&le important dans ce processus.
L 'analyse des publications consacrdes au Pro
bleme du polymorphism de C^S /1-6/ suggfere 
la ndcessitd des etudes de 1 'influence du 
traitement thermique ainsi que de la composi
tion granulomdtrique des matdriaux examines 
sur la transition p—y-C^S.
Le problhme de la granulofidtrie est dans ce 
cas particulierement compliqud car y-CgS for
me des agrdgats trhs caracteristiques, compo
ses des aiguilles et des paillettes trfes min
ces, couvertes d'un rdseau des fissures /fi
gure 1/.

Fig. 1 - Microscope ä balayage.y-C-S syn- 
thdtisd d 1500° 2

Cette microstructure de "f-CjS ainsique la co
hesion assez faible entre les parts des agrd
gats rend pratiquemment impossible la deter
mination de la composition granulomdtrique 
des dchantillons et des produita de frlttage 
et d 'autopulvdrisation. Pour cette raison les 
donndes comprises dans ce travail sont liml- 
tds aux fractions granulomdtriques predomi
nant dans les dchantillons analysds.
Dans la majoritd des dtudes dffectudes on a 
utilisd, comme la matibre de ddpart, la iy 
reodificatian.cl-’ortheBillcatebde-calbluih't-rgs 
jylre. La concentration du [5-C-S dans le ma- 
tdnau analyse a dtd ddterminee pour 1-2% au 
microscope.
Dans la premiere serie des dtudes on a dd- 
termind les tempdratures de 1 'autopulvdrlsa— 
tion ainsi que la composition mindralogique 
des dchantillons du C„S cults aux tempdratu
res differdntes et dans les temps variables. 
Les observations dtaient dffectudes ä 1'aide 
du microscope aux tempdratures dlevdes et la 
composition mindralogique dtait ddtermlnde 
apres le refroidissement par la diffraction 
aux rayons X en utilisant la mdthode d 'dta- 
UiL'externe /d .3,01 A/. Dana les dtudea on a 

utilisd C-S des grains de moins de 60 pm. La 
fraction prdponddrante dtait celle de 1003 pm.
Pour les observations au microscope aux tem
pdratures dlevdes on a formd les petits cu
bes ä partir du C-S sous la pression constan- 
te. La vitesse de2l'dchauffement et du re
froidissement dtait constante - 10°/min. Les 
donndes obtenues sont montrdes dans les ta
bleaux I, II.

■ TABLEAU I

Tempdrature Tempdrature de 1 'autopulvdri-
de la cuisson sation en function du temps de

du C2S la cuisson:

°C 10' 30' 60' 120 ' 180 '

1500 480 480 480 500 500
1450 460 460 470 470 480
1400 370 380 380 400 400
1350 360 380 380 390 390
1300 320 330 360 380 380
1250 300 320 320 360 360
1200 280 300 330 340 . 340
1150 Les dchantillons ne s 'auto-
1100 pulvdrisaient pas.

TABLEAU II

Temperature 
de la cuisson 

du CgS 

°C

> v-C-S apres le rexroidisse- 
ment.
Temps de la cuisson:

10' 30' 60' 120' 180'

1500 100 100 100 100 100
1450 100 100 100 100 100
1400 78 80 82 83 85
1350 75 75 78 80 80
1300 60 65 70 75 80
1250 60 60 65 70 75
1200 55 55 60 60 65
1150 40 45 45 46 47
1100 40 40 45 45 45

Des donndes placdes dans les tableaux I, II 
rdsulte, que la temperature de 1 'autopulvd
risation des dchantillons et leur composi
tion mindralogique sont lides avec la tempd- 
rature de la cuisson ainsi qu'avec le temps 
de la cuisson A la tempdrattire dtablie. Dans 
tous les dchantillons cults A la tempdrature 
145O°C et 1500°C on n 'a constatd, aprAs le 
refroidissement, que la phase y-C-S. L'aba- 
issement de la tempdrature du traitement pro- 
voquait 1 'abaissement de la tempdrature de 
1 'autopulvdrisation des dchantillons et de 
la teneur en -C-S des produita obtenus. Ces 
variations n'dtaient pas proportionelles A 
1 'abaissement de la tempdrature du traite
ment, les plus grandes diffdrences ont dtd 
constatdes pour la variation de la tempdra
ture de 1450°C A 1400°C. En m&me temps il 
faut remarquer que la tempdrature d 'autopul
vdrisation, ddtermlnde par 1 'observation au 
microscope n'est.qd'une mesure de la vitesse 



de la transition p—Y-CpS et ne pent pas 8tre 
consid^r^e comme la tempdrature du commence
ment de cette transition. Les tempdratures du 
commencement de la transition p—»y-C-S en re- 
gistrdes aux thermogrammes d 'ATD ne adpendai- 
ent que faiblement de la tempdrature du trai
tement du C2S, n'atteignaiant que 15° de dif- 
fdrence pour les dchantillons cults ä 1200oC 
et & 1500°C.
Les variations des tempdratures de 1 'autopul
vdrisation du C-S et de sa composition mind
ralogique sont fides avec le degrd du fritta- 
ge des dchantillons examinds. On a dtabli, 
que la contraction des prdparations observde 
au microscope aux tempdratures dlevdes pen
dant 1'dchauffement peut servlr de la mesure 
de ce processus /figure 2/.

Fig. 2 - Les changements de surface de 1 'dch- 
antillon du C-S observds au microscope ther
mique. AF ■ F- Ft. F - la surface de 1'dch- 
antillon de ddpart, Ft- la surface de 1 'dch- 
antillon & la tempdrature dtablie

Les rdsultats presentds montraient la contra
ction rapide au(voisinage de la tempdrature 
de 1 'inversion^'w—^x-C-S et s 'accordaient av
ec ceux de S.Chromy /Ay. Les dtudes au micro
scope & la tempdrature dlevde ne montraient 
pas au-dessous de 900°C des changements re- 
marquables bien que 1 'augmentation de la mas
se spdcifique accompagne la transition y—*.  
-•■^C-C-S /?/. Les dtudes dffectudes dans le 
mSme Intervalle de tempdrature ä 1 'aide du 
microscope ä balayage & la tempdrature dlevde 
ont montrd, que les contractions des fibres 
conduisaient & la diminution de sonadhdsion 
mutuelle et au ISchage de la microstructure 
fibreuse des agrdgats des grains du C-S sans 
augmentation des dimensions de ces agrdgats. 
Ces changements n'dtaient pas ddcdlable au 
microscope & la tempdrature dlevde 2t cause de 
la considdrable porositd des dchantillons 
examinds. On pouvait remarquer quand m8me, 
que les dchantillons du C-S cults A 700-900°C 
dtaient conslddrablement Soins coherents que 
ceux de ddpart.
La composition granulomdtrique du matdrlau de 
ddpart exercait 1 'influence sur le degrd de

la transitionp —»y-C-S particuliferement quand 
1 'dchantillon dtait cult ä une tempdrature 
au-dessous de 1450°C. L'augmentation du de
grd de dispersion provoquait 1 'abaissement 
de la tempdrature de 1 'autopulvdrisation ain
si que 1'abaissement de la teneur eny-C-S 
du matdrlau refroidi. Les diffdrences dta
ient plus poussdes pour les tempdratures de 
traitement du C-S plus basses. Les rdsultats 
des dtudes dffectuds ä 1300°C et ä 1500°C 
12. heures de la cuisson, refroidissement 
lent/ sont groupds au tableau III.

TABLEAU III

No. Fraction 
prddominante 

>70% 

gm

%y-C-S aprAs le refroidis
sement. Tempdrature de la 
cuisson du C2S:

1500°C 1300°C

1 60-80 100 87
2 10 - 30 100 85
3 5-10 93 35
4 2-5 84 10
5 <2 72 -

La ddsiritdgration des agrdgats des grains du 
If-CgS de ddpart en petits fragments rend le 
processus du frlttage et de la recrlstalli- 
sation du CjS difficile. Pendant le refroid
issement un grand nombre de petits cristaux 
dep-C-S se forme et dans cette masse les 
germes^de la phase y-C-S ne peuvent ni se 
produire ni se ddvelopper. Par centre si les 
agrdgats des grains duy-C-S de ddpart ne fu
rent pas ddsintdgrds les grains peuvent se 
fritter et recristalliser pendant 1 'dchauf
fement, surtout dans les rdgions des agrd
gats. Les grandes surfaces d'adhdslon des fi
bres et des paillettes ainsi que la concor
dance de 1 'orientation de leur structure fa- 
vorisent ce processus. La phase qui paratt 
en train de refroidissement se compose des 
cristaux suflsamment grands qu'elle peut se 
transformer eny. Pendant la cuisson du C-S 
ä la tempdrature supdrieure de 145O°C le ' 
processus du frlttage comprend.des espaces 
plus grandes que 1 'ensemble des fibres et des 
paillettes appartenant aux mSmes agrdgats et 
11 est favorisd par la transition de<x'„ en 
ot-CgS ii 1420 C. Si le temps du traitement & 
une tempdrature dlevde est suflsamment long, 
on obtient pendant le refroidissement les 
cristaux du P-C-S tellement grands, qu'aussi 
bien la nucldatfon que la croissance des ger- 
mes duy-CgS en sont possibles.
Prenant en considdration des rdsultats ob
tenus Jusqu'au prdsent 11 faut admettre que 
la rdpdtltion des cycles "cuisson - refroi
dissement" du C-S conduit & la ddsintdgra- 
tion des agrdgats des grains et en consdqu- 
ence & 1 'augmentation de la teneur enß-C-S 
et A 1'arr8t de 1 'autopulvdrisation A condi
tion que la tempdrature de la cuisson soit 
suflsamment basse. Cette hypothAse a dtd con- 
firmde par la rdpdtltion des cycles "cuisson- 
-refroidlssement" du C-S dans les interyalles 
de.tempdrature.les sulvantst 20“ - 1200°- 20 , 
20°- 1300°- 20°, 20°- 1400°- 20°C.



Les Etudes au microscope, par la diffraction 
aux rayons X et par 1 'AID ont montr^, qu apr- 
4s avoir r^p^t^ les cycles "cuisson - refro- 
idissement" la teneur en ß-CjS du mat^riau 
refroldi syst^matiquement augmentait et 1 a- 
utopulv^rlsation dtait arrStde tandls que la 
teneur en -v -C-S ne dgpassait pas 4C96. Le nom- 
bre des cycles "cuisson - refroldissement" 
n^cessalres pour arrSter 1'autopulv^rlsatlon 
d^pandalt de la temperature et du temps de 
la cuisson et 11 ayait valeurs les suivantes: 
1200S/2h - 2, 13OO6/2h - 3, 1400°/2h - 7. 
La repetition des cycles "cuisson - refrol
dissement" aux temperatures 1450 C et 1500 C 
ne provoqualt pas des variations de la tempe
rature de 1 'autopulverisation et de la compo
sition mlneraloglque.
Les syntheses du C?S effectuees en partant 
du melange de slllcagel et de CaCO-, alnsi que 
de slllcagel et de Ca/OH/- ont conilrme 1 'In
fluence du degre du frlttage et de la recri- 
stalllsation du CgS sur sa composition mine- 
raloglque.

Le temps de la cuisson-a 4t4 etabli en fon- 
ctlon de la teneur en CaO libre et allalt de 
48 jusqu'ä 150h.

TABLEAU IV

Temp, 
de la 
synthase 
du CgS 

°C

%Y-C-S aprfes le refroldissement. 
Materfaux de depart utilises däns 
la synthase:

CaCO^+SiOg.nHgO Ca/0H/2+Si02 .nH20

1500 
1400 
1300 
1200
1180
1160 
1140 
1120 
1100
1000
900 
800

100 
85 
80 
65 
45 
15

5

La synthase du 
C-S de CaCO- 
et de silica
gel n'a pas ete 
effectuee aux 
800°- 1000°C

100
83
75
60 

.35
5

La serie sulvante des etudes a montre que la 
vitesse du refroldissement & la temperature 
de 1'Inversion de ex-C-S en<X' avait de 1'In
fluence Importante sur 1 'autopulverisation 
alnsi que sur la composition mlneraloglque 
apres le refroldissement d 'un echantlllon. 
On a obtenu les conditions du refroldissement 
rapide en immergeant des echantillons cults 
au nltrogfene liquide, ce qu 'a donne les pro— 
dults composes des crlstaux du ß-C-S si fines 
que la probabillte du developpement dans cet— 
te masse des germes stables duy-C-S etait 
tres fälble. La cuisson des echantillons & 
la temperature superleure & 145O°C, le ref- 
roidjssement lent jusqu'ä la temperature 
1400 C et puis le refroldissement rapide dans 
le nitrogfene liquide ne provoquaient pas de 
stabilisation du ß-C-S mats conduissaient A 
1/ohtention du melange du ß ety-CgS.

Les relations entre les conditions du tra- 
itement thermique et la stabilisation du 
p-C-S presentees dans le travail permettent 
de determiner les conditions dans les quel
les les crlstaux du p-C-S n'atteignent pas 
de dimension critique, ce que rend possible 
la nucleation alnsi que la croissance des 
germes du "y-C-S. Les donnees presentees In
diquent, que Cette dimension doit fttre au
-dessous de 2 ^m. Cette estimation coincide 
avec des observations de 1 'autopulverisation 
du C-S dans les agglomeres contenant & c8te 
de Cfs des aluminates de calcium /figures 3, 
4/. 2

Fig. 3 - Microscope ä balayage. Les formes 
du y-C-S trfes caracteristiques pour les ag- 
glomerSs contenant les aluminates de cal
cium & c6te du CgS

Fig. 4 - Fragment de la figure 3

L'epalsseur des paillettes du y-C-S dans ces 
echantillons, et par cela m8me le^plus petl- 
tes dimensions des grains du ß-C-S, va de 
0,2 0,3 pm. On peut confirmer Cette hypo-
thfesa, en determinant. 1 PR dimen-Rinre dps r.ri —



stallites du ß-CgS stabilise par 1 'addition 
de bore, d ■'arsenic ou de phosphore, par la 
methode de la diffraction des rayons X. Ces 
dimensions, rapproch^s ä la limite d 'utility 
de cette methode attaignent les valeurs 0,2
- 0,3 pm.
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Particularites cristallochimiques et proprietes des phases 
du clinker de ciment portland en fonction des conditions 

de cuisson et de refroidissement
Crystal chemical peculiarities and phase properties of portland cement 

clinker depending on the conditions of burning and cooling

I.F.  PONOMAREV, professeur, docteur ös sciences techniques,
P.O. GAYDJOUROV, candidat es sciences techniques,
A.P.  ZOUBEKHINE, candidat es sciences techniques,
V.V. KITAEV, ingenieur, Institut Polytechnique de Novotcherkassk, U.R.S.S.

RESUME : On a examine des particularitSs cristallochimiques et des propriSt6s des phases es
sentielles de clinker des solutions ferrif6res solides et leur composition en fonction du mo- 
yen de cuisson et de refroidissement du clinker. On a 6tabli, par effet Mössbauer, la position 
des ions de fer FeJ et Fe dans la structure de CgS et C2S, leur coordination, les limites 
de la solubility et la distribution par phases en fonction de la vitesse de refroidissement. Le 
caractfere fortement d6sordonn6 de la structure de l'alite et 11 augmentation de son activity 
hydroulique sont conditionnys par I1introduction, dans les limites de solubility, de 1‘oxyde 
ferreux dans C^S. Mais une quantity yievye de FeO conduit ä la destruction de l'alite ainsi 
qu'ä une forte diminution de la. rfe sistarice du ciment. La dissolution des oxydes de fer dans 
les silicates, dans les conditions d'une cristallisation en yquilibre instable lors d'un 
brusque refroidissement du clinker, est examinye. Les composes ferreux sont fixys dans la pha
se vitreuse, ce qui contribue ä 1'yiyvation de la quality du ciment.

SUMMAHY : Chiyatal chemical peculiarities and properties of the main clinker phases, ferri— 
ferrous solid solutions and their composition have been studied depending on the method of 
burning and clinker cooling. Crystal chemical sites of ions Fe?+ and Fe2+ in the structure 
of CUS and C^S, their coordination, limit solubility and phase distribution depending on 
the 'cooling rate have been established by Mössbauer spectroscopy. The introduction of 'fer
rous oxide into C,S within the solubility rang accounts for a high disorder of alite struc
ture and the increase of its hydraulic activity. However the increased amount of FeO results 
in destruction of alite and significant decrease of cement strength. On rapid cooling of 
clinker non—equilibrium phase crystallization prevents the solution of ferrous oxides in 
silicate minerals while ferriferrous compounds are fixed in the vitreous phase which pro
motes the increase of cement quality.



Lea phases ferrlferee dSterminent dans une 
grande mesure le processus de la clinkeri- 
sation et exercent une influence importan
te sur lea propri6t6s du ciment portland, 
en fonction de leura guantitds, conditions 
de cuisson et de refroidissement. On a 6tu- 
d±6 des particularitSa cristallochimiquea 
des phases de clinker contenant les oxydes 
de fer au cours de la formation des ciments 
portlands ä fälble teneur en fer (blanc) 
et ordinaire. On amis en Evidence, par ef
fet Mössbauer, que la formation des phases 
ferrlferee au cours de la cuisson du melan
ge brut a faible teneur en fer (fig. 1b) 
diffdre au plus haut degrd de leur formatim 
dans le melange ordinaire (fig. 1a).

Fig. 1 - Repartition de fer par phases, et 
schemas de formation dea phases ferriferes 
au cours de la cuisson du clinker de ci
ment portland ordinaire (a) et blanc (b).

L'absence de la phase alumoferrite dans la 
charge en cuisson, au cours de la formation 
du ciment portland blanc et 1* existence s6- 
par6e de O-Fe et de la solution solide 
OzA:F sontSme des causes de la formation 
de la phase fondue de clinker aux tempera
tures elevees et du ralentissement de la 
formation des mindraux du clinker blanc. 
La composition des phases ferreuses eat, 
dans ce cas, fonction du mode de refroidis
sement. Dans le cas de refroidissement lent 
par air, quelque 50 ä 60 % des oxydes de 
fer entrent dans la composition de la solu
tion solide C,A:F et de la phase vitreuse 
(dissolution '’des quantitys microscopiques 
de Fe-O, dans C,S et CoS n'est pas exclue), 
alors^que le reste de ^Fe-O, forme une pha
se alumoferrite indSpendante dont la compo
sition est volsine de C^AF (fig. 2b). Par 
centre, en cas de refroidissement rapide 
par eau, I*oxy  de ferrique se fixe essen- 
tiellement (90-100 %) dans la composition 
de la phase vitreuse et de la solution so
lide CxA:F (fig. 2a). La fixation des oxy
des deafer dans la composition de la phase 

vitreuse ou dans CgA conditionne I’augnen- 
tation de la blancfieur du clinker de 10 A 
20 % en fonction de la quantity d*oxy  de 
ferrique dans le melange.

• i soMim solide
. ' C,i F ♦ phase wfreuse

■. •a

; j y r,i,i,-5ozF 

_ p-0*9±002
' sofuTion sofide
■/. C.AF-50Z- 
' phase vitreuse

L MF
^tr]MF

-B -8 -4 0 *4 *8 »6
Vitesse. mmlseK

Fig. 2 - Spectres Mössbauer du clinker de 
ciment Portland blanc au refroidissement 
par eau (a) et par air (b).

Les conditions de cuisson rSductrice du 
clinker A faible teneur en fer (blanc), 
lorsque se foment les ions Fe2*,  exercent 
un effet positif sur la rapiditA de la for
mation des minAraux et sur les" propriAtAs 
du clinker (blancheur, rAslstance) dans les 
conditions de refroidissement rapide par 
eau.
Quant A 1’influence de FeO se foimant dans 
le clinker de ciment portland ordinaire 
pendant la cuisson rAductrice dans des 
fours industriels, eile dApend essentielle- 
ment de sa quantitA et sa rApartition par 
phases.
Nous avons Atabli les particularitAs de la 
formation du clinker et mis en Avidence les 
conditions prAvenant une action nAgative de 
FeO sur la rAslstance du ciment. En l'ab
sence de la phase liquide, 1* oxy de ferreux 
pAnAtre A 0,8 et C2S et compose des solu
tions solides de substitution du type :

Ca2+=Fe2+

Il a AtA Atabli, par effet Mössbauer, que 
la limits de la solubilltA de FeO dans C,S 
ne dApasse pas 1.0 %. O'est que, malgrA 5 
la prAsence d'lsomorphisme isovalent, les 
paramAtres cristallochimiquea des ions Ca2-1- 
et Fe2* sont essentiellement diffArents, 
en particulier leurs rayons, leur charge 
nAgative et leur potential polarisant qui 
presentent pour Ca2+ et Fe2* respectlvement 



1,0*  et 0,80 X ; 1,0*  et 1,70 eV ; 0,66 et 
0,89.
Lors de la penetration d’une quantite de 
FeO superieure ä 1,0 %, 1*  oxyde detruit C^S 
et 11 se forme des phases independentes : 
triferrite CaO.FeO.Fe-O, et la composition 
0,5*Ca0.1,46FeO.Si0 2 ffig. 5).

Vig. 5 - Radiograimnes des ächantillons 0,8 
cults dans un milieu rdducteur et refroi^ 
dis (1-5 - lentement, * - vite) : 1 - 0,8 ;
2 - CjS + 1 % FeO •, 5,  - CjS + 5 % FeO« *

£e chimisme du processus destructif peut 
etre represents par 1’equation :

5(5CaO.SiO2) + 2,*6FeO  + Fe^ =

= 2(0a0.Si02) + 5,*60a0  + CaO« FeO. Fe^ +

+ 0,5*0a0.1,*6FeO.SiO 2 .

Lorsque la teneur en FeO est excSdentaire, 
la destruction de 0,8 peut s’ expliquer pair 
les particularitSs ''de sa structure compo- 
sde selon N.V. BSlov (1, 2), des couches 
d'octaSdres CaO6 ou d'unites structurales 
ä sept sommets °CaO9 , reliSs entre eux et 
aux tetraddres SiOn' par leurs aretes et 
plans. *
Lorsqu’on substitue Fe2+ ä Ca2+, sensible- 
ment difförents par leur charge negative et 
leur potentiel polarisant, il se produit 
des changements importants du type de la 
liaison et des .deformations du rdseau cris— 
tallin ce qui conduit, en fin de ccmpte, ä 
la destruction de la structure.
02S est plus stable que 0,8 lorsqu’il y a 
penetration de FeO. La lliite de la solubi- 
lite de FeO dans CgS est de 5 %. Du fait de

la structure en ilots de C2S, composee de 
tetraddres isoies SiO4 et^de polyädres 

CaOc ou CaO_ , C_S possdde une plus 
grande capacite de deformation et modifica
tion du räseau crlstallin. Ceci rend possi
ble la penetration d'une plus grande quan
tite de FeO sans destruction du reseau 
crlstallin de C2S.
Ta presence de la fusion de clinker modifie 
substantiellement l’effet de FeO sur les 
mineraux-silicates. Dans ce cas, la solu— 
bilite de I1oxyde ferreux dtant limitde 
dans le mineral siliceux 0,8 cristallisant, 
en premier lieu, ä des temperatures 61e- 
vees, il se produit xme redistribution de 
FeO par phases dans la fusion de clinker. 
L*oxyde  ferreux est essentiellenent fixe 
dans la phase vitreuse. La Vitesse de re- 
froidissement y joue un r81e tres impor
tant : plus est grande la vitesse de re- 
froidissement du clinker d partir des tem
peratures les plus 61evees possible et 
plus est eiev6 le degrd de solubilite de 
FeO dans la phase vitreuse. Lors de la fi
xation de 1’oxy de ferreux dans la phase 
vitreuse la penetration de FeO dans 1*  alite 
peut etre limit6e et meme nulle ce qui pr6- 
vient l’effet n6gatif de 1* oxyde ferreux 
sur la resistance de la pierre de ciment.
Des essais physico-m6caniques des mineraux 
siliceux ferriferes (tableau I) ont montr6 
que I1 introduction jusqu'ä 1 % de FeO dans 
C,S et C_S augments la resistance de la 
pierre de ciment de 25 % ä 50 % du fait de 
la formation de la structure d6fectueuse 
chimiquement plus active. Si I’on augmente 
la quantite de FeO dans les conditions de 
refroidissement lent, il se produit un dd- 
croissance de la resistance de 0,8 et de 
C_S ; eile est plus forte chez C?S du fait 
de la destruction de sa structure.

tableau I

Dependance de la resistance de C-S et 
C_S de la teneur en FeO et de la?vi
tesse de refroidissement au cours de 
la cuisson reductrice

Mine
ral

Teneur 
en FeO, 
%

Refroi
disse
ment

Limite de la resis
tance ä la compres
sion (kgf/cm2) 
apres, jours
3 V

CzS sans ad
dition

lent 146 504 ■ 315 319

1 ■ 185 401 406 404
3 98 180 193 189
5 . ft.. 0 0 15 37

C5s sans ad- rapide 16? 325 540 343

1 192 418 455 437
3 165 389 395 4(5
5 150 566 376 387

C2S sans ad
dition

lent 8 16 54 260

.1 20 38 97 518



1 2. 3 4 5 6 7
c?s lent 18 29 80 305

5 16 26 85 506
C2S sans ad

dition
rapide 10 22 69 287

1 25 56 112 335
3 23 50 108 330
5 17 45 97 318

Par contre dans les conditions de refroi
dissement rapide, on n*observe  pas de di
minution de la resistance ce qui est 116 ä 
la fixation de FeO dans la fusion et, par 
consequent, l’effet negatif d*oxyde  ferreux 
ne se produit pas. Ceci est bien confirm^ 
dans le cas des clinkers industriels obte- 
nus lots des essais dans les fours rota- 
tifs 4,5x170 m dans les conditions de cuis
son rdductrice est oxydante (tableau II).

TABLEAU II

Relation entre la resistance des 
clinkers industriels et les con
ditions de cuisson et de refroidissement

Condi
tions de 
cuisson

Refroi
disse
ment

Te
neur 
en 
FeO, 
%

Limite de resistance 
(kgf/cm2) apres,jours

A. Infle
xion

a la com
pression

7 7 ^8^

oxydante par 
air 1 0,07 49 51 59 265 510 470

oxydan
te

par 
air-
eau 0,07 52 57 68 296 347 528

rdduc- 
trice

par 
air 1,30 45 47 54 239 278 422

rdduc- 
trlce

par 
air-
eau 1,37 *8 52 58 500 345 530

Ccmme il apparalt du tableau II. le refroi
dissement lent du clinker de cuisson r6- 
ductrice, diminue la resistance de 10 %. 
Par centre dans le cas de refroidissement 
rapide la resistance est loin de baisser 
et meme eile augmente un peu.

COHCIDSICHS
1.-  On a Stabil les particule^ritSs crlstal- 
lochimiqu.es des phases ferriferes, la com
position et la structure des clinkers d 
faible teneur en fer et des clinkers ordi- 
naires dans les cas de cuisson rdductrice 
et oxydante.

2.-  Lintroduction  de 1’oxyde ferreux dans 
CtS, dans lea limites de solubilitd (moins 
de 1 %), conditionne une forte perturbation 
de la structure de 1 alite et une elevation 
de son activity hydraulique. L’augmentation 
de la quantity de FeO au-deld de la limits 
de solubilite conduit a la destruction de 
1’alite et ä une diminution sensible de la 
resistance de la pierre de- ciment.

*

*

5.-  Le refroidissement rapide du clinker 
fixe une composition optimale des phases 
ferreuses, determine une repartition vou- 
lue des oxydes de fer par phases et prd- 
vient un effet n6gatif de 1  oxyde ferriferes 
sur la resistance du ciment.

*
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On particle size distribution in cement hydration

L'effet de la granu!om6trie sur I'hydratation du ciment

Torben KNUDSEN, Technical University of Denmark, Lyngby, Denmark.

RESUME : Le temps que met une pate d' un ciment Portland pour arrlver ä un degre d' hydratation 
donne, depend de sa finesse. Par.cette publication, nous desirons demontrer que la forme de , 
la courbe du degre d1hydratation-temps du ciment Portland est etroitement lleeä la granulome
tric du materiau. Les details de la cinetique de base (laquelle determine la reaction chiml- 
que) ont moins d' importance. H est capital de comprendre ce fait quand on veut essayer d'in
terpreter des essais d'bydratatlon du ciment Portland du point de vue cinetique, car la large 
granulometric de ce materiau ne permet pas d'obtenir des informations detaillees sur la cine
tique des reactions. Par des exemples' numeriques et des deductions mathematiquesnous cher- 
chons ä etablir une base qui explique 1'influence de la granulometric sur I'hydratation du 
ciment Portland. Une equation sous une forme analytique simple, de 1'hydratation-temps, deri- 
vee de la transformation de Laplace, se conforme bien aux resultats experimentaux et peut 
avoir une importance dans la pratique. .

SUMMARY i The time for a Portland cement paste to reach a certain degree of hydration is a 
function of its fineness. We tend to show in the present paper that the form of the hydration 
degree-time curve for Portland cement is closely related to the form of the particle size dis
tribution for this material. The detailed form of the underlying kinetics governing the reac
tion of the single particles is of minor importance. Recognition of this fact is important, 
when-trying to interpret hydration experiments with Portland cement in terms of reaction 
kinetics. Detailed information about reaction kinetics is prohibited by the broad particle 
size distribution of this material. By numerical examples and mathematical derivations we 
attempt to establish a foundation for the understanding of the influence of particle size 
distribution on hydration-time behaviour of Portland cement. A hydration-time equation of a 
simple analytical form, derived from a Laplace transformation formulation of the problem, 
compares favorably with experimental data, and may prove to be of practical value.



INTRODUCTION

Specific surface has generally been used as the prac- • 
tical measure of the fineness of Portland cement. 
Further parameters for a more detailed representation- 
of the particle size distribution (p.s.d.) have not 
found technical recognition. Recently however, the 
approach has been broadened. Locher et al (1) and 
Frigione et al (2) have studied the influence of 
p.s.d. on compressive strength. Cements with various 
p.s.d.'s, but the same specific surface were tested, 
and the narrow distributions were found to result in 
higher strength. Frigione et al explain this observa
tion by showing, that the narrower the distribution 
the higher the degree of hydration, and thus the 
higher the strength.
In the Tokyo symposium 1968 on the chemistry of ce
ment John H. Taplin presented work on hydration kine
tics of various hydraulic cements (3). In the quanti
tative evaluations of the data he included explicite- 
ly the influence of the p.s.d.. In his discussions of 
the works of other authors in the field of hydration 
he stressed the importance of p.s.d. in the interpre
tation of kinetic experiments (4). .
The aim of the present investigation is to establish 
the general relation between p.s.d. and the hydration 
-time curve for Portland cement-. The numerical examp
les and formal derivations presented in this paper 
will show, that the form of the broad p.s.d. of a 
Portland cement is very dominating in its influence 
on the form of the hydration-time curve. The form of 
the kinetic equation governing the reaction of the 
single particle is of comparatively smaller influence. 
Only the fundamental characteristics of the kinetic 
equation, i.e. whether of linear or parabolic form (3) 
is not effectively blurred by the influence of the 
broad p.s.d..
As an introductory illustration of the kind of rela
tions we shall deal with in this paper, consider Tab
le I. Measured values of the degree of hydration of a 
rapid hardening Portland cement at 20°C is given as a 
function of time. To compare with these values the 
cumulative p.s.d. of the same cement is presented in 
the last row. Values of the p.s.d. have been chosen 
such that 1 hour corresponds to 0.4pm, i.e. time is 
multiplied by 0.4pm/h to give the corresponding grain 
size. The cumulative p.s.d., when subjected to this 
.simple transformation from grain size to time, is seen 
to predict the hydration-time curve with fair approxi
mation.

Table I. Degree of hydration of a rapid hardening 
Portland cement at 20°C compared with the cumulative 
p.s.d. of the cement. Time and size values are in con
stant proportions.

Time, hours 5 10 20 30 40 60 80 160
Degree of hydration, % 5 21 46 58 66 75 81 90

Fraction passing, w% 10 20 37 50 60 73 83 98
Grain size, pm 2 4 8 12 16 24 32 64

THEORETICAL PART

Formulae for p.s.d. of Portland cement
Many formulae relating .to p.s.d. of tube milled pro
ducts have been suggested in the .litterature (5). Some 
have an empirical nature, some are derived from theo
retical considerations. In this work we shall make use 
■of the Rosin and Rammler's law (6) in the form: ■

W(r) = Bexp(-Br) ; C(r) = l-exp(-Br) (1)

where r is the grain size, B a constant, C(r) is the 
cumulative weight distribution, which is the integra
ted form of W(r). We shall also make use of an exten
sion of eq.(1). originally suggested by Gille (7), but 
here in a modified form:

W(r) = S£_{exp(_Br) - exp(-Cr)} (2)

C(r) = 1- -^gexp(-Br) + ^gexpC-Cr)

Experimental data for p.s.d. for.normal and rapid 
hardening Portland cement from ref.(5) were used to 
test eq.(l) and (2). Eq.(l) was found t.o be accurate 
down to rvlpm, whereas eq.(2) gave a perfect fit down 
to r-vO.lpm. This is verified in Fig.l,

Fig.l. Particle size distribution of a normal and a 
rapid hardening Portland cement, from ref.(5). Lines 
representing eq.(2), with constants: B=0.0297, C=5.05 
for normal, and B=0.0595, C=1.28 for rapid hardening 
cement.

A formula for specific surface S can be derived from 
eq.(2):

5 = |/”{W(r)/r}dr = ln|
P O p L-d L (3)

Here we have adopted the definition of r used in ref. 
(5): particle shape is a cube, with edge length r. p 
is density. Inserting the constants found in Fig.l we 
get for the specific surface of the normal and rapid 
hardening Portland cement respectively: 2950 cm^/g 
and 3830 cmZ/g. These values are close to the blaine 
values for the two cements.

Kinetics of hydration
In his work on hydration kinetics of hydraulic ce
ments, Taplin (3) tested his experiments against the 
kinetic equations:

l-d-ax)1/3 = ; ai = 1 for p- >1 (4a)

3-3(l-a2)2/3-2a2 = ; a2 = 1 for >1 (4b) 

where ai (i=l,2) is the degree of reaction, t the re
action time and k a reaction constant. Both equations 
can be derived from a shrinking core model (8), eq. - 
(4a) by assuming the resistance to be in the chemical



reaction at the reaction boundary and eq.(4b) by assu
ming the diffusion through the inner product to be the 
rate controlling factor.
By writing eqs.(4) in the form:

a^(k,t,r) - ai(kt/ri) ! (1:1,2) (5)

we do not confine ourselves to any specific form of 
the kinetic equation, but merely state the function ctj. 
to be a function of the single variable kt/r1. In ac
cordance with Taplin we shall designate the cases 
i = 1 and 2 linear and parabolic kinetics respective
ly, although we use this designation in a somewhat 
broader sense, as no explicit form is given to aj. 
The case 1=1 will be of special importance to us 
since Portland cement, according to our findings hy
drate according to linear kinetics. It should be no
ted, that reaction time t .is measured from the end of 
the dormant period.

Combining kinetics and p.s.d.
We shall in the following make use of the basic equa
tions

aj(k,t) = J"”ai(k,t,r)W(r)dr (6)

which relates the degree of hydration for the total 
system Qt^(k,t) to the degree of hydration for the 
single particle aj(k,t,r) and the weight distribution 
function W(r). Eq.(6) is based on at least two basic 
assumptions about the hydration of the total particu
late systems

a) Particles react independently.
b) Particles need be classified only according 

to their size r.
Assumption a) are expected to be violated for very low 
water/cement ratios. Assumption b) excludes the influ
ence of factors such as particles having different 
chemical compositions. ,

Numerical example of the use of eq.(6)
In the numerical example of the use of eq.(6) to fol
low, the particle system was divided into 127 size 
classes, with size range Ipm, and weight fractions ac
cording to the p.s.d.: W(r) = 0.03exp(-0.03r). This 
p.s.d., as shown earlier, is typical of normal harde
ning Portland cement.
We wanted to see the effect of the analytical form of 
eq.(5) on the hydration behaviour of the total system. 
Therefore we included several different kinetic equa
tions in our calculations. These kinetic equations are 
shown in Fig.2. Kin. 1-4 were primarily choserrso as to 
cover a broad range of functional forms. Only kin.2 
and 3 have an obvious physical meaning. They are all 
examples of linear kinetics.
The results of the calculation is shown in Fig.3. The 
constants in kin.1-4 was chosen so as to make the cur
ves cross at oj = 0.5. The small differences between 
the curves are striking from this calculation. Espe
cially curve 2 and 3 are hardly different on the graph, 
and yet they correspond to two distincly different 
forms of kinetics. This is a numerical demonstration 
of hydration behaviour of Portland cement being insen
sitive to the form of kinetics of the single grains. 
The broad p.s.d. of Portland cement blurs the kinetic 
details. Parabolic kinetics can be differed from line
ar, as demonstrated on Fig.4. 1

t/r in hour/pm
Fig.2. Kinetic equations used in the numerical examp
le of calculation of eq.(6).

Fig.3. Results of calculations using eq.(6), the kine 
tic equations from Fig.2 and W(r) = 0.03exp(-0,03r). 
Log scale on abscissa axis.

In Fig.3 curve 1 and 4 are of special interest to us. 
Curve 1, as will be proved later, is conformal with 
the cumulative p.s.d. curve. Curve 4 can be given ex
act analytical form, which will prove of practical va 
lue in the numerical representation of hydration data 
for Portland cement.

Fig.4. Approximate areas for linear and parabolic ki
netics of ordinary Portland cement.



Convolution theorem
In the following we shall derive a general relation
ship of formal and conceptual significance for the un
derstanding of the influence of the form of the p.s.d. 
on reaction degree-time curves. We have called it the 
convolution theorem. We start from the basic eq.(6) 
and assume that particle kinetics obey eq.(5):

“1(t) = /“ai(T/r)W(r)dr (7)

where t = ktVi, (1=1,2). Using the relation between 
weight distribution W(r) and cumulative weight distri
bution C(r): dC(r) = W(r)dr, and integrating by parts 
we get:

aiCf) = ai(T/r)C(r) I"- J"”c(r)dai(T/r) (8)

By virtue of C(0) = 0 and ai(0) = 0 this reduces to: 

aj/r) = -/"C(r)doii(T/r)

The differential of aj can be written:

dajCr/r) 3(t/t)
d(T/r) "d?-----dr = -“i(T/r> F — (9)

where:

dai(T/r) 
ai(T/r) = -dCFTFT

and by insertion into eq.(9) we get:

ai(T) = /”c(r)af(T/r) (10)

Changing now the variable of integration, r to Inr we 
finally arrive at: .

a^(lnT)=/”C(lnr)a:j'(lnT-lnr)exp(lnT-lnr)dlnr (11)

It should be noted, that changing the independent va
riables should result in a corresponding change of the 
functions. For the sake of physical clarity we do not 
make a change of function symbols, as the physical mea
ning of the functions are unchanged.
This final relation has the form of a convolution in
tegral:

f(y) = ,f”h(x)9(y"x)dx (V)

with y corresponding to InT and x to Inr.
It should be noted, that:

a^(lnT-lnr)exp(lnT-lnr)-*-0  for lnr*+-™>  (13)

which of course is a necessary condition for the inte
gral in eq.(11) to have meaning.
The content of eq.(11) may be stated in words: 
When the cumulative weight distribution function is 
plotted against Inr the degree of hydration-lnT func
tion can be derived from this function by convolution 
with aj'(x)exp(x), a function depending solely on the 
single particle reaction kinetics. This convolution 
formalism illustrates the relation between the three 
fundamental curves: ajfk.t), ai(k,t,r) and C(r) in a 
illuminative way, and its only condition is, that par
ticle kinetics should obey eq.(5).

The change in shape from C(lnr) to a;(lnT) accomplish
ed by convolution according to eq.(11) depends mainly 
on the width öf the convolution function a£(lnT-lnr) 
exp(lnT-lnr) relative to the width of the cumulative 
weight distribution C(lnr). A small relative width of 
the convolution- function will result in a small change 
of shape and vice versa. In the extreme case of kin.l 
in Fig.2 the convolution function is infinitely nar
row, as it is the first derivative of a step .function. 
In this case the C(lnr) is not changed in shape by 
convolution according to eq.(11), but aj(lnr) is me
rely a replica of this function, in the new variable 
Inr. This proves our earlier postulate, that curve 1 
in Fig.3 was the cumulative p.s.d. after the change 
of variables t to r. Thus for Portland cement the» 
change in shape from C(lnr) to a^(lnT) can be seen in 
Fig.3, namely the change in shape from curve 1 to cur
ves 2-4, as the latter three represents more realistic 
approaches to the particle kinetics.
Increasing the width of the p.s.d. tends to decrease 
the difference between C(lnr) and aj/lnT) which means, 
that the kinetic information tends to be lost.
In closing this paragraph it should be mentioned, that 
when we use the independent variable Inr, the position 
of the Oi function along the Inr-axis is determined by 
eq.(11). The position along the Int-axis depends on 
the value of k.

The Laplace transformation formalism
In the preceding paragraph the derivation of the con
volution theorem assumed single particle kinetics to 
obey eq.(5). In the derivation of the Laplace trans
formation formalism we shall further assume the p.s.d. 
to be of the form: W(r) = Bexp(-Br), i.e. a form ty
pical of Portland cement.
With this additional assumption our basic eq.(6) can 
be written:

ai(B,f) = /”a^(T/r)Bexp(-Br)dr (14)

Changing the integration variable we get;

ai(Br) = /“ai(r/T)Brexp(-BT(r/T))d(r/T) (15)

The integral on the R.H.S. is the Laplace integral 
with the dummy variable t/t. With the accepted notati
on for this integral:

L(F(x)} = l”F(x)exp(-yx)dx (16)

we finally arrive at:

ai(Br) = BiL{ai(r/T)} (17)

Formula (17) is convenient, as it puts the problem of 
finding the influence of the p.s.d. of Portland cement 
on hydration measurements into a solid mathematical 
framework. Consider the way the variables B, k and t 
enter into the equation. They enter as factors in the 
variable BktVi, which means, that the material vari
ables B end k have the same influence on the.ai(Bt)- 
curve. This explains the often made observation, that 
a change of fineness and a change in temperature (k is 
a function of temperature) has the same effect on the 
aj/Brl-curve. This can be more clearly seen by a chan
ge of variables:

q^CBt) = ai(exp(lnB+lnk+(l/i)lnt)) (18) 



Nov it is apparent, that a change of B and k works in 
the same direction, i.e. it translates the aj(BT)-cur- 
ve along the Int-axis without a change in the shape of 
the curve.

Exact solutions to the Laplace transform
The importance of the Laplace transformation formalism 
presented by eq.(17) lies in the fact, that it repre
sents a well-known mathematical problem with well- 
established methods of solution.
Consider for instance kin.l in Fig.2. This is a step 
function having the properties:

ajr/f) = 0 for t/t > 1
(19) 

a/rA) = 1 for rA < 1

In tables of Laplace transforms the solution to eq.(17) 
for this function can be found, giving a hydration
time curve of the form:

aj(BT) = 1 - exp(-Bj) (2o)

As expected from our earlier results, for this limiting 
case of kinetics the hydration-time curve is identical 
to the p.s.d., except for a change of variables t to r.
Of a more practical value is the fact, that we can find 
an exact solution to kin.4. This form of a kinetic 
equation has realistic features, and does not give rise 
to a hydration-time curve deviating much from kin.2 or 
3 as seen from our numerical example. The solution of 
eq.(17) applying kin.4 is given by:

SitBT) (21)

This equation is of an attractive simple mathematical 
form, which makes it useful in practice as will be 
shown in the following paragraph.

Properties of eq,(21)
We shall start by rewriting eq.(21), using i = 1 in the 
definition of t:

axttfi) = (22)
l+tR 1

where tR = tAi/2 Br|d ^1/2 - 1/Bk is tkie time to reach 
50$ hydration. tR is called reduced time.
According to eq.(22) a plot of ay versus tR for hydra
tion experiments with Portland cements of different 
finenesses and carried out at different temperatures 
should fall on the same curve, if Portland cement hy
drates according to linear kinetics. This is seen to 
be the case for the examples given in Fig.5. The data 
presented on this figure comprises different kinds of 
measurements of a, different temperatures and different 
finenesses, aj has been calculated in all cases by di
viding the property by the value of this property after 
infinite time, thus £ P/Poo. Reaction time is measu
red from the end of the dormant period tg, such that 

= t + tg, where tp, is reaction time from the mixing 
with water.

Fig.5. Degree of hydration versus reduced time in a 
single log diagram for 5 different hydration experi
ments. The line represents eq.(22). Data are from 
refs.(9,10) and our own unpublished results.
As the correct determination of the measured property 
at infinite time and the duration of the dormant 
period tg is important for the success of the plot'in 
Fig.5, we shall go through the use of eq.(22) to fit 
experimental data. We insert and tg into eq.(22) 
and get:

P = Poo

For t^»tg we neglect tg and eq.(23) can be written:

1 tl/2 1 1
P ’ Poo tM + P„ (24)

Thus a plot of 1/P against l/tfi| will give a straight 
line, and the extrapolation t^ ■*  <» will give l/P,». A 
plot of this kind is shown in Fig.6. ’

Fig.6. Degree of hydration from calorimetric measure
ments (ref.(9)) plotted versus time in a double reci
procal diagram. Line is representing eq.(24).
Calculating values of a and rewriting eq.(23) we get: = 

1"al 4/2 tl/2
(25)

Thus a plot of a/(l-a) against t^ gives a straight li
ne, and the extrapolation to a = 0 will give tg. ti/2 
can be found by employing either eq.(24). or eq.(25)_._



Considering again the results in Fig.5, it should be 
mentioned, that iizater/cement ratios for some of these 
experiments were as low as 0.4. This seems to imply, 
that the independent particle model of reaction is not 
seriously violated at these low water/cement ratios.

CONCLUSION .

We have examined the role played by the particle size 
distribution in the development of hydration of Port
land cement.
Systems treated were restricted by the following re
quirements:

a) Particles react independently
b) and need only be classified according to 

their size.
With the further restriction, that:

c) Particle kinetics obey eq.(5)
we derived the convolution theorem connecting the de
gree of reaction of the total particulate system to 
the degree of reaction of the single particles and the 
particle size distribution. This theo'rem was useful 
since it provided an understanding of why the hydrati
on curve of a material with a broad particle size di
stribution, as in Portland cement, is insensitive to 
details in the particle kinetics. This point was fur
ther elucidated by a numerical example.
Ordinary Portland cement was found to have a:

d) particle size distribution conformal 
with eq.(l)

and when this further restriction was introduced we 
derived the Laplace transformation formulation stating, 
that the Laplace transform of the reaction curve for 
the single particle yields the reaction curve for the 
total system.
By means of the Laplace transformation formulation we 
derived an equation which fitted experimental hydration 
data for Portland cement quite accurately:

ai(tR) = — 
l+tR 1

where tR is Bkt, k a reaction constant, B a constant 
depending on particle size distribution, and t reaction 
time measured from the end of the dormant period. This 
showed ordinary Portland cement to react according to 
linear kinetics.
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Influence des basaltes sur la clinkerisation 
et les proprietes des ciments

Basalt influence on the clinker formation processes 
and cement properties

A. PACHTCHENKO, membre-correspondant de I’Academie des Sciences d'Ukraine, chef de Chaire 
des Ciments ä I’lnstitut Polytechnique de Kiev,

G. BAKLANOV, docteur es sciences techniques, U.R.S.S-

RESUME: I,•utilisation de la roche voleaniqua la plus rSpandue - du basalte 4 titrede com- 
posant du melange cru pour le oiment Portland contribue ä l’apparitlon d’eutectiques fu- 
sibles, ce qui augments 1'activity chimlqxie des constituents st rend possible I’ach^vement 
de la clinkerisation aux tempdratures 1350 - 1420°C.

On a dtudid les processus de la ddcarbonatation et les reactions en phase solide dans les 
mdlanges de baaaltes et de carbonates# le mode de distribution des oxydes alcallns dans les 
phases du clinker et les particularltds physlco-chlmlques de la formation des mindraux du 
clinker dans les mdlanges contenant du basalte en fonction du degrd de saturation en chaux.

On a examind 1* aptitude de ces ciments ä s’hydrater et la composition de phase.

SUMMABY: Utilization of the vast volcanic - basalt - as a component of the raw portland
cement mixture provides formation of easily meltable eutectics which positively influence 
upon the raw mixture reactivity and favour clinker forming completion in the temperature 
range 1350 - 1420eC.

Decarbonizing processes and solid phase reactions in basalt - carbonaceous mixtures has 
been explored. Alkali oxides distribution nature according to cl inker phases »nd physical- 
chemical peculiarities of the main clinker minerals formation in the raw basalt mixture 
depending on the lime saturate has been established. '

Hydrolicity of basalt cement, hydrated phase composition and their lifetime stability has 
been investigated.
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Une mSthode interessante d* intensification 
du processus de cuisson du kli nt-A-n de ci- 
ment portland pourrait etre oonpue, si on 
trouvait certains oonrposanta du mdlange de 
matidres premidres agissant de manidre que 
la phase liquide fasse son apparition en 
quantity älevde et aux tempdratures plus 
basses, que dans le cas des matidres pre- 
mdres traditionnelles« 1’utilisation du ba
salte dans ce but donne une nouvelle solu
tion d. ce probldme*  Le basalte est une des 
roches effusives les plus rdpandues de ' 
l’dcorce terrestre. II constitue plus de 
20 % des roches magmatiques. Par la teneur 
en silice et autres oiydes, les basaltes 
correspondent aux roches baaiques. Ce qui 
est trds caractdristique, c'est la Constance 
de leur composition chimique et mlndralo- 
gique, surtout dans un meine gisement, ce qui 
assure la stabilitd des procddds technolo— 
giques et des propridtds du produit find. 
Les variations de composition chimique sont 
prdsentdes dans le tableau I (1)e Pour un 
meme gisement ces variations sont encore 
moins prononcdes.

TABLEAU I 
Variations de compositions chimique des 

basaltes

Teneur en oxydes ( en poids, % )

S102 A12O3 Fe203 Ca0 Mg0 Na2°

45,41- 14,60- 8,96- 4,50- 1,60- 2,18
55,90 21,80 16,55 13,05 11,80 5,60

Une particularitd caractdristique des ba
saltes est la presence des oxydes de titane, 
vanadium, barium, ainsi que dlautres micro- 
dldments. Le fer est present sous forme 
d*oxydes  ferrique et ferreux. Selon la com
position mindralogique, les basaltes sont 
des roches polymindralea, contenant des 
plagioclases, des mindraux mdlanocrates, du 
verre volcanique, des mindraux accessoires 
( magndtite, ilmdnite, apatite). Etant une 
röche effusive, le basalte oontient beau
coup de phase vitreuse^En gdndral, les ba
saltes se distinguent des matidres pre

mieres traditionnelles. Ils sont facilement 
fusibles. La fusion s'opdre A une tempdra— 
ture infdrieure ä 1250*0.  Au moment de l*ap-  
parition de la phase liquide dans le md
lange des matidres premidres ordinaires du 
ciment portland tout le basalte serait A 
l'dtat fondu. La viscositd du basalte fondu 
ddpend dans une grande mesure de la compo
sition chimique. A la temperature de 1250*0  
eile peut varier entre 8,9.et 81 kg/m-s. 
Lors de l’dchäuffoment ultdrieur la visco
sitd diminue sensiblement et A la tempdra- 
ture de 140Ö°C constitue 5,1 - 9,1 kg/m«s 

(2,3), Les tempdratures de la 11mit« supd- 
rieure de cristallisation des basaltes fon— 
dus se situent entre 1215e C et 1250°C (3). 
La ddvitrification du basalte, analogue A 
celle du laitier, ddcrite par les auteurs
(4),  doit s’accompagner d1dchäuffoments lo- 
caux par suite du ddgagement de chaleur de 
cristallisation, ce qui peut contribuer A 
la diminution de la viscositd.

Le faoteur le plus important ddterminant 
les propridtds technologiques des matidres 
soumises A la cuisson ainsi que la Vitesse 
des processus physico-chimiques est la quan- 
titd de phase liquide qui ddtereine le do
mains de rdaction, son type et, en fin de 
compte, la cindtique des transitions de", 
phases et des transferts de masse. La quan- 
titd de phase liquide, dvalude (d,aprda
F.M.  LEA et T.W. FABKEH) dans le clinker, 
obtenu d‘un mdlange binaire de basalte et 
de calcaire, correspondent au coefficient 
de saturation 0,98, ddpasse 31 %, ce qui 
est bien süffisant pour la formation des si
licates hautement basiques. La viscositd 
de la phase liquide du clinker est fälble 
et s.'abaisse lindairement avec le module 
alumino-f errique, atteignant 0,168 kg/m-s 
pour la valeur 0,81 de celui-ci.A la tempd- 
rature de 14000.*

Les partioularitds de la clinkdrisation ont 
dtd dtudidea sur 18 mdlangee, prdpards A 
base de basaltes de diffdrente composition. 
A titre d* example nous citons le ™4i n-np, 
ayant un coefficient de saturation en chatcr



Ägal ä 0,93 (5). On a nontrS qua la fixa
tion intense de ohatnc dans les adlanges pul- 
vSrulents & base de basaltes a eu lieu par 
reaction en phase solide (figure 1).

Fig. 1 - Variations de teneur en ohaux car
bonated), libre(2) et coinbin6e(3) dans le 
melange basalte-calcalre.
La vitesse de cette reaction est asses 
grande. A la temperature de 1200*0  la 
ohaux est fixSe d. 70 - 98 % selon la compo
sition du basalte utilise. Lors de l*aug  - 
mentation ult6rieure de la temperature les 
oxydes de magnesium et de fer contribuent A 
1* apparition d'une phase liquide pen vis- 
queuse, oe qui acceidre oonsiddrablement le 
processus de formation des mindraux de clin
ker. Il.faut dire que la presence d'ions 
Na+, K+, Mg^*  dans la phase liquide aboutit 

A I'affaiblissement de 1'armature anionique, 
d la diminution du frottement interne et d 
la fixation plus rapide de la ohaux libre. 
L'analyse aux rayons X montre (figure 2), 
qu'au cours de la ouisson du mdlange le bd- 
lite fait son apparition aux temperatures 
asses basses, cependant I'intensitd de ses 
rales est faible. L*augmentation  de la tem
perature de cuisson contribue d une cristal- 
lisation plus prononcde des silicates de 
calcium. A la tempdrature de 1200*0  on con
state 1'apparition des rales de !• alite. 
Leur intensitd cro£t avec la tempdrature de 
ouisson.

La cristallisation des mindraux dans le 
clinker ainsi obtenu est nette dans tons

Fig. 2 - Diagramme s X du mdlange basalte - 
calcaire cru (courbe 1) et cult aux tempe
ratures 800, 1000, 1200, 1300 et 1400*0 
( courbes 2-6 respdotivement) -

les cas. La repartition des cristaux est re
guliere. L'alite se prdsente gdndralement 
sous forme de prismes hexagonaux et tabu- 
laires. Le bdlite apparalt sous forme de 
cristaux arrondis. La substance intennd- 
dialre est constitute par les aluminofer- 
rites de calcium de diverse composition: 
( OgAgF, O^AF, CgAFg ) ainsi que par une 
faible quantitd d'aluminate tricsJ-olque, de 
ferrite blcalcique et de verre enrichl en 
oxyde de fer. Les dtudes par microsonde et 
analyse chimique ont mis en evidence la pre
sence du fer prineipalement dans la phase 
aluminoferrique et en trds faible quantitd 
dans les silicates. Les rdsultats de 1'dtude 
de la rdpartition des alcalis dans les 
phases du clinker sont donnds dans le tab
leau II.



TABLEAU II 
Repartition des ale alia dans les phases da elinker

Teneur en KgO Teneur en KagO

' extrait

par 1'acide 
boraciqua

par solu
tion de 
sucre

par 1'acide 
chlorhyd- 

rique

au 
total

par 1'acide 
boracique

par solu
tion de 
sucre

par 1'acide 
chlorhyd- 

rique

au 
total

0.04
8,33

0.39 
75,00

0.09
16,67

0.52 
100,00

0,48 
55,0

0.22 
25,0

0,17 
20,0

0.87 
100,0

Remarque. Au numerateur - la teneur en alcalis 
la teneur en alcalis dans la phase considSrSe, 

Lfoxyde de potassium fait partie de la phase 
constitute d*aluminates,"  forme des solutions 
solides avec le silicate bicalcique et peut 
se trouver dans les aluminoferrites de cal
cium ainsi que dans la phase vitreuse du 
clinker. L*oxyde  de sodium fait partie de 
toutes les phases principales du clinker. 
L’oxyde de magntsium forme de prtftrence des 
solutions solides avec les phases princi
pales du clinker. Ce n,est qu’une partie in- 
signifiante du MgO qui cristallise sous 
forme de ptriclase (d peu prds 20 % de la 
quantity totale), qui n'a pas d*influence  
sur la stability de volume et d*autrea  pro- 
prittts des cimenta.

A partir des melanges basalte-calcaire nous 
avons prtpart les ciments de trols composi
tions: b6litique(1), moyennement satur6(2) 
et alitique(3) (tableauIII). L'une des par- 
ticularltts de la composition mintralogique 
des ciments portlands basaltiques est la 
proportion tlevte d'aluminoferrites de cal
cium. L'ttude de 1'hydratation permet de 
constater, que lorsque ces ciments sont mis 
au contact de I'eau 11 y a d’abord une ptri- 
ode dite d'induction. Lors de cette ptriode 

en % pondtraux du clinker, au dtnominateur ,- 
en % de leur teneur totale dans le clinker.

ce sont essentiellement les phases anhydres 
( 2,60; 2,74; 2,77 A”) que mettent en Evi
dence les diagrammes de diffraction des ra
yons X, I'intensitE des rales des hydrates 
demeurant relativement faible (2,63; 4,92A°). 
Avec le temps le processus de durcissement 
se dEveloppe assez vite et I'intensitE des 
rales des hydrates cro£t rapidement. On peut 
constater 1* accumulation dans le systdme 
d'hydrosilioates proches de la tobermorite,• 
qui confdrent la resistance mScanique.

Lors de 1'hydratation des ciments durant le 
dSlai compris entre 3 jours et 2 »ns, on. 
constate sur les courbes d*  ATD les inflec
tions endotheimiques aux temperatures 190 - 
210*0  (figure 3, le cas du oiment avec 03= 
0,92), caractErisant plusieurs processus, 
A savoir: le dEpart de I'eau libre et de 
I'eau liEe dans les hydrosilicates du type 
de la tobermorite, le ddbut de la dEshydra
tation de 1* aluminate de calcium hydratE 
hexagonal et cubique, de 1'hydroferrite de 
composition analogue, ou de la solution so
lide 0^(A,F)Hg, de 1'hydrosulfoaluminate et 
du sulfoferrite ou de leur solution solide, 
ainsi que la dEshydratatlon de la fraction 

TABLEAU III 
Composition minEralogique et propriEtEs du clinker

Conroo- 
sition

TempEra
ture de

■ CaO 
libre, 

en poids, 
%

DensitE, 
kS/b3

Coef. de 
saturation 
en chaux 

(OS)

Module 
sfli- 
cique

Module 
alumino-

Teneur en % pondE- 
raux de:

C UltitiOlle 
°C C3S OgS O^k c4ar

1 1300 0,18 3,220 0,70 1,98 1,12 10,26 58,43 4,79 22,13
2 1340 0,21 3,170 0,81 1,89 0,94 37,23 35,05 4,75 18,27
3 1380 0,30 ■ 3,170 0,92 1,91 0,95 59,55 14,39 4,58 16,96



gilatineuse ooatenaat lea hydroxydes d'alu- 
nialm» de fer et le gel de l’aoide sili- 
oique.

81g. 3 - D&rlvatograames du clment durcis- 
sant dans les conditions noraales pendant 
3» 7*  28, 180, 360, 720 jours (courtea 1-6)

De faibles inflexions sur les courbes d’ATD 
de toutes les compositions aux temperatures 
380e-*10 e0 caractSrisent les transforma
tions des produits gSlatineux en cristal- 
lins, ainsi que la dSshydratation de O^AHg. 

L’effet endotbennique aux temperatures 500
530’0 correspond ä la decomposition de 
l’hydroxyde de calcium, qui se forme lots 
de l*hydratation  des mineraux du clinker. 
O'est dans ce meme Intervalle de tempera
tures qu'a lieu la d6shydratation ult6rieure 
des hydro aluminates ou hydroaluminoferrltes 
mentionnes. Cependant l'intensite de ce pic 
r6fiete essentiellement la quantite d’hydro- 
xyde de calcium dans la pierre de clment.

L’effet endotherm!que aux temperatures 800
830’0 correspond ä la decomposition du car
bonate de calcium du ä. la carbonatation at- 
mospherique. Mais la dependance de la gran
deur de cet effet de la composition min6ra- 
logique du clment et de la dur6e de durcls- 
sement rend possible de le rapporter A. la 
presence de 1* hydrosilicate de calcium.

A la temperature de 800’0 c’est la ddshyd- 
ratation de 1'hydrosulfoaluminate de cal
cium A basse teneur en sulfate qui a lieu. 
A 830 - 840’0 a lieu le depart de I'eau de 
constitution des hydrosilicates du type de 
la tobermorite, de CgSHg, ainsi qua de I’hyd- 
rosilicate CgS-Aq.

L*Atude  des rAsultats de I*analyse  thermique 
differentielle ainsi que des diagrammes aux 
rayons I montre que le processus de durcis- 
sement des ciments en question ne dlffdre 
pas de fa?on tangible de celui des ciments 
portlands courants.

Les proprietAs m6caniques des ciments ba- 

TABLEAÜ nr '
Essais physico-chimiquea des Aprouvettes normales

Oom
posi
tion

Consis- 
tance 
normale 

%

Prise
HAsistance A la rupture par compression/ flexion, 

en 10“^ H/mm^

dAbut fin 33 73 28j 903 180j 1an 2 ans 3 ans .
1 24,5 2h55 4h05 50/18 91/20 208/44 276/61 579/67 578/74 616/77 650/89
2 23,82 2h45 5h00 186/33 305/58 411/60 437/68 555/68 562/70 638/79 669/90

‘ 5 23,17 IhOO 6h00 206/50 306/55 512/67 560/68 630/71 635/73 685/86 730/92



saltiqusB (tableau IV) sent en bon accord 
avec les donnSes de 1* analyse physico-ohi
nd, qua, On constate la pdrlode d’induction 
et cells de I’acroiasement progressif de la 
resistance mdcanique. Il faut souligner, que 
ces ciments atteignent la resistance ä la o 
rupture par coinpression de 5000 N/nnn ä 28 
jours, tnterieurement la resistance cro£t 
toujours de fason reguliere. A trois ans 
eile depasse 6500 U/mm dans tous les cas.

Les ciments basalt!quea sont caract6ris6s 
par une resistance 61evee ä la flexion. 
Cette propriete s’explique par le d6velop- 
pement d’hydrates fibreux.

On pent citer encore quelques proprtetes 
interessantes de ces cimentst A savolr: 
faible d6gagement de chaleur, faible re
trait et expansion, haute stabilite lore 
des variations d’humidite.

La stabilite au gel est assez forte. Les 
6prouvettes ont sub! 200 cycles de congela
tion et de degel alternes sans destructions 
visibles et sans baisse de resistance su- 
perleure A 25 %.

L*etude  de 1’action d’une solution corro
sive contenant 5 % KagSO^, 0,2 % CaSO^, 
1 % M^O^ (eau de mer) but ces ciments a 
montre leur haute resistance A la corrosion. 
Pratiquement le coefficient de stabilite 
depasse 0,8 pour n’Importe quelle duree de 
conservation ce qui permet de les recomman
der en qualite de ciments resistant aux 
sulfates.

Les essais standardises d6montrent que ces 
ciments peuvent etxnutilises d titre de ci- 
ment pour puits de petrole. Pour les puits 
"froids" ils conviennent par leur teneur 
eiev6e en silicates ce qui leur confdre une 
activite hydraulique eievde sans acc61erer 
la prise. Pour les puits "cbauds" ils con
viennent par suite de la teneure faible en 
aluminate tricalcique et eievde en alumi- 
noferrite de calcium.

CONCLUSIONS

Les ciments basaltiques peuvent etre utili
ses comma Hants usuals et comme Hants 
spdciaux rdsistant aux sulfates et pour 
puits de petrole.
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Raw material effect on clinker quality

» Linfhence de matures premieres sur la quaüte du clinker

B, WERYNSKII, Doctor off Errginneeriirrg,, Research Director, Institute for Building Industry Cementing 
Materials,. Opale, Pol,ami.

A. WERYNiSKA, Master of Engineering. Institute for Building Industry Cementing Materials, 
Opde„ Roland.

RESUME : La. production de ciments a haute resistance se base sur differentes methodes qui conduisert 
a la fionaatioim de clinker ayant une teneur elevee en silicates calciques, ceux-ci ayant leur structure 
cristaHiine propre. On cormait des moyens d augmenter la resistance de ciments par 1 introduction au 
melange cm de petites quantiles d additifs etrangers.
Dans l*oLrvrage  presente cn a utilise 1 influence d oxydes M^O, Na^O, ^2^ ^^3 se ^rouvant dans
les matteres brutes naturelies, telles que le "muschelkalk" d origine triasique et une argile keuperique, 
sur 1'activite hydraulique de clinker. A l'aide de diverses methodes d analyse, telles que radiocrystallo- 
gpaphie, themnogravimetrie et microscopie on a conduise des analyses structurales et a constate, que 
les porteurs d 'oxyde de magnesium et d 'oxydes de metaux alcalins sont les chlorites, les micas et les 
caolinites, qui se trouvent dans les argiles et" - en petites quantiles - dans le calcalre.

En melangeant ces matieres premieres, on a obtenu des farines crues de compositions chimiques differ
entes. Les clinkers obtenus par la cuisson de ces crus differaient par leurs facteurs de saturation de 
0.90 a 0.94 et par leurs modules siliciques - de 2.27 a 2.72. L'examen des resistances des pates de 
ciment preparees a partir de ces clinkers a prouve, que le clinker ayant le module de saturation 0.93 
et le module silicique 2^2, apres avoir ete broye jusqu a obtenir une surface speclfique Blaine de 
350 m^/icg environ, repondait aux exigences du ciment portland 550, apres 28 jours de durcissement.
L'augmentation de la surface specifique de ce ciment a 460 m^/kg enviror , permetait 1 obtension du ci
ment de resistance 1.8.2 MN/m2 apres 1 jour et de 74.0 MN/m2 apres 28 jours de durcissement. Un im
portant accroissement de la resistance du clinker a ete obtenu grace a la haute teneur en silicates cal
ciques - 72 CgS — 8.1 ^>) et a la modification de leur structure crlstalline due a 1 'influence
de 1* oxyde de magnesium et des oxydes de metaux alcalins, MgO, Na„O, K^O et SO^ ont joue le role 
de mineralisateurs dans la cuisson du cru et de stabilisateurs des vanetes polymorphes de silicates 
calciques, en creant avec ces silicates des" solutions solides d 'une activite hydraulique elevee.

SUMMARY : The manufacture of rapid-hardening cements is based on various methods leading to the 
creation of clinker of a high total contens of calcium silicates, those having an adequate crystal struc
ture. There are ways of increasing the strength of cements by introduction of little amounts of foreign 
additives to the raw mix.

In the work presented the influence has been utilised of oxides MgO, Na„O, ond present in 
natural raw materials such as shelly limestone of Triassic origin and Keuperous clays, over the hydra
ulic activity of clinker. By means of various methods like x—ray diffractometry, thermogravimetry and 
optical microscopy a structural analysis of these raw materials has been made and it_'s been found out
that the carriers of magnesiien oxide and of alkali metals oxides are chlorites, micas and kaolinites 
occuring in clays and - in small quantities - in limestone.

Raw mixes of different chemical composition have been composed of these raw materials. The clinkers 
obtained by burning these raw mixes differed one from the other in their lime saturation factor - from 
0.90 to 0.94 and in their silica ratio - from 2.27 to 2.72. .

The examinations of the cement pastes made out of the clinkers showed that the clinker of a lime sa
turation factor of 0.93 and a silica ratio of 2.52, composed of natural raw materials, after being ground 
to a fineness of ca. 350 m /kg (Blaine), meets requirements for portland cement grade 550 after 28 
days of hardening. Increasing the fineness of this cement to ca. 460 m^/kg enables to obtain a cement 
of a strength of 18.2 MN/m after 1 day, and that of a strength of 74.0 MN/m2 after 28 days of hard
ening. A high increase in the strength of clinker has been obtained thanks to its high contens of cal
cium silicates (C^S - 72 %, C^S - 8.1 %) and thanks to the adequate modifications of the crystal 
structure of these minerals, resulting from the influence of both magnesium oxide and of oxides of aL- 
cali metals. . ,

I'»SwttNa20'and S°3_were Playing the role of both mineralisers during the burning of raw mix and 
stabilisers of the polymorphic modifications of calcium silicates, forming with these silicates solid solu- ' 
tions of an increased hydraulic activity. .



The developement of science in cement chemistry 
and of research methods enabled to rich present 
knowledge concerning the relations occuring be
tween physico-chemical properties of initial raw 
material and raw mix and the processes of clin
ker minerals forming.

It is known that the hydraulic activity of cements 
deciding about their strengths is influenced by 
many agents related to each other, which is a re
search problem in many countries.

The main components of portland clinker are fol
lowing: tricalcium silicate C_S, dicalcium silicate 
C_S, tricalcium aluminate C^A, and tetracalcium 
aluminoferrite C^AF. Their form is a function of 
their internal structure which consequently de - 
pends on chemical composition, mineralogical 
composition, degree of fineness of raw mix, the 
conditions of clinker burning and cooling, and 
first of all the reactions performing as a result 
of diffusion in liquid phase.
Thus, to obtain clinker of high" hydraulic activity 
raw mix should be characterized by: homogeneity 
of chemical composition and high" chemical activi
ty during burning process. ■ "

The effect of raw material origin on clinker mine
rals forming kinetics should be regarded from . 
the following view points:
- mineralogical form under which its main oxides

(CaO, SiO„, Al O-, Fe.O ) appear in raw ma
terials; 2 J 2 3 . ■

- mineral origin (natural from mineral deposits or 
artificial e.g. waste products);

- the effect of the degree of hydration of minerals
on reaction kinetics; '

- the role of isomorphous admixtures in reaction 
performance in solid phase.

The optimal set of raw materials for clinker pro
duction is formed by limestones containing fine- 
crystalline calcium carbonate and clays formed 
of hydrated silicates and aluminosilicates of a 
high specific surface.
Phase composition and petrographical structure 
and texture of minerals included in raw mix have 
a. great effect on the process of formation of mi
nerals in clinker.

• CaO appears in limestones as calcite, dolomite, 
rarely as aragonite, gypsum, phosphate, feldspar 
and also in the form o^^somorphous admixtures 
as adsorbed cation Ca in clay components (1).

SiO appears in raw mix first of all as quartz, 
chalcedony, seldom as cristobalite and opal. Be
sides, silica is a component of different clay mi
nerals, of kaolinite, montmorillonite, hydromica, 
chlorites groups and other similar mineralsVM„O

• and iron oxides are in calcereous and clay ran? 
materials as hydrargillites, diaspores, boehmites, 
hydrohematites , lepidocrocites etc.
Thus the reactivity of raw mix is influenced by 
dissociation process, dehydration process and 
destruction of crystal lattice of minerals, perform- 

■ ing at higher temperatures.
The most reactive CaO is formed at higher tempe
ratures from thermal dissociation of fine-crystalline 
calcite (aragonite) and dolomite. .
Active silica can appear in clinkerlzation process 

etthe temperatures 773 - 1373 K during dehydration 
■process of clay components.

The . grain size, and specific aurfar-.e of reagents 

have a great effect on reaction time in solid phase.

Quartz ana chalcedony grains in raw mix should 
have sizes not bigger than 30 microns, and for 
production of high-strength and fast-hardening 
cements - 15 microns (2).

The time of clinkerlzation process depends upon 
the size of CaO and its activity, which makes it 
diffuse In crystal lattice of SiO thus forming di- ■ 
calcium silicate and then tricalclum.

According to Krawczenko (3) the time of diffusion 
of CaO in SiO lattice is 4 - 5 times shorter than 
diffusion of SiO2 in CaO. ■

The presence of different modifications of iron 
oxides in raw mix influences considerably its re
activity, which increases; especially important is 
the presence of FeO, which as active mineralizer 
accelerates the dissociation of CaCO^, 

The fineness of raw mix and its increased speci
fic surface influence the amount of minerals in 
clinker and the amount of free CaO. The other 
factor influencing the reaction time in clinkeriza- 
tion process is the share of water separated 
during clay and some not clay minerals burning.

Depending upon the kind of minerals dehydration 
performs within a large range of temperatures: 
473 K - 1273 K, i.e. the temperatures at which 
raw mix reactions perform first of all in solid 
phase.
The role of reaction mineralizers in solid phase 
is played also by isomorphous admixtures occur
ing in small amounts in natural raw materials. 
These mineralizers are following: MgO, SO , K O, 
Na O, P O , TIO„, SrO, BaO, Cr,O, (4). 3 ■ 2

The possitive effect of isomorphous components 
appears in the change of physico—chamical pro
perties and in the increase of chemical activity 
of the liquid phase during clinkerlzation process 
as well as in the increase of hydraulic activity 
of clinker, resulting from stabilization of polymor
phic modification of calcium silicates (5).

The presence of AljO , Fe^O , MgO in raw mix 
decreases the temperature ol dissociation of 
calcium carbonates, which starts already at 723 K. 
In the range of temperatures 973 — 1273 K, hydrat
ed aluminosilicates disintegrate, forming unstable 
products, which react with CaO "in statu nascehdi". 
The reactions between the components take place 
as a result of ion diffusion in solid solutions. The 
amount of liquid phase depends upon temperature 
and also upon the presence of mineralizers de
creasing the eutectic point of solutions.

The effect of various agents on liquid phase pro
perties has compound character and depends upon 
their chemical origin and concentration. The kine
tics of reactions taking place in the liquid phase 
are influenced by the physical forces as: viscosity, 
surface tension and ions mobility in solution (6).

The effect of various chemical compounds on a 
liquid phase viscosity is shown in Figure 1 (ac
cording to Butt, Timaszev, Osokin).

At the presence of NagO and K2O 010 increase 
of liquid phase viscosity Is observed. The addition 
of about 1.5 — 2.0 % of MgO decreases the Uquidj 
phase viscosity proportionally to its concentration}
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At presence off MgO, Na^O. K O, and 50^ the 
surface tension of liquid 1Sphas# decreases!3 In the 
liquid phase of clinker, the mobility of ions Na*  
and K.+ is overcoming considerably the displace
ment speed of silicoxide anions; thus their pre
sence causes intensification of solution process 
of bellite in liquid phase. The introduction off MgO 
into the alkalic solution of liquid phase enables 
to accelerate the reaction of disintegration of di— 
calcium silicate, 2 or 3 times. The greatest inten
sity of tricalcium silicate formation is observed at 
reactive grains CaO interaction with liquid pha
se characterized by high surface tension and mi
nimal viscosity. The presence of SO in liquid 
phase results in acceleration of contact layers 
corrosion and acceleration of ions diffusion into 
the crystal lattice of silicates.

The knowledge of dependence between both vis
cosity and surface tension of the liquid phase 
and the concentration oxide in this phase enables 
to modify certain physical and chemical parame- • 
ters of liquid phase solution, and consequently the 
structure of minerals formed in it. 
Solid solutions of basic cliisdcer minerals including 
piagnesium, potassium and other compounds are 
formed from polymineral liquid, phase with isomor
phic substances.
Woerman and others (7) proved that up to 2 % 
of MgO and ca. 1 % A12O3 are included in solid 
solution in trlcalcium silicate. Alite with the admix
tures A13+ and Mg2* is defined as a solid solu
tion of 54 CaO« 16*  SiO2« A^O^ MgO, where A12O 
and MgO are stabilizers. In the system CaO -MgO

A12°3 - Fe2°3 - S*°2  to® role aUen ions

essential for the stabilization of polymorphic mo
difications of tricalciium silicate is not so import- 
tant when other stabilizing components e.g.Cr2O3, 
SrO, TliO2*  BaO are inirodtic®61»

The research conducted by many authors and 
amoeming accessorical components effect on 
hydraulic activity of clinker showed that there 
can be determir^ed proper concentrations of these 
somponents causing the optimal activity increase 
effect e»g. — — —
SO3 - 0.5 %, TiQ^ - 2 - 3 %, B2O3 - 0.5 %, ■ 

SrO - 2.4 %, BaO - -0.1 % (8, 9, 10).

Basing upon discussed literature the thesis can 
be put that applying natural calcareous raw mate
rials and clays including in their composition 
hydrated magnesium silicate" and micas and illits, 
it Is possible to obtain clinkers of right phase 
composition, which ground with addition of gypsum 
can give high quality cements.

Results and discussion

The examination of effect of accessorical compo
nents included in raw material on cement quality 
was conducted basing on four clinkers.
Shell limestone of trias origin and keuperous clays 
were used as raw materials for clinker production. 
The basic raw materials were chosen basing on 
geological documentation and wide examination of 
deposits, applying condensed prospection drill grid. 
To examine chamical composition of calcareous 
and clay deposits, x—ray fluorescence analysis 
was applied. Moreover, trace elements were de
termined by absorption spectrometry method. The 
chemical composition of raw materials was pre
sented in Table I.

TABLE I

Chemical Limestone Clay
composition % %

L.OJ.' 40,3 10,7
SiO2 5,6 54.9

0.7 6.0
A12O3 2.0 14.0
CaO 50.2 7.5
MgO 0,6 3.4
S°3 0,1 0,3
Na2O 0.03 0.29
k2o 0.024 2.90

Table II shows trace elements content in raw ma
terials.

TABLE I I

The mineral composition of raw materials was exii- 
mined by thermogravimetry and x-ray radiography.

Chemical Lime Clay
composition % %

ZnO 0.006 0.014
CuO 0.0017 0.0031

0.005 0.036
0.027 0.226

Cr2°3 0.0039 0.0136
PbO 0.007 0.007
NiO 0.004 0.007



Figure 3 presents the diagrams of differential 
thermal analysis.'

Fig.3.

DTA curves for

clays

Three characteristic endothermic peaks can be 
seen on the diagram. At temperature 423K endo
thermic peak says about lattice water removal 
from clay minerals. At the temperature 853K we. 
can observe dehydration of illit and kaolinite and 
also disintegration of crystal lattice of laminar mi
nerals. At the temperature 823 - 973K there is a 
characteristic endothermic peak for chlorites. At 
that temperature the loss amounting 75 % of 
groups OH of brucite layer is observed. Endo
thermic peak at the temperature 1133K indicates 
the thermal disintegration of CaCO and dolomite 
and also endothermal reaction of lattice destruc
tion of chlorites. (11).

Figure 4 and 5 show diffractogram for clays and 
limestones. As- a result of complex examination it 
was stated that shell limestone of trias origin is 
composed mainly of calcite more than 91 %,quartz 
and some small. amounts of clay minerals as illit 
and chlorite. .
The clays include first of all aluminosilicates i.e. 
chlorites (d ■ 14 Ä). micas, illits, muscovites,bio
tites and caolinites and among them dickit, -nacrite^ 
halloysite.

In day and in limestone samples the presence 
of small quantities of SiO_ in form of quartz was 
observed, but most of silica is included in mine
rals of caolinite, mica and chlorites group.

In clay examination about 3 % of potassium oxides 
(KgO, Na^O) was observed.

The sinterability of limestones and clays was exa
mined by hightemperature microscope and it was 
states that sintering temperature for both raw ma
terials is at the same range 1425K - 1523K.

The raw mix was composed with dried limestones 
and clay, ground before to a great degree of 
fineness. At all samples the content of fraction

< 5 microns was over 20 %, but fraction 5-30 
microns between 41 - 55 % and fraction > 88 mi
cro r. , about 10 Four clinkers of different che
mical ind mineral composition were burned with 
the raw mix described above. It is shown in 
Table III.

TABLE III

CHEMICAL AND MINERAL COMPOSITION 
OF CEMENT CLINKERS

(See page I - 187)

AU clinkers are characterized by SF amounting ■ 
0.90 - 0.94. Silica ratio (SR) for clinkers on le
vel between 2.27 - 2.72. The value of alumina 
ratio (AR) for all samples is similar and Is in the 
range of 2.0 — 2.34. The pha^e respectively com
position of clinker was calculated basing on micro
scopic examinations. Microscopic examinations for 
clinkers I to IV are presented in Figures 6,7,8,9.



The microsection has been etched with the 1 % 
solution of HNOj in alcohol.

Figure 6 presents clinker I of lime saturation fac
tor SF - 0.90, SR - 2.27, AR - 2.0. It is alite-be- 
lite clinker of contens: C3S - 68.4 %, C2S-to.5 %. 

The conglomerations of alite crystal of irregular 
cross-section are visible. There are also alite 
grains of elongated cross-section with corroded 
edges and on their surface belite inclusion can 
be seen. Grains of irregular shapes can be ob
served in the structure of this clinker; it is due 
to progressive deposition of crystab at the presen
ce of alumina and in the form of solid solutions 
and due to variation of liquid state composition 
during crystallization process. '

Figure 7 shows clinker II of SF - 0.92, SR-2.54 
AR-2.30. It is alite cUnker, C^-70.2 %,C2S-8.3 % 

of fine-crystalline structure (the alite grain diame
ter - 30 microns). Most of them are alite crystals 
of hexagonal cross-section with edges corroded by 
liquid phase and visible enclaves and occlusions 
of C2S.
Figure 8 shows clinker III of SF - 0.93, SR-2.49, 
AR-2.33. It is high alite clinker C^S - 72.0 %.Alite 
crystals of hexagonal cross-section are distributed 
uniformly in aluminate-ferrite filling substance.This 
clinker is characterized by very clear alite crys
tals crysteillizatlon of axis ratio 1.4rl and 5:1.
In «Ute crystals there are observed quite often ir
regular and slot micropores Bind enclaves.
Microscopic picture (Figure 9) shows clinker IV 
of SF - 0.94. Alite crystals of irregular eutd poly
gonal cross-section of average diameter about 40 
microns have on their edges and surfaces numer» 
ous inclusions, free grains of CaO are also seen.

X-ray examination of clinkers confirmed the pre
sence of tricalcium silicate and in smaller amounts 
dicalcium silicate and tricalcium aluminate and also 
some tetracalcium aluminoferrite. As example, the 
diffractogram of clinker III was shown (Figure 10).

Fig.10. Diffractogram for clinkers Ill

All clinkers were ground with the addition of the 
same quantity ef gypsum (5 %) to Jour different 
specific surfaces amounting 230 mjkg - 470 m /kg. 
As a result it was obtained 16 cement samples 
which were examined concerning physical and 
strength properties. The results were compilated 
in Table IV.

Analyzing the results of cements obtained from trias 
limestones and keuperous clays, very considerable 
effect of these raw materials origin on strength pro
perties of cements especially after 28 days can be 
observed.

Complex examination of mineral composition of lime
stone proved that it is composed with Cne-crystallic 
calcite and similar clay minerals; it can be seen 
on x-ray and microscopic photographes and on 
thermograms. As it results from x-ray radiography 
and thermogravi metry, keuperous elays are compo
sed with aluminosilicates l.e. chlorit es, mica, kao
linites, quartz and quartz silica. Chlorites,as lami
nar silica, introduce magnesium compounds with clays 
to raw mix (3.4% of MgO was confirmed analitically) 
but mica and clay - potassium compounds (K O - 
2.9% and NeyD - 0.29%).

The presence of minerals characterized by highly 
developed specific surface in raw mix causes the 
decrease of eutectic point and enables sintering 
of this mix.



TABLE III - CHEMICAL AND MINERAL COMPOSITION OF CEMENT CLINKERS

*/. K7HSUL ctMPOsrricw determined er optical microscopy

CLINKER CHEMICAL COMPOSTTIOM MODULI MINERAL CCMPOsmCH1'

NO.
L.O.I. sio2 F.,0, a180, C. CA [,r®e Ne?O KgO

SR AR c,s c2$ C,« C*AFpercen:rxcB BT NETCHT

BLINKER, t 21.6 3.Z 6«* 67.1 1.1 ,1 ,2 .02$ ,01*5. .90 2.27 2.0 69.6 10.5 12.R 4.2

TLINXIR n .2 21.9 2,6 6.0 67.7 1.2 .1 .025 .035 .92 2.54 2J0 70,2 a.) 14,2 4.5

CLINKER El .1 21.7 2.6 e.i 6?.s 1.5 ,1 .1 .051 .072 .93 2.69 2.54 72.0 8.1 14,2 4,5

cLpim iv .1 21.6 2.5 5.« 68.7 1.2 .1 1.J .02} .029 .94 2.72 «3 69.5 7.9 15.2 4.5

The examination of raw materials sinterability con
firmed that the range of temperatures for limestone 
and clays softening is the samfe, thus active CaO 
will react with silicaluminates in state"in statu nas- 
cendi" when raw mix shows the highest chemical 
activity. From microstructure of formed clinker mi
nerals it can be concluded about sintering condi
tions of raw mix at the presence of sintering pro
cess intensifiers i.e. magnesium .sodium,potassium 
compounds and other accessoric components.Com- 
plex examination of clinker mineral composition' pre
sented on x-ray photography confirms the presence 
of calcium orthosilicate i.e.alite and some belite and 
filling substance, composed mainly with tricalcium 
aluminate and mixture of aluminates and calciumfen- 
rites appearing as tetracalcium alumlnoferrite.

The microscopic examinations shown in Figures 6, 
7, 8 and 9 enable to determine crystalline struct»*,  
re of minerals.

Clinkers of different lime saturation factor varying 
between 0.90 - 0.94 have different increase of 
strength in time, which is presented in Figure . 11.

Fig.ll. In

fluence of 
the lime sa

turation fac

tor on mortar 

strengths 

after 28 days 

of hardening

At increasing SF the systematic increase of strer^h 
4fter 1 and 3 days of hardening is observed. The 

highest strength i.e. 19.6 MN/m2 after 1-day hard
ening is obtained for clinker IV of SF amounting 
0.94. This clinker has the highest value of alumina 
phase CA - 15.2 % and free CaO — 1.5 % and silica 
ratio 2.72. It is presumed that the increase of 
strength at the initial phase was possitively influ
enced by free Ca included in clinker (1.5 "Jo) .which 
after hydration became a center of crystal nucleus
es for hydrated silicates and calcium aluminates.

The minimal decrease of strength of this clinker 
after 7 and 28 days compared to other samples 
was probably caused by the content decrease of 
C_S and by a little different crystalline structure.

High lime saturation factor and increased silica 
ratio caused the formation of small, irregular alite 
crystals (12) which can be seen 1 n Figure 9. 
The highest strengths after 7 days i.e. 48.5 MN/m2 
and after 28 days i.e. 742MN/m and at specific 
surface amounting 468 m /kg are obtained by clin
ker m of lime saturation factor 0.93 and silica 
ratio 2.52. This clinker has the highest total con
tent of oxides MgD, Na_0, K 0 equaling 1.403 %. As 
Woerman and others (v) make known, the presen
ce of these oxides in mineral synthesis process 
caused the crystallization of alite characterized by 
better symetry and higher hydraulic activity.

Fig.12. In
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the cement 
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composition



Solution of MgO in alite and belite crystal lattice 
gives solid solutions of defected lattice and also 
fine-crystalline structure of this clinker (20-40 mi
crons) resulted in higher hydraulic activity of this 
clinker and higher strengths. "
Figure 12 shows cement specific surface effect on 
its strength, clinker III given as an example.

The ctfnker grinding to specific surface about 
350 m /kg let us obtain cement mar^ 550 of 28 
days strength amounting 59.4 MN/m . The incre
ase of specific surface up to about 450 m /kg 
gives cement of higji strength parameters Le.aftgr 
1 day - 18.2 MN/in , after 3 d^jrs - 37.1 MN/m 
and after 28 days - 74.0 MN/m , which meets 
requirements for fast hardening and high strength 
ceme nts. ■
Basing on quated above examinations it can be 
said that there is a considerable effect of raw 
materials on the quality of clinker produced.

The clinkers of high strengths and high mark ce
ments (after grinding with gypsum addition) i.e. 
550 and higher (examined according to ISO) can 
be obtained with raw materials containing _magnes» 
sium compounds in the form of chlorides and 
potassium oxides contained in mica and illites.
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TABLE IV - PHYSICAL AND STRENGTH PROPERTIES OF CEMENTS

CEMENT PASTE MORTARS
SAMPLE S?FCI- PROPER SETTING TIME LE STRENGTH, MN/e2

SUR- ‘COT- BEGINNING END LIER BENDING COMPRESSIVE
^ACE
™Z/kg * hre. hra. ■m 1-DAY 3-DAY 7-DAY 2ß-DAY 90-DAY 1-DAY 3-DAY 7-DAY 2a-n\Y 90-DAY

■■I/O Z30 27.0 2.50 4.00 1 1.4 4.1 5.8 7.8 7.2 5.3 14.5 26.0 43^8 47.9
CI/0 230 2B.0 3.05 5.10 0 1.4 3.2 5.3 7.3 7.3 5.3 13.6 25.7 42.0 49.3
<’.11/0 2U0 27.5 3.00 4.50 0 1.4 3.6 5.3 7.8 7.7 5.6 13.8 26.2 44.2 51.0
cv/o 240 29.0 3.20 5.00 0 1.4 3.0 4.8 7.3 7.2 5.3 13.2 22.0 39.2 50.8

C/1 265 50.0 3.20 5-00 0 1.6 4.6 6.2 7.5 8.3 6.2 18.6 31.0 46.9 55.0
<11/1 290 28.0 2.40 4.10 0 2.1 4.2 6.1 7.9 8.7 8.3 18.4 30.9 47.5 55.8
CII/1 285 27.0 3.25 5.10 0 1.5 4.3 6.1 B.8 7.6 6.0 17.3 30.8 50.3 54.9
cv/i 290 29.0 2.40 4.10 0 2.1 4.4 6.5 8.0 7.7 8.1 18.5 31.3 49.1 56.0

KIA 360 30.5 1.45 4.15 0 2.2 5.6 7.6 7.9 8.4 8.3 27.9 39.9 52.6 61,2
TT/L ?5v 29.0 2.40 4.30 0 2.5 4.9 6.8 7.6 8.4 9.8 22.8 35.6 53.4 68.7
K-.II/3 355 28.0 2.30 4.00 0 3.6 6.2 7.4 8.9 8.7 11.9 28.8 40.6 59.4 69.3
KIV/2 360 28.5 2.25 3.50 0 3.0 5.5 7.2 8.9 8.3 12.2 26.7 40.0 57.3 66.2

KI/} 460 29.5 1.30 2.50 1 3.3 6.8 7.7 9.3 8.8 14.7 35.5 44.7 71.7 74.1
KII/3 466 30.0 1.25 2.55 0 3.4 7.1 8.3 8.9 6.8 16.2 36.7 46.8 72.2 74.6
Kill/} 464 28.5 1,20 3.00 0 4.4 7.1 7.7 9.0 8.8 18.2 37.1 48.5 74.0 77.7
KIV/} 455 28.5 0.45 1.40 0 4.1 7.3 7.9 8.4 8.9 19.7 38.1 46.3 70.3 74.1



Reactivity of belite stabilized by CastPO^sOH

, Reactivite de !a belite stabilisee avec CasfPO^aOH

B. MATKOVIC, "Rudjer Boskovic" Institute, Zagreb,
V. CARIN, T. GACESA, R. HALLE, Research Department of Jucema, Zagreb, Yougoslavie.

RESUME : L'hydraullclte de la belite activee avec de 1'apatite a ete etudlee sur des echantil- 
lons prepares ä partir de produits chimiques purs et a partlr d'un melange de calcaire et sa
ble quartzeux. La modification qul se formait dans le clinker ( ß-,a-C-S ou leur melangelde- 
pendait de la quantite de stabilisant dans le cru. Les clinkers et leurs produits d'hydrata- 
tion furent caracterises par des analyses chimiques et thermiques, la diffraction des rayons X 
la miscroscopie optique et la microscopic electronique ä balayage. Les essais de resistance 
psouvaient que la forme a1 seule ou combinee avec la forme ß avait des resistances plus elevees 
que ßCjS.
Pour evaluer I'effet stabilisant de l'apatite, les auteurs comparaient les resistances ä la 
compression des clinkers de belite activee avec Ca^tPO^^OH ä celles des clinkers stabilises 
avec BaSO^. Les resultats obtenus indiquent qu1en presence d'apatite les resistances sent con- 
siderablement plus basses pendant le premier mois d1hydratation, les differences etant moins 
prononcees aux ages ulterieurs, sur tout pour la modification a' •

SUMMARY: Hydraulic activity ot belite doped by phosphate was investigated on samples prepared from pure 
chemicals and on those from limestone and quartz sand. Depending on the stabilizer level in the raw mix there 
was either or it '-modi f ication or a nixture of the two polymorphs found in clinker. Clinkers and their
hydration products were examined by chemical and thermal analyses, X-ray diffraction, optical and scanning 
electron microscopy. Strength testings disclosed that Ol'-form alone or in combination with (i-polymorph had 
better strengths than.ß-C^S.

To estimate the stabilizing effect of CagfPO^JjOH the compressive strengths were compared with those on clinkers 
doped by BaSO^ where they were considerably higher during the first month of hydration, although the differences 
diminished at later ages, especially for the oi'-modification.



I. INTRODUCTION

Several tetrahedral groups (phosphates, borates, 
vanadates, sulphates) can substitute the silicate 
groups in C^S solid solutions. It is well known (1,2, 
3,*f,5)  that phosphates are efficient for the format- ' 
ion of ß-, V- ande<-C2S. When Ca2P207 is USed aS 
stabilizer the ß-form has ample hydraulic properties, 

ol'-modification has some, but ot-polymorph has none 
(2). In C2S solid solutions stabilized by &20^ (6) 
and VjOj (7) higher strength development was observed 
on ol'-CjS than on &-C2S. Notwithstanding the fact 
that numerous data are available on this subject it 
is hard to predict the effect of a certain minor 
element on the hydraulicity of belite clinkers 
prepared from different raw materials under different 
burning conditions. The present paper deals with the 
effects which different levels of apatite iff the raw 
mix can have on the stabilization of dicalcium 
silicate phases and their hydraulic activity.

II. EXPERIMENTAL DATA
(1) Preparation of specimens

Chemicals used for the preparation of belites were 
analytical grade CaCO^ and Si02 and pure grade 
Ca^PO^OM.

The initial mix was homogenized, calcined at 10QO°C, 
pressed Into pellets and sintered at 1450°C for 90 
minutes, then reground, compacted and resintered 
under identical conditions. The product was air
-quenched and ground to the specific surface of 
3600+100 cm^/g-(Blaine).

TABLE I
Raw materials for bei i te cl 1 nkers (w.$)

Components Limestone Quartz

sio2 o;io 97.20
A,2°3 - 0.97
Fe2°3 0.07 0.30
CaO 55.90 0.63
Ign.loss 43.88 0.43
MgO, SOj, Na20 and K20 not detected

The raw materials used for belite clinkers are 
1isted In Table I.

The components for belite clinkers were ground to 
the respective fineness (no residue on 200 /im m. h 

sieve and less than 10$ on 90 yum),homogenized, calci
ned at 1000°C, pressed Into pellets and fired at 
1450°C for 90 minutes, air-quenched and ground to

2 
the specific surface of 36OO+IOO cm /g.

Polished samples etched with 1$ HNO^-alcohol-solution 
were-studied by optical microscopy In reflected 
light, while SEM observations were made on fracture 
surfaces coated with a layer of gold.

The water/cement ratio for all cement pastes was
0.28.  Samples were compacted In 1x1x4 cm moulds on 
vibrating table.

Mortar specimens were prepared according to the 
Yugoslav standard (based on RILEM-CEMBUREAU method 
and ISO Recommendation 679). The mix ratio was 
cement:graded sand 1:3 and the w/c ratio 0.5 
constant. Mortars were mixed mechanically, then 
compacted in 4x4x16 cm moulds on vibrating table.

Paste and mortar specimens were stored 24 hours at 
20+2°C and relative humidity of minimum 90$. Moulds 

were removed after 24 hours, and specimens stored in 
water at 20 + 2ÖC.

Samples for hydration study were ground, washed in 
acetone, dried in vacuum and conserved in desiccator 
above KOH.

(2) Investigation methods
X-ray diffraction, wet chemical methods, optical 
and scanning electron microscopy and thermal 
analysis served to examine the prepared samples. 
X-ray diffraction, thermal analysts and microscopic 
examinations were used to determine the C2S modifi
cations and to study the process of hydration. The 
peak .temperature of ><-C2S conversion In doped 
sample? was determined by differential thermal 
analysis and the morphology of specimens studied by 
scanning electron microscopy. Compressive strength 
testings on paste and mortar samples were repeated 
three times to obtain mean values.

III. RESULTS AND DISCUSSION

In preliminary investigations belites were synthetiz- 
ed from pure chemicals with the stabilizer added at 
different levels. Their hydraulic activity was 
determined by testing strengths on cement pastes. 
Since very high levels of stabilizer are needed to 
stabilize <X-C2S, this modification has not been 



included into the present work.
Raw mix compositions and phases detected in belites 
are listed in Tab-|e II.

TABLE . 11
Raw mix composition and phases detected in 
  bei 1 tes

Sample Raw mix comp, (w.%) Phases detected by
*XD OM

CaO sto2 Ca5(PO4)30H <’4*1  (S o<
* ) 

oC (b

1 64.35 34.46 1.18 11 lb - ++++
2 62.86 33.68 3.46 + +++ - + 44+
3 62.12 33.28 4.60 ■H- -H- - +• 44-+
1» 61.40 32.90 5.70 *4*  ++ • 4. +++
5 57.92 31.03 11.05 +-H- (+) • (+) +++ (+)
6 54.66 29.28 16.06 +++ - - +++

(+) small amount .
* XD - X-ray diffraction; OM - optical microscopy

-CjS was the reaction product in sample 1, while 
samples with higher levels of had ß- and 

<*'-modificat  Ions coexisting, with the content of 
oL'-polymorph increasing proportionally to.the in
crease of the stabilizer level and attaining Its ma
ximum in sample 5 where ot-modi fl cation started‘to 
form. Samples where-«.'-form coexisted with ß-modi- 
ficat ion or where it was the main reaction product 
had better strengths than those where ß-C^S prevailed. 

In literature (3,8,9) it is generally accepted that 
in CgS stabilized by phosphates the «(.-modification 
Is hydraulically Inert while ot'-modlfication deve
lops lower strengths than ß-polymorph. These results, 
however, were obtained with a specific stabilizer and 
under specific experimental conditions (2).

Since our initial investigation of strength develop
ment in pastes revealed that ß-CgS stabilized by 

phosphates was less reactive than *'-C 2S, beiite 
clinkers were synthetlzed from raw materials listed 
In Table I and their strength development determined 
not only on pastes but also on mortars, this being 
more Indicative for the quality of cement (3).

It was also of considerable interest to study the 
hydraulic activity of «<*-  and ß-C^S prepared from 
specific industrial raw materials doped by 
Ca^tPO^l^OH because natural raw materials contain 
some minor elements which can incorporate into the 
crystal lattice of C2S together with phosphates and 
thus modify its hydraulic activity. ■ ■

The chemical composition and phases detected in bellte 
clinkers prepared from limestone, quartz sand and 
different amounts of CajfPO^JjOH are presented in 
Table III. .

TABLE 111
Chemical compos!tions-(w.%) antiphases detected in 

bellte clinkers
P I P 2 P 3 P 4

Si02 33.24 33.21 . 32.88 31.24
A,2°3 0.64 0.64 0.27 0.46
Fe203 0.14 ■ 0.20 0.31 0.10
CaO 64.04 63.02 63.80 64.05
P205 0.78 1.42 2.27 4.02
Insol. 0.90 1.40 - -

/I micr. ++++ ++++ +++ +
X-ray ++++ 4+4f +++ + ■

/-C $ _ micr. (+) (+) +++
X-ray (+) 44+

Limestone and quartz of high purity were hence 
selected to avoid elevated contents of tricalciun 
aluminate and ferrite phase. The prepared clinkers 
had only one crystalline phase, i.e. beiite,no free 
CaO and less than 6? amorphous phase as determined 
by optical microscopy In reflected light which also 
revealed a few grains of alite in sample P U. The 
fact that «t'-CjS develops strength more rapidly 
than ß-C2S was again confirmed by compressive 

strengths measured on pastes of bellte clinkers, 
although the obtained values were lower than in 
case of belites prepared from pure chemicals.

Fig.l - Compressive strengths on mortars of bellte 
clinkers stabilized by phosphate



The strength of sample P If with predominantly <*  -Cj5 
is obviously higher than that in other samples where 
ß-C2S coexists with oi'-form or where it is the 

main reaction product like in sample P 1 which was 
doped with the smallest amount of stabilizer.

Fig.2 - Reflected light microscopic photographs of 
bellies stabilized by phosphate: 
(A) oc-C2S; (B) o('-C2S and (C) (i-CjS

The polymorphic modifications of dicalcium silicate 
were determined by X-ray diffraction and optical 
microscopy. Fig.2 illustrates the features typical 
for particular C2S polymorphs. The C2S crystal 
grains without lamellae Fig.2 (A) are those of 
ot -C2S; (B) shows «('-grains recognizable by skeleton 
structure, while (C) Illustrates the 0-form; com

plete grain exhibits only polysynthetic lamellae 
formed by phase transition of <*'-C 2S Into ß-form. 

Differential thermal analysis showed that the sta
bilizer had completely passed Into C2S solid solution 
during synthesis. The method proceeds from the fact 
that the decrease In phase conversion temperature 
depends on the level of stabilizer dissolved in C2S. 
Peak temperatures of the endothermic —>• ^-C2S
phase transformation plotted as a function of P20g 
percentage in the raw mix are presented in Fig.3.

Fig.3 * Effect of ?2°5 concentrations on the 
ol'lj—*«<-C2S transition temperature

Scanning electron microscopy studies were made on 
samples doped with phosphates or bariun sulphate (10) 
for comparison. It Is obvious (Fig.1!) that the shape 
and size of grains depend more on the content than 
on the kind of stabilizer. crystals vary in
size between 2 and 10 fue. Fig. 4 (A) and (B), those 
of cC-C2S between 10 and 20 /sn (C) and (D).



Fig.4 - SEM characteristic morphologies of belites 
with 1.47% PjOj (A); 6.66% BaSO^ (B); 
4.70% P205 (C) and 12.71% BaSO^ (d) In 
the raw mix

The hydration process was studied by thermal and 
X-ray analyses which confirmed that strengths develop 
with the advancement of hydration..

Fig. 5 presents the water content in C-S-H gel 
determined in the temperature range from 100 to 
350°C by TG and DIG.

Belites from pure chemicals (samples 1-6) have a 
higher content of C-S-H gel than belite clinkers 
(samples P1-P4). In both groups the content of gel 
Increases with higher levels of stabilizer and Is 
higher In samples with of'-fonn than In those with 

The gain of the gel formation is most 
expressed up to 28 days.

To estimate the effect of Ca^PO^OH as stabilizer 
bellte clinkers doped with BaSO^ (10) were sintered 
from the same raw materials, ground to the same 
specific surface and tested on mortars in the sane 
way as bellte clinkers stabilized by phosphates. For 
comparison with the present data the chemical compo
sition and phases detected In BaSO^ doped belite 
clinkers are presented In Table IV and their compres
sive strengths in Fig.6 (10). In the first month of 
hydration bellte clinkers stabilized by phosphate had 
a remarkably lower strength but after 180 days the 
differences were less obvious, especially for the 

o<'-modification.



TABLE IV

Chemical composition (w.fc) and phases detected in 
bellte clinkers stabilized by BaSO^

B 1 B 2 B 3 ...

sio2 32.68 30.87 28.24

A,2°3 0.32 0.31 0.27

^e2®3 0.10 0.09 0.09
CaO 61.04 57.62 55.58
BaO 4.39 8.47 12.02

SO3 1.21 2.35 3.44

ß-c2s micr.
X-ray

++++
++++ ■ ++ ++

ol'-C2S micr.
X-ray

* -I- +

■ o(-C2S micr. +

Fig.6 - Compressive strength of mortars from bellte 
clinkers stabilized by BaSO^

The results obtained for CajfPO^OH stabilized CjS 
are in agreement with the findings for belites 
stabilized by B^ (6), (7), BaSO^ (10) and
BAj510!, (10 but opposed to the statement that the 
hydraulic activity of ol'-CjS stabilized by phosphat
es is lower than that of the respective ß-C,S (2,3, 
8,9). • '

IV. CONCLUSIONS

The kind and level of the stabilizer together with 
the preparation conditions have a strong effect on 
the hydraulic activity of C^S solid solution. Like 
other phosphates (2,4,5) Ca^tPO^J^OH is a good stabi
lizing agent for ß- or oC'-C^S modifications. Stabi

lized by this compound under described conditions 
«('-modification or a mixture of <*'-  and /i-C^S 

develop higher strengths than ß-C^S.
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Mineralizers and fluxes in the clinkering process. 
I. Phase equilibria in the CaO-Al2O3-Fe2O3-SiO2 

' system with calcium fluosilicate
Mineralisateurs et fondants dans !a formation des clinkers. 

L Equiiibre des phases dans le Systeme CAPS avec 
du fluosilicate de calcium

ASOK K. SARKAR, Research Associate, -
DELLA M. ROY, Professor of Materials Science, 
RODERICK M. SMART, Research Associate, Materials Research Laboratory,

• The Pennsylvania State University, University Park, PA 16802, U.S.A.

RESUME : Ceci est le premier d'une serie de trois (5,6) comptes rendus sur les effets des fondants et des mine- 
raliseurs utilises pour accroitre lirfficaclte du procede de clinkerisation du clment. On a etudle les effets 
de fondants mineraliseurs tels que fluosilicates et fluorures sur I'equilibre des phases dans le,Systeme CAES 
alnsi que dans ses sous-systemes C-A-F et C-A-S. Dans ces deux derniers sous-systemes, les temperatures d1ap
parition de la phase liquide sont relativement abaissees, les surfaces des champs primaires de la solution so
lide C1?A7 sont plus etendues, les champs primaires de C,A sont reduits de beaucoup et dans le Systeme C-A-S ■ 
une ligne o'Alkemade semble etre formee entTe la solution solide et , ce qui a pour consequence de reo- 
dre C,S stable dans des limltes de. composition plus vastes que celles du Systeme C-A-S pur. Il en resulte aussl 
la formation de nouveaux points invariants. De plus, la reaction de formation du C^S est acceleree; sa formation 
se produit ä des temperatures inferieures ä la limite de stabilite apparente indiquee dans le Systeme C-S pur, 
°t 1'aire de son champ primalre est agrandie. On a etudie des portions du Systeme CAPS avec un fluosilicate. La 
solution solide C,pA7 reste la phase dominante, meme avec 1'ajout de 5 ä 20 % de ^63^3 au systeme C-A-S(CaSiFg). 
Certaines des limltes de phase des systemes CAF et CAS contenant du fluosilicate peuvent logiquement etre extra- 
polees au Systeme complexe CAPS + fluosilicate. Ceci a ete observe experlmentalement. Les effets sur les rela
tions entre les phases et les phenomenes cinetiques qui s'y rattachent apparaissent etre favorables a la fabri
cation du clinker, ce qui a pour consequence d'augmenter l'efficacite du four.

SUMMARY: This is the first of a three-part series (5,6) studying the effects of fluxes and mineralizers to in
crease efficiency of the cement clinkering processes. The effects of flux mineralizers, primarily fluosilicates 
and fluorides upon phase equilibria in the system Ca0-Al203-Fe203-Si02 (C-A-F-S) and its subsystems C-A-F and 
C-A-S have been investigated. In both the latter subsystems the temperatures for first liquid formation are 
lowered substantially, the primary phase field areas of C12A7 solid solution are vastly expanded, the field areas 
of C3A are much diminished, and in the C-A-S system an Alkemade line appears to be formed between C12A7 solid solu
tion and C3S, resulting in the stable existence of C3S over a broader composition range than in the pure C-A-S 
system. This also results in the formation of new invariant points. Furthermore, reaction to form C3S is ac
celerated; its formation takes place at temperatures below the apparent lower stability limit in the pure C-S 
system; and its primary phase field area is increased in size. Portions of the C-A-F-S system with fluosilicate 
were studied. When Fe203 was added to the C-A-S (CaSiF6) system in amounts from five to twenty percent, CI2A7 
solid solution was still found to be the dominant phase. Some of the phase boundaries determined from the C-A-F 
and C-A-S systems with fluosilicate, logically can be extrapolated into the complex C-A-F-S system + fluosilicate 
and are experimentally observed. The effects upon phase relations and related kinetic phenomena appear to be 
favorable to the cement clinker manufacturing process; resulting in greater kiln efficiency.



INTRODUCTION

The efficiency of cement clinker production can be in
creased by the addition of minor amounts of other com
ponents classified as fluxes and mineralizers (1-6). 
However, these additions are likely to affect the final 
equilibrium phase relationships of the end products 
formed in the basic cement system, Ca0-Al203-Fe203-Si02 
(C-A-F-S).*  The primary goal of this study was to un
derstand the equilibrium relationships in the above 
basic system with the addition of calcium fluosilicate, 
and their effect on the clinkering process.

Studies of the effects of fluxes and mineralizers on 
the kinetics of alite formation (5) and upon the burna
bility of raw mixes (6) are described in separate paral
lel papers.

The fluosilicates can be classified as both fluxes and 
mineralizers because of their abilities to both lower 
the melting temperatures and to accelerate the reac
tion kinetics.

The importance of systematic studies to determine the 
phase equilibrium relationships in'the system C-A-F-S 
with added fluxes (especially fluoride fluxes) has been 
discussed previously (2-4). Relevant previous studies 
in these systems or subsystems have also been reported 
earlier (1-4). Most previous studies used CaF2 as the 
flux component, but little systematic work had been 
done to ascertain the effect of CaFz on the ultimate 
equilibrium phase products starting from a wide range 
of compositions. The published studies involved var
ious subsystems of the major C-A-S system or the sub
solidus phase relationships with CaF2 as one of the 
components. Since the cement manufacturing process in
volves an essential liquid formation step, for effi
cient flux utilization an accurate knowledge of the 
phase equilibrium relationships of the actual system 
including its liquidus surface is highly desired.

Before proceeding to determine the effects of fluxes 
on the complex system C-A-F-S (7), first the effects 
upon the two ternary systems, C-A-F (3) and C-A-S (4) 
were studied. The first system was studied adding 5 
wt t CaS1F6-2H20 (1.85 wt % CaF2), whereas the latter 
system was studied adding 5 wt % CaSiF6 (2.2 wt % 
CaF2). [Five percent CaS1F6 represents about 1.1 wt % 
F in the original starting material--cements with -vl.5 
wt 1 F have been prepared commercially (8,9).] '

Once the equilibrium relationships were established in 
the C-A-S system then the equilibrium relationships 
were studied with incremental additions of Fe203. 
The results summarized here include the effect of 
fluoride additions to both C-A-F and C-A-S systems, 
together with some observations of the effects of 
adding up to 20 wt % Fe203 in the C-A-S system with 5 
wt "k CaSiF6. (Typical cements contain nS wt 1 Fe203.) 
The compositions chosen in the C-A-F-S system lie 
mainly close to the CaO apex of the C-A-F-S tetra
hedron (7), and encompass the important invariant 
points, phase boundaries, and pseudo-A1kemade lines.**

♦Abbreviations: C = CaO, A = Al203, F = Fe203,
S = Si 02«

**Pseudo because the systems are quaternary or more 
complex, though usually containing minor amounts 
of the added component.

EXPERIMENTAL

The starting mixtures were usually made in batches of
2-3  gm using reagent grade chemicals: CaC03, silicic 
acid, A12O3, Fe203, and CaSiFg-2H20. The CaCO3, Al203 
and Fe203 were first dried before weighing, but the 
silicic acid and the CaS1F6-2H20 were used as received 
with weight losses quantified. The mixtures were first 
moistened with acetone and then blended thoroughly by 
grinding in an agate mortar. These mixtures were air 
dried, transferred to a covered Pt-crucible and then 
fired in an electrically heated’pot furnace in air 
atmospehre at a temperature of 925-950°C (a tempera
ture well below initial liquid formation) for one hour, 
to decompose the carbonate and the silicic acid. At 
this temperature, Ca$1F6»2H20 decomposes losing most 
of its SiFit, and for all practical purposes behaves as 
CaF2. In order to simulate the fluxing action in hn 
actual tinkering process, this way of preparing the 
mixtures was found to have practical bearing allowing 
thorough mixing and better fluxing action. The sin
tered cake after firing was cooled, crushed and ground 
thoroughly in an agate mortar to assure proper homo
geneity of the starting mixtures for the equilibration 
runs.

All the equilibration runs were made in sealed Pt tubes 
by suspending them in a controlled temperature quench 
furnace. At the conclusion of the runs, the samples 
were quenched in carbon tetrachloride. It was found 
that, for most of the mixtures, the quenching done 
either by quickly withdrawing the samples and then 
quenching in the liquid or by. the conventional quench
ing (wire burn-out method) gave identical results. . 
The identifications of the phases were mostly made, by 
x-ray powder diffraction, supplemented by optical 
microscopy. In some cases, the presence of the quench 
phase could not be prevented even by the conventional 

-quenching techniques. It should also be mentioned 
that some of the compositions studied were hard to 
quench to form glass, basically because many are not 
chemically in the glass-forming range. Additionally, 
maximum convenient furnace temperature operation 
limits, in combination with the presence of non- 
quenchable liquids, plus slow subsolidus reaction, 
sometimes made it difficult to make correct inferences. 
Difficulty was encountered in positively identifying 
the C2S and C3S in instances when they were both pre
sent, with either one only in small amount.

The temperatures were measured by a Pt/Pt90-Rhl0 
thermocouple and read through a digital thermometer 
(Doric Series 400 A Digital Trendicator). The 
thermocouple/digital thermometer was calibrated 
against the boiling point of tap water (98°C), the 
melting point of gold (1063°C), and diopside (1392°C), 
respectively. The temperatures reported here are ' 
reliable to ±2°C taking into consideration both'the 
furnace temperature fluctuations (controller error) 
and the thermometer error. ' -

RESULTS

C-A-F System Plus Fluoride: The subsolidus phase re
lationships in the normal ternary system at 1145°C is 
shown in Figure 1 (10). Characteristic of this sys
tem is the formation of extensive ranges of solid solu
tions. The major one of interest is that.which is 
collectively called calcium aluminoferrite solid solu
tion (C^AFjj, or Fss). All calcium aluminates can 
incorporate iron (Fe’+ ions replacing Al3+ ions) in 
their crystal structures. This type of substitution 
gives rise to the formation of a ternary phase T,



Figure 1. Subsolidus Relations in the Ternary CaO- 
Fe203-Al203 System (10).

Figure 2. Liquidus Relations in the Ternary CaO- 
Fe203-Al203 System (10).

lying on the join of two imaginary compounds CA3 and 
CF3 between 12 and 28 wt % Al203 in the C-A-F tri
angle. The polythermal projection of the liquidus 
surface of this system is shown in Figure 2 (10). This 
figure shows the relative sizes of the primary phase 
field areas of all compounds including that of the 
ternary T-phase.

The changes to "this system, upon the addition of fluo
silicate, are shown in Figure 3. The solid lines show 
the newly-formed phase boundaries and the dashed lines 
show the "pure" system, plus sequences showing the 
postulated sequence of change of boundaries with in
creasing fluoride content.

When compared with the original C-A-F system, the addi
tion of fluosilicate (fluoride) flux depresses the in
variant temperatures which now become piercing points 
through a plane in the quaternary system. Also, the 
phase boundary positions are shifted substantially.
This causes an expansion of the C12A7ss field, as a re
sult of which two new invariant points are established. 
At the 5 wt % CaS1F6-2H20 level, the C3A phase field 
completely disappears at lower temperatures (solidus 
to subsolidus temperatures).

Similarly, the expansion of the T-phase field area re
duced the area of the CA and CA2 fields ultimately 
eliminating the CA-CF boundary curve present in the 
original system.

C-A-S System Plus Fluoride: A portion of the ternary 
C-A-S diagram is shown in Figure 4 (11). This portion

Figure 3. Phase Diagram of the System Ca0-Al203-Fe203 
Modified by Addition of 5 wt % CaSiF6-2H20.

of the diagram is of interest to the cement chemist 
since most of the portland cement compositions are 
approximated by compositions within the C3S-C2S-C3A 
triangle. The lowest melting temperature (eutectic) 
for any compositional mixtures within the C3S-C2S-C3A 
triangle is 1455°C. This diagram also shows the per
tinent phase field areas of the major compounds of 
interest in cement chemistry, other invariant points 
and Alkemade lines also.

AI2O3-

clo-A! o' si0aSHnumbr1a 1n the Ternary System 
LaU-Al2U3-o1U2 (ll)«



Figure 5. Apparent Phase Equilibria in the System 
Ca0-Al203-Si02 with Additionof 5 wt % CaSiFe (4b).

When fluosilicate is added to thi’s system, the experi
mental data combined with existing data on this sys
tem can be best represented by the liquidus diagram 
shown in Figure 5 (4b). This figure is actually a poly
thermal projection of 5 wt % CaSiF6 section through the 
tetrahedron of the pseudoquaternary system Ca0-Al203- 
SiO2-CaSiF6.* A comparison of Figures 4 and 5 shows 
the notable differences. The primary phase field areas 
of C3S, C3A and C12A7ss are vastly changed. Two new 
pseudo-Alkemade lines are formed, one joining C3S and 
C12A7SS and the other joining C12A7ss and gehlenite.
This gives rise to the formation of two new invariant 
points. Also, the temperatures of the invariant 
points among 3-phase assemblages from the original 
ternary system are lowered when fluosilicate is added 
to the original C-A-S system. C3A was not detected in 
any quenching runs below -b1400°C.

C-A-F-S System with Added Fluoride Flux: Fe203 was 
added in amounts of 5, 10, and 25 wt % to some selected 
compositions in the C-A-S system along with 5 wt % 
CaSiFg. These compositions were chosen at appropriate 
positions within the compatibility triangles presented 
in Figure 5. The data obtained to date are insuffi
cient to construct the full quaternary system (plus 
the.fifth component, fluoride flux); thus, it was at
tempted to observe the effect of adding a constant wt % 
Fe203 to the C-A-S (+ fluoride) system keeping the com
positions studied in a range relevant to those provid
ing information about potential cement phase composi
tions. Also, since portland cements commonly have in 
the vicinity of <5 wt % of Fe203 in their chemical com
positions the 5 wt % level was selected first. How
ever, compositions using higher Fe203 contents were 
studied as well in order to better identify the Fee
containing phases.

The results of the quench runs of the compositions 
studied are listed in Table 1. A careful examination 
of this table will show that some of the observed 
phases were not exactly as would be expected. In most 
cases crystalline "C^AF" was not found, except at 
'vl209°C (was not present at 1307°C), and probably was 
quenched from the liquid phase, to form a glass, even 

♦Actually as discussed earlier, much SiF4 is lost. 

with compositions containing 10 wt % Fe203. However, in 
general, the addition of 5 wt % Fe203 was found to 
lower the temperature of liquid formation significantly 
over those of C-A-S system. Though not the "cement" 
invariant point, the lowest melting temperature in the 
original C-A-F-S system is at 1280°C among C2S, C3A, 
C12A7 and CifAF phases (7). The invariant points in
volving C3S are also lowered and, due to the addition 
of fluoride flux, C3S can be formed at temperatures 
as low as 1200°C, while it was unstable below 1250°C 
in the original C-S diagram.

Some of the equilibria established in the fluoride- 
modified C-A-S and C-A-F systems may be projected, 
into the C-A-F-S system. Equilibrium sets of three 
solid phases in the "ternary" system when projected 
into the "quaternary" system add a fourth phase, 
liquid. Some of the same features were observed ex
perimentally in the C-A-F-S system. C12A7ss is still 
dominant in the C-A-F-S system. Though phase com
patibilities have been determined (12,13), the only 
previous detailed equilibrium phase relationship study 
published on this system is by Uchikawa and Matuzaki 
(8) in an attempt to understand the process of making 
jet cement. They studied the C-A-S system with 1 wt % 
Fe203 at 2 wt % and 5 wt % CaF2 level only. Although 
some of the basic results of their studies agree with 
the present observations, there are some differences 
in the temperatures of comparable invariant points. 
Since the compositions studied were not identical 
(i.e., 1 vs. 5 wt % Fe203) this is not surprising. 
The Invariant temperatures in the present study with 
5 wt % CaSiFg (2.2 wt t CaF2) even in the C-A-S sys
tem are lower than the former workers' values for the 
C-A-S system with 1 wt 1 Fe203 at the 5 wt % CaF2 
level. They also observed (8) that fluorine was not 
lost from the system. The contrast suggests that fluo
silicate is an even better flux than CaF2 itself. Since 
the first emphasis of the present study was to under
stand the phase behaviors, no detailed characterization 
of the extent or compositional ranges of the solid solu
tions formed among the phases has yet been carried out.

DISCUSSION AND CONCLUSION

The studies on both C-A-F and C-A-S systems with the 
fluoride flux show some common features. Apart from 
lowering the liquidus temperatures, the most signifi
cant feature in both systems is the formation of the 
solid solution phase C12_xA7-XCaF2, which greatly in
creases the primary phase field area of C12A7ss. As a 
result of this expansion, the C3A primary phase field 
area is reduced. At the level of fluosilicate addi
tion studied, no C3A was detected below solidus tem
peratures. Also, the increased area of C12A7SS pri
mary field causes the development of new invariant 
points in the lime-rich regions of both the C-A-F and 
C-A-S systems. The temperature of the "eutectic" or 
"peritectic" points are not necessarily the tempera
tures of first liquid formation, but are piercing points 
of the quaternary univariant curve proceeding toward an 
invariant point. At the temperature of the true in
variant point the onset of fluxing action occurs 
through the formation of a very small amount of liquid. 
It is also noted in the C-A-S (+ flux) system (Figure 
5) that the C3S primary phase field area is enlarged 
considerably. This is in agreement with the published 
results for C-C2S-CaF2 system (14). Similarly, the 
existence of new pseudo-Alkemade line joining C3S and 

, Ci2A7ss in Figure 5 means that C3S can be formed from 



compositions for which it was previously impossible in 
the original system. Furthermore, the temperature of 
the quaternary invariant point, 1338°C among CgS, C2S, 
C3A and C4AF+L phases (7), which is most relevant to 
portland cement chemistry is further lowered by the ad
dition of 5 wt % CaSiFg, at a level of 5 wt % Fe2Og. 
Liquid is formed at temperature of %1300°C. However, 
the compatible phases are apparently c2s + c3s + c12a7 
+ C^AF + L. With increasing percent of Fe203, the 
amounts of liquids at these temperatures were further 
increased. Formation of C^AF in the quench runs was 
clearly observed by x-ray diffraction at compositions 
with 20 wt % Fe203. In some quench runs, unidentified 
peaks were observed in the x-ray diffraction patterns. 
They have been listed as unknown in the table. These 
were observed with compositions generally low in Si02 
content and when C3S was expected as an equilibrium 
phase. Continued efforts in progress will attempt to 
characterize such phase or phases in greater detail.

It is noted in conclusion that from the standpoint of 
phase equilibria, compositions apparently favorable for 
cements may lie near mixture #15 (Table.1) at 5 wt 1 
levels of Fe203 and CaSiF6. From such a composition 
liquid formation takes place at a much lower-tempera
ture than without flux, and reaction kinetics are ac
celerated. The latter factors are discussed in the 
partial papers by Christensen and Johansen (5), and by 
Klemm and Jawed (6). •
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Table 1. Results of Quench Experiments

Composition (wt %) Temperature (°C) and the phases present
CaO Si 02 A1203 Fe203

(1)52.25 16.15 26.60 5.00 1376, L+C2S(6+y)+C12A7+C2AS; 1275, L(?) 
+C2S(b+y)+C12A7+C2AS.

(2)50.83 7.60 36.57 5.00 1376, L+C12A7+B-C2S; 1275, L+C^Ay 
+C2S(b+y).

(3)62.05 16.65 16.30 5.00 1376, L+C2S(b+y)+C]2A7+C3S*;  1275, L(?)
+C12A7+C2S(b+y)+C3S. '

(4)55.00 10.00 30.00 5.00 1357, L+C12A7+B-C2S.
(5)57.00 4.00 34.00 5.00 1357, L+C]2A7+Unknown; 1202, C^Ay+CjS 

+CaO.
(6)57.60 8.00 28.50 5.00 1357, L+C]2A7+C3S*+Unknown;  1202, C^Ay

(7)57.95 2.85 34.20 5.00 1357, L+Ca0+C12Ä7+Unknown; 1202, CaO+
C12A7+ C3S.

(8)40.85 15.20 38.95 5.00 1337, L+C2AS+Unknown.
(9)44.17 11.40 - 39.43 5.00 1337, L+C2AS+C12A7.

(10)56.52 11.88 26.60 5.00 1337, L+C]2A7+C2S(b+y)- ■
(11)59.85 9.50 25.65 5.00 1337, L+C3S+Unknown.
(12)40.85 3.80 50.35 5.00 1341, L+C12A7+CA2+C2AS*.
(13)66.50 9.50 19.00 5.00 1341, L+Ca0+C3A+C3S.
(14)39.43 2.85 52.73 5.00 1341, L+C]2A7+C2AS+CA(?).
(15)66.40 16.66 11.95 5.00 1341, L+C3S. »
(16)56.61 22.09 16.30 5.00 1341, L+C2S(y)+C2AS(?).
(17)40.38 44.65 9.97 5.00 1341, L+C2AS.
(18)47.74 10.93 36.34 5.00 1341, L+Ci2A7+C2AS+C2S(?).
(19)42.75 7.13 45.13 5.00 1341, L+C12A7+C2AS+CA2*.
(20)44.65 8.08 42.27 5.00 1340, L+C12A7+C2AS.
(21)59.85 2.85 32.30 5.00 1340, L+Ca0+Ci2A7+Unknown.

1340, L+C]2A7+Unknown (C3S?).(22)61.75 8.55 24.70 5.00
(23)59.85 12.35 22.80 5.00 1340, L+C]2A?+Unknown (C3S?).
(24)62.23 11.88 20.90 5.00 1334, L+C12A7+C3S(?).
(25)60.80 13.30 20.90 5.00 1334, L+C2S(b+y)+C12A7+C3S*.
(26)53.20 12.35 29.45 5.00 1334, L+C2S(y)+C]2A7.
(27)49.40 12.35 33.25 5.00 1334, L+C2AS+C12A7+B-C2S.
(28)57.00 6.65 31.35 5.00 1338, L+C12A7+C3S.

1338, L+C2§(b+y)+C2AS+C12A7.(29)50.35 14.25 30.40 5.00
(30)69.84 11.84 11.75 6.57 1300, L*+Ca0+C 3S+C3A(?); 1200, CaO+C3S 

+C12A7.
1300, L*+C 3S+C]2A7;1200, C3S+C]2A7.
1300, Y'CyS+CiyAy; 1200, y-C^S+Ci^A?.

(31) 62.69
(32) 62.23

13.16
21.85

17.58
9.35

6.57
6.57

(33)63.00 9.00 18.00 10.00 1336, L+CaO+C3S+C3A; 1325, L+CaO+C3S 
+C3A; 1307, L+CaO+C3S+Ci2A7+Unknown;

(34)56.70 11.70
1209, Ca0+C3S+C]2A7+C4AF+Unknown.

21.60 10.00 1336, L+C12A7+Y-C2S; 1325, L+C12A7+C?S 
(B+y)+C35*;  1307, L+C2S(b+y)+C]2A7+C3S;
1209, Cl2A7+C4AF+C3S+C2S(B+y)*+Unknown .

25.20
29.70

10.00
10.00

(35) 53.55
(36) 54.00

11.25
6.30

1307, L+C]2A7+C2S(b+y)+C3S.
1307, L+C12A7+C2S(b+y)+C3S.(37) 54.00

(38) 49.50

15.30

15.30

20.70

25.20

10.00

10.00
1337, L+C12A7+Y-C2S; 1325, L+C12A7+ C2S(b+y).
1336, L+C2AS+Y-C2S; 1325, L+C2AS+C12A7

(39) 41.85
(40) 40.00
(41) 52.40

10.80
33.60

37.35
6.40

10.00
20.00

+Y-C2S*;  1243, L+C2AS+C12A7+Y-C2S.
1324, L+C2AS+C12A7.
1300, L+C12A7+C2AS; 1200, C12A7+C2AS.10.00 17.60 20.00 1200, C12A7+C4AF+y-C2S; 1100, CioAy+CaAF 
+Unknown.

*May be ver y little.
mx numbers are given within parenthesis before each composition.



Mineral formation and Reactive Capacity of Portland 
Cement Raw Mixtures .

Influence de !a composition du cru sur la dinkerisation 
et la reactivite du ciment

P.V. ZOZULJA, Can.T.Sc. Leningrad Technological Institute, Leningrad, U.S.S.R.
E.A.  RODIONOV, Engineer Department of Chemical Technology of Binding Materials.

RESUME : Les particularltes du processus de culsson ont ete observees, en contlnu, par examen 
diffractometrlque des differentes phases qul se forment et dlsparalssent, au cours d'un traite- 
ment thermique blen programme. Cette methode permet de deceler les differences, dans la clln- 
kerlsatlon, dues ä la composition mlneraloglque du cru. On a pu alnsl classer les crus, en 
fonctlon de leur comportement au cours de la culsson. On peut aussl en deduire 1'efficaclte de 
I'actlon des composants mineralisate’urs et etabllr des regies sires, quant a I'effet de varia
tion- de la composition du cru, sur s-a reactivite.

SUMMARY! The peculiarities of diffractometric study of sintering processes technique are con
sidered. The technique is based on the principle of continuous registering the changes of the 
analytical line of the phase which appears or disappears in heat treatment of the raw mlxtwr 
re sample according to the predetermined temperature condition. The suggested technique per
mits to discover the differences in the process of sintering raw mixture charges which are 
due to the mineralogy of the raw material, enables to classify the raw mixtures according- t<*  
their behaviour in heating, allows to reveal and to estimate the effect of mineralizing com
ponents and is a safe foundation for the comparative estimation of the charge reactivity when 
its chemical and component composition ‘is changed.



ths ehenge of the nature of raw mixture uom- 
pciente Influences considerably the progress 
of aineral forming processes both at the 
stage of hard-phase reactions [1.2] and at 
the final, liquid-phase stage of clinker 
formation.
to characterize differenses in the behaviour 
of raw mixtures during burning, several 
terms almost equal in their meaning are used 
in the chemistry and technology of clinker: 
alnterability, burnability, reactive capaci
ty, Lately, a number of Investigations has 
been carried out the authors of which try tu 
depart from purely descriptive terminology 
and to work out the methods of obtaining ' 

" crlterlal estimations of raw mixture thermal 
properties on the physico-chemical basis, 
the methods suggested for solving this task 
may be conditionally divided Into three 
groups:

Methods of estimating reactive capacity on 
the basis of the properties of the original 
condition of raw mixtures and their separate 
components (reactivity [3], dlsperclty [4] 
etc.) may be included into the first-group.

Methods based on the characteristics of the 
sintering process estimating the peculiariti
es of raw mixture thermal behaviour (accord
ing to the degree and the rate of free CaO 
assimilation by the thermogravlmetrlc method
[5],  by the intensity of shrinkage deforma
tions [6], by determining the heat of solu
tion [7] and the changes of the heat content 
of the material in the course of burning, 
etc. are included into the second group.

Methods based on the calculated determinati
on of the criteria regarding the role of the 
most important clinker formation parameters 
(viscosity, the melt amount, the ratio of 
minerals - silicates, dlsperclty, the role 
of admixture components, etc.) are Included 
into the third group.

A great number of the methods suggested does 
not allow to reproduce and to compare the 
data obtained m different laboratories for 

■ estimating the reactive capacity. The direct 
measurement of the material heat content in 
the process of burning by means of high tem
perature differential microcalorimetry 
should be considered one of the prospective 
methods.

Nevertheless, the principal and most widely 
used method applied In most countries at pre
sent is the method of determining sinterabi
lity according to dinamlcs of changing the 
amount of free CaO. The combination of cal
culated and experimental approaches gives 
positive results [8], however the expenditu
res to the preliminary experimental study in 
this case are too great and the method It
self does not exclude the possibility of 
mistakes as a result of the influence of un
known factors (for Instance, the mineralogy 

'of the raw material).

The task of stabilizing raw mixture composi

tions by employing new kinds of raw materi
als in the sphere of production and the usa
ge of commercial wastes, the reduction of 
heat expenses, intensification and stabili
sation of the burning schedule, working out 
of the systems of automation control and the 
control of automatized technological proces
ses require further uevelopment of the me
thods of rapid and reliable estimation of 
raw mixture behaviour In the process of 
burning and the estimation of the changes In 
their reactive capacity. -

For the purpose of obtaining continuous in
formation about the progress of mineral for
mation in the course of burning raw cement 
mix and for the reduction of time—consuming 
character of experiments determining the 
changes in the reactive capacity of raw mix
tures the apparatus was elaborated at the 
department of chemical technology of binding 
materials, at the Leningrad Lensovlet Tech
nological Institute. Also, tue possibilities 
were studied to apply the method of Kinetic 
X-Bay-Phase Analysis (KHA) for the purpose 
mentioned, rhe method Is based on the prinr- 
ciple of continuous recording analytical X- 
ray diffraction intensity of the phase, ap
pearing or disappearing in heating the In
vestigated sample according to the predeter
mined Schedule.

The realization of this method has become 
possible with the appearance of difractome- 
ters [9], lately this method has acquired 
wide application m studying the changes in 
the phase state as a result of various chemi
cal and thermal processes taking place.

Let us consider the possibilities and the 
pequillarltles of applying the KBA method 
for studying the progress of mineral forma
tion and the estimation of reactive capaci
ty of cement raw materials. One may obtain 
valuable information or sintering process by 
continuous recording the dependance 1 
- f(t), where 1 Q is the dlffractionPeOfree 
line Intensity ofuthe phase uaO/din - 2.405 
In pulses per sec. ana t - varying sample 
temperature. Since the diffraction line in
tensity is influenced by many factors the 
effect of which is difficult to control (the 
variation of the size, shape and the number 
of particles taking place in the diffraction, 
the Influence of admixtures upon the recrys
tallization rate, variations in the kinetics 
of the processes taking place in the surface 
or Inside the sample, etc.) the curves in 
the first approximation give Information of 
the purely qualitative character. If it is
necessary, however, they may be supplemented 
with chemical determination of CaO«ree in 
various points of the curve that gives oppor
tunity to compare quantitatively the data 
for different kinds of raw mixtures. The ap
plication of the difractometric method for 
the description of the curve CaO — f(t) ' 
allows to Increase the informative character 
of these curves, gives the Identical results, 
enables to consider the influence of the gas 
atmosphere (by changing the medium compositi
on in heating the sample), decreases labour-



eonauMing character and reduces the tine ot 
the ezperlaent and It ale» forms the basis 
for automatic calculation and for the treat
ment of the results*  11

The Installation for the KHA includes dlfraor 
tometer UBS-50 IM with modified system of 
recording on the basis of scintillation de
tector, high temperature kiln which may 
reach temperatures up to 1500°C and has 
heaters made of platino-rhodium alloy con
taining 50 per cent of rhodium, a program 
unit with an electronic temperature control
ler, limiters of goniometer angular rotation, 
XX type two-coordinate recording potentiome
ter and temperature control potentiometer 
with temperature transducer. Block diagram 
of the apparatus is shown in Fig.l,

klg.l. Block Diagram of the -installation for 
Kinetic X-ray Phase Analysis.
1 - Revercing switch, 2 - goniometr, 3 — 
blocks of signal amplification and conversi
on, 4 - recording potentiometer, 5 ■ tempe
rature register, 6 - photoelectrle relay , 
7 - control potentiometer, 8 - constant vol
tage regulator, 9 - voltage regulator, 10 - 
yiatino-Rhodlum heater, 11 - couples, 12 - 
Actuating Mechanism, 13 - electronic cont
roller, 14 - Program control point adjust
ment.

To obtain the KBA curves the powdery sample 
is pressed in the platino-rhodium cuvette 
having the size 8x15 mm, which is placed in 
the corundum holder of the high temperature 
kiln. In the course of heating according to 
the predetermined temperature schedule (usu
ally rate of heating was 10 deg. per min.) 
recording is made of the shape of the analy
tical line of the chosen phase. It la made 
In the fixed range of angular reciprocal ro
tation of the counter (in this ease diffrac
tion intensity of C»0Ir-e (d/n - 2.405 is 
registered). The rate ox goniometer angular 
rotation amounts to 1-2 deg. per mln. Time 
constant of the counting system is 5 see. 
Integral curve of 1P_-- “ f(t) la obtained
by outlining the pealSZree of diffraction 
lines.

Over fifty samples of commercial raw mixtu
res from cement factories of the Soviet Uni
on and raw mixture samples made in laborato
ry were investigated. Some typical examples 

of the curves are given in Fig,2. The cho
king of the shape of kBA curves according to 
the method of titration of the samples heat
ed according to the same schedule and sharp
ly cooled In fixed points showed good agree
ment of the results. '

It should be noted that in literature [6] 
the authors met rather detailed curves drawn 
according to the method of chemical titrati
on of CaO. ' which remind in their charac
ter the lree ones obtained by the KHA me
thod. The data obtained by the authors allow 
to explain the shape of the curves from the 
point of view of raw material mineralogy in
fluence and of a special course of mineral 
forming processes depending upon the reacti
on capacity of raw mixtures that is the ba
sis of their composition optimization. The 
KBA curves give a rather visual evidence of 
the raw mixture reaction capacity and allow 
to classify them depending upon the charac
ter of mineral formation with considerably 
less time to obtain the necessary informati
on than in the traditional method of obtain
ing the sinterability information by measur
ing the <?a0free content according to the me
thod of successively burned samples.

Fig,2. The Curves of kinetic X-Bay Phase 
Analysis (KBA) for Various CaO. ' Types of 
Saw Mixtures According to their1"ee Binding 
Kinetics. The explanation of the figures 1,
2,3,4,5 are given in the text.

Thus, for Instance, curve 1 shown in Fig.2 
is characteristic for the cases when there 
Is an effective mineralizer In the raw mix
ture. The mineralizing effect manifests It
self in the change of temperature when the 
peak of CaOIree first appears, in the Increa
se of the curve Incidence and In the appea
rance of sharp peak, showing that, on the 
one hand, the speed of evolving CaOf pha
se leaves behind its assimilation proSSss 
and recrystallization and, on the other hand, 
the shape of the curve Indicates to the ra
pid recrystallization and binding caO with 
the rlze of temperature, curve 2 Indicates 
to the high rate of dieeoclation of the car
bonate conponent of the raw mix (In this ea
se it Is chalk) and, at the same time, to 
the retarded course of the mineralizing pro
cesses (and recrystallization) that shows



the low reaction capecity of the raw mixture*  

Curves 3 and 4 are typical for the raw mixtu
res with low reaction capacity of the carbo
nate component (marble, hard limestone)* -
such type of the curves is characterised by 
shifting the intensity maximum of CaO. 
peak to the area of higher temperatures (up 
to 900°C) and by the hampered binding of CaO 
into clinker minerals*

Curve 5 shows the made of binding caO tor 
the case when raw mixture contains consider
able quantities of admixture oxides, such as
8-0,  SO,, MgO. comparatively gently sloping 
pSrt oPthe curve in the zone of higher tem
peratures indicates to the mineralizing ef
fect of admixture components at the stage of 
hard—phase reactions and to the retardation 
of clinker-formation in the region of higher 
temperatures.

Considerable advantage of the KRA method is 
its continuity that allows to reveal some 
pequliarities of mineral formation which 
could be hardly found out, were the method 
of separate sample titration used. There is 
a depression in the curves of CaO assimila
tion when tne intermediate compound, spurri
te is formed in the range of temperatures in 
which hard-phase reactions take place. The 
depression appears as a result of binding 
carbonate component into a complex silico- 
carbonate phase spurrite, stable in air up 
to 940 - 950°C. The dissociation of this 
compound results in rapid evolution of new 
portions of CaOlre_ at high temperatures. In 
general, the formation of spurrite phase in 
raw mixtures seems to produce negative ef
fect on the conditions of preparing raw mix
tures for burning since the dissociation of 
spurrite takes place with great absorption 
of heat (50 k.kal/mole) and shifts the zone 
of material preparation to the range of high
er töBperatures promoting quick recrystalli
zation and passivation of CaO- . As to the 
commercial raw mixture samples, Che formati
on of spurrite was characteristic for the 
eases when the loam component was represent
ed by illite loams. Further experiments made 
with artificial mixtures of various carbona
te rocks and silica components differing in 
their activity and dispersity (quarts, sili
cic acid, silica gel) in combination with 
other methods of analysis (petrography, DTA, 
dilatometry, high teoperature X-Bay phase 
analysis) allowed to make a conclusion that 
combination of two factors promotes the for
mation of spurrite: low reaction capacity of 
carbonate component and high activity of si
lica one. Flg.3 shows the action of minera
lizer NsgSiFg when F content varies from o 
to 1 per cent. The curves are reduced to 
the same scale by chemical determination of

St?? 
the effective concentration of mineralizer 
w—-------------------------------------

The results and the treatment of the experi
mental data for this part of the work were 
done by Dolbilova I.B,

Flg.3. The Bffect of Concentration or Mine
ralizer upon the change of CaO^ree Binding 
Character.
1 - 0%, 2 - 0,25*,  3 - 0,5*,  4 - 1^ NajSiFg.

in the raw mixture. The changes In the KHA 
curves with the increase of mineralizing ad
dition content are characteristic and typi
cal ones and allow to make a qualitative es
timation and classification of the raw mix
ture components in the first approximation, 
these components being used in practice as 
the intensifiers of the burning process (for 
example, various complex commercial wastes, 
rocks, etc.). Varying heating conditions one 
can obtain KHA curves in the same scale ir
respective of the heating rate (recording in 
coordinates “f(t) that gives opportu
nity to obtain®0^1’8® easily comparable da
ta on the influence of thermal treatment con*  
ditions upon the course of mineral formati
on. Such a technique may be used for obtai
ning the optimum burning schedule.

Thus, the curves of the kinetic X-Ray phase 
analysis (KHA) are the basis for the classi
fication of raw mixtures uependlng upon the 
mineralogy and with regard to their reacti
ve capacity, they make possible to obtain 
important information on the progress of mi
neral lormation, allow to determine the ef
fective action of mineralizing additions and 
to take into consideration the influence of 
variations in raw mixture chemical composi
tion upon sinterability.

BIBL10GHAPHIE .

1. LT.U.Butt, V.V.Timashev (1967), Porland 
Crment Clinker, Moscow (rus.) pp.97-109.

2. S.D34akhashev (1976). "The Influence of 
Pisico-cemlcal Raw Material Properties 
upon the Reactive capacity of-Raw Mixtu
res and upon the Processes of clincer Mi
neral Formation". Proe. of the Sixth In
tern. congr. onthe chem. of cement, Mos
cow (rus.) vol.l, pp.156-161.

3. R.Jlrku (1947). •Determination of cement 
Raw Material Reactive Capacity", Stavivo 
Check.) p.451.



4. Zalama l.Z. (1973. "Free Silica in Baw 
Mixture Portland cement Materiale1«  Ce  
mento-Hormigon (sp), vol.VXLIV, n^649, 
PP.295-302; 307-313.

* **

5. P.Longe (1968). "Application of Thermo- 
gravimetric Method of Analysis in the 
Chemistry of Cement" (supplementary de
port). Proc, of the Fifth Intern.Congr. 
on the Chem. of Cement, Tokyo,Moscow 
(rus.), volil, pp.81—82.

6. g.Sulikovskii (1968). "The Ability of 
Baw Mixtures to Burning" (Supplementary 
neport). Proc, of the Fifth Intern.Congr. 
on the chem. of cement, Tokyo, Moscow, 
1973, (rus.), vol.l, pp.47-49.

7. M.V.Kougia, x.A.Gnedina (1977) "On the 
Methods of Cement Baw’Mlxtures Estimati
on". Inst.Nil Cement Moscow, vol.42, pp,
3-15.

8. H.Koch, G.Bey, F.Bekker (1968). "Statis
tical Model for the Determination of the 
Suitability of Haw Mixtures for Producing 
the Clineer." Proc, of the Sixth Intern. 
Congr. on the chem. of cement, Tokyo, 
Moscow 1973 (rus.), vol.l, pp.154-156.

9. A.Gulnier (1961). crystal radiography. 
Moscow (rus.), pp.190.



Microscopical estimation of burning condition 
and quality of clinker

Estimation microscopique de ia resistance du ciment

Y. ONO, Dr. Engineering, Senior Research Chemist, Central Research Laboratory of Onoda Cement, Japon.

RESUME : Le clinker pulverise ou le ciment est immerge dans 1'huile et observe au microscope. Les dimen
sions et la birefringence des cristaux d'alite, les dimensions et la couleur des cristaux de belite sont 
fonction des conditions de cuisson, du mode de chauffage, de la temperature maximale, de la duree du temps 
de chauffage et du mode de refroidissement. La resistance a la compression du ciment a I'age de 28 jours 
pent etre estimee d’apres ces caracteristiques cristallines. La contribution de la temperature maximale 
et celle du mode de refroidissement sont les plus importantes.

L’erreur de I'estimation microscopique, ecart quadratique moyen, est 17 kg/cm^ par JIS. En comparaison de 
Verrexir de la mesure actuelle de la resistance (10 kg/cm^ environ ou plus) et de l’erreur de I'estimation 
da module hydraulique, de la chamt libre, de la surface specifique Blaine et de la resistance ä I'age de 
7 jours (27 kg/cm^), la precision de I'estimation microscopique est raisonnable.

SUMMARY : The pulverized clinker or cement is immersed in an oil and observed by polarizing microscope. 
Crystal size of alite and birefringence of alite, crystal size of belite and color of belite, change cor
responding si th the change of burning condition, heating rate, maximum temperature, burning time and 
cooling rate, respectively. From the above terms, the compressive strength at 28-day can be estimated. 
The contribution of maximum temperature and cooling rate is the most important. •

The estimation error, root of mean square variance, is 17 kg/cm2, JIS. Comparing with the error of actual 
strength test, about 10 kg/cm2 or more, and the estimation error from HM, free lime, Blaine and 7-day 
strength, 27 kg/cin , the microscopical estimation error is reasonable.



INTRODUCTION

Microscopical observation is the most handy method to 
check the quality of cement. Cement or clinker powder 
is immersed in an oil, and observed by a polarlizing 
microscope. The observation time is 5 or 10 m-tmites, 
The popular checking terms are fineness of cement, 
freshness of cement, free lime content, admixtures and 
so on. Moreover, the microscopical characters of 
clinker minerals show the burning condition of clinker 
and the hydraulic activity.

The microscopical method has been successfully used on 
the quality control in Onoda Cement plants*  for more 
than 15 years. Recently, the method has been used in 
many plants in Japan, the USA and Canada.

BURNING CONDITION AND QUALITI OF CLINKER

The burning conditions are simplified as Fig. 1, and 
shown with the four terms: burning rate, mti-x-imum 
temperature, burning time and cooling rate.

Fig. 1. Schematic temperature-time relation of clinker 
burning.

The relations between the burning conditions and the 
microscopical characters of clinker minerals are rather 
simple, and we have many experimental and theoretical 
knowledges•

The relations between the hydraulic activity and the 
microscopical characters are complicated. There are 
many factors, which are closely related with activity, 
but can not be detected by microscope. However, the 
principal parts of the factors can be derived from the 
burning conditions, which can be detected by microscope. 
And so, the 28 days strength can be predicted by micro
scopical observation.

The early strength, at 1, 3 and 7 days, is strongly 
influenced by the particle size distribution of-cement, 
the contents of alkali and sulfates, C A solid solution 
and probably many other unknown factors. Therefore, 
the early strength can not be predicted by microscopi
cal observation.

The strength of cement principally depends on the activi
ty of clinker minerals and the contents, and the fine
ness of cement. Usually the chemical composition, the 
content of free lime and fineness of cement are con
trolled in a narrow region. The detection of the ac
tivity of the clinker minerals in the cement is the 
most important factor for the estimation of the cement 
strength.

The activity of alite and belite changes according to 
the change of the temperature modifications, the con
tent of impurities and the crystallinity. The kind 
of the ten-perature modifications can be detected from 
the optics and the inversion textures. The contents 
of impurities and the crystallinity can be deduced from 
the estimated burning conditions.

In principle, a high temperature form is unstable at 
room temperature, and is more active than the low tem
perature forms. The high temperature form stabillized 
completely in a solid solution is inactive.

In order to obtain the high temperature forms of alite 
and belite at rocm temperature, alite and belite must 
contain a large amount of impurities at burning temper
atures. The solubilities are large at high tempeia- 
tures, and small at low temperatures. The time at 
low temperatures, pre—ignition zone, must be possibly 
short. Possibly large amount of alite ar.d belite must 
czystallize or recrystallize at high temperatures. 
The rate of diffusion of impurities in alite and belite 
is small.

Table 1. The relation between the burning condition, hydraulic activity 
and microscopical characters of alite and belite.

Hydraulic activity: Exceller.t(+) Good(w) Average(v) Poor(-)

Burning rate Quick ....
Size of alite (jLf) 15-20 20-30 (25)30-40 40-60(120)

Maximum temnerature High ....
Birefringence of alite 0.010-0.008 0.007-0.006 0.006-0.005 O.OO5-O.OO2

Burning time I iOrig ■ Short 
5-10Size of belite (20)25-40(60) (15)20-25 (10)15-20

Coolinc r^te Quick ____ Slow 
Amber(A)Color of belite Clear(C) faint Tellov(fT) lellov(Y)



High ciystallinity of alite and belite at high tempera
tures and quick cooling are also favorable» In order 
to attain the high crystallinity, clinker must be burnt 
at high temperatures for an adequate time« The dis
order due to thermal vibration and rotation seems to be 
the center of inversion« Quick cooling from the lover 
limits of the stable temperature region of the hi^i 
temperature fora is favorable« However, it is not so 
easy to attain the ideal cooling curve in actual kiln 
operation, slow cooling from maximum temperature to the 
lover limit temperature and quick cooling«

The favorable burning conditions are ’'quick burning”, 
”high maximum temperature”, ’’long burning time” and 
’’quick cooling”.

BURSINQ CCMDITION AND MICROSCOPICAL CHARACTER

Siae of Alite

The size of alite principally depends on the burning 
rate and the crystallization rate.

If clinker is burnt quickly by short flame, a small part 
of alite crystallizes at low temperatures, and large 
part of alite crystallizes at high temperatures.
The first crystallization at low temperature occurs by 
direct contact of CaO and The crystallization
rate is quick, and the crystal size is small.
The crystallization rate at high temperatures is also 
quick, and the crystal size is small.

If clinker is burnt slowly by long flame, large part of 
alite crystallizes at low temperatures. In this case, 
CaO and recrystallizes into large crystal, and the 
crystallization rate of alite becomes slow, except at
the first crystallized ion stage, and the ciystal size 
of alite is large.

The crystal growth of alite by recrystallization with 
camaibalisia is slow and negligible.

The size of alite in poor*  burnt clinker is small.
This fact does not show that the size of alite depends 
on the burning temperature and burning time. In this 
case, low temperature raw material is near the di sehayge 
end of kiln, and temperature jumps, for example, from 
1100) C up to> 1450 and. the crystal lizatipn rate is 
quick. In the el imker of 1000 ton per day kiln, less 
than 15 micron alite shows danger of poor buirmii ng. 
In the clinker of 4000 ton per day kiln, less than 20 
micron is dAnger-

Birefrinrence of Alite

The birefringence of alite principally on the
burning temperatures and the kind of temperature modif j— 
cations. The highest temperature form, R-form, has the 
highest birefringence, 0.007 to 0.010. The disordered 
M-I fora, having remains of R-form, or M-III form after 
I. Maki/has the next high birefringence, 0.005-0.007.
Ordered M-I form has moderate birefringence, 0.004-0.005. 
Low temperature fora, T-II, has low birefringence, less 
than 0.004.

D. H. Campbell shows a list of birefringences of alite 
reported by many workers. He pointed out that alite 
birefringences determined by powder mount and thin sec
tion are different. In addition, birefringennAR given 

for alite by several other workers show vide differences, 

S. Chromy^ltudied the birefringence of alite by high 
temperature microscope. He found that R-form has a 
low birefringence at high temperature, and high biref
ringence at low temperatures, in the stable temperature 
region of R-form. The birefringence of M-form is the 
same as R-form at low temperature, and the birefringence 
of T-form is very low.

The low birefringence of R-form at high temperatures 
may be due to the thermal vibration and rotation, and 
R-form with low birefringence can not be quenched to 1 
room temperature.

Alite crystallized at low temperature, near the lower 
limit of the stable region, which is 1250 C for pure
C^S, contains a small amount of impurities, and inverts 
into low temperature forms through the cooling process.
Alite crystallized at high temperatures contains a large 
amount of impurities, and R-form or disordered M-form 
with high birefringence is cooled to room temperature.
Practically, birefringence of alite changes continuously
according to the burning temperatures.

The birefringence of alite crystals occurring in a 
clinker nodule is not the same each other. Small alite 
crystal occurring near the cluster of free lime has low 
birefringence. Large or middle size alite crystal near 
the cluster of belite has high birefringence. Isolated 
alite, which may be blown and burnt in the high tempera
ture flame, has very high birefringence.

I. Maki^^ound that alite in the clinker containing MgO 
higher than 1.^5 is M-III form with high birefringence, 
and alite in the clinker less than 1.5% MgO is M-I form 
with low birefringence. In Japanese cements, the MgO 
content is usually controlled from 1.5 to 1.8 %.
If MgO content is less than 1.5%, serpentine or olivine 
is added to the raw mixture. Therefore, alite in 
Japanese cement seems usually M-III form. The author 
has not sufficient data on the clinkers, which contain 
MgO higher than 1.8% and lower than 1.5%. However, 
alite in high MgO clinker has high birefringence, about 
0.001 higher than normal clinker shown in Tabl? 1, and 
alite in low MgO clinker has low birefringence, about 
0.001 lower than Table 1.

Alite is weak against mechanical grinding and chemical 
attack of moisture, and the birefringence strikingly 
decreases.

Size of Belite

At low temperatures, 1100—1200°C, belite crystallizes 
in a minute crystal of alpha prime form, and the crystal 
growth by cannibalism is slow. At about 1400 C, alpha 
prime form changes into alpha form. Crystal growth of 
alpha form is quick. Therefore, the crystal size of 
belite corresponds with the time maintained above 1400 C,

The crystal growth of belite differs according to the 
temperatures and circumstances. Feldspar melt reacts 
with CaO, and coarse alpha belite crystallizes from the 
melt. This belite is rich in alkali and colorless. 
Minute belite occurs from iron rich slags. The crystal 
growth is slow.
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Color of Bellte

1.

ESTIMATION OF 28 DATS STRENGTH

I and 4 in Table 3,

and 28 days strength.

1)
2)
3)

7d 
206 
256 
165

24

28d 
386 
455 
298

40

4)
5)
6)
7)
8)
9)

BL 
3244 
3610 
3010 

131

BS 
3.12 
4 
2 
0.74

Mean 
Max. 
Min. 
S.D.

BC 
2.50 
4 
0.5 
1.38

AS 
2.19 
3.5 
1.5 
0.52

of equation 
dgys strength from HM, free lime 
~ " ' '  , 3

The standard deviations,

FL 
0.71 
2.0 
0.2 
0.30

Recently, K. Ogawa and S. Hanehara, staff of the 
author, statistically analized the data of Japanese 
cement reported in 1965, and calculated linier multi 
regression equation, oetween 7 and 28 days actual 
mortar strength and several available, using IBM 37Q- 
135 computer. From the equation, they made a new 
table on the relation between the 28 days strength and 
burning conditions. The difference between the table 
prepared m 1975 and the new table is less than 20 
kg/cm , except very weak cement.

AB 
2.39 
4 
1.5 
0.60

At the highest temperature of clinker burning, belite is 
alpha form, except very poor burnt clinker. The solu- 

Of.Ab°3’ Fe2°3 8114 Na2° in alpha form is ab°ut 
2%, 2% and 3%, respectively. The change of solubility 
in the temperature range of clinker burning is small, 
he solubilities of the above elements in alpha prime 

form are nearly zero, less than 0.5^.

Ati^1!1hogheSt ^emPerature, alpha belite is satulated 
?°3 804 contains an equilibrium amount

f alkalis. Through the cooling process, alpha form 
changes into alpha prime form, and next into disordered 
beta form. The impurities in solid solution are satu
lated in alpha prime form and exsolved in colloidal 
dispersion state in belite. The color of belite changes 
from colorless to faint yellow, yellow and amber, accor- 
aing to the slow down of cooling rate.

If clinker is cooled quickly, about 40% alpha phase 
remains between the fine lamellas of disordered beta 

orm and exsolution of impurities does not occur, 
ine belite is colorless.

?l^°rn^eri^Sj;OWly 00016,1 in the temperature range of 
o 1300 C, alpha to alpha prime inversion takes 

place on the surface of belite through the melt of 
interstitial materials. The lamellas of alpha prime 
elongate into the interstitial melt, and the surface of 
belite becomes rough. The depressed cavities are filled 
with iron bearing phases, an the grain-of belite cluster 
in cement shows deep amber color. The color is not the 
color or belite itself.

The author and his staff9)studied hydraulic activity of 
clinker minerals and strength of cement for more than 
20 years. In 1965, the author and Y. Soda reported 

e survey of cement in Japanese market, and showed the 
change of activity of alite and belite is more important 
than the change of chemical composition, free lime and 
Inni975S K TenlMnt V estin’ation of 28 days strength.
n 1975, K. T. Mau, Vice President of Cyprus Hawaiian 

Cement Corporation, promoted a private seminar in Hawaii, 
Microscope Analysis Work Seminar. After the seminar, 
the author prepared a table on the relation between 28 
day strength and burning condition, for the request of 
a. 1, Mau and. the participant..«,

Table 2. Data of Japanese cement, reported in 1965 

Cement Samples:

Table 3. Multi regresive equations for estimation of 7 days 
standard deviation and regresive coefficient

7d = 83 + 52(HM) - 21(FL) + 0.009(BL)
7d = 167 + 1.2(AS) + 18.8(AB) - 10.3(BS) + 9.5(BC)
7d = 96 + 61(HM) - 18(FL) - 0.012(BL) + 2.9(AS) + 19.9(AB) - 13.1(BS) + 8.4(BC)

28d = 228 + 51(HM) - 54(FL) + 0.028(3.)
28d = 133 - 8(HM) - 29(FL) + 0.017(BL) + l.l(7d)
28d = 253 + 6.4(AS).+ 21.9(AB) + 4.0(BS) + 21.5(BC)
S: * 2O■7“C,

2M.11» 8S(M) . l;(FL) - 0.000(a) » 0.4(Ti) . u.8|1y . 5.5(B| , „ 6(BC)

The standard deviation 
estimation of 7 and 28  w .
and BJain, is 23.6 kg/cm^for 7 days strength, and 37.8 
kg/cm for 28 days strength. The standard deviations, 
estimation errors, are practically equal to the standard 
deviations of cement strength, strength distribution, 
Shown ,n T.MO o 24^kg/cm2 for 7 days and 40 kg/cm2 

“ "* " * - - -------- ..J meaning of

46 ordinary cements in Japanese market, 1962 and 1963.

Notation of Terms. Used for Calculation:

Hydraulic Modulus: HM, free lime %: FL, 
Blain's specific surface cm2/gr: BL, ’ 
Size of alite: AS, Birefringence of alite: AB 
Size of belite: BS, Color of belite: BC, 
7 and 28 days strength kg/cm2 in JIS: 7d’and 28d,

The grade of AS, AB, BS and BC are written in points, 
after the notation of J. Prout^as follows 
Excellent: 4, Good: 3, Average: 2, Poor:

Tenns of Cement Samples: Mean. Maximum. Minimum 
and Standard Deviation:

HM
2.08
2.21
2.00
0.04

shown in Table 2, ;
for 28 days. Equation 1 and 4 have no 
estimation.

R.C. S.D.

0.29 23.6
0.74 16.7
0.77 16.5

0.42 37.8
0.77 26.8
0.91 17.1
0.93 16.1
0.93 15.4
0.94 15.1



The regresive coefficients of equation 2 and 3, esti
mation of 7 days strength from microscopical data and 
adding HM, free lime and Blain, are 0.74 and 0.77. 
The regresive coefficients show that the correlation 
between 7 days strength and microscopical data is strong. 
However, the accuracy of estimation is unsatisfactory.

When 7 days strength is known, 28 days strength can be 
estimated from HM, free lime, Blain and 7 days strength, 
using equation 5. However, the estimation accuracy, 
26.8 kg/cm^, is less than microscopical estimation, 
17.1 kg/cm , of equation 6. The accuracy of micro
scopical estimation can be improved adding ^M, free lime, 
Blain and 7 days strength, up to 15.1 kg/cm ^of equation 
9. ^ovever the improvement from 17.1 kg/cm to 15.1 
kg/cm is not so large.

K. T. Mau^wrote me that the Study of the Uniformity of 
Cement Strength conducted by the joint PCA/NBMCA Techni
cal Liaison Comnittee was held from 1976 to 1977, and 
120 grab samples were tested. The standard deviation 
of the microscopical estimation of 28 daxs strength was 
220 Ib/in in ASTM, which was 16.3 kg/cm in JIS. Fig. 2. Microscopical estimation of 28 days strength, 

calculated from equation 6. SD = 17.1 kg/cm .

Note:

Table 4. Effect of burning condition on 28 days strength, kg/cm^ in JIS. 
+i excellent, w: good, v: average, -: poor, refer to Table 1.

Max.
Bum

Temp.

Time +
+ 

w v - +

w

W V - + w V - + w V -

Rate of
Burn Cool

+ + 470 465 460 455 445 440 440 435 425 420 415 410 405 400 395 390
w 445 445*  440*  435 425 420* 415* 415 405 4QQ 395* 390 380 375 375 370
v 425 420 415 415 405 400 395 390 380 375 375* 370 360 355 350 350
- 405 400 395 390 380 380 375 370 360 355 350 350 340 335 330 325

w + 460 460 455 450 440 421 430 430 420 415. 410 405 395 390 390 385
w 440 435*  430* 430 420 415* 410* 405 395 395 390* 385 225 370 365 365
v 420 415 410 405 395 395 390 385 375 370 365* 365 355 350 345 340
- 395 395 390 385 375 370 365 365 355 350 345 340 330 330 325 320

v + 45S 450 445 445 425. 430 425 420 410 41Ü 405 400 390 385 380 380
w 435* 430*  425 420 410* 410* 405* 400 390 385* 25Q.* 380 2ia 365 360 355

V 410 410*  405 400 390* 2ä2* 385* 380 370 365* 360* 355 245 241 340 335
— 390 385 385 380 370 215. 360 355 345 245 340 335 325 320 315. 315

— 450* 445 440 435 425 425 420 415 405 400 395 395 385 380 375 370
w 430* 425*  420 415 405* 400 400 395 385 380 375 370 360 360 355 350

▼ 405 400 400 395 385* 380 375 370 360 360 355 350 340 335 330 330
— 385 380 375 375 365 360 355 350 340 225. 335 330 320 315 310 305

Underline: Japanese cement in 1962-1963, 500-700 t/d kilns.
Asterisk(*):  Japanese cements in 1975-1979, 3000-8000 t/d kilns.

Recent 10 years, rotary kilns in Japan have been changed 
from old type of 500-700 t/d to modern SP kiln with pre
calcination burner of 3000-8000 t/d. Environental pol
lution with SOx and NOx are prohibited by law Biel 
oil is going to be changed to coal and others. Nowadays, 
the burning conditions are floating, looking for the 
best conditions. The flame changed from short to long, 
and the hirning zone was deeper, 20-40 m from the dis
charge end.

The burning conditions are shown as follows in order, 
/ burning rate, maximum temperature, burning time, 
cooling rate /, after the notation of Table 1. 
For example, the burning condition,/ burning rate is 
average(v), maximum temperature is good(w), burning 
time is excellent(+), cooling rate is good(w)/, is 
shown .as ( v, w, +, w ). The 28 days strength is 410 
kg/cm , after Table 4.



DISCUSSION

The microscopical analysis of clinker, shown in this 
paper, was prepared for the purpose of kiln site daily 
test. The terms of microscopical observation and the 
relation between the schematic burning conditions and 
the 28 days strength are possibly simplified. This 
method has been used in the plants of Onoda Cement as 
the most reliable guidance for the control of kiln 
operation. However, this microscopical method is 
never complete.

J.Prout of St, Mary's Cement Company, Ontario ^pointed 
out that veiy small alite is indicative of under burn, 
and optimum belite size range will depend on flame 
conditions. His comments are absolutely correct. 
Although, Table 1 shows that quick burning and small 
alite is better than slow burning and large alite, and 
long burning time and large belite is better than short 
burning time and small belite. Excessive quick burning 
and excessive long time burning result in failure. 
For example, the clinkers asterisked, shown in Table 4 
as excellent burning rate, (+f+,w,w)=445, (+>+»v,w) 
=440, (+,w,w,w)=420, (+,w,v,w)=415; contain free 
lime 1.0-2,0 %, and the actual mortar strengths are 
lower than the tables. The clinkers were burnt by RSP 
kilns of 5200 t/d. The limit of alite size must be 
determined comparing with actual test. After the 
settlement of SP kiln operation. Table 1 and 4 will be 
rewritten.

7)E.Fundal of F.L.Smidth, Kopenhagen, precisely measured 
the size of alite and the birefringence of alite. The 
terms of microscopical observation have wide distri
butions,and the precise measurements are troublesome. 
Although, precise measurements are important on basic 
studies. The merit of microscopy is overall sensitive 
observation and not in precise measurement.

8) B.Osbaek of Kopenhagen shows that the effect of alkali 
on the 28-day strength is around -10 MPa per 1 % 
soluble alkali expressed in KO equivalents, and the^ 
estimation error is 2.7 MPa, which is about 20 kg/cm 
in JIS. The estimation error may be the smallest in 
estimation from chemical analysis. The author has 
several data showing close relation between alkali 
content and strength of cement. The combination of 
alkali and microscopy will be hopeful to increase the 
accuracy of strength estimation. However, SP clinker 
contains all alkali of raw materials without expulsion, 
and alkali content of clinker does not change by burning 
conditions.

RE^EI^ENCES

1) D.H.Campbell. “Comparative microscopy of foreign 
and North American clinker, a preliminaiy study”. 
Portland Cement Association, USA, June 1979

2) S.Chromy. "High-temperature microscopical investi
gation of tricalcium silicate and dicalcium silicate 
phase in portland cement clinker". J.Am.Ceram.Soc., 
Vol.50, No.12, 677-681 (1967)

3) I.Maki and S.Chromy. "Microscopic study on the poly
morphism of Ca.SiO ", Cement and Concrete Research, 
Vol.8 , 407-414-’(1978)

4) I.Maki and S.Chromy. "Characterization of the alite 
phase in portland cement clinker by microscopy".
Il Cemento, Vol.75, July-September, 247-252 (1978)

5) K.T.Mau. "Application and experience in the use of 
Dr.Y.Ono's microscopic analysis".Advanced Microscopy 
Seminar, held in Skokie, Illinois (PCA) on October 
24-25, 1979.

6) J.Prout. "Summary of interpretation of data from 
the ONO test". Short Course of Microscopy of Clinker 
and Cement, PCA, Skokie, Illinois, November 7-11, 
1977. ,

7) E.Fundal. "Microscopic analysis of clinker, comments 
on the method developed by Y,0no". Private communi
cation, February 1, 1978.

8) B.Osbaek. "Der Einfluss von Alkalien auf die Festig
keitseigenschaften von Portlandzement". Z-K-G.,32 J. 
Nr.2, 72-77 (1979)

9) Y.Ono and Y.Soda. "Effect of the crystallographic 
properties of alite and belite on the strength of 
cement". Semento Gijutsu Nenpo (Technical Meeting 
of Japan Cement Association), Vol.17, 93-103 (1965)



Anomalies de cuisson - Structures microscopiques 
Proprietes des clinkers et ciments
Burning anomalies - Microscopic structures 

Clinkers and cements properties

i E. DEMOULIAN - P. GOURDIN - F. HAWTHORN - C. VERNET, Societe des Ciments Francais
CEREG, France.

RESUME
Ce texte est une synthese de nombreuses 6tudes de clinkers et ciments effectuees au CEREG par microscopie optique 
avec le support d'autres techniques d'analyses telles que la fluorescence et la diffraction des rayons X.
Le th6me retenu est l’etude du domaine de stabilite de 1'alite et des parametres industriels qui peuvent le 
rtduire.
La vitesse de refroidissement des clinkers, 1'atmosphere reductrice dans les fours sont des parametres qui ont 

Studies par differents chercheurs. . .
La presence de matteres combustibles naturelles ou ajoutees avec ou sans fluor dans les crus de cimenteries, les 
fortes teneurs en anhydride sulfurique et les faibles teneurs en alcalins dans les clinkers peuvent avoir des 
effets identiques. Les anomalies constatees sont mises en relation avec les proprietSs des clinkers et ciments 
dans chaque cas considers.
Des conditions et des materiels de fabrication doivent etre modifies pour eviter les inconvenients mis en 
evidence.

SUMMARY
This paper is a synthesis of several clinker and cement studies carried out at the CEREG by optical microscopy 
and other technical analysis such as X ray fluorescence and diffraction. '
The subject chosen is the study of alite stability and industrial parameters which could reduce it.
Cooling time and reducing atmosphere in the kiln have been studied by many authors. The presence of burnable 
materials with or without fluorine in raw materials, heavy percentages of SO3 and low percentages of alkalis in 
clinkers have the same effects. The observed anomalies are related to clinker characteristics and cement perfor
mances in each case.
Conditions and manufacturing equipment should be modified to avoid the disadvantages described. ■



INTRODUCTION
Dans le cadre des Economies d'energie, plusieurs usi- 
nes de la SOCIETE des CIMENTS FRANCAIS consomment des 
matieres ä bas pouvoirs calorifiques telles que resi- 
dus charbonneux, schistes houillers, cendres volantes, 
scories, dechets industriels divers inutilisables dans 
d'autres types de fours. L1introduction de ces matie- 
res combustibles dans les crus, 1'utilisation de pous- 
sieres ferrugineuses, de fluorine qui permettent des 
economies substantielles d'energie noble, nous ont don
ne I'occasion de mettre en evidence des processus de 
retrogradation de 1'alite qui n'Staient pas apparus 
auparavent (1)(2)(3)(4). Le mecanisme d'oxydation des 
matieres combustibles contenues dans les crus est dif
ferent dans chaque procede de fabrication, ce qui a 
pose ä notre Societe, divers problemes technologiques 
ä resoudre pour eviter les anomalies de cuisson. Les 
differents processus de retrogradation de 1'alite 
rencontrSs au cours de nos examens au microscope 
optique sont decrits dans cette etude.
1/ CUISSON PROLONGEE, REFROIDISSEMENT LENT
Les examens de trois boules de clinkers qui ont longue- 
ment sejourne dans la zone de clink6risation montrent 
les differences de caracteristiques suivantes par rap
port au clinker normal (Photographies 1 ä 10) : la po- 
rosite diminue fortement, les cristaux d'alite se sou- 
dent entre eux, les inclusions de divers minSraux dans 
les cristaux d'alite disparaissent, les aluminates n'e- 
xistent plus en tant que phase interstitielle, mais en 
petites plages 3 I'intfirieur des cristaux d'alite qui 
se sont anormalement ddveloppes par cannibalisme et 
phagocytose, les cristaux de belite ont aussi de for
tes dimensions. Au coeur des boules de clinker, les 
plages de CgA sont conitellees d'exsolutions de belite 
secondaire et certains cristaux d'alite ont subi une 
retrogradation partielle en chaux libre et belite 
secondaires. Les taux d'alite et de belite augmentent 
alors que la quantite de phase interstitielle diminue 
fortement. Le CgA cubique disparait plus rapidement 
que le CgA tetragonal.
Les examens par diffraction X montrent que 1'alite 
Mjb s'est transformee en alite Tj par exsudation d'ele
ments en solution solide (figure 10 bis). La belite a 
presente dans le clinker normal a disparu.

Fig.10 bis - Polymorphisme de Talite 
par suite d'une cuisson proIongee.

Les modifications des proprietes physiques et mecani- 
ques sont les suivantes : la broyabilite du clinker ; 
diminue de 10 ä 20 %,.l.es temps de prise des CPA aug
mentent d'une heure, ieurs resistances en compression 
baissent de 50 % ä 8 heures, 30 % ä 24 heures, 20 % ä 
2 jours, 10 % ä 28 jours. Les variations enregistrees 
sont dues aux faibles taux de CgA, ä la croissance e<a- 
geree des cristaux de silicates concomittante avec leur 
epuration et la transformation allotropique de Talite 
Mjb en alite Tg, moins reactive a-court terme. •
2/ ATMOSPHERES REDUCTRICES DANS LES FOURS
Les clinkers cuits en atmosphere localement rSductrice 
ont une ecorce grise sur une epaisseur variable et un 
noyau beige ä roux. L'ecorce est grise par oxydation 
dans la zone terminale du four et dans le refroidisseur. 
Dans le clinker beige ä roux. Talite est partiellement 
retrogradee.
Quand le clinker a et6 refroidi tres rapidement, leCgA 
et le C4AF sont enchevetres, 11 est alors possible de 
diagnostiquer une retrogradation due ä une atmosphere 
reductrice, sinon, le CgA et le C4AF coexistent en pla
ges separees, le CgA et Talite presentent les memes 
caracteristiques qu'au cours d'un refroidissement lent, 
il est alors difficile de prSciser la cause des retro
gradations observees. Les descriptions prScedentes sur 
les differences de couleur entre zones internes et ex
ternes des grains de clinker sont beaucoup plus speci- 
fiques d'une retrogradation par atmosphere reductrice 
que par refroidissement lent ; d'autre part avec les 
refroidisseurs modernes, les anomalies de retrograda
tion par refroidissement lent sont tres rares, seuls 
les tres gros morceaux de clinker peuvent en presenter. 
Les consequences sur les proprietes des clinkers et ci
ments sont les suivantes : la densite du clinker aug
mente et sa broyabilite diminue. La teinte des ciments 
est plus claire : dans Techelle des W-C.I.E., Taug- 
mentation peut atteindre 233 points ; la maniabilite 
des ciments diminue : Taugmentation du pourcentage 
d'eau de gächage peut 3tre cause de fissuration : les 
baisses de resistances peuvent atteindre 10 % 3 2 et 
7 jours et 20 % 3 28 jours : el les sont compensees par 
broyage plus pousse des ciments.
3/ MATIERES COMBUSTIBLES DANS LES CRUS DE CIMENTERIES 
Les matieres combustibles presentes dans les crus ont 
des actions differentes suivant le procede de cuisson 
considere.
3.1 - Fours 3 yoie humide
Les produits charbonneux pulv6rulents s'agglomerent en 
petits amas qui se melangent mal avec les autres cons- 
tituants de la pate. Apres son introduction dans le 
four, deux cas extremes peuvent etre envisages. Dans 
le premier cas, la p3te est totalement sfeche avant sason- 
tie des chafnes dont les derniers rangs servent de bro- 
yeur. Il en sort un produit pulverulent dans lequel les 
matieres combustibles brülent avant la zone de clinke- 
risation et ne perturbent pas la formation desmineraux. 
Dans le second cas, qui est souhaitable sans combusti
ble dans le cru, la p3te contient encore 6 3 7 % d'eau, 
les derniers rangs de chaines granulent ce produit;les 
granules brülent avec defaut d'oxygene jusqu'3 la sortie 
du four. Pendant la clinkerisation les surchauffes loca
les dues 3 la presence d'agglom6rats de combustible 
donnent au clinker un aspect localement scorifie avec 
pour effet une augmentation ponctuelle de la porositS 
alv6olaire (photographies Het 12). Dans ces plages. 
Talite du clinker est aciculaire et eile est plus ou 
moins retrogradee. L'intensity des retrogradations est 
inversement proportionnelle 3 la porosite des grains de 
clinker (photographies 13, 14 et 15). On note aussi la 
presence de periclase dans les clinkers sui contiennent 



environ 1 % de magnesie (photographic 16).
Les consequences sont les suivantes : la broyabilite 
des clinkers diminue de 10 ä 15 %, les baisses de re
sistances des ciments sont les memes que dans le cas 
precedent et peuvent aussi etre compensees par des fi
nesses un peu plus importantes, des gonflements retar- 
des sont ä craindre comme le montre la Photographie 17. 
Quand des produits charbonneux pulverulents ou des gou- 
drons sont injectSs par une tuyere laterale, les ris- 
ques de formations d'anneaux sont fortement accentues 
et le clinker produit contient aussi de Talite retro- 
gradee.
3.2 - Fours voles semi-seche et semi-humide
Les matieres combustibles sequestrees ä Tinterieur 
des granules se comportent comme dans le deuxieme cas 
precedent, sauf dans les fours longs, equipes de croi- 
sillons qui peuvent emietter les granules.
3.3 - Fours voie s6che integrale
Le cru est introduit sous forme pulverulente, les ma
tieres combustibles brülent avant d'arriver dans la 
zone de clinkerisation du four, mats quand Targile 
est remplacee par des cendres vol antes on constate des 
anomalies sur les retours d'Slectrofiltre : les cendres 
volantes subissent des separations selectives dans les 
cyclones et les electrofiltres, ces segregations ont 
pour consequence la formation d'agglomerats enrichis 
en carbone et sesquioxyde de fer ou en silice et alu- 
mir.e. Les charges electrostatiques de ces agglomerats 
leurs donnent une cohSsion süffisante pour rSsister 
aux contraintes mecaniques jusqu'ä leur retour dans le 
four ou ils favorisent la formation de petites boules 
de clinker tres dures enrichies en phase interstitiel
le, que Ton retrouve de ce fait dans les refus de 
broyeurs. Cette anomalie est supprimee par adjonction 
d'un selecteur sur les retours d'electrofiltre.
4/ PRESENCE SIMULTANEE DE FLUOR ET DE MATIERES 

COMBUSTIBLES
L'usine concernee est equipee de deux fours voie semi
seche de 1200 et 1700 T/jour. Dans le cadre des econo
mies d’energie, Taptitude ä la cuisson du cru a ete 
amelioree par Tutilisation de 4 % de schiste houiller 
d'un pouvoir calorifique de 1500 Th/T et de 0,5 % de 
fluorine. Les gains de thermies dus ä ces deux ajouts 
sont additifs et varient entre 100 et 120 Th/T de 
clinker produit, soit une economie annuelle de 10.000 
tonnes de fuel pour les deux fours. L'inconvenient est 
que le milieu reducteur cree par le schiste entraine, 
en presence de fluorine, un allongement des temps de 
prise, qui passent de 2 h en moyenne ä 5 h.
Analyses chimiques
Les biIans effectues montrent que 95 a 97 % du fluor 
introduit avec le cru sort avec le clinker. L’influ- 
ence fortement retardatrice des fluorures alcalins est 
connue : les retards peuvent facilement atteindre 4 h 
avec 0,5 % de NaF, mais par une methode mise au point 
8 cette occasion, nous avons montre que le fluor con- 
tenu dans ces ciments n'etait pas sous forme de fluo- ■ 
rures alcalins tres rapidement solubles dans Teau de 
gächage.
Examens au microscope optique
Ces examens ont montr6 que les temps de prise etaient 
d'autant plus longs que les clinkers etaient plus re
duits et les cristaux d'alite plus retrogrades. Paral- 
laiement, la quantite de periclase et de chaux libre 
secondaire augmente dans les memes conditions (photo
graphies 18 ä 24).

Analyses par diffraction des rayons X
Dans les clinkers reduits, les analyses montrent 1'aug
mentation des taux de belite et de CgA au detriment de 
Talite et de CqAF, Taugmentation de la chaux libre 
et du periclase, la disparition du C^|A7CaF2.
Interpretation
Les resultats fournis par les trois methodes amenent 3 
conclure que le CijAyCaFg n'est pas stable en atmosphe
re reductrice (5)(6). dans un milieu apprauvri en oxy
gene, la tendance des ions F" ä remplacer les ions 02" 
dans les mineraux des clinkers semble tres fortement 
augmentee. Les ions F" liberes au cours de Thydratation 
des ciments semblent avoir la meme action que les ions 
F' des fluorures alcalins solubilises pendant le gä
chage.
5 - RAPPORTS MOLAIRES ALCALINS/ANHYDRIDE SULFURIQUE
Les teneurs respectives en alcalins et en anhydride 
sulfurique dans les clinkers ont des incidences sur 
leur porosite, fragilite, granulometrie et sur la mor
phologie de leurs silicates.
5.1 - Influence sur la granularite et la fragilite
Les clinkers dont le rapport alcalins/SOg est voisin 
ou superieur ä 1 se caracterisent par les porosites 
montrees sur les photographies 25 et 26 : la zone cor- 
ticale des grains est compacte et solide. La granula
rite des clinkers depend essentiellement de leur com
position chimique et minbralogique, du Systeme de pre
paration et de cuisson du cru, du temps de cuisson ä 
des temperatures superieures ä 1300°C, de la tempera
ture maximale de cuisson.
Les clinkers dont le rapport alcalins/SOj est nettenent 
inferieur ä 1 se caracterisent par les porosites mon
trees sur les photographies 27 et 28 : la cohesion est 
beaucoup moi ns importante, la zone corticale est tres 
fragile, les clinkers contiennent 30 ä 50 % d'elements 
inferieurs au mm (Photographies 29 et 30).
5.2 - Influence sur la morphologie des silicates
Les cristaux d'alite et de belite ont des dimensions 
d'autant plus importantes que le rapport alcalins/SOj 
est plus faible et le taux de SOg plus fort (Photogra
phie 31 et 32). Nous constatons aussi la presence de 
deux sortes de cristaux d'alite : les uns ä bordures 
nettes comme sur la Photographie 31, les autres ä bor
dures plus ou moins corrodees sur une epaisseur varia
ble (photographies 33 ä 35). Ce type de retrogradation 
qui debute par la bordure des cristaux ne ressemble ä 
aucun des cas cit6s auparavant. La raison de ces retro
gradations semble etre fournie par les mineraux inter- 
mediaires qui se forment pendant la fabrication de ces 
clinkers.
5.3 - Interpretations
Influence sur la granulometric.
Le rapport alcalins/SOg a une incidence directe sur la 
formation de certains minäraux intermediaires dans les 
fours. Quand 11 est voisin ou superieur ä 1, le princi
pal compose sulfate mis en evidence au-dessus de 1300®C 
est K2SO4, quand 11 est nettement inferieur ä 1, les 
composes intermediaires mis en evidence sont 
(Ca0.A1203)3.CaS04 et CaS04.
Le sulfate de potassium dont les points de fusion et 
d'ebullition sont respectivement 1069°C et 1689°C dis
tille progressivement jusqu'ä la sortie du four et 
me dans le refroidisseur oö 11 se condense ensuite en 
surface et dans les pores des grains du clinker. Leur 
cohesion n'est pas perturbee par cette distillation 
lente et elie est mgme renforcee par la condensation. 
Au contraire, la decomposition rapide de 
(CaO.Al^O^)j.CaSO4 et de CaSO4 au-dessus de 1300°C 



perturbe fortement la structure interne et superficiel- 
le des grains de clinker. La fragilite-de la zone cor- 
ticale est accentuee par le recycl age et la reagglome
ration tardive de poussieres en provenance du refroi- 
disseur.
Influence sur la taille des cristaux de silicates. 
Le pouvoir mineralisateur des sulfates calciques est 
fortement accentue dans les fours industriels car ils 
y provoquent des recycl ages beaucoup plus importants 
que les sulfates alcalins.
Influence sur la retrogradation de Talite- 
L'aluminate de calcium sulfate se decompose tardive- 
ment dans les fours en donnant C3A et S0|“ qui est 
alors disponible pour entrer en solution solide dans 
le r6seau de Talite qui devient rhomboedrique (7). 
La reaction suivante peut etre envisagee : 
(CaO.Al2O3)3.CaSO4 + 5 CaO + 02'*  3(3Ca0.A1203) + SO^' 
Pour que cette reaction puisse se produire, il faut 
de fortes teneurs en chaux libre au voisinage de Ta- 
luminate de calcium sulfate. Si cette chaux libre est 
disponible, les cristaux d'alite ne sont pas retrogra
des (Photographie 31). Si la chaux libre n'est pas 
disponible eile est apparemment prelevee sur Talite 
(photographies 33 ä 35) quand les temps de reaction 
sont suffisants.
II est done tres important pour la production de ces 
types de clinkers que le cru soit trös homogene, qu'il 
soit fortement satur6 en chaux, que le temps de cuis- 
son entre 1300°C et 1450-1500°C soit suffisamment long 
pour permettre la transformation complete de 
(Ca0.A1203)3.CaS04 en C3A. Si cette transformation 
n'est pas complete on risque de retrouver du 
(Ca0.A1203)3.CaS04 dans le produit fini avec pour 
consequences des temps de prise courts et des gonfle- 
ments anormaux meme avec peu de chaux libre dans le 
clinker (8).

CONCLUSIONS
Au cours de cette etude, nous avons tente de montrer 
une des facettes de Tapport de la microscopie opti- 
que ä la comprehension de quelques unes des tres nom- 
breuses mutations dans les fours de cimenteries qui 
transforment les mineraux naturels des crus en min6- 
raux artificiels des clinkers.
Cette recherche etait principalement bas6e sur le do- 
maine de stability de Talite et sur les parametres 
industriels qui peuvent le reduire.
Les economies notables d'energie realisees en intro- 
duisant des matiSres combustibles dans les crus de 
cimenteries ont des incidences sur la stability de Ta
lite et sur les proprietes des clinkers et ciments. 
Nous avons montre differents processus de degradation 
de Talite influences par les procedes de cuisson et 
par la presence d'elements mineurs tels que fluor, 
soufre, alcalins. Le polymorphisme de 1'alite a aussi 
6te mis en cause 3 .deux reprises.
Pour pal Her les inconvenients cites, les Ingenieurs 
des usines ont dti modifier des conditions et des 
materiels de fabrication.
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La cälite dans les ciments portland obtenus par fusion

Celite phase in portland cements from molten products

1. MOISSET, B. COHIN, A. PETIT - Lafarge S.A.,
A, ROUANET, Laboratolre des Ultra-Refractaires, C.N.R.S., France.

RESUME i Un cru de clment Portland est tralte au four solalre ä des temperatures superleures 
ä la temperature de solidification dans I'air ou sous atmosphere reductrice pendant des temps 
tres courts (quelques secondes). La vltesse de refroldissement peut-etre moderee (102 deg. 
sec*l)  ou rapide (10^ deg.sec* 1). L'examen par diffraction X des prodults traites met en evi
dence la cristallinite de toutes les phases ainsl que la reduction partielle ou totale du fer
Intervenue dans la phase liquide et son incidence sur la nature des phases. On note enbparti- 
culier une destruction de la phase alumlnoferrlte de calcium qui indult la liberation d'une 
fraction de la chaux et la formation d'aluminate tricalcique.

SUMMARY s Raw materials of Portland cement composition have been melted by means of a solar
furnace at T >Tsolidificatlon in ai 
The cooling rate may be medium (10*

or reducing atmosphere for a short 
deg.sec'l) or high (10’ deg.sec-1)

time (few seconds). 
X-ray diffraction

analysis showed crystalized phases and on another hand the phenomenon of a partially or 
wholy reduction of iron Involved at the liquid state. Characteristics of the molten products 
due to this reduction are : the desappearing of calcium alumlnoferrlte and, inductively, the 
formation of a quantity of lime and the growth of tricalcium aluminate.



A. INTRODUCTION.

Dans les clinkers obtenus dans les 
conditions habituelles de fabrication indus
trielle par frittage (de cru de clment 
Portland au four rotatif), on obtlent prin- 
cipalement de I'alite et un peu de bdlite. 
La phase interstitielle entre la belite et 
I'alite contient de la chaux, de 1'alumlne 
et des oxydes de fer. Elie a 6t8 identifies 
par plusleurs auteurs comme dtant une solu
tion solide C4AF - CgAjF nommäe cdlite. La 
composition exacte de cette phase intersti
tielle est controversde. Certains auteurs 
consldärent que CgAjF est lul-meme une solu
tion entre C2F et un hypothetique C2A. Mais 
le C2A ne peut-11 pas etre conslddrd comme 
une solution solide de Ci2A7 et C3A ? Le 
diagramme C - A - F6203 a dtd 6tudi6 par 
plusleurs auteurs et Newkirh et Thwaite ont 
etabli le detail d'une portion du diagramme 
C - CA - C2F avec les zones de solution 
solide repr6sent6es par des hachures.

System : CaO-CaO,Al2O3-2CaO,Fe2O3

Dans cette dtude nous avons essayd 
de connaltre en premidre approche, le com- 
portement du fer dans le clinker ä partir 
d'une phase liquide supposde homogdne obte- 
nue par fusion totale d*un cru industriel 
de clment Portland. Cette solution subit un 
refroidissement jusqu'ä la temperature ordi
naire pour donner un "clinker fondu" dans 
lequel le fer apparaitra dans la phase in
terstitielle sous formes Feo,Fe++, Fe+++.

Il est important semble-t-il de 
prendre en consideration les quatre parami
tres fondamentaux qul influencent l'dtat du 
systdme au cours du traitement thermique :

- la concentration des constltuants
1 - la temperature T du Systeme au

proche voislnage de 1'equilibre thermodyna- 
mique,

- les pression et nature du gaz,
- le temps t intervenant au cours 

du refroidissement (Al/At vitesse moyenne 
estimde du refroidissement) .

Ces quatre parametres peuvent con- 
jointement jouer sur :

a) les ghenomeneS-physlgues :
- segregation entre phases com

prises entre les liquidus et solidus,
- cristallisation des phases,
- vaporisation selective d'une 

ou plusleurs especes.
b) les phinomenes chimiques :

- reduction totale ou partielle 
du fer,

- reduction ä l'etat solide en
tre phases au cours du refroidissement.

B. EXPERIMENTATION.
Le traitement des materiaux ä par

tir de l'etat liquide est effectud au foyer 
d'un four ä concentration de rayonnement so- 
laire equipd pour opdrer dans 1'air ou sous 
atmosphere reductrice. Un dispositif de 
trempe rapide de type splat cooling permet 
d'atteindre des vitesses de refroidissement 
dlevees .

On a envisage quatre cas de figu
res pour les traitements thermiques :

- (Cj) et (C2) : traitement dans 
1'air avec refroidissement normal (par sim
ple rayonnement du produit traitd apres oc
cultation du rayonnement solaire) et 
hypertrempe,

- (C3) et (C4) : traitement sous 
atmosphere rdduclirlce (Argon + Hydrogene) 
avec refroidissement normal et hypertrempe.

1) Fusion du cru dans 1'alr.
Nous avons utilise des petits 

fours solaires de 1,5 ä 2 kW dits ä axe 
vertical. Ils sont essentiellement constl- 
tuds par un grand mirolr plan (heliostat) 
de 4,5 m sur 6,5 m qul renvoie le rayonne
ment solaire sous forme de faisceau paral
lele sur un mirolr parabolique, ce dernier 
concentrant le rayonnement re;u en son 
foyer (Fig. 1).

La tache focale obtenue mesure 
environ 1 cm^ et la tempdrature peut attein- 
dre jusqu'ä SOOO’C. Dds que 1'on s'dcarte 
du foyer, celle-ci diminue de fagon notable. 
Si 1'on s'dleve (ou descend) dans le cöne 
de lumidre, la vitesse de refroldissement 
sera plus faible que si 1'on s'dcarte hori- 
zontalement du foyer.

Ces petits fours solaires prd- 
sentent deux avantages :

- dnergle chimiquement pure 
dliminant tout risque de contamination du 
matdrlau avec I'dldment chauffant,

- dnergie dirigde permettant 
de chauffer 1'dchantlllon sur un support 
rdfrigdrd sans interaction chimique entre 
ce dernier et le produit traitd.

La fusion classique consiste 
ä placer le produit ä traiter sur un sup
port en cuivre rdfrigdrd et ä 1'amener au 
foyer ä 1'aide d'un chariot. La fusion est 
extremement rapide et le produit fondu se 
präsente sous la forme d'un globule de 1 cm 
de diamdtre environ. Le retrait de la pla- 



tine (support) du foyer provoque un refroi- 
dissement de quelques centaines de degres/sec.

Fig. 1 - Schema de principe d'une 
installation ä axe vertical.

Le marteau est une masse de cuivre 
legerement convexe qui vient s’ajuster dans 
la platine refrigeräe ayant la forme d'un 
creuset. Des que la fusion s*etablit,  on 
laisse tomber le marteau sur le globule et 
on obtient alors des feuillets tres fins de 
1’ordre de quelques dizaines de microns. La 
vitesse de refroidissement est estimee ä 
105°C/s.

2) Fusion du cru solaire sous 
atmosphere reductrice.

Ce montage permet de travailler 
sous atmosphere contrölee et de refroidir le 
produit fondu soit naturellement par retrait 
du foyer, soit en 1'hypertrempant par ecra- 
sement de 1 *echantillon entre deux surfaces 
metalliques amen^es brutalement en contact.

Le shema de 11appareillage est 
represents Figure 3. La masse de produit 

0,5 g) prealablement fondue'sous forme 
de globule, est portäe ä l'ätat liquide au 
foyer du four solaire. Le marteau coulissant 
sur des roues de guidage est soumis ä une 
force mecanique variable par un ressort. II 
peut ainsi etre maintenu en position tension 
par un electro-aimant ou libere brusquement 
sur 11echantillon fondu avec une vitesse 
variable (10 m/s au maximum). L'^nergie de 
1'ensemble marteau-enclume, apres la trempe 
du produit est absorb^e par un amortisseur 
hydraulique.

Le profil des pieces d'ecrase- 
ment a ete congu de maniäre ä.ne tremper que 
la partie liquide du globule fondu. L’occul- 
tation du rayonnement solaire n'intervient 
que dans la phase finale du processus. On 
evite ainsi un refroidissement du materiau 

obtenir des pro-

avant le däbut de la trempe. L'ensemble de 
l'appareil est dispose ä l'interieur d’une 
capacity Stanche permettant d'introduire un 
gaz quelconque sous une pression inferieure 
ou Sgale ä la pression atmospherique. II esOn peut egalement 

duits hypertrempes ä l'aide d'un montage"du 
type "marteau-enclume", 
globule fondu (Fig. 2).

Fig, 2 - Appareil d'hy- 
pertrempe associe ä un 
four solaire ä axe



Sgalement possible d'Stablir un courant ga- 
zeux permanent. Le rayonnement solaire pen6- 
tre au travers d'une coupole hemisphdrique 
transparente de faible absorption. Les 
Schantlllons obtenus par hypertrempe se prS- 
sentent sous forme de feuillets d'epaisseur 
comprise entre 10 et 50 p selon la nature du 
produit. La vitesse de trempe est estimee 
a environ 10^°C par seconds.

Fig. 3 - DispQsltif d1 hypertrempe 
en atmosphere contrölSe, associe 

ä un four solaire : schdma de principe.

C. RESULTATS.

1) Les differentes phases aprSs 
traitements thermiques sent observSes par 
diffraction X (on a utilise la radiation 
CuKa) .

Ainsi (Figures 4 et 5) :

- Dans le cas du clinker (Cj)
le pic du C3A (29 = 33°.4) est fälble. Il est 
meme dans ce cas inferieur ä celui que 1'on 
obtient dans le clinker industriel fabriqud 
ä partir du meme cru. Celui de I'alumino- 
ferrite (26 : 33°.7) atteint une dimension 
arbitraire de 76. La chaux n'apparatt pas et ■ 
les pics correspondants au C3S et C2S sont 
normaux.

- Dans le cas du clinker (C2). 
hypertrempd la phase CjA s'est considerablement 
accrue et 1'aluminoferrite disparait. La te- 
neur en chaux libre n'est pas nulle bien que 
non ^valuable par diffraction X. Un recuit 
de 24 h ä 900°c redonne le spectre de dif
fraction X du produit Cj.

- Dans les cas de clinkers (C3) 
et (C^) traitSs sous atmosphere reductrice
on ne note aucun changement sensible des pha
ses C2S et C3S. La phase C3A par centre 6vo- 
lue trSs nettement, 1•aluminoferrite a dis- 
paru et on note dans les deux cas I'existence 
de chaux rSslduelle. De plus, 1'dtude de ces 
produits par microscopie optique permet de 
loettre en evidence la presence de fer mdtal- 

lique. Enfin un recuit de 1 h ä 1300°C 
dans I'air de ces clinkers obtenus sous at
mosphere reductrice, ne modifie en aucune 
fagon le spectre de diffraction X initial. 
Ceci est ä rappocher de la fusion de C4AF 
pur sous hydrogene qui donne du C3A, de la 
CaO libre et du fer metallique visible ä 
1'oeil nu sous forme de billes.

Fig. 4 - Spectres de diffraction X 
des clinkers Cq et C3.

2) D' un point de vue physique on 
notera que :

- les phdnomenes de segregation 
de phases pouvant se produire entre liquidus 
et solidus au moment du refroidissement n'in- 
terviennent pas dans la solidification des 
phases du clinker compte tenu du caractere 
stoechiomdtrique des silicates et aluminates 
de calcium,

- dans le cas de clinkers re- 
froidis par hypertrempe, le C3S se presente 
sous forme de petlts cristaux allongds,

- la vaporisation selective des 
oxydes de fer dans le melange liquide, bien 
qu'ayant dtd observde par allleurs, n'inter- 
vient pas non plus dans nos essais compte 
tenu de la rapiditd de traitement thermique 
ä la fusion (dur6e moyenne du traitement de 
1’ordre de quelques secondes),

- fa vitrification des phases 



aluminate et aluminoferrite n'a pas et6 ob- 
serv6e apres solidification meme tres rapide 
du "clinker fondu". A noter que dans ce cas 
la le comportement du C3A est totalement 
different de celui observe par ailleurs sur 
du C3A pur dont la tendance ä se vitrifier 
est d'autant plus elevee que la Vitesse de 
refroidissement est plus qrande.

Le processus de reoxydation pour- 
rait se schematiser selon :

2C3a + F ■* (2C2A + C2F) -v c6a2f
ou C3A + C + F ■* (C2A + C2F) n, C4AF

- lorsque 1'on procSde ä une 
fusion sous atmosphere rdductrice, le Fe^+ 
subit une reduction total’s jusqu'a I'etat 
de fer mStallique. Il semblerait que dans 
les conditions d'experimentation utilisees 
(recuit 1 h ä l'air ä 1300eC), la rSoxyda- 
tion du fer ne soit pas süffisante pour 
redonner 11aluminoferrite.

Fig. 5 - Spectres de diffraction X 
des clinkers C3 et C4.

D. CONCLUSION.

Tous ces rSsultats amenent ä pari
ser que :

- dans I’air le Fe^+ subit une 
reduction partielle ä la temperature du li
quide [Tug = Tfuslon + (200 n, 300°C) avec 
Tfuslon = 1935’0] et I'on note la destruc
tion de la phase aluminoferrite. Le refroi- 
dissement rapide (AT/At -v io5 deg.sec“!) 
freine alors la reoxydation du fer et bloque 
l-a reformation de 1' aluminof erri te . Il 
s'en-sult un enrichissement du C3A par re- 
combinaison partielle de la chaux llbre avec 
1'alumine en exces,

Le refroidissement normal du 
liquide (AT/At n, l02 deg.sec-1) permet d,a_ 
morcer le processus inverse de la reoxyda
tion du fer tel qu'on 1'observe apres un re
cult du fondu dans l'air ä 900 'b 1100’c.
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RESUME :
A I'aide d'une population de 60 clinkers, issus de 24 crus clink6rises dans 32 fours rotatifs differents, les au
teurs ont degage les relations statistiques entre la mineralogie du cru (teneur en quartz, presence d'argile il
lite ou kaolinite), les procedes de fabrication (vole humide, vole sSche, type de four), la composition chimique 
du clinker d'une part et les formes allotropiques de Talite (monoclinique, trigonale) et du C3A (cubique, tetra
gonal) d'autre part.
En complement a et6 degagSe Tincidence de ce polymorphisme de Talite et du C3A sur les resistances ä la compres
sion moyenne des ciments portland correspondants, de granulometric comparable.
Il ressort de ce travail que les elements mineurs comme MgO, SO3, KgO et PgOg des clinkers industriels ont une in
fluence importante sur les resistances 3 la compression des ciments portland correspondants. Il confirme la 
meilleure hydraulicitS de Talite trigonale et du C3A cubique dans les clinkers industriels.

SUMMARY :
Sixty industrial clinker samples from twenty-four raw mixes, burned in thirty-two rotary kilns were analysed in 
order to find the statistical relations between raw mix mineralogy (quartz, illite or kaolinite clays), clinke- 
ring processes (wet or dry processes, kiln), chemical composition of the clinker, in one hand,and the allotropic 
forms of alite (monoclinic or trigonal alite) and C3A (cubic or tetragonal C3A) on the other hand.
In addition, the consequences on the mean compressive strengths of corresponding portland cement with similar 
granulometry, have been studied.
This paper shows that the minor elements, such as MgO, SO3, K20 and P2O5 in industrial clinkers have an important 
influence on the alite and C3A polymorphism and then on the compressive strengths of the corresponding portland 
cements. The best hydraulicity of trigonal alite and cubic C3A, in the industrial clinkers, is confirmed.
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INTRODUCTION
En 1969 et 1970, nous avions etabli des relations en- 
tre la composition mineralogique et granulometrique 
des ciments portland et leurs performances (1) et (2). 
Les progres realises dans la connaissance du polymor- 
phisme du CgS et du C3A ont pose la question de I1in
fluence de la structure de 1'alite et de 1'aluminate 
sur les proprietes des ciments. Des recherches effec- 
tuees ä l'aide de clinkers de laboratoire et rappor- 
tees par GUINIER et REGOURD, en 1968 (3), ont montre 
que toutes les formes cristallines du C3S presentent 
une reactivite comparable mais que les oxydes entres 
en solution solide dans le reseau du C3S induisent des 
variations d'activite hydraulique et de resistance me- 
canique dans les alites de Synthese, variations dues 
surtout aux imperfections cristallines. On a precise 
que, en general, les ions de diametre inferieur au 
diametre de Ca2+ augmentent 1'instabilite des alites, 
done leur hydraulicite (4). En 1972, Mme.REGOURD a pu
blie les resultats de trois analyses de clinkers indus
triels et etudie les proprietes des mineraux (5) ; en 
1974, eile a publie les resultats de huit analyses (6) 
et, en 1978, etudie le polymorphisme du C3A dans douze 
clinkers industriels (7).
Dans le present travail nous recherchons s'11 y a des 
relations entre les matieres premieres, les conditions 
de fabrication, la composition chimique des clinkers 
d'une part et le polymorphisme des phases cristallines, 
alite et C3A d'autre part, sur un grand nombres d'e- 
chantillons, representatifs de la production de la 
SOCIETE des CIMENTS FRANCAIS, en 1978. Nous verrons 
1'influence importante des elements mineurs. En com
plement, nous avons analyse les consequences de la 
structure de Talite et du C3A sur les resistances ä 
la compression des ciments portland correspondants.
METHODE D'ETUDE
Nous avons constitue une population de 60 clinkers is- 
sus de 24 crus de cimenterie, clinkerisSs dans 32 fours 
rotatifs differents, repartis en 21 usines. Ces echan- 
til Ions de melanges crus et de clinkers ont ete analy
ses de la fagon suivante.
1 - Polymorphisme de Talite et du C3A
Nous avons determine avec certitude la presence des 
differentes formes cristallines de Talite par examen 
de la rate 1,76 Ä qui est double (620 et 040) dans le 
cas de Talite monoclinique Mi, dissymetrique dans le 
cas de Talite Mji et simple (220) dans le cas de Ta
lite trigonale ou rhomboedrique R. Les formes cristal
lines du C3A ont ete determinees par examen des raies 
2,69 A du C3A cubique et 2,69 Ä - 2,71 Ä du C3A tetra
gonal sur Tinsoluble dans Tacide salicylique.

2 - Parametres consider6s
Melanges crus :
Nous avons dose quantitativement le quartz a Taide 
des raies 4,25 fi - 3,34 Ä et 1,82 Ä par rapport aux 
raies 3,14 A et 1,92 Ä du silicium pris conuie etalon 
interne et par la methode des ajouts doses ; nous a
vons ensuite determine la presence et les intensites 
relatives des raies 10 Ä et 7 Ä des argiles de type 
illite et kaolinite, ainsi que les raies des felds- 
paths et de Thematite, sur Tinsoluble dans Tacide 
nitrique, en pH controls (done apres elimination des 
carbonates), avant et apres traitement ä 550°C et au 
glycol, traitement qui permet de faire disparaitre ou 
d6placer les raies de certains mineraux phyllitiques 
opale etc...

Procedes de fabrication :
Nous avons examine les relations entre le polymorphis
me de Talite et du C3A et le mode de fabrication 
(vole humide, voie seche), la nature du combustible 
et Tinfluence du four rotatif (par comparaison avec 
le four de laboratoire).

Clinkers :
Nous avons considere la composition chimique CaO libre 
AI2O3, Fe203, TiOo, MnO, MgO, exces SO3 (apres satura
tion de K2O en K2SO4), excSs de K2O (apres saturation 
de SO3 en K2SO4), Na20, P2O5, done avec une attention 
particuliere aux elements mineurs.
3 - Dependance statistique '
Pour degager les relations entre le polymorphisme de 
Talite et du C3A et les differents paranetres indus
triels, nous avons dresse des tables de frequences 
d'apparition des formes allotropiques (caractere A) en 
fonction de la mineralogie du cru, du procede de fa
brication, ou de la composition chimique (caractSre B). 
Dans le cas de la composition chimique, nous avons 
distingue, pour chaque element, deux sous-populations. 
Tune constituee de clinkers riches en cet element, 
Tautre par des clinkers pauvres de cet element.
Nous avons calcule, pour chaque relation, ä partirdes 
tables, la valeur y2 du test de Pearson qui permet de 
dire si la dependance entre les deux caracteres etu- 
dies est significative au seuil de 5 % (8).

RESULTATS DETENUS
1 - Repartition des formes allotropiques dans les 60 

cl inkers
Utilisant la nomenclature proposee par Mme.REGOURD (9) 
nous avons mis en evidence les formes suivantes dans 
les 60 clinkers industriels examines :

Nous avons observe 2 fois le C3A orthorhombique (raies 
624 et 264) associe au C3A cubique, mais jamais Tali
te triclinique (sauf la forme Tjij dans un clinker 
"pathologique" decrit dans uneautre communication (10)

ALITE C3A TOTAL
Cubique Les 2 formes Tetragonal

R 11 0 0 11 (18%)
MIIb 11 9 1 21 (35%)
Mjb 7 17 4 / 28 (47%)

T 0 0 0 0

Total 29 (48%) 26 (43 %) 5 (9 %) 60 (100%)

2 - Associations de formes allotropiques
Le tableau precedent fait apparaltre des associations 
frequentes dans ce lot de 60 clinkers industriels :

- alite R et C3A cubique ;
- alite Mjb et C3A tetragonal (avec ou sans 

(cubique).
On n'a pas vu une seule fois Tassociation entre alite 
R et C3A tetragonal, comme s'il y avail une incompati- 
bilitS entre ces deux formes. Le test de Pearson donne 
X2=21,4> 9,5 au seuil de 5 % ce qui veut dire que ces 
deux caracteres (forme de Talite et forme du C3A) 
sont dependants.



FACTEURS DU POLYMORPHISME DE L'ALITE ET DU C3A
Nous donnons maintenant tous les tableaux de frequence 
des formes allotropiques d'alite et de CjA, en fonction 
des parametres dgfinis plus haut, afin dyen degager les 
relations les plus etroites.
1 - Mineralogie du cru

QUARTZ
ALITE

Mjb Mnb R

Quartz > 8 % 5 (38 %) 3 (24 %) 5 (38 %)
Quartz < 8 % 6 (50 %) 5 (42 %) 1(8%)
25 echantilions 11 (44 %) 8 (32 %) 6 (24 %)

c3a

c C+T T

Quartz > 8 % 9 (69 %) 3 (23 %) 1(8%)
Quartz < 8 % 5 (42 %) 6.(50 %) 1(8%)
25 echantillons 14 (56 %) 9 ( 36 %) 2(8%)

(Nous n'avons pas fait figurer les sous-populations 
10 Ä<0,27 et 7 A < 0,07).

ILLITE-KAOLINITE
ALITE

Mjb Mnb R

10 Ä > 0,27 10 (71 %) 4 (29 %) 0(0%)
7 A > 0,07 4 (36 %) 4 (36 %) 3 (28 %)

26 echantillons 11 (41 %) 10 (37 %) 6 (21 %)

c3a

C C+T T
10 Ä > 0,27 5 (36 %) 8 (57 %) 1(7%)
7 Ä >0,07 ■ 6 (55 %) 5 (45 %) 0(0%)

26 echantillons 16 (59 %) 9 (33 %) 2 (18 %)

2 - Precede de fabrication

PROCEDES de 
FABRICATION

ALITE

Mjb Mnb R

Voie humide 7 (39 %) 5 (38 %) 6 (33 %)
Voie semi-sSche 6 (26 %) 14 (61 %) 3 (13 %)
Voie söche 15 (79 %) 2 (11 %) 2 (10 %)

60 clinkers 28 (47 %) 21 (35 %) 11 (18 %)

c3a

C C+T T

Voie humide 6 (33 %) 9 (50 %) 3 (17 %)
Voie semi-s6che 15 (65 %) 8 (35 %) 0(0%)
Voie sfeche 8 (42 %) 9 (47 %) 2 (11 %)

60 clinkers 29 (48 %) 26 (43 %) 5(9%)

COMBUSTIBLES
ALITE

Mjb MIIb R

Charbon 
Fuel ordinaire 
Fuel Ord. + BTS 
Fuel Ord. + Gaz 
Gaz 
60 clinkers

3 ( 42 %) 
7 ( 33 %)
4 ( 40 %) 

11 ( 58 %)
3 (100 %) 

28 ( 47 %)

2 ( 29 %)
9 ( 43 %) 

. 5 ( 50 %)
5 ( 26 %) 
0 ( 0 %) 

21 ( 35 %)

2 ( 27 %) 
5 ( 24 %) 
1 ( 10 %)
3 ( 16 %) 
0(0%)

11 ( 18 %)

■ C3A
C C+T T

Charbon
Fuel ordinaire
Fuel + BTS
Fuel + Gaz
Gaz
60 clinkers

6 ( 86 %) 
10 ( 48 %)

5 ( 50 %) 
8 ( 42 %) 
0 ( 0 %) 

29 ( 48 %)

1 ( 14 %)
10 ( 48 %)

3 ( 30 %)
9 ( 47 %)
3 (100 %)

26 ( 43 %)

0 ( 0 %) 
1(4%) 
2 ( 20 %)
2 ( 11 %) 
0(0%) 
5 ( 9 %)

Influence du four rotatif :
Pour faire ressortir 1'influence du precede de fabri
cation industrielle sur le polymorphisme de 1'alite 
et du CoA, nous avons compare les clinkers issus des 
memes 19 crus prepares dans un four de laboratoire 
d'une part et fabriques ä 1'usine d'autre part. Void 
le tableau de repartition :

En realite, 1'influence de la fabrication industrielle 
est plus compliquee que le montre le tableau precedent 
Nous 1'avons mise en relation avec les variations de 
SO3 et de KgO qui sont, en moyenne :

CUISSON ALITE

Mjb Mnb R

Au laboratoire 7 5 7
A Tusine 7 8 4

C3A

C C+T T

Au laboratoire 10 9 0
A 1‘usine . 6 12 1

19 Echantillons S03 k2o soit exces S03

Clinkers laboratoire 0,66 0,18 0,51
Clinkers usine 0,8’4 0,81 0,15

Ces tableaux montrent que e'est 1'influence des te- 
neurs en SO, et KoO dans le traitement industriel qui 
conditionne^la repartition des phases. Nous revien- 
drons sur ce point.
On peut ajouter que les 19 clinkers industriels ici 
examines montrent une relation remarquable entre le 
rapport SOj/KoO (en poids) et le polymorphisme de 
Talite.



3 - Composition chimique

ALITE

Mjb MIIb R

CaO libre >1,5 10 (37 %) 13 (48 %) 4 (15 %)
AI2O3 > 5,21 '14 (47 %) 11 (37 %) 5 (11 %)
FegOj > 2,7 14 (47 %) 11 (37 %) 5 (16 %)
TiO2 > 0,21 13 (41 %) 15 (47 %) 4 (12 %)
MnO > 0,03 11 (42 %) 12 (46 1') 3 (12 %)
MgO > 1,45 16 (84 %) 3 (16 %) 0(0%)
P205 >0,12 15 (54 %) 12 (43 8) 1(3%)
Exces SOg 12 (32 %) 15 (39 %) 11 (29 %)
Exchs K20 14 (70 %) 6 (30 58) 0(0%)
60 clinkers 28 (47 %) 21 (35 %’) 11 (18 %)

c3a

C C+T T

CaO libre >1,5 13 (48 %) 13 (48 %) 1(4%)
Al203 > 5,21 13 (43 %: 16 (53 %) 1(4%)
FegOs >2,7 14 (47 %: 12 (40 %) 4 (13 %)
Ti02 > 8,21 16 (50 %) 15 (47 %) 1 (' 3 %)
MnO > 0,03 9 (35 %) 15 (58 %) 2(7%)
MgO > 1,45 6 (35 %) 11 (58 %) 2 (10 %)
P205 > 0,12 9 (32 %) 16 (57 %) 3 (11 %)
Excbs SOg 26 (68 %) 10 (26 %) 2(6%)
Exces K20 3 (is %: 14 (70 %) 3 (15 %)
60 clinkers 29 (48 %) 26 (43 %) 5(9%)

Dans les deux premiers tableaux ci-dessus, nous n'a- 
vons pas fait figurer les sous-populations CaO libre 
<1,5, AI2O3 < 5,21 etc... pour simplifier les 

tableaux.

ALITE

MJb MIIb R
Na20 >0,19 8 (73 %) 2 (18 %) 1(9%)
Na20 <0,19 4 (33 %) 6 (50 %) 2 (17 %)
23 clinkers 12 (52 %) 8 (35 %) 3 (13 %)

c3a

C C+T T
Na20 >0,19 3 (27 %) 6 (55 %) 2 (18 %)
Na20 < 0,19 3 (25 %) 9 (75 %) 0(0%)
23 clinkers 6 (26 %) 15 (65 %) 2(9%)

CONSEQUENCE DU POLYMORPHISME DE L'ALITE ET DU CoA 
SUR LES RESISTANCES A LA COMPRESSION
Quelles sont les formes cristallines de 1'alite et du 
C3A qui donnent les meilleures resistances ä la com
pression des ciments portland ? Pour repondre ä cet
te question, nous avons calcule les frequences d'ap
parition des differentes formes dans les 60 clinkers 
industriels correspondant aux ciments portland d6ve- 
loppant les meilleures resistances ä la compression ä 
2, 7 et 28 jours (c'est-ä-dire superieures ä la mo- 
yenne de tous les echantillons essayes en 1978). On 
obtient le tableau suivant :

RESISTANCES ä 
la COMPRESSION

ALITE

Mjb MIIb " R

Rc 2j > 26 MPa 7 (28 %) 14 (56 %) 4 (16 %)
Rc 7j > 43 MPa 6 (29 %) 9 (42 %) 6 (29 %)
Rc 28j > 58 MPa ’ 4 (21 %) 7 (37 %) 8 (42 %)

20 (40 %) 21 (42 %) 9 (18 %)

C3A
C C+T ■T

Rc 2j > 26 MPa 13 (52 %) 11 (44 %) 1(4%)
Rc 7j > 43 MPa 12 (57 %) 7 (33 %) 2 (10 %)
Rc 28j > 58 MPa 13 (68 %) 4 (21 %) 2 (11 %)

23 (46 %) 22 (44 %) 5 (10 %)

Le test du x2 montre que la dSpendance entre polymor- 
phisme et resistances ä la compression est ici signi
ficative puisque le calcul donne x2 = (la depen
dance etant significative pour x = 9>5 avec 4 degres 
de libertB).

DISCUSSION
Les observations tirees de cette etude s'appliquent 
evidemment 3 la population de 60 clinkers industriels 
reprBsentatifs de la production de la SOCIETE des 
CIMENTS FRANCAIS en 1978.
Les tableaux, ou tables de contingence, que nous a
vons donnes font apparaitre que la dependance statis- 
tique entre les deux caractbres examines (polymorphis- 
me et chacun des parametres considerbs) est plus ou 
moins etroite. Le test de Pearson comparant les grou- 
pes de frequences observes aux groupes de frequences 
theoriques, permet de dire si la dependance est signi
ficative ou ne Vest pas. Void les resultats :



ALITE C3A

X2 seuil 5 % X2 seuil 5 %

Assoc, allotr. 18,7 significatif 18,7 significatif
Procedes 17,7 " 6,5 non signif.
MgO 16,3 " 3,2 non signif.
Illite 13,7 " 7,6 significatif
Rc 28 j 13,0 " 7,1 non signif.
so3/k2o 10,3 " 15,0 significatif
P205 7,7 " 5,4 non signif.
Combustibles 7,5 peu signif. 10,8 significatif

iri02 4,6 non signif. 2,6 non signif.
Rc 2j 4,3 " 1,9 non signif.
CaO libre 3,7 " 1,5 non signif.
Na2O 3,6 " 2,8 non signif.
Rc 7j 3,4 " 1,9 non signif.
Quartz 3,3 " 2,1 non signif.
MnO 3,0 " 3,9 non signif.
Kaolinite 0,3 " 2,2 non signif.
A1203"Fe2°3 0,1 " 3,5 - 2,0 non s.

Nous limitant aux caractSres significatifs definis 
par le test de Pearson, nous rassemblons ici les fre
quences d'apparition des principales formes allotro- 
piques de Talite et du CjA en fonction de ces carac- 
tSres et dans Vordre decroissant des frequences, de 
faqon ä faire ressortir le degrS de dependance. Nous 
figurons aussi les resistances ä la compression.
Frequences d'apparition des formes allotropiques

ALITE Mjb C3A c+t c3a t

Voie sdche 79% Exc.KoO 70% V.humide 17%
Illite 71% Illite 57% Exc.K20 15%
Exc.KgO 70% P2O5 57% P2O5 11%
P2°5 54% V.humide 50% V.seche 11%
60 clinkers 47% V.seche 47% Rc28j 11%
V. humide 39% Rr2j 44% Rr7j 10%
Exc.SOg 32% 60 clinkers 43% 60 clinkers 9%
Rc7j 29% V.s.sdche 35% Illite 7%
Rc2j 28% 33% Exc.SOg 6%
V.s.sdche 26% Exc.503 26% Rc2j 4%
Rc28j 21% Rc28j 21% V.s.sdche 0%

L'alite Mjb est plus frSquente dans les clinkers pro
venant de crus riches en argil es de type illite, ca- 
ractSrises par des teneurs en MgO et a leal is sup6rieu- 
res aux teneurs moyennes. Ces clinkers conduisent ä 
des ciments portland dont les resistances ä la com
pression sont inf6rieures ä la moyenne, ä granulome
tries comparables. Le CjA tetragonal, souvent associ6 
au C3A cubique et ä Talite Mjb, se voit frequemment 
dans les clinkers riches en alcalins, NagO surtout.et 
est trds favorable aux resistances ä long terme.
Les alcalis provenant de crus argileux (illite) ne 
sont pas entierement saturSs par le SO3 des fumees 
provenant des combustibles et entrent en solution so
lide dans le reseau du C3S et du C3A, stabilisant, ä 
la temperature ambiante, les formes M]b du C3S et te

tragonal du C3A. Notre observation confirme les 3 ana
lyses au M.E.B. de Mme.REGOURD (6) :

ALITE c3a

Mjb MIIb R C C+0 T

MgO 1,0 1,3 0,6 1,5 1,9 0,9
S03 0,06 0,2 0,2 0,2 0,2
K20 0,2 0,1 0,1 0,7 0,8 3,1
Na20 0,2 0,2 0,02 0,4 2,4 0,9

D'apres MAKI et CHROMY, les fortes teneurs en MgO sta- 
bilisent M,,b et meme R (11) mais KRISTMANN a constate 
que les faibles teneurs en MgO correspondent ä Talite 
trigonale (12). Enfin, d'apres BENSTED (4) la presence 
de K+, de diametre superieur ä Ca2+, dans le reseau du 
C3S, reduit 1 'hydraulicitö de Talite, ce que confir
ment nos observations.

Pour les autres formes, on a de meme :

ALITE Hub ALITE R C3A cubique

Voie s.seche 61% Rc28j 42% Rc28j 68%
Rc 2j 56% V. humide 33% Exces SO3 68%
P2O5 43% RC7j 29% V.s.sdche 65%
Rc7 j 42% Exces SO3 29% Rr7j 57%
Exc.SOg 39% 60 clink. 18% R^2j 52%
V. humide 38% Rc2j 16% 60 clink. 48%
Rc28j 37% V.s.sdche 13% V.seche 42%
60 clink. 35% V. seche 10% MgO 35%
Exc.K20 30% P2O5 3% V.humide 33%
MgO 16% Exces K20 0% P2O5 32%
V.seche 11% MgO 0% Exces K20 15%

L'alite trigonale R et le C3A cubique sont frequents 
dans les clinkers issus de crus "quartzeux", pauvres 
en MgO et alcalis et caractdrises par un exces de SO3 
par rapport ä K2O, donnant des ciments portland ä re
sistances a la compression ä 7 et 28 jours supSrieurs 
ä la moyenne. Ces observations faltes sur 60 clinkers 
industriels infirment le fait, signaid par les auteurs
(13) , que la presence de SO4 en solution solide dimi- 
nue 1'hydraulicitd de Talite car nous ne voyons cet
te diminution qu'ä 2 jours seulement. Nous confirmons 
aussi les conclusions de HARADA, OHTA et TAKAGI d'apres 
lesquels la vitesse d'hydratation initiale croit dans 
I'ordre pour les formes monoclinique et rhomboedrique
(14) .
Nous avons ddgagd une dependance entre le precede de 
fabrication et le polymorphisme : si l'alite Mjb est 
plus frdquente dans les clinkers voie seche. Talite R 
dans les clinkers voie humide (il y a des exceptions), 
cette observation est probablement fortuite, sauf si 
les matieres premidres aptes 8 la voie seche sont ri
ches en MgO et alcalis.
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CONCLUSION

L'influence des precedes de fabrication sur le poly- 
morphisme de Talite et du C3A est ressentie au tra
vers des elements mineurs tels que MgO, P^Og et de la 
balance entre KjO venu de Targi le et SOq venu en par
tie du combustible ; cela ressort des tables de depen
dance statistique que nous avons dressees et du test 
de Pearson que nous avons calcule, sur une population 
de 60 clinkers industriels, issus de 24 crus, dans 32 
fours rotatifs.

Nous n'avons pas mis en evidence le role d'autres 
caracteres comme teneurs en AI2O3, FegOg, 1102» 
probablement parce que les teneurs en TiOg de nos 
clinkers industriels sont trop faibles pour repro- 
duire les effets observes au laboratoire (15).

Nous avons montre, en complement, que Talite monocli
nique Mjb et le C3A tetragonal des clinkers provenant 
de crus "argileux" sont moins hydrauliques que Talite 
monoclinique Mjib et surtout que Talite trigonale ou 
rhomboSdrique et le CgA cubique provenant de crus 
clinkerisSs avec des combustibles riches en soufre.
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Influence de la temperature d'apparition des bains fondus 
eutectiques et des particularity de la structure cristalline 

des phases reagissantes sur la structure et les 
. proprietes du clinker

Influence of melt eutectic temperature and peculiarities of crystalline 
structure of reacting phases on structure and properties of clinker

I.V.  KRAVTCHENKO, professeur, docteur es sciences techniques,
A.M.  DMITRIEV, candidat es sciences techniques, 1
I.E.  KOVALEVA, .candidat es sciences techniques,

NIITzement, Moscou, U.R.S.S.

RESUME ; On a etudle Les processus physico-chimiques qul se produisent dans un four rotatif 
alimente en parallele par deux flux dlstlncts de matleres crues, de composition chlmique, 
granulometrique et de phase differente. Le deuxleme flux (complementaire) introdulsait di- 
rectement, dans les zones preparatoires du four, deux types de matteres appropriees :
- des matteres participant activement aux reactions de clinkerisation, des l'apparition du 

liquidus (bellte fondue) dans la masse,
- des matleres (laitiers de hauts fourneaux, laitier electrophosphoreux, cendres volantes), 

qul entrent elles-memes en fusion avant l'apparition normale du liquidus.
L'action activante des matleres de ce deuxleme flux, dans la cuisson du cru, est susceptinle 
d'accroltre fortement (de 20 ) 25 %) la capacite de production du four rotatif et de reduire 
la consommation de combustible, tout en conservant les proprietes chlmiques, physiques et 
mecaniques du clinker obtenu, et parfois meme, en les ameliorant.

SUMMART: The physical and chemical processes taking place in a furnace being fed by two 
parallel flows of raw materials with different chemical, phase and granulometric composi
tions have been investigated. Used as the second (additional) flow introduced directly to 
the preparatory zones of the furnace are technogenic materials of two types:
- the materials which take an active part in the clinker formation reactions after the 
basic mass of the clinker melt appears in the raw charge (belite slime);
- the materials (blast furnace and electrothermophosphorus slags, fly ashes) which form 
the melt before it appears in the bulk of the charge.
The intensifying effect of technogenic materials in the calcination process has enabled 
to increase drastically (by 20-25%) the capacity of clinker calcination rotary furnaces 
and decrease specific consumption of fuel for calcination within the same range with pre
servation, and, on some occasions even improving, the phisico-chemical and phisicomecha
nical properties of the clinker obtained. *



On a 61abor6 en U.H.S.S. un procede d'in
tensification du processus de clinkerisa- 
tion, permettant d'accrottre sensiblement 
(de 15-30%) le rendement des fours rotatifs 
de clinkirisation et de diminuer ( de 
12-25%) la consommation specifique de com
bustibles pour la cuisaone
Ce procede conaiste-en alimentation paral
lele du four par deux flux de matierea 
brutea de composition chimique, de phase et 
granulometrique diffeheste. Le premier flux 
(principal) - les melanges crus de conati- 
tuants clasaiquea ordinaires qu’on prepare 
et introduit dana le. four de faqon tradi- 
-tr-fnrniRi 1Le deuxi.eme flux (complemen- 
taire) - lea matierea technogenes (rejets 
industriels) ayant subi le traitement tber- 
mique prSalable en.vue de la formation des 
silicates faiblement. basiques» des alumo- 
silicates, des aluminates, dea alumofer- 
rites de calcium. De tels composes apparaia- 
aent egalement dans le clinker-portland aux 
premiers stades de .cuisson. Oomme il eat con- 
nu, leur synthese..est precedes par des de- 
penses de chaleur importantes.
On a Studie et proposS pour 1'utilisation 
dans lea cimenteiies^lea sous-produits des 
branches metallurgique, chimique et energe- 
tique de 1’economic nationale (boues de ne
pheline, cendres et melanges laitier-cen- 
drea des centrales- the uniques, laitiers de 
haut foumeau, laitiers electrothermophos- 
phoriques, etc.).
Les materiaux du deuxidme flux sont intro- 
duits dans lea fours rotatifs directement 
par leurs zones preparatoires du c8te 
froid.
L'alimentation complementaire des fours en 
mstieres technogenes prevoit la substitu
tion partielle par ces derni&rea des cons
tituents carbonate et alumosilicique du 
flux principal. Ceci change notablement le 
rapport des constituents crus dans la com
position du systdme de cuisson et par con
sequent la cinetique de la clinkerisation 
et les proprietes des produits de la cuis
son. Le degre et le caractSre de 1'influen
ce des matieres utiliaees pour 1'alimenta- 
tion complementaire des fours sur la syn
thase du clinker de ciment se deteminent 
par leurs paramStres ph^sico-chimiques et 
la quantite de ces matieres introduite 
dans le four.
Dans cette communication on considere deux 
groupes de matieres du deuxiSme flux:
- (I) matierea qui entrent activement en 
reactions de clinkerisation apres I1appari
tion dans la charge crue de la masse prin- 
cipale du clinker fondu. La boue de nephe
line (de belite) represente ce type de ma
tt dre technogene;
- (II) matieres qui forment le bain fondu 
avant son apparition dans la charge crue 
principals. Ce sont des laitiers de haut 
foumeau, laitiers electrothermophospho— 
riques, cendres.
L'interaction de la boue de nepheline, in
troduite complSmentairement et repreaentee 

principalement par le silicate bicalcique^ 
sous forme j8 , avec la charge crue & exces 
du composant carbonique, commence princi— 
palement a se produire lorsgue le clinker 
fondu apparalt dans le systems de cuisson. 
Comme il est connu (1), dans ces conditions 
la reaction de formation dea alites est li- 
mit6e par la vitesse de dissolution dans la 
phase liquide de 1* oxyde de calcium et de 
la belite et depend de leur habitus. Il im
ports de noter cue les grains de belite de 
la boue de nepheline forment des agregats 
et se transforment en cristallites au cours 
du traitement thermique succeasif (la Vites
se d'elevation de la temperature dans le 
four etant de 600°C/heure). Independamment 
de la dispersitS initials de la boue de ne
pheline, au moment de formation intense des 
alites leur dimension est de 20jtzm, ce qui 
n'entrave pas le stade final de cuisson.
De plus, la presence dans le systeme de 
cuisson des centres de cristallisation for
mes - <D£) contribue ä 1'acceleration de 
la synthese des minSraux faiblement basi
ques dans la charge crue melanges deja au 
premier stade de cuisson. Ceci est confirme 
par les donnees de 1'analyse des phases aux 
rayons X ä haute temperature (fig.la), 
fixant dans le melange 2 avec 25% de la boue 
de nepheline 1'assimilation plus intense de 
la silice que dans la charge sans additions 
1 (d =» 3,40 A) et 1'accroissement des con- 
stantes de la vitesse d'assimilation de la 
chaux dans le melange 2 dans 1'Intervalle 
de temperature de 900 a 1000°C. .
La composition de la phase internSdiaire de 
la boue de nepheline, contenant jusqu’a 
1-1,5% d'oxydes alcalins, est un facteur 
complementaire qui contribue A 1'accelera
tion de la synthese de l'alite. D'apres les 
rSsultats des recherches (3), la presence 
dana le bain fondu des cations tree mobiles 
Na+ et K*  intensifie notablement la reac
tion de dissolution de la belite gr9ce ä la 
formation dans les limites de la couche su- 
perficielle de CgS des eutectiques facile- 
ment fusibles. Get effet de 1'influence in- 
tensifiante des ions alcalins se manifeste 
mdme dans la charge a deux constituents 3 
(materiau carbonate - boue de nepheline) 
malgre aa teneur limitee en phase liquide 
(17%) en comparaison des charges a plu- 
sieurs Constituante.
L'etude des particularit6s de la clinkerisa
tion en presence des matieres technogenes 
du deuxieme groupe a montrd que 1'action 
intensifiante de ces additions est due d 
leur fusion autonome precoce (les bains 
fondus du laitier de haut fourneau, du lai
tier electrothermophoaphorique et des cen
dres apparaissent aux temperatures de 
1260-1280oC, 1180-122QeC, 1240eC respective- 
ment) et A 1'interaction des bains fondus 
de laitiers et de cendres avec les consti
tuents de la charge crue. Les observations 
effectu&es a 1'aide du microscope optique 
ont permis de determiner le mScanisme de 
penetration des matieres du deuxiSme groupe, 
qui se trouvent a 1’etat fondu liquide, a 
l'int6rieur des volumes microacopiques de 
la charge crue, en fixant les zones
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Fig.1. Influence de la boue de nepheline 
sur le processus de cuisson dans 1’Inter
valle de temperature de 800 a 1200°C. 
1, 2, J sont respectivement lee» parts de 
la boue de nepheline dans le melange cru. 
0%, 25%, 76% deux constituents).

suivantea (fig.2): A - le latier ayant subi 
le traitement thermique; B - la zone d’in
teraction du laitier avec la charge prin- 
cipale; C - la charge crue; D - la zone oc- 
cup6e autrefois par le laitier. La presence 
de cette demiere contribuera A la diminu
tion de la r6sistibilite autroyage des clin
kers obtenus. '
Kotant le mecanisme general d’interaction 
des matidrea de ce groups avec les Consti
tuante de la charge principals, remarquona 
que chacun d’entre eux apporte des traits 
specifiques dans la cinetlque de la clinke- 
risation.
Lorsqu’on utilise en quality de flux com- 
plSmentaire le laitier granulä de haut four- 
neau, son action intensifiante initiale sur 
la cuisson eat not6e dans 1’Intervalle de 
temperature de 800 Ä 1000oC, ce qui corres-

Eig.2 Interaction du laitier avec la charge.

pond a la devitrification active du laitier 
et d 1’interaction des produits de sa cris- 
tallisation avec CaO de la charge princi
pals avec formation du silicate bicalcique. 
Il convient de noter que les cristaux de 
C^S, formes a partir de la melilite (phase 
predominante du laitier de haut foumeau), 
ee caracterisent, d’apres les donnSes des 
recherches(2) , par une structure crystal
line plus fine que les cristaux de belite 
formes a partir du quartz. Ceci influe de 
faqon favorable sur la vitesse de dissolu
tion de CoS dans le bain fondu. Quant au 
silicate bicalcique formS a partir des mi- 
neraux de laitier, il joue le rftle de germe 
cristallin, contribuant ä 1 ’acceleration de 
la synthese de la bfelite dans la masse to
tale du melange a plusieurs constituents. ■
On observe 1’action intensifiante princi- 
pale du laitier sur le processus de cuis
son dans le Systeme mixte lors de 1’appari
tion dans ce dernier de la phase liquide. 
La quantity totale de cette phase croft en 
presence de laitier, facilitant la forma
tion de 1’alite. L’accroissement.des vites- 
ses d’assimilation de la chaux aux tempera
tures correspondant a 1’fetat fondu liquide 
du laitier, qui est notable en comparaison 
de la charge sans laitier, en tSmoigne 
(fig.3) et s’accorde avec les recherches 
anterieures (4).
Lors des experiences avec additions du lai
tier de haut fourneau dans les matteres 
brutes a r6activite differente, on a etabli 
que son action intensifiante se manifeste 
au plus haut degr6 lorsqu’on utilise les 
matteres brutes avec le constituent alumo- 
siliceux de basse reactivit6 et- au moindre 
degre, avec le constituent de haute reacti- 
vite. Quant au dosage optimal du laitier ■ 
de haut fourneau introduit compl6mentaire- 
ment dans le Systeme de cuisson, les modi
fications des parametres chimiques de la 
charge qui s'ensuivent ne doivent pas di-



Fig.5- Beactivite des charges crues avec 
additions du laltier granule de haut four- 
neau. Comme matiere alumosilicique de base 
on a utilisS: a - argile sableuse, 
1, 2, 5, 4 - charges comportant reapective- 
ment 0%, 10%, 14%, 22% de laitier; b- mar
ne, 1, 2, 3, 4 - charges contenant respec- 
tivement 0%, 10%, 16%, 24% de laitier.

minuet sa reactivite et compliquer la clin- 
kerisation. C’est done le module silicique 
de la charge sommaire qui en servira de 
critere.
La substitution partielle dans les charges 
crues des constituants carbonate et alumo
silicique par du laitier electrothermo- 
phosphorique, contenant des elements modi- 
fiants et mineral!sants (F,P), exerce une 
influence specifique, en comparaison du 
laitier de haut fourneau, sur le deroule- 
ment de la cuisson. L’apres les donnees de 
l'analyse thermique differentielle (Fig.4) 
on pent constater entre autres le deplace
ment de la decarbonisation vers la zone des 
basses temperatures, I’apparition sur son 
effet du pic endothermique double ainsi que 
de la phase liquide, qui s'exprime par une 
brusque augmentation de la conduct!bilite 
electrique du melange en cuisson. L’effet 
double de decarbonisation caracterise un 
"faux equilibre", il est dü ä la formation 
de l'eutectique de basse temperature con- 
tribuant a 1'acceleration de 1’interaction 
de CaO avec la silice de la charge princi- 
pale, les mineraux faiblement basiques du 
laitier electrothermophosphorique qui se 
caract&risent par une grande activite ä 
1’etape donnee de la cuisson (cette etape 
coincide avec la devitrification du lai
tier). La diminution de la concentration 
de I’oxyde de calcium dans la sphere de 
reaction cr6e des conditions favorables ä 
un nouvel accroissement de la decarbonisa
tion (deuxieme effet endothermique). Les 
processus s’accompagnant de 1’absorption 
des ions Ca+‘i - porteurs de courant pri.n- 
cipaux - dans le reseau des silicates de

Fig. 4. Thermogrammes des charges 1, 2 
contenant respectivement 0% et 25% du lai
tier electrothermophosphorique calcules 
pour la matiere calcines: a) courbe diffe
rentielle; b) courbe de conductibilite 
electrique.

calcium, sont ä l'origine de la diminution 
de la conductibilite electrique. Lans ce 
cas le maximum de la belite fortnee dans le 
melange avec le laitier apparaft ä 100°C 
plus bas que dans le melange sans additions. 
L*apparition  des effets endotherm!ques ä 
des temperatures correspondant au ramollis- 
sement (118O°C) et ä la fusion (1220oC) du 
laitier electrothermophosphorique repond 
evidemment a la dissolution des phases 
halogenees initiales des silicates de cal
cium et de la belite dans la phase liquide 
avec formation de I’alite. Lans ce cas les 
effets endotherm!ques dans le domains des 
temperatures de 1275°C et 1325OC sont moins 
forts que dans la charge sans laitier, car 
dans les melanges avec le laitier electro
thermophosphorique la plus grande partie 
des matieres a dejä passe dans la phase li
quide avec formation d’une grande quantite 
d*alite.  On a determine que dans les me
langes contenant 20% et plus de laitier, la 
quantity d’alite formee a 1200-1250*0  etait 
de 75 a 95% (relatifs) contre 65% dans le 
melange sans laitier. L'accroissement des 
constantes relatives de la vitesse d’assi
milation de la chaux dans les charges con
tenant du laitier jusqu’a 1300°C confirms 
tout ce qui a 6te dit precedemment.
L’introduction complementaire dans le four 
rotatif des cendres qui se caracterisent 



par la composition acide (nontenant par 
exemple AlgO, - 20%, FCoOj - 1$%, y compris 
FeO - 7%) accelere notabJ-ement 1 'agglomera
tion en phase liquide. Lans ce cas, la di
minution, en presence des cendres, du mo
dule silicique dans les charges en cuisson 
(de2,65 dans le melange temoin jusqu'a
1,7 dans la charge contenant 24-% de cen
dres) communique au bain fondu du clinker 
des proprietes facilitant la synthese de 
I'alite. Toutefois, la quantite de cendres 
du type donne introduite dans le lit ce 
fusion est limitee a 8-10% (pour la subs
tance calcinee), car une diminution exces
sive du module silicique entrafne la dimi
nution des mineraux-silicates de calcium 
dans le clinker, par suite de quoi on 
pourrait obtenir un ciment a proprietes 
peu satisfaisantes. On peut elargir les li
mites d'introduction des cendres dans la 
charge crue par sa purification avec une 
mattere, par exemple le laitier electro- 
thermophosphorique, capable d'introduire 
dans le systems de cuisson une quantite 
complementaire des silicates de calcium et 
de normaliser de cette faqon la composition 
chimique du clinker obtenu.
Comme il decoule des resultats cites, les 
matieres technogenes, en vertu de leur ge
nese, ne participent que faiblement aux 
processus en phase solide exigeant une sur
face specifique developpee et entrent en 
interaction avec la charge crue principale- 
ment au stade des reactions avec participa
tion de la phase liquide. Lans ce cas, le 
degre de broyage des matieres du deuxieme 
flux ne jouera pas le röle decisif en clin- 
kerisation, qui est le sien dans 1'acheve- 
ment du processus de cuisson dans la char
ge crue principals. Lors de la verifica
tion de c<*tte  hypothese on a note que la 
vitesse d'assimilation de la chaux diminue 
naturellement avec 1'accroissement du grain 
du constituant complementaire. On a deter
mine la dimension limite du grain pour les 
matieres technogenes du deuxieme groupe, 
en particulier pour le laitier granule de 
haut fourneau, egale ä 5-7 mm. Au-dessus 
de cette dimension la vitesse d'assimila
tion de la chaux diminue de faqon inadmis
sible.
En ce qui concerne les grains solides de 
la boue de nepheline, sa granulometric ini
tiale plus fine en comparaison des laitiers 
granules et le degre de basicite plus ele
ve assurent 1'achevement du processus de 
cuisson lorsqu'on introduit dans la charge 
crue une quantite complementaire de boue 
de nepheline non broyee. Les donnees des 
analyses au microscope electron!que ont 
permis de representer plus nettement 1'in
teraction de ses grains avec 1'oxyde de 
calcium de la charge crue principale en 
demontrant que la penetration du clinker 
fondu le long des limites des blocs cris- 
tallins de la belite conditionne sa disso
lution rapide.
Les resultats des etudes theoriques sus- 
mentionhees concernant 1'efficacit^de 
1'utilisation des materiaux technogenes 
lots de la synthese du clinker de ciment 

trouvent leur confirmation et leur appli
cation dans les conditions industrielles 
aux usines utilisant des fours de dimen
sions differentes. Le tableau I donne les 
resultats des essais industriels des fours 
avec alimentation complementaire en ma
tieres technogenes. Il faut noter que 1'in
troduction s6paree mais synchronisee dans 
le four de deux flux exige un melange de 
basicite elevee dont la valeur serait fon- 
ction de la quantite du materiau technogene 
introduit dans le four.

Tableau I

Caracteristique du fonctionnement du
four et qualite du clinker

■" i-ri_r i —1_,-| r r - r r r..-.
Lenomination Limen-

----- - - - - -
• Alimentation comnle-

des caracte- sion mentaire des fours
ristiques rela- 

ti ve- 
ment

de dimension, n

5.3x3 ,6/70m 4/150 ^»5 x
au avec les m 170m
re- concentra-
gime teurs de
de la boue
cuis-
son en en eri en
ordi- boue lai- lai- lai-
nai re de tier tier tier

ne- de elec- elec-
phe- haut tro- oro-
line four- ther- ther-

neau mo- mo-
phos- phos-
pho- pho-
rique rique 

et
cen
dres

_r _r -r .J-i_i_r_r_r_r_r_r_r_ (1:1J)

Accroisse- 
ment du 
rendement 
du four So 22 25 20 ■ 15
Economie du 
combustible 
moyen % 15 20 16 20
Temperature 
des gaz
perdus _- c .20 + 10 +15 +20

Basicite de 
la boue crue 
(facteur de
saturation) 1.0 1.0 1,09 1,18 1,19
Teneur du clin-
ker, en CjS,S 55 70 62 61
Variation d’ac-
tivite du 
clinker +

kgf/cm - +10 + 150 +40 *55



Le fait de melanger deyx flux directement 
dans le four joue un role important dans 
la cuiason. Les recherchea days lea condi
tions industrielles ont montre que danq }e 
four de 70 metres on obtient ,une homogenei- 
sation qati^faisante des materiaux' intro- 
duits separement et assurqnt la fabrica
tion du clinker de qualite.
Ajnsi, en utilisant les materiaux techno
genes pour 1’alimentation complementaire 
des fours, on,augmente ^eur rendement et 
diminue les depenses specifiques de cha- 
leur pour la cuiason du clinker.
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Effect of Raw Materials on Cement Process, 
and Properties

Influence des matieres premieres sur la fabrication du ciment 
et ses proprietes

G.R.  GOUDA, Ph.D. Manager, Cement Technology, Fuller Company, Bethlehem, Pennsylvania, U.S.A.

RESUME : Deux crus dlfferents ont ete choisis, correspondant aux extremes maximum et minimum 
de la fabrication du ciment. Le cru n° 1 est caracterise par des matieres premieres :

A - molies
B - faciles ä broyer,
C - faciles ä cuire,

Le cru n° 2 est caracterise par des matieres premieres :
A - dures,
B - difficiles ä broyer,
C - difficiles a cuire.

Des experimentations ont permis des comparaisons completes, notamment sur la preparation des 
crus (concassage et broyage), le processus de cuisson, les proprietes du ciment, 1'importance 
des materiels necessaires et la consommation d'energie. La microstructure des deux clinkers 
produits a ete examinee au microscope electronique ä balayage.

SUMMARY: Two different raw mixes were selected to represent the minimum and the maximum extremes of the cement 
manufacturing process. Raw Mix No. 1 is characterized by:
A. Soft raw materials
B. An easily ground mix
C. An easily burned mix
While Raw Mix No. 2 Is characterized by:
A. Hard raw materials .
B. A hard grinding raw mix
C. A hard burning mix .
A complete comparison, including the raw materials preparation (crushing and grinding), burning process, clinker 
grinding, cement properties, equipment sizing, and energy and power consumption of these two mixes has been 
studied. A scanning electron microscope was used to characterize the microstructure of the clinker produced 
from both raw mixes. '



INTROMJCTION

The raw materials used in the cement industry are 
formed naturally and thus vary widely from one place 
to another (!). The economy of any cement plant is 
affected by the different properties of the raw 
materials, which are the key considerations and the 
principal factors in designing the cement plant (2). 
These raw materials have considerable effect on the 
manufacturing process, clinker structure, and the 
properties of the cement. Two raw mixes were 
selected which represent the minimum and the maximum 
extremes of the cement industry. Each mix is charac
terized by its raw material resources which are com
pletely different from the other. Both mixes were 
produced by the dry process using a suspension pre
heater. Each plant, due to its dissimilarities In 
raw materials, behaves completely differently from 
the other, as verified by the following information.

RAW MATERIALS

The raw material used for raw mix I is soft Mme- 
stone with compressive strength of about 200 kg/cm^. 
X-ray diffraction shows that it contains mainly 
calcite. Argillaceous materials—clay which is 
mainly Kaolinite—is used in preparing the raw mix, 
with about 56$ SiOj. The raw material used for 
the second raw mix is hard limestone with a com
pressive strength of about 650 kg/cm^. No other 
raw materials are available In the vicinity of the 
second plant except shale, which consists primarily 
of quartz and calcite. Small amounts of illite and 
ankerite are also found in the shale. The lime
stones from both plants were studied by scanning 
electron microscopy (SEN). The grains of the lime
stone of the first plant are small and have pointed 
edges. Figure 1. The grains of the second lime
stone are larger and more or less flat. Figure 2. 
The second limestone appears denser than the first 
one.

Fig. 1 - The microstructure of the limestone of the 
first plant showing small grains

Fig. 2 - The microstructure of the limestone of the 
second plant showing large and flat grains

CRUSHING AND GRINDING PROCESSES

Both processes are different in each plant, and each 
plant's equipment is adapted according to the raw 
materials*  properties. A single hammermill Is used 
in the first plant, while a specially designed im
pactor hammer is used in the second one. The wear 
In the crushing area of the second plant is much 
more than that of the first one, primarily because 
of the quartz in the raw materials.

The residence time in the grinding process of the 
first plant is about 1/3 that of the second plant, 
even though the grinding systems are essentially 
the same. The grinding medium has normal hardness 
in the first mill, while in the second mill the 
medium has high hardness. The grinding medium wear 
in the second plant is more than triple that of the 
first plant.

RAW MIX PROPERTIES

Both raw mixes are chemically and physically differ
ent from each other. Hix 1 is considered the ideal 
mix for cement manufacture while mix 2 is abnormal. 
Free silica in mix 1 is 2.82 while that of mix 2 
is 12.35. The silica modulus in mix 2 is more than 
double that in mix 1. A.M. is within the reasonable 
limits in mix I, but in mix 2 is high. For these 
reasons, mix 2 is ground very finely (3-6$ residue 
on 170 mesh) in contrast to mix 1, which is ground 
to a residue of Ik.6$ on 1/0 mesh.

The cements produced from both plants is sold as 
ordinary Portland cement, although the cement of the 
second plant complies too with the requirements of 
moderate sulfate resistance or moderate heat of 
hydration cement.



BURNING PROCESS

Sintering and the behavior of each raw mix in the 
rotary kiln is completely different. The first mix 
performs well in the kiln and forms a good coating. 
No precaution was taken in the equipment sizing.

Table 1 shows the properties of the raw materials, 
raw mix components, grinding process, mix analysis, 
burning process and the fuel consumption of each 
plant.

In the case of the second mix, kiln size is larger 
than normal; the sintering process is difficult, and 
does not form a coating on the kiln bricks. The 
flame shape is long, the kiln rotates slowly, and 
the kiln is usually dusty. The clinker is smaller 
than that of the first mix. Comparative consumption 
is quite different; about 795 kcal/kg clinker is 
required to sinter the first mix, while about 
915 kcal/kg Is required for the second mix. The 
sintering temperature for the second mix is about 
220°C higher than for the first one. The liquid 
phase of the first clinker is 25.50?, while that of 
the second mix is 17-20?, as calculated by the 
Lea and Parker formula. The preheater gas volume 
in the first plant is about 1.5 NM3/kg clinker; in 
the second plant, it is about 1.7 NM3/kg.

CLINKER MICROSTRUCTURE

Scanning electron microscopy was used to study the 
microstructure of both clinkers. Clinker produced 
from the first raw mix is shown In Figures 3 to 5. 
In general, the structure is opened with a porosity 
of about 15?. Polygonal, well developed, compact 
prismatic alite crystals with a size of about 25 pm 
were observed. Figures 3 and 4. Small amounts of 
bellte crystals with sizes smaller than the alite 
can be seen in Figure 4. Formations of CjS from 
C2S and CaO (from the surroundings) are shown in 
the same figure. The interstitial phases (aluminate 
and ferrite) are shown clearly in Figure 5, as well 
as a fracture of a calcium silicate grain 
(occurred during sample preparation for SEM).

TABLE 1

Second PlantFirst

THE PROPERTIES OF THE RAW MATERIALS AND THE BURNING PROCESS

Plant

Raw Materials: Limestone (Calcite - Major) Limestone (Calcite - Maior)
Clay • (Kaolinite - Major) Shale (Quartz - Major,

Calcite - Dominant, 
Illite S Ankerite
- Minor)

Raw Mix Component: 80:20 82:18
Raw Mix Grindability: 11.0 Kwh/MT 23.6

Process: Dry-Closed Circuit Raw Mill
Grinding Media Wear : 0.15 Lb/MT 0.53

Raw Mix Properties:
a. ChemIcal*:SI02 14.00 17.62

AI2O3 3.47 2.26
Fe203 2.02 0.89
CaO 42.70 43.29
MgO 1.82 2.55
SO3 0.50 * 0.42
Na20 0.20 0.12
K2O 0.30 0.23
L.0.1 35.05 32.66 ■
Total 100.06 100.04

Free Sil lea 2.82 . 12.35
Cl . 0.01 0.01
S.M. 2.55 5.59
A.M. 1.72 - 2.54
H.M. 2.19 2.08 -
Ca0/Si02 3.05 2.46
L.S.F. 0.96 0.82

b. Physical: 14.6 gm t Residue on 170 Mesh 3.6 gm %
2.2 gm ? Residue on 72 Mesh 0.2 gm X

Burning Process: Suspension Preheater System
Sintering Temperature: I36OOC •1580°C
Fuel -Kind : Oil Oil

Consumption: 795 kcal/kg clinker 915 kcal/kg clinker

*. ? By Weight



Fig. 3 - Microstructure of the first clinker showing 
we11-developed alite crystals

Fig. If - Small belite crystals (*)  and large alite 
crystals ( Q )

The microstructure of the clinker produced from mix 
2 is shown in Figures 6 to 8. It is dense in com
parison to the other clinker; its C3S crystals are 
small in comparison to the C2S crystals which are 
abnormally large. Figure 6. This is because such 
a raw mix remains in the higher sintering tempera
ture range too long, during which the CjS becomes 
coarser (1); also, the L.S.F. is low, and there is 
Insufficient CaO for C3S formation. Belite shows 
coarseness and secondary crystallization, Figure 7, 
which Is probably due to excessive heat and Si02 (3). 
A complex inner-belite crystal is shown in Figure 8, 
which may be due to the inversion Into ß-form while 
a-form remains. No clear interstitial phases were 
observed in this clinker.

Fig. 6 - Microstructure of the second clinker, which 
is characterized by abnormally large belite 
( O ) and small alite ( ) crystals

Fig. 7 - Coarseness and secondary crystallization 
of the belite grains of the second clinker



CLINKER GRINDING

second mix fractures 
the first compartment, 
second compartment is

FJg. 8 - A complex inner-belite crystals of the 
second clinker

is ground to a fine product. The cement mill of 
second mix requires more air and water for cool- 
the cement mill system. Because mix 2 represents 
maximum extreme, its clinker is ground even more

The clinker produced from the 
easily and is more brittle in 
but its residence time in the 
much longer in comparison to the clinker produced 
from the first mix. The grinding medium in the cement 
mill of each plant is different. This is because 
clinker 2 contains a large amount of SiOj and C2S," 
and " ' "" " '
the 
ing 
the . 
finely than the clinker produced from the first mix 
to attain an acceptable property. Specific surface 
of the cement, measured by Blaine apparatus, is about 
2850 cm2/gm for the second clinker. The clinker 
properties and grinding are shown in Table II.

TABLE 11

THE PROPERTIES OF THE CLINKER AND THE CEMENT

First Plant Second Plant
Clinker Properties

a. Chemical*: Si02 21.55 25.80
Al203 5.30 3.39Fe203 2.95 1.32
CaO 65.95 64.03MgO . 2.63 3.94
S03 0.92 0.76Na^O 0.28 0.15
K20 0.42 0.22
L.O.I. 0.05 0.30
Total 100.05 99.91

Insoluble Residue 0.15 0.62
Free Lime 0.70 0.30S.M. 2.61 5.48A.M. 1.80 2.57H.M. 2.21 2.10CaO/SiO, 3.06 2.48L.S.F. 0.96 0.83c»s 62.20 37.70c2s 14.80 45.50
c3a 9.10 6.80ClAF 9.00 4.00Liquid Phase 8 25.50 17.20

b. Physical: 1180 gm/litre Cl inker 11tre weight 1310 gm/1itre
Cl inker Grinding:

Process Closed Circuit Cement Mill
Fineness 7.6 gm % Residue on 170 Mesh 3.2 gm Z

1.8 gm 8 Residue on 72 Mesh 0.5 gm Z
2850.0 Blaine cm2/gm ■ 4600

Cement Properties:
a. W/C Ratio 0.26 0.28
b. Setting Time 150 Mtn. Initial 125 Min.

c. Expansion
3 Hrs. -i- 10 Min. Final 2 Hrs. + 50 Min.
1 mm LeChatelier 2.5 mm

0.03 Autoclave Z 0.31d. Compressive
Strength kg/cm^ 115 • 1 Day 86*

140 3 Days 115
217 7 Days 185
320 28 Days 312

*: t By Weight
1



CEMENT PROPERTIES

The cement produced from the first plant Is darker 
than that of the second one. Although the cement 
produced from the second plant Is ground more finely. 
Its strength Is lower than that of the cement pro
duced from the first plant. In the early ages (after 
one day) the strength of the second cement Is less 
than that of the first cement by about 25$; this can 
be attributed to low CjS. After twenty-eight days, 
the strength of both cement mixes Is about the same.

The properties of the ground cement are shown in 
Table II.

TOTAL POWER CONSUMPTION

The total power consumption of both plants is shown 
In Table III; the second plant uses about 52$ more 
power than the first plant. The raw materials and 
cement finish grinding processes are responsible 
for most of the increase Tn power consumption.

TABLE III

POWER CONSUMPTION

First Plant Second Plant

Raw Materials Preparation 12 Kwli/MT 21

Raw Mix Preparation 23 Kwh/MT 38

Clinker Grinding Al Kwh/MT 67

Other Equipment 21 KwlVMT 23

Total 98 1A9

CONCLUSIONS

The raw materials of any cement plant affect the 
manufacturing process, the burning process, the 
fuel consumption, and the economy of the plant. 
It is economical to work with raw materials which 
are easier to grind and which form an easy-burning 
raw mix than those which form a hard-burning raw 
mix (A). If a wide variety of raw materials are 
available in the vicinity of a cement plant, it Is 
advisable to choose and work with the most economic 
material.
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Sur le mecanisme de la cristallogenese dans 
les microzones des grains de clinker

Mechanism and kinetics of crystal! formation 
' in the microvolumes of clinker grains

V.V.  TIMACHEV, membre correspondant de I’Academie des Sciences de I’U.R.S.S., 
professeur ä I'lnstitut Chimico-Technique Mendeleev,

A.P. OSSOKINE, candidat es sciences techniques,
E.N. POTAPOVA, Ingenieur, Moscou, U.FLS.S.

RESUMS ; On a 6tudi6 le m6canisme et la cin6tique des processus de dissolution de CaO et 
de C2S dans I'exc^s de la matidre fondue, et de cristallisation de C2S et de CxS respect!- 
vement dans les systdmes C2S — matidre fondue et CaO - C2S - matiöre fondue.
Les reactions de dissolution des minSraux sent control6es par la diffusion et leur vitesse 
depend de la structure de la phase solide et de la composition de la matiSre fondue. Dans 
le Ecrstdme CaO - CoS - matiSre fondue, le processus de dissolution devient plus intense 
grace A la cristalTisation simultanes du silicate tricalcique.
Le volume des cristaux de CxS qui se torment lots du frittage isotherme du clinker est 
proportionnel au volume den cristaux de bälite dissous et cette correspondance s*observe  
jusqu'A I*obtention  de I’dtat 6quilibr6.
Les phenomdnes de liquation ayant lieu dans le bain fondu modifient le m6canisme et la ci- 
ndtique de la dissolution des minSraux, ce qui provoque A son tour la modification du stade 
de limitation du processus de formation de l*alite  dans le grain de clinker en fonction de 
l'hAtörog^niitö locale de sa composition. -

SUMMARY : Mechanism and kinetics of solution processes of CaO and C9S in melt excess and 
crystallization of C9S and C,S in the systems of COS - melt and CaO2- C„S - melt,respective
ly,have been studied? 2 2
Mineral solution reactions are controlled by diffusion while their rate depends on solid ' 
phase structure and melt composition.In the system CaO - C9S - melt the solution process 
intensified due to simultaneous crustallization of tricalcfum silicate.
The teolume of 0,3 crystalls formed in isothermal clinker sintering is proportional to the 
volume of the befite crystalls dissolved and this conformity is pbservaed up to the state 
of equilibrium.
Liquation phenomena in the melt changes the mechanism and kinetics of mineral solution. 
Therefore,limiting stage of alite formation process is changed in clinker grain depending 
on local heterogeneity of its composition.



En göndrallaant les rAsultats des travaux 
(1 a 5) et d* autrea Etudes, on pent repre
senter le processus de synthdse de CiS canine 
un ensemble de transformations physKo-chi- 
mioues successIves et paralleles dont les 
prinoipales sent les suivantes :
1) formation des matidrea fondues microsco- 
piques non 6qullibr6es ayant des propri6t6s 
acido-basiques differentes en fonction de 
la composition de la phase solide de con
tact (CaO, SiO^f etc.) $
2) dissolution dans le bain fondu de com
poses intermidiaires, qui s'accompagie 
d'une variation de sa composition et de sa 
quantity $
)) migration de la matldre fondue dans les 
grains d'o^rde de calcium et de beiite ;
•4) dissolution des sones de contact des 
macroparticules, leur dispersion en blocs 
sepaxes j
5) dissolution par diffusion des microcris- 
taux de CaO et de CgS disperses et formös 
par recristallisation ;
6 ) diffusion des ions Ca^,  02“, Si^cfi- 
depuia les faces des particules qui se''dis
solvent vers les zones de croissance des 
cristaux de ; ■

*

7) formation des centres de cristallisation 
dans les zones sursatuxdes ;
8) croissance des cristaux de CzS. On croit 
quae les dtapes les plus lentes limitant la 
cinetique de la formation de 1 alite sont 
les rdactians de dissolution des particules 
de depart de CaO ou de CoS (N.A. Toropov, 
p.V. Baumiantsev, HJ. Vassilidva, R. Kondo,

*

S. Tehox, etc.) et la diffusion des ions 
vers les cristaux croissants de CzS
CPJ1. Baudnikov, I.V. Kravtchenko, B.E. 
Tomdovitch, V. Idhanaen).
Four elttider lea rdgularitds de la synthase 
de C«S et detenainer le stade de controle, 
on ar dtudid les processus de dissolution de 
CaO et de CgS dans 1‘excds de matidre fon
due et lors de la cristallisation du sili
cate tricaleique dans les microzones du 
grain de clinker.
BISSaHÄiaH DB CAO et de c2s

De processus de dissolution tut dtudid dans 
lea conditions de convection naturelle et 
ferode. Dana les conditions atatiques, on 
proeddait d la dissolution des dprouvettes 
obteuues par ddcarbonisation du marbre A 
des tempMatures de 1100 ä 1400 °C. Biles 
se composalent de cristaux arrondis de CaO 
de 5 A 10 jum de diaenaion qui se sont ag- 
rdgds aux points de contact. La porositd 
des aggloadrAs variait de 44,76 (1100 eG) 
A 27.53 % (1400 *C)  $ la dimension des po
res etait de (0,4 A 1,0)d des cristaux.
Dans les conditions dynamiques, on dissol- 
vait les agglcmdrds de CoS et de CaO dont 
la porositd dtait infdrieure A 5 % et qui * 
furent obtenus par campression des poudres 
correapondantee ayant les particules de di
mension jusqu*A  60 JU. m A 200 KPa, suivie 
d*un  frittage isotherme A 1800-2000 *C  pen

Conformdment A 1'dquation (1), le mdcani- 
eme du processus dtant diffusif, sa vitesse 
est proportionnelle A W^^2, ce qui s'obser- 
ve pour des agglcmdrds compacts de CaO et 
de CgS (fig. 1). Si I'intensitd de rota
tion des dprouvettes de CoS varie dans 
les limites de 10 A 20 s-“, la vitesse 
de dissolution (I) croit dans la gamme 
(0,8 A 1,25).1O* 8 m/s, et pour CaO eile 
dtait nratiquement, d* ’si ordre de grandeur 
plus elevee-(2-3)*io"'m/s.  Cette diffd- 
rence est due A une mobilitd plus dlevde 
des ions Ca2+ devant SiO^- (2).
Les valeurs des coefficients de diffusion 
des ions les moins mobiles qui sont Ca2*  
pour CaO et SiC^. pour C2S. calculdes d'a- 
prds 1* Aquation (1), ne dependent pas de 
I'intensitd de convection du bain fondu 
et sont dgales A : D-,„2+ = 1,45.10*9  m2/s ;

4Q O VÄ ’
=1.10 m /s. Ces valeurs sont 

Oxv^.
en aöcord satisfaisant avec les rdsultats 
de la determination de D des ions corres- 
pondants par la mdthode capillaire (2), 
ce qui tdmoigne dgalement du caractdre 
diffusif du processus.

dant deux heures. La dimension des pores 
flans les dprouvettes variait dans les li
mites de 180 A 5000 A en diminuant avec 
I’eldvation de la tempdrature de cuisson. 
AprAs la cuisson, les dprouvettes de 10-2m 
de diamdtre et de 3.IO-2 m de longueur 
furent mises en rotation dans le bain fon
du A la vitesse de 10 A 20 s-1. Pour les 
mesures on a prdpard une installation spd- 
ciale (6) dont la conception permettait de 
rdaliser le processus dans les conditions 
oxydantes A 1500 °C I’intensitd de rota
tion des dprouvettes dtant dlevde et leur 
A cart par rapport A I’axe de rotation dtant 
minimale.
L*  utilisation du disque toumant en tant 
que surface de rdaction permet de rdgler 
1’dpaiss^ur de la couche fcydrodynamique et 
par 1A meme 1'dpaisseur de la couche fron- 
tidre de diffusion limitant la vitesse de 
la rdaction se ddroulant dans le demaine 
de diffusion. Dans ce cas le processus se 
ddcrit approximativement par 1’dquation

I = 0,61.K.D2/59 "1''5W1/2a C, (1)

oü I est la vitesse de dissolution, m/s ; 
D le coefficient de diffusion, m2/s ;

la visco si td cindmatique, m2/s ; W la ' 
vitesse de rotation angulaire, rad/s ; 
K le coefficient ; A 0 le paramdtre de 
concentration dgale A

Ci - C_ 
AC = —---------- ;

1 -
Ci la concentration de saturation, frac
tions volumdtriques ; C— la concentration 
dans le volume de la matidre fondue, frac
tions "volumdtriques ; V la volume partial 
du corps dissous dgale A V = P^/P^ i P a 
la densitd du mindral dissous, kg/m5 ;
P la densitd de la matidre fondue.



Fig. 1 - Influence de l*intensit6 de rota
tion (W) des agglom6rSs de CaO (1) et de 
CoS (2) sur la cin6tique de leur dissolution 
dans le bain fondu eutectique.

Lors de la dissolution de CaO dans les con
ditions de convection naturelle, au pre
mier moment d*interaction  la matidre fondue 
migre intensSment dans le volume du grain 
par son gyst&ne capillaire ä la vitease de 
Xl-2).10-3 m/s. Les processus de dissolu
tion molSculairea se dSroulant dans le vo
lume et sur la surface de 1*  Eprouvette ain- 
si que 1’action de coinqage de minces films 
de la phase liquide conduisent ä ce que lea 
petita cristaux separEs de CaO ae trouvent 
entour6a par la matiäre fondue.
La vitease du processus de dissolution de
pend dans une grande mesure de la denaitE 
des particules et la profondeur de la cor
rosion est proportionnelle ä *C (fige2).
Le caractEre rectiligne de la fonction 
Ad -^1/2 tEmoigne du fait suivant. Bien 

que par suite de la migration de la matidre 
fondue et de la dissolution des zones de 
contact ait lieu le processus de dispersion 
des particules polydispersEes en petits 
cristaux sEparEs. la vitesse gEnErale de 
dissolution se determine, Egalement dans 
lea conditions statiquea,surtout par le 
transfert de masse des particules dissoutes 
quia a’effeetue de la surface extErieure de 
l* Eprouvette dans le volume de la matiEre 
fondue. Ceci pennet d’utiliser 1'Equation
(2) pour calculer le coefficient de diffu
sion effectif des Iona Ca2+ :

9i

(2)

OÜ. est le coefficient de diffusion 
effectif, m2/s;

Fig. 2 — Influence de la densitE des Eprou- 
vettea de CaO sur leur vitesse de dissolu
tion (1 - densitE 2060 ; 2 - 2550 $ 
5 - 2500 kg/cm?)

la viscositE cin&natique, m2/a ;
0, - n

A j> = ————ia difference frantion- 
naire de densitE ; I = DR/dt la vitesse 
de dissolution, m/s ; R le raven de I'E- 
prouvette, m ; 6 * = (C^, - Co) 1'Epaisseur 
effective de la cöuche de diffusion $ 

le gradient de concentration sur la 
surface de sEparation.
Avec 1* augmentation de la densitE des 
Eprouvettes les valeurs de diminuaient 
(fig. 5) : ainai pour p = 2060 kg/^ la 
valeur moyenne de Def£, au cours des dix 
premiEres minutes de la dissolution, Etait 
de 19,2e10-7 m/s et pour p = 2550 
de li,2.10“7 m/s. Cette diffErence 
le caractere ccmpliquE du mEcanisme de la 
dissolution des agglcmErEs de CaO, qui est 
du de toute Evidence au passage dans le 
bain fondu tant des ions sEparEs Ca2+ que 
des groupements polyioniques. Lea dimen
sions de ces groupements (particules) dE
pendent de la structure des cristaux de la 
phase solide et d'aprEs les^donnEes de (1) 
la grandeur des blocs peut etre de 1 jum. 
RECRISTALLISATION DANS IE SISTSIE C-S - 
MATIERE FONDUE <L
Les processus de dissolution de CaO et de 
C2S et de cristallisation de C5S dans le 
grain de clinker dans lequel, a 1450 *C,  
il ae forme prEs de 50 A 40 > aeulement

kg^i5, 
traduit



Fig. 3 - Variation des valeurs du coeffi
cient de diffusion effectif de Ca2+ en 
fonction de la structure des Sprouvettes 
de CaO en cours de dissolution et du temps 
de dissolution'. Density des Sprouvettes de 
CaO (kg/to5) : 1 - 2060 ; 2 - 2350 ;
3 - 2500

de la matidre fondue sont pratiquement si
multanes, ce qui rend difficile leur Stude. 
La cinetique de la recristallisation de 
CgS tut 6tudi6e dans le clinker b^litique 
cantenant 30 % de matiäre fondue et 70 % 
de Silicate dicalcique avec les particules 
de dimension de 60 a 90 et de 160 ä. 200jum. 
Les particules de CoS Staient mdlang6es 
avec des charges prealablement refondues 
calculees pour l'obtention de la composi- 
tian eutectique (CaO - 5*,8  ; SiOg - 6,0 ; 
ÄlgO^ - 22,7 > - 16>5 % en nasse)
ayant la temperature de fusion de 1338 °C 
(ne 1) et de la matiäre fondue qui se for
me dans le clinker ä 1*50  eC (CaO - 57,0 ; 
Si02 - 7,5 i Al203 - 22,6 t Fe2<^ - 12,9 % 
en masse) (bain fondu n*  2). 1 partir des 
mdlanges obtenus on a forme sous pression 
de 200 MPa des tablettes de 10 mm de dia- 
metre et de 0,7 g de poids. Les tablettes 
etaient soumises au frittage isotherme ä 
1450 °C dans un four vertical en plutine— 
rhodium, suivi d'une trempe dans le milieu 
aqueux. Pour 6prouvette etalon on a pris 
un agglcmere cult pendant 1 mn. Sa struc
ture cristalline traduisait tous les chan- 
gements survenus dans la composition dis
perses de CgS et dus ä la compression de 
la masse et d. la ddsintegration thermique. 
On determinait la cinetique de la dissolu
tion des grains d*aprds  le changement d,ai- 
re des sections fixdes sur les photos. On 
a determine trots grandeurs t concentration 
volumique des particules de CgS en cours de 
dissolution (%) ; concentration volumique 
des cristaux de CgS se ddgageant de la ma— 
tidre fondue (%) ; concentration volumique 
de touts la phase solids 06).

Fig. 4 — Variation des concentrations volu- 
miques de la phase solide (1, 2) dans Is 
systdme "bain fondu saturd (30 %) - CgS 
(7O 56)" et de la vitesse de dissolution de 
CoS dans les bains fondus eutectique (3) 
et saturd (4). 1 - particules de CgS de 
ddpart ; 2 - cristaux ddgagds du bain fondu 
par recristallisation •

La vitesse de dissolution des particules 
de CgS dans les bains fondus eutectique et 
saturd au cours des prenidres 5 d 7 minutes 
est sensiblem ent diffdrente (fig. 4), ce 
qui s’explique par la non-saturation du 
bain fondu eutectique en calcium et en si- 
lice d la tempdrature de I'expdrience de 
1450 “C. Toutefois, apres la saturation du 
bain fondu n° 1 les vitesses de dissolution 
des particules de CgS restant dans les deux 
systemes deviennent pratiquement identi- 
ques. Les variations ultdrieures des con
centrations volumiques des grains en cours 
de dissolution et des cristaux de CgS se 
ddgageant des bains fondus saturds sont 
interddpendantes (fig. 4).
La dispersion des grains de ddpart est le 
stade initiale du processus de dissolution 
de'CgS dans le clinker fondu saturd. En
suite, on assiste A la dissolution de pe- 
tites particules et A la reddposition de 
la matiere de la phase solide sur des mono- 
cristaux plus gros ou sur leurs agrdgats 
avec foxmation d'une frange de CoS secon- 
daire cristallisd. Il est caractdristique 
qu'avec 1'accroissement de 1'dpaisseur de 
ce film la vitesse de dissolution diminue, 
atteignant au bout de 10 mn 0,36 56 de la 
phase sol./tan. •
Aprds environ 10 A 15 mn, sous 1'action de 



la matidre fondue qui nigre contingent A 
travers le film vers la surface de la par- 
ticule la liaison entre les restes du grain 
de depart et les criataux nouvellenent d6- 
gag6s qui constituent le film enveloppant 
devient plus faible : 11 en rAsulte que les 
particules de ce dernier sont arrachees, 
par les courants de convection de la ma- 
tidre fondue, A la surface de la phase de 
depart et se dAplacent dans 1* espace inter- 
granulaire.
La variation de concentration volmique des 
grains en cours de dissolution est decrite 
par l'Aquation exponentielle

U = ea-bt, (5)

oü a = In UQ, Uq eat la teneur initiale du 
systAme en CgS, t le temps, b le facteur 
dependant des dimensions des particules de 
dApart : pour 160 A 200 m b = 0,OCä-7, 
pour 60 A 90 m b = 0,005. Alors la vi
tesse de dissolution sera

(4)

(5)1 = V 0

I = bea_1}t(
I

oü b = yv- , Io eat la vitesse de dissolu
tion au Soment d*interaction  initial. 
L’Aquation (4) peut s’Acrire sous la forme

■

Compte tenu du mAcanisme diffusif du pro
cessus de dissolution de 038 et en se ser
vant de 1* Aquation de Nernst on peut Acrire

I = D • S . (6)O (J 0 K y

Les grandeurs D, a 0, 6 = f(a C, D) ne 
varient pas dans le temps et on a

Io = KS0 . (7)

En portant cette valeur dans 1* Aquation (5) 
on obtient -g

^o 
-------tC

I = K.So.e 0 . (8)

Il dAcoule de ^expression (8) que la Vi
tesse de dissolution des grains de C2S dans 
le bain fondu est fonction de leur concen
tration de dApart et de la surface d’inter
action initiale. Il convient de noter que 
bien que le processus de dissolution se 
dAcrive de facon assez satisfaisante par 
1* Aquation (8). toutefois par suite de la 
dispersion pAriodique des particules de 
dApart on observait A certains instants 
une accAlAration importante de la rAaction, 
ce qui conditionne probablement le carac- 
tAre pAriodique du processus de formation 
du clinker, etabli egalement dans les tra- 
vaux de I.V. Kravtchenko, M.T. Vlassova,
B.E.  Youdovitch, W. Kurdowski, etc.
FOEMATION DB L«ALITE DANS LE SYSTEME CaO - 
CgS - MATIEBE ECBDUE 
la mAthodologie des Atudes Atait la mane . 
que dans le cas prAcAdent A cette diffAren- 
ce prAs que le systdme comprenait encore 

des grains denses de CaO de dimension moins 
de 60jMm en quantitA assurant, aprAs l,a- 
chAvement des rAactions, la fozmation de 
50 % (en volume) de C^S.
Dans le clinker contenant C2S et CaO les 
processus de dissolution des grains des 
deux minAraux dans le bain fondu se dArou- 
lent A une vitesse plus AlevAe que dans le 
cas od une des phases fait dAfaut. En effet, 
selon les donnAes de la fignre 5 la vitesse 
de dissolution de C2S dans le clinker avec 
le coefficient ds saturation de 0,89 Atait 
de 7,02 % de la phase sol./fan, alors que 
dans le systAae "CoS - hain fondu saturA" 
la valeur absolue de la vitesse de disso
lution de C2S dans les mimes conditions de . 
tempArature et de temps Atait 6 fois moin- 
dre et dans le qystdme •CoS - bain fondu 
eutectique" 1,5 fois molndre. Par consA- 
quent, I’Alimination constante des ions 
Ca2+ et SiQi|r du bain fondu intensifie 
brusquement le processus de dissolution.
Durant les premiAres 5 mn, la vitesse de 
dAgagement de C5S Atait de 6-9 % de la 
phase sol./fan et correspondait pratiquement 
A la cinAtique de la dissolution de C^S (fig. 5). 2

Pig. 5 - Variation des vitesses de disso
lution de CoS (1) et de cristallisation de 
CxS (2) en fonction du temps de frittage 
a 1450 °C du clinker avec KS = 0,89

Et cette correspondance n*Atait  pas pertur
bAe par augmentation de la durAe du traite- 
ment isotherme jusqu'A 1'obtention de I’A- 
tat AquilibrA. Ce fait tAmoigne d’ime ab
sorption pratiquement instantanAe des ions 
passAs dans la matiAre fondue par des cria
taux ■ croissants.
la plupart.des ciistaux de OxS nroissent 
sur la surface des particules de dApart du 
bAlite et de telle sorts que 1'axe long 
soit dirigA perpendiculairement A la ten- 
gente A la surface de C^S au point de for- 



nation de O^S.
Au fur et ä. mesure de la fonaation slut 
toute la surface du grain de depart du b6- 
lite du film monomoleculaire des germes 
quasi bidimensionnels de CjS, 1* Eventuali
ty de I’apparition de ces germes sur la 
surface du support diminue et le processus 
de cristallogenEse se poursuit grace ä la 
croissance des germes de 1’alite susmen- 
tionnEs. La •frenge formEe par des monocris- 
taux n'a pas de structure cristalline par
faits. Sur la surface du support 11 y a 
egalement des dEfauts (par example,les mic- 
rofiasures). Il peut en rEsulter l1exten
sion de la surface du support et la com
pression de la surface des nouvelles for
mations A leur point de contact, conduiaant 
A la limits au dEtachement des particules 
de la frange A partir du support.
Les phenomAnes de liquation ayant lieu dans 
le r.i inker fondu (2) peuvent modifier nota- 
blement la cinetique des processus de dis
solution et de cristalliaation. Dans lea 
bains fondus salina qui se foment sur la 
base de Ha, K, F, Cl. la vitesse de disso
lution du belite croit de 3 a 10 fois, at- 
teignant I de CaO. Avec I’accroissement de 
basicitE de la phase licuide en presence 
des ions Ha, K, Ba, Sr IcaO diminue 
de 2 A 4 fois pour la concentration des 
oiydea de 3 ou 4 %. Dans les bains fondus 
acides 1*  oxyde de calcium se dissout 1,5 A 
2 fois plus intensEment que dans le clinker 
fondu. La mitjroliquation mEtastable due_A 
la solubilite de Si02, de CpS". ,de CaO et la 
mobilite des anions Bilikooxygenes et de 
Ca^"1" differentes conduit a ce que dans 
les domaines plus acides ("belitiques) la 
cinEtique de la formation de 1’alite est 
controlee par la dissolution de C2S et la 
diffusion des ions Ca2+. Dans ce cas les 
cristaux d’alite croissant dans le sens 
des zones bElitiques en les supprimant. 
Dans les domaines avec une concentration 
ElevEe des ions Ca2* et surtout Ha*  et K+, 
le bElite corrode intensEment (2) et le 
processus de synthAse de CxS se dEtermine 
par la vitesse de dissolution de 1’oxyde de 
calcium. Ainsi, le stade de limitation du 
processus de fomation de 1’alite peut va- 
rier dans le grain de clinker en fonction 
de 1'hEtEmgEnEitE locale de sa composition 
et de la nature des ions Etrangers.
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Caracteristique de la matiere adherent© causant ' 
des troubles de fonctionnement et leur elimination

Characterisation and Elimination of Adherent Layers Causing
Operational Troubles ' " "

M- KOc"“st°?V^Zh SHuenng^,VeSZPrern UniVerSl,y °f Chemlcal Engineering. Dept. Silicate

K. BENYEI, Dr., Dept. Leader, Beremend Cement Works, Beremend, Hungary.

RESUME : On a etudle les composes volatlls qul circulent dans les fours ä vole seche, et spe- 
cialement la relation entre 11enrlchissement des composes alcalins et la formation de crou- 
tes adherentes.
On a constate que des masses adherentes se produisaient dans les cyclones des echangeurs de 
chaleur des fours Humboldt; on a constate aussi, au moyen des analyses de phases, que ces 
prodults etaient identiques ä ceux produits en laboratoire et que la fusion des composes al
calins (notamment des chlorures alcalins) jouait un role important, en facilitant la forma
tion de la spurite et des matieres adherentes.
L'addltion de phosphate de chaux compense cet effet nocif des chlorure?, des carbonates et 
des sulfates alcalins; toutefois empeche ä la formation de la spurite et celle de I'ali- 
te. La presence simultanee dans le clinker de composes alcalins et de P2O5 reduit la resis
tance du ciment, meme si ^2^5 ne depasse pas la proportion de 0,8 56.

SUMMARY: The results of research on the effect of alkaline circulating compounds on adherent 
layer formation are presented in this paper.

The phase composition of adherent layers formed in cyclone heat exchangers of the Humboldt 
clinker burning system, and of similar laboratory samples was examined. The alkali content 
(in particular, alkali chloride) acts not only as a flux but at the same time also promotes 
spurrite formation.

Although this latter effect can be succesfully retarded by the addition of phosphates their 
use is not recommended, as phosphates retard alite formation too, which in turn deteriorates 
cement quality. The strength of cement is decreased considerably in the joint presence of 
alkalies and P-,0,-, even if P-,0- concentration is as low as 0,8%. '
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INTRODUCTION

La circulation des alcalins et du soufre se 
manifestant lors du cuisson ä sec du clinker 
cause beaucoup de problemes. En etudiant le 
principe concernant la formation des anneaux 
de matiere ou des masses adherentes condui- 
sant aux engorgements des systemes prechauf
feurs, beaucoup de travaux ont reussi ä mon- 
trer le role de I'enrichissement des compo- 
sant volatile [1,2,3,4,5,6] .

L'Stude de la masse adherentes se formant aux 
cyclones du Systeme KHD de production du clin
ker a Beremend (Hongrie) nous a conduit aux 
constatations pareilles. Cette publication 
contient les resultats de ces etudes ainsi que 
ceux de nos experiences de laboratoire ayant 
le but suivant:

a/ etudier la formation de la composition 
de phase caracteristique•de la masse ad- 
herente a un pourcentage d'alcalin eleve.

bl empecher la formation de cette composi
tion de phase a l'aide des additifs 

de P2°5*

Fig. 1 - Detail de la prise de diffraction 
X de poudre de 1'echantillon adherent obtenu 
du cyclone IV. .

Etude de la masse adherente forme au Systeme 
prechauffeur Humboldt

Cette etude a necessite des prelevements sys- 
tematiques des masses adherentes se formant 
dans tous les cyclones et toutes les chambres 
d'admission a regime continu. Les essais chi- 
miques ainsi que les essais de diffraction X, 
de thermique et de microscopie electronique 
nous a aide a determiner les compositions 
chimique et de phase de ces echantillons.

Cette publication contient un exemple de ces 
essais, tout en presentant le diagramme de 
diffraction X de poudre ( figure 1) , les di- 
agrammes DTA, TGA, DTGA ( figure 2), ainsi que 
la prise de microscopie electronique de deux 
parties d'un echantillon obtenu de la masse 
adherente du cyclone IV (figures 3, 4) . Le 
pourcentage d'alcalins de cet echantillon 
determine lors de 1'analyse chimique est de 
16% de poids en KjO equivalent.

Fig. 2 - Diagramme DTA, DTGA, TGA de 1'echan-*’ 
tillon adherent obtenu du cyclone IV.



Fig.3 - Cristaux de KCl dans les echantillons 
adherents obtenus du cyclone IV. Microscope 
electronique a balayage (grossissement: 300x)

Le pourcentage eleve de potassium (K20 > 10% 
en poids) caracterise en general les echan
tillons obtenus de la masse adherents du cyc
lone IV. Normalement ce potassium s'enrichit 
au cyclone IV en forme de chloride (fig.l, 3).

(II faut noter que le pourcentage de chloride 
de la farine brute de Beremend n'atteint pas 
0,015 % en poids, il est done superflu d' y 
utiliser le by-pass.)

Les masses adherentes du cyclone IV et des 
autres niveaux du Systeme prechauffeur ne 

Fig. 4 - Cristaux de spurrite et de calcite 
dans les echantillons adherents obtenus du 
cyclon IV. Microscope electronique a balayage 
(grossissement: 55OOx)

contiennent pas de sulfates alcalins et de 
sulfates alcalins de calcium. Le soufre in- 
troduit au Systeme s'enrichit essentiellement 
en forme d'anhydrite (CaSO^) dans la masse 
adherente du cyclone II.

Le tableau I contient les compositions de 
phase caracterisant les masses adherentes 
des cyclones et de la Chambre d'admission 
en se basant sur les resultats des essais 
ci-dessus de 70 echantillons.

TABLEAU I
Composition de phase caracteristique de la matiere adhSrente se produisant aux etapes du 

Systeme prechauffeur (% en poids)

Endroit du 
prelevement

Calcite 
CaCO3

Anhydrite 
CaSO4

Spurrite 
2C2S"CaCOj

Portlandite
Ca( OH) 2

Chaux libre 
CaO

Phases determinees 
qualitativement

Cyclone I. 72,5 2,4 - - traces Quartz

Cyclone II. 16,6 50,0 traces 3,3 traces Quartz

Cyclone III. 48,3 3,8 traces 10,8 4,5 Mineraux de clinker 
et quartz

Cyclone IV. 26,6 2,4 22,5 3,2 4,3 Mineraux de clinker 
et quartz

Entre le cyc
lone IV. et 
le four

10,5 — 6,2 12,8 15,0 Mineraux de 
clinker

Chambre 
d'admission

19,7 traces 17,1 22,0 7,2 Mineraux de 
clinker
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Experience de laboratoire

Le probleme principal de I'usine de Beremend 
consiste dans la masse adherents 5 pourcentage 
elevS d'alcalins et de spurrite du cyclone IV. 
Outre I'effet de P2O5 emP®chant la formation 
de spurrite, une relation entre la formation 
du spurrite caracterisant la composition de 
phase de la matiere adherents et les composes 
alcalins a Ste studies lors des experiences 
de laboratoire.

Les matieres utilisees au cours des experien
ces sont les suivantes: farine brute d'usine, 
K2CO3, Na2CQ3, KC1, NaCl, K2SO4, Na2SO4 et 
Ca3(PO4)2.

Le mode de preparation des echantillons est 
le suiivant:

On melange un compose alcalin d'une 
quantite äquivalente a 1,2 % en poids 
de K™O et de la farine brute. Un echan- 
tillon correspond a un seul compose al
calin.

On melange un compose alcalin et uns
quantite de Ca3(PO4)2 correspondant a 
0,8 ou a 1,6 % en poids de ?2®5 se^on
la methode de a^. (Le pourcentage de
P2O3 concerne le clinker.)

A partir des melanges prepares selon les me
thodes a) et b) et de la farine brute sans 
additifs nous avons agglomere des pastilles 
que nous avons cult pendant deux heures dans 
un four electrique a temperature de 750 °C, 
840 °C, 970 °C et 1400 °C.

La determination de la composition chimique 
et de phase des echantillons ainsi prepares 
s'est effectuee par les essais chimiques, 
thermiques et de diffraction X.

Les composants de la farine brute d'usine et 
sans additifs ne montre pas la formation du 
spurrite aux temperatures d'essais.

On pent constater la formation la plus älevee 
dans les echantillons contenant des composes 
alcalins et cults’ a 840 °C (figure 5).

Fig. 5 - Teneur de spurrite en fonction de 
la temperature de cuisson.

Tous les composes utilises dans nos essais 
aident la formation de spurrite, mais c'est 
d'une facon differente: la presence des chlo
rides donne la formation la plus intensive, 
I'effet des carbonates est moins accentue, 
les sulfates montrent une efficacite bien 
reduite (figure 5).

Ca3( P04)2 empeche la formation de spurrite. 
Get effet inverse s'augmente avec la quantite 
de P2°5 figure 6).

Fig. 6 - Teneur de spurrite des echantillons 
cults ä 840 °C en fonction de P2®5*



Nous avons enfin compense les compositions de 
phase des echantillons cults ä la temperature 
de 1450 °C. Malheureusement il faut constater 

que les echantillons contenant des composes 
alcalins et P2O5 montrent une formation 
d'alyte bien reduite. Le pourcentage de 0,8% 
en poids de P2O5 calcule sur clinker empeche 
deja la formation d'alyte et les echantillons 
de P2C>5 contiennent outre le derive ß du si
licate dicalcique beaucoup de derives a'.

Ces resultats contredisent nombreux donnees 
anterieures, par exemple que la presence de 
P2O5 augmente la duree du durcissement en cas 
d'une matiere premiere ä pourcentage d'alca
lin eleve, mais augmente aussi la resistance 
a la compression de 28 jours [ 7] que le C^S 
et la solution solide de CjS ä pourcentage 
de P2Og reduit ne montre qu'une difference 
presque negligeable, en ce qui concerne 
1'hydraulic!te [ 8] et enfin qu'un clinker 
dont le pourcentage de P2O5 ne depassant pas 
1% en poids donne des ciments d'une resis
tance a la compression bien elevee et cet 
effet ne depend pas de 1'age des echan
tillons [ 9] .

Le resultat de notre analyse de phase montre 
un pourcentage d'alyte et de ß silicate di
calcique moins Sieve dans les Schantillons 
de teneur de P20g que dans ceux sans P2O5' ce 
qui est prouve par des essais de resistance. 
La presence de P2O^ dans les echantillons 
augmente la duree du durcissement et ces 
echantillons peuvent etre caracterises par une 
resistance moins elevee meme de 28 jours que 
dans caux sans P^j-

CONCLUSION

L'additif de phosfate de calcium peut compen- 
ser I'effet des composes alcalins facilitant 
la formation de spurrite, mais la presence 
de P2O5 empeche a la fols la formation de 

spurrite et d'alyte meme en cas d'un clinker 
ou le pourcentage de P20^ ne depassant pas 
0,8% en poids. Les additifs de P20^ empe- 
chent done la formation de spurrite, e'est- 
a-dire celle de la matiere adherente, mais 
c'est au detriment de la qualite du clinker.
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Influence du mode de broyage du clinker et des 
constituants secondaires sur la reactivite des ciments 

et sur la rheologie
CHnker Grinding method and secondary components 

Their effect upon cement reactivity and rheology

RE SEME
Comparaison entre le broyeur ä boulets et le broyeur ä projection sous le double aspect de 1’activation des 

produits et des caractdristiques rheologiques des pates. On demontre que le broyeur ä projection permet d’optimi- 
ser la courbe granulometrique pour obtenir des resistances tres elevees ä court terme. Cette augmentation s'acccm- 
pagne toutefois d'une modification de la rheologie des pStes.

Le broyage selectif des constituents secondaires du ciment, s’il est effectue suivant des regies prevues, 
pennet d'augmenter le dosage de ses constituants sans penaliser les resistances ä court terme. Ces differences 
de comportement peuvent etre expliquees par des parametres physiques lies au mode de broyage.

stimm . ' .
Comparaison between ball mill and jet-mill, from the double point of view of activation of the products and 

of the rheological characteristics of pastes. A clear indication is given that the jet-mill allows to obtain the 
best granulometric properties and, thus, very high strengths at early age. Nevertheless, this increase of strength 
comes with a change of the rheology of the pastes.

The selective grinding of secondary components of cement, when accomplished under the specified conditions, 
permits to increase the amont of its components without disadvantage for early age strengths. These differences 

of the behaviour can be explained by the physical parameters binded with the grinding method.



1. LE BROYAGE PAR PROJECTION
Le rendement du broyeur ä boulets chute tres 

rapidement des que l'on essaie d'obtenir des finesses 
supSrieures ä 2500 cm2/g ; ceci est A attribuer ä 
l'effet d'ecran que les grains fins exercent au bene
fice des grains les plus gros et aussi au phänomene 
d'agglomeration des fines particules. Si l’on veut 
eviter d'avoir des grains trAs gros dans la poudre, 
il faut consentir une quantite importante de grains 
fins qui, dans la plupart des applications, se reve
lent inutiles.

Avec le broyage par projection sous vide une 
telle agglomeration est impossible puisque le grain 
eclate sous sa propre energie cinetique. Tous les 
grains ayant une meme vitesse et n'etant pas freines 
aerodynamiquement, les petits grains sont animes 
d'une energie cinetique infiniment moins importante 
que les grains les plus gros et se trouvent moins 
sollicites ä 1'impact sur les cibles : d'oü selecti
vity du broyage par projection sous vide et obtention 
de courbes granulaires resserrees des materiaux broyes.

Figure 2 — Broyeur ä 
projection

Figure 1 - Broyeur a 
boulets (percussion)

Figure 3

La figure 3 illustre les differences de spectre 
granulometrique d’un sable de Fontainebleau broye au 
broyeur ä boulets et du meme sable broye au broyeur 
ä projection sous vide. Ces deux poudres ont sensi- 
blement la meme surface specifique mais le broyeur ä 
projection a fourni que peu de grains superieurs ä 
20 microns et aucun ä 40 microns, ce qui constitue 
un avantage considerable sur le broyeur ä boulets qui 
a produit 27 Z de grains superieurs ä 40 microns.

Figure 4

La figure 4 illustre les differents spectres 
granulometriques d’un clinker de cimenterie broye au 
broyeur ä boulets et au broyeur ä projection. L'avan- 
tage du broyeur ä projection reside dans la facilite 
d'obtenir la finesse desiree. Le processus d'eclate- 
ment ne depend que de la vitesse d*Impact  lorsque le 
grain ne comporte pas d'inhomogeneite. Le reglage du 
broyage s'efiectue en ajuscauc la vitesse de rotation 
du rotor.

Les mesures granulometriques montrent que la 
surface specifique en cm^/g est devenue un parametre 
insuffisant pour caractSriser des poudres broyees par 
des procedes differents puisqu'a surface specifique 
sensiblement egale on peut avoir des repartitions 
granulaires tres differentes.

Tableau I

Materiaux Durete Vickers Echelle de Mohs

' Gypse 70 2
Calcite 110 3 .
Clinker 450 ä 700

Feldspath 720 6 .
Quartz 1280 7

• Broyabilite cm^/Joule

Gypse 200
Clinker 70 .



Le tableau I et la figure 5 montrent 1'influence 
de la broyabilite des differents composants duciment. 
Le gypse est un element tendre qui apporte les ele
ments fins et influence fortement la surface specifi- 
que du melange et le caractere rheologique des pates, 
mortiers et betons au cours de leur preparation et de 
leur mise en oeuvre. *

Le clinker etant de plus faible broyabilite, la 
selectivite du broyage par projection donne une 
courbe granulaire particulierement resserree, proche 
de la courbe ideale recherchSe pour tirer le meil- 
leur parti du potentiel chimique du clinker.

2. INFLUENCE DE LA GRANULOMETRIE SUR LES RESISTANCES 
MECANIQUES

Tous les essais se referent ä un seul gypse 
temoin et trois clinkers (G), (R) et (A), chacun 
d'eux etant broye avec gypse et sans gypse pour deli
miter I1influence de celui-ci, soit avec un broyeur 
ä boulets (BE), soit avec un broyeur ä projection 
(EP).

Tableau II et III
Analyses chimiques des clinkers et CPA

pf

Caracteristiques des clinkers temoins

Usine G Usine A Usine R
clinker CPA 50 clinker CPA 50 clinker

0,40 1,51 0,44 1,36 0,45

Si02 21,82 20,29 21,90 21,01 21,94

ai2o3 6,3 5,89 3,82 3,49 5,03

Fe2°3 2,52 2,30 4,50 4,16 3,01

CaO 66,23 64,95 67,00 64,58 65,19

MgO 1,00 0,80 0,50 0,60 1,05

Na20 0,20 0,18 0,08 0,06

k2o 0,17 0,20 0,53 0,74 1,29

so3 0,81 3,44 0,51 3,53 1,57

Insol. 0,17
CaO 

libre 0,28

SO.Ca 4

Compositions potentielles en Z

1.4 0,87

AFC.4 7,7 13,74 9,15

AC3 12,5 2,49 8,24

SC3 54,6 66,44 62,11

sc2 21,7 13,05 15,54

2.1 Influence du gypsage
a) Granulometrie (fig. 6)

Le clinker (G) et le gypse sont broySs sfipare- 
ment au broyeur ä boulets. La surface specifique du 
clinker est de 2950 cm^/g ; le gypse a ete broye ä 
5540 cm^/g et 10 000 cm2/g. Les ciments ont 6tA gyp- 
ses ä 5 1 SOg.

A quantite egale de gypse, le ciment (A) donne 
de meilleures resistances que le ciment (B).

b) Influence du pourcentage de gypse (fig. 7)



Clinker (G) et gypse sont broyes ensemble au 
broyeur ä boulets. Les resistances mecaniques sont 
influencees par le pourcentage de gypse.

c) Influence du mode de broyage

Figure 8

Le resultat des essais montre que le ciment bro*  
ye au broyeur ä projection permet, par 1'optimisation 
du gypsage, d’obtenir un important gain des resistan
ces mScaniques, et tout en ameliorant d'autres carac- 
teristiques telles que le gonflement et la fissura- 
tion.

La photo ne 10 prise au microscope optique mon
tre que lea gains de clinker restent polycristallins 
apres un broyage au broyeur ä bouelts industriel. Par 
contre, le broyage fin par projection donne des grains 
monocristallins plus particuliSrement par la libera
tion de l'alite et du CgA, photo n° 11. Le procedS 

de broyage par projection permet d'augmenter sensible- 
ment le gypsage sans inconvenient.

biguiL l(

Figure 1 I

2.2 Ajouts inertes

La structure monodimensionnelle du ciment obtenu 
par le broyage selectif favorise 1* incorporation de 
fillers inertes qui, au lieu de diluer le produit comme 
c'est le cas pour un ciment broye broyeur ä boulets, 
jouent le role actif d’ajout de remplissage granule— 
metrique.

La figure 12 montre qu’avec 30 Z d'ajout inactif 
(FC) et 70 %.de clinker gypse, broye au broyeur aprojec— 
tion, on obtient les performances d'un CPA 50. De la mane 
maniere, avec AOZd'ajout inactif, on obtient les per
formances d'un CPA 40 et avec 50 Z, celles d'un CPJ 
35 . Une etude recente du Laboratoire Central des Fonts 
et Chaussees, consacree aux ciments de broyeurs ä 
boulets, et les essais temoins effectues au CERILH 
montrent que les resistances mdcaniques decroissent 
rapidement lorsque la teneur en ajout inerte croit, 
et qu'elles suivent approximativement la loi de FERET.

La figure 13 revele qu'un meme melange [clinker 
(G) ♦ gypse] broye au broyeur A projection donne des 
resistances mecaniques ne suivant plus la loi de FERET. 
Les ecarts, par rapport ä cette loi, se traduisent par 
un gain important pouvant atteindre 50 Z ä 100 Z.

A performances identiques, la teneqr d'ajouts 
inertes est environ 30 Z superieure au taux d'ajout 
dans le cas ou le clinker + gypse sont broyes au bro
yeur ä projection (BP).



Figure 12

2.3 Ajouts actifs

Dans une moindre mesure que le clinker, les lai
tiers, les cendres volantes et les pouzzolanes sont 
des ajouts actifs connus et utilises pour la fabrica
tion de ciments normalises. Leur action surtout pouz— 
zolanique est- sensible ä moyen terme mais leur acti- 
vite ä court terme peut etre augmentee par le broyeur 
a projection.

La figure 14 montre les resistances mecaniques 
obtenues avec le clinker (R), broye avec ajout actif 
au broyeur ä projection, pour un beton COPLA ä 350kg 
(granulat Beton Arme). Sur la meme figure sont repor- 
tes deux ciments temoins de broyeur ä boulets indus
triel [clinker (R)]. Bien que les ciments de broyeur 
ä projection demandent un rapport E/C plus important, 
ceux-ci font apparaltre leurs avantages en resistan
ces mecaniques.

Figure 14

3. RHEOLOGIE ET RESISTANCES MECANIQUES DES MORTIERS
ET BETONS

Les mortiers et betons confectionnes avec un ci- 
ment broye au broyeur ä projection sont caractArises 
par une mauvaise rheologie ne favorisant pas une bonne 
niise en place et un bon serrage dans les moules aeprotr- 
vettes. Neanmoins, les resistances mecaniques obtenues 
avec ou sans ajout sont tres largement superieures ä 
celles obtenues avec un ciment de meme composition 
broye au broyeur ä boulets. Tous les essais d'etalement 
sur mortier ont, pour reference, la Norme americaine 
FLOW-TEST Cl24-39.
3.1 Influence de la granulometrie ■

a) L1influence de la granulometrie de chaque cons
tituent du ciment est considerable sur la finalite des 
caracteristiques mAcaniques d'un mortier etd’un beton. 
La cinetique d'Hydratation est bouleversee par la se
paration des phases du clinker dont la granulometrie 
se trouve resserrAe (Photos 15 et 16). j.es etudes de 
J.P. BERNARD, M. REGOURD et J.P. MERIC demöntrent que 
les narametres granulometriques ont une influence dA- 
terminante sur la cinAtique d'hydratation des consti- 
"tüant s "du "cTment.



Figure 16 t

Un grain de 1 micron s'hydrate au cours du gächage et 
ne contribue plus aux resistances du beton

M fl de 2 microns est hydrate ä lOOZ en 1 h 1/2
fl de 20 microns est hydrate ä 69Z en volume

au bout de 7 jours•1 ae 30 microns est hydrate ä 52Z en volume
au bout de 7 jours

if de 70 microns est hydrate ä . 70Z en volume
au bout de plusieurs mois et secomporte 
cotnme un granulat.

b) Influence de la granulometrie des agregats et 
du ciment

Tous les mortiers tBmoins ont ete confectionnes 
suivant la Norme AFNOR en vigueur NF Pl5-403, sans te- 
mr compte de la granulometrie des ciments de broyeur 
ä projection pauvres en elements fins et en grains su- 
perieurs ä 20 microns, c'est-a-dire avec discontinuity 
granulometrique entre ciment et sable normalise. L*op 
timum de remplissage granulometrique correspondantä une 
dtstribution privlldgiee de partrcules d'ajötltS tnetteS 
ou actifs, ou les deior 9 la fois, a 6t6 recherche ä 
partir des formules de FÜLLER-BOLLÖMEY et de JOISEL, 
poüf^öbtenir une meilleure rheologie des mortiers et, ä 
Theologie egale, reduire le rapport eau/ciment.
3.2 Influence de la forme des grains de ciment et 

ajouts .
a) Clinker

Les photos 17 et 18 montrent les differences im
portantes entre un grain de clinker (G), broyS au bro
yeur ä boulets.et un grain de clinker broye aii broyeur 
ä projection. Celui-ci donne des fragments ä angles 
vifs et ä surface lisse et les grains sent souvent 
monocristallins. Les differences d’aspect et de geom6- 
trie peuvent expliquer la mauvaise mobility des grains 
au cours du gächage et de la mise en place des mortiers 
et betons dans les monies.

Figure 17

Figure 18

b) Ajouts

Les ciments aux cendres volantes ont generalement 
la propriety de donner des mortiers et betons ä bonne 
rheologie. Cependant, une quantity importante d’essais 
montrent que les cendres volantes, composees essentiel- 
lement de micro-billes , pouvaient aussi bien 
ameliorer que reduire la rhyologie des myianges, 
(figure 19).

La granulometrie et la quantity de gypse ont une 
influence toportante sur les resistances mecaniques 
des mortiers et bytons confectionnes, soit avec un 
clinker de broyeur ä boulets, soit avec uh clinker de 
broyeur S projection. Il y a lieu d'ajouter I’influence 
rheologique du gypsage en fonction de la composition 
potentielle du clinker, (figure 20). Pour memoire, les 
CPA 50 de broyeur ä boulets industriel donnent gene
ralement des etalements compris entre 65 Z et 75 Z 
pour un rapport E/C - 0,5.
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c) Rapport Eau/Ciment
A caracteristiques rheologiques egales, 1* exi

gence en eau est plus elevee pour les ciments de 
broyeur ä projection.

La figure 21 montre les ecarts importants de E/C 
entre les ciments temoins CPA 50 et CPAL 40 de broyeur 
ä bouletset les ciments de broyeur ä projection avec 
ajouts. Leaddition de cendres volantes et de filier 
calcaire montre l’effet benefique de ces ajouts et les 
possibilites de reduction du rapport Eau/Ciment.
A rheologie egale, le rapport Eau/Ciment est fonction :

1) du remplissage granulometrique (mouillage par 
insertion),

2) de la surface specifique globale des parti- 
cules (mouillage par adsorption),

3) de la nature mineralogique de chaque composant 
(mouillage par absorption) porosite ouverte,

4) de la forme geometrique de chaque composant 
(mobilite),

5) des charges electriques de surface (mobilite).

Figure 21

BIBLIOGRAPHIE

- J.P. BERNARD (1978) : Contribution ä 1’etude des
relations entre les parametres granulometriques 
et les proprietes des ciments Portland.
These Universite de Paris VI.

- F.W. LOCHER, S. SPRUNG, P. KORF (1973) : Der Einflu
der Korngrössenverteilung auf die Festigkeit von 
Portland Zement.
Zement-Kalk—Gips, N° 8, 348-355.

- J.P. MERIC (1978) : Le Broyage.
Annales des Mines, novembre 1978.

- R.R. KEIENBURG (1977) : Kornverteilung und Normfes
tigkeit von Portland Zement.
Düsseldorf : Beton-Verlag.
(Schriftenrei der Zementindustrie, H 42).

- M. RITZMANN (1968) : Uber Beziehungen zwischen der
Kornverteilung und der Festigkeit von Portland 
Zement.
Zement-Kalk-Gips, N° 9, 390-396.

Abrevations :
G : Usine G
R : Usine R
A : Usine A
L : Laitier
FS : Filler siliceux

BB : Broyeur ä Boulets
BP ; Broyeur ä Projection
C : Cendres volantes
FC : Filler calcaire
E/C : Eau/Ciment.



Neutralisation des additions indesirables 
dans la matiere premiere

Neutralisation of undesirable admixtures in raw materials

I. LUGININA, docteur es sciences techniques, Belgorod, U.R.S.S.

RESUME : La production du ciment, ä partir de matieres crues brutes, pose des problemes de 
plus en plus aigus, du fait de 1'epuisement des gisements de calcaires purs, et de I'emploi, 
de plus-en plus frequent, de dechets industriels pour la confection des crus. Ces problemes 
peuvent etre resolus par la neutralisation reciproque des additions.

La composition des composes intermediaires qui se forment est connue, lorsque le cru contient 
des oxydes de magnesium, des alcalis ou du phosphore. On a trouve des interactions chlmiques 
permettant de neutraliser ces corps. Cet effet neutralisant s'accompagne d'ailleurs d'un 
abaissement de la temperature de decarbonatation et de la temperature de formation du liquidus.

L'addition de calcaires dolomitiques aux crus alcalins, accrolt la resistance du ciment, et 
empeche la formation, pendant la cuisson, de silicates magneso-alcalins. Ces derniers etant 
en contact a^ec les principaux silicates du clinker, ne se decomposent pas jusqu'a formation 
de periclase, comme dans le magnesium octaedrique.

SÜHMAKY : The cement production from nonconditional raw material la a very important 
problem in accordance with limiting of pure limestones and with the more wider use of indu
strial wastes in cement technology« This problem may be solved by mutual neutralisation 
of admixtures.
The composition of variable intermediate components is known. These compands are foieed 
when the raw material components include oxides of magnesium, of alkalies, of phosphorus. 
Chemical interactions, presiding neutralisation of the given oxides- are defined. The neu
tralised effect is accompalned by decreasing of the temperature of decarbonisation and 
melting.
The addition of dolomit limestones into batches containing alkali, improve the strength of 
cement and leads to the formation of alkall-magnesium silicates by firing. The latter 
being in contact with the main dimer.silicate minerals do not decompose until selecting 
of periclase as magnesium Is In the fourth octahedronal coordination.



La quantity de aoldcnlea de la mattere 
se trouvant but la surface s'dl^re conai- 
ddrableient ä la mouture fine des corps cri- 
etallisds. Lee couches superficieles et 
les phdnambnes d^terminent les propridt^e 
de la matiSre dans iMtat de poudre. 
A la aouture fine de quelques aatibres 
prises ensemble ccnnnencent les reactions 
mScanochiaiques dont la valeur est propor- 
tionnelle A la grandeur de la surface des 
ccmposants*  On a ddcouvert quelques seis 
doubles en dtudiant dee processus chialques 
passant sous 1’influence des catalieeurs 
dans le adlange des mati^res premieres de 
claent. Lea seis doubles sent dee composes 
canplexes, e'est pourquoi les rSgularitds 
de la formation des complexes doivent se rS- 
pandre sur les compoeds apparaiseant dans 
la matifere premiere agglcmerant dans des 
fours rotatoires. Dans ce travail on sou- 
eentend sous le terms de “la formation 
dee complexes" la capacity des eels de don
ner dee eele doubles et dee composes plus 
cempliquee. Lee reactions pareilles avec 
la formation des eels doubles entre le car
bonate de calcium et les seis alcalins 
commencent ä la temperature 300-400°C.
Un facteur determinant la formation dee 
complexes sous le chauffage dee systemee 
de sei est une presence du cation dans 
le mdlange avec une grande action de pola
risation en comparaiscn avec les-autres. 
L1action polariaant du cation Mg* + est 
presque 2 foie plus^fort que de celui de 
calcium(3,3 pour Mg^*  et 1,8 pour Ca£+). 
En se basant sur les certaines rdgularitds 
Stabiles par les chimietes sovidtiques et 
sur lee travaux du groups de technologues 
eovidtiques commences dans les anndes 30 
par Jouravliev V.F. une supposition etait 
fait que: premidrement- certains mdlanges 
en dtat d*oxydes  considdrant inddsirablee 
peuvent entrer dans un constituant de nou- 
veaux composds complexes) deuxiemement- 
de nouvellee formations peuvent avoir des 
propridtds visqueuees et leur apparition 
ne provoquera pae 1'altdration des proprid
tds du ciment. Enfin on peut supposer que de 
nouveaux ccmposants amelioreront un pouvoir 
agglomdrant du mdlange de mattere premiere• 
La teneur limitde en additions(catalieeurs) 
et les tempdratures relativmnent basses 
du commencement des intdractions entre les 
Constituante du mdlange de matidre premidre 
de ciment et 1’addition ont prdddtermind 
la tendance d'assurer le contact des rda— 
gents le plus dtroit. au moyen de leuv mou
ture commune. Le rdagent le plus probable 
est un carbonate de calcium, e'est pourquoi 
le contact le plus dtroit est assure ä la 
mouture justement avec lui. Les essaie pa- 
reils etait avec 1'addition des catalieeurs 
dans les mdlanges de matidree premidres: 
fluorure de calcium, silicofluorure de eodi
um et phoephore de platre. On dtudiait 1'in
fluence du contact initial du cataliseur 
a la mouture avec de diffdrente compoeante 
dee mdlanges de matidres premidree. Avec 
cela la durde totale de mouture reetait con- 
stante, il n' y a que le ccmposant du md

lange de matidre premidre qui dtait,en 
contact avec le cataliseur aux premiers 
stades du broyage changeait.
On prdparait lee mdlanges de diffdrente 
Constituante mindralogiques calculda pour 
l'obtention du ciment d'alite de celui dur- 
cissant vite, blanc et stable aux sulfates.
Il est dtabli que dans d'autres conditions 

de 1'introduction du cataliseur les Consti
tuante mindralogiques clinkers, la concen
tration de nouvelles formations intennd- 
diairee, le retrait et la soliditd des gra
nules agglcmdrant, la quantite de clinker 
fondu changeait. Ayant examind tons les md
langes on a dtabli une rdgularitd commune: 
11 convient d*assurer  une mouture commune 
du cataliseur avec du calcaire pour l'obten
tion de la plus grande soliditd du ciment 
prdpard.
L*influence  des conditions de la mouture 
du cataliseur avec de certains Constituante 
du mdlange de matidre premidre est reprdsen- 
tde partiellement. Un tableaux 1 reprdsente 
les rdsultats obtenus aux usines aprds 1'ap
plication du proeddd de mouture avec des 
rdsidus des pyrites qui dtait moins rdussi 
et les rdsultats de la mouture optimale avec 
du calcaire. Il est a noter qu’il avait 
toute une serie de'changements dans le ma- 
tdriel agglomdrant, male pourtant en ddpit 
de ces diversitds toutes les'compositions 
ont montrd les plus grandes valeurs de soli
ditd du ciment a la mouture des cataliseurs 
avec du calcaire. Le clinker du ciment blanc 
n*dtait  pas une exception bieg que le ciment 
de la plus grande blancheur fut obtenu 
ä la mouture du kaolin avec le cataliseur.
L'dldvation de 1'aotivite de ciment A la mou
ture des fluorures avec du calcaire est 
expliqude par la formation de fluorure de 
silicium de calcium-Ca-gSi.O-gF^d). Le com- 
posd se fait pour toutes les’variantes du 
mdlange ä condition qu'on ajoute le fluo
rure de calcium. Pourtant en faisant la mou
ture du cataliseur avec du calcaire on con
state que sa teneur est maxima. La forma
tion du carbonate de fluorure intermddiaire 
de la composition supposde(4CaC0o»70a0.CaF2) 
precede 1*  apparition du silicate-’de fluo- d" 
rure. Un carbonate de fluorure du calcium 
est fondu & la temperature 975°C avec la dd- 
composition postdrieure en ddgageant un gaz 
carbonique. Si le mdlange contient la si- 
lice, dans ce cas se forme un silicate de 
fluorure qui en se ddcomposant provoque 
1'apparition de 1'alite et de la fusion 
ä la tempdrature 1200°C.
L'dldvation de I'activitd de ciment obtenu 
du lit de fusion "cataliseur-calcaire" est 
expliqude par la teneur minimale des addi
tions dans 1'alite, par la microstructure 
optimale du clinker, par 1* absence de 1'alu
minate tricalcique. Le ccmposant facilement 
fusible du clinker de ces agglcmdrations 
est CgA-F. Il est k noter que la concentra
tion max. de 1'alite dans les clinkers dtu- 
dids ne garantissait pas la plus grande 
soliditd du ciment aprds 1'hydratation.



TABLEAU I

!•influence des conditions de la mouture du cataliaeur 
avec les camposants du mdlange de matibre premibre.

Clinker Mouture commune 
du cataliseur

■ Compos 
du oil

Alite

ition min 
nker, %

Bdalite

4ralogique

Substance 
inteimbdialre

Limite de 
soliditd 
sous pres
sion. _ „ _ 
MPa b I*age  
(jours) 

3 28

Blancheur 
en comparal- 
son avec 
BaSO4, %

D'alite

Hbsldus des pyrites 
et fluorure de cal
cium

70 6 24 37,1 53,1 On ne dSter- 
minait pas

Calcalre et fluo
rure

60 22 18 42,0 56,2

Stable
Rdsidue et fluo
rure

63 22 - 15 21,4 44,5

aux sul
fates

Vite dur-

Calcalre et fluo
rure
Residua et fluo
rure

60

78

24

10

16

12

26,0 47,4

35,6 42,7
—ee

clssant Calcalre et fluo
rure

65 20 15 38,9 51,0

Blano
Kaolin et fluo
rure *

59 . 30 11 on ne dd-38,2 
terminait

74,5

Calcalre et fluo
rure .

65 20 15 pae 41,2 69,0

Lee conditions du contact initial du cata- 
liaeur exercent une influence fort impor
tante & la composition et ä la teneur en 
mindraux-flux auesi bien qu'ä la teneur 
en alite« .
La miss en application du procädä proposS 
aux uaines de ciment a aeaurd 1* Elevation 
stable de l’actiritö de ciment ä 5 ou 7% 
avec le d^collage admissible du rdgime tecb- 
nologique du travail des fours; a amdliord 
la granulation du clinker; a dlimind la for
mation de la poussibre de clinker« 
Bn cherchant les procddds permettant neutra
liser des additions inddsirables dans le me
lange de matibre premibre de ciment, on a 
rdussi b determiner quelques nouveaux ccmpo- 
sante qui apparaissent b la clinkdrisation. 
On pent diviser ces ccmposds eg deux groupes: 
1- conserve dans le clinker pret et chan
geant sa-composition mlndraloglque et lea 
proprldtds du ciment: KoMgSlO-.BaJIgSiO., 
£2so,; 2- ccmposb se formant a laperiode 
pTdcedente b la cllnkSrlsatlon qui influ- 
encent b la formation de certains mindraux
de clinker et dlbvent la partle de leur 
solutions solides: KoCa(C0-)otHaoCa(C0-)o, 
KCa-(SO.)-, KJigCCO^)-, K-3&(SO‘)9, 1 4

Ca5Si2S012.

Les composes citds ci-dessus aont nomnds 
intenn6diaires. A notre avis il convlent 
de les nommer variables. Le tenne "inter- 
mddlaire" se rapporte aux mindraux- flux et 
au verre de clinker qui remplissent en 
effet des espaces pntre des mindraux- sili
cates dans le clinker. De nouvelles forma- 
tlons citdes ci-dessus sont stables dans 
!•Intervalle limits des temperatures, re- 
tlennent des atcmes et des ions dee consti- 
tuanta volatlfs dans la solution solide; 
leur constituant change au chauffage et 
ila 6e ddccmposent facilement en seis et ■ 
en o^rdes. ■
En rbgle, toutes les nouvelles formations 
favorisent .1* apparitioni des microfusions 
aux tempSratures fort basses et aocblbrent 
calalytiquement tout le procddd de 1’agglo
meration. La commande consciente de ces in
teractions permet d*assurer  la neutralisation 
ccmplbte des additions inddslrables. Le der
nier est rdussi si les oxydes Inddsirables 
en rbaglssan-^ donnent des composes stables*  
Dono,les interactions activent la clinkdrl- 
sation, car la temperature de la fonnation 
de la fusion dimlnue et par consequent ' 
le ddbit de chaieure pour le grillage sans 
provoquer le changement des Indices qualita- 
tifs du ciment. L'effect de neutralisation 
de la magndsie sur les lits de fusion alca- 
llns est ddjb connu. L«addition qui contlent 



le nagnisium acc^l^re une sublimation 
des oxydea alcalina (Figure 1).

Fig. 1 - Influence de 1*oxyde de magn^alum 
& la teneur en alcalin et en alite 
dans le clinker (CS=O,89).

1,2- avec lea sulfates de potassium et 
de sodium; 3,4 - avec les carbonates 
de potassium et de sodium.

ün phosphate de calcium et de magnesium 
(7Ca02Mg03Po0e) apparait ä I*agglomeration  
des mdlanges de mattere premiere de ciment 
& haute concentration des oxydes de magne
sium et de phosphore. !>’influence redproque 
de la neutralisation des oxydes se voit bien 
en envisageant les donndes du tableaux II.
Le premier groupe de composes formant 
des mindraux independents est moins ncm^reux 
male ils diminuent aussi la temperature .le 
1* agglomeration. En prdvoyant leur forma
tion 11 est ndcdaealre de changer la compo
sition du melange de mattere premiere, car 
une partie d*oxyde  se depense pour de nou- 
veaux composants. De nonveiles formations 
influent sur les proprldtde du ciment, par 
example, les silicates alcalino-tgagnesiques  
stimulent I'indurcissement des machefers 
et les oxydes deAmagndsium et de phosphore 
se trouvant en meme temps dans le ciment 
dlivent une stability aux sulfates.
Les composes contenant le phosphore in
fluent sur les lits de fusion de mattere 
premiere de ciment alcalins. Voir les don- 
nees du tableaux III.

TABLEAU II

Influence des oxydes de phosphore et 
de magnesium ä la soliditd

CS; 
n*  
2,5;

Teneur en 
additions, 

-56

Oxyde de 
calcium 
dispo
nible 
dans le 
clinker, 

%

Solidity des ci- 
ments sous preg- 
sion, MPa ä l'age

P” 
1,2 P2°5 MgO

1 7 28

0,85 0 0 0 8,9 20,7 33,1
-tt. 3 0 5,1 sont ddtruits

3 4,5 0 4,1 14,9 26,9
0,90 0 0 0,2 9,9 23,3 33,4

3 0 7,2 sont ddtruits
3 4,5 0,8 5,9 21,1 35,9

0,95 0 0 1,5 10,8 20,1 36,1
3 0 9,9 sont ddtruits
3 4,5 3,5 4.3 16,1 25,3

TABLEAU III

Influence des additions de sulfate 
de potassium et de concentrat d* apatite 
ä la soliditd

Melange de mu
tiere premiere 
CS=O,91;n=2,6; 
p=1,4 avec l’ad- 
dltion(%) en 
clinker

Soliditd sous prSssion 
i l’age (jours), MPa

3 7 28

Sane addition
Sulfate de po
tassium (5)
Pentoxyde de 
phosphore (0,5)
Sulfate de po
tassium (5) et 
pentoxyde de 
phosphore (0,5)

14,8
14,4

14,0

14,9

19,4
16,1

16,3

19,2

30,2
18,3

19,1

28,2

Ainsi 1* influence negative de certains 
orqrdes pent etre ccmpensde au moyen de leur 
neutralisation rdciproque. Un schema sim- 
plifid de la compensation est prdsentd 
au dessous;

K90^
2:Mgo*-p 2o5

Ea2O^ Ea20
P2°5



la ccmpenaatlon de I*Influence  ind^sirable 
d*oxydes  de magnesium eet basSe sur la re
action suivante: 
K2C03+MgC03+S102»K2Mg(C03)2+Si02»K2MgSi04+ 
+2C02 (1)
Les rdactions (1) vont juequ’au commencement 
de la decarbonisation du magnesium carbo- 
nique. Si le sei alcalin ne se formera pas 
en silicate, il aura la possibilite de r6agir 
avec le carbonate de calcium que provoquera 
une saturation posterieure des silicates 
de clinker par les oxydes alcalins. Done 
1* addition du carbonate de ma^ndsium dans 
les lits de fusion alcalins detoume la re
action suivante:
K2CO3-K;aCO3+SiO2= K2Ca(C03)2+Si02-K2CaSi04+
+2C02 (2)
La reaction (1) freine aussi le ddgagement 
du periclase ä gros cristaux. Avec cela 
CaO est conserve pour la formation des ml- 
ndraux silicates et assure l'obtetion du 
clinker d*alite.  On a dtd ddcouvert avec 
cela des silicates alcalino-eagndsiques 
K2MgSiO4 et Ba2MgSiO4< Il ya des renseigne-
ments que les silicates alcalino-magne- 
siques ne sont pas asses stables A haute 
tempdrature. C'est pourquoi on a fait les ob
servations des changements des silicates 
alcalino-magndBiques en contact avec des mi- 
ndraux de clinker dans un microscope chauf- 
fant. Il est dtabli au moyen de 1* analyse 
de la composition de phase qu'en rdgle 
les silicates alcalino-magnesiques ne pro- 
voque pas la formation du pdriclase dans 
le clinker. L'absence du pdriclase est 
expliqude par le changement du nembre de 
coordination du magndsium, qui peut diminu- 
er dans les compositions alcalinps jus- 
qu’A 4 (au lieu de 6). Les tdtraedres MgO 
apparaissent au lieu des octaAdres MgO,. 
L*  etude des conditions de la formation0

4

des silicates alcalino-eagndsiques montre 
que les derniers se foment facilement sur 
la base des silicates de magndsium natu
rals. Un grillage rapide est le plus favo
rable.
Une ddpendance dtablie ne a'dtend pas au 
mdlange de 1* aluminate tricalcique avec 
les silicates sodieo-magadsiques dans le- 
quel passe 1'interaction suivant sous 1'ac- 
tion de I'agglcmdration: ,
3(3CaO*Al 2O3)+Ha20eMgO*SiO 2=Ha2O,8Ca0e3Al2O34- 
+Ca0+Mg0+Ca0*Mg0*2S10 2

Une-partie d’oxyde de magndsium se ddgage 
en dtat du pdriclase et reste dans la com
position du silicate de calcium magndsique. 
La porositd de la masse agglcmdrant s’dlAve 
A la Sublimation de 1* oxyde alcalin. La neu
tralisation rdciproque des oxydes de magnd
sium et de phosphors est accempagnde par 
1*  apparition d,un composd intemediaire 
07X0^3 ddcompose A 1'dldvation
de la-’tempdrature et en prdsence de I1 oxyde 
du calcium suivant le schdma:

7CaO,2MgO,3P2O5+1OCaO+7SiO2 1200oC, 
3(5CaO,P2O5,SiO2)+2(CaOeMgO,2SiO2) (4)

D*autres  Interactions sont aussi possibles, 
par exemple, avec la participation de 
la wollastonite. Pourtant le but essentiel 
du technologue est d*assurer  me liaison 
immanquable de I'oxyde de magndsium et 
de ddtourner la formation du pdriclase. 
En prdsence des alcalis et de phosphors 
I'oxyde de magndsium est fixd a la tempdra
ture 12OO°C en silicates de calcium magnd- 
sique (diopside) et en autres qui se sa- 
turent de I'oxyde de calcium A 1'dldvation 
de la tempdrature et donnent me fonnule 
remplaßant le magndsium o<'L-C2S (2,3). 
Suivant les donnees de 1'analyse du roent
gen de phase des produits du grillage in- 
terrompu aux temperatures 1200 et 1250°C, 
oiX- CoS dissoud dahs m bain fondu du 
clinker. Un silicate bicaloique peu soluble 
dans m bain fondu, stabilise par le phos
phore, apparait dans les agglcmdrds ne con- 
tenant pas d'importantes additions de I'o
xyde de magndsium. C'est pourquoi me quan- 
titd importante de I'oxyde de calcium est 
non assimilde et il n'y a pas d'alite dans 
1'agglcmdrd.

CONCLUSIONS

En prdparant des mdlanges de matidre pre
miere, il convient de prdvoir les interac
tions possibles chlmiques entre les addi
tions inddsirables et d'assurer leur neu
tralisation. Il y a le constituant des can— 
posds et lea interactions^chlmiques allant 
A la pdriode prdeddente A la clinkdrisation 
qui assurent la neutralisation des additions 
alcalines, magndsiques et celles contenant 
le phosphors. On a proposd le terme des com- 
posants variables dans le mdlange agglcmd - 
rant de matidre premidre A la diffdrence 
des mindraux intennddiaires du clinker de 
clment.
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Problems of the simultaneous and separate grinding 
at the production of blast furnace slag cement 
Problemes du broyage simultan^ ou separe dans !a production 

des ciments de laitier

L OPOCZKY, Head of Sei. Res. Group, Ph.D. Central Research and Design Institute for the Silicate 
Industry, Budapest, Hungary,

T.K. MRAKOVICS, Sei. Officer, Central Research and Design Institute for Silicate Industry, 
Budapest, Hungary.

RESUME : Le clinker et le laitier, lorsqu'ils sent broyes ensemble, exercent une Influence 
mutuelle 1’un sur 1'autre. Cet effet peut aider ou retarder le broyage, selon la durete et 
la tendance ä la reagglomeration des composants. On peut caracteriser cet effet par un indi
ce d'uniformite n et par I'ecart type de la distribution granulometrique du produit broye.

Ces facteurs permettent de choisir, lorsque 1'on doit broyer un ciment de laitier en circuit 
ouvert, s’il y a lieu d'atfopter le broyage separe ou le broyage simultane. Si le broyage , 
s'effectue en circuit ferme, le broyage simultane semble etre le plus favorable ä la qualite 
du ciment.

SUMMARY: The cement clinker and. blast furnace slag ground together generally affect one 
another. This effect may aid but as well retard the grinding process depending on the hard
ness and tending to aggregation of the components. This latter one can be characterized by 
the uniformity index /n/ and the standard deviation,resp, of the particle size distribution 
of the ground product. .
When grinding blast furnace slag cement in open circuit system the choosing between simul
taneous and separate grinding is determined by the above factors. In a closed circuit sys
tem the simultaneous grinding seems to be more favourable in view of cement gneHty.



INTRODUCTION
In the cement industry, both at raw meal- 
and cement grinding mixtures of two or more 
components are produced.
When making blended cements one can choose 
of two possibilities: the one is the post
mixing of the separately ground components, 
the other being the simultaneous grinding.
The choosing of the proper method is join- 
tedly determined by the energy consumption 
and the most favourable developing of the 
properties of the final product.
The literature of the problematics is very 
wide /1-5/, in this field Bombled /6/ has 
dealt with the special problems of the ce
ment industry in details.
In our experiments the character of the 
simultaneous and separate grinding proces
ses of cement clinker and blast furnace slag 
were studied in laboratory grinding equip
ments modelling the open and closed circuit 
grinding.

MATERIALS AND METHODS
In order to present the results two kinds 
of industrial clinkers
/K,t cis = 48,76%; C9S = 26,24%; C,A =10,41% 

x C^AF = 7,14% and 5
Kgt C3S = 45,04%; CgS = 28,24%; C-^A =11,42% 

C/AP = 9,45% /, 
and * three kinds of granulated blast fur
nace slag /H,, and H«/ were choosen. The 
materials were preparedJby a hammer crusher 
to < 3,4 mm grain size.
In our experiments we tried to modellize the 
open and closed circuit grinding processes. 
In the first case our experimental equipment 
was a 5000 cm’, 68 rpm iron-jacketed mill 
filled with 8 kg of 20 x 20 mm steel cyl- 
pebses.
In the second case experiments were carried 
out in a Bond-type grindability testing mill 
/7/. To characterize the dispersity of the 
ground products the specific surface deter
mined by permeability measurement /SBjaine/ 
and the granulometric composition /to 3zum/ 
determined by sedimentation in alcohol were 
used. At the evaluation of the particle size 
distribution two constants of the Rosin- 
Rammler-Sperling-Bennett /RRSB/ distribution 
were applied: the particle size /x/that be
longs to the 36,8 % sieve residue and the 
uniformity index /n/ of the ground product. 
This latter is proportional to the recipro
cal of the standard deviation of the dis
tribution if calculated by the logarithms of 
the particle size thus being calculable by 
mathematical-statistical method /8/. The 
value of x can be read from the RRSB diagram.
The studying of the morphology of the grind
ing products and powder samples, resp., was 
made using an ISM-35 type scanning electro
nic microscope while the identification of 
the individual particles and components was 
carried out with the use of a LINK-290 type 
microprobe. The identification of alite and 

belite was made on the base of the relation 
of the Si-Ca peaks while that of the inter
stitial phase and blast furnace slag partic
les was made on the base of the Al- and Fe 
as well as Mg and S peaks, respectively.

DESCRIPTION OF THE EXPERIMENTAL RESULTS
The experimental materials were different in 
their grindability properties. Discussing 
the grindability properties we think of the 
grindability of the material /which is cha
racterized by thesurface produced per time 
unit: w = S/£f ifg~ min-"1/ and of the tenden
cy to interaction, aggregation of the par
ticles of the material. It has been stated in 
former experiments that the uniformity index 
/n/ of the ground product is a characteris
tic of the material's tendency to aggrega
tion. Grinding products of small uniformity 
index i.e. of diffuse granulometric compo
sition /e.g. limestone/ are generally more 
tending to aggregation than those ones of 
big uniformity index i.e. of more uniform 
granulometric composition /e.g. quartz//9/.
According to this characterization the clin
ker K, in easier grindable.and,tending more 
to aggregation /w = 44.10-4ii?g-"Lmin- ;n=l,35; 
x = 34 ass./. kmo-ng the three blast furnace 
slags The most difficultly grindable and 
less tending to aggregation was that marked 
Ho/ w = 22.10”4i?g xmin- ; n = 1,26; x =33um/. 
Tne slag Hg is medium grindable and has a_. 
medium tendency to aggregation /w = 27-10-4 
n?g- min-"1"; n = 0,95; x = 32zum/. H. is bet
ween the above two in this respect"1".
/w = 27.10-*n?g -"Lmin-_; n = 1,18; x = 28 zum/. 
The values of n and x belong to a grinding 
time of 75 minutes.
The different grindability properties of the 
experimental materials are related to the 
differences in the chemical-mineralogical 
composition as well as in the macro- and mic 
restructure influenced by the production — 
technology but this problematics will not be 
dealt with here.
The simultaneous and separate grinding expe
riments were carried out with three kinds 
of binary mixtures as follows:
Mixture Kq-H, - Mixture of an easily grind

able /K,/ component tending 
to aggregation and a more 
difficultly grindable one/H,/ 
less tending to aggregation1

Mixture K,-H-- Mixture of an easily /K_/ and 
a medium grindable/JL,/ ma
terial. Both components are 
tending to aggregation

Mixture K^-H-- Both components are diffi-
2 cultly grindable and not ten 

ding to aggregation —
Within these three and four, resp., mixing 
ratios were investigated.

GRINDING EXPERIMENTS IN OPEN,CIRCUIT SYSTEM 
Fig.l. shows the change of the grindability 
/w/ of the experimental mixtures as well as 
that of the uniformity index /n/ at grind- 
ing.-in open circuit system. Dotted line
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more favourable

shows the separate while the continuous one 
the simultaneous grinding.
It may be staed that in general the standard 
deviation of the distribution according to 
particle size is always higher /the value 
of n is smaller/ at simultaneously ground 
mixtures than at the separately ground ones. 
This shows that the clinker and blast fur
nace slag are infuencing the grindability 
of one another at simultaneous grinding.
At the separate grinding of the mixture K.- 
-K. the value of n decreases with the in--1- 
crease of the clinker quota. At simultaneous 
grinding n comes to a minimum at 25 % clin
ker content then increases with the increas. 
ing clinker quota. Regarding grindability,"~ 
according to Bond’s method, in the range 
25 % < K, < 75 % the simultaneous grinding 
gives a less favourable work index than se
parate grinding. Since grindability is cha
racterized by the surface formed during ti
me unit and since the formation of surface 
is first of all due to the smaller size 
clinker particles, the increase "of n accom
panied by the increase of the work index 
suggests that at the simultaneous grinding 
of the $0 % K, - 50 % H. mixture the clin
ker is groundJ-somewhat coarser, the slag 
somewhat finer than at separate grinding.
In the other mixing ranges simultaneous and 
separate grinding are practically the same 
the former one being slightly more fav our- 
able. At the separate grinding of the mix
ture Kt~H2 n increases with the increase of 
the clinker quota. At simultaneous grinding 
however, the value of n begins to increase 
only then if the clinker quota exceeds 50%. 
The change of n shows that in this mixture 
probably an interaction of particles takes 
place during simultaneous grinding since 

. otherwise upon increasing clinker quota 
the value of n ought to have increased,too. 
Regarding the grindability and work index, 
resp., separate grinding is * ""
at this mixture.
At the separate grinding of mixture K--H- 
n increases with increasing clinker quota. 
At simultaneous grinding, in the range 
25% — Kps 75% n remains practically un
changed; then increases if the clinker quota 
exceeds 75%. In the change of the n-value 
this mixture shows the biggest difference 
between simultaneous and separate grinding.
On the base of grindability and work index 
both at smaller / < 25%/ and bigger />75%/ 
clinker quota simultaneous grinding is more 
favourable while in the medium range the 
separate one is better. The change of the 
energy index and the n-value of the grind
ing products suggests that in case of 25%< 

75% slag content the clinker is coarser 
and the slag is some finer ground than at 
separate grinding.
Supplementary informations were received 
about the change of simultaneous grinding 
by the investigation carried out with scan
ning electronic microscope and microprobe 
made on ground products and powder samples. 
Fig.2. shows some exposures and spectra, 
resp., made on samples of the mixture 

produced by millings for 75 minutes.
In Fig.2, a nd b show clinker /K./ grinding 
products while c, d, e show those ones of 
slag /H-l/.
The granulometric composition of the clinker 
/K./ grinding product is diffuse, besides 
the larger size grains there are a lot of 
smaller ones, too. The size of alite /A/ 
particles identified by microprobe is gene
rally 5-6 /urn and that of bellte /B/ ones is 
15-20yum. In the clinker grinding product 
the slicking of the smaller particles to the 
bigger ones or to one another /i.e. aggre
gation/ can be observed.
The blast furnace slag /H-/ has a more uni
form granulometric composition but it is in 
the coarser range of fineness. The main mass 
of particles is of 30-80yum size but a lot 
of 150-200yum ones can also be found. The 
particles are angular having "craters" in 
some places.
In Fig.2, f, g and h show the mixture 25%K1- 
-75%Hi- The size of slag particles changes4- 
from 20 to 120ytun that is the slag particles 
are some finer'here than at separate grind
ing. The characteristic size of belite /B/ 
particles is 30yum and that of alite /A/ 
ones is lo - 15/Um. The granulometric com
position of the'grinding product is diffuse, 
besides the larger and smaller slag partic
les a lot of fine and medium size clinker 
particles can be found. The sticking of the 
finer clinker particles on the coarser slag 
ones can also be observed.
In Fig.2, exposures i, j and k show the 
50%K, - 50%IL mixture. Average size of slag 
/H/ particles is 70-80yum while that of be
lite /B/ and alite /A/'ones amounts to 15 - 
40yum and 10 - 15/um, respectively. This 
means that compared with the former mixture 
and separate grinding here the slag partic
les are finer and the clinker ones are a bit 
coarser. The granulometric composition is 
more uniform but .it is in a coarser range of 
fineness. The interaction of particles is 
not considerable.
In Fig.2, exposures 1, m, n show the mixture 
75%Ki - 25%H,. The size of slag particles/H/ 
is 60-100yum^while that of belite /B/ and 
alite /A/'ones amounts to 10 - 15yum and 
3-5yum, respectively. In this case both 
the slag and the clinker were more finely 
ground than at separate grinding. The ratio 
of clinker particles determining the speci
fic surface is big and the fine clinker par
ticles are adhered not to one another but 
rather to the surface of slag grains. In " 
this case blast furnace slag prevents the 
aggregation of clinker particles.

GRINDING EXPERIMENTS CARRIED OUT IN CLOSED 
CIRCUIT SYSTEM
Fig.3 shows the experimental results of 
closed circuit grinding. The dotted line re
fers to the separate and the continuous one 
to simultaneous grinding. Since in this case 
the grinding takes place in a relatively 
coarse range /S^ ■ 0,12 - 0,19 iffg""1"/ the in
teraction of particles, i.e. aggregation is 



of no Importance. .The specific surface /S-g/ 
always increases with the increasing of 
clinker quota at separate grinding.
At the simultaneous grinding of mixture K,- 
-H, the surface is always bigger than at 
separate grinding i.e. the clinker is always 
ground finer in this case.
At the mixture K-.-Hp in case of small clin
ker quota /up to-Lcc& 25% K,/ practically 
there is no difference between the two ways 
of grinding. Upon increasing the clinker 
quota the surface of the simultaneously 
ground product increases, reaching a maxi
mum at 75%.
At the simultaneous grinding of mixture K,- 
-H-. the curve S-n has a similar shape. Upon 
increasing the clinker quota the surface 
is increasing also in this case reaching a 
maximum at 90% clinker quota.
The specific energy consumption /w / refer
red to mass unit is decreasing witH the 
increase of clinker quota at separate grind
ing. At simultaneous grinding, the values 
of the energy index are generally less fa
vourable. At mixtures Kj-H. and K.-H2 the 
w curves have similar shape. The "‘"energy 
consumption increases up to about 50 % clin 
ker content then decreases with the further 
increase of the clinker quota.
At mixture K„-H„ the simultaneous grinding 
is some more^favourable .up to 25 % clinker 
quota but with the further increasing of the 
clinker content the energy consumption in
creases rapidly. .
The nergy consumption /w<./ referred to unit 
surface changes in a different way since 
according to this characteristic the simul
taneous grinding is more favourable. The w- 
curve of mixture Kn-H, is almost the mirror 
image of the w -curve^and a similar case can 
be found at mixture K.-H-. At mixture K2-H- 
the change of the curve Wg depends on the 5 
mixing ratio of the two components. At si
multaneous grinding in case of low and high 
slag content the value of wg is more favour
able than in case of medium0slag content.

COUTCLUSIOJTS ■
Different production technologies often need 
the preparation of mixture of ground products 
of various materials. The natural raw mate
rials but also the artificial products/e.g. 
cement clinker/ may be composed of more mi
nerals and behave as mixtures during grind
ing.
At simultaneous grinding the interaction of 
the components cannot be neglected in most 
cases. This interaction depends on the hard
ness /hard-hard, hard-soft, soft-soft/ of the 
partners forming the binary system as well 
as on their tending to aggregation which 
latter one can be characterized by the uni
formity index /n/ and the standard deviation 
of the particle size distribution, resp., of 
the ground product.
To characterize the interaction of the simul
taneously ground components we have differen 
tiated the so called "direct" and "indirect1’' 
effects. The-direct-effect means the super

ficial adhesion of particles of the ground 
components and the aggregation, respi., which 
can aid the grinding process /in case if on 

ly one partner is tending to aggregation/buT 
mostly being harmful. Furthermore, the direct 
effect means the "abrading", effect of the 
one, generally harder, component affecting 
the other one. The "indirect" effect means 
an effect resulting from the excess of the 
one component thus being positive or negati
ve depending on the mixing ratio.
Cement clinker and blast furnace slag can 
principally be considered a hard-hard system 
but within this the slag is more or less har 
der. Their tending to aggregation is also "~ 
different.
If both the clinker and slag are tending to 
aggregation, then in open circuit grinding 
aggregation .- negatively influencing teh pra 
cess - may occur /e.g.:mixture K.-H-/. In ~ 
this case the separate grinding is more con
venient .
If only the clinker is tending to aggregation 
then providing certain mixing ratios simul
taneous grinding is more favourable since 
the slag prevents the adhesion of the clinker 
particles to one another thus promoting the 
size reduction of the clinker particles/e.g. 
mixture K--IL, at 25 % slag content/. If nei
ther the clinker nor the slag is tending to 
aggregation and if the slag is very hard, 
then in case of certain mixing ratios simul
taneous grinding is more favourable which 
can be explained by the "abrading" effect of 
the slag and thus the more effective size T£ 
duction of the clinker being present in ex-"*  
cess /mixture K2-H,/.
At the simultaneous grinding of clinker and 
blast furnace slag in a closed circuit sys
tem - where the interaction of particles can 
not prevail - the clinker particles are ge
nerally more finely ground than at separate 
grinding and this is probably due to the "ab 
rading" effect of the slag. In spite of the“ 
larger energy consumption the simultaneous 
grinding in closed circuit system seems to 
be better from the point of view of the qua
lity of blast furnace slag Portland cement.

LITERATURE
1. - D.W.PUERSTAEAU/1963/,"Cinetique de la

fragmentation",6&ne Cong.Int.de la Pr^p.1 
des Minerals, Cannes, pp.39-50

2. - D.OCEPEK/1964/,"Grinding of binary mix
tures" jRudarsko-Metalurski Zbornik,!,pl57

3-- R.PLANIOL/1967/*"EnrichessementB  compares 
de trois magnetites naturelles",Dechema 
Monographien, JTo. 993-lo26, Verl. Chemie, 
Weinheim,VDI-Verlag Düsseldf.p.835-845

4. - J;A.HOLMES-S.W.PATCHING "A preliminary
investigation of differential grinding 
of quartz-limestone mixtures" Trans.of 
the Inst.of Chemical Eng.,35.,pp 111-24

5. - K.REM3SNYI/196O/ "Investigation on grind-,
ability of limestone and rock-salt mix
ture in a Hardgrove mill", Acta Technica 
Acad.Hung. Tomus 56./1-2/., pp.75-90.

6. - J.P.BOMBLED/1965/,"Etude du broyage de
melange s clinker-laitier_,Rev. Mat. 593 • p61



7. - KANirEWUIiF,A.S./1957/"Research pushes
grindaMlity guesses into the hackground." 
Rock Products, May, p.66.

8. - BEKE,B./197O/"Die Gleichmässigkeitszahl
der Kornverteilung des Mahlgutes",Zement 
Kalk-Gips, 23., pp.401-406

9. - I>.0P0CZKY/1977/,lFine Grinding and Agglo
meration of Silicates", Powder Technolo
gy. 17-, pp.1-7

10. - K.T.MRAK0VICS/1973/"Problems of the si
multaneous and separate grinding in the 
cement industry", SZIKKTI-Report,No.l-19 
pp.1-55 /in Hungarian/



Correlation de la cinetique des reactions de 
clinkerisation ä l'etat solide avec les constituents 

mineraux et les conditions du traitement thermique 
Correlation between kinetics of solid-phase reactions of clinker 

formation and mineral composition and thermal treatment conditions
O.P. MTCHEDLOV - PETROSSIAN, professeur, docteur es sciences techniques, 
T.Y. CHTCHETKINA, candidal es sciences chimiques,
N.I. SAPOJNIKOVA, Ingenieur, ’’Youjgulprotzement”, U.R.S.S.,
I. TALABER, professeur, docteur es sciences,
K. BOSCI, docteur es sciences, Institut des Materiaux de Construction (Hongrie).

RESUME : Les auteurs du present expose traitent des donnees concernant i'effet du milieu ga- 
zeux, des catalyseurs ainsi que de la structure de divers carbonates de calcium (calcaires, 
craies) sur les parametres cinetlques de leur dissociation.
On a etudie le mecanisme et la cinetique des reactions ä l'etat solide dans les melanges de 
CaCO, avec divers silicoaluminates : kaolinite, montmorillonite, gehlenite, pseudowollasto
nite, ainsi que dans les melanges de CaCOj avec 1'argile, les laitiers melllitique et pseudo- 
wollastonique ou avec leurs combinaisons.
On a etabli une correlation entre les energies d'activation lors de la formation de bellte 
dans les reactions ä l'etat solide et les energies d'activation lors de la formation d'alite 
ou de ses modifications dans des melanges mineraux.

SUMMARY : Data on the influence of the composition of gas medium, catalysts and structure 
of different calcium carbonates (limestone, clialk) on the kinetic parameters of their dis
sociation are presented.
The results of investigations of the mechanism and kinetics of solid-phase reactions in the 
CaC03 mixtures with different alumosilicate minerals (kaolinite, montmorillonite, gehlenite, 
pseudowollastonite) as well in the CaCOs mixtures with clays, melilite and pseudowollasto- ' 
nite slags and their combinations are discussed.
Interrelation between the activation energy of belite formation in solid-phase reactions 
and activation energy of formation of alite and its modifications in the mineral composi
tion mixture has been found out.



Lee recherchee eur la reaction de dieeoci- 
ation de CaCOi (ä dee fine purement analy- 
tiquee), de calcite faieant partie de di- 
vere carbonate e naturels (cratee, calcairee) 
et de melangee crue ä baee de ces carbona
te e ont montrS, grdce ä la mSthode dite ana
lyse thermique differentielle - thennogra- 
vimfetrie differentielle (ATD-TGD) et ä la 
epectroscopie infrarouge, que ce proceeeue 
peut dtre exprim6 par lee equations cine- 
tiquee come suit:

Vi -<L - 1 - kt (1)

ou bien
3, 
Vi - «C - 1 - klnt (2) 

oil t -temps de decomposition de CaCOj, 
<4- degr6 de dissociation, k - constante de 
la vitesse.
Lorsqu’il s’agit des matiäres polydisper- 
s6es, la constante de la vitesse dans 
liquation (1) comprend 6galement I’effet 
de la granulometrie, de la temperature et 
de la pression partielle de CO2. Au cas oil 
les experimentations s'effectuent dans la 
couche mince de la substance reagissante, 
ce qui assure une evacuation rapide de CO2, 
la cin6tique de la reaction s'exprime par 
1'equation (2). Ici, on le sait, la cons
tante de la vitesse est calcul6e compte te- 
nu de la nature du constituant de carbonate 
(structure de la calcite, propri6t6s de mi- 
n6raux accompagnateurs).
GrSce a la methode de la spectroscopie IB, 
on a reuse! ä definir les constantes de la 
vitesse de dissociation de toute une s6rie 
de calcaires et de craies provenant de dif- 
ferents gisements en territoire de I’UBSS. 
Ces donnees ont pennis de calculer les va
leurs empiriques d’energies d’activation de 
la dissociation (B„). La valeur Eg des cal- 
caires etudi6s varxe entre 85 et 25o/kJ/mo- 
les en fonction de la composition chimigue 
et minerale ou des proprietes physico-meca- 
niques des carbonates.
On a constate qu'a me sure que la frequence 
dee oscillations valentielles du groupe 
CO^"*,augments  dans les spectres IB de di
vers calcairep et craies, la valeur empiri- 
que d’6nergie d’activation de la dissocia
tion du carbonate de calcium et la valeur 
de microdurete de ces cristaux s’accroissent. 
La basse de la valeur Ea de la dissocia
tion dee calcaires qui contiennent plus de 
six pour cent d’impuretSs argileuses et de 
silices amorphes (en comparaison de 
Ea - CaCOz - A des fins purement analyti- 
ques - qux est de 173 kJ/moles) s’explique 
par l’action catalytique des impuretes.
Lors du rSchauffement, ces impuretAs forment 
des surfaces actives de separation avec cal
cite. Celles-ci accfelArent 1* Evacuation de 
CO2 de la zone de la reaction. Ainsi, I’ac- 
tivite chimiqua de la calcite au moment de 
la dissociation se determine, dans une me- 
sure Egale, par la soliditE des liaisons 
chimiques du rEseau cristallin et par l’ac
tion catalytique des phases d’impuretEs.

La comparaison des vitesses de dissociation 
de CaCOx dans les mElanges crus aux modules 
et a la granulomEtrie Egaux a montrE que, 
dans le cas oil les depenses energEtiques 
sent aussi Egales, 1’addition pendant le 
broyage de 0,5 pour cent de la masse du ni
trate de calcium Ca(K0,)2 • 4H2O fait no- 
tablement accElerer la^reaction. Par ail- 
leurs, les courbes cinEtiques sont pratique- 
ment exemptes de zones de "saturation"'. 
L’addition de la m8me quantitE de CaFg 0- un 
melange pendant le broyage accElere le pro
cessus au stade initial et le ralentit sen- 
siblement.au stade final. L’usage en mthne 
proportion du phosphate d’aluminium en tant 
qu’additif rend la vitesse de dissociation 
de CaCOj plus lente. Quant aux rEsultats 
conceraant les recherches sur I’effet des 
seis sur la cinEtique de la dissociation, 
ceux-ci ont Ste obtenus dans des conditions 
isothermiques et non isothe uniques.
On sait que la pwssion partielle de CO2, 
plus la composition du milieu gazeux dans la 
zone de la reaction de dissociation de CaCOx 
exercent un effet sensible sur la cinEtique 
du processus (1). .
Le tableau I pre sente les resultats des re
cherches sur la cinetique de dissociation de 
CaCOz dans un m8me mElange cru - ce n’Stait 
que le milieu gazeux qui variait (methode 
gravimEtrique) - odni - Intervalle des tem
pEratures de decomposition rapide, AoC — In
tervalle <4 de decomposition rapide de CaCOx, 
k - constante de la vitesse de la reaction.
A enjjuger d’aprds les donnEes du tableau I, 
au debut, la zone de decomposition rapide 
dans le milieu N2 se manifeste dans les me
mes conditions que dans 1’air ordinaire. 
Dans le milieu N2+CO2, cette zone apparatt 
ä une temperature plus haute, et dans le mi
lieu CO2, A des tempAratures encore beau
coup plus considerables.

Dans le flux d’azote, la zone de.decomposi
tion rapide"de ce calcaire se deplace vers 
le domaine des tempEratures plus basses.
On a etudiE I’effet de la vitesse d’Evacua
tion de CO2 depute la zone de reaction sur 
la cinEtique de decomposition de CaCOz (des 
me sures de CO2 ainsi dEgagEe ont EtE faltes 
par la mEthode de la spectroscopie IB).Ces 
Etudes ont montrE que la valeur Ea de disso
ciation rEpond A 1'equation ("2):

•
E ■ E. * X ♦ mQ a a2 - A B™ - 

Tableau I
TS^Tg^Jl ----

Air 0,1060 860-950 0,6
k2 0,0809 860-960 0,5

90 p.c. de n2 
plus 10 p.c.
de CO2 0,1254 880-950 0,5

co2 0,1399 950-1050 0,3



oü E - energie d*activation  de la r6ac- 
tiona£nverse; A - chaleur d'adaorption de 
COp; Q - effet thezmique de la reaction; 
H8 - preeFion Squilibree de COp; pm - pres- 
Fion effective de COg"; m constante. 
Le dSroulement de la Fynthdee dee produits 
de clinkferiFation eat fonction de l,6tat 
phyrique et dee propri6t6a chimiquea dea 
conetituanta de baae et dStennine lea de— 
peneea fenergStiqaea nScepaaireF pour la 
formation dee minferaux de clinker (5)e.
La cinStique dee rSactiona a 1’^tat aolide 
a et6 6tudi6e put des melanges CaCOx (ä des 
fine d*analyse  uniquement) avec kaolin 
(gisement de ProFsianaya)» gehlenite eyn- 
th&tique et A - ppeudowollastonite (poudre 
polycristalline), pris dans des proportions 
differentes; lee reactions se deroulaient 
dans les conditions de rechauffement rapide 
a des temperatures de 900 ä 1.200°C. Lee>; 
rSsultats de ces re eher ehe s sent pre sente's 
dans le tableau II. revaluation des va- " 
leurs de la densite optique des bandss d*ab 
sorption de CaCOi,£ — CgS, CS, CgAS et 
CxA a permis d'ootenir des courbes cine- 
tfques de variation des concentrations mo- 
laires de ces composes dans les produits 
de cuisFOn.
Pour decrire mathematiquement la cinetique 
des reactions de pynthese, on a fait re- ' 
cours ä des equations pseudo-topocinetiques 
g&a6ralis6es:

1 * 1 - (1 -.C)1-”1

oil m - facteur d*het6rogeneite.  La .. 
tian ■ de O a 1 correspond au passage de ■ 
la reaction depute le domaine de diffusion 
vers le domains cinetique.
Le tableau II montre la relation entre la 
composition de phases des produits de cuis- 
son et le rapport des Constituante de base. 
On y voit egalement le rapport entre les 
parametres cinetiques de la reaction de dis
sociation de CaCOz, d'une part, et les pa
rametres cinfetique.s de la synthese de CpAS, 
CjA et j; — CgB, d,autre part.
Les calculs thermodinamiquee ont nontre que 
les r^actinns CaCO^ - kaolin, gehlenite et 
pBeudowollastcntte' sont realisables ä des 
temperatures plus basses par rapport d la 
temperature de dissociation de CaCO. (900°C). 
La baisse de Ea de dissociation de CaCOz, 
dans des melanges constitues de divers alu- 
mosilicates, s'explique par une reaction tri- 
phasde avec carbonate qui aboutit ä la for
mation du 'bfelite, des aluminatef et de 
CaO, exerqkht une action catalytique eur le 
processus de dissociation. La realisation 
de ces reactions est facilitde grftce aux 
transformations, de phase et chimique, dee 
silicates’d'alumine, a savoir le passage 

(4) 

varia-

du kaolin en mdtakaolinite, la stabilise- . 
tion du rSseau cristallin <£. - CS et 
CgAS.
Les donnSes obtenus pendant les experimen
tations tdmoignent que la formation du la 
bdlite dans les melanges chaux - argile 
peut 8tre realisee par differentes voies. 
Lee melanges ayant un rapport 'Stoechlo- 
metrique de CaCOz ä kaolin (soit 5,5 ä ’I), 
foment de la gehlenite et de dU - CS, 
dont I’interaction avec CaCOz et CaO four-, 
nit labeiite et C^A. Le surplus de CaCOj 
(rapport 9 ä 1) contribue ä la formation 
de B - 058 et C.A a partir,semble-t-il, 
de metakaolinite^et CaO; CS ou C2AS ne 
sont pas observes lots de l*usage  de ces 
Constituante. La formation de la gehlenite 
e’opere dans le domaine chimique (m =• 0,98). 
CzA se cr6e a base de gehlenite et de 
CaCOz, avec une plus basse Ea et des rap
ports plus faibles de Constituante de 
base; le mecanisme de la reaction est chi
mique (m « 0,98).
Pendant le rSchauffement du melange de 
CaCOz et de kaolinite, se produisent des 
signaux de la resonance electronique pa- 
ramagnStique avec g « 2,00, dont le pic 
d'intensitS coincide de faqon Fatisfaisante 
avec le domaine dee viteeses maximales des 
reactions de synthese j3 - C2S et C^A. 
Les risultats obtenus permettent d’expli- 
quer la difference de rSactivite des me
langes de base constitues par divers mi- 
n6raux. La baisse de 1’energie d’activation 
de la dissociation dee carbonatef est 
fonction des possibilites de T6aliser lee 
reactions ä l’etat solide de CaCOj avec 
alumosilicates avant la dissociation pro- 
prement dite. On a 6tudi6 la correlation 
des parametres cinetiques de la formation 
de bilite en phase solide et d’alite dans 
les melanges CaCOz, d'une part, et diverses 
combinaisons de mf.n6raux argileux et de 
laitiers constitues par melilites et pseudo; 
wollastonitee#
En se basant sur les donn6es experimentales 
obtenues, on peut conclure que la valeur 
6nergetique d'activation de la formation 
du ! *"  beiite en phase solide constitue un 
critere lore du choix des conditions 
optimales pour la fabrication du clinker. 
Ainsi, l'6nergie d'activation (Ea) de la 
formation du beiite en phase solide 
etant supdrieure a 160 kJ/faoles (CaCO^ 
avec kaolin et montmorillonite), la for-, 
mation d'alite est caract6ris6e par la 
valeur Ea allant de 150 Ä 170 kJ/moles 
et controlde totalement par la diffusion 
Ca2+ en bdlite.
Au cas oü la valeur Ea de la formation du, 
bdlite en phase solide eSt faible, e'est-a- 
dire au-desF0us de 150 kJ/moles (CaCO^ avec 
laitiers de mdlilite et de peeudowollastcni- 
te), juste avant la formation du clinker 
fondu on voit apparattre des cristaux du



Tableau II

• Rapport 
dee 
conpti- 
tuantp 
(en 
poida)

ParamAtrea cinetiquee dee react!ona

ConFtituanta
Drpro— 
elation 
de 
CaCOj ■

Synthe

C2A5

pe en phaae poll

Ji- C2S

de

C-A• 5

m E a m E a m Ba

CaCOj + 3,5:1 145,8 0,98 83,8 — — — «*

kaolin 6:1 149,7 - - 0,02 257,7 0,02 599,4
9:1 1?4,1 n< iant 0,02 178,5 0,02 562,4

Ca CO j + 1,5:1 127,1 — «- 0,98 105,0 0,98 148,4
C2AS 4:1 113,8 - - 0,02 153,4 0,02 416,8

CaCOj + 1:1 ■ 97,6 n< sent 0,02 226,5 neant
*- cs 3:1 111,9 nSant 0,02 99,3 neant

j*im*_ n* _r* _«*  _r-_r—m* -»■ L«*  -<* -J*-f  -f _l~. —_ — — -*  -

bellte reFistantfi ä la rärorption. Dane ce 
cae, la valeur Ea de la formation d’alite 
conetitue 200 ä 400 kJ/molee» et c’eet 
alorF que le pxOceeFUF ne ee limite paF que 
par la diffueion de Ca^-1" en bSlite, male 
aueei par la viteppe de dieeolution de la 
bSlite.
Ainei done, la conetitution minerale d'alu- 
moeilicate et la nature de carbonate defi- 
niepent la cinStique de la formation et de 
la tranpformation dea criataux d* alite.
A partir dee melangef de CaCOz avec kaolin, 
montmorillonite et leure combinaieone, ae 
forme une alite en modification eaaentiel- 
lement rhomboSdrique. A partir dee melangef 
de C$iCO^ av@c hydro-mica et laitier de pse- 
udowollastoniteon a obtenu, dana lee mSmea 
conditione une alite en modification mono
clinique; avec laitiera de m&lilite on 
obtient une alite en modification tricli
nique.

KHHeiBKa reTeporeHHHX 
pyc. (en rusae).
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RESUME

Le clinker est un materiau fragile auquel peuvent etre appliques les concepts de la mecanique de la rupture. 
Des mesures d'energie specifique de rupture Yp ont ete effectuees sur des prismes de clinker compactes et recuits 
ä 1450 ®C, par la methode de l’eprouvette entaillee soumise en flexion simple a deformation imposes. Un indice de 
fragilite caracterisant l’aptitude ä la deformation et ä la fracture des differents mineraux du clinker a ete 
mesure par one methode d'indentation utilisant le microdurometre VICKERS. La plus grande fragilite de C3S, qui 
concentre les contraintes, explique le comportement du clinker au choc thermique. Deux types de fissuration depen
dant de 1'intensite du choc thermique ont Ste mis en evidence : fissuration macroscopique des granules et fissura
tion microscopique de C3S. Des tests realises en laboratoire ont permis de relier la broyabilite du clinker au 
taux de fissuration de C3S.

SUMMARY
Clinker is a brittle material to which concepts of fracture mechanics can be applied. Measurements of frac

ture surface energy Yp have been made on clinker prisms compacted and rebnrnt at 1450 °C, by the method of notched 
bending specimen in imposed deflection conditions. A brittleness index characterizing the aptitude to deformation 
and. to fracture of the different clinker minerals has been measured by an indentation method using VICKERS micro
indenter . The greater brittleness of C3S which concentrates the stresses, explains the comportment of the clinker 
to thermal shock. Two types of cracks depending on thermal shock intensity have been observed : macroscopic crac
king of the granules and microscopic cracking of C3S. Laboratory tests have permitted us to relate grindability 
of clinker to the rate of C3S cracking.



1. INTRODUCTION

Le broyage du clinker entraine une consommation 
d'energie moyenne de 38 kWh.t-1 (1). Le cout energeti- 
que Sieve de cette operation justifie les recherches 
destinies ä ameliorer son rendement : raise au point 
de materiel nouveau (1, 2), etude du comportement du 
materiau a la fragmentation en relation avec sa compo
sition mineralogique (3, 4), sa texture, son traite- 
ment thermique (5). Nous nous proposons, ici, d’appli- 
quer a la fragmentation du clinker les criteres rela
tifs a la propagation des fissures et ä la rupture des 
materiaux, criteres dejä largement utilises par 
1'Industrie Ceramique, notamment dans les problemes de 
choc thermique dont nous verrons 1* influence sur la 
fissuration et la broyabilite du clinker.

2. PROBLEMES GENERAUX DE LA FRAGMENTATION DU CLINKER

Le clinker est un materiau fragile auquel peuvent 
etre appliques les concepts de la mecanique lineaire 
de la rupture dus a GRIFFITH (6). La theorie de 
GRIFFITH, completee depuis par de nombreux travaux, 
admet la preexistence de microfissures dont la pro
gression stable (controlSe) ou instable (non contrö- 
lee), dans des conditions donnees de’sollicitations, 
est determinee par deux parametres "intrinseques au 
materiau (7) : 1'energie specifique de. rupture Yp , et 
la taille relative(a)des microfissures ■ preexistantes. 
Les premieres mesures de Yp effectuees sur des eprou- 
vettes entaillSes, soumises en flexion simple ä defor
mation impos6e (8), indiquent des valeurs de 1’ordre 
de 12 ä 22 J.m~2 pour des clinkers compactes sous for
me de prismes 80 x32 x7 mm, recuits 2 heures ä 1450°C, 
de masse volumique apparente '4 3g.cm~®, et de module 
de YOUNG E =*  10® MPa.Ces resultats sont vraisemblable- 
ment un peu plus eleves que ceux que I’on obtiendrait 
sur les granules de clinkers industriels g&nSralement 
moins denses. Le tableau I regroupe quelques valeurs 
comparatives de Yp pour divers materiaux. Il montre 
que 1'energie specifique de rupture du clinker est 
assez elevee, mais que celle des monocristaux est 
beaucoup plus faible que celle des matSriaux poly- 
cristallins correspondants. Dans pes derniers, une 
partie de 1'energie servant ä la propagation des fis
sures est diffuses au niveau des discontinuitSs telles 
que les joints de grains, les pores, les inclusions ; 
la consequence frequente est 1'arret de la fissure ä 
la limite du cristal dans lequel eile avait et§

Tableau I : Energie specifique de rupture de quelques 
matSriaux.

Materiaux nolvcristallins References
MgO ■

. -2
Yp = 20 a 40 J.m (9)

A12°3 18 ä 46 " rt

Granit 31 " (7)

Clinker 12 ä 22 " ce travail
Monocristaux

MgO -2Yo = 1,2 ä 1,5 J.m (9) , (10)
A12O3 (1123) • 24 " (9)

ai2o3 (1011) 6 " tl

CaCO3 0,3 " (10)

C3S 1,0 11 estimSe

C3A 1,4 " H

Verre 4 (7)

amorcSe. C'est ce qui est observe dans le clinker oü 
les microfissures dans C3S sont souvent arretees au 
niveau de la phase interstitielle.

Les relations entre Yf et ■*- a composition minera
logique, les dimensions des cristaux, la porosite 
n'ont pas encore ete etablies pour le clinker. Yp » 

■energie superficielle, constitue une mesure de la re
sistance ä la fracture des solides. Pour le clinker, 
une valeur moyenne de Yp de 17 J.m-^ signifie qu'une . 
finesse de 3500 cm^.g-! exige theoriquement une ener
gie egale ä 1,65 kWh.t-^- au lieu de 38 kWh.t-!, valeur 
habituelle. Les concepts de la mecanique de la rupture 
appliques au broyage par HUET (7) peuvent fournir une 
explication ä cet ecart important : dans les broyeurs 
ä boulets usuels, les conditions sont proches de la 
deformation imposSe ou il y a progression instable 
pour les faibles tailies relatives de microfissures et 
progression stable pour les tallies relatives elevees. 
Au debut du broyage du clinker, la taille des fissures, 
du meme ordre que celle des cristaux de C3S, est petite 
devant celle des grains : la progression des fissures 
est instable avec rupture complete des grains ; 1'ener
gie depensee n'est pas tres supSrieure ä 1'energie 
theorique. Par contre, aux stades plus avances du bro
yage, la taille des microfissures devient grande rela- 
tivement ä celle des grains : on se trouve dans le cas 
de la rupture controlee ou la progression des fissures 
ne peut etre obtenue que par la repetition du choc. 
Une part importante de 1'energie est ainsi perdue et 
dissipee par les frottements entre grains et les defor
mations plastiques notables pour les petits grains (II). 
La complexitS du phenomene s'accroit si 1'on considers 
qu'au debut du broyage la rupture est commandee par 
1'energie specifique de rupture de 1'agregat polycris- 
tallin mais qu'en fin de broyage la rupture depend 
davantage de Yo des cristaux proprement dits.

Le comportement du clinker ä la rupture depend 
egalement des proprietes de ses mineraux constitutifs, 
C3S, CjS, C3A, C4AF. Ces mineraux, qui ont des struc
tures essentiellement ioniques, ont tous un comporte
ment fragile. La fragility,que 1'on peut definir sche- 
matiquement comme le rapport entre 1'aptitude ä la 
deformation et 1* aptitude ä la fracture, n'est pas la 
meme pour tous ces composes. Un indice de fragilite a 
pu etre determine par une methode d'indentation utili- 
sant la pyramide du microdurometre VICKERS (12). Le 
principe consiste ä mesurer d'une part les dimensions 
de 1'empreinte et d*autre  part la longueur des micro
fissures qui apparaissent dans le prolongement de 
1'empreinte lorsque la charge depasse une certaine 
valeur critique. La mesure des diagonales de 1'emprein
te permet de calender la microdurete H qui represente 
1'aptitude ä la deformation du cristal. L*evaluation  
de la longueur des microfissures conduit au calcul de 
la "tenacite" K [identique au facteur intensite de 
contrainte, utilise en mecanique de la rupture (7)], 
qui represente l'aptitude ä"la fracture du cristal. 
Le rapport H/Kc donne un indice de fragilite. Les 
valeurs moyennes approchees, trouvees pour les mine
raux du clinker ainsi que quelques valeurs tirees de 
la litterature sont portees dans le tableau II;

CjS est le mineral le plus fragile. Sa fragilite 
est en relation avec 1'existence d'une direction de 
clivage privilegiSe, qui entraine une fissuration fa- • 
eile des cristaux (fig. 1). CjS est beaucoup plus de
formable que C3S et 1'essai d'indentation avec les. 
charges utilisSes (20 g ou 50 g) ne donne pas toujours 
des fissures visibles (fig. 2). L'aluminate tricalcique 
et 1'aluminoferrite sont les composes les plus durs, 
c'est-ä-dire les moins deformables. Dans les conditicrs 



de nos essais et pour les elinkers testes, contenant 
respectivement IS % de CgA cubique et 13 % de C^AF, 
la phase CgA (fig. 3) apparait plus fragile que la 
phase CaAF, plus deformable, qui fissure tres peu sous 
les charges utilisdes.

Les proprietes globales du clinker, materiau 
polycristallin, ainsi que celles de ses mineraux cons- 
titutifs, expliquent son comportement d la fragmenta
tion qui a lieu suivant un processus ä la fois de li
beration fissurale et de liberation minerale : les 
fissures progressent respectivement a travers les 
cristaux, en particulier les cristaux de C3S prefis- 
surds, et le long des limites de phases (fig. U). 
Les fissures de C3S sent le plus souvent bloquees ou 
ddtewsnees au niveau de la phase interstitielle, ge- 
neralement peu fissuree, (fig. 5). Les cristaux ou 
aeas de C2S sent contoumes par les fissures jusqu'ä 
un stade avance de la fragmentation. Ces cristaux, de 
forme arrondie, relativement deformables et ayant une 
certaine "mobilite" (13) par rapport ä la phase inter
stitielle (fig. 6) donnent lieu ä une liberation mine
rale type : des individus cristallins sont frequemment 
retrouves intacts en fin de broyage.

Tableau II : Durete (H), Tdnacite (Kc), Fragilite 

(H/Kc) des mineraux du clinker.

Phase H 

(GPa)
Kc 

(MPa.m1/2)
H/Kc 

, -1/2. (pm )

C33 * S 7,5 1,7 4,7

• C3A 9,0 3,1 2,9

C2S 6,7 3,7 1,8
CUAF 9,0 n.d. 2

(estimee)

Acier (12) 5 50 0,1
ai2o3 " 12 4 3

MgO " 9,2 1.2 8

3. FISSURATION ET RUPTURE PAR CHOC THERMIQUE
Le choc thermique provoque des contraintes sus- 

ceptibles d'entrainer la fissuration et la rupture des
granules de clinker. Les contraintes sont dues au gra
dient de temperature, ä 1*anisotropie des contrac
tions, aux transformations polymorphiques, aux diffe
rences de coefficient de dilatation entre phases. Le 
reffoidissement plus ou moins "brutal induit, dans le 
materiau, une energie thermo-elastique qui se dissipe 
sous forme d'energie specifique de rupture yp.

Fig. 4 : Cheminement d'une 
fissure (MEB).

Fig. 2 : Indentation dans CjS 
deformable (MEB).

Fig. 5 : Arret des fissures de 
C3S au niveau de C3A (MEB).

Fig. 3 : Indentation dans C3A 
assez fragile, fissure (MEB).

Fig. 6 : Decollement partiel 
des cristaux de C2S (MEB).

Si 1'energie thermo-elastique dissipee par le champ de 
contrainte autour d’une microfissure preexistante est 
superieure ä Yp, la fissure progresse et peut entrai
ner la rupture. Le caractSre stable ou instable de la 
progression est determine par la taille de la fissure.

Pour les materiaux ceramiques, HASSELMAN (14) a 
montre, ä partir d’un modele ideal representant les 
conditions les plus favorables ä la rupture, que le 
domains d'instabilite etait limite par deux valeurs 
critiques de la taille des fissures : la difference de 



temperature critique provoquant la propagation en 
fonction de la taille des fissures passe par un mini
mum. L'application ä un clinker donne la courbe de la 
figure 7. A partir des hypotheses suivantes applica
bles aux conditions industrielles :
- AT = 800 - 900 °C,
- 1 fissure par cristal de C3S, soit N - 10? fissures 

par cm^ f
- longueur des fissures - 30 ä 50 pm, -

on voit que les courbes obtenues sent proches des 
courbes de stabilite au-^delä desquelles la difference 
de temperature AT n’est plus süffisante pour amorcer 
la propagation des fissures. Done ä moins de repeter 
le choc thermique, la rupture des granules aura peu 
de chance de se produire. C'est ce qui est generale- 
ment observe : les granules sont plus ou moins micro
fissures mais non rompus. Pour les petites fissures 
amorcees dans le domaine d'instabilite, le taux d'e
nergie elastique dissipee est superieur ä I'energie 
specifique de rupture. Lorsque ces fissures atteignent 
les longueurs correspondant aux courbes en traits 
pleins, elles possedent encore de 1'Energie cinetique 
et progressent jusqu'a une taille limite donnSe par 
les courbes en pointillSs, calculees "d'apres (14).
La figure 7 montre,qu'il y aurait probablement interet 
ä avoir des clinkers ä petits cristaux : I'energie 
specifique de rupture serait plus faible et les micro
fissures plus petites, se trouveraient dans la zone 
de progression instable.

Fig. 7 : Difference critique de temperature ATc 
amorqant la propagation des fissures en fonction de 
la taille des microfissures (courbes en traits pleins). 
En pointilles, limites de propagation des petites 
fissures instables [calculSes d'apres (14)].

4. RELATION ENTRE L'INTENSITE DU CHOC THERMIQUE, 
LA FISSURATION ET LA BROYABILITE DU CLINKER.

Des granules de clinker de 1 cm de diametre ont 
ete fabriques ä partir de deux crus industriels, par 
cuisson au four electrique ä 1450 °C, pendant 2 
heures. La composition mineralogique moyenne des 
clinkers, references A et B, analyses par diffraction 
des rayons X, est donnSe dans le tableau III.

Tableau III : Composition mineralogique moyenne des 
clinkers testes (refroidissement lent).

: c3s c2s c3a C4AF

Clinker A 62 % 17 % 15,5 % 5,5 %
Clinker B ; 65 % 18 % 3,0 % 13,0 %

Les clinkers ont subi les refroidissements sui- 
vants :

- refroidissement lent (300 °C.h~^),
- trempe dans l'eau ä 20 °C ä partir de 1450 °C,
- trempe dans l'eau ä 20 °C a partir de 1250 °C.

L'etat de fissuration en fonction de 1'intensite 
du choc thermique a ete observe au microscope optique 
sur section polie, attaquee ä 1'aide d'une solution de 
borax ä 2 % dans 1'eau. Deux types de fissuration ont 
6te observes (15) : d'une part une fissuration macro- 
scopique avec des fissures larges, radiales, traver- 
sant le granule et provoquant parfois sa rupture ; 
d'autre part, une fissuration microscopique qui se de- 
veloppe essentiellement dans les cristaux de C3S et 
beaucoup plus rarement dans la phase interstitielle. 
La fissuration macroscopique est d'autant plus impor
tante que le choc thermique est intense, Mais parado- 
xalement, la fissuration microscopique est d'autant 
plus faible. Ainsi dans les clinkers trempes ä 1450 °C, 
la fissuration macroscopique est maximale, mais la 
fissuration microscopique y est minimale (fig. 8 et9) ; 
les granules du clinker A, riche en C3A, etaie'nt fre- 
quemment rompus en plusieurs fragments tandis que les 
granules du clinker B, riche en CqAF, avaient mieux 
resists au choc thermique vraisemblablement en raison 
du comportement moins fragile de la phase ferritique.

La trempe ä l'eau ä partir de 1250 °C provoque 
une fissuration macroscopique faible, les granules 
sont entiers. Par centre, ce mode de refroidissement 
entrains la fissuration microscopique la plus forte 
(fig. 10).

• Le refroidissement lent ne provoque pas de fissu
ration macroscopique et la fissuration microscopique 
est intermediaire.

Ce comportement du clinker au choc thermique est 
en relation avec les proprietSs particulieres de C3S, 
notamment avec son indice de fragilite relativement 
eleve. Les fissures qui s'y produisent sont dues aux 
differences entre son coefficient de dilatation et ce- 
lui. de la phase interstitielle, et ä 1'anisotropie de 
ses contractions. Le tableau IV donne les coefficients 
de dilatation thermique de C3A et C3S, deduits des 
donnees cristallographiques (16,17).

Tableau IV : Coefficients de dilatation thermique 
mesures de C3S et de C3A (10"^.°C—i).

C3S 
Triclinique 

20-980 °C

c3s 
Trigonal 

1050-1100 °C

C3A 
Cubique 

20-1000 °C

C3A 
Orthorh. 

500-1000 °C

a 10,2 

% 7.0 
a 13.9 c

«b 8,7
a 49. c

a 8 a , 9,7ab *
a 13,2
. c



Fig. 8 : Clinker A - Trempe ä 
li+50 °C. Fissuration macrosco- 
pique forte.

Fig. 9 : Clinker A - Trempe ä 
1450 °C. Fissuration microsco- 
pique faible.

Fig. 10 : Clinker A - Trempe ä 
1250 °C. Fissuration microsco- 
pique forte.

Quand la trempe intervient ä 1450 °C, la phase 
interstitielle se solidifie sous forme d'un verre. ' 
Les variations de volume et les differences de coef
ficient de dilatation entre le verre et C3S sont plus 
faibles. Il en est de meme pour les contraintes subies 
par le silicate qui se fissure tooins. En outre, une 
partie de l*energie  elastique, qui depend entre autre 
du module de YOUNG E (plus faible aux temperatures 
elevees), se dissipe en raison du comportement visco- 
plastique du materiau avant sa solidification complete. 
Par ailleurs, la presence d'un verre vraisemblablement 
plus fragile, associee ä une energie thermo-elastique 
neanmoins elevee, entraxne la propagation instable 
tores rapide des fissures, jusqu'a la rupture des gra
nules. L’exces d'energie est dissipe sous forme d'e
nergie cinetique et d'energie acoustique. L*energie  
theorique,consommee par la rupture des granules et la 
fissuration des cristaux dans les conditions de 1'es- 
sai, est alors de l’ordre de 1 Joule, 1'energie theo
rique disponible etant d'environ 3 ä 4 Joule.

Lorsque la trempe a lieu vers 1250 °C, tempera
ture ä laquelle la phase interstitielle est dejä cris- 
tallisee, les contraintes subies par C3S sont maxima
les. L’energie thermo-elastique disponible n'est plus 
süffisante pour provoquer la rupture complete des 
granules. L’energie theorique consommee par la fissu
ration des cristaux de CgS est du meme ordre de gran
deur que l’energie thermo-elastique disponible. Les 
cristaux de CgS, tres fragiles, constituent des points 
d'amorqage de fissures privilegies qui absorbent une 
grande partie de l’energie. Les possibilites de fis
suration de la phase interstitielle et la rupture des 
grains de clinkers sont ainsi limitees. CgS joue le 
role de concentrateur de contraintes ; sa microfissu- 
ration empeche la propagation lointaine des fissures, 
l’energie thermo-elastique etant diffusee dans toute 
la masse du granule. ■

Les tests de broyabilite,effectues ä 1'aide d'un 
microbroyeur ä resonnance DANGOUMAU sur les deux clin
kers A et B et pour les trois modes de refroidissemenlq 
indiquent que les clinkers les plus microfissures sont 
les plus broyables. Les resultats sont illustres par . 
la figure 11 qui montre 1'evolution de la surface spe
cif ique Blaine en fonction du temps de broyage. Dans 
tous les cas, les clinkers trempSs ä partir de 1250 °C 
possedent la meilleuifebroyabilite. L'effet est le plus 
marque sur le clinker A riche en CgA, mineral relati- 
vement plus fragile et plus sensible au choc thermique 
que C^AF abondant dans le clinker B. Les differences 
de broyabilite entre les clinkers trempes ä partir de 
1450 °C et les clinkers refroidis lentement sont peu 
importantes.

Fig. 11 : Finesse Blaine des clinkers A et B, en fonc
tion du temps de broyage.

Ces essais montrent qu'il doit exister pour cha- 
que clinker une temperature optimale de trempe, qui 
entraine une microfissuration maximale de la phase CgS 
avec augmentation correlative de la broyabilite. 
Cette temperature est voisine de la temperature de 
solidification de la phase liquide. Les chocs thermi- 
ques ä tres haute temperature ne semblent pas apporter 
d*amelioration  notable de la broyabilite dans les 
conditions de nos essais.



5. CONCLUSIONS

Le comportement du clinker a la rupture est 
determine par deux parametres intrinseques au mate
riau :

- l’energie specifique de rupture yF (environ 12 ä 
22 J.nT2),

- la taille des microfissures preexistantes, du 
meme ordre de grandeur que celle des cristaux de C3S. 

La connaissance de ces parametres et leur utilisation 
dans le cadre de la mScanique de la rupture peuvent 
fournir une explication au mauvais rendement du bro- 
yeur ä boulets aux stades avances du broyage.

Le comportement du clinker ä la rupture depend 
aussi des proprietes particuliSres de ses mineraux 
constitutifs. Leurs yp sont dix ä vingt fois plus fai
bles que celles de 1'agregat polycristallin. Leurs 
indices de fragility mesures sont : 4,7 pour C3S ;
2,9 pour CgA et environ 2 pour C2S et C^AF. .

La grande fragilite de CgS explique le comporte
ment du clinker au choc thermique. La trempe ä 1450 °C, 
lorsque le clinker est päteux, induit une microfissu
ration faible de C3S. Elie provoque-I'apparition de 
fissures macroscopiques et la rupture, des granules. 
La trempe ä 1250 °C donne une microfissuration impor
tante de C3S, qui concentre une grande partie des' 
contraintes empechant la rupture des granules. Cela 
se traduit par une augmentation de la broyabilite 
alors que la trempe ä 1450 °C n'apporte pas d'amelio
ration sensible.

Les essais et resultats rapportes ici ne sont 
qu'une premiere tentative d'interpretation, ä 1'aide 
de la mecanique de la rupture, du comportement du 
clinker a la fragmentation. Ils devront etre largement 
completes et precises par la suite.
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The effect of AI2O3, BaO and B2O3 admixtures 
on C3S structure

L'effet des additions AI2O3, BaO et B2O3 sur ia structure du C3S

W. KURDOWSKI, Research Center of the Industry of Binding Materials, Krakow,
M. HANDKE, G. SIEM1NSKÄ, School of Mining and Metallurgy, Institute of Materials Science, 

Krakow, Poland.

RESUME : On a etudie, ä 1'aide des rayons X, transformee de Fourier et IR, des echantlllons 
de silicate tricalcique avec une petite addition de Al^O^, BaO et 82^3"
Les etudes ont ete execute.es sur les echantlllons avec 1'addltion d'un seul oxyde, ainsi 
qu'avec la combinaison de deux oxydes : Al^ + BaO et Al^ + dans des proportions va-
rlees.
On a trouve que dans la solution solide C^S-Al^O^ ce n'est que 1'aluminlum en coordination te
traedrale qui peut stabiliser la forme Tjj et que 1’introduction du cation Ba dans la solution 
solide provoque une transformation des ncatedres [AIO^] en tetraedres [AIO^] .
Le cation Ba remplace dans le reseau C^S seulement le cation Ca oui n'est pas coordonne par 
les tetraedres [SiO^] . De tres petites ouantites de 1'addition de 62^3 decom"osent C^S en 
ß -C2S et CaO, et en solution solide C^S-A^O^.

SUMMARY t The
Inveetigatea by X-ray diffractometry and Pourier Tranafora IR spectroscopy. 
The studies were performed on samples with single oxide admixture and also with double t 
AlgO^+BaO and A120^+B20^ In different ratio. It was found that in C^S-AlgO^ solid solution 
only tetrahedral coordinated aluminum can stabilize Tjj form, and when Ba cations are intro
duced into solid solution, [dlOg] octaedra are transformed into [dlO^J tetrahedra. 
The Ba cation replaces only the Ca cation noncoordinated by [siO^] tetrahedra in C^S lattice 
Very sm<ll quantity of BgO^ admixture decomposes C^S into -CgS and CaO as well as C^S- 
-AlgO^ solid solution.

tricalcium silicate samples with small admixtures of BaO and BgO^ were



niTROixrcTioa
The production technology of rapid har

dening high strength ceaents requires some 
nodiflcations in the classical nethods of 
clinker production. One of the directions 
in which changes should go, consists in 
using admixed metal oxides Introduced into 
charge during clinker production. The effect 
of these admixtures has been studied by ma
ny authors /1.2,5,4/. They have confirmed 
the real effect of the admixtures on diffe
rent properties, for example on clinker 
hydraulic activity. Presence of the admix
tures in the clinker changes structure and 
texture l.e. defetts of clinker phase crys
tals, modification of crystal habit and si
ze, stabilization of defined polymorphs of 
dl- and tri-oalcium silicate, appearance of 
new phases including admixtures. The action 
mechanism of admixtures, and especially the 
correlation between the character of the 
component and clinker properties, have not 
been satisfactorily Investigated as yet.

The barium oxide is one of the addi
tions advantageously modlflcatlng clinker 
properties, as has been shown by Kurdowski 
/5/• The purpose of our work was to investi
gate the effect of the BaO and sduix!- 
tures on the C^S structure as well as on 
the C^S-AlgO^ solid solutions. The Portland 
ni inkei» la a species of very complicated 
mineral composition. In order to simplify 
the studies, we have investigated only one 
but, in our opinion, the most important one 
of clinker components, which is CjS.

The infrared absorption spectroscopy 
has been used as a main method. This method, 
as opposed to diffraction method, allows to 
Infer about short range order. X-ray dif
fraction was used as the phase identifica
tion method and as the confirmation of sone 
conclusions resulting from the infrared ab
sorption spectra.

EXPBRIMEBrTAI.

Two sample series were prepared. The 
first was pure C^S with admixed 0,037 - 2,5 
mole % BaO and 0,034 - 0,625 mole % B20^. 
The second was C^S including 0,25 i 1- and 
5 weight % Al^O^ to which different quanti
ties of BaO or BgOj were introduced. 
The samples of the first series have been 
prepared as follows : to the stoichiometric 
mixture of the CaCO^ and SlOg the corres
ponding quantity of the water solution of 
Ba/NO^/g or ^afl ^een added. These wa
ter suspensions were dried at 100°C and 
then in the platinum crucible were decalci
nated at 1000°C and next heated several 
times at 1550°C. The samples of second se
ries have been prepared similarly. The ad
ditions of the BaO and B20^ were introdu
ced to previously prepared CjS-A120j solid 
solution. Syntheses were controlled using 
X-ray patterns and infrared spectra of the 
synthesized samples.

Infrared absorption spectra were obta
ined through application of Pourier Trans
form Spectrometer PTS-14 Digllab. The ap
plication of optimum measurement parameters 
and double precision of the spectra oalcu- 
lations from the interferograms resulted 
in a very high signal to noise ratio in me
asurements. This.allows to interprets the 
very small changes of the spectra.

HBSULTS iBD DISCUSSIOH

Pigure 1 and 2 show the medium and 
far infrared spectra of the C^S including 
Ba /fig.!/ and B /fig.2/ admixtures. The 

admixture concentration is given in mole 
percentagei 1 mole corresponds to the 0,04 
mole of BaO or 0,02 mole of B20^ for 1 mole 
of 3Ca0*S10 2.

One can notice in these spectra that 
the Increase of the admixture concentration 
causes the change of the intensity and half
bandwidth of some bands. At first the inten
sity of the 815 on bend which is characte
ristic for symmetric stretch vibration of



Fig.l. PIR and MIR spectra of the CjS sam
ples with BaO admixtures

Pig.2. PIR and MIR spectra of the C^S sam
ples with admixtures 

the Si - 0 bond in C^S is changed. This in
tensity changes from 2,45 to 1,15 /relati
ve units/ for the samples with BgO^ admix
ture and 2,9 to 1,2 with BaO. In the case 
of B20x series simultaneous increase of the 
84? omT1 band intensity is observed. This 
band is very intense in the ^-C2S 
oc’-CgS spectra. Intensity of this band in
crease from 62 to 79 /relative units/. Por 
the BaO series intensity of this band is 
the same within the limits of error.

The different role of both BaO and 
b2°5 adnixtures is illustrated on the figu
re 5 which shows the dependence of the

intensities and admixture concentrations

815 cm,-^ band intensity on the concentra
tion of barium and boron admixtures in the 
C^S. Por boron these changes are rectili
near and for barium hiperbolic.
As the 815 cm-1 band is characteristic only 
for C^S, therefore from figure 5 the con
clusion can be drawn that barium ions are 
introduced partially in the O^S structure 
and any presence of the boron ions decom
poses this structure on CgS /84? cm*̂  band/ 
and CaO. This conclusion is confirmed by 
the X-ray patterns and agrees with the fin
dings ef other authors. The comparison of 
the half-bandwidths in the medium infrared, 
therefore the bands resulting from [SiO^] 
tetrahedra vibrations /6/, allows to con
firm that it changes only in the case of 
B20^ admixture. This fact shows that ba
rium ions introduced in the C^S lattice 
do not disturb essentially the crystal 
structure and the position of the 
tetrahedra.

The analysis of the far infrared spec
tra, and therefore the range charaoteris-



ions. As 
does not

the 
barium 
the 
change 
that 
these

tics for the lattice vibrations indicates 
that the increase of the Ba ions concentra
tion in the C^S, does not cause the change 
of the band intensities but the width of 

•*1  •the bands below 300 cm changes. According 
to the assignment of these bands /6/ 
change of their shape indicates that 
ions substitute the calcium 
substitution of barium ions 
the [siO^jband width we can conclude 
the barium cations substitute mainly 
calcium cations which are not coordinated 
with the [siO^j tetrahedra oxygens.

The far infrared spectra of the sam
ples with B20^ confirm completely the pre
vious conclusion that the presence of the 
b2®3 ^composes the C^S structure. At the 
higher concentrations of the the 
spectrum is only a superposition of the C^S 
and <* ,-C2S spectra what results from the 
oomputtr substraotion of the spectra. This 
conclusion is in accordance with Mircea /?/•

The problem of the dissolution 
in the C^S structure and the influence of 
this admixture on the structure and proper
ties of the C^S is very important from the 
cement chemistry point of view because 
^■2^3 a^wa7s present in allite phase in 
the Portland cement clinker. This was stu
died by many authors and for example Biga
re et al. /8/ has confirmed that in the C^S 
structure up to 1,2 weight $6 dis
solved, and at the concentration above 0,4 
weight % this admixture stabilises TII form 
ef CjS. Further concentration increase of 
Al^Oj decreases the C^S polymorphic transi
tion temperatures what was shown by Hahn, 
Bysel and looreman /9/« Butt, Timashov and 
Kaushanskij /10/ have confirmed that up to 
0,3 weight % of U^O}« aluminum cations sub
stitute only the calcium ions and they have 
the coordination number of 6| at the higher 
concentration, aluminum cations with the 
coordination number of 4 substitute silicon 
cations. The introduction of aluminum ions 
causes defeots of the C^S lattice and, in 
consequence, the increase of its hydraulic 
activation*  '

w 6oo e® «m ttoo *®

Pig.4, PIH and MIR spectra of the C^S sam
ples with AlgO^ admixtures : 1.-0,25 >
2.-  0,5 j 3.- 1 and 4.- 5 mole % of A1DO,

C- D

On the figure 4 the medium and far in
frared spectra of the C^S - Al20^ solid so
lutions are shown. It is easy to see that up 
to 1 mole % /0,45 weight %/ no great changes 
in the spectra appear. Exceeding this value 
results in a sharp change of the spectra 
connected with the stabilisation of the Tjj 
form. By comparing the spectra ef the Ttt 
form stabilised by another addition /MgO, 
ZnO/, it is possible to notice that both ■ 
the mechanism of the 41205 stabilizing ac
tion differs, and the structure of this 
form is slightly different, the stabilizing 
properties being shown by the aluminum ions 
with tetrahedral coordination.

The purpose of the next step of our 
investigations was to learn how the double 
admixtures Al20^+Ba0 and AlgO^+BgO^ act 
upon the structure of C^S. Figure 5a,b,c 
and 6a,b,o show the medium and far infrared 
spectra of the samples containing different 
quantities of the Al205 and BaO. In the se
ries with 0,25 mole % of the Al^Oj no great 
changes of the spectra accompanying the in
crease of BaO concentration, are observed 
/compare fig.5a and 6a/. Thq only observed 
change is the broadening of bands indica
ting the increase of the defecting of the 
C^S crystal lattice. In the spectra of the
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Fig.5. mtb spectra of C^S-AlgO^ solid solutions with BaO adaixtures. A-0,25 mole% AlgO^+t
1 - 0,5 weight %, 2 - 1 weight 5t, 3 - 4 weight % of BaO. B * 1 mole % Al20^ + t 1 - 0,5 w.%, 
2-1 w.%, 3-4 w.% of BaO. C - 5 mole % AlgOj + : 1 - 0,5 w.%, 2-1 w.%, 3-4 w.% of BaO

on figure 5#

next aeries /compare fig.5b and 6b/ with 
the increase of the BaO concentration we 
can observe important, changes and for exam
ple in the case of the 4 weight 51 BaO the . 
spectra are identical with the ones of the 
Tjjr form, in spite of the fact that the 
quantity of the single AlgO^ and BaO in the 
sample was insufficient for stabilisation 

of thia form. In thia case cooperation of 
both admixtures is observed. The mechanism 
of this cooperation can be explained by 
dislodging the aluminon ions by the barium 
ions from the calcium aublattice to the 
[siOjJtetrahedra one. Due to this the quan
tity of the tetrahedral aluminum ions in 
the crystal increases up to the level auffi-



cient to the stabilization of the Tjj fora, 
because only the aluminum in the tetrahedral 
coordination has got stabilizing properties. 
In the case of $ sole % Al20^ series, barium 
ions have been introduced to the C^S latti
ce of the TII form, not of Tj form /compare 
fig.5o and 60/, In the spectra of these 
samples the disappearance of some bands is 
observed with the increase of BaO concen
tration, which means the increase of crys
tal symmetry of these solid solutions. 
By comparing the sample spectra of the 5 
mole % 2,5 B0^9 % BaO with the
spectra of different polymorphs of C^S it 
can be concluded that we have got now the 
spectrum of form, which cannot be obta
ined by the stabilization of AlgO^ admixtu
re only. The cooperation of both AlgO^ and 
BaO stabilizing admixtures here appeared. 
These conclusions have been confirmed by 
the X-ray patterns.

The same investigations were carried 
out on the effect of B20^ admixture / the 
same mole percentage as BaO / on the C^S - 
-AlgOj solid solutions. These investiga
tions have shown that BgO^ does not dissol
ve in the C^S - A12°3 801id solutions, nor 
does it dissolve in the lattice of the pure 
CjS, and similarly decomposes C^S.
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Formation of syngenite during cement grinding

Formation de !a syngenite au cours de broyage du ciment

W. KURDOWSKI, Professor, Research Centre of the Industry of Binding Materials, 
Z. WELISZEK, Engineer, Research Centre of the Industry of Binding Materials, Pologne.

RESUME : On a observe la grande instabilite de la quallte du ciment obtenu dans un broyeur 
finisseur fonctionnant en circuit ouvert. Les variations des proprietes du ciment se mani- 
festaient surtout par manque d'augmentation des resistances pour un accroissement de la sur
face specifique de 3000 -a 4500 cm’/g, ou meme plus.

On a trouve que cette instabilite resultait de la formation de syngenite au cours de la frag
mentation du ciment dans le broyeur finisseur. La phase de syngenite se forme assez faclle- 
ment dans le processus de broyage des clinkers riches en K^SO^, ä la temperature de 80° - 
16O°C, en presence de la vapeur d'eau injectee dans le broyeur.

Les recherches effectuees donnent des conclusions permettant d'eviter la formation genante de 
la syngenite.

SOiHARY : Well - marked instability of the quality of a cement obtained in the finish mill, 
operating in open circuit, has been observed. The variations of cement properties find ex
pression chiefly in the lack of the increase in strengths with the growth of the specific 
surface of the cement from 3000 to 4300 cm^/n or even more.
It has been found, that this instability results from the formation of the syngenite during 
cement grinding in the finish mill. The syngenite phase forms rather easily in the grinding 
process of clinker with high K2S04 content, at the temperature of 80° - 160°C, in the pre
sence of water vapour, originating from water injection into the mill.
Carried out investigations give the conclusions allowing to avoid the harmful formation of 
syngenite.



INTRODUCTION
As is well known, in the modern, dry method 
of cement production a clinker with higher 
alkali content is obtained. In European raw 
mixes the content of potassium surpasses 
about three times the sodium content. The 
potassium content, mainly in the form of 
k2S04» exceeds for the most part ly0, reaching 
sometimes 1.5%. *
The manufacturing of cement from the clin
ker with such an amount of this component 
causes a number of problems. Through the 
strengths after 1 day of hardening increase, 
nevertheless the strengths after 28-days 
are lowered /!/. Furthermore the cement ob
tained from such a clinker is susceptible 
of syngenite formation during the storage 
of the cement in the silos, as was noticed 
by Nielsen /2/.
High early strengths of manufactured cements 
require rather high dispersion of the pro
duct. The installation Hinipebs, designed 
by F.L. Smidth /Fig. 1/, makes a modern so
lution of the problem of cement grinding to 
high fineness.

Fig. 1 - Grinding system with the Hinipebs 
mill. 1 - Unidan mill,-2 - Hinipebs mill

This high capacity installation is equipped 
with a primary mill Unidan, which gives a 
cement having Blaine specific surface 3000
-3200 cm2/g and with a finish grinding mill 
Hinipebs, allowing to grind the cement to 
a specific surface as high as 6000 cm2/g. 
IVith all unquestionable advantages of this 
grinding system, in the case of grinding 
the clinker with high K2SO4 content large 
variations in the properties of obtained ce
ment have been stated. The strength of mor
tars do not appear to increase or even is 
reduced with the growth" of the specific 
surface of cement. This phenomenon is not 
observed when the cement is ground in a la
boratory mill. .
The results of examination of cements obtai
ned from the same clinker in an industrial 
mill and a laboratory mill,are given in 
Table I. It should be'noted, that the gra
nulometric compositions of these two ce
ments, one from the Hinipebs mill and other 
from the laboratory mill, were similar 
/Table II/. . .

TABLE I

Mill Blaine specific 
surface, cm2/g

Compressive 
strengths after

1 day, N/mm2

Unidan 3400 13.5

Hinipebs 4700 13.8

Laboratory 4700 . 20.2

, TABLE II

Particle Percentage by weigth in the
size cement f rom mill

pm Hinipebs Laboratory

above 200 0.04 0.6
200 - 30 14.46 21.4

30 - 20 15.0 16.2
20-5 46.9 43.0

below 5 23.6 18.C

The examination of these cements has been 
carried out with OTA /Fig. 2/.

Fig. 2 - DTA curves, a/ cement from Hinipebs 
mill, b/. laboratory cement, c/ cement with 
anhydrite

It has been found, that in a cement from 
Hinipebs mill the calcium sulphate disap
pears with simultaneous appearance of the 
syngenite, which is characterized by an en
dothermic effect at the temperature 250° - 
260°C, connected with removing of water mo
lecule. In the case of the cement ground in 
a laboratory mill this effect is not obser
ved. -
This fact stimulated us to carry out ade
quate investigations tending towards better 
knowledge of this problem. - -



LABORATORY INVESTIGATIONS
In conditions modelling the cement mill at
mosphere the studies were carried out to_ 
determine the field of formation of the 
syngenite in a cement with increased l<20 
content.
For these studies a cement ground in labo
ratory mill to a specific surface of about 
4500 cmvg, from a clinker with chemical 
and phase composition and modular characte
ristics given in Table III.

TABLE III

Chemical composition Phase composition-^/

Content of the component in weight-percent

Ign. loss 0.56 Free CaO 0.7
tiiO2 22.44 COS 58

a1203 4.96 c2s 10
Fe^CU 2.90 C3A 8
CaO G4.77 C4AF 9
bigO 1.82 KC23512 12
so3 0.72 NCgA3 0.1

K2° 1.23 Na2S04 0.3
Na20 0.15 l<2S04 1.2

Lime saturation factor 0.86
Silica ratio 2.85
A ; F ratio 1.71

1/ Potential phase composition calculated
with Newkirk formulas with the content
of silicates modified by MgO /3/

Also a further cemont was prepared, which 
contained - instead of calcium sulphate di
hydrate - the hemihydrate. SO3 content in 
both cements was the same, 3.3/0.
These cements were next exposed to the ac
tion of the air, the temperature of which 
varied in the range of 80° to 160°C and 
with water vapour content of 100 to 1200 
g/Nm . The presence of the syngenite was 
determined by OTA.
In this way the field of existence of the 
syngenite in given temperature range and 
humidity, reflecting the atmosphere which 
occurs in cement mill, was determined. This 
field is presented in Fig. 2.
It has been stated, that the syngenite 
exists in whole studied temperature range ; 
at the same time it has been found that the 
syngenite forms more easily in a cement con
taining calcium sulphate hemihydrate. Ob
viously the formation of 'the syngenite re
quires at least partial dehydratation of 
the gypsum. Therefore at the temperature 
below 70° - 75OG the formation of this com
pound is not observed, even in the case of 

very high humidity of the air.

g//vm3

TEMPERATURE eC
Fig. 3 - Syngenite formation in cement de
pending on the temperature and water vapour 
content in the air. 1 - cement with calcium 
sulphate dihydrate, 2 - cement with calcium 
sulphate hemihydrate

With the increase of the temperature in the 
mill larger and larger amounts of gypsum 
are dehydrated. At the temperature of the 
order of 120° - 16O°C, despite of apprecia
ble dehydratation of the gypsum, at low hu
midity of the vent air, the syngenite will 
not form, because of too lower water vapour 
pressure. This is why at higher temperatu
res a larger content of water vapour in the 
air is necessary for originating this com
pound.
Similar conditions will occur in the mill 
during hot clinker grinding, as in this ca
se an injection of considerable amounts of 
water for cement cooling is required.
On the ground of a heat balance of the mill 
system the diagrams for both mills are drawn. 
/Fig. 3/ of the function 

t - f /m, t /
where: 
t - the temperature of material leaving 
c the mill,

m - the amount of injected water, 
t - the temperature of feed material.
In the diagram prepared in such a way the 
field of existence of the syngenite has been 
plotted. In practice, the range of opera
tion of the mill in dependence of given 
factors without deterioration of the quali
ty of the product, makes a region between 
maximum permissible temperature of the ce
ment leaving the mill, viz. 110°C , the 
range of the syngenite occurence and dew
-point, below which the water vapour will 
condense. In this last case, apart from 
syngenite, aluminate hydrates can be for
med. ■
The temperature 110°C should be accepted 
as highest permissible temperature of the , 
cement, as its surpassing will cause a fal
se set of the cement during subsequent 



storage. According to Nielsen /2/, as low 
temperature as 900C influences negatively 
the properties of the cement during its sto
rage.

o 30 50 10 90 HO 130 150

CEMENT LEAVING TEMP °C

Fig. 4 - Operating conditions of grinding 
system with Minipebs mill '

CONCLUSIONS
It is evident from presented diagram, that 
for a temperature of cement leaving the Mi
nipebs mill ranging from 90° to 100°C it is 
necessary to maintain the temperature of the 
feed 50° - 70°C. As during conveying the ce
ment from the Unidan mill to the Minipebs 
mill it is hardly to expect the lowering of 
its temperature, that's just the temperature 
which should have the cement leaving the 
mill Unidan. In practice it can be obtained, 
when the temperature of clinker do not sur
pass 60°C.
In the case, when the clinker leaving the 
kiln is cooled in planetary coolers and 
there is no possibility to cool the clinker 
to such a temperature, it is necessary to 
install a cement cooler between the mills. 
Then the temperature of the clinker can be 
as high as 100°C.

The second solution of this problem consists 
in the intensification of ventilation of the 
Minipebs mill. For example a doubling of the 
amount of ventilation air increases the per
missible temperature of the material ente
ring the Minipebs mill to 90°C; this allows 
then to introduce to the Unidan mill a clin
ker 70° - 80°C /Fig. 5/.

Fig. t> - Operating conditions of Minipebs 
mill with doubled amount of vent air ■

Another preventive measure consists in rep
lacing of part of gypsum addition with the 
natural anhydrite. In this case the condi
tions for syngenite formation are missing. 
This was confirmed by DTA examination of 
the cement with addition of anhydrite /cur
ve "c" in Fig. 2/, obtained in conditions, 
for which in the case of cement added with 
gypsum the syngenite forms easily.
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Processing characterization on the industrial scale 
cement production

' Provision de !a quality d'un ciment, en production industrielle

S. TAKAGI, Doctor, Sc in Eng. Senior research chemist, Central research laboratory of 
Sumitomo Cement C°, Ltd.,

A. KAWASH1MA, Research chemist. Central research laboratory of Sumitomo Cement C°, Ltd.

RESUME : Le but de I'etude entreprise etait de confirmer les bases de la prevision des quali- 
tes d'un ciment en precisant les relations entre d'une part les proprietes physiques et meca- 
niques du ciment, dans des conditions diverses, et d'autre part la composition du clinker et 
les conditions de cuisson-de ce clinker. Il est bien connu. que l'action des composants du clin 
ker depend du processus de la clinkerisation, principalement du gradient de temperature du 
four et de la vitesse d'echauffement des matieres premieres. A ce point de vue, une premiere 
etude des modifications intervenues dans la phase d'equilibre et dans la structure du-clinker, 
a ete falte. ' •

Selon ces vues, il a ete etabli que l'on pouvait prevoir ä 1'ayance, les proprietes physiques 
et mecaniques d'un ciment, en se basant notamment sur le processus de la clinkerisation et sur 
1'histoire thermique du materiau.

SUMMARY : The object of this experiment is to comfirm the root of characterization by clarif- 
ing the corrlation between the physical behaviour and burning condition of clinker from chara
cterization of principal compounds In clinker at various cases of co'nditlons. •
It Is well known that, the stational logic of principal compounds in clinker was depending upon 
clinkering process of rawmixes, mainly heating rate and temperature gradient In kiln. From 
this point of view, opening discussion of this character shift for the phase equibrium and 
structural phenomenon in clinker was able to be developed under those resultes.
According to this consideration, the physical properties of cement in the future were able to 
be estimated by judging characterized phenomenon of clinker owing to operating condition in 
burning and the thermal history in clinkering rawmixes.
In this report the relation between the good quality of products depending upon operating con
ditions of kiln and shifting grade of character of principal compounds in clinker was discussed.



Introduction.
In the cement industry, the most important 

property of portland cement is the mechanical 
behaviour that has been frequently controlled 
by chemical composition, volume weight, un
combined CaO content of clinker and others.
But it is certain that these indications 

are not related to the character of clinker 
such as composition and structure in a broad 
sense. . ■
In this study, the strength behaviour of 

cement was discussed about existence of 
character shift from the state of principal 
compounds of clinker depending upon manufac 
-tuning conditions.
Consequently the improvement of the clinker 
burning and the estimation of quality of ‘ 

cement was possible on the basis of those - 
described character data. .

The results will contribute to the establi
shment of economical product of cement indu
stry. ■ . .

Analysis of character.
The term "material characterization" means 

to make widely clear the composition, struc 
-ture,and other described data of material 
in the system analysis.
Since the existence of a particular materi 

■^äl" is' described as its. character, its pro
perty will be shown by the characters. ' 
In such consideration, the character of 

materials will show the property in past to 
futuer corresponding to the dimensions thro
ugh the time and other facters. -
There-fore, if it is possible to analyse 

the character of material, several properties 
of material will be estimated by means of 
character analysis. ■ '
In cement industry, according to character

ization of clinker from this pointof view,, 
the production of controlled quality of 
clinker was possible to perform by consider
ation of the range setting with burning . 
techniques. • ‘ ■

From the fact that the.character setting of 
clinker is closely correlated to different 
conditions in burning, the following three 
steps were considerated in this approach.
First step was consideration of burning rate 

of clinkering process as maximum temperature, 
temperature gradent and temperature distri
bution in.kiln. •

The indicative character of clinker mainly - 
consists of characteristic structure of each 
phase, degree of growth of crystallite phase 
such as habit, size and irregularity of sili
cate crystal with structural stoichiometry 
due to conditions of nucleation, reaction 
kinetics and solid solubility limits with
out burnability of used -raw mixes.

The second step was consideration of cooling 
rate of clinker for outlet from maximum temp
erature zone of kiln. . "
In this case, it was found that the character 

shifting of principal compounds in clinker 
was closely connected with cooling history 
in kiln, phase transition phenomena by 
shifting of phase equilibrium, exsolution by 
solid solubility limit and others.
Third step was consideration of effect of 

rapid quenching for AQC outlet from kiln

outlet. . ■
The character shifting was expressed by 

comparision of change of character among each 
step.. . .... ■ ■

The good.processing of cement making was 
possible to controll according to the descri
bed character by characterization of clinker 
in clinkering.process depending' upon various 
kiln operating conditions, such as rotating 
velocity and scale of kiln, type and setting 
position of burner, quantity of fuel, tempe-' • 
rature and pressure of oil, primary air con- ' 
dition and secondary air temperature, draft 
of kiln, Op content of kiln inlet, kiln bedd
ing of raw^mixes, operating conditions of a 
QC and others.
Figure-I shows the relation between the macro 

characters of principal compounds in clinker 
and those effective parameters. .

O :eflective, ® :very eftecWve

Character of
Principal ^ompoLnds

Making Condition of Clinker

Coating of 
Burning

Burning
Length Gradient

Atomos-

Alite s'" o o O o
Optics o
Zoning e o o o

Fringing o •
Habit o o e •

Crystal form 0 o
Betite si" o o o o o

Optics o 0 e b o
Morphology and o o o
Recrystallization o o o o

Gelappter o
Exclusion of

Impunty b o
Interstitial 5ize o fl

Optics o e

Figure-I Characteristic character 
. shifting under various 

' making conditions of clinker.

The relationship between characters and . 
properties in the principal compounds of 
clinker. ' - . - ■
In unique properties of material, the source 

of property is divided into two media present 
derived from described character comprised . 
of the statistical mean and the deviation 
from statistical mean in the composition and 
structure of materials (I).
Even if.cement should be. consisted of same 

components of the principal compounds, the» 
compressive registance may be ranged about 
280 to 430 Kg/cm at four weeks. . :
Becentry the chemistry of cement has been 

advanced through the characterization of 
clinker (2)(3)(4)(5)(6) and its hydration 
products. (7)(3)(9). - '
In the relation of clinker character to pro- 

et al reported that if 
the habit of alite phase involved in clinker 
is more distinct, higher strength may be 
expected (10).



Furthermore, H.M.Sylla et al (11) showed 
that the higher strength was possible for^the 
clinker quenched below temperature at ISOCTc.
Each report made very important suggestion 

of the character of clinker to property of 
cement. '
Figure-2 shows that the .strength property 

related to the macro character of principal 
compounds of clinker obtained from several 
points of view on the chracterization.

Morphology and Size Effects 
of Alite' Phase

Characteristic Optics 
of Alite Phase

Morphology and Size Effects 
■ of Belite Phase

Characteristic Optics 
of Belite Phase

Figure-2 Correlation between the strengh 
behaviour and character shifting 
of principal compound in clinker.

In the expression of the characters, they are 
divisible into two media about the type of 
description such as "value” and "pattern" in 
the composition and structure of clinker with 
which are difficult to deal.

For the latter, recongnition by pattern was 
essential because of difficulty to express it 
by using the numerical value as shown infigure-

That is, by appling a graphical solution, 
the relationship of the distribution of each 
factere to the average value is able to be 
made clear. ■

The relation between the summation of des - 
crlbed character and the strength properties 
of four weeks- on the cement produced by con
ventional type of klln’and NSP Is shown in 
the corresponding part of sigmoidal curve of 
figure-3.

Figure-3 Correlation between the compres
sive strength of four weeks and 
its summation of character in 
clirfker.

From these results, economical 'efficiency 
will be able to be higher when the best con
dition for clinker making in which the result
ing clinker has a constant level of character 
is .established.

Conclusion" ■'
In this wark, the relationship between chara

cters and properties of cement under the pro
cessing of burning were shown. It was made 
up that the burning of clinkers with a high 
grade constant is possible to perform by con
trolling a$number of operating conditions 
depending upon such characters of the clinker 
as composition, structure and other characters 
appeared in clinkering process.
It may be sure that, the burning technique 

on a base of such analysis by characteriza
tion contributes to the establishment of the 
operating condition.
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Early hydration behaviour of sulphate-resisting 
and white Portland cement

Comportement initial, iors de I'hydratation des ciments Portland 
ä haute resistance aux sulfates et des ciments blancs

JOHN BENSTED, Principal Scientist, Head of Materials Section,
Blue Circle Industries Ltd. Research Division. England.

RESUME : La chimie de I'hydratation du ciment portland ä haute resistance aux sulfates et 
du'ciment portland blanc,'a St6 examin6e jusqu'ä deux heures d'age ä l'aide de plusieurs 
techniques instrumentales. Les comparaisons avec la chimie du ciment portland ordinaire ant 
6t6 effectuSes. Les differences qui sont observ6es sont discut6es.

SUMMARY :The hydration chemistry of sulphate-resisting and white Portland cements up to 
two hours has been examined with the aid of a variety of instrumental techniques. Compari 
sons have been made with the chemistry of ordinary portland cement. Differences occurring 
are discussed.



INTBODUCTION
Less is known about the hydration behaviour of sul- 
phate-resisting Portland cement (SRPC) and white 
Portland cement (OPC) than that of ordinary Port
land cement (OPC). In comparison with the latter 
SRPC contains very small quantities of C,A (less 
than 3% generally) and WPC has very little iron- 
containing material (ferrite phase normally less 
than 1.50. Such changes as have taken place in 
major constituents of these cements might well 
be expected to have distinctive effects upon early 
hydration behaviour.

SRPC clinker is made by burning calcareous and 
argillaceous raw material with iron oxide, and 
sometimes sand as well to give a satisfactory 
silica ratio. WPC clinker is produced from cal
careous material and china clay (low in iron); 
because -of the lack of sufficient iron containing 
material, which normally acts as a flux during 
burning, combination of the raw materials is more 
difficult. Higherobuming temperatures than " 
usual (~ 1550-1600 C) are often necessary to 
achieve clinkering. As a result, WPC clinker ' 
frequently has a very low alkali content, caused 
by alkali loss through volatilisation, and higher 
free lime values than comparable OPC clinkers. 
Both SRPC and WPC clinkers are ground with gypsum 
to produce the finished cements. The general 
properties of these cements have been extensively 
described. (1,2,3).'

In the present study, a number of production SRPC's, 
WPC*s  and OPC's have been hydrated for up to two 
hours and compared.

EXPERIMENTAL

The SRPC's, WPC's and OPC's were each hydrated at 
a water:cement ratio of 0.5 (10g cement: 5 ml water) 
at ambient temperature in a glove box under 
nitrogen for reasons previously discussed (*l,5).  
Samples of each cement were respectively hydrated 
for 5, 10, 15, 30, 60, 90 and 120 minutes. At 
the end of the alloted hydration period each sample 
was dried by quickly washing with AnalaR acetone 
thrice under suction, followed by storage in a 
vacuum desiccator over silica gel.

These hydrated cement samples together with speci
mens of the anhydrous cements were studied by diff
erential thermal analysis (DTA) and infrared 
spectroscopy (IR). DTA was carried out by employ
ment of simple conventional equipment that had 
chromel-alumel thermocouples attached to a Kent 
potentiometric recorder (6). Heating rates of 20°C 
per minute were utilised. Since ettringite was the 
most reliable hydration compound to quantify, it was 
determined quantitatively (6). IR was performed 
on a Unicam SP1200 infra-red spectrophotometer over 
the wavenumber range *l000-400cm - using potassium 
bromide disc and Nujol mull media. Extensive band 
overlap precluded quantitative determination of 
major hydration components like ettringite. Some of 
these hydrated specimens were also examined by 
scanning electron microscopy (SEM) on a Cambridge 
Stereoscan instrument. The SRPC's were subjected to 
quantitative X-ray diffraction (QXRD) on a Philips 
instrument, primarily to elucidate the nature of the 
ferrite phase.

In addition, hydration of one of each of the SRPC's, 
WPC's and OPC's was investigated by conduction 
calorimetry (7). Samples were mixed externally 
with water at water:cement ratio 0.4 (15g cement 
in 6ml water) and the heat liberated during hydration 
was measured up to 45 hours.

Water consistency and setting time determinations of 
the cements were carried out by the British Standards 
method (8) and surface area measurements by the 
Rigden modification of the Lea Nurse procedure.

RESULTS

The DTA and IR data showed that less ettringite was 
formed at up" to two hours hydration for the SRPC's 
and WPC's than for the OPC's examined. SEM revealed 
insufficient structure in the micrographs to make 
any definite conclusions. The quantitative DTA data 
is given in Table 1 and typical differential thermo
grams at two hours hydration are illustrated in 
Figure 1. Physical and chemical data for all twelve 
cements examined is depicted in Tables 2 and 3. 
The QXRD results for the SRPC's are shown in Table 4. 
Some useful solubility data has been quoted in Table
5. The results of the conduction calorimetric 
examination are illustrated for three cements (one 
of each type investigated) in Figure 2 and the data 
tabulated in Table 6.
DISCUSSION

a) SRPC's 

The observation that the SRPC's reacted to form
significant quantities of ettringite when their C,A 
contents were very low, indicated that substantial 
quantities of ettringite were being formed from the 
ferrite phase by its reaction with lime and calcium
sulphate. It was not known precisely how much of
the ferrite phase had reacted at up to two hours, 
since XRD, whilst being able to identify the presence 
of ettringite, is not per se sufficiently reliable 
to determine accurately small changes in the quantit
ies of the anhydrous clinker phases present at these 
early hydration times. Also, iron (111) substituted 
ettringite gives similar DTA,IR and XRD data to pure 
ettringite with which it readily undergoes solid 
solution. It is thus not possible at present to 
quantify independently ettringite arising from C,A 
and ettringite formed from the ferrite phase. 3 
Further evidence for the

'3 

involvement of the ferrite
phase in early hydration is afforded by the greater 
quantities of ettringite formed by cements A and B 
in comparison with C and D together with changes in 
the hydralime contents. The former have higher free 
lime contents than the latter, which presumably gave 
a greater propensity for the ferrite phase to react. 
Cement A has a higher specific surface area and water 
soluble K_0 * Na_0 content than cements B, C and D, 
which might account for A giving the highest levels 
of ettringite of these SRPC's, even more than B.

A comparison of the hydration behaviour of cements B 
and C clearly points to the involvement of the ferrite 
phase in early cement hydration. These two cements 
(from the same Works) differ appreciably in free lime 
content, but have fairly similar values for S0_, total 
and water soluble alkalis, C,A and specific surface 
area. Significantly more ettringite was produced at 
all times from five minutes to two hours for cement B 
(free lime 1.9)1) than for cement C (free lime 0.8%).



From the solubility data (Table 5) It might be 
thought that a higher free lime content should 
favour less ettringite being formed, because a 
high lime solubility coincides with low alkali 
and sulphate ion solubilities and vice versa. 
The presence of sulphate ions in solution should 
favour ettringite formation by being able to 
readily approach the surfaces of the aluminate 
material. However, for the ferrite phase to 
react to form ettringite, there must be adequate 
quantities of lime available, since, what might be 
considered as an iron (111) substituted CgA system 
needs to react with lime to produce a C-A aq 
hydrated system such as ettringite, when sulphate 
ions are present in the hydrating medium.

QXRD for these SRPC's (Table 1|) gave higher C A 
values than the Bogue calculation method did. Even 
allowing for the approximations contained in the 
latter, one reason for this is shown by evaluation 
of the X CjF values from the ferrite present. In 
these cements the ferrite phase is not simply C^AF 
but lies within the range C^AF - C,AF2. Thus 
there is a lower aluminate content°in the ferrite 
phase than if its composition were to have been 
C^AF, and hence the true C_A value is higher than 
that calculated by the simply Bogue approach.

b) WPC's

Consider now the WPC's E, F, G and H. These 
contain very little iron, hence the ferrite phase 
is negligible (0.8 - l.ijj for these cements 
according to the simple Bogue calculation in 
Table 4). All have low alkali (especially water 
soluble alkali) contents and relatively high free 
lime values as mentioned earlier.

Despite the fact that cements E and F had higher 
SO, contents (2.6, 2.8J respectively) than the 
SRPC's.(2.1 - 2.3%), this did not lead to more 
ettringite being formed. The low alkali levels of 
the WPC's meant that the solubility of lime 
increased whilst that of sulphate decreased 
(Table 5). Thus, less sulphate ions were available 
for reacting with C A and there was insufficient 
ferrite phase present to react with the lime and 
afford at least some degree of compensation for the 
effect of the lower sulphate ion solubility. 
Although the specific surface areas of these cements 
were very high, particularly for G and H, in no 
instance did the level of ettringite formation 
approach, let alone exceed, that for the OPC's 
I, J, K and L. This could only be attributed 
to the aforementioned effect of the lower water 
soluble alkali contents.

For the OPC's I, J, K and L the 
changes in C_A and SO.

c) OPC's 

effect of marked 
changes in C_A and S0_ content were noticeable, 
but changes in free lime appeared to be less 
influential for ettringite formation than with 
the SRPC's and WPC's. Most ettringite was formed 
by cement I, which had highish SO, and KgO levels 
and a high C-A content. Least ettringite was ' 
produced by cement L, which had a moderate C_A 
content and low SO,, water soluble (K_0 ♦ Na^O) 
and free lime. Cement K formed slightly more 
ettringite than L at all ages examined; the S0- 
and free lime were significantly higher, but the 

water soluble (K.,0 + Na20) and C A were more 
comparable. Cement J produced even more ettringite 
than K, but the only significantly different 
factor noted was the higher Na.,0 content.

The greater levels of ettringite formed from the 
OPC's on the one hand compared with the SRPC's 
and WPC's on the other appear to be due principally 
to the combined effects of higher C,A and/or 
alkali (particularly water soluble)jcontents.
The higher the quantities of water soluble alkali 
are, the lower the solubility of lime and the 
higher the solubility of sulphate ions is. Thus 
more sulphate is readily available to react with 
C A and in consequence more ettringite is formed.

As previously observed (5,10) no direct correlation 
was apparent between degree of ettringite formed 
at these early hydration times and setting be
haviour. This applied not only to the OPC's but 
to the SRPC's and WPC's as well.

CONDUCTION CALORIMETRY

All three cements types (SRPC, WPG, OPC) revealed 
an initial rapid heat evaluation. Such heat 
evolution has been generally attributed to arise 
from heat of wetting and free lime hydration, but 
recent work (11) had indicated that there is not 
in general a significant overall hydration of free 
lime immediately upon mixing Portland cements of 
different types with water. The major contribution 
to this peak appears to be hemihydrate to gypsum, 
hydration, the hemihydrate arising from gypsum 
decomposition during grinding of clinker with 
gypsum, although heat of wetting must also be a 
factor here.

The supplementary peaks, where present, (e.g for 
the WPC E) are indicative of delayed reaction 
ensuing significantly after Initial mixing has 
taken place. They are likely to be due to either 
extended heat of solution effects, or significant 
hydration of interstitial material (C A/ferrite) 
after initial mixing, or both. j

The second major heat peak, which arises outside 
the early hydration period, but is included here 
for completeness, appears to be due largely to 
alite hydration (7, 11) and the points correspond
ing to the setting times can be observed near the 
base of the initial slope of this heat peak. For 
cement C a slight split was apparent in the second 
heat peak, which might well be due to the formation 
of significant quantities of C-S-H of a slightly 
different type, such as a higher polymer, at this 
stage of hydration.

No third major heat peaks were observed here, 
because the C,A contents of the three cements were 
not high enough (not'*  12% or more) to be independent
ly observed under the experimental conditions 
employed.

Conduction calorimetry has thus been shown to be of 
use in assisting hydration studies of these 
three cement types.

CONCLUSION

Examination of the early hydration behaviour of a



number of commercial SRPC's and WPC's in relation 
to OPC's showed that less ettringite was formed 
at all stages with the SRPC's and WPC's invest
igated. This was related to the alkali levels, 
especially the water soluble alkalis, C,A, ferrite 
and free lime quantities. Specific surface area 
per se did not appear to have a great influence 
upon ettringite formation with these SRPC's and 
WPC's.
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TABLE 1 - H Ettringite Formed (w/c 0.5)

Hydration Time (min.)

Cement Type

A SRPC

SRPC

SRPC

SRPC

E WPC

F WPC

G WPC

H WPC

I OPC

J

K

L

OPC

OPC

OPC

0 5 ■ 10 25 30 60 90 120

- 1.35 1.59 1.68 1.73 1.86 1.98 2.13

- 1.33 1.52 1.59 1.64 1.77 1.89 2.05

0.81 0.99 1.25 1.39 1.41 1.66 1.67

- 1.21 1.22 1.41 1.63 1.65 1.68 1.71

- 1.28 1.38 1.39 1.42 1.48 1.63 1.70

0.90 1.02 1.14 1.32 1.69 1.83 1.91

1.13 1.35 1.35 1.42 1.77 1.94 2.19

- 0.73 0.80 0.88 0.97 1.13 1.21 1.22

- 2.27 2.47 2.80 2.90 3.09 3.11 3.52

1.65 1.71 1.98 2.37 2.54 2.67 2.79

1.36 1.39 1.76 2.02 2.17 2.35 2.41

1.34 1.38 1.69 1.94 2.09 2.26 2.35

SRPC = sulphate-resisting Portland cement, WPC = white Portland cement, OPC = ordinary Portland cement.

TABLE 2 Physical Data

Cement Surface 
Area 
mgKg-1

Water 
Consistency

1

Initial
Set 
min.

Final 
Set 
min.

A 401 24.5 185 225

B 354 25.0 230 275

C 343 24.5 265 325

D 347 24.0 210 255

E 393 26.5 120 165

F 426 27.5 120 150

G 496 30.5 170 200 ■

H 489 28.5 140 185

I 335 25.0 170 230

J 328 26.25 185 235

K 325 25.25 175 220

L 323 25.75 190 245



sh = shoulder

TABLE 3 - Chemical Analysis

Cement SO^
$

Free
L^me

Total 

1

K20
w/s 

56

Na20
Total w/s

St St

Simple Bogue Composition 
c3s c2s c3a c4af

St st st st

' A 2.3 2.4 0.47 0.28 0.26 0.08 56.8 13-9 1.7 16.5

B 2.1 1.9 0.16 0.09 0.47 0.11 61.1 11.9 0.5 16.7

C 2.2 0.8 0.15 0.06 0.40 0.07 57.1 15.8 0.3 17.2

D 2.1 0.8 0.29 0.12 0.17 0.03 61.7 10.9 1.2 17.0

E 2.6 2.5 0.19 0.03 0.14 0.04 46.4 33.6 9 7 1.1

F 2.8 2.9 0.22 0.03 0.14 0.04 38.1 40.8 10.4 0.8

G 2.3 2.6 0.11 0.03 0.09 0.02 67.1 12.5 8.5 1.4

H 1.8 2.5 0.17 0.05 0.07 0.02 63.6 22.9 4.7 0.9

I 2.7 2.1 0.60 0.39 0.19 0.03 62.5 13.8 15.1 4.9

J 2.4 1.1 0.51 0.18 0.29 0.13 53.2 18.6 9.5 7.3

K 2.6 1.2 0.51 0.23 0.22 0.06 53.3 23.9 10.4 7.6

L 2.1 0.6 0.58 0.25 0.23 0.04 56.1 16.5 ' 9 8 7.2'

TABLE 4
w/s = water soluble

- X-Ray Diffraction Data TABLE 5 Solubilities in Lime Solutions at 25°C(g/l)
(ref.(i))

Cement C3A 

1
Ferrite

J
C2F Cap Concentration 0.1 1.0

A 2.0 14.3 58 CaSOy 2.2 1.6

B 1.6 14.4 61 KOH 20.0 0.4

C 1.4 16.2 61 NaOH 10.0 0.4

1.5 14.5 59

TABLE 6 -Conduction Calorimetry Data

Cement 1st Heat Peak Supplementary Peak 2nd Heat Peak
Time 

min cal
Heat Evolved

-1 -1 m11 .sec g xIO
Time 

min
Heat Evolved

, "I "I -A1!cal.sec g xIO
Time Heat Evolved .
u ■. -1-1hr cal.sec g x10

SBPC-C

WPC-E

1

I

176

535

2sh

17

56

18

12 
I8sh 

6

5.0
4.3
8 3

OPC-K i 520 - - 11 6.5



A study on the evaporation products of the liquid 
phase of a cement paste

Etude du produit de I'evaporation de la phase liquide d'une pate de ciment

P. KITTL, Researcher, Department of Materials (IDIEM), Chile,
A. GOLDSCHMIDT, Researcher, Microanalyse Laboratory, Geology Department, University 

of Santiago, Chile,
C.T.A.  SUCHICITAL, Assistant Professor, Department of Materials Engineering, Federal University 

of Säo Carlos, S.P. Brazil.

RESUME : Les phases liquides de deux pates; l'une du ciment Portland commercial (CPC) et 
I'autre du CjS ont 6t6 obtenues par pressage. La cristallisation de la phase liquide a 6t6 
obtenue par sSchage lent et StudiSe par Microscopic Optique, Microscopic Electronique ö Ba- 
layage et Microsonde Electronique. CH, CSH2, KH, NH et des petites quantit8s de C^ASH^ 
C4ASHJ2 et C/ASgHg] ont 6tS trouvSs dans la phase solide rSsiduelle cristallis6e provenant 
du ciment (CPC); de La meme fagon, du CH et du S ont 6t6 trouvSs lorsque la phase solide r4- 
siduelle cristallisSe provenait du C3S. Nous supposons que CgS se dissout, et que S par ac
tion pouzzolanique se transforme en CHS qui pr6cipite ovec le CH rdsiduel. Ainsi, le mdca- 
nisme d1 Hydratation du C3S semble etre principalement une dissolution-precipitation; il se 
produit dans 11hydratation du ciment CPC un mScanisme topochimique dont il rSsulte que la 
phase hydrat6e se dSveloppe directement ä partir du clinker.

SUMMARY : The liquid phase of two pastes, one of a commercial Portland cement (CPC) and the 
other of CjS, was extracted by pressing. Crystallization of the liquid phase was produced 
by slow-drying, and it was studied by Optical Microscopy,_Sconning Electron Microscopy and 
Microprobe. CH, CSHo, KH, NH and small quantities of C^ASH^ , C4ASH]2 and C4AS3H3] were 
found in the remaining crystallized solid phase arising from CPC, the presence of CHS was 
not detected; similarly, CH and S were found when the remaining crystallized solid was 
originated from CjS. It is believed that C3S becomes dissolved, and S, through a pozzolanic 
action transform in to CHS, which precipitates with the remaining CH. Thus the hydration 
mechanism in CgS seems to be mainly a dissolution-precipitation, and in CPC it is the 
topochemical mechanism, which means that the hydrated phase grows directly from the clinker.



INTRODUCTION
The contradictions among the two main theories 

for the hydration mechanism of a clinker - the Le 
Chatelier theory^ defended mainly by Williamson 
^^and by Dron et al^\ and the Topochemical theo- 

(4 5) ry defend mainly by Kapranov' *-  motivated the pre^ 
sent study on the composition of the evaporation 
products of the liquid phase of a cement paste.

The hydration mechanism proposed by Le Chate
lier implies a constant dissolution and precipita
tion, of the hydration products from a supersatu
rated solution. The Williamson idea is that this 
fact is due to an increase in temperature, since the 
hydration is an exothermic reaction. This mecha_ 

nism requires that all the mass involved in the 
process of hydration, must dissolve and latter to 

(2) precipitate. But, as it has been observed' , the 
hydration products are formed around the clinker 
particles, and this hydrated layer would inmediate^ 
ly inhibit that hydration proceeds. Then, it beco^ 
mes necessary to consider an incoming flux ofwater 
to the clinker-hydrated material interface, and an 
out-going flux from the dissolved clinker to the 
sourrounding media (Fig. 1,1). The growth process 
would then take place in the water-hydrated material 
interface.

The topochemical mechanism sustains that hy
dration of the clinker particles is due to the pene
tration of the water molecules into the solid stru£ 
ture, through the already mentioned hydrated layer, 
and a dissolution of the soluble parts, leaving a 
silica structure. After reacting with CH this stru£

(2)

Fig.l. Mechanism of clinker hydration: (1) Le Cha^ 
teller model, (2) Topochemical model.

ture transforms into tobermorite (CHS), see figure
1,2. Even though the C, H and S proportions in to
bermorite of the hydrated cement are variable, here 
it will be considered as CHS, The topochemical mecha^ 
nism is then characterized by a chemical reaction 
leaving a silicate structure which then forms the 
insoluble, or very little soluble structure of the 
hydrated cement; this is also the phase which has 
the highest mechanical resistance.

The present work is a study on the solid pha
ses obtained by evaporation of the liquid phase of 
cement pastes extracted by pressure, and the identi
fication to the differente associations present in 
such solid phases. The objective is to increase 
the learning understanding existing at present on 
the hydration mechanism of clinker.

MATERIALS AND METHODS
The chemical analysis of the comercial Port

land cement used is given in Table listed below.

TABLE
Chemical Analysis of the 

Comercial Portland Cement
Compound % Compound 1

CaO 63.27 k2o 1.01
Si02 19.26 Ti02 0.65
Al?0, 5.55 Na20 0.61
Fe2°3 2.88 Mn02 0.17
S03
MgO

2.86
1.97

P2°3 0.10

This cement was miexed with water, in ratio 
w/c=0.5, for 3 minutes and left to age 7 minutes 
and 24 hours. The liquid phase was extracted by 
pressing the mixture in a steel mold, collected, 
filtered and stored. For all these operations a 
plastic equipment was used.

As a comparison material practically pure 
CgS was used, employing the same preparation pro
cedure as in CPC to obtain the liquid phase.

The samples were prepared by depositing an 
amount of the stored liquid in a scanning electron 
microscope sample holder, which was covered with 
platinum or with plastic. Such samples were then 
placed in a thightly clossed desiccator to be 
dried. The evaporation residues, thus obtained 



were then covered with a deposited layer of gold or 
graphite.

All the sample features were then analysed in 
a optical microscope (OM), scanning electron micros^ 
cope (5EM) and with an electron microprobe (EM) fo^ 
llowing the usual techniques in each case.

Fig. 2. OM of the solid phase obtained by evapora
tion of the liquid phase of a CPC paste. The gene
ral background and the crystalline agglomerates can 
be observed.

Fig. 3. EM of the solid phase obtained by evapora
tion of the liquid phase of a CPC paste. The pre
sence of Si can be noticed.

Fig. 4- EM of the solid phase obtained by evapora
tion of the liquid phase of a CPC paste. The presen
ce of Al, in the same region as in Fig. 3, is disti_n 
guished. '

Fig. 5. EM of the solid phase obtained by evapora
tion of the liquid phase of a CPC paste. If can be 
seen the presence of Ca in the same region as Fig.3
and 4.

RESULTS

In gneral, the samples from the CPC liquid 
phase, observed under the OM presented uniform back
ground with some crystalline agglomerates (Fig.2) 
having in general, a needle or globular like äppea^ 
rance. Analysis the samples under the EM, the back^ 
ground shows an uniform and abundant distribution of



Fig.6. SEM of the solid phase obtained by evapora
tion of the liquid phase of a CPC paste. Needle li
ke agglomerates, probably of or C^ASH^ can 
be noticed.

Fig. 8. An S(S102)particle in a C(CaO) background. 
EM Electron Absortion.

Fig. 7. OM of the solid phase obtained by evapora
tion of the liquid phase of a C^S paste. There it 
is shown large C deposits and a cracked media of Ca- 
Si.

K, Na, Ca and S, corresponding to KH, NH, CH and 
SCHq 5 which are soluble, being K the most abundant 
one. These observations are in agreement with re- 

(51suits already reported' '. On the other hand, the 
agglomerates shows the associations Ca-S, Ca-Si-Al, 
Ca-Al (Fig. 3, 4, 5), some of them with superposi
tion of K and Na, the Ca-Si association was nowhere 
seen. The crystalline formations were identified.

Fig. 9. EM of the solid phase obtained by evapora
tion of the liquid phase of a C^S paste. The pre
sence of Ca appears in the same region as in Fig. 8

as reported before^\ being gypsum (SCHg) with some 
K and Na on them. Other precipitates containing S 
and Ca were found. Zones of needle like formation 
which presented the associations Ca-Al-S and Ca-Al- 
Si, which correspod probably to C^ASHp, C^ASH^ or 
CgASjHj! (Fig. 6) also appeared.

For the samples obtained by evaporation of the 
liquid phase from CjS, it was observed a cracked back 
ground and agglomerates of crystalline formations



Fig. 10. EM of the solid phase obtained by evapora
tion of the liquid phase of a CjS paste. It can be 
seen the presence of Si in the same region as in
Figs. 8 and 9.

(Fig.7). An Em analysis revealed a background made 
up mostly of Si and C, and large agglomerante of C. 
In this bacground the Si appears in the form of par. 
tides, as can be seen by Electron Absortion Analy
sis (Fig. 8). In figures 9 and 10 can be seen that 
Si and Ca are not combined.

DISCUSSION '
The basic hypothesis of this work is that if 

precipitation takes place during the hydration pro
cess of clinker, it will be reproduced during the 
slow evaporation of the liquid phase.

Regarding to the evaporation products arising 
from the liquid phase of the CPC paste, it is imp or. 
tant to notice that the presence of the Ca-Si asso
ciation which must correspond to tobermorite, was 
no detected. The lack of this CHS formations in the 
evaporation products indicates that the hydration pr£ 
cess of CPC is the topochemical one, which means that 
the hydrated phase grows directly from the clinker.

Correspondingly, the evaporation products 
arising from the liquid phase of pure CjS show the 
presence of isolated S and C. If the theory of Ta- 
dros et al^) right, this fact indicates that an 
ulterior formation of SCH through the action of C 
on S will occurs. Thus CgS hydration involves disso 
lutions precipitation and a puzzolanization process.

Latter on, the SCH inhibits dissolution and the to
pochemical process is them followed^\ This mecha_ 
nism has been confirmed through the morfology of the 
hydrated CjS^\ and it is quite probable that the 
hydration of CgS^ will be governed by the same abo 
ve mechanism.
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On physicochemical foundations of hydration 
and setting of binding systems -

Bases physico-chimiques de I'hydratation et de la prise 
des Hants hydrauliques

I.P.  VYRODOV, Professor of Physics, Dr. of Chemistry, Head of Physics Department of the 
Krasnodar Polytechnical Institute.

RESUME : La formation topochimique de particules trds dispers6es, thermodynamiquement insta
bles, et provoquant une sursaturation dans les pates de ciment, est I'idSe principale de la 
thSorie dSveloppäe par I'auteur. Le processus, thermodynamiquement stable, de formation de 
nouveaux cristaux hydratSs, s'effectue d la fois par une "distillation" ö partir des phases 
homogfenes anhydres, et par la coalescence de nouveaux composes, moins stables thermodynamique
ment, qui se picduisent a la surface des constituents en cours d'hydratation.

L'effet de destruction de ces croutes de coalescence, qui retarde le processus topochimique, 
se manifeste statistiquement avec force dans la p^riode initiale de la prise.

On estime que la formation de liaisons interparticulaires est commandSe par le mdcanisme de 
cristallisation de nouveaux composes et par 1'action de forces auto-cohesives. On propose 
alors une methode universelle devaluation de I'activitS hydraulique d'un clinker, bas6e sur 
une loi exponentielle simple de I'hydratation des Hants hydrauliques.

On a constatS une bonne correlation entre I'activitS hydraulique ainsi mesurSe et la classi
fication rSglementaire des ciments.

SUMMARY : There has been developed a theory the main point thereof relates to a topochemical 
formation of high dispersive thermodynamically unstable particles causing over saturation of 
cement mortars. Thermodynamically stable process of recrystallization of new formations is 
accomplished both by "distillation" through the homogenous phase and by coalescence of thermo
dynamically less stable new formations which occur on the surface of hydration.

Cooperative destruction effect of coalescent crusts which retard the topochemical process 
statistically occurs with strength drop alt an early stage of the binding system hardening.

It is estimated that the formation of interparticle contacts is defined by the recrystalli
zation mechanism of new formations and by action of autohesive-cohesive forces.

There has been offered a universal method of hydraulic activity evaluation, which is based 
on a common exponential law of binding systems hydration process. Correlation between the 
cement mark (grade) and its hydraulic activity has been determined.



The topochemical theory has mainly been discussed in detail by the author in his 
works / 1-8 /. According to the diagram primary hydration products formed as a result of 
said topochemical reactions are being dissociated due to-their thermodynamic unstability.

Upon reaching the saturation level of mortar relative to greater particles, the 
so-called critical particles (nuclei), the latter become also thermodynamically unstable. 
Process of further particle dissociation goes on and results in oversaturation towards 
more and more growing particles. It proceeds until thermodynamically stable nuclei are ori
ginated in the mortar by fluctuation. The nuclea growth promotes oversaturation relaxation 
and size increasing of critical nuclei. During the first stage of distillation there takes 
place degradation of particles with a poor crystal structure, while during the second 

stage when the particles are distilled through the homogenous phase of the mortar, they 
are recrystallized with a proper atomic structure.

Evolution of oversaturated states has been complicated with processes of crust 
formation and of continuous fluctuating particle origination during the whole period of 
these oversaturated states. As to the intersecting processes of dissociation and coales
cence of contacting particles they are taking place on the surface of reactions on the 
initial period of hydration. Coalescent formation of crust stimulates a quick saturation 
relaxation and establishment of the inductive period. Taking into account all peculiari
ties mentioned above the whole .process before the absolute oversaturation relaxation is Ac=e-c.«»<*-Cp-.< ’-(e<*-b*VR 1r ■ , .
described by using a system of equations for the distribution function f(R, t) as well as 
oversaturation A - 0-0,0-40 + <*/R  /I/:

 + <ii-VR (fR) -cpe (-^ ■) topochem. + ) fluct. (1)

' R - ( A - (2)

where
D- ion diffusivity in the mortar,

^k- density of particles being crystallized, a t

6 — specific interphase energy

V - atomic volume

k - Boltzman constant

T - absolute temperature
Function f (R, t) is a fundamental property of the binding system evolution. 

According to its asymptotical behaviour it is possible to build up a theory concerning 
the binding system strength at the end of its hardening.lt is possible to establish a 
strength drop moment t*  with the help of f (R, t), although in practice specialists take 
interest in strength drop in connection with the technological conditions. This problem 
has already been solved with allowance for the size distribution function for the initial 
assumed particles of the binding system /6/. It is of importance to increase dispersity 
of the solid component as well as hydraulic activity of the binding system to stimulate



a strength (drop) when tycsotropnoreversible macroproperties are being developed, i.e. 
during that period which is considered to be not dangerous for building up the strength. 
Oversaturation Ct) is known to be of no less importance. Its behaviour has been thoro
ughly studied both theoretically /2,8/ and experimentally /9/. Formation of the coales
cent crust which retards or sometimes (while breaking blockade) accelerates formation of 
oversaturated states / 8,10 / results in exhibiting periodical properties with a period 
depending upon crust porosity, hydraulic activity, ultimate watersaturation value of the 
topochemical surface as well as phenomenological coefficients / 6 /, see also / 3 /, 
vol.II, book 2, p.108. •

IShile analyzing influence of f (R, t) upon strength formation / 6, II / one can 

prove the exponential law of strength increment / 6 /:

AR (t) = Rjj - R (t) «= Ry exp (-Ktn), (3)

where

Ry - mark value of strength 

K - conversion constant, and as a rule n=1. Introducing the actual water-cement 
ratio X = W/C / 11,13 /into this formula one can get the general formula of strength:

R =./|*  X (oC+ X) (t[2 + X)"2 (I-exp (-Kt), (4)

where value of parameters cG ,are revealed in the works / 12-14 /.
The semiphenomenological consideration of other strength characteristics such as porosity 
introduced into the formulae like /4/ provides the proper coincidence both experimental 
and theoretical data / 2,15,16 /♦

As yet no structure of pores and anisodesmicity of the particles shape has been 
considered by us. It is possible to build up a quantitative theory for such systems by 
way of introducing the divergent item into / 3 / which takes into account the particle 
growth along the fibres as well as an extra equation like / 2 / to show direction of the 
particle growth'.

Cohesive and autohesive-cohesive links of the fibres to be inosculated develop 
strength not only by direct inosculation but also by-side reactions namely by reinforce
ment of the residual solid mass of the cement stone. While these two functions of fib
res are being atrophyed, the stone, strength characteristics are transferred to the con
tinuum wherein a relict function of crack fibre extinguishing is realized with a number 
of cracks decreased; the latter are developed in the continuum of the cement mortar and 
are come out along direction of the fibre localization / 11 / either by conveying energy 
of cracks to the place of fibre accumulation, or by formation (and coalescence) of cavi
ties in this region. Brittle destruction common to the continuum is thus transformed 
into viscous at the expence of the static distribution of fibre accumulations.

Let us concern one more molecular-kinetic aspect of the theory - physicochemical 
foundations of the concrete thermal processing. It has already been noted in our work 
/ 17 / that the most intensive energy transformation of autohesion of quartz fibres oc
curs in the temperature range of 20-40°C, its saturation point is at 90°C. This value



11-15

is valid for all or nearly all interparticle interactions in the cement stone and conc
rete# Therefore thermal conditions of concrete processing should provide the permissible 
quantity of the mass that failed to react. This quantity by the moment when the maximum 
temperature of concrete is achieved can result in allowable decrease of strength by par
tial destruction of formed contacts being highly saturated due to autohesis energy ' 
Wa.\7 Z*T(t),  t)J. . . .

As far as the experimental data are approximated by exponential functions  
Wt(T)^Tm, WT(t)~tn one can find a link between optimum time of concrete thermal treat
ment to at upper T-T^ and physicochemical parameters-factors of concrete strength / 17 / 
by way of converting energy variation of autohesis into zero: § ''‘a”0* The Siven results 

are in accordance with those presented by M.Venua / 18 / at VI Congress, they refer to 
dependence of concrete compression strength upon steaming temperature. '

- Experimental data on hydration processes and setting of binding systems show 
that the quantity of reacting component mass m(t) and hydration rate ' are linked by 
ratio: ' -

' 1- J^(t) - exp (-ktn ) (5)

Conversion constant in ratios /3-5/ reflects the system activity, it can therefore be 
chosen as a base upon standardization (unification) of a notion concerning hydraulic ac
tivity J" . For this purpose time of relaxation is introduced. After this period 

m( T ) = e-^ . Hence, 1-e-^e0.632 and Ke “t*  ~n. Thus we approach the definition

o?°hydraulic activity y =K according to the formula:

=K= T n (6).

Thus taking time T which characterizes hydration rate of the-system =0.632, one can 
find the numerical value of hydraulic activityjftThis value can also be estimated either 
by kinetic data forming direct relationships in£ftm 1 from t or by using
R ( )=0.632R^. Hence, the cement grade being determined by value RM is directly linked
with its hydraulic activity ( j|~ = *t  ~1). If '

-e'V 1« e^m*  = 1- (t) (7) -
. ■ M ■ ..... ... - ..

it is easy to get R (T )=(l-e~^R^Km)Rin. It points to the correlation of the given values. 

Correlation between values of KR and K^ is indicated by the fact that the binding system 
belongs to one of three groups / 5 /. These groups and the definition of the binding 
system / 5,8 / reflect the fundamental properties of heterogenous systems which involve 
required and sufficient conditions for exhibiting adhesive properties of the system. All 
this taken into account will reveal perspectives of the general systematics and predic
tion of the binding systems.
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Some applications of infrared spectroscopy 
in the fields of cement and concrete

Quelques applications de la spectroscopie infrarouge 
dans les domaines du ciment et du beton

Surendra Nath GHOSH, Ph. D. Cement Research Institute of India.

RESUME tL'Stude posse en revue des trovoux que i'outeur et ses collogues ont faits dans le 
domaine des applications de la spectroscopie infrarouge (IR) au ciment et au b6ton. La 
technique IR a 6t6 employee avec succfes pour identifier et caractSriser des roches, des mi
nerals et des produits qui s'y rapportent. On y traite des mSthodesde determination de la 
magnSsie dans les calcaires et du quartz a dans les briques siliceuses cuites. A I'aide de 
l'IR, I'on peut evaluer qualitativement 1‘aptitude d’un cru ä la fabrication de cimeAt 
Portland. Le spectre IR d’un cru etant caract6ristique, le mode d'emploi 6ventuel de l'IR 
pour determiner la proportion relative des silicates est indique. En employant cette tech
nique, le processus de 11hydratation du ciment "Porsal" a 6te etudie. Des applications aux 
domaines des betons de polymeres ä la corrosion du beton, ä 11appr6ciation des granulats 
et ä la corbonatotion et ä 11hydratation du ciment sont relatees. En outre, sent indiqu6es 
les possibilites d1 application de l'IR ä 1‘analyse des gaz du four et ä 1'etude des probie- 
mes concernant les spectres d'etats solides.

SUMMARY : The paper reviews the work done by the author and his colleagues in the field of 
applications of IR spectroscopy in cement and concrete. The IR technique has been used 
successfully in the identification and characterization of rocks, minerals and products which 
are related. Methods for estimation of dolomite in limestone and a~quartz in fired silica 
bricks have been discussed. The burning of an OPC raw meal can be evaluated qualitatively by 
IR. The IR spectrum of an OPC is characteristic and the possible use of ascertaining the 
relative proportion of silicate phases has been given. The hydration behavior of "Porsal" 
cement has been studied by this technique. Applications to the areas of polymer-concrete, 
concrete-corrosion, aggregate-evaluation, carbonation and hydration of cement, etc. have 
been referred. Finally, the problems in dealing with solid state spectra have been touched 
besides indicating the possible application of IR in the analysis of kiln gas.



INTRODUCTION

This paper reviews the work done by the author and 
his colleagues in the field of applications of 
Infra-red spectroscopy (JR) in cement and concrete 
since 1973. The IR technique is a powerful one and 
is being used in different fields for quite some 
time. There has been considerable interest for 
applying this technique by cement chemists during 
the last several years. The technique, though 
being versatile, has its limitations but there is 
ample evidence to apply this technique singularly 
or in conjunction with other techniques. In our 
attempts we have tried to explore the possibilities 
in areas, such as (1) characterization of rocks, 
minerals, products, etc., and estimation of these 
materials; (11) formation characteristics of ordinary 
Portland cement (OPC) from raw meal; (ill) identifi
cation of OPC phases, OPC and other cements and 
their hydration-characteristics; and (iv) polymeriza
tion process in polymer-mortar, concrete - 
detereoration, and water-proofing compounds, etc.

Both absorption and attenuated total reflection (AIR) 
spectral studies were conducted in solid and liquid 
phases and details of experimental procedures can be 
obtained from references listed at the end.

SPECTRAL INVESTIGATIONS

The results of our spectral investigations are 
described in short giving the advantages and 
limitations of the method and suggestions for further 
improvements where applicable. The spectral regions 
and limited to 1600-400 cm-1 and the hydroxyl - 
stretching region.

ROCKS, MINERALS AND PRODUCTS

IR studies on 49 rocks, minerals and products were 
conducted (1) with a view to finding simple 
laboratory methods for rapid identification, 
estimation and correlation with reactivity, etc-, 
of these materials. The spectra of calcite, 
aragonite, magnesite and dolomite are presented in 
Flg.l. Each spectrum of these rocks has 
characteristic IR bands in the 700 cm-1 regionale. 
711 (Calcite), 727 (dolomite), 748 (magnesite) and 
700 and 1083 cm-1 (aragonite). These bands are 
very sharp in most rock samples studied and it is 
possible to estimate the relative percentages of 
these materials from the spectrum of a composite rock 
sample. Quantitative estimation of dolomite in 
limestone was developed (2) by simply correlating 
the intensity of the 727 cm-1 band of dolomite to 
its concentration (Absolute method) or by the 
Intensity ratio of 727 cm-1 and 711 cm-1 bands in 
dolomitic limestone rocks to the concentration of 
dolomite (Relative method). Some of the early 
results are shown in Table I. Correlation diagrams 
(straight lines) were obtained using standard mixes 
with known percentage of dolomite in calcite.

Fig. 1 - Spectra of rocks used in the manufacture
of cement.

It was observed that for certain dolomitic lime - 
stones the relative method was found to give better 
results than the absolute method. This method is 
quite rapid and reliable. Qualitative information 
about the nature of limestone rocks associated with 
silica, jaspar, phosphate, etc, can be quickly 
obtained from their IR spectra. The spectrum of a 
coral limestone sample shows very little silica



while that of 
percentage of 
1000 cm~^ and

a limestone sample containing high 
jasper indicates intense lines in the 
in the 800 cm-1 regions.

TABLE I

Sample 
Nos.

Chemically det
ermined

Dolomite 
percentage 
recalculat
ed from 
MgO %

Dolomite Con-
tent 

- %
IR DTG

CaO MgO

RS 727 41.10 10.17 46.53 42.5 41.4

BMLS 8 34.63 5.0 22.88 20.5 17.4

RM 353 49.65 3.43 15.78 14.8 15.8

The spectra of orthoclase, feldspar, silica and 
jasper are distinctive though the spectra of the 
first two and last two are nearly equivalent. 
Crystallinity or degree of disorder in certain 
local clay samples was studied in conjunction with 
the pure minerals, kaolin, etc. The spectra of 
these local clay samples were poorly resolved and 
the bands are generally broad. It is not difficult 
to distinguish kyanite, tourmaline, topaz and talc 
from one another. The important micas can be 
differentiated rapidly from their spectra. Though 
the spectrum of crysoltile asbestos can be accounted 
for partly by tremolite. The spectral investigat - 
ions were also undertaken to analyse apatite rocks 
(3). The spectrum of a complex apatite rock 
containing calcite, dolomite and silica is shown in 
Fig.2

The spectra of industrial products, such as sill- 
manite brick, high alumina brick and red clay bricks 
are rather not distinctive while the spectra of by
products, such as slags are characteristic (1). The 
conversion of crystalline blast furnace slag to 
glassy slag appears to be difficult to be determined 
from the IR spectrum because of overlapping spectra. 
The spectrum of a ferro-chrome slag is made up of 
mostly Y-C2S while the crystalline blast-furnace 
slag contains melilite.

The problem of estimating quartz in flred-gillca 
bricks was referred to us for quality control 
purposes. It was observed during the course of the 
Investigation that the tridymite line overlaps with 
the strongest x-ray line for quartz at 3.34 A’(4). 
The IB spectrum of fired silica bricks consisting 
of quartz, tridymite, crystoballte, etc, was found to 
be useful in the low-frequency region because the 
690 cm“l quartz peak is quite sharp and not over
lapped. However, the detection limit of quartz is 
normally 4-5% by this method (Fig.3) Attempts were 
made to correlate the Impact strength of aggregates 
by studying the mineral assemblages of rocks with 
IR techniques (5). Though no direct correlation 
can possibly be made out of this, it was observed 
that rocks, such as calcite, quartzite, granite, etc, 
were higher quality aggregates when impurities, such 
as silica in glassy state existing in calcite rocks

or the material had some part in glassy state.

DOLOMITE PHOSPHATE

1600 1*00  1200 1000 800 600 *00
CM"1

Fig.2 - Spectrum of a complex apatite rock sample.

SPECTRA OF OPC AND OTHER CEMENTS

The absorption and ATR spectra of OPC and its phases 
have been reported (6,7). The OPC phases have 
distinctive spectra but the spectrum of OPC is the 
resultant of these phases and is predominantly of 
the silicate phases which contribute about 80% of 
OPC. In our studies on synthetic cements with 
varying proportions of the silicate phases,the 
900 cm“l region strongband (Si-0 stretch) was found 
to alter in shape and splittings (8). An attempt 
was made to correlate this spectral behaviour with 
qualitative estimation of the silicate phases as 
brought out in an institutional manual (9). In 
general, it was seen that with the increase in 
bellte content, the splitting in the 845 cm-1 region 
band was pronounced and a possible criterion for a 
first-hand quality control of cement has been 
indicated (9) as shown in Fig.4. The controversy 
over the coordination number of Al in C3A has been 
mentioned (6) but it appears that no definite 
information on it can be obtained.



Fig.3 - Estimation of =c - quartz by IR.
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The ATR spectra of certain standard cements are 
quite Interesting since the systematic appearance 
of bands (TABEE-II) with changes in intensity,etc., 
can be made use of for further study in the 
estimation of the quality of a particular cement.

The author feels that there is a potential scope 
for using these data in a computer towards quality 
control of cement.

The transformations of OFC raw meal in a vertical 
shaft kiln plant were studied by IR as well as 
XRD. The IR spectral data were published (10). 
The spectra registered transformations, such as 
the decomposition of clay (shifting of 1000 cm-l 
banä, etc.) the formation of ß - C2S with some 
undecomposed calcite and the gradual formation of 
alite up to the sintering temperature which can be 
seen in Fig.5. The Information thus obtained are 
admittedly qualitative but pictorial.

J I I I I----- 1

9 HIGH 
BELITIC

J I I I I L
1100 900 700 500 1100 900 700 500

CM’1

Fig. 4 - Spectra of cements with variable 
composition.



TABLE II

MBS Standard
Cements IR Bands (ATR Spectra)

MBS-633 930s 898sh 85 Osh 730w 62 Ow 600w 533sh 524s 520s
NBS-635 923s 890s 846sh 750w 617w 6O2w 533sh 524sh 517s
NBS-636 930s 910sh 845sh 750w 620w 6O3w 533sh 527sh 521s
MBS-637 912 s 892s 847sh 760w 618w 600w - 527sh 515s
MBS-638 923s 892s 847sh 750w 618w 601w — 525sh 519s
MBS-1016 920s 85 Osh 748w 603w 532sh 527sh 520sh

S 1: Strong, Sh: Shoulder, W : Weak

700 500 1100 900 700 5001100900

Fig.5 - Spectra of a cement raw mix at different
stages of heating up to the sintering 
temperature.

Studies made on ring-samples showed that the IR 
spectra did indicate the presence of carbonate 
(calcite) and sulphate complexes along with - 
C2S but no definite compound compositions could 
be found (10). The IR spectra appear to be quite 
powerful in identifying slight hydration (3600 cm“l 
region band) and carbonation (1400 cm“l band) in 
standard cement samples exposed once to atmosphere.

During the Investigation of a new cement "Porsal" 
(11), the IR spectral runs of the anhydrous and 
hydrated cement were taken. The anhydrous cement 
spectrum truly represents" the broad composition of 
the cement, for example, the high percentage j3- 
C2S phase and aluminate phases (sharp lines) as 
shown in Fig.6. The spectrum of 1-day hydrated 
cement is washed off of the aluminate phases. The 
broadening of IR bands (silicate) in the spectra 
of 7-day and 28-day samples is noticeable.

The conversion of monomer methyl methacrylate to ■ 
polymer methyl methacrylate in mortar-matrix was 
studied by IR but quantitative conversion was not 
studied. The spectrum of the in-situ polymerised 
polymer is similar to that obtained normally (8).

The IR technique was found to rapidly decipher the 
decomposition products of concrete exposed to 
sewage environment (12). The spectra of the samples 
taken from the inner surface indicated high amounts 
of calcite and sulphate besides silica. The 
technique was also applied in deciphering a water
proofing compound (8). The spectrum of the water
proofing compound Indicated the presence of calcite, 
sodium stearate and calcium hydroixde (3650 cm"^ 
band).

The selection rules for solid state spectra are 
different from those for gas or liquid spectra. 
Factor group analysis of CjS showed that 29 bands 
should be expected in its spectrum but actually 
we observed about 8 bands in the region upto 
400 cm~l. The space group for C3S is C^VS (R3m) 
with 9 molecules per unit cell. The total number 
of internal modes is 15Aj+2A2+14E, where Al and E 
modes are IR active. In the case of A -C2S of



space group C2 (Pj^/n) with 4 molecules per 
unit cell, the expected IR active internal modes 
are 12 Au + 12 Bu and we observed about 7 bands 
(6). The reason is poor resolution, overlapping, 
etc.

A
B
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R

PT
IO

N

1500 500 CM

Fig.6 - Spectra of Porsal Cement.

The appearance of an extra band and shifting of 
bands were observed in the spectrum of a gypsum 
sample heated to 600oC. The mineral gypsum shows 
at 669 and 605 cm“^ while the heated sample shows 
three bands in this region at 675, 618 and 
599 cm-*-  in their spectra as shown in Fig,7. This 
is due to the lifting of degenerecy of the bending 
mode (SO4) and this may happen due to substitution 
resulting in lowering of site-symmetry of a 
molecule in a crystal lattice.

The presence of Impurities, polymorphic forms, 
glassy phase, etc, may alter drastically the spectr
um of a substance in solid state and accordingly 
precaution may be taken against these when 
analysing a spectrum of a substance in solid state. 
There are cases of charges due to reactions taking 
place while pelleting (KBr) of a solid sample.
We observed (6) the appearance of 565 cm-! band in 
the spectrum of S -CjS in KBr-pellet while this 
band is absent in the paraffin-mull of A -C2S .
y - C2S has this band both in KBr or paraffln-mull 

spectrum.

GYPSUM HEATED

MINERAL
GYPSUM

GYPSUM HEATED 
TO 600'C

PHOSPHO 
GYPSUM

1800 1*00 1000 600 300

Fig.7 - Spectra of a gypsum sample.

The IR technique is quite powerful in the analysis 
of gas. The author feels that this technique may 
be of some value with very little of further 
development in the analysis of kiln gases. '

Table III .gives the detection limits of some gases 
(courtesy - Perkin Elmer Co, USA).

CONCLUSION

TABLE III

Gas Detection Limit 
(PPM)

cm“^- range

CO 12.5 2250-2050
CO2 0.7 2500-2200
SOj 1.0 1250-1000

The applications of IR techniques in the fields of 
cement and concrete are to some extent qualitative; 
however much Useful information can be obtained quite 
rapidly. The technique's value can be improved 
further by attaching a computer to the spectrometer. 
The ATR method appears to be promising in the study 
of surface-hydration, curing-process, etc.
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Hydration of C4AF +gypsum : study of various factors

L'hydratation du C4AF4- gypse : etude de divers facteurs

V.S. RAMACHANDRAN (Senior Research Officer) and J.J. BEAUDOIN (Associate Research Officer) 
Division of Building Research, National Research Council of Canada, Ottawa, Ontario 
K 1 A OR 6 Canada.

RESUME: Les auteurs hydratent de 1'aluminoferrite tetracalcique (C^AF) contenant du gypse dans des proportions 
de 0, 5, 10, 20 et 30% ä 25 ou 80°C solt sous forme de dlsques (precomprimes ä des pressions de 140 et de 
690 MPa), soit sous forme de poudre pour des rapports eau/ciment de 0.5 et de 1.0. Ils identifient et 
quantifient les produits d'Hydratation pour des periodes variant de quelques minutes a sept jours au moyen de la 
methode thermique differentielle. La sequence de formation des hydrates, c'est-a-dire I'hydrate hexagonal, 
1'hydrate cublque, I'ettringite, I'hydrate ä basse teneur en sulfoaluminates et la solution solide, de meme que 
leurs Interconversions dependent principalement de la temperature, de la teneur en gypse et du rapport initial 
eau/sollde. Les auteurs montrent que I'ettringite n’est pas necessalrement un prScurseur de la formation d'un 
hydrate ä basse teneur en sulfoaluminates lorsque l'hydratation se fait ä un tres fälble rapport eau/solide et 
a 80°C.

SUMMARY: Tetracalcium aluminoferrite (C4AF) mixed with gypsum in amounts of 0, 5, 10, 20 and 30% was hydrated 
at 25 or 80°C either as discs (pre-compacted at pressures of 140 and 690 MPa) or in powder form at water/cement 
ratios of 0.5 and 1.0. Hydration products formed at periods ranging from a few minutes to seven days were 
identified and estimated by the Differential Thermal Technique. The sequence of formation of hydrates - viz, 
hexagonal hydrate, cubic hydrate, ettringite, low sulphoaluminate and solid solution - and their interconversions 
were primarily dependent on gypsum content, temperature and initial water/solid ratio. The study indicated that 
ettringite need not necessarily be a precursor of the formation of low sulphoaluminate hydrate when hydration is 
carried out at a very low w/s ratio and 80°C.



INTRODUCTION
The ferrite phase comprising 8 to 12% of an average 
portland cement has received very little attention 
with respect to its hydration and physico-mechanical 
characteristics. This may be ascribed partly to the 
assumption that the ferrite and CjA phases in cement 
behave in a similar manner. There is evidence, 
however, that in the presence of gypsum significant 
differences exist in the hydration behaviour of CjA 
and C4AF, and there is no unanimous opinion on the 
sequence of hydration and types of hydration products 
formed under different conditions.
In an earlier investigation (1) of the effect of 
temperature on the physico-mechanical characteristics 
of hydrating C4AF at very low w/c ratios, several 
new observations were made. This work has been 
extended to a sequential examination of the hydration 
products formed in the system C4AF-CaSO4■2H2O-H2O 
(using varying w/s ratios) hydrated for different 
periods at 25 or 80°C.
EXPERIMENTAL
Tetracalcium aluminoferrite (C4AF) used in this 
investigation had the following chemical analysis: 
AI2O3 = 20.43%, F6203 = 32.65%, CaO = 45.82% and free 
CaO <0.5% and loss on ignition 0.37%; the surface 
area was 3300-3400 cm^g'l (Blaine).

Eight groups of starting materials, the temperature 
of hydration, and the periods at which the thermo
grams were obtained are described in Table I.
The samples were analysed semi-quantitatively by the 
DSC (Differential Scanning Calorimetric) technique 
using the DuPont 900 thermal analysis system.
Details of these measurements have been described (1). 
X-ray powder photographs were obtained with a Philips 
Camera using a CuKct source; length changes were 
measured by a modified Tuckerman gauge extenso
meter (2); and rate of heat development during 
hydration was determined by a conduction 
calorimeter (1).
RESULTS AND DISCUSSION
Different types of hydration products are formed in 
the C4AF-CaS04-2H20-H20 system, depending on initial 
proportions of materials, temperature and time of 
hydration. The compounds that may be present at a 

particular time of hydration may consist of unreacted 
C4AF, CaSO4-2H2O and H2O and the hydrated products 
C4(A,F)H13 (hexagonal phase), C3(A,F)H5 (cubic phase), 
C3(A,F)3C§.H32 (ettringite), C3(A,F)CS-Hi2 (low 
sulphoaluminate) and a solid solution of the low 
sulphoaluminate with C4(A,F)Hi3. In this paper, the 
solid solution is also referred to as low sulpho
aluminate. In each mole of the hydrated product 
containing x mole of Fe and y mole of A, x + y = 1.
Tetracalcium aluminoferrite (C4AF) does not show any 
thermal effect in the temperature range studied. 
Gypsum indicates two endothermal effects with peaks 
in the range 150 to 200°C, representing the stepwise 
removal of water. At low concentrations of gypsum 
the two peaks may merge in a single endothermal peak . 
at about 150 to 160°C. Free water is indicated by an 
endothermal effect at about 100°C. The hexagonal 
phase exhibits an endothermal peak at about 160 to 
175°C, the cubic form at about 300 to 325°C.
Ettringite is identified by an endothermic peak at 
about 110 to 125°C and the low sulphoaluminate phase 
by an endothermal effect at about 200 to 210°C. 
Another of lower intensity is exhibited at about 
300°C. The solid solution of low sulphoaluminate 
with C4(A,F)Hj3 has thermal effects similar to those 
of low sulphoaluminate. Small variations in the 
characteristic peak temperatures may occur, but 
because products of hydration are examined 
sequentially at different intervals these variations 
do not pose any problems for identification.

Thermal curves of C4AF-gypsum mixtures formed at 
140 MPa and hydrated for different lengths of time 
at 25°C are shown in Figure 1. Figure 1A represents 
the thermograms of C4AF hydrated for different periods. 
The first endothermal effect occurring at about 100°C 
is due to desorbed water, the second at 170 to 180°C 
represents the dehydration of the hexagonal phase, 
and that at about 300 to 320°C is caused by the * 
partial dehydration of the cubic phase. At 1 h both 
hexagonal and cubic phases are present. As \ydration 
progresses, increased amounts of the cubic phase are 
formed by the conversion of the hexagonal phase, which 
is also formed continuously. Even at 7 days there is 
no complete conversion of the hexagonal to the cubic 
phase.

hr, d = day)

d

TABLE I - Materials Examined by the Differential Thermal Technique

Series Sample Compacting Pressure w/s
(MPa) Ratio

Temperature 
(°C) Time*  of Hydration

* (m = min, h =

I C4AF -I- 0,5,10,20 or 30% gypsum 140 - 25 L,3,5,7 h; 1,3,7 d
II C4AF + 0,5,10,20 or 30% gypsum 140 - 80 1!> m; 1,3,7 h; 1,2,7
III C4AF + 5,10,20 or 30% gypsum 690 - 25 4 h, 16 h; 2 d, 7 d
IV C4AF + 5,10,20 or 30% gypsum 690 - 80 4 h, 16 h; 2 d, 7 d
V C4AF + 5,10,20 or 30% gypsum - 0.5 25 2 d
VI C4AF + 5,10,20 or 30% gypsum - 0.5 80 2 d
VII C4AF + 5,10,20 or 30% gypsum - 1.0 25 2 d
VIII C4AF + 5,10,20 or 30% gypsum - 1.0 80 2 d



TEMPERATURE, °C

Fig. 1 - Differential thermal behaviour of C4AF + gypsum (140 MPa) hydrated to 
different periods at 25°C

Formation of the hexagonal phase and its conversion to 
the cubic phase proceeds much faster in the CjA-HjO 
system than in the C4AF-H2O system (3). Whereas C3A 
forms hexagonal plates within a few minutes of contact 
with H2O, the C4AF phase hydrated to the same extent 
may not develop a well-defined morphology (4). It 
appears that a higher surface area product enveloping 
the unhydrated C4AF grains impedes the diffusion of 
water molecules more efficiently than the crystalline 
product formed on the C3A grains.
Addition of 5% gypsum alters the hydration behaviour 
of C4AF (Figure IB). In the first hour of hydration 
gypsum (peaks in the range 150 to 170°C), the 
hexagonal phase (peak at about 180°C), and ettringite 
(peak at about 105 to 110°C) are present. As hydration 
progresses the intensity of the peak due to ettringite 
decreases. Low sulphoaluminate formed from the 
conversion of ettringite can be identified by a peak 
at about 200“C. At 7 days the major phases present in 
the system are the low sulphoaluminate and the 
hexagonal form. The absence of an intense endothermal 
peak at 300°C suggests that at 5% gypsum the conversion 
of the hexagonal to the cubic phase is retarded.
Similar observations were reported on the inter
conversion reactions in the C3A-H2O-gypsum system (5). 
It was suggested that sorption of even small amounts 
of S04~~ are capable of retarding the conversion of 
hexagonal to cubic phase. As the amount pf gypsum in 
the mixture is increased from 5 to 30%, larger amounts 
of ettringite are formed within minutes of contact 
with water (Figure 1 (C to E)). The commencement of 
conversion of ettringite to low sulphoaluminate is 
delayed as the concentration of gypsum is increased in 

the mixture. Almost complete inhibition of the 
formation of the hexagonal phase also occurs. In most 
samples both ettringite and monosulphate co-exist at 
periods of hydration from a few hours to several days.

The relative amounts of unreacted gypsum and high and 
low sulphoaluminate contained in samples at different 
times at 25°C are shown in Figure 2. Calculations 
suggest that within 1 h relatively more gypsum has 
reacted to form ettringite in mixtures containing 
larger amounts of gypsum (Figure 2B). Conduction 
calorimetric data also indicate that in the first 
30 min larger amounts of heat are developed in 
mixtures containing greater amounts of gypsum. 
Although almost all gypsum has reacted at 7 h in 
samples containing 5 to 20% gypsum, substantial 
amounts are still present in the mixture prepared with 
30% gypsum (Figure 2A). All samples show a general 
decrease in the amount of ettringite after 3 to 7 h of 
hydration and an increase in the amount of the low 
sulphoaluminate phase. It is generally believed that 
ettringite begins to convert to low sulphoaluminate 
after all gypsum has been consumed. In mixtures 
containing low amounts of gypsum this may be valid; 
but at 30% gypsum, although there is a decrease in the 
amount of ettringite and an increase in the amount of 
low sulphoaluminate, there is still a substantial 
amount of unreacted gypsum at 7 h. It appears that 
after this length of time the reaction between 
ettringite and C4AF to form low sulphoaluminate 
progresses at a faster rate than the reaction between 
C4AF and gypsum to form ettringite. A higher rate of 
decrease in the amount of ettringite in the sample 
containing 30% gypsum after 7 h indicates that the



Fig. 2 - Relative amounts of various 
phases present in the C4AF-CaS04-2H2O 
(140 MPa) system hydrated at 25cC for 
different periods. (G: per cent gypsum 
with respect to C4AF)

C4AF surface becomes more easily accessible for the 
formation of ettringite and its conversion to mono
sulphates after this period (Figure 2B). Length 
change measurements reveal that the mixture contain
ing 30% gypsum shows as high an expansion as 10.8% at 
7 h, compared to only 2.9% for that containing 20% 
gypsum. A higher expansion may result in a higher 
porosity and better availability of the C4AF surface 
for reactions.

Differential thermal characteristics of C4AF-gypsum 
mixtures containing 0, 5, 10, 20 and 30% gypsum 
(pressed at 140 MPa) and hydrated at 80°C to 
different periods are shown in Figure 3. The C4AF 
sample forms a large amount of the cubic phase within 
15 min (Figure 3A). Hydration occurs at a faster 
rate at 80°C than at 25°C, as evidenced by an almost 
complete absence of the hexagonal phase after about 
one day. At 80°C there is a possibility of direct 
conversion of the C4AF to the cubic form without the 
formation of a metastable phase (6). At an addition 
of 5% gypsum, low sulphoaluminate is formed even at 

15 min (Figure 3B). A concurrent formation of the 
cubic phase is also evident, increasing as hydration 
progresses. At a dosage of 5% gypsum, the formation 
of the cubic form is retarded more efficiently at 25 
than at 80°C (Figure IB). As the percentage of gypsum 
is increased from 5 to 30%, lower amounts of cubic 
phase are formed owing to the preferential reaction 
of C4AF with gypsum to form sulphoaluminate. The rate 
of consumption of gypsum and formation of low sulpho
aluminate are shown in Figure 4. The low sulpho
aluminate form evident at 15 min increases as 
hydration progresses (Figure 4B); the ettringite 
phase, if present at all, is formed in small amounts. 
It is generally suggested that the initial product of 
hydration of C3A or C4AF in the presence of gypsum is 
ettringite. The non-existence of ettringite in C4AF- 
gypsum mixtures formed at 140 MPa and hydrated at 
80°C suggests that in a low porosity system, in which 
the particles of gypsum and C4AF are in intimate 
contact with each other, the mobility of ions is 
restricted, and at this temperature a direct formation 
of low sulphoaluminate may be favoured. The other 
possibility is that ettringite formed initially 
converts to low sulphoaluminate at an extremely fast 
rate. Further work is in progress to resolve the 
question of the mechanism involved in the direct 
formation of low sulphoaluminate in low porosity 
systems.
Figure 5 compares the thermal characteristics of 
hydrated products prepared from C4AF-gypsum mixtures 
(pressed at 690 MPa) containing 5, 10, 20 and 30% 
gypsum and hydrated to different periods at 25°C. 
Generally, gypsum is consumed at a slower rate in this 
mixture and the rate of ettringite formation and its 
conversion to low sulphoaluminate is retarded to a 
greater extent than in one formed at 140 MPa 
(Figure IB to E). At a pressure of 690 MPa the 
particles in the sample are in much more intimate 
contact with each other and the effective porosity is 
much lower than in that prepared at 140 MPa.
The mobility of ions is restricted in samples made at 
a higher pressure, facilitating the formation of . 
products at the original sites of the starting 
materials. Hydration and interconversions may be 
impeded, therefore, in samples formed at 690 MPa.
The thermograms of C4AF-gypsum mixtures formed at 
690 MPa and hydrated at 80°C for different periods 
are shown in Figure 6. There is evidence of 
simultaneous formation of both ettringite and low 
sulphoaluminate as a consequence of high temperature 
and low porosity.

Figure 7 represents the thermal curves of C4AF- 
CaS04,2H20 mixtures hydrated at w/s = 0.5 or 1.0 for 
two days at 25 or 80°C. Most samples hydrated for 
two days at 25°C contain mainly low sulphoaluminate. 
The interconversions seem to occur at a faster rate at 
higher w/s ratios. At 80°C and low gypsum content, 
C4AF hydrates to form the cubic form. The conversion 
of ettringite to monosulphate also occurs at a faster 
rate. A combination'of higher w/s ratio and higher 
temperature is conducive to faster hydration and 
interconversions.

Most samples were also subjected to XRD studies. 
In many, especially at earlier times of hydration, 
though thermal peaks indicated the formation of 
various products of hydration, XRD did not. Either 
the amounts of hydration products were low or they 
were not well crystallized for identification 
purposes by XRD technique.



Fig. 3 - Differential thermal 
different periods at

behaviour of C4AF+gypsum (140 MPa) hydrated to 
80°C

TIME

Fig. 4 - Relative amounts of gypsum and low 
sulphoaluminate present in the C4AF-CaSO4•2H2O 
(140 MPa) system hydrated at 80”C for different 
periods. (G: per cent gypsum with respect to C4AF)
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Fig. 5 - Differential thermal behaviour of 
C4AF-i'gypsum (690 MPa) hydrated to different 
periods at 25"C
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CONCLUSIONS
1. The sequence of reactions and interconversions in 
the C4ÄF-CaS04,2H20-H20 system at low w/s ratios and 
high temperatures is different from those occurring 
at normal w/s ratios.
2. In this low porosity system there is evidence at 
the original sites of the reactants of formation of 
cubic hydrate, low sulphoaluminate and ettringite.
3. At very low w/s ratios and higher temperatures 
low sulphoaluminate need not result from the 
conversion reaction involving ettringite.
4. Contrary to general belief, conversion of 
ettringite to low sulphoaluminate can occur even in 
the presence of gypsum.
5. The Differential Thermal Technique is more 
sensitive than XRD for identifying and estimating 
various hydration products in the C4AF-CaS04’2H20-H20 
system.
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Study of the Structure and Crystallization properties of 
Tricalcium Silicate (C3S) and dicalcium Silicate 

R(|3-C2S) Hydrate, and the new Calcium Silicate 
Hydrate (C-S-H (III) C-S-H (I1) and C-S-H (IF)

Etude de la structure et de /a cristallographie du Silicate tricalcique 
(CsS), du silicatG bicalci(ju6 ß(B*C2S)  et des silicates calciques hydrates / 

C-S-H (III), C-S-H (I1) et C-S-H (IF)
F. HANNAWAYYA, Dr. of Chemical Technology, Department of Inorganic Chemistry The Royal Institute 

of Technology (Kunglia Tekniska Högskolan, KTH) S-100 44 Stockholm, Sweden.

RESUME:L1 hydrotat ion d'un melange de CgS et de ß-CjS, dans un bocal maintenu ö la temperature 
ambiante, produit un meme type de silicate hydrate (C-S-H) et diverses quantites de chaux hy
dratee. Les propri6t6s de Ca(OH) , la phase aqueuse, la composition, le m6canisme de la reac
tion avec I'eau et la structure des cristaux formes ont 6t6 examines en detail.

D6s I'origine Hannawayya a donn6 le nom de C-S-H(ll), de C-S-H(Il2) et de C-S-H(III) aux di
vers silicates de calcium hydrates, qui sont formes par 11 Hydratation des melanges deß CjS et 
de CjS, selon les proportions respectives de ces deux constituents. Les limites sup6rieures et 
inferieures du rapport mol6culaire CaO/SiOn sont 1,56 et 1,88 pour la production du C-S-H(II) 
et 2,25 et 2,90 pour la production du C-S-n(III).

La presente recherche concernant le C-S-H a 6t6 effectude lorsque l'dquilibre de I'action des 
divers constituents a 6t6 atteint. Le rapport C/S dans la phase anhydre etait choisi, de fa- 
gon ä atteindre les divers dquilibres determines par la thdorie. Les produits hydrates formds 
constituent une sdrie de combinaisons de compositions varides. Leurs structures cristallines 
ont dtd examindes au microscope electronique d transparence et d 1‘appareil de diffraction X.

SUMMARY :The concentration of C3S and ßCjS by bottle hydration at room temperature produced a 
aimilar type of calcium silicate hydrate (C-S-H) and different amount of calcium hydroxide. 
The properties of Ca(0H)2, the aqueous phase, the composition, the mechanism of the reaction 
with water, and the structure of the crystalline compounds formed in C-S-H system are dis
cussed in details.
Hannawayya originally gave the name (C-S-H(l'), C-S-H(II^) and C-S-H(III) to the calcium 
silicate hydrate which is produced by bottle hydration of ß-C,S and CgS hydrate respectively. 
The lower and upper limits of CaO/SiOg mole ratio of C-S-H(IIZ) are 1.56 and 1.88 respecti
vely, and of C-S-H(III) are 2.25 and 2.90 respectively.

The present research dealswith the system CaO-SiOg-HgO (C-S-H), in which equilibrium is 
reached through interaction between the components. The ratio of CaO/SiOg was determined in 
the solid phases under condition of hypothetical equilibrium in solution, in which the CaO 
concentration was varied. The products formed are a series of compounds, whose composition 
varies. Their crystal structure are illustrated by scanning electron microscopy and X-ray 
diffraction.



INTRODUCTION AND GENERAL DISCUSSION
A study of the hydration of individual phases 
(C,S and ß-C-S) is essential for a basic un
derstanding of the hydration of portland ce
ment and has important bearing on the pheno
menon of setting, development of strength, 
durability, etc.
This investigation was based on the determin
ation of calcium silicate hydrates (C-S-H(I'), 
C-S-H(II2)) and (C-S-H(III)) and calcium hyd
roxide formed by bottle hydration of CjS and 
ß-C-S respectively. Bottle hydration of C-S 
and2ß-C-S have the potential to form metasta
ble products (C-S-H system) which transform 
slowly. Final equilibrium is approached by 
the interaction of the components and takes 
several months. Bottle hydration is a method 
in which the anhydrous phase is mixed with an 
excess of water (usually more than 10 times 
its own weight) and placed in a rotating wheel. 
The progress of the present investigation sh
ows for the first time metastable equilibrium 
curves of C-S (HANNAWAYYA, fig.5) and its cal
cium silicate hydrate(III) (C-S-H(III) and of 
ß-C-S (HANNAWAYYA, fig.5) and its two calcium 
silicate hydrate (C-S-H(1^) and C-S-H(Il2))_ 
The product C-S-H (II2) was studied extensively, 
its X-ray and electron diffraction data are 
presented elsewhere [1] .
Gibbs Phase Rule is applied in this research 
to determine whether true metastable equilib
rium in the reaction between the components 
could occur, in a certain period of time dur
ing bottle hydration of C-S and ß-C^S. The 
use of the phase rule is basic for an under
standing of the reaction which gives rise 
to silicates or portland cement clinker and 
for knowledge of the chemical nature of the 
product.
HANNAWAYYA [2] investigated C-S in an excess 
amount of water (bottle hydration). LEDUE[3] 
showed that dicalcium silicate was the essen
tial hydraulic material of portland cement. 
The hardening of the cement was explained as 
being due entirely to the hydration of the 
2CaO.SiO2, the fine needles of the CaO. 
SiO2.aq. becoming interlaced and penetrating 
the gel of the same composition. The products 
formed at room temperature in the system CaO. 
SiO2.H2O has been studied by KALOUSEK f4]using 
the method of differential thermal analysis. 
Various mixture of calcium hydroxide and sili
ca gel were prepared and aged for 28 days. The 
products led KALOUSEK to postulate a continu
ous series of compounds having the end compo
sition of C^S^Hx and C.S,H . Some investiga
tors Q5-?J nave studied the structure and mor
phology of C-S-H (calcium-silicate-hydrate) 
and have presented evidence for the semi-cry
stalline fibrous forms of the hydration pro
ducts. others [8-10 ] have discussed the fibro
us particles which appear as bundles and agg
regates, and (sometimes) as sheets having an 
interlacing structure oriented in 3 directions 
at an angle of about 60°. The author emphasi
zes that the hydration of calcium silicates 
is an important reaction. Moreover, the fe-C-S 
compound is vital in several fields of siliZ 
cate science, especially, different kinds of 
cement, refractories, and slag.

Many authors have estimated or measured C/S 
mole ratio of C-S-H which ig produced from 
C-S hydrate. DIAMOND [ll] reported a ratio 
between 1.9 ±0.2 by Spot EDXA determination. 
GRUTZECK and ROY [12] used Electron Probe Mic
roanalysis (EPMA), for direct measurement on 
a single C-S paste hydrated for 24 weeks. 
They obtained an average value of 1.7 ± 0.1 
LOCHER [13 J found ratio between 1.5 and 1.75 
by thermogravimetry. KANTR0 et alC14'] repor
ted ratio between 1.4 and 2.0 TAYLOR C2SH(II) 
[8] first reported ratio close to 2.0 and 
later he estimated it to be 1.75. LEA [l51 
reported ratio of completely-hydrated-sili- 
cate, about 1.4-1.6.
Hydrated C-S and ß-C2S should yield a fixed 
maximum ofJC/S mole ratio. The author took 
evidence from the hydration of C-S and ß-C2S 
to deduce 2 formulae which fix tne values 
of C/S mole ratio tHus providing the missing 
link. The author suggests that the upper li
mit of the CaO/SiO2 ratio of C-S-H(III) should 
be 2.90. This value never reaches 3.0 (see 
equation 1) and the upper limit of CaO/SiO2 
ratio of C-S-H(II2) should be 1.88. This 
value never reaches 2.0 (see equation 2).

MATERIALS AND METHODS
The initial material used in this investiga
tion, tricalcium silicate (C-S, is composed 
as follows: 75.6844 wt.% Caof 26.3156 wt.% 
Si02, and beta-dicalcium silicate (ß-C2S), 
is composed as follows: 66.2440 wt. % CaO, 
33.6575 wt.% Si02, and 1.0985 wt.% A12O,. 
The shaking apparatus shown in figure21Jwas 
employed. By shaking different amounts of 
tricalcium silicate of beta-dicalcium sili
cate with a fixed amount of distilled water, 
a change in concentration occurs on reaction. 
The amounts of C-S are calculated from equa
tion 1 and thoseJof ß~C2S calculated from 
equation 2.
(3 - C/S)W [caol
-------- 2 , h------1   (1)

228 1000
(2 - C/S)W„ fCaol
 2 = b----- J ----------------------- (2) 

172-------- 1000
where W (g/litre) is the starting weight of 
C-S or Oß-C-S, C/S referes to the CaO/SiO2 
ratio, and YCaOl to the millimole concentra
tion in the solution.

Fig.1. Shaking apparatus.



Samples of different concentration, e.g. 0.3,
0.5,  2.0, 3.0, 4.5, 8.0, 9.72, 15.50, 31.92, 
40.47 and 82.88 gm of C,S, and/or e.g. 0.5,
1.5, 2.25, 7.88 and 35.0 gm of ß-C2S in 1000 
ml. of distilled water, were shaken at room 
temperature in the shaking apparatus. The use 
of glass bottles was found to be undesirable 
whenever prolonged treatment with aqueous so
lutions was required due to the effect of the 
high alkalinity (above PH 11) of aqueous pha
se (see tables 1 and 2). Shaking took place 
for varying lengths of time, and once a week 
the concentration of CaO in the solution was 
estimated by titration to determine when the 
reaction had almost ceased (fig. 2 of C,S: 
curve I, 0.3 gm; curve II, 0.5 gm; curve III, 
2.0 gm; curve IV, 3.0 gm; curve V, 4.5 gm; 
curve VI, 8.0 gm; curve VII, 9.72 gm; curve 
VIII, 15.50 gm; curve IX, 31.92 gm; curve X, 
40.47 gm; curve XII, 82.88 gm. and/or fig. 3 
of ß-C7S: curve I, 0.5 gm; curve IT, 1.0 gm; 
curve III, 1.5 gm; curve IV, 2.25 gm; curve V 
7.88 gm; curve VI, 35.0 gm).

Fig. 2. Variation ol tile Ca(0U)2 contenL ul 
bottle hydrated C^S with time of shaking.

Fig.3. Variation of the Ca(OH)2 content of 
bottle hydrated ß-C2S with time of shaking.

The contents of the bottle were then filtered 
and the precipitate dried. Using e.g. eqns 1 
and 2, an arbitrary weight of C3S and ß-C,S, 
respectively, was chosen and added to the Do
ttie which were then inserted into the rotat
ing shaking apparatus (fig.1). The shaking 
period was varied as described above, until 
the reaction had almost ceased.

Immediately after filtration, as shown in fig, 
4, the PH of the clear filtrate was measured 
by means of a high-alkali glass electrode.The 
calcium concentration of the filtrate was de
termined by titration, 50 ml. being titrated 
with HCL using phenolphthalein as indicator. 
One ml. of HCL is equivalent to 0.03705 gm.of 
Ca(OH>2- The precipitate on the glass filter 
was placed in a vacuum desiccator for one hour 
The precipitate was then brushed into a weig
hed crucible and dried under vacuum at 105°C 
to constant weight. After drying, the precip
itate was quantitatively analysed by X-ray 
diffraction 16 to determine the uncombined 
calcium oxide as calcium hydroxide. The resul
ts of the calculation are given in tables 1 
and 2. Scanning electron microscopy was used 
for the morphological study.

Fig.4. Apparatus for filtration of contents 
of a polyethylene bottle or other vessel 
under COj-free condition.

Table 1. Composition of hydrated C^S

C3S 
g/litre

PH CaO/SiOj 
mol a ratio

CaO 
m.mole

H20/Si02 ■ 
mole ratio

Composition 
Of C-S-H

0.3 11,1 0.98 2.66 0.69 C0.98SH0.69
0.5 11.3 1.209 3,94 0.93 C1.22SH0.93
2.0 11.9 1.28 15.00 0.99 C1,28SH0.99
3.0 12.5 1.49 19.67 1.27 C1.495H1.27
4.5 12.6 1.90 21.71 1.71 C1.90SH1.71
8.0 12.7 2.17 29.12 2.15 C2.17SH2.15
9.72 12.72 2.25 32.00 2.20 C„ -C5H^2.25 2.20

15.50 12.735i 2.50 34.00 2.25 C2.505H2.25
31.92 12.74 2.75 35.00 2.35 C2.75SH2.35
40.472 12.75 2.80 35.50 2.40 C2.80 SH2.40
82.86 12.76 2.90 36.00 2.45 C2.90SH2.45

Table 2. Composition of hydrated B-C2S
ß- c2s PH Ca0/Si02 CaO H,O/SiO, Composition

g/litre mole ratio m»mole mole ratio Of C-S-H

0.5 11.88 0.20 5.22 0.10 C0.20SH0.10
1.0 12.21 0.45 9.01 0.22 C0.45SH0.22
1.5 12.37 0.50 12.85 0.32 C0.50SH0.32
2.25 12.51 0.62 18.00 0.45 C0.62SH0.45
7.88 12.56 1.56 20.10 0.92 C1.56SM0.92

35.00 12.64 1.88 23.80 1.66 C1.88SH1.66



RESULTS AND DISCUSSION
The reactions that cause setting and hardenin' 
of Portland cement are collectively describe' 
as hydration reactions, i.e. the combinatio' 
of ions in aqueous solution with one or mor< 
molecules of water by the formation of coord
inate links. ß-dicalcium silicate (ß-C2S) i 
the essential hydraulic material of Portlan; 
cement together with C3S. This is due to th, 
reactivities of anhydrous^ silicates (ß-C2S, 
and C3S) towards water at ordinary tempera
ture and the characteristic of their hydra
tion products.The hydration products of ß-C2t 
and C3S are calcium hydroxide(CH) and calciui 
-silicate-hydrate (C-S-H), which grow into . 
space lattice, filling the spaces between th< 
grains so that the entire product forms one 
single mass.
The mechanism of bottle hydration of ß-C2‘t' 
hydrate and scanning electron microscopy anc: 
X-ray diffraction of ß-C2S paste hydration 
after 1 day up to 36 dayszis described in de
tail by £16].

(i) PHASE EQUILIBRIUM THROUGH INTERACTION OF 
COMPONENTS

Concentration of CaO In solution (m.mole/litre)

inj. j. Lquilibrium curve showing the rela
tion between the CaO/SiO2 mole ratio and 
the concentration of CaO in solution at 
room temperature.

The present investigation concerns system CaO 
-SiOj-HjO (from bottle hydration of ß-C2S and 
C,S)zin which, equilibrium was approached th
rough interaction of the components. The pro
gress of the reaction has ordinarily been 
observed by determining the CaO/SiO2 ratio in 
the solid phase under conditions of hypothe
tical equilibrium in a solution in which the 
CaO concentration was varied.
The solution of this problem is complicated 
and interesting. The differences between the 
investigations are indicated in various de
tails of the curves and their interpretation. 
Most of the differences are probably due to a 
failure to obtain equilibrium between the sol
ution and the colloidal hydrate; other inves
tigators ascribed these differences to varia
tions in the size of the colloidal particles 
resulting from the different conditions in 
the test procedure.
This paper presents the typical curves for C3S 
and e-C2S (HANNAWAYYA, fig.5) showing the CaO/ 
SiOj molar ratio in the solid phase plotted 
against-the CaO concentration of the solution 
at assumed equilibrium. The investigation con
cludes that the value of the CaO/SiO2 ratio 
depends somewhat on the state of hydration and 
also on drying at sufficient temperature.
HANNAWAYYA called the hydrate from ß-C_S with 
a CaO/SiOj mole ratio which varied from 0.20 
to 0.62 calcium-silicate-hydrate (I^) or 
C-S-H(I1), when the CaO/SiO2 ratio was in
creased at lime saturation and varied from 
1.56 to 1.88, HANNAWAYYA called it calcium- 
silicate-hydrate (II2) or C-S-H(II2). 
HANNAWAYYA also called the hydrate from C,S 
with a CaO/SiO- ratio which varied from 2.25 
to 2.90, calcium-silicate-hydrate (III) or 
C-S-H(III) this occurs at lime saturation.The 
quantity of water in the structure associated 
with C-S-H(III) and C-S-H(II2) seemed to be 
larger than that with C-S-H(I1). The H-O/ 
SiO2 ratio depending on the degree to which

it was dried and substantially independent 
of CaO/SiOj ratio. Fig.5 shows that the re
sult of the experiments differed depending 
on the shaking time, due to different con
centrations of C3S OT- ß-CjS/litre. TAYLOR's 
curve Li 7] is included for comparison. Many 
explanations e.g. (18, 19, 20, etc.) concern 
the slope of the curve rises gradually to a 
CaO concentration.
The author explains that the change from a 
gradual to a nearly vertical rise in the 
curve occurs because Ca(OH)2 begins to pre
cipitate at lime saturation, causing a 
rapid rise when the saturation point is pa
ssed. It seems that it is difficult to de
cide upon a fixed value for CaO concentration 
but in practice, a close approximation can 
be obtained. It appears that the gradual 
rise of the slope of the curve, represented 
by a CaO/SiO2 ratio from 0.45 to 0.62 of 
ß-C2S and 1.209 to 1.49 of CgS, occurs in 
places where the concentration of CafOHlj 
(or CH) increases in the solution. The mol
ecules of CatOHJj would be attached to the 
surface of the hydrosilicate by adsorption 
up to the lime saturation point, and 
(CH) -CSH would be produced by adsorption, 
and this is reversible according to the 
following equation:
(CH)nCSH + CH --- ------- » (CH)n+jCSH ---------(3)

Here, Gibbs phase rule is valid because it 
is a true equilibrium. The author suggests 
that the upper limit of the CaO/SiO, ratio 
of 8-C2S should be 1.88 for C-S-H(II2), 
and of CtS should be 2.90 for C-S-H(III). 
These values never reached 2.0 in ß-C2S 
nor 3.0 in CgS.

(ii) SCANNING ELECTRON MICROSCOPY
1 2(a) Morphology of C-S-H(IJI and C-S-H(II ) 

were clearly discussed in 16.



(b) Morphology of C-S-H(III)
The morphology, shown by scanning electron 
microscopy, of C-S-H(III) of CaO/SiOj mole 
ratio varying between 2.25 to 2.90 is desc
ribed by the author as mass crystals of 
high solidity, and a net of crystals develop
ment folded into the shape of a cigar. Under 
microscopy this crystal is transparent like 
glass. See Figures 6 and 7, magnified 5000 
times. Figure 8 presents the morphology of 
the C-S-H(II2) from ß-C2S included for co
mparison with the cigar shape of C-S-H(III) 
from CjS.

Fig.6. C-S-H(III), The shape of cigar.

Fig.7. C-S-H(III), shows the crystal like 
glass.

(Hi) X-RAY DIFFRACTION DIAGRAMS
1

(a) X-ray diffraction diagrams of C-S-H(I ) 
and C-S-H(II2). Their diagrams were clearly 
discussed in £l6j.
(b) X-ray diffraction diagram of C-S-H(III). 
The X-ray diagram of samples in which the 
CaO/SiO, ratio were 2.50, 2.75, 2.80, and 
2.90 contained a strong CH pattern together 
with a weak pattern of unreacted C^S, and 

Fig.8. C-S-H(II2}. (X400). Its crystal has
also the shape of cigar.

a pattern of C-S-H(III) at 3.038A(v. very 
strong)., 1.929 A (very strong), 2.455, 
5.471 A (strong), 9.654 A (weak), (see 
fig. 91.

CONCLUSIONS
The present paper reviews present-day know
ledge of the bottle hydration reaction of 
CgS and ß-C-S compounds, generally consi
dered to bez chiefly responsible for the 
hydraulic properties of Portland cement.
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The effects of several heavy metal oxides on the 
hydration and the microstructure 

of hardened mortar of C3S
Effets de quelques oxydes de metaux lourds sur I'hydratation 

du C3S et sur fa structure fine des corps durcis '

C. TASHIRO, Asst. Professor, Yamaguchi University, Faculty of Engineering, Ube, Japan.

RESUME : Les effets de quelques oxydes ou hydroxydes de mStaux lourds sur I'hydratation du 
C,S sont döjä bien connus. Cr20_, FezO-j, NiO, CuCOHK, ZnO, ou PbO ont 6t6 employes comme 
aoditifs au C^S afin d'ätudier 1'effet produit sur l^hydratation de ce dernier, et le com- 
portement des corps durcis, la structure fine, la resistance ä la compression, le taux d'hy- 
dratation et la quantity de chaleur dägagäe au premier stade d'hydratation. '

Cr„0^, Fe2O^, NiO, Cu(0H)2, ZnO et PbO produisent des effets sur le degrd d'hydratation du 
C.j5, les caractäres des hydrates, la structure fine, ainsi que la resistance ä la compression, 
Cu(0H)2, ZnO, et PbO. retardent le premier stade d'hydratation et y exercent des effets parti- 
culiferement remarquab les.

SUMMARY: The effects of heavy metal oxides or hydroxides on the hydration of C3S have not been 
clarified. In the present study, CrzO™, Fe-O,, NiO, CufOH),, ZnO or PbO was added as an ad
ditive, and the effects of such compounds on^tMe hydration or CqS were examined on the harden
ed hydrates and their microstructure, compressive strength, degree of hydration reaction and heat 
liberation in early hydration. "
Cr?0_, Fe-O-, NiO, CU(OH)„, ZnO and PbO affect the degree of hydration of C,S, properties of 
hydrates ana microstructure and compressive- strength of hardened mortars. ^CufOHl, ZnO and 
PbO retard the early hydration of C^S, produce particularly pronounced effects. z



r
I-NTRODUCTION, 

6-
A study was conducted on the hydration of C,S 
and the effects of addition of Cr,0_., Fe?0,, 
NiO, Cu(0H)n, ZnO or PbO on the fine struc
ture of the‘hardened CgS mortar as part of a 
series of studies on the effects of heavy 
metal oxides on the hydration of cement, 
characterization of hydrated and properties 
of hardened hydrates(1-3).
The hydration of C,S was investigated by 
measuring the heat of early hydration, igni
tion loss and compressive strength while the 
fine structure was examined by observation 
under a scanning electron microscope and 
determinations of powder x-ray analysis and 
pore size distribution.

EXPERIMENTAL

The experimental C,S was synthesized from 
reagents at l,500oJC and was found to have a 
specific surface area (Blaine method) of 2700 
+ 200 cm2/g. The mortar was prepared by 
mixing C,S and Toyoura standard sand at a 
ratio ofd1 : 2 with Water/C-S = 0.65. The 
additive such as Cr-O,, Fe2O,,Ni0, Cu(0H)?, 
ZnO and PbO is a reagent grade material and 
is added to 5 mol% of the total Inclusive of 
such additive.
Removal of the mortar from the mold is under
taken one day after mixing in principle and 
curing was carried out in moist air. The 
test specimen has a dimension of 1X1X4 cm. 
The compressive strength reported here is the 
average of two speciments. the ignition 
loss was computed from the loss in weight pro
duced by heating the specimen at l,000öC for 
one hour.

EXPERIMENTAL RESULTS AND DISCUSSION

Compressive strength
The compressive strength is shown in Fig.l. 
Development of strength in the early period 
is strongly hindered by CufOH),, ZnO and PbO. 
In particular, the hindering effect of Cu(OH)- 
is very pronounced not only in the early 
period but also at an age of 28 days. On the 
other hand, Cr,0,, an<^ ^10 exert no 
significant inTldence^or slightly promote de
velopment of the strength at an age of 3 days.

Ignition loss
The ignition loss of the mortar is presented 
in Fig.2. It seems that Cu(0H)2» ZnO and 

-PbO yield smaller ignition losses. In parti
cular, Cu(0H)2 reduces the ignition loss to 
about 1/4 of the value obtainable without ad
dition of Cu(0H)2 at an age of 28 days. On 
the other hand, Cr20,, Fe20- and NiO exert a 
small influence. d d

Heat liberation in early period
The results of differential calorimetric 
analysis between C,S without and with heavy 
metal oxides are snown in Fi§.3. The accele

ration of heat liberation shows the accelera
tion of hydration reaction, heat of adsorption 
or heat of formation of an complex and all, 
which occurred by additives.

Age (days)

Fig.l - Compressive strngth of C,S mortars 
without and with heavy metal oxides or hydro
xi de.

Fig.2 - Ignition loss of C_S mortars without 
and with heavy metal oxides or hydroxide.

8 10 12 140 2 4 6

Fe^O, ./Pb0

Cu(OH)

Hydration time(min)

Fig.3 - Differential calorimetric analysis 
of CnS without and with heavy metal oxides 
or hydroxide.



Powder x-ray analysis
The powder x-ray diffraction patterns are 
shown in Fig.4. As is apparent from figures, 
Ca(OH)2 in hydrate in C,S adding CufOH), is 
negligible. And that Tn C,S adding Zno or 
PbO is a slight amount. ■

20 (CufcK)
Ort <DCa(0H)2

20 30 400

• Sand ©Tobermorite gel

Fig.4 - X-ray powder diffraction patterns of C-S 
mortars with addition of 5mol% heavy metal oxides.

Observation under scanning electron Micro
scope ■
The scanning electron micrographs are shown 
in Fig.5 and 6. At an age of 3 days, ". ' 
Cu(0H)2,Zn0 and PbO distinctly produce a 
retarding effect on the hydration. At an 
age of 28 days, there are observed retarda
tion of the hydration by Cu(0H)2 and some ef
fects of ZnO and PbO on formation of hydrates. 
Powder x-ray diffractometry indicated that 
the hydrates are tobermorite in gel and slak
ed' lime. On the other hand, Cr20_, Pe20, 
and N10 did not produce any significant^ a ' 
effect.

Pore size distribution 
The pore size distribution of a 28-day old 
specimen is shown in Fig. 7. The additives 
produced changes in pore size distribution 
and Cu(0H)2 increases the total pore volume 
and ZnO in^particular increased the number 
of pores greater than 27,000 A.

Hydration and Microstructure 
As is apparent from above figures, the ad
ditives can be divided into three groups 
with respect to their characteristic effects 
on the relation among compressive strength, 
ignition loss,heat liberation. X-ray analy
sis and observation under scanning electron 
microscope : (a) no additive, Cr90_, Fe90, 
and N10; (b) ZnO and PbO; and (cj cu(0H72. 
The group of ZnO and PbO yields a smaller 
ignition loss but develops a roughly equal 
strength compared with the group of no ad
ditive, Cr-Og, Fe90- and NiO at 28-day speci
men .
On the other hand, the presence of a cor
relation betweem hydration and pore size 
distribution is not clearly demonstrated. It 
is generally stated that reduction of the 
totaT.pore volume and shift of pore size dis
tribution towards smaller pore are connected 
with an increases in hydration or strength
(4).  However, as is apparent from Fig.land 
7, considerable differences exist tri pore 
size distributioh and pore volume for a 
given strength. 7:_This suggests that the ad
ditives affect :tfie" hydrates not only in 
structure but also in compositions.
The mechanism of this hindering effect on 
the strength or retardation of hydration is 
not clear, but it is thought that surface 
of C.S grain is coated by metal ion or com
plex; invasion of water to inner parts is 
hindered. The coating action may be cor- . . 
related to ionic potential of metal ions. 
Namely, ionic potential of Caz+is 0.50, 
Cr3+: 0.23, Fe3+; 0.21 , Niz+:0.34, and . 
Zn2+:0.37, Cu2+: 0.36, Pb2+: 0.62, con
sequently, metjl ions of ionic potential 
similar to Ca2 give the hindering effect.

When added Cu(0H)2» concentration of CaO in 
bottle hydration is 1 arger than that of no addi
tion in early hydration. It shows the ac
celeration of hydration as illustrated by 
Fig 3 And Cu2+ is no detectable amount
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Fig.7- Pore size distribution of 28 days 
mortars without and with additives.

CONCLUSION '

CrgO,,Fe„03,Ni0 Cu(0H)2 »ZnO and PbO affect 
the '’degree of hydration of C,S, properties 
of the hydrates and the compressive strength 
and fine structure of the hardened hydrates 
and Cu(0H)2. ZnO and PbO produce particularly 
pronounced^ effects.
The mechanism of this effects is not clear, 
but it seems due to similarity of ionic 
potential.
The author wishes to thank K. Okuni for help of experi
ment.
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A thermoanalytical method for the determination of 
the amount of calcium hydroxide in systems - 

containing hydrated Portland cement
Une methode de /'analyse thermique pour la determination 

quantitative de I'hydroxyde de calcium dans des systemes contenant 
du ciment portland hydrate "

F.G.  BUTTLER, Dr., and S.R. MORGAN, Chemistry Department, Teesside Polytechnic, 
Middlesbrough, England.

RESUME : On däcrit une mdthode d'analyse pour la determination quantitative de I'hydroxyde de calcium dans 
des systämes contenant du ciment portland hydrate. Cette mäthode utilise du dioxyde de carbone gazeux pour ' 
convertir I'hydroxyde de calcium en carbonate; celui-ci est decompose ensuite ä une temperature 61ev6e. La 
quantite resultants de carbonate de calcium est proportionnelle b I'hydroxyde de calcium present dans les 6chan- 
tillons, ä condition que ceux-ci soient chauffes ä 200°C avant d'etre exposes au dioxyde de carbone gazeux. 
De cette fagon on empgche la carbonatation des silicates et des aluminates hydrates de calcium. Il est possible 
d'employer cette methode pour des 6chantillons de. mortiers r6cemment preievds, sans autre traitement avant 1'ana- 
lyse thermique. On donne une comparaison de cette methode avec d'autres, actuellement utilisees pour la deter
mination de I'hydroxyde de calcium dans les ciments hydrates.

ABSTRACT: A method of analysis is described for the determination of the amount of calcium hydroxide present 
in systems containing hydrated Portland cement. The method involves the conversion of Ca(0H)2 to CaCO^ using 
gaseous CO,, followed by the high temperature decomposition of the CaCOo formed. The amount of CaCOj formedo 
is proportional to the amount of Ca(OH), present in the samples provided that the samples are heated to,200 C 
before exposure to gaseous CO-. In this way the carbonation of hydrated calcium silicates and aluminates is 
prevented. The method can bemused on freshly drilled sampl es of mortars without any pre-treatment before 
thermal analysis. A comparison of the method with others available for estimating CafOHJg in hydrated cements 
is given.



INTRODUCTION

A number of methods involving the estimation of the 
amount of Ca(OH)2 present have been used to study 
the reactions occurring between water and the ’ 
compounds present in Portland cement. These methods 
include quantitative X-ray diffraction, thermal 
analysis and the extraction of the calcium hydroxide 
with solvents (1). Another method for studying 
these systems is that of trimethylsilylation. With 
this technique, information is obtained with respect 
to the silicates produced during hydration (2).

The methods used to estimate the amount of calcium 
hydroxide present tend to give widely differing 
results. Quantitative X-ray powder diffraction only 
measures the amount of crystalline material present, 
and amorphous CaJOHJg, will not be detected. Solvent 
extraction suffers from the disadvantage that the 
amount of Ca(OH)2 removed is dependent on the time 
of extraction, and, in addition, calcium ions may 
also be removed from other compounds present. 
Thermogravimetry is usually carried out by monitoring 
the loss of water from the hydrated compounds with 
respect to temperature and time. The interpretation 
of results can be difficult due to the overlap of 
the step corresponding to the loss of water from 
calcium hydroxide with the steps due to loss of water 
from other hydrated compounds present. This is 
particularly true when the technique is applied to 
set Portland cements. Similar problems arise with 
differential thermal analysis and the measurement of 
areas of overlapping peaks. A comparison of results 
using these techniques on a sample of set Portland 
cement has already been made (3). 1

THEORY

The analytical method is based on the fact that, as 
it dehydroxylates, calcium hydroxide reacts rapidly 
with gaseous carbon dioxide to form calcium carbonate, 
and provided there is sufficient time of exposure of 
the calcium hydroxide to the carbon dioxide, the 
reaction can be used quantitatively. The amount of 
calcium hydroxide originally present can then be 
determined by using the high temperature decomposi
tion of the calcium carbonate formed. Provided the 
bulk of the water present in the samples is removed 
at low temperatures and before they are exposed to 
carbon dioxide, it is thought that there is little or 
no carbonation of other compounds arising from the 
hydration of Portland cement. This procedure 
overcomes the problem associated with the concurrent 
loss of water from hydrated calcium silicates and 
aluminates and from the calcium hydroxide, since all 
the water has been removed at lower temperatures 
than that observed for the decomposition of calcium 
carbonate.

EXPERIMENTAL

Because the calcium hydroxide generally contained 
some calcium carbonate most experiments started with 
calcium oxide prepared by ignition of 'Analar1 
calcium carbonate. Suitable portions of the calcium 
oxide and finely divided quartz were weighed into 
the crucibles to be used for the thermal analysis 
and the calcium oxide converted into calcium 
hydroxide by adding slightly more than the required 
amount of carbon dioxide free distilled water 
immediately before analysis.

A series of mortars were prepared as 5.0cm cubes 
and stored at 20°C. These mortars ranged from 1:3 
mixtures of Portland cement:British standard sand 
with a water:cement ratio of 0.45 to similar mixtures 
in which up to 60% of the cement was replaced by fly 
ash, the water content of the mortars remaining the 
same. The samples for analysis were prepared by 
drilling, and were analysed without any further 
treatment.

The TG experiments were carried out using Stanton 
Automatic thermo-recording balances, models HT5 and 
TRI. The samples were contained in conical fused 
alumina crucibles and the weight changes determined 
with dynamic atmospheres of nitrogen and mixtures of 
nitrogen and carbon dioxide with flow rates of 
100 cnr/min over the samples. Various heating rates 
and sample and crucible sizes were used (see Table 1).

RESULTS

Fig. 1 shows the results obtained when a laboratory 
sample of Ca(0H)2 containing 10.2% CaCOg was heated 
in atmospheres of nitrogen and in a mixture of 80% 
nitrogen and 20% carbon dioxide. After the initial 
loss of free water, the loss between 350 and 55fl,°C 
in nitrogen corresponded to the loss of water from 
the Ca(0H)2 and the final loss to the decomposition 
of the CaCOg present in the sample. In the nitrogen/ 
carbon dioxide atmosphere there was little 
carbonation below 300°C but the reaction became 
rapid as the water was lost from the Ca(0H)2. The 
final step in an atmosphere of nitrogen and carbon ' 
dioxide was due to the decomposition of the CaCOg 
formed from the Ca(0H)2 and to t^ie CaCOg originally 
present. The higher temperature of decomposition 
was a consequence of the presence of carbon dioxide 
in the gas stream. Calculation from these results 
showed that 93% of the Ca(0H)2 had been converted 
into CaCOg.

The results obtained from the carbonation of the 
Ca(0H)2 produced from CaO are shown in Table 1. 
These were obtained by heating the samples in 
nitrogen with a flow rate of 100 cm3/min, and then 
holding the temperature at 200OC until the evolution 
of water was negligible. The temperature of the 
samples was then raised again at the recorded 
heating rates but the atmosphere was changed to 80%' 
nitrogen and 20% carbon dioxide. At about 700°C, 
after the carbonation reactions were complete, the 
purging gas was changed again to nitrogen in order 
to allow the CaCOg formed to decompose easily. 
Changes in the poise of the balances due to changes 
in the purging gas were found to be very small. The 
shapes of the TG curves obtained were very similar 
to that shown in Fig. 1 except that they had an 
additional loss due to the free water present.



Finely divided quartz of about 75q diameter was used 
as diluent for the CaO, and therefore of the Ca(0H)2, 
in order to represent the drilled aggregate from 
mortar and concretes.

The results show that, using a variety of heating 
rates, sample and crucible sizes, and differing 
concentrations of Ca(0H)j in the samples, over 90% 
of the Ca(0H)2 present was converted into CaCO,. A 
heating rate of 3°C/min was selected in order dthat 
the exposure time of the CafOHJj to carbon dioxide 
should be as long as possible within a normal 
working day. "

The results obtained using the Portland cement:sand 
mortars are shown in Fig.2. The samples were 
prepared by drilling holes to the centre of the 
cubes and were analysed immediately without any 
further treatment. The thermo-analytical conditions 
were the same as those described above. Fly ash 
was used as a replacement for some of the Portland 
cement in the mortars since it was known that over 
short periods of time at 20°C there was no 
noticeable reaction between the calcium hydroxide 
formed on hydration of the cement with this 
particular fly ash (4). There was an additional 
advantage in that the partjcle size distribution 
of the fly ash was similar to that of the cement 
which it was replacing.

All of the results shown in Fig.2 were obtained on 
11 day old mortars and have been corrected for the 
loss on ignition arising from the fly ash. They 
show that the amount of Ca(0H)2 found was directly 
proportional to the Portland cement content of 
the mortars, and that the carbonation method is 
suitable for monitoring such systems.

DISCUSSIONS AND CONCLUSIONS

Although the results using pure Ca(0H)2 have not 
shown 100% carbonation, no attempt has been made to 
multiply the amount of Ca(0H)j found in hydrated 
Portland cements by an appropriate factor. It is 
felt that the particle size distribution and surface 
area of the Ca(0H)2 present in hydrated cements is 
likely to be different, and probably much smaller, 
than that produced in the experiments starting with 
CaO. It is therefore probable that the percentage 
carbonation of the Ca(0H)2 in hydrated cements will 
be greater. However, even if this should be proved 
to be not so, the method offers a way of estimating 
more than 90% of the Ca(0H)2 present, and, moreover, 
one in which a mass change is involved and one 
where no pre-treatment of the samples is necessary. 
The method should be compared with the others that 
are available, with their inherent difficulties, as 
described in the introduction. Estimation, by the 
ethylene glycol extraction method, of the amount of 
Ca(0H)2 present in the mortar samples always gave 
variable results which were much higher than those 
obtained by this carbonation method as soon as the 
extraction time exceeded one hour.

It should be noted that this method relies on the 
unreactivity of hydrated calcium silicates and 
al uninates to gaseous carbon dioxide under the 
experimental conditions used. It was found during 
the development of the method that the results with 
freshly drilled pastes and mortars were not as 
reliable if the carbon dioxide werd added before 

most of the water was removed. The results using 
the technique described imply that the amount of 
reaction of the hydrated calcium silicates and 
aluminates is very small. Further work on this 
aspect is in progress. However, whatever is the 
outcome of these experiments, the carbonation method 
gives a ready way of following the changes that 
occur in systems containing hydrated Portland 
cement over periods of time and temperature (4).
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Results obtained from the carbonation of CaCOHjg
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1.25 A 0.4378 0.3371 0.5785 0.327 0.5505 95.2

1.25 B 0.0869 0.0996 0.1176 0.1148 0.0632 0.1064 92.7

3 A 0.4241 0.4380 0.5592 0.5604 0.314 0.5287 94.3

3 B 0.0781 0.1533 0.1153 0.1032 0.0557 0.0938 90.9

3 A 0.3843 1.1760 0.5181 0.5078 0.277 0.4664 91.8

3 B 0.0788 0.4937 0.2901 0.1041 ■ 0.0583 0.0982 94.3

4.5 A 0.3988 0.4434 0.4297 0.527Ö 0.279 0.4697 89.1

TABLE 1

FIG. 2. Ca(0H)2 present in cement.-sand 
mortars after 11 days at 20°C

Internal dimensions Crucible Type A Crucible Type B
height 23 mm 18 mm
diameter of base 14 mm 10 mm
diameter of top 19 mm 14 mm
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weight 
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Hydration and strength of a-, a'- and ß- dicalcium 
silicates stabilized with Na-AI, K-AI, Na-Fe and K-Fe

Hydratation et resistance de a.-, a'- et ß- di calci um silicates 
stabilises par Na-AI, K-AL Na-Fe et K-Fe

Kazutaka SUZUKI, Dr. Professor, Department of Inorganic Materials, Nagoya Institute of Technology, 
Suketoshi Ito, Sumio Shibata and Namitsugu Fugii, Japon.

RESUME : L'Stude a port6 sur 1'bydratation et la resistance ä la compression des diverses for
mes cristallines du C„S, stabilisäes ä l'aide de Na et Al(Na-Al), K et Al(K-Al), Na et Fe 
(Na-Fe) et K et Fe (K-Fe).

Dans les sSries comportant la substitution Na-Fe et K-Fe, les phases a et ß cristallisent 
separSment, mais la phase a' est accompagnäe de la phase« . Dans les series comportant la 
substitution Na-AI et K-Al, seules les phases «' et ß se sont formöes.

GSneralement lors de 1'hydratation de ces phases polymorphiques, de petites quantit^s de 
CatOH)- se forment en m6me temps que des feuillets de silicate monocalcique hydrate (C-S-H). 
Dans les phases comportant la substitution alcali-Al, il se forme beaucoup moins de Ca(0H)_ et 
de C-S-H.
La resistance des mortiers prepares avec les phases comportant la substitution K-Fe est sup6- 
rieure ä celle comportant la substitution Na-Fe. La phase a stabilisäe avec K-Fe a une resis
tance notablement plus grande que celle des phases «' etß et qui s'approche de celle des ci- 
ments portland.
Dans les series comportant la substitution alcali-Al, on n'a pas obtenu de resistances trbs 
61ev6es. On a mesur6 les variations en fonction du degr6 d'hydratation, de la resistance ä la 
compression de la phase a cuite ä 1360, 1440 et 1520°C. Les points sont pratiquement align6s 
sur une meme droite, ce qui montre que ces phases ont le m6me processus d'hydratation. Cepen- 
dant, les points correspondant ä la phase a avec substitution K-Fe, et cults ä 1360 et 1440°C, 
et ceux correspondant ä la substitution Na-Fe cuite ä 1360°C sont situes hors de cette ligne. 
Ceci montre que 11hydratation de ces produits suit un processus different.
Lors du frittage ä 1360 ou 1440°C, le matSriau intersticiel qui se forme autour des cristaux 
de C2S est instable. Les ions Caz +’ et les ions alcalins, de cette phase, se dissolvent rapi- 
dement dans 1'eau et donnent une haute resistance dbs le ddbut de 1' hydratatiop.

SUMMARY : The hydration of dicalcium silicate polymorphs stabilized with Na and Al (Na-AI), K and Al (K-Al), Na 
and Fe (Na-Fe), K and Fe (K-Fe), and their compressive strength were investigated.
In the Na-Fe, K-Fe substituted series, the a and ß phases were crystallized as a single phase but «'-phase accom
panied «-phase. In the Na-AI, K-Al substituted series, only «' and ß-phase were formed.
Generally tn the hydration of these polymorphs, small amounts of Ca(0H)2 were formed, together with foil like 
calcium silicate hydrate (C-S-H). In the alkali-Al substituted modifications, far less of Ca(0H)2 and C-S-H were 
formed.
The strengths of mortars prepared with the K-Fe substituted phases surpassed those of the corresponding Na-Fe 
substituted phases. The «-phase stabilized with K-Fe exhibited compressive strength markedly higher than those 
of «' and ß-phases and approached those of portland cement mortars. In the alkali-Al substituted series the ef
fective compressive strength was not expected.
Compressive strengths versus hydration ratios were plotted in a figure for the «-phase burned at 1360, 1440 and • 
1520 °C. Almost the all of the plotted points formed a straight line and this showed that these phases had the 
same hydraulic process. But the plots of K-Fe substituted «-phase burned at 1360 and 1440 °C and of Na-Fe substi
tuted «-phase burned at 1360 °C stood off this line. This shows that the?e phases hydrate with different process. 
In the sintering process at 1360 °C or 1440 °C, the interstitial material was formed in unstable around the C2S 
crystal. Ca2+ or alkali ion dissolved in water quickly from this phase and gave high strength in the early hydra
tion time.



INTRODUCTION
Dicalcium silicate (CgS) hydrates via the'same mecha
nism as 0335105. However, it is thought that the 
higher temperature polymorphs exhibit greater hydrau- 
11 city than the lower temperature polymorphs because 
their free energies are larger. The influence of 
polymorphs on hydraulic activity and strength has 
been discussed in several papers. Boikova et al. (1) 
investigated the effect of PgOg; a-C2S containing 14 
% SCaO-PzOs was found to have greater hydraulicity 
than B-CzS. Gutt and Osborn (2), who studied the 
strength of a'- and B-C2S stabilized with K2O, found . 
that the strength of a'-C2S containing 3.6% K2O sur
passed that of B-C2S containing 2.1% K2O. Bikbau (3) 
investigated the hydraulicity and strength of a-, a'- 
and B-CgS in which Ba was substituted for Ca; the 
«-phase exhibited the greatest compressive strength. 
Jelenic et al. (4) reported that the degree of hydra
tion and compressive strength of B203-substituted a-. 
CgS were greater than those of B-C2S when al it was 
contained. In these studies however, the additional 
stabilizer was limited to only one component. The 
authors studied the hydration and compressive 
strength of cements composed of a-, a'- and B-C2S 
stabilized with Na and Fe (Na-Fe), K and Fe (K-Fe), 
Na-Al (Na-Al), K and Al (K-Al).

EXPERIMENTAL PROCEDURE
Assuming that Na or K is substituted for Ca, and Fe 
or Al for Si, the crystal chemical substitution of 
each atom was carried out, and the ratio of Ca + Na 
or K : Si + Fe or Al was always fixed to 2:1.
The mixtures were prepared from crushed quartz (99.9% 
), CaCO3 (99.9%) and the additives (Na2C03, K2CO3, 
AI2O3 and Fe203), and pressed into small cylinders 
(20mm diameter x 20mm height), burned at 1360, 1440 
and 1520°C for 30 min. in a SIC furnace and quenched 
in air. The clinkers were crushed and powdered to a 
fineness and other compounds were examined by X-ray 
diffraction.
One part was used to make pastes having a water 
cement ratio of 0.36, another was mixed with silica 
sand to make 1:2 mortars, kneaded with water and 
shaped into rectangles 2x2x8 cm in size. The quantity 
of added water to mortars necessary to have identical 
flow was decided by a improved way that followed the 
standard method using Vicat Tester. In this way the 
water cement ratio was fixed between 0.62 and 0.65. 
The compressive strengths were measured at suitable 
intervals of curing. Each ten pieces of mortar were 
tested and averaged their data. Simultaneously the 
hydration products of pastes and their microstructural 
characteristics were also examined by X-ray diffrac
tion and scanning electron microscopy. The dispersion 
of additives into interstitial material or C2S crys
tals was examined by X-ray micro analysis.
To investigate the hydration process of the C2S poly
morphs, the mixtures of each phase with 10% of quartz 
were blended, and moulded into 2x2x8 cm with water 
cement ratio of 0.36. These test pieces were cured 
for one day at 90% relative humidity and thereafter 
in water at 20°C. The quantitative X-ray diffraction 
was tested at the ages of 7, 14 and 28 days. The 
degree of hydration was determined by applying

It / Iqt 1 .
—--------------  I — at

- ’ /o / Iqo

Iq, It Intensity of analytical diffraction 
of C2S in the original and after 
hydration time t. The diffraction

IqO’Iqt

“t

400, 130 and 110 lines were used for 
a-, a.'- and B-phase respectively. 
Intensity of 101 diffraction of 
quartz in the original and after 
hydration time t.
Degree of hydration of C2S at hydra
tion time t.

RESULTS
Synthesized Products The ranges where each poly
morph is stable are shown in Fig. 1. In the Na-Fe, K- 
Fe substituted series, the a-phase was easily crystal
lized as a single phase in an extensive substituted 

"amount of Na or K and Fe by quenching from above 1360 
°C. The «-phase was formed at above 1440°C, always 
accompanied by a-phase. The B-phase was formed in 
smaller substitution range at above 1440°C, and in 
the composition in which Na or K was substituted above 
0.13 mole, K2O-23CaO-12SiO2 or Na20-3Ca0-2SiO2 was 
crystallized, in the composition in which only Fe was 
substituted, y-phase was formed and after that CaFeO4 
was formed with Fe increasing.
In Na-Al and K-Al substitution, the a-phase did not 
form in any burning temperature, but «- and B-phase 
were crystallized at above 1440°C, accompanied by a 
small quantity of 3Ca0-A1203. In Na-Al series, Na20- 
SCaO-SA^Oq was formed in the composition where larger 
Na was contained.
The samples for the experiment were adopted from these 
ranges as shown in Table 1.

^2l'3^2A^! ^2^23^12rbri'

0 0.10 0.20 tt30 0 0.10 020 030

burned at:------  1360°C------- 1440°C------  1520°C

Fig. 1 - Substituted range of Na or K and Fe or Al to 
stabilize «-, a'- and B-phase. Symbol was used as 
follows:- N2C3S2: Na2O-3CaO-2SiO2, K2C23S12: K?0-23 
Ca0-12Si02, N2C0A3: Na20-8Ca0-3A1203, CF: CaFe04,and 
C3A: 3Ca0-Al203°



Table 1 - Compositions of mixtures

Sampl e 
designa
tion

Composition Phases 
formed

Heating 
tempera- 
ture(°C)

Na-Fe-a

Na-Fe-aa'

Na-Fe-ß

K -Fe-a

K -Fe-aa'

K -Fe-8

Na-Al-a'B

Na-Al-B

K -Al-a'B

K -Al-B

Ca1.75Na0.25Sl0.75,:e0.25O4

Ca1.75Na0.25Sl0.85Fe0.15°4

Ca1.85Na0.15Sl0.90Fe0.10°4

Cal.75K 0.25Sl0.75Fe0.25°4

Cal.75K 0.25Sl0.85Fe0.15°4 

Ca1.85K 0.15S1'o.90Fe0.10°4 

Cal.75Na0.25S10.75A10.25°4 

Ca1.85Na0.15S10.85A10.15°4

Ca1.75K 0.25Sl0.75A10.25°4 

Ca1.85K 0.15S10.85A10.15°4
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Q
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1520 
1440 
1360 
1520 
1440 
1520 
1440 
1520 
1440 
1360 
1520 
1440 
1520 
1440 
1520 
1440 
1520 
1440 
1520 
1440 
1520 
1440

Hydration Products Characteristically, early 
hydration of portland cement results in crystalli
zation of fairly large amount of Ca(0H)2, together 
with a small amount of calcium silicate hydrate (C-S- 
H). In the hydration of C2S, however, only small 
amount of Ca(0H)2 was formed. The hydration ratio was 
shown in Fig. 2.

burned at:------  1360°C------- 1440°C-------  1520°C

Fig. 2 - Change in hydration ratio of the polymorphs 
by their burning temperature.

In the Na-Fe and K-Fe substitution, the hydration 
ratio of a-phase was greatly changed by burnjng tem
perature, and the lower the burning temperature was, 
the more rapfdly the hydration proceeded forming much 
Ca(0H)2 and foil like C-S-H. The hydration ratios of 
Na-Al and K-Al substituted series, were generally low 
and far less amount of C-S-H was formed.

Compressive Strength The 1 : 2 mortars were pre
pared in accordance with the Japanese Industrial 
Standard, and their compressive strengths were tested. 
The results were shown in Fig. 3.

burned at:------- 1360°C-------- 1440°C------ 1520°C

Fig. 3 - Changes in compressive strength of each 
phase with curing time.

The a-phase exhibited compressive strength markedly 
higher than those of a' and ß-phase. Also, the 
strength of it stabilized with K and Fe surpassed 
that of the corresponding Na-Fe substituted phase. 
The effects of burning temperature on the strength 
were clearly characterized as the better development 
of strength in the lower temperature burning. But the 
Na-Fe substituted phase burned at 1440 and 1520 °C 
showed especially slow hardening corresponding to the 
low strength development. In the Al substituted 
series, effective compressive strengths were not 
expected, as will be discussed later.

Compressive strengths versus hydration ratios were 
plotted for Na-Fe and K-Fe substituted a-phases as 
shown in Fig. 4. Two lines were formed with different 
inclinations. The a-phases burned at lower temperature 
exhibited a rapid development of early strength within 
7 days, while the other a-phases showed a slow harden
ing and low strength in this period. Their different 
hydration ratios will probably be caused by their 
phase structure as will be discussed later.



Hydration ratio (%)

Fig. 4 - Compressive strengths versus hydration ratio 
for a-phases.

DISCUSSION
As was shown in Fig. 1, the a-phases were crystallized 
when about the same molecules of alkali and Fe were 
substituted for Ca and Si respectively. We could not 
get a' as a single phase, it accompanied a when com
paratively much of alkali was substituted. It is sup
posed that this phase has a continuous solubility with 
K2O-23CaO-12Si02 or Na20-3CaO-2S102, but we need more 
investigation hereafter. The B-phase crystallized at 
the range where far less quantity of alkali or Fe was 
contained and also where only alkali was substituted 
to Ca (%0.13 mole). When only Fe or Al was substituted 
for Si in low quantity, B and y-phase were formed. But 
in high quantity of Fe, a-phase and CaFeCty were pro
duced, and in high quantity of Al, ß-phase and 3CaO- 
AI2O3 were produced.
The components that composed C2S crystal were quanti
tatively analyzed with the technique of X-ray micro 
analysis. Consequently each component was uniformly 
distributed in Na-Fe and K-Fe substituted series. 
Table El shows the results on the samples burned at 
1360 °C.

Table IE. - Compositions of each phase calculated from 
the analyzed data by X-ray micro analysis. The oxygen 
was added assuming (Ca, Na or K)O/(Si, Fe)02 = 2.

Phase 
produced Composition

a Cal.80Na0.18S10.82Fe0.17°4
a, a' Ca1.81Na0.21S10.89Fe0.12°4
B Cal.87Na0.11 S10.95Fe0.06°4
a Ca1.80K O.l9S1O.87FeO.l8°4
a, a'* Ca1.79K 0.22S10.88Fe0.11°4
B Ca1.88K 0.12SlO.94Fe0.C8°4

Comparatively great decreases of alkali and Fe were 
observed in a or a'-phase. Some of them moved into the 
liquid that was formed around C2S crystal as an inter

stitial phase and other alkalis vaporized in the burn 
ing process. On the vaporization of alkalis, we will 
investigate hereafter in relation to the manufacturin' 
procedure.
In the Na-Al and K-Al substituted series, none of the 
a-phase was formed and a'-phase was always accompaniec 
by B. The distributions of alkalis and Al in a' and ß- 
crystal were not constant and we could not determine 
the composition.
Lattice lengths of a-C2S were measured by X-ray dif
fraction as shown in Fig. 5. In the Na-Fe substitution 
a and c axis increased as Na and Fe were substituted.

of

■90.30
□ 5.44

■a

0.20

5.42
7.06

5.42
7.07

5.44
7.03

5.44
7.03

5.42
7.06

ion size of Na 
from the point

■o
5.44
7,04

only a axis increased by 
axes of Na-Fe substituted 

substituted, not cor
and K. This must be 

crystal chemical

■a--------
5.41
7.07

'o
•a

but in the K-Fe substitution 
substituting K for Ca. The c 
a were larger than those of K-Fe 
responding to the 
studied hereafter 
investigation.

0.2 0.3
Substituted Fe (mole) 

(up: a axis, down: c axis)

5.44
7.05 

—o
5.11
7.38

5.112
7.38

0

Fig. 5 - Change in lattice lengths of a-phases with 
the substitution range. Samples were burned at 1360°C.

Any change in the lattice lengths was not observed 
when the burning temperature was changed. This fact 
means that the substituted quantity of additives will 
not change by burning temperature, then the lattice 
strains of them are the same. The lattice strain was 
investigated from the line broadening as shown in Fig. 
6. Four reflection of 102, 110, 201 and 202 were used 
for the calculation, and the change of B-cos8/X xlO* ’ 
with sin6/X was plotted for a-phases burned at 1360, 
1440 and 1520°C. The lattice strains of K-Fe-a are 
slightly larger, however, no great changes of their 
strains by burning were observed.

Fig. 6 - Lattice strain profile of Na-Fe and K-Fe 
substituted «-crystal. e:lattice strain, Bireflection



angle, X:wave length, ß:breadth of diffraction profile.

From these investigation, it is clear that the hydra
tion and the strength were greatly affected by the 
hydraulicity or solubility of interstitial phase.
When K-Fe and Na-Fe substituted «-phase were crystal
lized at low temperature (for the former, at 1360 and 
1440 °C, and for the latter, at 1360 °C), the liquid 
phase coagulated around these crystals in unstable 
and the dissolution of Ca, SiOg and other components 
into water takes place, immediately after contacting 
with water as shown in Table IV. The analysis of Ca 
and 5102 dissolved in water was proceeded as follows. 
The dispersed solution was obtained by stirring 2g of 
CjS with 10 ml of water. After continuing the stir
ring for 5 and 20 minutes, the filtered solution was 
analyzed. Ca ion concentrations were determined by 
titrating with ethylene diamine tetraacetic acid (ED 
TA). Soluble SiOo was estimated colorimetrically, 
using reduced silico-molybdic acid. .

Table 1Z - Ca and 5102 dissolved in water from a-C2S 
pastes

Sample 
desig
nation

Burning 
temper
ature (°C)

Dispersed 
time (min)

Ca 
mmole/g

Si02 
mmole/g 
xlO-l

Ca/Si02

K-Fe 
-a

Na-Fe
-a

1360

1440

1520

1360

1440

1520

5
20

5
20

5
20

5
20

5
20

5
20

5.86 
2.61 
3.46 
1.45 
2.71 
0.80
1.40 
0.95 
1.05 
0.80 
1.05 
0.70

■ 0.67 
1.00 
0.78 
1.33 
1.67 
1.34 
1.34 
1.34 
1.67 
1.64 
2.45
2.22

• 88
26
44
11
16
6.0

10
7.0
6.3
4.8
4.3
3.2

The hydration of a crystal and the hardening were 
accelerated by their dissolution and affects the high 
development of strength. This is also clearly under
stood from Fig. 4.
The hydration products were observed by electron 
microscopy. In the all of this series the foil like 
crystal was observed, and its quantity corresponds 
approximately to their compressive strengths.

CONCLUSION
In the Na-Fe and K-Fe substitution, the a-phase could 
be stabilized easily, but in the Na-Al and K-A1 sub- . 
stitution, only a' and 6 phases were crystallized..
The a-phase exhibited high compressive strength and 
hydraulicity, and the strength of K-Fe substituted 
a-phase surpassed others as shown in Fig. 3 and the 
effects of their burning temperature were character
ized as the better development of strength and hydrau
licity in the lower temperature burning.
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Durcissement du ciment ä des temperatures 
au dessous de zero

Cement gardening under below zero temperature
S.A. MIRONOV, professeur, docteur de sciences techniques, chef du laboratoire,
1.1. KOURBATOVA, candidat de sciences chimiques, collaborateur scientifique superieur,
O.S. IVANOVA, candidat de sciences techniques, collaborateur scientifique superieur,
S.A. VYSSOTSKY, candidat de sciences techniques, collaborateur scientifique superieur,

Institut des Recherches Scientifiques du Beton et du Beton Arme (NUZhB), Gosstroy, URSS.

RESUME : Par un ensemble de methodes d'analyse physico-chimique, y compris la determination 
de la composition de la phase liquide, sont 6tudi6es : les caractdristiques de'11hydrata- 
tion du ciment, la composition et la cinätique de cristallisation des formations nouvelles, 
les transformations de phase de 1'eau et le durcissement ä des temperatures au-dessous de 
zero. On peut noter une influence favorable sur les proprietds du ciment durci, d'une eure 
präalable ä des temperatures au-dessus de zdro, avant la conqdlation.

L 1 introduction d'adjuvants-61ectrolytes reprdsentant la combinaison de deux ou trois sels, est 
un proeddd efficace de 1'intensification du durcissement des ciments sous les temperatures au- 
dessous de zero. Non seulement ils rdduisent la quantitd de glace, mais par le changement de 
la composition, du pH et de la force ionique de la phase liquide, ils accdlbrent l'hydrata- 
tion des composants siliceux du clinker. Ils assurent aussi une cristallisation intensive de 
l'ettringite dans les dtats initiaux et protfegent contre le ddveloppement des processus des- 
tructifs pendant le durcissement ultdrieur.

SUMMARY: Peculiarities of cement hydration, composition and kinetics of crystallization in 
new formations, phase water transformation and hardening under below zero temperature hate 
been studied by complex of methods for physicochemical analysis, including investigations 
of liquid phase composition. Favourable effects of cement stone precuring under above zero 
temperature before freezing on its properties have been noted.
Effective method of cement hardening intensification under below zero temperatures is the 
introduction of electrolyte admixtures, representing combination of two or three salts. 
They do not only decrease the quantity of ice but accelerate hydration of Silikate component 
of clinker, changing composition, pH and ionic force of liquid phase as well as they ensure 
intensive crystalization of ettringite on early stages that prevents development of destruc
tive processes in forther hardening.



Les problemes concernant le äurcisseinent 
du beton.soumis ä des temperatures au-des
sous de zero, sont trea actuels et signi- 
fiantS'POur la construction durant toute 
l’annee y<I,2/. Nous avons e'tudie' l’hydrata- 
tion cone'tique du ciment et les transforma
tions de l'eau-en phases, de meme que le 
durcisaoaent du ciment et du beton avec ou 
sans les diffe'rents anti-gel, pour les bas
ses temperatures. Ces recherches avaient 
pour but d1 studier le changement cin^tique 
dans la composition de la phase liquide et 
la .capacite de silicate tricalcique a se 
hydrater - tout cela est par la methode 
analytique aux rayons X, de meme que la 
teneur en eau d’hydratation et en Ettrin
gite - par les me'thodes chimiques.
Le dEcroissement de la temperature provo- 
que une rEduction de la capacitE d’hydra
tation du ciment. L’hydrstation et le dur- 
cissement du ^iment k des tempEratures au- 
dessous de zero sont les fonctions direc
ts s de sa teneur en eau non—congElEe. A des 
basses tempEratures au-dessous de zero et , 
proches a 0°C,Al*hydratation  du ciment est 
ralentie. A l’age de 28 jours, lorsque la 
temperature Teste an meme niveau (-2°C), 
les 28J& de silicate tricalcique se trou- 
vent dejä. hydratEs. L’abaissement ultErieur 
de la temperature jusqu’ä -5°C provoque un 
brusque decroissement du degre d’hydra
tation de CjA (et cette valeur n’est egale 
qu’a 7,6%). Pour les temperatures entre 
-IO°C et -20°C toute la quantitE de silica
te tricalcique raste pratiquement non—hyd
ratEe (Tableau I).

TABLEAU I
Hydratation du ciment portland a des tempe
ratures au-dessous de zEro

DurEe d’ex
position ä 
*20°C avant 
la congEla
tion (condi
tions norma
les)

t°C

. DegrE 
d’hydra
tation 
de C3A, 
en %

Teneur en 
eau d’hyd
ratation , 

%

0 -2 26 4,05
0 -5 7,6 1,48 .
0 -10 2 1,63
0 -20 2 0,64
3 -20 3 0,60
6 -20 7 0,99

12 -20 21,5 3,55
24 -20 30 4,63
72 -20 42 6,49

Hemarquet Eprouvettes exposees au gel 
jusqu’a 28 jours d’age et essa- 
yEes immediatement avant le de
gel.

L’exposition prealable de la pierre de^ci- 
ment ä. des tempEratures au-dessus de zero 
etant favorable pour l’hydratation subsE— 
quente, toutefois celle-ci ne permet pas

d’intensifier essentiellement-ce processus.
Une amelioration qualificative peut y etre 
obtenue par addition des anti-gel dans le 
bEton, dont le r&Le pour'l’abaissement de 
la temperature de congElation d’eau dans 
les pores est bien connu. A titre de ces 
anti-gel, comme le cl-erure et le-nitrate de 
calcium, le nitrite de sodium et-autres ad
juvants, sont de plus en plus repandus les 
compositions qui comprennent un certain 
nombre de sels ä savoiri le nitrite-nitrate 
de calcium (NNK, ici et ailleurs - abrEvia- 
tion russe) , le nitrite-nitrate-clbrure de 
calcium (NNKhK) et d’autres. Lefclorure, 
le nitrate et le nitrite de caloaum, aussi 
bien que les adjuvants complexes, fabrique's 
sur leur base (NNK et NNKhK), sont les ad
juvants & l’effe't polyvalent, dont l’action 
consiste non seulement & abaisser la'tempE- 
rature de congelation de la phase liquide 
dans les pores, mais ä favoriser 1’accElE- 
ration d’hydratation du cirnqut, Anfluenqant 
sur les composants du clinker, -tels comme 
les silicates, les aluminates et. les alumo- 
fErrites. Avec ces derniers, ils forment 
les compositions de type de seis- doubles 
/5-5/. Leur influence sur la composante de 
silicate, se manifestant en sa. plus parfai- 
te solubilitE, en accElEration de vitEsse 
d’hydratation, en transformation de la mor
phologic et du dEgrE de polymerisation 
d’hydrosilicates /6-?/, est conditionnee, 
en premier lieu, par le changement de va
leur de pH et de force ionique dans la pha
se liquide. La prEsence des sels modifie la 
composition de la phase liquide et la va-^ 
leur de saturation supErflue par rapport a 
des phase initiales d’hydratation, ce qui 
miee, reciproquement, a un changement de la 
cinEtique de formation de leurs cristaux et 
d’ettringite tout d’abord.
L’addition du NNKhK en quantite de 5% du 
poids du ciment ä +20°C provoque un abais- 
sement de pH et une ogmentation, pour un 
ordne de valeurs, de la force ionique dans 
la phase liquide, par rapport au systems 
sans ledit adjuvant. Ou observe l’hydrata
tion ^accrue du ciment, ce qui peut etre con
firme par le caractere mSme des courbes ci- 
nEtiques Cca2+ (V) et Cr + (T) - fig. I.
La montee brusque de la courbe einetique 
Cr + ('£') temoigne que la dissolution des 
grains de clinker passe plus activement, de 
meme que le decroissement rapide de la co
urbe Cna2+ (2T), ainsi que l’absence de po
ints d’extremum sur la courbe caractErisant 
le ciment portland, tbmoignent la formation 
intEnse des cristaux dans les phases conte- 
nant le calcium /5Z. Les courbes analogues, 
caracterisant la pate avec addition du 
NNKhK, durcie a —5°C, sont moins inclinees. 
Cette allure de courbes cinEtiques, tout 
aussi comme les renseignements sur la cinE
tique de contenance d’eau liEe, dont la te
neur angmente^continuelement avec le temps, 
allant jusqu’a 9% dans 12 heures, tEmoigne 
^ue l’hydratation passe au-r-fiMmment vite 
a des temperatures au-dessous de zEro.



Fig. I - Modification en composition de la 
phase liquide pandant 1'Hydratation du ci- 
ment ä +20°C et a -5°C.
1,2 et 3 - sans adjuvant, a 20°C; 
*»516,7,8 et 9 - avec adjuvant de NMKhK a 
20OC;
10,11,12,13,14 et IS - avec adjuvant de 
NNKbK ä -50c.

L*addition  du NNKbK influe sur la formation 
cindtique des cristaux doubles ä des tempe
ratures au-dessus aussi bien qu'au-desspus 
de zero. La presence de chlorures, des nit
rates et de nitrites de calcium intencifie 
la formation d*ettringite  (CgASjHjg) au Ino- 
meat initial. Dans 10 min apres le gachage 
ä +20°C, h peu pres de 75% de gypse se 
trouvent lies en La formation
des cristaux d*ettringite  se termine prati- 

quement vers 2 h, lorsqu’il revolt 83% de 
gypse,en mSme temps que la formation de 
6,85% de CgASjHjg a ®u lieu. Four la mäme 
periode on peut voir que la courbe cineti- 
que CgO#- (Z")xpresente une allure de chute 
correapondant ä la disparition du gypse de 
la phase solide. Comme on a deja mentionne 
ci-dessus, le caractbre brusque de la cour
be C0a2 * (T-) depend de la formation abon- 
dante des cristaux d*ettringite.  Dans la 
suite, la teneur en CcASjHzg ne s’augments 
point mais presente meme une tendance ä se 
diminner (4% dans 24 h et 2,78% dans 7 jo
urs). Pandant 1* Hydratation du ciment port
land exempt du NNKHK la teneur d*ettringite  
croit continsiellement et dans 2,6 et 24 h 
correspond ä 3|6; 5,5 et 8,5%.
La formation d’ettringite dans la pä.te avec 
addition de CaC12, Ca(N0p)2 et de NNKHK, 
dont le durciasement a lieu a la temperatu
re de -5°C, touche k sa fin pendant les 
premiers heures aprfes le gachage. La teneur 
en ettringite dans ce cas pratiquement ne 
change pas avec le temps, ce qui assure le 
non-d^veloppement des processus de'structifs 
pour le compte de la cristallisation d’et
tringite secondaire. L*addition  de nitrite 
de sodium n’acc^l^re pas 1* Hydratation et 
n’intensifie pas la formation d*ettringite  
au pSriode initial (Tableau II).

TABLEAU II
^uantitd d'ettringite pendant 1* Hydratation 
du ciment avec adjuvants« CaClp - 5%, 
CaCNOp)? - 5%, NNKhK - 3%, NaNU2 - 5% a 
T = -5°c

Temps, 
h

Pourcentage d’ettringite correspon- 
dant ä 1* adjuvant de

C&Cl.^ Ca(NO2)2 NNKhK NaN02

I *,1 6,0 6,2 2,4
2 5,8 6,2 6,2 2,4
4 5,8 6,3 5,8 3,5
6 5,8 6,0 5,8 5,1
8 5,1 5,9 5,9 ' 4,0

12 5,1 6,3 6,0 4,0
16 5,0 6,3 5,7 4,2
24 5,5 6,4 5,3 4,4

Les chlorures, les nitrates etzles nitrites 
de calcium non seulement n’accel^rent la 
formation des cristaux d’ettringite, mais 
aussi participent eux-mSmes dans la forma
tion des seis doubles, qui sont les ^l^ments 
de baze pour la formation de la structure 
lors de durcissement, ce qui est confirm^ 
par la concentration d^croissante des iones 
corr^spondants dans la phase liquide, ainsi 
que par leur presence dans la phase solide. 
Le plus fort ddcroissement de cette concen
tration conforme ä. une phase liquide de 
chlorures, tandis que le d^croissement moins 
prononce correspond aux nitrates et finale- 
ment - aux nitrites, lorsque celui devient 
presque nul. Dans 24 h, en tenant compte de 
la temperature, de 40 a 60% de chlorures 
peuvent passer en phase solide. L’eloigne-



aeht de telle grande quantite dtions de 
calcium et de chlorures horaode cette phase 
ne se trouvant point undemnise par son en- 
richissement, pandant/l,hydratation, ä 
l’e'gard des ions de metaux alcalins et d1 
hydroxil, la temperature de congelation de 
la phase liquide montre une haussej toute- • 
fois celle-ci ne meme pas ä des consequen
ces graves et nefastes,- pares que, dans le 
bdton frais, additionne' de tels produits, 
il exists deja vsrs 1s moment donne la pi
erre de ciment, caracterisee par une struc
ture capillaire, suffisamment compacte et 
fine, ce qul favorise le decroissement de 
la temperature de congelation de la phase 
liquide.
Cette temperature, dans le cas d*addition  
de nitrite de sodium, rests pratiquement 
sur le mSme niveau, la concentration de cal- 
ui-ci restant inchangable. L’eloiguement 
des nitrites hors de la phase liquide,lors- 
qu'ils sent lies aux seis doubles, sera com- 
pens^ par leur concentration toujours cro
issants, tout cela pour le compte de la vo
lume d^croissante de la phase liquide pen
dant 1’hydratation. Ainsi, I’effet favorab
le du NaKOo, utilis^ comma adjuvant dans le 
ciment et dans le beton durcissants, est-il 
confitionnd g^n^ralement par un abaissement 
de la temperature de conge'lation de la pha- • 
se liquide, assurant I’effet d’hydratation 
au gel d’un cSt^ et les des destructions 
moins prononcees de la structure de 1* aut
re, celles-ci etant conditionnees par la 
transformation d’une partie de I’eau en 
glace. Quant & la formation de la structure 
avec les seis doubles sur base du NaJSOg, 
leur role rests secondaire.
Les etudes des transfonnations a phases de 
I’eau pendant latcongelation du bdton, r6- 
alisees par la methode analytique de calo
metrie, ont demontre' que 1’utilisation des 
anti-gel favorise la reduction considerable 
en quantity et en quality de^la glace dans 
le beton et participe aussi ä une modifica
tion de la vitesse de congelation. Comme 
les courbes I et 4 le montre (fig. 2), les 
batons et la pate de ciment exempts d’adju
vant NNKhK et sonmis A 1’action de gel^e 
immediatement apr6s la confection, se cara- 
cterisent par la congelation pratiquement 
complete de la liquide dans les pores, lors- 
que la temperature est an-dessous de -4°C.
La teneur en glace dans les eprouvettea de 
beton avec addition de 5% de NNKhK du poids 
de ciment, sonmis a I’action de geiee imme'- 
diatement apres la confection (courbe 2), 
est egale a 72%. L’exposition prealable du 
beton a des temperatures auxdessus de zero 
provoqlie une diminution supplementaire de 
la quantite de glace. Ainse, apres 24 h de 
1’exposition avan la congelation des epron- 
vettes (courbe 5),xla teneur en glace u’eta- 
int-elle egale qu’a 27%.
L*addition  du NNKhK est capable k influen
cer essentiellement sur la modification ci- 
netique de teneur en glace dans le be'ton. 
Si pendant 1* exposition an gel de la pSte 
de ciment on du beton exempts d’adjuvants, '

Fig. 2 - Quantite de glace dans le beton 
apre's 28 jours de congelation a T = -5°C.
I - beton saus adjuvant} 2 - beton avec 5% 
du NNKhK; 5 - idem, congeld dans 24 h; 4 - 
pate normale, sans adjuvant, congelation 
immediate.

la teneur en glace ordinairement est aug- 
mentee,^1‘addition du NNKhK fait une sen
sible reduction de glace avec le temps. De 
meme, la teneur en glace dans le beton saus 
adjuvants, sonmis ä temperature de -2°C 
etait egale a 87% dans 24 h et a 98% a 
1’age de 28 jours. Les resultats de 1’Inge
nieur N.DOMACHEVSKI montrent, qu’avec addi
tion du NNKhK 1’augmentation considerable 
de teneur en glace ne pent avoir lieu que 
durant les premiers jours de durcissement 
au gel, aprds quoi la vitesse de ce pheno
mane se trouve sendiblement r^duite et dans 
28 jours cette teneur diminue de 22% (fig.5, 
courbe 3).
On pent voir la chose ä la temperature de 
-5°C, mais dans ce cas la diminution de la 
teneur en glace ^tait e'gale ä 12%. Ces 
renseignements temoiguent que I’hydrstation 
du ciment avec adjuvant passe d’une manii- 
re intense, de mSme que les ph^nomSnes de- 
structifs, causes par la transformation de 
I’eau a phases, sont moins prononces, ce 
qui assure, en somme, le durcissement plus 
intense du beton par temps froid.
Les recherches presentes ici et ayant pour 
but d’etudler le probleme de durcissement 
du beton avec on ^ans adjuvants anti-gel z 
soumis a des temperatures an-dessous de ze
ro, ont confirm^ les r^sultats obtenus. 
Ces etudes ont ete effe'etuees avec le beton 

• de classe ’’300”, congeltf imme'diatement ap— 
res la confection on dans 24 h de conserva
tion normale, jusqu’b. 90 jours de mise en 
froid dans une chambre souterraine, en con
tact avec le sol toujours congele a tempe'- 
rature de -3°C.



Pig. 3 - Influence du NUKhK sur la quantity 
de glace dans le beton '
1*4  - beton congele immediatement apres la 
confection; 5 •• dans 24 h de conservation 
normale.
I - beton sans adjuvant, T = -2°C» 2 - idem, 
h T = -5®C; 3 - 3% de NNKbK, I = -2<>C; 4 
396 de NNKbK, T = -5°C; 5 - 5% de NNKbK, 
T = -2°C; 6 - 3% de NNKbK, T = -5°C.

La conservation pendant 24 h sulvant la ca- 
ract^ristique de temperature correspond k 
des conditions r£cles de congelation du bd- 
ton dans les ouvrages, p.ex. dans les fon- 
datlons sur pllotis. La fig. 4 donne un 
example de courbes qui montrent one augmen
tation de la resistance du beton avec addi
tion de 3% de NaNOg + 0,2% de sulfolevure 
(SDB, abr^viation russe). Comme on peut 
voir, le beton sans adjuvants, mis dire'cte- 
ment sur terre congelee, vers 90 jours n*a  
augmente sa resistance que de 20% par rap
port ä cells de 28 jours. Aprks le durcis- 
sement normal de 24 heures la resistance du 
b^ton de m&ne äge etait egale56%^ L’addi
tion de susdit sei en quantite de 3% du 
poids de ciment fait augmenter la resistan
ce du beton, car, pour la mSme periods, ce 
dernier est capable d'obtenir la valeur 
(classe) de resistance de 28 jours on envi- 
ron/(dans le cas de son exposition au gel 
immediatement aprfes la confection). La sus- 
dlte methode du betonnage en hiver a et4 
utilisee en particulier pour le coulage des 
fondations de la cheminee en beton arme, de 
180 m d*hauteur,Norylsk,  an lien du be
tonnage par chauffage eiectrique, utilise 
auparavant, plus couteux et compllque.
Pour faire une estimation de I’efficacite 
d*utilisation  de differents produits anti
gels enfluentxsur le durcissement du beton 
an gel jusjqu’a -I0°C, ou a entrepris les 
essais speciaux. Ces experiments se rappor
tent ä des betons ayant la classe de resis
tance "400**.  Les dosages des additions 
etaient j 3% - a I = 0 ♦ -2°C; 5% - a T =

Pig. 4 - Augmentation de la resistance da 
b6ton a I = -3°C.
I — ssns adjuvants chimiques, beton congele 
immediatement; 2 - sans adjuvants chimiques, 
beton congele dans 24 h. de conservation nor
male; 3 - avec addition de 3^ de NaNOg + 
0,2% de SDB, congelation immediate; 4 - 
idem, congelation dans 24 h de conservation 
normale.

-5°C et 7,5% - a T = -I0°C. On n’utilisait 
que le nitrite de sodium, le nitrate de so
dium, le nitrite de sodium en pourcentages 
6gaux avec le chlorure de calcium et le 
NNKbK en proportion 4gale entre les ccmpo— 
sants. L*analyse  de resultats obtenus (tab
leau III) montre que lorsqu'on ajonte les 
produits chimiques dans le beton, il est 
possible d'obtenir la resistance demandJez 
du b^ton au gel dans 90 jours, qui sera e'ga- 
le k 75*100%  de la resistance k 90 jours 
de couse'rvation dans les conditions norma
les , on 60*84%  de la m&ne valeur de resis
tance dans 28 jours.
Ces essais ont confirms I’efficacite d*uti 
lisation des adjuvants complexes, ayant, 
dans leur composition, 1'acceierateur de 
durcissement (CaClg), surtout k I’fige jeu
ne.
En Union Sovietique, plus de 25 aus, on 
utilise avec efficacite et sur une large 
kchelle les differents anti-gel pour le be
tonnage par temps froid des structures mas
sives de bktiments et des ouvrages. Pour 



elargir l'efflcacite d* utilisation de, la 
‘capacity d’hydratation et des proprietes 
structurelies du ciment, enfluant sur la 
formation de la structure optimale du be
ton, ce derniers temps, on a commence a 
pratiquer 1* utilisation des anti-gel avec 
les produits a action superficielle. Done, 
dans les standarts, il est admix d*utiliser  
ces adjuvants ä des temperatures de dehors 
jusqu*a  -25°C.
Pour les conditions climatiques plus dures, 
aussi^ que pour 1'approchement des delais 
de decoffrage teyde mise en charge des 
structures achevees, cette methode est uti
lises en combinaison avec celle du thermos 
on avec le traitement thermique. Pour comp
leter les standarts officiels, les manuels 
de recommandations et les instructions ont 
ete crSes et publiees /8/.

TABLEAU III
Influence^des anti-gel sur le durcissement 
du beton a des temperatures au-dessous de 
zero

Adju
vant

Age 
du 
be
ton

Resistance,du beton en % de 
R28 ä temperature, °C

+20 e+-2 -5 -10

Sans 7 * 12 ■
adju- 28 100 45 5 1,5
vant 90 — 57 10 6

7 25 20 17
NaN02 28 104 65 76 60

90 — 82 81 70

7 56 52 28
NaNO, 28 III ■ 84 82 66

p 90 — 89 88 91

NaNO-, 7 42 47 41
28 II2 84 85 84

CaCl2 90 — 98 97 102

7 — 45 52 27
NNKhK 28 127 70 75 70

90 — 81 85 75

CONCLUSIONS
L’hydratation du ciment et le durcissement 
du beton a des temperatures au-dessous de 
zero, sont considerablement retardes a mo- 
ins qu*ils  n'en se stoppent pas tatolement. 
Pour intensifier ces,processus il est utile 
d’y ajouter les,differents anti-gel, qui 
engendrent^le decroissement de la temperaturr 
r^ de congelation de la phase liquide, ac- 
celerent 1'hydratation du ciment, modifient 
en quantite et en qualite,la vitesse de for
mation de glace dans le beton," ce qui I>rg- 
voque finalement le durcissemeqt,accelere 
fu ciment et du beton. Le precede le plus 
efficace consiste a utiliser les adjuvants 
complexes. L'addition de tels produits an
tigels et le traitement plus prolonge du 
b6ton avant sa congelation assurent la pos-

sibilite du betonnage a des temperatures 
au-dessous de zero.
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The effects of Cu(OH)2 on the hydration of C3A

Action du Cu(OH)2 sur Phydratation du C3A

C. TASHIRO, Asst. Professor, Yamaguchi University, Faculty of Engineering, Ube, Japan,
J. OBA, Master of Engineering.

RESUME : Plusieurs etudes ont dSjä faites, par divers chercheurs, sur 1'action d'addi- 
tifs sur 11hydratation du C,A. Mais le cas dex oxydes ou des hydroxydes de mdtaux lourds 
a 6t6 peu explore. Dans la presente etude, Cu(0H)2 est ajoute ä C^A, et on a observe, pen
dant la periode d' hydratation, la concentration en CaO et de la phase liquide, la
quantite de chaleur degag6e et la nature des hydrates.

Cu(0H)7 retards, ä ses debu-ts, 1'hydratation du C^A, abaisse la concentration de CaO, aug
ments cells d'Al„0, et empSche la formation de cristaux de C^AH^, dans la phase liquide. 
Dans le meme temps, les cristaux hexagonaux d'aluminate de calcium se forment progressive- 
ment. La vitesse d' hydratation ob6it ä la loi suivante : 
(i _ '■^riT"C()n = kt.

SUMMARY : The effects of additives on the hydration of C,A have been investigated by a number 
of researchers. However, the very little knowledge hasdbeen gained on how heavy metal oxides 
or hydroxides affect the hydration of C,A. Therefore, in the present study, Cu(0H)? was ad
ded to C-A, and CaO or Al„0, concentration of liquid phase under hydration, heat liberation in 
early hydration reaction, 4 characterization of hydration products and rate of hydration were 
examined.
Cu(OH), retards the early hydration, tends to decrease the solubility of CaO and increases the 
solubility of ALO, in liquid phases under hydration, and so hinders the formation of C,AH,. 
In the meantime.hexagonal calcium aluminate hydrates grow with the passage of curing time, 
and rate of hydration in second stage follows (1-/1 -o()n=kt.



INTRODUCTION

The effects of gypsum on the hydration of C,A 
Have been Investigated by a large number ÖT 
researchers(l-3). However, the effects of 
heavy metal oxides have not been published to 
data. The studies present an fundamental 
data of hydration of Portland cement clinker. 
On the other hand, the studies are under way 
in recent years on 'disposal of industrial 
wastes'containing heavy metals through solidi
fication of such wastes by cement(4-6).
For these reasons, heavy metal oxides are ad
ded to C,A and the effects on the hydration 
were examined(7). It has become apparent 
that Cu(0H)2 and ZnO strongly retard the 
early hydration of C^A. 
Therefore, in the present study,, in order to 
clarify the mechanism of the retardation, 
Cu(OH)- was added to C-A and effects on the 
bottle nydration of C-A^were examined on Cu‘+, 
CaO and Al-O, concentration in 1 iqu.id .'phase ' 
and on the^cnaracterization of hydrates.

EXPERIMENTAL

CaCO, and Al20_ were mixed to a composition 
of C^A and tneJmixture was calcined twice, 
each-time at 135O°C for 5 hours. The cal
cined material was then ground to a Blaine 
value of about 3500 cm^/g. Cu(OH)2 is com
mercially available as reagent.
Cu(0H)2 was added as 0.8C,A + 0.2Cu(0H)2 mol. 
The hydration was carriedJout .in water with 
20water/C3A, at 20°C for 3 days under vibrat
ing condition with 120 time/min.
The hydrates were filtered off,- washed with 
acetone, and dried in vacuum. The solution 

.separated from the botfle hydration was analy
sed by EDTA titration or spectrophotometer 
with CaO, AlgOg' and Cuz .
The hydrates were observed and identified by 
a polarization microscope, powder x-ray dif
fractometry, differential thermal analysis, 
and a.scanning electronic microscope.
The hydration rate was calculated from C-A in 
hydrates which was heating at 65O°C for 3 
hours. And the quantities of C-A were mea
sured by X-ray scanning techniques with 
c<- AlgOg as an internal standard. ■

EXPERIMENTAL RESULTS AND DISCUSSION •

Hydrates
Without Cu(0H)2 : The powder x-ray diffrac
tion, differential thermal analysis and scan
ning electron micrographs of hydrates obtain
ed from hydration reaction are shown in Fig. 
1, 2 and 3 respectively. As is apparent 
from the X-ray differential analysis, after 
10 minutes from water mixing, C-AHg forms in 
a considerable amounts and hexagonal hydrates 
is slight amount. But the scanning micro
graphs indicated that platy and needle like 
crystals grow and characteristic crystal of 
C^AHg is not observed. This is believed to 

be due to the very small grain.and high 
crystallization of C-AH-. With the passage 
of hydration time, new formation of hexagonal 
hydrates Increase as the amount of unhydrated 
C-A decrease, and after one day, hexagonal 
hydrates decompose and transfer to C-AH-. 
Then, the hexagonal hydrates are chiefly 
c4ah13.

10 minutes

’• O oo° )• oo*°h  o o°ooo

With addition Cu(OH)9 °

-I--------------- 1-------------- 1--------------L------------1-^.____I________ I I

10 20 ' 30 4Ö
Degrees 26 (Cu K* )

Fig.l-X-ray powder diffraction patternsof 
C-A hydrated without and with addition 
Cd(0H)2. ,

■OC-S • Hexagonal" hydrates 
®C3AH6 <C4AH13^
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Fig.2 - DTA curves of C3A hydrates without 
and with addition Cu(0H)2.

With addition Cu(0H)? : After 10 minutes from 
water mixing, C.AHg Hardly appears and fine 
platy crystal grows on the C,A. With the 
passage of hydration time, hexagonal hydrates 
grows. After 3 days, it indicated that the 
hydrates formed are mostly hexagonal phases. 
From one day, formation of CgAHg is observed.
The ratio of quantity between C-AH, and hexa
gonal hydrates is shown by ratio of an end- 
thermic peak area of differential thermal 
analysis at about 330 vs 120 and 220°C as 
shown in Fig.2 and4. Its illustration explains 
well the formation of hydrates.

Fig.4 - Relation between DTA peak area of 
CjAHg and hexagonal phases.

CaO and Al^0^ concentration in liquid phase

The concentration of CaO and AI^O, in "liquid 
of bottle hydration without and with addition 
Cu(0H)2 is shown in Fig. 5. '
After 30 seconds from water mixing, CaO con
centration becomes 551 ppm without additive, 
and 497 ppm with addition Cu(0H)2. At about
1.5 hours, CaO concentration temporarily in
creases because of the C.AH., transfer to 
C-AH,. Namely, excess CaO Component solves 
in 1Tquid.
On the other hand, AlgO, concentration is 272 
ppm without additive, and 325 ppm with ad
dition Cu(0H)2. Al20- concentration Is
gradualy decreases until one hour from water 
mixing, and subsequent concentration 1s kept 
at äbout 100 ppm. - .
CaO/Al-O- mol ratio In liquid phase without 
and withJaddition Cu(OH)„ is 7 to 8»/ivh1bh 1s 
higher than that of C,A. This data similar 
to report of Kondo(8), but the relation betwe
en concentration and hydration time differs 
because of difference of water/C-A and finess 
of C-A. CaO/Al-O- mol ratio "’with addition 
CutOM), is lower than that of case of no ad
dition? On the contrary, CaO/Al-O- ratio of 
hydrates certainly higher. Namely, C.AHg 
trend to be formed than CgAH .



Fig.3 - Scanning electron micrographs of C,A 
hydrated without and with addition Cu(0H)2- 
A : Without additive after 10 minutes.
B : Without additive after 2 hours.

C : Without additive after 6 hours,
D : Without additive after 3 days.
E : With addition Cu(0H)2 after 10 minutes
F : With addition Cu(0H)2 after 2 hours.
G : With addition Cu(0H)2 after 6 hours.
H : With addition Cu(0H)2 after 3 days.



Cu2+ concentration in liquid phase
Cu2+ concentration is shown in Fig. 5. After 
30 seconds from water mixing, Cuz+ is 1.75 
ppm, and after 10 minutes, becomes 3 ppm, 
and decreases to 0.8'ppm at 1 hour. This 
shows that , Cu^is soluble with increase of 
pH, after 10 minutes, reached to maximum 10 
ppm, for this period, Cuz+ is adsorbed on 
the C,A or hydrates and subsequently , adsor- 
ptionJof Cuz+ is accelerated with increasing 
hydration. CjA adsorbed by Cu^ is apt to be 
developt the hexagonal hydrates. Because of 
addition Cu(0H)?, solubility of CaO from C,A 
decreases and that of Al-O- increases, and0 
calcium aluminate containing saturated CaO 
is formed as hexagonal hydrates. Then, 
Cu represents as [ Cu(0H2)4]z+ (9) or 
Ca2[Cu(0H)4] in solution.

Fip.5 - The concentrations of CaO, ALO, and 
Cu" in liquid phase.

Rate of hydration
The rates of hydration of C,A without and 
with addition Cu(0H)2 are shown in FiG. 6. 
As is apparent from This illustration, hydra
tion of C3A is divided into two stages. 
In the case of C,A without additive, first 
stage is an early stage for 10 minutes from 
water mixing. When Cu(0H)? added, this first 
stage hydration is retarded^and the stage is 
prolonged up to 1 hour.
The second stagesof hydration without and with 
additive satisfy the hydration formula(8 )

3,____  „
( i -vr^)n = kt 

whereZis hydration rate.t hydration time and 
n,k constant. The rate of hydration in 
second stage is slower than the first stage. 
In the case of no additive, k = 1.05 x 10-2, 
n =3.82 and with addition Cu(OH),, k =3.9x 
10-J, n = 3.72. The order of the hydration 
reaction is really stage known as diffusion 
rate-determinig stage. And first stage 
during the first 10 minutes is concordant 
with the results of Buikova(io).
The retardation of hydration in early stage 
is measured by differential calorimetric 
analysis as shown in Fig.7. The difference 
in heat of hydration is about - 21.8 kcal/mol.

^miS 10 C 6 12 iday2

Hydration time (log scale)

Fig. 6 - Rate of hydration of C„A without and 
with addition Cu(0H)2_

Fig.7 - Differential calorimetric curve on 
the Initial hydration of C,A with addition 
Cu(0H)2. 0



Effects of addition Cu(OH)^
As the above descriptions, in the early stage 
of hydration, Cu(0H)2 Is solved and adsorpted 
by C-A or hydrates, and consequently, hydra- 
tionJis retarded, concentration of CaO in 
liquid phase decreases and Al-0- increases . 
and hexagonal hydrate is formed.
The mechanism of retardation of hydration is 
no clear but It seems that surface of 
C,A or hydrates is coated by Cu2+ and invasi
on of water to inner parts is prevented, and 
this effect is responsible for similarity of 
ionic potential anducrystal structure F.C.C. 
between Ca2+ and Cu2+.

CONCLUSION

To examine the effects of Cu(OH)? on the hy
dration of CjA, experiments on bottle hydra-' 
tion were carried out and the effects on the 
hydrates, their microstructure, concentration - 
of CaO,Al,0, or Cuz+,and rate of hydration 
were studies .
The results are as follow.
Cu(0H)2 strongly retards the early hydration 
of C-A; and hinders the formation of C-AH-. 
In the meantime, hexagonal hydrates grow With 
the passage of hydration time. And Cu(OH), af
fects the CaO and Al,0- concentration of£ 
liquid phase. CaO/^A11!,0, mol ratio in 
liquid phase is lower than^that of case of no 
additi on.
The hydration of CgA is distinguished between 
first stage and second stage. Without ad
ditive, the first stage is an early stage for 
10 minutes, and with addition, this is pro
longed up to 1 hour. The both second stages ' 
of hydration without and with Cu(0H)a addi
tion ^satisfy the hydration foruml a (M-’Vl 
= kt.
It seems that the mechanism of retardation of 
hydration is owing to coating or adsorption 
on the C-A with Cu . This action is re
sponsible for similarity of ionic potential 
and crystal structure between Caz* and Cu2"*".
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The composition of CSH phase(s) in hydrated C3S paste

Composition des phases HSC dans !a pate hydratee de C3S

D.L  PAYMENT and A.J. MAJUMDAR, Building Research Establishment, Garston, Grande-Bretagne.

RESUME : La microsonde Slectronique Microscan 9 a 6t6 utilisäe pour determiner les composi
tions des phases d'hydrate de silicate de calcium (HSC) dans les pätes de silicate tricalcique 
hydrate (rapport eau/solide 0,6) ä 1'äge d'un mois et d'un an. Les analyses faites sur divers 
Elements de microstructure considörös comtne ätant des phases de HSC, ä des voltages Slectroni- 
ques accäleräs de 6 ä 25 kV montrent que les coefficients C/S mesuris sont influences par le 
voltage du faisceau Slectronique utilise, dependant vraisemblablement du volume des regions 
particu1ieres analysdes. Par exemple, les grains qui offrent des caracteristiques morphologi- 
ques semblables donnent des valeurs C/S de 1.44 - 0.08 et 1.62 - 0.06 ä des voltages de fais
ceau de 6 et de 15 kV respectivement. Au contraire, les grains non-hydrates de C^S qui sont 
presents dans les echantillons de päte donnent 3.09 T 0.09 et 3.06 - 0.04, car les coefficients 
C/S ä ces voltages et les echantillons de -tobermorite naturelle provenant de plusieurs sources 
ne montrent pas d'effet important des variations de voltage dans leurs analyses.

L'etendue des variations obsej,vees dans les coefficients C/S des divers äläments de micro
structure de la päte avec ie voltage du faisceau sera discutäe. Ces variations ne sont pas 
considdrdes comme ätant dues ä la deterioration du faisceau.

SUMMARY: The electronprobe microanalyser Microscan 9 has been used to determine the compositions of the calcium 
silicate hydrate phase(s) in hydrated tricalcium silicate pastes (water/solid ratio 0.6) at the age of one month 
and one year. Analyses carried out on various microstructural elements considered to be CSH phase(s) at electron 
accelerating voltages in the range 6-25 Ky show that the measured C/S ratios are influenced by the beam voltage 
used, presumably depending on the volume of individual regions analysed. For instance, particles displaying 
similar morphological features gave C/S values of 1.44 + 0.08 and 1,62 + 0.06 at 6 and 15 KV beam voltages 
respectively. By contrast, unhydrated C3S grains present in the paste samples gave 3.02 * 0.09 and 3.06 +, 0.04 
as the C/S ratios at these two voltages and natural tobermorite samples from several sources did not show any 
significant effect of voltage variations on their analyses.

The extent of the variations observed in the C/S ratios of the various microstructural elements in the paste 
with beam voltage will be discussed. These variations are not considered to be due to beam damage.



INTRODUCTION

The importance of calcium silicate hydrate (CSH) 
phases as the principal cementing agent in concrete 
is well recognised. These phases are very poorly 
crystalline and occur as aggregates of very small 
particles often intermixed with other products of 
cement hydration. The application of electron 
microscopy, particularly the scanning electron 
microscope (SEN), in recent years has been very 
useful in the characterisation of the CSH phases, 
enabling Diamond(l) to classify them into several 
microstructure-types.

The composition(s) of the CSH phase(s) in hydrated 
cements are, however, more difficult to determine. ' 
Using the SEM in conjunction with an energy- 
dispersive X-ray microanalysis (EDAX) system, a 
comprehensive study of the elemental composition of 
the gel phase in hydrated Portland cement was made 
in this laboratory a few years ago(2). It was 
pointed out that the task of isolating the CSH 
phase(s) free of other hydration products within 
the volume of X-ray excitation in an SEM is a 
formidable one and only a statistical assessment 
of the results was possible. Recognising these 
difficulties Dent Glasser et al(3) have recently 
attempted X-ray microanalysis of dispersed CSH 
particles produced by the hydration of tricalcium 
silicate (C3S) using a transmission electron 
microscope (TEN). For isolating the CSH phase(s), 
this method of analysis is undoubtedly superior 
but as the authors have remarked hydrate phases 
that are strongly attached to the unhydrated grains 
can sometimes escape dislodgement and, therefore, are 
not analysed. Moreover, there is at present a 
prevalent view that in hydrated C3S the composition 
of the CSH phase(s) varies with its distance from the 
unhydrated core and indeed such variations form an 
important part of the interesting speculations(3-5) 
that are currently being made about the mechanisms 
of cement hydration. In an electron-optical study 
of a dispersed cement paste sample, information on 
the progressive nature of the microstructure 
development in CSH is likely to be, at least, 
partially lost and from this point of view X-ray 
microanalyses carried out with an SEM or an 
electron probe microanalyser (EFMA) have merits of 
their own.

Some aspects of the microanalysis of CSH phase(s) 
in hydrated C3S by EPMA, particularly the effect of 
electron beam voltage on the analysis are described 
in this paper.

EXPERIMENTAL

Two samples of C3S paste were examined in this study. 
One was a 30-day material prepared using a water/ 
solid ratio of 0.6 and previously described by 
Stucke and Majumdar(6) and the other represented the 
same sample hydrated for a further period of 11 
months. For the second sample, which was hydrated 
for a total period of one year hydration had been 
temporarily arrested at one month to obtain the 
specimens for the earlier study(6). From the point 

"of view of assessing the effect of electron accele
rating voltage on the C/S ratio of CSH, this 
interruption in the hydration processes is considered 
not very important. Two specimens of naturally 
occuring tobermorite from two different localities 
were also analysed.

The specimens examined by EPMA were polished 
sections of samples impregnated in resin, the final 
polishing having been done with 0.25 pirn diamond 
paste. The mineral wollastonite was used as the 
standard for Ca and Si. After polishing the C3S 
paste specimens were lightly etched by immersing 
them in ethanol containing 1% HNO3 for 3 seconds. 
These and the standard specimen were vacuum coated 
with~30 nm of carbon in the same operation. SEM 
examinations were carried out on freshly fractured 
surfaces which were sputter coated with 20 nm of 
gold.

The instrument used in the analysis was a Microscan 9 
a computer controlled EPMA having a take-off angle 
of 75° manufactured by the Cambridge Instrument 
Company. The SEM used was a 'Stereoscan IIA1 from 
the same Company. Initially, the EPMA analysis of 
the 30-day sample was carried out at 15 KV to obtain 
comparisons with the previous SEM/EDAX results(6), 
The analysis was then repeated at 10 KV when it was 
observed that there were systematic differences 
between the results obtained at the two voltages. 
This was confirmed by analyses carried out on the 
one year old sample and it was felt that an experi
mental assessment of the voltage effect on CSH phase 
analysis was warranted. Analyses were, therefore, 
carried out at different voltages in the range 
6-25 KV.

It is well known that materials such as CSH are 
likely to suffer from beam damage during analysis 
in an EPMA. To reduce this effect a probe current 
of 1 nA was used throughout. At the lower accele
rating voltages the count rates were consequently 
low (for example, 'ulA c/sec for CaKa and SiKa on 
wollastonite at 6 KV) and the counting times were 
increased at the lower accelerating voltages to 
reduce the statistical error. The analysis times 
on the standard and unknowns were kept the same 
at each accelerating voltage to ensure that the 
level of carbon contamination (due to cracking of 
pump oil) on the specimens were similar.

The primary standard wollastonite was analysed each 
day prior to the analysis of the hydrated C3S 
samples. The Ca and SiKa count rates were measured 
from 6 or more positions on the standard, 20 pirn 
apart, and an average taken. A new set of positions 
were chosen each time the standard was analysed and 
only those sets of analyses that gave coefficients 
of variation less than 2.0Z were accepted. During 
the first measurements on the standard a peak 
searching routine was performed by the spectro
meters. At low count rates this took 3-4 minutes 
and during this period the electron probe remained 
focussed on the specimen. This sometimes led to 
inconsistent results which were rejected. During 
subsequent analyses this problem did not arise as 
the probe was blanked off from the specimen at all 
times except when emergent X-rays were counted. For 
all analyses the background count rates were measured 
at a distance of 1°6 from the centroid of the peak 
on the side of the increasing Bragg angle.

With the hydrated C3S samples, the regions to be 
analysed were selected on the basis of morphological 
features seen in their back-scattered electron images. 
In the initial work at 10 and 15 KV analyses were 
carried out on one spot only once and between 5 and 
20 positions were analysed. Where unhydrated C3S . 
grains were present, they served as internal 



standards. The stability of the instrument could be 
judged by performing analysis on them periodically. 
As a further check, analysis of the woolastonite 
standard was carried out from time to time.

In the study concerned with the effect of beam 
voltage on the C/S ratios of CSH phasets) measurements 
were first made at an accelerating voltage of 6 KV. 
The voltage was then increased to a predetermined 
level and the appropriate analysis carried out. The 
voltage was then reduced to 6 KV and the C/S ratio 
re-determined. If there was no significant 
difference between this figure and the previous one, 
both measured at 6 KV, the voltage was increased to 
the next higher value. This procedure was repeated 
until the highest selected voltage (ie 25 KV) was 
reached. When the analysis from successive 6 KV 
measurements showed a significant difference, the 
spot position was moved ^2 pirn along the centre line 
of the region analysed. For each selected voltage 
at least seven spot analyses were obtained and the 
average taken.

RESULTS AND DISCUSSION

(a) Microstructure of C3S pastes
The microstructure of one month old C3S paste has 
been described previously in some detail(6). 
Figure 1 is a low-magnification SEM photograph 
showing fibrous CSH (Type I after Diamond(l)) and 
large CafOHjg crystals. Figure 2 is a corresponding 
EPMA photograph taken on the polished sample. 
In this micrograph the fibrous detail is missing 
and it is thought that vacuum impregnation of the 
sample with resin employed in the preparation of 
polished specimens is responsible for the covering 
up of this detail.

Fig 1 SEM photo showing fibrous CSH in one month 
old C3S paste

Higher -magnification SEM and EPMA photographs of the 
C3S/CSH interface are shown in Figures 3 and 4. The 
rim surrounding the unhydrated C3S core, described in 
the earlier paper(6) as ’inner product’ represent 
Type IV CSH in Diamond’s(l) classification. The dark 
region in the EPMA photographs (Figures 2 and 4) is a 
mixture of the embedding resin and CSH, probably of 
the Type I variety. Between this and the inner 
product layer there is seen (Figure 4) a dense but 
granular structure.

Fig 2 Backscattered EP21A photo corresponding 
to Fig 1

Fig 3 C3S/CSH interface, SEM photo of one month 
old C3S paste

Fig 4 C3S/CSH interface, EPMA photo corresponding to 
Fig 3.

Low magnification SEM and EPMA micrographs of the 
one year old C3S paste are shown in Figures 5 and 6. 
It can be seen that in comparison with the 30-day 
sample the hydration rim is wider here and the 
proportion of hydrated material greater. In this 
Type IV CSH rim that surrounds the C3S core, a 
discontinuity was often seen. Analysis of C/S 
ratios of hydrate regions on either side of the



TABLE I ANALYSIS OF PASTE HYDRATED C3S

Fig 5 SEM photo of one year old C3S paste

Fig 6 LP'-tA photo of one year old C3S paste

discountinuity gave virtually the same results 
(1.7 +^0.15 for 6 measurements and 1.63 * 0.05 for 
11 measurements, all at 15 KV). It can only be 
assumed that this discontinuity was caused by the 
arrest in the hydration process in the sample at 
one month as mentioned in a previous section. In 
other respects the microstructure of the one year 
sample was essentially the same as-that of the one 
month old sample and the CSH exhibited Type I and 
IV morphologies. In some EPMA photographs the 
fibrous Type I CSH was clearly discernible forming 
the outermost hydration layer.

(b) C/S ratios in CSH phase(s)
The C/S ratios of unhydrated C3S grains. Type IV CSH 
and Type I CSH obtained by microanalysis at 10 and 
15 KV are listed in Table 1. It is clearly seen that 
for immature C3S, the effect of increasing the beam 
voltage was to increase the C/S ratios of both CSH IV 
and CSH I phases in a significant way. This trend 
was also observed for CSH phase(s) present in the one 
year old sample albeit to a lower extent. No such 
trend was found in the analyses performed on hydrated 
C3S cores. The other noteworthy observation was that 
the Type I CSH in the pastes showed a much wider 
scatter in the Ca and Si count rates from spot to 
spot although the scatter in the C/S ratios was 
significantly lower than that observed for Type IV 
CSH in the 30—day old sample.

SAMPLE ACCELERATING
VOLTAGE (KV) C/S NO. OF 

ANALYSIS
95% CONFI-
DENCE 
INTERVAL

A. One month olc 
water/solid = 
0,6

C3S 10 3.02 13 + 0.07
15 3.05 6 + 0.09

CSH Type IV 10 1.60 5 + 0.16
15 1.82 9 + 0.22

CSH Type I 10 1.52 6 + 0.05
15 1.74 5 + 0.05

B. One year old 
water/solid = 
0,6

C3S 10 3.04 7 + 0.03
15 3.00 6 + 0.06

CSH Type IV 10 1.60 20 + 0.07
15 1.66 17 + 0.05

CSH Type I 10 1.60 6 + 0.10
15 1.65 11 + 0.12

—

(c) Effect of beam voltage on C/S ratios of CSH
The variations in the C/S ratios of the Type IV CSH 
phase with beam voltage observed with both one month 
and one year old C3S pastes are shown in Figure 7. 
The variations shown for each voltage represent at 
least six different spot analyses. The hydrate rims 
analysed rarely exceeded 1.5 pm for the one month 
sample but they were approximately 5 pm wide in the 
one year old sample. It is seen that the voltage 
effect is more pronounced for the one month old 
sample where the CSH phase consists of smaller and 
thinner particles. It is also evident from Figure 7 
that unhydrated C3S grains do not show this voltage 
effect and neither does the tobermorite sample from 
Portree which has a dense, featureless micro
structure (Figure 8). The other tobermorite specimen, 
from Zacatecus in Mexico has a platy microstructure 
intermixed with FeS2 (Figure 9) and a slight 
dependence of its C/S ratio on the beam voltage has 
been recorded.

In order to explain the observed voltage effect on 
CSH phase analysis it is necessary to consider the 
effective ranges of the electron in the hydrate as 
this would be the limiting distance up to which the 
electrons are still capable of exciting characte
ristic X-radiation. Many workers have studied this 
problem, both theoretically and experimentally and 
a summary is given in the review by Beaman and 
Isasi(7). Calculations based on some of the 
relationships tabulated in reference 7 show that for 
a material of composition C3S2H3(8) having a density 
of 2.7 the electron penetration for calcium X-ray 
generation increases from 'tO.3 pm at 6 KV to <v5-6 pm 
at 25 KV. For lateral spread of electrons the radius
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Fig 7 variation of C/S ratio with accelerating voltage.

Fig S 7’obemorite fron' Fortree, EPMA photo Fig 9 Tobermorite from Mexico, EPMA photo

of the probe diameter, typically 0.14 and 0.08 pm 
at 6 and 25 KV respectively for the instrument used, 
has to be added to'these values. Of all the studies 
cited by Beaman and Isasi(7), the work of 
Andersen(9) who measured the-penetration and spread 
of the volume of X-ray excitation with a Si/SiO2 
combination is perhaps the most relevant to the 
present study. The values of electron penetration 
and spread for C3S and C3S2H3 calculated from the 
expressions given by Andersen are shown schemati
cally in Figure 10 for different electron accelerating

voltages.

Calculation of the quantitative X-ray resolution as 
defined by Reed(10) were also made without the 
correction due to Duncumb. The results obtained gave 
values that were higher than Andersen's spread values 
by up to 18Z in the range 6-25 KV. The estimates 
illustrated in Figure 10 leave no doubt that high 
electron accelerating potentials have a very 
pronounced effect on the size of X-ray excitation 
volume in CSH and allied materials. In the present
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Fig 10 Effective electron penetration and spread 
for C3S and C3S2H3

work polished specimens of C3S pastes have been 
subjected to microanalysis by the EPMA. In these 
specimens the location of the cutting plane through 
any hydrated C3S particle is difficult to establish 
without definite knowledge of the size and shape of 
the particles concerned. As the electron ranges 
increase appreciably with accelerating potential, at 
high KV’s say, 15-25 KV, the analysis of the CSH 
phase is likely to include a contribution from the 
underlying material which could either be unhydrated 
C3S or Ca(0H)2 or both. In each case the estimated 
C/S ratio will increase, and the effect will be more 
pronounced in the thinner and smaller hydrate 
particles analysed. Results shown in Figure 7 
supports this view. That the lowest scatter in the 
observed C/S ratios of the hydrates correspond to 
analyses carried out at the lowest beam voltage is 
also in agreement with the above argument. Judged 
from this point of view, the most accurate estimate 
of CSH phase(s) in hydrated C3S samples from EPMA is 
likely to be obtained if the analysis is carried out 
at the lowest possible beam voltage that is com
patible with a reasonable count rate. Present work 
would indicate that Type IV CSH in C3S pastes has 
a C/S ratio of 1,44 ♦ 0.08.

Because the fibrous. Type I hydrate appeared only as 
a mixture with the resin the amount of hydrate in any 
analysis volume was variable. This is reflected in 
the high variation in the Ca and Si weight percent 
results and the low variation in the C/S ratios. The 
analyses of this hydrate also showed a reduction in 
the C/S ratio with decreasing accelerating voltage.

This reduction was most significant for the thirty 
day old sample where the proportion of unhydrated 
C3S would be greatest. The volume analysed by the 
probe is expected to be similar in both the Type IV 
and the Type I/resin materials.

The CaO and Si02 analyses obtained at 6 KV for the 
Type IV hydrate was used to calculate the formula of 
the hydrate. It was assumed that remainder of the 
hydrate was chemically combined water. The molar 
proportions obtained were 3 0.3, 2.07 * 0.16,
3.6 * 0.62 for CaO, Si02 and H2O respectively for 
the one year sample and 3 + 0.3, 2.1 + 0,17 and 
3.0 +^1.0 for the thirty day sample. ~

These observations need to be confirmed by other 
workers but they strongly suggest that the stoichio
metry of the different types of CSH phase(s) in 
mature C3S pastes may not be far removed from the 
ideal formulae 3Ca0.2Si02.3H20 put forward by 
Brunauer et al many years ago(8),

(d) Beam Damage '

In some instances beam damage has been observed on 
CSH particles on prolonged electron bombardment. 
Typical examples are shown in Figure 11. While 
studying the effect of beam voltage on Type IV CSH 
phase analysis it has been observed that as a con
sequence of increasing the voltage from 6 KV to 
25 KV in stages as described, the final spot analysis 
at; 6 KV Cie after 9 analyses altogether on the spot 
requiring a total analysis time of 7-8 minutes) can 
show a depletion in the calcium content of up to 
''■'35%. The silicon content remains relatively 
unaffected. The instability of calcium bearing 
minerals due to electron bombardment has been reported 
in the literature(ll). In the analysis of small and 
thin CSH particles particular attention needs to be 
paid to this aspect.

Fig J 1 Electron beam damage in CSH

CONCLUSIONS

1 The C/S ratios of Type IV and Type I CSH phase(s)
present in inmature C3S pastes as determined by 
EPMA were found to be 1.82 ♦ 0.22 and 1.74 0.05
respectively at 15 KV. Previous SEM/EDAX analyses 
on the same sample gave 1.9 + 0.1 and 1.6 + 0.1 at 
the same voltage. The agreement between the two 
sets of results is considered to be good.

2 The C/S ratios of Type IV and Type I CSH phase(s) 
present in one year old CjS pastes as determined



by EPMA were 1,66 + 0,05 and 1.65 0,12 at 15 KV, 10
A similar study by Grutzeck and Roy(12) on the 
hydration rim around C3S in a 24-week old paste 
gave a C/S ratio of 1.7 0.1, also at 15 KV.

3 The C/S ratios of CSH phase(s) obtained by EPMA jj
were dependent on the beam voltage used. At the
lowest beam voltage used (ie 6 KV) where the 
analysis is least affected by the penetration 
and lateral spread of the electron beam, the C/S 
ratio obtained for Type TV CSH was found to be 12
1.44 + 0.08.

4 The present work suggest that the stoichiometry 
of CSH phase (s) in mature C3S pastes is not far 
removed from the ideal formula 3CaO.2siO2.3H2O. 
It is not impossible that CSH phases exhibit 
different morphologies but their equilibrium 
compositions are very similar.
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Caracteristiques thermochimiques du ciment 
et acceleration de durcissement du beton

Thermochemical characteristics of cement and acceleration 
- of concrete setting

LB, ZACEDATELEV, professeur, chef de laboratoire, VNIPI Teploproekte, Moscou, U.R.S.S.

RESUME : Les recherches calorimätriques d1hydratation du ciment permettent non seulement d'ob- 
tenir des informations completes sur la cindtique du processus en fonction de la composition 
mindralogique et granulomdtrique du ciment, mais aussi d'dvaluer, sans perturbation du cours 
naturel du processus, 1'influence spdcifique des effets thermiques, chimiques et mdcaniques.

Le präsent rapport a pour objet l'ätude de 1'ensemble des facteurs cindtiques, thermodynami- 
ques et änergätiques sur 11 bydratation du ciment dans des conditions de durcissement accelärä 
par un traitement thermique. .

Des recherches experimentales effectuäes ä 1'aide d'un dispositif calorimdtrique automatise 
ont permis, non seulement de determiner 1'influence de la temperature sur la vitesse d'hydra- 
tation, mais aussi de mettre en evidence 1'influence de cette temperature en fonction du de- 
gre d'achevement du processus d'hydratation. Elles ont monträ ainsi l'action differente de la 
tempärature ä quatre etapes distinctes du processus d'hydratation, dans des conditions isother
mes .
On a observe que 1'augmentation, avec la temperature, du ddgagement de chaleur de 1'hydrata- 
tion du ciment dtait inevitable, ä chaque dtape du processus d'hydratation, surtout quand le 
degrd d'hydratation dtait compris entre 0 et 0,8. Ceci met en opposition les caracteristiques 
cinetiques et thermodynamiques de 1'hydratation.
Les rdsultats ont montrd qu'une derogation au principe thermodynamiqu.e de Le Chatelier n'avait 
pas d'influence nocive sur 1'hydratation. Done 1'independance, vis ä vis de la chaleur degagde 
par 1'hydratation, d'une action thermique extdrieure, tant en durde qu'en intensitd, est bien 
fondde. On en a ddduit une mdthode d'optimisation du traitement thermique des structures en 
bäton, pour obtenir un durcissement accälärä et utiliser au mieux la chaleur d'hydratation.

SÜMMAHY: Calorimetrical investigation of cement hydration gives full information about 
kinetics of process not only depending on mineralogical and grain composition of cement 
but allows without breaking natural course of process to estimate specifical influence on 
it of thermal, chemical and mechanical kinds of action.
The present paper accented combined consideration of kinetic, thermodynamical and power 
factors of cement hydration process at accelerated hardening of concrete at application of 
thermal action.
Experimental investigation of kinetic characteristics of process (carried out on automated 
calorimetrical device) allowed to determine not onlv dependence of damped influence of tem
perature factor (with increase of temperature level) on hydration rate but also revealed 
influence of temperature factor in relation to degree of oompletness of hydration process. 
Also non-equivalence of temperature function at four different stages of hydration process 
at isothermal temperature regimes is showed.
Inevitability of intensification of heat liberation of cement at application of thermal 
action at any stage of oompletness of hydration process, especialy in limits up 0 to 0.8, 
is revealed. It causes contradiction between kinetic and thermodynamical characteristics 
of process.
Results of accomplished physicochemical investigation do not reveal negative influence of 
infrigement of thermodynamical principle of Le Chatelier. Thus freedom of choice of time of 
application and intensity of outer thermal influence on hardening system "cement-Tater" is 
substantiated without dependence of action of inner source of heat. Considered ways of 
optimisation of thermal regimes of accelerated setting of cement predetermine more full 
usage of cement hydration heat in kinetics of heating of products and structures.



L’fetude des caract6ristiques thermochl- 
miques du clment ä I1aide dea diapositlfs 
calorim6triques automat is 6a ä large game de 
conditions llmitea (1) a permis d'obtenir de 
nouvelles donnfeea aur 1* Influence des para
metres du rfegime aur les processus d'hydra- 
tation. Pour ^valuer 1’influence de la tem
perature sur la einStique d*bydratation,  11 
eat nScessaire d’adopter une mSthode plus 
stricte de determination de la.fonctlon de 
tem'p6rature du processus ft« L*analyse  des 
donn6ea exp6rimentales obtenues sur base du 
principe des d6gagements calorifiques 6gaux 
d6montre la n6ceaalt6 de leur comparalson 
non pas ä choix arbitralre des 6tata equiva
lents des syatSmea durcissants ä tempera
tures diff6rentea, mala aux"Stats prlcise- 
ment fixSs, dSfinis par le degrS d'Hydrata
tion L: ■ 

ous Qg -reprSsente le dSgagement calorifique 
au moment X, Qa - reprSsente" le degagement 
calorifique total.

En vue de simplifier 1* experiment, la va
leur de Q peut etre limitSe par la valeur 
totale du degagement calorifique a l’äge de 
28 jours car a cat äge le degrS d’hy- 
dratation d'un systSme (p6te de clment, mor- 
tier de clment ou bSton) A des tempSratures 
diffSrentes tend ä une mSme valeur (2). On 
a. trouvS expSrlmentalement les rapports de 
vitesse V et dur6e pour les tempSratures 
de 313, 33} et 353°K relatlfs a la tempera
ture normale de durcissement (293°K) pour 
chaque valeur relative du degr6 d’hydrata- 
tion 1, d6termln6e aux intervalles de 10%:

vt t20
V20^t

Ce qu'il y a de particuller, c'est que, 
en comparant I’intenslte du degagement ca
lorifique (dQg/oT) de telle manidre, les 
valeurs emvimales ce concentrent dans une 
mSme zone ä toutes les temperatures de con
servation isotherme (flg.1). Ce fait dfemontre 
la justesse de tel approche a la determina
tion de la fonctlon de temperature d’hydra- 
tatlon et confirme, du point de vue de 
thermochimle du clment, I'identite du m6ca- 
nisme d’Hydratation a differentes tempera
tures.

Telle m6thode d’6valuation de 1* influence 
de tempirature sur 1'Hydratation et le de
gagement calorifique du ciment a permis de, 
d6oeler certaines particularit6s de leur ' 
apparition ä differentes etapes du proces
sus. On a remarque que, tout d'abord, ä 
1’etape d'hydratatlon I> - 0 ♦ 0,3» l*ln-  
fluence de la temp6rature aur 1'intensifica
tion du degagement calorifique des ciments 
de tons types 6talt maximale. Ce fait est 
contribu6 par la rupture des metastables 
gaines-protectrices entourant lea grains de 
clment, alnal que par 1'actlvatlon du trana- 
fert par diffusion et par convection des

Fig. 1. Intensite de degagement calori
fique en fonctlon de temperature aux diffe
rentes durfees et aux differente degr6s d'Hy
dratation du clment:----------au temps absolu;
----------------  au degr6 d'hydratatlon (L) re- 
latlf

produita d'hydratatlon dans le Systeme dur- 
cisaant. Ayant attaint les valeurs maxi
males, la fonctlon de temperature diminue 
aux etapes plus avanc6es a cause d'accroiaae- 
ment de la densite dea gaines qui protectent 
les grains du liant.

Pourtant, on a remarque que, aux valeurs 
I*  ■ 0,45 ♦ 0,5, pour rm certain nombre de 
ciments, la temperature intensifie derechef 
le procesaua^d'hydratation. A notre avis, ce 
fait est dü ä la teneur 61ev6e du ciment 
initial en fractions grosses (40-60^4 ).

AprSa 1’etape d'hydratatlon active de ees 
fractions on a observe derechef la diminu
tion des valeurs de la fonctlon de tempera
ture du processus. Done, pour Bvaluer les 
processus cin6tiquea d'hydratatlon et de de
gagement calorifique soua 1'influence de 
temperature dans des conditions isothermes 
de durcissement, 11 faut prendre en conside
ration la composition granulom6trique du 
liant.

En examinant 1'influence des caract6ri- 
atiques thennoohimiquea du ciment sur dur
cissement acc616r6 du beton, 11 faut faire 
attention tout d'abord aux regimes ther- 

_ micjues de ces processus. La plupart des pro- 
blemes concernant 1'utilisation pratique des 
donn6es de la cin6tlque d'hydratatlon et de 
d6gagement calorifique des ciments doivent 
Stre r6aolua pour les regimes thermiques 
non-stationnalres. Le durcissement acc616r6 
du b6ton est en general effectu6 dans des 
conditions de programme thermique compllqu6. 



y comprls 1•lrr6gul±er ohauffage et re- 
froidissement.

Jusqu'ä prfesent, de nombreuX travaux se 
rapportant a l’hydratation du clment ne con- 
cernalent eesentiellement que 1'influence 
de la temperature dans des conditions iso
thermes ; aussi la plupart des recommanda- 
tions d'utilisation des proprifetSs thermo- 
chimiques du ciment avait-elles 6t6 donn6es 
ä base de r6gularit6s du r6gime isotherme 
d'hydratation du ciment et ne reprSsentaient 
pas toute la complexity des processus r6els. 
Done, il est n6cessaire d'effectuer exp6ri- 
mentalement des recherches de la cin6tique 
de d6gagement calorifique dans des condi
tions de tempSrature non-stationnaires. Lea 
recherches de 1'influence des temp6ratures 
variables sur l'intensitfe de d6gagement ca
lorifique du ciment sont effectuSes d'apres 
une m6thode sp6ciale. Cette m6thode consiste 
ä agir sur le mortier de ciment dans le vase 
du calorimdtre diff6rentiel automatis6 a 
temperature 293°K aux 6tapes diff6rentes 
d'hydratation par une impulsion thermique, 
la valeur de cette impulsion 6tant choisie 
de teile Sorte que la temperature du ma
teriel ä 6tudier soit 61ev6e ä vitesse de 
5, 10 et 15°0/h. Les r6gularit6s obtenues 
de variation de vitesse de dfegagement calo
rifique en fonction de la duree de conserva
tion pr6alable ont montr6 que 1'action ther
mique sur le ciment durcissant conduit in6- 
vitablement a 1'intensification du d6gage- 
ment calorifique, pratiquement ind6pendam- 
ment du degr6 d'hydratation (fig. 2). II 
est ä noter que 1'intensity maximale de d6- 
gagement calorifique est atteinte au moment 
final d*yi6vation  de tempyrature, et que la 
valeur absolue de d6gagement calorifique 
d6pend de la dur6e de 1'action thermique.

On a constatS l'abaissement monotone de 
1'intensity du dSgagement calorifique en 
fonction du degrS d'aehevement du processus 
d'hydratation dans les limites L = 0,1*0,8.  
Dependant, mßme si le maximum de d6gagement 
calorifique est atteint au cours de conser
vation prSalable (t ■ 293°K, 'T7 - 15h,-L - 
« 0,2-0,28), le chauffage extSrieur du Sy
steme durcissant ä vitesse 15°C/h provoque 
une intensity de dSgagement calorifique
2,5 fols plus grande que celle de la p6- 
riode maximale.

Les rSsultats obtenus ont montry l'in6- 
vitability d'intensification des rSactions 
exothermiques d'hydratation du ciment sous 
l'action thermique ä n'Importe quelle Stape 
de durcissement actif du bSton. Done, au 
cours de durcissement accyiyrS du bSton, 11 
est impossible d'assurer le principe thermo- 
dynamique de Le Chatelier qui consiste a la 
s6paration des pyrlodes d'action des sources 
thermiques int6rieures et ext6rieures en vue 
d'obtenir des conditions de maximale pl6ni- 
tude des reactions chimiques. Quelles sont 
les consequences de telle contradiction in
soluble entre les conditions thermodynamlques 
de r6alisatlon de la maximale pl6nitude du 
processus d'hydratation et les conditions 
cin6tiques de d6veloppement de la vitesse 
maximale de ce processus? Pour rypondre a

Pig. 2. Intensity de dögagement calori
fique aux diff6rentes 6tapes de traitement 
thermique (f ■ 15°K/h): a) valeurs ryelies 
de "rejaillissement" de l'intensit6; b) le 
sch6ma recommand6 de point de vue thermody- 
namique d'application de traitement ther
mique.

cette question on a ex6cut6 des recherches 
physico-chimiques*  de 1* influence de diff6- 
rentes formes de conjugaison des caract6ri- 
stiques cin6tiques et thermodynamlques du 
processus d'hydratation sur les propri6tys 
finales de la pierre de ciment.

On a examin6 la cin6tique d'hydratation 
et de formation de structure de la pierre 
de ciment ä quatre r6gimes thermiques (fig.
3),  ensuite le durcissement se poursuivait 
dans des conditions d'humidity normale pen
dant une dur6e de 28 jours. Dans les deux 
premiers rygimes, on a simuiy les conditions 
favorables (r6gime 1) et d6favorable (r6gime
2) relativement a 1'observation du principe 
de Le Chatelier a la p6riode initiale d'hy-

Les collaborateurs sulvants ont pris 
part d ces recherches: D.D. Cotelnicoff,
S.A. Chifrine, E.E.Coulago, V.P. Poddou- 
benco



Fig. 3. RSgimes thermiquea de diffS- - 
rentes eonjugaisona des caractSristiquea 
cin6tiquea et thermodynamlquea d’hydrata- 
tion du clment.

dratation, dans les rSglmes 3 et 4 - la 
mSme chose au moment de dSgagement calori- 
fique propre maximal. La determination de 
l'eau de constitution et de la chaleur d*hy-  
dratation du clment, l’analyse quantitative 
et qualitative aux rayons X, lea recherchea 
ä l’aide du microscope 61ectroniquet ainai 
que.la determination de resistance a la com
pression ont d6montr6 qu’il n’y avait pas de 
difference considerable entre les caract6ri- 
atlquea des systSmes durcissant dans des 
conditions favorables (refroidissement) et 
d6favorablea (chauffage).

Il y avait un devancement d'hydratation 
aux r6gimea 1 et 3, ce qui d6montre I1in
fluence pr6dominante des caract6ristiquea 
cin6tiques. Ces regimes se caract6risent 
aussi par une plus grande valeur de resi
stance finale des 6chantillons 5 l*&ge  de 
28 jours. En m6me temps, 1* etude de la 
structure poreuse aux rayons des pores de 
0,05 5 25 a montr6 son identite pour les 
echantillons qui avaient durci seien les 
r6gimes 2 et 4 et ceux qui avaient durci 
dans des conditions d'humidite normale. Les 
echantillons qui avaient durci selon les 
r6gimes 1 et 3contenaient plus de pores a 
rayons 0,6-8 en comparaison aux ceux qui 
avaient durci dans des conditions d'humidi
te normale.

Ainsi, les donndes obtenues permettent 
de conclure que la combinaison de I'action 
thermique ext6rieure (a 1'intensite de 
150c/h) avec le d6gagement thermique In
terieur n'influence d'aucune maniere la ci- 
ndtlque et le degrd d'hydratation, cette 
derniere dtant un processus physico-chlmique 
irreversible.

Done, 11 est possible de choisir une dn- 
r6e d'application et d'intensitd de I'ac
tion thermique extdrieure au bdton dans un 
Intervalle plus large. La libertd de choix 
du temps de ddbut de traitement thermique 
et de 1'intensite d'apport caloriflque au 
b6ton est d'une grande importance dnergd- 
tique. En effet, la consommation d'dnergie 
extdrieure pour chauffage des articles et' 
structures en bdton doit 6tre envisagde en 
totalitd aveo les caractdristiques thermo- 
chimiques des ciments, ainsi qu'avec la pos- 
sibilitd de maximale utilisation de ddgage- 
ment caloriflque intdrieur dans le bdton 
durcissant.

Au cours d'acc616ration de durcissement 
du bdton sous I'action thermique - a 1'usine 
ainsi qu'd la construction de structures mo
nolithes - 1'dtape d'dldvation de tempdra- 
ture du bdton est critique au point de vue 
de determination de puissance de la source 
6nerg6tique ext6rieure. Done, la participa
tion de la source caloriflque intdrieure en 
rapport avec le potentlel thermochimique du 
clment doit dtre assurde tout d'abord a 
cette dtape de traitement thermique du be
ton. Il apparalt que la plus raisonnable so
lution de ce probleme conaiste a 1'utilisa
tion des rdgimes 6tendue ("doux") de traite
ment thermique, quand la vitesse d'dldvation 
de tempdrature du bdton peut 6tre comparde 
au degrd d*intensification  de chaleur d'hy
dratation du clment.

La participation de la source caloriflque 
intdrieure au chauffage du bdton ddpend non- 
lindairement de 1'intensitd du traitement 
thermique extdrieur. Si on dimunue la vi
tesse d'dldvation de tempdrature, 1'Influence 
de 1'effet thermochimique d'hydratation du 
ciment sur le chauffage du bdton accrott 
sensiblement (fig. 4) ■

Outre 1'lntensitd de traitement ther
mique extdrieur, la participation du ddgage- 
ment caloriflque intdrieur au chauffage du 
bdton est influencde par la durde de ce 
traitement. En diminuant la pdriode de con
servation prdalable on peut observer une 
tendance d'accroissement de participation 
du ddgagement caloriflque au chauffage du 
bdton, aux rdgimes "doux" d'dldvation de 
tempdrature (3-5°K/h) qui suivent. Dans des 
conditions de traitement thermique plus in
tense, la durde de conservation prdalable 
du bdton Influence moins la participation 
du ddgagement caloriflque au chauffage du 
bdton. Il est a noter que, outre 1'dconomie 
d'dnergie thermique de 40 a 60%, les rdgimes 
"doux" de traitement thermique du bdton per
mettent de rdduire les processus physiques 
de destruction dans le bdton. Les caractdrl- 
stlques physlco-mdcaniques et structurales 
finales du bdton chauffd dans des rdgimes 
"doux" sent identiques ä celles du beton 
durci dans des conditions d'humiditd nor
male.
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Il eat dSmontrS par les rfesultata des re- 
cherehea phyaico-chimiquea que la derogation 
du principe thennodynanique de Le Chatelier 
n*a  pas d'effet nocif but la cinfetique et 
le degrfe d’hydratation du ciment.
L*optimisation  de la durfee et de 1'intensitfe 
de I'action thermique extferiexire permet de 
recommander des rfegimea feconomea de durciase- 
ment aecfelferfe du bfeton diminuant la conaomma- 
tion d'fenergie de 40 a 60%.
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Pig. 4. Degrfe de participation de la 
chaleur d'hydratation du ciment (Qa ) a la 
conaommation totale d'fenergie thermique (P) 
pour chauffage du bfeton ä la durfee de con
servation prfealable: 1-0h; 2-2h$ 3-6h;
4-10h;  5-24h

CONCLUSIONS
Pour fevaluer les processus cinfetiques d'hy
dratation et de dfegagement calorifique du 
ciment, 11 faut dfeterminer 1'influence du 
facteur de tempferature aux degrfes fequlvalents 
d'achfevement des processus d'hydratation (L) 
dans des conditions isothermes ä tempferatures 
diffferentes.
On a mis en fevidence I'infevitabilitfe d'in
tensification de dfegagement calorifique au 
traitement thermique a quelconque fetape 
d'hydratation du ciment (L ■ 0 ♦ 0,8), ce 

qui provoque une contradiction entre les 
caraetferistiques thermodynamiques et cinfe
tiques du processus.



Les variations de phase et les proprietes du ciment durci
. Phase change and properties of hardened cement paste

Z.M, LARIONOVA, candidat de sciences techniques, chef du laboratoire,
L.P.  KOURASSOVA, candidat de sciences techniques, collaborateur scientifique superieur, 

Institut des Recherches Scientifiques du Beton et du Beton,Arme (NIIZhB), Gosstroy, U.R.S.S.

RESUME : E st 6 tud iä le comportement des mineraux principaux du ciment portland durci teis que: 
hydrosilicate, hydroaluminate et oxyde du calcium hydratS sous diff6rents regimes de traite- 
ment thermique ä la vapeur ou ä see. Est Stabil le rapport direct entre la stability thermi- 
que des formations nouvelles et les propriStSs de döformabilitS et de resistance du ciment 
durci. ■

Est döterminSe l'influence de l'adjuvant hydraulico-actif provenant d'un agrdgat poreux fine- 
ment moulu (kdramsite) sur les propriStds du ciment durci. Cet adjuvant exerce une action 
plastifiante qui depend de sa composition en grains et en mineraux. Sont mises en Evidence 
les formations dans les zones de contact, e.t I'Svolution de la microstructure du ciment Stu- 
vd, qui amdliore sa compacitS et son durcissement.

SUMMARY: Behaviour under different regimea of moist steam curing and dry heating for main 
minerals of portland cement hardened paste - hydrosilicate, hydroaluminate, hydrate calcium 
oxide has been studied. A direct dependence between themal stability of new foimations and 
deformative and strength properties of hardened cement paste has been given.
There has been determined the influence of hydraulicly active admixture from fine-ground 
porous aggregate-ceramsite on properties of hardened cement paste. The admixture produces 
a plasticizing action, which depends on its grain and substance fineness. Regularities of 
forming of contact zone and microstructure of steam-cured hardened cement paste, resulting 
in its compaction and strengthening, has been revealed. .



Les caract£ristiques techniques du ciment 
durci et du beton sont dans une mesure con
siderable conditionnees par la stabilite 
de leurea composantes mindrales et de leu- 
res structures. Pendant le durcissement du 
ciment la composition de la phase liquide 
change et cela entraine les changementa, 
de phase dans certaines nouvelles formati
ons d'hydrates. D1autre part, dans les con
ditions d* exploitation du beton (par examp
le, sous le chauffage) les changementa des 
mindraux du ciment durci et la reconstruc
tion de la microstructure ont lieu aussi.
Dans la pierre de ciment portland sans ad
juvants un hydroaluminate de calcium ä hau
te basicitd, C4AH13, se cristallise. L’exa- 
mination radiograpnique a montre que dans 
les conditions de haute saturation de la 
phase liquide par les ions de calcium (dans 
le ciment d’alite-aluminate) une transfor
mation d’ o(, - C4ÄH-I3 dans forme a lieu. 
Cela n'exerce pas de grande influence but 
la resistance du ciment duroi /5/.
Pendant un long durcissement dans lea con
ditions normales ou sous le traitement 
thermique la transformation de C4AH13 hexa
gonal dans C3&H5 cubique a lieu et cela 
abaisse la resistance du ciment durci. Si 
la temperature depasse 150°C 1’hydroalumi
nate cubique de calcium se decompose en 
CaAjHj et Ca(0H)2. Sous I1elevation ulte- 
rieure de la temperature on peut observer 
la deshydratation de Ca(OH)2 (t° = 450 - 
52O°C) et la decomposition posterieure de 
C4A3H3 (t° = 620°C) /3-5/.
Dans la pierre de ciment portland addition- 
nee de gypse et sous la temperature normale 
hydrosulfoaluminate de calcium 
C3A»3CaSO4..H3i est la nouvelle formation 
essentielle contenant 1’aluminate (ettrin
gite) dont la stabilite est determines par 
la composition minerale du ciment de base 
(Fig.1). Dans les ciments d’alite-aluminate

Pig. 1 - Les custaux d1ettringite 
C3A»3CaSO4»H3i sous la temperature normale.
Une replique platino-carbonique, x 10000 

et d’alumoferrite o’est 1’ettringite qui 
est une nouvelle formation stable. Il pa- 
rait que ses cristaux aciculaires "renfor
cent" le ciment durci et le font par cela 
plus consolide. Dans le ciment de bdlite- 
.aluminate apres la fixation complete du 

gypse a lieu la transformation d'ettringite 
dans monosulfoaluminate de calcium, 
C3A»CaS04»Hi2- L*augmentation  de la nSsis-- 
tance des eprouvettes>dans cette periods 
est ralentie /4/.
Le traitement par le chauffage dans la va
peur contribue aussi ä la transformation 
partielle d’ettringite dans monosulfoalu
minate de calcium. Au cours de chauffage 
ä sec sous la temperature 100°C 1’ettringi
te perd 2ÖH2O et commence ä se decomposer 
en d^gageant le gypse bi-hydrate et le, 
gypse semi-hydeate. A la Pig.2 sont presen- 
tde lee cliches radiographicues d'ettrin
gite chauff^ gamme des temperatures etant 
20-800°C. Est montre que sous la t° = 100°C 
les lignee principales d*ettringite  (d = 
9,8; 5,7; 3,86; 3,48; 2,57^2,2 A) diminu- 
ent brusquement; une ligne ä partir de d = 
7,6 A appartenante au gypse.
Sous le chauffage jusqu ä la temperature, 
200°C 6H2O reste dans 1’ettringite; un de- 
reglement dans la structure cristalline du 
mineral a lieu; le changement de ses pro- 
priet^s optiques et les resultats de 1* ana
lyse radiograph!que le temoigne. On peut 
observer la disparition des lignes principa-
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Fig. 2 - Les radiograph!ques d'ettringite 
chauffe des temperatures 20, 100, 200, 400, 
600, 800°C

Le chauffage jusqu a la temperature 400° et 
600°C amene a la decomposition d’ettringite 
en CaO, C12A7 et CaSOj. Une lignepfaiblg 
d’anhydrite a partir de d = 3,49 A parait 
sous la t°" = 400°C. Sous la temperature 
600°C on peut voir les lignes CaO ( d = 



2,41 ^), C12A7 (d = 4,3 2) et CaSOi (d = 
3,49; 2,87; 2,32; 2,2 A) ä la Fig.2. Aprea 
le chauffage sous la temperature 800°C une 
decomposition complete a lieu /?/. A la 
place de lui (d*ettringite)  sur les cliches 
radiograph!ques (Fig.2) sont marquees des 
lignes nettes des produits de decomposition 
cites plus haut. Fig.2 les cliches radio- 
grahiques d*ettringite  sous les temperatu
res telles que; 20, 100, 200, 400, 600, 
800°C.
La composition de hydrosilicate de calcium 
dans le ciment hydrate varie de CgSHg au 
CSH(B) /3-5/. Au cours de durcissement du 
ciment durci dans les conditions normales 
la composition de hydrosilicates de calcium 
pratiquement ne change pas mats ses cris- 
taux s’agrandissent un peu (Fig.3). Au 
cours de traitement autoclave, surtout si 
on y additionne de silice, la composition 
de hydrosilicate change vers CSH(B). Avec 
cela on peut observer sa cristallisation 
nette qui amene ä 1* augmentation de la re
sistance des eprouvettes (Pig.4). Un trai
tement autoclave de longue duree contribue 
ä la formation dans le ciment durci de gros 
cristaux de tobermorite C4S5H5 (Fig.5).

Pig. 3 -"Les cristaux de hydrosilicate de 
calcium CgSHg sous la temperature normale.
Une replique plat!no-carbon!que,x 10000

Pig. 4 - Les cristaux de hydrosilicate de 
calcium CSH(B) apres le traitement autoc
lave.
Une replique platino-carbonique, x 10000

Fig. 5 - Les cristaux de tobermorite 
C4.S5H5 apres le traitement autoclave de 
longue dur£e.
Une replique platino-carbonique, x 10000

Sous le chauffage du ciment durci dans le 
milieu, sec ä I*air  une deshydratation 
progressive des nouvelles formations hydro- 
siliciques a lieu. On peut en juger d’aprfes 
la reduction de la quantite de 1’eau hydra
tee, d'apres 1* accroissement de la masse 
specifique des Eprouvettes ainsi que d'ap
res la diminution de grandeur des ligne 
CSH(B) sur les cliches radiographiques. La 
deshydratation du ciment durci est accom- 
pagnee par la diminution de volume de la 
phase solide, par I*augmentation  de la po- 
rosite. par 1’affaiblissement de la resis
tance (par rapport aux eprouvettes de dur- 
cissement normal).
L'hydrate d’oxyde de calcium Ca(0H)2 (port
landite) se forme pendant I'hydratation de 
CjS et se de^age dans le ciment durci, en 
general, en etat d'agglomerations microgra- 
nulees. Dans les zones inetanches et sur 
les parois des pores se forment les cris
taux plus gros de portlandite. Sous le 
chauffage au-dessus de temperature 500°C la 
deshydratation de CatOHjg a lieu, avec cela 
les grains de CaO se forment dans le ciment 
durci. Dans les conditions de durcissement 
sec a 1'air dans le ciment durci a lieu une 
facile carbonatation de portlandite qui se 
transforme dans la calcite. La calcite est 
une composante stable du ciment durci et 
contribue au compactage et ä la consolida
tion de ce dernier. L'aragonite et le va
terite sont les varietes de la calcite. La 
decomposition thermique de la calcite a 
lieu sous la temperature 780-820°C /4,5/.
Les resultats des etudes complexes ont te- 
moignE un rapport direct entre la stabili- 
tE thermique des nouvelles formations et 
les propriEtEs techniques du ciment durci. 
Les changements importants du composE de 
phase et de microstructure du ciment de 
portland durci se produisent en prEsence 
des particules des agregats poreux hydrau- 
liquement actives et A dispersion fine 
(pulvErulentes). Par la rEalisation des es
sais spEciaux on a dEtermine 1* influence 
de ces particules sur les caractEristiques 



rhSologlques et aur les caraoterlstiques 
de resistance du ciment durci. .
En qualite d'agregat poreux de base on a 
utilize le keramsite dont le grain a une 
structure zonaire (zone exterieure et zone 
Interieure) et dont la composition chimico- 
mineralogique, la structure et les proprie- 
tes physiques pour cheque zone sont inega
les. II est presente par la phase de verre 
(o>70%) d’une composition alumosiliceux. 
Quartz est le mineral principal, de la pha
se cristallique (>20%), les mineraux de se
cond ordre sont tels que: feldspath, spi
nelle, hematite et d’autres - 10% au total.
On a effectue les etudes du ciment durci 
et des mortiers de ciment - sable avec du 
sable quartzeux et addittionnes de particu- 
les pulverulentes des zones exterieure 
(P.e.) et Interieure (P.i.) du granule de 
keramsite en quantite de 5-20%; ses parti- 
cules remplacent la partie de masse du ci
ment. Le nombre maximum des particules re- 
pondait au teneur en ces particules dans le 
beton de keramsite reel. La surface speci- 
fique, Ssp., de particules so'it correspon- 
dait a celle du ciment de base, Ssp. = 
3000 cm2/g, soit en etait consid^rablement 
superieure, Ssp. = 7000 cm2/g, Le ciment 
de portland alitique a Ste ä faible teneur 
en aluminates. On a etuv^ les ^prouvettes 
sous la temperature 85°C avec la regime 
3+6+3, apres cela avant la realisation des. 
essais (pendant 28 jours et plus) on les 
a conserve dans la chambre du durcissement 
normal. On a realise la comparaison avec 
des compositions sans particules (composi- 
tion-temoin) avec 6'au/Liant = const. et 
«gau/Liant const.
Ind^pendamment de la composition mineralo- 
gique et de la composition en grains des 
particules pulverulentes, ä £au/Liant = 
const., a eu lieu I’epaississement de la 
pate de ciment; ce processus devient de 
plus en plus intensif ä mesure de 1* augmen
tation de leur nombre et de leure dispersi
te. Plasticity de melanges des mortiers se 
change en fonction de la dispersite et de 
la composition mineralogique des particules
La resistance du ciment durci et du mortier 
compose de ciment et de sable (avec 8au/Li- 
ant = const, et avec £au/Liant const.) ä 
1'age de 1; 28 et 360 jours change d’une 
faqon identique en fonction de la quantity 
et du type des particules. A la Fig.6 sont 
reprysentys les diagrammes du changement 
ryiatif de la rysistance des mortiers com
poses de ciment et de sables. Sont prysen- 
tes les rysultats des essais pour les my- 
langgs des mortiers a consistance uniforme 
ä 1’age de 28 jours.
La prysence des.particules de la zone ex- 
tyrieure du granule de kdramsite en quanti
ty jusqu’aux 10% et avec Sep. = 2700 cm2/g 
et jusqu’aux 20% avec Ssp. = 7000 cm2/g 
n’abaisse pas la resistance. Le plus grand 
dypassement de la rysistance de 10% dans le 
premier cas et de 20% - dans le deuxieme 
cas est caractyrietique.pour les compositi
ons contenants 3-5% et 10% des particules.
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Pig. 6 - Le changement de la resistance 
ryiatives Rp/Rt des mortiers selon la quan
tity des particules (en %) avec 
Ssp. = 2700 et 7000 om2/g
Rp.e. - la rysistance des mortiers avec des 
particules de la zone extyrieure de keram- 
site, Rpi, - la resistance des mortiers avec 
des particules de la zone Interieure de ke- 
ramsite, Rt - la resistance des mortiers 
sans'particules (composition temoin) 
-------- compositions avec £au/Liant = const; 
--------- compositions A consistances egalea 
(£au/Liant const.).

L’introduction des particules extraites de 
la zone intyrieure du granule de keramsite 
avec Ssp. = 2700 cm^/g abaisse la rysistan
ce ä mesure de 1’augmentation de leur nomb
re; avec Ssp. = 7000 cm^/g on peut constater 
1’augmentation de la rysistance de 20% ac- 
compagny par 1’accroissement de la masse vo
lume tri que proportionngllement & la teneur 
en adjuvant; dans le meme temps dans d’aut
res cas la masse volumdtrique diminue un 
peu /2/. .
On a dytermine que les particules de la zo
ne extyrieure du granule de kyramsite se 
distinguent de celles des particules de la 
zone intyrieure du granule par leure compo
sition chimico-minyralogique, par une plus 
grande activity hydraulique, par des plus 
petites masses spycifique et volumytrique. 
Elies ont une structure imbriquye, strati
fies et aux pores fins (aux pores 1 mkm). 
Les particules de la zone Interieure du gra
nule ont une surface ryguliere et vitreuse, 
les pores y sont rarement situys et ont le 
diametre de co10 mkm (Fig.7). C’est pourquoi 
a mesure de diminution de grains la porosi- 
te des particules de la zone extyrieure du 



granule presque ne change paa; et la etruo- 
ture des partlcules de la zone Interieure du 
granule change bruaquement juaqu'a devenir 
oompacte-dana lea particulea<15 mkm.

Fig. 7 - Lea particules d'ecorce (a,b) et 
cellea de noyau (c) du keramsite, SEN.

Par la methode de radio-phaae et par la met
hode miorosoopique on a determine, <jue 
5-10% des particules de la zone exterieure 
du granule intensifient 1'hydratation du 
oiment (jusqu’aujc 10%), et avec cela oette 
intensific.ation eat plua grande pour la 
surface specifique 7000 cm2/g que pour la 
Sap. = 2700"cm2/g. Les particules de la zo
ne Interieure du granule ralentisaent quel- 
que.peu l’hydratation ä mesure de I’accrois- 
sement de leur nombre et de leure disper
sion. Le oiment durci avec les particules 
de keramsite independamment de leur type se 
distingue de oiment de base par la aim-inn- 
tion de quantite de portlandite et par one 
accroisaement considerable de la teneur en 
hydrosilicates de calcium ä fälble basicite, 
CSH(I) (partiellement Al - substitues) qui 
y sont la phase principals de gelatlnisa- 
tion. "
Dans le oiment durci ä la limits avec lea 
particules de keramsite 11 y a des couches 

consolidees de 20-30 mkm de largeur (avec 
des particules de la zone exterieure du 
granule) et de 10-15 mkm de largeur (avec 
des particules de la zone Interieure du gra
nule) qui se distinguent par la couleur 
dans un microscope polarisant (exception- 
nellement en lumiere räflechie) /2/. Ces 
couches se caracterlsent par une microdu- 
ret^ Sieves qui abaisse ä la mesure de leu- 
res elolgnement de contact et dont la va-, 
leur approche ä cells de microdurete du ci- 
ment durci en volume /I,2/. La microdurete 
et le volume des couches entourant des par
ticules de la zone exterieure du granule 
sont plus grands que ceux entourant les 
particules de la zone Interieure du granule. 
Par un complexe des methodes physico-chimi- 
ques on a determine que c’est une couche 
intermedialre entre la partle centrale de 
particule de 1’agregat et le ciment durci 
non-change qui contient des nouvelles for
mations ainsi que les moindres (^-1 -2 mkm) 
incorporations de l’agr%gats. Done, autour 
les moindres particules de keramsite qui 
ont une grande microdurete se forme un mic
rovolume du ciment duroi (avec un durcisse-- 
ment 5 fols plus grand) dont le diambtre 
depasse de 7-10 fols les dimensions de la- 
particule. Avec une teneur considerable en 
telles particules ces couches se rappro- ‘ 
chent et s'entre-oroisent et forment un _ 
nouveau type du ciment durci compacts d’une’ 
resistance ^levee.

CONCLUSIONS
Le traitement par le chauffage dans la va
peur du ciment durci contribue ä 1’eleva
tion du degre d'hydratation des mineraux 
de clinker et a une cristallisation plus 
nette de nouvelles formations des hydrates. 
Le chauffage ä sec sous la temperature 
100°C ne provoque pas de changements sen
sibles dans la composition minerale de 
phase et de dereglements dans la structure; 
les proprietes du oiment duroi sont main- 
tenues. Sous 200°C une deshydratation par
tielle et un dereglement de la structure 
oristalline ont lieu; cela amene ä 1’aug- 
mentation des deformations de retrait et ä 
1’affaiblissement de la resistance du ci
ment durci. Une posterieure conservation 
humide des eprouvettes chauffees contribue 
ä la reconstitution de la microstructure 
du.oiment duroi ä la diminution des defor- 
.mations et ä 1* augmentation de la resistan
ce. Le chauffage sous la temperature 100°C 
et:hu-dessus provoque une decomposition 
thöimique des compositions des dereglements 
irreversibles de la microstructure du ci- 
meift duroi et des pertes de ses proprietes.
Dans le ciment durci contenant les particu
les pulverulantes de keramsite une eleva
tion du degre d'hydratation (jusqu'aux 15%) 
et une diminution de la teneur en portlan
dite ont lieu. Sous l'effet de 1* interacti
on chimique de particules avec la solution 
de Ca(0H)2 du ciment durci dans le dernier 
augments la teneur en hydrosilieates ä 
basse basicite et se forme la structure aux



pores fins. Outre cela, dans la zone de con
tact ae fonnent des couches chimiquement 
changdes du ciment durci qui sont d'une mio- 
ro^urete dlevde. Les rdsultats obtenus, con- 
trolds pendant la production des betone 
reels nous permettent de considerer les 
particules de kdramsite (de la zone exte- 
rieure du granule v<. 60 mkm. de la zone Inte
rieure du granule <20 mkm) come des compo- 
santes pour la formation de gel et lea con- 
siddrer comme une partie du ciment.
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On ettringite and modification of slag cement

Sur Pettringite et /'amelioration des ciments de iaitier

Zonghan LOU, Associate Professor, Xianyu Xu, Lecturer, and Ren Han, Lecturer, Chekiang University, 
Chine Populaire.

RESUME : En examinant la formation, la morphologie, la transformation, la stability et 1'ex- 
pansibilitS de 1'ettringite (3 CaO.Al,0,.3CaSD4.31H20) dans les ciments formds de gypse et de 
Iaitier et dans les ciments de Iaitier, et en etudiant le mScanisme de 1'activation du lai
tier granulä, les auteurs ont abouti aux rbgles qui permettraient de fabriquer un ciment sans 
retrait, ou Idqerement expansif, en mdlangeant du clinker de ciment portland, du gypse et du 
Iaitier. Ce nouveau ciment aurait plus de clinker et moins de gypse que les ciments "laitier- 
gypse" et moins de clinker et plus de gypse que les ciments de hauts-fourneaux, de fagon ä 
mieux utiliser les propridtds de 1'ettringite.

Quand 1'hydratation de ce nouveau ciment atteint un certain stade, les phases cristallines de 
Ca(OH), et de CaSD .2 H?0 disparaissent, laissant C-S-H (B) et 1'ettringite comme produits 
principaux de 1'hydratation. Au döbut de 1'hydratation, lorsque la phase aqueuse est saturde 
eq chaux, 1'ettringite forme sur les grains d'aluminate des sortes de hdrissons. Lorsque 1'hy 
dratation progresse, CaO s'äpuise graduellem ent, et 1'ettringite s'dtend ä toute la solution 
en grains distincts. Ce ciment a une resistance älevde, surtout ä la traction. Il augmente 
legferement de volume lors de la prise; il-est stable ensuite. Il prdsente une bonne resistan
ce aux sulfates et une faible chaleur d'hydratation. Et ce qui est encore plus important, il 
produit moins de poussifere que le ciment "la itier-gypse" .

SUMMARY: From the comparison made on formation, morphology, transformation, stability and ex
pansibility of Ettringite (3CaO.AlpO,.3CaS0..31H-0) in gypsum slag cement and portland blast
furnace slag cement, the authors have brought forward, in connection with the discussion on 
the mechanism of the activation of granulated blastfurnace slag, a proportioning principle of 
preparing a non-shrinking or slightly expansive cement from portland cement clinker, slag and 
gypsum. The new cement is designed to have a larger clinker content and a smaller gypsum con
tent as compared with the usual gypsum slag cement, and at the same time a smaller clinker 
content and a larger gypsum content as compared with the portland blastfurnace slag cement, 
so as to bring out all the positive factors of the Ettringite.
As the reactions of hydration of this new cement reach a certain stage, the crystalline phases 
of Ca(OH)- and CaSO.. SH,« will disappear, leaving CSH(B) and the Ettringite as its main pro
ducts. During the early stage of hydration, when the hydrating solution is saturated with CaO, 
the Ettringite builds up on the aluminate particles in hedgehoglike form. As hydration pro
ceeds, however, the CaO gradually depletes, and the Ettringite is formed in the entire solu
tion in discrete particles. The cement proves to have high strength, especially high tensile 
strength. It expands slightly on hardening, but it is volume-stable otherwise. It has good sul
fate resistance and comparatively low heat of hydration. Most important of all, it does not 
cause dusting trouble like the gypsum slag cement.



INTRODUCTION
It becomes more and. more clear that et

tringite (3 CaO.Al203.3CaS04«31H20 —E-salt 
for short) plays an important role in the 
hydration and hardening of different kinds 
of cement. Along with the progress of re
searches in this field, it is obvious that 
ettringite has not brought the positive ef
fects into full play in the hydration and 
hardening of the principal varieties of 
slag cement, i.e., slag Portland cement(SPC) 
and gypsum slag cement (GSC). Taking account 
of the relation of chemical interaction and 
restriction between common Portland cement 
clinker(K), granulated blastfurnace slag (3) 
and anhydrous gypsum(G), our studies were 
to find out certain appropriate proportions 
between them, in order that certain reason
able physico-chemical conditions can be 
created to enable the quantity, growing rate, 
morphology, transformation, stability and 
expansion of the newly formed ettringite, 
to develop in the direction we expected, 
offering the principal theoretical basis for 
the preparation of a special kind of slight
ly expansive slag cement. Our studies were 
just an attempt to bring forth both the ad
vantage of ettringite and the benefit of 
slag into full play.

ON THE FORMATION OF 
ETTRINGITE AND ITS EFFECTS AND 

LIMITATION IN SLAG CEMENTS

The formation, the development and the 
transformation of ettringite play an impor
tant role in the hydration and hardening of 
these two kinds of slag cement, i.e., SPC 
and GSC. In earlier days the authors(1)(2) 
and other researchers(3) had noticed the 
difference in appearance of ettringite in 
these slag cements in SPC ettringite was 
observed, Under polarized microscope as 
crystals distributing in an aggregate manner 
backed up with a solid phase, whereas in 
GSC, ettringite was observed as needle crys
tals distributing individually. Both of 
these different crystals were found through 
X-ray examination and DTA to be the same 
constitution — ettringite. On the other 
hand, the crystalline phase of Ca(OH)- ap
peared obviously in set cement of SPC, but 
not in GSC, and the concentration of Ca(OH)- 
in the liquid phase rapidly approached a 4 
very low value. It is due to the fact that 
the admixture of clinker to SPC generally 
consists of 50-60%, but to GSC only of 3-5%. 
So the morphology of ettringite in these two 
kinds of cement must be the direct result 
caused by differen alkaline conditions hy
dration and hardening of cement. In order 
to testify this concept, experiments were 
carried out as follows: blend synthesized 
pure mineral of 3CaO. Al-0,(0,A) and dihy
drous gypsum according to the^chemical com
positions of ettringite, put this blend in 
Ca(0H)2 solutions containing 0.15, 0.30, 
0.50, 0.80 and 1.10g/l CaO respectively; 
sealing them on microscopy slides; and ob
serve them microscopically. The results

were shown as below.

0.15g/l 0.30g/l 0.50g/l 0.80g/l 1.10g/l
Figure I. The relations between 

the morphology of ettringite and 
the concentration of CaO.

The same result was obtained with pure 
minerals 12CaO.7Al?O,(C. ^A-) and CaO.Al-O, 
(CA). The morphology''of1 ettringite in these 
experiments agreed with those of these slag 
cements.

The morphology of ettringite is a re
flection of the behaviour and the kinetics 
in the formation of ettringite. It is ob
vious that from the phase diagrams of systems 
of Ca0-Al20,-H20 and CaO-CaSO.-H-0(6), the 
solubilities of gypsum, especially those of 
calcium aluminates, are seriously inhibitted 
in solutions saturated or nearly saturated 
with CaO. Nevertheless, Cao and gypsum are 
comparatively soluble materials, so the li
quid phase of set cement always contains 
more Ca++ and 30.= but less Al07. Inevitably, 
the ions Ca++, SO.- and A107 form precipi
tates of ettringite crystals almost at once. 
As a result, AIO^ is released from alumi
nates in solid phase and"a concentration 
gradient is established around the solid 
particles. Consequently, ettringite grows 
step by step as crystals distributing in 
aggregate manner backed up with solid parti
cles containing aluminates. Whereas, when 
the concentration of CaO in solution is lo.v, 
the solubility of gypsum and aluminates be
comes much larger, thereupon, ettringite 
forms In solution as needle crystals distri
buting individually in a random way. There
fore, these two different configurations of 
ettringite are closely related to their for
mation processes. Substantially it is a sub
ject of kinetics.

The intrinsic Impedance of the formation 
of ettringite is its expansion. Theoretical 
calculation shows that during the formation 
of ettringite the expansion of the total 
volume of solid phases Increased more than 
doubled. Ettringite crystals were distri
buting in aggregate manner backed up with 
solid particles; they might grow in certain 
directions and bring crystal-growing pres
sure to bear upon the circumferential ma
trices. As a result, the volume expansion of 
crystalline phase together with the crystal 
growing pressure makes possible the bulk 
expansion of set cement. Ettringite in SPC 
is just such a case we consider. It is ne
cessary to control accurately the gypsum 
content in cement blend, so as to restrict 



the quantity of ettringite formed. The for
mation of ettringite would end essentially 
when the cement paste Is still in its plas
tic state In order to avoid the disintegra
tion due to the expansion of ettringite.

On the other hand the needle shaped et
tringite crystals were distributing singu
larly, they might grow freely on both ends. 
This growth bring forth low or even no crys
tal growing pressure, and few effects in the 
bulk change of set cement. In this case, the 
force making possible the bulk expansion of 
set cement mainly depends on the volume ex
pansion of crystalline phase. Ettringite in 
GSC just belongs to this type. Even though 
ettringite forms in large amounts, the vo
lume change on setting still remains con
tractive, the contraction being small with 
the interior structure becoming more compact.

Fig.2 Ettringite formation 
in slag cements.

It is clear from the ablove expositions 
that different clinker contents in cement 
bring about different alkaline conditions " 
of hydration, that ettringite forms in dif
ferent configurations, and that different 
forces were made possible in the bulk ex
pansion of set cement. In fact it is a prob
lem related to the chemical interaction and 
restriction between K, S and G.

Another important problem, we should pay 
attention to, is the long-term stability of 
ettringite in these two slag cements. 3 CaO. 
Al-O-.CaSO..12H„0 (abbreviated as L-salt) 
was round In set cement of SPC by X-ray ex
amination. When CaO-Al-O- is introduced into 
SPC, L-salt becomes more^pronounced. This 
L-salt must be transformed from ettringite.

We have verified further these experi
ments, that in the case of high CaO concen
tration and low CaSO. concentration, e.g., 
CaSO./Al-O, ^1, ettringite could transform 
intoqL-salt. Just because of this, ettrin
gite is not stable in SPC from a long-term 
viewpoint(5).

But GSC is not the case. After the hy
dration and hardening of GSC, gypsum is in 
excces and solubility of CaO approaches a 
very low value. Therefore, ettringite would 
exist stably forever in GSC. This was con
firmed by the experimental results of the 
long-cured set cement of GSC.

The following experiments were carried 
out with synthesized E-salt and L-salt.

E-salt + CaSO.—- E-salt
L-salt + CaSO^-----E-salt

This confirms that ettringite exists 
stably in GSC(5).

But ettringite can not stand the action 
of carbon dioxide in atmosphere. We put 
synthesized pure ettringite in moist CO- for 
seven days and found that it was completely 
decomposed into aragonite CaCO- and dihy
drous gypsum as shown by X-ray'’examination.

This is because of the neutralization of 
Ca++ + C0-= — CaCO- I , which depresses the 
CaO concentration in the liquid phase, caus
ing the decomposition of ettringite by dis
turbing its concentration in equiliubrium. 
GSC is a cement of low alkalinity and it 
produces insufficient CSH(B) to shield et
tringite against the action of CO-. As a 
result, ettringite in GSC might be destroyed 
or decomposed by CO? in atmosphere, and it 
is known as "dusting", the formation of a 
spongy layer on the surface of set cement.

The instability of ettringite in GSC and 
SPC under different conditions is also a 
substantial problem relating to the chemical 
interaction and restriction between K. S and
G. The physico-chemical conditions of the 
hydration and hardening of these two slag 
cements have inhibited the positive effect 
of ettringite.

ETTRINGITE AND THE 
MODIFICATION OF SLAG CEMENT

According to our study on ettringite in 
both gypsum slag cement and slag Portland 
cement, and for the purpose in developing 
all the positive factors of the ettringite, 
we revised the ratio between clinker, slag 
and gypsum to certain appropriate components 
to bring about a new kind of slightly expan
sive slag cement. Portland cement clinker 
produced by general cement plants and granu
lated blastfurnace slag produced by steel 
mills are adaptable; As with gypsum, anhy
drous or calcined gypsum meet the needs. 
Thus, the new cement is designed to have 
greater clinker and less gypsum portion as 
comparing with the usual gypsum slag cement, 
on the other hand to have less clinker and 
greater gypsum portion as comparing with 
slag portland cement.

This new kind of slightly expansive ce
ment is a mixture of clinker, slag and gyp
sum. After concocting with water, it gets 
into the colloided state, in which clinker 
hydrates rapidly, separating out Ca(OH)- 
that will dissolve in water together with 
gypsum, while the powder of slag is soaking 
into the solutions. Hence a series of phy
sical, chemical and physico-chemical changes 
occur among the clinker, slag and gypsum, 
resulting in the set cement becomes as hard 
as natural stone. This kind of cement has 
both the main characterstics of main charac- 
terstlcs of slight expansion and lower heat 
of hydration.

After hydration of this cement, a large 
quantity of ettringite exists which may be 
found through XRD and TDA:
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Fig.'S XRD and TDA of slightly 
expansive slag"cement

It proves that the presence of ettringite 
in slightly expansive slag cement is an ob
vious fact.

The formation of ettringite absorbs quite 
a quantity of CaO. From XRD and DTA it is 
clear that the crystalline phase of Ca(OH)- 
does not appear in the set cement. It willz 
be entirely different if we remove gypsum 
from this cement blend, so that ettringite 
will certainly not come into existence and 
the crystalline phase of Ca(OH)- will be ob
viously found in XRD and DTA curves, shown 
as follows. •

Fig.4 XRA and DTA of slightly 
expansive slag cement 
(with gypsum removed)

These experimehts suggest that the for
mation of ettpirigite is a process which con
tinuously absorbs CaO and lowers the basi- . 
city. This can be shown from the change 
(decrease) of CaO content .in aqueous solu
tion during hydration.

Fig.5 The decreasing of CaO 
content during hardening 
of slightly expansive 
slag cement.

Therefore, at the beginning of the hydra
tion of cement, with CaO nearly saturated in 
the hydrating solution, ettringite forms 
crystals in aggregate manner, backed up with 
a solid phase, and then with the decreasing 
of CaO content in hydrating solution, it 
forms needle-like crystals distributing in
dividually. Both of them form successively 
but exist simultaneously. As stated above, 
the ettringite crystals are distributing in 
aggregate manner, the volume expansion of 
crystalline phase combined with crystal grow
ing pressure makes possible the bulk expan
sion of set cement. Whereas the ettringite 
crystals are distributing individually, so 
they bring about seldom or never crystal 
growing pressure, and have less effect on 
bulk expansion of set cement which is mainly 
caused by volume expansion of crystalline 
phase. Therefore, this cement differs both 
from CSC and from SPC in having appropriate 
expansion. Our experiments which will be 
stated later would prove that the formation 
of ettringite is completed within 7 days. 
Other experiments confirm that the expansion 
of set cement reaches the limit within 7 
days, moreover the expansion of this cement 
is much more stable than others.

'' Fig.6 Ettringite formation in-
slightly expansive slag 
cement.

While the ettringite is produced in large 
amount, hydrated calcium silicate is formed 
massively too. According to 140°C heat-ab
sorbing valley and the 920°C heat-diffusing 
peak on TDA curve, and through analysis in 
combination with the phase equilibrium in 
system CaO-SiOj-H-O, it is obvious that in 
this case hydrated calcium silicate formed 
must be (0.8-1.5)Ca0«Si0v(0.5-2.5)H90,i.e. 
CSH(B), but must not be fl.7-2.0)ca0.Si09« 
(2-4)H2O,i.e. C_SH2. CSH(B) plays more ifi- 
portant role in^the strength and other pro
perties of this cement.

Granulated blastfurnace slag accounts for 
a great part. In connection with the mecha
nism of the activation of this slag, we would 
know, clinker in these cement components of
fers CaO for activation of slag and at the 
same time the minerals in it hydrate and 
harden independently, among them C^A and



C,AF comMne with gypsum and form a crys
talline phase of ettringite. Thus the clink
er acts both as the independent cementing 
component and as the alkaline activator. On 
the other hand, gypsum acts as sulphate ac
tivator. Both of them activate the slag. 
Slag is the unstable glass in the system 
CaO-Al^O^-SiO-. The alkaline stimulation 
brings2aoout the formation of CSH(B) and 
partial disintegration of granulated slag 
glass, thus furnishes the prerequisite to 
the sulphate stimulation. Meanwhile the 
sulphate stimulation brings about the for
mation of ettringite which upsets certain 
established equilibrium and promotes the 
alkaline stimulation. Therefore, the deve
lopment of the strength of set cement is 
based on the cementation of clinker and the 
multiply repeated promotion between these 
two stimulations. This cement has high 
strength.

In hydration of different slag cements, 
the alkaline stimulation plays an important 
role in SBC which consists of much more 
clinker and less gypsum, whereas the sul
phate stimulation develops fully in GSC with 
less clinker and excessive gypsum. Both are 
considered as the basic weak points which 
are unreasonable for the under-development 
of the reactions of slag. We keep the proper 
ratio between clinker and gypsum used in 
this slightly expansive slag cement, thus 
both the alkaline and sulphate stimulations 
would develop more fully and the slag would 
react more effectively. As mentioned above, 
we know, in slightly expansive slag cement, 
one of the principal hydrated products is 
CSH(B) in which the ratio between CaO and 
SiO- approaches to 1, and the unacted slag 
in large quantity remained. Thereby, the 
concertrations of both CaO and CaSO. tend 
to decrease to low values, finally approach
ing equilibrium concentrations of both hy
drated products, ettringite and CSH(B), as 
the limit. This state of the slightly expan
sive slag cement ensures the long time sta
ble existence of ettringite, and prevents 
the latter from transforming into L-salt. 
It also has the ability of resistance to 
sulphate corrosion, though this cement con
tains a large quantity of unacted slag which 
offers the active AlpO,, but without the 
necessary condition of^basicity, therefore 
can not react with 30.= in water to form et
tringite. Besides, evdn if some ettringite 
forms, it will be the crystals distributing 
individually, and is unlikely to disinte
grate the set cement due to its expansion.

The constancy of volume and soundness is 
another problem we should pay greater atten
tion too. Compared with SPC, this cement 
contains excessive gypsum, and compared with 
GSC, it contains much more clinker. From the 
tranditional viewpoint about cement composi
tions, both cases are impermissible. Thus 
an important problem is put before us, in 
order to answer this problem related with 
the long-time safety of construction, which 
has been deeply concerned, the following 
experiments were carried out in two aspects. 
1) Pure ettringite OCaO.AlgOjCCaSO^IHpO) 

and pure I-salt (3CaO«Al„O,-CaSO.«12H?0) 
were sythesized and their solubilities in 
aqueous solution in equilibrium with crys
tals were determined respectively. The so
lubility products calculated are 1.1 x1O"^n 
for ettringite and 1.7 x 10-28 fOr L-salt in 
which the former being much less than the 
latter(5). At the beginning of the hydration 
of cement, the concentration of CaSO. in li
quid phase is enough, but that of AlpO, is 
comparatively too low. This condition abso
lutely benefits the formation of ettringite 
and not of l-salt. Large amount of X-ray 
diffraction patterns of set cement for ages 
of 1,2,3,7,14,28,9O,36Odays and 4 years 
show that ettringite persists in large quan
tity but l-salt only appears once in trace 
after long time. Therefore, it is confirmed 
both theoretically and practically that in 
no case can L-salt form in large amount at 
the beginning of the hydration and then 
changes into ettringite which causes expan
sive disintegration's).
2) It was verified that the formation of 
ettringite finished within 7 days by com
paring the relative intensities on the X-ray 
diffration patterns of set cement of the 
expansive slag cement, prepared with dihy
drous gypsum for ages of 3 and 7 days, and 
of set cement powder for age of 60 days with 
addition of 0.5% and 1% dihydrous gypsum. 
(In fact this expansive slag cement is pre
pared with anhydrous or calcinated gypsum. 
But it is difficult to resolve CaSO. from 
ettringite and the main mineral C^AS in slag, 
for their main relative intensities on X-ray 
differaction patterns are duplicate and co
vered each other.) The remaining amount of 
unreacting gypsum in set cement can be de
tected. It was confirmed that the left-over 
gypsum was very few after 3 days and only 
trace after 7 days, as compared with that 
obtained with the specimen with addition of
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Fig.7 The X-ray examination of 
set cement specimens

Meanwhile, according to the X-ray exami
nation on cement specimens prepared with 
calcinated gypsum at ages of 3,7,28,60 and 
90 days, the main spectra of ettringite,i.e., 



d=9.738(100), 5.6l8(8O), 3.888(50), 2.778(40) 
principally reached maximum within 7 days. 
This also meant that the formation of et
tringite approximately finished within 7 days. 
Since gypsum will disappear and the formation 
of ettringite will finish within a short time, 
so the constancy of volume would he good and 
there will he no danger of to get disintegra
tion caused hy further formation of ettringi
te.

Another powerful evidence of the con
stancy of volume and soundness is the fact 
that we huilt a small dam, 32m long and 15m 
height with this slightly expansive slag ce
ment in 1975, and until now no cracks, chaps 
or local swellings are found in it any where 
and its surface is still compact and smooth.

SOME CONCLUSIONS
1) On the basis of our studies on ettringite 
in both slag cements, SPC and GSC, the pro
portioning ratio between K, S and G can be 
revised to suit a reasonable physico-chemical 
condition of hydration and hardening of ce
ment, thus bringing about a new slightly ex
pansive slag cement which is characterized 
by fully developing the advantage of ettrin
gite. This slightly expansive slag cement can 
be prepared from granulated blastfurnace slag, 
common portland cement clinker and anhydrous 
gypsum with simple common cement production 
process, though it may conserve slightly more 
power to get better pulverization. This ce
ment is characterized by slight expansion and 
low heat of hydration. The strength developed 
by this cement using plastic mortar (Chinese 
National Standards GB177-77) is as follows 
for example: compressive strength (kg/cm^): 
3days-131; 7days-320; 28days-437) bending 
strength (kg/cm2): 3days-30.2, 7days-76.5, 
28days-88.7. ratio of linear expansion when 
neat cement tested 0.2%, heat of hydration 
less than 40 Kcal/kg within 7days, So this 
cement is applicable to the mass concrete 
building of water conservancy that it would 
bring about some basic changes in the con- 
stimction of the mass concrete building(11).
2) On the other hand, this slightly expan
sive slag cement might be a basic reform of 
GSC. Through this reform, the main defects 
of GSC, such as poor constancy of quality, 
poor resistance to weathering in storage of 
cement and dusting on setting, etc, would be 
all overcome. Therefore it is reasonable to 
produce this slightly expansive cement in
stead of GSC, and any GSC plant can be easily 
transferred to produce this slightly expan
sive cement without changing its raw mate
rials and technological processes but only 
modifying the K-S-G ratio in proportioning
of cement, though the GSC might sometimes 
have a higher strength.

The long-period production and application 
of slag cements have accumulated a wealth of 
practical knowledge on ettringite. Our study 
is an attempt to make fully effective use of 
ettringite in cement industry. The develop
ment of this slightly expansive slag cement 
is the natural result of the deepening of the 
comprehension of ettringite.
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Solubility product and stability of ettringite

La stability de fettringite et !e "produit de solubilite

Feipeng ZHANG, Lecturer, Zhifa ZHOU, Lecturer, and Zonghan LOU, Associate Professor, 
Chekiang University, Chine Populaire.

RESUME : La formation, le dSveloppement et la transformation de l'ettringite jouent un röle 
capital dans 11 bydratation, le durcissement et le processus de corrosion des divers ciments, 
notamment les ciments de laitier et les ciments expansifs. Du fait que l'ettringite est un 
membre de la sdrie des composes complexes du type 3 CaO.Al20,.mCa (X et /ou Y^^nH-O, les au
teurs envisagferent la possibility de prdvoir la formation etJla stability de l'ettringite, en 
mgme temps que sa transformation entre les membres de la s6rie. Des expiriences ont dty faites 
en tenant compte de ces composds complexes apparentys.
Les rgsultats obtenus,et indiquys ci-dessous, confirment les vues des auteurs :

C3A.CaCl2.10H20 ■+ CaS04 
C3A.3CaS04.31H20+ CaCl? 
C3A.CaC03.llH20 + CaS04 
C3A.3CaS04.31H20+ CaCDj 
C3A.Ca504.12H20 + CaS04 
C3A.CaCl2.10H20 + CaCO3

-*  C3A.3CaS04.31 H20 
' C3A.CaCl2.lDH2O
CjA.3CaS04.31H20 

—> C3A.CaCO3.llH2O * 
—>■ C-jA. 3CaS04.31H20

C3A.CaC03.llH20

Le concept de "produit de solubility peut aussi yclairer d'une manifere satisfaisante le mgca- 
nisme de 1'bydratat ion, du durcissement et de la corrosion des ciments divers, compte tenu de 
1'ettr ingite.

SUMMARY{The formation, develpment and transformation of Ettringite play a decisive role in 
the hydration, hardening and corrosion processes of various cements, especially the slag ce
ment and the expansive cement. In view of the fact that Ettringite is a member of the series 
of complex compoundsof the type 3CaO.Al2O-.mCa(X and/or Y2).nH20, the authors envisaged the 
possibility of predicting the formation and stability of Ettringite as well as the mutual 
transformation among the membersof the series. Experiments, therefore, have been carried out 
with respect to some of the related complex compounds. The results as illustrated below prove 
to support the authors' views.

C5A.CaCl2.10H20 + CaSO4------ ^C5A.3CaS04.31H20 •
C5A.3CaSO4.31H2O+ CaCl2—-x —C5A.CaCl2.lOH2O
CjA. CaCO3.nH2O+ CaSO4------^C5A.3CaS04.31H20
C3A.3CaSO4.31H2O+CaCO3 -x ^C3A.CaC03.llH20
C3A.CaS04.12H20 + CaS04----- — C3A.3CaS04.31H20
C3A.CaCl2.10H20 + CaCOj—C3A.CaCO3.llH2O

The conception with reference to the solubility product may also satisfactorily explain the 
mechanism of hydration, hardening and corrosion processes of various cements related to 
Ettringite.



INTRODUCTION
The formation, the development and the 

transformation of ettringite play an impor
tant role in the hydration, hardening and 
corrosion processes of different kinds of 
cement on their strength development, con
stancy of volume and soundness, sulphate- 
resisting ability and so forth. Ettringite 
is one of the main hydration products in 
gypstun slag cement and also the expansive 
element in expansive cement. But ettringite 
is just one of the compounds in a series of 
complex compounds of the type 3CaO*Al 2O^.mCa 
(X and/or Y2).nH20, with X=SO^, C0=,. and 

Y = Cl", Br", I", OH", N03~ or BrO^": that 
is to say, there are quite a number of related 
complex compounds.

Different kinds of cement differ in com
positions and display their respective hy
dration and hardening behavious. The change 
of the concentration of Ca++, A102~ and SO^- 

ions in liquid phase of set cement behaves 
in complex ways. Cements are also used with 
addition of blastfurnace slag, pozzolanas 
blending and differents additives, such as 
CaSO^, CaCl2, NaCl, CaCO^, etc, which being 
in Ca++, Na+, SO^, C1~,CO3 or other ions. 
Set cement in concrete construction might be 
acted by different active ions over a long 
period of time. When used in sea or salt lake, 
the concrete will be acted upon by different 
ions, such as Cl", SO^= etc; whereas in 
spring water it might be acted upon by HCO^" 
ion: for underground construction in saline 
alkali soil area, it will be corroded by Cl", 
SO^, COj, etc; and even in air, it will be 
also acted upon by C02 and water vapor and 
so on. So the stability of ettringite in 
every possible case must be throughly exa
mined.

There are many academic papers on the 
comprehensive study, discussion and comments

(X and/or Y2)«nH2O(1 ^2) 

. In this paper, it is our 
purpose to try to explain the stability of 
ettringite by applying "the rule of solubi
lity product", though it is only an attempt.

on 3Ca0.Al-0,«mCa 
(3)(4)(5)(6)?7)(8)

EXPERIMENTS
The hydration products of cement consist 

of gelatineous portion and crystalline por
tion. Ettringite and related complex com
pounds are of crystalline phases which are 
rarely soluble electrolytes and are under 
the rule of solubility product.

We have synthesized the following com
plex compounds which are of practical im
portance.

0 
as E-salt;

as L-salt
3CaO•Al„0,•CaCO-•11H?O

5 abbreviated as C-salt 
3CaO.Al-0,•CaCl„•10H J3

3 abbreviated as Cl-salt
0 
as A-salt

For determination of the concentration in 
equilibrium with crystals in aqueous solu
tion, complex compounds were synthesized, 
with chemically pure reagents checked by 
chemical analysis as raw materials: E-salt 
with Ca(0H)2 and A12(SO4)5«18H2O, Cl-salt 
with Ca(0H)2 and A1C15.6H2O, L-salt with 
Ca(0H)2, A12(SO4)3«18H2O and CaO-AlgO^, and 
C-salt with Ca(OH)2, CaO«Al2O3 and CaCO^. 
Syntheses were carried out between solutions, 
except CaO.Al2O3 and CaCO^, which should be 
pulverized, then added into the solutions to 
react with other reagents. In solutions the 
concentration of the starting materials were 
usually I1m1ted below 0.05N. The concentra
tion of some ions were increased to make the 
precipitation complete (usually applying 
nearly saturated Ca(0H)2 solution,) and dis
tilled water reboiled to be free of C02. In 
order to get rid of the effect of C02, all 
the synthesizing operations, such as filtra
tion, should be done as fast as possible and 
the products must be kept in desicators with 
decarbonating agent "alkali-lime".

After the X-ray examinations about their 
purity, in which C-salt was not quite pure, 
containing some CaCO^, their solubilities in 
mg/1 in aqueous solution at 25°C were deter
mined respectively by volumetric analysis as

3CaO.Al20,•3CaS04•31H2
3 abbreviated

3CaO.Al„0,•CaSO..12H 90
3 abbreviated

3CaO.Al20,•Ca(OH)2•nH2
3 abbreviated
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follows;
The Concentrations in equilibrium 

table I.

Compound E-salt L-salt Cl-salt C-salt

Duration of 
Equilibrium 3 days 4 days 3 days 11 days

CaO 68.5 168.0 180.0 78.6

CaSO^ 177.5 44.8
CaClo

73.6
CaCO,
70.2

ai2o5 36.4 93.8 61 .2 65.3

According to the above-mentioned value 
of concentrations in equilibrium with their 
crystalline phases, we converted them into 
concentrations in mg-mole per liter and mo
lar ratios composition as follows;

The concentrations in my mole per liter 
and molar ratios of composition

table II.

Com
pound E-salt L-salt Cl-salt C-salt

Soln mg
mole

nolar mg- 
nole

nolar mg- 
nole

molar mg- 
nole

molar

Comp per 
Liter

ratio per 
liter

ratio per 
Liter

ratio per 
Liter

ratio

CaO 1.223 5.4222.977 3.233.206 5.321.403 2.21

CaSO4 1.303 3.65 0.330 0.36 CaCl0
0.664 1.11 OaCO- 

0.702 1.11

Al2°30.358 1 0.920 1 0.601 1 3.634 1

The constants of solubility product were 
calculated in accordance with the following 
dissociation reactions of these complex com- 
■pounds.

E-Salt; 3Ca0.Al20y3CaSO4-31H20
= 6Ca+-i-*2A10 5~-i-3S04=+40H-+29H20

Ks.p= (Ca++)6-(AlO5“)2.(S04=)3.(0H-)4 

L-Salt: 3Ca0«Al203«CaS04»12H2O
= 4Ca+++2A102“+S04=+40H“+10H20

Ks.p= (Ca++)4*(A10j')2*(S04=)1 *(0H”}4

Cl-Salt; 3CaO.Al2O5’CaCl5*10H 2O
= 4C^+++2A105-+2Cl“+40h-+8H20

Kg^p= (Ca++)4.(A102~)2.(Cl-)2.(OH-)4 

C-Salt; SCaO.AljOyCaCOyllHjO
=4Ca+++2A102-+C05=+40H-+9H20

Ks.p= (Ca++)4,(A102~)2.(C03=)1•(OH-)4

The solubility products were calculated 
from the dissociation reactions, gaving 
E-salt as an example;

We take, (Ca++) = (CaO)+(CaSO4) 

(OH) = 2 x (CaO) 
(A102-) = 2 x (Al203) 
(S04) = (CaSO4J 

then,
Kg<p= (1.223 x10-3+1.303 x 10-3)6.

* (2x0.3575x W-3)2.(1.3O3x10-3)3
.(2 xl.223xIO-3)4 = 1.1x 10-40

The rest may be inferred by analogy. 
Thereby, the following values of solubility 
product were obtained.

Compound E-salt Tr- Salt Cl-salt ■ C-salt

SP 1 .1x10-401.7x10-28 1.Oxio-30 1.4* 10-30

Furthermore, the solubility product va
lues of Cl-salt and C-salt are quite close, 
the experiment was carried out to confirm 
the sequence: The mixture of 1gm Cl-salt+ 
%gmCa(0H)2+1gmCaC0^, which had been cured in 
moist state for 3 years, was examined, still 
as Cl-salt and CaCO^ in stable state. Thereby, 
it is confirmed that the solubility product 
of Cl-salt is smaller than that of C-salt.

Generally speaking, these solubility data 
are adaptable though*  our determinations were 
not quite precise. According to these deter
minations the sequence of the solubility pro
duct values, which we expected, is as follow:

E-salt<Cl-salt< C-salt< L-salt
From the above sequence of solubility pro

duct values, according to the rule of solu
bility product, the conclusion is: The ge
neral tendency of equilibrium between these 
complex compounds is that E-salt is the first 
to form and the most stable to exist over a 
long period of time.

We have also performed some experiments 
dealing with the transformations among.the 
complex compounds, such as:

A-salt+CaSO4 —E-salt 
L-salt+CaSO4—- E-salt 
E-salt+NaCl »Cl-salt 
(Igm E-salt in 1 liter water with Igm NaCl 
added.)



E-salt + CaCOj—■ C-salt (but aragonite 
GaCO^+E-salt)
(in one liter water I.TIgm A^CsO^J^'lBHgO, 
2.50gm Ca(OH)2 and O.25gm CaCO^ added)

Specimens blended with water, and cured 
in moist state for 3 years, were examined 
under X-ray, the results are as follows:

5gm E-salt+H20 — E-salt (no change)
5gm E-salt+IgmCaCO^ — E-salt (no change) 
5gm E-salt+1gmCaCO^+1gmCa(OH)2— E-salt

(no change)
1 gmCl-salt+1 gmCaSO^+'/gmCa (OH) 2-*-  Cl-salt 

(changed)
In addition, further results are as 

follows:
L-salt+CaCl2— E-salt+Cl-salt
L-salt+CaCOj— E-salt+C-salt

These experimental results" mentioned 
above are all ruled by the sequence of so
lubility product values.

But in special case the E-salt would 
sometimes transform into L-salt, such as;

E-salt + Ca0»Al20^— L-salt
_ (Igm E-salt in SOOmlHgO, O.4gmCaO«Al2O^ 

and 0.3gm CaO added)
It is not ruled by the sequence of solubility 
product values.

DISCUSSION AND CONCLUSION '
1. The gypsum slag cement and some expansive 
cement were designed to have more gypsum 
which would partially remain in the hardening 
cement pastes, thus: -

E-salt + CaSO^ —- E-salt,
L—salt + CaSO^ E—salt,

According to the rule of solubility pro
duct, because of excessive gypsum. Ettrin
gite would not be able to transform into 
L-salt and would exist stably for a long 
period .of time.

Besides, The slightly- expansive slag ce
ment which we studies^®^ would keep that 

the concentrations of both CaO and CaSO^ in 
hydrating solution tend to decrease to low 
values, finally approaching equilibrium con
centrations of the hydrated products, ettrin
gite and CSH(B), as the limit. The state of 
this cement insures the long time stable

existence of ettringite too.

Fig. XRD of two set cement 
specimens of the slightly 
expansive slag cement 
for age of 4 years.

2. Our experiment showed that equal mole 
mixture of C^A and CaCO^, or C^AHX and CaCO^, 
or 2Ca(OH)2+CaO<Al2Oj+CaCO^ form C-salt 
easily in the presence of water. In the 
aqueous solution the equilibrium concentra
tion of CaCO^ is less than that of C-salt.
On the contrary, the solubility product of 
CaCO- 8,7x 10 3 is greater than that of

3 -30C-salt 1.4x10 3 , in active Al^^-containing 
solution saturated with Ca(OH)2, CaCO^ will 
be converted into C-salt. It is an inevitable 
outcome. To certain cement, such as portland 
slag cement, when blended with insufficient 
gypsum, it is feasible to add some CaCO^ 
powder (pulverized limestone) to decrease 
the concentrations of active A120j and CaO 
in liquid phase in set cement in order to 
prevent the transformation of E-salt to 
L-salt, and the C-salt is contained in set 
cement, thus the long-time stable existence 
of E-salt is insured.
3. It has been several decades since CaCl2 
was used as an accelerator. It was confirmed 
that after the addition of CaCl2 to cement 
paste, Cl-salt will form immediately with 
soluble A120j and CaO in paste.

We believe the very fact that is the 
substantial essence of the mechanism of the 
accelaration of hydration was due to the 
addition of CaClj. In comparison with CaCl2, 
CaSO^ is much less soluble in water. The 
solubility of CaSO^ is only about 2 gm/1 at 
room temperature and is further restricted 
by the concentration of Ca(OH)2 obviously 
as shown in CaO-CaSO^-HgO phase diagreun(9).



Whereas CaClj has chemical affinity for wa
ter, its solubility is 745 gm per liter(7), 
usually the water — cement ratio is 0.5, 
when we add. only 1% of CaC^ to the cement, 
the concentration of CaCly in liquid phase 
of set cement will be 20gm/l. Therefore at 
the beginning of the hydration of cement 
paste containing certain amount of active 
AlgO'j and CaO, Cl-salt Should form immedi
ately and rapidly. The solubility product of 
Cl-salt 1.1x 1O~^®, is greater than that of 

-40 B-salt 1.1 x 10 , thus greatly accelerating
the transformation of Cl-salt to E-salt. This 
is the very reason why we are able to explain 
the mechanism of accelarating the formation 
of E-salt by CaCl^ as confirmed earlier by 
ZTernat Tenoutasse(4). In our experiments. 
X-ray and other examinations, Cl-salt ap
peared obviously. Synthesized Cl-salt looks 
like fibres which possess tensile force some
what like the asbestos fibres in the prefa
bricated asbestos-cement articles. Cl-salt 
distinctly strengthens the set cement as rib 
lath in concrete. It is clear that the long 
time stable existence of E-salt is insured 
due to the, Cl-salt contained in the set 
cement.
4. When excessive active Al„0- and CaO exist, 2 3
E-salt can transform into L-salt, which by 
itself is usually unstable. This fact is 
difficult to be explained with the rule of 
solubility product. Therefore, we once in

« dined to agree with the hypothesis about 
the existence of solid solution between 
C3A»3CaSO4*32H 2O and C5A.Ca(OH)2«nH20; but 
the latest studies denied this possibility 
because they are different in crystal struc
ture. Some people suspected, though generally 
recognized, the existence of solid solution 
between C^A^CaSO^-l2H20 and C^A*Ca(0H) 2«nH20 
(2).

It is hard to synthesize pure l-salt, 
whereas pure E-salt is rather easy to pre
pare. Once we kept a large amount of sythe- 
sized pure L-salt in a sealed ground glass 
stoppened bottle; after several months 
(moisture 3-5%), L-salt all transformed into

E-salt and C^Allx, as examined by X-ray.L-salt 
is a metastable compound; its formation and 
stable existence require high basicity (CaO) 
and low concentration of CaSO^, maintaining 
the molar ratio CaSO^/AlgO^ 1. In portland 
cement and Portland slag cement, L-salt may 
be transformed from E-salt which is formed 
at the beginning of hydration:(8) Deducing 
from the system of CaO-Al2O^-CaSO4-H2O, we 
can reach the same conclusions(10). The 
above mentioned transformation requires us 
to continue this study more thoroughly.

With the increase of varieties of cement, 
the extensive adaption of different admix
ture and additives, and the increasing de
velopment of the steam cured silicate ma
terials of fly ash and slag. The type of 
complex compounds C^A»mCa(Xand/or Y2)«nH20 
would play an even more important role.

Many research workers made thorough and 
extensive studies on these complex compounds, 
and acquired a vast amount of knowledge and 
experimental data in this field. But it is 
an urgent need to sum up all these accom
plishments so as to raise the general theo
retical level. Our present research is just 
one of the attempts along this line
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Effect of Ca(OH)2 on alkali-silica reaction

Effet de Ca(OH)2 sur ralcali-reaction

, Associate Professor Tang MING-SHU and Lecturer Han SU-FEN, Department of Silicate Engineering, 
Nanjing Institute of Chemical Technology, Chine Populaire.

RESUME : L'action sur I'opale de solutions de pH diffdrents a 6t6 6tudi6e. Les r6sultats mon
trent que la quantite de S102 dissous croit rapidement quand les solutions ont des pH supä- 
rieurs ä 12 ä 12.5. Des recherches comparatives des reactions alcalis-silice dans le ciment 
portland, le ciment alumineux, le ciment m6tailurgique sursulfatä et le ciment sulfatä de boue 
rouge ont 6t6 faites.

Les reactions alcalis-silice dans le ciment portland sont les plus importantes, quoique leur 
teneur en alcalis soit ä peu prfes la m&me que celle des autres ciments. Ceci peut &tre expli- 
qu6 par le fait que la concentration en ions 0H~ du liquide intersticiel de la päte du ciment 
portland est forte, et en m6me temps le pH est toujours sup6rieur ä 12.5, alors mSme que la 
teneur en alcalis n'est pas grande.

Ce n'est pas le cas pour les autres ciments. Le mdcanisme de 1'inhibition de la reaction alca
lis-silice par des mat6riaux pouzzolaniques peut etie expliqud rationnellement, en prenant 
l'action de Ca(0H)? en consideration, et v6rifi6 expdrimentalement. La suggestion est faite 
que la reaction alcalis-silice caus6e par des alcalis, qui viennent des sources autres que du 
ciment, peut etre empSchee en utilisant du ciment contenant peu ou pas de Ca(0H)2.

Summary: The action on opal by solutions of different pH values has been investigated. Results 
show that the amount of SiOg dissolved increases rapidly when the solutions have pH values 
greater than 12-12.5. Comparative studies of the alkali-silica reaction in portland, aluminous, 
supersulphated and red mud-sulphated cements respectively were then carried out. Alkali-silica 
reaction in the portland cement is the most noted though the alkali content is about the same 
as in the other cements. This might be explained by the fact that the OH- ions concentration 
of pore solutions in portland cement paste is rather high, as the pH value is always greater 
than 12.5 even though the alkali content is low. It is not the case with other cements. The 
mechanism of inhibiting alkali-silica reaction by the pozzolanic materials may be resonably 
explained by taking the effect of Ca(0H)2 into consideration and has been verified experimen
tally. Suggestion is made that the alkali-silica reaction caused by alkali came from sources 
other than cement can be prevented by using cements containing little or no Ca(OH)2.



I. Introduction
Stanton^1) discovered in 1940 the destruc

tive action on concrete of the alkall-silica 
reaction. Since then, extensive investiga
tions have been made in many countries and 
several comprehensive review papers have been 
reported^2’3’4’5). Certain reactive aggre

gates, such as flint, rhyolite and andesite, 
have been found in the dam structures built 
in China. In addition, many cement factories 
in China are still producing a large amount 
of cement with high alkali content. Conse
quently, field observations and laboratory 
experiments to disclose the intrinsic nature 
of the alkall-silica reaction are urgently 
needed.

The role of Ca(0H)2 in alkall-silica reac
tion has been studied by many authors. 
Powers(6) concluded that the diffusion rates 

of alkali versus calcium ions would be an 
important factor. The alkall-silica complex 
formed would cause expansion, but the lime- 
alkali-silica complex formed would not do so. 
This is known as competitive reaction 
theory(?).

(8)Hansen' ' suggested that the migration of 
2+Ca ions into opal would also induce expan

sion, because the volume occupied by calcium 
silicate thus formed would be larger than that 

(4) of the opal itself. Moskvin' ' reported that 
both alkali and Ca(CH)2 would take part in 
reaction, but at the same time the latter 
would regenerate the alkali ions to make the 
reaction going further. In addition, the 
semipermeable membrane which develops osmotic 
pressure would be formed by the reaction of 
Ca(CH)2 with reactive aggregate.

Experimental work done previously by the 
present authorconfirmed that the Ca(OH)2 
would increase the expansion caused by alkali
silica reaction. The objective of the present 
work is to investigate the effect of Ca(0H)2 
on alkall-silica reaction by considering as 
the most influential factor the relation of 
Ca(CH)2 to the CH- ions concentrations of 
pore solutions in the cement pastes.

II. Experimental results and discussion.

1. Effect of solutions with different pH 
values on opal.

The great importance of CH~ ions concentra
tions to alkali-silica reaction was well re
cognized by many investigators. In order to 
illustrate quantitatively the action of ' 
various pH solutions on opal, buffer solu
tions with different pH values were prepared 
by mixing 0.1 mol glycocoll and Nad solution 
with 0.1 mol NaOH solution, according to the 
predetermined volume ratios. Buffer solution 
was used to make the OH- ions concentration 
drop comparatively small during the reaction.

Experiments were carried out by putting 2 
grams of opal (0.25 - 0.75 mm) in each plastic 
container with 70 ml. of buffer solution,then 
sealing them to prevent carbonization. After 
keeping it at room temperature('x-22°C) for 24 

days, the dissolved silica was determined by ' 
photoelectric colorimeter. The aim of these 
experiments was to examine the corrosion on 
opal by solutions which have different CH~ 
ions concentrations but the same R+ ions con

centrations. Experimental results are shown 
in Fig.l. It can be clearly seen that only a

Fig. 1. Silica dissolved in different pH 
buffer solutions -

little silica is dissolved when the pH value 
of the solution is less than 12.0 - 12.5, but 
beyond these values, the amount of silica dis
solved increases rapidly. These results can 
be utilized to explain the different behavior 
of alkali-silica reactions in various types 
of cement.



2. Alkali-silica reactions in different 
types of cement.

Mortar bars containing 6% (by weight of 
sand) of opal (0.15 - 0.30 mm) were made of 
different cements. Expansion after ageing 
was determined by measuring the length 
changes. The results are given in Table I. It 
shows that the expansion of portland cement 
is much greater than the others when their 
alkali contents are almost the same. This is 
supposed to be due to the difference of CH~

Table I Expansion of mortar bars containing opal

Type of 

cement
Mix of cement

.Mkali content 
expressed as 

cqu iv.NstO(#)
Agt

Expansion 
(%)

Condition 
of mortar

1 Portland 1.22 2 years 1.275 Cracked

2 Aluminous 1.17 3 years 0.054* Good

3 Supersulphated
blast-furnace 
sfag-gypstun: 
chnkcr=8i;i5:4

1.61
2.61 
3.Cl

2 yeprs 0.112*  
0.160*  
o.-go

Good 
Good 
Cracked

4

!

Red mud- 

siiiphated

red med:cluiker. 
gypsun.:blast- 
ftrnace sipg 
=40:10:15;30

1.27

1.77 4irOrths

0

0.001

Good

Good

(D The original alkali contents of No.l ,2,3,4 are 0.52f» ,0.17# ,0.31 #and 1.27# 

respectrvelyCcalctilfted as ccu’v.N£»O),the alkali n-akt-rp is added when mixed;
® Red mud is the waste slag from alumina factory, containing 75# Its 

alkali content is calculated as equiv. NzeO to be 2.G1#;
©'means the expansion value is same as that with no opa’

ions concentrations in the pore solutions. To 
verify this, the ions concentrations were 
determined by using the method proposed by 
Schwiete^O) but modified by the present 

author. Cement paste with W/C = 0.65 was 
prepared. After keeping the sample at room 
temperature (^25°C) for 18 days, the liquid 

was expelled out of the cement paste by a 
pressure of 45 ff/mm^ instead of centrifuga

tion. The OH- ions concentrations of pore 
solutions thus obtained were then determined. 
The results are shown in Table II.

*The alkalis other than original are added when mixed-

Table U

Ions concentrations of pore solutions m cement pastes

Type of cement

Alkali contert 
expressed as 
equiv. Na»O (#)

•ons conceutrations (mM/1)

orzginal total* OH"

Portland z 0.43 1.2 359.3 434.7

Aluminous 0.06 1.2 414.3 pH= 12.97 

(detd. by oH-meter)

Supersulphated 0.60 1.79 445.7 31.3

Comparison of the results shows clearly 
that the 0H~ ions concentration of portland 
cement is much greater than that of super

sulphated cement, but the difference of B*  

ions concentrations is small. As mentioned 
above, the opal would be attacked more 
seriously as the concentrations of 0H~ ions 
are much higher. This is also confirmed by 
microscopic observations. Nearly all of the 
opal in portland cement paste (Na20 = 1.72%) 
was attacked and cracks were distributed over 
the whole surface, while the opal in the 
supersulphated cement (NajO = 1.61%) main
tained its original contour (Fig. 2).

With respect to aluminous cement, though 
the 0H- ions concentration is lower than that 
of portland cement, but it is much higher

(a) (b)
Fig. 2. Opal in cement pastes of (a) 

portland cement and (b) supersulphated 
cement, aged for the same period of 75 
days.

than that of supersulphated cement. Conse
quently the opal is still attacked seriously. 
The OH- ions concentraticns of red mud-sul
phated cement paste however determined with 
a W/C value higher than 0.65, is the smallest 
one among all the cements tested. Obviously, 
the opal in the paste of this cement would 
be reacted upon only slightly.

The higher OH- ions concentration of pore 
solutions in portland cement paste is related 
to the presence of solid Ca(0H), in the paste.

(11) —According to Maiquori, ' the total OH ions 
concentration of Ca(0H)g + NaOH solution is 
always higher than that of NaOH present 
alone (Fig. J).

It must be pointed out that the Ca(0H)2 
present may keep the pH of pore solutions 
greater than 12.5 even if the alkali content 
is very low. As mentioned above, opal is 
reacted upon severely under such pH value 
conditions. Therefore, the alkali-silica



Fig. 3. The total alkalinity of NaOH and 
(ifaCH + CafOHjg) solutions 

reaction may go on in portland cement though 
the alkali content is low, or even though a 
great part of alkali has been used up. Thus, 

(12)D.O.  Woolf' ' did report the expansion 
produced by the small amount of reactive 
aggregate in a low alkali cement.

(5)It is very interesting that Diamond' 
interpreted the alkali-silica reaction by 
emphasizing the effect of the ions concentra
tions in the pore solutions. The present work 
suggests that the different behavior of al
kali-silica reaction in different types of 
cement as above described are just due to 
their different concentrations of 0H~ ions 
in pore solutions.

3. Mechanism of inhibiting alkali-silica 
reaction by additives.

Additives such as pozzolana and slag were 
proved by many investigators to be very 
effective to inhibit the alkali-silica reac
tions. The mechanism, however, as both lea^1^ 
and Malquori^11^ stated,, is yet to be 

elucidated.
Three questions might be put forward for 

discussion: (a) In order to reduce expansion, 
why should a large quantity of additives be 
always needed, as the alkali content of the 
cement amounts to approximately 1% only?(b) 
Why do certain additives cause expansion 
when,a little amount of them is used? (c)

Certain high alkali pozzolanas, in reacting 
with Ca(0H)2, may release most part of the 
alkali contained, can these pozzolanas be 
used to inhibit the alkali-silica reaction? 
Presumably, these questions can be answered 
by taking the effect of CaCOHjg into con
sideration.

The pozzolana in pozzolanic cement reacts 
not only with alkali but also with CaCOH^» 
both of them are released by portland cement 
clinkers during the process of hydration.The 
large amount of Ca(CH)2 present in the 
hydrated cement may regenerate the alkali 
absorbed by pozzolanic materials. Further
more, the alkali contained in pozzolanas can 
also be released by ion exchange with CaCOH^» 
Therefore, to inhibit an alkali-silica reac
tion, it is necessary to add a large amount 
of pozzolanic materials until there is enough 
to reduce the Ca(OH)2 to such an extent that 
it will release or regenerate only a little 
alkali. It needs not, however, to take away 
all the Ca(0H)2 because the last remaining 
Ca(CH)2 would be embedded in the hydrated 
parts. In practice, the alkali-silica reac
tion can be inhibited only when the pozzo
lanic materials added amount to more than 
25 - 30^. If a small amount (^lOsS) of high 
alkali pozzolanic materials such as fly ash 
or pozzolana is added, the R and OH- ions 
concentrations of pore solutions would in
crease instead of the reverse. Thus the 
alkali-silica reaction will be accelerated. 
The high alkali pozzolanas, however, might'*  
have an inhibiting effect, if the amount 
added is sufficiently high. This has been 
proved in the laboratory and with field 
constructions. For example, in Italy, 
pozzolanic cements made from high alkali 
pozzolanas were mixed with reactive aggre
gates, but no trouble was found thenceforth.

Two experiments were done with a portland 
cement (NagO = 1.2%) to which 25% of fly ash 
and 45% of calcined clay were used respec
tively. The alkali-silica reaction in both 
samples was found to be inhibited. For the 
purpose of illustrating the role of CaCOHjg, 
extra 10% of low temperature calcined lime 



was added In both samples. Expansion of mortar 
bar increased evidently with time (Fig. 4).

Age ( Months )

Fig. 4. Expansion of mortar bars made 
from pozzolanic cement with opal added.

It was thus proved that additives must 
absorb enough CafGHjj in order to inhibit the 
alkali-silica reaction. In general, the in
hibiting ability of blastfurnace slag is in
ferior to pozzolana, because the CafOlOg 
absorbed by blastfurnace slag is less than 
by pozzolana.

It is highly likely that the mechanism of 
inhibition by pozzolanic materials would be 
not only to reduce the alkali-silica reaction 
but also related to the structure of the ce
ment paste. Further work of investigation is 
to be planned.

4. Prevention of alkali-silica reaction 
caused by alkali from sources other than 
cement.

(2) ■Bredsdorff' ' had call attention to the fact 
"that in cases where alkalies may be contained 
in the mixing water, in the aggregate or in 
the surroundings of concrete, special precau
tions, besides the use of low alkali cement, 
are called for." According to the discussion 
mentioned above, it would be expected that 
supersulphated cement may not cause severe 
alkali-silica reaction even if the surrounding 
water contains alkali salts. On this account, 
mortar bars containing opal were kept in 
alkali salt solutions and their length changes

were measured. The results are shown in 
Table III. - - -

Table III

Expansion of mortas bars kept in solutions of alkali salts

Type of ccirent

Alkali content 

expressed by 

equiv.NfeO(96)

Opal, 
replacement 
of sand by 
weight

Solutions
Period of ageing(month.s)

1 4 9 13

Portland 0.52 0 S^NaaSO* 0.036 0.035 0.063 0.109

0.52 6 59bN?aSO* 0.032 0.067 0.66 1.41

0.61 0 S^NsaSC* 0.045 0.040 0.055 0.057

0.6) 6 5%NaaSO* 0,058 0.059 0.058 0.065

0.61 0 6% NaOH 0.069 0.068 0.074
Supersulpb&ted 0.0) 6 5% NaOH 0.061 0.060 0.076 0.088

1,31 ' 0 5%NfsSO4 0.129 0.121 0.123 0.127

1.31 6 5^6NftSOe 0.128 0.126 0.128 0.L32

Results showed that the mortar bars made 
from low alkali portland cement and being 
kept in 5% Na2SO^ solution expanded 1,41% 
and cracked after 13 months. But those made 
from supersulphated cement and being kept 
either in 5% ^230^ solution or in 5% NaOH 
solution expanded only slightly. In particu
lar, these expansions were almost the same 
as those of the mortar bars, which, with no 
opal in them, had been kept under the same 
conditions. Hence, it can be expected that 
by using such cements as supersulphated or 
portland cement, with the sufficient amount 
of pozzolana or slag being added, the alkali
silica reaction caused by the alkali from 
sources other than cement could be prevented, 
since hydration of these cements will produce 
little or no Ca(0H)2«

Discussions so far are concerning mainly 
the effect of OH- ions on alkali-silica 
reaction. Mention may be made on the migra
tion of Ca^+ ions. By using EDAX technique, 

2+ it is discovered that the Ca is concentrat
ed on the surface of the larger opal parti
cles (1 cm) (Fig. 5a, the shadows show the 
elements on surface and the points show the 
elements in center). But it is verified by 
repeated tests that with the smaller opal 
particles (0.25 - 0.75 mm), a large amount 

2+ of Ca ions is concentrated in the center 
2*  of opal (Fig. 5b). It seems that the Ca 

ions also■take part in and promote the al
kali-silica reaction. ,



(a) (b)
Fig. 5. EDAX of opal in cement pastes

(a) Opal size, i cm;
(b) Opal size, 0.25 - 0.75 mm.

III. Conclusion.
1. Alkali-silica reaction is actually a 

base-acid, neutralization reaction. Hence, 
when the concentrations of R ions is fixed, 
the more concentrated the OH- ions solution 
is, the more vigorous is the reaction.

2. The differences of expansion caused by 
alkali-silica reaction in different types of 
cement are mainly due to the difference of 
CH- ions concentrations in the pore solu
tions of cement pastes.

3. The alkali-silica reaction may be 
effectively inhibited, if a sufficient amount 
of pozzolanic materials is added to the- 
cement. A large part of Ca(OH)2 would be 
vanished in reaction and the last remained 
Ca(0H)2 could be embedded by the hydrated 
products.

4. The alkali-silica reaction caused by 
alkali from sources other than cement can 
be prevented by the use of supersulphated 
cement or cement with additive such as 
pozzolana or blastfurnace slag.
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Effect of glucose on the hydration of portland cement

Action du glucose sur i'hydratation du ciment portland

N.B. SINGH and P.N. OJHA, Department of Chemistry, Gorakhpur University, Gorakhpur (U.P.), India.

RESUME : L'action du glucose, ä diverses concentrations, sur I'hydratation du ciment Port
land a ete etudiee en utllisant la calorimetrle, l'analyse thermique differentielle et la 
diffraction X. On ä mesure la quantite de chaux liberee par I'hydratation du ciment, et la 
resistance ä la compression de clments additlonnes ou non de glucose. Le potentiel Zeta de ces 
ciments, additlonnes ou non de glucose, a ete determine par electrophorese. Ce potentiel Zeta 
du ciment anhydre ou hydrate pendant 24 heures, ou encore hydrate pendant 24 heures en presen
ce de 2,0 x 10_dM de glucose a ete trouve egal respectivement ä + 14,6 mv, -8.4 mv et + 4.5mv. 
Les resultats montrent qu'en presence de glucose, la vitesse de reaction entre le C_A et le 
gypse est augmentee, et depend de la concentration en glucose; ainsi, un-e concentration plus 
grande en glucose provoque une vitesse de reaction plus elevee. L'tffet global du glucose est 
de retarder I'hydratation. Ces resultats ont ete exprimes en fonctlon du potentiel Zeta.

SUM-jAKY ; Uffect of different concentration of glucose on the hydration of portland cement 
have been studied. Calorimetric, DTA and X-ray diffraction techniques were used for the 
hydration studies. Percent free lime of the hydrated cement and the compressive strength 
of the hardened cement in the presence and absence of glucose were determined, beta 
potential of the cement hydrated in the presence and absence of glucose have also been 
calculated by determining the electrophoretic velocity. The zeta potential values of 
unhydrated cement, hydrated ior 24 h and hydrated for 24 h in the presence of 2.0 x 10-T(I 
glucose were found to be + 14.6 mv, -8.4 mv and + 4.5 mv respectively. Results indicate 
that in the presence of glucose, the rate of reaction between CjA and gypsum is increased 
and this depends on the concentration of glucose i.e. greater is the concentration,faster 
is the rate of reaction. The overall effect of glucose is the retardation of hydration. 
The results have been explained in terms of zeta potential value.



INTRODUCTION
Effect of admixtures, both accelerators 
and retarders, on the hydration of cements 
have been studied extensively. The saccha
ride canpounds (or sugars as they are 
commonly called) are one of the effective 
retarders and have been studied by various 
research ■workers'*-?.  Suzuki and Nishd 
studied the retarding effect of saccharides 
on the hydration of cements and they 
explained their results in terms of 
adsorption theory. Breuer2 also explained 
the retarding action of sugars in terms 
of adsorption theory. During the action of 
polysaccharides on the hydration of cement 
pastes. Young*  found that in the presence 
of alkali-es, the degradation of saccha
rides take place and the degradated 
products are more effective retarders. 
Milestone° also supports the Young's 
observation and he found that the sugar 
acids of glucose are atleast ten times 
more effective in retarding the hydration 
of C-A than glucose. Previte9 found that 
the ^retarding power of saccharides are 
related to the molecular size and confor
mation. Mariampol1 skii et al‘° studied the 
retarding action of saccharic, aldonic and 
uronic acids and their salts on the 
hydration of cements and explained their 
results in terms of chelation between 
organic compounds and the Ca2+ ions.Singh 
on the other hand believes that the 
gluconates retard the hydration of port
land cement by poisoning certain growing 
nucleis.
Recently Singh^’^ studied the effect of 
glucose on the hydration of portland cement 
and found that it accelerates the reaction 
between tricalcium aluminate and gypsum.
The survey of the literature shows that 
although the effects of organic additives 
such as sugars on the hydrat.1 on of cements 
have been studied extensively, there are 
still significant disagreements regarding 
the mechanism of their action. , 
The purpose of this article is to study 
the mechanism of the action of glucose on 
the hydration of portland cements. The 
results have been interpreted in terms of 
zeta potential ( ).

EXPERIMENTAL
Material: Portland cement(ACC) was used 
for the-hydration studies. Glucose 
(G. Merck) was used as an admixture.
Method: Heat of hydration were determined 
by a microcalorimeter. The details of the 
method are described elsewhere!4. The 
experiments were performed at 30°C at 
V/c = 0.5.
Hydration of. the cement (W/c = 0.5) in 
the presence and absence of glucose was 
stopped at various intervals of time by 
absolute ethyl alcohol. 0.5x 10_2M,

1.0 x 10-2M, 1.5 x 10-2M and 2 x 10-2M 
glucose solutions were used for the study.

Measurement of electrophoretic velocity

For the measurement of electrophoretic 
velocity, a similar method as adopted by 
kastogi et al!5 was used. The apparatus 
used is shown in Fig. 1. The cement 
particles were homogenized mechanically 
and dispersed in isopropyl alcohol. The 
experimental cell was fixed in a vertical

Fig. 1. Apparatus for measurement of 
electrophoretic velocity.

position and the suspension was introduced 
into the experimental cell through J till 
half of the tube was filled. The stopcock, 
S, was now closed and pure isopropyl 
alcohol was gently filled in the remainder 
of the tube, XY, so that distinctly sharp 
boundary B was formed. The internal 
diameter of XY was 0.33 Cm. A potential 
difference was applied through coiled 
platinum electrodes^ Pi and P2, 12.7 Cm. 
apart with an electronically operated 
power supply in such a way that movement 
of the boundary occured in the' downward 
direction. The position of the boundary at • 
various time intervals was noted and the 
rate of movement of boundary or the 
electrophoretic velocity was thus deter
mined. Corrections were made for the down
ward movement due to the action of 
gravitational forces. From the electro
phoretic velocity, potential was 
calculated. The experiments were performed 
at 35°C and for anhydrous cement, and 
cement hydrated for 24 h in the presence 
and absence of 2.0 x 10“2 M glucose 
solution.
X-ray diffraction patterns of the hydrated 
samples were taken with a x-ray diffracto- 
graph using CuK^ radiations. The following, 
x-ray lines are used for the analysis.

Phase d(A°)
CjS 2,776, 3.02
CjA 2.70



Ca(0H)2 4.90
CaS04.2H20 7.56
C3A.3CaS04.51H20 9.70

DTA of the hydrated samples were made 
with a manual differential thermal 
analyser. Caliberation curve by using • 
different concentration.of gypsum in 
alumina were also made.
Free lime content was determined by the 
extraction method''“. The samples were 
extracted for one hour with a mixture of 
iso-propyl alcohol and acetoacetic ester 
at boiling temperature, after which the 
suspensions were cooled down and filtered. 
The extracted lime were determined by 
titrating against 0.1N HC1. .

Compressive strength of the samples in 
the form of 4"x4"x16" bricks were measured 
at different inteivals of time in the 
presence and absence of glucose.

IÜS SLITS

Heat of hydration

The heat of hydration of cement in the 
presence and absence of glucose with 
different hydration times are given in 
Fig. 2. From the figure it is clear that 
as soon as the cement comes in contact to 
water rapid heat evolution takes place 
and after which the reaction slows down.

Fig. 2. Effect of glucose on the heat 
evolution of cement.

This early heat liberation may be due to 
cement wetting, dissolution of alkalies, 
hydration of hemihydrate, free lime and 
CjA. The hydration reaction is very slow 
during the induction period which

continues approximately upto 5 hrs.After 
the induction period is over the reaction 
accelerates with time, and readies a 
maximum value at around 10 hrs. and after 
which deacceleration of the reaction 
starts and ultimately it becomes very slow 
During this period mainly the hydration of 
C-S phase takes place. In the presence 
of different concentration of glucose 9 
(1.0 x 10-2 m, 1.5 x IO"2 M and 2.0 x1(TM) 
the rate of heat evolution is decreased 
and the time for maximum heat evolution 
is increased. The overall effect is that 
by increasing the concentration of 
glucose tiie hydration of cement is 
decreased. -

X-rav Studies

The variation of concentration of C,S, 
C,A and gypsum in the solid samples5 
hydrated at different intervals of times, 
as represented in terms of x-ray intensi
ties, are shown in lig. 3. From the 
figure it appears tiiat in the absence of' 
glucose, the concentration of C3S phase is 
constant upto approximately 10 hrs and 
after which it starts decreasing.

TIME OF HYDRATION (HOURS)

lig. 3. Variation in X—ray intensity for 
the different phases of cement 
during hydration.

In calorimetric curve, also a maximum 
comes at about 10 h of hydration. After 
this time the x-ray intensity starts 
decreasing and reaches to 50% at 24 hr. 
This shows tiiat only nearly 50% of C3S is 
hydrated at 24 h. On the otherhand in the 
presence of 2.0 x 10—2 glucose solution, 
the x—ray intensity remains constant upto 
nearly 18 h and then starts decreasing 
and reaches to 90 ot24 h. Here also a 
maximum appears at around 18 h. A decrease 
of only 10 in the x-ray intensity simply 
indicates that in the presence of glucose 
the hydration of C3S phase is practically 
negligible.



In the absence of glucose, the x-ray 
intensities of the CjA phase are' constant 
upto nearly 10 h ana then start decreasing 
whereas in the presence of 2.0 x 10~2 y 
glucose, there is not much variation in 
the i-ray intensity of the CjA phase 
(J'lg. 3). In other words the concentra
tion of CjA is roughly constant during 
the time of experiment in the presence 
of glucose.

As indicated by the x-ray intensity, in 
the absence of glucose, the gypsum is 
consumed between 18 and 24 hr. Whereas 
in the presence of 2.0 x 10*2  y, rlucose 
solution, it is consumed in between 
4-6 hr. (lig. 3). This is supported by 
DTA experiment also. The consumption of 
gypsum is as a result of the reaction 
between CjA and gypsum wi th tiie foimation 
of ettringite. This reaction is 
accelerated in the presence of glucose 
and hence gypsum is consumed quickly. 
Since only a small amount of CjA is 
involved in the reaction, its- concen
tration is not effected much.

In the absence of glucose, the presence 
of calcium hydroxide is indicated only 
after 4 h whereas in the presence of 
2.0 x 10*2  pi glucose, it does^come even 
upto 24 h.

fPotential

The electrophoretic velocity is ^iven 
from double layer tneory as

(Ve)g=0 =D^^/j-RT| ....(1)

where, Yt = viscosity of the medium, 
D = its dielectric constant,£ = zeta 
potential of the interface, g is the , 
gravitational field per unit mass and -J 
is between 4 and 6. According to regorous 
theory of Debye and Hiickel, it is 6, 
when the electrophoretic drag due to 
double layer is also considered1'. In 
equation (1); E = , where is
the potential difference and t is the 
distance between the two electrodes. Thus, 
on substituting the value of E in 
equation (1).

Ve = • ....(2)

A plot of V« against (Fig. 4) would 
give a straight line. The slope of tiie 
curve will be equal to D

Thus, siOpe ...(3)

The zeta potential for pure cement, and 
cement hydrated for 24 h in the presence 
and absence of 2.0 x 10“2 M glucose 
solution were calculated by using eq.(3)

Ji;-. 4. Variation of electrophoretic 
velocity with the applied voltage

and are given in table I. Preen the table 
it is clear that the zeta potential is 
positive and maximum for unhydrated cement 
whereas it is decreased considerably for 
other samples. In the cement hydrated in 
the absence of glucose, the zeta 
potential even‘becomes negative.

Table I

Zeta Potential ( § ) 
Temperature = 35°C

Sample Zeta Potential
(mV)

Cement + 14.6
Cement hydrated for 24 h - 6.4
Cement hydrated for 24 h in + 4.5

-22.0 x 10 M glucose

Free lime content
The variation of percent free lime with 
hydration lime is shown in Fig.5.In the 
absence of glucose,the percent free lime 
is roughly constant upto 5 hr( cc.1%) end 
after which increases rapidly and then 
becomes slow after 18 h. In the calori. 
metric experiment also, the induction 



period is upto 5 hand hence ihe free 
lime determination shows that the 
hydration is very slow upto 5 h and it 
Increases only after the induction period 
is over. In the presence of glucose, the 
percent free lime is very low( < 1%) and 
is nearly constant during the course of 
experiment. This simply shows that in the 
presence of glucose the hydration is 
decreased considerably.

Jig. 5- Variation of free lime content 
with the hydration time.

Compressive Strength

The variation of compressive strength with 
hydration time in the presence of differ
ent concentration of glucose solution is 
given in Jig. 6. From the figure it is

Fig. 6. Effect of glucose on the . 
compressive strength of cement.

clear that in the presence of glucose the 
strength is lower at early stages of 
hydration but becomes nearly equal to 
that hydrated in the absence of glucose 

at latter stages of hydration. The 
decrease of compressive strength and the 
time of equalization of the two strengths 
(in the presence and absence of glucose) , 
increases with the increase in glucose 
concentration.

DISCUSSION .

hesuits indicate that in the presence of 
glucose, the overall hydration of the 
cement is retarded and the gypsum is 
consumed quickly".'A positive value of zeta 
.potential indicates that ■the overall 
charge on the cement grains are positive. 
The development of charge on the cement 
grains may be due to the non-stoichiometry 
present in the constituent compounds of 
the cement. The cement grains with a 
positive surface when comes in contact to 
water, a dipole, dipolar interaction 
starts. As a result of this dipole-dipole 
interaction, the reaction proceeds and 
various hydrates are formed, at the 
surface of the cement grains. These 
hydrates may take some time for reorienta
tion of charges, which causes the induction 
period of the hydration reaction. Once the 
reorientation of the charges is over, the 
reaction will accelerate with time and 
hydrates thus formed are pr obably rich in 
OH- groups and because of this the overall 
charge on the hydrated cement grains 
become negative and accordingly the zeta 
potential. On the otiier hand the zeta 
potential of the cement hydrated in the 
presence of glucose is decreased. This 
decrease in zeta potential can be explained 
as: As soon as cement grains come in 
contact to glucose solution, glucose 
molecules are adsorbed on the cement 
grains. Since the glucose molecules are 
neutral and bulky, they act as a screen. 
As a result of this the magnitude of the 
effective charge on the cement grains 
are decreased. Because of the lower 
effective charge, the"dipole-dipole 
interaction between water and glucose 
adsorbed cement grains are decreased and 
the overall magnitude of charge on the 
hydrated cement in presence of glucose is 
decreased. This causes a retardation of 
hydration and a decrease in the zeta 
potential of the hydrated sample in the 
presence of glucose. The decrease in zeta 
potential can be explained with the help 
of following equation

...(4)

where d is the double layer thickness, G'is 
the charge density and D is the dielectric 
constant of the medium. Thiis keeping D as 
constant, ^will depend mainly one-.
However it is difficult to explain the 
accelerating action of glucose on the 
reaction of gypsum with CjA on the basis 
of zeta potential unless a separate 
experiment with C^A alone is performed.



The decrease in free lime and strength in 
the presence of glucose is mainly due to 
lower degree of hydration.

COBCLUBI0B .

I'ran our results the following conclusions 
can be made.

1. Calorimetric experiments indicate that 
the hydration of cement is retarded in 
the presence of glucose.By increasing 
the concentration of glucose, the

induction period and ihe time for 
maximum heat evolution is increased 
whereas the total amount of heat 
evolved is decreased.

2. X-ray diffraction and differential 
thermal studies indicate that in the 
presence of glucose,the reaction 
between CjA and gypsum is accelerated. 
This is indicated by early consumption 
of gypsum in the presence of glucose.

3. The zeta potential of unhydrated 
cement was found to be +14.6 "mv, where
as the zeta potential of the cement 
hydrated in the presence of absence
of 2.0 x 10~2 M glucose for 24 h were 
found to be -6.4 mv and +4.5>»v 
respectively. .

4. The positive value of zeta potential 
of the unhydrated cement indicates a 
positive charge on the cement and this 
may be due to the nonstoichiometric 
compounds present in the cement. The 
hydration reaction is considered as
a dipolar interaction between positi
vely charged cement grains and water 
dipoles.

• .
5. The negative value of the zeta poten

tial indicates a negative charge on 
the hydrated cement which may be due 
to more OH- groups on the surface of 
the hydrated cement. A decrease in 
zeta potential in the presence of 
glucose is explained as a result of 
adsorption. ■

6. The canpressive strength of the cement 
in the presence of glucose is decreased 
in the early days of hydration whereas 
after longer time it becomes nearly 
equal.

7. In the presence of glucose, the percent 
free lime is less then one and remains 
constant upto 24 h, whereas in the 
absence of glucose it is nearly one 
upto 5 h and after than it increases 
rapidly.
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Conditions of the Hydroxyl Ellestadite Formation 
in Mixtures containing Calcium Sulphate

Les conditions de la formation de 1'hydroxyle-ellestadite dans 
les melanges comprenant du sulphate de calcium

Z. SAUMAN, Professor, Research Institute of Building Materials, Brno,
F. VAVRIN, Professor, Technical University, Brno, CSSR, Tchecoslovaquie. .

RESUME : Au cours du traitement hydrothermique des melanges de sable quartzeux et de chaux 
avec addition de plätre, 1'hydroxyle-ellestadite se forme /Ca,Q(SiO^)3(SO^)j(OH),/. Dans le i 
cas d'une teneur tres accentuee, celui-ci cause la deterioration des caracteristiques meca- ‘ 
niques et physiques des produits autoclaves. Dans les melanges de CaO et de quartz ä granulo
metries differentes, et avec plätre, on a constate qu'au cours du processus hydrothermique, . 
la quantlte de la phase susmentionnee formee est maximum pour une dimension des particules de 
quartz comprise entre 60 et 9O.pm. .

Avec du quartz de granulometric inferieure ä 10 pm, 1'hydroxyle-ellestadite se forme au com
mencement de La reaction et se decompose immediatement en phase tobermoritique et en sulphate 
de calcium. L'augmentation de la grandeur des particules de quartz prolonge cette decomposi
tion dans le temps. Des le remplacement partiel de la chaux par le C,S ou par le ciment, ce 
composant se forme, mais seulement pour des teneurs en plätre plus elevees (> 10 %).

SUMMARY : During the hydrothermal processing of mixtures of quartz sand with lime and a 
gypsum rock admixture is formed hydroxyl ellestadite /Ca,0(Si04)3(S04)3(0H)2*/  which in a "
more pronounced quantity causes the deterioration of the physical and mechanical properties*  
of autoclaved products. It was found in mixtures of CaO with quartz of a different gra
nulometry and gypsum rock that in the course of the hydrothermal process is formed the 
maximum quantity of the above phase when employing quartz with particle size within 6Q to 
90/Ujn. .
When quartz of granulometry under 10.urn is employed, hydroxyl ellestadite is formed at the 
beginning of the reaction, but it iszimmediately decomposed into tobermoritic phase and . 
calcium sulphate. With growing quartz particle sizes, the decomposition period of the lat
ter j.s'prolonged. Already through the partial replacement of lime by C,S or cement there 
occurs the formation of this component only at higher gypsum rock content (>10%).



INTRODUCTION .
Studies of SO 2~iOns influence onto the 
Ca0-Si02-H20 ^system under hydrothermal 
conditions nave shown that the transfor
mation of CSH gel into 11 A tobermorite 
is accelerated by the relatively low addi
tions of CaS04.2H20 (1-3).
As soon as, however the content of the 
added CaS04.2H20 in the starting mixture above 3-4%4is Increased, the formation of 
hydroxyl ellestadite/Ca^0(Si04)3(SQ4)3(OH)2/ 
could be noted. At the same time it was 
found that increasing sulphate additions 
lead to a proportional increase in the con
tents of the formed hydroxyl ellestadite 
(further only : HXEL).
With regard to the fact that the experimen
tal part of this work was aimed at the for
mation of HXEL under production technology 
conditions of autoclaved building materials 
on the basis of quartz sand, lime and cement, 
also their physical and mechanical proper
ties were studied.
It was proved that an increasing content of 
sulphate ions in the above system causes 
the reduction of strengths after the hydro
thermal processing of the investigated 
mixtures, proportionaly to the quantity of 
the formed HXEL. This fact follows from the 
actual particles morphology of the above 
phase (4) .
The formation of HXEL and the effect of 
gypsum rock in mixtures of cement and 
quartz sand, respectively, onto the actual 
mechanism of the reactions, were studied 
also by Takemoto and Kato (5) and Djabarov 
and Slatanov (6).
EXPERIMENTAL
Starting raw material components and method 
of their preparation.
For the experimental work there was em
ployed ot-quartz (low) having following 
chemical composition (%) :
Moisture content - 0,09; ignition loss - 
0,11; SiO„ - 99,75; Al-O- - traces; 
Fe20 - 0,06; Ti02 - 0,01; CaO - traces; MgD - traces; KgO^- traces; Na20 - traces. 
CaO was obtained by igniting CaCO,(Merck, anal, grade) at 1050°C, 4 h.
As the sulphate component CaSO4,2H20(anal. 
grade) was employed. Quartz, employing la
boratory air classifier and suitable 
sieves was separated into following fract
ions (.urn) : < 5, 5-10, 20-30, 30-40,
40-60/ 60-90, 90-100, 100-150, 150-20'0,
200-300, 300-400, 400-500 and 500-600.
Furthermore there was employed portland 
cement clinker with following phase com- 
postition (%) : C,S - 69,1; /?-C-S - 13,2; 
CjA -6,2; C_A F - 6,9, from which also 
cement was obtained by grinding with 4% 
CaSO. ,2H 0 to the fineness of 3200 cm^.g" 
(Blaine)?

RESULTS AND THEIR DISCUSSION
Formation and stability of HXEL in rela
tion to quartz granulometry and length of 
the hydrothermal process. -
Quartz fraction mixtures were homogenized 
with CaO in a mass rStio of 80:20 simul- . 
taneously with 10% CaS04.2H20 (converted 
to a lime-quartz mixture) and processed 
in the form of a paste or suspension 
(solid phase : H20 ■ 1 ; 10) hydrothermally in small pressure vessels at 193°C, iso
thermal holding period 5 h. From the pre
pared X-ray diagrams there was employed 
the height of the 2,83 A diffraction line 
(corresponding to HXEL) for plotting the 
graphical relationship between the rela
tive quantity of the above phase and the 
quartz granulometry.
It follows from Fig.l that a larger HXEL 
quantity is formed in the paste, whereas 
in mixtures with fine quartz fractions 
(<40 .urn) this component could not be po
sitively identified. In both series the 
highest HXEL quantity was determined in 
samples that contained quartz with the 
granulometry of eO-go^um.

Number ef mixtures
Fig. 1 - Fprmation of HXEL in relation to 
the quartz granulometry.

I. Susperisions II. 1’astes
No . -Uffi No . /Um 
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Fig. 2 shows the morphology of the HXEL 
crystals prepared synthetically and finally 
Fig. 3 represents the microstructure of the 
No. 2 mixture.
HXEL crystals are characterized by a colum
nar shape which predetermines the low 
binding properties of this component. ■
Fig. 4 indicates the existence of HXEL in 
relation to the isothermal holding period 
(0, 1, 2, 3, 4 and 5 h) and the quartz 
granulomet ry.



Fig. 2 - SEM of synthetically prepareti HXEL

Fig. 3 - SEM of sample No. 2 suspension.
Even though in mixtures with the finest 
quartz fractions (< 5 and 5-10.urn) HXEL is 
formed at the beginning of the reaction,it 
is subsequently decomposed into tobermorite*  
and calcium sulphate ,
In the following mixtures the HXEL quantity 
is markedly higher at the beginning of the 
reaction and its decomposition is shifted 
with the growing quartz particle size 
towards the longer periods of time. When 
employing the 40-60.urn granulometry.then 
only after a 4 hour period it was possible 
to prove a very slight decrease in HXEL 
contents. It was also found that HXEL for
med in a mixture with quartz of 60-90.uni 
granulometry does not decompose even within 5-10 hours (193°C}. . .
Definition of temperature and 3CaO.SiO2 
influence onto the HXEL formation.
With regard to the employement of cement as 
one of the starting raw material components 
in the production of autoclaved building 
materials, it appeared expedient to give 
precision to the above mentioned influence 
onto the formation of HXEL, in two dif
ferent types gf mixture processing : steam 
curing at 100 C (9 h) and autoclaving at two temperatures : 175°C and 193°C (5 h).

/im 

---- ■— <5 ----- A----- 10-20—®----- 30-40

-----G—5-10-----a—20-30—A 40-60

Fig. 4 - Formation and existence of HXEL in 
relation to the quartz granulometry and the reaction period (193°C).
The composition of the investigated mix
tures is shown in Table I.

TABLE I
Mix . 
design.

Quartz 
(60-90 .urn ) (%)Z

3CaO.Si0_ (%) 2 CaO 
(%)

CaSO . .2H„0 f%) 2

1 80,0 20,0 - -
2 80,0 20,0 . - 10,0
3 80 ,0 19,0 1,0 10,0
4 80,0 15,0 5,0 10,0
5 80,0 10,0 10,0 10,0
6 80,0 5,0 15,0 10,0
7 80,0 - 20,- 10,0

As can clearly be seen from the character
istic angular region of the X-ray diagrams 
(Fig. 5), the lowest HXEL- quantity was formed at 100°C. The last two mixtures, 
processed at 175°C, exhibit a somewhat 
larger proportion of this component; at the 
same time in sample "7" it is no longer pos
sible to identify the presence of 11 A-to- 
bermorite, since the major newly formed 
phase is HXEL.



0 5 10 15 207, CaS04 2H20

23 35 23 35 23 35 23 35 23 35 23 35 23 +/ 35Fig, 5 - X-ray diffraction diagrams of pastes processed at different temperatures. '
As long as the temperature of 193°C was ■ 
used, there was formed a pronounced HXEL 
quantity only in mixture "7“, in mixture 
"6" its presence appears to be controver
sial .
Influence of a graded sulphate addition 
onto the formation of HXEL.
It was proved by orientated experiments • 
that the bottom limiting contents of 
clinker (celhent) in the investigated quartz- 
-CaO mixtures which suppress the formation 
of HXEL, correspond to the value of 7-10%. 
In order to clarify the influence of 
CaSO.,2H20 onto the formation of HXEL there were4selected mixtures containing 80% quartz, 
12,5% CaO, 7,5% portland cement clinker and 
a graded gypsum rock fraction (0-20%).
In mixtures in the form of paste processed 
at 193°C/5 h with a growing addition of 
CaSO. .2H20, the quantity of anhydrite in
creases. Starting with 15% gypsum rock there 
occurs a pronounced decrease of the anhy
drite and 11 A-tobermorite in connection 
with the formation of HXEL (Fig. 6).

Fig. € - Formation of main phases related 
to gypsum rock additive(quartz 60-90zum, 193°C/5 h) . 7
CONCLUSIONS

+/ Used symbols : '
A - CaS04(III); H - Ca(OH)2; N - CSHn;' 
Q - quartz; S - CaS04.l/2H20T - 11 Ä-to- 
bermorite; X - hydroxyl ellestadite.

The highest quantity of hydroxyl ellestadi
te in quartz mixtures, of varying granulo
metry with CaO and gypsum rock subjected to 
hydrothermal processing was noted, when 
using particles of 60-90.urn in size. Even 
though in the case of very fine quartz 
(<10.um), HXEL is formed at the beginning 
of the reaction, it is immediately decom
posed with the formation of 11 A-tobermo- 
rite and calcium selphate.



With quartz particles growing in size, the 
stability period of HXEL is prolonged. If 
the lime is fully or partly replaced by 
cement, the above mentioned phase is formed 
only after a considerable addition of gyp
sum rock .
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A Kinetic Study of Alite Hydration

Etude cinötique de Khydratation de I'alite

A. BEZJAK, Faculty of Pharmacy- and Biochemistry, University of Zagreb,
I. JELENIC, V. MLAKAR and A. PANOVIC, Association of Yugoslav Cement Producers, Yougoslavie.

RESUME : Les auteurs ont etudie la cinetique de 1'hydratatlon de I'alite dans le Systeme pur 
mineral-eau, dans le melange alite-C^A-platre et dans les pates du clment portland, en appli- 
quant un procede qui tient compte des effets des Interactions des processus, determinants 
pour la vitesse de la reaction. Les echantillons etalent hydrates ä un rapport eau-solide de
0.5  ä 20°C et en presence ou absence des sulfates alcalins. Les degres d1hydratation de I'ali
te ä des ages allant de 4h. ä 2 mois furent determines par la diffraction des rayons X. L'etjie- 
tion d'Avrami-Erofeev et les equations de la cinetique lineaire ou quadratique servaient a 
calculer les parametres. Pour une distribution des tallies des particules donnee, on calcu- . 
lait les degres d1hydratatlon en supposant des contributions differentes de chaque processus 
determinant la vitesse de reaction. La comparaison des degres d'hydratatlon calcules et obser
ves a fourni unerelation lineaire entre le temps d'hydratatlon t (a-observe) et le temps re
duit t (a-calcule/ ^-observe) et a donne le parametre necessaire pour calculer les constantes 
de la vitesse de reaction. Les degres d'hydratatlon calcules correspondant aux degres d'hydra- 
tation observes, montrent la contribution des mecanismes ä chaque etape d'hydratatlon de I'a
lite. Les valeurs des constantes de vitesse de germioation et de crolssance des produits 
d' hydratatlon son^ de l'ordre de 1J.. 0.102  2.2.10 2 hl  et celles de 1' interaction ä 1'in-* * *
terface a 6.7.10 ä 25-10*2  um h . Le processus de la diffusion controlee montre i'existen- 
ce de deux ou trois etapes, avec des constantes de vitesse nettement plus grandes pour la 
premiere etape que pour la deuxieme ou la troisieme, surtout pour les systemes qui contien- 
nent des sulfates alcalins. Les tres grandes vitesses observees pour la premiere etape de 
diffusion sont essentiellement responsables de i'effet accelerateur des sulfates alcalins.

SUMMARY : The kinetics of alite hydration in pure mineral-water system, in the alite-CgA-gypsum mixture and in 
Portland cement pastes with high and with low CgA content was studied by applying a procedure that takes into account the 
effects of simultaneous action of different rate-datermining processes. Specimens were hydrated at 0.5 water-to-solid ratio 
at 20°C, in presence and in absence of alkali sulphates. The degrees of alite hydration at various ages ranging from 4 
hours to 2 months were determined by quantitative X-ray diffraction. Avrami and Erofeevs's expression and linear and 
quadratic rate' equations were used to calculate the parameters required.. The degrees of hydrption for a given particle size 
distribution were calculated presuming different contributions of particular rate-determining processes. The comparison of the 
observed and the calculated degrees of hydration providing linear relationship between hydration time t (ot-observed) and 
relative time 'C («6-calculated = ^-observed) yields the parameter required for the calculation of actual rate constants. 
Computed contributions to the calculated degrees of hydration, corresponding to the observed ones, show the distribution of 
the rate-determining mechanisms at particular stages of alite hydration. The obtained values of the rate constants for 
nucleation and growth of hyd-ation products range between 11.0-10-2 and 2.2-10* 2h \ and those for phase-boundary 
interaction between 6.7-10* 2 and 25-10-2yUm h*'.  The diffusion-controlled process proved to be two- or three-stage in 
nature, with the rate constants for the first stage being considerably higher than for the second or the third one. This 
applies especially to the systems containing alkali sulphates, and the extraordinarily high rate constants of the first-stage 
diffusion are most responsible for the observed acceleratory effect of the readily soluble alkalies.



INTRODUCTION

The hydration kinetics of C3S has been extensively studied 
on pure mineral-water systems (1-8). Numerous data 
obtained by several investigators indicate that the rate of 
hydration process during the acceleratory stage is controlled 
either by nucleation and growth of hydration products or by 
phase-boundary interaction. The C-S-H phases that form at 
this stage influence the course of the subsequent,- diffusion
-controlled reaction.

In a complex cement-water system the rate of alite 
hydration depends on a number of parameters, and so does 
the development of C-S-H binding material. It seems that 
the course of this development can be decisive for the final 
properties of Portland cement pastes, since there is evidence 
that the rate of hardening per se influences the ultimate 
strength of mortars, with the cause of the rate change from 
one sample to another being secondary (9). In an attempt 
to explain the observed correlation between the rate of 
hardening and the final strength as exactly as possible, the 
kinetics of alite hydration in Portland cement pastes should 
be considered first. When seeking to evaluate the most 
reliable rate constants for the hydration process in such a 
complex polysize system, the effects of simultaneous action 
of different rate-determining mechanisms should be taken 
into account. By applying a procedure which includes this 
item (10) we investigated the influence of alkali sulphates 
on the kinetics of alite hydration in various Portland 
cement pastes, and in some simpler systems as well.

MATHEMATICAL SOLUTIONS FOR THE EVALUATION 
OF KINETIC PARAMETERS

As already mentioned in the introductory part, different 
rate-determining processes follow after one another in the 
course of alite hydration, which implies that within a 
given polysize system they can act simultaneously. The 
fractions hydrated according to different laws at the same 
time are decided by both the rate constants and the 
particle size distribution. In accordance with the present 
state of knowledge on the hydration kinetics of alite, it 
can be assumed that the process of nucleation and growth, 
followed by eventual impingement of growth products, is 
the slowest step at early ages. In the subsequent period it 
is either the phase-boundary interaction or the diffusion 
process that becomes the slowest step, the latter being 
definitely the rate-determining one at high degrees of 
hydration. The described course of the hydration process 
can be represented for a single particle j by the following 
series of basic equations:

6,(06)=^ (1)
G2( ^.) - G2( pC,.) = ^(t-tj.yR: ■ (2)

c3( =<.) - G3( ^2p = k3(t-f2i)/Rl (3) 

where I 
hi

degree of hydration of particle j at time t 

time when G2 process has become the rate
-determining one .

U
hi

degree of hydration of particle j at time tj i
time when G3 process has become the rate
-determining one " -

^2[ 
k], k2, k3 

R.

degree of hydration of particle [ at time tj. 

rate constants " T "

original radius of particle j ,

G^(<<), G2(££) and Ggf«^) functions denote the process 
of nucleation and growth of hydration products, of phase
-boundary interaction and of diffusion respectively. Their 
explicit forms are usually the following:

G.^) = f- ln(l-^)l 1/n
G2(=C) = l-(l-o^)1/3 
g3(^) = [1-(1-^)1/3]2

(4)

(5)

(6)

When one rate-determining process substitutes the other, 
their rates (dal/dt) have to be equal. For different R
values the exchange of the rate-determining processes will
take place at different »Cj. and °^2i' since the apparent 
rate constants for both the phase-boundary interaction and 
the diffusion process depend upon Rj. If the hydration of 
a particle with the original radius R|_ has become 
controlled by the phase-boundary interaction at time tg 
(i.e. when the maximum rate of nucleation and growth has
been achieved), and if the hydration of a particle with 
radius Rp has become diffusion-controlled at the same time, 
then Eqs. 1, 2 and 3, combined with Eqs. 4, 5 and 6, 
can be transformed into:

If <^2[- anc* '^'ij' ^2j values have been determined 
by using the conditions of equal rates at the exhange 
points of the rate-determining mechanisms, the expressions 
7, 8 and 9 can be applied to compute the 0^.- 
relationship for a given set of R|_, Rp and n values. The 
total calculated degree of hydration for the
relative time T is then

ot I ro-x — w. (11)caic.Cr) j I I 

where total degree of hydration



w. weight fraction of particles with original radius 
1 R.

I
Calculations have to be made for different sets of R[_, Rp 
and n values. When the set has been correctly assumed, a 
linear relationship is obtained between t(oi-observed) and 
^(oi-calculated = oC-observed). In other words, a plot of 
t-s for experimentally determined =<• -values versus 'C'-s 
belonging to adequate oC-values, calculated according to 
Eq. 11, gives a straight line provided that R|_, Rp and n 
have been assumed correctly. It Js obvious from relation 10 
that the slope of this line corresponds to tg-value. By 
using graphically determined tg the most reliable values of 
actual rate constants are obtained, since

^i = A//fo 
k2 = RLB//f0 
k3 = RDC//t0

(12)
(13)
(14)

If the actual rate constants change after a certain period 
of hydration, the tg slope will change as well. For the 
time interval in which the linear relationship is not 
preserved, calculations should be repeated with new sets 
of tentative R|_, Rp and n values, until linear relationship 
with a new tQ slope has been achieved.

EXPERIMENTAL PROCEDURE

Two industrial clinkers, C-l and C-2, similar in alite 
content but different in aluminate content, were used for 
the kinetic study of alite hydration in Portland cement 
pastes. Their phase compositions as detenuined by X-ray 
diffraction and calculated after chemical analysis, are 
shown in Table I, and their alkali and sulphate contents 
are presented in Table II. ■

TABLE 1 -
Phase Composition of Clinker Samples

Phase XD
C-l 

Calc. XD
C-2 

Calc.

c3s 65 63.4 65 58.2
C2S 12 16.0 12 19.9
c3a 3 6.0 9 9.8
F.f. 7 11.1 4 8.6

The clinkers were ground in a laboratory ball mill, and 
the particle size distribution of the obtained samples was 
determined by the Coulter-Counter method (Table III). In 
order to obtain cements with higher contents of readily 
soluble alkalies, C-l and C-2 samples were blepded with 
1 and 2% K3NS4 (Sf^SO^ ^2804) respectively, giving 
two additional samples marked C-l' and C-2'. For the - 
sake of comparison of the kinetic parameters of alite 
hydration in cement pastes with the kinetic parameters of 
alite hydration in somewhat simpler systems, a sampte of 
pure alite (A) and a mixture (M) containing 90% alite and 
10% CoA were also prepared. Monoclinic alite stabilized 
by MgO and AIjO^, and cubic GjA were synthesized from

TABLE II
Total and Readily Soluble Alkalies and 

Sulphates f%) in Clinker Samples

Sampl e SO3

1

Z O KjO

C-T 0.59 
0.48*

0.30 
0.14*

0.36 
0.25*

C-2 0.25 
0.01*

0.19
0.02*

0.23 
0.04*

* readily soluble

analytical grade chemicals at 1450°C. After double refiring 
satisfactory products were obtained, as confinned by X-ray 
diffraction analysis. The pure phases were ball-milled and 
thereafter gently homogenized in order to obtain mixture
M. Simple systems containing alkali sulphates, i.e. A' 
and M' mixtures were prepared by adding 2% K3NS4 to 
each A and M sample. The particle size distribution of 
pure alite A, which was used for the preparation of all 
the mixtures, is also given in table HI.

TABLE III
Particle Size Distribution

Particle
Size, d 

/km

Weight Fraction

C-1 C-2 A

2.00 0.035 0.063 0.045
4.50 0.035 0.045 0.035
5.70 0.050 0.058 0.048
7.20 0.065 0.064 0.068
9.05 0.080 0.070 0.096

11.40 0.085 0.097 0.156
14.30 0.100 0.116 ' 0.171
18.10 0.135 0.130 0.174
22.80 0.120 0.141 0.078
28.70 0.110 0.108 0.064
36.20 0.100 0.054 0.035
40.00 0.090 0.054 0.030

Prior to hydration 5% analytical grade gypsum was adnixed 
to each C-l, C-l' , M and M' sample, and 6% to each 
C-2 and C-2' sample. All samples were paste-hydrated at 
0.5 water-to-solid ratio, cast info cylinders 15 mm in 
diameter and cured for 24 hours at 100% rh. After 24 
hours they were unmolded and stored separately in tightly 
closed .polyethylene vessels containing saturated Ca(OH)2 
solution. Casting and curing was done at 20°C. After 
various ages ranging from 4 hours to 2 months the specimens 
were ground, washed with acetone, dried in vacuum and 
examined by X-ray diffraction. For quantitative analysis 
the samples were further ground and simultaneously 
homogenized with 10% quartz which was taken as an 
internal standard. To determine the-degree of alite 
hydration the intensity of the 62CP400 reflection group of 
alite and the intensity of the 10.1 reflection of quartz 
were used. The scan rate was l/4°/min, and the ratio of 
alite to quartz peak areas of the mean from five samples 
served for calculating the degree of hydration. "



RESULTS AND DISCUSSION

The data on the observed degrees of alite hydration at 
different ages are given in Table IV and linear relationships 
between t(c6-observed) and T (oc-calculated = oC-observed) 
in Fig. 1. The relationships are calculated for the 240-hour 
interval and shown for the 80-hour interval. The R[_ and 
Rq values used to compute the corresponding «Cca\c, - 'C 
interdependence are quoted in the respective diagrams. All 
the represented t-'C relationships are obtained with n = 3.

TABLE 
Degree of Alite

IV
Hydration (%)

Time Sample
(h) A A* M M' C-l C-l' C-2 C-2'

4 7 10
6 3 14 5 4 4 13 7
8 8 22 8 14 7 16 10

10 15 31 13 23 12 20 2 13
12 20 37 18 30 19 24 8 27
14 23 43 25 35 24 29 16 38
16 25 47 30 40 28 33 25 44
18 26 50 35 44 32 38 32 46
20 • 28 53 37 46 35 44 35 49
24 29 58 40 51 37 53 38 53
32 33 64 45 56 42 56 42 55
40 35 68 49 ■ 60 45 59 46 56
48 38 71 53 63 49 61 50 57
56 40 71 56 65 52 62 54 58
64 42 75 59 67 54 63 57 59
72 44 76 62 69 55 65 59 61
96 47 78 69 74 60 68 65 63

120 49 79 74 77 63 70 68 66
144 53 81 77 79 66 72 71 68
168 56 82 79 80 69 74 74 69
240 65 84 83 84 73 79 77 73

As seen from Fig. 1 a unique slope tg was obtained in 
not one case, which proves that the hydration rate 
constants of particular rate-determining processes change 
after a certain period of time, even for the pure alite 
specimen. An inspection of the composed «C. contributions 
(Eqs. 7, 8, 9) to ^-values reveals that different rate- ’ 
-determining mechanisms act simultaneously indeed,
especially during the first tg interval, and sometimes also 
during the second one. The distribution of rate-determining
processes for alite hydration in various samples are 
illustrated in Fig. 2 where the diagrams show the 
percentages of particles reacting according to Eq. 7, 8 
and 9 respectively, at various degrees of alite hydration. 
Intervals with different tg-values are separated by . 
vertical lines.

The rate constants were calculated according to Eqs. 12, 
13 and 14 using tg-s given in Fig. 1. The obtained values 
are listed in Table V for each sample and each tg- 
- interval. The consecutive intervals are marked I, II and 
III respectively. To facilitate the discussion on the 
obtained k-values two rows are added at the bottom of 
Table V. They contain the time of transition from one

Fig. 1 - t- Tre lot ionships

tg-interval to the other, with the belonging degrees of 
hydration given in parentheses. As quoted in Table V, the 
obtained value of the rate constant for nucleation and 
growth process in pure alite paste amounts to 11.0 10~*h -^ 
this being consistent with the value obtained by Tenoutasse 
and De Dander (4) who followed the kinetics of alite

Fig. 2 - Percentages of particles 52) that react according 
to Eq. 7 (dotted line). Eq. 8 (thin line) and Eq. 9 (full 
line) at various oC .



TABLE V
Rate Constants for Alite Hydration in Simple Systems and in Cement Pastes

C-2'Interval ' A A'
Value of Rate Constant for Alite Hydration in Sample: 

C-l' C-2M M' C-l

^(h"1) 0.110 0.067 0.044 0.073 0.048 0.022 0.087 0.052

1 k2(k. mh*l) 0.067 0.092 0.080 0.110 0.074 0.190 0.110 0.250
kg^A-m^h-^) 0.026 0.120 0.31 0.110 0.103 1. - ■ 0.82

II k2 - - 0.016 - - - 0.017 -

k3 0.014 0.035 0.059 0.067 0.040 0.056 0.054 0.110

HI k3 - - - 0.042 - 0.031 - ■ 0.018

1 -II t|U|) 14(23) 24(55) 20(37) 24(51) 20(35) 22(50) 19(33) 15(42)

II - III ‘ll^lP 105(75) 48(61) 24(53)

hydration by using monosize specimens. However, in our 
sample the nucleation and growth process is the major rate- 
-dstermining mechanism only at very low degrees of 
hydration (Fig. 2a). It is already in the first tg-interval 
that the rate of hydration is diffusion-contra I led for a high 
percentage of particles. The transfer from the process 
controlled by nucleation and growth to the process 
controlled by diffusion includes a short period in which 
the phase-boundary interaction is the rate-determining 
mechanism. The phase-boundary interaction is detectable 
as the slowest step of reaction for a small fraction of 
particles between 6 and 9 hours. After the degree of 
hydration has reached 20%, the second period will start 
during which all particles react according to Eq. 9, with 
the kg-value diminished (Table V). It is interesting to 
note that the observed change in the rate constant for the 
diffusion-controlled reaction occurs at the same degree of 
hydration at which significant structural changes in 
C-S-H were ascertained (11).

When pure alite hydrates in the presence of alkali 
sulphates (sample A'), the rate-determining processes that 
act simultaneously are distributed in a different way (Fig. 
2b). In that case the phase-boundary interaction Is the 
rate-determining mechanism for a considerably higher 
percentage of particles and for a considerably longer 
period of time, the main reason therefor being the larger 
rate constant of the diffusion process which takes place 
during the first tQ-interval.

The high value of the diffusion-rate constant can be 
explained by the higher permeability of the hydration 
coatina formed in the presence of alkali sulphates and by 
the Ca^+-concentration gradient existing between the alite 
grain boundary and the bulk of the liquid phase. After 
approximately 24 hours, once the degree of hydration has 
reached about 55%, the second period starts in which the 
rate of hydration is governed by the diffusion process only, 
with its rate constant significantly diminished in comparison 
with the previous one (Table V).

In sample M containing 10% CjA and 5% gypsum the 
hydration process of alite is accelerated as well, though 
only after 12 hours (Table IV). The first-stage diffusion 
across the layer of hydration product is also in this case 
very fast, and it is not the rate-determining process until 
''-50% hydration has been reached (Fig. 2c). At the time 
of transition from the first to the following tQ-interval the 
majority of particles hydrate according to linear kinetics 
(Eq. 8),but the^rafe constant of the rate-determining phase
-boundary interaction is much smaller in the second tg- 
-interval (Table V). It amounts to 1.6-10'^^m h“\ and 
a similar value for the linear rate constant is given "in 
reference 2. The cause of the decrease of k2-value for 
sample M is evident from the diagram showing the courses 
of both alite and CgA hydration in sample M (Fig. 3a). 
As indicated in the diagram the onset of the second tg- 
- interval characterized by the low k2 coincides with the 
renewed CgA hydration, which means that it starts when 
the sulphate ions have been depleted from the liquid phase. 
Such a slow phase-boundary interaction was not detected as 
the rate-determining mechanism for alite hydration in 
sample M' containing besides gypsum also alkali sulphates, 
which is due to the fact that the renewed CjA hydration 
in sample M' is shifted to later ages (Fig. 3b) when the 
rate constant of the diffusion-controlled alite hydration is 
already much lower than during the first tg-interval. The 
onset of the second tg-interval for sample M' does not 
coincide with any significant change in the course of CgA 
hydration. However, it occurs at the same degree of alite 
hydration as observed in sample A' (Table V), indicating 
that the changes of the diffusion-rate constants are in both 
cases very likely associated with the incorporation of SO3 
in C-S-H. .

The kinetic parameten obtained for alite hydration in 
Portland cement pastes are less reliable than those obtained 
in simple systems, because individual cement particles are 
not always monophase grains. Nevertheless, they exhibit 
the diverse features of the kinetic behaviour of alite in 
cements with and without alkali sulphates. The .observations 
gained on cement pastes are in general agreement with the 
observations on simple systems. The rate constants calculated



Fig. 3 - Courses of alite and CgA hydration and 
standardized intensities of 10.1 reflection of ettringite for 
samples M (a), M' (b), C-2 (c) and C-2' (d)

from ty-values (Fig. 1) show that the rate of phase
-boundary interaction is considerably enhanced by the 
addition of alkali sulphates, which is even more 
pronounced than in the case of simple systems. That is the 
reason why the hydration of alite in cements containing 
alkali sulphates is controlled by the nucleation and growth 
mechanism for the majority of particles in the first tg- 
-interval (Figs. 2f and h), the more so as the rate 
constants for the diffusion process in this interval are very 
high. The very slow phase-boundary interaction observed 
for alite hydration in sample M is also detectable during 
the second tg-interval in the C-2 paste containing high 
CgA and low alkalies. The course of CgA hydration in 
sample C-2 (Fig. 3c) allows the same explanation for the 
decreased k2”Value as has been offered for alite hydration 
in sample M. Similarly to the simple system containing 
alkali sulphates, a slow phase-boundary interaction was not 
detected as the rate-determining step of alite hydration in 
sample C-2', because sulphates are still present in the 
liquid phase during the tg (I) and tg (II) intervals in which 
the diffusion process is fast. The presence of sulphates in 
the liquid phase is confirmed by the continuous ettringite 
formation in the two tg-intervals (Fig. 3d). For the alite 
hydration in sample C-2' the differences between kg
-constants are found to be the greatest, but to fully 
elucidate the factors influencing these differences further 
work is needed.

The described approach to the kinetic study of alite 
hydration can be improved by introducing some modified 
expressions for the G](o£), Ggt0^) and Gg(ot) functions 
into the calculation procedure. Structural investigations of 
C-S-H for particular tg-intervals, accompanied by 
monitoring the changes in the liquid phase at the transition 
points between two adjacent intervals, will certainly also 
contribute to better understanding of the kinetic behaviour 
of alite in the course of the hydration process.

CONCLUSIONS .

The determination of reaction-rate constants by taking into 
consideration the effects of simultaneous action of different 
rate-determining mechanisms provides better insight into the 
kinetic behaviour of alite during its hydration process in 
various cement pastes. ,

The diffusion-controlled reaction is shown to be two- or 
three-stage in nature. The very high rate constants of the 
first-stage diffusion are predominantly responsible for the 
acceleratory effect observed in the systems containing 
alkali sulphates.
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Formation de la structure des ciments avec fausse prise

Structure formation of cements with false setting

Z.B. ENTINE, candidat es sciences techniques, LS. KLIOUEVA, Ingenieur, '
Ou. I. PAPIACHVILI, candidat es sciences techniques, NIITzement, Moscou, U.R.S.S. ,

RESUME : En operant sur des modeles de ciment, on a revele le role partlculier des formes 
de gypse dans le phenomene de la fausse prise, sans toutefols epulser toutes les partlcularl- 
tes des systemes clment-eau pour lesquels on ne dolt pas oublier 1 1 importance des proprietes 
du clinker, eV tout particullerement de sa teneur en alcalis. Les ciments ä prise normale et 
fausse, au moment du developpement de la fausse prise, se caracterisent par une bonne correla
tion entre la teneur de la phase liquide en SO, et en alcalis, de meme qu'entre la conducti- 
bilite electrique dans la phase liquide et sa teneur en alcalis, la conductibilite electrlque 
et la teneur en SO^. La difference en composition de la phase liquide des ciments a prise nor
male et fausse sa manifeste au moment qui precede le developpement de la fausse prise, quand 
dans la phase liquide des ciments ä fausse prise se degage un precipite de gypse dihydrate et 
d'ettringite. Avec le passage de la prise normale ä la fausse, la composition ^onique de la
phase liquide se caracterise par une elevation de la teneur en ions Ca et S0^~ , du fait de
la dissolubilite elevee du semi-hydrate devant le dihydrate, et par la diminution du deficit 
en anions, de la valeur du pH et de la conductibilite electrique de la phase liquide.

Les resultats de I'etude ont permis de formuler, en la soutenant par des experiences, une
theorie concernant le mecanisme de la fausse prise.

EUi^KARY: Investigationf of model cemente have revealed a rpeciftc part played by.gypsum 
forms in the false setting phenomenon which, however, does not exhaust all the peculiari
ties of the cement-water systems wherein properties of clinker, especially alkali content, 
are also very essential. The moment of origination of false setting for normal and false 
setting cements is characterised by good correlation between the content of SO*  and alka
lis in the liquid phase, as well as the electrical conductivity of the liquid phase and 
the content of alkalis, the electrical conductivity and the content of SOz. The differen
ces in the composition of the liquid phase of the normal and false setting cements occur 
only at the moment preceding origination of. the false setting, when a deposit comprising 
dihydrate gypsum and ettringite precipitates from the liquid phase of the false setting 
cements. The ion composition of the liquid phase at the transfer fron normal setting to 
false one Is characterised by increased content of Ca2+ and SO5” ions owing to increased 
solubility of hemihydrate as compared with bihydrate; decrease of anion deficite, hence 
the pH value and electrical conductivity of the liquid phase.

The investigation results have been used as grounds for putting forward and supporting 
experimentally a hypothesis of the false setting mechanism.



La variation anomale dee proprietye rhSolo- 
glquee de la pdte de cJment aux etadee Ini- 
tiaux de durcieeement connue eoue la deno
mination de faueee price vu ca nature tem- 
poraire ne conctitue pac un dSfaut incur- 
montable du ciment male eile influe n6ga- 
tivement cur I’utilication efficace du ci
ment dane le b6ton. Lee caucee de la fauece 
price eont aceez variSec: deehydratatlon du 
gypce au coure de la mouture du ciment, 
dechydratation du gypce cuivie d'hydrata- 
tion euperflcielle du ciment au coure de 
I’aeration1 dane lee eyloe, presence dane le
ciment dee eulfatee et carbonatec alcallne, 
introduction de certaine agente tenc’o-ac- 
tifa (1, 2, 5, 4), etc. D'oü. la Variete - , 
d'hypotheeee propoaeee pour expliquer le me- 
canierne de la fauece price reliant ce phe
nomena colt ä la crictallieation du gypce 
(2, 3, 4), colt ä 1’influence d’hydroxydee 
alcallne cur la precipitation topochlmlque 
de 1’ettringite C5), eoit ä la formation de 
pell'*  cule d*hydrocarbo-aluminate  de calcium
cur lee particulee CtA etebaieeement du 
pouvoir r&acteur de I’ion dane la eo- 
lution (6),eoit ä la crictallication de com- 
poeee alcaline complexec du type de cyng6- 
nite (7), eoit ä I’apparltion de charge de 
eigne oppoee eur lee differentee phaeec du 
clinker (8).
MalgrS la dlverelte dee caucee de la fauece 
price dane toue lec cae on eat en preeence 
d’une manifectatlon externe identique ce qui 
pennet, lore de I’Stude de la fauece price 
de rechercher un mecanieme unique de fauece 
price qui decrlrait de faqon eatiefaieante 
ce phenomene malgr6 la variete dee caucee 
I’ayant provoquS. A eon tour cela permet de 
choieir en quality de modele une "Variante 
gypeeuee" de fauece price qui peut 6tre fa- 
ci lement reproduite, ce conctruit par dee 
procedee Slementairee et facilite 1* etude 
de divere modee de price cur dee materiaux 
notoirement identiquee.
Lee modelee de ciment deetinSe ä 1* etude de 
la fauece price etaient prSparee ä partir 
dee cllnkere induetrlele dont la conetitu- 
tion min6ralog1que thSorique eat donnee au 
tableau I pour lee varlantec euivantea:
1. - ciment ordinaire moulu en laboratoire 
(ciment normal);
2. - idem aprec chauffage ä la temperature de 
150°C durant 3 h;
3. - ciment moulu en laboratoire avec gypce 
pr^alablement dehydrate jucqu’a obtenir 
une modification hemlhydratee;
4. - ciment moulu en laboratoire fabriquS du 
clinker rechauffe prSalablement a
150»C durant 3 h et broyS en grenaille;
J.- ciment moulu en laboratoire avec chauf
fage prealable du gypce et du clinker en 
grenaille ä la temperature de 150°C durant 
3 h.
Lee particularitSe de la formation de la 
etructure dee modelee de ciment ont et6 eui- 
vlee en fonction dee variatione de la r6- 
eictance plaetique (P,mm) et de la conduct!- 
bilite electrique (x, ohm*i-  . an”l)du 

eyeteme en vole de durcieeement (reepective 
ment du mortier de ciment-cable et de la 
päte de ciment).

0,85

lenomi-
nationc

Brianek
De Niko
laev

3?

Tableau I

0,36

•üZS-'-f'crgq"CTa^-

60 17 4 15

44 $7 10 13

Le proceeeue de formation de la etructure a 
cae de gSchage du ciment Par 1’eau eet d4- 
crit par divereee courbee de reeietance 
plaetique et dee courbee correlativee de la 
conductibillte electrique (fig.1).

en fonction du mode de price.

D’apree la forme dee courbee de formation 
de la etructure on eet en meeure de dietin- 
guer deux typee de fauece price du ciment: 
le 1-er type ee caracteriee par une perte 
totale de la plaeticite et le II—erne par 
une perte partielle de la plaeti cite a la 
fin du proceeeue de malaxage. L’^tude d’un 
grand nombre de cimente de fabrication 1n- 
duetrielle et au laboratoire a montr6 qu’a 
chaque ciment correepond I1une dee pairee 
de courbee de formation de la etructure men. 
tionnSe. Dee Studee plue pouee4ee de module 
de ciment ont Stabil qu’entre lee deux mode 
de fauece price il n’y a pac de frontlere 1i 
eurmontable - 11 eet poeeible d’obtenir pou: 
un mSme ciment I’un et 1’autre mode de pile« 
euivant le degre de dSehydnatation du gypce 
laquelle a eon tour eet fonction du rSgime 
de traitement thermique du ciment.



Le rttle der deux composante du ciment, le 
clinker et le gypse, dane le phenomene de 
faurse prire set tllustre par lee courbee 
de rieiftance plaetique de la figure 2 eta- 
bliee pour dee Varianten divereee du modele 
de c'ment donn6.
a)
P, nun

0 60 120 180 240T,min
b)

Fig.2 Variation de la reeietance plaetique 
pour lee differente? vari.antee du modele 
de ciment fabrique ä partir du clinker de 
Brianek (a) et de Nikolaev (b)
(Variantee de modele: 1—•— , 2 —x— ,
3 —A— . 4 —o— , 5 —A  )

L’analyee dee particularitee et dee formee 
de manifeFtatton de la faueee nriee pur lee 
modele? de ciment etablit le r61e important 
dee formeF dSehydrateee du gypee dane le 
phenomene de faupee priee: dane tou? lep cae 
la äeshydratation du gypee entratne la fau?- 
?e pri?e du ciment et cela independamment 
du falt que le gyp?e e’ept derhydratS duraut 
le chauffage du ciment ou a pubi une dee- 
hydratation prealable. Le traitement ther- 
mique du clinker eeul n’entratne pa? de faue- 
pe pripe pi en m@me temp? le gypee n’a pa? 
ete diphydratS. -s
Toutefoie lep Variati one obpervSee dane la 
nature du proceppup de fonnation de la 
ptructure de? ciment? ä gypee deehydrate ne 
peuvent 8tre expliqueee par l’acquieition 
par le gypee d’une ptructure propre du fait 
d’une rehydratation du eemi-hydrate lore du 
gächage du ciment par l’eau. Ce phenomene 
eet confiime par lep differencee danp le de- 
gr6 de manifeptation de la faueee priee 
danp dep ciment? fabriauep avec dee clin
ker? diver?, mate poeeedant une teneur iden- 
tique en gypee de m§me que par la confronta
tion de courbee de formation de la ptructure 
de ciment? ayant dep courbee eemblablep pour 
le melange moulu (normal et rechauffS ä 
150°G) de eable quartzeux et de gypee 
(fig.3).

Fig.3 Variation de la reeietance plaetigue 
(a) et de la conductibilite electrique (b) 
au coutf du gSchage du melange moulu de 
eable quartzeux et de gypee.

Pour eclaircir le mecanieme dee proceeeu? 
exerqant une Influence put la variation du 
mode de priee on a etudi.6 la campoeition 
dee phaeee liquide et polide de la päte de 
ciment aux ptadee initiaux de 1’hydratation. 
La phare liquide etait prelevee 2 et 10 mi
nute F anrep le gächage du ciment (E/C 0,25) 
eoup prepeion de 150 HPa.
Pour la phaee liquide prelevee 10 minutee 
aprep le gächage dee cimente prSeentant une 
priee normale et faueee on obeervait une 
correlation Stroite entre la teneur en 
oxydee alcalin? et en d’autree compopant? de 
mäme qu’avec ?a conductibillte electrique. 
Lee coefficient? de correlation correapon- 
dante pont indique? au tableau II, tandie 
que la figure 4 offre un example de depen
dance entre la teneur en SOj et R2^ danp la 
phaee liquide, de mSme qu’entre la conducti- 
bilit6 electrique de la phaee liquide et la 
teneur en alcalip.
On n’a pae d6cel6 de difference? notable? 
dane la compoeition ionique de la phaee li
quide dee cimentp ä priee normale et faueee 
au moment du diveloppement de la faueee 
priee (c’eet-ä-dire, 10 minutee apree le 
gächage). Bane toue lee ca? la ccmpoFition 
ionique de la phaee liquide pr6eente un de
ficit d’anione, c’eet-ä-dire, l’ineuffieance 
d’anione däterminee par rapport ä la eomme 
de cation? exietante (EC - ZA). Le deficit 
ptable d’anione dane la phaee liquide eet 
conditionnSe par la fixation par lone du cal
cium de 1'anion HCOj'introduit dan? la phaee 
liquide avec lep carbonate? alcalin? du 
clinker. Le deficit d’anione eet quelque peu 
infSrieur au ca? de ciment? ä fauppe priee 
et, partant,plue fälble est la quantite 



d’iooF OH“ compenpant ce deficit ce qui ee 
traduit par un abaiFeement de la valeur du 
pH et de la conductibilite electrique de la 
phare liquide der cimentr ä faUFFe pripe.

xau-deFFOup du niveau de eignification

Tableau II

Tempp 
ecoule 
depuie 
le g§-

Rapporte de

SO3-H2O CaO-RgO

corrElation

X-R2O 5 X-CaO
chage

2 min 0,848 -0,138x 0,992 0,886 manque
10 min 0,978 -0,826 0,932 0,976 -0,648

Fig.4. Rapporte entre SO* et RgO» X et HgO 
dane la phaee liquide prelevee 10 minutef 
aprdp le gächage du ciment moulu en labora- 
toire ä priee nontale (▲ ) et fauaee ( A ) et 
du ciment induetrie1 a priee faueee aprde un 
malaxage initial (o) et r6pet6 ( • ).

Lee rapporte propref ä la compoeition et a 
la conductibilite Electrique de la phase 
liquide prSlevEe 10 minutes apree le gächage 
sont commune aux ciments de fabrication in
dustrielle et en laboratoire indSpendamment 
de leur composition chimique et minEralo- 
gique. La figure 4 indique les points obte- 
nus expErimentalement de la composition et 

de la conductibilitE Electrique de la phase 
liquide du ciment induetriel a faueee priee, 
leedits nointp se euperpoeant eur la ligne 
de rEgrepFion calculEe pour les ciment? mou- 
lup en laboratoire ce qui confirme la nature 
commune des rEsultats obtenus.
La phase liquide des cimentp a fausse priee 
2 minutes apree le gSchage (c’eet-a-dire au 
etade prEcEdant le dEveloppement de la faue- 
pe prise) se caractErise par un ei haut de- 
grE de sursaturation, qu’une fois prelevEe 
eile donne lieu ä une pedimentation qui ee 
compose, eelop les analyses aux rayone X et 
chimique, de^gypse dihydrate et d’ettringi
te. 2 minutes apree le gächage dane la com
poeition ionique de la phase liquide pas
sant de la priee normale a la faueee, on ob
serve un accroipsement caractErietique 
d’ions Ca2+ et S0§~ du fait de l’Elevation 
de la dipsolubilitE de? eemi—hydrates de- 
vant les dihydratep; il y a Egalement un 
abaiesement du dEficit d’anione, de la va
leur du pH et de la conductibilitE Electri
que de la phape liquide (fig.5)«

Fig.5. Variation de la compoeition de la 
phase liquide 2 minutes aprde le gächage au 
cours du passage de la prise normale a la 
fausse.

Cependant, comme il dEcoule du tableau II , 
il ee maintient dane ce cas Egalement un • 
rapport assez Etroit entre la teneur dans 
la phase liquide en ions alcalins et en ions 
de sulfates. Cela signifie que la teneur en 
ion SOfj dane la phaee liquide eet condition 
nEe non seulement par la pr.Esence du semi



hydrate et sa diFFOlubilitS elevee male 
egalement par la force ionique de la phaee 
liquide regie epaentiellement par la teneur 
en alcall6. La force ionique de la phase 
liquide exerce ä eon tour une action sen
sible pur la viteFFe de fonnation et de 
croiFFance dee germeF d'hydratee cristallinF.
On peut done, put la bape des resultats de 
I’Stude de la composition et des proprietes 
de la phase liquide, formuler I’hypothese 
pur le mecanipme de la fausse priee. La 
fausee pripe du ciment est en rapport avec 
la fonnation de la etructure primaire gypse- 
ettringite dont la condition necesFaire de 
formation eat la Fursaturation de la phase 
liquide en ion L’inteneite de forma
tion de la structure primaire gypse-ettrin- 
gite, autrement dit le degrS de manifesta
tion de la fauppe prise, est conditionnSe 
par la force ionique de la phase liquide.

Fig.6. Variation du mode de prise en fon- 
ction de la variation de la force ionique 
de la phase liquide ( 1 - gSchage par 1’eau; 
2, 3, 4 - gächage par la solution !Ja2£04 ä 
concentration 10, 20 et 30 g/1 de T^O).

Au cas de_sursaturation de la phase liquide 
en ion SOj; et de force ionique rSduite de 
la phase liquide, e’est-a-dire au cas de 
ciments a faible teneur en alcalis, il est 
le plus probable qu’il se formera une quan
tity limitye de germes d’hydrates crietal- 
lins qui se dyveloppent de fa<?on intense. Le 
developpement d’une structure gypse-ettrin- 
gite rigide conditionne la perte totale par 
le Systeme de la plasticity une foie le ma- 
laxage achevy, e'est-a-dire la fausee prise 
du type I.
L’yievation de la force ionique de la phase 
liquide avec I’accroissement de la teneur 
en alcalis et la sursaturation de la phase 
liquide en ion S0§- entralnera la formation 
d’une quantity beaucoup plus grande de ger
mes d’hydratee cristallins dont la croissance 
est par centre moins rapide, ce qui influe 
eur le mode de prise dont le type est inter- 
mediaire entre la prise normale et la prise 
nettement fausse, e’eet-a-dire on est en

a) Desagregation des parcelles initiales 
du ciment

b) Formation autour des grains initiaux 
de cristaux aciculaires des produits 
d’hyratation

c) Stade initial de formation de produits 
d’hydratation a la forme allongee

d) EnchevStrement des cristaux en forme 
de tiges

Fig.7.Microphotographie s yiectroniques 
(10 000 x) du ciment ä prise normale(a,b) et 
faUFse(c,d) aprSs 5 minutes d’hydratation.



prSeence de la faueee priae du type II.
Cette hypothSae a et6 aoumiae ä I'expSplen- 
ce par variation contrölee du mode de priae 
avec introduction proportionnelle d’iona al- 
calina et d’iona de aulfatea (fig.6). Comme 
le montre la figure 6, avec I1Elevation de 
la force ionique de la phaae liquide, on 
obaerve un paaaage regulier de la courbe ca- 
racteriatique de la fauaae priae du type I 
aux courbea caracteriatiquea de la fauaae 
priae du type II.
Cette hypqtheae aur le mScaniame de la faua- 
ee priae eat fegalement confirmee par lea 
microphotographiea Slectroniquea du ciment 
hydrate a baae du clinker a faible teneur en 
alcalia (0,49 E20) de I’uaine "Bolchevik". 
Pour un ciment ä priae normale aprea 5 mi
nute a d’hydratation, on obaerve une deaagre- 
gation de parcellea initiale a avec formation 
autour d’ellea de criataux aciculairea pro- 
duita par 1’hydratation (fig.7 a,b). Par" 
contre, au caa de la fauaae priae, on obae
rve une formation intenae de la atructure 
gypae-ettringite, ainai qu'un ralentiaaement 
de 1’hydratation du clinker, par auite du 
blocage de la aurface des grains du clinker 
avec des Constituante nouveaux (fig.? c, d). 
La formation de la structure gypse-ettrin- 
gite s’accompagne de la fixation d’une 
grande quantite d’eau aussi bien chimique- 
ment que par adsorption a la suite du d6- 
veloppement de la surface des constituents 
nouveaux et conditionne la perte temporaire 
de plasticity du Systeme en voie de durcis- 
sement.
Au cas ou il eet possible de detruire la 
atructure gypae-ettringite par un nouveau 
malaxage, les proprietes rheologiques de la 
p§te de ciment se rytablisaent completement, 
phenomdne observe generalement dans la pra
tique lorequ’on utilise les ciments ä fausse 
prise. Toutefois le d6veloppement et la con
solidation de la structure gypae-ettringite 
peuvent Stre si poussea que le malaxage re- 
pety eat incapable d’arrSter 1* epaisaisse- 
ment precoce et, dans ce cas, la fausse prise 
peut devenir une prise rapide.

BIBLIOGRAPHIE
1. - r.JI.KAJIOyCEK (1976) "UpoueccH nwpaia-

Ukh na paHHiax cTanHHX TBepjteHna peMen- 
Ta", B cö. TpysoB 71 MesmynapopHoro 
KOHrpecca no xbmhh neweHia, t.H, kh.2, 
65—81, ( en russe ).

2. - A.KTHUE, n.XABKMHC (1973) B cd. TpyHOB
y MesayHapoflHoro Konrpecca no xmmhh pe- 
MCHTa, 474-476, ( en russe ).

3. - E.r.CKPAMTAEB, Jt.K.HAH®UOBA, B.Ä.TPMH-
KEP (1966) "0 Mepax doptdn c jioxhhm 
cxBaiHBaHiieM peMeHTa", "IJeMeHT", 2 ,
12-13,  ( en russe ).

4. - M.^.HEEyKOB, B.A.HBmEB, T.I.HKOBJIEBA,
r.E.HbOTEBA, B.K.HOBOCAAOB (1977) "Ban- 
HHMe cyjii>$aTOB k3Jibiihh Ha cBoncTBa nopr- 
jiaHppeMeHTa", "UeMeHT", 7 , 15 - 16 , 
( en russe ).

5. - Z.T.JUGOVIC, J.L.GILLAM (1968) "Early
hydration of abnormal setting cement", 
"Journal of Materials", vol. 3, 3 » 
517-537, ( en'anglais ).

6. - JI.E.KOyUJIEHn., A.I.KAHTPO (1969) "Xh-
mkh rBupaiaiiKH nopixapupeMeHia npa 
oöhhhoB TeMnepaType", b cd. "Xroim pe^ 
MeHTOB", 233-276, ( en russe ).

7. - F.M.LOCHER (1973) "Erstarren und ‘
Anfangstectigkeit von Zement","Zeipent- 
Kalk-Gips", 26, 2 , 53-62 , ( en alle- 
mand ).

8. - G.L.KALOUSEK, Z.T.JUGOVIC, J.L.GILLAM
(1967) "A new factor in abnormal set
ting of portland cement", "Am. Ceram. 
Soc. Bull.", vol. 46, 3, 270 - 274 , 
( en anglais ).



X-Ray Photoelectron spectrometry investigation of the 
early stages of C3S Hydration-the role of NaF admixture
Etude par la spectrometrie de photoelectrons XPS des stades initiaux 

de Ehydratation de C3S-rdle de Eadjuvant NaF
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RESUME

La spectrometrie de photoelectrons XPS est une methode sensible et reproductible pour I'etude de I’hydrata- 
tion initiale de C3S. Elle revele des transformations ä la surface des grains du silicate des les premiers ins
tants de leur contact avec I'eau dans des pates de rapport eau/CßS = 0,5. Ces modifications ont ete mises en 
evidence par un changement dans 1'environnement des atomes de Si et une variation du rapport Ca/Si. La surface 
de C3S est, entre cinq secondes et une minute, un site d'echanges continuels entre le solide et la solution. 
Ce stade correspond a la precipitation d'un hydrate primaire de rapport C/S « 3.Au-dela de la premiere minute 
se forme un hydrate secondaire de rapport C/S = 2 qui subsiste jusqu’ä la fin de la periods dormante.

Le fluorure de sodium dissous dans I'eau de gächage jouerait son role de retardateur en supprimant la forma
tion de 1'hydrate primaire. L'epaisseur du premier hydrate forme, de rapport C/S = 2, atteindrait 60 X a 3 minutes.

SUMMARY ■ .

X-ray Photoelectron Spectrometry is a sensitive and reproducible method for the study of the early hydration 
of C3S. XPS reveals surface transformations of silicate grains from the first few seconds of their contact with 
water in pastes (water/C3S = 0,5). These modifications have been evidenced by a change of the environment of 
Si atoms and a variation.of the Ca/Si ratio. The C3S surface, between five seconds and on minute, is a site of 
continuous exchange between the solid and the solution. This stage corresponds to the precipitation of a primary 
hydrate with a ratio C/S « 3. After one minute, a secondary hydrate with a ratio C/S = 2 is formed-and it sub
sists up to the end of the dormant period.

Calcium fluoride dissolved in mixing water would play its retarder effect in leaving out the formation of 
the primary hydrate. The thickness of the first hydrate formed with a ratio C/S = 2 would attain 60 Ä at 3 minutes.



1. INTRODUCTION
The initial hydration of C3S has not yet been 

completely clarified because of the complexity of the 
physico-chemical changes occuring during the dormant 
period"at the surface of grains. SKALNY et al (1)have 
recalled the results of numerous studies of C3S hydra
tion and their interpretation related to the theory 
of a protective layer or a delayed nucleation.

In previous works (2, 3), we have shown the im
portance of the first five minutes from the contact 
between C3S and HjO . In this paper, we develop the 
results of our studies by XPS on the evolution of the 
surface CgS crystals under normal conditions of hydra
tion and with dissolved NaF as admixture.
2. X-RAY PHOTOELECTRON SPECTROMETRY XPS

X-ray Photoelectron Spectrometry XPS, also called 
ESCA (Electron Spectroscopy for Chemical Analysis) is 
a technique for measuring the kinetics energy of elec
trons photoejected from a solid surface using soft 
X-rays. The kinetic energy Ej. of the photoelectrons 
can be related to the binding energy Eg which these 
electrons had originally in the solid 1'+).

XPS is a rather new technique in the cement 
field. In the study of silicate materials, this method 
has been used for determining the surface composition 
of materials from the intensity of the peaks of dif
ferent chemical elements (5, 6 et 7).

For a conducting sample, the relation between 
the kinetic energy of photoelectrons and the binding 
energy is :

Ek = hv - EB - »s

hv : energy of impinging photons,

$2 : work function of the material of the spectrome
ter.
In the case of an insulator sample, the same 

relation must be corrected by a factor due to the 
surface charging effects of the sample. Nevertheless,

Ca2p

it is possible to determine the binding energy of the 
electrons by means of an external standard. Using the 
carbon Cls peak of the contamination layer and assu
ming that the charging shift is the same for the sam
ple and for the contamination layer, the expression 
of the binding energy becomes :

Eg = Ek(C1s) + Eg(Cls) - Ek

In our experiments the value of Eg(Cps) is assumed 
equal to 285.0 eV.
2.1 Characteristics of the X-ray photoelectron spec

trometry
[a] The_depth_of_investigation : This depth into the 
oxides and silicates varies from 50 to 100 8. It has 
been chosen to 3 X (X is the mean free path of the 
ejected electrons). It corresponds to 95 % of the 
analyzed electrons. The other 5 % come from deeper 
zones (8). It is sufficient to provide data in volume 
while still allowing surface analysis.
[b] The_qualitatiye_aspect : It is possible to deter
mine chemical elements on the surface of solid sam
ples. For most of the elements (hydrogen excepted),
a minimum atomic concentration is required to detect, 
it is generally about 1 v. The variation of the bin
ding energy (chemical shift) is significant of a 
change in the atomic surrounding.
Fcl The quantitative aspect : In fact, it is a quanti
tative method providing it can be standardized on 
fresh fracture surfaces of homogeneous materials of 
known composition.
[d] The liability of the measures : Measurements of the 
intensity of peaks are easily reproduced and are usual
ly of a quality superior to t 10 %, providing that a 
ratio of concentrations in a homogeneous material is 
determined.
[e] The_facility_of_sampling : The samples do not 
require any particular preparation. Cleavage surfaces, 
grains, powders and fibers may be analyzed in the same 
way.

Fig. 1 : XPS spectrum of C3S.



2.2 The apparatus

' The apparatus utilized was an AEI ES 200 Photo
electron Spectrometer fitted with a magnesium anode 
(MgKCt = 1253.6 eV) under an irradiation power of 240W. 
The XPS peaks studied were : Cagp 3/2 (Eg =346.9 eV), 
Si2 (Eb = 101.2 eV), 0ls (Eg = 530.9 eV) and 
(Eg - 285.0 eV). The samples were fixed on adhesive 
conducting tape. The analyzed area was about 25 mm2.

A typical spectrum of C3S is shown in the 
figure 1. The XPS peaks correspond to the inner shell 
electrons of calcium, oxygen and silicium of the sam
ple. The carbon C1s peak is due to the contamination 
by oil vapor from the diffusion pumps.

2.3 The calibration curve 

In order to determine the Ca/Si ratios in hydra
ted silicates, a standard curve was drawn (2). The 
ratio of the area of the XPS peaks (Ca2 /Si2p) was 
compared to the atomic ratios Ca/Si in ^materials of
a well determined composition : synthetic glasses 
(Na20 - CaO - MgO - Si02 system) kindly furnished by 
SAINT-GOBAIN Industries, natural wollastonite 
CdgSiOg, dicalcium silicate Ca2Si0il and tricalcium 
silicate CagSiOg. The variation of the XPS results 
ceterminea on several samples of the same anhydrous 
CagSiOg preparation is less than 5 %.

3. C3S HYDRATION

3.1 Material

The tricalcium silicate was synthetized at 1600°C 
by solid state reaction of a mixture of amorphous si
lica and reagant grade/calcium carbonate in a closed 
platinum crucible. The product of this synthesis was 
air quenched and analyzed by X-ray diffraction, atomic 
absorption and electron probe microanalysis.

After grinding to a specific surface of 
3000 cm2.g~l, a series of pastes was prepared with 
distilled water (water/solid = 0.5). At selected in
tervals, between 5 seconds and 4 hours, the hydration 
was stopped by the addition of acetone.
3.2 Results

The results of the photoelectron spectrometry 
are presented in the form of a kinetic curve (fig. 2) 
and a table giving the position of the XPS peaks 
Ca2p 3/2, Si2p, 0ls (Table I).

The variation of the Ca2p/Si2p ratio (fig. 2) 
from approximately 5 seconds to 5 minutes proves the 
importance of the perturbations on the surface of the 
grains. These results show that the value of the 
Ca2p/Si2p ratio is always lower in hydrated samples 
than in C3S, but the binding energy and the shape of 
the Si2p peak show that the surface of the hydrated 
particles begins to differ significantly from that of 
the anhydrous C3S within a very short period. In par
ticular, it is noticed that the differences of the 
binding energies Ca2p 3/2 - 0^s tend toward the cons
tant while those relative to Ca2p 3/2 - Si2p and 
Si2p - 0^s vary significantly between the anhydrous 
sample and the hydrated samples'. These last results 
demonstrate a variation in the binding energy of the

• Si2p electrons from 5 seconds on.
3.3 Interpretation

The XPS data relating to C3S can be interpreted 
in the framework of a model suggested by the XPS stu
dies of the glass/water solutions interactions (9). 
With this model, it would be possible to explain the 
form of the XPS kinetic curve of Ca3SiO5 hydration, 
the evolution of the dissolution of calcium and sili
cate ions, the existence of a dormant period and the 
setting of the paste.

Table I Difference between the binding energies of the XPS peaks. Ca2p 3/2’ Si2p> Is
peak.and width at.mid-height of the Si

Time
5 (Ca, 3/2 - Si. ) 2p 2p

eV + 0.2

6 (Si2p - O1S> ‘ 

eV t 0.2

6 (Ca2p 3/2 - 0ls) 

eV t 0.2

Width at mid-height 
of the Si2p peak 

eV J 0.1

0 245.7 429.7 184.1 2.5

5, 10, 15, 30 sec
1, 3, 5, 15 min

1, 2 hours
245.1 429.3 184.2 2.8

4 hours 245.1 429.1 184.0 2.4



[1] At the beginning of the CjS-HjO reaction and after 
protonation of silicate and oxygen ions-, a congruent 
dissolution of CajSiOg is assumed (10,11). We empha
size in this regard, that in an open medium with a 
high rate of percolation, the interaction can limit 
itself to this first stage because of the lack of 
accumulation of the dissolution products.

[21 The second stage detectable in the first few 
seconds (5 seconds on the curve fig. 2) corresponds to 
the formation of a Primary Hydrate with a ratio C/S« 
3 on the grains of the anhydrous silicate. The cloud 
of points show that the surface, between 5 seconds and 
1 minute, is a site of continous exchange and not in 
a state of equilibrium.

The quantitative interpretation of the XPS data 
has been carried out in a previous paper (5). The 
computed thickness of the Primary Hydrate is 8 A. 
It should be noted that this thickness is comparable 
to the thickness of the layer of C3S dissolved after 
one minute in the experiments of FUJI and KONDO (10). 
This value is 7 A for a w/s = 0.7 and a specific sur
face of 3800 cm^.g“!.

[3] The third stage manifests itself by an increase 
of the Ica^^Si rat^0 in which the maximum is attained 
at the end of one minute of hydration. This situation 
can be explained by the formation of a Secondary 
Hydrate having a Ca/Si ratio higher that of the Prima
ry Hydrate but lower than the observed maximum value 
of 2.7 because the'latter includes a contribution of 
the underlying C^S. This reaction is compatible with 
a dual origin of Ca^+ : the solution (process a) and 
the inner part of the grain (process b). These latter 
ions are a part of the ions released by the solio du
ring the advancement of the interface hydrate-CjS.

In this regard, the values of the intermediate 
Ca/Si, between 2 and 2.7 (fig. 2), would confirm the 
hypothesis of the chemisorption of Ca^+ ions on a 
surface enriched in silicon, hypothesis deduced from 
the measures of the 5 potential, giving a positive 
charge to the CaqSiOg particles in the first minutes 
of hydration (12). That the values of the Ca/Si ratios 
are superior to 2 is explained by the contribution to 
the XPS signal of the subjacent anhydrous C3S, the 
amount of the Secondary Hydrate still being very low.

Finally, the proposed model asstunes that a layer 
of the Secondary Hydrate with C/S = 2 grows on a sub
stratum of CgS. This assumption is strongly suggested 
by the value C/S = 2 obtained when this layer is thic
ker than 60 & at t > 15 minutes.

Subsequently, the Ca/Si ratio indicated on the 
kinetic curve slowly decreases and tends asymptotical
ly towards a value close to 2 in about 15 minutes. At 
this moment, the thickness of the layer of the Secon
dary Hydrate has sufficiently increased (via the pro
cess b also) so that the contribution of the C3S to 
the XPS signal is negligible. .This thickness is equal 
to 3 times the mean free path of the Cajp and Sijp 
electrons, that is to say approximately 60 A.

The formation of the Secondary Hydrate could also 
be partly explained by the precipitation from solution. 
This mechanism explains why silica concentrations in 
solutions drop drastically after some minutes of hy
dration (10, 11). In our model, this process cannot be 
distinghished from the process a and probably occurs 
simultaneously. The Secondary Hydrate develops and 
persists through the dormant period up to the super
saturation of the solution. -

In slowing down the transfers between the solu
tion and the reactional interface, we could consider 
that the Secondary Hydrate plays the role of a barrier 
which accounts for the low activity of the induction 
period revealed by the calorimetric curves. However 
the rate of C3S hydration and the nucleation of hydra
tes are governed by the concentration of Ca^"1" and 0H~ 
in the solution. This was shown by BARRET et al (13), 
Y0U1IG et al (lu) : either removal of Ca^"1' and 0H~ 
from the solution reactivated the hydration of C3S or, 
on the contrary, a supersaturated solution used as 
mixing water strongly delayed the dissolution of C3S 
crystals.
[4] After four hours, important reorganizations take 
place in the interior of the Secondary Hydrate as evi
denced by the change in the shape of the Si2p peak. 
Apparently, this modification indicated the end of the 
dormant period.

The end of the dormant period manifests itself 
by the brutal nucleation of Ca(0H)2 and the Tertiary 
Hydrate (C-H-S Type I) with dimeric silicate ions 
(Si207)6-. ■

One hypothesis to explain this new stage is that 
of the existence of a not very permeable, superficial 
barrier that slows down the exchanges between the solu
tion and the solid. In this case, the end of the dor
mant period corresponds to a brutal increasing in the 
porosity of that barrier, by the formation of cracks, 
for example at the grain boundaries or at dislocations 
emergency. In this hypothesis the reorganizations ob
served in the Secondary Hydrate are the cause of the 
brutal increase in its porosity. This schema shows 
that the C3S, protected till that moment, can be pla
ced in contact with a very alkaline solution suscepti
ble of leading to a large congruent dissolution. The 
silica, thusly liberated, precipitates at the same time 
in the form of the Tertiary hydrate.
3.4 The role of aging

In order to test the effect of aging on the kine
tics of hydration, we placed about 500 mg of C3S in a 
chamber at 20 °C, with uncontrolled conditions of hu
midity and atmospheric COj.

After five and eight days, several samples were 
analyzed by XPS. The aging was characterized by an 
increase in the Ca2p/Si2D ratio and an enhancement of 
the Cqs peak related to the carbon of CO32- ions. 
Slight modifications were observed on the Si2p peak. 
A kinetic curve of the hydration of a carbonated sam
ple has been drawn on fig. 3. Qualitatively, the sha
pe of this curve is the same as for uncarbotiated C3S. 
Nevertheless because of the presence of the calcium 
carbonate, it is not possible to relate the XPS ratio 
to the atomic ratio Ca/Si.

After heating this last sample at 1500 °C during 
one hour, the aspect of the hydration curve (fig. 4)is 
a little different, probably by a modification occured 
on the surface of the grains during the heating. This 
curve retains the same tendency as that of the carbo
nated sample (fig. 3) but remains different from that 
of the fresh sample (fig. 2) with higher Ca/Si ratios 
and delayed formation of the Secondary Hydrate.

Carbonation has a retarder effect on C3S hydra
tion and the composition of hydrates has not been de
termined .



Fig. 3 : Kinetic curve of hydration of a carbonated 
' CjS sample. '

Fig. 4: Kinetic hydration curve of the carbonated CgS 
sample after heating at 1500 °C. ■

4. THE ROLE OF NaF ADMIXTURE

M-. 1 Sample preparation
The pastes were prepared in the same manner as 

above with a solution containing 1 % NaF.
The XPS peaks studied were Ca2p, Si2p« °ls» cls» 

Na2s (Eb = 63.0 eV) and Fls (Eg = 6B3.6 eV).

**.2 Results
The results are reported in the form of a kinetic 

curve (fig. 5) and a table (Table II) giving the posi
tion of the XPS peaks. . '

The variations of the binding energy and the 
shape of the Sijp pea\ are the same as for C3S hydra
tion in pure water.

The kinetic curve decreases regularly up to 3 
minutes and the value of the Ca/Si ratio is close to 
2 all over the dormant period. The third stage obser
ved in the system C3S-H2O which manifests itself by 
an increase in the Ca/Si ratio does not exit in the 
system C3S -HjO tl % NaF.

Fig. 5 : Kinetic curve of hydration of C3S with
1 % NaF admixture.

Table II

Hydration of C3S + 1 % NaF : Evolution of the binding 
energies of the XPS peaks Ca2p^^^ and Si2p, and width 

' at mid-height of the Si2p- peak.

Time of

hydration

6 Ca2p 3/2 - Si2p 

eV + 0.2

width of the 
Si2p peak at 
mid-height 

eV ± 0.2

0 245.5 . 2.4

10, 30 seconds

1,3, 5, 15 
minutes

4 hours

244.9 2.8 "

4.3 Discussion

The interpretation of the kinetic XPS curve is 
not univocal. A possible interpretation could be a 
lack of precipitation of the Primary metastable Hydra
te and the direct formation of the Secondary Hydrate. 
This formation combinated perhaps with CaF2 precipita
tion would explain the important drop in the calcium 
concentration in the solution noticed by YOUNG et al 
(14) in comparison with hydration in pure water. The 
value of the ratio Ca2 /Si2p at the plateau strongly 
suggests that the thicxness of the layer of the hydra
te is higher than the depth of investigation of the 
method i.e.‘ superior,to 60 Ä at about 3 minutes.

In this interpretation, the difference between 
the length of the dormant period for hydration in pure 
water and in NaF solutions could be related to a 
"memory effect" in the texture of the hydrate. Such 
effects would determine the behaviour of the hydrated 
layer around anhydrous C3S grains over long periods : 
reactivity with Na and/or F and recrystallisation.

The same interpretation could be available for 
4 °C experiments of MENETRIER et al (15). Low tempera
tures are well known to delay the setting of the cement 
pastes.



5. CONCLUSION
The XPS method seems well adapted to the study 

of the early interactions between C3S and water. It 
could allow, with the utilisation of other techniques 
(SEN, STEM, chemical analysis of solutions) the under
standing of the mechanisms which occur during the hy
dration of C3S. However, due to the carbonation, it 
underlines the difficulty in obtaining a good sample 
for the quantitative surface analysis.

Our data suggest the existence of at least two 
intermediate hydrates during the dormant period. For 
hydration with dissolved NaF admixture, the formation 
of the Primary Hydrate would not take place and the 
formation of the Secondary Hydrate would be predomi
nant.

La version frangaise de cette coirraimieation est dis
ponible aua: adresses suivantes :
- Madame M. REGOURD

Departement Microstructures
C.E.R.I.L.H.
23, rue de Cronstadt 
75015 PARIS (PRANCE) '

- Messieurs J.H. THOMASSIH, P. BAILLIP, <J.C. TOURAY
Geologie appliques - Institut de Recherches RMM 
UNIVERSITE d 'ORLEANS '
45045 ORLEANS CEDEX (FRANCE)
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Condensation properties of dispersed products 
of portland cement hydration and rehydration

Proprietes agglomerantes des composants disperses du ciment, 
apres ieur hydratation ou leur rehydratation

V.D. GLUKHOVSKY, Prof. Dr. -Technical Sciences,
P.V. KRIVENKO, Gand. Technical Sciences,
R.F. RUNOVA, Cand. Technical Sciences, Institute of Civil Engineering, Kiev, U.R.S.S.

RESUME : On a etudie les proprietes agglomerantes du ciment portland et du g C2S hydrates 
puis broyes et comprimes, en fonction de leur degre de rehydratation et de leur composition. 
On a montre que, bien que cette derniere ait une influence sur la resistance finale obtenue, 
eile ne determine pas les proprietes agglomerantes du prodult. Ces proprietes sont determi- 
nees par 1'etat physique du produit hydrate et broye. L'hydratation du ciment ä des tempera
tures comprises entre 400 et 1000° entraine la formation de produits amorphes ou de cristaux 
instables,qui ont un effet determinant sur la capacite de reagglomeration.

Il a ete trouve que ces proprietes agglomerantes ne dependent pas de 1'eau comblnee ou adsor- 
bee; et ,e dependent pas seulement des produits d'hydratation. Ces proprietes ont ete obser- 
vees dans des ciments ou du 3028 completement hydrates. .

On a montre que cette reagglomeration degageait de l'energie et que les proprietes agglomeran
tes .etalent fonction de l'energie degagee. La transformation de l'energie interne en energie 
thermique accompagne la solidification.du materiau et se produit des que la compression met 
les particules en contact. ■ ■

SUMMARY : The dependence of condensation properties of dispersed products of hydration and 
rehydration of Portland cement clinker and gC2S on the degree of their rehydration and subs
tance composition has been observed. It is shown that, although the latter has an Influence 
on the relative strength of the stone being synthesized, it does, not determine the condensa
tion. capacity of the binder. This capacity is determined by the physical state of the dis
persed substance. The rehydration of hydrates within the temperature range of from 400 to 
1000°C is accompanied by formation of amorphous and unstable crystalline structure phases,- 
this determining their capacity for both the contact and hydration hardening.

It has been found that the condensation capacity of dispersed substances under examination 
does not depend on the presence in the system of chemically combined and physically bound 
gravitation water, it being displayed not only by the hydration products. These properties 
are also found in the products of complete rehydration, as well as in ground Portland cement 
clinker and ß-C2S. ■
The estimation of these phases is given from the point of view of availability in them of 
excessive free energy. It is shown that this energy determines the capacity for condensation. 
The transformation of such energy into thermal energy, its release accompanying the synthe
sis of the stone from dispersions at the moment of contact forming between the particles has 
been recorded. - . -



BTTHODUCTION: The capacity of mineral sys
tems to reveal binding properties is linked 
with the nature of their interaction with 
water. The possibility of revealing hydra
tion binding properties is assumed only for 
the substances of slow and limited solubi
lity (1). It led to the discovery of bind
ing properties in the compounds of alka
line-earth metals (2) and to the develop
ment of their hardening theories the basis 
of which underlie the regularities of tran
sition of anhydrous dispersed substances 
into aqueous formations.
The discovery of contact hardening (3) and 
the ability to such hardening of anhydrous 
binding substances and dispersed products 
of. their hydration, partial or complete re
hydration (4) permits a further step in ge
neralizing the regularities of this process 
and an inference that neither physically 
nor chemically combined water is the deter
mining factor in the condensation of dis
persed systems into a water-resistant stone. 
According to these generalizations, the ca
pacity of mineral systems to reveal the 
binding properties is determined by their 
energy potential, this being a function of 
the physical state of the substance by 
which they are represented.
The synthesis of a water-resistant stone ■ 
can be realized at the moment of contact 
forming between both the aqueous and anhyd
rous dispersed mineral particles in the 
event of them being in a mutable (amor
phous or unstable) crystalline state. The 
process of contact as well as of hydration 
condensation is accompanied by intensive 
release of thermal energy. The release of 
the latter continues even after the petri
fication of the dispersed system due to a 
gradual transition of the binder particle 
substance into a stable state, the particl
es comprising the concrete stone. This per
mits to draw a conclusion that the conden
sation properties of the products of hydra
tion and rehydration of Portland cement and 
its separate minerals are manifested as the 
effect of structure ordering in these subs
tances (5).
Using the principles of this effect, a se
ries of experiments was conducted on the 
investigation of condensation properties of 
the dispersed products hydration, partial 
or incomplete rehydration of Pprtland ce
ment and y5-C2S aimed at the extension of 
the ideas about the causes of Portland ce
ment condensation into stone-like forma
tions.
EXPERIMENTAL METHODS; Portland cement clin
ker and R-C-aS crushed to a specific sur
face of 3500 cm2/g, the products of their 
hydration as well as of partial and comp
lete rebydration have been employed as the 
investigation objects. The hydrates were 
obtained by wet grinding process at B/T=5 
with subsequent autoclaving at constant 
stirring at Pgauge = 0.8 MPa of suspensions 
of initial substances, as well as of mix
tures of /3-C2S with additions of CaO and 
SiOp in quantities ensuring the synthesis 

of high-base and low-base calcium hydrosi
licates, respectively. The autoclaving was 
conducted up to the full hydration of an
hydrous minerals. Following that they were 
dried at a temperature of 100+5oC up to a 
powdery state. The synthesized products 
were rehydrated at 400, 600, 800 and 1000°C 
by heat treatment followed by rapid cool
ing.
To determine the properties of dispersions 
under investigation at contact hardening, 
sample cylinders were made of them under 
pressure at specific load of 400 and 
200 kgf/cm2 applied for 1 min. The samples 
were pressed without water addition. They 
were tested immediately after pressing, as 
well as after 14, 28 and 120 days of sto
rage in water and under dry-air conditions. 
The samples were placed into water immedia
tely after pressing.
To determine their capacity to hydration 
hardening, the powders were mixed with wa- • 
ter to the consistency of a normal-density 
paste from which sample cubes were prepared.
Structural changes in the substances were 
studied by X-ray diffractometric, electron- 
microscopic, infra-red spectroscopic, and ' 
differential-thermal analyses. The presence 
of excessive free energy in the systems 
under investigation was estimated by the 
results of thermobarographic analysis the 
essence of which underlies the recording of 
thermal effects springing up during conden
sation of dispersed substances in the pro
cess of their pressing.
KHOWN CONDEiJSATION PROPERTIES OF HYDRATE 
SU3STAÖ0ES: In our paper (1) has been 
shown that, in contrast to natural hydrates 
of stable crystalline structure, the dis
persed hydration products of Portland ce
ment and its component minerals, while be
ing in the metastable state, reveal for a 
long time the capacity of forming stone
like bodies at the moment of particles ap
proach without the supply of thermal ener
gy, these bodies retaining their shape and 
strength in water; they manifest also the 
ability of forming in them water-resistant 
structural bonds capable of restoration 
after mechanical dispersion due to itera
tive approach of particles or bonds streng
thened due to distance reduction between 
them; the condensation of such dispersions 
into a water-resistant stone is the result 
of the reciprocal attraction forces inhe
rent in the hydrate particles of unstable 
structure and is manifested as the effect 
of their structure ordering since these 
forces decrease in the process of substance 
transformation from the amorphous into the 
unstable crystalline state and disappear as 
their crystalline structure becomes stabi
lized; the condensation capacity of the 
hydrated dispersions is the function of the 
state of their structure only, whereas the 
strength of the cement stone is at the same 
time the function of their substance compo
sition as well; the hydrate dispersions re
presented by unstable-structure substances 
should be regarded as independent hydraulic 



binding substances of contact hardening.
Condensation capacity of dispersed prbducts 
of rehydration is characterized by the fact 
that the powdery products of partial or 
complete rehydration of hydrates obtained 
by autoclaving dispersed Portland cement, 
/3-C2S and its mixes with Cao and Si02, 
like the hydrates proper, reveal the capa

city for contact hardening during a long 
period of time since they are condensed 
into stone-like formations acquiring 
strength and water-resistance at the mo
ment of contact appearance between the 
particles of these dispersions (Table I)

Table I 
Strength of samples immediately after dry pressing 
at a pressure of 400 kgf/cm2 and in-water storage

Hydrate Hydrated
designa- substance 
tion composition

A 2.50a06Si02*nH 20

B 2CaO- Si02«nH20

Compression strength, kgf/cmS of autoclaved 
dispersion samples rehydrated at temperature, 
°C, after pressing (following 14 days of 
in-water storage)

100 400 600 800 1000
110 115 120 125 120
152 T57 380 355 255

105 110 100 100 120
i37 T55 325 245 255

C CaO*Si0 2*nH 20

K Hydrated Portland
cement clinker

90
T55

57 
“35

40

115 120 120
555 5i5 555

The obtained data permit an assertion that 
the condensation capacity is revealed in
dependent of the presence of gravitation, 
chemically and physically combined water 
in the system.
This conclusion"can be made from the fact 
that the samples moulded without water from 
dry powders of suostances analysed gain 
strength with the passage of time when 
stored under dry-air conditions and do not 
decompose in water immediately after pres
sing and acquire strength in hot water. 
Ground Portland cement clinker and yS-CpS 
also reveal the ability for contact hard
ening.

In contrast to the hydrates, the rehydra
tion products like the Portland cement 
clinker and /J-CpS, when mixed with water, 
manifest the capacity for hydration hard
ening revealed to a greater extent with 
the increase of the degree of substance 
rehydration.
Estimating the condensation capacity of 
the investigated substances by the strength 
of samples immediately after their pres
sure-moulding and prolonged dry-air and 
in-water storage (Table II ), it can be 
noted that it depends on the chemical com
position of the dispersed substances and 
their rehydration temperature.

Table II
Strength changes in samples dry-pressed 
at a pressure of 400 kgf/cm2

lydrate 
designa
tion

------------------------------------------------------ 2-----------------------------------------------------------Compression strength, kgf/cm , of samples press-moulded from 
autoclaved dispersions rehydrated at temperature, °C, stored 
in open air/water, days

150 W) BOO'-"... ......... WO"------------- TUÜU" ™
28 125" ■28 ""f20' " 28 -T25'"-"'2'8''"T2,5 "

A

B

C

K 175 240
T57 155

200 230

187 245
T55" 255
115 145
5T7 575

260
515

320 
7T5

195
210

255
275

120
535

160
255

180
555

200
555

260

250

70

350



The strength increases with the Increase of 
their basicity, independent of petrifica
tion conditions, hydration or contact hard
ening, higher strength is characteristic of 
samples obtained from hydration and rehyd
ration products formed on the basis of the 
mix of /?-C2S and calcium oxide 
(2.5Ca0»3iO2,nH20); it increases corres
pondingly in hydration products of ^-C2S 
(2CaO‘SiO2,nH2O) and its mix with S1O2 
(CaO 3102 nH2°)*  Similar dependence has 
been revealed in the studies of substances 
having similar composition and synthesized 
by autoclaving from chemically pure oxides. 
It should be noted that the samples moulded 
from damp powders also retain their 
strength in water right after the pressure
moulding. In this case introduction of wa
ter into the system somewhat reduces the 
initial strength of the stone body synthe
sized from dispersed hydrates and enhances 
the strength of samples made of partially 
or fully rehydrated dispersed substances.
The increase of the moulding pressure in 
all instances results in the rise of the 
Initial stone strength. So, at the mould
ing pressure of 2000 kgf/cm its strength 
immediately after pressure-moulding reach
es 500-600 kgf/cm2. However, the degree of 
the moulding pressure effect decreases with 
the rise of the basicity and the degree of 
dispersed substance rehydration. But here a 
positive effect on the strength of a stone 
body synthesized from dry powders increases 
with its impregnation with water right 
after the moulding.
The physical state of the hydrates varied 
in the course of their rehydration. The 
study of the changes in the physical state 
of dispersed substances obtained in the 
systems under consideration, with their 
partial and complete rehydration, was aim
ed at the determination of its effect on 
the condensation capacity.
The initial hydrates were represented by 
gel-like and submicrocrystalline calcium 
hydrosilicates whose clear identification 
is hampered by their structure irregulari
ty. Calcium oxide added to y3-C2S during 
the synthesis of hydrate A had considerably 
reacted with it at autoclaving which enabl
ed the obtaining of a hydrate of utmost ba
sicity. This is signified by the presence 
of relicts with d=2.28; 2.49; 2.74; 3.O3& 
on the X-ray photograph and of endoeffects 
on the I)TA line at 180, 380 and 480°C cha
racteristic of C28H(B). The addition of 
silica to ^-028 in the "synthesis of hyd
rate B promoted the drop of basicity in the 
hydrosilicates being formed: phase (A) is 
identified on the X-ray photograph by lines 
with d=2.71; 2.76; 3.01; 3.04a, and on the 
thermograph - by the exoeffect of wollasto
nite crystallization at 820°C.
The presence of unstable-structure hydrate 
phases in the products obtained by auto
claving Ä-C2S and mixes on its basis is 
also confirmed by the way of water removal 
during thermographic examinations: it oc

curs at temperatures up to 850°C with the 
highest intensity within the temperature 
ranges of from 100-300 and 500-700°C; a 
highly intensive exoeffect of amorphous 
hydrosilicates crystallization has been re
corded within the temperature range of ' 
300-500°C.
The initial rehydration stage of the hyd
rates being examined is accompanied at 
400°0 by the removal of zeolitic and ad
sorption water, this having no effect on 
the strength characteristics of samples 
from dispersed products of rehydration. The 
rehydration at b00°C results in the deve
lopment of substance amorphism. At this 
temperature the structures of high-basicity 
calcium hydroxides are subject to a greater 
degree of destruction, this being reflected 
by the weakening of lines of the corres
ponding hydrates on the X-ray photographs. 
This process is even more intensified at 
800°C, when parallel to it commences the 
crystallization of anhydrous calcium sili
cates it being signified by rudimentary re
licts on X-ray photographs with d=2.18; 
2.70; 2.80 X pertaining to wollastonite. 
The presence in rehydration products at . 
this temperature of residual hydrosilicates 
is signified by low-intensity endoeffects 
at 200 and 780°C as well as by the presence 
of valent oscillations in the OH-group 
within the band range of 36OO cm-"*  on the 
spectrogram; the presence of silica gel is 
indicated by the absorption band 
960-1000 cm-1 and the presence of anhydrous 
crystalline substances is confirmed by the 
endoeffect at 780°0 connected with their 
recrystallization and being the most inten
sive for the hydrate 2.5Ca0«Si02,nH20. The 
Identity of the rehydration prodess at . 
600°C and 800°0 is signified by close 
strength characteristics of samples right 
after their pressure moulding, the samples 
having been obtained from rehydration pro-. 
ducts at these temperatures. However, their 
strength rises in the course of time under 
dry-air and water conditions to a greater 
extent in samples of more amorphous disper
sions (600°0), this being due to the pro- „ 
cess of substance structure ordering. The * 
rehydration at 1000°C is accompanied by.the 
crystallization of unstable anhydrous sili
cate phases.
These formations rehydrated within the tem
perature range of from 600-1000°C display 
a tendency both to the contact and the hyd
ration hardening.
The rehydration processes of Portland ce
ment clinker products are more complex on 
account of the polymineral substance compo
sition, although the changes in the physi
cal state of the substance occur in the 
same succession, i.e. through the crystalli
zation of hydrates, their amorphization up 
to the formation of unstable anhydrous 
crystalline phases.
The above investigations show that the dis
persed hydrosilicates and their rehydration 
products, while in the metastable state, , 
reveal the capacity of condensing into wa-



ter-resiatant bodies at the moment of con
tact forming between them irrespective of 
their substance composition. As can be seen 

from the data of TableH, this capacity is 
not connected with the presence of chemi
cally combined water in the substance.

Table III
Content of chemically combined water in hydrates 

and their rehydration products

aehydra- 
tion tern- 
jerature,
' °C

............................................  '5-------
Specific surface, cm /g Loss of ignition, %

Designation of hydrates "

A B C A B c
100 7400 6500 6400 23.00 21.60 16.70
400 7100 5900 6350 15.30 12.20 8.20
600 8000 6100 6000 10.81 9.67 5.23
800 8100 6800 7100 2.63 4.40 0.32

1000 4000 3560 5600 0 0 0

The ability thus established is explained 
by that all the investigated suostances, 
while in the unstable state, have surplus 
free energy which becomes apparent during 
the condensation of these substances in 
the form of reciprocal attraction forces 
directed at the structure ordering, i.e. 
at the displacement of microparticles in a 
macrosystem aimed at its compaction and 
further order establishment. This energy 
has to be transformed into thermal energy 
and be emitted as a thermal flux when the 
particles approach.
duch thermal energy liberation has been re
corded by Yu.A.dhepljakov by differential 
thermobarographic analysis which enables 
the recording of the thermal effect at the 
moment the pressure-moulding load acts 
upon the standard and examined dispersions, 
.ihen standard and examined dispersed subs
tances of stable crystalline structure are 
pressure-moulded, no energy is liberated 
throughout the entire interval of the 
moulding pressure increase. Due to this the 
differential thermobarogram appears as a 
straight line. In the studies of ground 
clinker and /•-C2S, their hydration pro
ducts, as well as products of their par
tial and complete rehydration, i.e. sub
stances of unstable structure, the thermo
barograms have recorded exothermic effects. 
This can be explained by the transforma
tion of kinetic energy, spent on structure 
ordering, into thermal energy and confirms, 
the above assumptions.
The reciprocal attraction forces of unstable 
structure macroparticles, like gravita
tional ones, are incapable of saturation. 
They allow attraction of a considerable 
number of other particles due to which 
they cannot be explained by chemical bonds 
which, as is generally known, can be satu
rated. These forces surpass considerably 
the gravitational ones, but have an insig
nificant radius of action and because of 
that can be referred to as electromagnetic 
surfaces forces.

JONCLUSIONS
Ground cement clinker and /?-C2S, as well 
as the dispersed products of their hyd
ration, partial and complete rehydration 
are capable of instant condensation into 
water-resistant stone during their pressure 
moulding both in dry and wet state. In this 
connection all of them can be regarded as 
hydraulic binders of contact hardening.
The formation processes of constructional 
and technological properties of the conc
rete stone on the basis of such binders and 
hydration hardening binders are accompanied 
by liberation of thermal energy. Their re
sulting quality and direction depend on the 
kinetics of the internal energy changes in 
the stone, which can be determined as a sum 
total of rest energies of particles it has 
been condensed from; the kinetic energies 
of these particles moving in a certain man
ner in a resting body and of potential 
energies of fields accomplishing the inter
action between the particles, or potential 
energies of attraction forces between them.
The control of the rate at which the inter
nal energy of the stone is changing opens 
possibilities of controlling the process of 
its structure and properties formation. So, 
in the pressure-moulding of Portland cement 
and >5-023 powders, as well as of complete
ly rehydrated products of their hydration, 
both dry and wet, water-resistant stone is 
condensed which has an initial strength. 
However, this strength and its growth in 
the course of time depend on the presence 
of water in the system.
This follows from the fact that the initial 
strength of the stone obtained from dry 
powders often proves to be lower than the 
strength of a stone pressure-moulded from 
the mixes of these powder with water. The 
higher is the basicity of the powders, the 
greater is the water effect. It is explain
ed by that the internal energy of bodies 
condensed from dry powders represented by 
substances capable of chemical hydration by



water proves to be higher and its decrease 
is slower than in bodies condensed from 
mixes of these powders and water. The pro
cess of internal energy changes in such an
hydrous systems can be speeded up by im
pregnating the anhydrous stone with water. 
In the latter case the rate of the stone 
strength growth and the strength itself 
considerably exceed these parameters in a 
stone obtained from wet powders, «hen pow
ders of aqueous mineral systems are used, 
such as the hydration products of the 
aforementioned anhydrous formations and 
their partial rehydration, the structure 
stabilization, strength growth in the 
course of time and the decrease of the in
ternal energy of a concrete stone synthe
sized from dry powders runs faster than in 
a stone made of the mixes of these powders 
with water.
This permits an assertion that water, while 
being not a determining factor in the con
densation of binding systems into a water
resistant concrete stone, in a number of 
cases can serve as one of the control fac
tors in the rate of changing its construc
tional and technological properties. It 
must be noted that the degree of water ef
fect is determined not only, by the mere 
fact of its presence in the system but de
pends on the time of its introduction - 
before or after the moulding of the stone.
The binders and concretes of the contact 
hardening make it possible to extend the 
nomenclature of hydraulic binders and to 
diversify their production technique; to 
obtain structures fully water-resistant and 
having their design strength immediately 
after their pressure-moulding; to bring the 
production technology of the concrete 
structures as close as possible to the me
tal-working technology and to develop prin
cipally new highly productive technological 
methods not used in this field hitherto.

Although some of the above possibilities 
seem at first sight quite hypothetical, 
they signify that we have reached the stage 
when the prospects for the development of 
the artificial stone production on the ba
sis of the principles of the structure or
dering effect are far beyond those limits 
which are considered conceivable gene
ralized form they reveal one o:. w 
tendencies in the world’s develv >f
the building materials product!-
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The Influence of the Content and Distribution of Alkalies 
on the Hydration Properties of Portland Cement

Influence du contenu et de la repartition des alcalis sur les proprietes 
d'hydratation du ciment Portland

B? OSBAECK, F.L. Smidth & Co. A/S Vigerslev Alle 77,
E.S.  JONS, DK-2500 Valby, Copenhagen, Denmark. -

RESUME : Les alcalis contenus dans le clinker de ciment Portland se trouvent, en partie, sous 
la forme de sulfates solubles, et en partie sous la forme de composants des mineraux de clin
ker. L'effet des alcalis sur l'evolution des resistances du ciment peut etre attribue ä des 
modifications de la composition de la phase liquide causees par les sulfates alcalins, ou ä 
des modifications des proprietes hydrauliques des mineraux de clinker causees par les alcalis 
dans 1eurs reseaux cristallins.

Pour pouvoir evaluer 1'importance de la repartition des alcalis, 11 a ete cult en laboratoire 
une serie de clinkers qui ne se dlfferenclent"les uns des autres que par leur teneur en alca
lis et la repartition de ceux-ci. A partir de ces clinkers, on a prodult des ciments d'une te
neur en gypse variable.

Les proprietes de resistance des ciments ont ete etudiees en mesurant les resistances du mor- 
tier ä la compression. Pour des ciments choisis, le degre d'hydratation du C^S, C^A et C^AF 
a ete emsure a-differents intervalles.

L'effet general, obtenu par le deplacement des alcalis des mineraux de clinker dans les phases 
de•sulfa’tes par augmentation du contenu de SO, dans les clinkers a ete une augmentation des 
resistances initiales et une diminution des resistances ulterieures. Des teneurs elevees de 
gypse dans les ciments semblent amolndrir ces effets. .

Sur la base des mesures du degre d'hydratation sont discutees les causes possibles des effets 
observes sur les resistances. ' .

SUMMARy: The alkalies in Portland cement clinker are found partly as soluble sulphates and 
partly as constituents of the clinker minerals. The effects of alkalies on the strength 
development properties of hydrating cement can be attributed to changes in the composition 
of the liquid phase mainly caused by the alkali sulphates, or to changes -in the hydraulic 

' properties of the clinker minerals caused by the presence of alkalies in their lattice 
structure. ' 1 •
In order to evaluate the importance of the distribution of the alkalies, a series of 
laboratory-burned clinker, differing only th content and" distribution of alkalies, have been 
prepared, and have been ground to cement fineness at various gypsum addition levels.

' the strength-producing properties of these cements have been investigated by measuring their 
. mortar compressive strength. Selected cements were subjected to determinations of degree 
.of hydration of C3S, C3A, and C4AF at various ages.
Transferring alkalies from the clinker minerals to sulphate phases, achieved by increasing

■ the S03~content in the clinker, generally resulted in an increase in early strength and a 
•decrease in late strengths. High gypsum contents in the cements tended to weaken the 
effects.
Based on results of the degree of hydration measurements, possible causes of the observed 
effects On strength'are discussed.



INTRODUCTION
Industrially manufactured Portland cement 
clinker normally contain 0-2% of alkalies. 
Despite these low levels, however, alkalies 
have been shown to have a strong influence 
on many of the properties of Portland 
cement (1). Furthermore, recent 
investigations have indicated that the 
variations in strength-producing properties 
of industrially manufactured Portland cement 
clinker may be due largely to variations in 
their alkali content (2,3).
The alkalies in Portland cement clinker are 
present partly as easily soluble sulphates 
and partly as constituents of the clinker 
minerals (4). The investigations mentioned 
above have indicated that it is the soluble 
alkalies that affect strength. Moreover, 
additions of alkali salts to a cement have 
been shown to affect its strength develop
ment in fundamentally the same way (2,5-7). 
On the other hand, several authors have 
demonstrated that incorporation of alkalies 
into the structure of the clinker minerals 
may change their hydraulic properties (8-10); 
thus changes in strength properties of 
clinker due to such effects should also be 
considered. ■
In order to evaluate the importance of the 
distribution of alkalies, a series of 
laboratory-burned clinker, differing only in 
content and distribution of alkalies, have 
been prepared, and their strength-producing 
properties have been investigated in cements 
containing varying amounts of gypsum.

EXPERIMENTAL
Clinker; A raw mixture was prepared from 
naturally occurring materials of low alkali- 
and SOg-content. The desired alkali- and 
SOg-contents were obtained by adjusting this 
raw mixture with additions of K2SO4, K2CO3, 
Na2SC>4, NagCOg, and CaS04 sufficient to allow 
for volatilization during the burn.
A clinker burning was carried out according 
to the following procedure: 300 g of the raw 
mix, ground to <9Ou, is packed loosely in a 
platinum crucible and calcined at 950°C.
Then the crucible is covered and placed in 
an electric furnace at 1450°C. After 40 
minutes the furnace is switched off. When 
the temperature has decreased to 1300°C, (in 
about 30 minutes) the crucible is removed 
from the furnace and permitted to cool 
further in laboratory surroundings.
Each clinker was composed of 3-5 batches of 
clinker prepared as described above; the 
composition was checked by full chemical 
analyses, including determinations of 
soluble alkalies (ASTM C-114). •
Cement: Cements of varying SO3-content were 

, prepared by grinding the clinker with 
,different amounts of a l:l-mixture of
gypsum and hemihydrate. After each cement 
had been ground for 15 minutes in a ball 
mill, its SOg-content, specific surface 
(Blaine) and grain size distribution (LASER
granulometry) were checked.

TABLE I
Chemical Composition of Clinker

Clinker: K-2 K-4 K-5 K-6 K-7 K-8 K-9
Si°2 22.92 22.81 22.87 22.32 22.11 22.53 22.17

ai2o3 5.36 5.36" 5.33 5.20 5.33 5.30 5.51

Fe2°3 2.98 3.09 3.14 3.02 2.86 2.99 2.83

CaO 65.77 65.37 65.24 64.82 64.35 63.78 62.86

MgO 1.25 1.23 1.22 1.20 1.28 1.26 1.20

K2° 0.35 0.75 0.76 0.76 1.20 1.19 1.26

«3 Na2° 0.26 0.55 0.53 0.54 0.74 0.79 0.71

<c so3 0.34 0.34 0.68 1.20 0.53 1.00 1.96

<0 u L.o.i. 0.82 0.63 0.46 0.54 0.79 0.37 0.52

0)
6 free CaO 0.53 0.63 0.69 0.56 0.57 0.55 0.49

^0)s 0.15 0.33 0.49 0.60 0.59 0.83 1.03

0.09 0.14 0.18 0.25 0.14 0.25 0.42

0 c3s 51.0 49.7 48.6 52.0 51.6 46.2 43.2

c9s 27.3 28.0 29.0 24.8 24.5 29.8 31.1

Q*. C3A 9.2 9.0 8.8 8.7 9.3 9.0 9.8

X C4AF 9.1 9.4 9.5 9.2 8.7 9.1 8.6

U) \ot 0.75 1.59 1.57 1.58 2.32 2.39 2.34

*? MSO3 0.54 0.25 0.51 0.89 0.27 0.49 0.99

KS 0.29 0.54 0.76 0.98 0.80 1.21 1.67

5 K-s 0.46 1.05 0.81 0.60 1.53 1.18 0.67

Mortar: The strength development of the " 
cements prepared was tested using a "small 
prism" method similar to the ISO-RILEM- 
method: From a mortar mix of 3 parts of 
standard sand, 1 part of cement, and 0.5 
parts of water, 4 small prisms (2 x2x 15 cm) 
are cast. Since each prism' Ts cut into 3 
pieces (2x2x5 cm) , each casting yields 
12 pieces for compressive, strength testing. 
In the present investigation, the following 
number of specimens were broken at each age: 
1 day (2) - 3 days (3) - T.-'days (2) - 28 
days (3), and 90 days (2)^ The strength 
results obtained using thtä method are 
about 25% higher than those obtained by the 
ISO-RILEM-method. The bulk density of the 
prisms was measured after 1 day of 
hardening.
Paste: The degree of hydration of the 
clinker minerals after 1, 3, and 28 days of 
paste-hardening (w/c = 0.44) was measured 
in selected cements by means of X-ray 
diffraction with 10% CaFg as internal 
standard. The CgS-content was established 
from the peaks at 30.1° and 51.7° 29 
(Cu - Ka). The contents of CgA and C4AF 
were measured after extraction of the 
silicate-phases with a solution of 
salicylic acid in methanol. A reliable 
measure ment on C2S could not be achieved.
Prior to their use for determination of the 
degree of hydration, the paste samples, in 
the form of small, 1 cm3 cylinders, were 
tested for compressive strength. The 
results were in good agreement with the 
results from the mortar specimens, but the 
reproducibility lower.



TABLE II

Cement: Composition 
6 Fineness

Mortar: Density & 
Compr.strength

u * Rn1 * c pT*

[B
la

in
e

1 m2
/k

g
B1

4%
) 

m
 /kg

ai/fcx
1 lA

a1
 MP

a

a3
 MP

a 1

X
X

a9
0 M

Pa

C-2.1 1.4 1.00 0.83 31.7 328 355 2293 4 25 45 82 94
C-2.2 4.0 2.28 0.82 32.7 366 366 2306 15 36 54 86 100
02.3 7.2 3.76 0.81 33.0 408 376 2285 17 40 56 83 94
02.4 10.3 5.29 0.86 32.7 430 367 2298 15 30 44 81

04.1 4.0 2.26 0.83 40.2 319 319 2282 13 31 48 77 85
04.2 7.6 4.03 0.87 37.5 384 348 2275 17 39 56 76 83
04.3 .10.2 5.38 0.79 36.9 399 337 2276 15 35 52 75 85
04.4 12.2 6.35 0.84 32.3 465 383 2273 16 32 39 67

05.1 4.0 2.65 0.86 37.2 323 323 2287 15 33 17 70 83
05.2 6.9 3.95 0.86 37.8 359 331 2259 15 36 48 66 79
05.3 9.5 5.36 0.87 35.8 404 349 2273 17 35 53 76 92

06.1 2.5 2.50 0.89 38.6 330 344 2247 15 27 41 63 71
06.2 4.0 3.26 0.89 37.0 356 356 2251 20 33 45 64 75
06.3 5.9 4.19 0.88 39.0 357 338 2251 17 35 48 65 74
06.4 8.1 4.86 0.87 35.6 400 360 2258 16 38 54 72 83
06.5 10.3 6.16 0.92 31.4 415 352 2255 14 25 34 54

07.1 4.0 2.54 0.80 39.4 316 316 2245 11 27 41 61 70
07.2 7.0 4.00 0.78 38.3 371 341 2266 18 38 52 69 76
07.3 9.6 5.17 0.79 37.0 396 340 2264 14 44 59 71 82
07.4 11.7 6.11 0.78 39.3 383 306 2255 12 26 33 52 72

08.1 3.0 2.54 0.81 38.4 322 332 2265 14 30 45 63 71
08.2 4.0 3.02 0.81 38.7 332 332 2257 15 30 41 58 66
08.3 6.0 3.87 0.82 41.6 349 329 2248 17 32 43 58 68
08.4 8.7 5.24 0.79 41.3 352 305 2245 11 29 44 61 77

09.1 1.0 2.47 0.97 43.3 255 285 2232 12 22 30 45 54
09.2 4.0 3.75 0.80 39.8 331 331 2291 20 35 42 57 68
09.3 6.7 5.10 0.78 41.3 340 313 2285 14 36 48 61 77
09.4 8.9 6.21 0.80 40.1 359 310 2288 12 25 36 63 82

RESULTS
The chemical compositions of the clinker are 
given in table I, which also includes the 
calculated potential mineralogical composi
tions. The alkali contents and distribu
tions are characterized by the following 
terms: The total alkali content, expressed 
as %K2O-equivalent (Ktot= K2O + 1,52 x Na2O) , 
the molar ratio of sulphur to alkali (MSO3 = 
SO3/(0,85_x Ktot)), and the gontent of 
soluble (Kg) and insoluble (K_s) alkalies, 
also expressed as %K2O-equivalent. As can 
be seen from the table, three levels of to
tal alkali contents are represented (0,8, 
1,6 and 2,4% . For the two highest
levels, three different distributions of 
alkalies are obtained, corresponding to , 
three different MSC^-values. '
Data describing the cements, as well as 
their performance in mortar, are collected 
in table II. The grain size distributions 
of the cements were well described by a 
Rosin-Rammler-expression; thus they are 
characterized by just two parameters: the 
steepness (n) and the 20y-residue (R20y)• 
ftsv“expected,''the directly measured Blaine**  
.values..of the cements were strongly 
^dependent on the ""content of gypsum A*  spe* —» 
kific contribution of aböubrl0,m2/kg-per*!%».•  

f. gypsum 'was■■ evaluated.by-means-o£j regres—< 
sion_analysis.on...the,available data?.

■ rVlinillu I, x v.k-KSfiäe.kii.

phis value was used to.^calculate the equiva- . 
blent'Blaine'values.for, cements’containing 4%jf 
^gypsum.(B(4%)) .as These" corrected*  Blaine

..„values are assumed‘to give a better-descrip- 
f" tion.of fineness variations„for thejolinker —V 
Ä"1 part'of the'cements.F.......... '

The mortars are*characterized  by their 1-day 
bulk density and compressive strengths as 
measured. Differences in these strength 
results can be attributed to differences in 
clinker composition (content of alkalies and 
SO3), content of gypsum, fineness and mortar 
density. In order to Isolate the effects of 
clinker composition and gypsum content, the 
strengths were corrected for the influence 
of fineness and mortar density.
To eliminate the influence of fineness, 
equivalent strengths of cements with B(4%)= 
300 m2/kg were calculated using the follow
ing empirical values of the effect of an 
increase of fineness of 10 m2/kg: + 0,9 MPa 
for 03, 07 and 033 and + 0,45 MPa for 
and Ogg.
The calculated bulk density of a mortar free 
from air is 2300 kg/m2. Consequently the 
prepared mortars all contain more or less 
air (cf. table II). An attempt to eliminate 
this effect on strength consists of calcula
ting all strength values back to the same 
mortar density (yo = 2300 kg/irP) using the 
following formula:

rule saying

a - a Y - Y—2-----------5 x (-2------- 1)
ao ^o

This is infact the commonly used
that introduction of 1% air causes a 5% 
reduction in strength.
Fig.l shows the 1-, 3- and 28-day strengths, 
corrected for differences in cement fineness 
and mortar density (a"), plotted as a 
function of the total S03~content at various 
levels of Ktotai and MSO3. The results 
show a marked effect of the total SO3- 
content on early strength. Increasing 
clinker MSO3 results in higher 1-day 
strengths for total-S03-contents up to about 
4%. All cements of higher SC^-content seem 
to yield equal 1-day strengths.
For cements with 4% gypsum (framed points 
in fig. 1) a clear positive effect of 
increasing MSO3 is found. However, the 
effect could be interpreted as a combined 
effect of increasing the total S03~content 
in the cement and increasing the fraction 
of soluble alkalies. After 3 days of 
hardening the initial advantage of a high 
MSO3 has disappeared, and later on a nega
tive effect becomes dominant^ It is clear 
from fig. 1 that increasing Ktota^ or MSO3 
at constant Ktotal brings about a decrease 
in 28 days strength. Apparently, this 
negative effect is diminished when the total 
S03~content in the cement is increased up 
to the optimum level regarding 28-days 
strengths.



Figure 1:
Mortar compressive 
strength (corrected to 
same clinker fineness 
and mortar density) 
versus total SOj-content 
of cement. Shown for 
three different_total- 
alkali levels (K) and 
three different clinker 
SOß-to-alkali mole 
ratios- (MSO3) .

DISCUSSION
A previous statistical investigation on 
strength properties of plant-produced 
clinker showed that the content of sjoluble 
alkalies was the parameter correlating most 
strongly to strength (2). That it is the 
soluble part of the alkalies which are most 
important for strength properties has been 
verified in the present work.
Fig. 2 shows the close connection between 
28-day strength and content of soluble 
alkalies in clinker. The previously found 
quantitative_effeet of - 10 MPa per 1% 
increase in Ks is verified here recalling 
that 10 MPa in fSO-RILEM-strength 
corresponds to 12,5 MPa in the method used 
here.
The previous findings were based on cements 
containing 4% gypsum. The.present investi
gation indicates that the-negative effect 
can be somewhat counteracted by adding more 
gypsum, but in these cases the SOj-contents 
of the cement will exceed the limits of 3
4% SO3 presently specified in cement 
standards. The side effects of such high 
S03~contents could be expansion problems 
and, as indicated here, reduced early 
strengths (fig. 1). Too much gypsum may be 
detrimental to strength development even 
up to 28-days (fig. 1 and 2).

Strength results in fig. 1 and 2 are 
corrected for differences in cement fineness 
and mortar density. It could be argued 
whether the latter correction is relevant, 
as there seems to be a correlation between 
mortar densities obtained and content of 
soluble alkalies (Table II). It is assumed 
that the presence of soluble alkalies 
causes entrainment of air in mortar during 
mixing by promoting premature structure 
formation in the paste (precipitation of 
gypsum, syngenite or ettringite). Such an 
indirect effect of alkalies" will introduce 
a general reduction of strength at all 
ages, but most pronounced at late ages.
As this air-entraining effect presumably 
is strongly dependent on the mix propor
tions and mixing procedure, we have chosen 
in this presentation to evaluate the 
effects of alkalies on strength after 
applying corrections for density 
differences.
Apart from a potential density effect, 
alkalies may affect strength development in 
the following ways:
- By changing the rate of hydration of one 

or more of the clinker minerals
or
- by changing the strength producing quality 

of the products of hydration.



Figure 2: 28-days compressive strength of 
mortar versus content of soluble alkalies 
in clinker.

In the present study the degree of hydration 
of C3S, CgA and C4AF after 1, 3 and 28 days 
has been measured in cements containing 4% 
gypsum. These measurements indicate an 
accelerating effect of soluble alkalies on 
hydration of all three phases (table III), 
which is in good agreement with their effect 
on 1-day strength.
It could be debated whether this accelera
ting effect is achieved because of more 
alkali in the liquid phase or because of 
less alkali in the clinker minerals. 
However, the close resemblance between the 
hydration and strength behavior of clinker 
K-S (Kg = 0,26, K_s = 0,81) and clinker K-7 
(Ks = 0,80, K-s = 1,52) supports the belief 
that alkalies influence the hydration and 
strength development primarily by changing 
the composition of the liquid phase.
The marked negative effect of soluble 
alkalies on the 28-days strength does not 
seem to be clearly linked to a corresponding 
effect on the degree of hydration of the 
clinker minerals, even though the data might 
give some suggestions in that direction. 
More data are needed to clarify such effects, 
and, furthermore, knowledge of the behaviour 
of belite in this respect is necessary to . 
get a complete picture.

TABLE III
Degree of hydration

C3S C-A C,AF ’
Ce- 3 4
ment Id 3d 28d Id 3d 28d Id 3d 28d

C-2,2 0.26 0.57 0.84 0.18 0.43 0.76 0.04 0.18 0,50

C-4.1 0.37 0.54 0.75 0.18 0.40 0.70 0.00 0.14 0.41
C-5.1 0.39 0.53 0.75 0.18 0.39 0.66 0.02 0.20 0.47
C-6.2 0.44 0.63 - 0.12 0.41 — 0.00 0.20 —

C-7.1 0.33 0.60 0.73 0.14 0.49 0.66 0.02 0.25 0.43
C-8.2 0.39 0.62 0.70 0.25 0.57 0.65 0.04 0.26 0.37
C-9.2 0.56 0.69 0.74 0.27 0.56 0.62 0.11 0.32 0.43

However, the fact that soluble alkalies 
enhance strength only for the first three 
days' hydration, and inhibit its development 
thereafter, could be interpreted as indica
ting that the quality of the hydration 
products may be an important factor in the 
strength decline.
The favourable influence of high gypsum
contents on late strengths of cements rich 
in soluble alkalies is in good'agreement 
with earlier findings (12-14). This effect 
could be due to the fact that more gypsum is 
necessary to counteract the faster removal 
of gypsum from the system caused by the 
alkalies. Thus the presence of gypsum to 
control the composition of the liquid phase 
is believed to be favorable for the hydra
tion of C3S. However, too much gypsum will 
be detrimental to strength development even 
after 28 days. This could be due to a 
prolonged retardation of the C3A- and C4AF- 
phases and thus a reduced contribution from 
these phases to the total hydrate formation.
A more profound understanding of the 
influence of alkalies on the strength 
development properties of cement must, in 
our opinion,be based on an understanding of 
the changes induced by . alkalies to the 
complex interactions between C3S, C3A and 
gypsum. It is our hope that the present, 
primarily empirical investigation may serve 
as a source of inspiration to the 
investigation of such considerations.

CONCLUSIONS
The influence on cement strength of the 
content of alkalies in clinker is dependent 
on the content of SO3 in clinker as well as 
the content of gypsum in the cement.
Increased SO3 levels in clinker of the same 
alkali content imply that a greater fraction 
of the alkalies will be in a easily soluble 
form. The effect of this transfer of 
alkalies will generally be an increase of 
early strength and a decrease in late 
strengths.
However, the effects are modified by the 
content of gypsum in the cements. Thus the 
effect on early strength seems to be absent 
when gypsum content is higher than the 
optimum content. By analogy high gypsum 
contents tends to diminish the negative 
effect of alkalies on late strengths.



While the positive effect of soluble alkalies 
on early strength seem to be associated with 
a faster hydration of the clinker minerals 
(C3S, CßA, C4AF) it is less clear whether 
the strength decline at later ages is due to 
diminutions in degree of hydration or to 
adverse effects on the quality of the 
hydrates.
An additional negative effect due to air 
entrainment with increasing amounts of 
soluble alkalies was found.
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On the reactions leading to calcium silicate hydrate, 
calcium hydroxide and ettringite during the hydration 

of cement
A propos des reactions produisant !e silicate de calcium hydrate, 

Phydroxyde de calcium et Kettringite pendant fhydratation du ciment

H.M.  JENNINGS, Lecturer, and P.L PRATT, Professor in the Department of Metallurgy and Materials 
Science, Imperial College of Science and Technology, London, SW7, England.

RESUME : La premiere partie de cette communication examine certains aspects phenomenologiques 
de 11 hydratation du ciment de Portland (PC), ainsi que de son constituant pur,: le silicate 
tricalcique (C_S). Les deux systemes comportent une phase initiale, d'une duree d'a peu pres 
quatre heures, pendant laquelle 11 y a tres peu de reaction. Pendant cette periode, il paralt 
se produire dans le ciment Portland une sorte de membrane qui cree la prise initiale du ci
ment. Au contraire, le C,S parait seulement former une couche legere d'hydrate qui se dellte 
lentement. Pendant toute'cette periode, les ions de calcium et aussi 1'hydroxyde se dissol
vent. A la fin, 1'hydroxyde de calcium est precipite d'une solution sursaturee et une reaction 
rapide s'amorce, produisant un gel de C-S-H. Avec le PC, des aiguilles d'ettringite sont pro- 
duites apres la phase initiale.

Les produits courants qui se forment dans le PC peuvent etre distingues, soit par leur.compo
sition, soit par leur morphologie. Par contre, si la composition de la phase aqueuse varie, 
la composition des produits qui se forment peut changer dans une gamme beaucoup plus large. 
Les produits peuvent alors comporter une plus grande variation que celle que 1'on rencontre 
normalement. Ce fait, et d'autres resultats qui indiquent que la formation de 1'hydrate de 
calcium et de 1'ettringite resulte d'un mecanisme de reaction en solution, condulsent ä penser 
que le C-S-H est produit par une reaction "quasi solide".

Une theorie du mecanisme des reactions mettant en Jeu C^S, ou C^S + ,C^A et le gypse estesquis- 
see. Dans tous les cas une enveloppe inhibitive se forme autour des grains pendant la periode 
initiale. -
Avec le C,S pur, cette membrane est fragile et se dellte rapidement; une nouvelle enveloppe 
se forme immedlatement des que la solution aqueuse augmente de pH. Avec le ciment Portland, 
cette enveloppe est plus robuste. Pendant la periode initiale, 1'eau penetre dans les grains, 
et des que la reaction s'amorce, un gel de C-S-H se forme, dont 1'lnhibitlon dimlnue avec le 
developpement de la reaction, ce qui termine la phase initiale. La couche pauvre en calcium 
reagit rapidement, ensuite une reaction, moderee par la diffusion de 1'eau vers le centre des 
grains, se poursuit dans les couches non encore hydratees. Dans le ciment Portland, des aiguil
les d'ettringite se forment alors, probablement par osmose. .

SUMMARY : The first part of this paper explores some phenomenöTogieal feature_s„of ib9t'h-the hydration of portland 
cement (PC) and the pure constituent of tri-calcium silicate (C,S). ' Both systems exhibit an induction period 
lasting about four hours where very little reaction takes place. During the induction period the PC system 
appears to form a membrane which is responsible for the initial "set" of cement. CjS, on the other hand, 
appears to have only a delicate hydrate layer which slowly exfoliates. Throughout this period both calcium and 
hydroxide ions enter solution. At the end, calcium hydroxide precipitates from a supersaturated solution and 
rapid reaction takes place forming a C-S-H gel. In PC ettringite .needles form during the post induction period.
The usual products which form in PC can be separated both compositionally and morphologically. In a system 
where compositions of the aqueous phase are altered however, the composition of products formed can be varied 
throughout a much wider range. The products, therefore, can tolerate greater variation than is normally seen.' 
This, coupled with other results indicating that both calcium hydroxide and ettringite form by essentially through 
solution reaction mechanisms suggests that C.-S-H forms by a reaction taking place in the "quasi solid" state.
An overall mechanism for the reaction of C-S, and of C„S with C,A and gypsum,is outlined. Both cases form an 
inhibitive envelope around the particles daring the initial stages. For pure C,S, the delicate membrane 
exfoliates and a new one immediately forms as the unreacted surface is exposed to high pH aqueous phase. For 
PC the envelope is much more robust. Throughout the induction period water is imbibed into the "solid" and 
when finally a reaction takes place a C-S-H gel product forms which no longer inhibits further reaction, thus 
ending the induction period. The calcium-depleted layer quickly reacts followed by diffusion-controlled 
reaction of the unaffected core. In PC ettringite needles then form, possibly by an osmotic mechanism.



INTRODUCTION
Of the several early products formed during the hydrat
ion of Portland cement (PC), by far the most important 
are calcium silicate hydrate (C^S-H), calcium hydrox
ide (CH) and ettringite (C,A.3CSH,?) and related 
phases referred to as AFt. In addition to detailed 
study of many aspects, both chemical and physical, of 
the overall reaction, each constituent has been stud
ied in detail by first simplifying the system to the 
pure reactants. This paper combines some results of 
a microscopic investigation of the hydration of both 
PC and the pure constituent C-S, with some other 
experimental observations obtained both in our labor
atory and reported in the literature. The purpose 
is to attempt to produce a self consistent model for 
the mechanisms of important hydration reactions.

REACTIONS OCCURRING IN PORTLAND CEMENT
The products which form by the end of the first few 
days of reaction at W/C ratios of 0.5 are chemically 
and physically very distinct. Although the exact 
compositions are not critical to this paper the 
following suggests average impurities typically (1) 
found in the principle phases in PC. For C-S-H 
impurities in ratios Si:Al, Si:Fe and Si:S of 11, 43 
and 15 respectively occur. AFt has roughly the 
composition of ettringite but may contain Si and may 
have some sulphate replaced by hydroxide. CH is 
usually quite pure but may contain small amounts of 
silicate. Figure 1 is an electron micrograph of a 
five day old specimen which has been kept moist (2) 
during observation; a number of phases are shown grow
ing into an open pore. Although the morphology 
changes somewhat during drying (2), analytical micros
copy has established that the square-ended bundles of 
needles compositionally are consistent with ettringite; 

it should be noted that all needle-like morphologies 
observed in PC contain various amounts of the approp
riate elements of AFt. The thin transparent membranes 
around and between the needles are almost certainly 
C-S-H because when dried and placed in an analytical 
microscope Ca and Si can be detected almost exclusiv
ely. Underneath this detached surface layer of C-S-H 
and making up the major fraction of C-S-H in hydrated 
PC, is a finer, less structured product. Here, 
significant quantities of impurities may be present, 
as reported by Lachowski et al (1). Small crystals 
of CH form throughout the surface products, as seen , 
near the base of the needles, and with the passage of 
time they can often grow forming large well-faceted 
crystals.
Ettringite formed in PC is crystalline while C-S-H is 
amorphous, and although both are non-stoichiometric 
materials they can be separated compositionally. 
It is interesting to note that the highest substitut
ion of impurities seems to occur in fine grain 
completely hydrated specimens (3). Under contrived 
conditions (4), however, the compositional distinction 
between AFt phases and C-S-H can become blurred. 
For example, in fibres. Figure 2, grown by the 
"dilution technique” (4) and containing various amounts 
of Al, S and K, the Si count can vary from 0-80% of 
the total depending on the details of the dilution; 
the other elements can exhibit great variation as well, 
Ca(OH), on the other hand, exhibits almost no compos
itional variation. In spite of the great composition
al variation that can be tolerated in products in the 
PC system the fact that relatively pure C-S-H and AFt 
form simultaneously, particularly in the early stages 
and in intimate proximity with one another demands 
that they have separate formation reactions in the 
hydrating PC system.

Fig. 1 - H.V.E.M. and wet cell micrograph of 5 day old, W/C = .5, specimen. Square-ended needles contain Al, S 
and Ca whereas thin foils contain Ca and Si exclusively.



Fig. 2 - SEM of fibres, containing variable amounts 
of Al, S, K, Si and Ca grown by dilution technique.

In describing the various reactions which take place, 
it is important to define the location of the reaction 
site. When a grain of cement is placed in water 
certain elements dissolve and water may start entering 
the boundaries of the grain. As water continues to 
enter the grain a layer near the surface may lose some 
of its solid properties, becoming a quasi-solid. 
Thus, this paper will refer to solution reactions, 
quasi-solid reactions and reactions that take place on 
the surface between the two. There is, of course, an 
unreacted core where no reaction has yet taken place. 
Although in PC there is a tendency for the smaller 
particles to be rich in Al phases most particles are 
polymineralic. Thus, on average, any one particle 
contains the elements required for all products.
Formation of Calcium Hydroxide:
CH appears to form from solution by a process of 
precipitation. The concentration of calcium ions 
is known to become supersaturated with respect to 
calcium hydroxide very soon after mixing with water 
and towards the end (or at the end) of the induction 
period nucleation takes place throughout the solution. 
In spite of the fact that many elements and ions are 
in solution it seems that bonding requirements and a 
rather inflexible structure hinder the incorporation 
of foreign atoms into CH. It is interesting to note
(5) that the precipitation of CH in the presence of 
excess silicon ions is retarded and this could be 
related to structural intolerance of impurities.
Formation of Ettringite and related AFt:
There is evidence to suggest (6,7) that ettringite 
also forms via a solution mechanism. Although there 
may be a tendency for crystalline square-ended 
ettringite needles to form preferentially on C„A 
grains the evidence is that, like Portlandite, AFt 
phases also precipitate throughout the solution on 
the surface of the particles. For example, some 
experiments (4) show evidence for a membrane covering 
the particles of PC, but only when they exist in an 
aqueous solution containing the relevant elements for 
at least a matter of 15 minutes. If placed in large 
quantities of distilled water a distinct membrane 
never forms, suggesting that at least some of the 
constituents must dissolve reaching a certain concent
ration before they can precipitate. When the membrane 
has formed, hollow needles can be grown by adjusting 

concentrations so as to encourage an osmotic mechanism 
as in Figure 2. Since similar needles, are found in 
ordinary PC systems growing into pores. Figure 3, we 
suggest that some of the ingredients are pumped down 
the centre of the needle to the end where reaction 
takes place causing further growth. Although data 
on the solubility of Al is scarce it may be that only 
very small quantities of Al are in solution, particul
arly in the presence of sulphates, and this may account 
for the slow reaction of C,A in the early stages of 
hydration. In fact the formation of a membrane may 
involve the transportation of all ingredients except 
Al through solution, while Al is transported to the 
reaction site through the solid where it either reacts 
or dissolves and reacts and precipitates. At some 
time after the membrane forms, needles start to grow.

Fig. 3 - H.V.E.M. and wet cell micrograph of 6 day old 
P.C., W/C = 5. Fluid in needle shot out just before 
photo was takpn.

Here, Al rich material may be transported down the 
centre of the needles whereupon it reacts with other 
elements that are in solution. More generalized 
dissolution-precipitation throughout the solution may 
account for a variety of morphologies, but we feel 
that the AFt forms via a solution mechanism and the 
composition of the product is related to the composit
ion of the aqueous solution. The lack of Si in 
solution is the main reason why only small amounts 
of Si are present in AFt. ■
Formation of C-S-H:
Measurable quantities of silicates are found in 
solution only during the first few minutes (8,9) 
after mixing cement with water. We believe that as 
the pH rises the silicates precipitate out of 
solution forming the thin transparent membrane around 
all the particles present. In the PC system the 
dissolution of Al is suppressed in the early stages . 
by the presence of sulphates. Thus if the product 
forms on CgS substrate, the composition of this 
membrane appears to be largely C-S-H. If the product 
forms on C,A it may contain AFt phases. After this 
early rapid reaction, AFt slowly forms underneath the 
exfoliating thin transparent C-S-H membrane.
Unlike many silicates found in nature, the C-S-H 
formed after the induction period is best described 
as an amorphous gel of colloidal dimensions and 
variable stoichiometry. Thus, we have considered 
three points regarding the formation of C-S-H in PC 
after the induction period: (1) it forms" in a system 
in which there are essentially no silicates in 
solution, (2) it forms by a reaction which must be 
physically separated from other reactions taking 
place in PC and (3) it forms in circumstances which 
restrict its ability to order. Taken together a 
quasi-solid state reaction is suggested.



THE REACTION OF PURE C-jS
Hydrating pure C„S exhibits an induction period, 
lasting about four hours, similar to that observed 
in PC. In the case of pure C,S however, the 
"dilution technique", used previously (4) on PC 
systems, was unable to establish the existence of any 
well defined membrane.
Nevertheless, during the first few hours, we have 
observed C-S-H products "peeling" away from the 
sflhface, figure 4, an observation similar to that 
reported by MdnStrier et al (10). Our observations 
were made while the grains were kept moist. If the 
specimens are dried in air, the thin membranes formed 
during the induction period can become detached, 
figure 5, forming a morphology sometimes referred to 
as "cigar" shaped. Analysis shows them to have a 
very high calcium content with C/S = 2.5 - 3.5

Fig. 4 - H.V.E.M. and wet cell micrograph of 3 hr 
hydration of C^S, W/C = .5.

Fig. 5 - TEMSCAN of 0,5 hydrated for j hr, W/C = .5. 
Thin foils are readily peeling away from surface.

At the end of the induction period a reaction occurs 
rapidly, forming a colloidal gelatinous layer around 
the particle as seen in figure 6. It should be 
noted that the needle morphology is absent (so long 
as the specimen is kept moist) and the quasi-solid 
region, where the C-S-H product is now forming, is in 
contact with the particles, where water enters the 
solid. As this reaction continues the bonding becomes 
stronger and the process of separating the particles, 
during preparation of thin specimens (1), can pull the 

gelatinous layer into the drawn out root-like morphol
ogy seen in figure 7. Thus, the often seen C-S-H 
needles are artefacts formed either'by rolling up 
thin membranes or by drawing out the gelatinous 
product, but they are not a naturally occurring 
morphology.

Fia. 6 - H.V.E.M. wet cell ot C7S hydrated tor o nrs.
W/C = .5. 15

Fig. 7 - TEMSCAN micrograph of 4 day CjS W/C = .5 
showing gelatinous layer being pulled away from 
surface.

A MECHANISTIC MODEL FOR THE REACTION OF C, WITH AND 
WITHOUT CjA AND GYPSUM. J
This section will outline some of the important feature 
of our proposed reaction mechanism for PC when mixed 
with water. As already discussed we believe the 
overall reaction to be the sum of separate mechanisms 
which, although possibly interconnected when taken 
together, can lead to distinct and well-defined 
separate products. Figure 8 is a schematic represent
ation of (a) pure C3S hydration, and (b) CgS and CgA 
hydrating together.'3
Initial Reaction:
When either C3S or PC is placed in water both calcium 
and, to a lesser extent, silica (9,11) dissolve 
during the first seconds. The pH quickly rises to 
about 12.5, (8,12) and in both cases the silica



Initial Reaction Forming 
C-£-H coating . 
Ca and OH*  into solution

Induction Period 
Exfoliating C-S-H 
membrane and formation 
of new membrane

End of Induction Period 
Formation of C-S-H Gel 
and CH.

a) Reaction of CgS

C-S-H Coating Formation of AFt membrane
Ca++ and OH" S + K causing particles to
into solution agglomerate 1

b) Reaction of CjS + CjA + Gypsum

Formation of C-S-H 
Gel, CH and AFt needles.

Fig. 8 - Simplified schematic of reaction sequence of pure 

concentration in solution quickly drops (9,11) to an 
almost unmeasurable level. Now Birchall, Howard and 
Bailey (8) have pointed out that, in the cement 
system, SiO is almost insoluble in the’pH range of 
11.0-13.5. We think, therefore, that as the pH 
reaches a value of about 11 a layer of hydrate with 
high C/S ratio precipitates from solution. For C,S 
this dissolution and consequent reduction in surface 
calcium, followed almost immediately by precipitation 
of high C/S product, accounts for the fall and 
subsequent rise in the C/S ratio as observed on the 
surface by ESCA techniques (10). For PC, the initial 
layer of hydrate may contain small amounts of elements 
such as S, and possibly Al if it forms on CgA. 
Induction Period:
During the induction period calcium (and in the case 
of PC, S, K and possibly to a lesser extent Al) continue 
to dissolve and water is imbibed into the silica- 
enriched zone as discussed by Dent-Glasser (13). For 
C,S the boundary between liquid and solid undergoes 
continual change and at first the thin delicate pre
cipitated membrane peels off, exposing the underlying 
area to water of high pH which causes an immediate 
reaction forming another layer of C-S-H. In the case 
of PC, the initial C-S-H is slowly replaced by a 
membrane probably with composition approaching AFt 
which can form only as Al becomes available, and whose 
composition may change with time. Here (as opposed 
to pure CgS) the continued formation of the membrane, 
a through-solution process which does not depend on 
soluble silicates, accounts for the agglomeration or 
"set" of PC during the early stages by enveloping and 
tying the particles together. Both the rheology of 
the mix as well as the long term course of the react
ion can thus be profoundly affected by such things 
as the introduction of sulphates (discouraging the

CgS and CgS + CgA + gypsum.

dissolution of Al), or artificial buffering of the pH. 
In both cases water continues to be imbibed slowly into 
an ever-thickening layer rich in silicate-species, 
and the membrane should be considered more envelop
ing and possibly inhibiting, than protective.
End of Induction Period:
In spite of the fact that all the ingredients necessary 
to form C-S-H are present in the "quasi-solid", the 
reaction does not proceed rapidly during the induction 
period, possibly because of the small amount of H?0 
and/or because the local "pH" is not high enough/ 
This situation is gradually overcome with the passage 
of time and the continued imbibing of water into the 
"quasi-solid". When finally the conditions become 
favourable for the formation of C-S-H, the induction 
period comes to an end and a quasi-solid state 
reaction takes place. Unlike the surface reaction 
which continually (and slowly) heals the rupturing 
membrane,'this reaction forms a colloidal gel which 
is much less effective at slowing the transportation 
of water to the interior. At first the reaction is 
rapid as water flows into the volume already depleted 
in calcium but very quickly it becomes diffusion- 
controlled. As the reaction proceeds inwards fresh 
reaction product pushes the early product into the 
volume of original void space. This diffusion- 
controlled interior product is formed under much 
more constrained conditions and is therefore denser, 
as has been observed (14), than the product formed 
at the end of the induction period. There is, 
however, no real distinction between "inner" and 
"outer" product, the distinction is really between 
early and late product.



The end of the induction period is also signalled by 
the precipitation of CH. In the case of PC the 
wholesale destruction of the membrane, which may be 
considered as an envelope (behaving as an inhibiting 
membrane) may be encouraged by CH precipitation.
In either case the calcium-depleted layer reacts 
rapidly to form C-S-H without the necessity of expell
ing calcium. The later product, however, requires 
the removal of calcium before C-S-H can form. The 
thickness of the calcium-depleted zone before the end 
of the induction period can be affected by many 
variables that determine the amount of calcium taken 
into solution; this thickness can control the morph
ology and density of the early product as well as the 
distribution and morphology of the CH formed 
throughout.
During this renewed reaction ettringite needles, and 
needles whose composition resembles AFt, form in PC, 
possibly by local osmotic mechanisms where the now 
depleted calcium in solution (caused by CH formation)' 
causes water to pump into the inside of a membrane 
still surrounding the particles. Micrographs show
ing a bulging membrane have already been reported (15).
In several respects this overall mechanism is a 
combination of both delayed nucleation and protective 
membrane theories. The nucleation of C-S-H is 
delayed by the membrane which in the case of C,S 
is very thin and is continually rupturing and reheal
ing. When, however, the gel finally starts to form 
under the membrane it forms a product which is no 
longer protective and a renewed reaction starts. 
Because the early product remains this model is 
different from the proposal that an early protective 
product slowly transforms into a non-protective 
product. _

CONCLUSIONS
1. The reactions forming C-S-H and ettringite and AFt 
are separate in the PC system. C-S-H forms by a 
quasi-solid state reaction and ettringite and AFt 
form from solution.
2. In the pure C3S system C-S-H forms from solution 
only during the first few minutes of reaction. This 
forms a thin inhibitive membrane (slowing the trans
portation of water) which is repaired by a surface 
reaction. When a reaction takes place in the quasi
solid state the product is gelatinous and no longer 
has inhibitive properties.
3. Portlandite forms from solution but its structure 
tolerates less impurities than other phases present.
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Proprietes electrocinetiques ä la surface des mineraux 
du ciment Portland

■ / ■

Electrokinetic surface properties of Portland cement minerals

A. ZELWER, Ing. C.N.A.M. - C.E.R.I.L.H., Paris, France.

RESUME . ' -
Nous limitons les proprietes des surfaces solides apportees par les ciments en cours d'hydratation aux 

premieres heures en excluant le debut de la prise, les resultats etant destines ä amdliorer 1'action des adju
vants en relation avec le comportement rheologique des betons frais. •

Le potentiel ZETA (PZ) ne rend compte des charges electriques et des energies d'interaction Coulombien- 
nes entre particules que pour des surfaces solides en equilibre ioniques stables et au repos. Toute perturbation 
mecanique (agitation, malaxage) entraine un rearrangement ionique conduisant ä un PZ completement different, non 
mesurable.

■ Les suspensions et les pStes de ciment sont des systemes "dynamiques" : I'apparition, la t-ransformat-inn 
de nouvelles phases solides hydratees et 1'evolution ionique de la phase liquide maintiennent hors d'equilibre 
une interface composite car cinq phases minerales, au moins, contribuent a 1* heterogene!te de la surface des 
grains : C3S, C2S, C3A, C4AF et le gypse. Pour un tel Systeme le concept de PZ n'a pas de signification et doit 
Stre remplace par celui de "PZ dynamique" (PZD). "

La simulation d'un Systeme "dynamique" ä partir d'une suspension stable (QUARTZ-EAU) montre que'les va
riations relatives de PZD en fonction du temps sont mesurables ä condition de les relier au pH et ä la force io
nique de la solution en realisant un traitement automatique instantane du mouvement dlectrophordtique (calculateur 
et anemomdtrie laser doppler - ALD). .

En pate concentre on ne peut pas atteindre directement les objectifs fixes : la forte sursaturation d'un 
volume limite de phase liquide interstitielle masque un PZD "global" ne tenant pas compte des heterogeneites 
de surface.

En suspension diluee, une analyse statistique tres fine des mouvements electrophoretiques rend beaucoup 
mieux compte des heterogeneites de surface.

Les suspensions de C3S et de ciment portland ont un PZD negatif (celui du C3S est le plus faible). Le 
C3A parait avoir un PZD tres fortement positif. "

D'autres essais sont encore necessaires pour confirmer ces resultats et les etendre ä tous les mineraux 
purs du ciment.
SUMMARY "

We limit our study of the properties of the solid surfaces developped by the cements during their hydra
tion to the first hours, excluding the beginning of the set, the results are intended to put in practice a better 
knowledge of the action of the admixture in relationship with the rheological behaviour of fresh comrete.

The ZETA Potentiel (ZP) expresses the electrical charges and the Coulombian interaction energies between 
particles only for solid surfaces in a stable ionic equilibrium and in a motionless state. Every mechanical per
turbation (agitation, mixing) causes an ionic rearrangement leading to a completely different immeasurable ZP.

Cement suspension and pastes are "dynamic" systems : the apparition, the transformation of new hydrated 
solid phases and the ionic evolution of the liquid phase, keep out of equilibrium a composite interface, since at 
least five mineral phases contribute to the heterogeneity of the surface of the grains : C3S, C2S, C3A, C4AF and 
gypsum. For such a system, the concept of ZP is meaningless and must be replaced by that of "dynamic ZP" (DZP).

The simulation of a "dynamic" system from a stable suspension (QUARTZ-WATER) shows that the relative , 
variations of DZP in function of the time are measurable provided that they are related to the pH and to the ionic 
force of the solution by realizing an instantaneous automatic treatment of the electrophoretic movement (calcula
tor and doppler laser anemometry - DLA).

In a concentrated paste it is not possible to reach directly the defined objectives : the strong over 
saturation of a limited volume of interstitial liquid phase conceals a "global" DZP, since it does not reflect the 
surface heterogeneity. .

In a diluted suspension, a very minute statiscal analysis of the electrophoretic movement give a much 
better picture of the surface heterogeneity.

C3S and cement suspension have a negative DZP (that of C3S is the weakest). C3A seems to have a very 
strongly positive DZP. ■ '

Other tests are still necessary to confirm these resulsts and to extend them to all pure minerals of 
the cement.



I. introduction
Compte tenu de la surface specifique elevee des 

mineraux du ciment en cours d'Hydratation,' il est 
interessant de preter une attention particuliere au 
role des charges electriques de surface, ä 1'origine 
d'interactions coulombiennes entre particules, qui 
influencent les comportements rheologiques des betons 
frais. De leurs connaissances on peut esperer une 
maftrise plus efficace de 1'emploi des adjuvants spe- 
cifiques des modifications de plasticite, maniabili- 
t6, teneur en eau, etc... Pour cette raison nous nous 
limiterons aux premieres teures de 1'Hydratation, ä 
1'exclusion du debut de la prise.

Mais nous allons voir que les suspensions et les 
pätes de ciment en cours d'Hydratation sont assimi- 
lables ä des systemes colloidaux evolutifs, hors d'e 
quilibre auxquels le concept habituel de potentiel 
electrocinetique ZETA n'est pas applicable.

Le cas des systemes quasi-hydratds et complgte- 
ment durcis, oü les interfaces sont en equilibre est 
mieux connu et de nombreux travaux concement des 
phase minerales pures (1,2,3 et 4).

Dans cette communication preliminaire nous pro- 
posons d'etablir une distinction entre les systemes 
"statiques" constituds par les mineraux inertes en 
equilibre et les systAmes "dynamiques"’en adoptant 
pour cesderniersle concept de "PZ dynamique" (PZD).

Enfin une bonne approche experimentale de 1'etude 
de 1'interface dynamique passe par les suspensions 
diluees de mineraux inertes pour les systemes stati
ques (par exemple QUARTZ—EAU) et des minAraux purs 
du Ciment Portland pour les systemes dynamiques.
II. POSITION DU PROBLEME

Dans le cas des surfaces solides en equilibre 
ionique stable (systAmes statiques) les phenomenes 
electrocinetiques sont bien connus. Ils font 1'objet 
de nombreuses theories developpees depuis 1910 et 
sans cesse affinees par 1'introduction de nouveaux. 
parametres (5,6,7,8 et 9).

Dans un souci de simplification extreme, on 
rappellera que les charges electriques proviennent 
de 1* ionisation de groupes hydrates, d'adsorption 
specifique et aussi d'imperfections et lacunes du re
seau cristallin ; elles constituent une couche rigide 
(de STERN) compensees dans la phase liquide par un 
environnement ionique perturbe (couche mobile diffuse) 
Une telle structure schematique de la double couche 
ionique (FIGURE N“ 1 A) permet de retenir que le PZ 
est une difference de potentiel (en mV) entre le plan 
de cisaillement et la phase liquide non perturbee. En 
d'autres termes, c'est aussi une grandeur numerique 
qui integre la quantite de charges Alectriques et 
1'energie electrostatique de repulsion entre les sur
faces solides chargees de memes signes. Mais ces ener
gies d'interaction sont en realite les bilans d'une 
composante repulsive et d'une composante de force de 
Van der Waols (d'attraction) qui peut 1'emporter pour 
des distances entre solides assez petites.

Ainsi un PZ eleve caracterise un systAme colloi
dal bien disperse, 1'etat floculd correspondant ä un 
PZ faible ou nul. .

A partir d'une telle structure ionique de la 
double couche, tous les phenomSnes electrocinetiques 
des systemes colloidaux n'ont pour origine que les 
deplacements relatifs de la phase solide et de la cou
che diffuse entraines par la phase liquide. Il en re- 
sulte une dissymetrie statistique de la repartition 
des charges anioniques et cationiques. (FIGURE N° 1 B) 

L'application d'un champ Alectrique provoque une 
mobilite electrophoretique des particules solides ou 
un deplacement Alectroosmotique du liquide intersti-. 
tiel.

FIGURE 1 - STRUCTURE DE LA DOUBLE COUCHE IONIQUE
Par ailleurs, le deplacement force de cette der

niere, sous 1'action d'une contrainte physique (pres
sion), donne naissance ä des potentiels de filtration, 
d'ecoulement, et meme de sedimentation.

Par consequent, un Systeme colloidal de type sta- 
tique appelle dejä trois remarques importantes : 
1°) La structure ionique d'une interface resulted'un 
processus d'adsorption ionique tres lent. 
2°) Les parametres utilises pour calculer le PZ n'ont 
aucune signification tant que les conditions d'equili
bre ioniques ne sont pas respectAes. , 
3°) Le PZ est tres sensible aux perturbations d'ori- 
gine mAcaniques en raison de la redistribution statis- 
tiques des ions de compensation.

Cela signifie que le concept PZ ne peut pas etre 
applique sans discernement aux interfaces du type dy
namique (ciments en cours d'Hydratation), ceci pour 
plusieurs raisons :
- I'interface est toujours hors d'equilibre ionique,
- la force ionique de la phase liquide Avolue durant 

1'Hydratation,
- la transformation de phases hydratAes nouvelles 

complique 1 'hAtArogeneite des phases solides,
- en raison de la structure polyphasAe des grains de

ciment portland, au moins cinq minAraux sont pre
sents a la surface : CjS, CgS, C3A, C4AF et le 
gypse. .

Enfin, parmi les facteurs et paramAtres importants 
(mis ä part les effets de la temperature sur les iso
thermes d'adsorption et les vitesses d 'Hydratation), 
1'influence du pH sur le PZ estla consAquence de 1'ad
sorption specifique des ions OH- qui participent a la 
structure de la double couche. Par ailleurs cette der
niere est comprimee par tout accroissement de la force 
ionique, ce qui entratne un abaissement du PZ.
III. SIGNIFICATION DU POTENTIEL ZETA DYNAMIQUE (PZD) 

En pate concentree les variations de concentra
tions ioniques, dans la phase liquide (E/c  0,3 5 0,5) 
suivent en fonction de 1'Hydratation une loi bien con- 
nue et bien situAe par rapport aux Acheances cruciales 
des limites de saturation et de sursaturation en 
Ca(0H)2, quand on considere l'hydratation du C3S pur 
(10). Un Aquilibre tres stable subsiste entre les hy
drates intermedia!res et la solution tant que la limite 
de saturation n'est pas atteinte. La sursaturation 

est une condition necessaire et süffisante de la rup
ture de cet equilibre, et de I’evOlution exothermique 
des hydrates precedents accompagnant la prise. En pre
sence des mineraux du ciment portland, on retrouve sen- 
siblement cette meme lol malgre le recul de 1'equili- 
bre de concentration en ion Ca+ et OH- en prAsence 

*



des quantities d'ions alcalins Na20 et K2O 111). On a 
une bonne representation, d'aprSs les variations de 
conductivites X, des variations relatives de concen
tration ioniques globales, en fonction de I'avance- 
ment de 1'hydratation. (FIGURE N° 2 A).

FIGURE 2 - EVOLUTION IONIQUE DES PHASES LIQUIDES 
INTERSTITIELLES '

Il est evident que les conditions d'hydratation sont 
trßs differentes en suspension diluee (tres grand ex- 
ces d'eau) : la saturation n'est jamais atteinte, ce 
qui privilSgie les phases solides hydratees interme- 
diaires, moins representatives de celles des batons 
frais avant prise. (FIGURE N" 2 B).

Il en results que pour caractdriser une inter
face hors d'equilibre dans ces systemes dynamiques, 
il faut ä chaque instant relever simultanement TROIS 
GRANDEURS en fonction du TEMPS D'HYDRATATION : 
1°) Les variations relatives, continues, du poten

tial ZETA dynamique (PZD) ,
2°) Le pH (indication specifique de la concentration 
, (0H~)’ . . .

3°) La conductivity (X) indication de la concentra
tion globale. 
Nota : .

Il va de soi que 1'analyse elementaire de 
la phase liquide devra etre Sgalement suivie si 1'on 
veut, en presence des adjuvants, faire le bilan des 
ions qui participent ä la structure de la double 
couche. ■

Les mesures et les calculs du PZD appliquees ä de 
tels systBmes colloidaux nous placent devant un Pro
bleme tres difficile de choix et d'accessibilite des 
parametres experimentaux vis ä vis des pätes consis- 
tantes ou des suspensions diluees. (TABLEAU I). 

En pate, la phase solide est bloquee et la 
seule detection electrocinetique possible est li6e 
au deplacement de la phase liquide. Ce dernier n6ces- 
saifement global, ne tient pas compte de I'hSteroge- 
neitd de la surface solide en rapport avec les dif- 
ferents composants mineraux presents. De surcroit, le 
faible volume de liquide interstitiel favorise une 
sursaturation trop rapide par rapport aux moyens de 
detection electrocinetiques et la "conductivity de 
surface" apportee par les solides devient une compo- 
sante non negligeable et difficile ä estimer. S'agis- 
sant d'une localisation de 1* action spdcifique des 
adjuvants toute speculation sur le PZD "global" est 
alors hasardeuse.

TABLEAU 1 .

PARAMETRES MOTENS DE CDNTROLES INCIDFNCES

L'HYDFAtATION
REHARQI'ES

TRMWRATOW. »
Cantröle thermostatique 

dos suspensions et de 
la cellule de nesute.

Vitesse d'hydrate- 
tion et d'hydrelisc*

Action sur : viscositA - Cons
tant» di cl e^trtqur - Mr'biliti*  
Ueplaccmcot des phases liquid««

TEMPS D'HXDRATATrOtl
STn<KAGR CONTINO DES 
DONNEES EXPhRlMENTAI ES 
EN FONCTION OU TF.MPS 
(PZD - pH * X)

-DeBr6 de trnnslorma 
tion des hydrates 

-Degr8 de sorsatura-

- Force ioniquefpH ,X)

Evolution continu de t
«• PZ!) et charpeii electrique«
- Forces d'int6ractians inter- 

particulaires. ,

B/c

SUSPENSIONS
DILUEES

« Temps d’hydretetion

— Force ionipne (pH,Xy,
- Analyse tKmenteire 

des ions en solution
(en fonction du temps)

- Phase liquide tris 
dilute (fnree ioni 
que faible)

Transformation irroipJBce drs 
hydratea «nterircdiaires sur les 
surfaces solides

CONCENTREES

Force ionique Phase liquide
FORCE TDNTQUE ELflTK 
(Compression DC et abaissrmmt

PERTURSATtOMS
MECAHIQIiES
HALAXACE

P2D modifi# 
non mesurahle

En raison de ce qui precede et malgre des condi
tions d'hydratation differentes, il nous a paru beau
coup plus interessant de nous orienter vers les sus
pensions diluees. Les differences de deplacements elec- 
trophoretiques des particules solides fournissent no- 
tamment des informations beaucoup plus selectives 
quant ä 1'influence des composants mineraux.

Ce sont les variations relatives du PZD qui sont 
importantes (non leurs valeurs absolues) : il est im- 
peratif de realiser des essais ä la fois comparatifs 
et parfaitement normalises. Les resultats experimen
taux präsentes dans cette communication preliminaire 
sont limites, dans un premier temps, uniquement aux 
suspensions diluees.

IV. FACTEURS ET METHODES
Il n'est pas possible de suivre en continu les 

changements apportes au niveau de 1'interface par le 
passage des suspensions dilues aux pates consistantes, 
ni de relier directement les systemes statiques et dy
namiques. Les principales techniques electrocinytiques 
connues, qui sont rappelBes dans le TABLEAU II, sont 
complementaires, mais leurs domaines d'utilisation se 
recouvrent peu. '

Dans le cas de la microelectrophorese des parti
cules en suspension diluye sous un champ electrique 
horizontal et uniforme H , nous rappelons ci-apres 
les facteurs et parametres fondamentaux :

TABLEAU 11

TECHNIQUE 
BXPERTltNTALE

DONAINE 

»'UTILISATION
TA] LU DEB 
PARTICVLES

CONTRA INTE 
APPLIQUBE MOBILE

MODE DE
DETECTION P.EHARQVI.S

ILCHOELECTTOPHORtSE
SUSPENSIONS

DILUEES
O-1S »»

Champ flectri- 

(V atabiliel)
Particules

^ou ehe stati ormn i re 
eylindrique 
Sedimentation possi
ble dans le pl.w 
«tat immir»

TRANSFER! DE
SUSPENSIONS 

COHCEX TREES
0-50 urn

Cheap ilectriqur 

(1 stabilied)

Particules Concent ra
tion rein
par fi cCfes

Inutilisahle tn sys- 
t cmr "d yn-tw qu" " et 
torrt inniqnr tlevfr

BUCTIDOSMOSe

POTENTIEL DE 
FILTRATION

SUSPENSIONS
FLOCOLEBS

loOO u■

Chaap Blsctriquc

Contrainte 
physique Liquide

Potentiel 
Clectrique

Frreurs pat roursnte 
Je "surface" fcon- 
•iuetivirts des sur
faces solides tleveed

K.O.H. 1 Hicroscopie Optlque Menuslle
A.L.D. « AnCraorndtrie Doppler Laser

IV.1 Influence statistique du comptage electrophore- 
"tique sur les calculs de PZ et dimension des ’ 
particules.

Au depart 1'application d'un champ electrique 
uniforme H sur UNE particule solide entraine un mouve
ment electrophorytique ä la vitesse Ve (pm/s), sur



I

uns trajectoire horizontale en direction de 1'elec
trode de signe contraire (dans un milieu liquide im
mobile ou - 0). ■

La mobilite electrophorStique a la dimension 
d’une vitesse par unite de champ H :

Me = Ve/H pm/s/V/cm -
Tant que la force ionique du milieu dispersant 

reste inferieure ä 10~3m, on calcule le PZ ä partir 
de 1'equation de HENRY (I) uniquement sur les parti- 
cules inferieures ä 0,1 pm (F est le facteur de 
HENRY). En milieu plus concentre et au-dessus de 
0,1 pm, seule I'equation d'HELMOLTZ - SCHMOLUKOVSKI 
(II) est utilisable.

(I) PZ™V = Me (H) PZmV “ “e

L'influence multiple de la temperature se retrou- 
ve ici au niveau des coefficients de viscosite (n) 
et de la constante dielectrique (D) du milieu disper
sant.

Mais, la mobilite Mg doit etre UNE MOYENNE sta- 
tistique de 50 ä 100 particules pour une suspension 
statique ce qui est insuffisant pour un Systeme dyna- 
mique heterogene. Or avec un champ H de 5 ä 20 V/cm 
et des durSes d'electrophorese de 5 ä 30 S, le temps 
de comptage AT de 25 particules consomme dejä 15. ä 
30 minutes au cours de 1'enregistrement, point par 
point, du PZD en fonction du temps.

L'influence de la taille des particules a lieu ä 
deux niveaux : 
1°) Sur 1'epaisseur relative de la double couche 

ionique ä travers le facteur de HENRY utilise 
dans I'equation I, ci-dessus, _ •

2°) Avec la combinaison ä 1'electrophorese, d'un 
mouvement vertical, liS ä la sedimentation, no
table ä partir de 5 pm.

IV. 2 Parabole de l'glectroendosmose :
En considerant les mouvements des particules, ä 

travers l'Spaisseur totale de suspension, il est bien 
connu que la vitesse apparente Ve de chacune d'elles 
est une fonction parabolique de leur distance A la 
paroi latSrale (12). Les parois des cellules de mesures 
fermees sont toujours egalement chargees et il y a 

un double courant liquide superpose ä l'dlec- 
trophorese (deplacement au voisinage de la paroi com- 
pense par un retour au centre de la veine liquide).

Si les particules sont detectees uniquement dans 
le plan focalbptique et si ce dernier coincide exac- 
tement avec la couche stationnaire situee dans le plan 
de cisaillement separant les deux courants liquides 
contraires, le deplacement liquide est nul et les vi- 
tesses electrophoretiques mesurees sont les vitesses 
vraies, mais seulement dans ce plan.

Aucun moyen ne permet de verifier si le plan sta
tionnaire est respecte : il doit etre calcule et loca
lise avec un tres grand soin. ■
V. MATERIEL EXPERIMENTAL

Son developpement a ete conditionne par deux ob— 
jectifs prioritaires : combiner 1'electrophorese avec 
la sedimentation et traiter automatiquement les .donnSes 
experimentales : '
1°) Le fait d'accepter la composante verticale des 

deplacements permet de travailler sur une etendue 
granulomdtrique plus importante, done plus repre
sentative : il suffit de remplacer la veine 
liquide cylindrique par une cellule de mesure 
plane ä parois verticaleszla couche stationnaire 
concentrique devient un plan stationnaire ver
vertical (le plan de KOMAGATA (12). FIGURE N° 3 
A et B. Pendant 1'electrophorese, les mouvements 
des particules sont des bilans des composantes 
verticales et horizontales. Ces dernieres. e'est- 

a-dire Ve) ne sont pas sensiblement modifiees pour 
des composantes de sedimentation relativement faibles.

FIGURE 3 - COMBINAISON DE L'ELECTROPHORE^E ET 
DE LA SEDIMENTATION DES GRAINS SUPERIEÜRS A 
5 pm .

2°) Pour arriver ä rAduire au minimum la duree de 
comptage AT il est imperatif de realiser un stoc
kage tres rapide et de traiter automatiquement 
les donnees experimentales suivantes : Ve, H, pH, 
X, temps d'hydratation.

Pour y arriver, nous avons adopte comme Element de 
base un appareil de microelectrophorese classique de 
RANK BROS (Type MK II) specialement amenage pour sui- 
vre en continu 1'Hydratation des suspensions de ciment 
sans une enceinte thermostatique. Une reserve de sus
pension-mere permet de renouveler la cellule de mesure 
de suivre le pH et la conductivite sans apporter de 
perturbation.

Remarque :
Un autre mode de traitement electrophonetique au- 

tomatique est en cours de developpement : il s'agitde 
1'anemometrie laser doppler (ALD), qui procede d'une 
exploitation electronique de la lumiSre laser diffuse, 
par les suspensions. Avantages : AT negligeable ; 
double application possible ä 1'electrophorese et A 
1'electroosmose (detection du mouvement liquide 
interstitiel).

VI. RESULTATS EXPERIMENTAUX
Nous avions d'abord verifie sur des suspensions 

statiques et homogenes (QUARTZ-EAU) l'influence du 
temps sur 1'equilibre ionique et des ecarts" de pH sur 
la derive du PZ, lorsque 1'interface est maintenue 
hors d'equilibre. La duree de stabilisation du PZ cor
respondent A 1'equilibre depasse frequemment 25 A 45 
heures et 1'Scart type est infgrieur A 5 my.

Par ailleurs, lorsque 1'on fait varier tres rapi 
dement le pH",les ecarts de potentiels obtenus peuvent 
atteindre du 15 A 20 mV. (FIGURE N6 4). .

Nous avons Studie 1'Hydratation des surfaces so
lides A partir de differentes suspensions de ciments 
et de minAraux purs. Dans chaque cas les evolutions d 
PZD, pH, conductivity ont ete Stabiles en fonction de 
la duree de 1'hydratation A 25 °C (FIGURES N’ 5, 6, 7 
8 et 9).



FIGURE 4 - SIMULATION D’INTERFACE DYNAMIQUE ET 
DERIVE DU PZD PAR RAPPORT AU PZ.

FIGURE 5 - HYDRATATION DU CjS

FIGURE 7 - SUSPENSION DE CjA DEJA HYDRATE 1 HOIS

FIGURE 8 - HYDRATATION DU CPA 55 (EX CPA 400)

FIGURE 9 - HYDRATATION DU CIMENT ALUMINEUX 
FONDU



La conduct!vite (1) est un moyen commode de 
capter le sens des variations relatives de la force 
ionique du milieu dispersant alors que le pH permet de 
specifier celui des souls ions OH. Les augmentations 
de pH et de conductivite partant de force ionique, 
vont generalement dans le sens d'un abaissement (en 
valeur absolue) du PZD en raison d'une diminution (par 
'bompression " ) de I'epaisseur de la double couche.

La correlation systematique des minima de PZD 
avec les pics de conductivity traduit bien plus 1'in
fluence ionique du milieu dispersant qu'une modifica
tion brutale des proprietes Slectrocinetiques des sur
faces solides.

Les suspensions de CgA sont tres difficiles ä 
etudier en raison de leur floculation immediate. Le 
signe du PZD paraft nettement positif alors que la 
suspension d'un produit dBja prelablement hydrate 
(FIGURE N° 7) donne une surface negative. Ceci con
firme bien la prudente distinction qu'il faut faire 
avec les differents degres d'hydratation intermediaire.

■ Les valeurs retenues pour les PZD des suspensions 
etudiees sont resumees dans le TABLEAU III suivant :

TABLEAU III

QUARTZ KCI IO-3M(pH - 5,5) PZ - -40mV ± 5

ALUMINE KC1 10-3m(pH - 8,0) PZ - - 20mV ± 5

c3s De 0 ä 24 H s PZD- » 9 ä - 11 mV

„ . * anhydre 
C3*

** hydrate

TV ,x x 6 U PZD - +9 ä * 22mV * 
De 0 3 5 h

PZD • -12 3- 20mV Jt*

CPA 400 •De 0 ä 24 H : PZD - -14 ä -17 mV

CIMENT ALUMIMEUX De 0 3 24 H : PZD - -10 3 -15 mV

La valeur statistique des moyennes effectuees 
sur les temps d'eioctrophorese (Ve) doit etre consi- 
dere avec une tres grande prudence : les histogrammes 
sont des polygones de frequence assymetriques et alea- 
toires dans le temps qui traduisent bien 1'existence 
simultanee de plusieurs types de particules chargees 
(et des surfaces de signes contraires) et 1* apparition 
incessante de nouvelles phases hydratees. Cependant 
malgre cela 1'ecart entre les moyennes arithmetiques 
et statistiques ne depasse pas 2my mais I'ecart type 
est beaucoup plus etendu (3 ä 5my).

VII. CONCLUSIONS
Au cours de 1'Hydratation du ciment portland au 

morns cinq phases minerales sont presentes ä la sur
face : CgS, C2S, C3A, C4AF et le gypse.

Le cas des suspensions diluees correspond ä une 
Hydratation en presence d’un tres grand excSs d’eau 
et les hydrates intermediaires presents ä la surface 
ont un PZD negatif, celui du C3S etant le plus faible.

Le C3A, au contraire, semble presenter un. PZD 
tres fortement positif suivant les conditions initiales 
de contact avec 1'eau.

Compte tenu de I’inevitaBle'heterogene!te des 
surfaces solides apportees par les ciments et de la 
contribution des differentes phases mineralogiques, 
l'expression globale du PZD apporte des informations 
sans doute interessantes quant ä la resulatnte des in
teractions particulaires, mais reste sans significa
tion au niveau des corrections specifiques recherchees 
ä partir des adjuvants pour la mise en oeuvre des 
betons frais. Il nous parait indispensable de mieux 
connaitre 1'evolution du PZD de chacune des phases mi
nerales les plus importantes ainsi que les ions qui 
participent ä la structure des interfaces correspon- 
dante. A cet egard la suspension diluee n'est qu'une 

premiere etape, mais essentielle.
De tres nombreuses experiences sont encore ndces- 

saires pour confirmer ces premiers resultats et les 
perspectives offertes par informatisation des donndes 
electrophoretiques avec, si possible, 1'anemometrie 
laser (ALD) permettent d'esperer une exploration beau
coup plus rapide des suspensions de mineraux purs et 
en melange.
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Study of kinetics of industrial cements hydration

Vitesse d'hydratation des ciments industriels

R. KRSTULOVIC, T. FERIC, P. KROLO, Split, Yougoslavie.

RESUME : Ce travail a comporte 1'application des connaissances theoriques et experimentales 
les plus recentes concernant la cinetlque de 1'hydratation des clinkers ä 1'hydratation des 
ciments Industriels.
On s'est attache specialement ä sulvre la cinetlque de 11hydratation par des methodes thermo 
et electrocinetlques. L'hydratation d'echantillons de divers ciments industriels a ete etu- 
dlee au moyen de ces methodes. La methodologie cholsie s'est averee etre tres utile ä des 
fins pratiques.

La cinetlque de 1 *hydratation appllquee ä des echantillons varies de ciments industriels est 
parfaitement adaptee au processus de ka theorie generale de 11hydratatlon des composants ml- 
neraux du clinker pur et du ciment. Certalnes hypotheses theoriques sur les caracteres et les 
processus d'hydratation ont ete controlees experimentalement.

SUMMARY : The aim of our work has been to apply up to date theoretical and experimental know
ledge about kinetics of pure clinker minerals hydration to hydration of industrial cements.

Special attention has been paid when following the kinetics of hydration by thermo and 
electrokinetic methods. Hydration of samples of various industrial cements has been investi
gated by means of these methods. The methodology chosen has proved to be very useful for 
practical purposes.

The kinetics of hydration for various samples of Industrial cements fits the general theory 
of hydration processes for pure clinker mineral systems and cement very well. Some theoreti
cal hypotheses have been proved by means of criterion theory as applied in research into 
character and type of hydration process.



IKTBODUCTICH

The study of the kinetics and the mechanisms 
of reactions in the cement hydration process 
has led to many new conclusions that have 
explained in a more exact way the already 
classical theory of hydration, setting and 
hardening of cement. These data and results 
apply to the study of pure clinker mineral 
systems. Abundant experimental methods and 
equipment indicate a wide range of approach 
to the hydration of binding materials in or
der to adjust this process to the needs of 
the builders. In short, the science has al
ready explained much about the phenomena in 
the cement hydration and their mechanisms 
and has calculated these processes mathema
tically /I, 2/. But what and how much of 
this can apply to the study of the industri
al cements hydration? The examinations sho
uld be simple in their methodology and the 
equipment used but exact in measurements, 
and they should not differ much from the 
tests carried out according to the cement 
certificates.

EXPERIMENTAL

Investigations were carried out in order to 
have a systematical study of the hydration 
processes in various types and qualities of 
industrial cements with simple instruments, 
equipment and testing methods. At the same 
time the results obtained were coordinated 
to the laws 'and phenomena in hydration re
actions in pure clinker minerals and cement 
in general.

The samples were: portland cement of varying 
quality with additives, the metallurgical 
cement, the asbestos cement. The cements we
re taken from the factory. An alite sample 
and the synthetic cement clinker made of pu
re components of clinker minerals were used 
in comparison.

Method of work: calorimetrical and electro
chemical measurements and chemical analyses.

Equipment and measuring instruments: Hydra
tion heat was determined with a thermos bot

tle calorimeter. The tests were carried out 
according to the JUS standard B.08.027 1975 
with automatic temperature and time reader. 
The electromotor force (ECT) i.e. pH was 
measured with the pH-meter Radiometar M22. 
The cement pastes were examined continuous
ly with metal indicator electrodes (Lo, Bi) 
at isothermic conditions (20°C) with a- re
ferent saturated calomel electrode /?/. Set
ting time was measured with the Pb-Cu elec
trode system in isothermic conditions (20°C) 
by means of the Radiometar E22. The Vicat 
apparatus was used in comparison. The water
cement ratio was the same in both measure
ments: U/C = 0.50. Conductivity (Lg) was me
asured discontinuously in suspensions (W/C = 
= 4) with a conductometer type Iskra Kranj 
F.A 9960.

RESULTS

As the measurements showed equal reproduci
bility and applicability the results obtain
ed for the most characteristic samples will 
be given here.

The experiments were to examine quantitati
vely and qualitatively the cement hydration 
process. The portland cement PC-550, the 
clinker mineral alite and the synthetic ce
ment clinker of approximately identical pha
se composition as the PC-550 (75'^ O^S, 13.8>ö 
CgS, 6.4,i CjA, 6.3,« C^AF, 0.5# CaO) were 
chosen. Calorimetrical and electrochemical 
methods were used in measurements. The re
sults are shown graphically in the Fig.l 
(a = PC-550, b = synthetic cement clinker, 
c = alite).

The curves in Fig.l can give us thfe follow
ing information on the hydration process in 
the function of time: the thermokinetic cur
ves give qualitative and quantitative data 
on the rate and intensity of the hydration 
process. Three main processes are clearly 
discernible, corresponding to those descri
bed by Lerch and other authors using this 
method of examination of the kinetics and 
mechanisms of the hydration process. ECT 
measurements show the change in 0H~ ions ..



f'ig.l Comparison of methods for examination of the 
cement hydration kinetics in A) paste, B) suspension

concentration as a consequence of hydration 
of main components of the cement clinker 
and CgS /J, 12/. A good choice of the metal 
indicator electrode is very important in ob
taining clear and sharp changes in potential 
with time. In the case on ?ig.l the peaks of 
the calorimetrical and electrochemical cur
ves are coordinated well. The compa
rative results of ITJ? measurements in indus
trial cement, synthetic cement clinker and 
alite show that the difference in the change 
of Id-iF with time indicates varying degree of 
quality of the samples, i.e. their reactivi
ty and thus the characteristics of the hyd
ration process development. Conductivity 
(l's) measurements and determination of pH 
and CaO concentration were carried out on 
the filtrates of the suspension as shown in 
Fig.IB. CaO was determined in a complexomet
rical chemical analysis.

A very good agreement was noticed in our 
work with suspensions with regard to the dif
ference in the methods for determination of 
the hydration development. •

Calorimetric and electrochemical methods are 
very useful in examination of the hydration 
kinetics when testing the influence of the 
additives on the acceleration or retardation 
of the hydration process - and setting of the 

cement. Fig.2 shows these phenomena in the 
same cement samples as those in the previous 
experiment. The comparative measurements we
re carried out with Bi and ho electrodes and 
various types and quantities of additives. 
The results are shown in Fig.2 (a = PC-550, 
b = PC-550 +■ additive plastificator /0.3V, 
c = PC-550 + additive retarder /0.6;«/).

The curves in Fig.2 indicate the similarity 
and correlation of the calorimetric and ele
ctrochemical examinations. Both methods re
cord the changes in the hydration process 
very well, i.e. they clearly outline the 
acceleration or retardation of the process 
in time. Fig.2 also shows the individual 
stages of the hydration process equal to 
those in cements without additives. The EMF 
curves, obtained with Mo and Bi electrodes 
follow one another very well, i.e. the typi
cal changes in the potential take place at 
the same time in both cases, although the 
changes in EMF are clearer when the Mo elec
trode is used. The measurements show that 
the change in the potential i.e. pH is very 
rapid at the beginning of the hydration pro
cess. The potential increases rapidly, reac
hes its peak value and then decreases and 
rises again to its final..values. The sudden 
changes of the potential at the beginning of 



the process indicate the intensity of the 
hydration reactions and formation of new 
structures.

l‘ig.2 Comparative measurements of the influ
ence of the additives on the cement hydra
tion process', PC-550 W/C = 0.J0 T = 20°C

The Pb-Cu electrode system was used to de
termine the beginning and the end of setting. 
The results were compared to those obtained 
by the Vicat method. Pig.5 shows comparative 
measurements of the l'C-550 cement with and 
without additives. The marks in Fig.5 corre
spond to those in Pig.2. The shaded areas 
correspond to the measurement with the Vicat

needle.

Fig.5 Comparative setting measurements car
ried out with electrochemical and Vicat 
methods

The above measuring methods are important 
in the control of the cement production pro
cess. The calorimetrical method in particu
lar, can determine well the influence of 
production factors on the quality of the 
same cement type at different times. Fig.2*-  
shows the difference in quality in cements 
produced at different times. In the case "a" 
the thermokinetic curves apply to various 
samples of asbestos cement produced from 
PC-450 + 20;3 slag, and the asbestos added in 
the laboratory, oample 1 is pure PC-450 + '
20% slag. The "b" series of samples is me
tallurgical cement with addition of 5°% of 
slag.

Fig.4



ANALYSIS OF THE MEASURED DATA

The value for the hydration degree transfer- Table I shows the results of these calcula-
mation («£) was calculated from the calorime-. . tions carried out with the samples of asbe-
trical data and used for calculation'of the stos and metallurgical cemets. 
hydration process.rate-constant /4, 5/» '

(h)
S

=L
AMPLE 6

■ k-jXlO 
(h"

koxl0 
■b

<k
SAMPLE

k1xl0"-5 -2•2 k9xl0 2 .
Ch"1) 2

5 0.0523 0.895 3.86 0.1374 2.46 6.41
11 0.3169 3.17 5.14 0.4526 . 5.02 6.46
17 0.5030 3.88 4.64 0.6820 6.3& 5.94 .
25 0.6147 3.97 4.06 0.7856 6.41 5.17
29 0.6983 3.99 3.64 0.8474 ' 6.26 4.57
35 0.7702 4.08 3.36 ' 0.8880 6.08 4.93
41 0.8312 4.23 3.17 0.9165 5.91 3.75
47 0.8800 4.41 3*03 0.9387 5.86 3.48
53 ” 0.9182 4.63 2.93 0.9567 . 5.81 3.28
59 0.9491 4.96 2.87 0.9722 " 5.97 3.15
65 0.9748 5.57 2.90 0.9859 6.45 3.12

Table I - Hydration degree (<C) and rate constants (kj_, kg) asbestos and metallurgical 
cements in the function of time

The data on the hydration degree and rate 
constants make it possible to assume quanti
tatively the factors influencing the develo
pment of the hydration process.

Calorimetrical measurements have made possi
ble the mathematical approach to the deter
mination of the number of individual proces
ses in the first stages of the cement hydra
tion. The possible number of typical proces
ses is calculated by means of the criterion 
theory for determination of the number of

phases in a multiphase system./6, 7/. Final 
values of these calculations expressed by 
means of the reliability factor (5, ÄR) ha
ve shown that during hydration three or 
four basic individual (isolated) processes 
take place, these processes being respon
sible for the speed and the mechanisms of 
the total -hydration process /6, 7/. Table II 
shows the calculated values for the relia
bility factor for the PC 450 + 20% slag 
sample. . -

Table II - Reliability factors in determination of the number of processes during hydra’tion 
of -PC-450 + 20% slag

Number of combinations ÄR Number of combinations B ZXR

■ 123 17.85 29.911 ■ 245 0.02 0.003
124 0.02 0.008, ' 345 27.40 45.958
125 0.04 0.012 1234 0.01 0.008
134. 0.12 0.061 ■ 1235 • 0.03 0.021
135 . 0.04 0.021 1245 0.01 0.002
145 0.03 0.006 1345 0.03 0.014
234. 0.09 0.043 2345 0.02 0.008
235 0.02 0.008 12345 0.01 0.004



In these measurements, the necessary number 
of samples (always one more than the assumed 
number of processes) was prepared by varying 
the additive content"in the cement. The 
tests resulted in the hypothesis of" the four 
process system.

In examination of the process kinetics, the 
influence of the temperature on the hydrati
on heat releasing process was observed and 

the temperature difference i.e. temperature 
coefficient (e) was calculated. In order to 
calculate the temperature factor a corrected 
Arbenins’ temperature function was used./8, 
9/. Table III shows the measured data and 

values for the temperature coefficient in 
Observed temperature intervals for the sam
ple of metallurgical cement with 5°% slag.

Table III - Temperature coefficient (£) for the metallurgical cement

Q cal/g Equivalent time (h) 
at the temperature (°C)

£ in intervals of time

2O°C 30°c 55°C 40°G 20-50 50-55 50-40°C

4 5 2.8 2.0 — 11.95 10.5 -
22 15 9.1 7.7 6.2 19.45 20.7 18.1
41 25 14.9 12.8 10.2 15.59 22.8 18.5
48 52 17.4 14.5 11.9 11.58 19.0 18.2
55 40 19.0 15.7 15.0 9.51 18.1 18.5'
56 46 20.2 16.5 15.6 8.42 17.1 17.5
69 - 26.0 20.8 16.2 - 15.5 14.7

The results obtained for the temperature co
efficient indicate a deviation from the Hus- 
trup’s relation /10/ which has adjusted Ar- 
henind’ equation for the cement hydration 
process. At higher temperatures increases 
for more than 10°C. So, the value of the tem

perature factor depends on the time as well.
Its value changes in the various stages of 
the process. It becomes monotonously redu
ced in the indicated temperature areas./9/.

CONCLUSIONS

The above presented experimental data and 
measurements make it possible to connect the 
theory and the practice. The standardized 
procedure for determination of the hydration 
heat with the thermos bottle method gives va
luable results which may serve as a basis 
for more exact explanations and remarks on 
the hydration process development. The dif
ferential curves contain individual stages 
describing the whole process from the begin
ning of the contact of cement with water,
i.e.  from the hydration, setting and harden- 
ning reactions.

The transformation hydration degree and the 

rate of the reaction constants, describing 
individual change phases in the differential 
curves, can be calculated from the calorime
trical data. This is a simple approach and 
can be applied well in everyday practice.
The description of the hydration process ki
netics and mechanisms can be coordinated well 
with examinations carried out on clinker mi
nerals and cement systems.

The number of individual processes in the 
whole cement hydration process, determined 
by means of the basic equation of the crite
rion theory, serves as a basis for calcula
ting the reliability factors which should be 



lower than-0.05. This confirms mathematical
ly the munber of individual processes des
cribed in the differential curves. In a two- 
process system, the reliability factor is 
much higher than that allowed, while in a 
three-phase system it ranges from 0.01 to 
0.05. In a four-process system, R decreases 
to 0.01, which means that the measurements 
showed 3 i.e. 4 individual processes in the 
cement hydration, analogous to the graphic 
representations of the kinetics. The expla
nation of individual processes agrees with 
those found in literature /I/.

The temperature coefficient varied and dif
fered from 10 in the examined temperature 
intervals up to 40°C in metallurgical ce
ments .

The differential curves for the metallurgi
cal cements (Fig.l) show a third peak which 
is not caused by a later hydration of C^A. 
When compared to the data found in literatu
re, the same explanation was reached: the 
hydration mechanism in the metallurgical 
cements is caused-by other phenomena and 
reactions, different from those in portland 
cement./11/.

The calorimetrical results, processes in a 
computer, prove this method to be appropri
ate for scientific research, as well as for 
quick practical information on the influence 
of various factors on the initial phases of 
the cement hydration process.

To obtain comparative measurements, the ele
ctrochemical method which showed good agree
ment with calorimetrical results was used. 
The electrochemical measurements are simple 
in their methodology and equipment. The 
change in the potential of the metal indica
tor electrodes depend linearly on the change 
in the pH of the environment, which is cau
sed by cement components hydration. The po
tential varies with the type of addition and 
additive to the cement, so that pH measure
ments indicate well their influence on the 
process of setting and hardening of cement.

The measurements of the electrical conducti

vity on the cement suspension filtrates 
show the conductivity to be changing quick
ly at the beginning of the hydration pro
cess. The changes are most intensive in the 
very area where the most intensive changes 
in pH and the total CaO concentration occur 
/12/. '

Thermo- and electrokinetic measurements in
dicate the peaks of differential and elect
rokinetic curves’ (EMF) to take place at the 
same time, while the conductivity curves, 
due to the fact that the examinations were 
carried out on the suspension filtrates, 
show certain deviations, i.e. shifts of the 
peak in time in recording the effects des
cribed.
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Influence of Water-Soluble Melamine Formaldehyde 
Resin on Hydration of CsS^A+CaSO^^O Mixes 

and cement pastes
[.'influence de !a resine hydrosoluble de melamine-formaldehyde sur 

I'hydratation des pates preparees de C3S, du melange de
. . CsA + CaSO^hhO et des pates de ciment

SLANICKA Stefan - Tchecoslovaquie. . ■

RESUME : A 1'aide de i'analyse par les rayons X et de l'analyse thermique differentielle, 
1'auteur a decouvert 1'effet retardateur de la resine hydrosoluble sulfonnee de melamine
formaldehyde sur le developpement de I'ettringite et sur sa transformation en monosulfate. 
Ce phenomene correspond aussi ä une teneur elevee de C,A non encore transforme. L'influence 
retardatrice de la resine est plus importante si«sa dose s'eleve ä 4 % que si eile n'est que 
de 1 %. Dans les pates contenant 1 % de resine, cet effet est tres prononce au cours des pre
mieres 24 heures; plus tard 11 disparalt; au contraire, une legere acceleration de I'hydrata
tion est constatee. Ce phenomene se traduit par un retard du processus d1hydratation des pa
tes de ciment, par le ralentissement du degagement de la chaleur d1hydratation et par I'aug- 
mentation de la duree de prise; celle-ci est d'autant plus grande que la dose de I'agent et 
le rapport eau/ciment sont plus eleves.
L'influence retardatrice de la resine sur les premieres etapes de I'hydratation des pates 
mentlonnees cl-dessus contribue ä 11 intensification de son effet plastiflant.

SUMMARY : In the case of C^A and CASO^.2H,0 mix a spectacular retardation effect of the water
soluble sulphonated melamine formaldehyde resin on the development of ettringite and its 
transformation to monosulphate was disclosed by the X-ray phase analysis and differential 
thermal analysis. To this phenomenon correspondes also the higher contents of non-reacted C,A. 
The retardation influence of the resin is substantially higher if the dose amounts to 4 % 
than for the 1 % dose. In C,S pastes with 1 % resin the retardation effect is clearly apparent 
during the first 24 hours, later on it disappears, on the contrary a slight acceleration of 
the hydration takes place. To this correspond the indications of the retardation of the cement 
pastes hydration process such as the retardation of the development of the hydration heat and 
prolongation of the setting period which are the more spectacular the higher the admixture 
dose and the w/c ratio. The retardation effect of the melamine formaldehyde resin on the 
first stages of the hydration process of the above mentioned pastes obviously contributes to 
the intensification of the plastification effete.



The water-soluble sulphonated melamine 
formaldehyde resins with plastification ef - 
fects may be used for acceleration of con - 
Crete hardening,if their plastification ef - 
feet is utilized for the reduction of the 
quality of mixing water and this applies also 
for heat treated concrete /3/.In spite of the 
reduction of the quantity of mixing water the 
acceleration effect is not achieved immedia
tely but only after a certain time.For this 
reason it is advisable to contribute to the 
clarification of the influence of the water
-soluble sulphonated melamine formaldehyde 
resins on the hydration of clinker minerals 
and portland cement. 
Used materials:

The following materials were used for 
the tests:
- tricalcium silicate with specific surface 

of 3 148 cmz/g,
- tricalcium aluminate with specific surface 

of 4 452 cmz/g,
- gypsum with 46,3 % of SO, and with speci

fic surface of 4 501 cm /g,
- distilled water,
- water-soluble sulphonated melamine formal

dehyde resin in the form of 20 % solution  
/further on it will be referred to only as 
melamine formaldehyde resin/ with molecular 
weight of 2.10^ /I/.

*

Preparation of specimens
For the tests the specimens were made of 

a mix of CgA and CaSO^^HjO with molecular 
ratio 4 : 3.For a contents of 11 % of C^A in 
the portland cement this ratio corresponds to 
the contents of 2,34 % of SOg. After a homo
genization of the dry components 0,8 part by 
weight of distilled water was added to 1 part 
by weight of the mix. To the pastes contain
ing the melamine formaldehyde resin its so - 
lution was added. The water contained in the 
solution of the resin was reckoned with as a 
part of the mixing water. The paste was wrap
ped in plastic foils to prevent both evapo- 
r^tion of water and influence of atmospheric 
marketed under the name Melment L 10, a pro
duct of Süddeutsche Kalkstickstoffwerke, 
Trostberg, German Federal Republic.

COj. ’This storage allows,at the same time,to 
change mechanically the orientation of the 
specimens until their perfect hardening to 
prevent bleeding of the mix.

The following pastes were manufactured 
for the tests:
- reference paste with water alone,
- paste including 1% of dry substance of the 

melamine formaldehyde resin by weight of 
CgA  CaSO4.2H2O*

- paste including 4 % of dry substance of 
the melamine formaldehyde resin by weight 
of CgA + CaSO4.2H2O.

The samples of the pastes were taken 
after 2, 4, 6, 24 and 48 hours, dried by 
washing in acetone and by subsequent washing 
in ether.

Furthermore, the following CgS pastes 
were made for the tests:
- paste containing 1 part by weight of CgS 

and 0,7 part by weight of water,
- paste containing 1 part by weight of CgS, 

0,7 part by weight of water and 0,32 % of 
dry substance of the resin by weight of 
CgS,

- paste containing 1 part by weight of CgS, 
0,7 part of water and 1 % of dry substance 
of the resin.

' The pastes were sampled after 1, 3, 7 
and 28 days, they were also dried by washing 
in acetone and ether.
Test results

The X-ray diffraction analysis was made 
with the Mikrometa 2 apparatus manufactured 
by Chirana, Czechoslovakia. The X-radiation 
was monochromatized by an Ni filter.

Figs 1 to 3 show the results obtained 
by testing pastes of CgA ♦ CaSO4.2H2O mix.

Table II shows the results obtained by 
tests of CgS pastes.

The complex thermal analysis was made 
using the apparatus Derivatograph made by 
the firm MOM, Budapest.

The results are tabulated.When evalua
ting the pastes made of the CgA + CaSO4.2H2O 
mix the endotherm used for evaluation was 
according to Midgley and Rosaman /2 / at about 
150° C characteristic of ettringite and about 



I 
j
I

250° C characteristic of monosulphate. 
Evaluation of results and their discussion. 
Paste made of C,A + CaSO..2H„O mix.3 4 2

As early as after 2 hours of hydration 
of the paste without resin admixture the 
gypsum is practically absorbed by the forma
tion of ettringite on the detriment of the 
initial components C^A and the gypsum. The 
process goes on under intensive development 
of monosulphate so that successively after 
2 4 hours and 48 hours C-^A is practically ab
sorbed and similarly the ettringite contents 

Fig. 1 Paste CjA » CaSO4.2H2O + H2O

has dropped whereas the monosulphate contents 
has increased /Fig. 1/.

As little as 1 % of dry substance of 
the resin retards the hydration /Fig. 2/, it 
is, however, not so spectacular as if the 
resin dose amounts to 4 % of the dry sub - 
stance /Fig. 3/.

In this case the retardation of the mo
nosulphate development is clearly visible; 
all over the period of 48 hours its contents 
varies only little. A pronounced retardation 
is visible as late as after 28 days.To this



Table I.
Comparison of results of thermal analysis of 
pastes of CjA and CaSO^.2H2O mix.

tempe
rature 
area

loss of % by weight after a period of
reference paste paste contain

ing 4 % resin
2 h 6 h 24 h 48 h 6 h 48 h

ettrin
gite 
150° C

28,3 17,6 12,3 10 24,4 18

2500 c 
mono- 
suy^a- 
te

0 5,5 13,2 15 3,5 9,9

Fig. 3 Paste CgA t- CaSO4.2H2O + H20 t 4 % 
melamine resin
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Table II.
Comparison of results of X-ray diffraction 
analysis of CgS paste.
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dhkl

The relative height 
of the peaks after 
days

1 3 7 28

w
ith


ou

t

Ca /6h/2 
C3s

4,90
2,19

27
34

35
31

50
29

80
20

0,
32

 % Ca X)H/2 

C3S

4,90
2,19

6 
56

40
32

60
28

80
24

1 %
Ca/OH^ 

c3s

4,90
2,19

7
50

40
32

60
28

80
19

Table III.
Ca /oh/2 contents in CgS pastes according to 
thermal analysis results

Time 
/day/

Ca/OH/2 contents in % by 
weight of paste '

reference 
paste

paste containing 
resin admixture "

0,32 % 1 %

1 13,0 11,0 1,4

3 16,5 17,2 17,2

7 19,9 2^,0 20,9

28 21,9 22,0 22,3

5 10 15 20 25



fact corresponds the higher contents of the 
non-reacted CgA in comparison with the pre
ceding pastes. The melamine formaldehyde re
sin retards the hydration of the paste of 
CjA * CaSO^.SJ^O mix as well as the ettrin
gite to monosulphate transformation.

A comparison of Figs 1, 2 and 3 shows 
clearly that the retardation influence of 
the resin on the hydration process increases 
with increasing dose of the resin. The re
sults of the thermal analysis /Tab. 1/ 
roughly confirm the results of the X-ray 
analyses. 
CjS paste

The admixture of 1 % of dry substance 
of the resin slows down the initial course 
of hydration of the CjS pastes. The retarda
tion effect of the melamine formaldehyde re
sin is accompanied with pronounced plastifi- 
cation effects on the fresh nonhardened pas
te. The retardation of the hydration of pas
te containing 1 % of the resin is spectacu
lar during the first 24 hours which is also 
shown by the X-ray analyses /Tab. II/ as 
well as by the thermal analysis /Tab.III/.

Later, during the subsequent days,this 
retardation effect vanishes and in the case 
of pastes containing the resin certain marks 
of hydration acceleration in comparison with 
the pastes without resin admixture appear. 
The retardation effect of the resin on the 
hydration of the C^S pastes depending on the 
admixture of the resin is, however, visible 
and if the doses of the resin amount to 
0,32 % the results of the thermal analyses 
exhibit only an insignificant retardation 
after the first 24 hours.
Comparison with tests of cement pastes

Supplementary tests of initial set of 
two thirds of the portland cement pastes ha
ve shown that:
- if the w/c ratio is low /corresponding to 

normal density of the cement paste/ and if 
the plastification effect of the resin on 
the reduction of the quantity of the mixing 
water is used, the doses of the dry sub - 
stance of the resin up to 1 % do not cause 
any changes in the initial set and the

period of setting,
- if the w/c ratio of the reference pastes 

and the pastes containing the resin is 
kept constant, the increasing resin dose 
and the increasing w/c ratio causes pro
longation of the initial set and of the 
period of setting of cement pastes.

The supplementary tests have also shown 
that the admixture of the melamine formalde
hyde resin slows down the development of the 
hydration heat of the cement.

The results obtained with the cement 
pastes correspond to the results obtained 
with C^S and mixes of C3A * CaS0,.2H-0 pas-3 3 4 2 r
tes. 
Conclusion

The melamine formaldehyde resin slows 
down distinctly the hydration of pastes con
sisting of CgA * CaSO4.2H2O mix particularly 
the transformation of ettringite to monosul
phate.

If the dose is higher /4 % of the dry 
substance of the resin/ this influence is 
substantially more spectacular than if the 
dose is lower /I %/. The melamine formalde
hyde resin slows down for a dose of 1 % the 
hydration of a paste of CgS even after 24 
hours, whereas during the subsequent days 
this retardation effect vanishes away and 
even certain indications of hydration acce
leration appear.

If the admixture of the resin amounts 
to 0,32 % of the dry substance only, the 
retardation effect is hardly noticeable.

At the same time, a distinct plastifi- 
cation effect of the resin on fresh pastes 
has been recorded.

The retardation effect of the resin on 
the first hydration stages of the C^S pastes 
and the C^A * CaSO^^I^O mix contributes to 
the improvement of the plastification effect.

The above mentioned results agree with 
the results obtained during"the investiga
tion of the development of hydration heat 
and the process of setting of cement pastes.
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Agglutination (bridging) of Particles during Hydration 
Hardening and the Effect of Surface Active Additives
Agglutination des particuies pendant I'hydratation et le durcissement 

des ciments. Influence des Ajouts tensio-actifs
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RESUME : La prise d'un liant mineral implique 1'agglutination des particuies Individuelles. On 
a mesure la force de cohesion entre ces particuies (gypse, quartz, calcite ou silicate) dans 
diverses conditions de phase (amorphe ou cristallisee) dans des solutions sursaturees.
On a observe une relation etroite entre la probabillte d1 agglutination de particuies sembla- 
bles ou differentes et les parametres physico-chimiques de base, responsables de la prise et 
du durcissement du clment.

Le mecanisme de I'effet plastiflant des carbohydrates, au cours de I'hydratation des ciments 
Portland a ete etudiee. On a observe que cet effet provient de l'adsorption des carbohydrates 
a la surface des grains anhydres et des nouveaux hydrates formes. On suggere que le mecanisme 
de l'adsorption du saccharose et du tregalose est commande par leur capacite d'adsorption et 
leur effet plastiflant, compte tenu des nouveaux hydrates formes.

SUMI4ARY : The hydration hardening (setting) of mineral binding agents involves agglu
tination of individual particles. The force of cohesion between such particles 
(gypsum dihydrate, quartz, calcite and silica) was measured under the con- 

■ ditions of new phase (crystalline and amorphous) formation in supersaturated
solutions. The results reveal the dependence of probability of agglutination 
of similar and different particles on the basic physico-chemical parametres 
responsible for the conditions of hardening.

The mechanism of the plastisizing effect of carbohydrates in hydration har
dening of Portland cement constituents was studied. The effect was found to 
arise from the adsorption of carbohydrates on the surface of the anhydrous 
solid phase and newly formed hydrates. The suggested mechanism of adsorp
tion of saccharose and tregalose accounts for their different adsorption ca
pacity and plastisizing effect with respect to newly formed hydrates of va
rious composition.



1. Experimental Study on Agglutination of In
dividual Particles.

Current physico-chemical theories of hardening 
attribute the formation of strong disperse 
structures (artificial stone) in plastic sus
pensions of mineral binding agents to the ap
pearance of contacts, sometimes called brid
ging or agglutination, between particles 
of the newly formed phase (1). Thus the for
mation of individual contacts between partic
les during the emerging of a new phase attracts 
special interest. The corresponding studies 
should apparently be based on the ideas of the 
new phase formation put forward in the clas
sical works of Gibbs and Volmer. A stage-by
-stage theoretical description of the process 
of hardening has been given in (2).

This section of our paper deals with experi
mental investigations of elementary acts of 
agglutination of individual particles (crys
talline and amorphous), i.e. the formation 
of primary contact bridges between them, under 
a variety of conditions depending on such pa
rametres as supersaturation, the duration of 
contacting, the nature of particles and the 
presence of surfactants.

The instrument used was described elsewhere 
(3). It permits direct measurements of cohe
sion force in the individual contacts between 
particles over the range as wide as from IO--? 
to 102 dynes. The materials included 5x5x0.5 
mm gypsum dihydrate crystals cleaved out of 
single crystals and particles of amorphous 
silica which were deposited onto the surface 
of fused quartz, threads about 2 mm in diametre 
by means of precipitation from freshly prepa
red silicic acid sols. During the experiments 
two samples (gypsum crystals or silica-covered 
quartz threads) were brought into contact in 
the corresponding supersaturated solutions 
(of calcium sulphate or silicic acid) and were 
allowed to stay in a fixed position for a cer
tain period. Measured was the force necessary 
to separate the samples. 'Ne shall call this 
force, which is equal to the cohesion force 
in the contact, the contact strength . Gyp
sum crystals were brought into contact by 
edges of certain crystallographic symbols * 
(one edge normally to the other); silica-co
vered threads in-the contact were mutually 
perpendicular. ;

Since the strength of contacts appearing under 
identical conditions is scattered over a wide 
range, it appeared necessary to carry out the 
statistical analysis of the results and to 
consider the corresponding distributions. 
Fig.1 presents some of our-data in the form 
of histograms, i.e. the dependences of the 
differential function of distribution 

on the logarithm of strength 
( and are the current and the total 
number of measurements respectively). The 
analysis of the histograms shows that crys
talline and amorphous particles alike form 
contacts of two types with sharply different 
strengths. These are "weak" contacts with 

10~2 dyne which correspond to the case 
when the particles merely touch one another 
and "strong" ones with 10“^ dyne which cor-

-3-A-1 0 1 -3-8-1 0 1 -3-8-1 0 1

>, (dyne)

Fig.1, Differential histograms of strength, 

respond to agglutination (bridging) of the 
particles. The strength of the latter contacts 
arises from the short-range forces of cohesion 
acting on the area considerably exceeding that 
of a unit cell. The weak-to-strong contacts 
transition occurs in a jump-like manner and 
manifests as the second (right-hand) maximum 
in the histograms and the absence of contacts 
with strength from 10~2 to 10-1 dynes. The 
sharpness of the transition makes it possible 
to notice the fact of agglutination and ttius 
study the probability of agglutination as a 
function of various physico-chemical factors. 
Such results may provide for deeper insight 
into the intimate mechanisms of agglutination 
(bridging), by probability of which ■ ■-•c mean
the ratio of the number of experimentally ob
served cases ’when it had taken place to the 
total number of experiments on bringing par
ticles into contact and separating them under 
the given conditions, .

As is seen from Fig.1, the probability of ag
glutination Increases with the time the par
ticles are staying In contact . Table 1 
indicates that increases also with super
saturation of the solution ( ,
where and are the concentrations of the 
solutions supersaturated and saturated res
pectively with respect to gypsum and silica).

' TABLE 1.
Probability of agglutination of particles 

, ,o, at different supersaturations

Particles 1.2 1.4 1.5 1.8 3.0

Gypsum ' 17 - 24 49 83

.sl02 16 52 - 68 81

Such a dependence makes it possible to relate 
the elementary act of agglutination with the 
fluctuation formation of a nucleus-contact 
critical for the given supersaturation. The 
rapid growth of the nucleus-contact is the 
main process responsible for the jump-like 
change of the contact strength or, in other 
words, for the sharp transition to a different 



type of contact.

We should note that in such experiments it is 
hardly possible to measure the strength due 
to the nucleus-contact itself (the primary 
contact bridge). Since the critical nucleus
-contact is in mobile equilibrium with the 
supersaturated solution, a minor increase in 
its size results in spontaneous crystalliza
tion in the contact zone and in rapid growth 
of the contact strength. And the very fact of 
agglutination is well detectable from the 
sharp transition from "weak" contacts to the 
"strong" ones. . :

The analysis of experimental data on the basis 
of corresponding mathematical processing (3) 
has shown their qualitative agreement with the 
fundamentals of the fluctuation theory of new 
phase formation (4). This enabled us!to esti
mate such energetical and geometrical para
metres of the agglutination process as the . 
work of formation ( •) and the size of the
nucleus-contact and to establish the .dependen
ce of the probability of agglutination on "*  
the variable parametres'of the experiments (3)« 
Table ?_ presents the values of calcula
ted from the experimental data; also given 
are the values of the wbrk of formation for 
gypsum two-dimensional (surface) nuclei 
calculated according to'" (2).

--------------------------------- ------ -2 TABLE 2. - 
Agglutination of. gypsum-and silica particles: 
the works of nucleus-contact formation.

Table 2.shows that the values of obtained 
are quite reasonable from tho standpoint of 
the fluctuation theory of new phase formation. 
In particular, they are, as predicted by the 
theory, lower than the values of . The 
linear dimensions of the critical nucleus
-contact in both systems at- all the supersa
turations studied were estimated as 4—9 A.

Particles 1.2 1.5 1.8 3.0

Silica 2.8 r.5 ■ - - 0.5

Gypsum
6.7 . - "5.9 5.5 4.5

45 * - 22.5 15 8.5

Our results thus indicate.that the formation 
of bridge contacts in supersaturated soluti
ons obeys one and the same mechanism for both 
crystalline and amorphous particles.

Similar experiments were also performed for 
the case when different crystals were contac
ting, (gypsum and calcite, fluorite or quartz), 
and when two quartz crystals were brought in
to contact in supersaturated calcium sulphate 
solutions. It was shown (3) that all these 

" experiments involved agglutination of crys
tals and, as its first stage, the fluctua
tion formation of a nucleus-contact. These : 
results suggest that the so-called inert fil
lers may actually behave as active structure

-building elements taking part in the contact 
formation according to the contact bridge 
mechanism.

The process of hardening and the strength of 
the appearing structures are often controlled 
with the help of surfactants. Their effects 
are usually attributed to the Influence on the 
dissolution kinetics, the level of supersatu
ration and the morphology of the newly formed 
crystals. In terms of contact formation, the 
role of surfactants may amount to changing the 
conditions of agglutination via chemical modi
fication of the surface of the particles and 
affecting the properties of the solution. In 
our study the chemical modification of the

■ surface was carried out so that the properties 
of the solution were virtually unchanged. It 
was shown that the process of agglutination 
Bay.be hindered by. octadecylamine and gela
tine. For instance, the modification of gyp
sum crystals by octadecylamine and gelatine 
adsorption from aqueous solutions decreases•. 
the probability of agglutination from 67% (at 

=1.8 and t=1000 sec) to 36% and 29% respec
tively. A similar effect is observed in agglu
tination of gypsum crystals with crystals of 
quartz previously hydrophobized by gaseous 
dimethyldichlorosilane, and in gypsum agglu
tination with quartz in the presence of octa
decylamine and gelatine (3).

2. The Adsorption Effect of Plastisizing 
Carbohydrate Additives.

Owing to their capacity of affecting structure 
formation processes of mineral binding agents, 
surfactants are widely used in building in
dustry. Carbohydrates belong to the surfac
tants exerting pronounced plastisizing effects 
tregalose being a weaker decelerator than 
saccharose (5,6). In order to investigate the 
mechanism of the carbohydrate effects we have 
studied the processes of tregalose and sac
charose adsorption in hydrating suspensions 
of individual binding agents such as trical
cium silicate 3CaO.SiO? (C,S), tricalcium 
aluminate (C,A), tetracalcium alumoferrite 
(C^AF) and monocalcium aluminate (CA).

Data on the kinetics of concentration changes 
in the liquid phase of hydrating suspensions 
of various minerals indicate that.the adsorp
tion capacities of saccharose and tregalose 
may be either sharply different or virtually 
identical. As is seen from Fig.2, in suspen
sions of C-S and C,A the decrease in saccha
rose concentration-’with time due to adsorption 
is far more pronounced than that of tregalose. 
In C.AF'suspensions, however, the adsorption 
of tregalose on the appearing hydrates is al
most as high as that of saccharose. During 
the initial three hours of monocalcium alumi
nate hydration in solutions of either carbo
hydrate the adsorption is insignificant. In 
24 hours the adsorption of saccharose (the 
decrease in concentration) comes to exceed . 
that of tregalose.

Comparison of our data on the adsorption of 
carbohydrates with the information on hydrati
on products in the systems studied (7,8) shows 
that the adsorption of tregalose in CA and 
C.AF suspensions is likely to be so high (al
most reaching the value of saccharose adsorp
tion) because these systems contain A1(OH)5 
and Fe(OH)^ hydrogels respectively. In cont-



Fig.2. The decrease in concentration of sac
charose (o ) and tregalose (□ ) in hydrating 
suspensions of binding agents C,S (1,2), C,A 
(3.4), C.AF (5,6), CA (7.8). Initial carboS 
hydrate concentration 0.01 ?•£. Composition of 
Suspensions 2 g mineral in 100 ml carbohydrate 
solution. '

rast to this, calcium-containing hydrates ad
sorb saccharose much more intensely than tre
galose. To explain these facts let us consider 
the structure of the adsorbing molecules. The 
structural formulas of the two carbohydrates 
are rather similar, but the fructose ring in 
the saccharose molecule makes it asymmetrical, 
while tregalose has a symmetrical molecule. 
Adsorption on hydrophilic surfaces is markedly 
dependent on the hydroxy-groups of both mole
cules, which are capable of forming hydrogen 
bonds or even, if dissociation is involved, 
ionic bonds with the adsorbent surface (9,10). 
In the saccharose molecule the hydroxy-group 
in the vicinity of two oxygen atoms is very 
active and readily yields a proton. The trega
lose molecule contains no group of similar ac
tivity. The evident consequence is the diffe
rent capacity of forming ionic bonds with the 
adsorbent surface. Dissolved carbohydrate mo
lecules may take different conformations. As 
they are approaching the surface, however, the 
conformation is determined by the orientation 
of the molecule and by the conditions of ad
sorption. In principle, a carbohydrate'mole
cule may be oriented towards the surface of the 
adsorbent in either a "plane" or an "edge" 
manner (Figs.Ja and Jb). The "edge" orienta
tion does not require any essential conforma
tion changes, while the "plane" orientation 
is energetically favourable only provided the 
molecule takes a certain conformation. Namely, 
the pyranose ring should change its "chair" 
conformation, which is more favourable for 
the free molecule, for the "bath" conforma
tion. Fig.Ja shows that in the "plane" orien
tation saccharose and tregalose face the ad-

and trega.Fig.J. Schematic of saccharose {I) „
lose (2) adsorption, (a) "Plane" orientation 
of the carbohydrate molecules towards the ad
sorbent surface, (b) "edge" orientation, (c) 
the adsorption of saccharate-cation CaC.-H-.O.. 
on a calcium-containing surface. d C"1 

sorbent surface with approximately the same, 
number of adsorption-active groups (hydroxy
-groups and the oxygen atoms of the nuclei). 
In this orientation the carbohydrates consi
dered should therefore manifest approximately 
the same adsorption capacity. It appears*  that 
the adsorption on hydrogel surfaces involves 
namely this orientation. In alkaline environ
ment the negative surface charge of hydrogels 
promotes the formation of hydrogen bonds bet
ween the OH-groups of the carbohydrates and 
the oxygen atoms of the adsorbent. Apart from 
hydrogen bonds, coordination bonds are formed 
between the carbohydrate oxygen atoms and the 
metal atoms of the surface (Fig.Ja). The car
bohydrate adsorption is the higher .the greater 
is the complex formation capacity of the me
tal, i.e. adsorption on the Fe(OH), gel (in 
C,AF suspensions) is greater than on Al(OH), 
(in CA suspensions). In the "edge" orienta
tion the strength of saccharose bonds with 
the mineral surface is quite different from 
that of tregalose bonds (Jig.Jb). The above
-mentioned asymmetricity of saccharose and 
the presence of a particularly dissociable 
OH-group in its molecule promotes formation 
of ionic and hydrogen bonds with the host 
surface. Tregalose in'this orientation can 
not form such strong bonds. .

It seems likely that the adsorption of carbo
hydrates on the surface of calcium hydroalu
minates and hydrosilicates requires the "edge" 
orientation in which the adsorbing active 
groups better fib the metal atoms of the lat
tice and the saccharose hydroxy-group may 
easier form a bond with the lattice calcium. 
The probability of formation of ionic bonds 
between the carbohydrate and the surface grows 
with the number of calcium atoms on the sur
face and with pH, since at higher pH the sur
face acquires a negative charge which favours 
saccharose dissociation as an acid.



In hydrating suspensions of mineral binding 
agents the pH is high and the liquid phase con
tains, along with neutral carbohydrate molecu
les, saccharate anions and calcium saccharates. 
Of these, only the CaC.?H-.0.. cation can com
pete with neutral saccharose molecules in ac
tive adsorption on the mineral surface. At the 
same pH tregalose, which contains no hydroxy
-group as active as that of saccharose, is 
far less likely to form+a similar cation. The 
adsorption of CaC.-Hp.oT. on the surface of . 
calcium-containing^hydrates leads to the neut
ralization of the surface charge by virtue of 
formation of ionic bonds between calcium and 
the lattice oxygen (Fig.3c). The adsorption 
of these cations vs. that of neutral molecules 
is thus enhanced by electrostatic attraction. 
Therefore at high concentrations of 
CaC.pH_.OT. (as by hydration of minerals in 
saccharose'solutions saturated by Ca(OH)-) its 
adsorption would somewhat suppress the adsorp
tion of the neutral molecules. Bruere (5) sug
gested that tregalose is less effective than 
saccharose as a decelerator of Portland cement 
setting because of its higher stability in 
alkaline environment. He believes that the ad
sorption capacity of carbohydrates is deter
mined by the presence of the HO-C-C=O group. 
In these terms any monosaccharide must be 
more active as an adsorbate than saccharose. 
Our results, however, indicate that glucose 
in hydrating suspensions of C-S is less active 
than saccharose. Moreover, we-^have found that 
inversion of saccharose even in saturated 
Ca(OH)_ solutions is low and the resulting 
minor amounts of glucose and fructose can not 
play any active part in adsorption.

Carbohydrates adsorb not only on the surface 
of hydrate phases, which causes their commi
nution and prevents recrystallization Of meta
stable hydrates into stable ones, but also on 
the surface of anhydrous minerals. This is 
evidenced by our results on the adsorption of 
carbohydrates from alcohol solutions. The ad
sorption isotherms for saccharose are S-shaped 
and reversible; for tregalose they are of Z- 
-shape. The adsorption of saccharose from al
cohol solutions exceeds that of tregalose.

The carbohydrate-induced deceleration of dis
solution of anhydrous hydrolyzable minerals 
may cause changes in the ionic composition of 
metastable solutions resulting from hydration 
and thus affect the chemical composition of 
the newly formed hydrates.

CONCLUSIONS '

Analytical processing of the results of direct 
measurements of cohesion forces between indi
vidual particles (crystalline and amorphous) 
in supersaturated solutions supplies evidence 
that the initial stage of agglutination, i.e. 
the formation of the first bridge-contact, , 
obeys the fluctuation mechanism. The dimensi
ons of the nucleus-contact and the work of 
its formation have been estimated. The effect 
of surfactants on agglutination of gypsum di
hydrate crystals has been studied.

The plastisizing effect of carbohydrates. 

which consists in deceleration of dissolution 
of the anhydrous binding agent and the crys
tallization of newly formed hydrates, arises 
from the formation of screening layers from 
small crystals of newly formed hydrates and 
the adsorption layers of carbohydrates. The 
adsorption capacity of disaccharides (saccha
rose and tregalose) depends on the chemical 
nature of the adsorbent, on the orientation 
of the carbohydrate towards the surface (in 
a "plane" or "edge" manner) and on the capa
city of yielding ions in alkaline media, which 
are capable of increased adsorption due to 
electrostatic attraction.
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The stiffening of mortar accompanied with the early 
hydration of cement

Le raidissement du mortier accompagnant l'hydratation initiale du ciment

M. ONO, Senior Research Engineer, Research and Development Laboratory,
M. NAGASHIMA, Senior Research Engineer, Mitsubishi Mining and Cement Co., Ltd.,
M. SAITO, Research Engineer, Tokyo, Japan.

RESUME a. Le raidissement, c'est ä dire la diminution de plasticlte du mortier frais, a ete 
determine; par I'essal de la penetration, et on a etudle sa relation avec l'hydratation Ini
tiale- diu -eiment.

La resistance a la penetration, determinee "dans des conditions appropriee, est adoptee comme 
mesure du raidissement Initial du ciment.

Les experiences ont ete menees sur des mortiers et des pätes preparees ä partir des clments 
de Portland, selon divers melanges realises a partir des clinkers cults dans les fours elec- 
trlques du laboratolre.

Le raidissement du mortier est en correlation avec la quantlte d'eau de comblnalson dans le 
ciment hydrate, c'est ä dire le degre d'hydratatlon du ciment.
Dans le cas du ciment sans alcall, la formation d'ettringite augment© princlpalement la 
quantlte d'eau de comblnalson.
K2O dans le ciment augmente la quantlte d'ettringite, reduit sa dimension crlstalllne, et, 
par consequent, provoque 11 augmentation du raidissement.

Summary : Stiffening, i.e. decrease in plasticity of fresh mortar was determined with 
a penetration test and its dependence on the early hydration of cement was investigated. 
The penetration resistance determined under the appropriate condition is adopted as a 
measure of the stiffening accompanied with the early hydration of cement.
Experiments were carried out on the mortars and pastes prepared from portland cements with 
various composition which made of clinkers burned in the laboratory electric furnace.
The stiffening of the mortar correlates with the amount of '■he combined water.of hydrating 
cement, i. e. the degree of hydration of cement.
In the case of alkali free cements, the combined water in the hydrated cement arises mainly 
from ettringite.
K2O in cement Increases the amount of ettringite, reduqes its crystal size and consecuently 
brings about Increasing the stiffening of the fregji»mortar.



IKKBQKJGTI.ar .
Fresh mortar or concrete stiffen gradually 
losing its plasticity. The decrease in 
plasticity is small quantity in the early 
hydration stage and it is rather difficult 
to detect its change in the short time. 
The modified penetration test of mortar 
was deviced and the stiffening, i.e. the 
decrease in plasticity up to about an hour 
after the mixing of mortar was measured. 
The results were related to the early 
ixyttration of cement,

THE MEASUREMENT OF THE STIFFENING
The plasticity of mortar was determined by 
the penetration resistance test.
The cylindrical plunger with the hemi
spherical bottom is caused to penetrate the 
mortar placed in the cylindrical container 
with a certain speed and the resistance is 
measured employing the load cell.
The ratio of the cross section of the 
plunger to that of the container is 1/3« 
In a certain range of the penetration depth, 
the increase in the resistance is almost 
constant. When the resistance is determined 
at a definite depth under this condition, 
the ratio of the resistance, R, at any time 
up to about one hour to that, Rq , inu-. ' 
mediately after the mixing is dependent on 
cement used for mortar and usually almost 
independent of the mix proportion of mortar 
or the grading of sand.
Therefore, this resistance ratio is adopted 
as a measure of the stiffening accompanied 
with the hydration of cement. The resistance

• at 5 minutes after the gauging was used as 
Rq and that at 70 minutes as R, and the 
ratio of R/Rq was regarded as the measure 
of the stiffening. '

EXPERIMENT
Preliminary experiments carried out using 
cements with various composition which were 
made of clinkers burned in the laboratory 
electric furnace revealed that the C^A and 
K^O content of cement might influence the 
stiffening. Hence, the dependence of the 

stiffening on the hydration of cement was 
investigated using cements with various C^A 
and the K^O content prepared in similar 
manner as above. Three experimental series 
are as follows.
Series A : The C^A content of clinkers 
varies from 5% to 14% and alkali is free. 
Series B : The C^A content of clinkers is 
similar to that in series A and clinkers 
contain about 0.7% NagO and about 0.9% K^O. 
Series C : The KgO content of clinkers 
varies from 0.4% to 1.1% and the NagO and 
C^A content are respectively about 0.7% and 
9%..
The mixture of the reagents vrere burned in 
the laboratory electric furnace and then 
clinkers were ground with 4.3 % gypsum to 
the Blaine value of 3000 cm2/g. The mortars 

were made of Japanese sand for the strength 
test of cement. S/C and V//C of the mortars 
are respectively 1.0 and 0.35-0.40.
In addition to the mortars, cement pastes 
with W/C of 0.4 were prepared for the . 
determination of the amount of combined 
rater and ettringite in hydrating cement. 
The hydration was stopped at 5 and 70 
minutes after the gauging.
The combined water was measured by the loss 
on ignition at 1000* C. The amount of 
ettringite was determined by quantitative 
XRD employing the X-ray diffractometer with 
a strong X-ray tube which has a rotating 
target. The calibration curve was made using 
the mixtures of a unhydrated cement and the 
ettringite which was prepared from C^A and 
gypsum. The notation and Ed will be used 
to designate the increment of the combined 
water and the ettringite from 5 to 70 
minutes.

RESULTS
The results of experiments on the resistance 
ratio of the mortar and the amount of the 
combined water (V-’^) in the cement-paste are 
summarized in Fig. 1. As a whole the 
stiffening Increases with the combined • 
water. In both series A and B, the 
stiffening depends on the C^A content and
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Fig. 1 Relationship between the ratio of 
penetration resistance and the amount of 
combined water

In series A, the stiffening increases with 
the content showing minimum at about
9 % C^A, but in series B decreases linearly 
Fig. 2 shows the relationship between the
amount of ettringite (E^) and the amount of 
the combined water (W^) in the paste.

A'.'dotted line represents the combined water
upon ettringite. In series A where the 
cements contain no alkali, the amount of the 
combined water is directly proportional to 
that of the ettringite and line vicinity of 
the dotted line in Fig. 2. Therefore, the 
increase of the stiffening is mainly 
attributed to the formation of ettringite 
in the case of alkali free cement. However, 
the amount of ettringite scarcely varies in 

, series B where the cements contain alkali, 
although the amount of the combined water 
varies considerably. Since both effect of

1 alkali and C^A exists in series B, the 
effect of alkali should be obtained in 
series C.
Fig. 3 shows the relationship between the 
amount of combined water (W^) in the paste 
and the KgO content of clinker in series C. 
The combined water increases with the KgO 
content. Since the combined water is
composed of that upon ettringite and that 
upon hydrate except ettringite," they are

plotted separately in Fig. 3-

£
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Fig. 2 The amount of ettringite against 
combined water

It is shown that K20 increases mainly the 
combined water upon ettringite up to about 
0.8 % K20 and increases the combined water 
upon hydrate other than ettringite above 
about 0.8 % K20.
Because the stiffening increases with the 
combined water as shown in Fig. 1, it is 
suggested that K20 in cements may increase 
the stiffening by the acceleration of the 
formation of ettringite and the other 
hydrate. As mentioned above, the resistance 
ratio increases with the amount of the 
combined water which varies with the C^A

Fig. 3 Relationship between the amount ol 
combined water and K^O content of clinker

As shown in Fig.l, the K20 content of 
cements affects strongly on the relation
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resistance,ratio o,f portars and 
tlie" combined water. From the observation of 
the hydrated cement by SEM, it is shown that 
K^O more than 0.5 % makes ettringite very 
fine. It is supposed from this fact that the 
increase in the surface area of the 
ettringite may make the morJar to stiffen.

CONCLUSION
The stiffening of the mortar up to about one 
hour after the mixing correlate with the 
increase in the.combined water. Therefore, 
th'e stiffening ai*ises  from the hydration of 
cement."--iH^the case of the alkali free 
cement,this hydration reaction is mainly the 
formation of ettringite. K^O in ceme.nt - 
increases the combined water upon ettringite • 
and that upon the hydrate other than 
ettringite and reduces the crystal size of - 
ettringite. As the result of these effects, 
K20 in cement increases the stiffening of 
the mortar.



On the mechanism of Hydration Hardening of Portland 
t Cement Ferrite Phase

Mecanisme de l'hydratation et du durcissement de la phase ferritique 
des ciments Portland ■

R. SANZHAASUREN, Professor, Ulan-Bator State University, Mongolia,
E.P. ANDREEVA, Doctor of Chemical Science, Moscow State University, USSR, .
N. STUKALOVA, Candidate of Chemical Sciences, Moscow State University, USSR.

RESUME : Le processus de lo formation d'une structure et les reactions chimiques dans les 
pates de C^AF ont 6t6 Studies ä 5, 25 et 50°C. On a examine I'action de 1'hydroxyde de cal
cium, du gypse et du chlorure de calcium sur ce processus.

On a observe que C^AF subit une Hydratation rapide, suivie d'un lent durcissement du d la re- 
cristallisation de 11hydroaluminoferrite t6tracalcique C^A dans la solution en alumi
na ferrite tricalcique Cg A*  F, . La resistance de cette structure, d'apparence dispersSe,
dSpend des facteurs affectant 11 Hydratation du C^AF et de la eristallisation des hydrates 
(temperature, dispersion du C^AF ...).

Le gypse et le chlorure de calcium modifient la composition chimique des hydrates et leur effet 
est olors commande par la cin6tique du d6veloppement des structures dispers6es, ä base d'hydro- 
sulfo ou d1 hydrochloroaluminate ferritique de calcium. L'hydroxyde de calcium ralentit l'hydra
tation du C^AF et les hydrates qui se forment successivement font la transition entre le meta
stable et le stable. Les r6sultats obtenus permettent de pr6voir le comportement de la phase 
ferritique do ciment Portland, ä divers ages d1 Hydratation, dans I'eau, et dans des solutions 
aqueuses de chaux, de gypse, et de chlorure de calcium.

SUMtiA^Y : The structure formation processes and chemical interactions in tetracalcium 
alumoferrite (C, ?)■ pastes at 5» 25 and 50 C have been studied. The effect of calcium 
hydroxide, gypsum and.calcium chloride on these processes has been Investigated.

It was found that C, AF undergoes rapid hydration followed by sloiv hardening due to the 
recrystallization or tetracalcium hydroaldemoferrite C,A F. H., through the solution 
into tricalcium alumoferrite C,A F. Hz. The strength dfxtnexappearing disperse struc
tures depends on the factors aifxctingbthe hydration of C,AF and the crystallization 
of hydrate phases (temperature, dispersity of C^AF, etc.). "

Gypsum and calcium chloride change the chemical-composition of the hydrates and their 
effect is thus determined by the kinetics of development of disperse structures based 
upon calcium hydrosulpho- or hydrochloroalumoferrites. Calcium hydroxide decelerates 
the hydration of -C, AF and the metastable-to-stable transition of newly formed hydrates. 
The results obtained make it possible to predict the "behaviour of Portland cement 
ferrite phase at various stages of hydration in water and in aqueous solutions' of 
calcium hydroxide, gypsum and calcium chloride.



The chemical processes involved in hydration 
of C, AF have been extensively investigated by 
Carlson (1), Schwiete (2), Malquori' and-Ci- 
rilli (3) and other workers. However essenti
al, their information yet does not suffice 
for the explanation of the very process of 
hardening. To develop a quantitative theory 
of hardening of mineral binding agents one 
has to know, as suggested in pioneer works 
by Rehbinder and Segalova (4), the mechanism 
of disperse structure formation from newly 
formed hydrate phases. Thus our studies con
cerned with both structure formation and che
mical interactions involved in C,AF hydration 
under various conditions depending on the 
dispersity of C^AF and on temperature.

According to our X-ray analysis anjd""thermo
graphic data the first product of C,AF hydra
tion in water at 5, 25 and 50 C is Hexagonal 
tetracalcium hydroalumoferrite which in due 
course recrystallizes into cubic tricalcium 
hydroalumoferrite. Carbonate fillers do not 
stop the recrystallization as reported in (4) 
but rather decelerate it due to the epitaxi- 
onal effect of'c'alcite which stabilizes the 
hexagonal phase.

TABLE 1 . Unit cell parametres and mole ratios 
Fep0,/Fe?0,+Al20, in cubic tricalcium hydro- 
alumoferrire resulting from the hydration of 
C. AF.4
This effect arises from the shift of the equi
librium Fe0- + 2H^0 Fe(OH)5 + Oil" 

to the right-hand side and the corresponding 
increase in FeO~ concentration in the liquid 
phase. On addition of calcium hydroxide to 
C,AF pastes the F/A+F ratio in hexagonal and 
in cubic calcium hydroalumoferrite increases. 
This is due to the fact that the solubility 
of iron in its anionic form grows with pH5 - 
(according to (5)» HFeO^ / OH =2.5x10 >).

The Fe_O,/Fe-,O,+Al_O- ratio in the mixed cry
stals 6f"'>cub£c"'>hydroalumoferrite decreases 
as the temperature is raised from 5 to 50 C 
(Table 1). 
r°c 5 20 SO s^io"3Pi me hydro, 

ion (monMs Q.3 6 0.3 6 0.3 6

Q0.Ä0 12.63 12.61 12.60^12.60 1258 12.5$ 1.9
0.40 Q37 0.30 0.30 i 0.19 0,19

Qo,A° 12.61 12.63 - 12.58^12.57 12.56 8.0
0.37 0.4 - 0.19 0.12 0,05"

Hexagonal tetracalcium alumoferrite which 
crystallizes in C. AF suspensions, with the 
molar ratio Ca(0H7 VC, AF = 2 at 5,C has the 
parametre a = 5.82+0.02 Ä. According to (5) 
this value of a corresponds to the F/A+F 
molar ratio 0.48-0.52 (0.5 on the average). 
During the hydration process this ratio was 
constant over the range of C.AF dispersities 
from 1.9X10-5 to 8.0xTO> cm2/g.(Table 2).

Calcium, hydroxide decelerates the hydration 
of C, AF and the phase transitions of newly 
formed hydrates. By analogy with the CaO- 
-AlpOj-H^O system (6) it seems likely that 
the^higher is the concentration of calcium 
hydroxide, the smaller is the difference bet
ween the solubilities of hexagonal and cubic 
hydroalumoferrites. Therefore the dissolution 
of the hexagonal phase brings about lower 
supersaturations with respect to the cubic 
hydrate thus decelerating its crystallization 
and phase transitions. In saturated Ca(0H)? 
solutions at temperatures below 50 C . 
C.Aq -Fq cH,, displays long-term stability 
and At 5"o no recrystallization into 
C^Aq jFq 58^ was observed for 8 months.

The process of C, AF hydration involves the 
development of crystallization disperse struc
tures of hardening (Fig.la, b and c). ■
FC 1 20 50 S/10J 

cmVrTi me hadTq 
tion (months ,0.5 1 A 0.5 4 . 3

CL. A” 1266 12.67 1267 12.62 12.63 12.63 19Ä^F
0.60 0.63 0.63 0.40 Q.45 0.45

Qa.A° 12.67 1267 12.68 12.63 1?.f)4 12,6,3 0 n
0.63 0.63 0.64 0.45 0.50. 0.45

o.U

Table 2, Unit cell parametres and F/A+F mole 
ratios of cubic tricalcium hydroalumoferrite 
resulting from C, AF hydration in the presence 
of Ca(0H)2. Mole^ratio Ca(0H)2/C^AF=2.

0 1 2 3 4 5 6 7
' t.montils



Fig.l. Structure formation in 5% C.AF pastes 
of various dispersity + 95% fine calcite pow
der + 28 ml HjO at various temperatures, 
a - 5 C, b - 20 C, c - $0 C. The curves cor
respond td 1 - l.lxlO-5, 2 - 1,9x10-?, -3 - 2.7x 
xW , h - S.SxlO-5, 5 - 8.0x105 cm2/g disper
sity. Pm is strength as measured by conical 
plastometer (16), Pm*>Rcompr*

The increase in strength due to the phase 
transitions of newly formed hydrates is uneven 
and continues when the hydration of anhydrous 
C.AF is over. Depending on the temperature 
and on the dispersity of the binding agent 
C,AF hydration in water takes from 1 to 15 
days. The processes of post-hydration struc
ture formation last for several months.. Du
ring the post-hydration strength increase the 
role of the initial binding agent is played 
by the metastable hexagonal phase crystallized 
during the hydration of C.AF. This is eviden
ced by the fact that -■ destruction of C.AF 
hardening suspensions after the hydr'ition^is 
over does not prevent the crystallization 
structure from further development.. Moreover, 
such destruction increases the final strength 
of the system, apparently on account of par
tial relaxation of internal stresses emerging 
during hydration. Over the temperature range 
from 5 to 50 C not only the kinetics of 
strength development but also the final 
strength of the system based upon cubic and 
hexagonal calcium alumoferrites are strongly 
affected by the dispersity of the initial 
C^AF. The final strength vs. dispersity curve 
has a maximum whose position and shape are 
markedly dependent on active supersaturation 
in the liquid phase during and after the C.AF 
hydration period. 'Our studies have shown that 
C.AF belongs to the type of binding agents 
which display no metastable solubility during 
hydration (7). The supersaturation provided , 
by such binding agents increases with the ini
tial active surface. In C.AF suspensions the 
Increase in supersaturation leads to an inc
rease in the specific surface of the crystal
lizing hexagonal phase and, accordingly, in 
the active supersaturation during the hexa- 
gonal-to-cubic phase recrystallization in the 
post-hydration period. ■ ■

Supersaturation with respect to newly formed 
hydrates is responsible for the probability 

' that the growing crystals agglutinate to form 

a disperse structure. On the other hand, high 
supersaturations increase internal destructive 
stresses which result from the crystallization 
pressure of growing agglutinated crystals. 
Owing to this ambivalent effect of supersatu
ration there exists an optimum dispersity of 
C.AF (1900 cm /g)-which provides for the high
est-strength of the structures formed by meta
stable and stable phases.

During the initial period of hardening the 
strength growth rate increases with tempera
ture, as does the hydration rate. Thus the 
strength of the structures of hardening is 
the greatest when they are formfed at 20 C. 
The low final strength at 50 C results from 
the after-hydration strength drop which ap
pears to be due to the increase in cubic 
hydroalumoferrite solubility with temperature 
and, accordingly, to the dissolution of ther
modynamically unstable crystallization con
tacts. Our results indicate that the hydrati
on hardening of C.AF is basically similar to 
that of tricalciuä aluminate (4). Due to re
crystallization of metastable hexagonal newly 
formed hydrates into stable cubic hydrates 
the strength in C,AF systems grows unevenly 
and also has a maximum at a certain dispersity 
of the binding agent. In contrast to C,A, how
ever, the absolute values of C, AF fir.ar strength 
are considerably higher and the phase transi
tions of newly formed hydrates do not involve 
such sharp strength drops as in the case of 
CtA. This difference evidently arises from 
the formation of highly disperse hydroxides 
of iron and aluminium during C.AF hydration. 
The hydroxides decrease the number of aggluti
nation contacts between crystals and relax 
internal stresses thus promoting the formation 
of stronger structures.

In saturated Ca(OH)-, solution the crystalliza
tion of tetracalcium hydroalumoferrite and its 
recrystallization into tricalcium hydroalumo
ferrite also involves formation of disperse 
structures of hardening (8). In the light of 
current concepts of hardening of mineral bind
ing agents this fact implies that the hexa- 
gonal-to-cubic recrystallization occurs via
the liquid phase. Over the range of tempera
tures studied (from 5 to 50 C) the strength 
of the structures of hardening based on the
hexagonal phase was a maximum when they had 
been formed at 5 C (Ca(0H);>was added in an 
amount sufficient for binding all the initial 
C. AF into C, A F. . 
rate and thS tihSf

aq). The strength growth 
strength of hexagonal phase

structures were growing as the dispersity of 
C.AF was increased from 1x1 O'5 to 8x10^ cm^/g. 
The final strength of this structures decrea
sed as the temperature was raised from 5 to 
20 and further to 50 C. This effect appears 
to arise from the decrease in active supersa
turation with respect to CaCOH)^ which, in its 
turn, is brought about by the decrease in equi
librium solubility of CatOH^.

The recrystallization of the hexagonal phase 
into the cubic phase at 20 and at 50 C leads 
to the increase in the strength of the system. 
In mixed structures based on the hexagonal and 
on the cubic phase the strength is a maximum 
when S=5500 cm2/g at 20 C and S=1900 cm2/g at



50 C (the Initial mole ratio Ca(OH)VC, AF wr;s 
equal to 5)« Thus the strength growth Kinetics 
and the final strength of the structures re
sulting from C, AF hydration in the presence 
of Ca(OH)- depend on the phase composition of 
newly formed hydrates, on the ratio between 
them in the system, the temperature and dis
persity of C^AF.

X-ray phase and thermographic investigations 
of C.AF hydration in the presence of gypsum 
performed in our laboratory (9) have shown, 
in agreement with (10,11) that the composi
tion of newly formed hydrates is dependent on 
n, the initial molar ratio between gypsum and 

trisulphate form of calcium 
CtAq OL^V) Z^CS—e51^p0) 

crystallizes over the eficlre’nydration^period. 
The F/A ratio in this compound was inferred 
from X-ray analysis data with the help of the 
dependence of unit cell parametres a and b on 
this ratio reported by Bobrov (11). As long 
as free gypsum is present in the system, the 
only newly formed hydrate is the trisulphate. 
If the amount of gypsum added does not suffice 
to transfer all C. AF into the trisulphate, a 
monosulphate form4of calcium hydrosulphoalumo- 
ferrite starts to crystallize after all the 
gypsum is bound. The monosulphate may crystal
lize only provided simultaneous dissolution . 
of the trisulphate and anhydrous C.AF occurs: 
C,AF supplies the necessary Al-O, while the 
trisulphate is a source of gypsum." As C, AF 
dissolves more rapidly than the trisulpnate, 
the initial C. AF partially undergoes hydration 
and forms tetracalcium hydroalumoferrite which 
is isomorphic to the monosulphate form of cal
cium hydrosulphoalumoferrite and forms a solid 
solution with it as a result of simultaneous 
crystallization. Namely this solid solution 
and tetracalcium hydroalumoferrite are the 
products of crystallization of C, AF+gypsum 
suspensions with n after all the gypsum is 
bound. The content of either component in the 
solid solution depends on the ratio between 
the-hydration, rates of the trisulphate form 
of calcium hydrosulphoalumoferrite and C, AF. 
The solid solution, whose general formula is 
5Ca0.xAl-0-.(1-x)Fe-0,.yCaS0,.(1-y)Ca(OH)-. 
.12H-0 contains thennore mondsulphate the^ 
greater is the amount of the trisulphate re
sulting from the initial crystallization and, 
accordingly, the overall dissolution rate of ‘ 
the trisulphate. At n=1 y=0.92, at n=0.5 
y=0.82. The composition of the crystallizing 
solid solution was evaluated on the grounds 
of comparing its unit cell parametre c with 
the corresponding parametre of various solid 
solutions of the monosulphate form of calcium 
hydroalumoferrite with tetracalcium hydro
alumoferrite reported by Schwiete (10). No 
recrystallization of the monosulphate, of tet
racalcium hydroalumoferrite or of their solid 
solution into tricalcium cubic hydroalumofer
rite was observed in course of six months. In 
the simultaneous presence of gypsum and 
Ca(0H)_ the composition of the metastable and 
stable^phases and the sequence of their crys
tallization during C.AF hydration were the 
same as if only gypsum were present in the * 
system (12). This fact becomes clear when one 
considers C,AF hysration at low n, when the 
relative rate of gypsum binding is high. At 

C, AF. At n If the 
hydroalumoferrite (

n=0.25 and 0.5 in the presence of Ca(0H)_ the 
first reaction product to crystallize is^the ■ 
trisulphate form of calcium hydroalumoferrite 
which in due course undergoes complete trans
formation into the monosulphate form (or its 
solid solution with C, A F. „H.,) and tetracal
cium hydroalumoferrite. -x

The deceleration of C, AF hydration and gypsum 
binding by Ca(0H)_, in its turn, brings about 
the deceleration of phase transitions of the 
trisulphate into the monosulphate (or its so
lid solution with C.A F. H.^). In the presence 
of Ca(OH)- at n=1 this process takes as long 
as two years (vs. four months without Ca(0H)_). 
At the same time the joint effect of Ca(0H)p 
and gypsum consists in sharp deceleration or 
C.AF hydration. For instance, at n=6 and n=3 
the endothermic effects characteristic of gyp
sum dihydrate are present in the thermograms*  
of the samples after two years of hydration, 
while in the absence of Ca(0H)? these effects 
disappear in the thermograms in one month at 
n=5 and in half a year at n=6.-

In the presence of gypsum the hydration and 
hardening of C,AF are dependent on the proces
ses of formation of disperse structures from 
the trisulphate form of calcium hydroalumofer
rite, tetracalcium hydroalumoferrite and its 
solid solution with the monosulphate form. 
They are also dependent on the phase transiti
ons accompanying the decomposition of the tri

Fig.2. Time dependences of strength (1,2) andn, 
the amount of bound gypsum (3) in C, AF pastes 
with gypsum, calcite and water. The^initial 
gypsum/C. AF mole ratio m=4 (Fig.2a) and m= 
(Fig.2b). The water/solid ratio w/s=0.l8 (curve 
1) and 0.22 (curve 2).



The formation of disperse structures of hard^ i 
ening from the trisulphate involves the de
velopment of appreciable internal stresses re
vealed by the strength "drops" observed until 
the C, AF hydration is finished and increasing 
as the water/solid ratio decreases. In the 
beginning of C.AF crystallization, when the 
supersaturation in the liquid phase is high, 
the trisulphate structure of hardening is 
formed by very small crystals connected by 
numerous contacts. Being thus relatively weak, 
it undergoes destruction under the effect of 
the internal stresses. At n ij the initial 
crystallization of the trisulphate also does 
not lead to any appreciable strength increase. 
The strength grows primarily during the period 
of phase transitions involved in the decompo
sition of the trisulphate crystals in the 
course of C.AF further hydration, when the 
solution yields the monosulphate form of cal
cium hydrosulphoalumoferrite, its solid solu
tion with C.A F and C,A F itself. The final 
structure or the hardened yC; AF+gypsum sus
pensions is determined by th4 phase composi
tion of newly formed hydrates, their ratio 
in the mixture and the conditions of crystal
lization.

On addition of Ca(0H)2 the general crystalli
zation and hardening behavior of the struc
tures based on the trisulphate form of calcium 
hydrosulphoalumoferrite, the monosulphate 
form and its solid solution or mixture with 
C. A.F. . aq does not essentially change (13). 
However, on formation of sulphate-rich films 
on the C, AF surface its hydration sharply de
celerates, as does the phase transition as
sociated with decomposition of the complex 
salt. Thus the low strength period in the 
system becomes considerably longer.

In C,AF suspensions containing gypsum the ad
dition of Ca(0H)_ is not so detrimental to 
final strength aS in C,A suspensions. One may 
think in this case that the weakening effect 
of internal stresses which increase with ac
tive supersaturatidn with respect to Ca(0H)2 
is counterbalanced by the increase in the 
amount of hydrate phases resulting from the 
reaction between Ca(0H)? and Al-O-.aq (Fe^O^. 
.aq), the hydroxides being the broduct of tile 
initial stage of C^AF hydration.

It is widely believed that ettringite may be 
formed either by crystallization from the so
lution or by solid phase reactions. In the 
former case ettringite is thought to crystal
lize in the pores of the structure at early 
stages of hydration and to contribute to the 
strength of the system, while in the latter 
case a destructive effect is assumed. Our 
data, however, contradict to these ideas by 
indicating that at early stages of hydration 
ettringite is incapable of forming disperse 
structures of hardening.

In C.AF pastes containing gypsum calcium 
chloride accelerates the crystallization of 
the trisulphate form of calcium hydrosulpho
alumoferrite (n 4) and therefore causes a 
strength increase at early stages of hydra
tion. On the other hand, in the presence of 
CaCl2 the supersaturation with respect to

the binary salt increases. The result is the 
increase in internal stresses and the decre
ase in final strength. At m=CaS0,/C, AF 1| 
the first product of hydration in the presence 
of CaClp is CtA F1 Cs,H,p. In the course of 
C, AF further -’h^dj-ätioii this salt decomposes 
to yield calcium hydrochloroalumoferrite, the 
compound which is responsible for the basic 
increase in strength (like in the case of C.AF 
hydration in CaCl2 solutions (14,15). 4

CONCLUSION.
The information obtained in this study and 
concerning with the processes of structure 
formation, i.e. with the development of dis
perse structures of hardening based upon newly 
formed C,AF newly formed hydrates crystalliz
ing in water and in the solutions of calcium 
hydroxide, gypsum and calcium chloride, is in 
line with the theory presenting hydration har
dening of mineral binding agents as a process 
consisting of consequent stages, namely the 
dissolution of the binding agent, the forma
tion of solutions supersaturated with respect 
to the newly formed hydrates and the crystal
lization of the hydrates resulting in a crys
talline agglomerate. The strength of disperse 
structures based on C.AF (the ferrite phase 
of Portland cement) may be controlled by 
changing the conditions of C,AF hydration and 
of crystallization of hydrate phases, as well 
as by changing the chemical composition of 
the hydrates.
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Early hydration of calcium silicates: surface phenomena

L'hydratation initiale des silicates de calcium : phenomenes de surface

I. JAWED, D. -MENETRIER and J. SKALNY Martin Marietta Laboratories, Baltimore, Maryland, U.S.A.

RESUME: Le roecanisme de 1'hydratatloa initiale des^silicates de calcium hydrauliques n'est pas encore bien 
elucidi?. On tente d'interpreter des resultats^ experimentaux obtenus par spectroscopie de photoelectrons 
(ESCA) et par microscopie electronique a haute resolution (STEM).

Les resultats montrent qu'il se forme une conche riche en sillce 5 la surface des grains de $-€2® 
C3S au cours des premiers Instants de l'hydratation. Rien n'indique que cette couche est uniforme, par 
contra, on observe que la dissolution et la formation des hydrates sont locallsees.

SUMMARY: The mechanism of the initial hydration of hydraulic calcium silicates is still inadequately 
understood. An attempt is made to Interpret experimental data obtained by electron spectroscopy for 
chemical analysis (ESCA) and high-resolution electron microscopy (STEM, scanning mode).

The data show that tn the very early stages of hydration, a Si-rich surface is obtained for both B-C2S 
and C3S. No evidence was found for the existence of a uniform layer of surface hydrate, but there was 
evidence of localized dissolution and formation of hydration products.



INTRODUCTION

Performance of portland cement tn 'concrete 
depends to a large degree on the Interaction of 
calcium silicates with water because they con
stitute approximately 80 percent of the cement 
clinker. Although they react with water at very 
different rates, the mechanisms of their dissolu
tion and the subsequent formation of hydration 
products are believed to be similar.

The cementing action of clinker minerals 
results from the products of their hydrolysis 
being less water-soluble and having a larger 
volume than the anhydrous phases. Thus, for 
calcium silicates, the hydration products, C-S-ll 
and calcium hydroxide, precipitate into the water- 
filled space and consequently decrease the'poros
ity of the system.

Details of the initial interaction of calcium 
silicates with water are complex and only partial
ly understood. Several mechanisms have been pro
posed to explain these phenomena. They may be 
classified as protective hydrate theories (1,2), 
lattice defect theories (3,4), nucleation the
ories (5-7), and osmotic pressure theories (8,
9).  They differ tn the interpretation of the 
dissolution phenomena, the reasons for the exis
tence and termination of the induction period, 
and the sequence of formation and composition of 
hydration products. An attempt has been made 
recently by Taylor (10) to unify the various 
views.

Hie mechanism of the early stages of hydra
tion clearly depends on the processes occurring 
on the solid-liquid interface and, thus, can be 
studied by appropriate physico-chemical tech
niques. The purpose of this paper is to Inter
pret ESCA and high-resolution SEM results in 
view of the available data on the early hydration 
of CßS and 8—^25.

EXPERIMENTAL

For spectroscopic studies, we used a Physical 
Electronics Model 548 Auger/ESCA spectrometer, 
featuring a double-pass cylindrical mirror ana
lyzer, an ultra-high vacuum system, and a magne- 
slum-anode X—ray source. The surface morphology 
was studied with a JEOL JEM-100 CX Scanning 
Transmission Electron Microscope (STEM), that has 
bright and dark fields, and microprobe and elec
tron diffraction capabilities. In the present 
study, we used the SEN mode with 30 A resolu
tion. Other papers (11,12) give details of the 
C^S and 8-C2S sample preparation, use of instru
mentation, and data Interpretation.

Whenever possible, the same samples were 
used for both the spectroscopic and electron 
optical experiments. To eliminate errors In in
terpretation due to sample preparation, we took 
precautions to avoid carbonation and to assure 
the reproducibility and accuracy of data.

RESULTS AND DISCUSSION

Morphological Studies

It has been shown (11,12) that the surfaces 
of C3S and B-C2S prior to contact with water 
contain no impurities. Upon contact with water, 
qlnute hydration products (approximately 200
400 A) form on the surface: with time, these 
particles grow in amount but not in size. In C3S 
hydration, the particles cover — although not 
continuously — the whole surface, whereas their 
formation on B-C2S surfaces seems to be more 
localized, both at room temperature and at 50°C 
(Fig. 1). Simultaneously, etching or corrosion 
of the surfaces becomes visible. This Is more 
pronounced for C3S, most probably because of its 
easy dissolution in water (Fig. 2).

Fig. 1. 8-C2S hydrated at 25°C for 15 seconds.
Magnification: x20,000 (stereo). •

Fig. 2. C3S hydrated at 25°C for 15 minutes.
Note the beginning of formation of Type II C-S-H 
and etching of surface. Magnification: x20,000.

B-C2S reacts at a lower rate — this is 
clearly shown by the much easier detectability 



of the various surface phenomena. The minute 
hydration products are already visible after 15 
seconds of hydration and are formed mostly, but 
not exclusively, at grain boundaries that became 
exposed by preferential dissolution. Only se
lected surface localities are covered by hydra
tion products, and dissolution of the surface is 
not uniform. Some grains or their parts dissolve 
faster than others. At no time did we detect 
the existence of a uniform protective surface 
layer that has been claimed to be responsible 
for the induction period of B-C2S and C3S hy
dration (1,2).

As the hydration progresses, the -surfaces 
of the two hydraulic calcium silicates become 
more etched, and hydration products resembling 
Type II C-S-H form (13). This happens for C3S 
at 25’C after about 30 minutes (Fig. 3), for 6-028 
at 25°C after a few days, and for S-CjS at 50°C 
at about 18-24 hours (Fig. 4). These hydrates 
are not unlike the gel formed at initial stages of 
CjA hydration, as reported by Breval (14).

Fig. 3. Surface of C3S, hydrated at 25°C for 
30 minutes, covered by Type It C-S-H. Magni
fication: x 20,000.

Fig. 4. B-C2S hydrated at 50°C for 24 hours.
Magnification: x 30,000.

ESCA Studies

ESCA scans of calcium silicates give peaks 
for oxygen, calcium, and silicon (Fig. 5).

Changes in the position, shape, and inten
sities of these peaks would indicate changes on 
the surface due to hydration. ESCA spectra show 
definite changes on the C3S and 8-C2S surfaces 
as soon as they come in contact with water. 
This is most clearly indicated by changes in 
the position and shape of the O^g peak and the 
intensities of the Ca2p an^ ®^2p P63*18-

Fig. 5. ESCA spectrum of C3S.

In unhydrated and sputtered C3S samples, 
the 0js peak at 532±0.2 eV is symmetric and 
2.7 eV wide, whereas in unsputtered samples, it 
is broader (3.2 eV) and slightly asymmetric. In 
hydrated samples, the 0|s peak becomes broader, 
and its maximum shifts toward higher binding 
energy values. After about 10 minutes of hydra
tion it becomes symmetrical and 3.5 eV wide, 
and its maximum shifts to 533.5±0.2 eV. 
Afterwards, up to 3 hours, the shape and posi
tion of the peak remain unchanged. For 6-028, 
the O-^g peak shows the same trend as for C3S 
(Fig. 6). The broadening of the 0is peak and 
the shift in its binding energy is the manifes
tation of the initiation of hydration of calcium 
silicates. These changes indicate that there are, 
at that point, more than one oxygen-containing 
species on the hydrated surface. Also, the new 
oxygen-containing species has higher binding en
ergy., presumably due to the 0-H bond since the 
oxygen in the O-H bond has a higher binding energy 
than in O-Ca and O-Si bonds.



BINDING ENERGY (eV)

Fig. 6. Changes in the Ojg peak of 
as a result of hydration.

Fig. 7. Ca/Si ratio on the C3S surface as a 
function of hydration time.

Tricalcium Silicate: Figure 7 gives typical 
results for an experiment that shows the change

As can be seen, the Ca/Si ratio drops to about 
2.6 — 2.7 with only 2 seconds of hydration. It 
then passes through a minimum at about 2.5 and a 
maximum at about 2.8. From then on, it gradual
ly decreases to a value of about 2.0 in 10 min
utes, and 1.5 in 30 minutes. Afterwards, there 
is very little change, even up to 3 hours. It 
should be pointed out that the times when minima 
and maxima in the Ca/Si curves appeared were not 
exactly reproducible and probably depend on the 
fineness and thermal history of the CgS.

The departure of the Ca/Si ratio from a 
value of 3.0 on the CgS surface tn the very early 
seconds of hydration shows that the first hydrates 
on the C^S surface do not have a Ca/Si ratio of 
3.0 as was believed previously. The probing 
depth of ESCA is about 20 A. The hydrated layer 
in the early seconds of hydration Is probably 
less than 20 A but, in spite of this, a Ca/Si 
ratio close to 3.0 is not obtained. Thus, it may 
be concluded that the C^S surface in the early 
stages of hydration is rich in Si (5-7). The 
significance of the minimum and maximum in the 
Ca/Si curves is not entirely clear. If we assume 
that the minimum represents a hydrated surface 
rich in St, then the maximum may represent a 
surface on which Ca2+ ions have chemisorbed, 
supporting the views of Tadros et al. (7).

Dicalcium Silicate: It was found that both pure 
and stabilized CjS gave very similar ESCA spectra 
and Ca/Si ratios. Variation in the Ca/Si ratio 
on the S-C2S surface Is a function of hydration 
time, as shown in Fig. 8. Because of the very 
slow 3-C2S hydration, samples were hydrated up 
to 24 hours, both at 25° and 50°C.

TIME OF HYDRATION (log scale)

Fig. 8. Variation with time of the Ca/Si ratio 
for S-C2S hydrated at 25° and 50°C.



The shape of the Ca/Si-vs-hydration time 
curves is similar to those obtained for C3S: a 
minimum is followed by a maximum in the very 
early stages of hydration« However, the fluctua
tions are less pronounced and appear somewhat 
later than for C3S. They also appear earlier 
in samples hydrated at 50°C than in those hydrated 
at 25eC. These differences may be attributed to 
the higher hydration rate of C3S and to the 
acceleration of B-C2S hydration due to increased 
temperature« ,

The Ca/Si ratio for 50eC hydration reaches a 
value of about 1.6 in one minute, and then remains 
practically unchanged up to 6 hours« After 24 
hours, it has decreased to about 1.3« At 25eC, 
the Ca/Si ratio reaches a value of about 1«5 in 
an hour, and from then on remains practically 
unchanged (1.50-1*55)  up to 24 hours*  The dif
ference in the starting times of th§ plateaus 
in these Ca/Si curves is presumably due to the 
different hydration rates of ß-C2S at the two 
temperatures« The duration of these plateaus may 
have something to do with the induction period. 
If this is the case, then it also implies that 
the Ca/Si ratio on the surface hydrates does not 
change significantly during the induction period*  

« Although the probing depth of ESCA is only 
about 20 Ä, bulk analyses can be obtained by 
sputtering the surface*  Sputtering provides the 
possibility of estimating the thickness of the hy
drated layer« Measurements were made on 6-C2S 
hydrated both at 25° and 50°C. For xmhydra- 
ted ß-C2S, sputtering did not change the Ca/Si 
ratio from a value of 2.0 (Fig. 9). For samples 

SPUTTERING DEPTH (A)
Figi 9. Ca/Si profile as a function of 
sputtering depth for hydrated 6-C2S-

hydrated at 50°C for 24 hours, sputtering up to 
a depth of 150 Ä did not change the Ca/Si ratio 
from 1.3. For other samples, the Ca/Si ratio 
eventually reached a value of 2.0 as a result of 
sputtering, but required deeper sputtering with 
Increased hydration time or temperature. From 
these data, the depth of the hydrated layer for 
the 25°C samples is on the order of 50 Ä after 
15 seconds and about 100 Ä after 6 hours.

Another interesting observation was made 
regarding the Ca/Si ratio of ß-C2S samples 
hydrated at 50°C. The surface Ca/Si ratios, 
after one minute and 6 hours of hydration, are 
1.56 and 1.57, respectively. Sputtering to a 
depth of 50 Ä changes these ratios to 1.80 and 
1.68. The lower Ca/Si ratio beneath a depth of 
50 Ä for the 6-hour sample shows that hydration 
continues progressively beneath the surface, 
although it may not be noticeable at the surface 
during the induction period.

In addition to the information provided by 
the changes in the 0^s peak, some Interesting 
conclusions can be drawn from the differences in 
the binding energies of Ca2p and Si2p> A decrease 
of 0.6 eV is observed for ß-C2$ hydrated for 24 
hours at 50°C. This is due to a shift of either 
Ca2p towards lower, or S12p towards higher binding 
energies. The latter case is more probable, 
since the binding energy of S12p increases as the 
material goes from silicate to silica gel (15). 
Our results would then indicate that the monomer 
form of SIO2 in unhydrated 8-C2® progressively 
transformed into dimeric or possibly higher 
polymeric forms upon hydration.

CONCLUSIONS

The present study clearly shows the useful
ness of ESCA and high-resolution SEM in eluci
dating the mechanisms of early hydration of cal
cium silicates.

New Information on the surface morphology of 
the hydrated calcium silicates ha^ been obtained. 
Immediately upon contact with water, minute 
hydration products form on the surface. Simul
taneously, dissolution or corrosion of the sur
face becomes visible. Both the dissolution of 
B-C2S and CjS,. and the deposition of the 
hydrates are nonuniform, and are preferentially 
localized at grain boundaries. With the progress 
of hydration, what is believed to be honeycomb 
Type II C-S-H forms on the surface.

"Surface analysis by ESCA revealed changes in 
the average Ca/Si ratio as a result of hydration. 
Immediately upon contact with water, the Ca/Si 
ratios drop for both of the calcium silicates 
and, following a maximum, continuously decrease. 
The data indicate the formation of a silica-rich 
hydrated surface in the early stages of hydration. 
Chemisorption of Ca2+ takes place on this surface. 
Sputtering of the hydrated surface enabled esti
mation of its depth as a function of hydration 
time.
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Materials from the Synthetic Tobermorite

Materiaux comportant de la tobermorite de synthese

T. CIACH, J. DYCZEK, M. PETRI, L. WESTFAL, Stanislaw Staszic Academy of Mining and Metallurgy, 
Cracow, Poland. ' .

RESUME : La tobermorite de 11 A, obtenue par traitement ä I1autoclave de chaux et de silice 
en suspension aqueuse, se präsente sous la forme de cristaux agglomSrSs en grains sphSriques. 
La dimension moyenne des grains peut varier selon les particularitös du traitement.

L’Stude d6taill6e de la porosit6 des produits polycristallins obtenus par ce procSdS de syn
thase, avec diverses formes de granulats, a montr6 que la porositS totale et la distribution 
des pores pouvaient etre tr6s varifis.

Nous avons 6tudi6 I'influence des propri6t6s d'ogrAgation de la tobermorite de 11 A sur les 
propriAtSs mAcaniques, la porosltA totale et la distribution des pores des produits obtenus.

SUMMARY : 11 Ä tobermorite obteined in a hydrothermal processing of an aqueous solution of 
lime and silica has the shape of a spherical aggregate of cristallites.
The average size of adjacent grains in particular synthesis may be different.
The detailed study of porosity of polycristalline products made of synthetic tobermorite 
/with different shapes of aggregates/, indicate the total porosity, although there is a very 
different pore size distribution to be observed.
In this study we are trying explain the origin aggregate forming, the interactions of pore 
shapes and their influence on the observed porosity structure as well as mecanical factors 
of products made of 11 A tobermorite.



INTRODUCTION - ,
Zotiermorite is the main product of reaction 
derived during the course of autoclavisation 
of building materials such as; silicate bri
cks, autoclaved concrete and other materials. 
The optimal reception of these materials is 
often empiriely treated. On the other hand 
as the main product of the reaction, tober- 
morite is responsible for the utilitarian 
properties of the product /I»2*3,4/.  '
Established methods syntheses,of 11& tober- 
morite was observed on the 50 s /5,6,7/, but 
not untill recently were they applied to 
production, in particular to attractive pro
ducts such as wollastonite, highly porous ' 
materials, insulation materials and so forth.
A particulary attractive method of obtaining 
calcium silicate hydrates In this and tober- 
morite is the hydrotermal treatment of quartz 
-lime water suspension.
It is easy to obtain a water suspension of 
tobermorite, and after removing water from 
it /pressing/ obtain light polycryetailine 
materials. They give evidence of their suf
ficient mechanical and insulative properties,. 
A mixture of 11 A tobermorite and CSH.phase ’ 
in the water suspension are usually products 
of lime and quartz hydrothermic syntheses, 
by wchich the quantitive ratio of the phase 
and stage of crystalisation of tobermorite 
differ in conditions of syntheses.
SEM microscopic observations proved the fol
lowing : .
1- inthe water suspension appear aggregates 

composed of the tobermorite crystals ce, 
mented together by a CSH phase,

2- a dimension of these aggregates are diffe
rent depending on the conditions of synthe
ses.

The following experimental description was 
carried out in the hope of explaning the in
fluence of the aggregates dimensions on the 
formconnditions and mechanical properties of 
the polycrystalline materials from synthetic 
11 A tobermorite.
EXPERIMENTAL '

The syntheses of tobermorite was carried out 
with CaO /analytical grade/ and Si02 in qua
rtz form of specific surface area l60000m<"/kg 
in .0,01 mJ volume of an autoclave with the 
agotator /120 rpm/ in the temperature of 
448 K in saturated steam pressure. The molar 
ratio of CaO to S102 was o,87.
The amount of AlyO-^present as kaolinite was 
0,2 % on the weight of total solids.. 
In the order of syntheses the change in time 
of the autoclavisation and the water do dry 
substance ratio /w:s/, in this cases was as 
following:

w:s time ■ 
syntheses A 10:1 10 hrs
syntheses B 7:1 7 hrs

X-ray diffraction showed than the product of 
syntheses A was 11 X tobermorite and a small 
amount of CSH phase, the presence wchich re
sulted in a slightly raised background in 
the region of reflex /220/ /fig. 1/»

4D 35 30 25
Pig. 1 - X-ray analyses of syntheses A

SEM mocroscopic observation allowed to state 
that tobermorite appeared in a sphericalag 
aggregate form of dimension 1*6*10~ Dm.

Pig. 2 - The aggregates of tobermorite A

X-ray analyses of syntheses B products 
showed olso the presence of 11 A tobermorite 
but less crystalline. It was stated also ’ 
that in B material was a greater quantity 
of GSH phase /fig. 3/.

The aggregates observed on SEM microscope 
showed greater dimensions /20*40 e10~°m/ 
than in material A /fig. 4/.

Fig. 4 - The aggregates of tobermorite B



Samples of materials from both syntheses 
were heated to 673°K and X-ray diffraction 
showed a characteristic peak of 9,3 8 tober- 
morite. We may certify the obteined tobermo- 
rite as a "normal" variation at 11,3 * to- 
bermorite /8/e
Samples of 10x20x60* 10“^m dimensions were 
formed from water suspensions of tobereorite 
by pressing, the top and bottom removing the 
water from it. The pressing conditions are 
in T^ble I. They wery dried by superheated 
water steam a temperature of 393°C.

Dynamical Young's modulus and Poisson's 
ratio v were determined by measouring the 
speed of transnition of ultrasonic wave. 
An ultrasonic generatpr was used with fre
quency of 11 Hz. Precision of measurment 
were 0,1 s.

C, - speed wave
. (t - bulk density

Values of crck initiation energy /Y'-. and 
crack propagation energy were^dstermina- 
ted by the "across bending bar with a notch" 
method /3,10,11,12,13/,
The barsowere deformed in three point bending 
at 4*10 “ m span.
The samples of a=10""<£m, b=6*10 ”':m, d-2*10"" ‘:m 
dimension were nothed to depth c.
c/d ratio was as follows: 0,5$ 0,6$ 0,7$ 0,8. 
Load deflection curves were recorded on an 
IXSTHONmachine operating at crosshed speeds 
of S^W^m/min.

Using the following formules were determina
ted the values of/12/,and y"p : 

<r _ 9/i-^2/fpi-2 f/c/d/ 
0 1 8Hb2/d-c/3

PB - fracture Load 
f7c/d/ - values are in

T'S” 2b/d-c/

U - fracture's total work

y'p is a function of c/d, decreasing with 
increasing notch depth. The true value 
are given by extrapolating the results to 
c/d - 1 /10/. ,
The values of Young a static modulus E ,and 
bending strength ü p, were determinated by 
deforming the bars without notch under the 
meantioned conditions.
Compressive strength v*  wae determinated ■ 
on the cubic samples.
The value of critical defect C, was calcula
ted from Griffith s equation /II/. -

Data of the specimens: 5K,

■ C are sumarized in Table I.

Pores and pores size distibution were deter
minated in 75 000 * 37,5 2 range, and were 
carried out by using mercury porosimeter 
/fig. 5 and 6/.
Total porosity was calculated. The results 
are tabulated in Table I.

Table I

Material A Material B

Pressing conditione 
N/m2 • 106 20,89 15,94

Bulk density
kg/m3* 10"3 0,600 0,600

Total porosity
m3/kg*  10~3 1,4166 1,4166

Mercury porosity 
m3/kg. 10~3 1,1135 1,1445

Poisson's ratio 0,05 0,05

E J- 1,524 1,934
d N/m2* 10y II 2,052 2,005 .

£ N/m2» 108 4,562 3,544

N/m2» 106 3,42 2,97

N/m2» 106 10,86 9,21

I/m2 4,02 7,04 '

I/m2 0,41 0,092

C m • 10"4 1,000 1,794



RESULTS .
The mechanical properties of materials A and 
B show significent difference*  
Material A has higher values of compressive 
strength fe v*  bending strength O and 
Youngs static modulus E« . .
In both materials the values of compresive 
strength are much higher than of the bending 
strength. It is typical for brittle materials. 
Measurment of Young s Dynamic modulus E,, 
was determined vertically and horizontally 
with respect to -the forming directions.
The value differenses of E. depending on the 
direction of measurment indicate an anisotro
pic efect of the tested material.
If we can say that material 3 is isotropic, 
to the same ettent material A showed signi
ficant anisotropic.mechanical properties.
Material A was formed from a tobermorite 
water suspension with a small quantity of 
OSH concentrated in the aggregates having 
small dimensions.
For both materials it was found that the 
value of was greater than / So we use 
more energy for crack initiation than for 
crack propagation for the fracture of the 

material. It means that there is possibility 
of a cathastrophic course of fracture process, 
in this case when a high deflection force is 
used. Material A was better, becouse it sho
wed a higher resistance to fracture/ e.g. 
'/pfor A is greater than that for B/.
A pore determination allowed to say, that 
the total mercury porosity of both examined 
materials in range of 75 000 * 37,5 A was 
almost identical. We have observed a differ
ence in the pore size distribution. Material 
B was formed from a water suspention contai
ning tobermorite aggregates with a larger 
quantity of CSH than material A, thus it can 
be said that material B has greater amount 
of small pores with radius less than 500 a.

CONCLUSIONS
/!/ Obtaining tobermorite in a water suspen

sion creates aggregates of 11 A tobermo
rite cemented by the CSH phase. The stage 
of tobermorite cryetalizatlon and quan
tity of CSH combining has an influence 
on the eatent of these aggregates and 
machanical properties of the obteined 
products by pressing.

ii The obteined materials from the tobermo
rite water suspension of smalle aggrega- 

■ te dimensions and with smaller amaunts 
of CSH phase showed better mechanical 
properties. However, to obtein such a 
suspension and form from these materials 
requires more energy for autoclavisation 
and formation. •

ill When examining the mechanism of fracture 
on the samples it was stated that the

■ amount of energy required for crack ini
tiation is many times greater than en
ergy necessery for fracture propagation. 
The practical results of this are, that 
the products from synthetic tobermorite 
aught to have a much smoother surface 
/with out cracks or notches/ and that 
the addition of reinforcing materials 
will fortify this tobermorite material.
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Hydration and strength of normal portland cement 
admixed with anhydrous calcium sulfate
Hydratation et resistance du ciment portland normal 

additionne d'anhydrite

K. NAKAGAWA; Senior Research Manager, Denki kagaku Kogyo Co., Ltd. R & D Department,
K. ISOZAKI, Research Chemist, of Omi-Plant, Japan, '

. Y. WATANABE, Research Chemist.

RESUME : Des recherches ont ete entreprises sur 11 Hydratation et le durcissement de ciments 
composes de ciment portland normal et de sulfate de calcium anhydre du type II ou de sllice 
activee; il s'aglssait notamment de connaltre I’influence des conditions de cure et des. 
agents reducteurs d'eau.
(-'addition d'une quantite appropriee de II CaSO. retarde le debut de 11 Hydratation du C,S, 
mats plus tard augmente son taux d'Hydratation.A temperature plus eleven, I'effet de cette 
addition d'anhydrite est augmente. L'addition d'un agent reducteur d'eau (condensat de formol, 
et de sulfonate ßnaphtalenique de sodium) retarde 1'Hydratation du C,S aux premiers ages, mats 
accelere la formation de 1'ettringite.
L'addition d'une quantite optimale de II CaSO^ accelere 1'Hydratation du C^S et la formation 
de 1'ettringite, augmente la proportion d'eau non evaporable dans la pate, et contribue ain- 
si ä ameliorer la structure de la pate durcie. A temperature plus elevee, la cure est amelio- 
ree lorsque la proportion d'anhydrite ajoutee augmente; l'addition de silice activee peut 
alors ccmpenser les inconvenient; de 1'anhydrite et ameliorer la resistance a long terme et 
la stabilite.

SUMMARY: Investigations were made on the hydration process and the mechanism of strength 
development of cements composed of normal portland cement and Type II anhydrous calcium 
sulphate or further admixed with active silica to know the influences of the curing condition 
and the, water reducing agent affecting thereon.
When an optimum quantity of Il-CaSO. is added to normal portland cement, the early hydration 
of C3S is retarded but the degree of hydration at the later age is increased. The effect of 
the admixture is noticeable so far at a high temperature. The addition of a water reducing 
agent (formalin condensates of ^-naphthalene sodium sulfonate) promotes the retardation of C_S 
hydration at the early stage, but accelerates the ettringite forming reaction.
The addition of an optimum quantity of Il-CaSO^ accelerates the hydration of C„S and the 
formation of ettringite and the increase in non-evaporable water with attendant: improvement 
of paste structure and strength development. It is considered that a high temperature curing is 
effective if the added quantity of Il-CaSO is large, and that the further addition of active 
silica compensates the disadvantage of Il-CaSO^ and contributes to the long-period strength 
and the stability.



I. INTRODUCTION

Addition of gypsum to normal -port^and cement 
(NPC) is limited from the viewpoint of prev
enting the flash setting and the abnormal 
expansion (1). Important factors producing 
effects on these phenomena are the content 
of C-A, the alkali content and the fineness 
of tne cement. It has been known that the 
strength may be considerably increased by 
adding an optimum quantity of gypsum (1) (2) 
but it is supposed that if an excess quanti
ty of gypsum is added to the cement, the 
unreacted S0„ and SO- contained in the CSH 
gel will react with the aluminate components 
to accelerate the formation of ettringite or 
the growth of crystal, whereby the stability 
of the cement stone has been eventually lost 
for a long period of time (1) (3) (4'.
On the other hand, regulated set cement and 
expansive cement etc. contain large amounts 
of calcium aluminate and gypsum and/or 
anhydrite (II-CS), In view of these back
ground facts, this article reports the inves
tigation which have been made on hydrate 
structure and mechanism of strength develop
ment of the cement admixed with II-CS to know 
the fundamental facts including the influ
ences of curing conditions and water reducing 
agent.

II. EXPERIMENTAL
Table I shows the mineral compositions of 
the admixtures, and Table II shows the chem
ical composition of NPC. In Table III, there 
are shown the curing methods. The high 
temperature curing was effected at 65°C for 
6 hours by steam curing after pre-curing at 
20°C, 80%rh and then left standing for spon
taneous cooling.

Mineral
TABLE 

composition
I

of admixtures 
(wt%)

Name of 
admixture II-CaS04 Activated SiOj

CS ' 100 0
CS+S 85 15 ' '

• TABLE II
Chemical composition of normal portland 
cement(NPC) (wt%)

ig.loss insol. Si02 ai2o3 Fe?O3 CaO

0.7 0.3 22.0 4.7 3.2 64.8

MgO S03 Na20- k2o f-CaO blaine(cm2/g)

1.2 2.0 0.40 0.43 0.8 3090

' TABLE
... .. Curing me

III 
sthod

No. 1 Initial curing After one day

NPC 2O’C,8O%rh 20eC,80%rh 
20*C(in  water)

NPC+CS H

NPC+CS+S M ••

No. 2 Pre-curing Steam curing cycle

NPC 4hrs 65 eC,6hrs

NPC+CS c. 20eC6hrs 80%rh Jao* 'X natural
C/hr cooling

NPC+CS+S 5hrs

After one day 20°
20e

C,80%rh 
C(in water)

The water to-cement ratio was 0.3 and'0.5% 
of the water reducing agent (formalin con
densates of /9-naphthalene sodium sulfonate) 
was added to cement (substituted for water).
Each of the paste specimens (4x4x16 cm beam) 
at the predetermined age was subjected to 
strength test. The crushed specimen was 
divided into a first group having the size 
of 5.0mm to 2.5mm and a second group having 
the size of less than 1.7mm. The former group 
was D-dried (for 48 hours) and used as sam
ples for determining the evaporable water, 
the non-evaporable water, and the pore vol
ume (measured by using mercury pressure 
porosimeter) and observing the morphology 
of hydrates by scanning electron microscope, 
whereas the latter group was washed with 
ethanol and subjected to X-ray diffraction 
analysis.

III. RESULTS AND DISCUSSION
III-l. HYDRATION OF C S AND FORMATION OF 

ETTRINGITE ■ d
The differences in hydration degree of C„S 
between the curing at 20’0 and 65eC at the 
curing age of 24 hrs, were found about 10% 
for the NPC system wherein the_admixture was 
not added, about 15% for the CS system 
wherein'10% of II-CS was added, and about 
18% for the CS+S system wherein 10% of
II-CS  and activated silica were added. These 
results show that the effect of high temper
ature curing is remarkably promoted by the 
addition of the admixtures. (Fig. 1 (a) (b) 
(c)) 
The hydration of C„S is accelerated by the 
admixtures. The difference in hydration 
degree of C^S at the 24 hour age between the 
NPC and the systems of the admixtures added 
is increased by 5 to 10% when the curing is 
effected at 20C  and about 10% when the 
curing at 65eC.

*



Age (hour, day)

Age (hour, day)

Fig.l Hydration process by X-ray analysis 
( Water curing after one day ).

However, the difference has been_lessened at 
the 28 day age. In both of the CS and CS+S 
systems, when the added amounts of the admi
xtures are decreased to respectively 5% and 
7.5%, the hydrations of C^S are more effect
ively accelerated as compared to the system 
wherein the added amount is 10%, whereas 
there is found tendency that the acceleration 
effect is decreased when the added amount is 
increased in excess of 10%.
The water reducing agent apparently retards 
the initial hydration of CgS in both of the 
CÜ and C'S+S systems, but does slightly 
accelerate the hydration at the curing age 
of later than 24 hrs.
Although it had been recognized that"the de
gree of super saturation of Ca +in the liquid 
phase was promoted by adding gypsum to pure 
C_S alone to accelerate the initial hydrati
on of it (5), the hydration of C^S contained 

in the cement was found to be retarded. This 
is considered as related to the ettringite 
formation reaction which is activated by the 
addition of II-CS and in this activated per
iod the nucleation for enterring into the 
acceleration period of hydration of C„S 
becomes small. The added water reducing 
agent is adsorbed onto the surfaces of 
cement particles to facilitate this phenom
enon. If the curing is effected at the high 
temperature of 65°C, this phenomenon is 
ceased and the hydration of C_S takes place 
actively concurrent with the formation of 
ettringite.
The formation of ettringite is appreciably 
affected by the action of the water reducing 
agent. The cement admixed with II-C'S is 
particulary affected thereby, but similar 
actions are observed in the system of NPC 
alone and other systems referred to above 
irrespective of the curing temperature. As 
the mechanism attributing to this phenomenon, 
it may be assumed that the water reducing 
agent is partially adsorbed onto the 
surfaces of the calcium aluminate particles 
to render the organization of protective 
film, at which the ettringite is formed at 
the initial stage of hydration, to be coarse 
to facilitate the dissolution of Ca, Al ions.
In the CS+S system, at both of the early and 
later curing ages, the difference in ettrin
gite formation due to the £uring temperature 
is small. Whereas in the CS system, the 
amount of formed ettringite is relatively 
increased when the curing is effected at 
65eC, and gradually increased further with 
the lapse of time. It is shown that active 
silica acts to form a large amount of ettri
ngite at the early stage of curing.
(Fig. 1(c) )

III-2  MORPHOLOGY OF HYDRATION PRODUCTS
At the early age of curing at 20°C, the hyd
ration does not proceed so far and the ceme
nt particles have the sizes of several to 
several tens microns and are dispersed to 
form a coarse matrix. Although no acicular 
or needle-like ettringite is visually confi
rmed at this stage, a relatively amount of 
ettringite has been found by X-ray analysis. 
It is, therefore, considered that the crys
tals of ettringite are not grown to have 
appreciable sizes and they form minute orga
nizations adhering to the surfaces of calc
ium aluminate particles. (Fig. 2) '
When the curing is effected at 65eC, a large 
numbers of needle-like ettringites are found 
in the voids of cement matrix at the 24 hour 
age,-the diameter of such needle-like crys
tals being 0.2 to 0.4 p and the length being 
several p, and the crystals are grown to 
have diameters of 0.4 to 0.6 p, but the 
lengths are not changed. The shapes of ett
ringite are characterized by the needle-like 
crystal and the hexagonal cross-section of 
prismatic crystal.
The hydrated particles form continuous gel 
as the hydration proceeds, and the matrix of 
24 hrs age cured at 65*C  shows the .substan-



NPC,20eC,4hra C3 10*,20*C,6hrs

C3+S 1056,20eC,5hrs NPC.'SO^CrS^rs

CS 10%,20*C,24hrs CS+S 10^6,20eC,24hrs

c5 10%,20eC,28days CS+S 10%,2Q,C,28days ■

NPC,65*C,24hrs " C5 10%,65eC,24hrs

Co+s 10%,65eC,28days

tially same state as that of the matrix of 
about the one month age at 20°C. It has been 
observed that ettringite crystals grow into 
the liquid phase presented in the voids of 
the gel from the surfaces of calcium alumi
nate particles.

II1-3 STRENGTH DEVELOPMENT AID HIDRATION
DEGREE

----- aircuring 
----- water curing

120 - 20*C

0 5 10 15 20CS(%) added

(a) CS

----- air curing 
------water curing

120 - 20*C

cs»s(*/.)  added

(b)CS*S

Fig.2 Observation of hydrates by scanning 
electron microscope, (water curing after 
one day.)

Fig.3 Relation between compressive strength 
and admixture content.



Tn the CS system cured at 20eC, the cement 
admixed with 5% of CS has the highest streng
th throughout the curing ages of 1 to 28 days, 
and the strength at the curing age of 28 days 
of the cement admixed with 5% of C3 is about 
1.4 times as high as that of the NPC.
Those admixed with more than 5% of CS have 
the strengths approximately equal to or sli
ghtly lower than that of the NPC. If the cur
ing is effected at 65°C, the cement admixed 
with 7.5% of CS has the maximum strength. 
The strengths of the cement admixed with 
larger amounts of CS are somewhat different 
from the strengths of similar cement cured 
at 20“C so that the strengths of the cements 
cured at 65 °C are increased by 10 to 20% as 
high as that of the NPC and inter alia the 
strengths in air curing are particularly im
proved (6). (Fig. 3(a) )
In the CS+S system cured at 20eC, the cement 
admixed with 5% of CS+S has the maximum stre
ngth at the curing ages of 1 to 7 day, and 
the cement admixed with 7.5% of CS+S has the 
maximum strength at the 28 day age. Although 
the strengths of the cements of_the CS system 
admixed with larger amount of CS are not in
creased as compared to that of the NPC, the 
strengths of the cements admixed with larger 
amounts of C5+S are increased by 10 to 15% 
as high as that of the NPC at the 28 day age. 
When the curing is effected at 65*C,  the 
cement admixed with 7.5% of CS+S has the max
imun strength at the curing age of 28 days. 
No appreciable difference has been found 
between the strengths cf the cements admixed 
with 5 to 20% of CS+S, respectively, and the 
functional effect of the activated silica 
become obvious so that the developed stren
gths of the cements are approximately 1.4 
times as high as that of the NPC. (Fig.3(b) )
If an optimum quantity (5-7.5%) of II-CS is 
added, unreacted II-C§ being scarcely present 
at an early age, the strength development is 
facilitated futher effectively.
The rate of increase in strength in terms of 
the increase in non-evaporable water in each 
cement is obviously different in every sys
tem. In the NPC cured at 20'C, the strength 
is developed relatively rapidly with small 
increase in the quantity of non-eyaporable 
water until it reaches to 50 N/mm‘ but the 
rate of increase in strength at the later 
age is small. On the contrary, in the CS and 
C§+S systems, the rates of increase in stren
gth are larger, and this tendency is more 
remarkable in the CS’+S system. When the cur
ing is effected at 65*C,  slightly difference 
is found between the rate of increase in 
strength of the CS system and that of the 
NPC, whereas the rate of increase in strength 
of the CS+S system is prominent. It is con
sidered that the addition of activated silica 
serves to strengthen the matrix.(Fig.4(a)(b))

When the curing is effected at 20<>C, the 
interrelation between the total pore volume 
and the strength may be plotted on a substan
tially straight line in either of the NPC 
and CS and CS+S systems irrespective of the

(a) CS

(b) CS*S

WnC/.)

Fig.4 Relation between compressive strength 
and non-evaporable water (Wn).
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quantities of the admixtures. However, when 
the curing Is effected at 65eC, the cements 
admixed with admixtures have higher strengths 
as that of the WPG having the same total pore 
volume, and inter alia the strength in air 
curing are improved rather than the strengths 
in water. Different from the rate of increase 
in strength in terms of the increase in non- 
evaporable water, the rate of increase -in 
strength in terms of the decrease in pore  
volume is not distinguishable between the CS 
system and the CS+S system. (Fig. 5 (a)(b) ) 
This aspect requires further investigation.

IV. CONCLUSION
When an optimum quantity of II-CS(5-5.7%) is 
added to normal portland cement, the hydrat
ion of CyS is retarded at the early stage but 
after aged for one day it is accelerated.
The addition of a water reducing agent ( fo
rmalin condensates of ß-naphthalene sodium 
sulfonate) promotes the retardation of C^S 
hydration at the early stage, but accelerates 
the ettringite formation reaction.
The addition of an optimum quantity of II-CS 
facilitates the hydration of silicate phase 
and increases the formation of ettringite 
thereby to increase the amount of non-evapo- 
rable water and to strengthen the paste 
structure.
A higher temperature curing becomes effective 
with the increase in amount of II-C'S.
The activated silica serves to strengthen the 
paste structure and improve on the stability 
for a long period of time due to the promo
tive effect on ettringite formation at the 
early stage and the suppressive effect on it 
at the later age.
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Le röle des aluminates et des sulfoaluminates de calcium 
dans l'elaboration de proprietes de la pierre de ciment
Part played by aluminates and calcium sulfoaluminate in formation 

■ of properties of cement stone

T.V. KOUZNETSOVA, candidat es sciences techniques,
LV. KRAVTCHENKO, docteur es sciences techniques, NIITzement, Moscou, U.R.S.S.

BESUME : On a e tu di 6 le ph6nomdne d1 hydra tat ion du sulfoaluminate de calcium ainsi que de 
ses melanges avec les silicates et les aluminates de calcium. On a demontre que la morpho
logic des cristaux formSs ainsi que leur microstructure pr6sentent des traits physiques 
propres au ciment hydrate. On a constatä que suivant le rapport quantitatif entre 1* ettrin
gite et les hydroaluminatea de calcium dans la pierre de ciment en vole de durciaaement il 
s’y forme soit une structure d'hydratation stable, soit des conditions favorables ä son 
extension. La formation de structure d’hydratation, sa solidite, son extension et son auto
tension sont regies par la quantity d’aluminates et de sulfoaluminates de calcium contenue 
dans le ciment.

3UMMABX : Hydration of calcium sulfoaluminate and its mixtures with calcium silicates and 
aluminates has been investigated. It is shown that the morphology of novel foimation cria- 
talls and microstructure characterise physical properties of hydrated cement. It has been 
found out that depending on the ratio in the amounts of ettringite and calcium hydroalumi
nates, a strong hydration structure is formed in the hardening bement stone, or conditions 
for its spreading are provided. Foimation of the hydration structure, its strength, expan
ding and self-stressing are controlled by the amounts of aluminates and calcium sulfoalu
minate in cement.



Les aluminates et les sulfoaluminates de 
calcium constituent justement les phases 
de clinker gui attirent 1* attention lors- 
qu'on etudie les diffdrents types de ci- 
ment : cimept portland, ciment alumineux 
ä. teneur älevee en alumine, ciment expan- 
sif. La cindtique de I'hydratation, la 
constitution des composes hydrates, la 
stabilitd au cours d'un long durcissement, 
I1influence exerc&e sur la fonnation de la 
structure d*  Hydratation de la pierre de ci
ment sent 1* ohjet de nombreuses dtudes en
treprises sur ces ciments.
L’analyse de donnSes publiees sur la com
position des hydroaluminates de calcium 
montre qua le rapport entre CaO et Al-O, 
dans les composes hydrates est fonction5de 
la composition des aluminates de calcium 
d6siydrat6s (1-5), de la temperature et de 
la durde d'hydratation (4, 5), de la pre
sence ou de 1'absence de OaCOH)? dans le 
milieu d'hydratation (6, 7)*  L'hydratation 
des aluminates de calcium en presence du 
gypse s'accompagne de la formation de I'hy- 
drosulfoaluminate de calcium dont la com
position depend de la quantite de sulfate 
de calcium contenue dans la phase liquide 
du mortier (8, 9).
L'iydratation du sulfoaluminate de calcium 
entrains la formation de la variants mono
sulfate de 1'hydrosulfoaluminate de cal
cium et, en presence du gypse - de 1'ett
ringite et de 1'alumine hydrates (10).
La cinetique de l'hydratation d'aluminates 
et de sulfoaluminates de calcium est regie 
5ar de nombreux facteurs en conditionnant 

es particularites morphologiques des com
poses hydratds ainsi que la structure de 
la pate de ciment qui durcit (11). La mor
phologie des produits d'hydratation et la 
microstructure de la pierre de ciment en 
voie de durcissement ainsi que ses inter
dependances avec les propriet6s physiques 
de la pate de ciment ont 6t6 etudiees par 
de nombreux chercheurs. Cep endant le nom- 
bre important de facteurs a actions reci- 
proques sur la vitesse d'hydratation et la 
formation de la structure d'hydratation ne
cessite une etude detailiee de tons les 
stades d'hydratation du ciment et de dur
cissement de la pate de ciment.
L'objet des recherches a 6t6 1'etude de 
l'hydratation du sulfoaluminate de calcium 
et de ses melanges avec les aluminates, 
les silicates de calcium et le gypse ainsi 
que de 1'influence reciproque des reactions 
d'hydratation sur la resistance et le gon- 
flement du ciment en vole de durcissement.
L*etude  du processus d'hydratation a ete 
conduite par deux methodes :
- par agitation de la charge d'dprouvette 
dans 1'eau pour un rapport S/L = 1/50 du
rant 1,7 heures, 1 dA28 jours ;
- en 6prouvettes de pate de ciment dont le 
rapport E/C est 6gal ä 0,4.
Par la premiere methode etaient pr6parees 
les suspensions de sulfoaluminates de cal
cium qu'on conservait dans des ballons ' 
etanches. Le malaxage de la suspension 

etait conduit continument durant 5 jours, 
puls trois fols par jour pendant une heure. 
Les deiais prescrits ecouies les suspen
sions etaient filtres et on deteiminait la 
composition chimique de la phase liquide, 
tandis que le residu de flltrage etait sou- 
mis A l’analyse aux rayons X et ä 1'analyse 
thermique differentielle.

Tableau I

Canposition de la phase liquide au 
cours de l'hydratation du sulfo
aluminate de calcium

Delals de 
1'hydrata- 
tion, jours

Concentration, mg/1

CaO A12°5 SO^

0,04 
0,29 
1 
5 
7 

28

851
608
600
218
187
125

1105 
1053 
1038 

242 
195 
111

132 
74 
58 
56 
15 
15

Comme il ressort des donnees figurant dans 
le tableau I la dissolution du sulfoalumi
nate de calcium s'effectue de faqon non 
congruente. Une heure apris sa mise en in
teraction avec 1'eau, le rapport molaire 
d*oxydes  dans la phase liquide ne corres
pond plus A la composition initiale du sul
foaluminate de calcium. Le rapport de CaO 
ä AlpO, est voisin de I'unitA durant les 
deuxrpremiers jours d'hydratation. La solu
tion est mAtastable et avec I'hydratation 
subsAquente du sulfoaluminate de calcium 
le rapport CaO/AlpC^ s'accroit jusqu'd 1,8-

Les etudes aux rayons X des phases solides 
aprds flltrage des suspensions ont montre 
qu’aprds une heure d’hydratation on d&tec- 
tait dans la composition des produits for- 
m6s 1'hydrosulfoaluminate de calcium des 
Variantes tri- et monosulfate. Le jour sui- 
vant l’hydratation se poursuivant, on ob
serve sur le radiogramme, ä cotA de ces 
composes des raies de diffraction caracte- 
ristiques de 1'aluminate de calcium de for
mula aCaO’AlgOj-SHpO.
D'aprAs les donndes foumies par l’analyse 
aux rayons X et l’analyse thermique diffe
rentielle l’hydratation du sulfoaluminate 
de calcium s'effectue de faqon intense et, 
au bout de 28 jours, tout le 5CaO-3Al2O,» 
CaSO^ est pratiquement hydrate.
Dans la seconde m&thode 1'etude de 1'hyd- 
ratation du sulfoaluminate de calcium avec 
une quantite restreinte d'eau a montre que 
dans ce cas I'hydratation se ralentit et 
apres 28 jours, le degre d'hydratation du 
sulfoaluminate ne constitue que 71 % de la 
masse initiale. L'analyse aux rayons X et 
l’analyse thermique diffSrentielle ont 
etabli que la composition des produits 
d’hydratation contenait : 1'alumine hydra- 
t6, 1'ettringite, 1'hydroaluminate de cal- 



cium. hydromonosulfoalwninate de calcium 
(apres trois Jours de durcissement) et les 
hydrocarboaluminates de calcium (ä 28 Jours 
et plus de durcissement).
Les essais physiques et mScaniques d'eprou- 
vettes ont montre (fig. 1) que l’hydrata- 
tion du sulfoaluminate de calcium s’accom- 
pagne de la formation d’une structure d’hy- 
dratation solide qui en un Jour de durcis
sement atteint une resistance de 537 kgf/ 
cm2. Durant les temps de durcissement sui- 
vants l’accroissement de la resistance de 
la structure se ralentit et au bout de 28 
jours la pierre de ciment acquiert une re
sistance de 500 kgf/cm2.
L* extension des eprouvettes est peu sen
sible de l’ordre de 0,05 ä 0,08 %.

duree <fe durcissement, Jours -

Fig. 1 - Resistance (a) et extension (fo) 
d*eprouvettes durant le durcissement s*6- 
tendant sur 1 ä 28 Jours. 1 - du sulfo
aluminate de calcium, 2 - idem avec addi
tion de 10 % de gypse, 5 - idem avec ad
dition de 36 % de gypse. On a montr6 en 
pointilie la desegregation de l'dprouvette.

L* etude de 1’Hydratation du sulfoaluminate 
de calcium en presence de gypse a pennis 
d*6tablir  que la composition des produits 
d’hydratation est fonction de la quantite 
de gypse introduit. Pour de petites addi
tions de gypse (10 % de la masse du melan
ge avec le sulfoaluminate de calcium) la 
?uantite d* ettringite monte quelque peu 
fig. 2) par rapport ä. sa quantite obtenue 

avec l’hydratation sans gypse. A cot6 de 
1* ettringite on rencontre dans la composi
tion des produits d* Hydratation des alumi
nates hydrates et des hydrocarboaluminates 
de calcium. Les premiers Jours du durcisse
ment la resistance des eprouvettes est 
beaucoup inf6rieure ä celle de la pierre de 
ciment obtenue par Hydratation du sulfoalu
minate de calcium pur.
Avec I'adjonction au sulfoaluminate de cal
cium du gypse en quantite dosee pour la fi
xation complete du sulfoaluminate de cal
cium en ettringite, la resistance de la 
structure d’hydratation chute brusquement, 
et, aprds 7 jours de durcissement, les 
eprouvettes se d6sagregent, par suite d* im
portantes contraintes au sein de la struc
ture engendr6es par la fonnation d’une , 
grande quantite d’ettringite (sa quantite 
augmentant du double devant celle form6e 
avec 1’hydratation de 3CaO*5Al 2O,CaSOz, en 
absence de gypse). Cela engendre^une Pforte 
dilatation des eprouvettes et un abaisse- 
ment de la resistance de la structure qui 
ne peut etre mAintenue devant les contrain
tes developp6es. Meine une limitation de la 
dilatation (par armaturage biaxiale des 
eprouvettes) ne peut s’opposer aux efforts 
engendr6s par la formation d’une grande 
quantite d’ettringite dans la pierre de 
ciment qui durcit.

Fig. 2 - Hauteurs des pics de diffraction 
de üettringite sur les diagrammes radio- 
graphiques d*eprouvettes dont le durcis
sement s’6tale sur 1 ä 28 jours. 1 - du 
sulfoaluminate de calcium, 2 - idem avec 
10 % de gypse, 3 - idem avec 36 % de gypse.

Les dtudes microscopiques d’Eprouvettes 
par diffraction des electrons ont montrE 
qu’avec 1’Hydratation du sulfoaluminate de 
calcium, ä 1’expriration d’un Jour, 11 ap- 
paralt a cotE de I’ettringite des cristaux 
lamellaires d*aluminate  de calcium HydratE 
et du monosulfoaluminate de calcium hydra- 



t6. Les dimensions des cristaux d* ettringi
te s’accroissent au bout de 28 jours de 
durcissement. L’eprouvette manifeste une 
compacitS 61ev6e.
L’hydratation du sulfoaluminate de calcium 
avec 1•addition de 10 % de gypse, un jour 
aprds, fait acqudrir ä 1* Eprouvette une 
nette structure cristalline de fins cris
taux lamellaires d'aluminates de calcium 
hydratEs et de gros cristaux d’ettringite 
de dimension atteignant 6 jum. La quantity 
d*  ettringite et la dimension de ses cris
taux augnentent durant 7 jours de durcis
sement. Les cristaux d'ettringite en s'al- 
longeant repoussent les cristaux lamellai
res voisins en engendrant des pores entre 
ces derniers. Au cours de I'hydratation 
ulterieure du mElange de sulfoaluminate 
de calcium et de gypse, la quantitE d*et 
tringite et la dimension de ses cristaux 
demeurent invariables, les pores et les 
vides entre les cristaux d'ettringite se 
remplissant de cristaux lamellaires et de 
masse informe ; la compacitE des Eprouvet- 
tes durant cette pEriode äugnente.
La confrontation des rEsultats d*Etudes  
ptysico-chimiques et des donnees d'essais 
physiques et mecaniques d’Eprouvettes mon- 
tre que suivant le rapport entre la quan
titE d'ettringite et d'aluminate de cal
cium bydrat6 dans le Systeme en voie de 
durcissement il est possible soit d’augmen
ter la rEsistance, soit de provoquer 1'ex
pansion et 1* autotension de la pierre de 
ciment. O'est ainsi que la pierre de ciment 
au cours de I'hydratation du sulfoalumina- . 
te de calcium possAde une autotension de 
14 kgf/cm2, tandis qu’en presence de gypse 
eile s'ElAve A 58 kgf/cm2.
Les Etudes ont montrE que pour obtenir des 
ciments A contraindre il est utile de com
biner 1'alxun inate tricalcique au sulfoalu
minate de calcium. Le tableau 2 nous four- 
nit les rEsultats d'essais de ciments ob- 
tenus par broyage simultane du clinker
Sortland et du sulfoaluminate de calcium.

ans cette opEration 1'Eprouvette 1 con- 
tenait 2 % de C,A, tandis que 1'Eprouvet- 
te 2 - 7 % * 1'eprouvette 5 contenait 10 % 
de CjA.

Tableau II

REsultats d’essais de ciment A 
contraindre

nos d’eprou- 
vettes

REsistance, 
kgf/cm2

Expan
sion, %

Autoten
sion, „ 
kgf/cm41

1
2 
3

552
550
452 -

0,7 
1,05
1,5

51
46
51

D'aprAs les donnEes fournies au tableau 2 
on voit que 1'augmentation de la quantitE 
d'aluminate tricalcique dans le clinker- 
protland permet d'obtenir un ciment A au
totension ElevEe. Ccmme il a EtE dEjA men- 

tionnE (12) 1'autotension de la pierre de 
ciment est le rEsultat de deux processus se 
dEroulant au cours de I’hydratation du ci
ment : le compactage et le durcissement 
avec 1'accentuation du degrE^d’hydratation 
du ciment et le gonflement du A 1'augmenta
tion de la quantitE et de la vitesse de 
formation de 1'ettringite. Pour engendrer 
et conserver 1'autotension au sein de la 
pierre de ciment, il faut que la rEsistance 
de la structure d’hydratation soit supE- 
rieure A 1'effort crEE par les cristaux 
d'ettringite en croissance. Il a EtE etabli 
que la periode de cristallisation spontanEe 
de 1'ettringite s'accompagne d'une exten
sion maximale et de 1* apparition de grandes 
contraintes au sein de la structure de la 
pierre de ciment qui conditionnent 1'ac- 
croissement spontanE des cristaux filifor
mes de 1’ettringite renforqant la pierre de 
ciment. Mais 1'auto-renforcement et la con-' 
solidation ne sont assures qu'au cas d'un 
excEs de la phase d'hydroaluminate devant 
celle nEcessaire a la formation de 1’et
tringite. Cette condition est garantie par 
un rapport correspondant entre les alumina
tes et le sulfoaluminate de calcium dans le 
ciment.
Au cours de I’hydratation du melange de 
sulfoaluminate de calcium et de gypse en 
presence du silicate tricalcique, le gypse 
est fixE dAs le premier jour avec forma- ■ 
tion d*ettringite  A cotE duquel on" observe 1 
dans l’eprouvette une importante quantite 
d'aluminates de calcium hydratSs. Il a Ate 
Atabli que I’hydratation de 0,8 en prAsen- 
ce du sulfoaluminate de calcidm s'accelAre. 
Dans ce cas le degre d'hydratation de 0,8 
est au bout de 28 jours de 80 %, tandis2 
qu’en absence de sulfoaluminate de calcium 
il est de 60 %. En quailtA de corollaire 
on observe une AlAvation de rEsistance de 
la structure d’hydratation. Dans le premier 
cas la pierre de ciment se caracterise par 
une rEsistance de 550 kgf/cm2, et dans le 
second de 465 kgf/cm2.
L’hydratatlon du silicate bicalcique, du 
sulfoaluminate de calcium et du gypse s’ac- 
compagne de la formation de 1’ettringite, 
d’hydrosilicates fibreux et d’aluminates 1 
de calcium hydratSs en forme de lamelies 
ecailleuses. Le degrS d’hydratation de C-S 
mAlangS au sulfoaluminate de calcium et 
au gypse est supSrieur A celui de I'hydra
tation de CjS pur au cours de tous les sta
des de durcissement des Aprouvettes. Il a 
AtA constatA qu'au cours de I’hydratation 
du mAlange mentionnA il s’Stabllt une struc
ture trAs rSsistante de beaucoup supSrieure 
A celle de la pierre de ciment obtenu lors 
du durcissement de 0-8 pur. On a utilisS 
cet effet pour la mise au point du ciment 
de sulfoaluminatobAlite. Dans des condi
tions de production industrielle on a ob
tenu un clinker de sulfoaluminate ccanposA 
de sulfoaluminate de calcium, d*aluminate  
de calcium de formule 12Ca0-7Al;>0, et de 
silicate bicalcique (fig. 3). 2
Le clinker moulu avec et sans gypse a per
mis d’obtenir des ciments qui soumis aux 



essais ont donne les resultats groupes au 
tableau 3.

Fig. 3 - Diagramme radiograph!que du clin
ker de sulfoaluminate. o - CoA^CS, 
x - • - C2S 1 3

Les etudes montrerent que l’hydratation 
des phases de sulfoaluminqtes et de sili
cates g'effectue simultanement. Comme au 
cas d’etudes d’eprouvettes en laboratoire 
on a etabli qu’au cours de l'hydratation 
du cimeht de sulfoalumina^obelite 11 se 
forme des cristaux allonges d’ettringite, 
des hydrosilicqtes et des aluminates de 
calcium hydrates de fqrme fibreuse et la- 
mellaire. La grande resistance de la pier- 
re,de cement d’une telle microstructure a 
ete notee maintes fols par V.V. Timachev 
et O.P. Mtchedlov-Petrossian. -

Tableau III

Designation 
du ciment

Surface 
specifi- 
qug, 
cm£/g

Resistance a la 2 
compression, kgf/cm^ 
a

1 j. 3 j. 28 j.

De sulfo- 
a^uminato- 
belite 
Idem avec 
addition 
de gypse

4000

4000

352

382

400

425

620

642

Melange au clinker-portland et au gypse le 
clinker de sulfoaluminate garantjt une pro
duction de ciments expansifs et a contrain- 
^re se_caracterisant par une extension 
egale a 0,1-1,0 % et une autotension de 
1’ordre de 20 a 38 kgf/cm2 suivant le rap
port entre les composants, "
Done la grande resistance ainsi que 1’ex
tension et 1’autotension de la pierre de 
ciment sont dqs effets de la grande Vites
se et du degre d’hydratation du ciment qui 
regissent la rapide formation de 1* ettrin

gite et d’aluminates de calcium hydrates 
des le premier jour de durcissement et, les 
jours suivants, d’hydrosilicates de,calcium. 
Le rapport optimal entre la quantite d’et
tringite et d’aluminates de calcium hydra
tes varie en fonction deg besoins d’obtenir 
soit un ciment a haute resistance, soit un 
ciment expansif.
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Very early hydration of tricalcium silicate

L'hydratation aux premiers ages du silicate tricaicique

E. SAKAI, Dr. Research Associate, M. DAIMON, Dr. Associate Professor and R. KONDO, Dr. Professor, 
Dept of Inorg. Materials, Faculty of Eng. Tokyo Institute of Technology, Japan.

RESUME : Cn a StudiS l'hydratation aux premiers ages du silicate tricaicique anhydre, broy6 
d des finesses variSes. Les propri6t6s du silicate tricaicique anhydre ont 6t6 dSterminöes 
par IR, par analyse aux rayons X, par Kr-adsorption, et par la mesure de la chaux libre. Le 
d6gagement de chaleur de l'hydratation a 6t6 mesurS au moyen d'un calorimdtre "isopSribol", . 
ä deux cellules associSes dans un montage diff6rentiel. D'autre part, on a recherche 1'in- 
fluence de CafOHjj et de sulfonates aromatiques de soude ayant des structures mol6culaires 
variSes, sur la composition de la phase liquide. L1 hydra tation,aux tous premiers ages, du 
silicate tricaicique peut etre divisSe en deux phases: la premiere correspond ä la liberation 
immediate d'ions Ca^"1", et la seconde, qui suit la premiere, correspond ä la liberation plus 
lente d'autres ions Caz+. Les r6sultats exp6rimentaux peuvent etre expliqu6s par la th6orie 
topochimique conventionnelle.

Apr6s la premiere phase de l'hydratation, le sulfonate aromatique de soude ayant une longue 
chalne hydrophobe, est adsorbe par le silicate tricaicique et ses premiers hydrates. Il s1 en- 
suit que la seconde phase du dSgagement de chaleur est retardSe, de meme que la poursuite de 
1' hydratation du silicate tricaicique.

SUMMARY : Very early hydration of trlcalcium silicate was studied using samples with various 
grinding times. Properties of unhydrated trlcalcium silicate was determined by IR, X-ray 
diffraction, Kr-adsorption and free lime analysis. Heat liberation of hydration was measured 
by means of twin isoperibol calorimeter. Furthermore, influence of Ca(0H)2 and sodium aromatic 
sulfonates, with different molecular structures, were Investigated In connection with the 
composition of liquid phase. The very early hydration of trlcalcium silicate could be divided 
Into two steps. The first corresponded to the Immediate liberation of Ca2+ion and the second 
following slower liberation of Ca2+lon respectively. The experimental results could be 
explained by conventional topochemical theory.

After the first step of hydration, sodium aromatic sulfonate, having a long hydrophobic chain 
was adsorbed on trlcalcium silicate or the first hydrates. Then the second step of heat 
liberation was retarded, and the further hydration of trlcalcium silicate was retarded. v



INTRODUCTION

It has long been discussed whether the 
hydration of tricalcium silicate (C3S) takes 
place through solution or topochemically. 
A principle paper entitled "Phase composition 
o'f hardened cement paste" was contributed at 
the previous congress, and dealt with the 
mechanisms of cement hydration and the phase 
composition (1). However, the mechanisms of 
C3S hydration have not been well known, and 
especially, the studies on the very early 
stages are Insufficient.

Authors have investigated the kinetics and 
the mechanisms of hydration of C3S using 
samples with narrow particle size • 
distribution, and five stages were Introduced 
as follows (2). In the Sp stage, the 
reaction took place immediately on contact 
with water. In the Sji stage, nucleation of 
C-S-H having low CaO/SiOs (C/S) ratio with 
slow liberation of Ca2+ion. In the Sjjj 
stage, the reaction took place very actively' 
and was accelerated with time. In the SIV 
stage, the rate of hydration decreased 
gradually, Sjy and Sy were the decay period. 
According to de Jong et al. (3), calcium 
silicate hydrate (C-S-H) coatings having high 
C/S ratio were formed on C3S particles 
surface, thus prevented any further hydration 
of C3S. . With the passage of time, when C/S 
ratio of C-S-H decreased and the first 
hydrates converted Into the second hydrates 
which were more permeable, the hydration of 
C3S was accelerated. And Stein summarized 
the conventional studies of the mechanism of' 
C3S hydration and reconfirmed the validity of 
topochemical reaction.theory (4). ■ ' '

Young et al., on the other hand, suggested 
that the Induction period was controlled by 
the nucleation of calcium hydroxide (CH), and 
that the second peak of rate of heat ' 
liberation was controlled by the growth of CH 
(5). Fuji! and Kondo (6) reported that when 
the maximum supersaturation of solution 
with calcium Ions was attained, then the 
Induction period would terminate and the 
reaction would proceed rapidly, probably as 
the result of propagative surface nucleation
growth of C-S-H(II). Maycock et al., who 
proposed the schematic model of C3S' hydration 
suggested that the induction period corre
sponded to nucleation of CH and the second 
hydrates (7). According to Tadros et al., 
calcium Ions adsorbed on the Si-rich surface 
of C3S particles, greatly reducing their 
further dissolution, thus Initiating the 
induction period (8). Dent Glasser et al., 
recently, have studied the hydration of C3S 
by means of analytical electron microscopy 
and trlmetyl silylation, and they have 
postulated that initial protonic attack gave 
a surface layer of high C/S ratio and calcium 
ions was then lost and silicate tetrahedra 
condense gave dimer (9). . •

Very early hydration of C3S had to be studied 
by considering the mechanochemical effect 
such as lattice defect or surface activity. 
Relations between surface activity, lattice 

defect and the reactivity of cement were 
discussed (7,10,11). But the investigation 
of the correlation between the mechano
chemical effect and the very early hydration 
of C3S was scarce.

In this study, the mechanisms of the very 
early hydration of C3S are investigated 
using samples which were ground for 15h, 30h, 
48h, exposed to 100%RH for Ih, and the CH 
saturated solution or sodium aromatic 
sulfonates with different molecular 
structures were added. This study is also 
very important in considering the retarding 
mechanisms of organic compounds on the 
hydration of cement.

EXPERIMENTAL

Materials

C3S was sytheslzed based on the composition 
as shown in Table I (12). The synthesized 
C3S was the so-called M phase or alite from 
the X-ray diffraction patterns.

Table I Chemical composition (Z)
S1O2 A12O3 CaO MgO Total
25.8 1.2 72.0 1.0 100.0

The synthesized C3S was crushed in an alumina 
mortar and was ground for 15, 30, 48h 
respectively. The properties of ground C3S 
were analyzed as follows. Bcot9/B°cot6 was 
measured using (009) of X-ray diffraction 
patterns. Specific surface area of ground 
C3S was measured by Blaine's method and Kr 
adsorption. Particle size distribution of 
C3S was measured by the photo-extination 
method. The infrared spectrum of ground C3S 
was observed by means of KBr disk method. 
The amount of free-CaO was measured by 
glycerol-alchol method.

In the study of effect of sodium aromatic . ' 
sulfonates, a large amount of C3S was 
synthesized and was ground for 20h in order 
to study the effect of various organic 
compounds.

Additives, used in this study were sodium' 
benzenesulfonate (BS) and sodium p-dodecyl- 
benzenesulfonate (12N) made by TOKYO KASEI 
KOGYO'CO. (Japan), and sodium salts of . 
formaldehyde high condensate B-naphthalene- 
sulfonate (HCNS). The degree of . 
polymerization of the latter was about 10, it 
was Mighty-150 made by KAO SOAP CO. (Japan). 
Table II shows the formulas of sodium 
aromatic sulfonates used in this study. BS 
has a hydrophilic group (-S03Na) at an end of 
the molecule and a short hydrophobic group. 
12N has a hydrophilic group at an end of the 
molecule and a long hydrophobic group. HCNS . 
has many hydrophilic groups in the long 
molecule. '



Table II Used sodium aromatic sulfonates
Sodium benzenesulfonate (BS)

<O\S03Na
Sodium p-dodecylbenzenesulfonate (12N)

n*10

Sodium _ _
of ß-naphthalenesulfonate (HCNS)

Ci 2H2 5-^3^—SO3Na 
salts of formaldehyde high condensate

Condition

The water to solid ratio was 10 and hydration 
temperature was 20°C. The amount of • 
additives was 0.5? by weight of C3S.

Calorimetry

Conduction calorimetry was highly suitable 
for measuring the heat liberation of cement 
hydration and was used by many investigators, 
but it is unsuitable for measuring the rapid 
change of heat. Therefore the twin isoperibol 
calorimeter (TOKYO RIKO CO., Japan) as shown 
in Fig.l was used in this study.

Fig.l - The twin type of isoperibol ' 
calorimeter

Analysis of liquid phase

After C3S was hydrated using the apparatus as 
shown in Fig.2, liquid phase was extracted by 
filtration. After adding Sr2+ion as releaser, 
Ca2+ion of liquid phase was analyzed by 
atomic absorption spectrophotometry. And pH 
Changes of liquid phase were recorded 
continuously .-

Fig.2 - The reaction apparatus

RESULTS

Properties of ground C3S

The specific surface area of C3S increases 
with grinding time as shown in Fig,3- The 
results of Kr adsorption do not agree" well 
with and are larger than those of Blaine's 
method. Particle size distribution of C3S is 
shown in Fig.4. The amount of C3S having 
fine particle diameter increases with 
grinding time. The properties of ground C3S 
are summarized in Table III. Free-CaO and 
Bcot6/B°cot6 increases with grinding time.
IR spectra become broader with grinding time, 
and adsorption band of C3S ground for 48h 
shifts to .longer wave lengths (Absorption of 
930cm-1 shifts to 940cm-1). Specific surface 
area of C3S sample, used in the study of the 
effect of sodium aromatic sulfonates, as - 
measured by Kr adsorption and Blaine's method 
are 0.54m2/g or 0.41m2/g respectively. In 
this case , free-CaO is 0.02% and IR spectrum 
indicates the same results with 15h ground 
sample in Fig.3. ■

Fig.3 - Relation between grinding time and 
specific surface area



Fig.4 - Relationship between particle size 
distribution of C3S and grinding time

Table III The properties of ground C3S
Irinding time (h) Bcot9/B°cot6 Free-CaO 

(%)
0 1 0.019

15 1.025 0.Q2?
30 1.058 0.049
48 1.064 0.055

Suspension hydration of C3S

Heat liberation of very early hydration of 
C3S is shown in Fig.5. These heat liberation 
curves calculated from experimental data 
using equation (1).

ATad = ATex + a ............... (1)
ATex = T2 - Ti 
a = ATex-expCt/t)

where ATad is the adiabatic rise of 
temperature and ATex is experimental value. 
T2 and Ti is experimental data of temperature, 
t is the time from Ti to T2,tis the time 
constant of the calorimeter (in this case, 
60 min.).

The very early hydration of C3S takes place 
by two steps. With the increase of grinding 
time, heat liberation in the first step (Qi) 
is increased and the appearance of the second 
step of heat liberation (Q2) is accelerated.

In Oh-ground sample, which is crushed 
in alumina mortar, it is not clear whether the 
reaction takes place by two steps. When C3S 
hydrates in Ca(0H)2 saturated solution, the 
second step of heat liberation does not take 
place. The heat liberation of the first step 

decreases when C3S sample is exposed to 
100%RH for Ih.

Fig.5 - Heat liberation of C3S hydration

Influence of sodium aromatic stilfonates on 
the very early hydration of C3S

The heat liberation owing to C3S hydration 
with sodium aromatic sulfonates is shown in 
Fig.6. BS does not retard the very early 
hydration of C3S. In the presence of 12N, Qi 
is smaller than no addition case, and Q2 
is not detected. The second step of very 
early hydration is found to be retarded by 
the addition of HCNS, and the main hydration 
of C3S may be overlapped by the second step. 
The changes of Ca2+ concentration in liquid 
phase are shown in Fig.?. As soon as C3S 
contacts with water , Ca2+ion of liquid phase 
increases rapidly, and thereafter, it 
increases gradually with processing time. In 
the case of 12N and HCNS addition, Ca2+ion of 
liquid phase increases rapidly, but does not 
increase in the second step. The results of 
pH measurements show the parallel tendency 
with those of Ca2+ion.

DISCUSSION

Mechanisms of theVery early hydration of C3S ,

Authors have reported that the very early 
hydration of C3S using narrow particle size 
distribution, took place by two steps (2), 
the two-step reaction does not depend on 
the particle size distribution.

Qi and Q2 are larger than the heat of 
immersion of S102, T102, and SnO2 which are 
about 0.59J/m2. Thus, it may be considered 
that-the heat liberation, depends on_the



Fig.6 - Influence of sodium aromatic 
sulfonates on the very early hydration of C3S

chemical reaction. Qi increases with the 
Increasing specific surface area and surface 
activity of C3S, which increases with 
grinding time. The values of Bcote/B°cot6, 
shown in Table III,are affected by 
crystallite size as well as lattice defects. 
But it is supposed to be true that surface 
activity of C3Sbecomes higher with grinding 
time, because IR spectra become broad and 
free-CaO increases. -

The hydration of C3S has been discussed 
based on top'ochemical theory. Qi may be 
corresponded to the formation of the first 
hydrates with rapid release of Ca2+ion. When 
C3S is exposed to 100%RH for Ih, Qi decreases 
as the first hydrates are already formed.

In the case of C3S, hydrated in CH saturated 
solution, Q2 is not observed for liquid phase 
is saturated with CH, and main hydration of 
C3S was retarded (2). Qz should correspond 
to the nucleation of hydrates having low C/S 
ratio, that is, the formation of the second 
hydrates with release of Ca2+ion. The 
mechanisms of C3S hydration are illustrated 
in Fig.8.

2nd hydrate
First hydrate nucleation

Fig.8 - Illustration of C3S very early 
hydration " "

Fig.7 - The concentration of Ca2+ion df a 
hydrating C3S suspension with or without 
additives.

Retarding mechanisms .

The influence of sodium aromatic sulfonates 
having different molecular structures on the 
main hydration of C3S and portland cement has 
been reported in connection with the amount 
of adsorption (13). A certain type of 
surfactants having a long hydrophobic group 
and a hydrophilic group at the end of the 
molecule such as 12N, shows a critical amount 
of addition. The hydration of cement is 
significantly retarded only when the dosage 
exceeds a critical amount. 12N is, then, 
closely adsorbed on cement. HCNS gradually 
retards the hydration with the amount of 
addition. The retarding effect of BS having 
a short hydrophobic chain is low because the 
amount of adsorption is small, even if the 
concentration is high.

In all cases, Qi takes place, but with the 
addition of 12N, Qi is smaller than others. 
Qz is retarded by the addition of 12N and 
HCNS. In the first step of very early 
hydration, the concentration of Ca2+ion 
approximately reaches the point of zero 
charge range according to Stein's study of 
surface charge of calcium silicates and 
calcium silicate hydrates (14). Tadros et al. 
have suggested that calcium ions are adsorbed 
on Si-rich surface of C3S particles (8).

Therefore, when the first step of very early 
hydration occurs, the surface charges of C3S 
or the first hydrates become positive. 
Because anionic additives having a long 
hydrophobic chain is adsorbed on positive 
surface, the slow release of Ca2+ion is 
prevented, and the formation of the second 
hydrates are prevented. Then the second step 
is retarded, and therefore the further 
hydration of C3S is also retarded.



CONCLUSION

Very early hydration of C3S takes place by 
two steps. The heat liberation In the first 
step increases, and the appearence of the 
second step of heat liberation is accelerated 
with grinding time. The heat liberation of 
the first step decreases when C3S was exposed 
to 100$RH for Ih before hydration. When C3S 
hydrates in CH saturated solution, the second 
step of heat liberation (Q2) was not detected. 
The first step may be corresponded to the • 
formation of the first hydrates with rapid 
release of.Caz+ion, and the second step to 
the nucleation of hydrates "having low C/S 
ratio, with slow release of Ca2+ion.

Sodium aromatic sulfonates having a long 
hydrophobic chain are adsorbed onto the first 
hydrates of C3S. Then the second step of 
very early hydration is retarded, and' . 
therefore the further hydration of C3S is- 
also retarded.
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Eventement et raidissement des ciments

Air aging and stiffening of Portland cements

A. BONIN, Ingenieur de recherche, laboratoire de recherche generale, Lafarge S.A., France.

RESUME : L 1 61 ud e a e t e r e a I i s e e su r u n CPA 55 R i n d u s t r i e I n e presentant, e n conservation 
proIongee ä I 1 ab r i de I ' a i r , a uc u n phenomene de raidissement I o r s de I*utilisation  en pates 
ourriortiers.

Dans un premier temps, on a montre que des eventements controles du ciment ä 2O°C et SO 
ou 80 % d 1 h y g r om e t r i e relative entrainaient des modifications nefastes plus ou moins mar
quees du comportement rheolo,gique.' On a ensuite determine dans ch a que cas de conservation 
la nature et la cinetique d'apparit i o n , apres gächage, des premiers hydrates. Une correla
tion entre ces cinetiques et I'effet passivateur de la vapeur d'eau sur la phase alumineuse 
du ciment a permis d'expliquer les anomalies d'ecoulement observees dans le cas des ciments 
e v e n t e s .

SUMMARY: For this study a high early strength industrial Portland cement was used, which 
did not show any sign of stiffening, even after prolonged aging under dryair.

First, it was established that checked air a g i n g s o f the cement at 50 or 80 % R . H . and 2 O ° C 
result in more or less pernicious modifications of the rheological behaviour.

Then the nature and kinetics of formation of hydrates were determined in all cases of con
servation. The surprising types of flow observed with pastes or mortars of wet air exposed 
cements are explained by comparing the kinetics of hydrates formation and the passivation 
effect of wat^r vapour on aluminous phases.



INTRODUCTION

L'eventement ou exposition ä I'air plus ou moins humide d'un 
ciment Portland ne presentant aucun phenomene de fausse 
prise, peut modifier de diverses manieres le comportement 
rheologique des pates, mortiers ou betons dans les premie
res minutes de I'Hydratation.

Nous ecarterons d'office le cas bien connu de la fausse 
prise carbonate due ä la carbonatation des alcalins pendant 
l'eventement. Les carbonates alcalins qui en resultent rea- 
gissent au gachage avec la chaux et precipitent de la calci
te ; ce mecanisme est generateur de raidissement.

Dans le cas d'un clinker broye non gypse, tous les auteurs 
admettent que c'est I'Hydratation immediate du C,A qui en- 
traine la prise rapide. La presence de gypse sufrit ä ralen- 
tir, et meme ä bioquer, I'Hydratation de cette phase suppri
mant ainsi tout raidissement.

L'interpretation de I'action retardatrice du gypse ne fait 
par centre pas encore I'unanimite :

SKALNY (1) pense que la dissolution du C^A est incon- 
gruente. Avec un rapport C/A dans la solution superieur a 
trois, il se formerait au contact du C^A une couche riche 
en-alumine sur laquelle s'adsorberaient les ions calcium. 
Cette pellicule alors chargee positivement attirerait les 
ions SO^ et formerait ainsi une barriere ä la diffusion de 
I'eau vers le C^A.

FELDMAN et RAMACHANDRAN (2) font intervenir la cine-
tique de dissolution du C^A qui serait controlee par la pre
sence et le mouvement des dislocations cristal Iines, 
lesquelles seraient bloquees par I'adsorption superficielle

GUPTA (3) envisage la formation d'une pellicule impermea
ble de C^AH en presence de Ca(OH)„ et de SO^Ca 2 L^O 
stable tant que la concentration en CatOH)- reste assez 
elevee. II n'exclut pas la formation de pelites quantiles 
d'ettringite, mais pense qu'elle precipite par reaction entre 
le C^AH*  et le gypse avec liberation de chaux hydratee qui 
renforcerait alors la stabilite du C.AH .4 x
Enfin STEINOUR (4), STEIN (5), COTT IN (6), COLLE- 
PARDI (7) admettent la formation directe d'une Coquille 
d'ettringite par reaction C^A - gypse. Cette capsule de tri
sulfoaluminate plus ou moins bien cristallisee serait assez 
impermeable a I'eau et aux ions SO^ pour isoler mecani- 
quement le C^A du reste de la solution de gachage.

En ce qui nous concerne, nous admettons cette interpreta
tion et c'est avec ce modele que nous expliqüerons les com- 
portements des ciments eventes.

Dans cette Hypothese, pour que le blocage du C^A soil effi- 
cace, il faut que la coquilie d'ettringite se forme rapidement 
sur les surfaces de C^A. Son epaisseur minimale necessai
re sera de plus fonction de I'impermeabilite de la couche 
d'hydrate, done de sa structure. Tout ce qui pourra dans 
le Systeme C^A - gypse - eau modifier la cinetique de for
mation et la structure de la couche d'ettringite, aura une 
influence certaine sur le comportement rheologique des pa
tes .

Dans cette optique, il faut citer les considerations-de LO
CHER (8) qui fait intervenir les reactivites relatives des 
deux phases principales que sont le C-A et le sulfate. Par 
exemple, si le C^A est plus actif que le sulfate (gypsage ä 
I'anhydrite), il y aura possibilite de precipitation de C^AH 
et de formation differee d'ettringite plus eloignee des sur

faces de C^A et par ce fait moins protectrice. Si par cen
tre c'est le sulfate qui est plus actif (presence de semihy
drate ou d'anhydrite soluble) la formation ralentie d'ettrin— 
gite laisse la possibilite de precipitation de gypse entrai
nant le raidissement de type sulfate.

Enfin, si en presence de semi hydrate on a un C^A super 
actif, la precipitation rapide d'ettringite consomme tres 
vite tout le semi hydrate et el imine le risque de precipita
tion du gypse, tout en bioquant energiquement le CjA.

Ayant mis en evidence des comportements rheologiques in- 
habituels d'un ciment industriel selon son mode de conser
vation, nous avons emis I'Hypothese que l'eventement 
modifiait suffisamment la reactivite du CjA pour provoquer 
des changements de fluidite. C'est pourquoi nous avons 
realise I'etude experimentale de tels phenomenes.

REALISATION DES ESSAIS

Choix du ciment

Nous avons choisi le CPA 55 R qui avail pose industrielle- 
ment des problemes de conservation. Le clinker a pour 
composition potentielle :
C3S = 66,3 %, C2S = 15,4 %, Cy*.  = 0,5 %, C4AF = 14,5%

Chaux libre : 1,55%
K^O est le seul alcalin present (0,25 %) entierement com
bine sous forme sulfate. Le ciment est obtenu par broyage 
industriel avec du gypse (SO„ = 2,25 %) ä la finesse de 
4575 cm^/g. On a verifie qu'il ne contenait pas de semi 
hydrate en proportion decelable.

On peut remarquer la forte teneur en C^AF et la quasi ab
sence de C^A dans ce ciment mais nous savons par ailleurs 
que ce compose a dans le cas present une tres forte activi- 
te et que le ciment non gypse raidit aussi fortement qu'un 
ciment contenant une proportion preponderante de C^A. Par 
ailleurs, en accord avec COLLEPAROI (9), nous savons 
que C^AF en presence de gypse et de chaux (cas d'un ci
ment) a le meme comportement que C^A dans la premiere ■ 
demi-heure d'hydratation (formation d'ettringite avec la 
meme cinetique).

Eventement du ciment

Le ciment a ete evente pendant 24 heures, ä 20°, en couche 
mince soil ä 50 % d'hygrometrie relative, soil ä 80 %. L'at- 
mosphere n'etant pas exempte de CO2, nous avons verifie 
que les produits eventes ne contenaient pas de carbonates 
alcalins de maniere"decelable et susceptibles de provoquer 
une fausse prise carbonate. Dans les deux cas, quelques 
essais de duree d'eventement differente ont ete realises 
pour juger de la cinetique de passivation de I'aluminate de 
calcium.

Comportement rheologique en presence d'eau

On a teste le comportement rheologique apres gachage de 
deux manieres :

- En päte pure par la methode de raidissement au bol : on 
gäche a la spatule dans un recipient appele bol une certaine 
quantity de pate qui ensuite est transvasee dans le moule 
tronconique des essais de consistance normalises (NF P 
15-414). La mesure consiste ensuite ä determiner ä des 
temps fixes : 2 - 5 - IO - 15 et 30 minutes, le refus d'en- 
foncement de la sonde de Vicat ( * = 1 cm). Le E/C d'obten- 
tion de la päte dite normale est a juste pour obtenir immedia- 
tement apres gachage un refus de 4 ä 5 mm. La hauteur du 
moule normalise etant de 40 mm, le refus de la sonde ne 



peut evidemment pas depasser cette valeur.

- En montier normalise (norme NF P 15-403) par la tech
nique du maniabilimetre LCPC ou l’on mesure apres 30 mi
nutes de repos du montier mis en place dans I’apparel I, un 
temps d'ecoulement sous vibration, dans des conditions 
standardisees (10).

Determination ‘des cinetiques d’hydratation

La cinetique d’hydratation a ete suivie de deux manieres :

- Par enregistrement ä 20° de la chaleur d’hydratation 
avec un calorimetre a conduction. Le degagement calorifi- 
que est mesure des le contact eau-ciment. II n’y a pas de 
gächage mecanique mais simple mouillage de la poudre par 
capillarite, I’eau etant introduite par une seringue.

- Par dosages en analyse thermique differentielle. A cet 
effet, on gäche des pätes pures manuellement pendant une 
minute puis aux echeances de 0-2-5-10-15 minutes 
(decomptees immediatement apres la fin du gächage) on pre- 
leve des echantillons dont on stoppe I’hydratation par lava
ge acetone-ether. L’examen de ces produits par ATD permet 
I'identification des hydrates et leur dosage quantitatif (moy- 
ennant un etalonnage prealable (11)7. Quand la teneur en 
hydrate est süffisante, on peut confirmer par diffraction 
des rayons X leur nature mineralogique.

RESULTATS OBTENUS
Comportement rheologique

TABLEAU N° 1 ; Coaporteaent Rheologique des ciaents.

Ciment

Ecoulement au 
maniabilimetre 

LCPC
Essai de raidissement au bol

E/C a^res . E/c
Refus d’enfoncement de la sonde aux 

SchSances de (mnj

0 2 5 10 15 30

Temoin 0,50 17 s. 0,275 6 22 26 27 27 2B

24 h. ä

50 X HR
0,50 168 s. 0,280 5 40 40 40 40 40

24 h. 4 

80 X HR
0,50 23 s. 0,306 7 15 20 21 25 30

Le tableau n° 1 montre que, par rapport au ciment temoin, 
celui evente ä 50 % d’hygrometrie relative accuse un tres 
fort raldissement, alors que celui evente ä 80 °k n’a pas vu 
ses caracteristiques rheologiques sensiblement modifiees.

On note toutefois que le E/C necessaire ä I’obtention d’une 
päte normale inchange pour le produit evente ä 50 % HR 
augmente significativement pour celui evente ä 80 % HR.

On a aussi remarque qu’en remalaxant la pate ou le morlier 
apres cinq minutes de repos, on detruit le raidissement du 
produit evente ä 50 % HR et celui-ci ne se regenere plus 
par la suite.

Ces mesures de raidissement apres eventement sur un ci
ment ä forte teneur eh C^AF ont ete reproduites de nombreu- 
ses fois sur des ciments a fortes teneurs comparees en C^A 
et conduisent toujours au meme comportement rheologique 
des pates.

Nature et cinetique de formation des premiers hydrates

Les examens en analyse thermique differentielle et en dif
fraction des rayons X ont montre que I’ettringite etait le 
seul hydrate present pendant la premiere demi-heure d’hy
dratation. Le tableau n° 2 et le graphique n° 1 donnent les 
resultats de dosage de I’ettringite en fonction des temps 
d’hydratation.

TABLEAU N° 2 : Dosage de I’ettringite en fonction du temps d’hydratation.

Ciment

X d’ettringite aux Echeances de (mn) anhydre

dans 

1’an- 
hvdre

0 2 5 10 15 30

X pert« 

au feu 

& 1000°

%
C°2

Tanoin 0 2,4 2,7 3,0 2,9 2,2 3,2 2,00 0,33

24 h. ä

50 % HR
0 0,4 1,7 2,4 3,2 3,4 3,5 2,06 0,35

24 h. a

80 X HR
1,4 1,8 1,7 1,6 1,7 1,7 1,5' 4,70 1,70

On remarque que :

- Au niveau du ciment anhydre le temoin et celui evente 24h 
ä 50 % HR sont tres semblables : absence d’ettringite, me
me perte au feu ä 1OOO° et meme teneur en CO£-

- En ce qui concerne les cinetiques d’hydratation en ettrin
gite de ces deux ciments, on note une grande difference.
D’une part, la quantile globale de trisulfoaluminate atteinte 
ä I’equilibre est inferieure pour le temoin et d’autre part 
eile se forme ä des moments differents. En effet, sur les 
3,0 % d’ettringite du temoin, 80 % se forment au gächage 
et seulement 20 % dans la periode de repos qui suit. Le 
phenomene est inverse pour le ciment evente 24 heures ä 
50 % HR puisque sur les 3,5 % d’hydrate forme ä 15 minu
tes, 10 % seulement apparaissent au gächage et les 90 % 
durant la periode de repos.

GRAPHIQUE N0 1 : Cinetique de formation de I’ettringite



- Pour le ciment evente 24 heures ä 80 % HR, on volt que 
I'ettringite en quantile moindre (1,4 %) est dejä formee pen
dent I'eventement et qu'au contact de I'eau de gachage cette 
teneur evolue tres peu. La formation d'ettringite est confir
mee par I'accroissement de la perte au feu ä 1OOO°. En 
tenant compte du CO2» on trouve un accroissement de i'eau 
liee de 1 ,33 % exprime par rapport a I'anhydre alors que
la perte au feu ä 1000°, due a I'ettringite, et exprimee 
dans les memes conditions est de 1,20 % pour 1,4 % ettrin
gite. L'augmentation du CO- est vraisemblablement due ä la 
carbonatation de la chaux libre et en tout cas sans aucun 
effet sur le raidissement.

- Les courbes calorimetriques donnees par le graphique n° 
2, sont en accord avec les resultats precedents a savoir 
un retard de degagement de chaleur par rapport au temoin 
du ciment events ä 50 % HR et une quasi absence de reac
tion pour celui evente ä 80 Io HR.

GRAPHIQUE N° 2 : Microcalorinetrie des ciments

En faisant varier les temps d'eventement, les courbes calo
rimetriques montrent que :

- ä 50 7o HR, il faut maintenir I'exposition au moins pen
dant 8 heures pour avoir un effet mesurable. A partir de
24 heures, les cinetiques de formation d'ettringite sont sem— 
blables, seule augments la quantile finale d'ettringite glo
bale.

- ä 80 % HR, I'action est visible des les premieres heures 
d'exposition a I'air humide et se poursuit jusqu'a 16 heures, 
en restant stable par la suite.

INTERPRETATION DES RESULTATS

Nous avons mis en evidence que le seul hydrate present pen-< 
dant les premieres mingles de contact avec I'eau 6tait I'et
tringite. De plus, on note de grandes differences de cine- 
tique de formation selon les modes de conservation du 
ciment. C'est done lä qu'il faut chercher les causes des 
anomalies du comportement rheologique constatees.

Lors de I'utilisation d'un ciment, il y a trois periodes im
portantes

- Son gachage en presence de granulats plus ou moins gros

- Une periods d'attente plus ou moins longue avant I'emploi

- La prise et le durcissement apres la mise en place.

L'ettringite est susceptible, nous I'avons vu, de se former 
ä n'importe lequel de ces moments : pendant le gachage, 
nous I'appellerons ettringite de gachage, et durant la Perio
de d'attente : ettringite de repos.

En admettant le modele de protection de I'aluminate de cal
cium anhydre par une pellicule d'ettringite, il est clair que 
si deux grains de ciment se trouvent en contact au niveau de 
la matiere interstitielle, les coquilles d'ettringite ä cet en- 
droit, auront une partie commune. Cette mise en common de 
matiere va assurer une liaison augmentant ainsi la rigidite 
de la pate. Le raidissement sera d’autant plus intense que 
ces contacts seront plus nombreux et mieux consol ides.
Lors du gachage, oü toutes les particules sont en mouve
ment, la probabilite pour que deux surfaces de matiere in
terstitielle soient suffisamment longtemps en contact pour 
mettre leurs coquilles d'ettringite en common, est relative- 
ment faible. II s'ensuit un petit nombre de liaisons. De plus 
celles qui ont pu s'etablir, ne sont pas tres fortes et sont 
en quasi totalite detruites par I'energie de malaxage. En 
d'autres termes, I'ettringite de gachage tout en assurant 
son r6le bioquant de I'aluminate de calcium, n'est pas preju- 
diciable ä la fluidite de la pate.

Par contre, au repos, ces mises en common de coquilles 
ont tout le temps de s'etablir et de se consolider sans que

* rien ne vienne lesbriser. II s'ensuit un raidissement im
portant de la pate que I'energie des moyens de mise en pla
ce ne peut briser. L'ettringite de repos apparait done 
particulierement nefaste pour la fluidite bien qu'elle rem- 
plisse encore son role bioquant.

En revenant au cas concret du ciment etudie, on voit que :
- Le temoin a 80 % de son ettringite totale sour forme d'et
tringite de gachage non nefaste, et effectivement, il ne pre
sente aucun raidissement.

- Le ciment evente ä 50 7o HR a par contre 90 % de son et
tringite sous forme d'ettringite de repos tres nefaste et il 
presente bien un fort raidissement. II est possible de trans
former une grande partie de I'ettringite de repos en ettrin
gite de gachage. II suffit pour cela, ä I'echeance de 5 mn, 
de remalaxer la pate ou le mortier. Nous sommes alors ra- 
menes au cas du temoin et observons bien une fluidite nor
male retrouvee et stable.
- Le comportement du ciment evente ä 80 % HR est un peu 
plus particulier. II ne presente ni ettringite de gachage, ni 
de repos. Tout se passe comme si, dans cette atmosphere 
proche de la saturation, i'ettringite etait capable de se for
mer en surface de I'aluminate de calcium, I'encapsulant 
avant le gachage. II faut remarquer que I'impermeabilite de 
cette couche parait excellente puisque 1,4 d'ettringite 
suffisent pour passiver le C^A. L'eau de la pate n'arrivant 
plus au contact de ces surfaces, il est normal de ne pas ob
server de raidissement.

Nous avons constate que pour les ciments eventes a 80 
HR, il fallait, pour obtenir la fluidite normalisee, augmen- 
ter I'eau de gachage de 10 % en pate pure et qu'il n'etait 
pas necessaire de modifier celle du mortier.
Nous pouvons expliquer cette variation d'eau de gachage si 
on considere que :
- L'eventement ä 80 % HR est susceptible de souder des 
grains entre eux par I'intermediaire de I'ettringite.

- Dans la poudre de ciment, la distance moyenne des grains
est tres elevee (densite apparente inferieure ä 1) comparee 
a celle obtenue dans les pales normales. _
L'action du gachage qui apparait comme le moyen de permet- 



tre aux grains de se distribuer pour rapprocher leurs cen
tres au maximum dans un empilement le plus compact possi
ble sera plus ai see pour des grains I ihres que pour des 
grains soudes entre eux.

Si done, pour le ciment evente, le gächage est peu energi — 
que (cas des pätes pures obtenues a la spatule), I’assembla
ge sera moins compact done plus riche en eau. Par contre, 
en presence de granulats et au malaxeur mecanique, I'ener- 
gie est süffisante pour separer les grains et permet d'ob- 
tenir la meme compacite que pour le ciment non evente.

En ce qui concerne les temps d'eventement autres que 24 
heures :

- a 50 % HR quand on poursuit jusqu'a 15 jours, on aug
mente de quelques points la teneur en ettringite de repos 
accentuant le raidissement. La cinetique de formation de 
I'ettringite etant inchangee, il faut croire que la Coquille 
d'ettringite est moins impermeable (peut-etre mieux cristal- 
lisee) et necessite pour bloquer I'aluminate,des epaisseurs, 
done des teneurs plus elevees. •

- ä 80 % HR, des 16 heures, la coquille protectrice est 
formee et eile n'evolue plus par la suite. Elie protege done 
I'aluminate anhydre aussi efficacement de la vapeur d'eau 
que de l'eau liquide du gächage.

CONCLUSION '

Nous venons de montrer I'existence d'un nouveau type de 
raidissefnent des pates, mortiers et betons. Ce raidisse
ment, du ä une alteration de la reactivite de I'aluminate de 
calcium de la mallere interstitielle, n'est pas la consequen
ce de modification des reactions chimiques de cette dernife- 
re avec le gypse mats est induit par un changement de la 
cinetique de formation de I'ettringite permettant au repos, 
la formation d'un squelette rigide d'hydrate.

Accessoirement, le fait d'avoir pu expliquer" simplement les 
comportements rheologiques des ciments äventes ä I'aide du 
modele d'une coquille d'ettringite bioquant le C^A, ne con- 
tredit pas cette hypothese.
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RESUME : Dans le cadre d’un programme de travail interlaboratoire sur la rSactivitS des Hants calcigues, les 
auteurs ont etudiS l1Hydratation d’une preparation d*aluminate  monocalcique synthStisS par reaction solide
solide ä haute temperature (136O°C). En se basant sur les ech6ances d’hydratation raises en Evidence par la 
courbe de calorimätrie, les prises d'essai ont 6t6 m^langees avec de 1‘eau (rapport eau/solide = 1), hydratäes 
ä 25°C, de 30 ran ä 15 heures et analysees par differentes techniques (diffraction des R.X., spectroscopie I.R., 
thermoluminescence, analyse thermique differentielle et microscopie Slectronique ä balayage). Il apparait qu’une 
hyaratation locale commence dans la "periode de latence", mais ce phdnomene semble grandement influence par des 
heterogeneites locales de composition (probablement inclusions de C12A7) de l’aluminate anhydre et par le pro
cede employe pour stopper la reaction d1Hydratation. La manifestation macroscopique du phenomena de croissance 
apparait apres 7 heures d’hydratation : 1’hydrate forme de maniere predominante est C2AH8, mais il est accompa- 
gne de CAH1O et contamine par du carboaluminate.

SUMMARY : Within the framework of an interlaboratory programme about reactivity of hydraulic binders, the 
authors have studied the hydration of a monocalcium aluminate sample prepared by solid state reaction at high 
temperature (136O°C). Basing on the calorimetric hydration curve, the sample was mixed with water (Water/solid 
ratio = 1) cured at 25°C from 30 minutes to 15 hours, and investigated by different techniques (x-ray diffrac
tion, I.R. spectroscopy, thermoluminescence, differential thermal analysis and scanning electron microscopy). 
It was pointed our that local hydration begins during the "latent period" but it appears that this phenomenon 
may be largely influenced by local composition heterogeneities (probably C12A7 inclusions) in the anhydrous 
aluminate and by the process employed to stop the hydration reaction. Macroscopically, after a curing of 
7 hours, C2AH0 is the predominant hydrated formed but it is accompagnied by some CAHiq and contamined by carbo
aluminate.



I - INTRODUCTION
L’hydratation de l’aluminate monocalclque CA est 
un phenomene relativement complexe : ä basse tem
perature il se forme CAHj© (6 < 2O°C) ; ä temperatu
re plus elevee (0 > 35°C) on obtient CaAHg et de la 
gibbsite ; ä I’ambiante (2O-25°C) se forment simul- 
tanement CAH^o et CzAHg. Ces deux hydrates hexago- 
naux se transforment ensuite lentement en CaAHg 
cubique (1 ä 3).

Compte tenu de cette complexity, une approche syste- 
matique de la reaction d1Hydratation, en mettant 
en oeuvre sur une mSme preparation un maximum de 
techniques d’investigation, a etd entreprise dans 
le cadre d'un programme interlaboratoire sur la 
räactivitä des Hants hydrauliques.

II - PREPARATION ET CARACTERISATION DE L*ALUMINATE  
MONOCALCIQUE

II-l - Llaluminate monocalcique est prepare 
ä partir d’alumine AI2O3 et de carbonate 
de calcium CaCOs (reactifs purs Carlo 
Erba pour analyse).

Les deux reactifs sont melanges dans le rapport 
stoechiometrique Ca/Al =0,5 pendant 24 heures dans 
un melangeur rotatif ä billes. Le melange pulveru
lent, Idgerement tassd, est cuit pendant 6 h ä I1air 
ä 136O°C, temperature legerepent infdrieure a celle 
de 1'eutectique (4). AprSs cuisson, I’dchantillon 
est broye ä 0 < 75 y puis repasse au melangeur pen
dant 24 h et recuit pendant 6 h ä 136OoC. L1opera
tion est rdpetde encore une 36 fois.

Le produit final est broye ä 0 < 75 p puis tamisd 
dans un appareil Alpine (5) qui permet d’obtenir 
deux fractions granulorndtriques : 40 < 0 < 75 y et 
0 < 40 y. Les essais ulterieurs seront essentiel- 
lement effectues sur la fraction 40 < 0 < 75 y.

XI-2 - Caracterisation par diffraction X

La technique de diffraction a ete utilisde pour 
caracteriser les produits de cuisson obtenus selon 
le protocole de preparation ddcrit precedemment.

La premiere cuisson pendant 6 h conduit ä un pro
duit constituö d1aluminate monocalcique CA et d'alu
minates C12A7 et CA2- On observe la presence d'alu- 
mine AI2O3 et de chaux CaO residuelies.

La seconde cuisson met en evidence la presence de 
C12A7 rdsiduel. La troisiAme montre que le produit 
final (CA) contient encore des traces de C12A7.

II-3 - Caracterisation par microscopie eiectro- 
nique ä balayage et spectromdtrie X.

Les cliches de microscopie eiectronique A balayage 
mettent en evidence une structure spherolitique sans 
zone prdsentant des facids cristallins nettement 
definis (Fig. 4, cliche 1). Une evaluation, par 
comptage, du rapport Ca/Al met en evidence des va
leurs anormalement eievees de ce rapport (2 ä 5 fois 

superieur A celui de CA pur) sur de trAs rares zones 
microcristallisdes a facies cubique.

II-4 - Caracterisation par spectrographie I.R.

Les spectres d’absorption I.R. realises sur les' pro
duits de cuisson A 6h, 12h et 18h mettent en eviden
ce une evolution vers un etat de cristallisation mar
que du produit final.

II-5 - Caracterisation par thermoluminescence

Le compose prepare prAsente une thermoluminescence 
artificielle sous forme d’un pic intense dont le ma
ximum apparait A la temperature de 284 K (Fig. 1).
Le pic qui apparait aux tres basses temperatures est 
du A lrinteraction solide-Athanol, 1* ethanol Atant 
utilise pour etaler la poudre d*aluminate  sur le 
porte-echantillon.

II-6 - Surface specifique

Les valeurs des surfaces specifiques, determinAes 
par la mAthode B.E.T., sont respectivement de 0,1 m2. 
g“1 pour les fractions 40/75 y et < 40 p.

FIG. 1 - Caracterisation de l’aluminate monocalcique 
par thermoluminescence.
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Temps d'hydratation (en heures)

Tranches
Courbes
Courbes

dQ 
at

Courbes de calonmetrie isotherme ä 25°C 
(Rapport eau/solide = 1; Masse echantillon 500 mg)

granulometriques
1 = 40p < 0 < 75 u
2 = 0 < 40 u

Ö.’5 2,5
FIG. 2 - Hydratation de I1aluminate monocalcique.

Ill - ETUDE DE L'HYDRATATION

III-l - Etude cinStique par calorimetrie 
isotherme ä 25°C

On observe gänSralement (6) une assez grande dis
persion dans les courbes calorimStrlques des alu
minates monocalciques si on ne travaille pas sur 
un produit de granulomgtrie bien dSfinie, dans des 
conditions de temperature et d'hydratation bien 
däterminees (7). Dans le cas considäre ici aussi, 
avec la fraction 40/75 p (Fig. 2) qui ont servi de 
base aux investigations ult^rteures. Par contre, 
les fines (0 < 40 p) donnent des courbes calorimä- 
triques tres dispersees.

Par allleurs, comme cela a 6td observe par d'autres 
auteurs (8-9), une Sldvation de la temperature 
d'hydratation (dans la gamme de 19°C ä 26°C explo- 
r6e) se traduit par un ralentissement de la cin4- 
tique d'hydratation.

III-2 - Etude des prodults d'hydratation ä 
differentes ächeances ä 25°C

La courbe calorimetrique de la fraction 40/75 p ä 
25°C permet de dSfinir les echSances auxquelles va 
etre stoppte 11 hydratation, ä savoir : 30 min. ; 
2 h 30 mn 5 h ; 7 h ; 9 h ; 11h; 13 h ; et 15 h. 
Les poudres ont dont ete conserväes en presence 
d'eau (E/S = 1) ä 25°C et la reaction d'hydratation 
a et4 stoppte de la fagon suivante : l'eau est as- 
plrSe ä la seringue ä l'SchSance choisie. Le solide 
est ensuite disperse d'abord dans de 1* Äthanol et 
on Slimine le solvant par aspiration ä la seringue. 
L'opSration est rSpdtde trois fois avec l'dthanol 
puls trois fois ä nouveau avec un melange 1/1 etha- 
nol-äther. Le produit est ensuite seche - soit par 
passage ä l'etuve sous air pendant 6 heures ä 4o°C 
(mode A), - soit par vide prlmaire dynamique pen
dant 2 heures dans un dessicateur (mode B).
Les produits d'hydratation sont ensuite examines 
par differentes techniques.

III-2-1 - Resultats des analyses par 
diffraction X et analyse 
thermique differentielle.

Une certaine incertitude a concerne I'echeance 

d"apparition des premieres traces d'hydrate (en 
1'occurrence C2AHe hexagonal caractdrlse par sa 
rale la plus Intense (0001) ä d = 10,5 A) : si le 
sdchage est realise selon le mode B, cet hydrate 
est ä la limite de la detection par dlffractometrie 
X des I'echeance 2 h 30. La dlsparltlon ayx 6chean- 
ces de 5 h et de 7 h de la raie d = 4,89 A de C12A7 
rdsiduel peut lever cette Incertitude et confirmer 
la formation de petltes quantites de C2AH9 aux dchd- 
ances faibles.

Les prodults d'hydratation apparaissent trAs nette- 
ment au-delä de I'echeance de 7 h : A 9 h on observe 
la raie principale de C2AH8 et plus" faiblement celle 
de CAH10. L'Achantlllon hydrate est cependant, comte 
tous ceux examines aux dcheances superieures, conta- 
mine par le monocarboaluminate. L'intenslte de la 
raie la plus intense de C2AHg croit avec la durde 
de I'hydratation tandls que 1'intensite des rales 
caracteristiques de CAH10 et du monocarboaluminate 
reste constante. A I'echeance de 9 h on decAle la 
presence de gibbsite.

L'analyse thermique differentielle confirme les 
resultats de diffraction X. Elie permet en outre, 
dans le cas du sechage selon le mode B, de mettre 
en evidence par son pic endothermlque A 8O°C (12), 
1'apparition de gel d'alumine dAs I'AchAance de 
2 h 30, ce qui n'est pas detectable par diffraction 
X et par spectrographic I.R.

Ce petit pic, present des les premiAres minutes du 
sAchage sous vide, ne peut Atre attribue ici (10) 
A une hydratation ultArieure par de"l'eau rdsiduel- 
le non AliminAe par le sAchage".

III-2-2 - Resultats de spectrographic I.R.

Les spectres d'absorption I.R. ont AtA realises sur 
pastilles d'iodure de potassium avec un rapport mas- 
sique echantillon/iodure de potassium de 1/100. 
L'observation des spectres d'absorption a permis de 
tirer les conclusions suivantes :

- I'hydratation de 1'aluminate monocalcique ne 
devrent significative qu'A I'AchAance de 9 h.

- une resolution süffisante des spectres des 
produits hydrates n'est obtenu que pour les Achan- 
tillons hydrates 11 heures, AchAance A partir de 
laquelle I'hydratation concerne la masse interne du



produit de depart.
- les Landes d'absorptlon entre 15Ö0 et 1350 cm"l 

mettent en Evidence de faijon incontestable la for
mation de carboalumlnate et ce, ä partir de 9 h 
d'Hydratation (11).

Ilk-2-3 - Resultats de thermoluminescence

La thermoluminescence met en Evidence trois 
signaux (Fig. 3) :

pic III (principal ä 286 K) (echeances de
- -o- — -*>pic  II (epaulement ä 200 K) stoppage)

X» —— XPic I (basse temperature 110 K env. 
dü ä la presence d'al cool)

FIG. 3 - Etude des prodults d'Hydratation par 
thermoluminescence.

- un pic principal dont le maximum se situe ä 
186 K (pic III)

- tin dpaulement sur le pic principal ä 200 K 
(pic II)

- un pic de faible intensity lid ä la presence 
d'dthanol lors du däpöt du composd sur le porte- 
dchantillon (pic I).

L'dvolution du pic III semble lide ä la teneur en 
CA. Ce pic diminue ä partir de l'dchdance 9 h.

L'intensitä du pic II passe par un maximum pour la 
meme dchdance. Le pic I lid ä 1'adsorption de 
l’dthanol sur le CA ddcrolt rdgulierement en fonc- 
tion du temps d'hydratation.
L'dvolution de 1'intensitd de ces pics marque bien 
la difference de part et d'autre de l'dchdance 9 h 
qui correspond ä la manifestation macroscopique du 
Phänomene de croissance cristalline des hydrates. 
Dans la pdrlode dite "de latence" on peut penser 
que la thermoluminescence puisse apporter des in
formations toutes nouvelles sur les phdnomenes de 
germination, mals ce point ndcesslte une experimen
tation plus poussde avant de proposer une interpre
tation des rdsultats.

III-2-4 - Resultats de microscopie dlectro- 
nique A balayage

Le fait le plus marquant de 1'observation des echan- 
tillons par microscopie dlectronique A balayage est 
que meme dans les conditions de sechage selon le 
mode A, une faible partie de 1'aluminate de depart 
s'est dejA hydrate A I'dcheance 5 h (fig. 4, cliche 
2). Ce rdsultat n'est pas en desaccord avec les ob
servations de spectrometrie X (existence locale de 
composes A rapport Ca/Al bien superieur A celui de 
CA dans le solide de depart), de diffraction X 
(disparition du CjzA? residuel avant I'dcheance 5 h), 
d'analyse thermique differentielle (apparition de 
gel d'alumine dSs 1'echeance 2 h 30) et de thermolu
minescence.

IV - CONCLUSION

Ce travail met en evidence la necessite de definir 
de tnaniere rigoureuse les conditions de preparation 
(synthdse, broyage, tamisage ...) et d'Hydratation de 
1'aluminate monocalcique, tout au moins pour obtenir 
des echeances d'Hydratation reproductibles et compa
rables entre dlfferents laboratolres.

-La detection de produit hydrate dans la pdrlode de 
"latence" semble dependre, de manldre tres sensible, 
du protocole adopte pour le stoppage de la reaction 
en cours d'Hydratation.

-On peut egalement s'lnterroger sur le role que peu- 
vent jouer les mlcroheterogdnditds de composition 
sur la manifestation de ces phenomdnes.

Ces diffdrents problemes font 1'objet d'etudes 
complementaires.
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Cinetique de l'hydratation du ciment Portland

Hydration kinetics of Portland cement

C. VERNET, E. DEMOULIAN, P. GOURDIN, F. HAWTHORN, Societe des Ciments Francis, 
CEREG, France.

RESUME
Les auteurs ont etudi6 la sequence et la cingtique de l'hydratation de 7 clinkers industriels et des ciments 
portland correspondants ä 1'aide d'un appareillage permettant des mesures ioniques en continu, des analyses 
chimiques et physico-chimiques sequentielles, sur des suspensions de rapport (eau/ciment) E/C = 4. Cette etude 
montre 1 'interdäpendance des vitesses de reaction des phases du clinker, par 11 intermedia ire de couplages ther- 
miques et chimiques, ainsi que les differences de comportement des ciments en fonction de leurs particularites 
(type de CgA, quantite de sulfates alcalins). La sequence de l'hydratation reste la meme ä E/C = 4 qu'en päte 
pure mais 1'Schelle des temps est modifiäe car, en suspension, 1'influence de la diffusion sur la diminution de 
vitesse de reaction est moindre. Les mecanismes d'influence du K2SO4 sur les vitesses de reaction de C3A et C3S 
sont Studies dans le cadre des mecanismes gSnSraux de dissolution-cristallisation.
La methode aboutit ä 1'etude directe de la cinStioue d'hydratation des ciments industriels, des ajouts et des 
adjuvants.

SUMMARY '
The authors have studied the sequence and kinetics of the hydration of 7 clinkers and the corresponding portland 
cements, on suspensions of water/cement ratio (W/C) = 4, using an apparatus which measures continuously the 
ions contents, and sequential physico-chemical analysis.
This study points out the interdependance of the reaction speeds of the clinker phases, through thermic and phy
sic couplings and the different behaviours of the cements according to their particularities such as C3A type and 
alkali-sulphates contents.
The sequence of hydration for W/C = 4 is the same a$ in cement pastes, but the time scale is modified because in 
a suspension, the influence of the diffusion on the slowing down of the reaction speed is less than in the cement 
pastes. ■
The mechanism of K2SO4 influence on C3A and C3S reactions are developped, according to general dissolution
crystallization mechanisms. ■
The method leads to a direct study of the kinetics of industrial cements, adds and admixtures.



INTRODUCTION
Nous avons montre dans une etude des mecanismes reac- 
tionnels de 1'Hydratation (1) que les phenomenes de 
dissolution-pr6cipitation, envisages par LE CHATELIER 
(2) des 1887, sont preponderants pendant la prise. 
Ceci implique une corrdspondance permanente entre la 
composition de la solution au contact, I'apparition 
ou la disparition des phases solides, 1'ensemble des 
vitesses de dissolution des anhydres et de precipita
tion des hydrates. A chaque instant, les concentra
tions ioniques rSsultent de la difference de ces vi
tesses et les hydrates formes ne sont pas en equilibre 
thermodynamique : cet equilibre n'etant atteint que 
lorsque leur vitesse de precipitation tend vers zero. 
L'energie liberable par les anhydres est done utilisee 
ä maintenir en permanence un certain taux de sursatu- 
ration, moteur de la cristallisation et de 1'evolu
tion des resistances. Nous avons introduit le concept 
de distance de precipitation, qui permet une interpre
tation cinetique du mode particulier de cristallisation 
du CSH et de ses variations de structure. II est done 
theoriquement possible de mesurer indirectement les 
vitesses de reaction des phases ä partir des mesures 
de concentrations ioniques. Nous tentons ici de mettre 
cette theorie en pratique : pour cel a, nous avons con- 
gu et realise un appareillage original permettant :
- de mesurer en CONTINU la composition ionique de la 
solution, par des mSthodes chimique,s et electrochi- 
miques ;
- d'effectuer sequentiellement des dosages simultanes 
des anhydres et hydrates, pendant une duree süffisante 
pour observer 1‘ensemble des reactions ;
- d'effectuer des mesures thermiques simultanees. 
Pour des raisons pratiques, ces mesures ne pouvant 
etre effectuees facilement sur des pates de ciment, on 
est amene ä utiliser des suspensions agitees. Nous 
avons choisi un rapport eau/ciment (E/C) egal a 4, ce 
qui constitue un minimum compatible avec le bon d6rou- 
lement des essais et des dosages. D1autre part, cette 
valeur du E/C permet d'accelerer considerablement les 
reactions finales, qui dans les pätes, sont limitBes 
par la diffusion ä travers les hydrates. A la fin de 
chaque essai nous pouvons alors tracer un diagramme
de 1'evolution chimique du systSme solide-solution, 
montrant la sequence de 1'Hydratation de la maniöre 
la plus complete possible.
1/ METHODOLOGIE
1.1 - Methodes d‘analyse et appareillage :
Nous ne pouvons decrire ici dans le detail 1'ensemble 
des methodes d'analyse utilis6es. Ceci fait 1'objet 
d'une communication s6paree (3). L'appareilläge (fig.l) 
comprend les elements suivants :
• un reacteur etanche en acier inoxydable d'une Conte
nance de 5 1, comportant un Systeme d'agitation et un 
Systeme de filtration en continu ;
• une double enveloppe thermostatique ä circulation 
d'eau, entourant complStement le röaeteur ;
• un systSme de recyclage du filtrat, le long duquel 
on place un certain nombre de capteurs Blectrochimi- 
ques (conductance, pH, pK+, pNa+ ...) ;
• un Systeme de prelevement de suspension pour analyses 
sequentielles ;
• des capteurs de temperature et de temperature 
differentielle ;
• un thermostat ä circulation ;
• une batterie d'appareils de mesure, renvoyant les 
informations issues des capteurs vers un enregistreur 
ä 12 voles.
Un essai se dBroule de la maniSre suivante :
1) etalonnage des capteurs ä 1'aide de solution etalon ;

2) remplissage du reacteur par le volume d'eau distillee;
3) mise en temperature du reacteur (25°C) ;
4) introduction rapide de la masse m du ciment (V/m=4) 
au temps t0. revolution ionique et thermique se tra- 
duit alors par les courbes sur 1‘enregistreur ;
5) ä des Bcheances ti, tj ... tn variables selon les 
vitesses de reactions observBes, prelevements de peti- 
tes quantites en suspension ;
6) filtration des aliquotes prelevees, analyse chimi
que du filtrat. Analyse cristallographique des phases 
solides (diffraction X, ATG, ATD).
Nous avons egalement effectue des essais complementai- 
res dans un autre reacteur pour des mesures particu- 
lieres comme celle de la viscosite dynamique de la 
suspension en fonction du temps.

Fig. 1 - Schema du röaeteur filtrant

Les precautions suivantes ont ete prises pour obtenir 
des analyses representatives :
1) Prßlevements et analyses sequentielles :
- essais entiSremeht conduits en atmosphere d'azote,
- forte agitation de maniere ä obtenir une suspension 
homog6ne et des prelevements instantanes representatifs
- filtration ultra rapide des prelevements de suspen
sion, lyophilisation rapide d'une petite partie du 
gateau de filtration, ringage du reste du gateau au 
methanol immediatement apres recuperation du filtrat 
aqueux, qui est filtrfi une deuxieme fois sur filtre 
micropore ä 1'abri de 1'air.
2) Circuit d'analyse automatique :
- volume du filtrat circulant ä 1'ext6rieur du reac
teur negligeable par rapport au volume total,
- etalonnage periodique des electrodes par analyse 
chimique sequentielle du filtrat,
- suppression des interferences entre capteurs par 
cellules 3 circulation speciales.
L'appareillage et les methodes utilisees ici permettent 
done de ne laisser Bchapper aucun phenomene rapide ou 
transitoire, gräce ä 1'analyse en continu, dont le 
principal defaut, 3 savoir le manque de fiabilite 
dans le temps est corrige par les analyses ponctuelles.
2/ CHOIX DES ECHANTILLONS
Nous avons sdlectionne parmi un lot plus important de 
clinkers de la SOCIETE des CIMENTS FRANCAIS, un groupe 
de 7 clinkers choisis pour leur composition mineralo- 
gique et leurs propri&tes hydrauliques difförentes, de 
inaniSre ä obtenir 1'eventail le plus large possible 
des comportements des clinkers industriels. Pour cha
que clinker, un ciment portland ä 3,2 % de SO3 a et6 
r6alis6 et nous avons effectue les mesures, d^ne part 
sur le clinker et d'autre part sur le ciment. Les clin
kers selectionnes ont la composition suivante 
(tableau 1), (analyse elementalre par fluorescence X- 
Analyse cristallographique par diffraction X) :



TABLEAU I
Cl C2 C3 C4 'c5 ■ c6 C7

Ö0 lib. 1,90 1,48 1,29 2,35 ^7T6" 2,52
P.F. 2,46 0,99 0,65 0,98 0,55 1,95 0,61
Si02 23,31 21,87 22,97 20,50 20,61 21,46 23,47

<u AI2O3 4,92 6,19 3,48 6,87 5,83 4,93 3,58
c Fe2^3 0,33 2,11 3,22 2,56 3,19 4,22 3,77
Ü TiO? 0,17 0,26 0,20 0,24 0,26 0,20 0,16
CD MnO 0,00 0,00 0,07 0,04 0,03 0,15 0,00
O CaO 57,40 66,53 67,76 65,64 54,57 63,77 65,90

MgO 0,36 0,49 0,43 1,01 2,00 1,24 1,03
5O3 0,57 1,14 0,22 0,67 1,42 0,88 0,83
KoÖ 0,34 0,42 0,29 1,39 1,66 0,70 0,50
Na20 0,08 0,22 0,35 0,26 0,14 0,14 0,22

5 P2O5 0,11 0,15 0,22 0,18 0,17 0,14 0,11
X Alite 58,40 61,40 73,50 65,50 65,90 57,80 65,20

BBlite ’6,20 20,80 14,70 11,10 12,70 22,20 20,60
0 C3A cub 2,5 12,5 1,2 5,1 1,9 0,9
-p CaAtä 0,0 1,7 5,6 15,8 3,1 1,4 1,2
<15 C4AF 0,0 4,6 8,5 5,1 10,9 15,6 10,2

KoSO, 0,0 0,0 0,0 0,8 2,3 0,6 0,0
O MgO(per 0,0 0,0 0,0 0,0 0,8 0,3 0,1

3/ RESULTATS
La meme sequence de 1‘hydratation se repete pour tous 
les clinkers d'une part et pour tous les CPA d'autre 
part. Nous nous proposons done de decrire cette se
quence pour un clinker et pour le CPA correspondant, 
a titre d'exemple. L1 interpretation des courbes obte- 
nues sera donnee pour chaque etape de 1'hydratation. 
Nous decrirons simultanSment les differences observees 
pour les autres echantilions en fonction de la minera
logie et de la teneur en elements mineurs solubles 
(CaO libre, sulfates alcalins).
3.1 - Suspensions de clinkers (fig.2)
16re Btape : dissolution rapide exothermique (durBe 10 
ä 20 minutes). On observe une augmentation rapide des 
concentrations en Ca++ et OH" et une dissolution quasi 
instantanee des sulfates alcalins, se traduisant par 
un pall er des concentrations en K+ et Na+. La concen
tration en Si02 passe en 15 minutes d'une valeur ele
vee ä moins de 30 micromoles/1. •
Pour les clinkers contenant K^SO^, le sulfate reagit 
trBs rapidement dans les premieres minutes, pour for
mer de 1'ettringite. La vitesse de reaction semble 
liee au rapport E/C et 3 la quantite de sulfate du 
clinker, ainsi qu'ä des facteurs modifiant la diffusion 
comme 1'agitation et la temperature : la reaction ra- 
lentit jusqu'a une vitesse tres faible, du fait de 
1'intervention d'un effet de barriere. Le sulfate dis- 
parait alors au bout d'un temps croissant avec la te
neur initiale (plusieurs heures pour C5, 20 minutes 
pour C6). Pendant toute cette pBriode, K+ est supe- 
rieur ä la valeur correspondant ä la solubilisation 
totale de KgSOj, ce qui montre que C3A a reagi tres 
rapidement au depart, en libBrant le potassium contenu 
dans son reseau. L'alumine devient presque instantane- 
ment indosable dans la solution en presence de sulfates. 
En leur absence, on peut encore en trouver quelques 
micromoles/1 au bout de 10 minutes : ceci est du ä la 
solubilite de 1'ettringite beaucoup plus faible que 
celle des aluminates hydrates. La chaux libre est con- 
sommee par formation de CSHj.et d"ettringite en presen
ce de sulfates.

Fig. 2 - Diagramme d'hydratation du clinker C4 ,

2eme Btape : Sursaturation en chaux,"periode dormante"
En presence de K^SOz, aprBs consommation du calcium 
de la chaux libre, la formation d'ettringite ne peut 
se poursuivre que par consommation du calcium liberB 
par 1'alite selon :
C3A + 3Ca++ + 60H" + 6K+ + 3SO4" + 31 H20 —» 

Ca6[Al(0H)6]2 (S04)3(H20)25 + 6K+ + 6 OH"
On observe effect!vement des teneurs en calcium d'au- 
tant plus basses au depart que la teneur en K2S04 est 
elevee. La reaction ci-dessus deplace la solubilite 
de 1'alite et le taux de reaction est alors inhabituel- 
lement elevB durant la periode dormante. Dans le cas 
des mortiers, 1‘alite ainsi consommee ne peut evidem- 
ment plus servir ä produire de la portlandite et du 
CSHji dans les periodes suivantes : ce facteur s'ajou- 
te ä la modification de structure du CSHu et contri- 
bue ä un.manque de resistance ä long terme.
Le flux thermique et la concentration en SiO2 restent 
trBs faibles. OH" et Ca++ augmentent ensemble et 1'on 
atteint des sursaturations en chaux de 1,4 ä 1,6 
lorsqu'on parvient au maximum de conductance.
Comme nous Tavons montrB par ailleurs (1) pendant 
cette 2eme periode on observe un ralentissement des 
vitesses de dissolution de Talite et de precipitation 
du CSH et Ton tend vers'un etat statiönnaire caractC- 
rise par une croissance quasi-lineaire de la concen
tration en chaux. La germination de la portlandite 
est ralentie par un inhibiteur qui pourrait Btre Tion 
silicate (4)(5). La vitesse de sursaturation mesuree 
par la p.ente de la courbe de conductance est fonction ■ 
de Tai call nite, de la forme et de la quantite d'ali
te. Les flux instantanes de dissolution de Talite 
s'echelonnent entre 2,76 et 0,14 pM-.m'2«"1 (calcul 
d'aprBs le modele mathematique que nous avons etabli 
par ailleurs) (1). -
La fin de la “periode dormante" se produit ä Tappari- 
tion de la portlandite, trSs peu de temps avant le ma
ximum de conductance. MalgrB les teneurs extremement 
variables en alcalis des clinkers et done les basici- 
tes tres-variables en dBbut de periode, cette precipi
tation se produit ä un pH sensiblement constant pour 
tous les clinkers (pH 12,9 ± 0,2).
3eme Btape : Au bout de quelques heures, la precipita
tion de la portlandite, tres rapide au depart, puis 
statiönnaire, produit une violente reprise de la dis
solution de Talite : le flux de dissolution varie 



alors, d'apres notre estimation, entre 5 et 50 
selon les cas. Le flux-thermique augmente rapidement 
et une dfiformation du pic indique 1'effet endotherrnique 
de precipitation de Ca(0H)2- On observe une legere 
augmentation de la teneur en SiOg, due ä un Scart plus 
grand entre vitesses de dissolution de 1'alite et de 
precipitation du CSH,.ce que nous avons montre par 
ailleurs (1). Apres le palier de concentration en 
chaux caracterisant I'etat stationnaire, on observe 
un maximum de teneur en 8102» correspondant au maxinum 
de flux thermique. Il se produit alors une reprise de 
1'Hydratation du C3A detectable grace ä 1'augmentation 
du pH, des teneurs en K+ et Na+ et de la conductance 
(effet particulierement visible avec C3A tetragonal). 
Cette reaction n'est pas necessairement la meme pour 
tous les clinkers : la sequencede reaction des alumi
nates depend en effet du rapport molaire SO3/C3A au 
depart (fig.3) qui conditionne le nombre de transfor
mations des sulfoaluminates pour arriver ä I'etat sta
ble final.

Clinker C4 (17 % C3A, 0,37 % SOj de K2S04)

0,41 1,24 2,49 %CgA
' 1 1 ■ ronsbrnme 1TS 1 TS + MS [ MS + BTS 1 c4ahx

fl :2 ^3 tn...
30 sec. 3-24h. Mh. fflh. TemPs

Clinker C6 (3,3 % C3A, 0,28 % S03 de K2SO4)

Clinker C5 (8,2 % C3A, 1,06 % S03 de K2SO4)

Fig. 3 - Schemas de transformations des sulfoalumina
tes pour 3 rapports K2SO4 / C3A.

TS : ettringite .
MS : monosulfoaluminate
BTS : solution solide ä 0,5 mole CaS04
tj : disparition du sulfate en solution, fin de la 

formation d'ettringite, döbut de formation de 
monosulfoaluminate

t2 : disparition de 1'ettringite, fin de la forma
tion de monosulfoaluminate

13 : disparition du monosulfoaluminate
t|v, : 28me pic de flux de chaleur d'hydratation
tf : fin de reaction -

Les % C3A consommS indiques sur les echelles correspon
dent aux quantites stoechiometriques(calculees d'aprSs 
le SO3) de chaque sulfoaluminate.
L'echelle des temps correspond aux mesures experimen
tales des temps de reaction.
Le flux thermique fourni par Talite augmente les vi
tesses de ces reactions qui sont toutes lentes.

On volt que lorsque SO4*  n'est pas consomme pendant 
les premieres minutes, il faut alors attendre le 2eme 
pic de flux thermique pour observer la formation de 
monosulfoaluminate. Dans le cas contraire, c'est la 
reaction MS-» BTS qui se produit avec retard. Par son 
effet thermique Thydratation de C3A relance Thydra- 
tation de Talite. Pour les clinkers riches en K2SO4, 
la teneur en calcium etant systematiquement plus faible 
pendant la pöriode d'hydratation du C3A, la distance 
de precipitation (1) augmente et le CSH aura done ten
dance ä prendre une structure d'autant plus cristalli- 
ne. Au bout de 50 ä 70 heures, le syst&ne evolue de 
plus en plus lentement sans que Ton puisse detecter 
de nouveaux changements de composition de la phase 
solide : les hydrates obtenus alors sont essentielle- 
ment constitues du CSHu et soit de C3A hydrate ^AHx) 
soit de sulfoaluminates dans les clinkers contenant du 
K2SO4. Les taux d'hydratation atteignent des valeurs 
tres 61ev6es apres 100 heures pour 1'alite et le C^A. 
Le C4AF et la belite sont peu hydrates. La solution 
reste sursaturee par rapport ä tous les hydrates. Les 
trajets des points figuratifs des solutions dans les 
diagrammes (CaO - SiOg - H2O) (CaO - SO3 - H2O) 
(Ca++ - OH") sont du meme type : 
Apres une periode de sursaturation rapide, le point 
figuratif atteint un point de rebroussement et longe 
la courbe d'6quilibre en suivant un trajet sensible- 
ment parallele. Le mecanisme est done du meme type que 
pour Talite (dissolution-precipitation).'
3.2 - Suspensions de ciments portland (Fig.4 et 5)

Fig.4 - Mesures ionometriques et thermiques(cimentC4)

Fig.5 - Allure de composition du solide (ciment C4)



La figure 4 represente I'Svolution chimique de la so
lution et la figure 5 montre les variations correspon- 
dantes des phases (periodes 2, 3 et 4), 
La presence de gypse produit ici la formation systema- 
tique d'ettringite aux premiers instants.
La sSquence de Thydratation de Talite n'est pas . 
modifiee. .
Pendant la lere periode
Nous n'avons pas observe la formation de syngenite 
pour les clinkers riches en K2SO4 (le produit de so- 
lubilite de ce sei n'est pas atteint dans nos condi
tions operatoires). - - ■ ..
Le gypse bloque beaucoup plus rapidement Thydratation 
du C3A, que le K2SO4 : la teneur en aluminium de la 
solution est beaucoup plus faible des.le depart, de ■, 
meme que le flux de chaleur. -
Pendant la 2eme periode, comme le montre la fig. 4, 
on n'observe pas de modifications sensibles des reac
tions. Comme pour les clinkers, la solution se sursa- 
ture progressivement en chaux, les teneurs en alcalins 
restent sensiblement constantes et la teneur en silice 
decroit jusqu'ä des valeurs tres faibles, difficile- 
ment dosables sans concentration du filtrat ou 
extraction.
La teneur en sulfate n'evolue pratiquement pas (16g6- 
re diminution avec Taugmentation du calcium) le flux 
thermique est faible, mais jamais nul. Les taux de 
reaction sont tous faibles. Les vitesses de sursatura
tion sont systfimatiquement plus elevees pour les CPA 
que pour les clinkers correspondants, en fin de perio
de dormante et plus faibles au debut, ce qui aboutit 
souvent ä des 6cheances tres voisines pour Tappari- 
tion de Ca(OH)2 dans les deux cas. Ceci est en parfait 
accord avec nos mesures faites par ailleurs en syst6me 
ouvert (1) et montrant qu'en presence de solutions de 
chaux + gypse, la dissolution de Talite est ralentie ■ 
par le calcium. On pröcipite ensuite des CSH beaucoup 
moins solubles, ce qui augmente la vitesse de disso
lution. L'influence acceleratrice du gypse sur Thy
dratation de Talite ne se manifeste done qu'en fin 
de periode dormante et ne doit pas modifier beaucoup 
le temps de prise rheologique.
Pendant la 38me periode,- la fig. 4 montre une augmen
tation simultanee du flux thermique et de la teneur en 
Si02 en solution, la chute de conductance accompagnant 
la precipitation de Ca(0H)2 est plus Slevee que pour 
les clinkers : la formation de CSH moins solubles en 
presence de gypse augmente leur vitesse de precipita
tion et deplace la solubilite de Talite dans le sens 
d'une dissolution plus rapide. A la fin de la periode 
quasi-stationnaire de precipitation rapide de la port
landite, la conductance diminue et le flux thermique 
commence ä dficroltre : la dissolution de Talite se 
ralentit. On aboutit alors ä un minimum de conductance 
suivi peu apres d'un second maximum. Pendant cette 
courte remontSe de conductance, les concentrations en 
Ca++, OH-, Si02, Na+, K*  augmentent (fig.4). Le flux 
thermique et la viscositS de la suspension forment un 
pic pointu pour les fortes teneurs en C3A. La concen
tration en SO4- chute brutalement et parvient ä une 
valeur tr6s faible.,La teneur en CjA diminue rapide
ment (fig.5) et il y a reprise de 1'Hydratation de 
Talite. L'ensemble de ces phenomenes montre de mani8- 
re remarquable TinterdSpendance des vitesses de reac
tion, 3 la fbis par des effets de couplage thermique 
(la chaleur de reaction de Talite augmente la vitesse 
de formation de Tettringite, puis la chaleur de reac
tion de C3A produit une reprise de Thydratation de 
Talite) et par des effets de couplage chimique : Te-v 
puisement du gypse et la chute de SO4- provoquent la 
transformation ettringite*  monosulfate et la reprise 

de Thydratation de C3A.
Comme dans le cas des clinkers, la sequence de Thy
dratation de C3A depend du rapport initial C3A/SO3. 
La transition ettringite - monosulfate ne peut done 
avoir lieu que si la quantite de C3A est süffisante. ■ 
Or, pour les 2 ciments contenant tres peu d'aluminates, 
nous observons vers 30-40h la disparition de SO4' (qui 
devrait rester en exces) et les hydrates obtenus.ä - 
100 h sont Tettringite et le monosulfoaluminate. Bien 
que C4AF r6agisse simultanement, son taux de reaction 
reste beaucoup trop faible pour expliquer cette anoma
lie. Nous sommes done amenes S conclure ä Tentree de 
Tion SO^- en solution solide dans le CSHu : ceci 
contribue ä Tepuisement rapide du gypse pendant la 
periode d'hydratation intense de Talite. - 
Pour les ciments ä forte teneur en C3A, les transfor
mations successives des sulfoaluminates en des formes 
de teneur de plus en "plus faible en sulfate peuvent 
etre detectees par notre appareillage, ä condition que 
la teneur en alcalins du C3A soit süffisante. Ces 
transformations se produisent en general vers 50 heu- 
res puis vers 70 heures et sont accompagnees de peti- 
tes reprises de Thydratation et de petits pics exo- 
thermiques.
Comparaison des vitesses de reaction des differentes 
formes de C3A. Nos essais montrent bien que, dans le 
milieu complexe du ciment industriel, la reactivite 
intrinseque du C3A n'est que Tun des nombreux facteirs 
influengant sa vitesse d'hydratation. Il faut en 
effet tenir compte egalement du rapport gypse/CgA, de 
la chaleur d'hydratation de Talite, du sulfate en
trant dans le CSH, de la quantite d'alite, de la quan
tity de C3A, de sa chaleur d'hydratation, et de la 
quantity d'alcalins qui modifient le pH et les vites
ses de precipitation. Au cours de nos essais, nous 
avons observy des temps de disparition du gypse va
riant de 9h ä 20h pour C4. Ces temps varient fortement 
avec la temperature et la vitesse d'agitation : ceci 
montre qu'il existe un mecanisme diffusionnel empe- 
chant la dissolution du C3A en presence de gypse. 
D'une maniere gyndrale, on peut dire que la dispari
tion du sulfate est d'autant plus tardive que : 
- la chaleur d'hydratation, la teneur en C3A et la 
teneur en sulfate alcalins sont faibles et que la 
teneur en alcalins du C3A est elevee. -
Ces facteurs influencent de la meme maniere, par le 
biais d'effets thermiques, les temps de prise rheolo- 
gique et les durees des periodes dormantes definies 
par les courbes de conductance. C'est ainsi que le 
ciment C3, qui contient 5,6 % de C3A tetragonal a une 
vitesse de montee en resistance faible, le temps de 
prise et les temps de rdaction les plus longs en sus
pension : apparition de la portlandite 3 6h, dispari
tion du gypse 3 40 h. Ceci ne Tempeche pas 3 6 mois 
de montrer d'excellentes performances mecaniques, bien 
meilTeures que cel les de C2 et C4, qui sont riches en 
C3A. Lorsque Ton vise des resistances elev3es 3 long 
terme, oh peut done tenter de reculer au maximum la 
transformation de Tettringite de maniäre que les 
contraintes mecaniques qu'elle provoque puissent etre 
absorbees par le CSH sufflsamment resistant. Par con- 
tre, si Ton repousse trop loin ou si Ton supprime 
cette transformation, on perd alors le benefice de la 
reprise thermique de Thydratation de Talite. Il faut 
trouver un compromis : Toptimum de gypse sera 
toujours un peu superieur 3 la quantity n3cessaire 3 
la transformation totale du C3A en ettringite, du fait 
de la consonwation de sulfate par le CSH. Cet optimum 
sera variable selon la pente de montee de resistances 
desirde. Un rapport gypse/CgA eleve favorisera les re
sistances 3 long terme. Inversement, un rapport faible 
augmentera plutöt les resistances initiales, aux ■



depens des resistances finales. '
Les diagrammes devolution chimique montrent pour les 
ciments C4 (15,8 % CgAr) et C2 (12,5 % CgAc) des temps 
d'epuisement du gypse de 10 h pour C2 et 13 ä 20h pour 
C4 sei on la vitesse d'agitation. Ceci montre que le 
K2SO4 du ciment C4 (0,8 %) accelere notablement 1'Hy
dratation du C3A tetragonal (6) et lui permet presque de 
rattraper la vitesse de C2 : ce qui est parfaitement 
logique car nous avons vu que K2SO4 agit par couplage 
chimique, en deplagant par formation d'ettringite la 
dissolution de Talite qui ä son tour accelere 1'Hy
dratation de CjA.
4/ CONSEQUENCES
Lien avec les reactions ä faible E/C
Ayant montrS que la sequence de Thydratation reste 
la meme en suspension 8 E/C = 4 qu'en päte pure, on 
en vient ä rechercher des correspondances de temps de 
reaction entre ces deux cas. Compte tenu des connais 
sances actuelles sur les reactions en päte pure, on 
peut remarquer que les parametres qui differencient 
les reactions en päte pure et ä E/C = 4, sont 
principalement : 11 intervention de la diffusion ä 
travers les hydrates qui est considerablement facili- 
tee ä E/C = 4 sous forte agitation et les effets ther- 
miques qui sont plus faibles ä E/C = 4 qu'en päte pure 
(mais ils seraient du meme ordre en mortier normal). 
On peut done s'attendre ä une liaison entre Schelles 
des temps du type parabolique : nous obtenons effec- 
tivement ä 100 h, ä E/C = 4 des taux de reaction equi
valents ä 1 an en päte pure.
L'effet de barriäre intense de 1'ettringite a tendance 
ä annuler'l'influence de Tagitation et du E/C eleve 
sur les temps de reaction, tant que cette influence 
n'est pas süffisante pour briser ou diminuer la cou- 
che d'hydrates. On doit done observer un däcalage du 
temps plus faible pour les aluminates que pour les 
silicates.
Le temps mis pour parvenir au maximum de sursaturation 
en chaux (ler pic de conductance) est en relation 
etroite avec le debut de prise. Les veritables reac
tions de la prise commencent en effet avec la precipi
tation de la portlandite, peu avant ce maximum. Nous 
trouvons ä E/C = 4 des temps ä peu pres doubles des 
temps de prise mesures sur päte pure, les ecarts etant 
lies ä des effets thermiques et rheologiques des alu
minates. A ce titre, le temps de sursaturation limite 
merite bien le nom de "debut de prise chimique", par 
opposition au debut de prise "rheologique", lie ä la 
consommation rapide de Teau libre. En päte pure, le 
maximum de conductance signalant la precipitation de 
la portlandite a lieu avant cet effet rheologique, 
alors que la päte est encore plastique : il ne faut 
done pas confondre debut de prise "rheologique" et 
precipitation de la portlandite.
L'influence des elements mineurs comme K2SO4 sera 
encore plus grande ä E/C = 0,3 qu'ä E/C = 4. En toute 
rigueur, il faut done essayer de reproduire ä E/C = 4 
les concentrations de la solution de depart que Ton 
obtiendrait ä E/C = 0,30. Mais ce faisant, on modie- 
fierait 6norm6ment les quantites par rapport au clin
ker : il faut done rechercher un compromis.

CONCLUSIONS
L'ensemble des phenomenes que nous decrivons montre 
que, par Tintermediaire des couplages de vitesse de 
reaction, chaque ciment portland forme un Systeme 
particulier oü chaque constituant intervient sur la 
dynamique de Tensemble. Les memes mecanismes s'appli- 
quent ä tous indifferemment. Parmi ceux-ci, le mScanis- 
me de dissolution-cristallisation tient une place tres 
importante.
Notre demarche d'ätude simultanee de toutes les reac
tions est ä ce titre parfaitement bien adaptee, car 
eile permet Vexamen direct de I'influence d'un para
metre sur Tensemble du comportement. En particulier 
nous avons degage ici le mecanisme de Taction simul
tanee des sulfates alcalins sur la vitesse de reaction 
de C3A et sur Thydratation de Talite. Ce mecanisme 
aboutit dans ses consequences, aux effets bien connus 
sur Tevolution des resistances et sur la structure 
des hydrates.
La meme methode peut permettre de determiner Tinflu
ence des caract6ristiques propres du clinker et d'e-*  
ventuelles anomalies sur la cinetique de Thydratation. 
Le mecanisme d'action d'un grand nombre d'ajouts et 
d'adjuvants peut Bgalement Btre mis en evidence. Ces 
etudes peuvent 6tre faites de maniere rationnelle et 
rapide en utilisant des methodes d'analyse chimique 
automatique combinees aux methodes classiques d'ana
lyse cristallographique.
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Influence of pretreatment on the microstructure
■ - of calcium silicate hydrate gels

Influence du pretraitement sur la microstructure des gels
■ de silicate de calcium hydrate
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RESUME Le gel de silicate de calcium hydrate est l’un des principaux cpmposes intervenant 
dans 11hydratation des ciments. Des echantillons de gel, prepares par reaction a 1'hydroxyde 
de calcium sur le m6tasilicate de sodium, dans un rapport molaire de 1:1, en solution aqueuse 
ä un pH de 12,5, ont ete etudies par porosimetrie aumercure, adsorption d'azote et de va
peur d'eau, completees par 1'etude de la diffraction des rayons X et la microscopic electro- 
nique & balayage.
L'adsorption d'azote et d'eau par les gels depend du pretraitement; la microstructure du ma- 
teriau etant conditionnee par la methode de sechage et par le (ou les) solvant organique uti
lise dans la procedure de sechage par deplacement de 1'eau par un solvant.
L'adsorption d'azote ä -196°C est reversible jusqu'ä une pression relative de 0,45, alors que 
l'adsorption -d'eau est caracterisee par une hysteresis s'etendant jusqu'ä des faibles valeurs 
de pression relative. En general, les aires specifiques B.E.T. obtenues ä partir de l'adsorp
tion d'azote sont bien inferieures ä celles obtenues avec 1'eau, bien que, sous certaines con
ditions, il soit possible d'obtenir des valeurs ayant le m?me ordre de grandeur.
L'influence du sechage, et d'autres facteurs, sur la porosite et 1'aire specifique du mate- 
riau sont discutes ; une explication de la specificite de 1'eau est proposee, basee sur son 
interaction avec les spheres de coordination des ions calcium de la structure.

SUMMARY; Calcium silicate hydrate gel is one of the major products in the hydration of cement. Samples of the 
gel, prepared by the interaction of .calcium hydroxide and sodium metasilicate at 1:1 molar ratio in aqueous 
solution at pH 12.5, have been studied by mercury porosimetry and nitrogen and water vapour sorption 
supplemented by X-ray diffraction and scanning electron microscopy studies.

The adsorption of nitrogen or water by the gel is very dependent on its pretreatment, the microstructure of the 
material being influenced both by the method of drying and by the organic solvent(s) used in the solvent 
displacement drying procedure. •

Nitrogen adsorption at -196°C is reversible up to a relative pressure of 0.45, whereas water sorption is 
characterised by open hysteresis loops down to low relative pressures. In general, the BET surface areas for 
nitrogen adsorption are substantially less than those obtained with water, although under certain special 
conditions it is possible to obtain values of approximately similar magnitude.

The influence of drying, and other factors, on the porosity and surface area of the material is discussed, and 
an explanation advanced for the high specificity of water based on its interaction with the coordination spheres 
of the calcium ions in the structure.



INTRODUCTION

Extensive studies have been made of the adsorption of 
nitrogen and water vapour on cement pastes and relat
ed calcium silicates (1). However, in most cases, 
both the pore volumes (2) and the BET surface areas 
(3,4) computed from the water sorption isotherms have 
proved to be much higher than those calculated from 
the nitrogen isotherm (5-8). Two principal explana
tions have been advanced for these differences: the 
presence in the samples of "ink-bottle" pores, i.e. 
pores with wide bodies and constricted entrances, 
accessible to water but not to nitrogen (6,8), or the 
possibility that nitrogen measures the surface area 
and porosity correctly while the increased values 
with water are a consequence of the penetration of 
water vapour into the layer structure of the calcium 
silicate hydrate gel common in these hydrated 
systems (9,10).

Recently, Litvan (11) has demonstrated that these 
differences are removed, certainly as far as cement 
pastes are concerned, if special techniques are em
ployed' for drying the samples. The main features of 
such methods were the use of a solvent displacement 
method during the washing procedure and the use of 
vacuum distillation to remove final traces of the 
solvent from the sample. Using methyl alcohol as the 
solvent, Litvan obtained a value of approximately 
200 ma g-1 for both the nitrogen and water surface 
areas of his specially dried cement pastes.

One of the problems associated with the study of 
cement pastes is the degree of inhomogeneity, both 
chemical and physical, frequently encounter. .1 in these 
materials. Since the surface characterist1 ■ of such 
pastes are controlled by the calcium sill. . hydrate 
gel they contain, the present systematic s' :v was 
undertaken on samples of calcium silicate rate gel 
prepared in a manner to ensure, as far as i . ible, 
chemical and physical uniformity.

EXPERIMENTAL

Materials ■
Polythene containers were used throughout to elimin
ate any stray contamination arising from the use of 
glass vessels, and all experiments were conducted in 
a nitrogen-flushed glove box to avoid, as far as 
possible, interference from atmospheric carbon di
oxide.

Aqueous solutions of sodium metasilicate were pre
pared by dissolving AR sodium hydroxide in conduct
ivity water and slowly adding, wifh constant stir
ring, an appropriate amount of silica gel (Merck 
kiesel gel 60HR). The resulting solution was further 
diluted and stored in a well-stoppered vessel to ex
clude carbon dioxide. The silicate content of the 
final solution was analysed using methods described 
by Vogel (12).

Calcium hydroxide solution was prepared by dissolving 
the AR grade solid in conductivity water. The calcium 
content was determined by EDTA titration using Erio- 
chrome Black T as an indicator (13).

Calcium silicate hydrate gel (CSH(I)) was prepared by 
adding an aqueous solution of calcium hydroxide (18 
mmol dm-3) to a sodium metaslllcate solution of the 
same concentration. Constant stirring was employed 

throughout to avoid flucuations of pH, the latter 
being continuously monitored as 12.5. The resulting 
gel (Ca0:S102 = 1:1) was stored for various lengths 
of time in the mother liquor before being transferred 
to a stoppered stainless steel vessel, frozen over
night at -196OC and then allowed to thaw to room temp
erature. The sample was centrifuged, the mother liq
uor decanted and the solid gel shaken for 5 min with 
50 cm3 of a given organic solvent. Decantation of 
the organic solvent was followed by similar treatment 
with the same volume of acetone and the washed sample 
was then initially dried by brief suction over a lab
oratory pump. Further drying was effected through the 
use of various drying agents (see below) and the final 
samples were stored in tightly capped bottles sealed 
with paraffin wax contained in a vacuum desiccator.

Conductivity water was prepared by passage of distil
led water through a mixed-bed ion-exchange column, and 
all the organic solvents were of AR purity as were the 
solid desiccants employed.

Methods
The CSH(I) samples were dried before examination by a 
variety of methods. When solid desiccants were em
ployed, drying was effected by storage of the sample 
for various lengths of time over the desiccant in a 
vacuum desiccator. Alternatively, reduction of the 
ambient water vapour pressure of samples to a constant 
value of 5 x 10-* Torr (the so-called method of D- 
drylng) was achieved through the use of.a conventional 
vacuum line, involving a liquid nitrogen trap in con
junction with a rotary oil pump and a mercury diffus
ion pump, the pressure being continuously monitored by 
a Pirani gauge.

The volumetric apparatus used to study the adsorption 
of nitrogen at -196°C was similar to that described by 
Harris and Sing (14). Nitrogen gas of 99.9% purity 
was employed, being first dried by slow passage through 
a cold trap. Outgassing of the solid under investi
gation was carefully controlled at 2 x 10“* Torr, a 
slightly lower pressure than that achieved during D- 
drying but chosen to compensate for the possible small 
uptake of moisture by the sample during its introduc
tion into the apparatus. Where the solid was heated 
before adsorption of nitrogen, this was only commenced 
after the attainment of the above pressure to elimin
ate any possible contamination of the sample by resi
dual gas or vapour in the system. Equilibrium gas 
pressures were measured with a pressure-sensitive 
transducer gauge and a mercury manometer (to tO.001 
cm). An oxygen vapour pressure thermometer was used 
to measure the adsorbent temperature.

Water sorption was measured gravimetrically using a 
quartz spring balance of the McBain-Bakr type (15), 
whose operation has been described by Carruthers etal 
(16). Care was again taken regarding ourgassing the 
sample and, where necessary, its heating. Water vap
our was admitted slowly into the apparatus to reach 
the solid at the desired relative pressure, sorption 
being allowed to proceed until the pressure reached a 
steady value and no further extension of the quartz 
spring had occurred over a period of 30 mln. The time 
necessary to attain this condition varied with the 
solid employed and the relative pressure in the system.

Mercury porosimetry measurements were made with a 
Carlo Erba 225 Pressure Porosimeter. Gel samples were 
outgassed for 30 min at room temperature to a pressure 
less than 10-a Torr and the mercury pressure increased 



from 1 atm to 2000 kg cm-2 at a fairly constant rate 
over a period of 1-2 h.

RESULTS

Coding of samples e
The narrative has been simplified by coding the sam
ples to provide a complete summary of their pretreat
ment prior to surface investigation. For the partic
ular sample CSH/T8/IA/D(8)/100, reading from left to 
right tells us that this is a sample of CSH(I) gel 
(information before the first solidus), stored for 18 
days in the mother liquor before filtration (inform
ation between first and second solidl), washed with 
propan-2-ol (I) followed by acetone (A) (Information 
between second and third solidl), dried to a constant 
water vapour pressure of 5 x 10-1 Torr (D-drylng) for 
8 days (Information between third and fourth solidl) 
and heated to 100°C before being Investigated either 
by nitrogen or water vapour sorption. Variants of 
this code refer mainly to organic solvents used in the 
solvent displacement method (M = methanol; E = ethan
ol) and to the various desiccants employed (Ca = cal
cium chloride; Mg = magnesium perchlorate; P = phos
phorus pentoxide) or water vapour pressure attained 
(D or D*) . In the last case the-symbol D*(8)  indi
cates that the sample was initially dried for 4 days 
at a water vapour pressure of 2 x 10~2 Torr followed 
by a further 4 days at 5 x 10“‘ Torr, making a total 
of 8 days drying in all.

Description1 of isotherms
Typical examples of nitrogen and water vapour sorp
tion isotherms are illustrated in Figure 1(a) and (b), 
respectively. Nitrogen adsorption at -196°C is

Fig. 1 - Typical Isotherms for CSH(I) gels: (a) nitrogen 
desorption branch.

reversible to a relative pressure of 0.45, while water 
sorption is characterised by open loops down to low 
relative pressures. The isotherms illustrated were 
obtained using samples washed with propan-2-ol and 
acetone and outgassed at 25°C prior to investigation, 
but similar results were obtained for samples pre
washed with other organic solvents and outgassed at 
higher temperatures.

Influence of drying conditions
Preliminary experiments were conducted to investigate 
the effect of the drying conditions on the surface 
properties of prepared CSH(I) gels. The results ob
tained from porosimetry are illustrated in Figure 2, 
while the nitrogen and water surface areas for some 
of the same samples, as well as those computed from 
the porosimetry data are listed in Table I. 

From the table is will be seen that a wide variety of 
drying conditions and methods of pretreatment were 
employed during the preparation of the samples.

Fig. 2 - Influence of drying agent on porosity of 
CSH(I) gels. A - CSH/18/IA/D(8)/25; B - CSH/30/A/D(8) 
/25; C - CSH/2/A/P(3)/25; D - CSH/7/A/Ca(8)/25; E - 
CSH/2/A/Ca(8)/25; F - CSH/2/A/Mg(3)/25. '

Of the results quoted, those relating to the use of 
solid desiccants show the widest variation in surface 
area (nitrogen and water) but the least variation in 
porosity with change of conditions. Thus the poros
imetry results show that pores with the smallest 
radii are generated by storage over phosphorus pent

adsorption; (b) water sorption. 0 - adsorption; • -

oxide, with calcium chloride being the next most 
efficient drying agent, and magnesium perchlorate the 
least efficient in this particular sequence. In
creasing the storage time in the mother liquor before 
drying seems to Increase the percentage of smaller 
pores in the sample although, as the results dis
cussed below indicate, this is by no means clear-cut.

All of the solid desiccants studied suffer from a maj
or defect in that their efficiency is drastically re
duced on prolonged exposure to water vapour. As a 
result, samples 'Hried" in the presence of phosphorus 
pentoxide, calcium chloride or magnesium perchlorate 
are not really dry, but contain traces of moisture 
capable of catalysing ageing processes when the samples 
are stored for prolonged lengths of time. Such age
ing processes lead to considerable decreases in the



TABLE I
Influence of drying conditions on the surface areas of CSH(I) gels

^Length of storage time after drying and before outgassing prior to examination given in parentheses. • 
“Low value attributed to carbonation before examination, as demonstrated by X-ray diffraction and scanning
electron microscopy studies. '

Sample No« Drying agent s”ET/m= g-1 ' sbet' 8 SHs/™2 S'1

CSH/2/A/Ca(8)/25 CaCl 2 72 (7 d)a ‘ 150 (757 d) 66
CSH/7/A/Ca(8)/25 CaCl2 56 (18 d) 90b(766 d) 48
CSH/2/A/P(3)/25 Pa05 35 (323 d) 195 (295 d) 36
CSH/2/A/D(8)/25 D-dried 174 (112 d) 220 (245 d) 162
CSH/4/IA/D(8)/25 D-dried 203 (52 d) 231 (68 d) 201

in the nitrogen surface areas of samples (cf. the Sgg'j 
values in Table I for CSH/2/A/Ca(8)/25 and CSH/2/A/P 
(3)/25 stored for seven and 323 days, respectively) 
but have little effect on the water surface areas(cf. 
the values for the same samples stored for 757 
and 295 days, respectively). The value recorded 
for CSH/7/A/Ca(8)/25 is anomalous and is attributed 
to. interaction between the sample and atmospheric 
carbon dioxide before examination as shown by X-ray 
diffraction data, which clearly Indicate the presence 
of calcite in the sample, and scanning electron micro
scopy, which shows that on storage the surface of the 
sample changed from an open porous form to one con
sisting of close-packed spherical nodules.

Because of the deficiencies of powdered solid desic
cants, all systematic studies of the Influence of 
various conditions have been made on samples whose 
ambient water vapour pressure had been reduced to a 
constant value (2 x 10~2 Torr and/or 5 x IO-'* Torr) 
during drying. The latter pressure is that attained 
by the so-called D-drying method and this term is 
used here. Typical results obtained for D-drled sam
ples are illustrated in Figure 2 and listed in Table 
I as CSH/2/A/D(8)/25 and CSH/4/IA/D(8)/25, respect
ively. Figure 2 shows that D-drylng Induces a much 
higher proportion of smaller pores while Table I 
indicates that the nitrogen surface areas are much 
higher for D-drled samples than for those exposed to 
solid desiccants. What is also important is that 
samples dried by this method show none of the insta
bilities and Inconsistencies in surface area mention
ed above for samples dried over phosphorus pentoxide, 
calcium chloride and magnesium perchlorate. Thus 
D-dried samples have surface areas which appear to be 
independent of the length of storage time between ■ 
drying and experimental examination, l.e. they are 
free from ageing processes, and as has been demon
strated on numerous occasions in this laboratory, 
using the same method of preparation and pretreatment 
always leads to a constant value for the surface area 
(to within is%) for a given adsorbent.

Influence of solvent displacement
The curves for samples CSH/2/A/D(8)/25 and CSH/4/IA/D 
(8)/25 illustrated in Figure 2 indicate that the inc
lusion of propan-2-ol as a solvent for the displace
ment of water prior to D-drylng appreciably influ
ences the porosity of the final sample, while the 
results tabulated in Table I show that the nitrogen 
and water surface areas for such a sample approach 
each other in the manner described by Litvan (11) for 
methanol-treated cement pastes.

To see whether such changes may be related to the nat
ure of the organic solvent, studies have been made on 
a series of samples prepared in an exactly similar 
manner except that different alcohols have been em
ployed for solvent displacement prior to D-drying.
The mercury poroslmetry results obtained for such sam
ples are illustrated in Figyrg 3, while Table II lists 
their corresponding SU™, s“2 and S„„ values.

DCil Dilil tig

5.0

-t

Fig. 3 - Influence of solvent on porosity of CSH(I) 
gels. A - CSH/10/EA/D*(8)/25; B - CSH/10/MA/D*(8)/25; 
and C - CSH/10/IA/D*(8)/25.

Of the three alcohols studied, propan-2-ol yields sam
ples with the highest percentage of smaller pores as 
well as nitrogen surface areas substantially closer to 
those measured by water sorption. However, it is 
interesting to note that both the porosity and nitro
gen surface area of the propan-2-ol washed sample 
listed in Table II are appreciably different from 
those recorded in Figure 2 and Table I for a similar 
sample washed with the same solvent. These differen
ces may be attributed to the variation in the length 
of storage of the two samples in the mother liquor 
before filtration and to the different mode of drying 
employed in the two cases. These points are pursued 
in greater detail below.

In contrast to the nitrogen surface areas, those meas
ured with water are approximately constant for the 
three samples listed in Table II, being apparently 
independent of the alcohol used in the solvent dis
placement procedure and of the length of storage time 
prior to examination. The surface area determined by 
mercury poroslmetry appears to be more closely re
lated to the value for nitrogen than for water, as 
far as the results recorded in Tables I and II are



TABLE II ,
Influence of solvent on the surface areas of CSH(I) gels

aLength of storage time after drying and before outgassing prior to examination given in parentheses.

Sample No» Solvent ^ET^™2 8-1 qHaO/ a -i SBET/m 8 SHg/m2 8-1

CSH/10/EA/D*(8)/25 Ethanol 111 (243 d)a 210 (180 d) 65
CSH/10/MA/D*(8)/25 Methanol 155 (275 d) 223 (296 d) 188
CSH/10/IA/D*(8)/25 Propan-2-ol 174 (283 d) 233 (312 d) 201

TABLE III "
Storage in mother liquor and its influence on the subsequent surface areas of CSH(I) gels

Length of storage time after drying and before outgassing prior to examination given in parentheses.

Sample No. Length of storage/d s”ET/m2 g"1 SH2°/t2 g-1
BET 6

CSH/4/IA/D(8)/25
CSH/10/IA/D(8)/25
CSH/18/IA/D(8)/25
CSH/30/IA/D(8)/25

4 
10 
18 
30

203 (52 d)a.
184 (283 d)
163 (243 d)
98 (360 d)

. 231 (68 d)
235 (312 d)
223 (247 d)

TABLE IV

length of storage time after drying and before outgassing prior to examination given in parentheses.

The influence of outgassing temperature on the subsequent surface areas of CSH(I) gels

Sample No. Outgassing temperature/°C SBET/m2 S"1
—H2Of 2 —I
SBET/m 8

CSH/10/EA/D(8)/25 25 115 (243 d)a 221 (180 d)
CSH/10/EA/D(8)/40 40 — 229 (180 d)
CSH/10/EA/D(8)/80 80 109 (246 d) —
CSH/10/EA/D(8)/100 ' 100 103 (243 d) 127 (180 d)
CSH/10/EA/D(8)/200 200 114 (243 d) 57 (180 d)

concerned, in agreement with observations reported 
for macroporous alumina gels (17).

Influence of storage of mother liquor
Mention has been made above of the apparent influence 
of the length of storage in the mother liquor before 
drying on the porosity and nitrogen surface areas of 
both propan-2-ol/acetone- and acetone-washed samples. 
For this reason, studies have been made of the poros
ity and surface areas of a number of samples where 
the only difference in pretreatment before drying was 
in their storage time in the mother liquor.

No simple relationship seems to exist between the 
porosity of the samples and their length of storage, 
and this could possibly be attributed to the increas
ing crystallinity of the samples on storage, as demon
strated by the sharpening of lines observed in the 
X-ray diffraction patterns of these solids. Such 
crystallinity would lead to increasing inhomogeneity 
as crystalline regions grow at the expense of amorphous 
areas, and affect the porosity of the materials in an 

erratic manner.

In contrast, the nitrogen and water surface areas of 
the samples listed in Table III follow a regular pat
tern, with the water surface area being substantially 
unchanged while the nitrogen surface area shows a 
steady decline until after 30 days storage it is less 
than one-half of that recorded after 4 days of the 
same treatment.

Influence of outgassing temperature
In all the work discussed above, outgassing of the 
samples Immediately before the commencement of nitro
gen and water vapour sorption was always undertaken 
at 25°C. As the results recorded in Table IV show, 
increasing the outgassing temperature to 200°C makes 
little difference to the nitrogen surface area of the 
samples," the value remaining virtually unchanged with
in experimental error. However, over the same temp
erature range, the water surface area is drastically 
reduced until at 200°C it is only one-quarter of the 
value attained at 25aC.



Influence of outgassing pressure 
Although most of the systematic work recorded in this 
report has been undertaken on D-dried samples, some 
results (recorded in Table II) have been obtained on 
samples which although ultimately outgassed at 5 x 10"*  
Torr have attained this pressure in stages rather 
than in one progressive process. This raises the 
question as to whether the outgassing pressure has any 
significant effect on the surface properties of the 
resulting solid, similar to that observed for the rate 
of drying on the surface area of cement pastes (18).

Fig. 4 - Influence of outgassing pressure on porosity 
of CSH(I) gels. Sample CSH/4/IA/ - /25 outgassed (A) 
at 5 x IO’“ Torr and (B) at 1 x 10-2 Torr.

•The porosimetry results depicted in Figure 4 indicate 
that decreasing the outgassing pressure from 1 x 10-3 
Torr to 5 x 10“0 Torr increases the porosity of the 
sample, with a much higher precentage of smaller por
es being generated at lower pressure - an observation 
supported by scanning electron microscopy. Whether 
the surface area is affected to the same extent is 
doubtful however. Certainly, outgassing in stages 
rather than continuously down to 5 x 10”* Torr has 
little effect on the surface area of the final sample 
when measured by nitrogen or water sorption, as shown 
by a comparison of the results listed for samples 
CSH/10/EA/D*(8)/25,  CSH/10/EA/D(8)/25, CSH/IO/IA/D*  
(8)/25 and CSH/iO/lAZD(8)/25 in Tables II, III and IV. 
In this respect, the behaviour of CSH(I) gel appears 
to differ from that of cement pastes, although it must 
be stressed that the pressure range studied was rather 
small and the rate of drying was far from rapid.

DISCUSSION

The results reported here clearly show that the sur
face characteristics of CSH(I) gels are very depend
ent on their pretreatment before examination. Thus, 
five principal factorsi method of drying; treatment 
with organic solvents; storage in mother liquor;heat- 
ingj and outgassing pressure, have been identified in 
this work, with two other factors, viz. the influence 
of atmospheric carbon dioxide and the ageing of samp- 
ples containing traces of moisture, noted but not 
studied in any great detail.

The existence of so many factors calls into question 
the value of much of the previous work on the surface 
chemistry of CSH(I) gels "and also, by implication, of 
cement pastes. Too often work in this field has been 
characterised by the use of poorly defined materials 
whose pretreatment has been largely ignored - certain
ly as far as published accounts are concerned - and 

subjected to a variety of drying procedures including 
an arbitrary selection of organic solvents. Under 
tjiese circumstances it is little wonder that widely 
divergent results have been obtained by different 
groups of workers.

However, despite these divergencies, there has always 
been general agreement between workers that surface 
areas measured by nitrogen adsorption are much less 
than those determined through the use of water on the 
same samples. This observation is sustained by the 
work described here, where it has been shown that it 
is only a coincidence of factors which leads to the 
nitrogen and water surface areas being approximately 
equal. These are short storage in mother liquor,wash
ing with propan-2-ol followed by acetone, D-drying and 
outgassing at elevated temperatures (ca 100°C) prior 
to examination.

Like other workers in this field, we have been tempted 
to speculate on the reason(s) for the normally observed 
differences between the nitrogen and water surface 
areas. The results obtained point to the enhanced 
specificity of water and suggest that a more accurate 
estimate of surface area is obtained from nitrogen ad
sorption. The decrease in the nitrogen surface area 
observed for CSH/2/A/P(3)/25 on storage for 323 days, 
which has been attributed to ageing processes catal
ysed by traces of moisture, indicates that water inter
acts with the material of the gel, and the general 
shape of the water Isotherm (Figure 1(b)) with its 
open hysteresis loop down to low relative pressures 
shows that water is trapped and retained in the sample 
on desorption.

As mentioned above, other workers have suggested that 
trapping of water occurs in 'Ink-bottle" pores (6,8) 
or through penetration into the layer structure of 
CSH(I) gel (9,10). We would like to advance a third 
suggestion involving the assumption that the structure 
of CSH(I) gel consists of a silicate framework whose 
intrinsic negative charge is balanced by the presence 
of an appropriate number of ancillary calcium counter
ions. Drying the gel at low ambient water vapour 
pressure (D-drying) removes bulk water from the sili
cate framework (a process which is enhanced by the use 
of an appropriate solvent) as well as some water from 
the coordination spheres of the calcium ions in the 
system. This leaves pores in the silicate framework 
accessible to both nitrogen and water, and vacancies 
in coordination spheres accessible only to water where 
the adsorbate is retained.

Provided that relatively mild drying conditions are 
employed, there is no danger of collapsing the coord
ination spheres) hence, reducing the outgassing press
ure from 1 x 10-2 Torr to 5 x IO-1 Torr in stages, 
although Increasing the porosity of the overall mat
erial, has little effect on either its nitrogen or 
water surface areas. However, increasing the length 
of storage in the mother liquor increases the cryst
allinity of the sample; this, in turn, introduces a 
measure of order into the silicate framework thus re
ducing the number of pores accessible to nitrogen in 
the bulk material, although penetration of water into 
the framework remains unchanged. The nitrogen surface 
area of the material is correspondingly reduced but the 
water surface area remains unchanged since the water 
content of the coordination spheres is unaltered by 
crystallisation, being determined solely by the drying 
process employed.



Heating the samples to elevated temperatures has a 
drastic effect on coordinated water, and leads to the 
successive collapse of coordination spheres as the 
temperature is raised. This process is irreversible 
and causes a decrease in the water surface area as 
well as a change in the shape of the desorption branch 
of the isotherm, indicating an approach to a closed 
loop at sufficiently high temperatures (19). In 
contrast, ther nitrogen surface area remains virtually 
constant as the temperature is raised indicating that 
the number of pores accessible to nitrogen in the 
silicate framework is much less affected by heating 
(certainly in the range to 200°C) than the coordina
tion spheres of the calcium ions.
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Etude analytique des C-S-H obtenus par action 
de la chaux sur la silice

Analytical study of C-S-H obtained by the action of lime on silica
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RESUME : L'etude cinetique de la reaction ä 21°C de I'eau de chaux de diverses concentrations initiales (0 ä 
35.10-3 mol.kg-1) avec la silice amorphe (a6rosi1) a ete falte syst6matiquement pour 6tablir les courbes d'evo
lution en fonction du temps des concentrations en chaux et silice. Les produits solides de reaction ont 6t6 ana
lyses aux instants successifs ainsi qu'ä l'6tat d'6quilibre final par diffraction X et spectrometrie de vibration 
IR. Il a 6te etabli que le dosage de la silice solide residuelie pouvait 6tre effectue quantitativement par cette 
derniere methode et la possibility d'un dosage simultane du CSH global a 6te precisee.
Les rBsultats mettent en evidence la rapide diminution initiale de la concentration en chaux due ä la fixation su- 
perficielle d'ions Ca2+ par les groupes silanols, suivie, apres passage par un minimum, de la remontBe de concen
tration des ions Ca2+ vraisemblablement sous 1'influence de Tenrichissement simultane de la solution en silice 
totale (1445104, HgSiO^, HgSiOj").
Un maximum de concentration des ions Ca2+ est alors atteint.il est le point de depart d'une decroissance reguliere 
jusqu'ä l'equilibre en raison de la precipitation des hydrosilicates dont la composition stoechiomBtrique pour 
C/S = 0,5 et plus encore pour C/S = 1 regoit 1'appui d'arguments experimentaux ä condition d'admettre simultane- 
ment 1'existence d'une solution solide avec la chaux s'Btendant au moins jusqu'ä C/S = 2.
Le report sur le diagramme chaux-silice-eau des variations de composition des solutions accompagriant TBvolution 
des systömes BtudiBs montre que les chemins cinBtiques se developpent parallBlement aux courbes d'Bquilibre de 
solubilite.

SUMMARY : The kinetic study of the reaction, at 21°C, of lime water with various initial concentrations (0 to 
35.10*3  mol.kg-1) with amorphous silica (aerosil) was carried out to establish the evolution curves versus time 
of lime and silica concentration. The solid products of the reaction were analysed at successive times as well 
as at final equilibrium state by X-diffraction and IR vibration spectrometry. It was established that dosing re
sidual solid silica could be quantitatively performed by the latter method and the possibility of a simultaneous 
titration of the bulk CSH was clarified.

2+The results show the rapid diminution of initial lime concentration due to the surface fixation of Ca ions by 
the silanol groups, followed, after passing through a minimum, by the concentration increase of Ca2+ ions proba
bly under the influence of the simultaneous enrichment of the solution in total silica (H^SiO^, HgSiO^, HgSiOl"). 
A concentration maximum of Ca2+ ions is then reached. It is the starting point of a regular decrease until equili
brium due to the precipitation of hydrosilicates whose stoichiometric composition for C/S = 0.5 and even more 
for C/S = 1 is validated by experimental arguments providing it is simultaneously assumed that there is a solid 
solution with lime extending to at least C/S = 2.
Reporting the compositions changes in the solutions accompanying the evolution of the systems investigated on the 
lime-silica-water diagram shows that kinetic paths develop in parallel to the solubility equilibrium curves.



INTRODUCTION
La comprehension des processus de prise et.de durcis- 
sement du ciment Portland suppose une bonne connais- 
sance des diagrammes d'equilibre de solubilite qui 
permettent de relier la composition des hydrates 8 
celle des solutions. Les variations de composition 
que subissent celles-ci en fonction du temps par sui
te de la dissolution des phases solides anhydres et 
de la precipitation des hydrates peuvent etre repre
sentees par une construction graphique simple (1) sur 
les diagrammes d'6quilibre, aussi bien dans le cas 
des silicates de calcium que dans celui des alumina
tes. Or, les deux diagrammes du Systeme CaO-SiOg-HgO 
publies anterieurement (2, 3) offrent entre eux de 
notables differences. L'un des objectifs de ce travail 
a ete de preparer des C-S-H purs et de developper des 
techniques d'analyse pour mieux les caracteriser.
Steinour a fait, des 1947, une Synthese des travaux 
dejä publies sur le Systeme CaO-SiOg-HgO (4). Beau
coup d1entre eux demontrent 1'existence d'une rela
tion entre le rapport molaire global [C/S]s des pha
ses solides et la concentration en chaux des solu
tions avec lesquelles elles sont en equilibre ; cette 
courbe [C/S]s = f [CaO]£ traduit toutefois les resul
tats de fagon incomplete - eile ne tient pas compte 
de la concentration en silice des solutions - et cela 
a et6 une source de desaccords entre les auteurs : le 
rapport [C/S"]s est un rapport global ; il peut done 
8tre interprets soit par 1'existence de deux hydrates, 
C-S-H (I) et C-S-H (II) de composition variable dans 
un large domains (5), soit par le mSlange dans des 
proportions differentes de plusieurs hydrates de com
position definie (3).
Dans deux articles seulement, ceux de Flint et Wells 
(2) et de Greenberg (3) les donnfies sur la composition 
des solutions en chaux et en silice sont süffisantes 
pour etablir le diagramme d'Squilibre du Systeme 
Ca0-S102-H20. Recemment, Dron (6) a calcule le dia
gramme thSorique et a conclu 8 la validitS de 1'Hypo
these de Greenberg sur 1'existence d'un hydrate 
CaH2S104.nH20.
Malgre les nombreuses recherches.faites 8 leur sujet, 
la nature de ces hydrates n'est pas bien elucidSe et 
ils sont toujours ecrits dans la forme C-S-H pour 
montrer qu'ils n'ont pas de composition däfinie. Les 
methodes classiques d'analyse apportent peu de ren
seignements dans le cas de ces produits de faible 
cristallinite ; il faut cependant mentionner que le 
developpement recent de la methode de trimethyl sily- . 
lation a permis de progresser dans la distinction 
des anions silicates (7). Nous avons essay6 de tirer 
parti de la spectrometrie de vibration infrarouge.

Methodes experimentales :
A I'instant initial, 1.000 g de silice amorphe (Aero
sil 200) est melange avec 1 litre de solution de 
chaux dont la concentration est differente 8 chaque 
essai (colonne 2 - tableau I). Les solutions sursatu- 
rees de chaux sont obtenues soit par filtration de 
suspensions de C3S dans I'eau, soit 8 I'aide de re
sines echangeuses d'ions (essais n, 0, p, q). Pour 
les essais r, s, t, de la chaux vive fraichement d6- 
carbonatBe est ajoutee 8 des solutions de chaux sa- 
turees.
Le flacon est place dans un bain thermorBgule 8 21°C 
et le melange est agite 8 vitesse constante, sous 
courant d'azote. Des echantillons sont prSleves 8 in
tervenes de temps reguliers. La concentration en 
chaux et en silice des filtrats est dSterminee par

TABLEAU I

N° 
essai

Solution
(10+3..mol.kg_1)

Sol ide 
rapport 
molaire

Le],- Mf [S]f [c/s]s
a 2,17 0,97 3,00 0,08
b 2,39 1,39 3,90 0,07
c 3,22 ' 1,50 3,95 0,14
d 3,80 1,55 3,96 0,20
e 4,45 1,49 3,91 0,23
f 5,25 1,12 3,30 0,31
9 6,12 1,20 3,50 0,38
h 10,40 1,35 3,71 0,70
i 11,30 1,40 2,85 0,72
j 12,50 1,23 2,55 0,80
k 14,10 1,13 2,38 0,91
1 17,70 2,25 0,25 0,94
m 20,45 3,72 0,09 1,01
n 23,10 5,00 0,10 1,09
0 28,10 8,35 0,04 1,19
p 31,60 10,32 0,03 1,24
q 37,40 14,95 0,03 1,35

r 20,65
10,25 9,85 0,03 1,26

s 23,45
17,47 15,47 0 1,53

t 21,50
. 35,30 20,30 0 2,19

u 22,10 
0,500g 11,50 0,03 1,27
Si02

spectrophotometrie d'absorption atomique ; la frac
tion solide est d'abord sechee (acetone puis ether) 
avant d'etre soumise 8 une serie d'examens, diffrac
tion des rayons X, microscopie electronique 8 balaya- 
ge, spectroscopie infrarouge en particulier. En vue 
de 1'utilisation de cette derniere technique, les 
Schantilions sont pastilles avec KBr dans la propor
tion de 1,20 mg pour 500 mg de KBr ; trois pastilles 
de 100 mg sont preparees chaque fois, afin d'assurer 
une bonne reproductibilite des resultats.

RBsultats experimentaux - Discussion :
Il est impossible de rapporter ici les rBsultats dfi- 
tailles.de tous les essais ; ils sont explicitBs dans 
une thBse (8).
Etyde_des_sglutions : Nous avons selectionne quelques 
cöürbes pöur'möntrer Involution en fonction du temps 
des concentrations en chaux notee [C] et en silice 
notfie [S] des solutions. (Figure 1).
Au cours des premieres minutes, [C] baisse de 2 8 4 
millimoles en raison, probablement, d'une fixation 
d'ions Ca++ sur les groupes silanols de la surface 
de la silice ; chaque Ca++ doit reagir avec 2 grou
pes silanols. Nos resultats sont en bon accord avec 
ceux de Fripiat et col. (9) qui ont montre que 1'ae
rosil 200 contenait 2,90.10-3 mol de groupes silanols 
par gramme-de silice. Dans les essais r, s, t, oü de 
la chaux solide a BtB ajoutBe, ce phenomBne, s'il 
existe, est masquB par le passage d'un peu de chaux 
dans la phase liquide tendant 8 donner des solutions 
saturfies. L'augmentation de [C] souvent observfie



Fig. 1 -Evolution en fonction du temps des concen
trations en chaux et silice des solutions.

ulterieurement, peut s'expliquer par le passage en 
solution, sous 1'influence de changements dans le 
milieu reactionnel : modification de pH, dissolution 
de silice ...), d'une partie des Ions Ca2+ chimisor- 
bes.
Dans la periode suivante, les courbes [C] sont paral
leles (la longueur et les limites de cette periode 
dependent du titre initial de la solution de chaux). 
La vitesse moyenne de consommation est de 0,0125' 
pmol.kg-l.sec-1. L'essai a est exclus :[C] ne varie 
plus. La courbe de l'essai u, röalisä ä partir de 
0,5 gramme de silice n'est pas parallele ä celle des’ 
autres essais, tous effectues avec 1 gramme : la pen
te de la courbe est moins forte et la vitesse de con
sommation de la chaux est reduite de moiti6 environ. 
La vitesse de precipitation des C-S-H est independan- 
te de la concentration initiale de la solution de 
chaux, eile est directement proportionnelle ä la 
quantity de silice presente, done ä la surface de la 
silice.
A l'opposS des courbes [C]-qui presentent une evolu
tion generale commune, celles de la silice se divi— 
sent en plusieurs groupes. La courbe (a) peut etre 
utilisee comme base de comparaison ; en effet, apres 
quelques minutes, [C] ne varie plus et il y a seule- 
ment une dissolution de silice sous forme H4SiOA, 
accompagnee d'une transformation partielle de l7aci- 
de monosilieique HaS^ en HsSiOa“, H2SiO42-. La 
courbe de l'essai (d) a la meme forme que celle de 
(a) mais les valeurs de [S] sont inferieures .ä celles 
obtenues lors de l'essai (a), pour des temps identi- 
ques. Une nouvelle forme de courbe apparalt dans les 
essais (e) et (f) : apres avoir suivi le meme traget 
qu'en (a) et (d), (40 min.), les courbes se separent: 
[S] decroit puls reaugmente soit rapidement comme 
dans (e), soit apres quelques heures, comme dans (f). 

Ceci reste valable pour l'essai (g), mais, les deux 
premieres päriodes de la courbe d'evolution durent 
tres peu de temps. Pour (h) et (1), [S] conserve une 
valeur fälble (environ 0,1.10~3 mol.kg-1) pendant de 
nombreuses heures, puis croit brusquement au bout de 
18 h dans le cas de l'essai (h) et de 20 h dans celui 
de (i), alors que dans les deux cas, [C] passe par la 
valeur 2.10*3  mol.kg*̂.
De la comparaison des resultats obtenus pour [C] et 
[S], il est possible de tirer des conclusions impor
tantes quant au mecanisme de formation des C-S-H. La 
decroissance continue de [C], et la forme des courbes 
[S] suggere 1'existence dhune competition entre le 
passage en solution de la silice et la precipitation 
des C-S-H ä partir des ions de la phase liquide. Dans 
l'essai (d), la vitesse de precipitation des hydrates 
reste fälble ; par suite, [S1 ne s'arrete pas de 
croitre ; en revanche, ä partir de l'essai (1), la 
vitesse de precipitation des hydrates croit rapide
ment par rapport ä la vitesse de dissolution de la 
silice ce qui permet d'expliquer les deux premieres 
parties de la courbe : apparition de Si02 en solution 
puis sa diminution. Pour les essais (g), (h), (i), la 
vitesse de precipitation des C-S-H est grande depuis 
le debut ; la concentration de la silice en solution 
reste faible car la dissolution de la silice est 1'e- 
tape determinante de la cinetique de la reaction. On 
peut penser, sans toutefois en apporter de preuve 
formelle, que le m6me mecanisme reste valable lors 
des essais effectues avec des solutions sursaturSes 
de chaux. On retrouve la 1'un des problemes majeurs 
poses par 1'hydratation de C3S. La formation des 
C-S-H a-t-elle lieu par precipitation 5 partir des 
ions en solution ou bien est-elle de nature topochi- 
mique en entendant par li la fixation directe des mo
lecules d'eau dans la phase solide et la transforma
tion structurale aboutissant ä C-S-H.
Au bout de plusieurs mois d'evolution, chaque Syste
me atteint un etat d'equilibre metastable, caractSri- 
se partiellement par sa concentration en chaux et en 
silice en solution (colonnes 3 et 4 du tableau I) et 
par le rapport global [C/S]s des phases solides (co- 
lonne 5). Chaque couple de valeurs [C]f , [S]f, defi
nit un point d'une courbe de solubility des C-S-H, ce 
qui nous a permis de reconstruire le diagramme-d'e
quilibre du Systeme CaO-SiO2-H2O (8). Il est parti- 
culierement instructif de reporter sur ce diagramme 
les variations de composition des solutions accompa- 
gnant revolution des systemes : on remarque alors 
que ces "chemins cinStiques" se dSveloppent paralle- 
lement aux courbes d'equilibre de solubilite. La con
sequence interessante qui en decoule est qu'il suffit 
de connaitre les concentrations inittale [Clj et fi
nale [C]f en chaux de la solution pour savoir qu'elle 
sera 1'evolution de [S] tout au long d'un essai. ' 
E£yde_des_phases solides : Les spectres de diffrac- 
tiön'X'dTicFiäntiTlöns"preleves pendant les essais 
(a), (b), (c), (d) ne montrent guere qu'une bosse 
de diffusion due au gel de silice ; la premiSre raie 
de C-S-H (I) ä 3,07A apparait sur le spectre final 
de l'essai (d), mais eile estotres large et peu in
tense ; un epaulement 5 2,83 A [2eme raie de C-S-H(lj 
apparalt sur celui de (e). Si ron deshydrate ces 
produits finals ä 1000°C, on obtient le spectre du 
quartz pour (a), (b), (c), celui du quartz et de la 
parawollastonite pour (d),(e) et (h). Les trois 
raies principales sont presentes sur le,spectre fi
nal de (h), mais seule la raie ä 3,07 A est fine. 
Les trois raies deviennent fines quand £/S) s 
atteint 1'units (essai m); le fond continu que • 
donnait la silice a alors completement disparu.



Fig. 2 - Spectres d'absorption infrarouge dans le 
dquaitie des vibrations de valence Si-0 des phases so
lides obtenues ä I'equilibre.

La spectroscopie infrarouge confirme ces premiers 
resultats et apporte des informations supplementai- 
res. Nous ne donnerons ici que les resultats relatifs 
au domaine 1200 cm*l  - 400 cm*!.  La silice amorphe y 
präsente des bandes caracteristiques ä 1100 cm-1, 
805 cm'l et 468 curl ; el les sont respectivement at
tributes aux vibrations de valence des liaisons Si-0 
et Si et 3 la vibration de deformation asymetrique 
des liaisons 51-0 (10). Les C-S-H sont caracterists 
essentiellement par une bande large et intense ä 
970 cm'l et par une bande ä 450 cm'l ; Tintensite 
de la bande ä 805 cm"l est beaucoup plus faible. Les 
spectres des produits finals de quelques essais ont 
ete traces sur une meme figure pour comparaison (fi
gure 2). Le spectre de (a) est identique ä celui de 
1‘aerosil ; ceux des echantillons (b), (c), (d) 
(C/S < 0,20) presentent un elargissement progressif 
de la bande ä 1100 cm"! vers les nombres d'onde in- 
ftrieurs. Un epaulement ä 970 cm-* apparait sur le 
spectre de (d) ; la bande n'apparait vraiment que sur 
le spectre de I'echantillon (e), mais la bande ä 
1100 curl de la silice reste la plus intense. La pre
sence de la silice est encore decelable sur le spec
tre du produit se caractfirisant par FC/Sjs = 0,94 
(essai 1), mais eile a completement disparu du spec
tre de (m), pour 1 equel [C/S]s = 1,0 ; ceci est done 
un argument en faveur de I1existence d'un hydrate de- 
fini, de rapport [C/S]s = 1. En revanche, on n'obser- 
ve pas de modifications sur les spectres IR et X de 
tous les 6chantillons pour lesquels l.O# [C/S]s.sl,50. 
Il faut done reconnaltre que 1'hydrate precedent est 
capable de fixer un exc6s'important de calcium dans 
son reseau.
Dans les essais oü de la chaux solide a ete ajoutBe 

Fig. 3 - Etude cinetique par spectroscopie infrarou
ge de la transformation des phases solides (essai m).

(r), (s), (t), un precipite de Ca(OH)j accompagne au 
debut la precipitation des C-S-H. Ses raies apparais- 
sent sur les spectres de rayons X et infrarouge ; 
leurs intensites s'affaiblissent progressivement 
alors que celles des raies de C-S-H augmentent. 
Ca(0H)o n'est plus detects dans les Schantillons fi
nals (r) et (s) ( C/S = 1,26 et 1,53), mais il est 
present ä cötS de C S-H (I) dans le produit (t) pour 
lequel C/S = 2,19.
Des analogies radiocristallographiques et infrarou
ges des phases solides, jointes ä celles des solu
tions apportent les resultats suivants :
1/ Rapport [C/.S]; global_des_phases_solides_<_0J23_: 
Ces phases sont de la silice amorphe et de petites 
quantites de C-S-H ; elles sont en equilibre avec des 
solutions dont la concentration en chaux demeure fai
ble (1 - l,50.10~3 mol.kg'l) alors que la concentra
tion en silice va_en croissant ä cause de la forma
tion d'ions HgSiO^ quand le pH augmente.
2/ 0.20_.<_[C/S]s x<_h0g :
11 s'agit d'un mSlange de silice et de C-S-H (I) dans 
des proportions croissantes. La concentration en 
chaux des solutions varie peu mais celle de la silice 
decroit jusqu'ä la valeur 0,1.10'3 mol.kg-1 [essais 
(f) ä (m)].
3/ l.pO_-i_[C/S]s <_l25g :
La chaux excedentaire se repartit entre le solide 
(sans qu'il y ait apparition d'une nouvelle phase) 
et la solution-fCjf atteint 15,47.10'3 mol.kg'l 
quand [C/S]s = 1,53, alors que [C]f = 3,70.10'3 
mol.kg-1 seulement pour [C/S]s =1,01.



4/ |T/Sjs > 1,50 : 1'hydroxyde de calcium precipite 
en meme temps que C-S-H qui a fixe une partie de la 
chaux excedentaire. Ces phases solides sont en equi- 
libre avec une solution saturee de chaux.
Lä encore, il est interessant de remarquer les analo
gies dans les rSsultats que donne 1'ensemble des sys- 
tSmes ä l'equilibre (figure 2) et ceux que donne un 
Systeme particulier en cours d'evolution. On a choi- 
si comme exemple l'essai (m) et rassemble sur la fi
gure 3 quelques spectres d'echantilions representa- 
tifs de revolution du Systeme. Au cours des premie
res heures, la bande ä 1100 cm*l  se deforme progres- 
sivement vers les nombres d'ondes plus petits et son 
intensite diminue 16g8rement (lh30) ; un epaulement 
ä 970 cm-1 apparait au bout de 6 heures puis s'accen- 
tue (9h), la separation en deux bandes distinctes se 
produit vers 12 heures et on note la variation en 
sens inverse des deux bandes ä 1100 et 970 cm-1, ce 
qui permet d’envisager un dosage quantitatif des 
C-S-H.

CONCLUSIONS
Dans cette etude des reactions entre silice amorphe 
et solutions de chaux, la methode adoptee a et6 1'a- 
nalyse simultanSe des phases solides et des solutions 
en contact avec elles, au cours de 1'etude cinetique 
aussi bien que de celle des Stats d'equilibre. Il a 
ainsi etS mis en evidence que les,C-S-H precipitent 
ä partir des ions en solution et que I'Stape qui gou- 
verne la cinetique globale des reactions est celle 
du passage en solution de la silice. On a egalement 
construit les courbes de solubilite du Systeme 
CaO,SiO2,H2O et associe, 5 chaque point definissant 
la composition des solutions, le rapport |C/S|s des 
phases solides avec lesquelles elles sont en equili- 
bre. La spectroscopie infrarouge a apportS des in
formations nouvelles en permettant de differencier 
les produits finals des reactions et de suivre la 
cinetique de formation des hydrosilicates de calcium.
D'autre part, 1'etude du Systeme Ca0-Si02~H20 sous 
deux aspects generalement Studies separSment - cine
tique et etats d'equilibre-, a montrS qu'ils sont 
en fait etroitement lies : les chemins cinetiques 
reprSsentant la variation de composition des solu
tions au cours de leur evolution se dSveloppent pa- 
rallelement aux courbes d'equilibre de solubilite.
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Calorimetrie des Hants

Calorimetry of binders
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RESUME : Cet expose constltue un examen des objectifs concernant 1'application de I'analyse 
calorimetrIque a la chimle et a la technologie du ciment. Il fait etat de la mise au point 
d'une methode de microcalorimetrie isotherme differentielle. Les etudes portent sur la sup
pression des erreurs qui ont pour cause des Interactions heterogenes et la correction dynaml- 
que de I'lnertie des instruments de mesure, ainsi que le depouillement automatique des don- 
nees finales et 11 interpretation cinetique des relations obtenues pour des Hants modeles 
monomlneraux. Les auteurs mettent en evidence 1'apport, dans 1'effet thermique general, de la 
chaleur des processus elementalres de durcissement : adsorption, dissolution et cristallisa- 
tlon. On y trouve egalement des donnees concernant les possibilites de regulation technologl- 
que et 1'obtentlon de ciments aux proprietes voulues sur la base des donnees de I'analyse 
calorimetrique. Celle-cl englobent la composition chimique et mlneraloglque, la granulome
tric, 1'addlt-lon d'adjuvants et de germes crlstalllns, les conditions de durcissement et d'ex- 
ploitatlon.

SUMMARY : The problems of using calorimetric analysis in the chemistry and. technology of 
cement are considered. The results of development of the isothermic differential micro
calorimetry method are presented. The developments comprise elimination of errors con
nected with the heterogeneous nature of interaction and dynamic correction of the time
lag of the instruments, as well as automatic processing of results and kinetic inter
pretation of the relationships obtained for model monomineral binders. Contributions of 
the elementary hardening processes (adsorption, dissolving and crystallization) in the 
total thermal effect are established. The possibility of technological control and pre
paration of cement with required properties on the basis of the calorimetric data is dis
cussed. The data cover the chemical and mineral composition, granulometry, introduction 
of additives and crystal seeds, conditions of hardening and of exploitation.



Le degagement calorifique est un des plus 
importante phenomdnes qui accompagnent le 
durcissement des ciments. Ses caract6risti- 
ques sont utiles pour les recherches sur le 
m&canisme et la cinetique d’hydratation, on 
y fait recours lots du choix et de la pres
cription des parametres dans la technologie 
des .ciments et des betone. La calorimetrie 
joue un r81e toujours croissant dans I*en 
semble des methodes chimiques et physiques 
de la recherche sur la chimie des ciments. 
Ceci s’explique par une grande capacite 
d'inforaation de la methode. Les donnees sur 
l'effet thermique global Q, la vitesse de 
degagement thermique dQ/dT = fCb) lots de 
la reaction d’hydratation, permettent, dans 
le cas de leur interpretation a I’aide de 
l’appareil cin6tique des processus hetero
genes, d'obtenir des renseignements quanti- 
tatifs sur le degre <L et la vitesse d<z/dT 
de transformation des liants. En depit de 
certaines contradictions, on connaft fort 
bien les possibilites de I’analyse calori- 
metrique a laquelle on fait recours pendant 
les investigations des voies de regulation 
technologique et des modalites de confSrer 
au ciment des proprietes necessaires par 
une modification de la capacite de disper
sion et de la granulometrie, de la composi
tion de phase et chimique, et 1* addition 
d'adjuvants et de germes chimiques.
A des fins scientifiques et pratiques, on 
utilise la calometrie de dissolution, les 
methodes adiabatique et isothermique, ou 
bien leurs variates. La calorimetrie iso
thermique differentielle permet d'enregis- 
trer de faibles variations de la puissance 
themigue d'un systems en etat de durcisse
ment des le contact avec de I’eau, ce qui 
est important pour les etudes sur des sta
des initiaux de durcissement, puisqu'en cet
te periods le degre d’hydratation est mini
me, alors que la vitesse d’hydratation est 
grande.
On a plus d’une fols attire, dans des ouvra- 
ges scientifiques, 1’attention sur la ne- . 
cessite de franchir des obstacles, sur le 
plan methodologique, crees par la specifici
te de 1’interaction heterogene dans les sys- 
temesdisperses en voie de durcissement, ain- 
si que sur la necessity de surmonter les 
difficultes d’interpretation opantitative 
des resultats de mesures.dues a la dispropor
tion des vitessea de degagement cklorifique 
et d’hydratation aux divers stades de dur
cissement.
L’evolution de la technique des experimen
tations a permis d*assurer  la suppression 
de toute une serie d’erreurs. Nous utilir 
sons pendant nos travaux des calorimetres 
munis d’un dispositif d’introduction auto- 
matique des liants en poudre dans la cellu
le de la reaction et d’un malaxage des re
agents", par vibration lots de leur combinai- 
son. On a envisage la suppression de l'ef
fet de la temperature sur la poudre du li- 
ant et sur I’eau. Ges dispositifs reduisent 
au minimum les erreurs qui ont lieu ä cause 
de 1’hydratation pr61iminaire des liants 
dans les vapeurs d’eau, de 1’evaporation 

■des liquides et de I*homog6n6it6  insuffi- 

sante d’un melange. On applique egalement 
un dispositif Slectronique de correction 
dynamique de 1’inertie de la partie mesura- 
ge du calorimetre. Le microcalorimetre iso
thermique differentiel est muni d’un poten- 
tiomette d'enregistrement des rapports 
dQ/dl = fCT ), d’un integrateur de leur 
transformation en rapport Q -4>(T ) et d’un 
potentiomdtre ä double orientation d’enre- 
gistrement des courbes dQ/dV - JF(Q). La^ 
sensibilitS du potentiomätre est de '10--?W, 
la constante du temps, de 120 sec. La cons
truction automatique des rapports modeles 
et le depouillement des resultats d’experi
mentation ä I’aide d’un ordinateur facili- 
tent dans une grande mesure 1’interpreta
tion des donnees d’analyse calorimetrique. 
L’objet des recherches calorimetriques quan
titatives sont essentiellement des liants 
monomineraux JCaO.AlsOz et CaSOzrO.JHgO. 
Pendant des recherches sur 1’hydratation du 
silicate tricalcique, R.Kondo, M.Daimon (1)
P.Longuet (2) et N.Stein (5) se sont heur- 
tes ä des difficultes quant a 1'utilisation 
des donnSes calorimetriques ä cause de 
la disproportion des indices dQ/dT et 
d=t/dV , de la difference de precision lors 
de 1’evaluation de la vitesse d’hydratation 
par les methodes chimique, radiologique et 
calorimetrique. Cependant, Stein (5) estime 
1'utilisation des resultats d’analyse pos
sible lorsque la composition d'un hydrosi
licate au cours du processus reste invaria
ble ou bien quand on observe le rapport . 
constant entre les hydrosilicates de haute 
et basse basicite. D’une faqon g6n6rale, on 
a su mettre en evidence et decrire certains 
stades du processus, evaluer le rdle de la 
formation des noyaux et de la pellicule, la 
possibilite d’application des equations ci- 
nett ques essentielles, de la regie de Van't 
Hoff lors des variations de temperature, de 
1'introduction des additifs, etc. Les re
cherches sur le gypse semi-hydrate en tent 
que modele d'un liant sont plus avantagees, 
puisque le gypse est hydrate sans former 
des produits interm6diaires et la valeur 
Q/et demeure constants au cours. du proces
sus. Par ailleurs, la chaleur d'adsorption 
d’eau par des produits cristallins d’hydra
tation du gypse est incomparablement plus 
basse que cells par des hydrosilicates.
Nous avons etudie certaines Equations cine- 
tiques utilisees pour decrire le nhenomene 
d’hydratation (4). La figure 1 presents " 
les rapports dot/dT = £() pour les equa
tions Kolmogorov - Avrami - ErofSev

ddt/dT = (1-<z,)[-ln(1-*) 5AJ (1)

Reedje d^/dT - <£ (1- J. (2)

Comb et a,
d’autres dot/dl = 5(l-«(,) ln(1-«C) (?)

Les valeurs calculees du degre de transfor
mation olmax °u la vitesse du processus at
taint son maximum constituent respective- 
ment 0,52; 0,60 et 0,28. En mSme temps, pour
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Fig. 1. Rapports th6oriques entre la vites
Se et le degre de transformation calcules 
sur les Equations (1), (2) et (3). .

1’equation (1) n = 4. , •'
Les calculs deotmgy d’apres les resultats 
d'analyse calorimetrique pour oC - forme et 
ß - forme du semi-hydrate (Fig.2) montrent 

que sa valeur de 1’ordre de 0,4 est bien 
au-dessous des previsions theoriques. La 
meilleure concordance des donnees theoriques 
et experimentales doit §tre observee quand 
la valeur oGjjnjj est plus basse ce qui peut 
Stre explique par le fait que les germes 
d’hydrate adoptes pour les equations (1) et 
(2) sont de forme lamellaire ou aciculaire, 
et non spherique tridimensionnelle. La meil
leure explication des donnees des experimen
tations offrent les equations qui tiennent 
compte de deux constantes cinetiques (vites
se de dissolution et cristallisation) puis- 
que la vitesse maximale du processus doit 
varier en fonction des variations du rapport 
de ces constantes.
La conclusion essentielle de cette analyse 
tient a ce que la relation lineaire de 
dot/dt = k«Cm8me si la valeuroCmax est mi
nime, n'est pas observe et la formation et 
l'accroissement d’une phase nouvelle sont 
regis plutSt par la fonction puissance et 
non par la fonction exponentielle ce qui , 
est propre pour la plupart des reactions he
terogenes. Par ailleurs, ^our expliquer le 
caractere des courbes cinetiques pendant la 
periode de ralentissement de la vitesse 
d’hydratation (rapport 2, Fig.2), il con- 
viendrait d’adopter, dans 1’equation du ty
pe dx/dT - k(1-^.)™, la valeur de m» 2/3

Q, cal/g

Fig.2. Rapport entre le degagement calori- 
fique et la chaleur d’hydratation de 

oC - forme (1,2,3) et ß .- forme du gypse 
semi-hydrate (4).

et d’expliquer le phenomene par une large - 
distribution de particules selon les dimen
sions.
Les recherches calorimetriques ont permis 
d’Slucider toute une serie de questions 
concernant le mecanisme et la cinetique 
d’interaction entre les additifs chimiques 
et, notamment, les amorces et les mineraux 
de clinker (5)*  On a decouvert une diffe
rence d’action des amorces pendant le dur- 
cissement de divers mineraux (Fig.3).
On enregistre sur les courbes thermocineti- 
ques d’hydratation de 3CaO • SiC^ (Fig.3,A) 
un accroissement de la valeur du premier 
exo-effet dans les Sprouvettes avec amorces 
dQ a la chaleur d’adsorption d’eau par la 
surface bien developpee d’hydrosilicates de 
calcium similaires a des tobermorites. La 
difference calculSe en valeurs de 1’effet 
thermique pour une eprouvette de contrdle 
et des melanges avec amorce const!tue 
7,79 Joules; le taux de chaleur etant de 
97,15 J pour un gramme de 3CaO • SiOp, ce 
qui est bien conforme au faux de chaleur 
d'adsorption par le gel tobermorite.
Lors de 1’introduction des amorces, il est 
necessaire de cr6er un contact intime avec 
liant.
Ceci est obtenu pendant nos experimentations 
gräce a la trituration du melange pendant 
1 ou 2 minutes. Lans ce cas, la pSriode 
d’hydratation essentielle evaluSe sur la va- 



leur du deuxieme exo-effet se realise plus 
amplement. Cela se produit, paraft-il, pour 
le compte de 1* augmentation de la reactivi
te par activation mecano-chimique, puis- 
qu'on dispose de donnees sur l'effet insi- 
gnifiant de ^CaO-'SSOg’SHgO sur la cinetique 
de durcissement du silicate tricalcique. Un 
resultat analogue a 6t6 obtenu pendant les 
recherches sur l’influence de l'amorce 
d'afwillite sur 1’Hydratation et le deve- 
loppement de la resistance du silicate tri
calcique (6).
La nature de 1’Hydratation de JCaO^AlgOz 
(Fig.5,B), appartenant ä la categoric des 
liants qui durcissent rapidement, teste 
invariable ä 1’usage d’une amorce d’alumi
nate hydrate Ca, quoique son action sur le 
degagement calorifique est tres efficace, 
surtout lorsqu'elle est introduite par la 
methode de trituration. L’acceleration de 
la vitesse de durcissement des le gächage 
provoque la reduction de la periode, pour 
l'essentiel a cause de l’effet ecran de 
I'enveloppe d'hydrate.
L’action d'activation des amorces la plus 
efficace se manifeste pendant I'hydrata- 
tion de HCaO-AlgO'FeOj (Fig- 3,0). La cour- 
be thermocinetique du durcissement de ce 
mineral enregistre la presence d'une pe
riode d'induction de la cristallisation. 
L'introduction de 1’amorce (produit d'hydra- 
tation "de WaO-AloO^-FepOi) reduit la pe
riode d'induction de 6 a 2 heures pendant 
le malaxage ordinaire et jusqu’a une heute 
quand on assure un contact serre du mine
ral et de 1'amorce.
L'analyse thernique differentielle, 1’ana- 
lyse des phases au rayons X ainsi qü'au 
microscope electronique ont confirme la 
difference qui existe dans la constitution 
et la structure de nouvelles formations, 
cependant les donnees de l’analyse calori- 
metrique sont particulierement appreciables 
vu 1'existence des informations concernant 
l'effet des amorces sur le mecanisme et la 
cinetique de 1'hydratation au stade initial. 
L'interpretation quantitative des donnees 
de l'analyse thermocinetique pour des pou- 
dres polymin6rales et polydispers6es des 
ciments est limitee, bien que, on 1'a note 
ci-dessus, leur importance pour la regula
tion technologique soit grande.
Une importance particulidre est attribuee 
aux recherches sur la cinetique d'hydrata- 
tion d'une s6rie de ciments noddles spe- 
ciaux.
Ainsi, par exemple, les investigations dans 
le domains du degagement thernique des sys- 
temes de dilatation a base de JCaOA^Oj et 
CaO-A^Oj, du gypse et de la chaux, ont, 
montrd que la haute sensibilite de la me
thode permettait d'enregistrer des varia
tions thermiques insignifiantes qui accom- 
pagnent la formation et les transforma
tions des aluminates hydrates et des hydro
sulf oaluminates. On a etabli des differen
ces principales quant ä l’influence du 
gypse et de la chaux sur la cindtique d’hy
dratation des aluminates •

Fig.$. Intensity du degagement calorifique 
pour 5Ca0-SiO2(A). SCaO’AlpO, (B) et 
4Ca0,A120^*FeÖ5(C) . 1 - matiere de base, 
2 - melange avec amorce introduite par ma
laxage, 3 - melange avec amorce introduite 
par trituration.

Lors de 1'introduction du gypse dans C5A, 
on releve une baisse de 2 fois de la valeur 
absolue du premier exo-effet, une extension 
de la periode d'induction et une extinction 
de la vitesse du degagement calorifique, ce 
qui s'explique par un effet attenuant des 
enveloppes d'hydrosulfoaluminate de calcium. 
L'addition de Ca(0H)2 freine davantage 
l’action thermocinetxque du syst&ne.
Tout comma H.Hori et K.Minegishi (7)t nous 
avons enregistre la fission du deuxieme exo- 
effet et sa transformation en doublet, ce 
qui est lie a la formation du monosulfate et 
sa transformation en solution solide et 
C^AH,] .
Par contra, 1’hydratation et le degagement 
calorifique des systemes a base de 
CaO’AlO- se dSroulent d’une autre faqon. A 
1’interaction de GA avec gypse qui s’effec- 
tue dans les conditions d’une sursaturation 
plus faible, il se produit une crista^llis?- 
tion rapide de 1’ettringite qui s’acheve 
au bout de 14-16 heures,'
A ce moment pres, la valeur dQ/dT devient 
minimale et s’approche d’une maniere asymp- 
totique du z6ro. L*addition  du gypse acc6- 
lere l’hydratation de CA. La.valeur des 
deux exo-effets s’accroft avec augmentation 
de la teneur en gypse. l’effet thermique to
tal augments, le degre d’hydratation. s’Sie
ve. La presence de la chaux accelere la 



cristallisation de 1’ettringite, et l’aug- 
mentation de sa teneur provoque une aupnen- 
tation de l’effet thermique total. Il est 
claire que dans les ciments expansifs a ba
se de CaO-AlgOj il est assurS une synchro
nisation des indices de vitesse des reac
tions chimiques et de la formation des 
structures, alors que 1’expansion, au stade 
initial est compensee par une plus profonde 
hydratation et par une consolidation de la 
structure du materiau.
Jusqu’ici nous avons examine les aspects 
d'application des donnSes de l’analyse ca- 
lorimetrique au stade de la preparation des 
liants. Des resultats fort appreciables ont 
6te obtenus e^alement lots de 1’application 
de la calorimetrie ä la fabrication des 
pieces et constructions prefabriquSes. Dans 
ce cas, c’est le principe de la conformite 
de 1’ensemble des caracteristiques du liant 
(technologiques, cin6tiques( thermodynami- 
ques et d'autres) aux parametres des effets 
appliques lors du durcissement pour recevoir 
un materiau ä composition de phases et a 
structure desirees. Ce principe est formula 
par O.P.Mtchedlov-Petrossian. La duree, 
I’intensitS et le moment d'application d’un 
de ces effets (thermique, mecanique, chi- 
mi que ou de leurs combinaisons) doivent 
6tre choisis1compte tenu de 1'utilisation 
optimale des proprietes potentielles des 
ciments. ■ .
Les questions de l’influence de la tempera
ture sur le degagement thermique et de la 
prise en consideration du degagement ther
mique lors du choix des regimes de traite- . 
ment thermique ont ete examinees dans une 
communicationj faite au seminaire "D" du 
present Congres.
On sait que les caracteristiques technolo
giques des liants, telles que la composi
tion chimique et mineralogique, la disper
site, etc., sont liees etroitement ä 1'uti
lisation tres repandue de l’effet chimique 
sur des melanges en voie de durcissement 
au moyen de 1'introduction d’additifs dif- 
fSrents. Nous avons analyse l’influence de 
divers adjuvants - accelerateurs, retarda- 
teurs, porophores,-plastificateurs - sur 
la cinStique du degagement calorifique des 
min&raux de clinker et des ciments.
Auparavant (8), on a confirme le fait de 
l'effet selectif des additions sur les pro
cessus elSmentaires d’hydratation et de dur
cissement - adsorption, hydrolyse, cristal
lisation - que nous avons appele EFFET DE 
SELECTIVITE CINETIQUE de 1’activity des 
composSs chimiques. Utilisant les donnees 
sur la constants de la vitesse^et 1* Energie 
d’activation on a etabli les series d'acti- 
vit6 des additions minerales les plus re- 
pandues avec anion commun SOfi-, Cl”, NOj, 
OH” et avec cation commun Ca2+, Mg24- et 
d’autres.Cette conception a permis d’etayer 
d’une faqon quantitative des series d'addi
tions chimiques complexes qui sont utilisees 
avec succes dans le bdtiment. Ces demiers 
temps, sont en cours de realisation toute 
une serie de travaux de recherche sur la 
cinetique du degagement calorifique des ci

ments avec addition de plastificateurs de 
forte action.
On a analyst l'effet de 1’additif "Melment" 
et de certaines modifications des lignosul
fonates. Une relation a ete etablie entre 
1’efficacite de l’action plastifiante et la 
modification successive de la vitesse d'hy- 
dratation qui se traduit par la baisse "d’in- 
tensite du degagement calorifique. Ainsi 
done, les resultats des recherches sur les 
processus de durcissement, obtenus par la 
methode de la microcalorimetrie isotherm!- 
que differentielle, permettent, au stade de 
la preparation et de 1’utilisation des 
liants, d’approfondir les connaissances sur 
le mecanisme et la cinetique d’hydratation, 
d'etudier, d’une faqon rationnelle, sur la 
base experimentale et thSorique, les moda- 
lites de perfectionnement de la technolo
gic des liants et des betons. .
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Effects of Admixtures upon Electrokinetic Phenomena 
During Hydration of CsSzCsA and Cement - •• 

Effets des adjuvants sur les phenomenes electrocinetiques au cours 
de l'hydratation de C3S, C3A et du ciment

D.Mr  ROY, Professor, Materials Research Laboratory, The Pennsylvania State University,
M. DAIMON, Associate Professor, and K. ASAGA, Research Associate, Dept, of Inorganic Materials, 

Tokyo Institute of Technology, U.S.A. .

RESUME : On a etudle le role des adjuvants superplastiflants utilises pour reduire 1'eau de 
gächage des ciments dans des applications speciales. Pour comprendre leur action, on a etu- 
die les phenomenes provoques par l'hydratation du C^S(allte) et du’C^A de divers ciments (type 
I, type V, classe C et classe H), lorsque ces ciments sont malaxes avec de l'eau contenant des 
proportions variees de ces superplastiflants ainsi que divers ions. Les techniques d'electro- 
flltration et d'electrophorese ont ete utilises pour determiner le potentiel zeta, produit ä 
l'interface 1iquide-solide. Par la suite 11electrophorese a ete utilisee de preference. La pep- 
tlsation des grains de ciment, sous I'action de superplastifiants constitues par des conden- 
sats de formaldehyde de naphtalene sulfone et de formaldehyde de melamine sulfone, semble due 
ä la formation d'un potentiel zeta fortement negatlf ä la surface- des cristaux d'alite et de 
C,A. D'autres ions peuvent modifier ces effets, mats le phenomene reste le meme en general, 
bien que son intensite puisse varier. Les variations systematiques du potentiel zeta ont ete 
mesurees en fonctlon de la concentration en ajouts et en fonction du temps; ces variations 
sont importantes, notamment pour le C^A. Ces variations semblent dues ä 1'adsorption des ad
juvants a la surface des grains du ciment et du granulat. Il siiffit de concentrations plus 
faibles en adjuvants pour creer ce potentiel zeta, si le ciment contient des cendres volantes. 
Ont aussi ete examinees les relations entre ces phenomenes et d'autres facteurs physiques, 
comme la rheologic du mortler et 1'adsorption isotherme.

SUMMARY: The actions of superplasticizing admixtures, utilized for reducing the required water contents of 
cementitious mixes for special applications, have been investigated. To understand their effects, electro- 
kinetic phenomena have been investigated for CgS (alite), C3A and cement particles (Type I, Type V, Class C 
and Class H) in contact with water containing different concentrations of superplasticizing admixtures and 
other ions. Streaming potential and electrophoresis techniques were explored to determine the zeta potential 
generated at the-liquid-solid interface. Subsequently the electrophoresis technique was used primarily 
for measurements. The dispersion of cement particles through use of superplasticizing admixtures of the 
sulfonated naphthalene formaldehyde condensate and sulfonated melmamine formaldehyde condensate families 
is apparently related to the generation of a strongly negative zeta potential at the surfaces of both alite 
and C3A particles. Other ions in solution modify the effects, but the phenomena generally remain similar, 
though having differing magnitudes. Systematic changes in the magnitude of the zeta potential with con
centration of admixture and time have been determined, and are significant, particularly with C3A. The 
changes observed are related to adsorption of the admixture species upon the surfaces of the individual cement 
compounds and their admixtures. Smaller concentrations of admixtures are required to generate strong negative 
zeta potentials with flyash particles in similar suspension. Relations to other measurements such as mortar 
flow, viscosity and adsorption isotherms are also discussed.



INTRODUCTION

The achievement of optimally dense very low permea
bility hardened cement composites is important for 
applications requiring high performances, such as 
plugging, because such materials have superior 
mechanical properties,and potential for chemical 
stability. Admixtures such as superplasticizers are 
.employed for‘the purpose of decreasing the water-to- 
cement ratio, without decreasing the fluidity of the 
mixture. Zeta-potentials of cements in suspension 
have been studied (1), and the surface generated 
forces thus quantified were used to explain some 
of the effects of the superplasticizers upon the 
rheological properties of pastes and slurries. 
Recently, studies have been made of the related 
viscometric properties as well (2-4). The use of so- 
called superplasticizers or super-water-reducers have 
recently attracted the attention of concrete engineers 
(5) and for predictability, it is important to under
stand the mechanisms of their benavior. Signi
ficant attractive forces exist between cement parti-- 
cles in cement-water suspensions, and in time the 
particles link together to build rigid networks. 
Water reducing admixtures are effective in breaking 
the cement particle networks and dispersing them (6), 
preventing premature agglomeration minimizing the 
amount of water required to suspend the particles and 
render the mix workable for the required period of 
time. The admixtures control the forces between 
particles and increase fluidity of the mix (1).

Until recently (1), very little experimental work 
was carried out to apply zeta potential measurements 
to calcium silicates or cement (7,8). Ernsberger 
and France (9) studied the effect of calcium ligno
sulfonate, concluding that cement suspension viscos
ity reduction took place due to an electrostatic 
repulsion between cement particles in the presence 
of surface-adsorbed surfactant molecules. Petrie (6) 
reported that the attractive charge on cement particle 
surfaces was neutralized by adsorption (onto active 
sites), when an anionic surfactant based on certain 
naphthalenesulfonic acid condensates was present. 
Hattori (10) recently showed results fundamentally 
similar to those of Ernsberger and France, on one 
kind of superplasticizer.

Following the suggestion that potentially more than 
one mechanism may be applicable for generating a 
stable colloid (11) preliminary capillary rise experi
ments (la) demonstrated that solid-liquid affinity 
played little role in the action of typical super
plasticizers; the zeta potential was shown to have a 
dominant role; but the additional effect of steric 
hindrance could not be entirely discounted (1).

EXPERIMENTAL

Two techniques were utilized at first for determination 
of zeta potential: streaming potential*and  electro
phoresis (1). After preliminary experiments by both 
methods, primarily the electrophoretic method was 
utilized (la). '

The electrophoresis technique involved measurement 
of the velocity of a charged particle moving through 
a fluid under the influence of an electric field. 
According to Akers (13) the electrophoretic mobility 
of a particle suspended in an electrolyte is given . 
(in iim.cm.sec ,v*l ) by

v = ________AWA "
ti4(W) (ps-pl) ,

where AW is the change in weight of particles, X 
is specific conductance of the dispersion, t = time, 
I = current, if, = volume fraction of dispersed solid, 
ps = density of solid, p|_ = density of electrolyte. 
Henry (in ref. 13) related the zeta potential to 
the electrophoretic mobility (ve) from which the 
zeta potential is calculated as follows:

s = 2L2L
fe

where n is the viscosity of the electrolyte,and 
f depends on t|}e value of the product ka where k 
is the Debye-Huckel double layer reciprocal thickness 
and a is the radius of the spherical particles. 
The admixtures used are listed in Table I.

Table 1 - Superplasticizers

. x #3 In Table I ref. (la)

designation form
density 
(g/ml)

concentration 
(wt % solid)

A9X sulfonated naptlialene 
formaldehyde condensate — 100.0

Hl* sulfonated melamine 
formaldehyde condensate 1.125 20.0

A3+ sulfonated naphthalene 
formaldehyde condensate 1.21 43.0

A4
sulfonated napthalene 
plus retarder 45.4 *

Al 4 sulfonated melamine 
formaldehyde condensate 1.11 24.8

A28 sulfonated naphthalene 
formaldehyde condensate -

• #1 in Table I ref. (la) ' ,

* #2 in Table I ref. (la) '

** Where liquids were used in mixture preparations concentrations 
were expressed as vol. % liquid, as received (except in Fig. 
1). Thus, the effective component concentration 1s higher in 

A3 and A4 than in Ml and A14. .

ZETA POTENTIAL RESULTS "

Cements. The negative zeta potential generated on 
the cement particle surfaces is illustrated in Fig. 
1, using the naphthalene-based admixture A3 in 
deionized water. Slightly lower magnitudes of nega

tive zeta potentials were found with tap water than 
deionized water (lb). A general decrease in the

concentrotion of A3 (o/cwt%)
Fig. 1 - Change in zeta potential of Type I cement 

with concentration of A3. 

In apparatus constructed by N. Macmillan



magnitude of the negative potential is shown with 
time, but it remains strong even after 1200 minutes. 
Similar though not identical behaviors have been shown 
with admixtures Al and A2 as well (1).

Zeta potential measurements have been continued 
comparing the results with a napthalene-based admix
ture containing a retarder (A4) to that without a re
tarder (A3). The maximum negative zeta potential 
similarly was reached at 1% admixture concentration 
upon the same cement (14). Measurements for additional 
comparisons have been continued with a class C (HSR) 
cement [Fig. 2], a type V (HSR) [Fig. 3] and a class H 
(MSR) cement [Fig. 4]. Though the results were in 
general similar in all, some differences were found. 
The presence of the retarder in A4 allowed a smaller 
change in the zeta potential as a function of time, 
with the HSR class C and V cements; and a smaller 
magnitude of zeta potential for the type V cement. 
Further measurements were made using a newer melamine
based admixture (A14) with the Type I cement as shown 
in Fig. 5. These show less change with time in the 
magnitude of zeta potential than in previous measure
ments with Ml [Fig. 4 in Ref 1(b)]. The higher 
concentration of admixture (2%) is more effective 
than the 1Z concentration, after 2 hours time. 
Similarly, with class H cement (Fig. 6) admixture 
Al4 appears to require higher concentrations, at 
least 2% for greatest effectivenes. One additional 
naphthalene-based admixture A28 was studied in 
combination with the Class H cement [Fig. 7], showing 
a slightly different relationship than that shown in 
Fig. 4 for admixture A4.

Effect of Mixing Water. Since the mixing water in a 
cement slurry is saturated with Ca(0H)2 early in the . 
cement hydration process, the behavior of admixtures 
in a saturated solution of Ca(0H)2 was also investi
gated (15). In addition, the specific conductance 
of the binary system of a saturated Ca(0H)2 solution 
with both a 10 percent and 1 percent admixture A4 
was measured. The specific conductance of 0.2 normal 
solution of NaCl with 10 percent of admixture A4 was 
also measured (15). The specific conductance of the 
saturated Ca(0H)2 solution was 7375 umho/cm, larger 
than any specific conductance measured thus far. The 
liquid phase in which the cement zeta potentials were 
measured could not have been saturated with Ca(0H)2; 
because of the lower conductances reflecting the large 
w/c ratios.

Ca(OH)p, The zeta potential of CafOHjg crystals was 
measured in a saturated solution to be +33.5 mv. (15) 
In the presence of admixtures A3 or A4 the zeta 
potential of Ca(0H)2 crystals changed from plus to a 
minus; "indicating that the admixture is adsorbed on 
the surface of Ca(0H)2 particles. However, the 
exact amount could not be determined because water 
decomposition began to take place at the high specific 
conductivity values. ■

Alite and CiA. The zeta potentials of alite and C3A 
were measured with admixtures A3 and A4 (Figs. 8 and
9).  C3A developed higher negative zeta potentials, 
which in general showed greater concentration depen
dence. The presence of retarder A4 caused an increase 
in the magnitude of alite's zeta potential with 
increasing time, in contrast to the behavior of A3 . 
in alite, or in type I cement (lb). The effects with 
C3A were similar with and without retarder, diminish
ing with time, in both instances. Further measure

ments were made in a saturated vs a non-saturated 
solution of Ca(OH)2, and compared. In the saturated 
solution the zeta potential had a smaller negative 
value compared with that of the non-saturated solu
tion for both the A3 and the A4 admixtures. 
Additionally, there appears to be a reaction between 
the admixtures and Ca++ ions which varies directly 
with the concentration of Ca(0H)2» especially at 
higher concentrations. Specific conductance measure
ments of mixed solutions of varying concentrations 
in liquids,of admixture vs NaCl and admixture vs 
saturated Ca(011)2 "revealed departures from theoretical 
linearity (15), in the latter case, correlating with 
the same phenomenon.

Fly Ash. The zeta potential of a fly ash (B15) .
which is used for partial replacement of cement was 
measured in a naphthalene-based admixture, A-28 as 
shown in Fig. 10. It is noted that a smaller magni
tude zeta potential (-16 mv) is generated in tap 
water, vs -22 mv in deionized water, for the pure fly 
ash. A highly negative zeta potential was generated 
with a very small admixture addition, 0.05%, indi
cating that some superplasticizer is adsorbed on the 
fly ash surface, but that a saturation effect is 
reached with very low levels.

DISCUSSION AND CONCLUSIONS

The effectiveness of superplasticizing admixtures in 
their fluidifying cement-based mixes has 
been investigated by a combination of methods, 
including studying their adsorption characteristics 
on cement particle surfaces, the flow charac
teristics of mortars (1), the zeta potentials 
generated at the. cement-1iquid interface, and 
quantitative viscometric measurements (2-4). From 
the overall results to date it is apparent that the 
water reducing effect of the superplasticizers 
investigated (both of the sulfonated melamine and 
naphthalene formaldehyde condensate types) is caused 
mainly by their dispersion abilities which are in 
general correlated with a change in zeta potential as 
a function of surfactant adsorption onto the cement 
particle surfaces. C3S (alite), C3A, mixed cements 
and even Ca(0H)2 are subject to generation of high 
magnitude (-30 mv to -50 mv) negative zeta potentials 
in the presence of Increasing admixture concentration, 
generally reaching a saturation value at 1-2%. The 
ionic content of the mix solutions (including degree 
of Ca(0H)2 saturation) affects their specific 
conductivities and the magnitude of the zeta poten
tials, though within the range of usual mixing waters, 
the general phenomena observed are similar. " The fly 
ash studied required much smaller quantities of super
plasticizer .to generate a very negative zeta poten
tial. Thus, the latter may be largely neglected when 
calculating amounts of superplasticizer required for 
a mix. " The adsorption characteristics and the zeta 
potentials generated in cement-water-superplasticizer 
suspensions are among their most important charac
teristics, reflecting the generation of strong 
repulsive forces, causing dispersion. Additional 
and detailed viscometric studies are in progress to 
further elaborate these characteristics, and provide 
more adequate prediction of the flow properties of 
slurries containing superplasticizers.
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Fig. 2 Zeta potential of C-2 cement vs. admixture 
concentration '

Fig. 3. Zeta potential of V-l cement vs. admixture 
concentration

Fig. 4. Zeta potential vs. A4 concentration

Fig. 6. ' Zeta potential change with A14 concentration.

Fig. 7. Zeta potential change with A28 concentration.
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Modifications of Structure and Properties 
. of Cement Stone

La modification de la structure et proprietös des ciments hydrates

V.M.  KOLBASOV, Doctor of technology, Assistant professor, MCTI n.a. Mendeleev, Miusskaja sq., 
9 Moscow, USSR, . .

N.A. KOZYREVA, Doctor of Technology, Head of the Laboratory MCTI n.a. Mendeleev, U.R.S.S.

RESUME : Cette communication montre que la formation des structures du ciment et le durclsse- 
ment de ce dernier dependent du developpement des processus Inltiaux de la cristalliSatlon des 
hydrates. Ce processus est determine par le milieu .011 11 a lieu.
Les formes initiales de la crolssance crlstallographique des nouvelles formations des hydrates 
sont liees ä la composition de la phase liquide dans le Systeme durclssant "ciment-eau" et 
dans une grande mesure Influent sur le processus posterieur de 11hydratatlon de la formation 
des structures alnsi que sur les proprletes du ciment hydrate.
En aglssant sur les processus Inltiaux d'hydratatlon du ciment, 11 est possible de dlrlger ef- 
flcacement la formation des structures du ciment hydrate et .ses proprletes techniques. En par
ticuller cela peut etre realise au moyen d'additions solubles dans 1'eau.

SUMMART: The interdependence of structure forming and cement hardening with the develop
ment of initial stages of hydrates crystallization is traced. The initial process of crys
tallization is determined by the medium in which it is carried out.
The initial crystallographic forms of hydrates new formations growth are connected with the 
composition of the liquid phase in- the hardening system "cement-water" and influence suffi
ciently the further process of hydration, structure and properties of formation of cement 
stone.
The directed influence on the initial processes of interaction of cement with water gives 
an opportunity of effective ruling of processes of structure forming on cement stome and 
its industrial properties. For instance it may be .done by means of,chemical additives solu
ble in water. '



The process of crystal formation during 
the initial period of cement hydration 
which in many respectes determines further 
stages of its character, is not thoroughly 
studied LU .
The process of initial mass growth of crys
tal hydrates which helps us to form full 
understanding of their Ontogenese, forma
tion mechanism and their interdependence 
with the hydration system medium is also 
studied not carefully.
In*order  to find out the interdependence 
of structure formation and cement harden
ing with the initial processes of crystal 
formation in MCTI named after Mendeleev 
were carried out some experiments in ‘'ce
ment-water’1 systems and some systems model
ling these processes [2] .
These experiments were carried out by me
ans of transmission and scanning microscop
ing including micro-diffraction and other 
methods of phase analysis. The works were 
made using the electronic microscopes 
VStijHv and JSM-5O-A.
The investigations of the very initial sta
ge of phase formation (when Portland cement 
and its components hydration is taking pla
ce) helps us to detalize some aspects of 
the process of the initial processes of 
hydration in "cement-water system and to 
imagine - the beginning of these processes in 
the following way.
After cement and water interaction just at 
the moment of coming into contact of water 
molecules and the most active parts of the 
surface of clinker minerals (dislocations, 
outlets, picks and edges of crystals and 
so on) takes place their solving and the 
transfer of hydrated ions into the adjoin
ing layer- of the liquid phase. And in the 
local volumes of the system in the layer 
less than 0.1 mmc thick momentary conditi
ons are created. They are favourable for 
the formation of new phases and the crys- 
tallysation from the surface of basic grain
es which form the separating line for hyd
rate formation.
The formation of hydrates is seen a second 
later and that’s why it is evident that the 
mechanism of initial crystallization of ce
ment hardening is in action.
Phase composition of new formations, their 
morphology and characters of their growth de
pend directly on the qualities of the liquid 
phase which is formed in the local volumes 
of the system.
Depending on the concrete conditions which 
are created in the layer of the liquid phase 
adjoining the basic particle,certain hydra
tion phases are formed. They have the form 
of filamentous, prismatic, skeleton and an
ti-skeleton crystals, hexagonal plates and 
round particles of irregular form with" di- 
mentions of hydrates from 5 me to 1 mmc.
New formations which include ions of SO^zi 
and Al(OH)g are formed near the grains of 
any clinker mineral. Hydrate phases are seen 
not all over the surface of the basic clin
ker grains.Analysis of a number of electro

no-diffraction photographs of the surface 
of grains of Portland cement clinker made 
in the following time intervals 1,5»15 se
conds and one minute, which have reflecti
ons of about 8.06; 5.27; ^.5*»  4-17; 3.J8- 
-5.22; 5-25-3.07; 2.98; 2.84-2.78; 2.78
-2.70; 2.22; 2.08-2.04; 2.00; 1.96-1.76; 
1-67-1 64; 1.59; 1.49; 1.45-1.41; 1.59
-1.37 A support the fact that there is a 
variety of phases and crystals of hydrate 
phases.
The reflections mentioned above are typical 
for hydrocilicates and hydroaluminates,of 
calcium of different composition, attrin- 
gitt, calcium monosulphoaluminate, hydro- 
gematite, portlandite and aluminium hydro— 
xiae.
The process of two-water gypsum grains solv
ing dominates the process of hydrate phases 
formation near them at the first moments of 
interaction. A high diffusion coefficient 
let the ions of Ca^+ and SOq diffuse easi
ly into liquid phase of the system and thus 
creates favourable conditions for newforma- 
tions crystallization in actively growing 
forms [3j • •
Initial crystallographic forms of new for
ma-cions influence greately the process of 
hydration. Crystalhydrates formed in active
ly growing crystallographic forms-filamen- 
tous, skeleton and anti-skeleton - favour 
rapid decrease of solving products in the 

adjoining layer of the liquid phase thus 
stimulating the processes of further solv
ing of the basic adhesive and the recrystal
lization of meta-stable (under certain con
ditions) new formations into stable ones.
Phase composition of new formations of Port
land cement clinker in hydration period (up 
to 24 hours) is rather various with the do
mination of the formation of calcium hydro
cilicates CSH(B) and C2SH(A).
The connection between different clinker pat' 
tides is carried out by means of prismatic, 
filamentous and fine-filamentous mass of 
hydrates consisting of round particles of 
irregular form and also by means of filling 
of spaces between the newformations of poor
ly crystallized hydrates.
The analyses revealed the dependence of ce
ment structure formation and cement harden
ing on the development of initial process of 
crystal-formation. And the initial process 
of crystal formation in turn depends on the 
initial conditions of the medium.
The action directed of the initial processes 
of cement and water interaction (for instan
ce on the initial conditions) determines the 
efficiency of ruling the processes of cement 
stone structure formation and its industrial 
properties. '
A well-known method of influencing the medi
um (beginning with the moment of cement and 
water interaction) is the use of chemical 
additives soluble in water.
As a result of this use the additives change 
meta—stable solubility of Portland cement 
clinker relating to CaO (mainly alite); ba



lance concentration and consequently the ex
tent of oversaturation ef the liquid phase 
by different ions.
Additives influence the solubility of the 
basic adhesive and the products of its hyd
ration, change and interaction of ions of 
the solution and the extent of initial over-a. 
saturation of the system which determines 
the crystallization nucleus, the rate of 
formation, morphology, dispersion, the ex
tent crystallization of hydrates, the rate 
and their capacity of grow.
The medium of the system ’’cement-water" is 
originally connected with the physical pro
cesses of crystallization of hydrates which 
in turn influence the processes of solving 
of the basic clinker that is the kinetics 
of cement hydration. For- instance it is . 
shown that .the formation on hydrates having 
filamentous, skeleton, aendrite-like crys
tals which is connected with the ion compo
sition and oversaturation of the liquid pha
se intensifies the solving of basic grains 
of cement and its components, fastens the 
process of crystallization of "primary” 
hydrates which are formed at the first mo
ment of cement and liquid phase of the sys
tem contacting and, on uhe contrary, slowers 
the process of mass crystallization of the 
"secondary" hydrates, especially in the po
orly crystallized forms thus favouring the 
increase of general amount of hydrates and 
improving the conditions of grows of crys
tal hydrates.' ■
All this in turn determines the development 
of constructive processes of formation of 
optimal micropore cement stone structure 
which is more or less strengthened by the 
filamentous hydrosilicates arming the stru
cture. Or, on the contrary, it may initiate 
the destructive processes lying in the.ba
sis of stressed hardening structure, formed 
as a result of initial stressed crystalliza
tion of hydrated phases. The initial stress 
of structure is emphasized by further pro
cesses of hydrates recrystallization and by 
growth of crystallization pressure.
Chemical additives added to water for its 
mixing with cement give an opportunity from 
the very beginning of the process of hydra-. <> 
tion to exercise directed influence on the 
formation of the structure of hardening ce
ment anticipating its quality, structural 

-density and durability of cement stone.
Thus for example chemical additives in com
mon use CaC12 and NaNOg added with water 
for mixing increase the meta-stable solubi
lity of clinker phases of Portland cement 
Cao concentration in the liquid phase in 
the presence of these additives Is higher 
than in cement hydration in clear water.But 
if to take into consideration balance con
centrations of this oxide in water (1.15g/l 
CaO at 20eC) and its corresponding concen
trations in the solutions of CaClo and NaNOo 
Vi06 ,S/1 CaO in 4% solution of CaClo and 
*̂«7  K/1 CaO in 4% solution of NaNOo at 
20 C) one can see that the adding of CaClp 
increases the oversaturation of the liquid 
phase relating to CaO from 1.49 to 1.79 and

NaNOo on the contrary decreases the oversa
turation in such conditions to 1.28.
Thus changing the properties of the liquid 
phase these additives create quite differe
nt conditions tor the crystallization of 
new formations and the formation of struc
tures of cement hardening. .
Illustrations 1,2,3 demonstrate the struc
ture of the surface of grains CjS after 
5 sec of hydration in 4% solutions of CaClg 
and NaNC>2, and the illustration 3 - CzS ac
ted by water.

Fig.1.The surface of grains Czii after 5 sec 
of hydration in the system C^S-H20(.x12U00).

It is known that is the presence of CaC12 
newformations in cement stone are represen
ted by well crystallized hydrated phases. 
It is supposed that quick and time-consum
ing active cement hydration in the presence 
of CaCly leads to uhe formation of hydrates 
in the forms tending to recrystallization 
processes and this is accompanied by the de
velopment of sufficient internal pressures. 
Illustration 4 depicts the structure of 
grains CjS which had.been hydrated in the 
paste for 6 hours (the mixing was carried 
out by a corresponding solution CaClg).
One can see a substantial amount of skele
ton crystals tending to the processes of re
crystallization in case of the aecrease of 
the number of constructive particles in the 
liquid phase. It reaffirmes that the liquid 
phase of the system is highly oversaturated 
even after 6 hours of hydration.
The results reflecting durability compari
son given in the Table I are in full accor
dance with all said above i.e. various le
vels of oversaturation of the liquid phase 
relating CaO favour the formation of struc
tures differing in durability.
Cement stone with CaC12 additive has a hi
gher level of durability under pressure, 
but it renders small resistance to follow
ing pressures; as to the resistance of ce
ment stone with NaNO2 additive it is great-' 
er. It proves that the structure in this 
case can endure even higher folding press
ures and actually cement stone structure .



Pig.2.The surface of grins CzS after 5 sec 
of hydration in 4% solutions of CaC12 
(x 40 000).

Fig.5.The surface of grains C,S after 5 sec 
of hydration in 4% solutions of NaNOo 
(x45OOO).

Fig.4.The surface of grains CjS after 
6 Hours of hydration in the paste in 4% 
solutions of CaClg (x 20 000).

Fig.5.The surface of grains CzS after
6 hours of hydration in the paste in 4% 
solutions of NaNOg (x 55 000).

given at the illustration 5 after 6 hours 
of hydration is the evidence of this fact. 
And the presence of large amount of pin - 
- like hydrates makes the system stronger 
this particularly referss to folding press
ures.

Table I
The Influence of CaC12 and NaN02 Additives 
on the Strength Properties of Cement Stone

iddi--strength 
tives:parame- ■ 

iters MPa

Sample age, hours

24 : 72 : 168 :672 :864O

CaClo Rcom 21*9 S0*0 ZK)-° 51*1 47-°
Rbend 5.6 4.5 5.7 4.2 5.1

NaNO Rcom 15-5 57-5 41.047.5 48.0
Rbend 2-9 4-5 5.2 5.8 7*0

The possibility of substantial increase of 
strength of cement stone (concerning bend
ing pressures) due to chemical additives in
fluencing the hardening structure formation 
in a necessary direction is of great impor
tance. it is known that the rising of quali
ty of cement on one grade (Rpr to 10 MPa 
which is reached at cement producing fac
tories by means of great efforts gives only 
insignificant increase of strength level 
concerning bending pressure). (0.5-1*0  MPa). 
Even more with the improving of cement grade 
ratio Rfoid^pres decreases (see Table 2). 
So we may say^that the further increase of 
cement grades doesn’t ensure desirable 
growth of cement strength (folding pressu
res) .
That is why the rising of Rbend of cement 
stone by other ways including the directed 
structure formation when hardening is the 
most important problem. The solution of this 
problem is available using chemical additi
ves — structure modifications.



Table II
The Standard Properties of Cements

Cement •Rcomp ‘^bend i^bend'/'Rcomp
type :672 hours : 672 hours s in % ,

: MPa : MPa •

300 50.0 4.5 15.0
400 40.0 5.5 14.0
500 50.0 6.0 12.0
550 55.0 6.2 11.0
600 60.0 6.5 11.0

Cement stone investigation with the appli
cation of scanning electronic microscoping 
revealed substantial differences in the 
morphology of hydration phases, which are 
formed under the influence of CaClg and 
NaN02. Sample without additives had a lar
ge-pore structure and poorly expressed ' 
crystallization of newformations.
In the pores of cement stone hydration with
out additives one can trace" the hydrates 
which have the form of round irregular par
ticles with dimensions O.1-0.5 nimc with 
CaCly additive. Calcium hydro silicates Eire 
crystallized in the form of the plates with 
dimensions up-to 5 inmc (sind with the NaN02 
additive crystals of filamentous structure 
dominate).

Fig.6.The surface of grains CzS after 
■6 hours of hydration in the paste when 
mixing (x 45 000).
Table III gives the data, characterising 
micropore structure of cement stone with 
CaCl- and NaNO? additives. As one can see 
from the data given above in the pressence 
of the mentioned additives are formed some 
structures of hardening. They differ from 
the structure of cement stone which doesn’t 
contain additives from the very moment of 
cement and water interaction.

, ‘ : Table III
i'he influence of CaClg and NaNOg on the 
Quantitative and Qualitative Pore Struc
ture of the Hardened Cement

sThe total:Distribution of pore
Additions:porosity 8size in radii_________

’ kg/m5 •10^nm:105- slO^-slO-
• • 2$ $10 nrng^Onrn*̂  nm

H„0 122.0 5.0 1.6 5.4 2.0
CSCalp 94.0 2.6 2.3 5.8 1.4
NaN02 113. U 1.6 1.9 4.5 2.0

CONCLUSION The experiments carried out re
vealed a certain "dependence of the initial 
processes of crystalformation of hydrates 
on the medium of cement and water interacti
on, and the -influence of initial crystallo
graphic forms of "primary" hydrates on the 
further process of structure formation and 
cement hardening.
Crystallohydrates found in the actively 
growing forms (pin-like, skeleton, dendri
te-like and anti-skeleton) favours rapid 
thinning of the adjoining layer of the li

quid phase by solution products, stimulat
ing the process of the further, solving of 
basic clinker and recrystallization of un
stable newformations, thus favouring the 
formation.of the most stable and durable 
hardening structures of cement stone.
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Comportement de l'aluminate tricalcique en milieu 
glycol - comparaison avec Phydratation

Tricalcium aluminate behaviour in glycol - comparison with water

P. LONGUET, G. BELLINA - C.E.R.I.LH. Paris, France. .

RESUME

La base 02 de CgA reagit avec le glycol en formant deux particules distinctes: 

(ch2oh)2 + o2“ (ch2o)2“ + h2o
tandis qu'avec 1'eau, dans 1'Hydratation classique, on forme deux particules identiques:

2- -0 + HgO 2 OH

Cette particularite liee ä la formation de molecules H„0 dans le milieu initial glycol anhydre permet de 
suivre lä cinetique des reactions et de mettre en evidence le mode de formation et la nature des produits sol
vates. •

SUMMARY
The base 02 of CgA is reacting with glycol to create two different particles:

(ch2oh)2 + o2--*.  (ch2o)2- + h2o
whereas with water, for usual hydration, two identical particles are created:

02 + H20 2 OH-

This particularity relied on the creation of molecules of water from the anhydrous glycol initial medium 
allows us to follow the speed of these reactions and to clear up the wqy of formation and the kind of solvated 
products.



INTRODUCTION

' L'espSce chimique OH presente dans les phases 
. du Systeme eau-ciment, ä tin moment donne de son Evo

lution, provient:
- soit de la dissociation du solvant

H„0 2* *H + + 0H

Le glycol est un dialcool (ethane diol 1,2). 
C'est un solvant polaire, sa constants dielectrique 
est environ la moitie de cells de 1'eau. Il donne . 
lieu ä des equilibres.de dissociation acido-basiques 
du meme type que ceux de 1'eau (solvant amphiprotoni— 
que). Son produit ionique est de lO-^ ä 20°C. Il 
dissout les substances minSrales polaires.'

Dans nos etudes seul 1'Equilibre d'ionisation 
global suivant a ete pris en consideration:

(CH2OH)2 (CH2O)2 + 2H+

Avec CaO le glycol reagit selon I'equation:

CaO + (CH20H)2 -> (CH20)2 + Ca2*- + HgO

• 2”La solvolyse de la base oxygdne 0 de I1oxyde 
de calcium par" le glycol est pratiquement complete

0 + (CH20H)2 (CH2o)2 + h20

A chaque mole solvolyses correspond une mole 
de base glycol et une mole d'eau.

La solution obtenue conduit le courant electri- 
que. •

2~
Le dosage acidimetrique de la base (CH2O)2 est 

facilement realise avec un aclde titre en reperant le 
point Equivalent par conductimStrie.

- soit de_la reaction du proton avec la base oxy
gEne des constituants anhydres initiaux 
02r + H+ OH-.

Cette particularite caracteristique de 1'eau 
limite beaucoup 1'interpretation des bilans reac- 
tionnels relatifs ä 1•Hydratation.

Des Etudes anterieures nous ont montre que des 
reactions comparables ä celles mises en Jeu dans 1'hy- 
dratation des ciments pouvaient se developper en 
milieu glycol (1) (2). Dans ce cas>la dissociation 
ionique globale du solvant:

(CH20H)2 (CH20)2 + 2H+

2- ‘libere la base glycol (CH20)2 diffSrente de cells 
provenant de la rEaction du proton avec la base oxy
gene.

Cette caracteristique du glycol doit permettre 
de lever 11 incertitude apportee par 1'eau dans 1'etu
de des mecanismes de 1'Hydratation des liants hydrau- 
liques.

Dans cet exposS nous examinerons uniquement le 
cas de 1'aluminate tricalcique A^DgCa^ (CgA) en mi
lieu glycol. Apres un rappel de 11essentiel des re— 
sultats dejä obtenus (1) (2) nous proposerons une 
interpretation degageant des hypotheses sur le meca- 
nisme de la solvatation dans ce milieu non aqueux.

DONNERS EXPERIMENTALES

L'eau provenant de la solvolyse peut etre dEter- 
minEe selon la mEth'ode-de KARL FISHER.

Ces deux dosages permettent de suivre les cine- 
tiques de solvolyse et d'etabllr les bilans reaction- 
nels.

L'aluminate tricalcique Al 0 Ca- (C_A) reagit 
avec le glycol. D'ailleurs c'est I'observation expe
rimentale de la prise et du durcissement d'une päte 
de CgA dans le glycol qui est ä la base de tous nos 
travaux dans ce domaine.

Deux series generales d'essais ont ete realisees. 
L'une sur des suspensions dans le glycol ä 1,5 g pour 
cent environ de C,A ä 25 et 70°C dans le cadre du do
sage de la chaux fibre, 1'autre sur des pates de rap
port solvant/solide de 0,3 environ pour verifier la 
generalisation des conclusions dSduites de 1' etude sur 
les suspensions.

Une suspension de CgA dans le glycol conduit le 
courant Electrique et son evolution en fonction du 
temps peut-Etre suivie par un conductimetre enregis- 
treur.

Sur la solution au contact du solide les teneurs 
en HgO, Ca2+ ,A1®+ et la basicite ont ete determineesä 
differents moments de 1'Evolution de la suspension.

Ces valeurs mettent en evidence la formation au 
sein de la suspension de nouvelles phases solides qui 
ne peuvent prendre naissance qu'avec consommation de 
base glycol (CH20)2-. Pour vErifler cette Hypothese 
nous avons separe le solide prEsent dans la suspension 
apres un long contact (24 heures), puis nous avons 
extrait le CgA n'ayant pas reägi avec une adaptation 
de la methode de TAKASHIMA (2) et analyse le precipi- 
te solvatE restant fAl^.+ , Ca2+, carbone, hydrogene 
et oxygene (par difference)]. A partir de ces dosages 
nous avons pu calculer une composition molaire moyen- 
ne du type (Al, Ca, Cg, H^g, 0-) aux erreurs expEri
mentales pres. Ces valeurs completees par 1'analyse 
thermoponderale permettent de calculer la formule 
suivante: .

[2A1, 5 (CH20)2, ,(CH20H)2]Ca2

Le compose solvatE obtenu est cristallise, la 
diffraction X montre des raies nettes dont aucune ne 
correspond aux rales connues des aluminates de cal
cium hydrates. • -

La formule proposSe est evidemment hypothetique, 
eile ne traduit que des bilans reactionnels et ne re
presente aucunement la structure du composS. Elie 
montre essentiellement que le composE solvatE se for
me ä partir de la base (CH20)2 presente dans la 
phase liquide au contact du solide. Cette remarque 
importante est d'ailleurs complStee par 1'etude aci
dimetrique de cette phase liquide qui permet de met

; tre en Evidence 1'existence d'ions organomineraux
en solution comme:

[Ä1, 2(CH20y' . -

[2A1, 3(CH20^J° composE comparable a 1'hydroxyde 
Al(OH)g en milieu aqueux.

et mEme:
(2A1, 2(CH20)2]2+ qui met en evidence 1'importance 

de 1'affinite entre 1'ion aluminium Al3+ et la base 
glycol (CH20)|- .



Notons encore que les produits solvates qul pre
cipitant au cours de 11 Evolution de la suspension ont 
un rapport (CHgOj^'/SAl qui croit regulierement d* en
viron 3 ä la valeur 5 (valeur correspondant ä la for
male proposes plus haut) et que d'autre part la cin6- 
tique de I1evolution de la suspension enregistrAe 
par conductimetrie indique une augmentation de la vi
tesse de reaction aux environs du debut de la preci
pitation du compose solvate.

Les resultats prec6dents obtenus sur des suspen
sions prennent tout leur interSt si on peut les 
transposer aux pätes.

Les essais ont 6te realises ä 25°C sur micro- 
eprouvettes de 1 cm3 en pgte pure de rapport 
glycol/AlgOgCa^ = 0,3. On obtient ainsi:

- ä 1'echeance 2 jours une eprouvette subissant 
une forte deformation plastique avant de se rompre 
aux environs de 450 bar.

- ä 7 jours on observe une rupture plus franche 
vers 550 bar. .

- ä 28 jours c'est une rupture classique ä
650 bar. '

Les eprouvettes ä 28 jours ont ete reprises 
aprAs rupture et dispersees par broyage dans du - 
methanol anhydre. La suspension a 6td filtrde. Le 
filtrat et le precipitS sSpare ont ete analyses 
comme nous I'avons indique pour les suspensions. Les 
resultats obtenus sont tout ä fait comparables ä 
ceux obtenus sur les suspensions et conduisent aux 
m§mes conclusions. -

INTERPRETATION DES DONNEES EXPERIMENTALES

Il convient d'abord de rappeler brievement les 
conceptions actuelles sur la formation des solutions. 
Le passage en solution d'un solide dans ün sol^ant 
suppose que des particules se separent de la masse du 
solide pour venlr s'inserer parml les molecules du 
solvant. Cette premiere etape dAfinit la dissolution.

Dans le cas d'un solvant polaire et d'un solide 
possedant des liaisons ioniques la dissolution s'ac- 
compagne d'une dissociation electrolytique, les par
ticules en solution sont alors des ions. Ces ions 
s'entourent par attraction electrostatique d'un cor
tege de molecules du solvant polaire qui assure la 
stability de la dissolution. C'est le phenomdne de 
solvatation. Cette solvation s'accompagne d"interac
tions plus ou moins importantes entre les ions et 
les molecules du solvant. La gamme des actions pos
sibles peut s'etendre d'attractions 61ectrostatiques 
pratiquement negligeables (le solvant joue alors un 
r61e d'espace) jusqu'ä des liaisons chimiques defi- 
nies, on parle alors de solvolyse. Il apparalt alors 
dans le milieu de nouvelles especes chimiques renfer- 
mant une ou plusieurs particules provenant du solvant. 
Il est alors possible que les nouvelles esp6ces for
mees puissent donner lieu ä de nouvelles reactions, 
par exemple ä des precipitations si 1'evolution du ' 
systAme amene ä des concentrations correspondant au 
produit de solubility d'un composS peu soluble.

Compte tenu de ces conceptions nos Studes peu- 
vent s'interpreter de la maniere suivante. Pour le 
systAme CaO-glycol la dissolution provoque la forma
tion des ions Ca^*  et O^-. La solvatation de ces 
ions se fait sans solvolyse pour Ca2+ et avec solvo
lyse pour 0^~ soit:

och2
OH2 + I

och2
Les teneurs en eau et en base glycol du milieu 

sont proportionnelles ä la quantite de CaO passee en 
solution.

Pour AljO Ca^ un raisonnement analogue conduit ä 
la formation o'ions solvates avec Al^+, Ca2+ et 02-. 
02~ se solvolyse comme precedemment, la concentration 
en base glycol (CHgO)2- augments en fonction de cette 
solvolyse.

3+L'ion Al donne en general des complexes hexa- 
coordonnes par exemple: _

6+
[2 Al, 6(CH20H)2 J

Get ion solvatS peut se dissocier dans le milieu ba- 
sique en perdant successivement tous les protons dis
ponibles de ses molecules de glycol en fonction de 
la concentration en (CHgO)2- en formant des anions. 
Citons:

. {2 Al, 3(CH20H)2 3(CH20)2]

2*
[2Al, 2(CH20H)2 4(CH20)2]

' 4“
[2 Al, (CH20H)2 5(CH20)2J

qui sont, ä la solvation prSs, ceux mis en Evidence 
dans nos 6tudes.

Le milieu s'enrichit aussi par ailleurs en ions 
calcium solvates. Si un composS insoluble est suscepti
ble de se former il precipite lorsque les concentra
tions des diffSrents ions presents dans le milieu ve- 
rifient le produit de solubility du compose peu solu
ble. Dans notre cas il s'agit vraisemblablement de 
1'aluminate bicalcique pour lequel nous avons 
proposy la formule:

|2A1, 5(CH2O)2, (CH2OH)2J Ca2

Cette precipitation rompt l'yquilibre ionique du mi
lieu et permet la poursuite de Involution du Systeme 
vers son ytat final.

Bien que cette interprytation soit prysentye sous 
une forme simplifiye (bien des- facteurs ne sont pas 
pris en,consideration: concentrations au lieu d'acti- 
vitys, condensation ou polymerisation possibles des 
anions, influence des liaisons hydrogäne, dissocia
tions successives du solvant, viscosity, utilisation 
d'autres solvents polaires de constantes diyiectri- 
ques ou de dissociations diffyrentes...).

Il est intyressant de constater que les hypothe
ses ainsi avancyes s'accordent et viennent complyter 
la theorie de Le CHATELIER sur 1'Hydratation des 
Hants hydrauliques. Elies permetteqt de plus une gy- 
neralisation des mycanismes de "1'hydraulicity": la 
ryactivity d'un composy hydraulique apparalt liAe ä 
sa teneur en 02- solvolysable par les protons_d'un 
solvant polaire amphiprotonique. Cette solvolyse



libere la base du solvant et permet la formation 
d'anions avec les ions amphoteres presents (Al3*,  
Si4+ ...). Ces anions en precipitant des seis de cal
cium insolubles assurent la prise et le durcissement.

CONCLUSION

Nous souhaitons d'abord que le lecteur ne nous 
tienne pas trop rigueur de cet expose specialise 
assez inhabituel dans la chimie des ciments.

L'etude du Systeme C-A-glycol permet de proposer 
une generalisation des pn6nomenes particuliers ä 
1'hydraulicite et fournit une version actualisee de 
la thSorie de Le CHATELIER. Il est evident que nos 
etudes apportent une modeste et bien incomplete con
tribution ä cette chimie des ciments en milieu non 
aqueux; nous espferons cependant en avoir montre 
1'interSt sur le plan fondamental et sur le plan 
technologique.
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The Hydration of Portland Cement. 
Evidence for an Osmotic Mechanism

L'hydratation des ciments Portland. 
Intervention evidente d'un processus osmotique

D.D. DOUBLE, N.L. THOMAS and D.A. JAMESON, Grande-Bretagne.

RESUME : Il est propose • d'expliquer l'hydratation des ciments Portland par 1'Intervention 
evidente d'un processus osmotique. Ce modele osmotique permet de prevoir, avec un plein suc- 
ces, les valeurs calorimetriques et la composition chimique des produits en solution; 11 est 
confirme par des etudes faites sur des materiaux synthetiques analogues. La microscopie elec- 
tronique apporte la preuve des similitudes qui existent entre les gels synthetiques de C.S.H. 
et les produits d'hydratation du ciment; et les caracteristiques osmotlques de tels gels peu- 
vent etre raises en evidence par le phenomene des "Jardins chimiques".

Abstract

An osmotic mechanism of Portland cement hydration has been proposed, and evidence for the model is 
reviewed. The model successfully accounts for observed calorimetric and solution chemistry data, and is 
reinforced by studies of analogous synthetic systems. Electron microscopy provides collaborative evidence of 
similarities between synthetic C-S-H gels and cement hydration products, while the osmotic characteristics of 
such gels can be demonstrated by the phenomenon of "chemical gardens".
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1. Introduction

Almost 20 years ago. Powers put forward the suggestion that osmotic effects might play an important role in the 
hydration of Portland cement (1). For reasons that are not clear, this proposal was not developed further - 
until recently, when two groups of researchers published articles reinforcing the original idea and elaborating 
on it further to provide a viable model explaining the mechanism of hydration of cement (2-4). This osmotic/ 
membrane model has been the subject of some discussion in the literature (5—8) and it an appropriate tim» 
to review the points in its favour and to consider its wider implications.

2. Colloidal Membranes

The feature that makes the hydration of Portland cement rather different from a sirtple dissolution and crystalli
sation process (i.e. a 'through solution' mechanism such as has been proposed for the hydration of Plaster of 
Paris, for exaaple) is that the main reaction product is a colloidal gel and it is precipitated by local reaction 
at the surfaces of the cement grains. In a hydrated cement paste there are crystalline hydration products 
(viz. Ca(0H)2 and various complex aluminate hydrates) but the main constituent of the hydrated matrix 
responsible for the strength development is the calcium-silicate-hydrate (C-S-H) gel phase. Diamond (9) in a 
recent review of cement hydration refers to "the unusual compositional flexibility and quasi-amorphous character" 
of the gel. Only very poorly defined and diffuse peaks are obtained by X-ray/electron diffraction observations 
compatible with a colloidal microstructure in which the unit particle sizes are extremely small (of the order 
100Ä).

In general, when metal ion silicates are precipitated from aqueous solution at ordinary temperatures, an amor
phous colloidal solid is usually the result. Crystalline silicates may be obtained through slow growth from 
dilute solution or after prolonged aging, particularly at elevated temperatures. The reason lies in the 
stereochemical difficulty that the molecular silicate units (generally in varying degrees of polymerisation) have 
in arranging themselves into a repeatable three-dimensional lattice. As is noted by Iler (10), essentially the 
process is one of mutual coagulation of the hydroxides of the metal ion and the silica. These principles should 
apply equally to the C-S-H gel in cement, (compare figures 1(a) and (b)).

Figure 1(a): Colloidal C-S-H gel in hydrated Portland 
cement.
Transmission electron micrographs.

Figure 1(b): C-S-H gel obtained by precipitation 
between aqueous solutions of calcium chloride and 
sodium silicate.

An inportant property of silicate gels is that, when precipitated as a continuous membrane between two solutions 
of different conpositions, they can display osmotic phenomena. A good example of this occurs in so-called 
'silicate gardens', obtained when metal ion salt crystals are immersed in dilute aqueous sodium silicate solution 
(figure 2). Double et al. (2,3) and Birchall et al. (4) have drawn attention to the striking visual analogy 
between the growth sequence in silicate gardens and the morphological developments occuring during the hydration 
of Portland cement. The point of this analogy was to illustrate that:
(a) osmotic pressure effects can be generated across metal-silicate gel membranes (including C-S-H gel membranes) 

by virtue of their selective permeability to ions in aqueous solution,
(b) the osmotic properties derive mainly from the colloidal gel character of the membrane. The effect 

is not restricted to silicates but also occurs for gel membranes formed from ferrocyanides (refer to 
Pfeffer's experiments for exanple (ID), large oxyanion species such as aluminates/borates/zincates, 
and even oxalates and carbonates (12,13).



Clearly, there are some points of difference between 
the growth of silicate gardens and the hydration of 
Portland cement. The analogy is not exact but the 
fundamental features (i.e. the preferential diffusion 
of species through a colloidal gel membrane) are 
essentially the same. This inevitably leads one to 
the conclusion that osmotic effects ought to play 
a significant part during the hydration of cement.

Figure 2: Tubular fibre growth from a 'silicate 
garden' obtained from a crystal of cobalt nitrate 
immersed in dilute aqueous sodium silicate solution. 
Optical micrograph.

In the osmotic model of cement hydration, one visualises the sequence of events illustrated diagrammatically in 
figure 3.
Initial reaction. There is ample evidence to show that gelatinous coatings (possibly involving both silicate 
and aluminate) are formed on the surface of cement grains very soon after contact with water. The development of 
these coatings has been directly observed in 'in situ' experiments in the environmental cell in the high voltage 
electron microscope (3,6). It has been postulated that the formation of the coatings is responsible for the 
onset of the induction pericd following the initial rapid hydrolysis of the anhydrous clinker (1,14). 
Essentially, a membrane is formed which inhibits access of water to the reactive cement constituents. Some 
insight into the way that these membranes are formed has been provided by recent SEM/ESCA studies by M6n6trier 
et al. (15) of the composition of surface hydrates on C3S grains exposed to water for short time intervals. 
These showed a sharp initial decrease in the Ca/Si ratio followed by a rapid rise, reaching a maximum within 
15 seconds. At the same time, fine-grained reaction products were observed to cover the surface". This 
behaviour is consistent with (1) an initial leaching of lime from the C3S structure by hydrolysis, followed by 
(ii) recombination between the calcium ions released into solution and the hydrosilicate residue left on the 
surface of the cement grains to precipitate a C-S-H gel membrane. .
Induction period. Calorimetric measurements of the rate of heat evolution during the induction period suggest 
that little is happening at this stage of hydration. However the situation is not quiescent because, as studies 
by various work^ys have shown (16,17), the concentration of the bulk aqueous phase is rapidly rising with respect 
to dissolved Ca and OH ions - and indeed exceeds the saturation level for the precipitation of Ca(0H>2 by 
a factor of 1.5 - 2.0. Significantly, the silicate concentration in solution remains negligibly small (less than 
5 ppm). These observations would imply (i) that hydrolysis of the clinker is still continuing and (ii) that 
there is preferential diffusion through the membrane coating (ingress of water and egress of Ca**  and OH- ions). 
The inability of the hydrolysed silicate to diffuse out through the membrane is reconcilable with its large 
molecular size, particularly because of its tendency to polymerise into configurations larger than the basic 
SioJ” unit. This preferential diffusion process is precisely the situation that will lead to the development of 
an osmotic pressure within the membrane coating around the cement grains. Powers cited these pressure effects as 
being responsible for the transient dilation that occurs in cement pastes at early stages of hydration (1).

Figure 3: Diagrammatic representation of the sequence of hydration of cement, (a) Cement grains in water, 
(b) initial gel coatings euround cement grains, (c) secondary growth of C-S-H gel after osmotic rupture of gel 
coatings and (d) long term infilling and consolidation of microstructure.



Post-induction period. The end of the induction period 
is considered to occur when the gel coatings around the 
cement grains rupture because of osmotic pressure effects. 
Hydrosilicate material is extruded through the ruptured 
membrane and combines with the calcium ions in solution 
to precipitate C-S-H gel as excrescences on the surfaces 
of the cement grains. These growths constitute the 
secondary hydration products. In this way, one accounts 
for the drop in the calcium ion concentration in the 
bulk aqueous solution that is observed to occur at the 
end of the induction period (6,17).
By analogy with silicate gardens, these excrescences may 
be expected to develop a tubular morphology. Indeed, 
observations by several workers have shown that the 
fibrillar gel growths on the surface of cement grains 
have a hollow structure (3,6,8). Pratt and Jennings (6) 
have observed enhanced growth of tubular fibres when 
partially hydrated cement pastes were subsequently 
immersed in distilled water. This effect can readily be 
understood in terms of an osmotic process in which the 
driving force for secondary growth (the difference in 
chemical potential between the dissolved species on 
either side of gel membrane) is promoted by sudden 
dilution of the aqueous phase.
Tubular morphologies are by no means the only type of 
secondary growths to be expected. Since the hydro
silicate material is forced out through a ruptured 
membrane, the form assumed by the outer precipitate will 
be governed by the local conditions under which the 
combination between the calcium and the silicate occurs. 
The extrusion process could easily give rise to hollow 
or solid fibres, and even sheet and foil-like structures 
- as has been observed (figure 4). In any case, it is 
possible to reconcile the variety of morphologies of 
the hydrated cement gel with an osmotically driven 
hydration process such as has been described.
While one visualises that osmotic effects are important 
in the early stages of hydration, it seems likely that 
as the gel coatings thicken and become increasingly 
difficult to rupture, other precipitation processes 
become more important in the progressive infilling and 
consolidation of the cement microstructure.

4. Conclusions

A model has been proposed to explain the mechanism at 
early stages of the hydration of Portland cement. This 
is based on osmotic effects associated with the colloidal 
C-S-H membrane formed around the cement grains. The 
evidence for this model is circumstantial but it has the 
advantage of explaining the following facts:
(a) it gives a reason for the onset and eventual 
termination of the induction period.
(b) It explains the morphology of growth of the outer 
C-S-H products - tubular fibres and other forms.
(c) It is conpatible with the variations that occur in 
the composition of the bulk aqueous phase during 
hydration.
(d) It provides a transport mechanism for the silicate 
material from the anhydrous cement core to the outer 
hydration products - without having to postulate 
diffusion through the bulk aqueous solution, where its 
concentration is known to be extremely low.
By emphasising the colloidal nature of the C-S-H gel and 
its inherent properties, the model provides a different 
Insight into the hydration mechanism as opposed to other 
theories which Invoke conventional nucleation and growth 
processes.

Figure 4: Variety of morphologies observed in the 
secondary gel hydrates on the surface of cement 
grains.
Transmission electron micrographs. -
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Etude comparäe de la formation de C-S-H ä partir 
de solutions sursaturSes et de melanges C3S-solution
Comparative study of C-S-H formation from supersaturated solutions 

and C3S solution mixtures
P. BARRET, professeur, directeur du Laboratoire de Recherches sur la Reactivite des Solides (L A 23) 

Universite de Dijon (France), ‘ J
D. BERTRANDIE, docteur de I’Universite de Dijon, CNRS (LA. 23),
D. MENETRIER, docteur es sciences physiques, attache de recherches (L.A. 23), France.

RESUME : En systäme ferme, Revolution de melanges heterogenes (CgS-eau ou solutions aqueuses de composition 
initiale donnee) a 6t6 comparee ä celle des milieux homogenes obtenus par filtration ou par melange initial de 
deux solutions et sursatures par rapport au C-S-H. Des donnees complementaires ont ete fournies par I'etude en 
Systeme ouvert de la composition initiale et de Revolution de filtrats obtenus par flux d'une solution de chaux 
et de silice ä travers une couche de C-jS sur filtre et par melange de deux solutions de chaux et de silice de 
compositions appropriSes, sur filtre. Le report sur le diagramme chaux-silice-eau (C,S,H) des variations de com
position en CaO et SiOg (chemins-cinetiques), accompagnant Revolution de ces diffSrents systemes, a permis de 
constater qu'il n'y avait pas de difference, au point de vue cinetique, entre la vitesse de precipitation de 
C-S-H ä partir de milieux homogenes sursatures et la vitesse de formation du C-S-H ä partir de melanges hetero
genes CgS-eau ou CgS-solution. Ces chemins cinStiques sont tous situes dans le domaine sursature delimits sup6- 
rieurement par la courbe de supersolubilite du C-S-H construite par les auteurs (2) et qui correspond ä une nu
cleation immSdiate, inferieurement par la courbe d'Squilibre de solubilite de C-S-H. On peut done conclure que 
le C-S-H forms ä partir de melanges heterogenes CgS-eau ou solution tire egalement son origine d'un processus de 
precipitation. Des constructions graphiques fondees sur les expressions du bilan analytique permettent de rendre 
compte de la forme de ces "chemins cinetiques" dans le cas des milieux homogenes aussi bien que dans celui des 
melanges hetSrogSnes et pour ces derniers, par la mise en oeuvre de la dissolution congruente de CgS superficiel- 
lement hydroxylä, suivie de la precipitation de C-S-H de rapport [C/S]s variables suivant la concentration en 
chaux du milieu.

SUMMARY : The evolution of heterogeneous mixtures (CgS water or aqueous solutions with a given initial composi
tion) was compared in a closed system with that of homogeneous media obtained by filtration or initial mixture 
of two solutions supersaturated with respect to C-S-H. The open system study yielded further data on the initial 
composition and evolution of filtrates obtained by pouring a silica and lime solution through a CgS layer on a 
filter and by mixing on filter two solutions of lime and silica of appropriate compositions. Reporting the CaO 
and SiOg composition variations (kinetic path), on the lime-water-silica diagram (C.S.H), and accompanying the 
evolution of these different systems allowed to note that there was no difference, from the kinetic viewpoint, 
between the C-S-H precipitation rate from supersaturated homogeneous media and the formation rate of C-S-H from 
heterogeneous CgS water or CgS solution mixtures. These kinetic paths are all in the" supersaturated domain deli
neated in its upper part by the C-S-H supersolubility curve plotted by the authors (2) and corresponding to im
mediate nucleation, and in its lower part by the C-S-H solubility equilibrium curve. It may thus be concluded that 
the C-S-H formed from heterogeneous C3S water or solution mixtures also derives from a process of precipitation. 
P.lots resulting from the expressions of the analytical balance allow to account for the profile of these "kine
tic paths" in the case of homogeneous and heterogeneous media as well, and for the latter by performing congruent 
dissolution of superficially hydroxylated C3S followed by the precipitation of C-S-H with variable [C/Sjs rati°s 
depending on the lime concentration in the medium.



INTRODUCTION ■ ' '
Nous postulons une analogic fondamentale entre le me- 
canisme de formation des hydrosilicates de calcium et 
celui des hydroaluminates (1), pensant que, dans un 
cas comme dans 1'autre, ces hydrates rSsultent d'un 
processus de precipitation 3 partir d'une solution 
sursaturee (processus du type Le Chatelier). Notre, 
position est done defavorable ä I'idee d'une forma
tion "topochimique" de ces hydrates (2). Encore con- 
vient-il de definir avec precision ce que 1'on en
tend par ce terme.
En revanche, nous posons comme principe qu'iZ ne faut 
pas confondre hydratation et prSeipitation. En effet, 
nous considerons que tout ou partie de 1'hydratation 
des phases anhydres qui interviennent comme consti- 
tuants des ciments se produit au cours d'etapes cine- 
tiques elementaires, consistant en 1'hydroxylation 
des ions negatifs superficiels par interaction direc- 
te de la surface du solide anhydre avec les molecu
les d.'eau (3,4). Ce processus d'hydroxylation, par 
protonation dans le cas de C3S, par addition dans ce
lui de CA, est une etape necessaire pour permettre le 
passage en solution de ces ions. Ainsi, 3 notre point 
de vue, cette fitape d'hydroxylation est suivie d'e
tapes de transfert en solution des anions hydroxylSs 
et des cations. La precipitation des C-S-H, comme 
celle des aluminates hydrates, introduit seulement 
une fraction d'eau supplementaire, ou pas du tout.
Ce que nous entendons par "formation topochimique des 
hydrates" consisterait en une accumulation des d6- 
fauts superficiels que constituent, dans la structu
re de la phase anhydre, les ions hydroxyl es, suivie 
d'une reorganisation structurale directe de ceux-ci, 
en 1'edifice des differents hydrates, sans passage 
par la phase liquide. Il s'agirait d'une transforma
tion solide-solide, qui 3 aucun moment, ne mettrait 
en jeu la phase liquide pour se realiser. Notre opi
nion est que ce processus n'intervient pas ou que, 
s'il intervient, il est beaucoup moins rapide que le 
processus de dissolution-precipitation avec lequel 
11 est en competition.

Pour Stayer ce point de vue, nous avons procede 3 un 
ensemble d'experiences; Celles que nous rapporterons 
ici sont fondees sur la comparaison de la cinetique 
d'evolution en Systeme ferme, d'une part de melanges 
phase solide anhydre-solution, d'autre part de cha
ses liquides, soit separees par filtration du solide 
anhydre et des hydrates, soit resultant, 3 1'instant 
initial, du melange de deux solutions. Pour faciliter 
la redaction, les experiences du premier type seront 
designees par la lettre W et cel les du second, par. la 
lettre B. En outre, nos idees sont fondees sur un en
semble de considerations thermodynamiques et cineti- 
ques.
Dans des travaux antSrieurs, (5) la comparaison des 
courbes d'Svolution de melanges solides-solutions et 
de solutions pures nous avait amenSs 3 conclure au 
caractere non heterogSne de la nucleation des phases 
hydratees, la periode d'induction pr6c6dant la pre
cipitation des aluminates de calcium hydrates 3 par
tir de CA etant du meme ordre de grandeur (une ving- 
taine d'heures) dans les deux cas. Il semble en dtre 
de meme dans la precipitation 3 partir de C3S de 
Ca(0H)2 dont la periode d'induction n'est pas sensi- 
blement plus courte en presence des grains de C3S 
qu'3 partir d'une solution sursaturee pure (6).

ETUDE EXPERIMENTALE
Pour bien situer les experiences plus particuliere-

ment concern6es dans cet article par rapport 3 notre 
approche experimentale du probl6me des mecanismes 
d'hydratation, on se reportera au tableau I oü 1'on 
distingue les experiences de type W et B : -

TABLEAU I

stagnant
s + £syst. ferme <

agite (W)

_t (filtrat)(B); £ + £ initial puis B.

syst. 
ouvert

Bilans analytiques 
feau 
initiale 
solution 
initiale

F eau 
s/f + £<

"bref [verse

|_solution |_long [pulverise
(£ + £)/f + B (ferm6)

Le principe de ces experiences est de suivre la cine- 
tique en faisant un bilan analytique aussi complet 
que possible, portant ä la fois sur les phases soli
des et sur les solutions. Les essais en systäme 
ferme sont ceux oü aucun constituant n'est ajoutB ni 
retranche au cours d'une experience. Dans les essais 
de type W oü une phase solide s est agitee dans une 
phase liquide £ qu'il s'agisse initialement d'eau ou 
d'une solution de composition dBterminBe, le melange 
de rapport pondBral £/s est place dans un ballon 
sous atmosphere d'azote decarbonate et 3 une tempe
rature maintenue constante grace 3 un thermostat. 
Dans les essais de type B, les conditions sont les 
memes mis 3 part le fait qu'initialement, le Systeme 
est homogene : filtrat £ ou ■ Blange de deux solu
tions £ + £. La cinetique d'evolution est suivie par 
prelBvements, filtration et analyse du filtrat et des 
constituants solides au moyen de la spectrometrie 
d'absorption atomique, de la diffraction X et 6ven- 
tuellement de methodes complementaires : analyse co- 
lorimBtrique de la silice par reduction du complexe 
silico-molybdique, microscopie electronique 3 balaya- 
ge et sonde 3 dispersion X, spectrometrie IR. Natu- 
rellement, tous ces essais sont effectuBs sans que 
les solutions ne soient jamais au contact du verre 
ou d'un matBriau susceptible de libBrer de la silica 
Les essais en Systeme ouvert sont ceux durant les- 
quels un ou plusieurs constituants sont ajoutBsou 
retranches au cours d'une experience. La lettre f in- 
dique que 1'essai est effectuB sur filtre. Initiale
ment, un solide s (constituant anhydre d'un ciment) 
peut 6tre 6tal6 en couche mince sur le filtre et le 
rBactif liquide £ peut le traverser pendant une du- 
ree sqit trBs brBve soit longue, auquel cas le Sys
teme Bvolue en regime stationnaire. Le liquide peut 
Btre, ou versB sur le filtre, ou finement pulvBrisB. 
Dans des experiences d'un autre type, e'est un me
lange initialement homogene qui est realise sur fil
tre en versant simultanBment deux liquides ; le pre
ci pit6 qu'ils sont susceptibles de donner par reac
tion est retenu sur le filtre et le filtrat est even
tuell ement soumis 3 une experience de type B, en 
Systeme ferme, afin de suivre la cinBtique de preci
pitation. Les variations de composition entralnBes 
par cette precipitation sont reportees systBmatique- 
ment sur les diagrammes d'Bquilibre correspondant : 
chaux-alumine-eau iu chaux-silice-eeu. Dans-cet arti
cle, I" attention sera principal amen. attiree sur la 



cinetique d'evolution en Systeme ferm6 de, melanges 
de CjS agit6 soit dans l'eau, soit comparativement, 
dans une solution preparee independamment et de con
centrations donnees en silice [S] et en chaux [C] 
avec plusieurs valeurs du rapport £/s initial.

’RESULTATS
La premiere serie d'experiences (8) avait pour but 
de comparer la cinetique d'evolution en Systeme fer
me des systemes definis par les conditions initiales 
suivantes :
Exp. 1) s + Z (tableau I); avec s : 1g de C3S Tj 
(triclinique Ti) ; Z : 1000 g d'eau (Z/s = 1000). 
Courbes Wc : [CJ = f(t) et Ws : [S] = g(t) Figure 1. 
Exp. 2) s + Z avec : s = 1g de C3S, Z = 1000 g de 
solution contenant : [01° = 3,95.10*3  mol.kg-!";
[S]0 = 1,19.10*3  mol.kg*!  ; [C/S]^ = 3,32 ; courbe W
(figure 2). . •

Fig. 1 - Evolutions comparSes en fonction du temps 
courbes Wc et Ws (exp. 1) ; -----  courbes et

Ws (exp. 2);- - - courbes Bc et B_ (exp. 3). 
........ courbes B^ et Bj , B£ et Bg apres Z + Z 

(exp.8,9) avec, respect!vement de fortes ou de fai- 
bles concentrations dans le melange initial.

Il convient de souligner la grande difference entre 
les courbes W -et W et la similitude entre les cour
bes W' et B.
Des experiences du m6me type : s + Z (courbe W), ont 
et6 faites dans un rapport Z/s = 10 avec comme condi
tions initiales :
Exp. 4) s : 10 g de C3S ; Z : 1OOO g d'eau. La figu
re 2 donne les courbes Wc et Ws obtenues dans deux 
experiences differentes en dosant les faibles con- ' 
centrations [S] par la methode de reduction du com
plexe silico-molybdique. En effet, par spectrometrie 
d'absorption atomique, on ne peut esperer doser la 
silice avec une incertitude inferieure 5 0,1.10*3  

mol.kg*!.  C'est pourquoi la courbe de la silice n'est 
gSnSralement pas tracee et certains auteurs croient 
m6me pouvoir affirmer qu'ä Z/s = 10, il n'y a pas de 
silice en solution sauf dans la periode initiale, ce 
qui est une erreur. Une courbe de variation de [S] ä 
Z/s = 10 a ete etablie egalement par J.F. Young et 
col. (7). Mais il semble que les valeurs trouvSes . 
soient entachSes d'une erreur par exces. .
Exp. 5) s : 10 g de C3S ; Z : 1000 g de solution pre
paree independamment par agitation pendant 75h de si- 
lice (a6rosil) dans 1'eau de chaux diluee. Apres fil
tration, la composition de cette solution 6tait : 
[C]° = 1,75.10*3  mol.kg-1, [S]0 = 4,70.10*3  mol.kg-1. 
Les courbes obtenues Wq et Wj ont reportees.sur 
la figure 2 en meme temps que les courbes Wc et Ws- Il 
est remarquable de constater que, dans sa partie ini
tiale, la courbe U.1 est decroissante, [C] passant de 
3,65.10-3 mol.kg*!  ä t = Iran ä 1,85.10*3  mol.kg*!  ä 
t = 15mn, ce qui est pratiquement [C]°. Apres ce mini
mum, Wc amorce une remontee .d'abord lente ([C] passe 
de 1,85 ä 2,20.10*3  mol.kg*!  j ^5 25 mn), puis plus
rapide ([C] prend les valeurs 5,40 et 11,12.10*3  
mol.kg-1 ä 30 et 45 mn). Simultanement, [S] decroit, 
passant de 3,83 ä 0,38.10*3  mol.kg*!  quand t passe de 
1 ä 30 mn ; cette decroissance est moi ns rapide dans 
la seconde demi-heure, mais au bout d'une heure ,1a 
courbe Wj rejoint la courbe Ws ä [S]= 0,063.10*3  
mol.kg-1 et par ]a suite, les deux courbes coincident. 
On peut done dire que toute la silice presente ä l'o- 
rigine.dans le solvant a 8td 61iminee. [s] continue S 
dScroitre lentement avec des valeurs telles que 0,020, 
0,0175 , 0,0130 10*3  mol.kg* 1 respectivement pour 
t = 4h30, 7h30, 24h.
Si 1'on revient ä la branche ascendante de la courbe 
Wc» on constate qu'elle reste decalee par rapport ä 
celle de Wc et qu'il en est de meme pour la branche 
descendante, le debut de la chute de concentration eh 
CaO intervenant avec un retard de Ih environ.

Fig. 2 - Courbes d'evolution de melanges C3S + eau 
(Z/s = 10). • Courbe Wc : [C] = f(t), A courbe Ws : 
[S] = g(t) (0. Bertrandie, Reactiviti des Solides, Di
jon) ; 0 courbe Wc, A courbe Ws (D. Men6trier, Martin 
Marietta Laboratories, Baltimore). Courbes d'evolu
tion de melanges C3S + solution de composition. [C]° = . 
1,75.10*3 mol.kg-1, [S]° = 4,70.10*3 mol.kg'l.
x courbe ; + courbe W^ (0. Bertrandie, Dijon).



De cette derniere experience, est ä rapprocher un es
sai effectue egalement avec un rapport Z/s = 10, mais 
dans les conditions initiales suivantes (8) : 
Exp. 6) [Cj° = 34.10"3 mol.kg-1, [S]° = 0,012.10"3 
mol.kg'l, c'est-a-dire en utilisant comme solvant le 
filtrat preleve peu avant le maximum de Wc d'un essai 
anterieur ä £/s = 10 avec de 1'eau comme solvant.
La figure 3 presente la courbe W1 obtenue comparee ä 
la courbe Wc normale (avec 1'eau) ainsi que, en poin
tille, les courbes de variation concomitante du pour- 
centage d'eau liee determi nee par perte au feu.

Fig. 3 -------- A et B : Courbes d1evolution Wc ä £/s=
10 avec comme solvant £ : (exp. 4) de 1'eau, (exp. 6) 
une solution ä [C]° = 34.10-3 mol.kg-1.------ a) et
b) Courbes de pourcentage d'eau 116e correspondantes.

Il convient de noter une baisse initiale de [Cjd'une 
amplitude de 2.10-3 mol.kg-1 environ, au debut de la 
courbe W^., puis ä t = 30 mn, une remontee ramenant 
[C] approximativement ä sa valeur primitive, suivie 
at- 4h30 d'une decroissance continue.
La baisse initiale de [C] reprösente un retrait de 
120 mg de CaO pour 100 g de CgS. Quant au pourcenta
ge d'eau liee, il est clair qu'il est tres amoindri 
pendant les 4 ou 5 premieres heures du cas b par rap
port ä la meme periode du cas a ; la masse d'eau liee 
est au maximum de 500 ä 700 mg dans le cas b contre 
au moins 2000 mg dans le cas a et 1'on doit constater 
que ce decalage se maintient dans la suite de revo
lution. La presence de C-S-H reconnaissables ä leur 
morphologic en nid d'abeilles est facilement detectee 
par microscopie electronique ä balayage durant cette 
pSriode, au bout d'une heure par exemple dans le cas 
a, mais non dans le cas b.
Des experiences du type s/f+ £ en syst6me ouvert, 
£ + £ initial + B en systAme ferme et (£ + £)-/f + B 
en Systeme ferme apportent des resultats complemen- 
taires tres interessants (8). Les essais du premier 
type (exp. 7) consistent ä faire passer ä travers une 
couche de 20 g de C3S etalee sur filtre, 14 1 d'une 
solution de composition : [C]° = 3,80.10*3  mol.kg-1, 
[S]° = 1,17.10*3  mol.kg-1 avec un debit de 1 l.mn* 1. 

La composition du filtrat est : [C] =4,03.10*3  
mol.kg-1, [s] = 1,11.10*3  mol.kg-1 et le pourcentage 
d'eau liee 0,88 (figure 4) :

Fig. 4 - L point du diagramme C,S,H correspondant ä 
la composition de la solution versee sur filtre ä d6- 
bit constant ä travers une couche de CgS. N : compo
sition du filtrat. La construction graphique montre 
que la quantite de chaux et de silice transformees 
ejj C-S-H sont donnees par les projections du vecteur 
NM ; soit r la silice engagee dans le C-S-H : la partie 
r' = - Aq provient de la silice prSexistant en solu
tion ; la partie r" de la silice provenant de CgS., 
Une partie de la chaux complementaire (3 - a) est 
utilis6e entre P et N. Elie le serait totalement si 
N Stait en N' et de la chaux preexistante serait con- 
sommfee si N etait en N" (exp. 2 et 5).

Les essais du second type ont pour but d'Studier la 
cinStique d'evolution du melange de deux solutions 
dont le titre etait calcule de faqon que la composi
tion initiale du melange appartienne soit au domaine 
s'Stendant au-dessus et ä droite de la courbe (I) 
(figure 5) dont la construction experimentale est de
crite dans de precedentes publications (8, 9, 10), 
par exemple (exp. 8) : [C]° = 6,47.10-3 mol.kg-1 , 
[S]° = 2,20.10*3  mol.kg-1, soit ä celui situe au-des
sous et ä gauche de cette courbe, par exemple (exp.9): 
[CJ° = 3,0.10*3  mol.kg-l,[Sjo = l,05.10-3mol.kg*l.  Les 
courbes de variation de ces concentrations en fonc- 
tion du temps sont reportees sur la figure 1 et les 
changements de composition correspondants sur le dia
gramme C,S,H (figure 5).
Sur cette derniSre figure, ont ete portes egalement 
les resultats des essais du 3eme type en Systeme ou
vert (exp. 10) : le melange des deux solutions sur 
filtre’ a la composition theorique suivante : FC]0 = 
7,02.10-3 mol.kg-1, [Sj° = 2,20.10-3 mol.kg-1, . 
[C/SK = 3,62 ; celle du filtrat est : [C]= 5,31.10-3 
mol.kg-1, [S] = 1,47.10-3 mol .kg*l,  [C/S]£ = 3,62.

DISCUSSION ■
Pour faire apparaitre les consequences interessantes 
de 1'ensemble des resultats, il est utile, lorsque 
1'evolution en fonction du temps du Systeme ferme 
est accompagnee d'un changement de composition de la 
phase liquide, de reporter sur le diagramme C,S,H 
les trajectoires du point reprSsentatif de la compo
sition. A chaque point de ces "chemins cinetiques“, 
correspond une valeur du degr6 de sursaturation du



Fig. 5 - Report sur le diagramme C,S,H des change
ments de composition accompagnant revolution en 
fonction du temps dans les experiences 1, 2, 3, 4, 5, 
8, 9, 10. Les trajectoires obtenues portent le möme 
numero que les experiences citees.(l' :W ä £/s =100).

milieu calculable, ou tout au moins evaluable, par 
rapport aux courbes d'6quilibre de solubilite des 
C-S-H. Des indications peuvent egalement §tre tirees 
de la pente en chaque point de ces courbes.
Ainsi, sur le diagramme de la figure 5 la courbe 1) 
relie les valeurs au meme instant de [C] et [S] des 
courbes Wc et Ws de l'experience 1 ä £/s = 1000.Avec 
cette dilution, la sursaturation en Ca(0H)2 n'est ja
mais atteinte puisque 1 g de CgS represente 4,30.lO"^ 
mol.kg"! soit 13.10'3 mol.kg-l en CaO si tout passait 
en solution. Alors que [C] est constamment croissante, 
[S] passe par un maximum au bout de 15 mn ([S] = 
1,19.10'3 mol.kg'1, [C/S]^ = 3,12) et commence ä de- 
croitre au-delä de la 31eme minute. Du 13äme au 25eme 
jour, [c] et [S] se sont stabilisees respectivement ä 
6,32 et 0,040.10'3 mol.kg'1 sur la courbe d'equilibre 
de C-S-H. La formule du bilan (8, 9, exprimant 
que toute la chaux (en solution et ä 1‘etat solide) 
est dans le meme rapport avec toute la silice (en so
lution et ä l'etat solide) que dans C3S, permet de 
calculer le nombre de millimoles r de silice engagees 
dans un C-S-H de rapport [C/S]s = a :

r = ‘ 3<1 (1)

Dans cette relation, ß est la valeur du rapport ■ 
[C/S]^ et q celle de la concentration [S] de la si
lice en solution. En admettant que la totality de 
CgS ait 6te transforms, cela donnerait: r = 4,35.10'3 
mol. et compte tenu des valeurs ci-dessus de ßq et q, 
la valeur moyenne de a serait : a = 1,57.
En fait le C-S-H commence 5 etre aisement detects en 
microscopie electronique ä balayage par son aspect en 
nid d'abeilles, au bout de 2 h (8,9). Il est remarqua- 
ble de constater que la trajectoire sur le diagramme 
C,S,H est constituee du segment de la droite [C/S]=3 
allant de liorigine au point A et de la courbe (1) 
approximativement parallele ä la courbe (I) que nous 
avons definie experimentalement (8, 9, 2) comme la 
limite entre la cinetique rapide et la cinetique len
te de nuclSation des C-S-H. A titre indicatif, la 
courbe 1'), obtenue avec Z/s = 100 est ISgerement d6- 
calee en direction de (I) done, dans un domaine un 
peu plus sursature.

Si ä la trajectoire 1), nous comparons la trajectoire
2) (exp. 2), la partie 0A ne doit pas etre prise en 
compte puisque la solution a, au depart,la composi
tion correspondant au point B. Ce qui prevaut, e'est 
la decroissance de [C] en meme temps que celle de [S], 
ä peu pr6s parallelement ä [C/S]£ = l.jusqu'ä t = 20h; 
au-delä. [Cj commence ä croitre pour atteindre 
5,7.10'3 mol.kg-1 au 20eme jour alors que [51 conti
nue ä dScroitre jusqu'ä 0,07.10'3 mol.kg'1. Le debut 
de la courbe 2) rappelle ainsi les courbes telles que
3) 8) 9) 10) qui sont des trajectoires correspondant 
aux courbes de type B des experiences de meme numero 
d'ordre, c'est-ä dire de solutions de rapport 
[C/S]° = ß° dont S et C consommees ne sont pas renou- 
veläes par dissolution de C?S. En outre, leur tangen
te en chaque point est parallele ä la droite de 
[C/S]s = a du C-S-H precipite. Dans le cas de 1'expe
rience 2) en presence de CoS, celui-ci peut bien se 
dissoudre pour renouveler C et S, mais l'experience 
montre que le C-S-H qui se forme consomme non seule- 
ment toute cette silice et la chaux correspondante 
dans le rapport a, mais aussi la chaux complementai
re (3 - a), plus une partie de la chaux preexistante, 
(figure 4) puisque [CJ <: [C]°. Cela implique que le 
processus de precipitation est au moins aussi rapide 
que tout autre processus de formation du C-S-H, no- 
tamment topochimique, qui pourrait intervenir avec 
C3S.
Considerons ä present les experiences 4 et 5 ä £/s=10. 
Il apparait une tres grande simulitude avec les expe
riences 1 et 2 ä Z/s = 1000 lorsque 1'on considere 
les trajectoires correspondantes sur le diagramme 
C,S,H (figure 5). Avec 1'eau comme solvant (exp. 4), 
la tranche 0C est initialement parcourue, puis la 
branche 4) se developpe aussi parallelement 4 la 
courbe (I) mais beaucoup plus pres d'elle, dans un 
domaine plus fortement sursature que pour la courbe 
1). Cela est explicable par la plus grande densite 
de grains dans le liquide permettant une compensation 
plus rapide de 8 et C consommees. La seule differen
ce avec le cas ä £/s = 1000 est qu'ici le rapport 
£/s est assez petit pour que .la sursaturation en 
chaux soit possible. Lorsque celle-ci est süffisante 
pour que s'amorce la nucleation de Ca(OH)2» 1'accu
mulation de ce constituant en solution cesse et un 
etat quasi stationnaire du Systeme entre dissolution 
et precipitation permet ä [CJ de ne decroitre que ’ 
tres lentement vers la saturation. .
La determination experimentale de [8] que nous avons 
faite montre que meme ä la plus forte sursaturation 
en chaux, la silice reste dosable, avec [S] >, 
0,018.10'3 mol.kg'1. Il convient de remarquer que la 
formule du bilan (1) permet de calculer de fagon sim- 
plifiee des lors que q « ßq le nombre r de millimo
les de silice transformee en CSH de rapport [C/S]s=cc 
A a constant, r est done proportionnel ä ßq, par 
exemple si a = 2, r = ßq et la branche ascendante de 
Wc (figure 2) represente aussi 1'accroissement en 
fonction du temps du nombre de millimoles de silice 
transformees en CSH. La tangente en un point de cet
te courbe renseigne done sur la vitesse au temps t 
de formation des C-S-H. Ceci n'est plus valable na- 
turellement apres le maximum de Wc lorsque la preci
pitation de portlandite s'est amorc6e. On voit que la 
vitesse de formation de CSH diminue, mais pas consi- 
derablement, lorsque [C] croit.
En ce qui concerne l'experience 5, eile differe de 
l'experience 2, -hormis la valeur de Z/s, par la for
te valeur de [S]° par rapport ä [C]°, de sorte que la 
trajectoire sur le diagramme C,S,H (figure 5) ne com- 
porte pas de branche 0C, mais commence en D qui est 



pratiquement sur lacourbe d'equilibre. II n'est done 
pas etonnant que, dans un premier stade (branche DE) 
le processus de dissolution de C3S avec formation de 
CSH soit le plus rapide et contribue ä accroitre [C] 
et ä abaisser [S]. Mais de ce fait, le degre de sur- 
saturation cree incite ä precipiter en C-S-H, avec la 
silice preexistante, non seulement le reliquat de 
chaux (3 - a) non engage dans un C-S-H, provenant de 
la dissolution de C3S, mais aussi une fraction de la 
chaux preexistante et accumulee. Il est done manifes
te que ce processus est plus rapide que la formation 
de,CSH aux depens de C3S quel que soit son mecanisme 
(topochimique ou non) et ramene le point figuratif 
vers la courbe d'Squilibre en F ce qui correspond au 
minimum de (figure 2) et ä 11 elimination de pra
tiquement toute la silice preexistante. On observe 
alors une discontinuitB des vitesses avec une brusque 
remontee de [C] suivant une branche parallele ä Wc 
alors que Wg rejoint Ws et se confond avec eile. II 
en resulte une situation de la branche FG de la tra- 
jectoire sur le diagramme C,S,H (figure 5) dans la 
partie beaucoup moinssursaturSe du domaine 3 gauche 
de (I). Au cours de la partie DEF de la trajectoire, 
16/(3-a) millimoles de silice dont les 4,39 milli
moles preexistantes sont rentrSes dans le C-S-H et 
comme cel a ramBne au debut de la branche ascendante 
Wc, cet excedent se conserve aux instants' ulterieurs 
par rapport ä la courbe normale Wc.' Comme dans 1'ex
perience 2, it est done manifeste que le processus de 
precipitation de C-S-H d partir de I'exeSdent de si
lice en solution est au moins aussi rapide que la 
formation de C-S-H d partir de CgS et qu’il ne lais- 
se pas plus de silice dans la phase liquide.
La conclusion la plus simple que 1'on peut en tirer 
est que les deux processus sont identiques c 'est-d- 
dire que la formation de C-S-H d partir de C5S est 
aussi le rdsultat d’un processus de precipitation.

Fig. 6 - Constructions graphiques illustrant dans le 
cas B et le cas W, les formules de bilan (2) et (3) 
correspondantes et rendant compte des "chemi ns cinB- 
tiques" sur le diagramme C-S-H.

Les trajectoires du point N representatif de la com
position sur le diagramme C,S,H peuvent Btre analy- 
sBes ä 1'aide de constructions qui transcrivent gra- 
phiquement les formules de bilan dans les cas B et W
La composition initiale de la solution est dans les 
deux cas : [C]° = Boqo, [S]° = q0 (points L et L") ; 

[C] = ßq, [S] = q est la composition finale dans le 
cas B (point N') et la composition au temps t de la 
solution-agitee avec C3S dans le cas W ; ap aj-.a-j 
sont les [C/S]s du C-S-H, r^ les quantites corres
pondantes de silice fixBes dans le C-S-H ; les coor- 
donnees Biq-j, sont exprimBes par rapport aux axes 
d'origines L, Ni, N2 ... N-j.., (figure 6). Les ex
pressions du bilan s'ecrivent alors :
Cas B : (relation 2) Cas W : (relation 3)
Bq + S airi 2 B^qi + S a^r.
______]______ _ o J_________ ]______ = 3

q + 2 r, ~ po L q- + 2 r,
i 1 i 1 i 1

avec : 2 B^- = Bq - BQq0 et 2 qi = q - qQ

CONCLUSIONS
Les "chemins cinetiques" traces sur le diagramme 
C,S,H ä partir des essais de types B et W sont ins- 
tructifs, du fait qu'ils se situent tous dans le do
maine sursature compris entre la courbe I dont I'ori- 
gine cinetique (nucleation tres rapide des C-S-H) est 
bien illustree par la comparaison des experiences 8) 
et 10) et la courbe de solubilitB du C-S-H. Cela sug- 
gBre 1'unicite du mecanisme : la formation du C-S-H 
par precipitation.
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Mecanismes reactionnels de l'hydratation

Mechanisms of hydration reactions

C. VERNET, E. DEMOULIAN, P. GOURDIN, F. HAWTHORN,' Societe des Ciments Frangais, 
CEREG, France.

1

RESUME
Dans le but de comparer les vitesses de reaction des ciments dans des conditions standard, les auteurs ont reali
se un appareillage permettant de mesurer en continu les flux ioniques pendant l'hydratation. Les courbes obtenues 
demontrent I'existence d'un mecanisme de dissolution-cristallisation du type propose par LE CHATELIER.
Pour evaluer la contribution de ce mecanisme relativement ä tout autre susceptible d'agir simultanement, ils ont 
realise des mesures de Vitesse de precipitation des CSH, dont les resultats montrent la preponderance du mecanis
me de LE CHATELIER.
Ils dScrivent ensuite les differentes etapes de l'hydratation, en montrant que, dans ses consequences, le meca
nisme de LE CHATELIER n'est pas en contradiction avec I'ensemble des observations connues.
Ils presentent enfin un modele mathematique de la cin6tique d'hydratation, base sur ce mficanisme et permettant 
d'expliquer les influences observables des autres reactions chimiques sur la vitesse de l'hydratation. Les appli
cations pratiques de ce modele s'etendront ä 1'etude de 1'influence des adjuvants et des ajouts du ciment, ainsi 
qu'ä la mesure physique de 1'hydraulicite des clinkers. '

SUMMARY
In order to compare the reaction speeds of the cements in standard conditions, the authors have constructed an 
apparatus which measures continuously the ionic fluxes during the hydration. The curves obtained show the exis
tence of a dissolution-crystallization mechanism as proposed by LE CHATELIER. ■
For estimating the role of this mechanism in hydration, the authors have determined the CSH precipitation speed. 
The results demonstrate the preponderance of the LE CHATELIER mechanism over all the others put forward.
They also describe four hydration periods and show the agreement of the proposed mechanism with all the known 
data.
Finally on the basis of this mechanism, they give a mathematical model of the hydration kinetics, which can be 
applied successfully in the presence of other chemical reactions during hydration. In practice, this model will 
be used for the study of admixtures and adds in cement, and also for the physical evaluation of clinker hydrau- 
licity.



INTRODUCTION
Pendant .1'.hydratation de 1'alite on distingue qu'atre 
periodes :
- lere periode : reaction rapide et exothermique, de
butant par une chimisorption d'eau (1) ;
- 2eme periode dite "periode dormante" : lente, pres
que. athermique, avec sursaturation progressive en 
chaux de la solution, sans modifications rheologiques ;
- 3eme p6riode caracterisee par la precipitation de la 
portlandite, 1'accelaration brutale des reactions, 
l'augmentation du flux thermique ;
- 4eme periode : ralentissement progressif des reac
tions. Dans le cas des ciments portland, les reactions 
secdndaires des aluminates, aluminoferrites et du gyp- 
se se produisent, sans modifier la sequence ci-dessus. 
Malgre de tres nombreuses publications, les möcanismes 
reactionnels des ciments portland restent mal connus : 
on trouve dans la bibliographie des theories differen
tes, que Ton peut classer en 3 groupes :
- theories du type "LE CHATELIER" basees sur.l'hypo-
these de la dissolution congruente de 1'alite et la 
cristallisation d'hydrates, de rapports CaO/SiOjtC/S) 
plus faibles (7) ; .
-theories du type "topochimique" bas6es sur 1'action 
directe de 1'eau entrant dans le rSseau de 1'alite, 
avec formation d'hydrates in situ, par reorganisation 
str.ucturale et liberation de la chaux excedentaire 
par diffusion ; ■
- theories mixtes, combinant les deux precedentes en 
leur attribuant plus ou moins d'importance.
Du point de vue cinetique, l'approche des phenomenes 
est differente selon I'hypothese de depart : 
. dans I'hypothese “topochimique", le flux de chaux 
liberee depend de 1'energie libSrable par 1'alite et 
de la stoechiometrie des CSH. Il ne peut exister au- 
c'un flux de si lice vers la solution. La concentration 
en Si02 est alors r6gie par la solubilite de 1'hydrate 
le plus externe, la mesure du flux de CaO et du C/S du 
CSH permet d'acceder directement ä la vitesse d'hydro
lyse de 1'alite ; •
. dans I'hypothese de LE CHATELIER, le flux de silice 
liberee est la difference des flux de dissolution et 
de precipitation et la solution est d'autant plus 
sursaturee que cette difference est grande. Pour ob- 
tenir la vitesse de reaction de Talite, 11 faut done 
mesurer par ailleurs la vitesse de precipitation, en 
calculer le flux, pour le deduire du flux mesure : on 
obtient ainsi la vitesse de dissolution.
Sans prejuger de la validite de telle ou telle Hypo
these, nous avons effectu6 des mesures precises de 
flux ioniques, afin de comparer les vitesses de reac
tion des ciments dans des conditions standard et de 
rechercher des eclaircissements sur les mecanismes 
reactionnels.'Nos essais ont 6t8 effectues : d'une 
part ä 1'aide d'un appareillage de lixiviation specia- 
lement etudie, permettant d'extraire en permanence une 
partie des ions liberes par le systSme ciment-eau, ce 
qui rend possible la mesure du flux de silice (Syste
me ouvert) d'autre part, en vase clos (Systeme ferme) 
pour etudier la cinetique de precipitation des CSH.
1 - MESURES.EN SYSTEME OUVERT
1.1 - Appareillage (fig.l)
Principe : Une suspension de ciment dans une solution 
ä choisir est agitee dans le reacteur (R) dans lequel 
circule la solution de lixiviation, pompee ä travers 
le filtre micropore en teflon (F), puis injectee dans 
un circuit comportant une s6rie de capteurs ioniques. 
Le filtrat est, soit recycle, soit recueilli et dose 
s6quentiellement. Ce montage, realise au debut de 1977 
difföre de celui qu'ont publie. BARRET et MENETRIER en 
1978, par son degre pousse d'automatisme et 1'utilisa
tion de capteurs 61ectrochimiques, dans le but de

Fig. 1- Montage de lixiviation 
avec capteurs electrochimiques.

masse de ciment en suspension, 
surface specifique du ciment (m2/g), 
surface totale du ciment (m2). S' = dS/dt 
quantity en mMoles d'un ion libere, 
flux resultant (en mM/m2),

mesurer en continu les flux ioniques et non pas de 
faire des bilans en fin d'essai.
Equations de fonctionnement du reacteur : Soient m " . . . .
s 
S 
Qfl.

Q 
c 
h 
V 
v

la 
la 
la 
la 
le . .
Intensite rSsultante de liberation (en mM/mn), 
flux instantane (en mM/m2.mn), = d^/dt 
concentration du reactif de lixiviation (mM/1), 
concentration ä la sortie du reacteur (en mM/1), 
debit de lixiviation (ml/mn), 
volume total du filtrat (en ml), 
volume du reacteur (en ml).

Recette.

Erewstrfur  
fU. wie« |—1

L'6quation generale du reacteur s'6crit ;■
■ /103 L = v S + h (C - C£) / [I] 

Z___dt x *-'  /
or + *s'
d'pu le flux resultant :______________
/. 10"3 „ dC . ,r r . . S1' / rTT1/= —g~ v 'gf + h(C - Cg) - <|>-g- j [II]

Dans le cas particulier d'une lixiviation par Teau 
avec une surface sensiblement constante s0: 
/108 1^ = v + hC = ID3 mosoA< / [III]

Dans le cas de la dissolution-precipitation, le flux 
de dissolution sera obtenu en faisant la difference : 
aAj = A^- bAp (oü a et b sont des coefficients stoe

p chiometriques de C3S et CSH), 
des flux resultant et de precipitation.
Si dX/dt est la vitesse de precipitation (en mM/l.mn) 

. . bv 1 dX
. b AP = 10Ü17 s at

La formule III se ramSne alors ä :_________
/1°’“d ■ ■ b $) * HÜS-C7 11,1

Le terme v^£ traduit Texistence d'une constante de dt •
temps du montage :on prendra done le volume v du reac
teur suffisamment faible si Ton veut rendre la concen
tration C proportionnelle ä Tintensite IA. •
Dans le cas d'un flux A constant, on volt que Texpres- 
si0n de-C sera tres simple :__________ '

/C(t) As0 ID3 (1 - exp. - ^) / [V]

t-*  + 00 C ■*  C“ = 103 P s0 *h
t * 0 at ** 103 V As0 •
ce qui montre bien Tinfluence des rapports ™ et
sur la concentration C. . ’
La constante de temps est ici (mn)
Pour h = 0, c'est-ä-dire en systSme ferme,
/u = IO"3 y / [VI]

1 e rlUX""peuV~a1 ors etre obtenu par derivation-de la 
courbe^de concentration.



1.2 - Mesures
Les precautions suivantes ont ete prises pour que nos 
mesures soient significatives : ■ . .
- asservissement Slectronique du debit de lixiviation,
- commande Slectronique de 1'agitation,
- contröie de la reponse des capteurs par analyse chi- 
mique sequentielle du filtrat,
- dans le domaine des traces, prise en compte unique- 
ment des resul.tats d'analyse superieurs au triple de
11 incertitude,
- thermostatisation ä 25°C.
Vingt-deux essais ont ete realises dans diverses con
ditions operatoires (rapport m/v, debit, agitation) 
pour une alite de synthese et un clinker industriel. 
Le reactif de lixiviation etant, soit de I'eau, soit 
de la chaux saturee, soit un melange chaux + gypse, ce 
qui permet de se placer dans des conditions tres pro
ches de 11 Hydratation des pätes de ciment.
Nous avons trace les courbes devolution des concen
trations et calcule les flux ioniques correspondants, 
ä l'aide des formules du reacteur.
En reportant les valeurs des concentrations instanta- 
nees dans le diagramme d'equilibre CaO, Si02, HjO, 
nous avons trace le trajet du point figuratif (F) de 
la solution, pendant la reaction. Peu de ctercheursa>ent 
calcule la courbe de solubility des CSH en tenant 
compte ä la fois des equilibres entre F^SiO^*,  HgSiO^, 
Ca++et CaOH+ et de la force ionique, nous avons done 
calcule un nouvel abaque donnant une serie de courbes 
d'equilibre avec OH" comme parametre.

Fig.2 - Diagramme des flux

1 Courbe cfe Fl i nt a Wells

Fig.3 - Trajet du point figuratif F

3 Equilibre CSH ä pH Ccnstant =12,30 
I Courbe de precipitation 

rapjde etablie par FBnetrier
C«ÖM.Ie

5i0t UUl* iWM[l

1.3 - Resultats - Description des phenomenes
L'ensemble desessais donne des courbes analogues ä 
celles de 1'exemple (fig;2 et 3). On distingue tonjoirs 
3 Stapes dans le mecanisme, chacune comportant une ci- 
netique particuliere :
16re etape : (Trajet ORj sur le diagramme) .
Le point figuratif F se deplace tr6s rapidement et en
tre dans le domaine sursaturS. Pour les ciments, le 
C/S de depart est tres superieur ä 3 (presence des 
phases mineures solubles). Pour 1'alite, le point F 
s'61oigne rapidement de Taxe C/S = 3, dont il est . 
d'autant plus proche au depart que le dSbit et le 
rapport v/m sont Sieves. •
En quelques minutes, F atteint done le point de re- 
broussement Rj, ou le taux de sursaturation prend sa 

valeur maximum. Simultanement, les flux de silice et 
de calcium atteignent une valeur tres basse.
2eme etape : (Trajet RjRg sur le diagramme)
Le trajet de F s'incurve de maniere ä s'approcher tan- 
gentiellement de la courbe (1) etablie par MENETRIER 
par une methode differente (2). Le flux de calcium, 
augmente jusqu'ä un maximum et le flux de silice dimi- 
nue jusqu'ä un minimum lorsque F atteint le point Rg, 
proche de la courbe d'equilibre. •
3eme etape : -
Le point F remonte selon une courbe voisine de la ccur- 
be d'equilibre, situSe dans le domaine sursaturS. Pen
dant tout le trajet, on observe alors 1'existence d'un 
“produit de solubilite apparent" Pqjh = aca++.aH2SiO4" 
traduisant un taux de sursaturation pratiquement cons
tant. Dans un seul cas sur 22, oü le debit de lixivia
tion et le rapport v/m Staient Sieves, le trajet de F 
passe dans le sous-saturS, au cours de cette 3eme Sta- 
pe. Dans tous les autres cas, au bout d'un temps suf- 
fisamment long, PgsH tend vers une limite commune ä 
chaque essai, un peu supSrieure ä la valeur d'equili
bre pour le CSH precipitS (1,3.10"7) au lieu de 
(7,22.ID"8).
Ce schema se rSpete egalement lorsqu'on utilise des 
solutions de chaux ou chaux + gypse : les Stapes sont 
alors parcourues plus rapidement et les flux ioniques 
plus faibles qu'avec I'eau. Le point Rg est situe plus 
bas, ce qui indique une solubilite plus faible des hy
drates. Les dosages de S102 deviennent rapidement dif- 
ficiles. Dans la 3Sme etape, la concentration en chaux 
tend vers celle de la solution de lixiviation.
1.4 - InterprStations
Le niveau de. sursaturation en CSH, maintenu malgre la 
dilution permanente par I'eau de lixiviation, la chute 
brutale, dSs le depart, des flux de silice et de cal
cium, dans 1'etape 1, le trajet suivi par le point F 
le long de la courbe (1), entre Rj et R2, tout cel a ne 
peut s'expliquer*  selon le mScanisme topochimique seul. 
Il faut done admettre qu'il y a une contribution du 
mecanisme de LE CHATELIER ä la reaction. Le trajet R1R2 
soit, en moyenne, la courbe I, apparait alors comme la 
resultante d'une famille de trajets instantanSs que 
1'on peut representer vector!ellement sur le diagramme 
chaux-silice-eau (fig.4).

' 1 Solubility de CSH
I / \ /p\c 2 Courbe I
\i rl äXe Solubilite de 1'alite

; K/rZl/n^ £re°cM^^n5^acSH 
! Pk 1/ T/'k/l v°isln de 1,5).

/' A 1 ^0,0

Fig.4 - Diagramme chaux-silice-eau

Vecteurs DA, BS, DE, FG ... dissolution congruente 
Vecteurs AB, CD, EF, GH, IJ ... precipitation de CSH. 
La forme de ce trajet implique 1'existence pour Tali
te d'un produit de solubilite, ce que BARRET (3) a mon
try par des considerations thermodynamiques.
La diminution du flux de calcium dans la 3eme ytape 
peut s'expliquer par Involution de la surface speci- 
fique (etat stationnaire final avec concentration pro- 
portionnelle ä la surface S). failure nettement difiu- 
sionnelle bbservee nous a cependant conduit ä etudier 
la vitesse de precipitation des CSH et leur composition 
afin d'evaluer la part d'un eventuel mecanisme*topochi 
mique coexistant avec le mecanisme de LE CHATELIER (§2.5



1.5 - PhenomSnes secondaires - Reactions entre phases 
Ayant observe des taux de reaction anormalement bas 
pour le C3A lors des lixiviations par l'eau, nous awns 
dos6 I'aluminium dans les filtrats pour plusieurs es
sais : 1'Hydratation du C3A, dont la periode rapide se 
traduit par une augmentation du flux d'ions AlOjl, ne 
commence que lorsque la concentration en SiOg a atteint 
une valeur suffisamment basse, en fin de lere etape de 
1'Hydratation de 1'alite. Ceci est en parfaite concor
dance avec 1'existence de silico-aluminates mis en evi
dence par Mme.REGOURD (4) autour des grains de C3A, et 
empechant son Hydratation.

2 - «MESURES EN SYSTEME FERME .
2.1 - Cinetique de precipitation des CSH
Ayant confirme 1'existence reelle du mecanisme de 
LE CHATELIER, il reste ä voir son importance par rap
port ä un eventuel 2eme mecanisme simultane : nous 
avons done cherche ä mesurer la vitesse de precipita
tion des CSH dans divers domaines de sursaturation. En 
utilisant des solutions pures de chaux et de silice, 
nous avons effectue 15 essais en plusieurs etapes per- 
mettant de suivre 1'evolution de la composition chimi- 
que de la solution et du CSH precipite. L'ensemble des 
operations a ete conduit sous atmosphere d'azote. Les 
preci pites de CSH ont ete lyophilises. Les vitesses de 
precipitation initiales ont ete mesurees par conducti
metrie et analyse chimique. '
Resultats
Les vitesses observees sont tres elevees. Elies augmen
tent avec les concentrations initiales en chaux et en 
silice, en suivant approximativement la relation :

- ($ )i = k ('Ci)1>5 <Si)
Les vitesses initiales sont done proportionnelles au 
taux de sursaturation.
La courbe (I) correspondrait, d'aprSs nos essais ä des 
vitesses initiales de precipitation voisines de 
4 mM/1.mn.
Ce chiffre nous donne un flux de precipitation extr§- 
mement voisin du flux de dissolution, d'ou la faibles- 
se de la concentration en SiOg en solution. La contri
bution du mecanisme de LE CHATELIER est done trSs im
portante par rapport ä tout autre mecanisme.
L‘application de la formule IV du § 2.1 nous conduit 
ä un flux maximum de dissolution de 58 pM/m2.mn, au 
maximum de 1'exemple, resultat extremement voisin de 
celui de MENETRIER (2) obtenu par des methodes diffe
rentes (60 pM/m2.mn).
Aux alentours de la courbe (I), la precipitation est 
limitee par la diffusion et qn verifie avec une bonne 
approximation la relation :

" d(dt°2) " 3’5 [<S1°2) - (Si02)::l 
OÜ Slowest la teneur ä la saturation. 
Cette relation permet de calculer la loi de variation 
de la distance d parcourue par les ions silicate, de- 
puis 1'interface reactionnelle jusqu'au site de preci
pitation. On obtient :

oQ v = volume de solution X;: = concentration ä 
Xj = concentration en SiOg la saturation 

ä la distance d Xo = concentration ä
x _ y.. 1'interface

Le rapport «. = y11-—y..— represente la fraction-non 
precipitBe ä la distance d, la precipitation etant 
totale lorsque Xj = X::. La fraction pr6cipit6e est 
done (1 - a.), fonction que nous, avons representöe 
(fig.5) pour les conditions operatoires utilisSes.

Fig.5 - Relation (1-r) = f(d)

En conclusion, la vitesse de precipitation est suffi
samment grande pour que la majeure partie des CSH se 
forme ä une tres faible distance des grains, de Tor- 
dre de 1'epaisseur de la couche de diffusion, une fai
ble proportion d'hydrates peut cependant se former ä 
distance plus grande, ä une vitesse plus faible, 15 
ou la solution est moins sursaturBe.
On peut s'attendre 5 une difference de structure et 
de composition entre ces hydrates, formes dans des 
zones ou les concentrations sont tr6s diffSrentes. En 
effet, nos resultats montrent bien la croissance du 
C/S avec les concentrations (le C/S varie lineairement 
entre 1,25 et 2 lorsque la teneur en chaux passe de 
5 ä 20 mM/1).
2.2 - Courbes de WELLS - Relation avec les courbes de 

1ixiviatfön ~
Les courbes d1evolution ionique des suspensions de ci- 
ment en fonction du temps sont souvent appe!6es cour
bes de WELLS. Elies presentent des points remarquables

Aj = fin de dissolution rapide
A]A2 = faible flux de calcium
AgB = "periode dormante"
B = maximum de saturation ( 36 mM/1 Ca) 

debut de precipitation de CafOHlj
Bc = periode de reaction rapide donnant lieu ä la 

prise lorsque E/C est suffisamment bas.
Dans le cas des ciments, des points singuliers s'ajou- 
tent 3 chaque apparition ou disparition d'une phase. 
Nous les avons Studies par ailleurs (5).
Pendant la reaction en Systeme ferme; le point figura- 
tif F dScrit un traget parallele ä la courbe (I) ä une 
distance dependant du rapport v/m.
Lorsque 1'on compare les diagrammes en systöme"fermS 
et en systSme ouvert, on constate que la courbe int6- 



grale du flux de calcium (Systeme ouvert) redonne bien 
une courbe homologue de la courbe de concentration en 
Systeme ferm6, ä la difference pr6sx qu'en systSme fer
me, la precipitation de la portlandite interrompt 
1' augmentation de la teneur en chaux. Par contre, 
l*1nt6grale  du flux de silice donne une courbe diffe
rente de celle du Systeme ferme, oü le flux de silice 
prend une valeur negative des les premieres secondes : 
cette allure, obtenue aussi pour les faibles debits de 
lixiviation, indique une vitesse de precipitation su- 
perieure ä la vitesse de dissolution. Pendant la pe
riode dormante, c'est done la lenteur de la dissolu
tion de 1'alite qui freine la reaction : la vitesse de 
dissolution diminue avec la sursaturation en chaux 
tandis que la vitesse de precipitation n'evolue plus 
au bout de quelques minutes : on se rapproche done de 
plus en plus de l'equilibre. Le taux de sursaturation 
en CSH diminue et si rien ne vient perturber le quasi- 
equilibre obtenu, le taux d'Hydratation restera faible.

3 - CONSEQUENCES = MODE DE CROISSANCE DES CSH 
L'ensemble de nos observations nous amene ä decrire le 
mode de developpement des CSH au cours de chaque etape 
de 1'Hydratation de la maniSre suivante :
1) Hydroxylation superficielle de l'alite. Dissolution 
congruente rapide et formation des premiers germes de 
CSH au voisinage des defauts de reseau, oü la vitesse 
de dissolution est maximum. La distance de precipita
tion passe par un minimum ; la croissance de CSH est 
surtout superficielle.
2) La vitesse de precipitation diminue. La vitesse de 
dissolution diminue beaucoup plus vite. La croissance 
des CSH est de plus en plus verticale au für et ä me- 
sure que la silice en solution diminue (SiOg SiO^.  
Le taux de reaction n'augmente pratiquement plus ; 
c'est la "p6riode dormante". Pendant cette pfiriode, 
les defauts de r6seau ont fait place ä des fissures 
d'oü s'echappent les flux d'ions et les CSH, formSs 
lentement, sont assez bien cristallises. Leur C/S est 
relativement faible, Car ils ont cristallisSs dans une 
zone assez 61oignee de 1‘interface, zone oü la teneur 
en chaux est moins elevee.

*

3) La portlandite precipite, ce.qui produit une bruta
le reprise de la dissolution de l'alite. La vitesse de 
precipitation de Ca(0H)2 est plus faible que celle de 
CSH : eile cristallise en gros cristaux loin de 1'In
terface. Le CSH est plus mal cristallise et pr6cipite 
plus vite et plus pres de 1'Interface que pr6c6dem- 
ment : son C/S est plus 61ev6. Les fissures de l'alite 
s'agrandissent et forment des pores ouverts oü le CSH 
cristallise. D'autres fissures les remplacent et four- 
nissent des flux d'ions intenses : peu ä peu la surfa
ce, initiale est totalement remplacee par le CSH.
4) La reaction ralentit ä nouveau, suite au recouvre- 
ment complet des grains d'alite par le CSH, laissant 
encore passer un faible flux d'ions. La vitesse de 
precipitation de Ca(OH)2 diminue considerablement. La 
sursaturation en CSH diminue et la distance de preci
pitation augmente. La croissance du CSH se poursuit de 
plus en plus lentement sei on un arrangement de type 
“corallien". Le C/S de ce CSH “externe" devient plus 
faible, sa structure est plus cristalline et 11 tend
ä combler les pores et ä produire des ponts entre les 
grains, tandis que le mecanisme se poursuit (fig.7).

alite
Fig. 7 - Croissance du CSH

CSH "externe"
Germe initial
CSH "interne"

4 - RECHERCHE D'UN MODELE MATHEMATIQUE DE LA 
CINETIQUE D'HYDRATATION

AprSs en avoir precis® les mecanismes, nous sommes 
maintenant en mesure de construire un modele mathema- 
tique dont la forme sera adaptee ä chaque etape de la 
reaction. ■
lere etape : Dissolution congruente de l'alite avant 
le debut de precipitation du CSH.
La precipitation du CSH ne peut intervenir qu'au mo- ' 
ment oü son produit de solubility est atteint : le 
point figuratif de la solution se trouve alors ä 1'in
tersection de l'axe C/S = 3 et de la courbe de solubi- 
lite du CSH. L'alite va se dissoudre selon :

C3S -i- 4H20 * 3Ca++ + 50H" + HgSiO^ (pH <12,7).

la diffusion, selon une loi du type :
La vitesse de dissolution sera limitee seulement par

IX
oü kj = vitesse de dissolution specifique (Ml':mn-1m~^ 

Dj = coefficient de diffusion de l'ion /(mn-^-1)
■ ej = epa.isseur de la zone de diffusion (m) 

Xg = valeur de X a la saturation (M/l) 
X = concentration de l'ion (M/l) 
(A, S et v sont definis prec6demment).

L'equation [IX] associee aux equations liant les con
centrations oermet de tirer .
/x =[B(1 - e 9At)]1Z7[X]. 3p
avec A#sM=4,2mn-1 B #9,61.10"21 = -^5 
on constate que la saturation en CSH, qui est obtenue 
au point Fi du diagramme, oü (CaO) = 1,88 mM/1, 
S102 = 0,627 mM/1 est atteinte quasi-instantanement 
(t <10-3s). Au delä de ce point, le rapport C/S de la 
solution sera alors de plus en plus superieur ä 3 
(Systeme ferme).

pour 
dt 
en

2eme etape : Au mecanisme de dissolution s'ajoute 
maintenant la precipitation dont la vitesse sera ega- 
lement limitee par la diffusion et suivra une loi du 
tvnp „ ■ . ... (meme terminologie

l - Dp zv x 1 - dX que IX . Indices
KP ” ep AP' " P - Hf g et surface S' 

La quantite dn^ d'alite dissoute penä^nt le temps 
va produire dnp moles de CSH et dng moles de S102 
solution. Posons X = (Si02) totale en solution 
C = chaux totale et a = C/S du CSH. 
dns = dnd - dnp = ^X

' P 1000 dt •
-ß- = ——(drij - dnp) = Sk^ - S'kp

yäx = s-5d (Xd - X) - s' 5b. (X - Xp)/ [XI]
Ue meme que pour la chaux :

3s5d (Xd - X) - S'a|d- (X - Xp)/[XII] 
ed Ep /

En posant A = S-5i B = S' 5p. , on peut 6crire 
r ed 6p

l'Squation [XI] sous la forme :



Y = E Xd + XP - 1'.^ 

| + 1 A+B dt
qui montre bien que lorsque A/B -» 0 X -+ XD et 
A/B - =o X * Xd ' p
A/B etarit le rapport des constantes de Vitesse de 

dC = 3S^(Cd-C)-

dissolution et de precipitation. 
On aura egalement :

. „ " S'a^ <C " CP7 [XIII]

oQ DjDp sorit les coefficients de diffusion pour Ca++. 
Pouf- cnacune de ces relations differentielles, les
conditions initiales sont definies par : Co = 3 Xo, 
Xq = Xp. Theoriquement, Xp et Xd sont donnees par les 
lois des equilibres de CSR et C3S, liant les constantes 
thermodvnamigues et les concentrations :

v _ PC3S + t1 + / [XIV]

d________ C3(OH")5_____________ L
- PCSH tK3 + (0H-) [Kb+ (OH-)] /

XP K3C (0H-) / [XV]
En pratique, on ne pourra definir un produit de solu- 
bilite theorique pour le CSH dont la composition est 
variable. On utiliserg plutöt des relations experimen
tales comme Xp.C1#8#10 7» , obtenue avec une tres bonne 
approximation. Ainsi, connaissant 1'equation appro- 
chee du trajet du point figuratif : pour la courbe (I) 
X.Cl*,6%10-13’36, on debouche sur 1'utilisation pratique du 
modele (les valeurs de Cd et Xd peuvent etre mesurees 
directement en fonction du pH).
Les formules ci-dessus montrent que toute reaction 
chimique consommant les ions calcium et OH" va permet- 
tre d'augmenter la solubilite de 1‘alite : formation 
de complexes, que nous avons Studie par ailleurs (8) 
precipitations, dont le meilleur exemple est la preci
pitation de la portlandite.
3eme etape : Bien que manquant de donnSes experimenta
les sur la cinetique de precipitation de la portlandi
te permettant de complSter le modele, on peut voir 
d'apres les relations XIV et XV que la diminution 
de teneur en Ca++ et OH- va augmenter plus rapidement 
Xd que Xp. Le Systeme sera done deplace vers un nouvel 
etat beaucoup plus sursature en CSH, oü la vitesse 
de dissolution de 1'alite est plus grande.
De m6me, en presence d'ajouts comme le laitier qui 
consomment de la chaux durant cette etape, 1'equilibre 
de solubilite de 1'alite sera deplace, ce que nous 
avons Studie par ailleurs (6).
4Sme Stage : Pendant cette etape, les vitesses sont 
fortement diminuSes par la diffusion ä travers les hy
drates et le calcium en solution est peu ä peu rempla- 
cS par des alcalins, ce qui augmente le pH et freine 
encore la dissolution de 1'alite (X. diminue). Pour 
utiliser les relations prScedentes, il reste ä deter
miner Xd, Xp et C, dans des milieux de composition 
chimique voisine.

CONCLUSION GENERALE
La methode expSrimentale indirecte par laquelle nous 
avons abordS le mecanisme de I'hydratation s'est reve- 
ISe trös fructueuse : les resultats obtenus demontrent 
la prSponderance du mecanisme de dissolution-cristalli- 
sation imaginS par LE CHATELIER. .
Seul ce mScanisme permet en effet d'expliquer le com- 
portement des concentrations pendant la reaction. Il 
explique egalement 1'existence de la "periode dormante" 
des ciments et les phSnomenes de couplages chimiques 
entre les reactions d'Hydratation des constituants des 
ciments» que nous-avons-observe let, et Studie en 

detail par ailleurs (5). A ce titre, la precipitation 
de la portlandite apparait comme indispensable ä la 
reprise de 1'Hydratation produisant la prise et permet
tant 1'evolution des resistances. D'autre part, nos 
mesures montrent que la vitesse de precipitation est 
tres elevee et qu'en consequence, le CSH cristallise 
au voisinage immediat de 1'interface, ä une distance 
variable sei on le taux de sursaturation. Cette obser
vation permet d'expliquer le mode de croissance parti- 
culler du CSH, selon une progression "corallienne". 
Disposant d'une theorie globale coherente reliant le 
comportement cinetique des ciments en Systeme ouvert 
ä celui en systSme ferm6 et en parfait accord avec 
toutes les observations connues, nous en avons tire 
un modele mathematique theorique possedant une verita
ble signification physique. L'application pratique de 
ce modele permet actuellement de prevoir 1‘action de 
certaines variables chimiques sur la vitesse d'hydra- 
tation et d'expliquer ainsi, de maniere qualitative, 
1'influence des constituants mineurs solubles,des ad
juvants,et des anomalies de l.'eau de gächage. 
Apres avoir precise par des mesures experimentales 
les constantes de vitesse et les relations entre pa
rametres, cette theorie doit nous permettre de deter
miner les caracteristiques intrinseques de solubilite 
des ciments, dans des conditions ä choisir. Ces carac
teristiques, dBfinissant de maniSre precise le terme 
d'hydraulicite pourront 6tre reliSes ä .des caracteris
tiques de structure et de forme allotropique des pha
ses, etablissant ainsi un lien entre 1'histoire ther- 
mique du produit au cours de la cuisson et son histoi- 
re cinetique au cours de I'hydratation.
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La regularite et la theorie d'hydratation des Hants

Regularity and theory of binder hydration

V.V. KAPRANOV, docteur, chef de la chaire de la Construction, (’Institut Polytechnique de Tcheliabinsk 
av. Lenine, 76, 454080, U.R.S.S, . ’

RESUME: Cette communication eat oonsaoree ä XMtude de la nouvelle vole scientifique dans la re
cherche des processus d’hydratation. I’auteur a essende mettre en Evidence la r^gularitd et de 
donner la theorie math^matique d'hydratation se hasant principalement sur la recherche des 
forces motrices interieures et sur la direction 4nerg6tique des stades & part du processus. 
On dSveloppe les modules physiques et mathdmatiques des stades ä part du processus d’hydrata
tion, on d4duit lea relationa pour l’4tude de 1’lnteractlon dea particules des phases liquides 
et solides compte tenu de la structure, des tallies, des charges des Iona et des autres pro- 
prl4t4a phyalco-chlmlquea de la substances. La r4gularitd de ohaque processus ^l^mentaire re

fl-fete la liaison des ph4nombnes d’hydratation avec les proprl6t4a dea substances avec 1’abais- 
sement ininterronrpu du niveau de libre 4n4rgie du Systeme. la thdorle d’hydratation permet de 
r^viler le micanlsme du processus et de determiner lea traits particuliers du processus et lea 

volea d*influence  sur lul en changeant les param&trea du Systeme*  la theorie proposes montre 
lee voles de perfectlonnement de la technologic du clment et du biton,la creation des substan
ce a dont la structure est donnie avant, la coincidence des caracteriatiques de oalcul du proce
ssus avec I’expirienoe confirms la rigulariti*  rivilis.
Comms 11 est impossible de donner les calculs pricls du systime itudid, I’auteur1 propose de 
considirer les risultats obtenus comme la premiere approximation, dont la priclaion reven- 
dique la creation des mithodes de calcul plus priclses et I’obtention des donnies supplimen- 
taires sulvant la structure des substances, la distribution de la densiti ilectronique etc.

SUMMARY : The paper is devoted to development of a new scientific trend dealing with research 
into hydration processes. An*attempt  has been made to reveal objective laws governing hydration 
and to elaborate a mathematic theory of the latter on a completely new basis - that of research 
into internal motive forces and power directivity of some phases of the process.
There have been worked out physical analogs and mathematical models of the hydration process. 
Formulas have been derived for investigation of interaction of liquid and solid particles in 
view of their structure, size, ionic charges, and other physical-and-dhemlcal properties of 
substances.
Objective laws governing each elementary process reflect the connection between the phenomena 
occurlng through hydration and basic properties of reacting substances as well as constant de
crease in the free energy level of the system.
The elaborated hydration theory makes it possible not only to reveal the process mechanism but 
also to theoretically datarm-ine the process characteristics as well as the ways of influencing 
the process by change of specific parameters. The theory shows the means of improving cement 
and concrete technology as well as of creating materials with a preset structure. Good coin
cidence of the process design characteristics with experimental data proves the objectivity of 
the revealed lave and a sufficient reliability of the theory.
Accurate calculations for a very complex system under investigation being impossible, the re
sults obtained should be regarded as the first approximation. To make it more accurate more 
perfect methods of 071 should be elaborated and additional data on the structure of
substances, electronic density distribution and others should be obtained.



Il est ä. noter que le 7e Congrts Internati
onal but la Chimie des Ciments se passe ä 
Paris, oil 11 y a cent ans Le Chatelier pub- 

11a ses premiers travaux concernant la th^o— 
rie de durcissement. (1,2). H ^crit: "Cette 
thiorie pent encore expliquer la prise de 
tons les autres ciments et mastics, dont le 
durcissement ne results plus d'une simple 
hydratation, mats de la combinalson des dif
ferente coips d^jä plus on moins hydrates" 
(2,p.1O56).
Dans la communication präsente on donne les 
rdsultats des dtudes sur le d^veloppement et 
le perfectionnement de la th^orie de Le Cha
telier et des travaux thdoriques des autres 
savants (Brunauer, Mohedlov-Petrosyan, Sy- 
tchov, Polak etc). On se base but les reven- 
dications modernes prSvoyantsla direction de 
la reaction, sa r^gularit^ essentielle, la 
structure du liant et les voles d*  influence 
sur le processus.
L'hydratation - c’est le processus de la liai
son d'eau par des agents chimiques. Bn somme, 
la marche de n* Importe quel processus chimi- 

que est causae par les interactions dlectro- 
magndtiques entre les particules du systfeme 

(les ions, les molecules).
Ainsi, la base methodologique des dtudes est 
la determination thdorique des forces motri
ces intSrieures du processus et sa directions 
dnergetique sur toutes les etapes: de 1'ad
sorption ä la formation de la structure.
la serie des relations d'energie d'interac
tion entre les particules du systems etait 
exposes au 6-e Congrfes (3) et plus tard (4).
Au temps dernier on a reussi A calculer le 
processus d'hydratation du plStre semi-hydra
te et mettre en evidence sa regularite parti- 
culiere, deduire la relation de la resistance 
theorique de la pite de ciment etc. On donne 
ci-aprfes les relations essentielles de calcul 
ä 1'aide desquelles on peut etedier le pro
cessus eiementaire d'hydratatlen des Hants, 
la regularite et le meoanisme des stades ä 
part.
L'adsorption des particules des phases liqui
des sur la surface du liant est le premier 
processus eiementaire d'hydratation. Pour 
calculer 1'energie d'interaction de 1'ion 
(H , OH”, les ions du solute) avec le cristal 
on peut utiliser la relation deduite dans le 
travail (?) baBde sur la methode quantique.

Mils la relation '
o 

q (€2 - £i > 
u = - ----------- - ------------------,

£o£1 (£2 + £1 > r CO 
est aussi valable, oh

£„» E # “ £» - constants dieieotrique du vide 
par rapport ä 1'eau et au cristal, q - charge 

des ions de la phase liquide, r - distance 
entre le cristal et I'ion. On utilise Sgale- 
ment la relation deduite sur la base de 1' 
equation de Borne

U = - 0,728 q1q2 y ^1 
4<?C£o £2 ri * (2) 

oh - quantite des ions du cristal (compte 
tenu1 de eigne) disposes h la distance ri de 
I'ion de la phase liquide. On a obtenu lea 
relations analogiques pour le systhme mole
cule oristal-dipCle H^O, de la molecule PAV.

L'analyse des relations montre que iMnergie 
de 1'adsorption monte avec 1'augmentation de 
la charge d'ion ou aveo le moment dipdle de 
la molecule, de la eonstante dieieotrique 
du cristal et avec la diminution de la con- 
stante dieieotrique de 1'eau. L'energie d’ad
sorption d'ion depasse celle-ci de la molecu
le. A partir de cette regularite le processus 
active d'adsorption sera la dissociation 41e- 
ctrolytique de 1’eau. L'effet d'dcran PAV 
accrolt avec 1'augmentation du moment dipdle 
et aveo la diminution des tallies des mole

cules PAV. Le calcul theorique de iMpaiSBeur 
de la couehe dlffusante aux Unites de la- 
quelles les particules de la phase liquide 
posshdent l'energie de liaison aveo le cris
tal pas moins que KT, c'est-A-dire de l'4ner- 
glr'e thermique moyenne de la,moiecule, est 
conduit ä la valeur de 1O-12A ce qui s’accor
ds bien avec 1'experience.
LA DISSOUJTIDH DBS LIAHTS
Dans les differentes theories de durcissement 
ce processus ainsi que ceux de la surface 
se dlscute beaucoup, mala en mdme tenps 11 
est peu etudte. la regularite rev4iee des 
processus sur la surface des cristaux ionl- 
ques (les Hants sent les repreeentants) lore 

de 1'lnteractlon avec 1'eau montre 1'inevitab- 
lite d'hydratation superfioieUe. Le fait le 
plus important est celui que 1'lnteractlon 
des ions (r’(ou SO?*)  et Ca2* avec 1'eau con
duit au degagement de l'energie depaseant 
oeHe des liaisons ionlques avec le cristal.

Ce n'est que oela qui determine la possibi- 
llte d'arraehage d'ion du cristal et leur pas
sage h la phase liquide c'est-h-dire - la 
dissolution. La condition generale de la dis
solution est le depassement d'energie d'hyd- 
ratation superficleUe sur celle de la liai

son de la partlcule avec le cristal: >
XT.. Ceol eat montre par des calouls pour 

"T.es cristaux ionlques du type sodium dilo- 
reux dont le trait partlculier est le de
gagement des palres ionlques dans la phase 
liquide. Pour le plfttre les oalculs montrai- 
ent que la dissolution passe les etapes sui- 
vantes:
- 1'adsorption de 1'eau sur la surface du 
cristal avec le degagement d'energie 122kJ/ 
Mol (lei et plus loin on donne les effete’ 
moyens energetlques) obtenu lore de la deduc
tion des relatlans (1) ou (2);
- les processus sur la surface avec le de
gagement d'energie en quantite de 587 kJ/Mol 
auivant la methode expliqueee dans (4) (la 
formation des liaisons chimiques, la disso
ciation de la molecule d'eau + OH” ,
le passage des electrons des Ions SO?*  .. ’• de
la surface aux ions H^ de la phase liquide 

et des ions 0H~ aux ions Caz* de la surface;
- 1'arratiiage des prodults de la reaction du 
cristal sous 1'Influence d'energie degagee 
en exehs (l'energie de lialso-n des molecules 



CaSO^ aveo le oriatal) obtenu par le caloul 
61ectrostatique du r^aaau suivant la relation 
(2) eat 4gale ä 697kJ/Mol;
- le d^gagement dea produita mol^oulaires de 
la reaction dans le volume de la phase liqui
de. '
Ce mScaniame de la diaaolution eat plus avan- 
tageux et conduit au d^gagement d’Energie en 
quantity de 122 + 587 - 697 = 12 kJ/Mol oe 
qui eat proohe ä 1* experience (19,2kJ/Mol). 
lea calculs ont montre qua pour QaO ae 
passe la rupture de liaison Ca - 0 dans les 
pi*oduita  de la reaction sur la surface et le 
degagement des ions CaOH*  et OH” dans le vo
lume de la phase liquide. le degagement 
general d’energie - 56kJ/Mol (suivant 1* ex
perience 54 7 65 kJ/Mol). I’exc^s d’energie 
favorise 1’arrachage et la transition des 
produita de la reaction dans le volume de la 
phase liquide. Suivant la relation d’ener
gie de tranaistion on deduit cette voie:

dü
du

(3)

F dr = -ll^cond ( _L _ J_ 
4-lt £o£1 r1 r2

^cond. ” charge eonditionn4e superficielle 
cristal (deduite suivant la relation (1)

oil on suppose que : q^ - charge d’ion arrache, 
U - energie calcul4e de liaison, q2 = q^,,^ . 
En - energie d4gagee lors de la reaction;

.r2 - rayon d’ion superficial arrache. la 
voie de deplacement de la surface (r^ _ r2) 
eet egale 3-15A, aprfes quo! le mouvement 
eat conditionne par les lois de diffusion.

dans
Pour cette dissolution inoongruente des 11- 
ants (le ciment et le monomineral) la rela
tion de la dnetique d’hydratatlon est de
duite ' , „ _ ■

Comme au ciment les reates du groupes d’ions 
(outre CaO) s’hydratent pratiquement sans 
degagement d’energie, leur dissolution du 
clinker ne se passe qu'aprts 1’elimination 
des ions. Caret OV itant la combinaison. 
Leur deplacement du grain du ciment eat n4- 
gligeable. Ainsi, nous voyona que les tet- 
ra6dres SiO, restent sur la surface ou prbs 
d’elle et * se polymeriaent (5,6). Les cal
culs theoriques montrent pourquoi dans la 
phase liquide du ciment durciaaant le conte- 
nu des ions Ca depaaaa ä 10-100 celui de la 
silice. Aveo ce caraot^re de la diaaolution 

du ciment la surface de la reaction se depla 
ce ä 1* Interieur du grain. Le passage de la 
phase liquide & cette surface et 1’eiimina- 
tion des produita de la reaction ae paaae 

’ dans les conditions de la diffusion en solide,

C - °OL1 ■ exp(" <r ’ (4) 

oh 0 - Concentration des molecules d’eau dans 
la concha du grain du ciment, Co - concentra
tion des molecules au dehors de la parti- 
cule (qu’elle aoit egale it 1), 5= r/H9* ray
on adimentionnele de la partioule,«E=R /D- pa
rametre tempor&ire de la relaxation du proce
ssus. ( R- rayon de particule, D — coefficient

de diffusion), t - temps. Pour les Hants 
dissolutifs d’une manibre congruente (plStre, 

chaux, monomineraux aux conditions d4ter- 
minees) on deduit la relation de cin4ti ue 
d’hydratatlon: .

‘’A V? «-P Ö T> ■ (5)

oh N. - nombre des ions diffuses vers le 
liquide; He - nombre des ions dans le grain, 

q:=RV4D- parametre temporaire de la relaxa
tion du processus.

Les calculs suivant des relations (4) et (5) 
montrent le processus d’hydratatlon. Ils d6n- 
nent la possibilite de faire la courbe de la 
cinetique d’hydratatlon et de determiner le 
temps d’hydratatlon. Pour les particules 

du ciment de in-5 x .n“7 „• H se change de 
quelques 1 a ,o “• heures ä une an-
n4e. Pour le plÄtre le temps d’hydratatlon 
est de quel ues secondes & la dizaine de mi
nutes. Les resultats obtenua correspondent 
& ceux de 1* experience.
IA FORMATION DE LA SOLUTION SATURBB 
L’etude energetlque montre que la condition 
limitee Inferleure de la formation de soluti
on saturee eat I’egalite d’energie d’inter
action des ions dissoue et de la moyenne 
thermique : U = KT. Suivant cette condition 

de la relation
r 11*12

4Ä£oCTU 
on pent determiner la distance entre les ions 
de la solution aatur4e et de cette manihre 
aa concentration. la condition U=KT se garde 
aux distances de 21, 30 et 40A pour 1* inter
action ionique des homocharges, homodhargea 

aveo bicharges et bicharges. Ayant appris 
les charges des Iona et les distances entre 
eux 11 est facile de determiner la concen
tration de la solution satur4e. Pour le 
pl&tre et 1’oxyde de calcium eile est 12,7 et 
5 g/1 (suivant 1’experience 8-11 et 3,6 -
7,2 g/1 reapectivement).

LA GERMINATION CRISTALLINE 
la relation d4duite ■> .

(£2 ” £i) <1 
. 4-«U2+ 1,5€1)EoE1

R8.°= (E2-E1)q2 v ’

Öir^+bSE,)^! r " (7)

donne la grosseur du gerne oriatallin, oh 
q - charge d’lon decantant sur le gerne (sur 
la surface du petit cristal dans le oaa gene
ral); r - distance entre le gerne et 1’ion; 
U - energie d’interaction entre les mNmea 
composants, 4gale & l*4nergie  de la liaison 
intermoldculaire de la structure de 1’eau 
U- , si, pendant la oristallisation lea Iona 
x*x* ne ae d4gagent paa de 1’envelqppe hyd

rates, ou egale a iMnergie d’interaction 
des ions aveo la molecule dipfile de 1’eau 
Uion-dipfile’ 81 lea lon8 s* ^»agent de 1‘en- 



veloppe hydrates.Dana oea conditions la va
lour des rayons du germe critique compose 
quelques angstroems (5-16).
Le r^sultat le plus important est celui qui 
permet de determiner suivant (7) la sphere 
d'attraction r des ions par les crlstaux de 
tallies differentes. le sphere d'attraction 
c'est la distance de la surface du oristal 
vers lequel tons les ions dissous s'attirent. 
Il est evident qu'avec la taille du crletal 

la sphere d'attraction s'accroft. la r^- 
gularite deoouverte de la germination montre 
que la diminution de la rayon du germe cri
tique est possible lors de 1'augmentation 
des charges des ions de la substance cristal- 
lisante, lors de 1'augmentation de sa con- 
stante di^leotrique mats ausai lors de la 
diminution de eette derai^re du solvent.
Ce ph^nom&ne est 116 ä la sursaturation sui
vant la relation de Tomson et diminue aveo 
1'augmentation de la sursaturation, mats ce 
ph6nomSne montre encore des autres voles: 
1'introduction des additions chimiques - les 
Electrolytes, 1'action des champs Electriques 
et magnEtlques.
IA PBRIODB D’INDÜCTIO» DU DURCISSEMEHT
Se basant but les oonnaissancea EnergEtiques 
la periods inductive est oonditionnEe par le 
mEcanisme de la germination des cristaux, 
pendant lequel se passe non seulement la 
cristalllsation, mats encore la dissolution 
des cristaux, n*ayant  pas de tallies criti
ques. Ceci se confirms: aux conditions quo 
U = XL . • on pout trouvsr Is volume et la 
masse"1"* 1 des germes dont la quantity est

(2R + i)5
' g.c. ' 

oil R - rayon du germe critique; 1 - Spais- 
seur5*®*  de la couche d'eau entre les surfa
ces des germes, dSduite suivant la relation
(6) 1 = r - (R^ + Rg) oh R1 et R2 - rayons 
des ions de la surface des germes. Pour les 
ciment la masse des germes est 5-7% de tout 
le liant ce qui a'accords bien aveo 1'expe
rience d'hydratation, correspondante ä la fin 
de la prise du ciment et au commencement du 
deuxi^me pic exothennique du dEgagement de 
chaleur.
IA CROISSANCE DES CRISTAUX DE L'HTDRATE
est conditionnEe par le fait que, outre le 
gradient de concentration, la force motrioe 
pour les ions des substances dissoutes est 
le dSpassement d'Energie d'attraction vers 
les cristaux des hydrates pqr rapport au 
grain du liant Jusqu’h 50%, dEduit suivant 
la relation (7), lors de I'augmentation 
simultanEe de la sphere d'attraction Jusqu*  
A 150%. Ceci explique que la constante die- 
lectrique des hydrates est supErieure de 
celle-ci du liant initial et compose 10,6 
centre 7,47 pour le ciment.
H est naturel que la rEgularitE de croissan- 
ce des cristaux est Evident apr&s la forma
tion des germes de tallies critiques et no- 
tamment aprEs que la couche d'eau entre le 

grain du liant et les hydrates cristallins 
est devenue meins que les deux spheres d*  
attraction des particules; dEduite suivant 
la relation (7) par rapport ä r. Suivant la 
croissance des particules des hydrates cris
tallins, 1'Energie de liaison ionique de la 
substance dissoute grandit ce qui provoque 
I'aocElEration du mouvement et I'augmenta
tion du volume de la substance du ciment ■ 
initial par rapport aux particules hydratEes. 
Les calouls EnergEtiques confirment le carac- 
tEre sigmatique de la courbe cinEtique de 1' 
hydratation. Dans la pEriode initiale on 

n'observe pas leur croissance quand la dis
tance entre les germes cristallins de 1'hyd
rate est grande. Maia A mesure que la dis
tance entre les particules diffErentes et 
la structure diminue, apparaissent les con
ditions pour la croissance prEpondErante 
des cristaux ayant la grande valeur de la 
distance dielectrique. Par example, les 
hydrocilicates du Ca (C-S-H) dans le rap
port OaO/SiO^ Etant 2, 1,5 et 0,8? ont la 
constante dielectrique atteignant 13, 14,2, 
19 respectivement. Done, la diminution de la 
basicitE des hydrosilicates pendant 1'hydra
tation conforme A la rEgularitE, ce qui cor
respond A 1’expErience.

LE CHANGEMENT D'ETAT DE IA PHASE LIQUIDE
Le fait essentiel, dEterminant 1'Energie d' 
attraction des particules dissoutes, causant 
la dissolution, la germination et le dur- 
cissement est la constante diEleotrique du 
solvent: Se basant sur la thEorie du change
ment de la constante diElectrique de 1'eau 
ti tout prAs d'ion, proposEe par Debye (7), 
on a rEvElE 1* expression de la constante 
diEleotrique moyenne de 1'eau entre les ions: 

r/2
£? = I / f(r) dr , (9)

o '
oil f(r) - fonction £< de r suivant la thEo
rie de Debye, r - distance entre les ions 
On a dEduit les valeurs £" poy les ions 

dont la distance est diffErente (tableaul) 
On ne prStait aucune attention au change
ment d'Etat 46 la phase liquide, outre les 
travaux de M.Sychev (8) , bien que oet Etat 
influe sur le mEcanisme d'hydratation.

TABLEAU 1
t,A 0 2 6 10 20 40 50

C1 1 1,8 2,2 6,3 24,5 57 78

la particularitE de 1'eau changer la con
stante dlElectrique prAs d'ion et de la 
surface ionique est la base pour la disso
lution. Ceci est bien prouvE par les calculs 

EnergEtiques refutant 1'opinion que le 
pouvoir dissolvant de 1'eau est oondition- 
nE par la haute constante diEleotrique. H 
s'est trouvE que 1'eau d'un oötE assure la 
bonne dissolution des substances en diminu- 
ant la constante diEleotrique dans la aone 
du contact avec le cristal jusqu'A 1. D'un 
autre c8tE 1'eau assure la conservation du



SOLvant aux grandee distances entre les Ions, 
pulsque la constants di^leotrique de l*eau  
augments (& 80) ce qul dimlnue I1Energie d*  
attraction entre les ions dissous. Le chan
gement du contenu ionlque H*et  OH” a la gran

de inportanoe puisqu'il determine le m^ca- 
nisme d’hydratation, surtout pour les subs - 
tances difficile ä dissoudre. H est montrS 
que 1'influence des temperatures sentent ä 
travers 1'augmentation de la dissociation 
eiectrolytique mats non pas ä travers l'aug- 
mentation du contenu des molecules actives 
deduites suivant la lol de distribution de 
Bolzman. H est prouve que le coefficient 
d'acceleration de reaction est correlatif
avec celui d'augmentation de la concentra
tion des ions H et OH”. Suivant la relation 
i on deduit le coefficient de tempera
ture d'acceleration de reaction, oü 0 et 0o 
- concentrations des ions H+respectfvement 
aux temperatures T et To,’
LA RECRISTALLISATION AU DUROISSEMEHT est bien 
montre dans le travail (6) male ses calculs 
theoriques sont vagues. L'analyse energeti- 
que montre qu'elle est causee par le ohan- 
gement d’energie d'attraction entre les ions 
des substances dissoutes et les particules 
des hydrates cristallins dont les tallies et 
la oonstante dteiectrique sont differentes. 
Lora de la supezposition des spheres d'attra
ction des particules de 1'hydrate cristallins 
dont la.constants dteiectrique est differente 
(par exetmle Ca(0H)2, e2 = 5,39 et C-S-H 
go = l®a ions de la substance dissoute 

ne s'prientent que vers le cristal C-S-H dont 
1'energie d'interaction avec ion est plus 
forte. Le cristal C-S-H grand!t plus vite ce 
qul augments plus l»energie d'attraction en
tre le cristai et les ions. Enfin le moment 
viendra quand la sphere d'attraction depaase 
celle du cristal Ca(0H)~ et tons les ions 
ne s'orientent que vers fe grain C-S-H (on 
peut calculer prScisement ce schema).La sor
tie des ions de substance de la coudie diffu— 
s^e du cristal Ca(0H)2 conditionnera sa dis
solution lore de la croissance ultdrieure du 
cristal C-S—H. Cette r^gulazdltd conditionne 
la diminution de la basicitd des hydrosili
cates lors de la recristallisation et la 
croissance des gros cristaux en conpte de 
la dissolution des petits. •
LA FORMATIOH DE LA STRUCTURE DU DURCISSEMEBT
Suivant la croissance des cristaux de 1*  
hydrate la distance entre eux dimlnue. Ceci 
conduit A la d^croissance de la constants 
dteiectrique d'eau dans 1'espace entre les 
cristaux et ä la croissance des forces d'att
raction entre eux. Ayant forme h 1»Interieur 
du mortier des germes de tallies critiques 
quand 1'energie d'attraction entre eux depasse 
1'energie de liaisons intermoieculaires dans 
la structure d'eau, on note 1'augmentation 
sensible de la solidite structurale du Sys
teme. A cette periods la structure se com
pose des particules de tallies colloldales. 
On pent etudier le processus de raprodhement 
des particules solides de 1'hydrate suivant 
les relations d'Anergie d'interaction donndes 
ci-dessus. Lors de la diminution de la oou- 

che et de la oonstante dteiectrique d'eau 
les forces de liaison entre les cristaux 
augmentent et peuvent 8tre calcuiees suivant 
la relation, basant but la lol de Koulon

F. _ 9^2
1-1 4^eo£lr2 * UD

oü q1 et q2 - charges des ions superficiels 
de oes particules, car on a montre que 1»in
teraction entre les ions peut 8tre reprdsen- 
teecomme 1'interaction de deux ions proches 
de la surface de oes particules.
Les lots rdveiees de la formation de la struc
ture du durcissement donn6rent la possibili- 
te de determiner la structure lineaire de la 
molecule Ca(OH), et la texture feuilletee 
du pldtre. La mime regularite permit d'expli- 
quer la basse solidite de la structure de la 
chaux. 1* extension du coiqpose additionnee par 
le platre et la chaux, les proprietes univer
selles du ciment.
Analysant les lots energetiques on deduit la 
relation de solidite de la structure de pÄte 
de ciment et de la pierre.

s_______________ 9^2^_______________
° ~ fcm[2(VVl ch) V1 I2'

. 4 Vi ----- 6—•L.* ®----L +K +2
k Ss.s-J (12)

oil 8 - nombre des particules et des contacts 
ä 1'unite de la surface de section (voir par 
example (8), et V2,.eh*  ” volumes d'eau: 
de g&chage et lies chimiquement, V - volu

me relatif de la coudie spherlque 1 d'eau 
entre les particules de 1'hydrate (vers la 
fin de 1'hydratation dgal & 0,2-0,?), K - co
efficient de la sphdricitd (envirofl 1,02- 
1»l)f Sa e ** aurface sp^clfique des parti
cules de 1'hydrate, R. et R,- rayons des 
ions des particules. 1 - .
Se basant sur In relation (12) peut pr6- 

dire la soliditd thdor^que maximale de In 
structure de la pierre. In soliditd sera 
plus forte si dana la zone du contact des 
particules de 1'hydrate 11 n'y a pas de corn— 
ehe d'eau. (1 = vi^s.s* =
Si les tallies des particules sent ■ 
(9) la resistance ä la traction sera 64,6 
MeBa. Notons que la resistance marl male de 
la pierre obtenue par D.Boy'et G.Gouda (10) 
eat egale ä 60,5 IfeBa. la relation donne de 
bons•resultats suivant la dnetique d'augmen
tation de la resistivity dfpandant du conte
nu d'eau llbre-(¥g~vi.di.) I'^cart moyen 
conpose 256 par rapport aux donnees experimen
tales revaiees ci-dessus par les auteurs (10) 
Alnsl, le. relation reflate la dnetique du 
changement de la solidite de la structure, 
montre la liaison de la solidite dependant 
de 1'hydratatlon (h travers et donne
des voles pour augmenter la solidite de la 

pierre dmentee: 1'augmentation q,N et 8 e 
la diminution et ^Tyren "•



CONCLUSION
le. methode de la recherche theorique de la 
direction ^nergetlque des stades ä part du 
processus d’hydratation avec la mise en evi
dence des forces motrices intereures permet 
de r6v61er la rögularitö objective et le me- 
canisme du processus.
Les relation d^duites donnent la possibility 
de determiner les caract£ristiques du pro
cessus (effet Snergetique' des stades, con
centration de la solution saturee, la duree 
de la pSriode d*influence  et d'hydratatlon 
etc. et m8me la solidity de la päte de clment 
et de la pierre). Notons qu’apparait la possi
bility d’influer sur le processus en chan
geant les param&tres du aystfeme contenus 
dans les formula de calcul, la prevision de 
la structure des hydrates obtenus et plus 
tard - la creation des substances dont la 
structure et les proprietes sont donnees 
auparavant.
L’avantage de la methode proposes pose le 
problfeme d'approfondir les connaissances 
sur la structure (compte tenu d’eiectronique) 
de la substance initiale sur les proprietes 
physico-chimiques afin de donner les calculs 
precis pour les monomineraux du clinker ci- 
mente et du clment.
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RESUME : Plusieurs problemes fondamentaux sont etudiSs : celul de la congruence de la dissolution de C3S ; 11 
est suggere d'abord d'aprSs les donnees thermodynamiques qu'il ne convient de parier non pas de la dissolution 
de C3S., mais de celle de son etat superficiellement hydroxyle (CßSsh) par pronotation interfaciale directe. Les 
especes ainsi constamment renouvelees apres leur passage en solution sont les vecteurs de 1'Hydratation, mais la 
prise et le durcissement resultent de la precipitation de C-S-H de rapport [C/S]s <■ 3. La verification de la con
gruence est obtenue expSrimentalement aussi bien dans I'eau de chaux que dans reau distillSe ä I'etat dynamique 
stationnaire realise par passage du solvant ä flux eleve ä travers une couche mince de CgS sur filtre dans des 
conditions tel les que les concentrations en chaux [C] et en silice [S] ne penetrent pas trop dans le domaine sur- 
sature ä nucleation rapide de C-S-H. C'est ce qui se produit en doublant Tepaisseur de la couche de C3S et qui 
donne lAC/üS]»> 3 en raison de la precipitation de C-S-H. Un modele d'ecriture des etapes elementaires est pro
pose et celle du transfert en solution des ions Ca2+ superficiels est utilisee pour etablir une loi theorique de 
diminution de la vitesse en fonction de 1'augmentation de [C], Cette loi est bien verifiee par la branche ascen- 
dante des courbes d'evolution de C3S agite dans I'eau dans un rapport ponderal solide/liquide (C/s) de 10. En ce 
qui concerne la variation de composition de C-S-H en fonction de la concentration en chaux dans la phase liquide, 
la comparaison des resultats obtenus d'une part par fixation ou perte de chaux au contact d'eau de chaux ou d'eau 
distillee d'un C-S-H preparfe avec un [C/S]s donne, d'autre part, par formation de C-S-H ä partir de CgS sur fil
tre sous courant d'eau distillee, conduit ä supposer que la fixation de chaux accompagne la precipitation du 
C-S-H, mais des experiences actuellement en cours avec les techniques utilisees permettront d'apporter une veri
fication directe. Enfin, des experiences par passage ä travers une couche de C3S sur filtre.d'eau et d'eau de ■ 
chaux pulverisees, realisant un C/s comparable ä celui d'une päte, donnent des resultats analogues ä ceux obte
nus par flux de liquide, ce qui est en faveur de 1'unicite du mficanisme ä (Z/s) grand ou petit.

SUMMARY : Several basic problems are studied : that of the congruence of the C3S dissolution ; first it is sug
gested, from thermodynamic data, that we should not talk about C3S dissolution but talk about the dissolution of 
its superficially hydroxylated state (CgSsh) by direct interface protonation. Thus the constantly renewed spe
cies after passing in solution are the hydration vectors but setting and hardening result from the precig-itation 
of C-S-H with a ratio [C/S]s < 3. Congruence is experimentally verified both with lime water and distilled water 
in the stationary dynamic state achieved by passing the high flow solvent through a their layer of C3S, on fil
ter under conditions such that the lime [c] and silica [Si concentrations do not penetrate too much in the super
saturated domain of C-S-H rapid nucleation. This is what happens by doubling the thickness of C3S and gives 
[AC/AS]^ > 3 due to the precipitation of C-S-H. A model describing the early stages is proposed and the expres
sion of the transfer in solution of surface Ca2+ ions is used to establish a theoretical law about the rate de
crease as a function of the increase of [C]. This law is verified by the ascending part of the evolution curves 
of C3S stirred in water with a solid/liquid weight ratio (Z/s) equal to 10. As for,the composition variation of 
C-S-H versus lime concentration in the liquid phase the comparison of results obtained on the one hand by fixa
tion or lime loss on contact with the lime or distilled water of a .C-S-H prepared with a given [C/S]s and on the 
other hand by formation of C-S-H from filter C3S under distilled water flow leads to assume that lime fixation 
accompanies. C-S-H precipitation but experiments that are being made with the techniques used will allow a direct 
verification. Finally experiments consisting in passing sprayed water and lime water through,a C3S layer with 
an Z/s ratio comparable to that of a paste give results that are similar to those obtained with liquide flow, 
which favours the unicity of the mechanism with a high or low (Z/s). *



INTRODUCTION . ■
La dissolution congruente de C3S est encore contestSe 
par certains auteurs (1). A notre sens, il convient 
d'ailleurs de parier non pas de la dissolution de C3S - 
anhydre, mais de celle de CgSgh (superficiellement 
hydroxyle) (2). En outre, c'est un etat dynamique du 
Systeme et non un etat statique qui doit etre consi
ders. Pour Sclaircir ces notions, nous apportons un 
certain nombre de resultats experimentaux et de con
siderations thfioriques, d'ordre thermodynamique et 
cinetique.
Quelles peuvent alors 6tre les causes de 1'ecart ap
parent ä la congruence qui se manifeste par un rap
port chaux/silice (C/S) > 3 ? Notre point de vue est 
que ces causes sont : 1) La precipitation de C-S-H de 
rapport [C/S]s < 3, 2) L'enrichissement qui en rSsul- 
te par complement ä 3 de la phase liquide en chaux. 
Or, 1'experience nous a permis d'etablir ce fait re- 
marquable du maintien de la dissolution congruente de 
CgSg^ dans un milieu enrichi en chaux. * .
Le ralentissement de la dissolution de CgS^ est-il 
un effet de "couche protectrice'' ou un effet cineti
que normal ? Nous apportons une reponse en faveur de 
la seconde interpretation.
Les mecanismes que nous proposons ne sont-ils vala- 
bles que quand C3S se trouve disperse dans un volume 
important de splution [(-C/s) grandj ? Nos experiences 
d'hydratation de C3S par de 1'eau et de 1'eau de 
chaux pulverisees sur filtre suggerent que les meca
nismes sont les memes ä Z/s grand ou petit.
En ce qui concerne enfin le changement de composition 
de C-S-H avec la concentration [C] en chaux dans la 
phase liquide, il semble que la precipitation de 
C-S-H dans un milieu plus ou moins riche en chaux et 
la fixation ou la perte de- chaux par un C-S-H dBjä, 
synthetise avec un [C/Sls donne, lorsqu'il est plongB 
dans un milieu plus riche ou moins concentre en chaux, 
ne soient pas exactement superposables. Mais les pro
tocoles experimentaux que nous avons mis au point et 
qui permettent en principe d'obtenir un C-S-H pur au 
contact d'une phase liquide de concentration station- 
naire en chaux et silice seront susceptibles d'appor- 
ter une reponse plus precise ä cette question.

METHODE EXPERIMENTALE
Nous avons donne, dans une autre communication (3), 
une classification des techniques que nous avons uti- 
lisees. Ici, 11 s'agira essenti el lenient d'etudes en 
Systeme ouvert du type s/f + Z, consistant ä faire 
passer ä travers une couche de solide pulverulent sur 
filtre un liquide soit verse soit pulverise. Dans une 
autre publication (4), certains d'entre nous avaient 
donne les resultats obtenus gräce ä des essais du 
meme type mais de courte duree (quelques secondes). 
Ces essais avaient permis notamment de construire sur 
le diagramme chaux-silice-eau (C,S,H) une courbe I 
delimitant le domaine sursature ä nucleation de C-S-H 
rapide de celui ä nucleation lente ; appliques ä 
C-S-H, ils avaient egalement permis d'etablir que la 
dissolution de cet hydrate dans 1'eau et 1'eau de 
chaux ne conduisait pas ä des compositions apparte- 
nant au domaine sursature et que le C-S-H Btait ca
pable de fixer de la chaux aux depens de la phase li
quide. Dans cette’publication, nous avions en outre 
defini les notions de temps de contact 6 concernant 
le liquide et de temps de passage t, concernant le 
solide sur filtre. Nous nous sommes efforces, dans 
les experiences decrites ici, de realiser des temps 
de contact trBs brefs et pour cel a une couche de C3S 

d'epaisseur h est uniformBment etalee sur un disque 
de papier filtre d'aire a = 102 cm2, maintenu par un 
support en polyethylene poreux dans un apparel1 a 
filtration sous pression millipore. L'echantillon 
est recouvert d'une seconde feuille de papier filtre 
et maintenu en place par un disque en materiau po
reux Blastique lui-mBme comprime dans le logement 
cylindrique de 1'appareil par un second disque ana
logue au support poreux du filtre. L'appareil est 
relie par une canalisation souple ä une pompe peri- 
staltique capable de developper jusqu'S une pression 
de 0,5 N.mm-2. Le debit maximum obtenu ä travers 
l'echantillon est de Vordre de 250 l.h'l. Divers 
essais ont ete effectues differant l'un de 1'autre 
par la masse de l'echantillon et done 1'epaisseur de 
couche h et par la composition de la phase liquide : 
eau, eau de chaux, solution de concentrations en 
chaux [C] et en silice*  [s] donnees.
Le debit est maintenu constant pendant une duree 
At au cours de laquelle 11 passe’un volume V de li
quide ; le temps de contact 6 = ah/q est celui pen
dant lequel un plan du liquide traverse la couche 
d'epaisseur h. La difficultB de 1'experience, etant 
donne Vimportance du flux, est de maintenir 1'6- 
paisseur de la couche uniforme. Au debit maximum, 
avec h = 0,07 cm,6= 0,11s. Cela signifie que le li
quide recueilli n'est restB 3 I'Btat stationnaire 
que 0,11 s au contact de C3S c'est-ä-dire pendant 
une duree beaucoup plus faible que les temps de con
tact realises ä 1'instant initial dans des experien
ces recentes (5, 6). L'experience montre que des 
temps de "Contact aussi brefs et des vitesses lineai- 
res d'un plan du liquide ä travers la couche: dz/dt = 
0,6 cm.s-1 aussi petites sont necessaires pour que, 
d'une part [C] et [S] n'excedent pas de beaucoup la 
saturation par rapport ä C-S-H, d'autre part que ces 
valeurs soient proches de celles atteintes dans la 
couche limite au contact immediat des grains et non 
des valeurs tres inferieures obtenues par diffusion. 
Si ces conditions sont bien realisees et qu'en parti- 
culier la dilution due S des filets liquides qui ne 
rencontreraient pas de grains est de faible Impor
tance, en doublant 1'epaisseur de la couche ä debit 
constant, la vitesse lineaire n'est pas changee mais 
le temps de contact double de sorte que [C] et [S] 
peuvent pCnBtrer dans le domaine sursature oü la nu
cleation de C-S-H devient rapide. Le fait que le 
flux du liquide ä travers la couche soit grand a de 
plus 1'avantage*de  rendre negligeable la rBtrodiffu
sion en amont de la couche de sorte que le rapport 
(Z/s) effectif est pratiquement limitB par la porosi- 
te intergranulaire du lit solide pulverulent.
Neanmoins, nous avons complete ces experiences par 
des essais de meme principe, mais en utilisant une 
phase liquide pulverisee au moyen d'un pulvBrisateur 
de spectrometrie d'absorption atomique qui donne un 
aerosol exempt de grosses gouttelettes. Un filtre 
millipore est utilise et le jet est diaphragmB pour 
Bviter le rassemblement de gouttelettes sur le bord 
du support du filtre. L'aspiration par la trompe ä 
eau est süffisante pour qu'aucune accumulation de 
liquide n'ait lieu de sorte que le rapport Z/s soit 
comparable ä celui qui regne dans une päte.
En ce qui concerne les etudes relatives au changement 
de composition de C-S-H en fonction de la concentra
tion en chaux dans le milieu, nous avons fait appel 
ä plusieurs techniques : 1) Passage ä travers une 
couche de C-S-H sur filtre d'une solution de chaux 
de diverses concentrations. 2) Agitation en systBme 
fermB de C-S-H prBparB independamment, dans de 1'eau 
de chaux saturBe ; dosage de la chaux et de la silice 



dans le C-S-H apres dissolution dans HF , puis essai 
de reversibilite de la transformation par agitation 
dans un grand volume d'eau du C-S-H ayant fix6 de la 
chaux. 3) Evaluation par les equations du bilan ana- 
lytique de la composition du C-S-H obtenu par un flux 
d'eau de longue duree ä travers une couche de C3S sur 
filtre. 4) Mise en oeuvre de notre technique de fil
tration rapide ci-dessus decrite pour obtenir, dans 
des conditions de composition stationnaire de la pha
se liquide, un C-S-H comme seul residu solide sur fil
tre. La composition de celui-ci pourra alors etre 
6tudiee avec precision en fonction de la composition 
du milieu dans 1 equel il aura ete forme et I'etat de 
condensation de la silice dans les ions silicates de- 
terminee par la technique de trimSthylsilylation. Ce 
type d'etude est en cours.

RESULTATS .
Les resultats des essais de filtration ä grand debit 
ä travers une couche de C3S sont consignes dans le 
tableau (I). Ils font clairement apparaitre les con
ditions dans lesquelles la dissolution congruente est 
observee : faible epaisseur de la couche de C3S et 
flux de I'ordre de 2,5 l.h_1,cm-2. Avec I'eau pure 
comme solvant, on pourrait objecter qu'en cas de for
mation de C-S-H, une partie de celui-ci aurait pu 
etre redissous. Mais en partant d.'une solution de 
composition [c] = 1,20.10~3 mol.kg-1, (S] = 0,40.10'3 
mol.kg'l, [(C/S)£ = 3}, correspondant ä la saturation 
de C-S-H, cette objection n'a plus de valeur et, dans 
les memes conditions de flux et d'epaisseur de couche, 
on trouve encore un AC/AS - 3 ce qui laisse supposer 

.que le domaine de forte sursaturation n'a pas ete 
atteint. De la meme fagon, avec une solution de chaux 
de [c]° = 3.10'3 mol.kg'l, AC/S tres peu sup6rieurä3. 

TABLEAU I ■
Solvant 

[C]0,[S]° 
10'3 m0-|. 

kg'l

h 
cm

T 
mn

6 
s

dz 
dt 

cm.s'l
A[C], A[S] 

IO'3 
mol.kq"l

fAC]

eau
0,07
0,07
0l05

“0,14

2
10 

__18__

0,11 
0,14 
0J1 

" O',2T

0,64
0,50 
0,45 

“0"^7

2,45
2,24
2,10 

■"3","(r7

0,82
0,76 
0,69 

■•(T.'g'ff

2,99
2,96 
3,04 

■■3;^

eau de 
chaux 

[C]°=3,0

0,07 
0,07 
0t05 

“0",15
0,15

5
10
20

10

0,11 
0,13 
0J4 

“0,2"2‘ 
0,26

0,64
0,54

..°.i.3.6

1,30
1,41
1,27

2,41

0,42
0,45
0,40

0,63

3,10
3,15
3,18

3,83

Solution 

[S]°=0,40

0,07
0^06

"0,15
0,15

. 0,14

"10
20

5 
10

0,11 
0112 

"0,23 
0,26 
0,26

0,64 
0,50 

"0,65 
0,58 
0,54

1,41
1238 

"1,85
1,69 
1,59

0,46 
0,45 

‘0,54 
0,49 
0,47

3,05 
3207 

"3,43 
3,45 
3,35

eau pulve- 
ris6e sur

TI

0,03 10
10
10
11

3,60
3,72
3,70
3,80

1,10
1,12
1,14
1,15

3,27
3,32
3,24
3,29

eau de 
chaux pul
ver is 6e 
[C]°=3,95

li
12
12

9

■ 1,40
1,41
1,20

0,42
0,40
0,40

3,33
3,53
3,22

Il est done remarquable que la congruence de la dis
solution se conserve avec comme solvant, non seule- 
ment une phase liquide dejä saturde par rapport ä 
C-S-H, mais aussi de I'eau de chaux. En revanche, 
lorsque 1'epaisseur de la couche de C3S est doubl&e, 
on obtient [C] > 3.10"3 mol.kg'l et [AC/ASl^ > 3 ce 
qui s'expliquesimplement par la precipitation d'un 
C-S-H de rapport [C/S]s < 3.
En effet, alors que dans les essais oü [AC/AS]^ reste 
tres voisin de 3, la fixation d'eau determinee par 
perte au feu est nSgligeable, meme pour des temps de 
passage de 30 ä 45 mn, eile devient importante des 
lors que [AC/ASl^ > 3. Par exemple, dans 1'experien
ce sur une couche de 0,15 cm de C3S (Tn) avec une 
solution de concentrations initiales [C]° = 1,20.10'3 
mol.kg'l et [s]° = 0,40.10'3 mol.kg'l (Tableau I), 
I1essai de perte au feu donne apres un temps de pas
sage t = 40 mn sur une masse r6siduelle de 8g (masse 
initiale 20 g) : 9,7 %, ce qui represente une masse ■ 
d'eau liee de 0,76 g, correspondant ä une masse de 
C-S-H de 3 ä 5 g selon le taux d'Hydratation et le ' 
rapport [C/S]s. La microscopie 61ectronique ä balaya- 
ge met en evidence des amas floconneux qui pourront 
etre completement caracterises en poussant ce type 
d'experiences, suivant le protocole 4) ci-dessus de- 
fini, jusqu'ä la disparition complete de C3S ce qui • 
necessite des echantillons Tj purs. De tels essais 
sont en cours de realisation. Un autre resultat re
marquable apparaissant aussi dans le tableau I est 
1'extension des memes conclusions aux'essais dans 
lesquels le solvant (eau ou eau de chaux) est pulvS- 
ris6 et oü le rapport Z/s est tres comparable ä celui 
d'une päte. '
En attendant les resultats des essais de type 4, ceux 
de nos experiences sur la variation du rapport [C/S]s 
du C-S-H avec [C] dans la phase liquide suivant les 
protocoles 1) 2) et 3) ci-dessus decrits (methode ex- • 
perimentale) tendent ä montrer : 1°) que la composi
tion d'un C-S-H de rapport [C/S]s donnS varie dans 
des limites assez 6troites et avec une cinetique len
te lorsqu'il est maintenu dans I'eau de chaux saturee 
ou dans I'eau pure (Tableau II), 2°) qu'un C-S-H ob
tenu par filtration continue avec une composition 
stationnaire du filtrat [C] = 4,17.10'3 mol.kg'l , 
[S] = 1,25.10'3 mol.kg'l, a un rapport [C/Sjs = 2. 
Ces derniers resultats, portes egalement dans le ta
bleau II, ont ete obtenus ä partir de donnees analy- 
tiques comportant 1'analyse quantitative par diffrac
tion X de C3S rfisiduel. Les equations etablies par 
certains d'entre nous ( 7, 8 ) pour calculer Je nom- 
bre de moles et la composition du C-S-H, e'est-a-dire: 
r et ar, respectivement les nombres de moles de sili
ce et de chaux et y le nombre de moles d'eau, ä par
tir des donnees analytiques, sont,en posant :
B = [n°'- A(Bq)]Mc + (n° - Aq)Ms , 
r = ns ■&q ■ TüS^f1 + ib) (1> . 

" ■ "c - ‘<=->1 - 1 * T®) 121 -

Y = 100MHr - (3) .
Mc g, Mc, Mj, Mh : masses molaires de CgS, CaO, Si02, 
H2^ • nc et nS ’ nombre de m°les de Ca0 et Si02 dans 

initial ; A(Bq) = Bq - B^q 
rences entre le nombre de moles

et q = q - q0 diffe- 
respectivement de

chaux et de silice dans le volume V de la solution fi
nale et du solvant ; p : pourcentage en masse de C3S 
residuel par rapport ä la masse m de solide restant 



sur filtre ; a, pourcentage en masse d'eau 116e par 
rapport ä la masse deshydratee de solide restant sur 
filtre.

TABLEAU II

Lc/s]s 
init. 
ou in
termed,

eau de 
chaux 
[c]

10-3 
mol. 
kg-1

Duräe 
mn

a 
[c/sls [H/S]s

Agitation ae 2,5 
g de C-S-H prepa
re par silicate 
de Na+CaO,dans 
1 1 de liquide 
(successivement 
eau de chaux et 
eau)

1,05
1,25
1,11
1,21
1,18

21,6 
0 

21,8 
0 

20,0

330
15
90
90

1020

1,25 
1,11 
1,21 
1,18 
.1,22

2,93
2,41
2,53
3,23
2,58

C-S-H prepare 
par Si02 + eau 
de chaux, 50 mg 
sur filtre

0,83 6,78 •0,75 0,94

Passage d'eau distillee 
sur 10g de C^S Tj etale 
sur verre fritte n° 4 
diametre 90mm, debit 

1 1/mn

0 18
20
16
15

1,84
1,94
2,10
1,70

3 
2,08 
1,76 
2,54

DISCUSSION
Etapes el&nentaires et cinStique de dissolution
precipitation :
Ces etapes ont ete formulees par certains d'entre 
nous ( 9 ) en elements de structure avec I'ecriture 
de Kröger et Vink (10).
1) Hydroxylation par protonation des ions superfi- 
ciels de C3S :

°0 + H2°£ * 0H6 + <0H;d> *

sioj- +H20£zH(n+1)Si0<n*1)VH0H;d)' 
SiO4 Si04

(n = 0, 1, 2, 3)
2) Transfert interfacial du solide dans la phase li
quide

(0Had)' » 0%
0H6 ? V-- + 0H-q
H SiO^nt^'*  V-"" + H SiO^* n~^ "(n+l)^^ * vSiO. + H(n+l)biu4 „

Si04 ’ aq

CaCa # VCa + Caaq
3) Diffusion des ions de I'espece i de concentration
Ci de 1‘interface yers l'int6rieur de la solution 
dans des conditions d‘agitation donnSes ou en milieu 
stagnant : 3C-

div Di grad Ci = —

4) Nucleation et croissance de germes de C-S-H : 
Etant donn6 la variation de composition du C-S-H en 
fonction de [C] dans la phase liquide, probablement 
due ä 1'existence d'une solution solide avec CafOH)?, 
C-S-H peut ötre represents par une formule telle que: 
Cacl(0H)(2a-l)H3SiO4 ou pour a l.Ca^OH^^gjhgSi^- 

libere de la chaux pour se met-

un compose de formule

Elie entraine I'ecriture d'une autre 
chiomätriqoement simple, celle de la 
cet etat superficial lenient hydroxyl e 
II) 3CaCa+ 0Ho + H3Si04" +4(0Ha-d)' 

_ Si04
+ H3SiO - 

aq 
Cette Scriture suppose la dissolution congruente, 
alors que les etapes elementaires du groupe 2 (trans
fert interfacial) sont des reactions paralleles.Elies 
pourraient avoir des vitesses propres independantes 
et non pas stattstiquement egales entre el les comme 
1'exige la congruence. Mais, 1'experience montre, 
qu'ä condition que 1e flux de solvant (eau, eau de 
chaux) soit suffisamment rapide et 1'Spaisseur du lit 
solide assez faible, le passage des ions de 1'inter
face ä la solutio.n a bien lieu stattstiquement dans 
les proportions stoechiom&triques [C/S]^ = 3. Il faut 
croire que les effets compensateurs des champs 61ec- 
triques resultant d'accumulations locales de charges, 
assurent une autor6gulation.
Enfin, dans l'etat actuel des connaissances, il est 
difficile de dire si la nucleation donne, dans un 
premier stade, un C-S-H stoechiom6trique (par exemple 
de [C/Sls = 1), suivi d'un second stade au cours du- 
quel celui-ci fixe ou .......................... . '
tre en equilibre avec la phase liquide, ou si eile 
aboutit directement ä . ' " "
Caa0H(2a-l)H3Si04 Par exemPle- Par raison de simpli- 
cite, nous adopterons le second point de vue se tra- 
duisant par une Squation du type :
III) «Ca^q + (2a-l)0Haq + H3S104 t Ca^H^^^^SiQ, 

Quant ä la nuclSation de 1'hydroxyde de calcium, eile 
repond ä 1'equation classique :
IV) Ca^ + 2 0H;q # Ca(0H)2

Si Ton admet ce regroupement des Stapes SISmentaires 
en ces quelques rSactions stoechiomStriquement sim-

S'il se produit une condensation des ions silicates, 
la premiSre de ces formules peut etre remplacSe par 
Ca OH H.Si,O7.

2ct 2(2a-l) 4 '
5) Lorsque la solution est sursaturSe par rapport ä 
Ca(0H)2, nuclSation et croissance de germes de port
landite.
Ces Stapes elementaires peuvent etre regroupSes en 
trois ou seulement en deux reactions stoechiometri- 
quement simples selon que Von considere ou non TS- 
tat d'hydroxylation superficielle comme un etat in- 
termediaire observable. Or, il parait logique d'ad- 
mettre qu'il en est bien ainsi etant donnS, d'une 
part I'importance de Taffinite chimique d'une telle 
reaction, que nous tenterons d'Svaluer, d'autre part, 
les frequences des chocs des molScules d'eau ä 1* in
terface. ‘
Des qu'un ion superficiel hydroxyle est passe en so
lution, un autre doit Stre immediatement reconstitue 
sur le site laisse decouvert. La rSpetition de ce me
me processus jusqu'au passage complet en solution de 
la totality de la masse initiale de CgS realise la 
majeure partie, sinon 1'integralit6 de 1'Hydratation 
de cette phase anhydre.
Cette equation stoechiometriquement simple peut etre 
6crite : .
I) 3CaO,SiO2 + 4H20z # 3CaCa+ OHq + H3SiO4--+ 4(0Had)' 

Si04 
reaction stoe- 
dissolution de 
note C3Ssh: 
t 3Ca2+ + 5 0H,n * aq aq



Fig. 1 - Roseau de reactions mises en jeu pour la 
formation de C-S-H et d'hydroxyde de calcium preci- 
pitö ä partir de C3S. ■

pies, il est alors possible de deerire schematique- 
ment le reseau de telles reactions simultanges (8) 
comme on 1'a fait dans le schema (figure 1) :

On a fait fiejurer ä droite, en competition avec le 
processus de dissolution de C3Ssh t precipitation de 
C-S-H" le processus hypothetique de reorganisation 
structurale de CgSgh en C-S-H sans passage par la 
solution (Hypothese topochimique). Si, comme cela pa
rait vraisemblable, le rapport stoechiometrique 3 de 
C3S est conserve dans son hydroxylation superficiel
le, une telle etape de reorganisation structurale en 
un C-S-H de [C/Sjs < 3 devrait Stre accompagnee du 
passage de chaux en solution conformement au schema 
reactionnel suivant avec [C/S]s = 2 par exemple :
1) CrSation de lacunes de calcium superficielles : 
3CaCa + 0H6 + HgSiO^-- + 4(0H;d) • j 2CaCa +

SiO.
+ 0H0 + HjSiO^- + 2(0Had) ■ + Caa2; + 2 0Haq 

Si04
2) Reorganisation structurale :
2CaCa + VCa + 0H0 + H3S104" + #

SiO.
2CaCa + 3 0H0H + H3S104

' H3Si04
Certains d'entre nous ont procede, dans d'autres pu
blications ( 4, 7, 8, 9) ä une comparaison approfon- 
die d'un tel processus avec le processus de dissolu
tion-precipitation, notamment par une construction 
graphique sur le diagramme C,S,H.
Il est utile de rappeler que le processus de reorga
nisation structurale, s'il permet de rendre compte 
du passage en solution de la chaux, n'autorise pas, 
en revanche, celui de la silice, du moins, avec une 
concentration supBrieure ä la solubilite du C-S-H, 
de sorte qu'il est nBcessaire d'admettre que les 
Btats sursaturBs de [C/S]^ de peu supfirieurs 3 3 
(3,3 ; 3,4) observBs experimentalement proviennent 
de la dissolution de C3Ssn süivie de la precipita
tion d'un C-S-H de rapport [C/S]$ < 3.
En outre, nos experiences de dissolution sur filtre 
ä grand debit montrent que la vitesse de transfert • 
interfacial des ions de la surface hydroxylee est 
trps grande puisqu'il faut un temps de passage trBs 
court (6 < 0,11s) pour obtenir le rapport exact de 
congruence [C/S]^ = 3 et cela sans que la composi

tion n'atteigne le domaine de nucleation rapide. 
Cette vitesse diminue en fonction de la concentration 
en chaux dans le solvant, non seulement dans les ex- 
pfiriences d'evolution en Systeme ferme, mats aussi 
dans cel les de dissolution sur filtre 5 grand dBbit, 
ce qui montre que ce n'est pas seulement un probleme 
de diffusion, mais que le transfert interfacial est 
concerns. La vitesse de la derniBre fitape du groupe 
2) peut s'fieri re en effet :

^- = k - k' [C] (4)

oQ c^ et c„ sont respectivement les concentrations ■ 
superficielles en lacunes de Ca2+ et en sites normaux 
d'ions Ca2+. Si pour simplifier, on fait rentrer la 
probabilite de presence d'une lacune d'ion Ca’+, ■
W = c»/cr dans la constante K d'equilibre, 1'expres
sion (4) devient :

Cette equation ( 5) s'integre facilement et donne : 
r mi kLoge [1 - = - I t (6)

Or, si Ton considere par exemple, ä partir des re
sultats d'experiences d'evolution de C3S agite dans 
1‘eau avec £/s = 10, les valeurs de [C] aux instants 
successifs le long de la branche ascendante de la 
courbe de variation de la concentration en CaO en 
fonction du temps (voir par exemple les courbes cons- 
truites indfipendamment par D. Bertrandie et D. Mene
trier dans une autre de nos communications (3) ) ; 
ces valeurs de £c] donnqnt bien des droites lorsqu'on 
les porte dans T'expression ( 6 ) en prenant arbitrai- 
rement K = 40. Toutefois, comme le montre la figure 
(2 ) ces droites ne passent pas tout ä fait par 1'0- 
rigine alors que la droite theorique devrait y passer. 
Comme les phenomenes sont complexes dans de telles 
experiences puisqu'il y a formation de C-S-H dont le 
rapport [C/SJ- peut varier, le resultat obtenu parait 
assez satisfalsant. Il montre en tout cas qu'il n'est 
nut besoin de faire appel d la constitution d'une 
couche prptectrice autour des grains pour expliquer 
le ralentissement de la dissolution.

Fig. 2 - Transformee linfiaire par la loi de vitesse 
de transfert des ions Ca2+ en solution en fonction de 
[C] de la branche ascendante de la courbe devolution 
deC3S agite dans l'eau ä £/s = 10, d'apres les rfi- 
sultats expfirimentaux de :A D. Bertrandie (Dijon), 
0 D. Menfitrier (Baltimore).

Mais il attire une autre remarque importante', e'est 
que, la concentration en silice [Sj diminuant simul- 



tanement dans le milieu conformement ä la courbe de 
solubilite de OS-H, la vitesse de transfert inter
facial en solution des ions silicates devrait avoir 
tendance ä augmenter ; en effet les vitesses des 
etapes correspondantes du groupe 2) conduiraient ä 
des lois semblables ä l'equation (4). On devrait 
done s'attendre ä une distorsion de la dissolution 
congruente eti faveur de la silice par rapport ä la 
chaux. Or, nos experiences montrent qu'il n'en est 
rien et que le rapport [aC/ASJ^ reste 6gal ou 16g8- 
rement superieur ä 3 (en raison de la precipitation 
de C-S-H) comme dans l'eau. Cela donne une idee des 
forces de compensation engendrees par les Scarts ä 
la stoechiometrie pour imposer l'alignement des vi
tesses de transfert en solution des differents ions 
et assurer la congruence de la dissolution. II se 
peut que, dans un milieu stagnant, l'uniformite de 
composition de la solution au voisinage de I1inter
face soit perturbee par des processus d'adsorption 
et par une distribution parti cull ere des charges 
sous I'influence d'un potentiel de surface. Mais ce
la ne doit pas conduire, en regime dynamique, ä une 
accumulation indefinie d'un des types d'ions et com- 
promettre ä terme la congruence, de la dissolution.
Etat superficiellement hydroxyle :
La variation d'enthalpie libre AG' accompagnant 
1'hydroxylation superficielle est evidemment d'au- 
tant plus importante que CgSg^ est moins soluble. Sa 
solubilite doit etre süffisante pour expliquer la 
sursaturation de la solution par rapport au C-S-H. 
Faute de donn§es experimentales, du fait de I'absen- 
ce de periode d'induction avant nucleation de C-S-H, 
on ne peut faire qu'une evaluation reposant sur une 
valeur hypothetique de la solubilite de CgSg^ dans 
1"eau.
Dans une note precedente ( 2 ), 1'un de nous avait 
propose un mode de calcul en admettant comme resul
tat d'une dissolution congruente de CgSsh ä satura
tion, une valeur double, [C] = 9,78.10-3 mol.kg*!  de 
celle que Ton obtient exp6rimentalement en faisant 
passer de l’eau ä travers une couche mince (n, 1 mm) 
de C3S sur filtre mi 111 pore (7,8). Dans ces condi
tions e'est, non pas une solution saturee de CjSsh 
qui est obtenue, mais un filtrat dont les germes de 
C-S-H ont ete el imines et qui, de ce fait, corres
pond ä un domaine de plus faible sursaturation par 
rapport ä C-S-H oü la vitesse de nuclNation de cet 
hydrate est petite.
Si l'on considere l'equation globale de passage en 
solution de C3S :
3CaO,SiO, + 4H,0 * 3Ca^ + 5 OH" + H,SiOT 

22 aq aq 3 4aq
le calcul de la solubilite ä 1'aide des AG^gg de for
mation des differentes especes conduit ä une valeur 
de lä solubilitö theorique de C3S tres elevee (11) 
et qui parait aberrante.L'hypothese que nous avons 
formulee est precisement que 1'etape cinStique d'hy
droxylation superficielle consomme une grande partie 
de cette enthalpie.libre et que ce sont les ions qui 
en resultent qui passent en solution reversiblement. 
Le calcul que nous avons propore avec 1'estimation 
indiquSe ci-dessus de la composition de la solution 
saturSe avec C^Sg^ conduit aux valeurs suivantes : 
Passage de C3S anhydre ä 0385^ en equilibre avec sa 
solution : AG' = - 75,2 KJ.mol"1.
Passage de C3Ss^ ä la solution en equilibre avec 
C-S-H : AG" = - 15,38 KJ.mol"1.
On trouverait une valeur analogue pour AG" en calcu- 

lant 1‘enthalpie libre de precipitation du C-S-H ä 
partir de la solution en equilibre avec C3Ssh.
Ces resultats illustrent 1'importance de 1'abaisse- 
ment d'enthalpie libre cons6cutif ä la formation de 
1'Stat superficiellement hydroxyls par rapport ä ce- 
lui qui accompagne la precipitation de C-S-H.

CONCLUSIONS
Le processus de dissolution congruente des especes 
ioniques de 1'Stat superficiellement hydroxyle ayant 
dSjä emmagasinS pratiquement toute l'eau d'hydrata- 
tion est un stade qui parait bien Stabil ä la fols 
experimentalement et d'un point de vue thermodynami- 
que.dans Involution de C3S au contact non seulement 
de l'eau, mais de 1'eau de chaux et quel que soit le 
rapport (Z/s). Ce processus rapide conduit, preferen- 
tiellement au voisinage immediat de 1'interface, ä 
une sursaturation provoquant une nucleation immedia
te de C-S-H de [C/S]s < 3 dependant de [C] locale. 
Le.ralentissement du transfert ionique interfacial 
en solution en fonction de [C] parait pouvoir s'ex- 
pliquer par un effet cinStique normalement previsible 
sans necessiter 1'intervention d'une couche plus ou 
moins permeable.
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Hardened slag-cement pastes of low porosity

Pates durcies de ciment de laitier, ä faible porositä '
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R.l. ABD-EL-MALEK and R.Sh. MIKHAIL, Department of Chemistry, Faculty of Science, Ain Shams University, 
Abbasia, Cairo, Egypte.

RESUME : Deux melanges secs de ciment ont ete prepares, contenant un polds egal de laitier 
et de clinker, broyes, l'un ä la finesse de 5.000 cm2/g ± 100, l'autre ä la finesse de 
3.000 cm2/g t 100.

Pour obtenir des pates a faible porosite, trois methodes ont ete ‘employees :

i. Pates normales malaxees ä une teneur en eau, par rapport au ciment, de 0,20 "
ii. Pates preparees comme ci-dessus, puis comprimees, apres mouillage, ä des pressions va

riant entre 10 et 500 kg/cm2. ■
lit. Pates comprimees, avant hydratation, ä des pressions variant entre 100 et 1000 kg/cm2, 

puis hydratees.

Pendant trois ans, on a mesure l'evolution de la chaux libre, du laitier libre, de I'eau 
combinee, de la densite et de la resistance ä la compression, de ces diverses pates. On a 
observe alnsi la cinetique de 11hydratation des clments riches en laitier, et montre 1'in- 
fluence de la compression aux premiers ages. Pendant ces premiers ages, la chaux liberee 
par 1'hydratation du clinker, accelere 1'hydratation du laitier, et prövoque la reaction 
topochimique. L'augmentation de la pression accelere cette hydratation, grace ä la reduc
tion des trajets de diffusion de la chaux libre entre les grains de clinker et les grains de 
laitier.

La reactivite du laitier diminue quand la finesse de broyage diminue.

SUMMARY: Two dry cement mixtures were prepared from equal weights of slag and clinker having 
the same fineness of 6000 or 3000 cm2/g, + 100. Low-porosity pastes were prepared by three 
different methods: (1) normal pastes of initial water/cement ratio of 0.20; (ii) post- , 
hydration compressed pastes prepared by compressing the pastes after mixing the cement with 
water at a ratio of 0.20, and by applying pressures ranging between 10-and 500 Kg/cm2; and 
(Hi) pre-hydration compressed pastes prepared by comparing the dry cement at pressures 
ranging between 100 and 1000 Kg/cm2 before mixing with water.
Free lime, free slag, combined (non-evaporable) water content, bulk density and compressive 
strength were determined for pastes cured up to three years. Hydration kinetics could reveal 
the mechanism of hydration of the slag-rich cement pastes under Investigation, and could show 
the effect of compression on the hydration mechanism especially during the early stages of 
hydration. During the early stages the calcium hydroxide released in the hydration.of clinker 
activates the hydration of slag and the reaction proceeds topochemically. Increasing the 
compaction pressure increases the rate of hydration due to a decrease in the spaces located 
In between clinker and slag particles leading to a decrease In the diffusion path in which 
the free lime Is proceeding to react with the slag grains.
With Increasing particle size of cement constituents, the results obtained Indicates the 
lower hydraulic reactivity of the granulated blastfurnace slag when ground to lower Blaine 
area. .



INTRODUCTION .

Several techniques were used and Interesting 
conclusions have been advanced concerning the 
production of low-porosity compacted cement 
pastes. Kamio et al.(l), for example, showed 
that partially hydrated cement sets instantan- 
iously on pressing to give high compressive 
strength. Hara et al (2) were able to obtain 
light weight building materials, having high 
strength and good fire-resistance, by mixing 
blastfurnace slag with lime, gypsum and 
fibraus materials, heating this mixture at 
45°C in water, compression moulding at 30 kg/ 
cm2, curing and hardening. Grudemo (3) found 
that there is a relationship between strength 
of the cement and the volume of the solid 
phase of specimens prepared from crushed and 
compressed high alkali and high Al cement 
stone. In addition Yoshimoto et al (4) 
reported that by pulverizing hardened mortar, 
then placing it in a vessel and pressing, a 
remoulded compact of high strength is obtain
ed through adhesion binding; the various 
factors affecting the compressive strength 
of the compacted remoulded specimens were 
also discussed. . ■
On the other hand, Auskern et al (5) studied 
the effect of different curing conditions, 
including hot-pressing, on the capillary 
porosity of hardened Portland cement pastes 
using mercury porosimetry; they showed that 
hot-pressed pastes had essentially no 
porosity accessible to mercury. Usually 
high-strength cement pastes, prepared by hot 
pressing techniques, were investigated at 
various temperatures, hot pressing times and 
periods of hydration after hot pressing (6,7). 
Mikhail, Abo-El-Enein and Oweimreen (8) '
Investigated the low-porosity Portland cement 
pastes prepared either by reducing the water/ 
cement ratio to 0.20, or by the pre-hydration 
compression of the dry cement, followed by 
hydration under water; the changes in degrees 
of hydration, surface areas and pore structure 
are reflected on the compressive strength ■ 
values of the various pastes. •
In an earlier investigation (9), kinetics 
and mechanism of hydration of low-porosity 
slag-lime pastes were reported and the 
developed strength was significantly related 
to the chemical composition and/or the 
physical state of the formed hydrates. Under 
hydrothermal conditions, however, the 
reactivity of granulated slag was also 
reported (10).
The optimum composition of blastfurnace slag 
cement made from sTag-clinker mixture was 
specified in order to get more-favourable * 
cementing materials (11). By studying the. 
main characteristics of the system as well 
as the structure of the formed hydrates; the 
specified composition, obtained for the slag 
cement produced in Egypt, consists of equal 
weights of slag and clinker (12).

EXPERIMENTAL

The granulated blastfurnace slag used in this 
study has the following oxide composition: 
CaO, 46.00$; S109, 35.04%; Al-O,, 14.58%; 
MgO, 2.97%; Fe-Og, 0.52% and SO^, 0.14%. The 
phase composition of the Portland cement 
clinker used was:C,S, 41.81%; e-C,S, 27.65%; 
CgA, 15.83% and C4ÄF, 8.51%.
Two dry cement mixtures were prepared from 
slag and clinker having the same fineness of 
6000 or 3000 cm2/gm, + 100. Equal weights 
of slag and clinker, Having the same Blaine 
area, were first mixed in ethanol for one 
hour; then, ethanol was evaporated completely.
Three methods for the development of low- 
porosity slag cement pastes were used. 
These are (1) normal low-porosity pastes 
prepared with an initial water/cement ratio 
of 0.20, (ii) post-hydration compressed low- 
porosity pastes prepared by the compression 
of the freshly prepared paste, after mixing 
the cement with water (W/C = 0.20), by the 
application of various pressures of 10, 20, 
50, 100 and 500 kg/cm2 in cylindrical moulds 
to produce specimens cf 3.14 cm2 cross-sect
ion and 1 cm in height, and (111) pre-hydra- 
tion compressed low-porosity pastes prepared 
by the compression of the dry cement at 
various pressures of 115, 230, 460 and 1030 
kg/cm2 before hydration under water. The 
normal low-porosity pastes will receive the 
notations HN and LN for the high Blaine and 
low Blaine cement samples, respectively; the 
post-hydration compressed pastes were 
designated as H10, H20, H50, H100 and H500 
for the high Blaine area cement, and L10, L50 
and L100 for the low Blaine area cement 
according to the pressure used in compression; 
the pre-hydration compressed specimens will 
receive the notations H115p, H230p, H460p 
and H1030p for the high Blaine area cement, 
and L115p, L230p, L460p and L1030p for the 
low Blaine area cement, respectively.
The pastes were hydrated under water for 
ages of 0.25, 1,3,7,28,90,180,365, and 1095 
days for the normal and post-hydration 
compressed pastes; and 1,3,6,9,12 and 36 
months for the pre-hydration compressed 
specimens, respectively. At the end of each 
time interval, the fresh specimens were ■ 
tested for compressive strength, bulk density, 
and the resulting crushed samples were then 
dried at 105°C for 24 hours to determine the 
evaporable water content. The free lime, ' 
free slag and combined (non-evaporable) 
water contents were determined in the crushed 
dried samples according to the methods 
described in an earlier publication (9).

RESULTS AND DISCUSSIONS

1. HYDRATION KINETICS'AND MECHANISM

The results in Fig. 1 show that for the 
post-hydration and the pre-hydration compres
sed specimens, the non-evaporable (combined) 
water content increases with curing age and 
that the hydration of these slag cement 
specimens follows a consecutive reaction as



a result of an indirect activation of the 
blastfurnace slag with cement clinker.
During the early stages of hydration the 
combined water content increases with increa
sing the pressure of compaction (decreasing 
the initial porosity) after mixing the cement 
with water. This result is unexpected, since 
during the hydration of portland cement or 
slag cement with a lower slag content the 
increase in the initial porosity of the paste 
is associated with an increase in the combined 
water content (degree of hydration) mainly 
because more spaces are available for hydrat
ion products to deposit. However, in the 
hydration of the present pastes, which 
contain large amounts of blastfurnace slag 
(50% by weight), the hydration reaction 
starts with clinker to give hydration 
products composed mainly of calcium silicate 
hydrates and free calcium hydroxide. The 
free calcium hydroxide released during 
clinker hydration activates the hydration of 
granulated blastfurnace slag. Therefore, the 
slag grains react topochemically with the free 
calcium hydroxide solution located in the 
originally water-filled spaces, and conseque
ntly, by decreasing the spaces between clinker 
and slag particles (decreasing the porosity 
with increasing pressure of compression), ' 
the free lime will find a shorter diffusion 
path to react with slag grains leading to an 
increase in the rate of hydration of slag 
during the early stages of hydration. This 
stage ends after 3-7 days at room temperature 
for the post-hydration compressed pastes and 
after 2-3 months for the pre-hydration 
compressed specimens. .
In the later stages of hydration, however,' 
the normal expected behaviour predominates, 
namely the rate of hydration increases with 
Increasing the porosity (decreasing the 
pressure of compaction) of the specimen. 
Higher porosity pastes can accomodate larger 
amounts of hydration products in their pore 
system than lower porosity pastes. Neverthe
less, in the pre-hydration compressed speci
mens, the rate of diffusion of water through 
the partly hydrated sheath of the specimens 
into the unhydrated middle parts seems to be 
the rate controlling step in the final 
stages of hydration; the rate of hydration in 
the final stages Increases with decreasing 
the compaction pressure used in the prepara
tion of the specimens as a result of the , 
Increase in the rate of diffusion. '
With increasing particle size of cement 
constituents, the differences in hydration 
kinetics diminishes during the early stages 
of hydration of the post-hydration compressed 
pastes; this result is associated with the 
lower hydraulic reactivity of the granulated 
blastfurnace slag when ground to a lower, 
Blaine area. However, in the pre-hydration 
compressed specimens, the degree of compac
tion of coarse cement particles becomes less 
than that of fine cement particles when 
compressed at the same pressure leading to 
higher degree of hydration in the former 
pastes, especially during the early stages 
of hydration. ■

Fig. 1 - Combined water contents as a 
function of curing age
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Fig. 2 - Free lime contents as a function 
of curing age

The results in Fig. 2 indicate that, for the 
post-hydration compressed pastes, the free 
lime content increases during the early 
stages of hydration up to 7 days. This 
result is mainly attributed to the fact that 
the amount of free lime released during 
clinker hydration exceeds that consumed by 
slag hydration at the early stages; therefore 
there appeared a net initial increase in ■ 
the free lime contents of the specimens. 
After 7 days, however, the free lime content 
decreases as a result of its consumption by 
slag hydration; the acceleration period 
during slag hydration is then initiated 
leading to an Increased rate of consumption 
of free lime by slag hydration as compared 
with the rate of release of free lime by 
clinker hydration. In the final stages of 
hydration, the major fraction of slag was 
already hydrated and a consequent Increase 
in the free lime content was obtained. 
These results indicate that the rate of 
hydration of slag during the final stages, 
which is diffusion controlled, is very small 



as compared with the rate of hydration of 
portland cement clinker.
In the hydration of the normal low-porosity 
pastes, prepared with an initial water/cement 
ratio of 0.20, there appeared a continuous 
increase in the free lime content of the 
pastes, prepared from the finer cement 
(Blaine area = 6000 cm2/g), up to 28 days 
hydration; th'is result is due to the high 
initial porosity of the normal low-porosity 
pastes leading to a higher rate of clinker 
hydration for a"longer period as compared 
with the rate of hydration of slag. By 
increasing the particle size of the slag and 
clinker grains, however, the free lime 
content shows a continuous increase at the 
various ages of hydration due to the 
decreased hydraulic reactivity of blast
furnace slag with increasing particle size. 
The variations of the free lime contents with 
duration of hydration of the pre-hydration 
compressed specimens are similar to those 
obtained during the hydration of the post
hydration compressed pastes beyond one month 
hydration. This result Indicates that the 
mechanism of hydration of the pre-hydration 
compressed specimens is almost similar to 
that of the post-hydration compressed pastes; 
the only difference is the diffusion of water 
into the compacted cement grains in the form
er specimens.
From free slag determination, the reaction 
ratio of slag could be derived and the values 
obtained are shown in Fig. 3.

28 90 180 365 1095 I

Fig. 3 - Reaction ratio of slag as a function 
of curing age

The results in Fig. 3 show that in the post
hydration compressed slag cement pastes, the 
hydraulic reactivity of granulated blast
furnace slag increases with increasing the 
pressure used in compression (decreasing the 
initial porosity) during the early stages of 
hydration. Indicating that the hydration 
reaction Is governed by the rate of dissolu
tion of free lime released by the clinker 
grains and its subsequent diffusion to 
activate the slag grains. Apparantly, the 

hydration of granulated blastfurnace slag 
during the early stages of hydration 1s not 
under normal equilibrium conditions of 
saturation of the water-filled spaces by 
calcium hydroxide which needs longer times 
to attain this condition. Therefore, the 
early hydration of slag takes place in an 
unsaturated free lime solution and this leads 
to an Increased rate of hydration with 
decreasing the distance of contact between 
clinker and slag grains. In the final stages 
of hydration, however, the hydration of slag 
proceeds under equilibrium conditions in the 
saturated lime solution when most of the 
clinker grains are consumed by hydration, 
leading to the accumulation of free lime; 
this effect leads to an increase in the rate 
of hydration of slag with decreasing pressure 
of compression (Increasing initial porosity). 
In addition, higher porosity pastes could 
accomodate larger amounts of hydration 
products than the denser low-porosity pastes.
Evidently, the rate of slag hydration in the 
normal low-porosity pastes, prepared with 
water/cement ratio of 0.20 without compres
sion, is found to be different than that in 
the compressed pastes indicating a difference 
in the mechani sm« of hydration. ■>
In the pre-hydration compressed specimens, be
yond the first month of hydration, the rate 
of hydration of slag increases with increas
ing the initial porosity of the specimen 
(decreasing the compaction pressure). There
fore, the rate of diffusion of water through 
the porous system of the unhydrous compacted 
specimens is not the rate controlling step, 
and the paste which is capable to accomodate 
larger amounts of hydration products in its 
pore system should have a higher rate of 
hydration.
In all pastes investigated, the hydraulic 
reactivity of the granulated blastfurnace 
slag was found to diminish markedly by 
decreasing the Blaine area of slag.

2. TOTAL POROSITY

The total porosity of the hardened cement 
paste could be calculated according to the 
relation : e = W /V ■; where We is the weight 
of evaporable-waterper one gram of the 
paste, and is the volume of one gram of 
the paste.
The results shown in Fig. 4 clearly indicate 
that for the post-hydration compressed 
pastes, the total porosity decreases with 
increasing time of hydration; the fall In 
the total porosity is sharp during the early 
stages of hydration and Is gradual during 
the later stages of the hydration process. 
In addition, the pastes compressed at higher 
pressures were found to have lower porosities 
than the pastes compressed at lower pressures 
when hydrated for the same age. Furthermore 
there appeared a sharper decrease In the 
total porosity of the denser (low initial 
porosity) pastes than that of the lean 
samples (compressed at lower pressure)-; this 
result might be partly attributed to the



Fig. 4 - Total porosity as a function of 
curing age

Fig. 5 - Compressive strength as a function 
of curing age

initial porosity as controlled by the 
pressure of compression,and partly due to 
the Increased hydraulic reactivity of slag 
with clinker with increase of compression 
pressure (decreasing initial porosity) of 
the paste., .
The total porosities of the hardened pastes 
prepared from the coarser slag cement were 
found to be higher than those of the pastes 
prepared from the finer cement, a result 
which is mainly due to the Increased degree 
of compaction in the finely ground cement 
than in the case of the coarser cement; the 
hydraulic reactivity of the granulated slag 
is also diminishing with increasing particle 
size.
Actually, the total porosity of the pre
hydration compressed specimens could not be 
derived from the evaporable water contents 
due to the continuous diffusion of water 
through the compressed dry specimens.

3. COMPRESSIVE STRENGTH

The results in Fig. 5 clearly indicate that 
the strength of every cement paste increases 
with increasing age of hydration; this 
behavior is similar to that reported earlier, 
and which is normally correlated with the 
total porosity and degree of hydration. In 
addition, the compressive strength values 
are higher for the pastes prepared from the 
finely ground cement as compared with the 
values obtained using the coarser cement; 
this result might be attributed partly to 
the increased degree of compaction and 
partly to the Increased hydraulic reactivity 
of the blastfurnace slag with decreasing 
particle size.

Fig. 6 - Compressive strength versus total 
porosity of the post-hydration 
compressed pastes .

The relation between compressive strength 
and total porosity 1s shown 1n Fig. 6 for 
the post-hydration compressed pastes. There 
appeared a gradual and slight Increase in 
the strength with decreasing porosity at 
relatively higher porosity values, where the 
amounts of hydration products deposited in 
the pores contribute slightly to the strength 
development. At intermediate total porosit
ies, a distinguishable increase in the . 
compressive strength with decreasing porosity 
was observed; such notable increase in 
strength was obtained below a certain 
porosity value characteristic of the initial 
porosity of the compressed paste as control
led by the pressure used during the compres
sion. In this range of total porosity, the 
precipitation of the hydration products 
within the pore system has a distinct 
contribution to the strength of the hardened 
pastes. At lower values of toal porosity 
(longer time of hydration) only a slight 
Increase in strength with decreasing porosity 
was observed for the pastes compressed at 
relatively low pressures (10-50 kg/cm2); 
this result might be associated with the 
nature of the hydration products to undergo 
some sort of partial crystallization as a 
result of the available empty spaces provided 
by the initial porosity of the paste. At 



relatively higher compression, however, 
(pressures of 100 and 500 kg/cm2), the lower 
porosity values cause a sharp increase in 
the strength of the paste, and this is mainly 
attributed to the highly amorphous (ill- 
crystalline) state of the hydration products 
as controlled by the extremely limited 
initial porosity.
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L'hydratation hydrothermale des laitiers

The hydrothermal hydration of slags

A.A. GOVOROV, Institut de chimie colloidale et de chimie de I’eau, Kiev, U.R.S.S.

RESUME : L’on a 6tudl6 l'hydratation et le durolssement des coulis de laitiers vltreux syit- 
ttxötiquea du systäme CaO-MgO-AlaOj-SiOa dans des bombes hydrothermales dont en Slevait pro. 
gressivement la temperature ä la Vitesse de 150°0/h jusqu’ä 285°0«

La diminution du rapport Ca0:S102 dans la composition des laitiers entralne une reduction 
de la vitesse du passage en solution de la silioe, mats aussi un accrolssement des teneurs 
maximales de silice dissoute ainsi que des temperatures auxquelles ces maxima sent attaints 
pour la premiere fols*  Gela peut s’expliquer d’une part par un plus baut degre de condensa^- 
tion des tätraädres siliciques dans la structure des laitiers, et d*  autre part par le defi
cit croissant en CaO« ■

L*  apparition d'hydrosilicates de calcium ainsi que le dAbut du durcissement des coni la suc
culent au premier maximum de teneur de silice en solution, et correspondent ä un accroiss»- 
ment de leur resistance ölectrique« Les ajouts de CaO, dans cert eines proportions, ont pour 
effet d*abalsser  les temperatures auxquelles ces maxima sont atteints. et font apparaltre 
ä des temperatures moins eievees un accrolssement preiiminaire de resistance 61ectrique, qui 
met en evidence un stade plus avance dans la formation des hydrosilicates de calcium« Il 
semble qu'ä ce stade la part des reactions topochlmiques»it importante.

summary $ The author investigated the hydration and hardening processes of finely ground 
synthetic vitreous slags in the system CaO—MgO-AlgOx—Si02 , which were heated in hydrother
mal bombs to 285°C at the rate of 15O°C/h.

It was found that a decrease of the CaOtSiOg ratio in the slag compositions is slowing down 
the early dissolution of silica, but at the same time it increases its maximal concentra
tions in solution, as well as the temperatures they are reached at first. This may be ex
plained by a highav degree of condensation of the SiO^ tetrahedra in the structure of the 
slags, and by the increasing lack of CaO.

The appearance of the calcium silicate hydrates, as well as the beginning of hardening are 
coming next to the first maximum of silica in solution, and correspond to an increase in 
the electrical resistance of the slag suspensions« Additions of CaO, made in certain pro
portions, lower the temperatures at which this maximum occurs, and cause a preliminary in
crease in the electrical resistance, indicates an earlier step of formation of the calcium 
silicate hydrate phase. The role of the topochemical processes seems to be important at 
this stage.



le durciasement des Hants hydrauliques rd- 
sulte de la destruction hydrolytique plus 
on mol ns profonde de leurs oonstituants an~ 
hydros et de la foxmation de phases bydrar- 
t6es en particules extremement fines, prar- 
tiquement insolubles dans l,eau. La cineti— 
qua de oette destruction, ainsi que celle 
de la formation des produits hydrates joue 
un role de premier plan.

L1 intensification de ces rdaotions en mili
eu hydrothermal a pour effet de confSrer 
une activity hydraulique et des propri6t6s 
liaitea ä certains matSriaux inertes ä la 
temperature ambiante, tels en particulier 
les laitiers mdtallurgiques finement moulus. 
Du fait de 1'accroissement du degrS de dis
sociation de I'eau et de la mobility des 
ions H+ et OH- avec la temperature, ainsi 
que du nombre de liaisons Si-O-Si rompues 
0,2), le passage en solution de la silice 
se trouve facilite. Cela a pour effet d1!^ ■ 
tensifier la genäse des phases hydratees, 
ainsi que le durcissement des pates, mala 
aussi la croissance des criqtaux et leurs 
transformations eventuelles, ce qui pent 
nuire au durcissement.

L'une des applications interessantes de 
1* aptitude au durcissement des suspensions 
de laitiers en'milieu hydrothermal est leur 
emploi pour la consolidation des putts de 
petrole et de gaz naturel profonds. Dans 
les conditions de temperature et pression 
eieväes qui y regnent les Hants a base de 
laitiers präsentent des avantages incontes- 
tables sur ceux ä base de ciment portland 
(3,4), en particulier une meilleure resis
tance mecanique et & la corrosion, ainsi 
qu’un prix de revient moindre.

La structure des Constituante anhydres des 
Hants hydrauliques est un facteur primor
dial de leur activitä. Dans le cas des li- 
ants ä base de laitiers son importance est 
encore accrue du fait de la diversite de 
composition et de structure des laitiers 
industriels.

Le probläme de la structure de la phase vi- 
treuse des laitiers granules et du verre en 
general n*est  pas encore resolu. Il est ce- 
pendant acquis que leur structure contient 
des elements ordonn6s, dont la forme et les 
dimensions restent toutefois hypothetiques. 
Selon ( 5 ) la phase vitreuse des laitiers 
granules oontiendrait des groupements d'ions 
dänommäs "phases quasi cristallines", pou- 
vant etre des structures du type Zacharia- 
sen, des structures cristaHitiques ou de 
tout autre nature. Selon ces auteurs ces 
groupements dependent des sous-systämes de 
paragenäse de phases, ou la phase primaire 
joue probablement un role preponderant.

L'on salt d'autre part que les groupements 
possibles de t6traedres siliciques S104 de
pendent dans leur forme et leurs dimensions 
de la proportion relative d'atomes de sili
cium et d'oxygäne se trouvant dans le verre. 
Ainsi dans le cas cd Si:O est infärieur ä 
0,286 les tetraädres siHclques ne peuvent 

th6oriquement se grouper que par deux ou 
qu*etre  isoläs les uns des autres; lorsque 
Si:O est compris entre 0,286 et 0,333 ces 
tätraädres peuvent se grouper par deux ainsi 
qu'en anneaux ou chatnes separes; lorsque 
SisO est compris entre 0,333 et 0,400 ces 
groupements de tätraädres peuvent se räunir 
dans le plan et dans l'espaoe par l'intermä- 
diaire de tätraädres communs; lorsque Si:O 
est compris entre 0,400 et 0,500 il ne peut 
plus y avoir de groupements säparäs, tous 
les tätraädres ätant näcässairement reunis 
par au moins trois des sommets (atomes d'o— 
xygdne) en un räseau, dont la densitä de- 
vient maximale lorsque SitO atteint la va
leur 0,500.

L'existence de tels groupements de tätraä- 
dres siliciques, ainsi que leur accroiaae- 
ment avec la teneur en siHce sont confir- 
mäs par les ätudes au moyen de spectres in
frarouges (6,7,8). 0ependant leur interpre
tation dans le cas des laitiers vltreux est 
compliquee par la presence de tötraddres 
A10„ et de liaisons Si-O-Al en proportions 
difriciles ä determiner avec precision.

D'apräs nos resultats de reoherches (9,10) 
effeotuees sur des laitiers vitreux synthe- 
tiques CaO-MgO-AloOi-SiOg avec 0 et 5% MgO 
11 semble que l'on puisse distinguer: les 
laitiers orthosilioatiques, donnant une bän
de d'absorbtion IR ayant deux ä trois faibles 
maxima dans 1'Intervalle 860-950 cm~1; les 
laitiers alumineux, donnant une bande avec 
deux maxima 760-780 et 950-980 cm“', le pre
mier etant le plus intense; les laitiers mä- 
HHtiques, donnant les bandes 700-730 et 
950-990 cm“'; les laitiers wollastonitiques 
donnant les bandes 720-810 et IOOO-IO50 cm”*;  
les laitiers anorthitiques donnant les ban
des 790-800 et 940-1110 cm~1, cette derniäre 
etant la plus intense et comportant deux ma
xima d. 940-980 et 1090-1110 cm“1. "

Compte tenu de la disposition des points fi- 
guratifs de ces laitiers sur le diagramme 
du systäme"CaO-MgO-AloOx-SlOo ä 5% MgO, et 
de 1'interpretation strdoturale (6,7,8) des 
spectres IR des silicates et alumosilicates, 
l'on peut admettre 1'existence de tetraädres 
isoläs dans les laitiers orthosilicatiques, 
de groupements limitäs et säparäs de tetr»- 
ädres dans les laitiers mäHHtiques, de 
groupements illimitäs pouvant etre reunis 
par des tätraädres communs dans les laiti
ers wollastonitiques, d'un räseau de tätra
ädres tous räunis entre eux dans les laiti
ers anorthitiques.

Au traitement hydrothermal ä 200-250°C les 
laitiers mäHHtiques donnent essentielle- 
ment des hydrogrenats, et les laitiers wol
lastonitiques - de la tobermorite (10-11). 
Ainsi la disparition des groupements limitäs 
et säparäs de tätraädres au profit de leurs 
groupements polymäres illimitäs dans la stru
cture du laitier correspond ä un ohangement 
analogue dans celle de leurs produits d'hy- 
dratation au cours du traitement hydrothex- ' 
mal. ■



Le coulls de ciment introduit dans les pul
ts de forage est soumls. au cours de sa des
cents jusqu*  an niveau necessaire, ä un ao- 
croissement.considerable de temperature et 
de pression, et ne -doit pas faire prise ni 
durcir pendant sa mise en place, qui dure 
en moyenne de uns d deux teures et demi« 
Aussi 1* dtude de l’hydratation et du durcis- 
sement des ciments au cours d'une elevation 
progressive de tempdrature en milieu hydro
thermal presente-t-elle un interet pratique 
pour cette application.

De telles recherches ont 6td effectudes en 
notre laboratoire sur des coulis de laiti
ers vitreux synthetiques, moulus jusqu*d  la 
finesse de 3500-4000 cm2/g. La pate a 50% 
d’eau dtait introduite dans des moules cy- 
lindriques que I*  on immergeait aussitot 
dans des bombes hydrothermales remplies d*-  
eau distillde ä 80% de leur volume intdri- 
eur. Celles-ci dtaient alors chauffdes A la 
vitesse de 150°/h jusqu* ä diverses tempdra^ 
tures, puis rapidement refroidies par de 
1'eau froide.

L*  on ddterminait alors, par la mdthode du 
complexe silioomolybdique, la fraction de 
silioe du laitier se trouvant en solution, 
exprimde en pourcentage ponddral. Le durcis- 
sement de la pate dtait exprimd par la rd- 
sistance d la pdnetration d’un cone de du- 
romdtre, calculde en N/mm2. Par ailleurs 
1'on enregistrait. dans un autoclave spdci- 
alement con<ju (10), les variations de rdsis- 
tance dlectrique du coulis en cours de mon- 
tde en tempdrature.

Lea laitiers synthdtiques dtudids dtaient 
obtenua par fusion A 1600-1700°0 et refroi- 
dissement brusque ä l*eau  froide, de deux 
sdries de mdlanges d*oxydes  purs, contenant 
respectivement 5 et 20% en poids de AlyO, 
pour % de MgO, avec OaOtSiOg variabler 5

TABLEAU DES COMPOSITIOKS
Teneurs, moles % 

CaO MgO Al205 S102 0/S Type de 
laitier

A 51,6 7,2 2,8 38,4 1,34 orthosil.
B 41,5 7,2 2,9 48,4 0,85 wollest.
0 31,4 7,2 2,9 58,5 0,53 wollast.
D 21,0 7,3 2,9 68,8 0,31 anorth.
E 44,2 7,7 12,1 36,0 1,22 mdlilit.
E 33,3 7,7 12,2 46,7 0,72 wollast.
G 22,4 7,8 12,3 57,5 0,39 anorth.
H 11,3 7,8 12,4 68,5 0,17 anorth.

L'on volt sur la fig.1 que la fraction de - 
sllice des laitiers qui se trouve en soluti
on crolt diffdremment selon leur composition 
et leur type. Avec la diminution du rapport 
Ca0/Si02 l*on  observe: a/ un ralentissement 
du passage en solution de la silice, b/ un 
accroissement de la fraction de la silice 
du laitier se trouvant en solution aux te- 
neura maximales, c/ un ddcalage de ces maxi
ma vers les temperatures plus dlevdes. L*  ac
croissement des teneurs en alumine des lai
tiers jusqu’a 20% a pour effet d1intensifier 
Idgerement le passage de la silice en solu
tion aux basses tempdratures, mala aussi de 
rdduire ses teneurs maximales en solution.

temps (hrs)

Eig. 1 - Les variations des teneurs de silice en solution (trait plain) et le durcisse- 
ment des coulis (pointilld) des laitiers contenant 5% (I) (H) d*  alumine (voir
tableau ci-dessus). .



Les considerations sur la structure des lai
tiers vltreux exposdes au d6but de cette 
communication pennettent d'expliquer la len— 
teur initiale du passage en solution de la 
silice des laitiers acides par le degrd de 
condensation 61ev6 de leurs t6traedres SiO^. 
La läg^re acceleration initiale observee 
dans le cas des laitiers plus riches en alu
mina pourrait etre due d 1*  introduction de 
tetraedres AIO. parmi les tetraddres silici- 
ques. entrainant une certaine diminution du 
degre de condensation de ceux-ci, ä teneurs 
en silice egales (en moles %).

Uhe contribution interessante ä 1‘interpre
tation des maxima de teneurs de silice en 
solution est fournie par les mesures de re
sistance eiectrique des coulis au cours de 
leur traitement hydrothermal. Afin de met- 
tre en evidence 1* influence propre du lai
tier sur la resistance eiectrique de I’eau, 
et d'exclure I’effet de 1* echauffement, 
nous avons compare les variations de resis
tance Ea de I’eau distillee avec celles des 
coulis de laitiers Eg, et consid6r6 le rap
port (Re-Eg):Re exprim6 en % aux differstes 
temperatures.

La fig. 2 montre les variations de ce rap
port en fonction de la temperature dans le 
cas de trois laitiers synthetiquee a 5% d‘a- 
lumine. L'on volt que I’abaissement de resi
stance eiectrique de I'eau par le laitier 
( ou plus exactement par le passage en solu
tion de ses constituents) croit d'abord avec

Fig. 2 - L'abaissement relatif de la re
sistance eiectrique de I'eau par les lai
tiers A, B, C,au cours de la mont6e en 
temperature hydrothermale des coulis.

la temperature, passe par un maximum entre 
120 et 160°C, puis ddcrolt. La valeur de ce 
maximum diminue avec le rapport CaO:SiO2 du 
laitier, tandls que.la temperature corrSspon- 
dante augmente. Gela semble indiquer que ces 
courbes r6fietent essentiellement les varia
tions de teneur de OaO en solution.

La comparaison des fig. 1 et 2 permet alors 
de constater que ces maxima de teneur de OaO 
en solution surviennent en meme temps qu'une 
acceleration du passage de la silice du lai
tier en solution. Ainsi est mise en evidence 
la recombinaison de la chaux, prSalablement 
lixivide du laitier, avec la silice pass6e 
en solution, avec pour räsultat la formation 
de silicates de calcium hydrates. Des diag- 
rammes de rayons X ont en effet montre 1*  ap
parition des rales principales de la tober- 
morite d£s 280°0 dans le cas du laitier B 
dans ces conditions de traitement.

L'accroissement de la teneur maximale de si
lice en solution avec sa teneur dans les lai
tiers s'explique par le deficit croissant en 
CaO ndcessaire ä sa recombinaison en silica
tes de calcium hydrates, ce qui se confirme- 
ra plus loin. La diminution de la teneur ma
ximale de silice en solution dans le cas des 
laitiers plus riches en alumina correspond a 
la formation d’une quantity moindre d*  hydro
silicate. Nous avons de meme observe une re
duction de cette teneur maximale dans le cas 
d'un remplaoement partiel de CaO par MgO dans 
la composition des laitiers.

Ainsi qu’on le volt sur la fig. 1, la teneur 
maximale de silice en solution n'est pas at
taints dans le cas des laitiers D, G, H, du 
type anorthitlque. Il est interessant de con
stater que si l'on admet qu’en moyenne 2/5 
des atomes d'aluminium se trouvent en coor
dination tetraedriqua dans les laitiers vlt
reux, le degr6 de condensation des tdtraed- 
res SiOn et AIO4 donn6 par le rapport 
(S1+2/5A1):Q, sera respectivement 6gal ä 
0,59*  , 0,405 , 0,459 pour les laitiers D, 
G, H, o'est A dire sera pratiquement dgal ou 
supArieur A 0,400. Ainsi la limits entre les 
domalnes de composition des laitiers wollas- 
tonitlques at anorthltiques, basAe sur les 
donnAes des spectres IR semble s'accorder 
avec calle hasAs sur le calcul du degre de 
condensation des tAtraAdres si l'on admet 
que 2/5 des atomes d*aluminium  sont tAtra- 
cdordonnAs.

La teneur de silice en solution passe par 
une sArle de nouveaux maxima lorsqu'on main- 
tlent constants pendant quelques heures la 
tempArature A 285°0, leur amplitude Atant la 
plus AlevAe dans le cas des laitiers wollas- 
tonltiques. La teneur moyenne de silica en 
solution se stabilise alors pour quelque 
temps A des niveaux d'autant plus AlevAs que 
le degrA de condensation des tAtraAdres si- 
liciques est plus grand. Cette stabilisation 
survient dAs avant 100°C dans le cas des lai
tiers orthosillcatlques et entre 150 et 250 
pour les laitiers melilitlques.

On a vu sur la fig.1 que les coulis oommen-
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Fig» 3 — Les variations des teneurs de silioe en solution (I) et le duroisssnent des coulis 
de laitier B (II), sans ajout (a) et avec ajout de 0,3% CaO (b), et de 3% CaO (o).

cent A durcir lorsque la teneur de silice en 
solution baisse aprds avoir atteint sa valeur 
maxlmaLe. Le durcissement le plus intense 
subserve dans le cas du laitier B du type 
wollastonitique, ayant donnä de la tobermori- 
te dans ces conditions. Au cours d’un traite- 
ment hydrothermal de 48 h ä 250°G ce sont 
Sgalement les laitiers wollastonitiques qui 
donnent les resistances mdcaniques les plus 
Slevees (10,11). .

L1 addition de CaO aux laitiers a pour effet 
(fig.3) d*  äbaisser les teneurs maximales de 
SIO- en solution, ainsi que les temperatures 
auxquelles elles sont atteintes. Jih meme 
temps le passage de la silice en solution 
est sensiblement intensifi6 aux basses tem
peratures. Ainsi la chaux accSldre aussl 
bien le passage de la silice en solution que 
sa recombinaison en hydrosilicates de calci
um. Gela a pour effet d’evancer le däbut du 
durcissement, ainsi que le montre la fig.3, 
cependant le gain de resistance m6canique 
initiale qui en rAsulte diminue lorsque la 
quantity de CaO ajoutSe dSpasse un certain 
optimum, en I1occurrence 0,3-0,8%.

Cela se rSpercute 6galement sur 1* allure des 
courbes de resistance eiectrique des coulis 
(fig.4). Dans le cas du laitier B sans ajout 
la baisse initiale de resistance, due d 1*6-  
chauffement et au passage en solution des 
oonstituants du laitier, se ralentit entre 
150 et 170°0, ce qui correspond au maximum 
de la fig.2, ainsi qu’au d6but du passage en 
solution acc616r6 de la silice (fig.1). L’ac- 
croissement ultdrieur de la resistance Alec— 
trique correspond & la baisse de teneur de 
silice en solution, SLinsi qu’au d6but du dur
cissement du coulis. ' "

Ih presence d*ajout  de CaO la resistance 
eiectrique initiale du coulis se trouve con- 
8id6rablement r6duite, mais eile augmente 
brusquement avant que la temperature ait at
teint 100°C. L’intensite de cet accroisse- 
ment croft avec la quantite de CaO ajout6e, 
mais diminue lorsqu* eile d6passe 0,3-0,8%, 
c'est ä dire la quantite qui s'est r6v616e 
optimale pour I'intensification du durcisse
ment initial.

Fig.4 - Les variations de resistance eiect
rique du coulis de laitier B sans ajout (a), 
et avec ajout de 0,3% CaO (b), et 3% CaO (c)



Il est Interessant de oonstater que cet ac- 
crolssement de resistance 61ectrique ramene 
sa valeur ä celle du ooulis sans ajout, et 
oompense sa chute initiale due ä la chaux*  
Sh outre cet accroissement de resistance 
correspond ä. 1’apparition de produits d’hy- 
dratation et ä un 6pairissement du coulis.

Etant donne .que 1’intensification par CaO 
du passage de la silice en solution aux bas
ses temperatures est beaucoup plus faible 
que 1* accroissement de resistance Slectrique 
mentionnd, I1on est amend ä admettre que les 
reactions topochimiques jouent un role int- 
portant ä ce stade avance.

L'on a dgalement dtudid le comportement des 
laitiers rdels de haut-fourneau dans les . 
memes conditions de traitement hydrothermal, 
et obtenu des resultats analogues, quant aux 
variations de teneur en silice en solution 
et au durcissement des coulis. Les laitiers 
de haut-fourneau se rapportant au type mdli- 
litique de notre classification, des ajouts 
de sable siliceux permettent d'obtenir des 
melanges correspondent ä des valeurs moins 
dlevdes du rapport 0aO:Si02 et Equivalents 
aux laitiers du type wollaStonitique. De 
tels mdlanges sont utilisds avec suocds 
dans les puits de forage profonds (4).

CONCLUSIONS

Au cours de l,hydratation,en milieu hydro
thermal A tempdratpre et pression progressi- 
vement croissantes, des laitiers granules 
moulus, la teneur de silice en solution 
crolt differemment seien leur composition 
et le degre de condensation des tetraddres 
siliciques dans leur structure.

Il exists un lien entre les premiers maxima 
de teneur de silice en solution, les variar- 
tions de rdsistance dlectrique des coulis 
au cours de leur dchauffement hydrothermal, 
!•apparition des produits d’hydratation et 
le ddbut du durcissement des coulis.

Des ajouts de CaO en certaines proportions 
abaissent considdrablement les tempdratures 
auxquelles la silice en solution atteint les 
teneurs^maximales, ainsi que ces teneurs 
elles-memes, et acodldrent le durcissement 
des coulis. Les reactions topochimiques 
semblent jouer un role important au premier 
stade de I1action du CaO.

Les resultats de ces recherches peuvent con
tribuer A 1* utilisation rationnelle des di
vers laitiers mdtallurgiques dans la fabri
cation des ciments destinds A durcir en mi
lieu hydrothermal, en particulier dans les 
puits de forage profonds.
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Composition, Morphology, Hydration and Bond 
Characteristics of some Granulated Slags

Composition, Morphologie, Hydratation et Proprietes adhesives 
' de quelques laitiers granules

H. ROPER, Senior Lecturer, Department of Civil Engineering, The University of Sydney, Australia.

RESUME : La technologie de la fabrication du ciment däpend du mode de production du laitier. 
Une dtude de la morphologic d'une sSrie de laitiers granules a 6t6 faite afin d'6tudier I'in- 
fluence de leur composition et de leur mode de trempage. Il est sugg6r6 gue certains laitiers 
ont tendance ä presenter les caractäristiques des liquides de Stuart, c'est ä dire une gran
de facility de formation de particules aciculaires ou en forme d'aiguilles.

Certains rSsultats d'essais de compression et de traction et des observations au microscope 
Slectronique suggbrent que l'adh6rence entre la surface des particules de laitier et les pro- 
duits de 1'hydratation du ciment de Portland est infärieure ä celle du sable quartzeux. Ceci 
mbne ä la suggestion que le?-surfaces de certains laitiers tendent ä 6tre de carqctbre hydro
phobe.

SUMMARY : Different methods of producing granulated slags are influencing the technology of cement binder product
ion. A study has been made of the morphology of a series of granulated slags in order to study the influence of 
composition and quench methods used in their production. It is suggested that certain of .the slags tend to show 
the characteristic of Stuart liquids, viz great ease of acicular or needle-like particle formation.

Some data on compressive and tensile testing combined with electron microscopy suggest that the bonel between a 
slag particle surface and portland cement hydration products is lower than that for quartz sand. This has led to 
the suggestion that the surfaces of certain slags tend to be hydrophobic in character.



INTRODUCTION
In Australia, research interest in slags for use in 
hydraulic cements dates back to 1966, when production 
of blended cements consisting of an interground 
mixture of granulated slag and portland cement clinker 
commenced. The developmental work was described by 
Ryan (1), who, for the locally produced slag, noted 
in particular, the retardation of initial set when 
concrete was catst at low ambient temperatures, and its 
high susceptibility to the adverse effects of improper 
curing. Since then such blended cements have been 
produced from Port Kembla slags in New South Wales 
where up to 100,000 tonne of granulate is used 
annually, and, more recently, from Kwinana in Western 
Australia, where a blended cement containing 30% 
ground granulated slag is being produced by two 
companies leading to the use of 50,000 tonne per annum 
of granulate.

METHODS OF GRANULATION
In the past slag cements were exclusively produced 
from high-glass, water quenched granulates. One of 
the more interesting recent developments in granulated 
slag technology has been the introduction in several 
countries of a variety of quenching processes. Kister 
et al (2) have described a new system for the product
ion of granulated blast furnace slag with a high con
tent of glass and-a low content of residual moisture. 
Special attention was paid to the spray box design in 
order to break up the slag stream at high flow rates, 
and to guarantee an effective contact between water 
and fluid slag and hence the production of a high 
glass content in the product.

Margesson et al (3) patented a process for air pellet
izing of slag. Cotsworth (4) describes the use of 
such pelletized slag in concrete masonry units and 
notes that the structure of such pelletized slag is 
primarily a glass, and that if ground to a size finer 
than 75 pm the resulting product is cementitious, 
hydrating in a manner similar to portland cement.

Alderete et al (5) have patented a portland blast
furnace slag cement containing up to 25% air-cooled 
blast-furnace slag. Unlike granulated slag, the air
cooled slag is generally more than 50% crystalline, 
representing a marked departure from usual practice 
where only glassy slags are used. A typical cement 
composition containing 10% air-cooled slag and 5% 
gypsum developed conpressive strengths of 7.85, 21.2, 
25.9 and 36.7 MPa as compared to 7.6, 20.2, 24.0 and 
34.0 MPa, respectively, for a normal Type I portland 
cement.

Although not strictly a slag cement, the production in 
Japan of granulated slag sand for use as fine aggreg
ate is of considerable interest. Recent work has 
been described by Fujimoto (6). The slag sand is 
formed in a similar manner to granulated slag, but 
cooling water is under a higher pressure than convent
ionally employed. Slag sand production is being 
studied in Australia? Ryan et al (7) have disucssed 
the use of such a material in a test road pavement.

MATERIALS
In order to study how the composition and preparation 
methods influence the morphology of granulates, eight 

slags were selected for study. Two were produced by 
Australian Iron and Steel at Port Kembla, Australia, 
the first being a low MgO product, and the second a 
slag having a somewhat higher percentage of MgO. Both 
of these products were quenched using sea water. A 
South African slag produced by I.S.C.O.R. was water 
quenched as were three European slags from Hoogovens, 
Ymuiden Plant, Holland; Voest A.G., Linz, Austria;
and Hoesch-Westfalenhutte, Dortmund, Germany. Special 
slags included in the study were a Canadian slag pro
duced by air quenching and a Japanese slag sand.

CHEMICAL COMPOSITION
The chemical composition of quenched slags can vary in 
at least three ways, first, bulk differences due to 
changes in the composition of the tapped slag secondly, 
differences between individual particles developed as 
the quenching occurs, and thirdly by the development 
of different silicate phases within the glass. In 
order to assess the bulk variations over a period of 
six months (January to June 1978) , twenty-four samples 
taken from approximately 12,000 tonne of granulated 
slag from Port Kembla were analysed by usual silicate 
analysis techniques. The averages of the analyses 
together with the ranges, standard deviations and co
efficients of variation of the data are given in Table
I.

TABLE I
Uniformity of Composition of Granulated Slag 

January - June 1978

Ave Range Standard 
Deviation

Coefficient
of Variation

SiO2 35.3 34.3 - 36.3 0.55 1.56
CaO 40.3 39.4 -41.4 0.66 1.64
A12°3 17.6 17.2 -18.4 0.26 1.48
MgO . 3.2 2.9 - 3.7 0.21 6.57
S 0.60 0.54 - 0.66 0.03 5.00
FeAO, 0.36 0.32 - 0.43 0.03 8.332 3
MnO 0.99 0.84 - 1.1 0.07 7.07
Cr2O3 0.005 0.0Ö3- 0.007 0.001 20.00
TiO2 0.98 0.47 - 2.1 0.56 57.14
Na20 0.37 0.24 - 0.50 0.07 18.92
k2o 0.43 0.1 - 0.7 0.09 20.93

It is concluded from the data that in a steel works 
subject to strict quality control, variations over a 
considerable period of time in the bulk composition of 
granulated slag, may be held within limits accepted by 
cement producers. The coefficients of variation of 
si02' Ca0 an^ a^2°3' are below 2.0%. The value 
rises to 6.57% for MgO and to about 20% for the minor 
elements such as NaO and K2O. Even higher variations 
are noted for trace elements. As yet it has not been 
fully established how such variations, particularly 
those of NaO and K20 influence the rate of hydration 
of the ground granulated products, but judging from 
high-alkali portland cement clinkers such influences 
are probably significant.
Grains of granulated slag produced from the Port Kembla 



plant were mounted in resin and the chemical composit
ion of a series of grains was determined, this time 
using an electron probe. Care was taken to vary the 
position of the scanned area within any single grain 
so that any possible zonal variation was taken into 
account. Obvious crystalline materials were avoided 
in the scans, particularly metallic inclusions but 
no attempt was made to limit scans to any areas of 
possible heterogenity within the glass itself. This 
procedure was also conducted on all the other slags 
discussed above, however in the case of the Japanese 
material, crystalline material could not be avoided. 
The data obtained for all the slags are presented in 
Table II.

It must be concluded, since the samples are all from 
stockpiles and not specifically selected materials, 
that certain processes lead to glass particles which 
vary in composition to a greater degree than results 
from others. It may be concluded from the Canadian 
slag that air quenching may increase the variability 
from grain to grain, perhaps due to incipient cryst
allization. The heterogenity of the slag glasses in 
the micro-range by separation of liquid phases has 
been described by Schroder (8). It is possible that 
such development of different solid glass phases is 
reduced in the slags having low coefficients of 
variation.

TABLE II

MEAN COMPOSITION AND COEFFICIENT OF VARIATION FOR PARTICLES OF GRANULATED SLAG

Australian Australian
(high MgO) German Austrian South 

African Dutch Japanese Canadian

Mean c.v. Mean C.V. Mean C.V. Mean C.V. Mean C.V. Mean C.V. Mean C.V. Mean C.V.

SiO2 35.83 0.92 34.21 1.05 33.95 0.59 35.74 1.71 34.18 3.45 31.47 4.35 31.23 1.67 35.63 3.65
CaO 41.05 0.51 40.11 1.15 35.85 0.84 33.89 0.65 39.40 5.13 36.84 3.23 37.36 2.86 3'8.76 2.37
ai2o3 16.19 1.42 16.87 2.61 13.06 1.38 10.66 2.15 10. 35 3.78 16.01 7.37 16.24 8.19 7.76 5.15
MgO 2.65 4.91 5.27 2.66 12.26 1.71 11.56 3.36 11.62 5.65 10.08 4.17 8.46 11.58 11.52 6.51
s°3 1.52 4.60 1.53 5.23 2.59 5.02 2.77 6.14 2.09 5.26 2.36 3.39 3.03 19.14 4.36 11.01
FeO - - . 0.07 28.57 - - - - - - - - 0.05 40.00 0.11 36.36
MnO 1.33 12.03 0.87 10.34 0.55 12.73 2.76 11.96 1.26 25.40 0.47 21.28 0.65 23.07 0.60 34.62
Cr2O3 - - - - - - - - - - - - 0.01 - 0.01 -
TiO2 - - - - 0.55 9.09 0.43 11.63 0.39 12.82 1.08 9.26 1.95 13.33 0.27 29.63
Na2O - - 0.17 35.29 0.57 8.77 0.47 8.51 0.25 26.09 0.90 35.56 0.64 31.25 0.27 36.11
k20 1.43 11.19 0.92 16.30 0.62 6.45 1.70 14.71 0.50 36.00 0.77 18.18 0.47 14.89 0.43 39.53

Consider firstly the results for the grains of Aust
raliern low MgO slag. Although from Port Kembla, they 
are not strictly of the set used to assess the bulk 
variability of slag o'ver the six month period, since 
they are a more recent product and certain of the 
mean values lie outside the ranges already given for 
slags from that plant. Nevertheles-s, the coefficient 
of variation of all the oxides except MnO are lower 
for the different grains than for changes in the bulk 
product over the six month period. These results 
indicate that a very uniform glass is being produced 
during granulation at this plant.

Comparable coefficients of variation to those of this 
Australian slag are noted for the high MgO Australian 
slag, the German and Austrian products. In all of the 
other slags at least three coefficients of variation 
are greater than twice the highest of the above four 
materials for the compounds in question. For example, 
the Japanese coefficients of variation are relatively 
high for CaO, A12O3, MgO and S03. The explanation for 
this is that the Japanese material is in fact crystall
ine and it would be anticipated that specific points 
on different grains would have different compositions 
(figure 1). This does not explain the high values of 
coefficient of variation for the other materials, in 
particular for the CaO and Si02 of the South African 
and Canadian slags.

Figure 1 Japanese Slag showing Crystalline Nature 
(Polished Section)

MORPHOLOGY
Stereo-mi^rnscopic examination of the slags indicated 
significant differences in their morphology. Rather 
than describing in detail each slag the important



Figure 2 Straight and Bent Acicular Particles - 
Australian Slag

similarities and differences will be discussed. The 
first important difference between certain of the 
slags and others is the tendency to form acicular 
particles. The South African product is a dark buff 
coloured slag with marked vesicular characteristics. 
Needle-like particles can be seen macroscopically, 
and under the microscope it is noted that the finer 
fractions are almost all made up of either straight 
or bent acicular particles. The Australian materials 
(figure 2) show a smaller proportion of acicular 
particles, the quantity being less in the high MgO 
Australian slag. The Dutch slag is greyish-buff and 
is formed of equant grains with relatively few 
acicular particles, but a fair proportion of material 
smaller than 330 pm is present. The granulated slag 
from Austria is dense and either black or brown in 
colour. The finer fraction appears to be maae up of 
an abundance of shards. A few very long (>20mm) fine 
individual fibres are present, but there is no 
significant amount of needle-like particles in the 
finer fractions. Acicular particles are absent from 
the Japanese and Canadian slag (figure 3).

Figure 3 Air Quenched Canadian Slag (Polished Section)

There are two possible explanations of the tendency of 
certain slags to form such acicular particles. The 
first is that they are formed by the purely mechanical 

process of high-speed attenuation of steam jets, 
converging at a small included angle upon the stream 
of molten glass. This process may not be smooth, 
such as to form long uniform fibres of the type devel
oped in fibre glass manufacture, but the melt may be 
drawn out turbulently in many directions to produce 
short, fine often bent fibres, together with some 
small glass particles or shot.

The other possibility is that the glasses which form 
such acicular products are Stuart liquids, consisting 
of elongated polymer chains. Schroder (8) suggests 
that slag melts rich .in basic oxides cannot be blown 
into fibres without increasing their proportion of 
Stuart liquid by the addition to the melt of fine 

quartz sand, and this would suggest that the melts 
should be considered Frenkel liquids. It is tentative
ly suggested that, under conditions such as that 
associated with the formation of granulated slags 
using water-quench spraying techniques, the structural 
elements of the Frenkel liquid are forced into elong
ated chain structures by the mechanism of rapid flow. 
This would explain the development of fibres in 
certain of the slags and not in others, and for the 
fact that experiments done on non-mobile melts would 
indicate that they are*essentially  Frenkel liquids.

ASPECTS OF HYDRATION OF GRANULATE PARTICLES
In order to study some aspects of hydration of slag 
in the presence of cement paste, a series of 25 mm 
cube specimens were cast using unground, low MgO, 
Australian slag mortar, quartz sand mortar and cement 
paste, all having a water-cement ratio of 0.5. Half 
of the specimens were cured over water at 21eC; the 
others were subject to a continuous moist curing 
regime at 80°C from six hours after casting. The 
cubes were tested at 21c'C in compression at the times 
indicated in figure 4, care being taken to minimise 
the effects of thermal shock by slow cooling of the 
specimens cured at 80°C.

Figure 4 Compressive Strength vs Curing Period

For the normally cured specimens the curves of the 
paste and sand mortar follow one another closely. 
The curve for the slag mortar is almost linear on a 
log-time plot. This mortar appears to continue gain
ing strength at this rate even between 28 and 60 days, 
during which period strength gain of the other two 
materials is increasing at a somewhat lower rate. The. 
strength of the slag mortar is always lower than that 
of the sand mortar up to an age of 60 days. The two 



mortars were designed with the same proportions by 
weight, even though there is a slight difference in 
specific gravity between the fine aggregates; the 
difference in strengths is not however due to this 
fact.

Elevated temperature curing leads to rapid strength 
gain in all the specimens, but increments at later 
ages are low. The sand mortar strengths are again 
higher than the slag mortar values at all ages.

I

Mortar bars (500 x 40.5 x 68.5 mm, 2:1 Agg:cement, 
0.5 W:C) were subjected to flexural four-point load
ing in order to determine the tensile strength 
characteristics of slag and sand mixes. The data 
obtained are summarised in figure 5.

Figure 5 Tensile Strength vs Curing Period
At all ages the slag mortar has a lower strength than 
a comparable sand mortar. The ratio of slag mortar 
strength to sand mortar strength is fairly constant 
(0.7) at all ages between 1 and 28 days. If figures 
4 and 5 are compared it is noted that the linear 
increment of slag-mortar strength with log-time is 
true only for the compressive strength; the rate of 
tensile strength increment with time is always less 
for slag mortar than for sand mortar.

It can be concluded from electron microscopy conducted 
on specimens which had been failed by compressive 
loading, that bonding between the granulated slag and 
the cement is less well developed than bond between 
quartz particles and cement. Failure invariably 
occurred at the aggregate-paste interfaces in slag 
mortars (figure 6a and b), despite the fact that the 
high temperature curing allowed hydration to proceed 
into the slag particles as evidenced by reaction rims 
(figures 7a and b).

Figures 6a and 6b Paste-Aggregate Interface Failure 
(21 °C, Compressive Strength Specimen)

Figures 7a and 7b Reaction Rims and Failure Plane on 
Slag Cured at 80°C

In the case of sand aggregate, cracks through sand 
particles and through the cement matrix were often in 
evidence. The failures at the cement-slag interfaces 
were also manifest by the existence of casts left in 
the paste matrix.

These results suggest the anomaly that although for 
very fine slag particles hydration reactions do occur 
and reaction rims do form under high temperature cur
ing, yet bonding of the cement paste hydrates to the 
slag surfaces appears to be weak. Consideration was 
given to the possibility that granulated slag may be 
somewhat hydrophobic. A study was therefore made of 
the interaction of slag particles with water.

In the presence of air, the contact angles between 
water and the three solids, slag, cement clinker and 
quartz sand were measured by placing a water droplet 
on a clean ground surface of the individual materials 
and measuring the angle by means of an ocular fitted 
with cross hairs in a rotatable microscope barrel.
The higher contact angle (average 50°) for the slag, 
as opposed to that of sand and cement clinker (average 
angle for both being 46°) indicates that the adhesion 
of water to sand and unground clinker is greater than 
the adhesion of water to slag. The particular slag 
therefore shows a reduced affinity for water when 
compared with sand or portland clinker. This factor 
could in part lead to the phenomena noted previously 
in terms of the mechanical strength. The fact that 
granulated slag generally drains rapidly and has been 
used for this purpose in road construction projects 
may also be explained by this lack of affinity between 
its surface and water.

Whether the somewhat hydrophic nature of slag is still 
operative after grinding has not yet been determined, 
but it may possibly explain some of the observed 
differences in properties both between slags, and 
between slag and portland cement behaviour.

CONCLUSIONS ,
Some important granulation techniques have been 
mentioned which will influence products and procedures 
in cement use and manufacture. An attempt has been 
made to assess chemical variability of some slags 
which have been differently treated under conditions 
of practice. The morphology of slags treated in such 
different ways varies significantly. It is believed 
that certain slag melts show a propensity towards 
being Stuart liquids under dynamic water quenching 
and that some may show an hydrophobic tendency which 
should be further studied.
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Research on the Main Mineral Phase and Its 
cementituous Properties of Oxygen Converter 

Slag (O.C.S.)
Etude des principales phases minerales des laitiers de fours ä oxygene 

et de leur activity
WANG YU-JI, Lecturer, Department of Construction Materials Engineering, Tong Ji University 
XIE GONG-XIN, Engineer, Jiang You Cement Research Institute, China. ’

RESUME : Ce rapport döcrit spdcialement certaines notions importantes sur la fabrication de 
ciment en employant les laitiers provenant de fours ä oxyghne. A 1'aide de I'analyse chimi- 
que et thermodiffärentielle, de la technique p6trographique et des essais de diffraction par 
rayons X, on a rdussi ä determiner les compositions chimiques des laitiers, de leurs compo- 
sants minSraux et leurs propridtäs d'hydratation. En outre, on a dlaborä une mdthode thäori- 
que de calcul des principaux elements des laitiers et de leurs propridtds physiques et mdca- 
niques. *

Les äläments principaux de laitiers ä four rotatif ä oxygene sont : le silicate tricalcique, 
le silicate bicalcique et sa solution solide contenant du phosphors, la ferrite bicalcique, 
la phase RO et la chaux libre. En outre, il y exists aussi, en faible quantite, de 1'alumi- 
nate, de 11aluminoferrite, de I'apatite, de la fluorine, du metal ferreux etc... ,

Les qualitds de laitiers des fours ä oxyghne peuvent 6tre ddterminees approximativement par 
les teneurs en silicate tricalcique et chaux libre. D'oCi leur classement en categories pour 
la facilite du contröle et leur utilisation. Les laitiers contenant plus de 40 " de silicate 
tricalcique et moins de 3 % de chaux libre sont souvent utilises pour fabriquer le ciment de 
laitier, en ajoutant une certaine quantite de plätre pendant la mouture. Les laitiers conte
nant 50 ä 55 SS de silicate tricalcique, ont une resistance ä la compression ä 28 jours de 
50 ä 60 N/mm2; pour une teneur en C-S de 46 ä 50 %, une resistance ä la compression egale ä 
40-50 N/mm2; et pour une teneur de 40 ä 46 ", 30 ä 40 N/mm2.

SUI.'MARY: This article describes mainly about some problems in the experimental, works for mak
ing of cement with O.C.S. The chemical composition, mineral component and the properties of 
hydration of the steel slag were investigated by chemical analysis, petrographic technique, 
XRD and OTA. Theoretical calculations for chief minerals were carried out and physico-mechani- 
cal properties of the steel slag cement were tested.

The main minerals of the O.C.S. are tricalcium silicate, dicalcium silicate and its solid so
lution containing phosphorous, dicalcium ferrite, R0-phase, free lime and some amount of alu
minate, aluminoferrite, fluor apatite, fluorspar, metallic iron and etc.

The quality of O.C.S. can be approximately discriminated by the content of tricalcium silicate 
and free lime, so that the slags can be graded accordingly and utilized appropriately. When a 
steel slag has a content of tricalcium silicate>40% and that of free lime <35?, it can be mill
ed together with a definite amount of gypsum to produce qualified steel slag cement. As the 
content of tricalcium silicate amounts to 50-55%» the cement made from it will have a compres
sive strength of 50-60 N/mm2 at 28 days; a content of O3S of 46-50%, a compressive strength 
of 40-50 N/mm2; a content of 40-46%, 30-40 N/mm2.



The Mineral Components and Morphological 
Structure of O.C.S.

As we all know steel slag is the by-product 
of steel making, sometimes it was considered 
as a kind of waste. In fact, it is a cumula
tive product of many kinds of minerals. Dur
ing a certain period of time we collected 
about 30 sample slags from different conver
ters that were producing various kinds of 
steel and investigated them. We found that 
the main minerals presented in those slags 
are tricalcium silicate, dicalcium silicate 
and its solid solution containing phospho
rous, dicalcium ferrite containg some small 
amount of AI2O3, RO-phase (the solid solu
tion of Fe, Mg and Mn, mainly of FeO), free 
lime, solid solution containing Fe and in 
addition, some small amount of fluor apatite, 
fluorspar, metallic iron and etc.

Under the direct lighting of a microscope 
the C3S in the slags appears.to be colorless 
or unevenly and slightly tinted with yellow
green transparent crystals. According to 
morphology they have different forms. In the 
thin section of the sample, they are usually 
observed to be hexagonal in shape (Fig.l),

Fig.l Hexagonal section of C3S 
Direct lighting 100 x

but most of their crystals are columnar,ta
bular or acicular, their grain size are big
ger and they are always encrusted by many 
cladding substances. Usually we can see RO- 
phase that grows along the bands of C3S with 
definite orientation (Fig.2), and sometimes 
we can see also granular CgS and fluor apa
tite co-existing'with C3S in the notch at 
the boundary of C3S crystal.

C3S has a refractive index n = 1.720-1.725, 
low colour interference, it appears to be 
first grade grey to greyish white, parallel 
extinction,, positive elongation.

The phosphorous in O.C.S. mostly dissolves 
into O2S in solid state to form solid solu
tion. Due to the differences in the content 
of phosphorous, alkalinity and metallurgical

Fig.2 RO-phase grown along the bands of 
C3S with definite orientation 
Parallel poloriyed light 250 x

process of various kinds of steel, the con
tents of phosphorous in the solid solution 
of C2S of different slags are different.The 
slags in which the phosphorous is stabilized 
to form fluor apatite contain -C2S.

The solid solution containing phosphorous is 
usually cladded by C3S and appears to be 
round granular, irregularly granular,cnidob- 
lastic or finger like and other forms.Their 
optical property is similar to that describ
ed by Agrell (1) about the metamorphism of 
C2S containing phosphorous. In the slags 
with low alkalinity we found what was des
cribed by Agrell, the clear rhombic crystal 
of C2S which was grown out from the contami
nated type of C2S (Fig.3), its optical pro
perty is the same as CjS. We found: refrac
tive index n = 1.75-1.735, a colour inter-

Direct lighting 250 x

ference of first grade yellow to bright yel
low, inclined extinction, section of paral
lel extinction has negative elongation, +2v 
greater.

O.C.S. are the slags produced with the addi
tion of fluorspar during the metallurgical 
process, but their phosphorous contents are 
not always stabilized to form fluor apatite 



and more often they dissolve into CgS in so
lid state. We carried out petrographic ana
lysis for 22 slag samples picked up during 
the year of 1973 and 1975. The result of the 
analysis shows that only one sample contains 
slender needle shaped fluor apatite. In sam
ples which contain more phosphorous and at 
the same time the phosphorous is not stabi
lized to form fluor apatite, in such case 
even i,f its alkalinity is very high, it can 
not be satura.ted with all the silica it con
tains to form CjS, a part of the silica will 
form the solid solution of C2S containing 
phosphorous.

Usually we can find solid solution of C2F 
containing a small amount of AlgOß in solid 
state in the slags. Under the direct light
ing of a microscope it appears to be reddish 
black, no polychromatic property, and under 
crossed polarized light, to be deep red in 
colour. Its crystals may be columnar, irre
gularly columnar, granular or ball like, ■ 
usually intergrowing with HO-phase and some
times being cladded by C3S. It is character
ized by biaxial crystal, parallel extinction 
with negative elongation and having cracks 
and incomplete cleavages at the base.

The' RO-phases are isotropic homogeneous mass. 
They are opaque and dark or black in colour 
and in myrmekitic, granular, dropwise,stripy, 
hackly or other forms (Fig.2). They are 
usually cladded by C3S, and coexist with the 
solid solution of C2F.

There are two kinds of free lime in the 
slags, the purer one and the solid solution 
(Fig.4). The former is f-CaO and.the latter 
is Ca0+x5i FeO (Otiod-O^). They can be easily 
distinguished in the XRD patterns, f-CaO has 
d=2.41± and F-CaO in solid solution state 
has d = 2.38±.

A Study of the Cementituous Properties 
of O.C.S.

1. Chemical Composition of O.C.S.
From table I, we can see that O.C.S. are al- " 
kalinio slags. They are characterized by its 
high c/s ratio and low aluminium and high 
iron contents.
2. The cementituous Properties of O.C.S. 
We tried to add different amount of gypsum 
to prepare several steel slag cements and 
the physico-mechanical properties of their 
pastes were tested. The results are shown in 
Fig.5. dC.S. is such a material of having 
certain hydraulic property. In case,without 
adding of any additive- so long as it has a 
fineness same as ordinary cement, its 28 
days strength is quite high, although its 
early strength is rather low. The addition

Fig.4 The solid solution of granular f-CaO 
having dark brown fringe & cross cleavage 
Direct lighting 100 x

Table I. Average chemical composition of 
the sample slags of Shanghai Steel Plant 

___________Chemical composition ■__________
year Si02 CaO AlgOß F^Oß FeO F2°5 

1970-1972 12.35 56.80 1.24 6.86 12.69 3.67 
1972-1973 14.30 50.80 1.18 6.54 17.70 1.73 
May 1973 11.29 50.80 1.20 7.23 14.80 3.00

1975 10.50 44.98 2.67 8.93 26.10 1.05

Fig.5 The influence of gypsum content 
to the compressive strength of cement 
prepared with O.C.S.

of gypsum do increase its early strength 
greatly, but it gives little contribution to 
the strength at later days. If the gypsum is 
in excess the strength' will tend to decrease. 
According to the above principle we selected 
85t gypsum content to prepare 64 sets of steel 
slag cement samples with various kinds of 
slag, and their properties were examined.We 
obtained an average 28 days compressive 
strength of 34.9 Tl/mm2 and higher ones reach
ed 50 N/mm2, but the fluctuation'in quality 



appeared, evident, the coefficient of varia
tion was 40^. The results of soundness tests 
also varied, in a wide range. Now we put for
ward several problems and try to discuss 
them in the following sections.

Discussion on Problems for Making 
Cements from O.C.S.

1. Factors affecting the fluctuation on the 
strength of steel slag cement.

As slags are the products which have passed 
through melting at high temperature and then 
cooled down gradually, the course of their 
formation may be regarded as an equilibrium 
process in physical chemistry.

To 64 sets of slag cement samples, basing 
upon their chemical composition, we carried 
out theoretical calculations to the amounts 
of their component minerals. Though such kind 
of calculation could hardly to be strictly 
accurate because of the complexities of the 
states of solid solutions in the slags, yet 
the components of slags can be generally es
timated, thus their cementituous properties 
can be evaluated.

On the basis of primary investigation on the 
structures of main mineral constituents in 
slags, they are divided into two major groups: 
the one is the type of fluor apatite and the 
other, solid solution of CgS containg phos
phorous. The former has p/s<0.1 and the 
latter has p/s>0.1. [2]

From the calculated results, the correlation 
between each content of mineral component in 
slags and the 28 days strength of slag ce
ments were analized by Computer, through pro
gressive regression analysis, we found that 
the correlation between the theoretical con
tent of C3S and the 28 days compressive 
strength was the best one. Thus we took the 
average values of C3S of m samples with 
AC3S = 0-1% and their corresponding 28 days 
compressive strength to make a correlogram 
as" shown in Fig. 6.

From Fig.6 we can see the correlation curve 
starts gently; when C^S content<20%, the 28 
days compressive strength < 10 N/mm^; after 
C3S>20%, the effect of C3S content to the 
compressive strength increases appreciably; 
when C3S>40%, without any exception, all the 
28 days compressive strengths exceed 30l/mm2; 
when C3S>46%, the 28 days compressive 
strength reaches 40 N/mm^; when C3S>50%, the 
28 days compressive strength reaches 50 N/mm^.

Certainly, the factors affecting the strength 
of hardened cement paste are numerous. In 
addition to the C3S content, there are also 
the effect of crystalline structure, the

Fig.6 The correlation of 28 days compres
sive strength of slag cement to its the
oretical content of C3S.

effect of other minerals, as well as the 
degree of weathering of the slags, fineness 
of cement, water cement ratio, and curing 
conditions, etc.

The early strength of slag cements are gen
erally rather low. The 7 days compressive 
strength in comparison with that of 28 days 
is only about 40%; but in later stage, the 
strength increases more quickly, the 90 days 
compressive strength will reach 125-140% of 
28 days compressive strength. This can be 
explained by two main reasons: the lack of 
minerals of aluminates in slag and the C3S 
crystals formed in the melting state are"1 
dense ahd hydrate slowly.

2. Hydration of steel slag cement
We choose two typical samples J3 and J4 for 
analytical study. The chemical constituents 
and mineral components of the samples are 
listed in Table II. ' .

Table II. The Chemical Constituents and 
Mineral Components of Slags Ji and J^

sample Chemical Constituents (%)

CaO SiOj AI2O3 Fe203 FeO P2O5

J3 52.0 12.05 1.33 6.01 13.78 3.04
J4 48.3 7.33 0.82 8.55 19.60 2.39

sample
Mineral Components (%)

c3s C2S C3A C2F f-CaO

J3 46 0 . 1.3 12 3.9
J4 20 11 0.8 16 16.‘0

The slags are milled to the fineness of or
dinary cement, and the products are the pure
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Fig.7-la XRD patterns for J3-0 at differ
ent stages of hydration. Paste composi
tion: slag 100$, water cement ratio 0.2 . 
1-3 days, 2-14 days, 3-28 days.

Fig.7-2a XRD patterns for J3-8 at differ
ent stages of hydration. Paste composi
tion: slag 92$,-gypsum 8$, water cement 
ratio 0.20.1-3 days,2-14 days,3-28 days.

»»HU i6c-> II11 » 11 11 ieo- 11 1

Fig.7-1 b XRD patterns for J^o at differ
ent stages of hydration.
1, 2, 3, same as above.

Fig.7-3 a
DTA curves 
for J3-0 at 
different 
stages of 
hydration
(1) -3 days,
(2) —7 days,
(3) -28 days,
(4) -90 days.

Fig.7-3 b 
DTA curves 
for J4-0 at 
different 
stages of 
hydration.
(1),(2),(3), 
(4), same as 
above.

Fig.7-2b XRD patterns for J4-8 at differ
ent stages of hydration.
1, 2, 3, same as above.

Fig.7-4 a 
DTA curves 
for J3-8 at 
different 
stages of 
hydration
(1) -3 days,
(2) -7 days,
(3) -28 days,
(4) —90 days.

Fig.7-4b 
DTA curves 
for J4-8 at 
different 
stages of 
hydration.
(1),(2),(3), 
(4), same as 
above.

Fig. 7 Patterns of XRD and DTA for slag cements at different stages of hydration.



slag cements labeled by J3-0 and J4-0» when 
with the addition of 8$S gypsum, • by J j-Q and 
J4-8- 1116 results of XRD and DTA investiga
tions at different stage of hydration are 
shown in Fig. 7.

From the analysis to the results of the ex
periment, we •concluded:
(a) solid solution of CgS and solid solution 
of CgF are minerals of poor hydration acti
vity or of very low cementituous property. 
RO-phase, fluor apatite, fluorspar etc. are 
minerals with very poor hydration activity 
or without cementituous property.
(b) minerals containg aluminates and alumino- 
ferrites have good hydrating property, and 
when gypsum is added, their hydration pro
ducts are ettringite.
(o) C3S in slags provide good cementituous 
property, they are the main minerals for the 
hardened cement paste to gain strength. With 
slags of high lime content (J4-o and J4-8), 
their hydration products are mainly C2SH, 
When their lime content are relatively low 
(J3-O and 13-8), the main hydration products 
are C-S-H. In the absence of gypsum the hy
dration process begins to be evident after 
14 days. In the presence of gypsum, the hy
dration process is greatly accelerated.
(d) Free lime, especially their solid solu
tions, hydrates slowly, its hydration pro
ducts are Ca(0H)2.
(e) By adding with gypsum, it changes the 
hydrates from aluminates and aluminoferrites 
into needlelike polyhydro-complex of poly
sulfo-aluminates, more over, it accelerates 
the hydration of C3S at the early stage, in
creases the early strength, but has no dis
tinct effect on the setting time and the 
soundness of the cements. {3]

3. Factors affecting the volumetric sound
ness of slag cements

Excessive free lime, especially in presence 
of solid solution with small amount of FeO, 
is the primary cause of volumtric unsound
ness of steel slag cement. V/hen free lime 
content is above 4%, all samples fail to 
meet the general requirements; when the con
tents are above 3^, most of the samples are 
disqualified, the free lime in the remainder 
qualified samples'(such as J3) was deter
mined to be in relatively pure state. Thus 
we can see, for the cause of unsoundness in 
slag cements, both the content and the state 
of free lime have to be concerned.

CONCLUSIONS
O.C.S. is a kind of material with certain 
cementituous property. Its hydralic activity 
depends primarily upon the C3S content. Al

though the minerals of aluminates and alumi
noferrites are of high hydraulic activity, 
yet their contents in O.C.S. are too low, 
and the rest minerals are considered to be 
less active.

In the slags, the presence of excessive free 
lime, especially in the presence of its so
lid solutions with rather slow hydraulic ac
tivity, is the main cause of unsoundness.
They could be milled directly into slag ce
ments only when their free lime contents 
lie below 30.

The slags with theoretical amount of C3S 
above 400 and free lime below 30, by blend
ing with 5-80 of gypsum, can be milled to 
obtain slag cement. These cements have qua
lified soundness and normal setting time 
although early strength are rather low, but 
increases more rapidly in the later stage, 
they are also fairly abrasion proof and im- 
permeabiable.
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Effect of MgO in steel slag on soundness of cement

Influence du MgO contenu dans les laitiers sur la stabilite du ciment

Luo SHOUSUN, Engineer, Cement Research Institute, Chine Populaire.

RESUME : Des etudes ont 6t6 faites sur l'influence de la forme et de la teneur en MgO sur 
la stability ä long terme des ciments de laitier. En gänöral, les MgO se präsentant en 6tat 
de combinaison chimique dans les monticellites etc. n'exercent pas d'influence sur la stabi
lity du ciment. Mais quand les MgO sont libres, c'est ä dire en forme de pSriclase, le ciment 
sera instable. La stability du ciment dypend du rapport MgO/FeO+MnO lorsque les MgO sont en 
solution solide dans la phase RO. Le ciment est stable quand ce rapport est < 1 et le ciment 
est instable quand ce rapport est 1.

On peut obtenir la stability ä long terme du ciment de gypse et de laitier, c'est ä dire la 
pryvention de 1'hydratation du pdriclase dans le ciment, en prenant une des trois mesures ci- 
dessous :
1) Addition d'un peu de seis de magnysium, par exemple MgS0Z1.7H20;
2) Addition convenable de laitier expansd ou de matiäres siliceuses telles que des cendres 

volantes;
3) Carbonisation du ciment hydraty.

SUMMARY: The relationship between the form and content of MgO in steel slag and the long-term 
soundness of steel slag cement has been studied. When MgO is in the form of combined state, 
e.g. in monticellite, etc. The cement is usually sound. Whereas if MgO is in free state, 
i.e. periclase, the cement is liable to be unsound. In the case of RO phase in which the MgO 
is formed in solid solution, the soundness of the cement depends upon the ratio of MgO/FeO+MnO. 
The cement is sound when the ratio is = 1 , whereas the cement is unsound, when the ratio isr-1.
The long-terme soundness of gypsum-steel slag cement or otherwise the prevention of the hydra
tion of periclase in cement have been successfully achieved by one of the three methods, i.e.:
1) By adding a small amount of. magnesium salt, e.g. MgSO^THpO;
2) By mixing a pertinent amount of granulated blast furnace slag or siliceous material such as 
fly ash;
5) By carbonization of the hydrated cement products. ,
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INTRODUCTION

In recent years, the use of steel slag to make 

cement has aroused Interest because of the nuisance 

created by the volume of the stock-pile and also In 

view of energy economy. Up to this date, there has 

been no report outside this country about the pro

duction of steel slag cement. Since the early years 

of the seventies, China has achieved In utilizing 

steel slag to produce gypsum steel slag cement and 

carbonized steel slag products with satisfactory 

result In the construction work (1,2).

.. THE PHYSICOCHEMICAL STATE OF MgO

Steel slag of different varieties have been Inves

tigated, e.g., the early slag, the refining slag

# and the tapping slag from open hearth furnace, 

the oxidizing slag and the reducing slag from 

electric arc furnace and the Thomas slag from 

converter. The chemical compositions, ratios of 

Ca0/S102 and of MgO/FeO^MnO of the slags Investi

gated are as shown In table I. The minerals of 

the slags have been Identified by means of XRD 

(fig. 1) and optical microscope (fig. 2)

Table I Chemical Compositions of Steel Slags (%)

No.
Types of 
Furnace

Kinds of 
slags S102 A12O3 FegOj CaO FeO MnO MgO

CaO 
S10

MgO 
FeO4MnO

1 Open Early 12.14- 4.35 5.38 50.46 9.33 4.52 6.56 4.16
- 1

0.47

2
Hearth

Refining 9.48 4,11 21.18 33.54 10.35 3.11 14.77 3.53 1.10

3 •1 Tapping 13.65 4.88 7.44 39.94 11.12 0.62 14.65 2.92 1.25

U
Electric 
arc Oxidizing 25.89 4.00 1.36 28.52 15.68 3.44 18.34 1.10 0.95

5

furnace

Reducing 19.68 13.05 1.04 47.64 - 1.84 14.97 2.42 8.13

6 Converter Thomas(5) 17.68 2.70 4.75 48.25 12.97 1.46 9.08 2.70 0.63

-In the steel refining process, the use of dolomite 

. ' as flux and the corrosion of magnesia refractory

lining often result In the slag to contain MgO 

exceeding the Unit of 6% nomally set on portland 

cement. Question therefore arises, what about the 

long term soundness of cement and Its products 

that are made from steel slag? J.J.Baery (j) and 

R. Kondo (4t) have recently reported about the undue 

expansion that might arise fro*  MgO in steel slag. 

With the view to utilize steel slag with benefit 

in the making of cement, we have made investiga

tions on the plqfsicochemical states and the rela

tive quantities off MgO in the steel slags in rela- 

, tion to the long term soundness cement.

MgO in steel slag of basic furnace exists in three 

states, l.e., chemically combined state, uncombined 

or free state and solid solution. As it can be 

seen from fig. 1 and 2, the chemically combined form 

monticellite is found in the oxidizing slag from 

the electric arc furnace, the free form periclase 

is found in the reducing slag also from electric 

arc furnace and MgO in solid solution form or the 

HO"phase, as named by Mason (6), is found in all 

slags except the rrduclng slag. 

The HO phase is a solid solution of MgO-FeO-MnO 

series. When the slag has a high content of CaO, 

e.g., CaO- 52.3056, the BO phase nay also contain a 

small portion of CaO in the solid solution. This

I



Fig. 1. XRD Diagrams of Open Hearth And Electric 
Arc Furnace Slags

A. Alite (1.1*3?,  l.?8, 1.927 , 2.336 X)

Bi Bellte (1.61, 1.88, 2.29 A)

Ci RO phase ( 2.116-2.166 X)

Di Merwinite ( 2,66, 2,84 A)

Ei CaF2 (3.16 X) Fi Periclase (2.106 A)

Gi Monticellite (2.6?, 3.64 X)

Notei The numerical notations In the diagrams 
are Identical with table I '

has been verified with electron probe micro-analysis 

by Beijing Building Materials Institute In the study 

of Thomas slag (?). As the divalent oxides of RO

c d
Fig, 2. Steel Slags Under Optical Microscope

a, RO phase In Thomas slag

Reflected light, 400x

b. Periclase in the reducing slag

Reflected light, 640x

c. Monticellite (white, prismatic) and

Mg-Wustite (black, spherical) in oxidiz

ing slagi Transmitted light 200x

d. Ferrous periclase (brown, spherical) 

in refining slag

Transmitted light, 200x 

phase are all of regular system, their cell dimen

sions, lattice spacings and cationic radii are 

quite approximate (see table II), so that the 

Table II Crystallinic Characteristics of the Divalent Oxides In RO phases (8)

Hames of 
Minerals

Molecular 
formulae

Crystal Systems Cell 
dimensions 

(X)

lattice 
spacings 

(X)

Cationic 
radii 

(X)

Periclase MgO Regular 4.2 2.106 0.78

Wustite FeO W 4.3 2.153 0.83

Manganous 
oxide MnO W 4.35 2,200 i 0.91



cations are interreplaceable to form solid solution. 

When Fe and/or Mn cations of larger radii enter 

into solid solution with periclase crystal, the 

cell dimension and the lattice spacing become 

larger, whereas if Mg cations of smaller radius 

enter into the solid solution with wustite or 

manganous oxide, the cell dimension and the lattice 

spacing become smaller. In other words, the varia

tions in cell dimensions and the lattice spacings 

are related with the compositions of the solid 

solutions.

As it may be seen from table III, the smaller is 

the MgO/FeO+MnO ratio, the larger are the cell 

dimensions and the lattice spacings. When the ratio 

is »1, RO phase is of periclase or ferrous 

periclase type, the cement made from which is un

sound after autoclave treatment. On the contrary, 

when the ratio is «.1, 'the RO phase is of wustite.

Mg-wustite or Mg-Mn-wustlte type, the cement made 

from which is sound after autoclave treatment.

When MgO Is in chemically combined state such as . 

It is in monticellite or in merwinite, it is usually 

nonreactive. So it is not necessary to set limit 

on its content. The MgO in the oxidizing slag 

is either contained in monticellite or in Mg-wustite 

phase so the cement is sound under sutoclave 

treatment, whereas the cement made from the 

reducing slag, because of the high content of 

periclase in the slag, collapses under autoclave 

treatment. Therefore due measures have to be 

taken in the use of reducing slag,

MEASURES TO IMPROVE THE LONG TERM SOUNDNESS OF 

STEEL SLAGS

Investigations have been carried out to improve 

the long term soundness of cement made from the

Table III Characteristics of Steel Slags And Their Properties

Kinds of Slags Reducing Tapping Refining Oxidizing Thomas (5> Early

MgO/FeOtMnO 8.13 1.25 1.10 0.95 0.63 0.47

CaO/SlO2 2.42 2.92 3.53 * 1.10 2.70 4.16

Types of RO phase periclase Fe- Fe- -Mg- • Mg-Mn- '
periclase periclase wustite wustite

Cell dimensions 
of RO phase (Ä) 4.215 4.235 4.254 4.266 - 4.317

Lattice spacings 
of RO phase (X)

2.106 2.116 2.128 2.135 - 2.166

Deepest color deep yellowish brown black red reddish
under microscope yellow brown black
Proper- Steel slag 88 50 30 92 88 30
tlon of gypsum 12 5 5 8 12 5
cement P.C. clinker • 45 65 * — 65
Specific surface 
of cement (cm2/g) 3990 3500 3100 3480 3500 3320

Compressive strengths
26.9 24.3(7) 35.9(N/mm2) 29.5 42.3 2.4 -

7 days
28 days 31.8 45.3 51.1 3.0 44,0(7) 55.0

, . _ pre.(atm.)Autoclave tlme (hrJ 8 
4

20
3

20
. 3

20
3

127 
7

20
3

Result collapsed cracked cracked sound sound sound
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reducing steel slag. The slag that has been studied 
has the following chemical aspects, i.e., CaO/SlOg-

3.3, MgO-iO.6O%, FeO-O.59%, MnO-O.37%. Experiment 

shown that the gypsum steel slag cement made from 

the above reducing slag with slag to gypsum ratio- " 

9218 is unsound.when it is subjected to autoclave 

treatment. But when a pertinent amount of any of

the following ingredients is incorporated with the 

slag, e.g., granulated blast furnace slag, siliceous 

materials or MgSO^«7H2O, the long term soundness of 

the cement is improved as proved by autotoclave 

testings (See table IV). Our experiments further 

shows (See table V) that the reducing slag products 

having 0.2% syrup added as retarder hut with no 

addition of gypsum, if carbonizied prior to auto

clave treatment, could be also sound.

Fig, 3. XRD Diagrams of Reducing Steel Slag And 
Its Hardened Cement Pastes ■

1 Reducing Steel slag
2 Hardened paste of (reducing steel slag

+ gypsum) cement
3 The above paste after autoclave

treatment
4 Reducing steel slag paste after

carbonation autoclave treated
5 Reducing steel slag + 5% MgSO^ 

autoclave treated after carbonation
6 Reducing steel slag + 45% fly ash, 

autoclave treated after carbonization

M Periclase ( 2.10-2.11 1) .
. H Brucite ( 4.77. 2.17, 1.58 Ä)

C Calcium carbonate ( 3*04  Ä)

Table IV Improvement of Soundness of Slag Cement (Reducing Slag + Gypsum) by Additives

Additives
None 3 % MgS04* 30% Diato- 

meceous 
earth

30% Quzrtz 30% Fly 
Ash

4$% Blast 
furnace slag

. Autoclave Testings
pressure 
(atm.) 
Time (hr.)
Result

8
4

Collapsed

8
4

Sound

8 
4

Sound

20 
3

Sound

20 
3

Sound

20 
3 '

Sound

• Adding MgS0^.7H20 calculated to MgSO^

Table V Effect of Carbonization on Soundness of Steel Slag (reducing) products

Autoclave Testings 
(20 atm. x 4 hrs.) Without carbonization

Carbonizing for 24 hrs., 
% Fly ash

o 15 25 35 45 55 65 75

Result collapsed ALL SOUND

The effect of the additives is shown in fig. 3. 1» 

XRD spectra 1 and 2 respectively of the reducing 

slag and its hardened paste, periclase can be 

recognized by its peak at d-2.10-2.11 X. In 

spectrum 3 of the autoclave treated specimen which 

collapsed, the peak of periclase vanished while , 

there appeared Instead peaks of prucite at d-4.77, 

'2.7 and 1,58 X. which fact implies that the collapse 

of the specimen was due to the hydration of 

periclase (MgO) to brucite (Mg(OH)2) which results 

in destructive expansion. Spectrum 4 represents 

carbonized paste after autoclave treatment that 



has remained Intact, There can be seen peak of 
periclase tut none of brucite which Implies that 

carbonation can protect periclase from hydration 

even under autoclave treatment, thereby keep the 

specimen sound, 'The specimen with addition of 

MgSO^/H^O which has also remained Intact after 

autoclave treatment Is shown In spectrum 5» In 

spite of the fact that the height of the peak of 

periclase has appreciably decreased which could 

Imply that at least part of the periclase has 

undergone hydrolysis, yet it does not result In 

undue expansion. The reason thereof might be that 

the formation of some complex salt like 

mMg0«MgS04,nH20 as suggested by Butt(9) accelerated 

the hydration of periclase before the specimen 

was subjected to autoclave testing. The specimen 

that has been Incorporated with fly ash but with

out gypsum and carbonized prior to autoclave 

treatment has also remained Intact. Its XRD 

spectrum 6 Indicates the presence of periclase and 

calcium carbonate. Likewise It Implies that 

periclase has been protected from hydration. Our 

experiment has further verified that the Incorpo

ration of quartz also helps to Improve the sound

ness of steel slag cement, Ve notice that similar 

result has been obtained by Gaze and Smith with 

high magnesia portland cement (10).

CONCLUSION

The long tern soundness of steel slag as assessed 

from results of autoclave testings Is related with 

the form or state of MgO and its content relative 

to other divalent oxides present as RO phase. The 

chemically combined MgO has not but the free MgO or 

periclase has harmful effect. The effect of MgO In 

form of solid solution on soundness Is determined 

by MgO/FeOtMnO ratio. It can be detrimental when 

the ratio exceeds 1 and vice versa. The long term 

soundness of the reducing steel slag can be favor

ably Improved by additive of magnesium sulphate, 

Incorporation of siliceous materials or granulated 

biased furnace slag as well as carbonization 

treatment.
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Cements along the join C4A3S—C2S

Ciments en fonction de I'ensemble C4A3S—C2S

K" IKEUbe,[Japan': °f Sc'ence’ DePartment of Min'ng and Mineral Engineering, Yamaguchi University,

RESUME : Une s6rie de nouveaux ciments, utilisant principalement du laitier de haut-fourneau 
et du plätre comme matifere premiäre, a ätö ätudiöe en fonction de I'ensemble C.A.S —C„S. Deux 
sortes de clinkers ont 6t6 pr6par6s ä 1200 et 1300DC, Les constituants de ces clinkers ont 6t6 
identifies : ce sont principalement C.A.S et ct’-C-S, avec une proportion appreciable de CA et 
une petite quantity de CS. La presence de verres a <5t6 däceläe dans les clinkers fabriquös ä 
1300°. Ces clinkers sont trfes fragiles et se broient trbs facilement. -

Les resistances des pätes hydratöes ä E/C = 0,40 ont 6tä mesurdes sur micro-6prouvettes ä 28 
jours. L'alumine augmente les resistances, surtout aux premiers Sges. Par exemple, pour des 
clinkers fabriques ä 1200QC, les resistances etaient respectivement de 16,1, 27,2, -30,9 
MPa ä un jour, et 34,2, 58,0 et 60,2 MPa ä 28 jours, quand la proportion d'alumine croissait.

Bien que le durcissement des ciments fabriques ä 1300°C soit retarde par la presence du verre, 
de fortes resistances ä la compression ont 6te obtenues ä 3 jours. Cette rapide augmentation 
semble due ä I'action des ions calcium provenant de la dissociation du silicate bicalciqiie; ' 
cesions activent la precipitation de 1'ettringite en solution solide, par suite d'un effet de 
surface entre C^A^S et CzS dans la solution. .

On a observe une baisse de la resistance ä la flexion dans certains de ces ciments;«mais cette 
resistance restait au moins egale ä celle du ciment Portland; il n1en resultait done pas en 
pratique d'inconvenient. Cette baisse de resistance ä la flexion peut 6tre combattue par addi
tion de plätre ou de gypse dans les ciments,' de fagon ä empecher la transformation du trisul
fate en monosulfate.

SUMMARY : A series of newly developed cements called "supersulphated alumina-belite cements" 
has been studied along the join C.A,S - C-S, using blast furnace slag and gypsum as main raw 
materials. Limestone and bauxite are needed in the production, but they are replaced by the 
chemicals of calcium carbonate and alumina in the present experiments. Two series of clinker_ 
were prepared at 1200°C and 1300°C. The main constituent minerals were identified to be C4A,S 
and ot'-C-S, associated with considerable amounts of CA and CS. In the 1300°C series presence 
of glassy phases was noticed. The raw mixtures gave so soft clinkering that no hard grinding 
was required to make cements. .
Hydration strength was examined in pastes with W/C 0.40, using small scale test pieces up to 
28-day age. With increasing alumina content, compressive strength, as well as early strength 
was increased. For several 1200°C series, for instance, the strength of 16.1, 27.2 and 30.9 
MPa at 1-day age increases to 34.2, 58.0 and 60.2 MPa at 28-day age, respectively, when alumi
na content is increased. Although the hardening of 1300°C series was retarded due to the 
"coating effect" of glassy phases present, high compressive strength was also reached in 3-day 
age. This rapid developement of hardening may be attributed to the catalizer action of calcium 
ions derived from the C,S in solutions, i.e., .the calcium ions stimulate the precipitation of 
ettringite solid solutions by the "cooperative effect" between the C^A^S and the CjS.
Some depression of bending strength was observed in several cements, but the strength after 
depression is nearly equal to that of Portland cements. Therefore, there will be no trouble 
in practical use of it. The depression may be improved by admixing gypsum or anhydrite. Since 
the trisulphate—monosulphate conversion estimated to occur in later age would be the cause of 
the depression. ■



INTRODUCTION

Portland cements mainly consist of four prin
cipal clinker minerals, C,S, C-S, C-A and 
C4AF. The latter two minerals are present in 
small amounts and are of minor importance for 
the strength. Therefore, for simplification, 
Portland cements may be regarded to be compo
sed of two principal minerals, C.S and—CjS. 
On the other hand the compound of C^A-S, iden
tical with naturally occurring mineral "haü
yne" in structure (1), is known to be hydrau
lic and its hydration strength was tested by 
Budnikow et al. (2). The compressive strength 
observed is 18.9 MPa at best at 28-day age. 
The resulting strength is not so high as that 
of CgS, which is generally 49 MPa at 28-day _ 
age. Therefore, replacement of C,S with C.A,S 
seems to be disadvantageous in Portland cemen
ts and its application has been limited in 
the field of expansive cements. However, uti
lization of C4A3S replacing CgS in Portland 
cement system4will result in_saving of ener
gies for burning, since C.A-S requires lower 
temperature for its formation.
From this viewpoint "supersulphated alumina- 
belite cements" burnt along the join C4A_S - 
CjS, utilizing blast furnace slag and gypsum 
as main sources of raw materials have been 
investigated in the present study.

EXPERIMENTAL

Raw materials and mineralogical setting 
A water quenched powdered blast furnace slag, 
"Esment" commercially sold by Shin-nittetsu 
Chemicals Co. was used as one of the main so
urces, although both gradually cooled slags 
and low grade clays will also do for the pre
sent purpose. Specifications of the slag are 
given in Table I. Chemicals of JIS first gra
de CaSO4.2H2O, AljO,(a-alumina) and CaCO, 
were used for present investigation in place 
of industrially used "gypsum", "bauxite" and 
"limestone" for the ease of treatment. As the 
measure of mixing the raw materials A/S wt 
ratios, 0.4, 1.0, 2.0 and 3.0 were set ins
tead of the mineral ratio C.A-S/C-S, which 
represents four points of the join C.A-S-C-S, 
because of the complexity of chemical compo
sitions of the slag. Several test burnings 
were performed first at 1200°C for 1 hour on 
the mix 0.4 in order to adjust calculated _ 
compositions to get maximum amount of C.A-S 
with varying CS and C components in smallJ 
amount. Thus, best fitted chemical compositi
ons were determined on the mix 0.4. The other 
mixes were also prepared on the basis of the 
mix 0.4, simply blending the chemicals for 
the formation of C4A-S (Tables II and III). 
Burning of cements4
Prior to the burning of cements the solidus 
of present:system was determined on the mix 
0.4 to be 1268^C. Above this temperature the 
amount of C4A-S begins to decrease abruptly 
by the formation of liquid and CjAS begins to 
appear as a stable phase as well as C-S in a’- 
form. Therefore, cements in the present sys
tem should be burnt below this temperature. 
Thus, the burning was made at 1200°C for 1200 
eC series, using an electric resistance fur
nace and a 20-cc platinum crusible. A 20- 

minute burning is enough for small amount of 
charges and longer one for large amount of 
charges is necessary to avoid unburnt corns 
in the center of the charges. After 30-minute 
burning an intermediate grinding was done, 
followed by 30-minute heating for 1200°C se
ries. Clinkers were also prepared by 30
minute burning at 1300°C without intermediate 
grinding for 1300°C series. Clinkers thus 
prepared were ground softly to serve as ceme
nts with nearly natural fineness, indicating 
that cement powders can be made without hard 
grinding. In the present study, therefore, 
the cements with nearly natural fineness were 
used in order to save grinding energies in 
the practical applications, although the fi
neness is rather coarse as given in Table VH. 
X-ray quantitative analyses 
Burnt clinkers were analized quantitatively 
by X-ray for each clinker mineral, following 
the method described by Viswanathan et al. _ 
(3) with synthetic minerals, C-AS, CA and_CS 
as internal standards. Quantities of C4A,S 
and C2S were recalculated on the basis of the 
chemical compositions represented in Table 
III, taking the ratios of the three clinker 
minerals into account. Small amount of liquid 
phases estimated to be present in 1300°C se
ries was neglected in the calculation owing 
to the difficulty of detection.
Hydration strength of pastes and hydration 
Small scale test pieces of 1 x 1 x 4 cm di
mention were used to examine the hydration 
strength of the cements in the pastes at W/C 
0.40. After-cured in humid air for the first 
day, the test pieces were demoulded and cured 
in water at 20°C. Laboratory scale setting

________________ TABLE I________________ (wt %) 
Si02 AlgOj CaO MgO S03 Fe203 MnO TiOg Total 

32.90 13.45 43.05 6.51 2.37 0.65 0.31 1.02 100.26

Fineness 3950 cm /g, Blaine, S.G. 3.26, Glassy

Chemical and physical specifications of the slag. S 
is expressed as SOj.

Mixing proportions of raw materials in weight. Weights 
after heating are shown in brackets to make total 100.

TABLE ' II
A/S Slag Gypsum Alumi na Ca-carbonate

0.4 80.13 6.12( 4.84) - 26.83(15.03)
1.0 61.16 11.36( 8.98) 11.87 32.13(18.00)
2.0 43.67 16.18(12.79) 22.81 37.02(20.74)
3.0 33.96 18.84(14.90) 28.88 39.72(22.26)

_______________ TABLE III '___________ (wt «)
A/S SiO, Al,0, CaO MgO SO, Fe,0, MnO TiO, 

074 26.3010.7551.435.204.74 0.52 0.250.81 
1.0 20.07 20.07 47.96 3.97 6.73 0.40 0.19 0.61 
2.0 14.33 28.67 44.76 2.83 8.55 0.28 0.13 0.45 
3.0 11.15 33.44 42.98 2.20 9.56 0.22 0.10 0.35

Representative chemical compositions of the raw mixes. 



times were measured by using small scale tes
ting pastes of 10 gram at W/C 0.40 in plastic 
vesseles of 4.5 $ x 1.3 cm dimension with we- 
tty covers at 20°C. This is an alteration of 
the standard method used for Portland cements. 
Hydrates which appeared during curing were 
studied by the X-ray powder diffraction tech
nique.

RESULTS AND DISCUSSION

Clinkers and clinker minerals
An example of X-ray powder pattern of the 
present cements is shown in Fig. 1 and the 
results of designed mineral compositions and 
resulting mineral compositions are given in 
Tables IV, V and VI, respectively. In both 
series the main clinker minerals are C.A,S 
and a'-C-S. The a'-CjS may be stabilized^main- 
ly by the incorporation of S component as 
studied by Sakurai et al. (4), although the 
effect of other impurities cannot be disregar
ded. In 1200°C series generally, considerable 
amount of CA is noticed in addition to the 
two kinds of clinker minerals. Consequently 
small amount of CS component remains and pro
bably some_of this may be incorporated to the 
a’-C-S as S component. Nakamura et al. (5), 
in tneir study of silica-rich expansive ceme
nts, reported that the volatilization of S 
was negligibly small in amount below 1250°C. 
According to Pliego-Cuervo and Glasser (6) , 
one of the ternary stable assemblages in the 
system C-A-S-S is C.A3S, CjS and CA. Accor
dingly, most of the4CA encountered in the pre
sent study may be stable due to the effect of 
impurities other than C, A, S and S, included 
in the slag. Occasionally very small amount 
of Cj-S-S was detected. The metastable forma
tionDor C-AS is suspected, but this was not 
clearly identified in the product. In 1300°C 
series anhydrite is present only in trace be
cause of the formation of liquids in small 
amount that accelerates the clinker formation. 
Formation of gehlenite is trace and also 
CgS-S was not detected due to its dissociati
on into C-S and CS at this temperature (5) . 
Gutt (7) found that the maximum solubility of 
magnesia in a'-C-S is 3.7 wt percent as M-S 
in the join C-S - C-MS-. The join CjS - CHS 
studied by Schlaudt and Roy (8) indicates 
that the maximum solubility of MjS in a'-C2S

I ■ 'I I I I---- 1--- 1----1—I--- 1--- 1----1—1--- 1—L-
20 502 8, CuK-x

Fig. 1. An example of powder X-ray diffraction pa
ttern of the present cement. Mix 1.0 burnt at 1200 C. 
Only characteristic peaks are labelled. The CgS is 
in a'-form, bredigite. 

at 1400°C is about 2.5 wt percent. From these 
studies it is evident that the solubility of 
magnesia is very small, i.e., 1.4-2.1 wt per
cent as MgO. Considering that present raw 
mixes have 2.20—5.20 wt percent of magnesia, 
some of the magnesia should be also dissolved 
in the clinker minerals other than a'-C-S. 
Present clinkers can be easily pulverized be
cause of soft sintering due to considerably 
high vapour pressure of SO, as well as rather 
low temperature burning. This feature is re
markable in saving energies for pulverization 
as well as low temperature required in the 
practical apprications. 
Hydration strength 
Both compressive and bending strengths of the 
present cements are summarized in Figs. 2-5 
for 1200°C and 1300°C series, respectively. 
At first sight compressive strength is incre
asing with increasing A/S ratio for each ce
ment series and markedly high strength is 
attained by the mixes of 2.0 and 3.0. Develo
pment of hydration strength for 1300°C series 
is extremely retarded owing to the probable 
presence of glassy phase which has coating 
effect on clinker minerals. However, the st
rength of this series gradually increases 
with prolonged curing time until it exceeds 
the strength of 1200°C series except for the 
mix 0.4. It is noted that depression of ben
ding strength of some mixes, especially those 
of 1300°C series, occurs at later age. It is

TABLE IV (mole %)
A/S Clinker 

c4A3s
minerals 

c2s
Mineralizers 
CS Others

0.4 17.8 74.2 4.1 3.9
1.0 34.7 58.9 3.2 3.2
2.0 51.5 43.6 2.4 2.5
3.0 61.6 35.0 1.9 1.5

Clinker minerals designed common to both 1200°C 
series and 1300°C series. MgO is included in CaO.
CA.1/3CS is used for a unit molecule of C^A^S.

—
TABLE V (mole %)

A/S Clinker minera1s 
C4A3S C2S CA CS

Mineralizers
CS Others

0.4 17.8 74.2 tr. 1.2 2.9 3.9
1.0 20.1 56.3 13.0 1.7 5.8 3.1
2.0 28.8 40.8 20.0 1.2 7.5 1.7
3.0 38.7 32.8 19.0 0.7 7.4 1.4

Clinker minerals resulted from 1200°C series.

TABLE VI (mole %)
A/S Clinker minerals 

C4A3S C2S CA CS
Mineralizers
CS Others

0.4 17.8 74.2 tr. tr. 4.1 3.9
1.0 25.6 57.3 8.2 tr. 5.8 3.1
2.0 44.1 42.6 6.3 tr. 4.5 2.5
3.0 54.3 34.2 6.1 tr. 3.9 1.5

Clinker minerals resulted from 1300°C series. 
Small amounts of glassy phases are disregarded.



Fig. 2. Compressive strength of the cements in 
hardened paste for- 1200°C series. W/C 0.40.

estimated that the depression may be due to 
the gradual formation of monosulphate hydra
tes as will be mentioned later. Cements of 
mixes 0.4, 1.0 and 3.0 in 1200°C series and 
that of mix 1.0 in 1300°C series have excell
ent characters both in compressive and bend
ing strengths with no or little depression of 
bending strength up to about 28-day curing. 
Generally the present cements have higher 
bending strength than that of Portland cemen
ts because of the formation of ettringite so
lid solutions as generally seen in high sul
phated slag cements. Even after depression 
the bending strength is nearly equal to that 
of Portland cements. Besides the depression 
'would be improved by admixing some gypsum or 
anhydrite in the cements to prevent the tri
sulphate - monosulphate conversion, which pro
bably occurred during the hydration of the 
present cements. The bending strength with no 
depression is nearly twice that of Portland 
cements.

Fig. 4. Bending strength of cements in harden
ed paste for 1200°C series. W/C 0.40.

Fig. 3. Compressive strength of the cements in 
hardened paste for 1300°C series. W/C 0.40.
simple. The hydration process is discussed 
from the observation of X-ray powder diffrac
tion patterns. The hydration of the present 
cements is different in the 1200°C series 
without glassy phase and the 1300°C series 
with glassy phase. In both cases the hydrati
on process is initiated by the hydration of 
C4A.3S to form ettringite solid solutions ac
companied by gibbsite gels, and followed by 
the formation of hypothetical hydrates given 
in the dashed box in Fig. 6. These hydrates 
are estimated to be CgAH32, CAH1(., C.AH.,, 
C-AHg^CjAHg and so on, including all calcium 
aluminate hydrates which exist in the soluti
on. £t seems likely that the hydration of 
C^AjS is accelerated by the action of calcium 
ions derived from the coexisting ct’-C-S as 
will be mentioned in the following section. 
The ettringite solid solution would contain 
more C,AH-_ component that is formed by the ■ 
reaction between portlandite component from 
the hydration of the C-S and the gibbsite gel 
from C.AgS. The CA forms CAH.-, which may be 
also incorporated to the ettringite solid

Fig. 5. Bending strength of cements in harden
ed paste for 1300°C series. W/C 0.40.



solutions in the form of CgAH,- as calcium 
ions increase in solutions in accordance with 
the sluggish hydration of the a'-C-S. At later 
age small amount of monosulphate solid solu
tions appears owing to the reaction between 
the ettringite solid solution and the CgAH,2 
component, when the solid solution limit of2 
the ettringite is reached, since C,AH-- com
ponent cannot survive alone (9). This may 
cause the marked depression of bending stren
gth observed in the cements_possessing mode
rate amount of C-S and C^A^S in 1200°C series,
i.e.,  the trisulphate - monosulphate conver
sion may require more calcium ions. In the 
mix 3.0, for instance, the content of C-S is 
lower and the conversion may not easilyzoccur. 
Since the content of CjS is high, supplying 
abundunt calcium ions in the mix 0.4, the de
pression takes place earlier or the conver
sion effect would be slight because of lower 
content of C4A,S in this mix. Thus, this con
version phenomenon may be marked in the inter
mediate mixes 1.0 and 2.0. The hydrate CAH.- 
is also produced by the hydration of the 
glassy phase present in 1300°C series cements. 
Consequently the depression may occur more 
easily in the cements of this series than in 
the cements of 1200°C series. The depression, 
however, may be improved as mentioned in the 
preceding section. Final hydrates produced 
comprise ettringite solid solution, gibbsite, 
monosulphate hydrate solid solution, CAH1Q 
and C-S-H at 28-day age. Monosulphate hydrate 
solid solution and CAH^q are not always found 
in the cements and their presence depends on 
chemical potentials in solutions as described 
above. At the begining of initial hydration 
CAH.-, C-AH- and monosulphate hydrate appear_ 
metastabfy owing to the presence of CA and CS, 
and then disappear soon, incorporated to ett
ringite solid solution with the progress of 
hydration. Some C.A-S remains unhydrated at 
least up to 7-day age or even more than 28
day age in accordance with the initial conte
nt of this mineral in the cements. Zakharov 
(10) stated that no conversion of CAH-j- to 
CjAH- would occur in his "alumina-belite ce
ment" because of low concentration of calcium 
ions in the solution. The same would be true

Fin. 6. Schematic hydration courses drawn on the 
basis of XRD. Thick lines, main hydration courses. 
Fine lines, subordinate ones. Hydrates outlined by 
dashed lines are considered to be in solutions, but 
not as precipitates. Slight CoASHq was sometimes 
encountered in later age, but not always. 

in the present cements. However, it is consi
dered that a reversible reaction would take 
place for the CAH.- phase in the present ce
ments as illustrated in Fig. 6. This would 
prevent the conversion of the CAH.- into 
C3AHg, forming ettringite solid solutions or 
monosulphate hydrate solid aolutions. Mehta . 
(11) also stated that no conversion was noti
ced in his high alumina cements added with 
C.A-S at 38°C curing.
Setting times
Setting times of the laboratory scale are gi
ven in Table VII. They depend on the content 
of C^A-S in the cements. Initial setting 
times for 1200°C series are quite fast — 
quick setting, but they are not so fast as 
the setting time of regulated set cements 
with no retarders — flash setting. Final 
setting times are also relatively short espe
cially in the mixes 0.4 and 1.0. Initial set
ting times of 1300°C series are generally 
prolonged due to the glass coating effect on 
clinker minerals, and it is extremely retar
ded when the mixing ratio reaches 3.0. Final' 
setting times are also delayed with increasi
ng alumina contents in the cements. The clin
ker mineral C^AgS itself shows not so fast 
hydration. According to Fukuda (12) the ini
tial setting time is 3 hours, and the final 
one is 3 hours and 35 minutes at W/C 0.40 for 
this compound. Judging from the hydration na
ture of C4A-S and CjS, it is quite surprising 
that present cements set so fast, especially 
in 1200°C series and some 1300°C series. The 
mechanism of the faster hardening may be asc
ribed to relatively high initial concentrati
on of calcium ions dissolved from the a'-C-S, 
though the absolute concentration may be low. 
It is considered that ettringite solid solu
tions can be precipitated quickly by this 
catalyzer action of the calcium ions in solu
tions, resulting in the fast setting times. 
The precipitation of ettringite solid solu
tions may accelerate the formation of calcium 
ions from the a'-C-S, as a consequence of 
which, hydration of present cements may pro
ceed in this "cooperative mechanism" between 
the a'-CjS and the C.A-S. Near the terminati
on of this cooperationJlow C/S C-S-H may pre
cipitate. This interpretation is supported by 
Fukuda's observation (12) that 10 percent 
blending of portlandite to C.A-S makes flash 
setting, i.e., 4 minutes and410 minutes for 
initial and final setting times, respective
ly, at W/C 0.45.
Comparison with cements previously reported' 
In 1974 Zakharov (10) reported a new type of 
cement called "alumina-belite cement" which 
has peculiar features of rather high early 
strength, high later strength and high resis
tance to aggressive media. Desired burning 
temperature is no higher than 1250-1300°C and 
the main chemical composition of the new ce
ment is located in the system CjS-CA-C.2A7 
with small amount of C.A-S, i.e., between' 
Portland cement and aluminous cement composi
tions. Some gypsum and other mineralizers 
were added to stabilize belite_as 8-form_and 
excess CS component forms C.A-S and C-S-S. 
Viswanathan et al. (3) also made cements si
milar to that of Zakharov at 1300°C from In
dian raw materials containing "anorthosites"



TABLE VII
Setting times gFineness S.G.

Initial Final cm /g, Blaine
0.4 0 h 17 min 0 h 28 min 2440 3.44
1.0 0 18 0 31 2300 3.34
2.0 0 23 2 12 2290 3.18
3.0 0 27‘ 1 56 2340 3.11

0.4 0 h 19 min 0 h 36 min 2460 3.42
1.0 0 30 3 55 2230 3.35
2.0 1 58 5 28 1900 3.28
3.0 6 23 12 20 1670 3.16

Setting times and relevant specifications of the pre
sent cements. Above for 1200°C series. Below for 1300 
°C series. See the text for the laboratory scale test.

prevailing in India. Their cements are called 
"Porsal cement". The present cements are dif
ferent from thses two kinds of cement, since 
they have more S component and the main com
positional system is located along the join 
C.A-S - C-S. The author wishes to call the 
present cements "supersulphated alumina-belite 
cements"

CONCLUSION

From the present experiments the author has a 
confidence that a series of supersulphated 
alumina-belite cement can be manufactured 
from blast furnace slag and gypsum with addi
tion of bauxite and limestone. He also showed 
that various cements having different streng
th can be produced, by changing mixing pro
portions of alumina and silica along the join 
C.A-S - C-S. If we intend to obtain superior 
cements possessing early strength, clinkers 
should be burnt below the solidus temperature 
of 1268°C in the present cement system. If 
liquid forms, initial hydration of cements is 
retarded more or less, depending on the amount 
of glassy phases generated. Some depression 
of bending strength was noticed in several 
hardened cements in later age of curing. This 
may be caused by the conversion of ettringite 
solid solution into monosulphate hydrate solid 
solution or the trisulphate - monosulphate 
conversion that occurs gradually in the later 
age,_when cements have moderate amount of 
C.A-S and C-S. This phenomenon becomes clear, 
wfiei? glassy phases are present in the cements. 
The depression, however, would be no trouble
some, because bending strength after depres
sion is nearly equal to the strength of Port
land cements. This means that present cements 
have higher bending strength in early age. 
Hardened cements with no depression of bending 
strength give nearly twice the strength of 
Portland cements as generally seen in high 
sulphated slag cements owing to the formation 
of ettringite solid solution, except for alu
mina-poor cements whose strength does not de
velop so high at room temperature in the pre
sent cement system. The depression phenomenon 
of bending strength would be improved by ad
mixing some gypsum or anhydrite in the cemen
ts. It is very important, however, to study 
the effect of ferric component replacing 

alumina in order to use low grade bauxite 
containing considerable amount of ferric 
iron. It is noteworthy that the only one ce
ment ready to be used among the present ceme
nts is the one with 0.4 A/S mixing ratio, 
burnt at 1200°C. This cement requires no bau
xite and has relatively high strength that 
permits demoulding. Further grinding of the 
clinker into finer powder will increase the 
initial strength of this mix; recentjStudy 
shows 12 MPa at 1-day age at 3000 cm /g, and 
steam curing, autoclaving and reinforcement 
with fibre glass will bring practical utili
zation as prefabricated materials. Thus, the 
present cement system is expected to widen 
the utilization of "blast furnace slags", 
"gypsums" of byproduct and low grade "bauxi
tes" with high silica and iron contents, 
which do not deserve exploitation at present. 
Strength characteristics of present cements 
in older ages will be reported elsewhere.
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Etude d'une Pouzzolane non traditionnelle : Laitier de Cuivre
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RESUME
Dans la m^tallurgie du cuivre, on obtientun 
laitier compact, dur, abrasif et b grains 
fins, se composant essentiellement, dans sa 
phase cristallis^e, de fayalite (Fe2SiO4) et 
d'oxydes de fer. 
Differentes methodes d'essai demontrent que 
ce laitier a des proprietes de F>ouzzolane.
La formation de S-C-H fin et mal cristallise, 
b structure alveolaire et "vermicuiee", et 
I'existence possible d'une ferrite de calcium 
hydratee, du type C4FHx, dans sa reaction 
avec 1'hydroxyde de calcium, Ca(0H)2» ant ete 
mises- en evidence par 1'application des 
techniques de D.R.X., A.T.D. et M.E.B.
Les ciments prepares avec ce laitier ont des 
caracteristiques similaires b celles des 
ciments portland et b la pouzzolane, avec des 
avantages sous 1'angle de la maniabilite.
Les courbes.de durcissement indiquent une ce£ 
taine inertie' dans 1'augmentation des-re-' 
sistances au Jeune age, avec b la fin un 
gain trbs considerable,mais elles reagissent 
bien avec une activation aux sulfates alca- 
lins.
Il faut en souligner le comportement face aux 
agents atmospheriques, aux cycles de gel-degel 
et aux reactions alcali-silice.
Dans la protection des charpentes, quand les 
mortiers ne contiennent aucun adjuvant 
chimique, les ciments de laitier se comportent 
plus ou moins comme les superciments portland 

(P-45O) qu’ils depassent en cas de presence de 
CaClg avec des aciers normaux, specialement 
celui fabrique avec 45% de laitier.
Lors des essais de durabilite face b des 
solutions de CaS04 21^0, Mg SO4 et Na2SO4,ils 
donnent des resultats superieurs b ceux qu'on 
obtient avec des portland purs et b la 
pouzzolane. Il faut faire remarquer leur 
grande stabilite face b 1'eau de mer.
C'est pourquoi le laitier de cuivre convient 
trbs bien pour fabriquer des ciments b 
ajouts •. & la pouzzolane ou spjciaux 
resistant aux agents extSrieurs.
L'exp^rience acquise avec les ciments indus
triels et les batons obtenus avec eux 1« 
confirme. .

SUMMARY

The slags obtained in copper metallurgy are 
vitreous, hard, compact, abrasive, of fine 
granulometry and are principally composed of 
fayalite (Fe2SiO4) and iron oxides in their 
crystallized phase.
Different assay methods show that the slags 
possess pozzolanic properties.
The formation of fine, deficiently crysta
llized S-C-H with alveolar and vermiculate 
structure and the possible existence of a 
C4FHX type of hydrated calcium ferrite when 
'reacted with calcium hydroxide, Ca(OH)p, yvas 
shown in X-R.D., D.T.A. and S.E.M. techniques.
Cements prepared with these slags have 
similar characteristics to those of Portland 
and pozzolanic cements with advantages in 
workability, .
The hardening curves show certain inertia in 
the increase in strength over short periods 
but with considerable later advantage, thougt 
the initial strengths improve well due to ' 
activation by alkaline sulphates.
Their behaviour in the presence of, atmospheric 
agents, freezing-thawing cycles, and in 
alKali-silica reactions is noteworthy.
In the protection of reinforcements, when the 
mortars do not contain any chemical additives, 
the behaviour of the slag cements is similar 
to that of Portland super-cements (P-450) and 
is superior to these when CaC12 is present 
with normal steels, especially when 45% slags 
are used in their manufacture.
The durability tests with solutions of MgSC^, 
CaSO4.2H2O, and Na2S04 give results which are 
better than those obtained with pure Portland 
and pozzolanic cements. They are particularly 
stable to sea water. '
Thus, , copper slags' are especially suitable 
for the manufacture of addition and pozzolanic 
cements and those which are resistant to 
external agents.
Experience with industrial cements and 
concrete manufactured with them,supports this 
statement.



I. INTRODUCTION
There has been an increase in the production 
of cements based on active constituents to 
palliate somewhat the high cost of the conti
nuing energy crisis to the cement industry, 
Spanish manufacturers have striven to locate 
traditional additives backed by experience 
and to study other products which had not 
previously been used for this purpose. 
One such product is copper slag which is 
produced in copper metallurgy,
II. PHYSICAL PROPERTIES OF COPPER SLAGS
On removal from the kiln, the slags in their 
fluid state are subjected to brusque water 
cooling, vitrifying in relatively fine and 
compact granulometry.
The shining black slags which are compact and 
irregular in shape have a humidity of less 
than 5% when immersed in water.
The specific weight varies from 3,72 to 3,98,
11.1. Granulometry
Sieve(mm)14,761 2,381 1,191 0,5910,29710,1491 Less 
%Retained I 0,5 I 9,3134,5|32,3 I 18,2 1 3,7 11,5

11.2. Grindability test
The test were carried out using F,C. Bond’s 
method. The work index was 24 Kwh/Tm 
equivalent to a theoretical grindability of 
40 Kwh/Tm. In identical conditions, clinkers 
give a value of 23, pozzolan 32 and blast 
furnace slags 34 Kwh/Tm,
11.3. Resistance to abrasion utilising the Los 

Angeles machine(ASTM-C-535-75 modified)
In view of the high abrasion values of 
vitreous materials, the Los Angeles test was 
used for calculation ; an abrasion coefficient 
of 1% being obtained, compared with 10% for 
clinkers from L^pol kilns, 4% for natural 
pozzolan and 3% for blast furnace slags.These 
products were previously ground to correspond 
with the granulometry of the copper slags.
III. CHEMICAL AND MINERALOGICAL PROPERTIES
111.1. Chemical composition
The chemical composition varies within the 
range which is usual for this type of 
subproducts. The limit values found for each 
element are as follows:
SiO2: 30,7-35,9 A12O3:2,4-3,4 FeO: 49,7-54,0 
Fe2O3: 0,3-3,6 CaO:l,l-2,8 Mn2O3:O,O5-O,10 
SO3: 0,01-0,08 S=: 0,14-0,50 KgO: 0,28-0,64 
Na2O; 0,27-0,83 TiO2: 0,11-0,30 MgO: 1,8-3,1 
Cr2O3: 0,03-0,07 CuO:O,50-1,25 ZnO:l,21-3,87 
C1-<O,O2 Pb:Indicios, IR:2,8-8,9 LI:(+4)-(+7), 
SiO2 soluble (s/Florentin): 12,1-15,9.
111.2. Mineralogical composition
III.2.1. Microscopy
The presence of crystalline structures in the 
form of tubular fayalite needles (Photo no 1) 
was detected in the samples attacked by HF 
using the reflected light technique. This was 
confirmed by electronic transmission microsco 
py (TEM) (Photo ne 2).

Bands of iron oxides which accompany fayalite 
crystals with small inclusions of metallic 
iron spherolites also to be found.

Photo n2 1; Tubular needles of fayalite

Photo n2 2: Partial aspect of the slags(TEM)
111.2.2. X-Ray diffraction
An X-ray tube with molybdenum anticathode 
(X:O,71A) and zirconium filter was used.
And increase in background noise was observed 
between 112 and 192 due to the vitreous state 
and the principal crystallized component, 
fayalite (FegSiO^) of the olivine family.
When the slags were treated in an oxidising 
atmosphere for 1 hour at 8OO2C and allowed to 
cool very slowly to force the crystallization 
of the glass, the formation of hematites 
(Fe2O3) and magnetite (Fe3O4) was observed. 
When the experiment was repeated at 12OO2C, 
crystobalite was observed together with the 
above mentioned components. In both cases the 
vitreous phase decreased with the temperature.
111.2.3. Differential thermic analysis
A domeshaped exothermic band was observed in 
an air atmosphere above 4OO2C, indicating the 
oxidation of the fayalite.
An exothermic peak, attributed to devitrifica 
tion was observed in a nitrogen atmosphere at 
58020 when the sample was mixed with 50% 
chemically unreactive periclase to avoid 
adhesion to the thermocouple.



IV. POZZOLANITY TESTS
Due to its chemical composition, this product 
is considered to belong to the pozzolan family 
rather than to the hydraulic slags obtained 
from blast furnaces. Thus, this possible 
property was tested by various methods.
IV.1.  Ca(OH)2-Copper slag mixtures
IV.1.1.  Accelerated comparative method
A conglomerate of three parts by weight of the 
pozzolan (2O%>45jj) and one part of hydrated 
lime '(>95°X in CafOHjg) was prepared.
This mixture'was used to make a(l :3)mortar with 
standardized Spanish sand and W/C=O,5 in 
4x4x16 cm specimens.
After remaining at 2iec for 48 hours, these 
specimens were placed in a container at 5O2C 
with saturated humidity for 72 hours.
As resistances were not specifically defined 
in the methods, a comparison was made with a 
natural pozzolan of proved characteristics, 
and standard quartz sand was used as inert 
matter. The following values were obtained. 
Copper slags Natural pozzolan Standard sand 
17-58 Kp/cm2 39-116 Kp/cm2 4-10 kp/cm2
IV.1.2. DIN 51.043 "
In this case a minimun of 5OKp/cm2 compression 
after 28 days was required.
Copper slags Natural pozzolan Standard sand 
30-56 Kp/cm2 25-82 Kp/cm2 5-6 Kp/cm2
IV.T.3.  Portuguese Method -
The method consisted in preparing a paste with 
25% Ca(OH)2 and 75% pozzolan which was kept 
•in 4x4x16 cm moulds in a humid chamber for
three days and then in water at 21SC until " 
breakage date, after 7 and 28 days.
For Type I: 10-20 Kp/cm2 was required at 7

' days and 2O-6OKp/cm2 at 28 days. 
For Type II: 10-30 Kp/cm2 was required at 28 

days.
table I

DAYS

Cu SLAG 
H2O-26,/e 
Kp /cm^

POZZO LAN 
H^O -35 

Kp Zcm2

SAND 
H2O- 36e/e 

K p /c m2
7 SOFT 19-62 (100-100) SOFT

28 11-33 ( 50-29 ) 22-112 (100-100) 4-4 (18-4)
60 31-14 2 (107-93) 29-153 (100-100) 5-9 (17-6)
90 35-192 (117-107) 30-179 (lOO-lOO) 741 (23-6)

1 80 37-217 (116-107) 32-202 (100-100) 13-23 (41-11)
270 39-234 (10 8-113) 36-207 (100-T00) 18-33 (50-16)

365 4 2-252 (111-118) 38-214 (100-100) 21-43 (55-20)

Different analytical techniques such as DTA, 
X-Ray diffraction, electronic transmission 
microscopy (TEM) and electronic scanning 
microscopy (SEM) fitted with a dispersive . 
energy spectrometer were used to study the 
different components formed in samples of 
these three types of mixtures (25% Ca(OH)2 
and 75% additives) after a minimun of 28 days. 
In the case of the sand, the mixture remained 
porous and brittle and hydrated lime crystals 
adhering to the quartz grains but without 
forming any type of silicate were observed. 
X-R.D showed a proportion of 23% Ca(OH)2 and 
a certain amount of CaCOj due to partial 
carbonation of the sample.

GTA and X-R.D. Ca(0H)2 determinations showed 
no decrease in the course of time, during a 
period of 300 days.
The natural pozzolan reacted well with the 
lime, and relatively compact and only slightly 
brittle hydrated compounds, identified as 
hydrated calcium silicates, formed after 28 
days. These compounds were fine and deficiently 
crystallized with an alveolar aspect and the 
exact C/S ratio could not be determined. At 
this stage, X-R.D. determination showed 11% 
unreacted Ca(0H)2>
As time passed a better crystallized higher 
S-C-H content was observed and the presence 
of hydrated calcium aluminates (C4AHJ3) and 
hexagonal carbonated calcium aluminate 
crystals (CgA.CaCOs,12H2O) were identified by 
SEM, DTA and X-R.D.
4% of unreacted Ca(0h)2 remained after SOOdays. 
After 28 days the copper, slag samples showed 
a hydrated mixture which appeared to be 
compact and not very brittle but the 
microporosity was greater than that of the 
natural pozzolan. ■ 
Fine poorly crystallized alveolar and 
vermiculate C-S-H (Photos ne 3 and "4) which 
was similar to natural pozzolan was detected 
and there was 13% non combined Ca(OH)2, This 
value agrees with the mechanical resistances 
at the above mentioned age.

-Photo ns 3; C-S-H Deposits.Alveolcr-vermLculate.

Photo n2 4; C-S-H. Texture examined by TEM



However, after 300 days the non combined 
Ca(OH)2 is 4%, which is equal to that of the 
natural pozzolan. The presence of a (C4FHX) 
type hydrated calcium ferrite is also probable. 
This could be interpreted as corresponding to 
the C4AH13, detected after 28 days in the 
pozzolan, and could explain the higher 
resistance of the copper slag mortars after 
a period of 90 days.
IV,2.  Portland cement-Copper slag mixtures 
IV,2.1. English method 
The method consists in keeping a series of 
samples at 1820 for 7 days, another series at 
1820 for 5 days and the other two at 5020. 
The greatest difference between the two 
resistances is used to evaluate the 
pozzolanity of the products studied.

TA BLE 11

MOIST ROOM 
18°C 

Kp/ctn2

WATER BATH 
50°C 

Kp/cm*

DIFFERENCE 
(50°C-186C) 

Kp/cm1
SS.BLAINE - 3500 CfrF/gr

65l,/»CEMENT*35 e/o SLAG 49-193 58-288 9-95
6 5e/eCEME NT*35 e/oPOZ ZOL A N 51-24% 64-371 13-123
6 5 '/«C EM ENT4.3 5°/» SAND 46-230 58-260 12-30

S.S.BLAINE 4500 cnftgr
65e/eCEMEN T*35 e/o SLAG 52-268 64-341 12-73
65*A  CEMEN 1*3  57,P0ZZ0bA N 55-298 72-398 17-100
657» CEMENT*357 aSAND 54-258 58-267 4-9

IV.2.2.  TGL 28 101/03 East Germany 
Cements were manufactured at 3500 and 4500 
cm2/gr in proportions' of 70% pure cement and 
30% copper slags and standardized sand, and 
others with only 30% cement and 70% additives. 
They were compared with pure cements.

TABLE III

DAYS

CEMENT 
PORTLANDfA)

TCT/oCEMENT 
307<,SLAG(B)

7OT.CEMENT 
307oSAND(C)

3 07. CEMENT 
707eSLAG(D)

307.CEMENT
70’/.SAND(E')

Kp/cm2 Kp /c m2 Kp/cm2 Kp/cm2 Kp/cm2
5.S.8LAINE 3500 cm2/gr

7 73-406 52-267 51-272 16-A7 19-70
28 80-450 61 -355 60-312 44-153 25-83

C(B-C):(A-c >3x100 = 31.2 030) [(0-E):(A-EDx100= 19.0 010)
S.S.BLAINE 4500 cmZ/gr

7 75-424 54-297 56-320 16-59 18-70
28 85-501 7 5-399 62-350 43-176 25-102

[<B-C):(A-C)hiio 0 =3 2A 030) ß 0-E ):(A-E)]x100= 18> (>10)

IV.2.3. ASTM 0-618-73

The 9 cements prepared were tested after 7, 
15 and 28 days (Table V).

table v
55.BLAINE 2 500 cmZ/gr 3500 c m2/gr A500cm2/gr

millimoles CaO per litre solution
milli m oles OH"per litre solution

DAYS 7 15 28 7 15 28 7 1 5
757cCEMENT 
257.SLAG

20L(_)
58 '

B9 , > 
567 54F

103h58,7H
^(*' )

58,7^ 1
^-(+) 
555

657oCEMENT 
3 57. SLAG

•B(+)

557. CEMENT
457, SLAG

^♦1

It may be deduced from the assays described 
that copper slags show pozzolanic qualities 
which are appreciable over a short period but 
superior to a good quality natural pozzolan 
over a longer period.
V. PHYSICAL TESTS
V.l.  Setting and rheology
A pure cement of 3500 cm2/gr were taken as a 
standard and -5-10-25-35 and 45% ground copper 
slags at 20% rejection above 45 m were 
substituted. There cements were used for 
setting determinations in an automatic 
penetrometer, and the rheological properties 
of the pastes were measured in CERILH coaxial 
cylinder viscometer (Table VI), Flow tests 
(ASTM 0-109-77) and bleeding (ASTM 0-243-75) 
in mortars (Table VII) were also performed. 
The results were as follows:

TABLE VI

Time of setting CoaxiatCylinder Vscosimeter
7.H^D INITIAL FINAL w/c Dinas/cm1 POISES

PORTLAND CEMENT(P.C) 25 1h05* 2h05' 0,5 142,0 3.3
95,/.(P.O5,/.SLAG 25 IhlO' 2h10* as 13V 3.1
907.(PO+107.SLAG 245 1h iff 2 h2CT as 116,7 2,7
7 5,«PC)+25*/.SLAG 235 1h 30* 2h35* 0,5 96,1 1.9
65,/.(P.C.)t35"/.SLAG 225 1h 40* 3h00’ as 765 1.7
SS'MPOtAS-Z.SLAG 22 1h SO* 3h15' as 71,6 1,2

TABLE vn

MORTAR (1:3) MORTAR (1:2,5)
W/C K FLOW*/« bleedinc w/c FL0W7i BLEEDING

PORTLAND CEMENT(PC) 0,5 27,3 0,7 054 112,8 3,9
gSV.IP, 0+5‘/.SLAG 0.5 34,5 0.7 0,53 110,3 3,2
907.(RO-H07.SLAG as 45,7 1.2 0,52 106,8 3,3
75'/.(P.C)42 51/.SLAG 05 53,4 2,1 051 1065 3,0
eS'/.tP-CWSV.SLAG 05 58j0 2,5 0,51 106J3 5,8
55,/1(P.C.)+45,/.SLAG 60,5 2,7 049 1083 5.2

The specimens were kept at 21® for 1 day and 
at 392 for 27 days. The resistances should be 
above 75% of the standard cement.

TA B LE IV

CEMENT PORTLAND(A) eS'/.CEMENT+iS’/.SLAG ( B )
W/C 0,5 8 0,54

FLOW 7. 1 0 5 105
28 DAYS 56-370 Kp/cm* 44-285 Kp/cm2-

( B: A ) 100 =79-77 (>75-/.)

IV.2.4. N. Fratini
Cements with- a total of 3,0% SO- and Blaine
S.S. of 2500, 3500 and 4500 cm2/gr were 
manufactured with the same clinker and gypsum. 
In each series 25-35 and 45% of this was 
substituted by ground copper slag, rejecting 
20% above 45 m.

There is a substantial increase in plasticity 
with greater slag addition, and less water is 
needed than in pure cements.
V.2.  Hydration heat (ASTM 0-186-78)
The results obtained are shown and it may be 
observed that the presence of 25% slags in the 
cements complies amply with type IV ASTM.

TABLE VW

7 DAVS (cal/gr) 28 DAVS fcal/gr)
CEMENT PORTLAND<RO 75 94
95-/.(P.C) + 5-r. SLAG 7 2 83
90-/.(P,C)+10-/.SLAG 63 73
75-/.(P.O+2 5-/.SLAG 52 64
65-/.(P,C)+35-/.SLAG 47 56
5 5-/.(P,C)+45-/.SLAG 40 48

V.3, Mechanical 
" alkalis in

-esistances, Influence of 
:he first stages.

A conglomerate, o ob/fc.jpjjre ground cement



(3500 cm2/gr), type P-450 and 35% slags with 
rejection of 20% above 45ym was prepared to 
compare the increase in resistances of the 
slag cement as a function of time. The same 
test conditions were, used for the P-45O 
cement and for the cement which contained 35% 
ground quartz sand in substitution, . at 
identical rejection with the slags.
Percentages with respect to the pure cement 
are given in brackets (Table IX)

TA BLE IX

DAYS CEMENT P-450 (P-450:SLAG) (65:35) ( P-450: SAND)(65:35)
3 63-350 41-194 (65-55) 43-221 (68-63)
7 72-417 48-239(67-57) 50-262 (69-63)

28 77-494 61-36 5(79 -74) 52-320 (67-65)
60 82 -524 71-422(87-81) 59-349 (72-67)
90 84 - 535 74-434(88-81) 62-351 (74- 66)
180 85 - 537 76-445(89-83) 64-353(75- 66)
365 87 - 542 78-462(90-85) 65-355(75- 65)
450 87 - 545 79-470(91-86) 65-360(75- 66)

The cement containing sand showed similar 
resistances at all ages to the pure cement 
content (65%), thus demonstrating the inert 
nature of the sand used.
Low values were obtained after,3 and 7 days . 
for the cements prepare«^ with copper slags. 
However the difference from the inert standard 
was evident after 28 days, and values were ' 
closer to- those obtained for pure cement as 
time increased (x90% at 450 days), showing 
its pozzolanic character.
Althougt the low initial resistances may be 
useful in many aspects, higher values are 
required for others, and thus the contribution 
of alkali, in the form of precipitator dust; 
acting as an activator, improving resistances, 
was compared.
The chemical1 composition of the powder whs as 
follows: '
I.L. 11,3% SiO2 15,5% AI2O3 3,9% Fe2O3 2,1% 
CaO 46,0% MgO 2,4% TiO2 0,13% SO3 11,9% 
K2O 5,2% Na2O 0,65% S= traces.
Soluble salts: SO3 5,1% K20 4,6% Na2O 0,44% 
An industrial P-35O with 35% of its weigt 
substituted by sand and copper slags ground 
in the same conditions as above, was used. 
It is assumed that the slag cement (ns 3) 
contains additions of 5 and 10% power (95:5) 
and (90:10), (cements ns 6 and 7) or that for 
the same pure cement content (61,75 and 58,50) 
(cements 4 and 5), the copper slags are 
partially substituted by electrostatic powder 
(Table X), Cement n2 8 and 9 are equivalent 

to n2 6 and 7 but contain standardized sand 
and serve as standard. .
It may be observed that for equal percentages 
of pure cement, ns 6 and 7, containing : 
electrostatic powder, give higher resistances 
in the first 7 days when compared with those 
not containing the powder (4 and 5). The 
increase is 25%, and there was a decrease in 
those which contained sand as a substitution, 
particularly after 3 days (cements 8 and 9). 
All the values were similar after 28 days.
The beneficial effet of alkaline sulphates 
during the first ages of the mortars is 
obvious, and thus this factor will not be a 
problem, even if high percentages of slags 
are used, A lower slag addition and/or a 
greater Blaine S.S. will give PUZ-350 type 
cements, IP of ASTM or similar types. - - 
VI. RESISTANCE TO EXTERNAL AGENTS
VI.1. Protection of reinforcements against 

corrosion ■
Three cements numbered 2, 3 and 4 containing 
increasing quantities of slags(25, 35 and 45/$ 
were used to study the protective capacity by 
means of electrochemical techniques and the 
results were compared with those obtained for 
pure Portland, P-45O(nS 1) and PUZ-35O(nS 5). 
It was necessary to know: a) the response of 
steel on incorporation in a cement without 
additives, and b) the regenerating capacity of 
the passive layer of the said cement when the 
metal was subjected to a corrosion process 
with depasivating ions, in order to carry out 
this study. -
A mortar without additives was used to study 
a) and a mortar with 2% CaCl2 was prepared to 
study b). ' , ;
The progress of corrosion was observed during 
28 days which provided approximate criteria 
on the future behaviour of each steel.
Two types of steel were used for reinforcenerts; 
type N of natural hardness and type F, cold 
twisted, both of 6 mm 0. ,
The following measurements were taken: -
1) The corrosion rate was followed by determi
nation of polarization resistence Rp and - 
later calculation of the weight loss using 
Stern's formula: Icorr-B/Rp and the integrdticn 
of the-Icorr-time curves. - '
2) Gravimetric determination of the weight _■ 
loss.
3) Electrochemical determination of potential 
of pitting by the galvanostatic method. ' 

TABLE X

CEMENT SAND SLAG POWDER 900 4900 IOjOOO SS.B. H,0 INITIAL FINAL 3 DAYS 7 DAYS 28 DAYS 60 DAYS 90 DAYS
1 100 — — 08 4,1 12J0 3670 25 1h OS* 2h 05* 58-301 64-355 74-438 ' 74-493 78-488
2 65 35 —. 1.6 2.6 8.7 4365 26 1h 25‘ 2h 45' 41-190 53-240 57-297 60-315 59-310
3 65 35 06 30 a,5 3380 23- 1h 50' 3h 20’ 42-160 48-220 64-339 73-382 69 -407
4 61,75 38,25 — 0,2 28 <40 3367 22,5 2h 40’ 4h 10* 39-151(100-100) 45-189(100-100) 61-295000-100) 67-355 64 - 396
5 58,50 __ 41,50 02 2.8 10.4 3340 2h 50' 4h 15’ 36-139(100J00) 43-181(100^00) 62-307000-100) 67-349 70 - 386

6 61.7 5 __ 3 3,2 5 5 1JD 44 1QB 3653 23 1h 50’ 3h 2tf 49-188(126-125) 53-231(118-122) 67-311(110-105) 71-354 75- 371
7 58,50 ■ 31,50 10 14 5.4 12,3 3883 24 1h 40* 3h3 0’ 45^182(125-131) 51-223(119-123) 65-302(105-88) 77-350 76 - 344

8 6X75 5 33.25 12 42 11.0 3478 2^5 2h OS' 3h 50' 36-137(92-91 ) 46-198(102-105) 61-30 3 0 00-103) 67-353 71 - 3T6

9 58,50 10 31,50 — 1.5 5A 12.1 3422 23£ 2h 10* 3h 45’ 34-118(94-85) 4M78L98-98) 57-289(92-94) 67-354 66 - 346



The results obtained show the five cements 
tested give similar protection to the two 
types of steel'if the mortar is made without 
additives.
In presence of CaCla the classifications of 
measurements in decreasing order of protection 
are:

* TABLE XI

STEEL TYPE OF MEASUREMENT CLASSIFICATION

N
Weight loss gravimetric 3>4>2>1>5
Weightloss electrochemical 3>42r2>5>1
Breaking polencial 4?1>3>5>2

F
Weight loss gravimetric 1 ? 4750.3^2
Weight loss electrochemical 1>475or3a-2
Breaking potencial 174-5>2^3

In the case of F, cement ns 4 was more 
protective than n2 5 (PUZ-35O) and less than 
nS 1 (P-45O). '
In the case of steel N, the Icorr show better 
behaviour of cements 2, 3 and 4 and indicating 
the favourable response of rupture potentials 
of n2 4, and partially n2 3 against the 
attack of depasivating ions.
VI.2, Aggressive action of calcium, magnesium 

and sodium sulphate solutions and sea 
water

The accelerated Koch-Steinegger method was 
used, which defines that a cement is resistant 
to the action of sulphates when the corrosion 
coefficient or the ratio between the 
resistance to flexure of the samples submerged 
in the potentially.aggressive solutions and 
submerged in filtered tap water is equal to or 
greater than 0,70 at 56 days.
Four types of cement were used, nS 1 or pure 
Portland, n2 2 with 35% copper slags, n2 3 
with 35% silica sand and nS 4 with 35% 
natural pozzolan.
The slag cement showed greatest resistance to 
the three sulphates and was the only one 
which resisted the attack of sea water 
(Table XIl), This property may be attributed 
to the formation of iron oxide gels which 
act as impermeabilizers and resist aggression.

VI.3. Alkali-silica reactivity
An accelerated method consisting in preparing

TABLE XII

COEFFICIENT OF CORROSION

•AGGRESSIVES DAYS CEMENTS
1 2 3 4

CaSO4-2H2O
28 1,19 1,13 1,1 1 1.17
56 1.04 1.31 1,2 4 1,1 6
90 1,09 1,2 8 1,17 1.2 4

NcqSOa
28 ■ 1,2 3 1,10 1.11 ' 1,07
56 1.00 1.24 1,06 1.12
90 0.96 1,17 0,97 1,13

MgS04
28 1.21 1,11 1,06 1,01
56 1.00 1,2 2 1,14 1.22
90 1,08 - 1,23 1.11 1,26

SEA WATER 
(AS.T.M.)

29 0,78 0.87 038 0,61
56 0,50 0,75 0.14* 0,53
90 0,2 7* 0.64. 0,18 Q57

* DESINTEGRATION

a mortar using Pyrex n2 7740,30 to 50 mesh, 
as aggregate was used, and W/C ratio of 0,4 
and aggregate/cement ratio of 0,75, kept at 
4320 for 14 days.and 75 days.
The initial clinker gave a total value of 
K2O=O,88% and Na2O=O,32%, equivalent to 0,89% 
in total Na2O. Soluble K2O and Na2O were 
0,62% and 0,10% respectively.

TABLE XIII

CEMENT •1. EXPANSION
7 DAYS 14 DAYS 75 DAYS ASPECT

PORTLAND CEMENT(PC) 0.12 0.30 0,47 WARPBD
65*/.(RCJ  • 35V- SLAG 0.02 005 0.06 GOOD

eS'/.IPC). 35V. POZZOLAN 0.01 0.02 0,03 GOOD

The mean value of three samples indicates 
good behaviour of the cements containing 
slags and pozzolan and deficient behaviour 
in the pure Portland cement.
VI.4..Behaviour in freezing-thawing cycles 
4x4x16 cm mortar prisms were used for this 
experiment and they were subjected to three 
hour cycle.
The samples began the first cycle after 7 
days in a wet chamber at 212C and 95% R.H.
The values obtained and your aspect show that 
they are exceptionally useful for these 
purposes.

TABLE XIV

CEMENT
7 DAYS 
Kp/cm2

75 CYCLES ■ Ä
Kp/cm2

125 CYCLES A 
Kp/cm2Kp/cm2 u/m Kpfcm2 u/m

P-350(RC) 70-347 77-480 213 7-133 73-517 381 3-170

65*MRC.)t35V.  SLAG 54-211 63-338 344 9-127 59-346 781 5-135

65V.(PC).3SV. POZZ 57-284 71-403 238 14-119 69-409 850 12-125

VI.5. Effect of atmospheric agents in a warm 
climate

Similarly, tests were carried out keeping 
4x4x16 cm prisms for 16 hours in water and 
8 hours in an oven at 4O2C and the characte
ristics were determined after 50 cycles.

TABLE XV

CEMENT 7 DAYS
Kp/cm2

50 CYCLES 
Kp/cm2

• A 
Kp/cm* ASPECT

P-350 (P.C.) 70 - 347 73 - 424 3 - 77 GOOD
65V4PCJ ♦ 35V. SLAG 54 - 211 58 - 297 4 - 68 GOOD
65V.(RO. 35V.POZZOLAN 57 - 284 TO - 410 13 - 126 GOOD

The results obtained confirm the excelent 
qualities of the cement studied. '
vii. Experience industrial

The industrial cements obtained as yet, and 
the concretes made with them, support the 
validity of the stated parameters.

ASLAND RESEARCH AND DEVELOPMENT CENTRE 
VILLALUENGA (TOLEDO) - SPAIN



Pelletized slag cement : autoclave reactivity

Ciment ä base de laitier pelletise : reactivite ä I'autoclave

R.D. HOOTON, Graduate Student, and J.J. EMERY, Associate Professor, Department of Civil Engineering - 
and Engineering Mechanics, McMaster University, Hamilton, Ontario, Canada, L8S 4L7.

RESUME : La pelletisation est un procede qul a ete mis au point recemment pour remplacer la 
granulation des laitiers de hauts fourneaux. Il communique des proprietes hydrauliques laten
tes au laitier de haut fourneau, mais les facteurs physico-chimiques influengant ces proprie
tes n'ont Jamais ete etudies en detail. Des ciments ä base de differents types de laitier pel
letise provenant de plusieurs pays, dont le Canada, ont ete prepares de telle sorte q,ue de 
grandes varietes de compositions chimiques et de degres de vitrification et de finesse de 
broyage soient obtenues. Ces ciments ont ete ajoutes comme Hants dans des pätes autoclavees ä 
haute temperature (185°C). ■

La resistance, la porosite et la composition (sous la forme hydratee) de ces 'Hants-(laitier- 
ciment portland-silice) ont ete determinees dans le but de trouver des relations entre les 
proprietes physico-chimiques des ciments et celles des pates hydratees. La principale phase 
hydratge pour la plupart des Hants de differentes compositions consiste en de la tobermorite 
(11.3 A). Lors de I'analyse quantitative ä l'aide d'un diffractometre ä rayons X, des courbes 
d'etalonnage ont ete construites. "

Ce travail de recherche est particulierement Oriente vers 11 augmentation des resistances et 
l'etude de 11hydratation des produits formes ä partir d'un Systeme ä trois composantes (ciment 
ä base de laitier, ciment portland et poudre de sllice), traite ä I'autoclave.

SUMMARY: Pelletizing, a recently developed processing and product alternative to both foaming 
and granulating, imparts latent hydraulic properties to iron blast furnace slag, but the physi
cal and chemical factors" influencing these properties have not been previously studied in de
tail. Pelletized slag cement from both Canadian and foreign sources, covering a wide range of 
chemical compositions, degrees of vitrification (i.e. glass contents) and fineness of grinding 
have been incorporated as the major binder component in high temperature (185°C) autoclaved 
pastes. The strengths, porosities and hydrated compositions of these s1ag-Portland cement- 
silica binders have been determined, and it is intended to establish relationships between the 
physical and chemical properties of the original slag cements and the hydrated pastes estab
lished. Over a wide range of proportions, 11.3 Ä Tobermorite has been found to be the major 
hydrated phase and XRD calibration curves were developed for its quantitative analysis. This 
contribution is primarily concerned with strength development and the hydration products 
formed in the ternary system of autoclaved, pelletized slag/Portland cement/sil ica flour.



EXPERIMENTAL

Materials: Chemical and mineralogical com
positions as well as physical properties of 
the pelletized slag (1,2), Portland cement 
and silica flour are shown in Table I. The 
sand used in the mortar cubes was standard 
ASTM C109 Ottawa quartz sand.

The estimate of the glass content of the slag 
depends on the method employed. By indi
vidual, optical particle analysis under 
crossed polars (3), the glass content was 
estimated at 69%. The percent of emission 
at 590 nano meters, compared to a glass 
standard on a UV spectrophotof1uorometer was 
found to be >100%. The XRD value of 95% 
glass shown in Table I, was obtained by com
parison of peak intensity ratios of the CaFa 
internal standard to the mellilite and mer
winite peaks in relation to those found for 
synthetic materials. This method was thought 
to be the most reliable. ,

Methods:Pastes: After sieving all materials 
through a 150 pm sieve, and mixing at W/C = 
0.32, pastes were vibrated into cylinder 
molds. After autoclaving, three of the 30mm 
diameter by 50 mm cylinders were capped and 
tested in compression and two were subjected 
to splitting tension.

Mortars: Three 51 mm mortar cubes were pre
pared according to ASTM C109 and C305 (con
stant workability rather than a constant W/C) 
and were tested in compression after auto
claving.

Curing: After mixing, both pastes and mortars 
were stored for 16 - 18 h at 23°C and 100% 
RH in order to develop green (initial) 
strength. Specimens were demolded then placed 

in a Cenco laboratory autoclave. The maxi
mum temperature of 185°C (1.03 N/mm2 steam 
pressure) was reached in Ih, held for 4h, 
then the pressure was released slowly over 
1.5h. The specimens were left in the auto
clave for a further 16 - 18 h before removal

X-Ray Diffraction (XRD): A Norelco diffrac
tometer and monochromatic CuK=: radiation (30 
KeV, 16 mA) were used for the most part at 
a scanning speed of l°2e/minute over the 
range 6 to 70o2e. Several repeat scans were 
made to verify the presence of weak peaks 
and-to enable the averaging of intensities. 
10% by weight of CaF2 was added as an inter
nal "standard. '

Differential thermal Analysis (DTA): Samples 
were heated in air at 12°C/minute using a 
Dupont 900 analyser at a sensitivity of 
AT = 0.6°C/cm.

Non-Evaporable Water: While initially gain
ing.weight during ignition at 1050°C, the 
slag was found to lose weight during con
tinued ignition periods. After 20 to 30h 
ignition, the weight changes became consis
tent and levelled off (often at a net loss 
in weight) parallel to the rate of weight 
change of the pastes. Therefore the method 
of Copeland and Hayes (4) for determining 
non-evaporable water content in pastes was 
modified to’ include the three binder com
ponents and was based on ignition times of 
20 and 30 h.

OBSERVATIONS

Mortars: Mortar cubes were made at 10% 
intervals over most of the range of the 
ternary system and compressive strengths are 
shown in Figure 1. It can be seen that at 

*: by ethylene glycol-methonal extraction. **: obtained by difference.

MATERIAL

OXIDE CHEMISTRY - By XRF except as noted ' " SG 
(g/cc)

BLAINE 
, 2 . (m /g)

MINERALOGY
CaO Si02 Al 2O3 MgO K20 Na20 S Fe Mn Ti02 LOI -

PELLETIZED 
BLAST 
FURNACE 
SLAG

39.75 36.75 8.87 11.37 0.44 - 2.06 0.58 0.51 - Varies: 
0.10 at 
20h 
0.63 at 
30h

2.94 409 95% glass of mellilite 
(C2MS2 - C2AS) composi
tion.
4% C3MS2 crystals 
1% mellilite crystals

PORTLAND 
CEMENT

61.77 
CaO 

(free) 
= 0.24

20.27 5.81 2.56 1.25 0.21 3.32
(S03)

2.11 
(Fe203)

1.55 3.11 343 Bogue Calculation:
C2S = 46.9%
C2S = 23.7%
C3A = 11.5%
C^AF = 6.4 %
CaSOi, = 5.5 %
CaC03 = 3.3 %

SILICA 
FLOUR

0.12 95.83 ** 2.34 0.06 0.62 0.08 - (Fe203) - 0.12 0.45 2.68 274 93.1% quartz
6.1 % sericite mica 
(KA3S6H2) - non 

reactive

TABLE I: PROPERTIES OF BINDER MATERIALS



20% silica flour contents, high strengths 
were obtained over the whole range of slag 
cement/Portland cement. Maximum strengths 
were obtained at high slag contents (60% slag 
cement/20% Portland cement/20% si Iica flour, 
70%/20%/10%, and 75%/l5%/10%).

Fig. 1 - Compressive strengthsof autoclaved 
mortar cubes (N/mm2) "

Pastes: The compressive strengths of paste 
cylinders, made at 20% intervals in the 
ternary system, are shown in Figure 2. Com
parison of these values with the mortar cube 
strengths in Figure 1, shows that the region 
of optimum strengths has shifted over to 
about 40% silica flour. This would seem to. 
indicate that some of the coarse quartz sand 
(150-600 pm) in the mortars reacted to form 
hydration products. Even though pastes ini
tially containing 20% silica flour, had large 
quantities of unreacted silica (detected by 
XRD), their strengths were less than the 
pastes containing 40% silica flour. This 
hydrothermal reaction of coarse quartz sand 
is supported by Menzel (5) who noted the re
action of 0.3 to 0.58 mm sand at 177°C..

PORTLAND CEMENT

Fig. 2 - Compressive strengths of autoclaved 
paste cylinders (N/mm2) . .

Non-Portland Cement Combinations: one im
portant observation was that without Port
land cement, the silica flour reacted hydro- 
thermally with the slag cement in both mor
tars and pastes resulting in higher strengths 
than that obtained by slag cement alone. A 
further point of interest is observed from 
Figure 3, which gives tensile to compressive 
strength ratios for the ternary combinations 
of pastes. While ratios for binders includ
ing any proportion of Portland cement did 
not exceed 0.15, ratios for slag cement and 
slag cement/silica flour combinations were 
at least 0.50. ' Along the slag cement/ 
silica binary, the maximum compressive (56.3 
N/mm2) and tensile (31.4 N/mm2) strengths 
occurred using 60% slag cement and 40%si1fca 
flour. From analysis by XRD, it was found 
that well crystallized 11.3 A tobermorite 
was the only hydrated phase formed at this 
combination.

Fig. 3 - Ratios of tensile to compressive 
strengths of pastes

The small quantity of free lime liberated by 
the slag is unlikely to have produced 11.3 Ä 
tobermorite to "the extent it was found. 
Therefore reactions, as yet unaccounted for, 
must have occurred between the slag minerals 
and the silica flour.. The mechanism of these 
reactions must certainly be different than 
the commonly accepted theory of alkali acti
vation, originally proposed by D'Ans and Eick
(6).  Although not considering autoclave tem
peratures, they proposed that hydration
inhibiting, acidic gels initially coated the 
surfaces of the slag grains and could only be 
penetrated by a sufficient concentration of 
externally supplied alkali. ■

The practicality of these non-Portland cement 
binders was questioned due to low green • 
strengths obtained in the pastes. However, 
in a related industrial application study, 
full scale 200 mm masonry blocks were success
fully produced, with a binder of 67% slag 
cement (285 m2/g Blaine fineness) and 33% 
silica flour (7).



Unreacted Materials: While Figure 4, shows 
the molar CaO/SiO2 ratio of the'starting 
materials for each binder composition, these 
values would be different than the C/S ratios 
of the hydrates due to the presence of un
reacted portions of all three materials. Un
reacted silica flour could be easily detected, 
by XRD, at any binder composition having it 
as a component. The presence of unreacted 
slag glass was assumed to be responsible for 
the amorphous halo (hump) in the diffraction 
traces. Unreacted Portland cement (mainly 
alite) was found in many of the pastes as 
shown in Figure 5.

Fig. 4 - Molar C/S ratios of initial paste 
materials

Fig. 5 - Phase identified in autoclaved 
pastes PC= unreacted Portland cement, 
SF = unreacted silica flour, CH = Ca(0H)2, 
« = «CaSH, TSH = C3SH2» T = tobermorite with 
11.3 Ä peak, CSH = poorly crystalline tober
morite, ( ) = only trace of phase detected.

Hydration Products: The hydration products 
detected by XRD and DTA are also shown in 
Figure 5. 11.3 A tobermorite, in various 
degrees of crystallinity, was found to bethe 
main hydrated phase in all binders contain
ing silica flour, and for 100% slag cement. 
Poorly crystalline tobermorite was also found 
in autoclaved (188°C) slag glass by Midgley 
and Chopra (8). Using an XRD calibration 
curve for synthetic 11.3 Ä tobermorite (not 
detailed here), the maximum content of tober
morite (about 10 to 15% by weight) was found 
along the line of binders containing 40% 
silica fiour, coincident with high strengths.

=C2SH was detected in all combinations of 
slag and Portland cement not containing 
silica flour and silica combinations with at 
least 60% Portland cement, some of which ex
hibited high strengths as well. «C2SH was 
not detected readily by XRD but the DTA 
endotherm at 475°C was easily distinguished. 
Tricalcium silicate hydrate was only found 
in small quantities in the 100% Portland 
cement paste and at 20%/80%/0%. The presence 
of the 3.03 A peak of either calcite or 
scawtite was detected in some pastes but was 
not included in Figure 5, since it was not 
known if this phase was formed during auto
claving or if it was due to carbonation 
during storage afterwards.

Free Lime:- From Figure 5, it can also be 
seen that slag and silica.flour each consume 
the free lime liberated by Portland cement, 
during hydration.

Non-Evaporable Water: In Figure 6, esti
mates of the non-evaporable water, un
corrected for any carbonation of the hydrates, 
are given. The non-evaporable water content 
generally increased with increasing Portland 
cement content, which would seem to indicate 
more complete hydration of pastes containing 
large quantities of Portland cement after 4h 
autoclaving at 185°C. However, the presence 
of increasing quantities of Ca(0H)2 with 
increasing Portland cement content would 
account for some-of this phenomenon.

PELLETIZED 20 40 60 80 100%

PORTLAND CEMENT

SLAG CEMENT _ SILICA FUOUR
Fig. 6 - Non-evapörable water content of 
pastes (% by weight)



Effect of Slag Variables: While the analysis 
of this work is still in progress, a short 
summary is in order. Paste prisms contain
ing 18 different industrial and synthetic 
slags were prepared at W/C = 0.28, 0.32 and 
0.40, composed of 60% slag cement/20% Port
land cement/20% silica flour. The strength 
and porosity data obtained were used to ex
trapolate to zero-porosity strengths from 
least squares line fits, following the 
methods of Beaudoin and Feldman (9). Realiz
ing the Importance of variations in poros.ity 
on strengths, the zero-poros1ty strength was 
used to eliminate this effect for comparison of 
strengths to slag properties. The quantity 
.of hydration products was also found to vary 
with W/C. The higher the water/cement ratio, 
the larger was the quantity of hydration 
products. '

From preliminary analysis, the changes in 
glass contents and chemistry between differ
ent pelletized slags.whether from the same 
blast furnace or not, show no trend with 
respect to either the non-evaporable water 
contents, strengths at a constant W/C, or 
zero-porosity strengths. Of the available 
empirically derived chemical moduli, commonly 
found in slag studies (10) and slag cement 
specifications (e.g., Canada CSA:A363, West 
Germany - DIN:1164), no correlation has been 
found with reactivity. As mentioned earl.ier, 
different techniques of measuring the degree 
of vitrification in slags exist and these 
are being evaluated in relation to reactivity 
and strength development. In summary, none 
of the commonly accepted methods of assessing 
slag quality has proved satisfactory.

CONCLUSIONS ‘

For autoclaved mortars, higher strengths were 
obtained with pelletized slag cement as the 
principal constituent in the ternary system 
than, with any non-slag cement combination'.

Paste combinations giving hig\strengths - 
generally contained more silica flour tha/i 
in mortars.

Pelletized slag cement was activated by « 
silica flour, forming 11.3 Ä tobermorite and 
resulted in high strengths without the use 
of Portland cement. These slag-silica binders 
also showed very high tensile to compressive 
strength ratios. .

Most of the pastes having high strengths also 
had 11.3 Ä tobermorite as the major hydration 
product. Some pastes also containing «C2SH 
exhibited high strengths, but «CzSHwas only 
detected either in pastes not containing 
silica flour or pastes having greater than 
60% Portland cement. "

Preliminary investigations into the effect 
of chemistry and glass content on the hydro
thermal reactivity of pelletized slag have ■ 
shown no definite trends.. •
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High Manganese High Alumina Slag for 
Cement Manufacture

L'utiHsation des laitiers alumineux ä forte teneur en manganese, 
dans la fabrication des ciments

C.A. TANEJA, S.P. TEHRI and MANJEET SINGH, Scientists, Central Building Research Institute, 
Roorkee (U.P.) India.

RESUME : Le laitier de Rqurkela a pour caracteristique d'avoir une teneur en MnO superieure 
ä 6,75 %. Des etudes anterieures ont montre 1'effet defavorable de cette forte teneur en MnO 
sur 1' hydraulicite de ce laitier. Cependant le laitier de Rourkela differe des laitiers etran- 
gers par sa plus forte teneur en Al^O, et un plus fälble rapport CaO/SlO^, blen qu'ayant une 
forte teneur en MnO. L'activation du clinker par des verres synthetiques de meme composition 
(CaO, Al-0,, S102, MnO) que le laitier de Rourkela, ont montre que MnO pouvait avoir, dans 
les conditions optimales, un effet favorable. Cependant ces verres synthetiques ne pourraient 
avoir, au broyage, la meme granulometric que le laitier. En outre, des recherches ont ete en
treprises sur des echantillons commerciaux de laitier ä haute teneur en manganese.

Des ciments PDFS ont ete prepares par melange de laitier, de clinker et de gypse. Ils ont ete 
essayes. On a trouve que les proportions optimales de laitier et de clinker etaient de 50x50 
avec addition de 4 % de gypse. Ces ciments PDFS sont conformes aux normes. Le laitier ä haute 
teneur en manganese est recommande pour la fabrication du ciment PDFS.

SUMMARY: Rourkela slag is characterised by having MnO content upto 6.75 per cent. Studies
abroad have shown adverse effects of MnO in slag on its hydraulicity. However, Rourkela 
slag is different fron foreign slags in having higher AloOo and lower CaC/SiOj besides 
having high MnO. clinker activation of synthesized CaC^A12O3-SiO2-MnO glasses corresponding 
to ccmposition of Rourkela slags showed favourable effects of MnO under optimum conditions. 
However, quenching of synthetic glass composition does not simulate conditions of granulation. 
Therefore, ccnmercial samples of high manganese slag were investigated. •

PBFS cements were prepared by Intergrinding slag# clinker and mineral gypsum and tested. 
Optinxim proportions of slag and clinker were found to be 50:50 with 4 per cent of gypsum. 
PBFS cements were found to comply with the standard requirements. High manganese slag is 
recommended for manufacture of PBFS cement.



Indian slags are characterised by low 
lime and high alumina contents, the slag 
from the blast furnaces of Rourkela Steel 
Plant, Rourkela (Orissa) which employs L.D. 
process for steel making and makes addition 
of pyrolusite in the furnace burden, is 
different from other slags in having com
paratively high MnO content (3.1 to 6.75 
per cent). Doubts were expressed about the 
suitability of this slag for cement manu
facture. Laboratory investigations were * 
carried out to study the effect of increasing 
amount! of MnO in water-quenched synthetic . 
slag glasses corresponding to chemical com
position of Indian slags on their hydraulic 
behaviour on activation with portland cement 
clinker. Results showed that MnO content! 
upto 2.5 per cent in slags was beneficial 
but a higher content affected the early ' 
strength adversely though the late strengths 
at 28 days and beyond improved appreciably 
(1). However, quenching of molten synthetic 
slag compositions does not simulte the ■" 
conditions of commercial granulation method. 
Therefore, it was considered desirable to . 
study the hydraulic properties of commer
cially produced high manganese granulated 
slags on clinker activation.

EXPERIMENTAL -

Raw Materials *
a) Granulated Slags: ■

Chemical Composition:
Four samples of commercial granulated- 

blast furnace slag were received from 
Rourkela Steel Plant. Their chemical 
composition is reported in Table 1.

■ Table 1 ‘
Chemical Composition of Slags

Consti
tuents

Ccmposition Percent "
sample no.

1 2 3 4 .

Sio2 34.46 34.50 34.00 33.80

A12°3 23.35 24.10 24.00 23.30

Feo 0.42 0.30 0.56 0.37

CaO 31.40 30.90 29.90 28.60

MgO 6.00 5.60 5.30 6.0Q

Mno 3.10 4.00 5.10 6.75

S 0.60 0.65 0.52 0.52

Total 99.30 100.05 99.38 99.34

Hydraulic index employed for evaluating 
the hydraulicity of high manganese slagsas 
recommended by Keil (2) and computed from 
chemical composition is reported in Table 
II.

Table II
Hydraulic Indices of Slags

Fbrmula Slag samples
1 2 3 4

ca otca s+hMgOt Al 2 0
1.55 1.51 1.45 1.36

■ S102 + Mno

According to Keil (2) slags of index 
more than 1.5 (samples 1 and 2) are of good 
hydraulic property whereas those of less 
than 1.5 (samples 3 and 4) are of moderate 
hydraulicity. These indices are, however, 
recommendatory only. Hydraulicity is known 
to depend more on the conditions of granula
tion of slags.

Sulphur in slags is known to have 
greater affinity for Manganese forming 
Manganese sulphide than for calcium or 
iron. The amount of MnS formed computed 
from sulphur content in slags and the 
balance of MnO percent in glassy phase are 
reported in Table III.

Table III '
Fomof Manganese in Slags

Const!- 
tuent

Slag Samples ■
1 2 3 4

MnS 1.63 1.77 1.41 1.41
MnO 1.77 2.61 3.95 5.60

Physical Properties

Representative samples of slags were 
oven dried at 105°c and examined for their 
bulk density, glass content and refractive 
index. Results are reported in Table IV

Table IV
Physical Properties of Slags

Sample 
NO.

Bulk Density 

(kg/m3)

Refractive 
Index

Glass 
Content 

(%)

1 1480 1.64 90

2 1240 1.62 95

3 1360 ■ 1.64 90
4 1320 1.60 . 91

Data on bulk density shows that the slag 
is of mediun to hard grindability (3) and 
is expected to be harder to grind than 
cement clinker: Glass content is more than 
the minimum specified limit of 90 per cent.



Table V
Analysis of Rajgangpur Clinker and 

Gyp son

Constituents Clinker
Percent

Gypsum 
Percent

Si02 23.68 18.20

aI2°3 5.18 ' | "3.92

Pe2°3 2.46

CaO 64.40 27.18

Mgo 3.95 2.21
so3 tr ■ 31.13

Loss cm 1.18 18.00

100.85 100.64

b) Portland cement clinker was obtained 
from Orissa cement Works, Rajgangpur. 
Chemical Composition is reported in 
Table V.

c) Gypsum was obtained from the above 
source. Its chemical composition is 
reported in Table V.

Preparation of Portland Blast Furnace 
Slag Cement

The four samples of slag were inter
ground with cement clinker in the propor
tions of 40:60, 50:50 and 60:40 with 4 
per cent of gypsum to fineness of about 
4000 sq.cm/gn(Blains). As a control sample, 
the cement clinker was ground with 4 per 
cent of gypsum to fineness of about 3200 
sq.cm/gm (Blains).

Results -
Portland blast furnace slag cements 

and portland cement thus produced were 
tested for physical properties as per Indian 
standard 4031-1968. Results are reported in 
Table VI.

Table VI
Physical Properties of Slag Cements

Slag 
Sample 
NO.

MnO 
Per
cent

slag Cement 
composition

Surface 
Area 
cm2/g 
(Blains)

Setting Time 
(minutes)

' Compressive strength (N/mm2)

3 days 7days '28days 90 daysS : C : G Initial Final

1 3.1 40 60 4 4141 250 300 30.2 41.4 57.2 61.4

50 50 4 4100 275 315 24.1 33.0 49.2 60.0
60 40 4 4040 ■ 295 340 21.0 28.4 43.7 57.1

2 4.0 40 60 4 4020 250 300 , 29.0 41.2 56.9 68.6
50 50 4 4261 275 " 310 27.8 40.4 50.0 60.8
60 40 4 4140 . 275 310 20.2 33.7 43.7 58.8

3 5.0 40 60 4 4020 270 310 27.8 39.2 58.2 ' 65.3
50 50 4 4140 260 300 24.5 35.7 54.1 61.3
60 40 4 4040 260 300 20.0 27.4 39.2 54.0

4 6.75 40 60 4 4100 260 305 29.0 39.6 58.8 70.2
50 50 4 4020 265 305 26.0 34.5 51.6 64.5
60 40 4 4020 270 310 19.0 27.2 38.4 52.9

Portland o ■ 1OO 4 3230 285 " 335 34.5 45.3 52.1 . 64.7
Cement

IS 269- 1976 2250 30 600 15.7 21.6



Discussion

Manganese sulphide content In samples 
of slag Is much below the maximum1 pres
cribed limit of 5 pep cent reported by 
solacolu and Balta (4) to affect the 
hydraulic activity adversely and hence is 
not likely to cause deleterious effect. .

Since the slag cements produced by 
intergrinding of granulated slag and 
clinker In the ratios of 40$60, 50:50 and 
60:40 pass the standard specifications, 
these slags can be recorrmended for manu
facture of cements. However, 3 and 7 days 
strengths of slag cements are much lower 
than those of control portland cement. 
Lowering of strength does not bear any 
correlation with MnO or CaO or CaO+MgO. 
It appears that apart from chemical 
composition, the condition of granulation 
namely temperature and speed, play an 
Important role in deciphering quality of 
slag.

Conclusion
PBP3 cements produced by Intergrinding 

granulated slag containing PtaO as high as 
6.75 per cent and portland cement clinker 
with 4 per cent gypsum comply with the 
requirements of standard specifications and 
hence slags are suitable for manufacture of 
cement.
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The Hardening of Nickel Slags

Le durcissement des iaitiers de nickel

J. LANEUVILLE, Director of Research and Development, St. Lawrence Cement Company, 
Mississauga, Ontario, Canada.

SUMMARY: The chemical composition of non-ferrous slägs produced in Canada from nickel and 
copper smelters contains mostlyiron oxide and silica, with minor amounts of calcium oxide. 
This composition is quite distinct from steel blast furnace slags normally used in blended 
cements.

The Pozzolanic properties of finely ground nickel slags have been investigated in comparison 
with fly ash and ground quartz by means of the Pozzolanic Activity Test ASTM C 595. A good 
relationship exists between the lime mortar strengths of the materials investigated and their 
HCl-soluble SiOg plus AI2O5 contents after 7 days curing. The granulated slag showed the 
highest pozzolanic activity.

The hardening properties of granulated nickel slag, in blends of slag and cement, have been 
investigated in'ASTM C 109 modified mortars, cured at 23°C for periods extending to 1 year or 
autoclaved at 2 MPa. The contribution of slag to strength is negligible at early ages, but is 
equivalent to that of cement at later ages, say 90 days to 1 year, provided the slag content 
of binder does not exceed 45%. '

On mortars made with various slag/cement ratios, hydrated for 7, 28 and 90 days at 23°C and 
dried at 105°C, the combined water was calculated from thermogravimetric curves and loss at 
1000°C. A fair relationship was found between the mortar strengths and the combined water 
contents. The proportions and nature of hydration products was found to vary with slag/cement ■ 
ratios.

Comparative micrographs of cement paste and cement-slag paste, hydrated for 2 months, have ' 
been obtained with a scanning electron microscope and analyses of selected areas made with an 
X-ray energy dispersive spectrometer.

RESUME: La composition chimique des Iaitiers non-ferreux produits au Canada par les fonderies 
tie nickel et de cuivre contient principalement de 1* oxyde de .fer et de la silice avec des 
quantites mineures de chaux. Cette composition differs fortement de cells des Iaitiers de 
haut foumeau qui sont normalement employes dans les ciments metallurgiques.

On a dtudi^ les propri6t^s pouzzolaniques des Iaitiers de nickel finemeht broySs en comparai- 
son de cendres volantes et de quartz moulu en suivant l'essai de pouzzolanicit^ ASTM C595. 
Une bonne relation exists sntrs les resistances m^caniques des divers mortiers et les teneurs 
en silice et altunine solubles dans HC1 apr&s 7 jours de durcissement.

On a aussi suivi l’evolution du durcissement d'un laitier de nickel granule, melange au ciment 
en diverses proportions, en mortiers modifies ASTM C109, maintenus ä 23°C,pendant des p^riodes 
s'^tendant jusqu'i 1 an ou autoclaves 2 MPa. La contribution du laitier ä la resistance & 
la compression est negligeable & de Jeunes äges.mais eile 6quivaut ä. celle du ciment entre 90 
jours et 1 an, pourvu que la teneur en laitier du liant ne depasse pas 45%.

A partir de courbes thermogravimetriques et de la perte ä 1000°C, on a calculi la teneur en 
eau combinee de mortiers de divers rapports laitier/ciment, hydrates pendant des periodes de 
7, 28 et 90 jours et seches ä 105°C. On a trouve une bonne relation entre la teneur en eau 
combinee des mortiers et leur resistance & la compression. On a trouve que le rapport laitier/ 
ciment Influe sur les proportions et la nature des produits d'hydratation.

A I’aide d'un microscope eiectronique ä balayage, on a pris des photos d'une päte de ciment et 
d'une päte de ciment-laitier durcies pendant 2 mois. Sur des microzones choisies, on a fait 
I'analyse & I’aide d’un spectromdtre en dispersion d'energie.



INTRODUCTION

Annual production of non-ferrous slags 
in Canada is estimated to be 8 million tons 
and is mostly produced from copper, nickel, 
zinc or lead smelters (1). These slggs con
tain mainly iron oxide and silica (2).

Recently, research on the cementitious 
properties of non-ferrous slags have been 
the subject of a few publications. E. G. 
Thomas (3,^) studied the influence of ground 
copper reverberatory furnace slag, dezinced 
lead smelter slag, copper converter slag and 
lead blast furnace slag on the hardening 
properties of cemented hydraulic fill. He 
found that all these slags when used in a 
quenched, glassy state and ground to a spe
cific surface of about 300 m2/kg act as 
pozzolans providing glassy silica, which re
acts with lime and water to produce stable, 
cementitious hydrated calcium silicates. 
Thomas pointed out that the pozzolanic na
ture of the reaction between cement and 
slags is verified by the fact that addition 
of these ground slags to a fixed cement 
content produces increased strength over 
long periods.

The present author (5) studied the 
hardening properties of copper and nickel 
slags produced in Canadian smelters. Expe
riments were made in order to study the rate 
of hardening, over the period of one year, 
of mortars made with binders containing 
various proportions of cement and ground 
slag or cement and ground quartz. Jh the 
main series of experiments, the Blaine fine
ness of cement, slag and quartz was U00 m2/ 
kg. The mortars were prepared and tested 
'according to ASTM 0109-64, the mass of ce
ment plus slag used for preparing the mor
tar cubes being the same as the mass of ce
ment prescribed in the test method.

The contribution of the granulated nickel 
slag to mortar strength compared to Portland 
Cement was very small at 7 days, but it 
showed increases with longer curing periods 
attaining that of the cement at 1 year, at 
slag/cement ratio less than one. For higher 
slag to cement ratio, the strength decreased 
more rapidly at the later agea,

Basic knowledge on the hydration characte
ristics of nickel slag is still very scanty. 
The present paper makes an endeavour to nar
row this gap.

MATERIALS
The composition of the materials used is 

shown in Table I. The quartz sample con
tained 96.4% Si02. Total iron and sulphur 
have been calculated as FegO^ and SOj, 
although they are predominantly found in a 
reduced state in slags.

Slag A was an air-cooled nickel*"slag  and 
slag B a granulated nickel slag. Their. 
crystallinity were qualitatively checked by 
X-ray diffraction in 1970. The Kain' consti
tuent in both slags was a glass phase of low 
crystallinity, the glass phase being more 
abundant in slag B. Both slags also contai
ned fayalite, more abundantly in slag A than 

in slag B, but of higher crystallinity. 
Both slags contained magnetite as a minor 
constituent.

TABLE I-Percentage composition of materials

Cement Fly Ash Slag A Slag B
Si02 20.65 ■ 49.24 36.77 37.96
A12°3 5.81 . 24.84 5.21 6.30
Pe2°3 2.14 22.50 53.80 50.89
CaO 62.91 1.84 2.84 3.10
MgO 2.80 0.72 2.32 3.10
K2° 1.26 - 0.61 0.71
Na20 0.21 - - . -

s°3 2.78 0.77 3.71 2.83
L. 0.1. 1.44 - . - ' -

POZZOLANICITY OF SLAGS

Experimental procedure. Samples of slag A, 
slag B and quartzite were ground in the dry 
state in a laboratory ball mill. The Blai
ne specific surface areas of cement, fly 
ash, quartz, slag A and slag B were respec
tively 350, 310, 400, 400 and 38O m2/kg.

The pozzolanicity pf these materials was 
studied in lime mortars according to the 
procedures set out for the Pozzolanic Acti
vity Test in Standard ASTM 0595.

The HCl-soluble Si02, Al^Oj and FezO^ 
content of the lime-slag, lime-fly ash,lime 
quartz mortar specimens was determined imme
diately before and after the 7-day curing 
period prescribed in the ASTM Pozzolanic 
Activity Test. The mortar specimens were 
dried and ground for 2 minutes in a Shatter 
Box disc grinder. To 1 g of sample, 100 ml 
of cold HC1 (d=1.12) were added and stirred 
for 10 minutes with a magnetic stirrer. 
The solution was filtered and the Si02, 
AI2O3 and FeaO^ content was determined in 
the filtrate, using standard gravimetric 
methods for Si02 and Ä1203, and titration 
with K2Cr20p for Fe203. The loss on igni
tion was also determined and the amounts of 
soluble Si02, AI2O3 and FegO^ calculated 
as percent of the original mass of slag, 
fly ash and quartz. ,
Results: the amounts of HCl-soluble Si02, 
AI2O3 and Fe20y extracted from the mortar 
specimens, before and at the end of the 
curing period are shown in Table II and 
expressed as percent of the original mass 
of the tested materials.

The soluble Si02 and AI2O3 contents of 
lime-slag mortars increased during the . 
curing period, whereas the Fe2O^ content 
showed no definite trend.



TABLE II-HCl-soluble Si02, A3-2O3 F®203»
as percent of original mass of materials.

Materials 5102 ai2o3 Fe2°3
1* 2*. 1* 2* . 1* 2*

Slag A 13.89 18.37 2.30 3.05 43.96 39.70
Slag B 17.96 22.99 3.63 5.79 46.57 42.51
Fly Ash 0.63 9.68 1.82 4.44 1.59 6. 78
Quartz 0.94 4.37 1.51 0.36 1.04 4.52

1*  and 2*  refer to extractions from mortar 
before and after the curing period 
(Pozzolanic Activity Test).

No relationship could be established bet
ween the compressive strength of the mortars 
and the increase in soluble Si02 and AI2O3 
during the curing period. However, as shown 
in Fig.l a relationship exists between the 
compressive strength of all lime mortars and 
their soluble SiC^+A^O;} contents after 7 
days curing. This confirms the pozzolanici- 
ty of the two nickel slags, the granulated 
slag B being more reactive than the air
cooled slag A.

ACID SOLUBLE S^A^Og CONTENT OF 
HYDRATED MORTAR CALCULATED AS % 
OF SLAG , FLY ASH OR GROUND QUARTZ

Fig. 1 - Factor related to pozzolanicity

HARDENING RATE OF CEMENT-SLAG MORTARS
The hardening rate of mortars made with 

granulated slag B £400 m2/kg) and a Port
land cement (400 m^/kg) has been previously 
reported (5). The series presently reported 
made in 1973 deals with the hardening rate 
of mortars made with the same slag B (38O 
m2/kg) with a coarser cement (350 m2/kg). 
Experimental procedure: Mortars were prepa
red according to Standard ASTM 0109-64, 
except that it will be understood that when 
references are made to the "cement.", they 
will in this case, be to the binders as des
cribed in Table III.

TABLE. Ill - Proportions of constituents of 
binders, in part per mass.

Binders ■ Cement Slag B
A 100 Nil
B 70 30
C 55 45
D ’ 25 75

The amount of mixing water was determined 
with the flow-table. The water-cement ratio 
was 0,485 for cement mortar and 0.48 to 0.45 
for mortars made with slag containing bin
ders, the ratio showing a tendency to decre
ase with increasing slag content,

A series of 50-mm mortar cubes were pre
pared by the same procedure and autoclaved 
at 2 MPa according to the Standard ASTM 
0151.
Results: as in the previous series (5), the 
strength producing properties of granulated 
slag B (Fig,2) is illustrated by a negligi
ble contribution at early ages and a pro- 
.gressively greater contribution at later 
ages. The strength of the slag binders is 
approximately equivalent to that of cement 
at later ages such as 90 days to 1 year, pro
vided the slag content of binders does not 
exceed 4556. The slightly higher one year 
strength of binder B mortar over that of 
Binder A mortar could be ascribed to the 
effect of a slight difference in water "cem
ent" ratio, as determined by means of the 
flow-table. The rapid decrease in mortar 
strength corresponding to slag content of 
binders exceeding 45/6 may be ascribed to a 
deficiency in lime in this composition ran
ge.

These results seem contradictory to the 
results obtained by E.G. Thomas (4) who 
proved that mixes of tailings, cement and 
slag can gain additional strength when the 
slag content is many times that of the ce
ment. In such a case, when progressively 
larger amounts of slag are added to a fixed 
cement content, the water-cementitious mate
rial ratio decreases. This could explain 
the apparent discrepemcies between the two 
sets of results, ■



on the compressive strength of ASTM C109 
mortars cubes.

100 85 70 55 CEMENT 25 %
0 15 30 15 SLAG 75 %

Fig.2 - Effect of slag content of binders

WATER IN SET M05TARS

The combined water in hydrated cement 
mortars and cement-slag mortars was deter
mined by two test methods. The following 
samples were used: slag B ground to a 
Blaine surface area of 390 m^/kg and a Nor
mal Portland cement (350 m^/kg) similar in 
composition to cement of Table I.
Experimental procedure: with these materi
als, binders A, B, C, D were prepared in the 
proportions shown in Table III. Each of 
the binders was blended with graded stand
ard sand (ASTM-C77S), the proportions being 
1 part of binder to 2.75 parts of graded 
standard sand by mass. Mortars were mixed, 
using a fixed water to binder ratio of 
0.50. Immediately after mixing, the mortars 
were placed in air-tight plastic capsules , 
and held at 23°C in a moist closet. . At test 
ages of 7, 28 and 90 days, the hardened ■ 
mortars were crushed, dried at 105°C,ground 
for 90 seconds in a Shatter Box disc grinder 
and dried again at 105°C, avoiding prolonged 
exposure to air.
Results: Thermogravimetric analysis 50<V 
min. from 20°C to IOOOOC provided the basic 
data for calculating the combined water of 
the following sanpies: cement and slag (TG, 
DTG), dry mortar blends (L.0.1.) and each of. 
the 12 hardened mortars (TG, DTG and L. O.I.).

The total TG loss for cement and slag . 
amounted respectively to 1.5^% and - 5.6^> 
of the original material. The L.O.Z. values 
from muffle furnace tests were 0,51%> -0.04^ 
-O.3358 and -0.86% respectively for the dry 
mortar blends A, B, C and D.

The total combined watex1 was calculated 
by two methods: a) from the total TG loss " 
minus corrections for COg and oxidation of ‘

slag in TG curves, and b) from muffle furna
ce values, minus corrections for L.0.I. on 
dry mortar blends. Table TV is the average 
calculated by the two methods.

TABLE TV - Percent combined water in set 
mortars.

Mortars 7 days 28 days 90 days
A 3.71 4.32 5.17
B 3.25 3.64 4.34
C 2.87 3.26 3.97
D I.69 2.06 2.75

As the main features of the derivative 
thermograms of set mortars, one sharp peak 
at 453°C was ascribed to loss of water from 
Ca (OH)2 and a broad peak at 63O°C ascribed 
to the loss of COg. No peak was percepti
ble at 453°C on tne 90 day-D mortar ther
mogram.

Curves showing the decrease of combined 
water per unit mass of binders in mortars 
made with binders of increasing slag con
tent are shown in Fig. 3.

Fig.3 - Combined water as a function of 
slag content of binders in mortars of 
W/binder ratio of 0.5 by mass.



In comparison with Fig.2, one could have 
expected that points corresponding to 90 day 
mortars B and C (30% and 4$% slag) be loca
ted higher on Fig.3. The slag has recently 

.been re-checked by X-ray diffraction and no 
basic change in crystallinity seemed to have 
occured over the last 9 years. In another 
experiment, water was expelled from mortars 
A and C, hydrated for 90 days, by raising 
the temperature at a constant rate of 5°C/ 
minute between 20°C and 800°C, the water 
vapour being swept by dry nitrogen into a 
Beckman Trace Moisture Analyzer. This appa
ratus works on the principle described by 
Forrester (6): absorption of water in P2O5 
and electrolysis of water, the d.c. current 
used being proportional to the amount of 
electrolysed water.

Water evolution curves of these two hy
drated mortars showed major discrepancies. 
Both curves showed a broad peak between 
100® and 300°C mainly ascribed to the evolu
tion of water from calcium silicates and a 
much smaller peak between 430' and 48O°C as
cribed to the evolution of water from cal
cium hydroxide. The ratio of the latter 
peak over the former peak was 3.3 times 
smaller for mortar 0 conparatively to mor
tar A, thus showing that the proportions of 
hydration products were different in the 
two mortars.

In spite of this, by plotting combined 
water values calculated from Table IV 
against conpressive strength values of mor
tars (Fig.2), a fairly good linear relation 
is obtained in Fig.4.

MORTARS. .MPa

Fig. 4 - Relation between combined water and 
conpressive strength.

SEM AND KEVEX ANALYSIS
In order to compare some physical and 

chemical features of hydrated cement with 
hydrated cement-slag, pastes of cement and 
binder C (55% cement plus 4-5% slag B), W/ 
binder = 0.50, were cured for 2 months at 
23°C, in plastic capsules. Surfaces of the 
broken specimens were examined (Fig,5A and 
B) with an electron scanning microscope 
(Cambridge S4-10) and plots of analysis of 
selected areas were obtained (Fig,6) with a 
Kevex 5100 X-ray energy spectrometer.

Fig.5 - Scanning electron micrographs of 
pastes hydrated for 2 months, W/binder = 
0.50, A (cement), B (cement 55% / slag 45%)

Characteristic features of hydrated ce
ment paste include the presence of Ca(0H)2 
shown in Ai, in agreement with plot Al, and 
hydrated calcium silicates in Ag, as indi
cated in plot A2.



Fig,6 - Plots of X-ray energy analysis of 
selected areas of Fig.5,

Hydration of cement-slag paste is more com
plex: areas of unreacted slag with typical 
slag analysis is shown in and likely mag
netite inclusion in slag as indicated in 
plot Bg; calcium silicate hydrates possibly 
with inclusion of iron compotmd may have 
been formed by an attack of lime on the slag 
particle in B^ and B^; slightly farther away 
from the slag particle, calcium silicate hy
drates appear at Bjj. Analysis at B3 and B4 
may also reveal a mixture of C-S-H produced 
by cement plus some very fine slag parti
cles.

. CONCLUSIONS

When tested in lime mortar, ground granula
ted nickel slag has been shown to possess 
significant pozzolanic properties. In.ce
ment-slag mortar, the contribution of slag 
to strength is negligible at early ages, but 
is equivalent to that of cement at later 
ages, say 90 days to 1 year, provided the 
slag content of binder does not exceed 45%.

A fair relationship exists between the 
compressive strength of mortars made with 
various slag/cement ratios and the combined 
water content.

Differences found in water evolution 
patterns upon heating hydrated cement and 
cement-slag mortars suggest that the propor
tions of combined water and likely the natu
re of some hydration products vary with the 
composition of binders and the hydration pe
riod. This points out the need to investi
gate more thoroughly the most appropriate 
method for drying the hydrated cement-slag 
mixes. Coznpared to hydrated cement mixes, 
the hydrated cement-slag mixes may contain 
larger amounts of hydrated products which 
lose water below 105°C.
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MgO-bearing phases in the hydration products . 
of slag cement

Action de composes magnesiens sur fhydratation des ciments de !a Hier

G. MASCOLO and 0. MARINO, Istituto di Chimica Applicata, Facolta d’lngegneria, 
Universita di Napoli, Italy.

RESUME : Des hydroxydes doubles de Mg et de Al, carbonates ou non, ont ete fabrlques synthetl- 
quement ä la temperature amblante, ä partir de gels. Ces composes ont aussi ete fabrlques dans 
une solution saturee de chaux. On a constate qu.'lls etalent semblables ä ceux qul se forment 
au cours de 1'hydratation des ciments de laltier, et qu'ils presentalent une bonne resistance 
aux"sulfates.

La presence de composes de MgO, autres que MgCOH)^, explique la stabilite volumetrique des ci
ments de laltier ä haute teneur en MgO.

SUMMARY: Synthetic Mg-Al double hydroxides and corresponding carbonated phases were syntheti- 
zed from gels at room temperature. These compounds were also synthetized in presence of lime 
satured solution and are very similar to those found in the hydration products of slag cements.

They also turned out to be resistant to sulfate attack.

The presence of MgO-bearing hydration products different from Mg(0H)2 explains the volume sta
bility of slag cements having high MgO content.



INTRODUCTION

The volume stability of blast-furnace cements 
made up with slags having a high MgO content, 
may be explained by the formation of MgO-bea- 
ring phases different from Mg(OH) 2 (1.) . There 
is some debate in the literature on the natu
re of the hydration products containing MgO. 
In fact, Schwiete et al.(2), by hydrating 
suspensions of vitreous gehlenite and/or aker
manite, have- found at least two hydration 
products, consisting of MgO intercalated into 
both CSH*  and C2ASHg.

Kühle and Ludwig (3) have found in the hydra
tion products of cements made with slags ha
ving a" high MgO content, the compound 
MggA^COg (OH) ig • 4H2O, similar to hydrotalci
te. One of us (1), besides, has found a pha
se near to M^AHX, by hydration of synthetic 
vitreous slags in lime suspension. The latter 
phase was later identified by Taneja (4) 
among the hydration products of blast furna
ce slag cement made from slags,with a high 
MgO and AljO-j content.

Recently, the synthesis of pure Mg-Al double 
hydroxides [Mg|_xAlx(OH)2]+x[xOH- (O.dl-x)^©]-31 
with 0.23<x<0.33, has been reported (5).
Their X-ray patterns are very similar to that 
of M^AHjj previously identified in lime-slag 
suspensions (1).

On the basis of these results it was felt • 
worthwhile preparing Mg-Al hydroxides in pre
sence of lime satured solutions. This has two 
purposes: firstly," to investigate on the pos
sibility that some Ca enters in the Mg-Al 
hydroxides lattice, secondly to' verify the 
resistance of Mg-Al compounds to sulfate at*  
tack. ’

EXPERIMENTAL

Alumina gel, MgO and CaO from decomposition 
of magnesium basic carbonate and calcium car
bonate, respectively, were employed as raw 
materials. The Al/(Mg+Al) molar ratio (x^|) 
in the prepared mixtures ranged between 0 
and 1. For each x^i value, different mixtures 
containing increasing quantities of CaO were 
prepared. The different suspensions, using 
distilled and boiled water, were kept in sea
led teflon containers, rotated for two weeks 
at room temperature. After filtration under 
COj”free conditions the products were dried 

“The following common abbreviations currently 
used in the chemistry of cement have been 
adopted: S - Si02i C “ CaO; A ™ AI2O3;
M - MgO; H - H20.

over silica gel and characterized.

MgO, AI2O3 and CaO were determined using ato
mic absorption spectroscopy after dissoluti
on of the solid in diluted nitric acid. The 
sulfate was determined as BaSO^.

The reaction products were characterized by 
X-ray powder diffraction analysis using CuKa 
radiation and a Guinier de Wolff camera. Ac
curate d-spacing of selected reflections from 
specimens were measured by scanning l/8°(26) 
per minute using a spacing standard.

Some samples were submitted to sulfate attack 
using a solution of MgSO^O.SM. Every now and 
then the contact solution was replaced and 
the height of the sedimented powder measured.

RESULTS AND DISCUSSION

Fig.l summarizes the crystalline phases for
med in the whole range of the initial compo
sitions (xA1 versus percent by weight of CaO 
in the CaO-MgO-A12O3 mixture).

Fig. 1 - Crystallization field in the 
CaO-MgO-Al2O3-H2O sy s tem. U-unident i f ied phase.

The full lines divide three main crystallir 
zation fields; Brucite (Br) and Mg-Al hydro
xides (DH) at low values of xA|, Gibbsite 
(Gib) and DH by increasing Mg content in the 
magma and Gib and Ca(0H)2 (CH) at highest 
xA1 values. The dashed lines represent the 
boundaries between zones containing a third 
phase besides those of the above main crys
tallization fields. The third indicated pha
se, time by time in the various zones, gene
rally appears at higher CaO content. A wide 
zone without CH appears in correspondence 



with the compositions favorable- to the DH 
formation (0.23<x^^<0.33). This indicates the 
presence of some calcium in DH lattice; in 
fact, the c-axial length of DH phases incre
ases with the CaO-doping in correspondence 
with each value, as shown in fig.2. The 
highest c_ value in correspondence with each 

has been measured throughout the range 
of the starting compositions. This appears 

Fig. 2 Ga-doping effect on the c^-lattice 
parameter of DH samples, obtained with dif
ferent x^| compositions.

in the upper curve (b) of fig.3; in the same 
figure the £ values of undoped x^ composi
tions are also reported. On the other hand.

Fig. 3 - £ lattice parameter of Ca-doped (b) 
and pure DH sample (a), as a function of xA^ 
composition.

slow diffractometric scanning showed a marked 
broadening of the reflections of Ca-doped

, phases- for xA^<0.8, while for xA|>0.8 a con
trary effect was observed. The former effect 
is showen in fig.4 in which it is possible 
to compare the trace of the (002) reflections

- of two specimens, corresponding to the same 
XA1 value (0-33), undoped (a) and Ca-doped 
(b). The Ca-doping of DH phases promotes

Fig. 4 -'Traces of (002) reflections of un- 
dopeda(a) and Ca-doped (b) DH samples with 
xA1 -*0.33. '

strains and distortions in the lattice with 
consequent line broadening.

the contrary effect at xa1>®'® between doped 
and undoped samples might be attributed to a 
possible ordering in the structure of DH pha
ses, as Taylor (6) suggested for some analo
gous Mg, Fe-compounds.

As the' c parameter of pure DH phases was 
found to vary linearly (5) in the compositi
on range (curve (a) in fig.5)f supposing an 
analogous behaviour for the Ca-doped samples, 
the corresponding £ parameters"were estima
ted: 22.80 A for Al-rich and 23.45 for 
Al-poor phases, respectively (curve (b) in 
fig.5).

The X-ray patterns of DH phases, doped or 
not, are very similar to those previously 
found in lime-slag suspensions (1), that is 
why there is an o'bvious analogy between the 
formation of DH from gels and from vitreous



slags. As the magnesium aluminate hydrate : 
forms in presence of free Ca(OH)2, the upper 
curve (b) might be utilized as a calibration 
curve to determine the composition of magne
sium aluminate hydrate in the hydration pro
ducts of slag cements.

Fig. 5 - £ lattice parameter of undoped (a) 
arid .Ca-doped (b) Mg-Al hydroxides, as a fun- ' 
ction of composition.

The CaO content of DH phases in specimens 
containing two or more phases can obviously 
only be estimated at about 4-5Z by weight. 

. . .- ' Two significant samples with x^ = 0.23 and 
xA1 - 0.29 were submitted to the sulfate .at
tack test. After three months in contact with 
a MgSO^ solution the samples showed no volu
me expansion, as happens for CAAHX used as 
reference. *

The X-ray diffraction analysis on the pro"- 
ducts of the sulfate attack showed some ad
ditional broad <1 spacings, together those- 
less intense of DH and those more intense of 
Mg(0H)2. The significant extra d values ob
served were: 10.6, 9.2, 5.38, 4.61 and3.63A. 
These reflections have been attributed to 
two sulfate-containing phases. The first ■ 
(10.6, 5.38 and 3.63 A) phase has the same 
pattern as a compound prepared by Cole and 
Hueber (7), by reacting potassium aluminate 
and magnesium sulfate. To this compound was 
assigned the probable formula: >
4MgO•2AI2O3-MgSO^•xH20. ;

The second phase (9.2 and 4.61 A) has a pat
tern very similar to that of the first phase 
with a lowering of the values of the d spa
cings. .

It must be stressed that the Mg—Al hydroxi

des (DH) show ability for anionic exchange, 
due to exchangeable OH” in the interlayer 
sheet (8). The Mg-Al hydroxides quickly trap 
CO2 giving rise to the corresponding carbo
nated phases: ■ '
LM81-xA1x<0H>2]+X [x/2C03(0.81-3/2x)H20]~x, 
according to the CO^2 for 2OH”+H2O substitu
tion. In this case X-ray analysis showed no 
significant variation between Mg-Al hydroxi
des and related carbonate phases (8).

The fact that, in the products of the sulfa
te attack, phases characterized by a higher 
c axial value are found, indicates the ex
change of 0H~ for S0^2 in the DH phase, as 
also confirmed by the chemical analyses and 
by the increased Mg(0H)2 content.

The explanation of the different behaviour ' 
of COg2 and S0^2 on the £-axial value of the 
layer structure lattice of DH must be attri
buted to the planar conformation of COg2 . 
which enters in the structure without stra
ins, while the exchange with S0^2, having a .. 
tetrahedral conformation, promotes strains, 
consequently a low exchange rate and a noti
ceable variation in the £-axial value of the 
resulting exchanged phases.

CONCLUSION . '

The results indicate that Mg-Al hydroxides, 
synthetically prepared in presence ofCa(0H)2 
take up some CaO (''-5%) as shown by the in
crease in their c-parameters, if compared to 
those of pure Mg-Al compounds. Being the po"? 
wd.er patterns of these compounds and rela- ' 
ted carbonated phases similar to thos% of ’ 
magnesium aluminate hydrate found in lime
slag suspensions (1), and keeping in mind . 
the Ca-doping, a calibration curve, using 
the £ axial lenght v.s.: ■
[Mg1_xAlx(0H)2]+x [(xOH(0.81-x)H2o]~x compo

sition with xA3 ranging from 0.23 to 0.33', 
is available to determine the composition 
of MgO-bearing phase. Under C02-conditii>ns the 
corresponding compositions must be employed: •
[Mgl-xA1x(0H>2l+X [x/2CO3(O.81-3/2x)H2O]"x , 

The MgO bearing phases showed a volume sta
bility after sulfate attack, although sulfa
te bearing phases have been found. These 
phases show a low formation rate, depending 
on the difficulty of.the tetrahedral SO^2 < 
entering in the layer structure lattice of » 
Mg, Al compounds. . .
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Microstructure and properties of hydrated cements 
with different slag content

Microstructure et proprietes de ciments hydrates ä differentes 
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RESUME : Les auteurs rapportent les resultats d'une recherche experimentale accomplie dans le 
but d'approfondlr nos connaissances sur le comportement des Hants ä haute teneur en Iaitier 
de haut fourneau. . " '
L'ensemble des donnees recueillies montre une evolution des pates preparees avec ces Hants 
vers des textures de plus en plus compactes, au fur et ä mesure que la chaux libre disparalt. 
Aux longs ages, d'environ 120 jours, on a releve le meme degre de compacite aussi bien pour 
les pates en portland, que pour celles preparees avec le ciment de haut fourneau, toutes mo- 
dalites egales; et on a confirme ce resultat ä I'alde des essais de resistance mecänique sur 
mortier. Ces essais ont parfois indique des valeurs franchement plus hautes pour les mortiers 
prepares avec les Hants de haut fourneau. *
L'augmentation du rapport Ca/Si des phases de type C-S-H, qui proviennent de la fraction lai
tier en vertu d'une adsorption d'ions Ca semble exalter le degre de cohesion entre les gra
nules et.se reveler done decisive pour une texture plus compacte. Cette derniere est favorl- 
see aussi bien par une finesse de mouture plus poussee du liant, que par une maturation ä 
plus haute temperature.

SUMMARY: Results are given of experiments aimed at contributing to knowledge of the behaviour 
of cements with a high blast-furnace slag content. In all, the data obtained indicate that pa
stes made from such cements develop an increasingly more compact texture, with a simultaneous 
disappearance of free calcium hydroxide. For conveniently long curings, at 120 days, a simila. 
rity in compactness has been found for both portland and blast furnace cement pastes, under 
the same operating conditions, as confirmed by the mechanical, strengths of the mortars. Indeed 
these values are sometimes higher for blast-furnace cements. Increase of the Ca/Si ratio in 
the C-S-H type of phases, produced by the slag fraction, owing to the absorption of Ca++ ions, 
seems to promote adhesion between the grains and is thus a determining factor in obtaining a 
more compact texture. This restat is further favored by a finer initial grinding and curing at 
higher temperatures. . '



INTRODUCTION
The factors favoring an increase in blastfur 
nace cement production are essentially two: 
the market denand for cements more and more 
able to satisfy the multiple requirements of 
building techniques; and the energy crisis 
dating from October 1973 (l). In fact it is 
known that cements made from blast-furnace 
slags give pastes which, compared to those 
made'from Portland, have: a lower hydration 
heat; greater resistance to sulfate attack; 
less expansive due to alkali-aggregate reac 
tion effect;lower permeability; in general, 
greater mechanical strength after long cur
ing (2).
The experiments referred to in this paper 
aim at widening our understanding of the part 
played by basic, granular blast-furnace,with 
in the clinker, so as to enable us to forec
ast the operational behaviour of high slag 
content cements and, consequently, to select 
them suitably for the work to be undertaken. 
Such research presupposes the identifying of 
the newly-formed compounds in hydrated and 
hardened pastes; their quantitative evaluati 
on in relation to the slag/clinker mixture and 
curing time; systematic observation of the 
evolution of the microstructure of the pastes 
and its correlation to the physical and mecha 
nical properties of the mortars, starting 
from our present knowledge. As regards the 
nature of the phases, reliable opinion (3) 
holds that the initial hydration stage of the 
slag reveals new-formed siafate phases, such 
as ettringite, which may later evolve into 
monosulfate, to give solid solutions with te 
tracalcium aluminate. The appearance of cal
cium hydroxide, produced by hydration of cli 
nker silicates, would then favor considerable 
formation of C-S-H type hydrate masses conta 
ining significant quantities of Mg and Al, 
and play a decisive part in determining the 
paste texture. It is also true that C-S-H t£ 
pe phases may be conditioned by the presence 
of electrolytes in the aqueous solution in 
contact with the slag, and that the presence 
of gypsum stabilizes ettringite and aluminium 
hydroxide. The formation of hydrate gehlenite 
would be precluded, since CH would be consu 
med in forming C-S-H phases with Ca/Si ratio 
close to that characterizing those of the 
clinker (4). The microstructure plays a well 
known decisive role in the physical and mech 
anical properties and is influenced by chan
ges in the morphology of newly formed produc 
ts during the consolidation of hydrating mas 
ses (5).
EXPERIMENTAL
Four industrial cements, one of Portland ce
ment, and three obtained from the same batch 
of clinker blended by gypsum and different
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of slag were investigated. Their characteris 
tics are reported in Table I.
Specimens 1x1x6 cm were made from pure pastes 
obtained by hand mixing with a water:solid ra 
tio of 0.33 and cured for 24 hrs in 100% RH 
atmosphere and then in water for 3.7,28 and 
120 days. The steam curing cycle was: 2h at 
room temperature,.2 h from 20° to 80°, 6h at 
80°, 6h from 80° to 20° and then in water at 
20° C. Slices were cut from each specimen,'wet- 
ground in acetone and held over silica gel 
for 24 hrs. '
Different fractions of the dried samples we
re submitted to thermogravimetric (TO), ther 
modifferential (dta) and x-ray diffractometr
ic (XRD) analysis, as described previously
(6).
XRD was performed on the anhydrous specimens 
and on the mature pastes, before and after 
TO, using TiO„ (anatase, 5%) as an internal 
standard. The2intensities of the diffraction 
lines at 3.52 X (25.28 «R«), at 2.85 X (31.4 
°2e) and at 4.90 X (18.08 °2«) for TiO , for 
CH and for crystalline slag respectively were 
utilized for obtaining an approximate percen 
tage of both CH and uncombined slag (7)." 
The matching surfaces of the two halves obta 
ined by a single fracture operation, "twin"-



Fig.l-XRD patterns of the samples no.1 (fig. 
la) and no.4 (fig.lb). CH=Ca(OH) , Cc=CaCO , 
A=Anatase, M=Merwinite, G=Gehlehite, d=dayi.

\

Fig.2-XRD quantitative 
determination of CH in 
the samples no.1,2,4.

Fig.3-DTA traces for 
the no.1 and no.4 sam 
pies pastes.

surfaces, were examined vith a Scanning Elec 
tron Microscope (SEM) (6).
Mechanical strenghts were determined on mor
tars (iSO-Rilem).

RESULTS ■
Most of the results reported refer to samples 
1 and 4, since sample 2 an intermediate beha 
vior. Sample 3, moreover, has the same compo 
sition as 4, but a lover Blaine specific sur 
face.
Fig.i shovs the original XRD patterns for 
both anhydrous and hydrate samples. The addi^ 
tion of anatase as internal standard makes it 
possible to measure the relative amount of 
the crystalline phases present, vith the hjr 
dration time. It is seen that the quantity of 
CH in sample 1, Fig.ia, increases vith the.

Weight losses (%) for the hydrated pastes from TG traces

(d=days)

TABLE II

sample t
weight in ng P.artial weight loss Av

- . 100

800-900

v90O*  

560-800 |initial final 50-350 350-440 440-560

V V900e

1 3d 300 252.8 11.7 1.0 3.7 1.7 0.5
7d 300 252.0 11.1 1.3 4.2 1.9 0.5

28d 300 248.0 13.0 1.5 4.4 1.8 0.5
120d 300 244.2 13.8 2.1 4.6 1.8 0.5

#*117^4 300 252.2 8.5 1.9 5.1 2.5 0.9

2 3d 300 257.5 10.2 8.9 2.5 2.5 0.3
7d 300 252.2 11.8 1.0 3.1 2.3 0.3

28d 300 249.0 13.1 1.4 3.1 2.3 0.5
120d 300 242.2 15.5 2.1 3.4 2.3 0.4

3 3d 300 271.2 5.7 0.6 0.4 3.8 ■
7d 300 267.3 7.2 0.6 0.9 3.4 ■

28d 300 265.0 7.8 0.8 0.8 3.8 —
l20d 300 261.0 9.3 1.0 0.7 3.7 -

4 3d 300 275.0 5.9 0.7 0.8 1.6
7d 300 269.0 7.7 1.0 1.0 1.7

28d 300 260.0 11.2 1.1 1.1 1.8 0.2
120d 300 258.4 11.3 1.4 1.5 1.5 0.1
steam» 
cured 300 267.8 6.9 2.2 1.5 1.4 -

hydration time, and more so when steam curing 
is adopted. For slag pastes, Fig.lb, the hy
droxide increases slightly at early ages, de 
creases considerably at 120 days, and disap
pears after steam-curing.
The paste fractions, after TG analysis shov 
the disappearance of reflections of all the 
hydrate phases, as veil as of the vide band 
at 26-36°2G, characteristic of the vitreous 
structure, Fig.lb. Instead, merwinite and geh 
lenite reflections appear; so indicating devi 
trification. Moreover, there is an increase 
of reflections of the anhydrous phases, which 
is attributable to greater concentration, due 
to dishydration, and probably, to partial re 
constitution of poorly hydrated layers toward 
the original structure.
The data obtained from the TG and XRD, and ■ 
also from DTA, of the various saples, have 
been related to the slag content. Comparison 
may be considered almost quantitative, given 
the similarity of the experimental treatments. 
Fig.2 shovs that the CH content of sample 4 
is not only lover, at 28 days, than that cor 
responding to the initial clinker fraction, 
but is notably lover after 120 days and even 
lower after steam-curing.
Fig.3 gives the DTA curves for anhydrous sam 
pies 1 and 4 and their relative pastes cured 
for differing times. The traces of the anhy
drous samples shov two very veak endothermic 
peaks, attributable to slight, incipient hy
dration; For samples 2, 3 and 4 only, the



Fig.4-SEM’s micro 
graphs o£ fractu
re surfaces of pa 
stes of samples 
(no.1 and 4) hy
drated at 3 (A and 
D), 7 (B and E), 
and 28 days (C 
and F, respective 
ly).
Al, Bl, Cl, DI, 
El and Fl are en
largements of are 
as marked in A,B, 
C, D, E and F.

exothermic peaks at 860o-900,>C may be attri
buted to the devitrification process of the 
slag fraction. Their intensity diminishes 
with the hydration time. The endothermic peak 
attributable to the C-S-H fractio, around 
130°C, is common to all the traces. Its in
tensity increases with the course of hydra
tion, while its base widens notably for ste 
am-cured paste. The endothermic peak attri
butable to CH, at maximum around 500°C is 
also common to all. The traces of samples 
containing slag shows further endothermic 
peaks at 170°C and 400°C; and steam cured 
ones at 237°C, too. These may be attributed 
to hydrated aluminates (8) Moreover, pastes 
containing slag seem to have greater carbona 
tion also.
Table II gives analytical data from the TG 
profiles of the four paste samples. The va
lues for pach sample are referred to their 
final weight at 900°C. This was found to be 
greater for samples with a higher slag con
tent and diminishes during the hydration ti 
me. The highest partial losses recorded are 
those in the 50-300°C range, and are mainly . 
attributable to decomposition of the C-S-H 
phases. Losses in the 350-440«C range, chara 

cterized by a constantly inclined profile may 
also be attributed to C-S-H phases and even
tual aluminates. Decomposition of CH and Cal. 
cium carbonate is indicated by losses in the 
440-550°C and 55O-8OO°C ranges, respectively. 
A slight increase in weight after 900°C in 
pastes containing slag disappears after 120 
days1 hydration. .
The SEM images of the fracture surfaces of 
the hydrated pastes, at 3,7,28 and 120 days, 
for samples 1 and 4, are given in Figs.4 and 
5. Both samples clearly show a mass consoli
dation which intensifies with the hydration 
time. Minor compactness is found in slag ce
ment pastes, for early hardening times. Fig. 
4D and 4E. This difference tends to disappe 
ar when the hardening time is more than 28

, days (fig.4F and 51). •
‘ Resistance to water attack is more or less 

the same for the two pastes cured for 120 
days (fig.5G and 51). A high degree of compa 
ctness is achievable for steam cured pastes, 
as may be seen by comparing the "twin" frac
ture surfaces (fig.5H and 5L). .
In steam-cured concrete, too, the mechanical 
strength of sample 4, after 28 days, is



Fig.5-SEM’s micrographs of "twin" fracture surfaces of sample no.1 (G,G* and H,H') and no.4 
(l,I’ and L,L*). The areas in G* and I* were etched with water for 30s. H and L represent 
fracture areas of steam-cured pastes. G1, HI, II and LI are magnifications of areas mar
ked in G, H, I and L.

higher than that of sample 1.

TABLE III

Compressive strengths (N/mm2)of concretes

sample curing at 20°C steam-curing (6h at 80°C)

Id 28 d Id 28d

1 10 37 25 34

4 4 39 24 40



DISCUSSION
The results obtained from thermal and XRD a
nalyses all indicate that slag, in the prese 
nee of clinker, manifests a hydraulic actiyi 
ty even at early reaction times. It is true 
that the hydration of clinker grains occurs 
before that fob slag grains, the former havi 
ng phases of different chemical nature. This 
means that the most rapidly formed new phases 
are of the C-S-H type, and calcium hydroxide; 
so that Ca - ion concentration abounds in so
lution. Calcium hydroxide plays a particular 
ly important role in stabilizing the hydrate 
phase; a role determined by its crystallinity 
and solubility characteristics. One part is 
devoted to stabilizing C-S-H phases, origina 
ting from the clinker; another,initially sma 
Iler, is absorbed by the C-S-H type phases of 
the slag grains.
with the hydration age, particularly for hi
gher slag content cements, there is a consi
derably decreasing hydroxide content; so much 
so that, as may be seen in Fig.2, after 120 
days the crystalline calcium hydroxide is ve 
ry much reduced» With such pastes (Fig.51 and 
5L), however, the length and type of curing 
favor the forming of a compact texture, very 
similar that for portland cement pastes, as 
observation of the fracture surfaces shows. 
Steam curing accelerates hydroxide consumpti 
on by the hydration products of the slag (Fig. 
1b, 3 and Table III). The amount and consti
tution of the C-S-H type phases, thus, have 
a determining effect on the cementing action. 
These phases, as has bean stated, originate 
both from hydration of the clinker grains and 
from hydration of the slag grains.
In the case of clinker grain hydration, the 
.rapid appeetrance of hydroxide involves its 
necessary coexistance with larger volumes of 
C-S-H phase, and so a more difficult steric 
accomodation, which only in part improves la 
ter. This explains the higher mechanical stre 
ngths at early ages and smaller increases at 
later ones, as well as the lower flexion stre 
ngths in portland cement pastes in comparison 
with cements con tain in^slag.
in the latter case, Ca**  ion absorption occu 
rs slowly, so that a more compact texture is 
obtained, due to the more gradual incorpora
tion into the mass. This gives initially lo 
wer mechanical strengths, but increased ones 
with ageing. .
in slag cements tecture compactness is rea
ched only after a long period of curing, be 
cause of the greater quantity of C-S-H produ 
ced. High degree of compactness is obtainable 
earlier, however, both by suitable steam-cu 
ring and by finer grinding.
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Intensification des processus de durcissement 
du ciment portland de laitier et perfectionnement 

■ de la structure du ciment durci
Intensification of process of slag portland cement hardening and 

improvement of cement stone structure
V.l.  SATARINE, professeur, docteur es sciences techniques,
S.V. CHESTOPEROV, professeur, docteur es sciences techniques,
Y.M. SYRKINE, candidat es sciences techniques,
A. I. ZDOROV, candidat es sciences techniques,
B. G. CHOKOTOVA, candidat es sciences techniques,
L.A.  FEDNER, candidat es sciences techniques, Youlguiprotzement, 
MADI, U.R.S.S.

RESUME : L'expos^ traite des resultats de I*elaboration  de nouvelles compositions efficaces 
des ciments portlands de laitier ayant une teneur 61ev6e en laitier granulS de haut four- 
neau, de l'dtude des particularitös des processus de durcissement de ces ciments, condition- 
nant tin accroissement intense de la resistance et la foimation de la structure du ciment 
durci avec les caractSristiques mScaniques et les propri6t6s de construction techniques 
61ev6es. "
Les paramdtres du ciment portland de laitier ä faible teneur en clinker assurent, aprös 
l’ötuvage, une activity qui est sup6rieure de 20 A 25 % ä celle du ciment portland du type 
500. ,.
En introduisant, lors du broyage, une addition spSciale. on arrive A Alaborer un ciment. 
portland de laitier dont la rAsistance prAcoce est Alevee et crolt intensAment au cours du 
durcissement dans les conditions normales et aprds le traitement A la chaleur humide, lors- 
qu*on  utilise des clinkers de composition varies et des laitiers de basicitA diffArente.

sttmmary •; The results of development of new and efficient compositions of slag portland 
cement with increased content of granulated blast furnace slag, and of study of specific 
features of hardening of the said cements which ensure intensive increase of strength and 
formation of cement stone structure with high mechanical and construction-technological 
characteristics are presented.
The parameters of the developed low-clinker slag portland cement ensure activity after 
steaming which is 20-25 % as higher than of portland canent, grade 500.
By introduction of a special additive during grinding a slag portland cement with improved 
early strength and intensive strength Increase in the course of hardening under noraal con
ditions and after tydrothennal treatment when using clinkers of different compositions and 
slags of different basicity, was obtained. . • .



Nombre d'Studes et l'utilisation du ciment 
portland de laitier dans I1Industrie de 
construction ont pennis d'dtablir son ef- 
ficacite dlevde en comparaison du ciment 
portland : rdsistance chimique plus 61ev6e, 
exothennicitd plus basse, coefficient d'u- 
tilisatiLon et d’accroissement d*activity  
61ev6 ä 1«aide, du traitement A la chaleur 
humide ainsi que consommation d’Energie et 
de chaleur moindre pour la production.
Dans notre rapport et des communications au 
Vl-idme Congres sur la chimie du ciment, on 
a d6ja parlA des proprietes du ciment port
land de laitier (1, 2), de I*introduction  
dans la production de ciments portlands de 
laitier a durcissement rapide et trds rapi
de (2). En ce qui conceme la cinAtique du 
durcissement dans les conditions nomales 
et les indices de resistance, ces ciments 
sont equivalents au ciment portland des 
types 400, $00 et 600.
A I’heure actuelle, un grand accroissement 
de la production du beton et du beton arm6 
pose devant les constructeurs et les tech
nologues le problAme d’dldvation notable de 
la qualite du beton pour la creation des 
pieces et ouvrages d’une longue durAe en 
bAton et en bAton armd. Pour resoudre ce 
Probleme on a besoin de ciments de haute 
qualite et rentables, car seul le choir des 
rAgimes optimaux du traitement a la chaleur 
humide des pieces en ciments portlands 
n*assure  pas 1’obtention des produits a 
propridtAs voulues.
Apres le VI-i6me Congres sur la chimie du 
ciment on a continue les etudes visant a 
amdliorer les proprietes techniques du ci
ment portland de laitier et menees dans 
deux directions :
1. Changement de la cindtique du durcisse
ment du ciment portland de laitier lots du 
traitement A la chaleur humide, par varia
tion du rapport entre clinker et laitier 
dans la composition, de la finesse de leur 
feroyage, et du regime de durcissement des 
produits lors du traitement A la chaleur 
humide.
2. Variation de la cindtique du durcisse
ment du ciment portland de laitier A Iaide  
d'additions - acceldrateurs de durcissement.

*

Pour la production des pidces en bdton arme 
söumises au traitement a la chaleur humide, 
on a mis au point et essayd une varidtd du 
ciment Portland de laitier dont la teneur 
en laitier granuld de haut fourneau est de 
I'ordre de 70 %. Aprds le traitement A la 
chaleur humide ce ciment se caractdrisait 
par une activite supdrieure de 20 a 25 % A 
celle du ciment portland du type 500. Au 
cours du durcissement prolongd le ciment 
portland A teneur dlevee en laitier granu
ld de haut fourneau continue A acqudrir 
intensdment de la rdsistance. Dans un rd- 
gime d'dtuvage ddtermind, lea parametres 
choiais de broyage du ciment portland de 
laitier A faible teneur en clinker avec do
sage optimal du gypse augmentent le degrd 
d'hydratation du laitier, Ceci entralne 
1'accroissement de la quantitd de hydrosi

licates de calcium faiblement basiques de 
structure sutmicroscopique qui augmentent 
la densite de la composante en gel. Les 
fissures et les pores qui se forment au 
cours d'dtuvage sont remplis d'une masse 
gdlatineuse a grains fins des nouvelles 
formations (produits d’hydratation du ci
ment portland de laitier;. C'est pourquoi 
il se forme une texture plus finement po
reuse de la pierre de ciment, des bdtpns 
et des mortiers en comparaison de la tex
ture du ciment durci dans les bdtons dtu- 
vds au ciment portland. La pierre de ciment 
etuvee A partir du ciment portland de lai
tier A faible teneur en clinker se caractd- 
rise par la reduction du volume des macro- 
capillalres et 1'augmentation du volume des 
pores de dimension de 5.‘IO-? cm A 1»10~5 cm.
Il est Stabil qu’au cours du durcissement, 
la chaux, qui se dAgage lors de 1'hydrata- 
tion accAlSrAe et de 1'hydrolyse de CxS, 
est continument fixAe par le laitier. Ceci 
assure le monolithisme de la pierre de ci
ment qui procure de hautes proprietAs tech
niques aux bAtons et determine une grande 
rAsistance au gel et la stabilitA dans un 
milieu agressif. Les donnAes comparatives 
sur les propriAtAs techniques principales 
du ciment portland et du ciment portland 
de laitier A peu de clinker sont reprAsen- 
tAes dans le tableau cl-dessous. "
Une autre propriAtA positive du ciment 
portland de laitier devant le ciment port
land est le rapport entre la rAsistance A 
la compression et la tension par flexion. 
Du point de vue de la construction, 1'in
dice de rAsistance A la flexion a une gran
de importance. C'est pourquoi on peut sup
poser que, sur ce point Agalement, le bA
ton au ciment portland de laitier de cette 
composition aura un grand avantage devant 
le bAton prAparA A base de ciment portland. 
Les panticularitAs notAes de la structure 
du ciment durci en ccmbinaison avec la ca- 
pacitA du ciment soumis A 1'Atuvage d'ac- 
quArir de faqon intense de la rAsistance 
au cours du durcissement prolongd permet
tent d'augmenter.la longAvitA du bdton ar- 
md prdfabriqud. La crdation des conditions 
optimales de durcissement avec 1'utilise- 
tlon maximale de 1'effet de contraction 
(fig. 1) prdddtermine une grande rdsistan
ce au gel de la pierre de ciment dans le 
bdton et rend possible une large applica
tion des adjuvants plastifiants et entrai- 
neurs d'air. .
La mdthode de variation de la cindtique du 
durcissement du ciment A 1'aide des addi
tions (accdldrateurs du durcissement) n'est 
pas nouvelle 0. 4). Toutefois cette mdtho
de est dtudide a un moindre degrd pour le 
ciment portland de laitier et nous dtions 
les premiers A dtudier sous cet angle le 
ciment Portland de laitier A teneur Alevde 
en laitier.
Sur la base des donnAes expArimentales on 
a Atabli la composition d'une addition qui 
dldve la rAsistance initiale du ciment*  
portland de laitier et intensifie son ac
croissement au cours de durcissement pro-



_____________________________________________ TABLEAU ""
ProprietEs techniques principales des ciments EtuvEs de 

composition differente ' .

Teneur en 
laitier, 

%

REsistance, % Coefficient de Coefficient de
aprös 
1'Etuvage

par units 
de clinker

aprAs 6 mois par 
rapport A la rEsis
tance A I'Sge de 
28 jours

rEsistance au 
gel aprEs 
100 cycles de 
gel et de dEgel

stabilitE dans 
la solution A 
5 % de NagS04 
aprEs 6 mois

— 100 100 126 0,41 0,76
7° 120 ' 400 130 1,12 0,82

Temps, heures

Fig. 1 - Influence des conditions de dur- 
cissement et du type du ciment sur la va
leur de contraction : - Stuvage ;
———— durcissement noimal ; 1 — ciment 
portland ; 2 — ciment portland de laitier ä - 
70 % de laitier granule de haut fourneau.

Iong6. Il 8‘agit de I'addition polyminSrale 
sulfoalumosiliceuse (SAS). Une ccmbinaison 
favorable des constituents min6rauz de 
I'addition contribue ä la reduction du ■ 
temps de prise et, avant tout. acc616re la 
prise initiaile, augments la resistance dans 
les ddlais prAcoces (1 & 5 jours) et, & la 
difference d'une s6rie d'additions connues, 
ä 1'age de 28 jours. L'action acc616ratri- 
ce de I'addition sur les processus de prise 
et la cinStique de I'accrbissement de re
sistance du ciment portland ä teneur en 
laitier de 60 % est etablie lots de 1'uti- 
lisation des clinkers ä teneurs differentes 

en C,S et C^A et des laitiers basiques, 
acides et 61ectrothennophosphorique. Le 
gain de resistance du ä 1'introduction de 
I'addition depend de la composition et des 
propri6t6s des constituents du ciment port
land de laitier.
Le gain maximal de resistance ä 1'age de 
28 jours est obtenu grace a 1'introduction 
d'une quantite optimale d'addition. O'est 
pourquol en fonction de la composition et 
des propri6t6s des constituents du ciment 
portland de laitier, on etablit experimen- 
talement la composition de la charge com- 
posee de clinker et de laitier ä base de 
I'addition SAS, qui assure 1'Elaboration 
d'un ciment A haute indices de resistance 
et d temps de prise nonnaux. A 1'aide de 
I'addition SAS, en faisant verier la teneur 
de la charge en clinker de 30 A 60 % sans 
augnentation de la finesse de broyage du 
ciment (residu sur le tamis n*  008 est de 
7 t 1 %). on peut Elaborer un ciment dont 
I'activitE va jusqu'A 50 MPa lors de dur
cissement dans les conditions normales 
(fig. 2). ,
La capacitE du ciment portland de laitier 
avec addition SAS d'acquErir intensEment 
de la rEsistance se conserve Egalement dans 
le cas de traitement A la chaleur humide 
(fig. 3)*  L'utilisation d'un tel ciment 
dans la production des piEces en bEton et 
en bEton axmE permet de rAduire la durEe 
de la mise A la tempErature isotherme de 
2 ou 3 h.
L'accElEration du durcissement initial et 
1'accroissement de I'activitE du ciment A 
1’age de 28 jours suivi d’augnentation de 
la rEsistance au cours de durcissement 
prolongE en prEsence, dans le ciment. de 
I'addition SAS sont dus A la capacite de 
I'addition d'accElErer lea processus d'iy- 
dratation des Constituante du ciment port
land de laitier et de prendre part aux rE
actions de durcissement aux stades les plus 
prEcoces.
A la diffErence du ciment portland de lai
tier ordinaire, dans le ciment portland de 
laitier hydrate avec addition SAS A 1'age 
de 1 A 28 jours, on observe une diminution 
intense des maximums de diffraction des 
constituents de clinker et en premier lieu



Teneur en clinkers, %

Fig. 2 - Influence de 1'addition SAS sur 
les indices de resistance du ciment port
land de laitier ; 1 - ciment portland de 
laitier ordinaire ; 2 - ciment portland de 
laitier avec addition SAS

de I'alite (d = 1,76 Ä), I'accroissement 
de l'intensitd des reflexions A 5,03 A et
9,8 A avec diminution simultanAe de I'in- 
tensitö des maximums de diffraction corres- 
pondant A la formation de 1’hydroxyde de 
calcium (d = 4,91 A $ 2,63 i).
£n procedant aux etudes physico-chimlques 
complexes •), on a 6tabli qu'en presence 
d*addition  la quantitd d*lordrates  varie 
grace A la formation de quantit6s ccmplA- 
mentaires d*ettringite,  d'itydrosilicates 
de calcium et d'alumogel A partir des cons- 
tituants de 1'addition. On a etabli ce fait 
en procAdant A 1'etude s6par6e de 1'influ
ence de 1'addition SAS sur les produits de 
durcissement du constituant de clinker re- 
frAsente par C,S et CzA synthAtises et sur 

e laitier granule de^haut foumeau. L'ac- 
croissement de la quantitA d'hydrates lots 
de 1*  introduction dans le ciment de 1'ad
dition SAS est confinnA Agalement par les 
donnAes sur la variation de la concentra
tion de volume des nouvelles formations 
avec I'accroissement de la quantitA d'ad
dition.
L'addition contribue A 1'accAlAration des 
processus d'.hydratation des Constituante du 

•) Avec la participation de T.Y. Chtchst- 
kine, L.N. Skrynnik, V.F. Gribko.

Fig. 5« Influence de l'addition SAS sur 
les indices de rAsistance du bAton aprAs 
1'Atuvage : 1 - bAton du type 100 ; 3 - 
bAton du type 200 ; 5 - bAton du type 300 
au ciment portland de laitier ordinaire ; 
2, 4 et 6 - idem, au ciment portland de 
laitier avec addition SAS. Teneur du ciment 
en laitier, 60 %.

ciment portland de laitier, A la fixation 
de la chaux dAgagAe par AlpO, et SO, hydro
solubles additionnAs et par 3 la silice acti
ve avec la formation des hydrates. Ceci dA
teimine la formation, dAs 1'age de un jour, 
d'une carcaase d'ettringitsremplie d'hydro
silicates de calcium en quantitA beaucoup 
plus grande que dans le ciment portland de 
laitier ordinaire. Les hydrosilicates de 
calcium formAs se distinguent par leur stru
cture et leurs propriAtAs des hydrosilica
tes de calcium dans le ciment portland de 
laitier ordinaire.
Une activitA AlevAe de l'addition donnAe 
envers 1'hydroxy de de calcium, sa capacitA 
de participer aux rAactions de durcissement 
ont conditionnA des diffArences notables 
dans les processus de durcissement du ciment 
portland de laitier avec addition SAS. Ces 
diffArences consistent Agalement dans la 
formation de 1'alumogel du type de la boeh
mite et de la gibbsite, la diminution de la 
quantitA de Ca(0H)2 cristallin et des hydro
aluminates de calcltmi, la formation, A un 
stade plus prAcoce de durcissement, des 
hydrosilicates de calcium de structure se- 
condaire (ecaillieux), qui ae distinguent 
des hydrosilicates de calcium fibreux par 
une densitA et une rAsistance plus AlevAes.



Tout cela avait pour resultat la reduction 
des periods s principales de formation de 
la structure, conduisant ä. I1acceleration 
de la prise, d un accroissement intense de 
la resistance aü cours de. durcissement pro
longe. d la formation d,une structure.plus 
homogene et plus dense avec un autre rap
port, entre I'agrdgat cristallin et'la com- 
posante en gel que dans le ciment portland 
de laitier ordinaire. Ceci a assure 1'ac
croissement de la resistance du ciment dur
ci, d,e la resistance au gel, surtout aprds 
le durcissement normal, de la stabil!te 
dans des milieux egress if s et la diminution 
de deformations de retrait de 1,5 d 2 fois. 

CONCWSIONS
1. On a ddtermind les paramdtree de produc
tion du ciment portland de laitier conte- 
nant iusqu'd 70 % de laitier granule de 
haut rouraeau et ayant, aprds le traite- 
ment d la chaleur humide, une structure 
dense et homogdne, des indices dlevds de 
resistance et un accroissement intense de 
la resistance au cours de durcissement de 
longue durde.
On a etudid le processus de durcissement 
de ce ciment et Ifes causes de 1 •accroisse
ment de la densitd du ciment durci.
Le ciment Portland de laitier d teneur 
elevde en laitier granule de haut foumeau 
est efficace lots de la fabrication des 
produits en beton arm6 soumis au traite- 
ment A la chaleur humide.
2. En introduisant. lors du broyage du ci
ment, 1'addition SAS on a 6labord un ciment 
Portland de laitier A resistance precoces 
elevde, qui se caractdrise par un accrois
sement intense des indices de resistance 
au cours du durcissement dans les condi
tions normales et aprds I’Atuvage et qui 
possdde des propridtds techniques et de 
construction ameliordes. Ceci est obtenu 
sans changement du schema technologique et 
de la finesse du broyage, lorsqu’on utilise 
un cl jnlrer de composition mindralogique non 
normalis6e et de diffArents laitiers.
Les dtudes physico-cbimiques ont Atabli les 
particularitds des processus de durcisse
ment, 1’ordre de formation des phases, . 
leurs proprietys et Alucidd le processus 
de formation de la structure du ciment 
durci.
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Influence des particularites physiques et chimiques des 
laitiers de haut fourneau sur leur activite hydraulique
Influence of physical and chemical features of blast furnace slags 

on their hydraulic activity '

S.M. ROIAK, professeur, chaire de la Technologie des Materiaux Liants et des Betons de "Vzisi”, 
J.Ch. CHKOLNIK, candidat es sciences techniques, chef de laboratoire de "Ouralniitchermet”, U.R.S.S.

BESUME : En utilisant la rdaonanoe paramagnStlque 41ectronique, la spectroscopie Infrarouge 
ainsl qua d’autres mSthodes on nontre qua I’activitd du laitler eat fonqtion du degr4 de d6- 
polymSrisation des complexes ion”oxygdne dans le verre de laitler. Un role important est 
joue par la liaison simple Me-0 du cation”ddpolymdrisateur ainsl qua sa coordinance. On Stu
die la fonction de 1'aluminium et du magnesium dans la structure de formation du verre de 
laitler ddmuni, an partlculier, de pdriclase; on a Stabil la teneur admissible an oxyde de 
magnesium parrapport avec 1* alumina presente .
On1 determine la teneur en Ti4* dans le laitler de haut fourneau titanifSre, de meme qu'en 
T13+ pour des coordinances diffSrentes.
On constate qua suivant la teneur en magndslum, en aluminium et en tltane dans le laitler 
de haut fourneau 11 se prodult dans le verre des modifications de coordinance, de plus, 
I'accrolssement de I'lndice de coordination du cation contribue ä 1•augmentation de I'acti*  
vitS hydraulique du laitler.
On a StudlS de meme I'opportunltS de la presence dans la structure du laitler d’une petite 
quantity de phases cristallines prSsentant une activity hydraulique.

SUMMABT : It has been proved by the use of the EER (electronic paramagnetic resonance), IRS 
(infra-red spectrography) and other methods that activity of slag depends on the degree of 
depolymerization of lon-oxygen complexes In the slag glass. The energy of the Me-0 cation” 
depolymerizer single bond and Its coordination state is of primary importance. The part 
played by aluminium and magnesium In the structure of periclase-free slag glass formation 
has been considered! the permissible rational content of magnesium oxide in accordance with 
presence of alumina has been found out. Content of Ti** - in the tltanium-contalning blast 
furnace slag and content of T13+ in various coordination states have been determined.
It has been detected that depending on aluminum, magnesium and titanium content in the blast 
furnace slag, their coordination in the glass varies, with Increase of the cation coordqna- 
tion number providing for increase of hydraulic activity of slag.
The problem of expediency of introducing small amounts of hydraulically active crystal 
phases into the slag structure has been considered. "



Selon la thSorle aotuellement admise les ■ 
laitiers ont une structure ionique, 
c’est-a-dire que le laitier liquide consti- 
tue des fusions microh6t6rog6nes coaposSes 
de cations simples, d*anions,  d*oxygene  et 
de soufre de meme que d'anions complexes

■ dont la dimension et la stability sont fone” 
tion de la nature du cation.
L*experience  de plusieurs ann^es a montrS 

• que I'activitS du laitier de haut fourneau 
granule est fonction de parametres physico” 
ehimiques des phases vitreuse et cristalline.
Avec un rapide refroidissement il s'6tablit 
dans le laitier des groupements structuraux 
de la fusion. Suivant la temperature £e gra
nulation de la fusion de laitier, A cote de . 
la phase vitreuse, il peut se dAvelopper . 
une cristallisation de mindraux du laitier, 
presents dans la fusion avant le dAbut de 
la granulation; si, par contre, le refroi
dissement est rapide, on aboutit A une 
structure vitreuse du laitier..
La similitude entre les structures des sili
cates cristallins et vitreux reside, selon ' 
A.A .Appen, dans la presence dans les deux 
Stats d'un squelette en Si-0 oontinu et dans 
1'existence du principe de coordination dans 
1'arrangement mutual des ions. C'est sous •*  
cet angle qu'on peut parier d'une chimie 
structurale du verre, et de ranger parmi les 
facteurs rAgissant les propriAtes du verre 
la coordinance et la valence des cations (D.
Certains mStaux entrant dans la structure - 
du verre de silice sont considArAs non seu- 
lement comzne des modif icateurs mais aussi . 
comma des formateurs du verre, la position 
des cations Me Stant dAterminee par son in
dice de coordination dont 1'accroissement 

‘augments 1lapport modificateur du cation.
Dans ce cas il se place entre les ions sans 
pont des complexes Si-0.
On peut considSrer que la difference dans 
1'arrangement des cations dans le verre doit

; constituer un des facteurs essentials deter
. minant I'activitA du laitier, vu que les 
- depenses en energie de rupture de la laison 

Me”O doivent varier avec la position du ca- " 
tion. ■ ‘ • -
Si 1'on tient compte de la nature iono-co- 
valente de la liaison entre les ions dans . 
les silicates, on peut, de faqon convention- 
nelle, representer 1'energie de rupture de * 
la liaison Me-0 comme le travail developpA 
pour la rupture de la partie ionique (X) et 
de la partie covalente (I - X) de la liai
son. L'energie de rupture de la liaison 
ionique depend de la constante di61ectrique< 
du milieu (en cas d'hydratation, de 1'eau), * 

' de 1'6nergie de la liaison simple Me-0 et .
de la coordinance du cation A 1'Agard de 
l'oxygdne. An cas oü 1'energie de la liai
son affaibli (du fait de la constante diA- 
lectrique de 1'eau) est de 1'ordre de gran-^ 
deur de l'Anergie cinAtique des molecules , 
de 1'eau, il se crAe des conditions favo” 
rabies au passage du cation dans la solu— *.  
tion. On peut done admettre, qu'au cours de 
1'interaction du verre de laitier avec - 
1'eau, c'est, en premier lieu, les cations ' 
modificateurs qui passent dans la solution,

car, par suite du grand indice de coordina
tion, 1'Anergie de la liaison simple Me-0 . 
est relativement plus faible. Il en rAsulte 
un dAsAquilibre du systdme et pour mainte- 
nir 1'Alectroneutralite les cations de co
ordinance infArieure tendent A occuper la 
place tenue par les cations modificateurs 
transfArAs dans la solution. Gela entraine- 
ra la perturbation de stabilitA de la struc
ture et de mobilitA d'ions Si^.027 -
Le passage de ces derniers dans la solution 
facilitA par 1'accroissement de la valeur 
de pH du milieu, par suite de la nrAsence 
dans ce dernier de cations hydrates, abou
tit A la formation d'hydrosilicates de mA- " 
taux correspondants. .
Selon les conceptions actuelles le dAbut du 
processus d'hydratation est la dissolution 
du liant, la rAaction chlmique a la surface 
du grain s'accompagnant d'un Achange ioni
que entre Jes ions se trouvant dans le li
quide de gachage et les ions compoeant la 
structure du silicate (2).
La nature diffArente de 1'interaction des mi- 
nAraux et des verres ayant "la meme com
position avec 1'eau au cours de 1'hydrata- 
tion s'explique par la modification de„la 
structure du mineral avec son passage A 
1'Atat vitreux.
A la difference du cristal, oü 1'orienta
tion mutuelle d'AlAments structuraux est 
constante et rAguliAre, dans les verres eile 
est perturbAe, ce qui appliquA aux silicates 

peut entrainer une modification de la symA- 
trie des groupements mAtal-oxygAne.
L'Atude par la rAsonance paramagnAtique 
electron!que de la. variation de la structure, 
en partieulier, de 1'okermanite et de lav 
gehlenite, au cours de leur passage a 1'e- 
tat vitreux, a montrA que dans les minAraux 
cristallins on n'observe pas de centres , 
Alectroniques paramagnAtiques sur les tAt“ . 
raddres (SiOO, tandis que dans les minA- 
raux vitreuxces centres apparaissent.
L'absence de centres paramagnAtiques sur les 
tAtraAdres SiO4 dans les minAraux cristal
lins peut signifier un haut degrA de liai
son des tAtraAdres Si”O A 1'aide des tAt” 
raAdres (MgOJ et (AIOD respectivement dans 
I'okermanite^et la gehlenite.
Dans les minAraux vitreux le degrA de liai- . 
son des tetraAdres(S10/,) s'abaisse sous - * 
1'effet du passage d'une partie de 1'alumi
nium (de la gehlenite) et du magnAsium (de 
1'okermaniteJ de la structure anionique, ■ 
const!tuant le mineral, A la structure ca- 
tionique. Evidemment, on peut considArer 
que le passage du minAral je 1'Atat cristal” 
lin A 1'Atat vitreux entraine un abaisse- 
ment de la symAtrie des.groupements anio- . 
niques Me-0 jouant le role de formateurs ju 
verre, mais, par contre, ce passage accroit . 
la symAtrie des groupements cationiques Me-0 
dont les ajomes centraux jouent au sein du 
verre le role de modificateurs. -
Les cations de grande Anergie de liaison 
avec 1'oxygAne, par exemple Si, Al, Ti en 
se sAparant de la surface sous forme de com
plexes1 anioniques compliquAs demeurent dans 



le contour entourant le grain. Au moment du 
dStachement de la surface de la graine les 
complexes constituent des restes d’ions-ra- 
dicaux charges positivement et n^gativement. 
On peut admettre qu’avec la perturbation de 
la coordinance du silicium 11 se produit 
dans ce cas une hydratation superficielle 
des radicaux'par adjonction d’ions 0H~ et 
formation de la liaison Si’OH ainsi qu’une 
compensation de 1’oxygdne chargS negative- 
ment par le proton H+.
Par suite de la dimension diffdrente des 
radicaux ddtezminSe par la composition chi“ 
mique du laitier, essentiellement par le 
rapport O/Si, on voit se former des compo
ses du type Si x (OH)y. La presence dans la 
solution d’ions OH™, formes en surplus sui- 
vant la reaction 02*  * H?0 —»-2OH™ sous 
1’effet de la rupture de^la liaison Me-O, 
contribue A la polymerisation des radicaux 
hydrates; 1’indice de coordination du sili
cium monte dans ce cas jusqu’d 6, tandis 
que dans les composes deshydrates 11 est en 
general Agal ä 4. •
Le phenomdne de polymerisation contribue ä 
la formation de particules gdlifiantes dont 
la dimension est fonction des complexes ini- 
tiayx et de la cin6tique de polymerisation. 
A cote des processus de polymerisation des 
radicaux hydrates, 11 s’effectue ä leur 
surface une adsorption secondaire d’hydrates 
de cations de m6taux alcalinoterreux dejä 
passds dans la solution avec formation 
d’hydrosilicates de metaux correspondants. 
Etant dome que la mobilitd des radicaux 
hydrates est faible, vu leurs grandes dimen
sions, ces derniers restent au sein du con
tour du grain de laitier. .
Le mecanisme expose de la formation de 
phases hydrosilicacdes geiifiantes et cal- 
ciques, de basicitd 616v6e devant celle du 
laitier de base, permet d’admettre qu’entre 
la partie non hydratee du verre de laitier 
et les prodults d’hydratation, par exemple, 
entre les hydrosilicates du calcium, 11 
exists une couche geiifiante intermediaire 
de basse bastelte, c’est-A-dige que la ba
stelte du grain hydrate peut etre represen
tee sous forme d’une courbe presentant un 
minimum.
O’est probablement la raison de la presen
ce dans les substances liantes hydratees 
de produits d’hydratation exterieurös et In
terieurs dont la bastelte est diff6rente
(3). a

Nos etudes du role de differents elements 
dans la formation de la structure dee lai
tiers etablissent que Al, Mg, Ti sont aus“ 
ceptibles dans deg conditions dAterminees 
de changer leur role structural en influen- 
gant fortement le processus d’hydratation. 
O’est ainsi que dans les spectres de reso
nance paramagnetique Alectronique obtenus au 
cours de I’Atude (4) du role structural de 
1»aluminium dans les verres de laitier A te- 
neur constante en CaO ■ 5051, la variation 
de Al-Oi dans les limites de 10 A 40% en- 
traine 1»apparition de I’Atroite rale A fac“ 
teur-g 2,00? * 0,001 engendrAe par les

groupements (A10£). Avec I’accroissement de 
la teneur en Algöj dans le verre 1»intensi
ty de la rale croit d’abord et atteint un 
maximum pour une teneur en AlgO^ de 20%, 
puis eile chute. Les spectres infrarouge, 
en particulier, permettent de fixer le 
groupement triplet aux nombres d’ondes 'v = 
= 470, 460 et 446 cm”1 qui sont caractAris” 
tiques pour les oscillations du groupement 
(aio6).
La confrontation de donndes sur la varia
tion de la coordinance de 1’aluminium avec 
les propriAtAs liantes des laitiers en fonc
tion de la teneur en Al-O, a permis d’Atab- 

lir que le maximum d’activity des laitiers 
contenant 18 A 20% d’AlgOj coincide avec la 
teneur maximale en complexe (A10,) dans le 
laitier surfondu. 0
La teneur quantitative en ^ans le lai
tier est ytroitement liAe au role structural 
jouA par Mg dans le laitier.
Les ytudes qu’on a menA des propriAtAs hyd
ratantes des laitiers de synthAse du systAme 
Cao-MgO-SiOg-AlgOj ont montrA que la substi
tution admissible de MgO A CaO est condition- 
nde par leur teneur en alumine, avec I’ac
croissement duquel la teneur tolArAe de 
1* oxyde de magnAsium augmente.
L’analyse des spectres infrarouges a permie 
d*observer  des variations engendrAes par le 
fait que pour une teneur en AlgO^ de 15% la 
quantity d’aluminium octacoordonny augmen
te avec ia pAnytration d’une partie de 
magnAsium dans le squelette anionique du 
verre. Pour la teneur en alumine de 17%, la 
teneur tolArAe d’oxyde de magnAsium dans le 
laitier n’abaissant pas son activity est 
Agalement de 17%.
Dans uh systAme A quatre composants ces lai
tiers ne sont pas soumis A la cristallisa- 
tion nuisible aux propriAtAs liantes du peri
clase et se trouvent dans le domaine ou la t 
phase primaire de cristallisation ne concer- 
ne que la monticellite et la spinelle.
La teneur en titane de certains laitiers de 
haut fourneau a conditionnAe I’Atude A la 
rAsonance paramagnAtique Alectronique des 
particularitAs de sa pAnAtration dans la 
structure du laitier.
Pour la dAtermination de la coordinance on 
a utilisA la mAthode consistent A un bombar
dement prAalable du verre par des particules 
gamma.
On a Atabli que dans le laitier contenant 
jusqu’A 11% de titane ^alculA en TiO«, on 
observe vu la nature reductrice du proces
sus de haut fourneau, Agalement du TigO^, 
oh le titane occupe des positions tAtraAd- 
riques dans la structure en Alevant la poly— 
mArie du verre. La formation de complexes 
compliquAs Si-Ti-0 ainsi que la diminution 
de la longueur de la liaison Ti-0 avec le . 
passage du titane A la coordinance 4(la te
neur en T10« est de 4%) conduisent selon 
les donnAes^des mesures de relaxation spin*  



reseau et spin-spin de protons d’hydrogene 
a la diminution de 1’adsorption de molecu
les d’eau par la surface du grain de lai
tier.
Peut-etre c’est la consequence du fait que 
l’ion T14+ est un^meilleur sorbant'de 1’eau 
que les ions de metaux alcalino-terreux de 
plus, pour de petites teneuts en TiOo» ce 
dernier est pa^tiellement hexacoordine; la 
distance Ti-O.etanlj suffisamment grande ce 
qui permet aux molecules d’eau d’interagir 
directemeht avec 1’ion Ti4+.
Avec 1’accroissement de la quantite de TiOg 
le titane acquiert la coordinance 4 et la 
distance Ti-0 diminue. Cela about!t a ce . 
que 1 ’adsorption de l!eeiu par les ioqsTi**  
devient moins probable a cause de 1*  ecran ", 
d’oxygene par rapport au titans >;;v\: V;;
On a indiqüe plus haut que le facteur de-, 
terminant de la structure des,laitiers de . 
haut: fourneau, ayqnt rappor^ a leur acti-. ■' 
vite,.est ledegre de polymerisation dee 7 . 

. complexes; si-0, , qui a son tour est. fpnctioi . 
de la concentration en anions d’oxygene du 
laitier. .. ;
Aqssi. a-t-on emis l1 idee que les prgprie- 
^es ^ydratantes du laitier: peuvent, etre ‘ v 
elevees par introduction .d’adjuvants faci-': 
litant la .destruction du reseau Si-Ti-O, :' 
Hous l’ävbne montre eur 1’exemple des lai
tiers contenant du titane.7 ./ v ■
Lea etqdes de cea-: dernieres annees ont per
mis' d’etablir que 1’existence de la.phase 
vitreyse lie constitue pas^pqr elleTdiemej.mi 
facteyr determinant de 1 ’ elevat.ibh:de71.,.8d- 
tiyite desVlaiiiqrs. Certains estimeyt• meiäe 
que, les., proprietes liantes. les plus elevees 
sent propres auxlaitiers dont la teneur en 
phases cristallines varie entre 5 et 20%.1
A notre .egard le probleme de 1’opportynite 
d’un laitier partiellement cristallise (5) 
doit se resoudre dans cheque cas particu-, 
Hercompte tenu de la composition chimique 
du laitier et, en premier lieu, de sa basi- 
cite,,car cette derniere determine 1’ordre 
de precipitation des phases cristallines 
lors du refroidlssement du laitier au-des- 
soua de la temperature du liquide (Tl). La 
granulation des laitlers basjques (Mo> 1) 
y la temperature inferieure a Tl contribue 
9 1g fixation de la structure dans laquellq, 
a cote du verre, est presente la phase mine-- 
ralogique 2CaO SiOg, „tree active sur le * 
rapport d§s propriqtes liaptes, et dont 
1’activite est superieure a celle du verre.
Avec le refroidissement des laitiers.acides 
(Mo <1) au-dessous de Tl c’est le melilite 
qui cristallise le premier,et pour certains 
laitlers speciaux (titaniferes), le pqrqw- 
skite et le ba?koyite dont les,proprietes 
liantes sont denuees d’activite. Aussi la - 
granulation des laitlers acides au-deqsgus 
de Tl doit-elle abaieser leurs proprietes ■ 
liantes.

. CONCLUSION

En se fondant sur la theorie de la struc
ture loniqye des laitlers de haut fourneau ' 
on a etudie les problemes de 1’interdepen- 

' dance de leur structure et de 1’activite .
hydraulique; les.conceptions repandues sur. 
la similitude entre. les structures des « "
laitlers cristallins et vitreux ainsl que 
de 1’influence de 1’arrangement des ca
tionsdqns le verre de laitier sur son 
activite, '
On,q analyse 1’explication de la possibi- 
lite d’apparition days les laitlers de 
haut foumyau hydrates dq produits d’hydra- 
tation exterieurs et Interieurs differant 
entre eux par leur. basicite.
On a,etudie le role de 1* aluminium, du

' magnesium et du titane dans la formation 
de la structure du laitiey de haut four- 
neau et etabll la capac^te £e variation .. 
de leur coordinancq, phenomene agissant 
fortement sur lemecanisme de 1'hydrata-

; tion. . ■ ■ / ■
■ 7. 0n a pasqe en revye les problemes de 1’op-
7. portunite de la.regulation de la granula
. tion du laitier de hqut fourneau en rap

port avec sa basicite chimique, vu 1’in-
7 fluence positive'sur 1’actlvite du laitier 
7:^’une faille teneur en phases cristallines 

a activite hydraulique dans sa structure.
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Utilisation d'un laitier de magnesium 
comme liant alumineux

Using magnesium stag as aluminous cement

A. CARLES-GIBERGUES, Departement de Genie Civil de (’Institut National des Sciences Appliquees
de Toulouse,

B. THENOZ, Institut de Geotechnique de I’Universitd Paul Sabatier de Toulouse,
A. VAQUIER, Institut de Geotechnique de I’Universite Paul Sabatier de Toulouse, France.

RESUME : La fabrication du magn6sium 3 partir de dolomites decarbonatees puis reduites par le silicium conduit ä 
la formation d'un laitier recuperä sous deux formes distinctes : un mat6riau pulverulent refroidi ä 1'air et un 
materiau granule par trempe ä I'eau ; le premier est essentiellement forme de CgSt' et de petites quantites de 
C12A7 ; le second renferme d1 importantes proportions de ^Sß enrobes dans une matrice heterogene oü Ton dis
tingue une phase vitreuse, et dy CgAHs. '

Cache avec de I'eau, chacun des deux constituants fait prise spontanement sans 1'aide d'activant. Dans les deux 
cas, les phases hydratees responsables du durcissement sont associees ä de la gehlenite hydrat6e et des alumina
tes de calcium.

Par contre, d'importantes differences existent dans les vitesses de formation de ces hydrates : rapide pour le 
laitier fusant, lente pour le laitier granule. Corrälativement, on note la meme disparite dans 1'accroissement 
des resistances mecaniques. Il est done interessant d'utiliser ces deux materiaux conjointement.

Les meilleurs resultats, dans une perspective d'emploi comme liant economique de granulats routiers, sont enre- 
gistrBs avec des dosages de 40 % de laitier granule broye et 60 % de laitier fusant.

En technique routiSre classique des graves laitiers oü les deux materiaux sont employes simultanement sans bro- 
yage prealable, de bonnes performances mBcaniques ont aussi 6t6 atteintes.

Les deux composes peuvent egalement etre utilises sBparement ; ainsi, le laitier fusant peut servir ä la confec
tion ä froid de materiaux cellulaires par simple ajout de poudre d'aluminium, alors que 1'autoclavage du laitier ' 
granule broye donne des materiaux trBs resistants.

SUMMARY : The fabrication of magnesium from dolomite, by eliminating carbonate, and then reduced by siliefum re
sults the formation of slag in two distincted forms : the powdered material by cooling in the air and the granu
lated material by soaking with water. This primary is essentially formed.CgS-T and a little quantity of C12A7. 
The latter mostly consists of C2Sß covered in the heterogeneous matrix in which we distinguish by the vitreous 
phase and C3AH6.

By mixing with water, each of these two constituents will set immediately without the aid of active agent. In 
both cases, the hydrated phases, responsible for hardening, are associated with hydrated gehlenite and aluminated 
calcium.

Nevertheless, the velocity of hydrated formation is greatly different ; it is quick for powdered slag, slow for 
granulated slag. Similarly, we observed that the growth of mechanical resistance is different in the same manner. 
It is therefore interested to use both forms of slags combining together.

Better results, in view of using economic slag as road aggregate, are obtained by proportioning 40 % of crushing 
granulated slag with 60 % of melted slag.

For graved slag road, the use of the two materials together, without previous crushing, allowed us to obtain the 
mechanical performances.

The two compositions can also be used separately as followed : the melted slag can serve as the cold production 
of cellular materials by adding aluminium powder while the autoclave of the crushing granulated slag yields high 
resistance material.



I - INTRODUCTION

La recuperation des sous-produits industriels est ä 
1'ordre du jour dans le double souci d'economie d'e
nergie et d1amenagement du cadre de vie menace par 
1'entassement anarchique "des rebuts.

L'exp6rience acquise permet de penser que les tonna
ges importants de lai tiers de hauts-fourneaux recy
cles dans le genie civil tendent vers une limite dif
ficile a reculer.

Mais l'es dechets inutilises des autres branches de 
Tindustrie metallurgique (pour nous en tenir ä ce ‘ 
seul domaine de l'activite industrielle) n'ont pas 
fait -et loin de lä- 1'objet d'etudes systdmatiques ‘ 
de remploi. Sans doute, parce que les quantitBs en 
jeu dans chaque unite de production ne sont pas aussi 
considerables que dans le cas de la production de 
fonte et d'acier. Il n'empeche que des reutilisations 
techniquement et economiquement interessantes sont 
possibles.

Cette note a precisBrnent pour objet 1'etude de la va
lorisation d'un laitier de fabrication du magnesium.

La premiere partie du travail a trait ä 1'identifica
tion precise des phases constitutives du laitier : 
pouvait-on, a priori, entrevoir une utilisation ana
logue ä celle des lai tiers de hauts-fourneaux avec ou 
sans traitement physico-chimique complementaire ?

La reponse äyant 6t6 franchement positive : presence 
de certains des constituants clas^iques des ciments,
II convenait, dans une deuxieme partie, de confirmer
1'aptitude ä la prise hydraulique par 1'etude du com- 
portement en presence d'eau.

Des possibilites de prise se manifestant effective- 
ment, il restait ä examiner dans une troisieme partie 
les differents emplois possibles en genie civil.

II - CONSTITUTION DU PRODUIT DE RECUPERATION

II.1 - Proprietes physico-chimiques

La nature et la structure du laitier que libBre la 
fabrication du magnesium dependent evidemment de la 
composition des matiBres premieres et du processus de 
fabrication. Dans le procede ".Magnetherm", en usage 
ä l'usine de Marignac (Haute-Garonne), d'oü provient 
le laitier etudiB (1), on rBduit, aprBs decarbonata- • 
tion de la dolomite, 1'oxyde de magnesium par le si- » 
licium suivant la reaction theorique "

2(MgO,CaO) 1600*0  5i 02 ,2CaO/

Le magnesium se degage ä I'etat de vapeur, puis le 
four est retourne au-dessus d'une fosse pleine d'eau. 
La partie du bain liquide qui s'en ecoule est ainsi 
transformBe en laitier granule qui se prBsente sous 
I'aspect de granules poreux et friables de granulome- _ 
trie comprise entre 0,2 et 10 mm. La masse volumique 
apparente (tous vides compris) est 1,070 T/m3. La 
masse volumique mesurBe sur poudre inferieure ä 50JJm 
et dans un liquide est de 3,00 T/m3. ,

D'autre part, une fraction moins importante du bain 
(environ le tiers) reste callee aux parois du four 
et se refroidit lentement ä 1'air en se delitant en 
une poudre fine qui constitue le laitier dit fusant. 

Cette poudre a une surface specifique de 1 800 cm^/g 
BLAINE. Sa masse volumique est, soit de 0,950 T/m3 
(vides entre grains Indus), soit de 2,960 T/m3 (vide 
entre grains exclus).

La composition chimique moyenne ne ddpend Bvidemment 
que de la composition du bain et non du mode de re- 
froidissement : eile est la meme pour les 2 fractions, 
grandee et fusante, conformement au tableau ci-apres.

5102 25,0
A12°3 14,0
CaO 54,2
MgO 3,9
Na20 0,2
S03 1,3

On constate que ce laitier est plus riche en chaux et 
plus pauvre en silice que les laitiers de fonte de 
hauts-fourneaux.

La connaissance de la seule composition chimique n'est 
pas süffisante pour identifier les especes cristalli- 
nes susceptibles de prise hydraulique, d'oü la neces- 
sitB d'une diagnose minBralogique.-

II.2 - Constitution mineralogique

Le laitier granule differe considerablement, par sa 
structure, des laitiers de fonte ; il est largement 
cristallise. Ce fait est, selon toute vraisemblance, 
explicable par son tres fort indice de basicitB 
Ca0/Si02 = 2,16.

Les cristaux, pour leur quasi-totalite, sont des sili
cates bicalciques. Ils constituent 50 du laitier 
granule. Leur etude par diffractometrie X -radiation 
KcCj du cobalt, detection par compteur lineaire- mon- 
tre la presence des deux variBtBs ex' et 6 et, proba- 
blement de o£. '

Ils s'individualisent en constituants arrondis, d'en
viron 30 ä 80pm au sein d'une matiBre interstitielle 
presque exclusivement vitreuse.

Les examens ä la microsonde Blectronique (figure 1) 
confirment que le rapport molaire CaO/SiOg est tres 
voisin de 2, et que les remplacements du silicium par 
1'aluminium et du calcium par le magnesium y sont ra
res : 1,1 % d'Al203 et 1,3 % de MgO.

La matiere interstitielle est h6t6rog6ne. Dans sa mas
se, eile se definit par un rapport[CaO^NgOJ/biOztAljOj] 
tres proche de 2, 1'aluminium jouant cette tois un rö- 
le important (environ 11 Al pour 2 Si) : ainsi, ont pu 
se differencier en petites quantites des cristaux 
d'aluminate de calcium que la trempe a hydrates direc- 
tement en CgAHg.

Au contact des silicates bicalciques, existent des. 
zones riches en magnesium. Certaines correspondent 5 
des cristaux de periclase, dont 1'existence est bien 
visible sur les di ffractogrammes X ; d'autres, ä rap
port molaire MgO/SiOg, voisin de 2, sont constitues de 
forsterite Mgj.SiOd, mineral plusieurs fois trouvB 
dans des laitiers (2).
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FIGURE 1 : Grain de laitier granule

Le laitier fusant est largement cristallise, le cons^ 
tituant majeur etant la vari6t6 ? du Silicate bical- 
cique (calcio-olivine).

Le refroidissement lent ä l'air conduit, vers 500°C, 
ä la transformation de C2SJ1 en CgSJ- , avec un accrois- 
sement de volume d'environ 13 %, ce qui provoque la 
pulverisation spontanee du laitier.

'A cöte de cesilicate, existent de petites quantites 
de periclase et d1aluminate de calcium C12A7 qui, 
comme le montre la figure 2, se concentrent dans les 
fractions les plus fines.

III - COMPORTEMENT EN PRESENCE D'EAU ET IDENTIFICATION 
DES PHASES HYDRATEES

La mise en evidence de constituants connus pour leurs 
propriet6s hydrauliques conduit naturellement ä Stu
dier le comportement du laitier en presence d'eau, 
sous ses deux formes, seit prises separement, soit 
associSes.

III.1 - Comportement dans l'eau pure des constituants 
separes

III.1.1 - Fraction fusante

La solution se sature rapidement en chaux» puis sa 
concentration diminue'rSguliSrement avec le temps 
(figure 3). On note Sgalement la presence en faible 

quantit6 du sodium et de 1'aluminium. Par contre, pra- 
tiquement pas de silice et pas du tout de magnesie. 
Les premiers composes hydrates sont decelables par 
diffractometrie X, moi ns de deux heures apres le gä- 
chage. L'aluminate C2AH8 est le premier ä apparaitre 
et constitue, pendant les trois premiers jours, I'es- 
sentiel de la phase hydratee. On decele egalement de 
petites quantites de CAHjo et de CxAH^. De la gehle
nite hydratee CgASHs se forme quand la concentration 
en chaux de la solution diminue (3) et, encore plus 
tardivement, apparalt l'aluminate C3AH5.

III.1.2 - Fraction granulee

Ce matSriau, prealablement broye ä la meme finesse que 
le laitier fusant a une nettement moindre reactivite : 
les diffractogrammes X ne montrent, en effet, 1'appa
rition des permiers hydrates qu'au bout de 1 jour ; 
il s'agit d'aluminates de calcium et de gehlenite hy
drates. On constate simultanement une dissolution 
beaucoup plus lente du calcium dont la concentration 
atteint un palier au bout d'une dizaine de jours. Les 
solutions renferment initialement des concentrations 
non nSgligeables de silice dont la teneur s'amenuise 
ensuite rägulierement avec le temps (figure 3).

III.2 - Comportement des constituants associes

Les courbes demise en solution du melange de 1/3 de la 
forme fusante et 2/3 de laitier granule resultent de 
la superposition des courbes correspondant ä chaque 
forme prise isolement. Les diffractogrammes montrent 
la formation des memes especes hydratees. Par contre, 
C2AH8 a une existence tr6s courte ; C4AH13 et CgASHa 
se developpent ä meme vitesse.

On peut penser que la liberation lente des ions Ca, 
Al, Si, ä partir de la mati&re vitreuse de la forme 
granulee devrait favoriser la formation de quantites 
croissantes de gehlenite et de silicates de calcium 
hydrates. Pour confirmer cette Hypothese, nous avons 
etudie la prise (figure 4) et le durcissement (figu
re 5) de pätes pures de melanges en proportions varia
bles des 2 formes granulee et fusante (amenSes 5 la 
meme finbsse), gächees avec des quantites d'eau ajus- 
tees pour que la maniabilite reste constante.

On note qu'il-y a reaction mutuelle des deux formes, 
traduite par la forme en cloche des courbes de la re
sistance mecanique. Le maximum d'activation correspond 
S une proportion 40-60 de .granulee-fusante.

IV - LES EMPLOIS POSSIBLES

Ainsi, l'etude de Ja reactivite ä l'eau du laitier de 
magnesium montre qu'il se comporte, sous sa forme fu
sante (et ä un degr6 moindre, sous sa. forme granulee), 
comme un liant hydraulique 3 la difference des lai
tiers de hauts-fburneaux qui ont besoin d'un activant 
ou d'un catalyseur pour stimuler une hydraulicite 
latente.

Ce point 6tant acquis, il restait 3 Btudier les utili
sations effectivement possibles du laitier sous ses 
deux formes combinees, ou sous chacune d'elles s6parh- 
ment. Nous avons retenu les 4 exemples ci-aprSs.

IV.1 - Melange utilise comme liant

Les rbsultats de 1'etude du comportement en presence



. Fractions grarmlometriques:

FIGURE 2 : Diffractogrammes X du laitier fusant

FIGURE 3 : Dissolution du laitier dans I'eau pure

FIGURE 4 : Influence de la composition des melanges 
sur leur vitesse de prise

FIGURE 5 Influence de la composition des melanges 
sur leur resistance ä la compression simple

FIGURE 6 : Broyabilite du laitier granule



d'eau conduisent ä essayer un liant forme de 1/3 de 
forme fusante et de 2/3 de forme granulSe, prealable- 
ment broyee jusqu'ä une finesse comparable ä cel le de 
la forme fusante, ce qui est economiquement possible 
dans un broyeur ä barres, comme le montre la figure 6 
qui met en evidence une broyabilite bien superieure 
ä celle de laitiers siderurgiques varies.

Les performances obtenues sont loin d'etre nSgligea- 
bles et autorisent toute une gamme d'emplois.

IV.2 - Melange utilise directement sans broyage 
prealable, en technique routiere

L'addition de 10 ä 15 % du melange optimum ä une 
grave siliceuse de granulometrie continue permet de 
fabriquer des 6prouvettes de resistance ä la compres
sion simple voisine de 7,2 mPa, soit de 1'ordre de 
grandeur des resistances habituel1ement admises en 
technique routiöre.

IV.3 - Materiaux cellulaires ä partir de la forme 
fusante

Le laitier fusant etant un veritable ciment alumineux, 
on peut l'utiliser pour preparer ä froid des materiaux 
cellulaires en ajoutant seulement de la poudre d'alu
minium : on a ainsi obtenu des masses volumiques de 
0,850 T/m3 et des resistances de 6 mPa.

IV.4 - Materiaux autoclaves ä partir de la forme 
granulee

L'autoclavage du laitier granule plus ou moins broyä 
entralne son activation par 1'hydratation des silica
tes bicalciques et donne des materiaux tr6s resis
tants : on a obtenu des resistances atteignant 78mPa

(4).

(3) R. DRON (1974) "Mecanisme de la prise du laitier 
sous activation alcaliqe" Rapport de recherche du 
Laboratoire Central des Ponts et Chaussees, n° 38 
(Frangais)

(4) A. MARTINELLI (1979) "Influence de divers traite- 
ments physiques sur les proprietes mecaniques des 
dächets industriels" D. E. A. de Genie Civil, 
Universite Paul Sabatier de TOULOUSE (Frangais).

V - CONCLUSION

Nous nous etions proposes de rechercher les conditions 
de Valorisation d'un laitier jusqu'ici mal utilise. 
Nous avons constate qu'il contenait des composes hy- 
drauliques en quantite süffisante pour justifier une 
Utilisation pratique, soit directement sous sa forme 
fusante, soit en melangeant (dans les proportions de 
leur production) les formes fusante et granulee 
(apr6s eventuellement un simple broyage de cette der- 
niäre), soit, enfin, en activant la forme granulee*  
par autoclavage. Ce cas particulier illustre tout 
l'interet ecologique et energetique d1etudes systöma- 
tiques completes de materiaux dont les propri6t6s hy- 
drauliques etaient, jusqu'ici, meconnues.
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Experience et fondements physico-chimiques de 
^utilisation des sous-produits dans Industrie du ciment

Experience and physico-chemical bases of using secondary raw 
' materials in cement industry

A.S. BOLDYREV, Ministere de materiaux de construction de I'U.R.S.S.,
Z.B. ENTINE, candidat es sciences techniques, NIITzement, Moscou,
A.I. ZDOROV, candidat es sciences techniques, Youjguiprotzement, Kharkov,
A.V. KISSELEV, candidat es sciences techniques, collaborateur scientifique, Guiprotzement, Leningrad, 
S.D. MAKACHEV, NIITzement, U.R.S.S.

BEStME : L’utilisation dans I'industrie du ciment de sous-produits pezmet d'Sconomiser le 
combustible, d'abaisser les frais de production et d'ötablissement. de mettre en valeur 
les rSsidus industriels, de contribuer ä 1* amelioration de I'^quilibre 6cologique.
On utilise chaque ann6e en U.R.S.S. 25 ä 27 millions de tonnes de sous-produits dont le 
role d*  adjuvant mineral actif est fonction de son interaction acido-basique avec la solu
tion aqueuse de chaux tydratee et foxmation de seis de calcium hydrates difficiles ä dis- 
soudre. Une telle interaction est propre aux lai tiers ferro-siliceux composes pour 1'es
sential de verre alumoferrosiliceux et de fayalite.
A des fins de controls de la prise du ciment on se sent de gypses chimiques aux composi
tions variöes en phases, dont la solubilite est proche de celle du gypse nature! bihydra
td.
Les sous-produits et, notamment, les cendres des centrales thexmiques sont efficacement 
utilisds en qualitd de constituent de base pour 1’obtention du clinker.

SUMMARY ; Utilization of the secondary raw materials in the cement industry ensures economy 
of fuel, reduction of production and capital costs, utilization of waste products, improve
ment of ecology balance.
From 25 to 27 million tons of the secondary raw materials are used in the USSR annually. 
The suitability of the secondary raw materials for use as an active mineral additive is 
determined by its ability for acid-base interaction with an aqueous solution of hydrated 
lime with formation of difficultly soluble hydrates of calcium salts. The ability for such 
a reaction is offered by ferrosilicate slags consisting mainly of alumoferrosilicate glass 
and fayalite.
To control the setting time of the cement, use is made of chemical gypsum of different phase 
compositions whose solubility approaches that of the natural gypsum dihydrate.
The secondary raw materials, especially fly ash of the power plants is also advantageously 
used as an ingredient of raw mix in the production of ciment clinker.



l'utilisation des rSsidus industriels est 
un des plus efficaces moyens d'abaisaer les 
besoins en Energie et en investissement 
d'Etablissement de cimenteries et d'amElio- 
rer le bilan Ecologique de ces derniers. 
Dans nombre de pays on observe une tendance 
permanente ä I'accroissement de la mise en 
oeuvre de matSriaux tels que les laitiers 
de haut foumeau, les cendres de centrales 
thermiques, les boues bElitiques (2-6).
En Union SoviStique une grande experience a 
6t6 accumulSe dans le dotnaine de 1'utilisa- 
tion en cimenterie de produits technogdnes 
(rEsidus des productions techniques). Le 
volume total mis en oeuvre attaint 25 ä 2? 
millions de tonnes par an, ce qui dSpasse 
de beäucoup leur emploi dans les autres 
pays. Dans le rapport de m.Satarine, pre
sents au Vl-iSme CongrSs International de 
chinie du eiment tenu d Moscou, ont 6t6 ex
posSes les conclusions de I'expSrience d'u
tilisation des Laitiers granules de haut 
fourneau (7). '
Dans la presents ccmununication une tentati
ve est faite d'analyser les*  fondenents phy- 
sico-chimiques de l'61argisaement de 1'as- 
sortiment de produits technogEnes utilises 
dans la production du eiment, de meme que 
1'experience acquise dans ces applications.
EXPLOITATION DE' L'EFFET D'ADJUVANTS MINERAUX 
ACTIPS DES PRODUITS TECHNOGENES SECONDAIRES. 
Les normes sovietiques autorisent A utiliser 
en qualite d'adjuvants mindraux actifs des 
materiaux ä effet solt hydraullque, soit, 
le plus souvent, pouzzolanique.
Le trait commun de ces materiaux est leur 
aptitude A 1'interaction acido-basique dans 
des solutions aqueuses de 1'oxyde-caicique 
hydrate avec formation d'hydrates diffici- 
lement solubles.
Selon les conceptions d6velopp6es pour la 
premidre fols par Bernstade 1'interaction 
acido-basique se rdduit au transfert du 
proton de 1'acide-donneur A la base-accep- 
teuse. La force thennodynamique active dn 
phdnomEne est engendrde par la diminution 
de 1'enthropie de la substance de basicite 
inteimddiaire par rappört ä la sounme d'en- 
thropies de 1* aside et de la base initiaux. 
Dans les solutionsAaqueuses de Ca(0H)2 le 
role d'acide pent etre joud par toute subs
tance capable de transmettre le proton A 
l?ion hydroxyle. Si le produit des solubi- 
lltes dn composd de la" reaction s'avdre 
dans ce cas inf Arieur au produit des solu- 
bilitds des substances de base, les cris- 
taux hydratös formöa seront alors stables 
et inattaquables par 1* hydrolyse, tandis 
que la concentration de CaCOH)? dans la pha
se liquide du systdme sera inferieure A 
cells d'Aquilibre de la solution pour la 
tempdrature et le pH donnAs. <?e dernier phA- 
ncmene est un indice de la possession par 
la matidre de prcpriAtAs pouzzolaniques.
La silice active et le verre alumosiliceux 
sont des pouzzolanes manifestes. Les don- 
neurs de proton sont dans ce cas les sur
faces hydroxy 16es de particules de ces ma- 
tiAres. L'aptitude A 1* hydroxylation et aux 

manifestations de propriAtAs acides est 
Agalement^propre au verre alumoferrosili- 
ceux de mane qu'aux matAriaux de composi
tion essentiellement ferrosiliceuse a te- 
neur importante en FeO. Pour une dispersion 
trAs fine de ces matAriaux, 1'oxyde ferreux 
qu'ils contiennent est oxydA en prAsence 
d'alcali jusqu'A 1'oxyde ferrique par L'o- 
xygene dissous dans la phase liquide du ci- 
ment en vole de durcissement et s'avAre ca
pable de s'hydroxyler avec formation subsA- 
quente d'hydroferrites ou d'hydroalumofer- 
rites calciques de formule gAnArale

(0<x<1), et A des condi
tions dAterminAes Agalement d'hydrogrenats.
En guise d'exemple examinons les rdsultats 
d'Atudes rAalisAes par I.G..Benin. A.S.Sven- 
tsitzki et Z.B. Entine des propriAtAs des 
ciments aux laitiers ferrosiliceux dont la 
composition chimique et la teneur en pha
ses sont communes A de nombreux rAsidus de 
la mAtallurgie de metaux non ferreux. La 
composition des matiAres AtudiAes est don- 
nAe au tableau I.

TABLEAU I

Canposition chimique des laitiers 
et du clinker, %

Denomina
tion de le 
matidre

Si°2 A12°5 Fe205 FeO CaO r2o

Clinker 
Laitier

21,6 4,20 4,52 54,6 1,08

granulA 
Laitier

51,82 6,51 6,95 40,70 5,97 2,47

non
granulA 52,96 5,94 7,88 59,98 7,15 2,42

Une partie des Aprouvettes de laitier Atait 
granulAe, tandis que 1'autre Atait progres- 
aivement refroidie A 1'air. Lea.deux types 
d'Aprouvettes se conformaient aux normes 
soviAtiques A tablies, poxir les adjuvants mi- 
nAraux actifs quant aux dAlais de prise et 
A la rAsistance A 1'eau, une fois mAlangAs 
A de la chaux blanche. la concentration de 
Ca(0H)2 dans la phase liquide du-eiment 
s'est avArAe infArieure a celle d'Aquili- 
bre pour la tempdrature donnAe. Elie a AtA 
pour les laitiers granulAs et lentement re- 
froidis respectivement de 2,6 et 6,5 
mmole/litre, tandis que celle d'Aquilibre 
s'Alevait A 8,2 mmole/litre.
Les analyses pAtrographique et aux rayons 
X ont Atabli que les laitiers se ccmposent 
pour I'essentiel de fayalite (45 A 55 %)» 
de verre alumoferrosiliceux (55 & 40 %) et 
de magnAtite (12 A 15 %). La teneur en ver
re Atait quelque peu AlevAe dans les lai
tiers granulAs, toutefois cela n'exergait 
pas d'influence sensible sur la rAsistance 
ainsi que sur les autres caractAristiques 
des ciments^



La figure 1 reprSaente !•influence de 1* ad
dition de laitiers sur la resistance des ci- 
ments.

10 20 ' 30
Teneur en laitier, %

Fig. 1 - Influence des laitiers ferrosili
ceux sur la resistance des ciments (laitier 
granule) : 1 - d 5 jours ; 2 - d 7 jours ;
5 - d 28 jours ; 4 - d 90 jours ; 5 - d 
180 jours

Avec I1 addition de laitiers la resistance 
du eiment diminue au debut, toutefois au 
bout de 28 jours et plus les ciments con- 
tenant 1 $ 58 de laitier ne eddent en rien 
aux ciments de controls' sans constituants 
secondaires. L*addition  du laitier pour 3058 
abaisse la resistance de 10 %, par rapport 
au eiment de contrSle, Agalement d des d6- 
lais avancAs, mais meme dans ce cas I’effet 
pouizolanique de 1* adjuvant se manifeste de 
fa?on Avidente. Des rdsultats eimilaires 
ont Agalement 6t6 obtenus aprAs Atuvage des 
Aprouvettes. .
L*Atude  de la composition en phases de la 
pierre de eiment dureie a montrA qu’il y a 
fixation de nouvelles formations identifia- 
bles sous forme d'tydroferrite de calcium 
aux cristallisations peu prononcAes.
La resistance des ciments aux laitiers aux 
agents ateosphAriques et aux sulfates Atait 
supArieure d celle des ciments de controle. 
L'efficacitA de 1 «utilisation des ciments 
aux laitiers dans les bAtons Atait estimAe 
par comparaison dn taux de conscamation de 
controle, exigA pour l*obtention  du bAton 
de meme rdsiatanca, non pas du eiment natu— 
rel mais du cli^’cer qui J es^ contenu (8). 
L'addltion de 15 et de 30 % de laitier se 
solde ainsi par un gain en. clinker respec- 
tivement de 10-12 et de 20-25 >•
■Les rAsaltats obtenus confirm ent la validi.7

tA des principes gAnAraux du choix d*adju 
vants minAraux actifs a additionner aux 
ciments et pezmettent d'Alargir l«assorti— 
ment de matAriaux utilisAs d cette fin. 
GYPSES CtilMIQUBS. Les rAsidus de nembreu— 
ses branches de 1«Industrie obimi rp« • 
production de superphosphate, , d'acides 
phosphorique et borique, etc., constituent 
des matAriaux composes pour 60 d 95 % de 
modifications variAes du sulfate de cal
cium. L,intAr6t pour 1«exploitation des 
gypses chimiques en tant que rAgulateurs 
de prise du eiment se manifeste fl«"« de 
nombreux pays. Les rdsultats obtenus sont 
encourageants, mais 1«utilisation de ces 
matidres demeure toujours assez limitAe (9, 10). u

Parmi les rAsidus ae prdsentant en grande 
masse il faut nommer le phosphogypse con- 
tenant pour 95-98 % de gypse bihydratd. Le 
taux de phosphore calculd en Po0c est de 
1,0 d 1,5 %, celui de fluor, jftsqu'd 0,3 %. 
Le borogypse qui est un rdsidu de fabrica
tion de I'acide borique contient pour 60 d 
70 % de sulfate de calcium. L'impuretd 
principale est la silice qui s'y trouve en 
quantitd allant de 20 d 25 %. La teneur 
rdsiduelle en B-0, est de 0,5 d 1,5 %, 
dont 0,5-1,0 % ^d^acide orthoborique. Les 
autres impuretds constituent en masse prds 
de 5 %• D'aprds les donndes d'analyses pd- 
trographique et aux rayons X le sulfate de 
calcium s'y trouve sous forme de gypse by- 
hydratd (40-55 56) et d'anhydrite (20-35 56). 
la silice se prdsente en une structure 
dendritique amorphe (11).
Le fluorogypse contient pour 80 d 95 % de ' 
sulfate de calcium. En qualitd d'impuretd 
on y trouve de la fluorine (0,5-5,0 %) et 
de la silice (1,5-4,0 %). Les autres im
puretds ne ddpassent pas au total 3 d 5 %. 
Le sulfate de calcium se prdsente pour 
I'essentiel sous forme d'anhydrite et de 
gypse semi-hydratd en dtroites coalescen
ces. ■La quantitd de gypse bihydratd est 
moindre. Vu la prAsence dans les gypses 
chimiques d'impuretAs sous forme de phos
phore, de fluor, de bore, etc., ainsi que 
de diffArentes varidtds de gypse il s'est 
aydrd intAressant de procAder d 1«Atude du 
role de ces facteurs dans les dAlais de : 
prise, la rAsistance et les caractAristi
ques techniques de construction du eiment.
L'essentiel de 1'action de rAglage du gyp
se sur les dAlais de prise rAside dans son 
aptitude de former avec C,A et.O^AF des 
hydrosulfoaluminates et des hydrosulfofer
rites de calcium. La forme stable de 1'hy
drosulfoaluminate de calcium est celle du 1 
trisulfate qui en cas de teneur insuffisan- 
te en gypse dans la solution et un excAs , 
d'autres ions, formant le sei complexe, ■ 
deviant un monosulfate. En outre, la con
centration d'ions SQfc- dans la phase li
quide est un des facueurs essentials ixt- 
pliquant 1'aptitude des ciments A engen- 
drer des rAactions de facuase prise (12). 
Aussi la cinAtique de la dissolution des 
gypses chimiques en phase liquide est-elle



un des princlpaux facteurs ddterminant les 
possibllitös de leur exploitation en quali- 
t6 d'acc^lSrateurs-retardateurs de prise.
Le probleme ne se pose pas au oas ou le 0- 
pse des rdsidus se trouve sous la forme de 
sei bitQrcLrique, situation ne se prSsentant 
toutefois que pour le phosphogypse.
La figure 2 fdurnit les donnSes sur la va
riation de la composition en phases d'une 
Eprouvette industrielle de gypse chimique 
(fluorogypse) maintenue en contact avec 
I'eau durant 7 jours. L*anhydrite  soluble 
se transforme progressivement en gypse he
mihydratE, tandis que la teneur en gypse 
bitydratE s'accrort de faqon relativement 
lente (15). coexistence prolongEe de 
seis bihydratE et hemihydratE implique que 
la prEsence du fluor s’oppose 4 la trans
formation du gypse hemihydratE en gypse bi
hydratE, la dissolubilitE des deux formes 
du gypse Etant presque la meme. A 20 "C 
la dissolubilite du fluorogypse est de 1,5
1,9 g/1 CaSOn, ce qui est quelque peu infE- 
rreur 4 celle du gypse bihydratE, mais dE- 
passe de beaucoup celle de I'anhydrlte.

lg( T mn)

Fig. 2 - Variation de la composition en 
phases du fluorogypse au contact de I'eau ; 

a - anhydrite ; o - gypse hemihydratE ; 
D - gypse bihydratE• x - anhydrite in
soluble.

Tous les gypses EtudiEs garantissent des 
dElais de prise du ciment fixEs par les 
normes pour des dosages 4 peu pres les 
names que le gypse naturel.
La prEsence de 1'anhydrite dans les gypses 
chiniques soulevait des doutes que cette 
forme difficile ä rehydrater du sulfate de 
calcium entraine la destruction de la pier
re de ciment dEjä durcie par formation 4 
des dElais plus avancEs de 1'hydrosulfo- 
aluminate de calcium (destruction gypseuse). 
Pourtant, des Etudes spEciales ont montrE 
que dEj4 aprds trots jours de durcissement 
tout le sulfate de calcium y compris 1'an

hydrite s'avErait fixE dans 1'hydrosulfo
aluminate de calcium, et on ne dEcelait 
pas de gypse libre dans la pierre de ci
ment. '
L'Etude de 1'Influence des gypses chini
ques sur la rEsistance des ciments a Eta- 
bli que le remplacement du gypse par 1'une 
quelconque des formes du gypse chimique ne • 
se rEpercute pratiquement pas sur la rE
sistance du ciment 4 tous les dElais d'es- 
sais (11, 15). ■
Une autre application efficace des gypses 
chiniques est 1'exploitation de leurs 
qualitEs minEralisatrices pendant la cuis- 
son du clinker.
L'efficacitE du phosphogypse dont 1'utili
sation par les cimenteries en qualitE de 
minEralisateur date dEj4 de plusieurs an- 
nEes, est bien connue. Son emploi permet 
d'ameliorer le rendement des fours et d'ob- 
tenir un clinker 4 alite mieux cristallisE 
et de meilleure qualitE (14).
L'utilisation 4 des fins identiques du 
fluorogypse se rEvEle Egalement rentable. 
La figure 5 montre 1'influence du fluoro
gypse sur la cinEtique de la fixation de 
la chaux dans le mElange cuit comparEe 4

Fig. 3 ~ Influence des gypses sur la fi
xation de 1'oxyde de calcium dans les mE
langes bruts soumis 4 la cuisson : 1 - sans 
minEralisateur ; 2 - avec addition de gyp
se naturel $ 3 - avec addition de phospho
gypse ; 4 - avec addition de fluorogypse

Toutes les variEtEs de gypse accusent'un 
effet minEralisateur sensible dans 1'in-



TABLEA.U II

Teneur en CaO1;t^ et C^S dan b les Eprouvettes cuites A des temperatures 
variEes, %

Composition du 
mElange brut

1280 "C 1300 •c 1320 eC 1340 *C 1360 »C -
CaOiib c5s CaOlib c,s CaOlib C^S CaOlib 658 CaOlib c3s

1
MElange avec cen- 
dre basique 12,36 n.d. 7,52 17,5 5,05 32,7 2,82 47,9 0,65 62,8
MElange avec cen- 
dre acide 20,99 . n,d. 10,24 3,1 5,20 24,4 1,91 55,0 1,05 60,2
MElange avec 
argile 12,62 n.d. 10,64 3,0 6,93 25,2 4,01 55,6 0,74 65,5

tervalle de temperatures allant de 900 A 
1500 °C, 1‘action du fluorogypse se mani
festant de fa$on un peu plus forte dans 
I'intervalle de 1200 A 1300 °C. Dans les 
Eprouvettes cuites, obtenues avec tons les 
min6ralisateurs essayEs, on a observE une 
quantite ElevEe de sulfates alcalins. On 
n'y a pas dEcelE de phases alcalines sili- 
ceuses et alumineuses, quant A la microst
ructure des Eprouvettea eile s’est avErEe 
meilleure. Les essais ä l'Echelle indus
trielle du fluorogypse en qualitE d'agent 
minEralisateur de la cuisson du clinker , 
ont montrE que son efficacitE ne cäde en 
rien ä celle du spath fluor (fluorine)#
Enfin il existe encore une application pos
sible des gypses chimiques et, surtout, du. 
phosphogypse, celle consistant A obtenir 
but sa base de 1'aside sulfurique et du ci- 
ment. ■ .
Sous ce rapport, les nouvelles orientations 
se concentrent sur 1'obtention, en partant 
du phosphogypse non pas du ciment portland 
de composition ordinaire, mais du ciment A 
sulfoalumosllicates, dont le clinker con- 
tient une sensible quantitE de sulfoalumi
nate de calcium ahhydre 5(CA) CaSO^ (16). 
SCHIAMM BOUGE. Lors de la production de ■ 
1'alumine A partir des bauxites on obtient 
pour chaque tonne de produit fini jusqu'A 
2 tonnes de rEsidus sous fonne de schlämm 
rouge. Les Schlamms rouges sont des pou- 
dres finement dispersEes, oü plus de 90 % ■ 
de particules ont des dimensions inferieu- 
res A 10 urn. Leur composition chimlque va— 
rie dansxes limites suivantes : SiO? - de 
9 A 11 %, Al-0, - de 17 A 19 %, Pe20? - de 
39 A 43 $6, TICK - de 4 A 6 58, CaO - -’de 7 
A 10 56, NagO -^de 6 A 7 %•
La composition nhlml qua du B ch Tamm rouge 
autorise son emploi en qualitE d'addition 
complexe ferroalumineuse de correction, ce 
qui s'avAre trds inq>ortant au cas de la 
nEcessltE d'obtenir un clinker A partir de 
matiEres brutes trEs siliceuses. Les cal— " 
culs Etablis d'aprEs le diagramme d'Etat 
C-A-E-S montrent que pour chaque pour cent 
de schlämm rouge additionnE au mElange brut 

et dose en fonction de la substance calci- 
nEe la teneur en phase liquide dans la ma- ■ 
tiEre cuite s'accroit A la tempErature de 
1350 °0 de 1,3 % et A la tempErature de 
1450 °C de 1,5 %. De maniEre correspondan- 
te s'accroit la reactivitE du mElange brut. 
La rEactivitE rElevEe des mElanges bruts A 
schlamin rouge s'observe dEJA A partir de 
360-575 °C. A 900-1000 °C les constituants 
du schlämm sont aptes A former des bains 
fondus intermEdlaires qui disparaissent en
suite par interaction avec d'autres cons
tituants du mElange brut. Le processus de 
fixation de la chaux s'intensifie done sur 
une large gamme de tempEratures. Toute- 
fois, le facteur essential demeure 1'in
fluence de 1'addition de schlämm sur la • 
quantitE et les prqpriEtEs de la phase li
quide.
UTILLSATION DE PBCDUITS TECHHOGEKES EN 
QUALITE DE CONSTITUANTS DE BASE DU MELANGE 
BRUT. L'application de sous-produits en 
qualitE de constituants de base du mElange 
brut s'est rEvelEe trEs intEressante dans 
l'optique de 1'emploi massif des rEsidus 
industriels ainsi que de possibilitEs 
s'ouvrant pour des Economies en Energie et 
en combustible de mane qu'en investisse- 
ment d'Etablissement.
C'est ainsi que 1'utilisation des centimes 
acides de centrales thexmiques permet de 
rEduire les frais de sEchage et de mouture 
de la matiEre premiAre, quant A 1'utilisa
tion des cendres basiques eile se solde 
par un gain rEsultant de 1'ElEvation du 
rendement des fours et de 1'abaissement 
des dEpenses en combustible brulE pendant 
la cuisson.
L*Etude  de la rEactivitE des mElanges bruts 
011 les cendres volantes ont remplacE 1'ar- 
gile a EtE rEalisEe par G.G. Lepechenkova 
et Z.B. Entine.
Le tableau II fournit des donnEes sur la 
cinEtique de la fixation de la chaux dans 
les mElanges bruts A cendres. Les mElanges 
bruts contenant des cendres et de 1'argile 
Etaient amendEs jusqu'A une composition 



chiBique presque Identique.
Ccone 11 s’ensuit des donnfees fouinies, 
lea cendres des centrales thermlqu.es pos— 
sddent une reactivity non Inf6rleure a 
celles des argiles & montmorillanites dont 
la reactivity est trös grande.
Il est ygalement tr6s int6reasant d'utili- 
ser en quality de matidre premiöre les 
bones belitiqu.es et lea Schlamms T » les 
r£sidus de wollastonite ainsi que d’autres 
sous-produits. Il s'ensuit de I*exposy  que 
l,assortiment de rösidus industriels uti
lises en cimenterie peut etre sensiblement 
yiargi. '
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Influence de la composition chimique et de la texture 
des laitiers sur leur hydraulicite

Influence of slags chemical composition and texture on their hydrauHcity

E. DEMOULIAN, P. GOURDIN, F. HAWTHORN, C. VERNET, Societe des Ciments Francais
CEREG, France. '

RESUME
L'6tude commentee dans ce texte porte actuellement sur 27 laitiers de haut fourneau representatifs des produc
tions francaises-et 1uxembourgeoises. ■ ■
L'analyse complete de ces laitiers de type hematite ou Terrain, granules ou bouletes, est effectuee par des me
thodes physico-chimiques tr6s pr6cises. La reconnaissance des cristaux en microscopie optique a nScessite le 
concours du microscope Slectronique ä balayage, de la microsonde filectronique de Castaing et de la diffraction 
des rayons X.
Les taux de cristaux sont mesures par microscopie optique et par diffraction des rayons X.
Les caract6ristiques ainsi mesurees sont correlees avec les resultats d'essais mecaniques sur mortiers ISO ou sur 
mortiers actives ä la soude. Les auteurs montrent que les elements mineurs des laitiers ont une grande influence 
sur leur hydraulicite et que les correlations les plus fortes sont celles qui tiennent compte des compositions 
chimiques completes et des taux de cristallinite.
Ils montrent aussi qu'ä composition chimique identique, une vitrification parfaite n'est pas le critere d'une 
reactivite maximale. ■

SUMMARY '
The study described here considers 27 blast furnace slags representative of the french and luxemburg productions.
A complete analysis of these slags of hematite or lorrain type, granulated or pelletized, has been done with very 
accurate methods. The recognition of crystals by optical microscopy needed the scanning electron microscopy, the 
X ray microprobe analysis and X ray diffraction. The percentages of crystals have been measured by optical mi
croscopy and X ray diffraction. ■
These measured characteristics are correlated with compression strength on ISO mortar or with mortar activated by 
sodium hydroxide. The authors show that minor elements of the slags have a very important influence on their hy
draulic! ty and the best correlations are the ones which considers the total chemical analysis and the percentage 
of crystals.
They also show that for the same composition, a perfect vitrification is not the criterion of an optimal reacti
vity. "



INTRODUCTION
Depuis que TETMAJER a dgfini les conditions de 1‘hy- 
draulicitfe des laitiers par les rapports Ca0/S102 et 
A1203/Si02» de nombreux indices chimiques destines ä 
prevoir leur valeur hydraulique, apres activation ä 
la soude, ä la chaux ou au clinker, ont ete proposes 
par de nombreux chei^cheurs que nous ne pouvons tous 
citer dans la bibliographie restreinte de cette courte 
communication (rSfSrences 187). Parmi les travaux 
les plus recents, la recherche qui s'apparente le plus 
8 celle qui est developpee dans ce texte est celle de 
SMOLCZYK qui montre, entre autres, I'influence non 
n6gligeable des elements mineurs tels que P2O5, MnO, 
Na20 et K2O sur 1'evaluation de 11 hydraulic!te des 
laitiers (reference 8).
Les etudes effectuees depuis de nombreuses annees, au 
CEREG, sur plusieurs centaines de laitiers de prove
nances diverses ont confirms la valeur de certains 
indices chimiques.
Une recherche plus recente a montre que la composition 
minSralogique potentielle des laitiers vitrifies, qui 
fait une distinction entre les structures en chaines 
et les structures en doubles ou simples tetraedres, 
permettait une bonne appreciation de leur valeur 
hydraulique.
Dans une troisieme etape, les auteurs montrent que la 
composition chimique complete des laitiers vitrifies 
et leur taux de cristallisation sont les paramätres 
preponderants de leur react!vit6.
1/ CARACTERISTIQUES DES LAITIERS
1.1 - Compositions chimiques et potentielles
Les compositions chimiques et les compositions poten
tielles sont mentionnees sur le tableau I qui donne 
les valeurs moyennes, minimales, maximales et les 
ecarts types.

Tableau I : Compositions des laitiers analyses
Comp, chimiques Moyenne Minimum Maximum Ec. type

Perte au feu 0,42 0,00 1,04 0,28
Insoluble 0,41 0,00 1,32 0,30
$ilice totale 33,48 31,96 37,29 1,36
AI2O3 13,29 10,26 16,01 1,68
FeO 1,24 0,29 9,32 1,73
Ti02 0,55 0,49 0,65 0,05
MnO 0,64 0,34 1,31 0,21
CaO 42,24 37,92 44,38 1,71
MgO 5,99 3,63 8,66 2,14
K2O 0,70 0,44 0,98 0,17
Na20 0,39 0,25 0,50 0,08
P2O5 0,13 0,00 0,34 0,13
S03 0,04 0,00 0,19 0,04
S" 0,94 0,68 1,25 0,25
F- 0,16 0,06 0,31 0,10
Cl" 0,019 0,003 0,050 0,019

Comp, potentielles Moyenne Minimum Maximum Ec. type
Merwinite C3MS2 1,74 0,00 20,2 4,83
Gehlenite C2AS 35,74 27,6 43,05 4,52
Akermanite C2MS2 40,17 24,50 55,30 10,96
Rankinite C3S2 10,28 0,00 29,50 9,79
Pseudowollast. CS 3,46 0,00 14,60 5,33
Silicate bical. C2S 3,32 0,00 20,63 4,08
Diopside CMS2 0,48 0,00 12,90 2,44

1.2 - Cristallinite des laitiers
Analyses qualitatives. A 1'Schelle du microsco

pe optique, aucun des laitiers analyses n'est totale- 
ment exempt de cristaux. Leur distribution ainsi que 
celle des gaz occlus est d'une heterogenSitS remarqua- 
ble. Dans les laitiers qui contiennent de fortes te- 
neurs en cristaux, il subsiste des quantites variables 
de grains totalement vitreux (photographies 1, 2, 3). 
Les aspects des cristaux de merwinite et de mSlilite 
sont visualises sur les photographies 4 8 10. Pour 
les cristaux de quelques microns, la distinction entre 
merwinite et melilite est parfois difficile.
Les cryptocristaux contiennent des quantites variables 
de merwinite et de melilite, qui ne peuvent etre dif- 
förenciees en microscopie optique et meme electronique 
(photographic 11). La diffraction X peut alors 
donner les renseignements souhaites. Le fer metallique 
se presente sous la forme de nodules tr6s r6fl6chis- 
sants comme sur la photograph!e 12 : il est absent 
dans 70 % des laitiers, mais present en quantit6s 
parfois importantes dans les autres.
Les photographies au microscope electronique 8 balaya- 
ge (MEB) montrent des aspects de cristaux de merwinite 
et de melilite. Les images en electrons absorbes visua- 
lisent la distribution des elements : ces images mon
trent par exemple que le potassium et le soufre sont 
principalement localises dans le verre, que la distri
bution de I'aluminium et du magnesium est differente 
dans le verre et dans les cristaux (photographies 13 8 
23). A I'echelle de la microsonde electronique de Cas- 
taing (NEC), les cristaux de melilite contiennent des 
proportions variables de gehlenite et d'akermanite. Au 
centre des gros cristaux,la solution solide C2AS-C2MS2 
est plus proche du terme C2MS2 qu'en bordure. Dans les 
dendrites, la composition est plus proche de la geh
lenite.
Les mineraux accessoires sont des phases riches en ti
tane, en soufre et potassium, des composes de type 
spinelie : ces phases sont tres localisBes et rares. 
Les photographies 24 8 32 montrent des aspects d'häte- 
rogeneitBs mises en evidence par microscopie Blectro- 
nique. ’

Analyses quantitatives. En diffraction X.l'Bta- 
lonnage a Bte realise par fusion et recristallisation 
complete de melanges synthBtiques qui avaient la com
position des mineraux.8 analyser. Les mesures compara
tives des hauteurs de pics ont 6t6 faites en prenant 
le silicium comme Btalon interne. En microscopie opti
que, les taux de cristaux sont mesurBs par comptages 
de points sur des Bchantillons enrobBs dans de la rfisi- 
ne. Les deux mBthodes donnent des rBsultats identiques 
mais avec des limites de detection diffBrentes. En dif
fraction X, les limites sont de 1 % 3 100 X pour la 
gBhlBnite et de 2 X 8 100 X pour la merwinite alors 
que la microscopie optique permet de dficeler des tra
ces de cristallisation mais n'est plus prBcise au-del8 
de 50 X de cristaux. Dans les laitiers examines, les 
taux de cristaux varient entre 0,01 X et 35 X pour une 
moyenne de 5,5 X et un Bcart type de 9,0 X. Les taux 
de merwinite varient dans les memes proportions mais 5 
laitiers contiennent aussi 0,01 X 8 3 X de mfililite.
1.3 - Essais mecaniques
Pour les essais 8 la soude, les laitiers sont broyBs 
8 refus constant de 10 X au tamis de 40 um, mSlanges 
avec 3 parties de sable ISO, gachBs 8 S/L = 0,5, S est 
une solution qui contient 200 g de soude et 1 litre 
d'eau. Les Bprouvettes 4 x 4 x 16 cm sont conservees 
en armoire humide. Les essais en compression sont ef-
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fectues apres 6 h et 24 h de durcissement. Pour les 
lai tiers Studies, les resistances Vari ent de 2,7 a
8,4 MPa 56 h et de 6,3 5 14,4 MPa 5 24 h avec des 
Scarts types respectifs de 1,5 et 3,0 MPa.
Pour les essais en mortier ISO, les laitiers sont mS- 
langes avec du clinker et du gypse dans les propor
tions : 76 % de laitier, 19 % de clinker, 5 % de gyp
se. Pour ces essais, nous utilisons toujours 1e meme 
clinker et 1e meme gypse et les mSlanges sont broySs 
5 refus de 10 % au tamis de 40 urn. Pour les laitiers 
StudiSs, les resistances varient de 3,0 5 13,2 MPa 5 
2 jours ; 17,3 5 32,4 MPa 5 7 jours ; 31,7 5 49,1 MPa 
5 28 jours avec des hearts types respectifs de 1,8 ;
2,9 ; 2,9 MPa. Les etendues et les ecarts types sont 
suffisamment importants pour que les correlations cal- 
culees ulterieurement soient generalisables pour les 
types de laitiers etudies. . •
2/ CORRELATIONS SIMPLES
2.1 - Indices d'activite et resistances mecaniques
Les indices d'activite proposes par les chercheurs 
peuvent etre classes en trois groupes. Le premier 
tient seulement compte des elements majeurs et place 
I'alumine soit au numerateur, soit au denominateur. 
Le second tient aussi compte des elements majeurs 
mais donne un röle amphotere 5 I'alumine comme forma- 
teur ou modificateur de reseau avec des coefficients 
variables pour les deux roles. Le troisieme tient 
aussi compte de certains elements mineurs. .
Pour les laitiers etudies, 15 indices ont ete calcules 
et correies avec les resistances en compression des 
mortiers ISO (tableau II). Les meilleurs indices sont: 
(C + M + A/S) - (20 + C + A + 0,5 M - 2 S) - (C + 
0,56 A + 1,4 M/S) - (C + M + 0,66 A/S + 0,33 A), vien- 
nent ensuite le C/S des siderurgistes qui est mis en 
relation avec d'autres caracteristiques que 1'activite 
hydraulique (5) (6) et l'indice C + A + 0,5 M + Ca S/S 
+ Mn. Cette classification est en bon accord avec les 
resultats de differentes recherches.
Nous constatons que les relations qui accordent trop 
d'importance au role formateur de reseau de I'alumine 
sont les plus mauvaises.

Tableau II : Correlations simp! es
Relation Coefficients

R 2 j R 7 j R28j
S/A ‘ 0,76 0,65 0,75
C/S 0,85 0,78 0,80
C/A ' 0,56 0,43 0,58

(C + M)/S ■ . - . 0,82 0,79 0,72
(C + M + A)/S . . - 0,91 0,82 0,84
(C + 0,56 A + 1,4 M)/S ' ' ' 0,85 0,81 0,77
20 + C + Ä + 0,5 M - 2 S ■ 0,88 0,79 0,83

(C + M)/(S + A) . 0,09 0,09 0,07
(C + A - 10)/(S + 10) . 0,82 0,72 0,78
(C + M + 0,33 A)/(S + 0,66 A) 0,37 0,40 0,20
(C + M + 0,66 A)/(S + 0,33 A) 0,86 0,81 ' 0,76
S/(A + F + T +. Mn) 0,57 0,50 0,60

(C + A + 0,5 M + Ca S)/(S + Mn) 0,85 0,77 0,80
(C + A + 0,5 M)/(S + FeO + MnO) 0,79 0,69 0,73

C + A - 10 + CaS + Na20 + K2O 0,72 0,63- 0,72
S + 10 + M + MnO

2.2 - Activations 5 la soude et-au clinker
Les essais 5 la soude donnent de meilleurs correla
tions 5 6 h qu'ä 24 h. A 6 h, tout en restant signifi- 
catives aux trois p6riodes, la correlation est meil- 
1 eure 5 2 jours (r2 = 0,73 -,r7 = 0,53 - r28 = 0,59). 

A 24 h, seule la correlation 5 2 jours est significa
tive au seuil de 0,05 (r2 = 0,55 - r7 = 0,39 - r28 = 
0,39).
2.3 - Relations entre essais mecaniques et taux de 

cristallisation des laitiers :
Le graphique de la figure 33 montre que les relations 
entre resistances en compression et taux de cristaux 
des laitiers d'une meme provenance ne sont pas line- 
aires. Les pentes des courbes sont positives entre 0% 
et 5 % et negatives entre 5 % et 35 % de cristaux. 
Les pentes sont d'autant plus negatives que les temps 
de durcissement sont plus longs.

Fig. 33 : Influence du taux de cristaux dans les laitiers

Pour les laitiers qui contiennent 5 5 35 % de cristaux, 
les baisses de resistances ne sont pas proportionnel- 
les aux taux de cristallisation : dans ce demaine, les 
courbes peuvent etre assimilees 5 des droites et leurs 
pentes sont nettement infSrieures 5 1'units. Les pentes 
nettement inferieures 5 1 pour ces laitiers peuvent 
etre expliquees par des compositions chimiques des ver- 
res differentes des compositions chimiques moyennes 
des laitiers. L'exemple donne sur le tableau III pour 
un laitier qui contient 35 % de merwinite montre ces 
differences : le verre est enrichi en alumine et en 
elements mineurs. Les photographies 16-17-22-23 confir
ment ces differences. Les correlations simples ou mul
tiples confirment aussi que la composition moyenne du 
verre est plus reactive que la composition moyenne du 
laitier. - ■ .
Tableau III : Composition du laitier et du verre 

qu'il contient 
Si02 Al 2O3 FeO MnO T102 CaO

Laitier 33,6 11,1 0,89 0,64 0,55 42,1
Verre 32,0 17,0 1,37 0,98 0,85 37,2

MgO Na20 K2O S" ' F- ci-
Laitier 8,7 0,38 0,81 1,10 0,09 0,044
Verre■ 6,7 0,58 1,25 1,69 0,14 0,068

Les performances accrues des laitiers qui cristalli- 
sent jusqu'5 5 % de merwinite ne sont pas expliquees. 
En microscopie optique, nous observons des attaques 
prgferentielles par les acides suivant une multitude . 
de lignes qui s'elargissent par des attaques plus ■ 
prononcees. Ces attaques pr6f6rentielles mettent en 
evidence des h6t6rogen6ites submicroscopiques qui.peu
vent 6tre dues 5 des germes de cristallisation, 5 des 
compositions chimiques differentes, 5 des tensions in
ternes plus elevees dans les verres qui contiennent 
des cristaux ... -



3/ CORRELATIONS MULTIPLES
Les indices de reactivitS donnes par les chercheurs 
negligent partiellement ou totalement l'influence des 
elements mineurs qui entrent dans la composition des 
lai tiers industriels. Nous avons calcule plusieurs 
sBries de correlations multiples lineaires qui tien- 
nent compte de l'analyse chimique complete des lai
tiers, des variations dans le temps de l'influence 
des differents 616ments, des compositions potentiel
les, des pourcentages de verre, des resistances en 
mortiers ISO. Les correlations multiples qui donnent 
les coefficients r les plus eleves sont cell es qui 
prennent en compte les- compositions chimiques comple
tes et les pourcentages de verre.
Tableau IV : Calculs prBvis ionnels de resistances

Variables. Coefficients
2 Jours 7 jours 28 jours

Perte au feu - 0,646 - 2,450 + 0,029
SiO? - 1,401 - 1,766 - 3,392
Al 2O3 + 0,158 - 0,578 - 1,479
FeO - 0,233 - 0,320 - 1,011
T102 - 10,40 - 25,58 - 16,53
MnO - 1,206 - 3,308 + 3,005
CaO + 0,117 + 0,242 ■ - 0,059
MgO + 0,375 + 0,857 + 0,243
S03 - 1,263 - 1,673 - 1,454
s— - 3,649 - 0,754 - 0,167
KgO + 3,948 + 1,120 - 2,294
Na20 - 0,500 + 11,87 + 9,411
P2O5 + 1,887 + 12,24 + 5,632
F- + 0,501 + 1,739 + 13,04
er + 62,29 + 126,7 + 110,5
Insoluble - 1,145 - 3,922 - 4,173
Z Verre + 0,041 + 0,131 + 0,279
Constante + 48,75 + 74,17 + 149,92
r 0,974 0,944 0,934
r2 0,949 0,891 . 0,872

Ces coefficients sont respectivement 0,97 - 0,94 - 
0,93 ä 2, 7, 28 jours. Les meilleures correlations . 
simples obtenues avec l'indice (1 + M + A)/S6taient 
0,91 - 0,82 - 0,84 pour les memes periodes. Ces dif
ferences montrent l'influence importante des elements 
mineurs.
Les correlations multiples mentionnBes affectent des 
coefficients Bleves ä differents elements mineurs tels 
que TiOj, NajO, F~, Cl~. Ces correlations ne sont que 
des formulations mathematiques, mais elles paraissent 
tout de meme mettre 1'accentuation sur 1'action de 
differents elements. Le röle du titane comme agent 
nuclBant, le röle du fluor sur la vitesse de cristal- 
lisation, les actions differentes de Na+ et de K+ sont 
connus des verriers (9). L'influence acceleratrice du 
chlorure de sodium est utilisee par les cimentiers.
Dans ces correlations, le röle des cristaux n'est pas 
suffisamment mis en valeur car le nombre d'Bchantil- 
lons de chaque provenance est insuffisant pour en 
tenir compte autrement qu'en relations lineaires. Ces 
correlations seront amöliorees ulterieurement lorsque 
notre Btude comprendra un nombre d'echantillons plus 
important.
CONCLUSIONS ' 
Au cours de cette recherche sur des lai tiers de types 
hematite et lorrain, granules ou bouletes, nous avons 
mis en evidence que le precede de trempe n'Btait pas 
un facteur determinant de leur reactivite. Les fac- 
teurs principaux sont la composition chimique compte 
tenu de tous les elements mineurs et le taux de cris- 
tallinitB. La composition chimique qui induit beaucoup

d'autres proprietes telles que viscosite, fusibilite, 
heterogene!tes microscopiques et submicroscopiques 
donne de ce fait de tres fortes correlations avec les 
resistances mBcaniquesides ciments dans lesquels la 
quantite de laitier est prepondBrante.
Pour des laitiers qui devitrifient principalement de 
la merwinite au cours de trempes industrielles, nous 
avons aussi montrB qu'une vitrification totale n'est 
pas souhaitable pour obtenir une reactivite maximale: 
la presence de 3 ä 5 % de cristaux augmente leurs 
performances. Pour des-taux de cristaux supdrieurs, 
leur precipitation enrichit le verre restant en alu- 
mine et en elements mineurs, ceci ameliore leur reac
tivite, d'oü en pourcentages, des baisses de resis
tances nettement inferieures aux taux de cristaux.
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The hydration of blast furnace slag cement

L'hydratation du ciment de laitier de haut fourneau

Y. TOTANI, Y. SAITO, M. KAGEYAMA and H. TANAKA, Japon. .

RESUME : Pour Studier I'activitS de divers -laitiers granulös, sous-produits de I'industrie 
m6tallurgique, on a mesurö, ä l'aide d'un calorimfetre S conduction, le dSgagement de chaleur, 
lots de leur hydratation, de ciments de laitier fabriquös avec ces laitiers. Il existe de 
grandes differences entre le mode de dögagement de chaleur des ciments portland et des ci
ments de laitier; la teneur en laitier et la nature de celui-ci ont une grande influence sur 
ce dögagement de chaleur. '

On a observe, en essayant trois sortes tie laitiers industriels, que malgrö des basicitös et 
des teneurs en verre trbs voisines, les dSgagements de chaleur pouvaient Stre trfes dlfförents

Pour les ciments ä faible teneur en laitier, le dSgagement de chaleur cumuie est plus faible,' 
initialement, que celui du ciment Portland de m6me clinker, mais peut 6tre bien plus ölevö en 
fin d'hydratation. Si le ddgagement de chaleur du ciment Portland est bien ralenti, dans la 
deuxifeme p’artie de l'hydratation, il n'en est pas de mSme du ciment de laitier. *

Les phönombnes observes peuvent s'expliquer ainsi :
1. Dans l'hydratation du ciment de laitier,^une partie inconnue du degagement de chaleur pro- 

vient de l'hydratation du laitier lui-möme.

2. Puisque le laitier granule absorbe le Ca(OH), dögagö par l'hydratation du clinker, 1'hy-
dratation du laitier est acceieröe par la balsse de concentration, qui en rdsulte, de 
CaCOhDg dans la phase aqueuse. *

3. Pour un m6me clinker du ciment de laitier, puisque le rapport E/C doit augmenter avec la 
proportion de laitier, il doit en rösulter une augmentation plus importante de la chaleur 
degagöe.

SUMMARY :To study the activity of slag on the hydration of slag cement with granulated blast
furnace slag by-produced from Iron and steel industry, the heat liberation process was measured 
by conduction calorimeter, " '
There are essentially large differences between the heat liberation process on the hydration of 
slag cement and that of portland cement; the content and the kind of slag affect considerably 
on the difference. '
Moreover, it was revealed that, in spite that there aren’t appreciable difference in the basid- 
ty and the glass content of three Icinds of industrial slag used, their undetectable properties 1 
give a large effect on the heat liberation process of each slag cement.
The accumulated heat liberation of the slag cement with relatively lower content of slag is 
slightly less than that of original portland cement during early stage, however in later stag^ 
exceeds. Because, though the rate of heat liberation of original portland cement considerably . 
slow down after middle stage, that of the slag cement doesn’t so much. -
' The abovementioned phenomena would be explained as follows; .
1) In the hydration of slag cement, an ignorable portion of the heat liberation is occupied by
' that of hydration reaction of the slag itself. - ;
2) Since the granulated slag acts as a consumer for Ca(0H)2 which is liberated from portland 

cement during the hydration, the hydration of clinker portion in the slag cement is acceleratafl
by lowering Ca(0H)2 concentration in the aqueous phase.
3) Referred to the clinker portion in slag cement, since the w/c-value increases as the slag 
Content increases, the heat liberation becomes propotionally larger.



INTRODUCTION .
The hydration of slag cement is depended 

largely on the hydration property of clinker 
and the hydration activity, flness, content 
of slag, etc.

A16grel) showed that the heat of hydration 
of slag cement linearly decreases as the con
tent of slag increases. On the other hand, 
Schröder?) reported that the linear relation 
between the heat of hydration and the content 
of slag is not always existed, but the heat 
of hydration of the slag cement with less con
tent of slag is essentially analogous to that 
of portland cement and that of the slag cement 
decreases as the slag content increases.

In many studies, it has been considered 
that the heat of hydration of slag cement is 
mainly originated from the hydration of 
clinker portion.

The authors, in present paper, have shown 
that the heat of hydration of slag cement is 
consisted of those of clinker and slag portion, 
respectively, and beside complex interaction 
exists between both portions in the hydration. 
EXPERIMENTAL ( Materials and Methods )

Three kinds of industrial granulated blast
furnace slag and a comercial portland cement 
were used. The chemical composition, the 
basidity and the glass content of the materials 
used are shown in Table 1. The three slags 
have similar basidity and glass content and 
in any of them the existence of crystalline 
materials is not detected by XRD. After they 
were pulberized with gypsum (SO3 2%) to Blaine 
1(000 + 50 cm'-Zg, mixed with portland cement 
in definite proportions (slag content 30, 
6n and 80%). .

Table 1. The chemical composition, basidity 
and glass content of industrial slag and 
portland cement. •

The heat of hydration of slagccement with 
30% and 60% slag A contents and $0% slag B 
content are slightly less than that of only 
portland, cement in' early stage, however exceed 
in later stage.

Time (days)
Fig. 1 The heat of hydration of slag canent 
with.slag A at 30C. w/c = 0.5 cement paste.

Time days
Fig. 2 The heat of hydration of slag cement 
with slag B at 30tl. w/c = 0.5 cement paste.
On the contrary, the heat of hydration of 

the slag cement with slag C decreases linearly 
as the content of slag increases.

Ig.Loss S102 AI2O3 Pe203 CaO MgO SO3 Na?0 K20 MnO s CaO+MgO+AlpOi 
. SiO?

glass 
cont. $

alag A 0.1 33.8 15.6 0.5 U2.9 5.7 - 0.2 0.5 0.5 0.8 ■ 1.89 96
slag B -0.2 3U.2 15.3 0.6 U3.6 U.S - 0.3 0.5 0".6 1.1 1.86 98 .
alag C -0.14 3U.8 15.6 0.5 U1.9 5.7 - 0.2 0.3 0.5 0.9 1.82 97

portland 0.8 21.6 5.5 3.2 63.7 1.5 2.2 0.5 0.9 — — —
cement

In measurement of heat of hydration of slag, 
powdered Ca(0H)p is used as an activator and 
for examining the effect of w/c, reagent grads 
powdered ZrO? is used in stead of sieg . ■

A conduction calorimeter with six cells is 
used for measuring the heat of hydration and 
each slag cement sample is mixed with water 
putside the calorimeter, then put into the 
palorimeter. Therefore, the exact recording. 
Of heat liberation is not taken place for one 
hour after the water added.

, The heat liberation for this one hour is 
corrected by data gotten by other method.

RESULTS AND DISCUSSIONS
The heat of hydration of the slag cement 

Fig. 1, Anand 3 shows the heat of hydration*  
of the slag cement with each of three slags 
( ’A , B and C ) at 30C.'

Fig. 3 The heat of hydration of slag cement 
with alag C at 30C. w/c = 0.5 cement paste.



From above-mentioned, it is apparent that, 
although there aren't detectable differences 
among each basidity and.glass content of 
three slag A , B and C, there are unignorble 

differences among the hydration heat of. slag 
cement with each of them, which hydrate at 
same temperature.

The heat of hydration of slag in presence 
of Ca(l0H)2
As shown in Fig.lj, the hydration tendency 

of slag A, B and C is similar to that of slae 
cement and their activities in the hydration- 
would be in order of A B C.

There is a large difference in the heat of 
hydration between slag A and B and slag C;
in the former about I4O cal/g after 7 days-, in 
the later about ?5 cal/g.

The heat which is liberated from the slag-H20 
system in the presence of Ca(OH)p added as an 
activator can be regarded as the heat of 
hydration originated from slag predominantly.

■ Since it is possible to consider that the 
slag in slag cement hydrates also by activa
tion of Ca(OH)? produced from the hydration 
of clinker portion, the portion occupied by 
the hydration of slag in the hydration heat 
of slag cement is so large that it could 
hardly ignore.

“ 40

S 30

= 20

10

Time (days)
Fig. I4 The heat of hydration of slag in 
presence of CafOHjj at 3riC. w/(slag + 
Ca(OH)?) = 0.5.

The hydration heat of slag increases as the 
added Ca(0H)2 increases.

Furthermore, it was revealed that the hydra
tion heat of slag linearly increases in less 
addition of Ca(0H)2 than 7% and also gradually 
in the addition from 7% to 15%.

The heat of hydration of portland cement " 
with ZrO? in stead of slag
It has been estimated that referring to 

clinker portion of slag cement, the W/C-value 
increases than that of slag cement as the con
tent of alag increases, because the hydration 
of slag would be generally slower than that of 
clinker.

To check the effect of W/C to the hydration 
of clinker portion, the heat of hydration of 
portland cement with various content of pow
dered ZrO? was meaured (ZrO? content 30 , 60 
and 80%). •

The powdered ZrOj was used for examining 
the effect of only the W/C-value, because it 
doesn't has any inter-reaction to clinker.

1 2 3 4 5 6

Fig. 5 The heat of hydration of portland 
cement with and without ZrO? at 3rfC. 
w/(portland cement ZrO?) = 0.5.’

The heat of hydration shown in Fig.5isgiven 
as per gram of portland cement, not per port
land cement which mixed ZrOp. The heat of 
hydration of clinker portion was larger, 
though being irregular relation, in all the 
portland cement mixed with ZrO? than, that of 
portland cement without ZrO?.

It can be suggested that the W/C effect as 
shown in Fig.5 exists also in the hydration 
of slag cement. However, it is not apparent 
how much the W/C effect would be realized in 
the hydration of slag cement, because there 
is a great difference in the activity between 
ZrO? and slag. '

The rate of hydration of alite and slag
The rate of hydration of slag and alite in 

the slag cement with slag B were estimated 
from the heat of crystallization by means of 
DTA in the former and the pattern of XRD in 
the latter. As shown Fig.6, the hydration of 
alite in the slag cement is faster than that 
of alite of portland cement without slag, as 
the content of slag increases.

In the slag cement, the acceleration of 
alite hydration would be caused by lowering 
Ca(OH)? concentration in the aqueous solution 
phase, which is also attributed to consumption 
of Ca(OH)? liberated from the clinker portion 
by pozzolanic reaction with slag.

It should seem that the w/c-effect above
mentioned also plays the role of the accelera
tion of alite hydration.

1 23456789
Time (iays)

Fig. 6 The rate of hydration of alite in the 
alag cement at 3011.w/c = 0.5 cement paste.



Fig. 7 The rate cxf hydration of slag in the 
slag cement at 30C. w/c = 0.5 cement paste.
On the other hand, the rates of slag hydra

tion in the slag cement with and 6^% slag 
B contents are apporoximately same.

Being over 60% slag B content, the rate of 
slag hydration decreases, because Ca(OH)p 
liberated from the clinker portion becomes 
less and then, consequently, can not accele
rate strongly the hydration.

Fig. 7 shows not only the rate of slag hyd
ration in slag cement, but- also that of slag 
hydration in system of slag B-Ca(0H)p-H20.

The latter’s curve is similar to that of 
slag cement with 80% slag B. ■

From these results, it can be suggested 
that the hydration heat of slag portion of 
slag cement with slag B 80% is analogous to 
that of the slag with Ca(OH)p 7% shown in 
Fig. 1|. It can be approximately calculated, 
by using the hydration heat of slag portion, 
that the about 70% of the hydration heat of 
slag cement with slag B 80% is occupied by 
that of the slag portion. ■

Thus, it should be considered that the heat 
of hydration of slag cement consists of that 
of the clinker portion and the slag portion, 
respectively. *

The interesting fact obtained from present 
work is that the slag cement with the slag 
which has a high activity often shows larger 
heat of hydration than that of portland 
cement in later stage.

The slag cement with slag B 30% has larger 
hydration heat than portland cement, because 
the rate of hydration of the slag portion is 
larger and the hydration of the clinker por
tion is accelerated by the presence of slag.

On the other hand, the slag cement with 
slag 0 which has lower hydration heat doesn’t 
show larger hydration heat than portland 
cement.

CONCLUSION • '
The results obtained as follows;

1) The studies on the hydration heat of 
slag portion, the W/C-effect and the rate of 
hydration of slag portion and alite phase of 
clinker portion in the hydration of slag 
cement show that the slag cement with the slag 
which has a high activity often shows larger 
heat of hydration than portland cement.

?) In spite that there aren't appreciable ' 
differences in the basidity and the glass con
tent of three kinds of industrial slag used, 
the heat liberation processes of the slag 
cement show that there are large differences 
among their hydration activities.

The authors, at present time, suggest that 
the difference is hardly revealed by the pre
sent conventional method for defining the hy
dration activity of slag. Speaking additiona
lly, the definition of glassy state of slag 
paticle would be impossible by the convention- 
nal method with optical microscope. ■

Because the glassy state from the melt to 
the crystalline widely spreads. Besides, the 
difference in the glassy state effects*  largely 
the hydration activity.

Therefore, in order to know the exact charac
teristics of the hydration of the slag cement; 
include the definition of glassy state should 
be established.
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Hydrated phases in slag-water-activator systems

Phases hydratees dans les systemes laitier-eau-activateur

I. TEOREANU, Professor Dr.Doc., Polytechnical Institute Bucarest,
M. GEORGESCU, Lecturer Dr., Polytechnical Institute Bucarest, 
A. PURI, Lecturer, Polytechnical Institute Bucarest, Roumanie.

RESUME: Lea processus de durcissenient et la nature des phases hydratSes formdes dans les 
systdmes lai.tier—activateur-aau sont influencfis par beaucoup de facteurs, parmi lesquels 
les plus importants sont: la nature du laltler et de I’activateur, leurs proportions re
latives et les conditions de durcissement.
Cette ouvrage est une analyse de la nature des phases hydratdes formdes pendant le dur
ol ssement des systdmes laitier-chaux-gypse-eau et laitier-chaux-silicate de sodium - eau, 
dans conditions normales et par traltement b. la vapeur, b 60° et 95°C.
L*analyse  thennique differentiellet la diffraotometrie et la miorosocpie dlectronique nous 
ont montrd que dans les systbmes mentionds, les plus importantes phases hydratdes sont des 
hydrosilicates de calcium de type tobermoritique; auprbs d'eux sont decelds, dans certaines 
conditions, 1* ettringite (pour les systbmes que oontiennent du gypse) et des hydrosilicates 
ob le Ca est partiellement remplace par le Na*  (pour les systemes activdes b NagO.nSiOg)»

SUMMARY: The hardening processes and the nature of the hydrated phases formed in slag-water 
-activator systems are influenced by some factors, as: the nature of the slag and of the 
activator, the relative amounts of these substances in the system, and the conditions under 
wich the hardening process take place.
The present work deals with a study of the hydrated phases formed in the hardening process 
of the slag-lime-gypsum-water and slag-lime-aodlum silioate-water systems, under normal 
conditions and steam-cured at 60° and 95°C, respectively.
The DTA curves and the results of the diffractometry and electronic microscopy (EM) analy
sis revealed that in the above mentioned systems, the main hydrated phases are tobermorite- 
type calcium hydrosilicates, there are also noted, under certain conditions, hydrated geh
lenite,,ettringite (in the case of the systems containing gypsum) and hydrosilicates in . 
wich Ca2* is partly replaced by Na*  (in the case of the systems activated by NagO.nSiOg).



An increased use of slags as binders requires a deeper investigation of their behaviour in 
the hardening processes, especially in complex systems, as, e.g., slag-water-aetivator. This 
investigation is primarily aimed at discovering new means for the decrease of the amount of 
portland cement clinker in hydraulic binders exhibiting satisfactory qualities.
EXPEHmENTAL -

a - G-type slag; b - H-type slag

The active CaO amount in the lime used was 
of 90-94 wt% and the CaS0,.2H20 amount in 
gypsum was of 98 wt%. There were used two 
types of sodium silicate (NanO.nSiO»), name
ly n=l,5 - type L and n-2,6 - type 6.

The OTA curves show specific crystalliza
tion effects (1), thus indicating the pre
sence of a mellilite-type solid solution, 
mainly gehlenitic (effects at 93O°C, in fi
gure 2) and of a vitreous component, con
taining mainly calcium metasilicate (effects 
at BAO’C). .
The water/binder ratio of the investigated pastes was 0,4 

In order to get infonnations concerning the nature of the new hydrated phases, two classes 
of systems were examined: slag-lime-gypsum-water and slag-lime-sodium silioate-water. The 
characteristics of the used slags are given in table I. Considering the main oxidio compo
nents, the slags belong to the CS-C^Sg-mellilite subsystem.

■ HYDRATED PHASES IN SLAG-LIME-GYPSÜM-WATER SYSTEMS
There were investigated masses with slag/lime ratios of 90/10 and 95/5, respectively, and 
containing 3-5 wt% gypsum, hardened in a water-saturated atmosphere, working both at ambient 
(20-22°0) and higher (9O-95°C) temperatures.
The diffraction patterns in figure 3 show that in slag-lime-gypsum-water systems, hardened 
under normal conditions, the main products are calcium silicates of the tobermorite type 
(interferences at 3-3,o4 X, 2,9-2,98 X, 2,83-2,87 X, 3,33-3,38 X, 3,70-3,78 X). The lew in
tensity of the characteristic peaks, mainly fot samples hardened for 7 days only, indicates 
a relatively weak hydration of the slags and a low degree of crystallinity of the resulting 
oompounds. The increase in the intensity of the X-ray peaks after 28 days of hardening sig
nifies a more complete hydration and a higher degree of crystallinity of the formed hydro
silicates. The progress in the hydration degree is also pointed out by the DTA curves given 
in figure 4. There are noted an increase on the endothermal peak at 140-150 0 (prior to the 
measurement the samples were dried at HOC), corresponding to the decomposition of the cal
cium hydrosilicates, and a lowering of the free Ca(OH)- amount in the system because it is 
bound by hydrooompounds (the endothermal peaks at 480 0 oonsecvently deerease).



Fig.3 - X-ray patterns of the slag-llme-gypattm bindert
A - G-type elag/llme ratio • 90/10, hardened under normal conditional B - G-type elag/lime 
ratio ■ 95/5, hardened under normal conditional 0 - H-type elag/lime ratio - 90/10, 3 wt% 
gypsum, hardened for 28 days under normal conditions; D - G-type slag/lime ratio - 90/10, 
5 wt% gypsum, steam-cured at 95°C for 8 hours | .
a - § wt% gypsum; b - 3 wt% gypsum; 1 - hardened for 7 days; 2 - hardened for 28 days.
The presence of ettringite is noted by the X-ray interferences at 5,4-5,5 1, 3,83-3,89 1, 
2,54 ®, 3,24-3,29 1, even after 7 days ef hardening. On the thermal analysis curves, the 
presence of ettringite is mainly seen on the DTG curves, wich show overlapped weight losses 
up to 300°C, resulting from the decomposition of some hydro compounds; in the 160-270 0 tem
perature range, ettringite undergoes a complete dehydration (2-4). .
Bie interferences at 4,17-4,3 X, 3,o 2, 6-6,08 2, 2,59-2,62 2 (figure 3) indicate that, af
ter 7 days of hardening, there might be present a gehlenite hydrate (CgASHo). For longer 
hardening periods, there is possible that this low-stability compound (5-67 undergoes a gra
dual transfonnation into compounds in the hydrogarnets series. This supposition is supported 
by the X-ray analysis: there are seen interferences specific to hydrogarnets (at 5.o2-5,14 X, 
3,17-3.19 X); there is noted that the intensity of the interferences at 2,7o-2,78 X, oharac- 
teristio both of the dicalcium silicate and of the C-A(SH2)1-type hydrogarnets (2) increa

ses. in the case of the samples hardened for 28 days <s coepdred to the anhydrous slag or 
the'systems hardened for 7 days only (figure 3).



Fig.A - Thermal analysis of the binder with 
a G-type slag/llme ratio of 90/10, gypsum 5 
wt%, hardened under normal conditions: 
a - after 7 days; b - after 28 days.

The increase in the amount of lime in the 
composition of the studied binders determi
ne a an intensification of the hydration 
processes, rendered visible by the somewhat 
greater intensity of the X-ray peaks cha
racteristic to the hydrocompounds. The in
crease in the gypsum amount from 3 wt% to 
5 wt% exerts no influence on the nature of 
the hydrated phases; the only effect recor
ded was a somewhat greater intensity of the 
interferences of ettringite in 5 wt% gyp
sum samples (figure 3).
During the hardening process of the slag- 
llme-gypsum-water samples steam-cured at 
95°C for 8 hours, there is noted a visible 
increase in the intensities of the inter
ferences characteristic to the hydration 
products, their nature remaining unchanged 
(figure 3). The greater intensity of the 
interferences signifies that the hydration 
-hydrolysis processes and the crystalliza
tion of the hydrated products are more in
tense. This is confirmed by the values of 
the mechanical properties of the samples 
hardened under thtse conditions.

HYDRATED PHASES IE SLAG - LIME - SODIUM SILICATE - WATER SYSTEMS

no:

The 
ter

of the hardened masses, wich show the hydra
ted products and the contours of some crys
talline products, namely anhydrous slag (fi
gure 6).

is sodium silicate, hardened 
conditions for 28 days

The nature of the hydration products in G-type slag-lime-sodium silicate-water systems har
dened under normal conditions and steam-cured at 60° and 95 0, respectively, was investiga
ted. The slag/lime ratio in the studied masses was 95/5 an*  the sodium silicate amount was 
8 wt% (calculated as solid material).
The X-ray patterns taken on the masses hardened under normal conditions show interferences 
characteristic to the anhydrous slag even after 28 days; their intensity decreases gradually 
as the hydration proceeds (see interferences at 2,65 X and 2,71 X in figure 5). They are 
suggesting a low participation in the hydration-hydrolysis processes of the crystalline pha
ses in slag: this is supported by the EM images " ” “ " ' 1 * ’ ■*

Fig.5 - X-ray patterns of the binder with a 
G-type slag/lime ratio of 95/5, with 8 wt)t 
sodium silicate, hardened under normal con
ditions: 
a - after 1 day; b - after 28 days; "
1 - C-type sodium silicate;
2 - L-type sodium silicate.

with 
un

Fig. 6 - EM pattern (x5000) of the binder 
with a G-type slag/lime ratio of 95/5, 
8 wt% C-t; 
der

hydration products identified even af- 
keeplng the" samples for 24 hours in a 

water-saturated atmosphere, are tobenaorite 
-type calcium hydrosilicates, whose baeici
ty and degree of crystallinity increase as

-i
*

/a

2a



the modulus of the sodium silioate decreases and the hydration proceeds. Thus. In the ”*>9»  
2tn3*ol 188 2~76P§ ai4ROBlS?11i??te4th+?e 18 » tobennorlte gel (the interferences
at a, 2|7o i. 1,82 X) while In the mas a with l-type Bodium silicate there are found w- 
re basic hydrosilicates of the CSH(II)-type (3,09 1, 2,80 X, 2,84 i, 1,84 $ - figure 5).
The EM images of the masses hardened under normal conditions for 28 days and steam-cured 
(figure 6 and 7) show that the surfaces of the slag grains are corroded because hydration 
products are formed at the interface, determining a cementation of the slag grains« this 
process is more advanced in the case of the masses with L-type sodium silioate and of the 
steam-cured masses. •

Fig.7 - EM pattern (x5000) of the binder with a G-type slag/lime ratio = 95/5:
a t with 8 wt% L-type sodium silicate, hardened under normal conditions for 28 days;
b - with 8 wt% L-type sodium silicate, steam-cured at 95°C for 6 hoursj
a - with 8 wt% C-type sodium silioate, steam-cured at 95°C for 6 hours.

The steam-curing determines a remarkable acceleration of the formation and crystallisation 
processes of the hydration products. On the X-ray pattern of the sample with C-type sodium 
silicate, steam-cured at 60°C for 2 hours, the interferences characteristic to.the weakly  
basic caloium hydrosilicates of the CSH(I)-type (3,ol X, 2,78 X, 2,40 X, 2,o6 X, l,8o-l,82X) 
are clearly visible. A longer thermal treatment intensifies the hydration-hydrolysis pro

of crystallinity of the hydronompounds, with

in the masses with L-type sodium silicate, 
steam-cured at 60°C, there are formed more 
basic hydrosilicates, whose degree of crys
tallinity markedly increases as the thezröal 
treatment period gets longer; after G'liours 
of steam-curing, Bome„crysta-lline tobermo- 
rite appear (at 3,85 X, 3,33 X, 3,o2 X, 2,90 
X, 2,80 X, 1,82.1 - see.figure 9); the peaks 
at 4,27 X, 3,o X, 2,64 X, 2,57 X, 2,26 X 
might show that gehlenite hydrate is formed 
(this was also reported by (7) for an alka
line activated slag). The increase of the 
steam-curing temperature to 95 v determines 
the intensification of the crystallization 
processes of the hydrocompounds; after only 
two hours of steam-curing there are identi
fied crystalline tobermorite and well-crys

tallized CSH(II)I after 6 hours, the interferences of tobermorite became more intense and 
gehlenite hydrat formation is noted (see figure 9). •

cesses and leads to an increase of the degree 
out modifying their nature (see figure 8).

Pig.8 - X-ray patterns of the binder with a 
G-type slag/lime ratio - 95/5, with 8 wt% 
C-type sodium silicate, steam-cured at 60vC: 
a - after 2 hours; b - after 6 hours.

In this study no crystalline alkaline hydroaluminiumsillcates were identified, even in the 
case of the masses with L-type sodium silioate. It is still possible that such compounds 
(reported by Constantinov and Puzhanov (8), may result as gels, their identification by X- 

being impo ssible. OI t is possible, too, that in the crystalline hydro compounds 
identified, a fraction of the Ca^*  ions might be replaced by Ha ions, but this replacement 
does not determine changes In the lattice parameters. This affirmation is supported by the 
exothermal effect at 75O-78OSC, recorded on the DTA curves (figure 10), wich gene
rated by the crystallisation of some hydrosilioates in whose composition the Ca ions might



750-780°C (9)

be replaced by Na+ ions. Thib might determine a certain labillization of the lattice of the
se hydrosilicates and might explain the decrease of the temperature of the exothermal effect 
characterising the crystallization of the weakly basic hydrosilicates, from 800-850°C to 
7Crt.7£>nO/1

Pig.9 - X-ray patterns of the binder with 
a G-type slag/lime ratio - 95/5, with 8 wt%

Fig.10 - DTA curves of the binder with a 
G-type slag/lime ratio =• 95/5, with 8 wt$5 
L-type sodium silicate, steam-cured for 
6 hours, at: 
a - 60°C; b - 95 C.

750
630

4 555

760 900

1 607 6^9 
' 1 . *

L-type sodium silicate, steam-cured: 
a - at 60°C, after 6 hours; b - at 95 C, 
after 2 hours; o - at 95°C, after 6 hours.

CONCLUSIONS

In the investigated systems, the most important hydrocompounds are tobermorite-type calcium 
hydrosilicates. Under given hardening conditions, the amount and nature of the activator 

may modify the amount of the hydrosilicates formed and their basicity and crystallinity.
In both investigated systems there was noted the formation of the gehlenite hydrate, wich 
may eventually transform into hydrogarnets.
Ip the system slag-lime-gypsum-water there is also noted the formation of ettringite, while 
in the system slag-lime-sodium silicate-water it is suggested that solid solutions of cal
cium and sodium hydrosilicates, wich might have an important role in cementing the binder 
system, are formed. .
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Caracterisation et activation thermique des ciments 
au laitier .

Characterization and thermal activation of slag cements

M. REGOURD, B. MORTUREUX, E. GAUTIER, H. HORNAIN, J. VOLANT, Departement Microstructures
C.E.R.I.L.H.  - Paris, France. '

RESUME :

Sept laitiers industriels ont ete caracterises a. I’aide de la microsonde electronique, de la diffraction des 
rayons X, de,la microscopie electronique ä balayage et de I'anaTyse thermique differentielle dans le butderelier 
leur hydraulicite ä leur composition chimique elementaire, ä leur composition de phases (phase vitreuse et phases 
cristallisees) et ä la constitution de leurs melilites de recristallisation.

L'hydratation des laitiers dans des ciments de haut fourneau (66,5 2 laitier, 28,5 Z clinker, 5 7« gypse) a 
ete suivie : "

- ä la temperature ambiante, par la methode de dissolution selective et par diffraction des rayons X,
- ä 20, 40, 50 et 80 C par calorimetric ä conduction et mesure des resistances mecaniques en compression.
La methode la plus rapide d'evaluation de la reactivite hydraulique d'un laitier dans un ciment est la mesure 

de la chaleur d'hydratation en pate pure ä 40 °C. '

L'energie d'activation d'un ciment au laitier peut etre determined au moyen de courbes d'evolution isotherme, 
soit de chaleur d'hydratation, soit de resistances mecaniques en compression. Elie permet de prevoir la cinetique 
du durcissement lorsque la temperature varie au cours de l'hydratation. Des essais de courte duree permettraient 
ainsi d'estimer la resistance mecanique du ciment au jeune age et ä long terme.

SUMMARY :

Seven industrial slags have been characterized with the aid of electron microprobe, X-ray diffraction, scan
ning electron microscopy and differential thermal analysis in order to link their hydraulicity to their elemental 
chemical composition, their phases composition (glassy phase and crystalline phases) and the constitution of their 
recrystallized melilites. .

The slag hydration in blastfurnace cement (66,5 Z ^lag, 28,5" Z clinker, 5 Z gypsum) was followed :
- at room temperature by selective extraction analysis and X-ray diffraction, •
- at 20, 40, 50 and 80 "C by conduction calorimetry and measures of mechanical compressive strengths.

The quickest method to evaluate the hydraulic reactivity of the slag in a cement is the measure of the heat 
of hydration in pure paste at 40 "C. " -

The activation energy of a slag cement can be determined by using isothermal evolution curves either of the 
heat of hydration or of the mechanical compressive strengths. It permits the prediction of the hardening kinetics 
when the temperature varies during the course of hydration. Thus, short term tests could permit to estimate the 
mechanical strength of a cement at early age and at long term. .



1. INTRODUCTION
11 n'est pas aisS de relier la reactivite hydrau- 

lique des laitiers granules ä des parametres tels que 
1'etat de vitrification et la composition chimique 
(1). Deux laitiers vifreux de meme composition chimi
que peuvent presenter des proprietes hydrauliques dif
ferentes (2).

Dans ce travail, nous avons cherche ä differen- 
cier sept laitiers industriels, ä 1’etat anhydre et 
au cours de leur Hydratation ä 20 et 60 °C, ä I1aide 
de plusieurs methodes d'analyse : migrosonde electro- 
nicjue (MSB), diffraction des rayons X (DRX), analyse 
thermique diffSrentielle (AID), microscopie electro- 
nique a balayage (MEE), calorimetric ä conduction.

2. CARACTERISATION DES LAITIERS ANHYDRES

2.1 Analyse elementaire
L'analyse elementaire des sept laitiers granules, 

obtenue grace a la MSE, est reportee dans le Tableau I.

Tableau I : Composition chimique des sept laitiers

Laitier 1 2 3 4 5 6 7

MgO 4,7 8,4 8,2 9,6 8,6 - 5,5 A,3
AI2O3 14,6 12,2 11.9 14,6 13,3 16,4 14,8
SiO 2 33,9 33,6 35,1 35,8' 38,8 32,0 33,1
CaO 44,5 42,5 42,8 34,3 32,2 41,6 44,4
Na20 0,24 0,26 0,30 0,17 0,22 0,68 0,40

S 0,33 1.7 0,37 0,94 0,86 0,89 0,83
K2O " 0,62 0,45 0,61 2,4 3,6 1,49 0,86
TiQ2 0,69 0,49 0,59 0,68 0,48 0,67 0,57

' . MnO 0,66 0,55 0,37 1,50 1,79 0,58 0,62
, FeO <0,1 0,12 0,09 0,05 0,11 0,19 0,15

La composition elementaire est asset, homogdne 
d'un grain de laitier ä 1'autre. Toutefois, certaines 
heterogeneites peuvent exister localement, notamment 
sous forme de sulfures et de sulfates.

Les points figuratifs des compositions chimiques 
du Tableau I, dans le diagrannne ternaire CaO-A^O^- 
Si02 (fig. 1) sent relativement proches les uns des 
autres ; les laitiers 4 et 5 sont les plus acides. 
Trois indices d’hydraulicite ont ete calcules (Tableau 
II). Ils montrent, pour les deux premiers et pour les 
laitiers 4 et 5, des valeurs plus faibles qui devrai- 
ent correspondre ä une moindre reactivite.

Tableau II : Indices d’hydraulicite des 7 laitiers

Laitier 1 2 3 4 5 6 7

c+m/(s+|a) 1,19 1,28 1,24 1,02 0,90 1.17 1,20

c+m+|a
1 57 1,57 1,51 1,32 1.15 1,55 I 41

s+|a

A/S 0,43 0,36‘ 0,34 0,41 0,34 0,51 0,45

2.2 Analyse de phases

• D'apres la DRX, les sept laitiers, vitreux, sont 
caractfrises par un "anneau" centre ä 3,0 Ä qui defi
nit la distance moyenne entre atomes plus proches voi
sins (fig. 2). Un enregistrement pas-a-pas n’a revelS 
aucune difference significative quant ä la position et 
gu profil du halo. La position du second anneau (1,9 
A) varie legerement d'un laitier ä 1’autre mais ces 
faibles variations ne semblent pas pouvoir caracteriser 

aisement un produit industriel. A 1* anneau principal 
se superposent, dans certains cas, des raies de phases 
cristallisees. : merwinite pour les laitiers 2 et 3, 
melilite pour les laitiers 3,4 et 6. Avec 5 % de mer
winite, le laitier 2 apparait le plus cristallise de 
la serie (fig. 2).

Fig. I : Position des sept laitiers dans le diagramme 
ternaire chaux-silice-alumine.

LAITIER 2

8 Oiffrochon X

2<CuK<i ___________

38* 36* 34* 32* 30* 23* 26* 24* 22* 20* 18*

Fig. 2 : Le laitier 2 est caracterise par un anneau de 
corps amorphe et par les raies de la merwini
te cristallisee (5 2).

Apres un recuit d'une heure A 850 “C, on trouve 
une melilite plus ou moins bien cristallisee dans tous 
les laitiers et de la merwinite dans les laitiers 2, 3 
et 6. Toutes les cinetiques etudiees ont montrS qu'au 
cours du recuit, la merwinite cristallise d’abord, puis 
ddcroit et peut meme disparaitre (laitier I traite ä 
I000 °C). Les laitiers 4 et 5 se comportent differem- 
ment des autres : le diopside CMS2 apparait dans le 
laitier 4 et la mdlilite recristallisee, detectee dans 
le laitier 5, est proche de 1'akermanite.

Les melilites de recristallisation different par 
leurs parametres cristallins, intermediaires entre ceux 
de la gehlenite et de I’akermanite (fig. 3) et par la 
largeur de leurs raies DRX que I'on peut considerer 
comme un parametre d'ordre. Les laitiers 1,4 , 5 et 7 
donnent par recuit une melilite tres bien cristallisee. 
Au contraire, la melilite des laitiers 2 et 3 präsen
te des raies larges.
• la devitrification du laitier se manifeste
par un ou-plusieurs signaux exothermiques, entre 800 
et 1000 °C. Ces pics, plus ou moins complexes, sont, en 
general, precedes d’un pic endothermique du A une
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certaine reorganisation du verre (3).

Fig. 3 : Parametres cristallins a et c de la melilite 
apres recuit des 7 laitiers.

Fig. 4 : Thermogrannnes des laitiers 1, 2 et 3 (sonde 
semi-micro).

La figure 4 montre les thermogrammes compares des 
laitiers 1, 2 et 3. Les laitiers 2 et 3 ont un compor- 
tement assez proche : deux signaux respectivement ä 
870 et 940 °C et un pic intermediaire vers 900 *C.  Des 
diagrammes DRX, effectues apres trempe du produit ä 
differentes temperatures, ont confirme que le premier 
pic doit etre attribue ä la merwinite (4). L’effet 
thermique, vers 950 °C, serait le pic de cristallisa— 
tion dq la melilite bien cristallisee mais la forma
tion de cette phase commence, dans tous les cas, vers 
800 eC. La merwinite, apparue au cours du recuit, est 
tres importante dans les laitiers 3 et 6, eile I'est 
moins dans le laitier 2 et eile est tres faible dans 
les laitiers 1 et 7 oü la cristallisation de la melili
te s'etale sur une grande plage de temperature.

e Au MEB, 1'examen de sections polies montre que cer
tains grains contiennent des domaines Orientes de mi- 
crocristaux, le plus souvent sous forme dendritique 
(fig. 5). Ces domaines correspondent ä un Stade preco- 
ce de cristallisation. Leur analyse dlementaire pone— 
tuelle n'est pas aisee en raison de leurstres faibles 
dimensions. Des dosages repetds ont montrd que les 
zones devitrifiees etaient systematiquement plus riches 

en MgO mais plus pauvres en AI2O3 que le verre environ— 
nant : dans cet echantillon (laitier 2), seule la mer
winite C3MS2 avait ete detectee par DRX.

Fig. 5 (MEB) : Cristallisation denditrique de la mer
winite (M) dans le laitier vitreux (V) n° 2 
(section polie attaquee par NH^Cl). •

3. HYDRATATION DES CIMENTS AU LAITIER
Les laitiers broyes ä une surface specifique 

Blaine de 3500 cm2,g-l ont ete ajoutes ä un clinker de 
ciment Portland (63ZC3S, I7ZC2S, 14,5 ZCjA, 4,5 7« 

dans les proportions 66,5 % laitier, 28,5Zclin- 
ker, 5 Zgypse. Les eprouvettes de pate pure de ce ci
ment de haut fourneau CHF, (e/c = 0,4, cubes 2x2x2 
cm) ont 6t6 conservdes 1, 3, 6 et 12 mois dans 1'eau 
ä 20 °C. A cheque echeance, le degre d'hydratation du 
laitier a ete mesure et la microstructure du materiau 
durci, examinee au MEB.
3.1 Mesure du degre d'hydratation des laitiers

Le degre d'hydratation du laitier a ete determine 
par dissolution des constituants hydrates et du ciment 
Portland anhydre dans une solution d'acide salicylique 
dans le methanol et 1'acetone (5). L'analyse quantitä^ 
tive par DRX (methode de I'dtalon interne silicium) a 
permis de suivre les variations de la concentration en 
Ca(0H)2 et la diminution de 1'intensite de 1'anneau 
d'amorphe du laitier anhydre.

Les resultats obtenus par ces deux methodes font 
nettement apparaitre, des la premiere echeance (28 
jours), des differences de reactivite entre les lai
tiers Studies (fig. 6).

Fig. 6 : Decroissance du laitier anhydre, en fonction 
du temps, dans les CHF- (methode de dissolu
tion KONDO- OHSAWA) .



A 3 mois, la quantile de Ca(0H)2i presence dans 
les pates, varie du simple au double entre les laitiers 
1 et 3 par exemple. On note, par ailleurs, une nette 
diminution de 1'anneau des laitiers 1 et 7, entre 28 
jours et 3 mois. A 6 mois, les CHF 1 et 3 se differen- 
cient de la meme maniere qu’ä 28 jours, en ce qui con- 
cerne le taux de Ca(0H)2.

La fraction de laitier n'ayant pas encore reagi, 
determinee par la methode de dissolution, a 6te reliSe 
ä la composition de la melilite cristallisee au cours 
du recuit (Tableau III), composition estimee ä partir 
des parametres cristallins representes sur la figure 3.
Tableau III : Pourcentage de laitier n'ayant pas encore 

reagi ä 6 mois dans les CHF et composition 
mindralogique de la melilite recristallisee.

Laitier 1 2 3 4 5 6 7

residu (Z) 48 51 51 52 56 50 48
gehlenite (Z) 80 59 59 42 68 80
akermanite (Z) 20 41 41 58 32 20

Les resultats du Tableau ITI montrent que la re- 
activite d'un laitier pourrait etre reliee ä la teneur 
en gehlenite (ou en akermanite) de la melilite recris
tallisee. Les laitiers 1 et 7 ont le mieux reagi, leur 
melilite etait formee de 80 Z de gehlenite et de 20 Z 
d'akermanite. Le laitier 5 est le meins reactif, sa 
melilite contenait 58 Z d'akermanite. Le laitier4est 
une exception, la composition de sa melilite ne cor- 
respondait pas ä une solution solide gehlenite-akerma
nite mais ä une phase plus complexe contenant des ele
ments mineurs, du potassium en particulier.

L'autre caracteristique des melilites, ä savoir 
le degre d'ordre de la solution solide (raies DRX elar- 
gies), ne semble pas pouvoir etre correlSe ä la reac- 
tivite du laitier. ,

A un an, les CHF 1, 2 et 3 contiennent sensible- 
ment la meme quantile de Ca(0H)2 mais les fractions 
hydratees, dSterminees par voie chimique, ne sont pas 
Sgales. Le taux de chaux donne done une indication de 
la reactivite d'un laitier mais cette estimation ne 
pent etre süffisante car 1'activation calcique n'est 
pas seule en cause. Il s'y ajoute 1'activation sulfa- 
tique due au gypse du ciment Portland et une auto
activation par les sulfates provenant de 1'oxydation 
des sulfures presents dans les laitiers. Le laitier 2 
contient le pourcentage le plus eleve de 1* element S 
(1,79 Z) , presque cinq fois plus que celui des laitiers 
1 et 3 (Tableau I). D'apres les resultats ä 1 an, le 
laitier 3 a reagi plus lentement que les laitiers I et 

.2 ; les essais mecaniques sur mortier confirment cette 
observation.

Dans nos conditions experimentales, les laitiers 
les plus reactifs ne se sont pas hydrates ä plus de 
30 Z ä un an, en pate pure. Des taux d'hydratation plus 
eleves ont ete atteints avec une mouture tr6s fine du 
laitier (6).
3.2 Mesure de la chaleur d'hydratation

La reactivite des laitiers 6 et 7 etant respecti- 
vement proche de celle des laitiers 3 et 1, la mesure 
du degagement de chaleur au cours de 1'hydratation des 
CHF en pate pure a et6 effectuee sur les cinq premiers 
ciments de haut foumeau, a 40 °C, ä 1'aide d'un calo- 
rimetre ä conduction. Les courbes de flux de chaleur 
mettent en Evidence, avant 24 heures, des differences 
tres importantes entre les laitiers (fig. 7). Le maxi
mum du flux est retard^ dans le temps et nettement 
moins intense avec les laitiers 2 et 3 qu'avec le lai
tier 1, plus encore avec les laitiers 4 et 5.

Ces observations sont ä rapprocher des estimations du 
taux d'hydratation par voie chimique.

Fig. : Chaleur d'hydratation ä 40 °C du CPA et des 
cinq premiers CHF.

L’interpretation des courbes de chaleur d’hydrata- 
tion parait plus delicate que la comparaison des flux 
de chaleur.

L'etude au NEB et par DRX du CHF n° 1, avant et 
apres le pic le plus intense (fig. 7) montre que :

1) 1'hydratation des silicates du clinker est dejä 
commencee avant la partie ascendante du pic : presence 
de Ca(0H)2 et diminution de CgS. Le gypse a tr6s peu 
reagi.

2) au-delä du pic, le gypse est entierement con
somme. L'ettringite, abondante, n'a pu se former qu' 
avec 1'alumine du laitier, compte tenu de la faible 
teneur en C3A du CHF. La concentration en C-S-H a net
tement augments. Il s'agit done bien d'une activation 
du laitier par la chaux et le sulfate.

Par ailleurs, pour un laitier trSs reactif tel que 
le laitier 1, le pic survient au meme moment que celui 
du CPA temoin et le rapport entre 1'energie liberSe 
par le CHF et celle libSree par le CPA est tres supe- 
rieur ä la proportion de clinker (28,5 Z). Ces resul
tats (Tableau IV) prouvent la participation du laitier 
au degagement de chaleur.

Dans la comparaison de la reactivity des- laitiers, 
la calorimetrie se rev61e done une methode tres sen
sible.



Tableau IV : Valeur de l'dnergie totale liberee ä40°C 
par les 5 CHF et le CPA a 108 heures.

CHF 1 2 3 4 5 CPA
J.g"1 241 242 223 174 180 341

3.3 Mesure des resistances mecaniques des mortiers ISO

Les resistances mecaniques ont 6t6 mesurees sur 
les mortiers ISO de CHF 1, 2 et 3 et compardes ä celles 
du tPA. La Variation de la resistance ä la compression 
en fonction du temps separe bien les quatre ciments 
d6s les breves echeances (fig. 8) et la distinction 
est particulierement nette ä 7 jours. A 90 jours, le 
CHF contenant le laitier le plus reactif est aussi re
sistant que le CPA entrant dans sa composition. Le 
developpement des resistances mecaniques est lid ä 
1'hydratation des constituants du ciment. La differen- 
ciation des laitiers est plus nette dans le cas de la 
mesure des resistances mecaniques sur mortier que lors 
de l'estimation du degre d'hydratation en päte pure par 
la mdthode de dissolution. Elle reste toutefois moins 
rapide que le classement des CHF par la calorimetrie 
ä conduction ä 40 °C.

Les differences sont plus marquees dans les mor
tiers que dans les pates pures de ciment. A 14 et 28 
jours, les mortiers de CHF contiennent beaucoup moins 
de Ca(0H)2 en plaquettes massives mais plus de sulfo
aluminates que le CPA. Le monosulfoaluminate est plus 
abondant, des 14 jours, dans le CHF 1 que dans les CHF 2 
et'3 qui, par centre,'contiennent plus d'ettringite.

4. ETUVAGE DES CIMENTS AU LAITIER
A 1'activation alcaline et sulfatique des laitiers 

peut s'ajouter une activation thermique lors d'un 6tu- 
vage. Nous avons etudid 1'evolution des chaleurs d'hy
dratation et des resistances mecaniques au cours de 
differents traitements thermiques.

4.1 Chaleurs d'hydratation et resistances mecaniques
Les mesures de chaleur d'hydratation ont ete ef- 

fectuees sur pate pure (e/c=0,40) ä 20, 40 et 80 °C 
/Tableau V). La variation du degagement de chaleur en 
fonction du temps (fig. 11) montre que l'evolution du 
phenomene est la meme ä 20 et 40 °C. L'elevation de 
temperature de 20 °C accelere les reactions d'hydrata
tion mais les hydrates formes sont les memes qu'ä tem
perature ambiante, d'oü l'interet de classer les lai
tiers parleurs courbes calorimetriques ä 40 °C (fig.7).

Fig. 8 : Evolution des Rc en fonction Fig. 9 
du temps.

: Grains de laitier entoures Fig. IC : Cristallisation de l'et- 
de C-S-H. tringite en fines aiguilles

disseminees. "
3.4 Examen de la microstructure des pätes etmortiers

L'examen au MEB de sections polies et de surfaces 
de fracture d'eprouvettes de päte pure revele que le 
clinker s'hydrate en premier. Les grains de laitier 
couverts par le C-S-H du clinker s'entourent ensuite 
d'une zone hydratee qui devient tres compacte ä un an 
(fig. 9). L'analyse elementaire ponctuelle montre que 
le C-S-H est plus riche en MgO et AI2O3 que celui du 
clinker,mais il est moihs calcique. A ce C-S-H se me- 
lent des aiguilles d'ettringite, plus courtes et plus ■ 
fines que celles donnees par le clinker (fig. 10). 
L'ettringite est encore ddtectee par DRX ä un an, eile 
coexiste alors avec le monosulfoaluminate, eile est 
probablement due ä l'auto-activation sulfatique du 
laitier. '

Il est difficile d'apprdcier par ces examens une 
difference de reactivite entre plusieurs laitiers. 
Tout au plus peut-on sdparer les laitiers l et 3 par, 
exemple, les zones hydratdes autour des grains de lai
tier dtant ä 28 jours plus larges dans le premier 
echantillon que dans le second. ’

Les resistances mecaniques ont dte mesurdes sur 
des mortiers ISO conservds en moules metalliques dans 
l'eau jusqu'ä leur rupture. Le cycle d'etuvage n'a de
hnte que 4 heures apres le gächage. Lavitesse d'echauf- 
fement etait de 20 °C.h-1 , celle du .refroidissement de 
30 °C.h-1 • Afin d'englober la majeure partie de la pe
riode d'accroissement des resistances, les mesures ont 
etd poursuivies jusqu'ä 180 jours ä 20 °C, 21 jours ä 
50 °C et 6 jours ä 80 °C (Tableau V). Apres un cycle 
d'etuvage, certaines eprpuvettes ont ete replacees dans 
l'eau ä 20 °C jusqu'ä ce que la duree totale d'hydra
tation arteigne 28 et 90 jours.

Pour chaque ciment etudie, les courbes d'evolution 
des resistances mdcaniques enfonction du temps, äSOet 
80 °C , croisent plus ou moins rapidement la courbe 
devolution ä 20 °C (fig. 12 et 13). Si l'on exclut du 
durcissement les reactions initiales d'hydratation 
jusqu'ä la fin de la periode dormante et si l'on donne 
ä a , degre d'avancement, la valeur 1 quand la resistan
ce ne varie plus de maniäre significative (variation



Tableau V : Chaleur d’hydratacion des pätes pures de CPA et des CHF ä 20, 40, 80 °C (J.g-*)

I (°C) | 20 °C 40 °C 1 80 ° C

t (h) 3 9 18 48 120 336 504 1 5 10 18 108 168 408 I 1 2 3 6 15 44 240

CPA 19 51 119 219 314 365 13 72 193 287 341 35 126 182 246 306 335
CHF 1 7 1 20 53 130 194 238 247 5 37 116 167 241 253 277 1 12 63 135 174 193 217 253
CHF 2 5 19 50 129 190 228 4 29 97 150 242 252 278 1 9 49 113 172 204 233
CHF 3 7 24 50 112 166 209 4 36 87 128 223 243 276 1 16 69 112 158 188 215 260
CHF 4 4 30 64 112 174 182
CHF 5 5 28 63 112 180 187 L

Fig. 12 - CHF 1- c : Resistances 
d : Courbes relatives affines.

Fig. II - CHF 1-a: Chaleur d'Hydra
tation. b : Courbes relatives affines.

Fig. 13 - CFF3-e: Resistances 
f : Courbes relatives affines.

Tableau VI : Resistances tnecaniques en compression des mortiers etuves (MPa) (coefficient de variation 3 Z )

T (°C) 20 'c 50 *C 50 ’
*

L 20 *C  
4

50^’C 20^’C oC •c 80^eC 20^’C 80+*C  20+*C

t (h) 24 72 166 336 672 2160 4320 24 65 504 65 ♦ 607 65 + 2095 7 13 40 134 7 ♦ 655 13 t 659

CPA 13 36 4b 56 63 66 6b 34 40 49 50 57- 30 31 35 38 47
CHF 1 5 16 34 43 53 65 69 22 26 36 2b 37 21 22 24 25 27 27
CHF 2 3 13 2b 38 46 54 60 20 23 34 29 35 26. 29 33 34 37 37
CHF 3 3 10 20 30 39 51 5b 17 21 31 27 32 22 27 34 35 36 37

inferieure ä 5 Z quand le temps double), les courbes 
d'evolution du phenomene, pour chaque temperature,sont 
affines. Les rapports d'affinite suivent la relation 
d'ARRHENIUS :

Y - exp.

t], t2 ™ temps d'Hydratation, Tj, T2=temperature eneK.

Les essais ä 20, 50 et 80 °C permettent ainsi de 
determiner une valeur moyenne de 1'energie d'activa
tion E du ciment pendant la duree du durcissement con- 
sideree. Les valeurs finales sont supposees correspon- 
dre ä des systemes de meme nature et de meme degre 
d'avancement.

L'Snergie d'activation E determinee dans ces condi
tions est pour les trois premiers CHF etudies de 
56 kJ.mol-*.  La meme valeur est obtenue ä partir des 
mesures de degagement de chaleur. Les rapports d'affi
nite entre la courbe ä 20 °C et les courbes ä 40, 50 et 
80°£sont respectivement de 4,4, 8,5et5O. L’energie E 
du CPA entrant dans la composition des CHF est de 
42 kJ.mol-* et les rapports d'affinite respectivement 
de 3, 5 et 19 ä 40,50 et 80 °C. La temperature a done 
un effet plus important sur les CHF que sur le CPA.

[E T2 ~ T1 tl 
R T,T2 - t2

Dans nos conditions experimentales ä 50 et 80 °C , 
les formules de NURSE-SAUL, ou leurs variantes, ne peu- 
vent pas representer la cinetique du durcissement au- 
delä des premieres heures d'etuvage. En effet, dans ces 
formules, le rapport des temps d'hydratation ti/t2, pour 
deux temperatures differentes 0, et 02, reste constant 
quelles que soient les valeurs de tj et t2« Or nos cour
bes d'evolution des resistances ä 50 et 80 °C coupent 
la courbe ä 20 °C (fig. 12 et 13).

Les courbes de l'evolution isotherme ä 50 et 80 °C 
(fig. 11, 12 et 13) tendent vers des valeurs asymptoti- 
ques plus faibles que celles des courbes ä 20 °C. Un 
traitement thermique prolonge reduit done l'accroisse- 
ment de la resistance (Tableau VII).

Tableau VII : Coefficients d'amortissement

Mortier R„ 0
50 "C/20 °C * 80 °C/20 °C 80 °C/40 °C

CPA 0,75 0,60 0,90
CHF 1 0,50 0,40 0,70
CHF 2 0,60 0,60 ' 0,80
CHF 3 0,60 0,75 0,75



L'affaiblissement de la valeur asymptotique de 
la chaleur d'hydratation Q ä 80 ’C est moindre que 
celui des resistances Rc. Il peut etre ndglige au- 
dessous de 40 °C.

Par ailleurs, I'accroissement de la resistance 
des eprouvettes etuvees puis conservdes ä 20 °C pen
dant 28 et 90 jours (Tableau VI) suit, apres dtuvage, 
la courbe d'evolution relative du ciment ä 20 °C.

A partir de ces observations, 1'influence de la • 
temperature sur le durcissement d'un ciment peut Stre 
caracterisee par I'&nergie d'activation et 1'amortis- 
sement. Le durcissement peut alors etre considere 
comme un Systeme ä variables separees : temperature 
et temps. Son evolution ä temperature variable dans 
le temps est deduite d'essais isothermes.

4.2 Comportement des CHF ä 1'etuvage

L'dtuvage est tres favorable aux ciments peu 
reactifs comme les CHF 4 et 5 ou reagissant lentement 
comme le CHF 3. Apres un traitement ä 80 °C, tous 
trois acquierent des proprietes mecaniques voisines 
de celles du CHF 2. Les grains de laitier et de sable 
s'entourent d'une epaisse couche hydratee, preuve que 
le laitier a beaucoup plus reagi qu'ä la temperature 
ambiante (fig. 14).

Des cinq ciments, le CHF 1 est celui qui se com- 
porte le meins bien ä 1'etuvage. Ses resistances n'at- 
teignent que la moitie de leur valeur apres 7 heures 
ä 80 °C puis 28 jours ä 20 °C (Tableau VI). A 80 °C, 
leur amortissement est de 40 1 par rapport a 20 °C 
(Tableau VII). Apres 7 heures ä 80 °C, des amas de 
monosulfoaluminate en cristaux massifs forment une * 
texture heterogene peu favorable ä la cohesion du 
uiorcier (fig. 15).

Fig. 14 : CHF 5 (13 h ä 80 °C). Larges zones de 
C-S-H (x) autour des grains de laitier (L).

Fig. 15 CHF 1 (7 h ä 80 °C). Monosulfoaluminate (M) 
en cristaux massifs.

5. CONCLUSION ’

L'analyse, par differentes methodes, de sept lai
tiers industriels a 1'etat anhydre et en cours d'hy— 
dratation a permis de confirmer et de preciser cer
tains points tels que :

1) L'insuffisance des indices d'hydraulicite ne tenant 
compte que des elements principaux Ca, Si, Al, Mg.
2) L'importance du degre de vitrification du laitier, 
de la composition mineralogique des melilites de 
recristallisation, de la teneur en merwinite.

3) L'interet de. la methode de dissolution de KONDO et 
OHSAWA pour apprecier 1’hydratation du laitier dans 
un ciment.

4) La facilite de classement des ciments au laitier
par la mesure de leurs resistances mdcaniques en 
compression sur mortier ISO. "

La methode la plus rapide d'evaluation de la re- 
activite hydraulique d'un Iditier, dans un ciment, . 
nojis semble la mesure de la chaleur d'hydratation en 
pate pure ä 40 °C. Cette reactivite est revelee en 
quelques heures. Toutefois, au-dela de 40 °C, Les com- 
portements peuvent etre differents de ceux observes ä 
20 °C ( formation importante de monosulfoaluminates ä 
80 °C). '

Dans un large domaine de temperature, la cineti
que d'hydratation et les resistances mecaniques des 
ciments au laitier peuvent etre connues apres determi
nation de leur Energie d*  activation et de leur. coef
ficient d'amortissement. Des essais de courte duree 
devraient ainsi permettre d'estimer la resistance md- 
canique du ciment au jeune age et a long terme.
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Nouveaux aspects de I'hydratation de laitiers industriels

New aspects of industrial slags hydration

P. FIERENS et P. POSWICK, Universite de Mons (Belgique).

RESUME : L* Hydratation d1un laitier vitreux industriel a et6 gtudiee par exoemission electro- 
nique et thermogravimetrie. Les resultats obtenus permettent de penser que , comme pour la 
gehlenite et des laitiers synthgtiques, la vitesse d1 Hydratation est liee notamment aux • 
caractSristiques de centres correspondant a,des defauts de structure de I'gtat vitreux et le 
mecanisme semble comporter au moins deux etapes : germination croissance autoinhibee et 
diffusion.
Il est egalement montre que, pour differentes durges d'hydratation, la resistance ä la com
pression de microeprouvettes standard est d'autant plus grande que le nombre d'exoelectrons 
emis par le laitier non hydrate est Sieve.
Enfin, il n'existe pas de relation simple entre la resistance ä la compression et le degrS 
d 'hydratat ion d'un laitier industriel donne trempe dans differents milieux.

SUMMARY : Hydration of a glassy industrial slag has been studied by electronic exoemission 
and thermogravimetry. The results show that as in the case of gehlenite and synthetic slags, 
the hydration velocity depends among others on characteristics of centres corresponding to 
structure defects of the glassy state and the mechanism seems to include at least two 
steps : autoinhibated nucleation and diffusion controlled processes.

It is also showed that, for different hydration durations, the highest the number of exoe
lectrons emitted by the unhydrated slag, the highest the compressive strength of the 
hydrated one.

At last, there is no single relationship between compressive strength and degree of hydration 
of a given industrial slag quenched into different media. ■



1. Introduction

Une etude (1) de 1'Hydratation de la gehle
nite et de laitiers synthetiques vitreux 
en presence d'hydrqxyde de sodium a permis 
les conclusions suivantes.

Le mecanisme de la reaction comporte au 
moins deux etapes. L1hydratation commence 
au niveau des centres actifs de la surface 
du materiau selon un processus de germina
tion autoinhibe ; lorsque les grains sont 
reckuverts d'une couche continue d’hydrates, 
1'hydrat at ion est cinetiquement controlde 
par un processus de diffusion jusqu'ä la 
fin de la reaction.

1 202.103 4
2 738.103
3 481.103
4 595.103

La"qualite" de I'etat vitreux de la gghle- 
nite et des laitiers synthetiques est ca
racterisee par la probabilite p de sortie 
d'Slectrons pieges mesuree par thermolu
minescence ou par le nombre n d'exoSlec- 
trons emis par le materiau dans des condi
tions standard. Il a ete montre experimen- 
talement (l)xque pour un materiau donne ces 
deux grandeurs sont liees par une relation 
lineaire log n/log p.

La probabilite p et le nombre, d'exoelectrons 
n sont en rapport, I'une et I'autre, avec 
les defauts de structure de I'etat vitreux 
du materiau et dependent notamment des con
ditions de trempe du materiau fondu.

Le present travail constitue 1'extension de 
cette etude au domaine des laitiers indus
triels .

2. Preparation et caracterisation des
echant ilIons

Le laitier industriel utilise dans cette 
recherche provient de la Societe Metallur- 
gique Hainaut-Sambre (Belgique) et 
presente la composition chimique elementaire 
donnee dans le tableau I.

TABLEAU I 
Composition chimique elementaire du laitier 

industriel etudie (poids X)

Residu insoluble dans les acides

SiO„ ■ 35,57 X TiQ, 1,10 X
CaO * 39,74 X MnO = 1,09 X
ai2o3 ■ 12,39 X Cr203 • 0,10 X
MgO ■ 6,20 X SrO - 0, 1 1 X
FeO ■ 0, 1 7 X so3 - 0,23 X
Na20 ■ 0,64 X Sulfures- 0,79 X
k2o ■ 1,30 X P2°5 - 0,15 X

Total * 99,58 X

0,35 Z

Le laitier fondu s'Scoulant du haut four- 
neau a StS trempe dans quatre milieux 
differents comme I’indique le tableau II.

TABLEAU II
Mode de trempe

Echantillon n" Milieux de trempe

1 Azote liquide (-192°C)
2 Methanol fondant (-80°C)
3 Eau glacee (8°C)
4 Air ambiant (20°C)

Les quatre echantillons ont ete broyds et 
leur surface specifique BET a ete determi- 
nee (Tableau III).

TABLEAU III

Surface specifique BET

Echantillon Surface specifique 
(m2/g)

1 0.60
2 0.72
3 0.82
4 0.75

Les quatre echantillons sont entierement 
vitreux : leur pic de devitrification ATD 
s'est revele identique.
Une tentative de les diffgrencier par ther
moluminescence a echoue. En effet, le 
laitier industriel contient des elements 
mineurs tels que le fer, le manganese, le 
chrome qui absorbent la lumiere emise et 
rendent la mesure inopperante.
Les echantillons ont ete caracterises par 
exoemission electronique photostimulee.
Le tableau IV donne le nombre n d'exoelec
trons emis dans des conditions standard.

TABLEAU IV
Exoemission electronique photostimulee 

(n • nombre d*exoglectrons)

Echantillon n

Les quatre Echantillons, de meme composition 
chimique, presentent done des differences 
de defauts de structure de I'etat vitreux 
dues aux conditions de trempes.



De plus,on observe la sequence decroissante 
du nombre d'exoelectrons emis :

2 > 4 > 3 > 1

3. Cinetique de 1'hydrat at ion

Les quatre echantillons du laitier indus
triel ont ete hydrates ä 20°C par une 
solution aqueuse molaire d'hydroxyde de 
so'dium, dans les memes conditions que la 
gehldnite' et les laitiers synthetiques des 
travaux precedents.
La cinetique de la reaction a 6t6 suivie 
par thermogravimetrie. La perte d’eau 
chimiquement lide a ete determinee en 
fonction de la duree.du contact laitier - 
solution d'hydroxyde de sodium.

Nos observations font l'objet du tableau V. 
On y trouve la perte d'eau observee et, 
en regard, la perte d'eau corrigee tenant 
compte de la surface specifique de chaque 
echantillon. ■

Voir Tableau V
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Fig. 1 : Perte d'eau chimiquement liee en 
fonction du temps : thermogravimdtrie 
(gr. par 100 gr. de laitier)

La figure 1 illustre 1'evolution des pertes 
de poids corrigees en fonction de la duree 
de 1'hydratation.

La forme de ces courbes est analogue ä 
celles obtenues, dans les memes conditions, 
avec la gdhlenite et des laitiers synthe
tiques pour lesquels il a ete montrd 
qu'elles correspondaient sur le plan cind-■ 
tique ä un processus de diffusion. Cette 
conclusion parait pouvoir etre dtendue 
au cas prdsent.

On observe que la vitesse d'hydratation 
des echantillons controlde par ce proces
sus de diffusion suit la sequence :

2 > 4 > 3 > 1

C'est la meme que celle des nombres 
d'exodlectrons emis par les laitiers non 
hydrates.
Il semble done bien que pour le laitier 
industriel etudid, les ddfauts de structure 
de l'dtat vitreux aient une nette influence 
sur la vitesse de 1'etape "diffusion" de 
1'hydratation, comme on peut 1’observer 
dans le cas de la gehlenite et de laitiers

synthetiques.

4. Resistance ä la compression

Dans le but de rdaliser une meilleur appro- 
ch e de la pratique, nous avons mesure la 
rdsistance ä la compression sur microeprou- 
vettes. Celles-ci ont dte fabriqudes en 
gächant 2,25 gr de laitier anhydre avec 
0,25 gr d'une solution aqueuse d'hydroxyde 
de sodium normale (E/C - 0.11). Avec ce’ 
melange, pdtri■pendant 3 minutes, on confec- 
tionne des microdprouvettes selon le proed- 
dd bien connu. .

Les rdsultats des resistances ä la compressi
on apres 3, 7, 15 et 28 jours sont donnds 
dans le tableau VI et la figure 2.
Les rdsultats montrent que, pour les 
quatre echantillons, la vitesse de crois- . 
sance de la resistance ä la compression ■ '
suit la sdquence : '

2 > 4 > 3 > I ' 
e'est-a-dire la meme que celle observde dans 
les mesures d'exodmission electronique 
photostimulee et de thermogravimetrie.



TABLEAU VI

Resistance ä la compression (MPa)

Dur Se 

(jours)

Echantillon

1 2 3 4

3 1 6 33 20 21
7 24 59 36 41

1 5 26 7 1 37 47
28 34 77 43 57

Fig. 2 : Resistance ä la compression (MPa)

5. Resistance ä la compression et degrS

d1 Hydratation

Fig. 3 : Relation entre le degre d'hydra- 
tation et la resistance ä la compression.

Pour cheque Schantillon, on observe une 
courbe distincte.

Cela signifie que, pour I'ensemble des 
quatre echantillons, il n'existe pas de 
relation simple entre la resistance ä la 
compression et le degre d'Hydratation du 
laitier, en depit du fait que la composition 
chimique de celui-ci est constante.
L'examen du graphique montre qu'un degre 
d'Hydrat at ion de termine (par exemple repre
sents par 10 gr/100 gr) correspond ä 
differentes valeurs de la resistance ä la 
compression d'un echantillon ä 1'autre :

echantillon 2 50 MPa
1 41 MPa
4 35 MPa
3 29 MPa

La sequence dScroissante est :

2 > 1 > 4 > 3

De plus, pour developper une resistance ä 
la compression donnee (par exemple 40 MPa) 
il faut atteindre des degres d'Hydratation 
differents, obtenus d'ailleurs apres des 
durees de conservation tres variSes :

Schantillon 2 perte 9.0gr/100g aprds 4 j.
■ 1 perte 9.8gr/100g " 28 j.

4 " 10.7gr/100g " 7 j.
3 " 11.8gr/100g " 18 j.

Ici la sequence decroissante est :

3 > 4 > 1 > 2

Ce resultat montre que la relation entre la 
resistance ä la compression et le degre 
d'Hydratation est complexe meme pour un

Dans le graphique de la figure 3, nous 
avons indique la perte en eau chimiquement 
liee non corrigee (c'est-a-dire une expres
sion du degrS d* Hydrat at ion) en regard de 
la valeur correspondante, pour une meme 
durge, de la resistance ä la compression.



laitier de composition chimique determine.
Les defauts de structure jouent un role 
a cote d'autres facteurs comme la texture 
des hydrates formes.
Cette conclusion est probablement valable 
egalement po’ur le ciment Portland et les 
ciments de laitier, systemes pour lesquels 
il est beaucoup plus difficile de la mettre 
en evidence par 1 1 experience.
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TABLEAU V 
Perte d'eau chimiquetnent liee en fonction 

du temps : thermogravimetrie 
(gr. par 100 gr. de laieier)

Temps
1 2 3 4

Perte currigee Perte corrig€e Perte
Perte 

corrigee Perte
Perte 

corrigee

2,76 4,20 4,46 6,07 4,25 5,02 3,93 4,95
2 jours 2,97 4,51 6,22 8,46 6,32 7,46 5,89 7,42
7 lours 7,17 10,90 9,59 13,04 10,30 12,15 10,31 12,99

1 5 jours 8,39 12,75 12,60 17,14 11,66 13,76 13,07 16,47
28 jours 9,01 13,70 13,28 18,06 12,53 14,79 12,38 15,60



Etude des Gaz des laitiers granules de haut fourneau

■ ■ Gazes study of granulated blastfurnace slags '

B. COURTAULT - C.E.R.I.LH. - Paris, France.

Les gaz des laitiers sent extraits par broyage sous vide. Ils sont identifies et doses par spectromdtrie de 
masse quadripolaire. .

Apres une description du dispositif de broyage, les resultats obtenus avec huit laitiers sont presentds,' les 

gaz rencontres sont par ordre ddcroissant : l^, N2, CO, H^O, A, CO^. Une dependance est observee entre la broya- 

bilitS du laitier et la quantile d'hydrogene libere.

The gases are extracted by grinding under vacuum. They are identified and determined by means quadrupole 

mass spectrometry. After a description of griding device, the results obtained with eight slags are presented, 

the gases found are by decreasing order : H.,, N2> CO, H20, A, COj. A dependence is observed between the slag 

grindability and the quantity of the released hydrogen.



1. INTRODUCTION
La presence de gaz occlus et dissous Interesse ä 

divers titres les silicates naturels et artificiels,- 
Certaines laves basaltiques presentent des teneurs 
ponderales en gaz de 0,5 Z i I Z et voient leur dyna- 
mique d'ejection en dependre largement. Des teneurs 
beaucoup plus faibles (<0.1 Z) sent rencontrees dans 
les verres industriels et affectent leur proprietes.

La presence de gaz dissous dans les laitiers 
fondus de haut foumeau a retenu 1*  attention sur 
deux points : le role possible sur 1'expansion du 
laitier solidifie de la ddsotption durant le refroi- 
dissement, I'influence de la vapeur d'eau solubilisee 
sur la teneur en hydrogene de I'acier.

Les teneurs en gaz generalement faibles des sili
cates coriditionnent le choix des methodes analytiques 
qui distinguent les gaz dissous et les inclusions ga
zeuses. Les premiers sont extraits par fusion sous 
vide et analyses en combinant les techniques de con
densation fractionnee, de combustion, d1 absorption et 
de micromanometrie ou plus directement de Chromato
graphie. Les gaz des bulles du yerre sont recueillis 
par bris de 1'Schantillon sous vide ou par fonction 
de la paroi. Enfin, il faut signaler I'emploi possi
ble, en relation avec la morphologie du materiau, de 
methodes microanalytiques non destructives utilisant 
les reactions nucleaires de basse energie pour doser 
les gaz dissous et la microthermometrie ou la micro
sonde MOLE ä effet Raman pour Studier les inclusions 
fluides des mineraux.

Le present travail concerne 1'etude des gaz des 
laitiers granules de haut fourneau et fait appel a 
la spectrometrie de masse.
2. METHODES EXPERIMENTALES
2.1 Principe '

Le laitier granule, pris dans son etat originel, 
est broye sous vide jusqu'ä differents stades de frag
mentation, caracterisSs par une courbe de distribu
tion granulomAtrique, et les gaz liberes analyses 
par spectrometrie de masse.
2.2 Caracteristiques des materiaux Studies

Un ensemble de huit laitiers de provenance fran- 
gaise est examine dont les analyses chimiques, limi- 
tees aux quatre constituents principaux sont donnees 
dans le TABLEAU I. ■ .

L*analyse  radiocristallographique rSvSle pour 
deux laitiers (n*  3 et 7) 1’absence de phases cristab- 
lines, le diagramme de diffraction X presente seule- 
ment un halo large et diffus de corps amorphe entre 
0,1 et 0,2 en sin 6/X . La presence de faibles quan
tiles de merwinite est observee dans les autres 
laitiers qui presentent tous un rapport molaire 
AI2O3 / AI2O3 + MgO inferieur ä 0,42 Cl). .

TABLEAU I

SiO2 A12°3 CaO MgO

1 32,61 ' 12,20 42,91 7,70
2 34,82 12,17 42,35 7,00
3 32,62 14,70 45,00 4,33
4 32,95 11,96 43,28 7,39
5 33,09 11,35 38,94 7,U

■ 6 32,54 11,97 41,76 7,85
7 35,71 10,10 39,45 7,50
8 33,69 11,98 41,38 ' 8,09

2.2 Appareillage
Le pot broyeur etanche est un cylindre de 35 mm 

de diametre intSrieur et 65 mm de longueur, muni d'une 
vanne laterale, dont les extremites sont obturees par 
des plaquettes appuySes sur des joints toriques par 
des bouchons visses.(Fig. 1)

Fig. 1 : Pot de broyage sous vide

La mise sous vide du pot est realises dans une 
enceinte annexe permettant successivement le degazage 
dans de bonnes conditions de "conductance" - bouchon 
superieur non visse - puis la mise en place de ce der
nier. Une pompe turbomoleculaire produisant un vide 
tres propre, exempt d'hydroc.arbures, est utilisee. Le 
degazage, controle par jauge de Penning et juge sa- 
tifaisant ä pression inferieure ä 10~2 pa> necessite, 
en absence ou non d'Schantillon de laitier (15g.), 
des temps respectifs de 20 et 90 minutes. Le broyage 
est realisA au moyen d'un dispositif d'agitation du 
pot provoquant un mouvement violent, ä trois compo- 
santes orthogonales,se repetant 1200 fois par minute 
(Mixer Mill 8000 SPEX).

' Apres broyage, le pot est mis en communication, 
par I'intermSdiaire de sa vantie, avec une reserve de 
volume connu dans laquelle 1'atmosphere gazeuse est 

detendue avant 1* introduction, en regime molSculaire, 
dans le spectrometre de masse quadripolaire Q M M 1,7 
RIBER, dont les procedes d'etalonnage ont 8te indi- 
ques (2). - "

Le choix du matSriau constitutif du pot broyeur, 
conduisant ä un degazage minimum en fonctionnement, 
est d'une importance primordiale. Dans la forme ac- 
tuelle, le pot et les plaquettes sont usings dans 
un acier elabore sous vide E 40 CDV 20 AFNOR, conte- 
nant moins de 5 ppm de gaz rSsiduels. Les billes de 
broyage de 10 mm, au nombre de six; sont constituees 
d'un alliage chrome, tungstene, cobalt ... (Alacrite 

•505). Le dSgagement gazeux par minute de broyage est 
le suivant : hydrogene 1 lO'^cm^, methane 0,3 10-3cm3 
TNP (1'utilisation d'un acier inoxydable austSnitique 
Z 2 CN 18-10 conduit ä un degagement global dix fois 
plus important, comportant des hydrocarbures ä nombre 
de carbone plus 61ev8, accentue encore par I'emploi 
de carbure de tungstene.

3. RESULTATS EXPERIMENTAUX
Les gaz liberAs d'echantillons de laitier (15g.) 

broyAs respectivement 30 secondes, 1, 2 et 3 minutes 
sont caractArisgs par leur spectre ionique et dosAs 
par etalonnage de 1'analyseur quadripolaire pour 
chaque constituent. Dans tous les laitiers, les gaz 
observes sont par ordre de dAcroissance en volume : 
H2i n2> c0» H2O, A, CO2. Les rapports masse/charge 
identiques des pics moleculaires N2 et CO - 28 - 
conduisent ä tenir compte, pour 1'analyse , '



de la contribution differente des ions N*  et C0++ ä 
la masse 14.

Les distributions granulometriques ddterminees 
par tamisage et au moyen du granulometre ä laser per
mettent de calculer les surfaces specifiques des 
Schantillons broySs. La relation entre .celles-ci et le 
temps de broyage caracterise la broyabilite du laitier 

(Fig. 2). , _
La Fig. 3 presente I1evolution des degagements 

gazeux du laitier N° 1.
La concentration en volume du gaz, supposes uni

forme, c, dans le laitier est deduite du degagement 
gazeux au moyen du modele suivant. Le volume de gaz 
extractible d'un Schantillon de masse M, constitue de 
grains de rayon r pour lesquels I'Spaisseurde la 
couche d'extraction est y, est donne par : 
v =• 21 ^1 - (r y) j c ^^avec p masse volumique 

ou, en appelant S la surface totale de 1'echantillon 
et V son volume :

v- vfaspy - 3(^py i2+i sp2)31 c (2)I 3M 1 3M 1 1 3M I

qui permet d'ecrire en premiere approximation :

Fig. 2 s Distributions granulometriques et 
broyabilite (laitier N* 1)

Fig. 3 : Degagements gazeux (laitier N” 1)

La relation (4) fournit une valeur de yc, par 
ailleurs une expression de c/y~ est obtenue par le 
trace de v (relation (2) ) en fonction de Vs .

Les concentrations en volume ainsi calculees sont 
converties et rapportees ä la masse de laitier, elles 
sont indiquSes Ci - Concentration interne - dans le 
TABLEAU II. Le premier degagement gazeux, observS 
apres 30 secondes de broyage, est exprime separement 
en Concentration superficielle - Cs - par suite de 
1'application delicate du modele ä la morphologic 
d’origine des laitiers. Les profondeurs d'extraction, 
y, trouvSes dans les differents cas sont de 1'ordre 
de grandeur du micron.

Ces resultats appellent les remarques generales 
suivantes : , ,

- Les quantites totales de gaz des laitiers gra
nules (10 ä 35 10"3cm3 TEN g-"*)  sont infSrieures d'un 
facteur 10 environ ä celles mentionnees pour les lai
tiers fondus (3). Le degazage lors de la trempe peut 
en etre la cause ainsi que 1'absence de reactions se- 
condaires dans le procede utilise, contrairement ä la 
methode thermique d'extraction. ,

— L'oxygene n'est jamais rencontre contrairement 
ä certaines donnees (4), de meme leC02 est present en 
quantitSs limitSes, toujours infgrieures ä
3 10~6cm3 TEN g-1 (6 10-3ppm). .

- L'hydrogSne sulfur® est absent des laitiers 
granules, alors qu'il est present dans les laitiers 
cristallisSs ainsi que de petites quantites d'hydra
zine (N2H^).



Par ailleurs, les concentrations des differents 
gaz conduisent aux observations suivantes :

- Le rapport CO/N2 est tres variable - 0,15 a 0,37- 
et toujours infdrieur ä celui de 1'atmosphere du

haut fourneau - 0,4 environ Pour un laitier donne, 
il est identique dans la couche superficielle et dans 
la masse, cette homogeneite semble indiquer 1’absence 
d'occlusion d'air durant la trempe.

- Le rapport A/N2, voisin de celui de 1'air atmos- 
pherique, parait resulter d'une dissolution physique 
de 1'air dans le laitier fondu, avec absorption de 
1'oxygene. Les concentrations en azote, voisines de 
la solubilite physique dans les verres (5) prdsentent 
une ddcroissance avec 1'augmentation de la viscosite 
du laitier fondu (Fig. 4) et, partant, la diminution 
de la basicite qui va ä 1'encontre des observations 
pour les verres. Toutefois la solubilite chimique qui 
est consideree pour ces derniers et la solubilite phy
sique peuvent presenter une complementarite (6)

Fig. 4 : Concentration en azote et viscosite du 
laitier fondu (valeur calculee)

- La presence d'hydrogene merite une attention 
particuliere. Sa solubilitd dans les laitiers indus
triels et synthetiques est faible , 4-7 ppm (45-78 
10~3cm3 TPN g~*)  (7), mais neanmoins superieure aux 
concentrations observees. Sa presence, dans les gaz 
extraits par voie thermique des verres et des laitiers 
est due ä la solubilite de la vapeur d'eau dans les 
silicates fondus ou eile s'incorpore suivant des 
mecanismes variables avec la basicite du milieu £82.

iSi-O-Sii+ H20 ■*  ^Si-OH + HO-SicT Q

2 (Si-O-) + H20 + 2 OH" + X Si-O-Si^ 0
Devant cette conjoncture, la possibility de de

gagement d'hydrogene par broyage d'un materiau hydro- 
xyle, est examinee avec deux echantillons de verre de 
silice presentant une granulometric originelle ana
logue aux laitiers et des teneurs en ions OH respec- 
tives de 950 et 100 ppm environ, determinees par ab
sorption du rayonnement infrarouge ä 2,72pm.

Le comportement des verres de silice est plus 
complexe que celui-des laitiers puisque, parallelement 
ä sa liberation, 1'hydrogene est adsorbe sur le mate
riau broyS. Deux modes de broyage et d'extraction 
permettent de departager les deux processus : un 
broyage continu avec extraction finale du gaz, un 
broyage discontinu avec extraction intermediaire du 
gaz et accumulation Fig. 5. Ces deux types de donnees 
permettent, tenant compte d'une adsorption dans le . 
modele de Langmuir, avec dissociation de la molecule 
d'hydrogene et occupation de deux sites,de calculer 
le degagement reel de gaz ä chaque stade.

verre de silrce 

— 950 Ppm OH 

--—100 ppm OH

deqqqemerrt H2_ 

• broyage conh nu 

o " d is conti nu 

A calcule

Fig. 5 : Degagements d'hydrogdne des verres de 
silice en fonction du temps de broyage

t. s

L*application  ä ce dernier du module analytique 
dSjä presente conduit aux concentrations. Les concen
trations apparentes en hydrogene ainsi determinees et 
les concentrations reelles sous forme d'ions OH sent 
donnees dans le TABLEAU III.

TABLEAU III

Verre de silice 
ppm OH 950 100

Concentrations H2

( a ) apparente 
10-3cm3 TPN g~l 8,31 1,41

( b ) reelle 
I0-1 cm3 TPN g“> 6,26 0,66
a/b Z 1,3 2,1

Le rapport moyen des concentrations apparentes et 
rSelles en hydrogene des verres de silice (1,7 Z) 
conduit , par transposition aux laitiers, ä des concen
trations reelles en hydrogene allant de 0,18 ä 1,22 
cm3 TPN g~*  (270-1836 ppm OH). Celles-ci sont parfai- 
tement compatibles avec les donnees sur la solubilite 
de la vapeur d'eau dans les silicates fondus, dans le 
domaine pratique de temperature de la granulation in
dustrielle (9).

L'intSret que suscite cette solubilitisation ap- 
parait plus certain, dans la mesure ou la broyabilite 
du laitier semble en dSpendre (Fig. 6).



Fig. 6 : Broyabilite des laitiers en fonction 
de la concentration en hydrogene

L'augmentation de la fragilisation avec l'incor- 
poration d'ions OH ne pent dans le cas des laitiers, 
compte tenu de leur composition, s’expliquer par une 
rupture du reseau silicique comme l’indique la reac
tion (Tj . On peut toutefois penser que la reaction
(2) concoure ä cette action. En effet, la teneur im
portante en ions modificateurs pennet de considerer 
les laitiers comme des verres inverses au sens donne 
par TRAP et SEVELS, c'est-ä-dire pössedant un reseau 
tres fragmente et une cohesion assurAe de faqon non 
n6gligeable par les liaisons cation-oxygene autres 
que Si-O.
4. CONCtüSION

Le broyage sous vide du laitier pennet d'extraire 
les gaz dissous physiquement et pour certains chimi- 
quement. Les gaz rencontres dans les laitiers granu
les - H2, N2, CO, H2O, A, CO, - sont en concentration 
relativement faible (0,1 ä 25 10-3cm3 TPN g~l) eu 
egard aux teneurs mentionnees pour les laitiers liqui
des au sortir du haut foumeau.

La spectrometrie de masse est bien adaptee a la 
mesure de .ces faibles quantitAs et conduit ä des 
seuils de detection tres faibles, de l'ordre de 
10-3ppm. _

La broyabilite apparaxt en relation avec le de
gagement d'hydrogene, lie ä la solubilisation de la 
vapeur d'eau dans le laitier fondu ; une fragilisation 
du matfiriau par incorporation d’ions OH pourrait en 
etre la cause.
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Ciment de laitier granule sans clinker
Slag cement without clinker

I. VOINOVITCH, chef du Service de Chimie,
M. RAVERDY, chef du Groupe des Liants Hydrauliques, Departement Betons et Metaux,
R DRON, charge de recherche, Service de Chimie,
Laboratoire Central des Fonts et Chaussees, France.

RESUME : On a 6tudi6 la possibility de rSaliser un nouveau ciment ä faible cout SnergStique, 
composS de laitier granulS broyS, additionnS de mStasilicates alcalins qui jouent le role 
d'activants de prise. Le maximum de simplicity et de sycuritd d'emploi est obtenu par incor
poration de I'activant en poudre sous sa forme hydratye. La bonne maniability des mortiers 
obtenus avec ces ciments permet une ryduction appryciable du rapport E/C. On a pu montrer 
ygalement que I’addition de gypse, y compris sous forme de phosphogypse, amyiiore les rd- 
sistances et permet de rdduire ä des teneurs yconomiquement valables les additions de myta- 
silicate. Les rysistances en compression et en flexion des mortiers et des bytons, classiques 
et aliygds, sont comparables ä celles obtenues avec des ciments Portland.

SUMMARY : The possibility of realizing a new cement, at a low energetic cost, composed of 
crushed granulated slag with addition of alkaline metasilicates as setting activators has 
been studied.

The best simplicity and utilization safety has been reached by incorporation of the activator 
under the powder hydrated form. The good workability of mortars obtained with these cements 
allows the ratio W/C to be greatly reduced. We have been able to point out that the addition 
of gypsum and also phosphogypsum (industrial waste) improves the strength and allows to cut 
down metasilicate additions : this procedure is the most economic. Compression and flexion 
resistances of mortars and concretes with standard and light aggregates are similar to those 
obtained with Portland cements.



INTRODUCTION '

Les 6tud.es en vue de rSaliser un nouveau 
liant par association du "verre liquide" 
(jidkoie steklo) et du laitier granule de 
hauts fourneaux remontent aux annees 1950 
et sont ä-mettre 3 l’actif de P.P. Boudni- 
kov et al. (1) .

Ces chercheurs ont mis ä profit I1observa
tion faite en 1939 par A.I. Jilin (2) se
lon laquelle "le laitier granule ajout6 au 

'Verre liquide" en tant que charge inerte 
acc616rait le durcissement du silicate de 
soude". V.I. Outkin (3), puis G.T. Pouja- 
nov (4) ont dSvelopp.g ces Studes dans les 
annSes -1955-1960 en examinant plus en de
tail diffSrents paramStres tels que : - la 
finesse de broyage du laitier,-le module 
silicique du silicate de sodium, - les rap
ports de ces deux constituants, - la tem
perature .

Ces auteurs se sont Sgalenient penchSs sur 
1* aspect thSorique du durcissement du liant 
ainsi active. En bref, ils aboutissaient 3 
la conclusion que cette prise 6tait tr§s 
acc616r6e par les activants alcalins (soude, 
silicate de "sodium) ou sulfatiques (gypse) 
et 1'elevation de la temperature du traite- 
ment hydrothermal (autoclavage).

En ce qui concerne le mdcanisme d'action du 
silicate de sodium, ils retenaient I'hypo- 
these formul6e par L.M. Rosenfeld (5) sui- 
vant laquelle 1'action de 1'eau sur le lai
tier commence par la dissolution et I'hydro- 
lyse du sulfure de calcium avec transforma
tion de ce dernier en CaSO. et formation en 
fin de reaction de silicate de calcium hy
drate (CSH)_3 partir d'autres formes de cal
cium et de^silicium passant en solution. 
Ils estimaient 6galement, en accord avec 
P.P. B'oudnikov (6) que la prise des lai
tiers granules pouvait Stre due 3 la for
mation de silicates, aluminates et sulfo
aluminates hydrates. Procddant plutot par 
deduction que par raise en evidence experi
mentale, ces chercheurs ont eu le m6rite 
d'adopter la thBorie de Le Chatelier de : 
dissolution - cristallisation des-hydrates 
et de faciliter ainsi les recherc^es ult6- 
rieures. "

En se basant sur ces travaux, dan$ lape- 
riode 1964-1966, V.I. Outkin (7), M.A. Mat
veev et G.T. Poujanov (8) ont d6velopp6 les 
etudes sur la preparation des bdtons 3 par- 

,,tir de tels liants 3 base de laitiers ac- 
tivds.

Conscients du role jou6 par 1'eau dans la 
prise du laitier granule, nous avons 6tu- 
die ce facteur dans la p6riode 1968-1970 
en tenant compte des travaux de J. D'Ans 
et H. Eick (9), de G. Malquori et al. (10) 
et de Schwiete et al. (11), en aboutissant 
3 la conclusion que 1'eau a un double role

- eile dissout les 616ments du laitier, 3 
partir de la surface des grains, et c'est au 
sein de la phase aqueuse que prennent nais- 
sance les composes trSs peu solubles qui 
cristallisent ensuite. Le pouvoir dissolvant 
de 1'eau est modifie par une 616vation de pH 
qui assure le passage en solution de 1'alu- 
mine;

- eile participe 3 la reaction de la prise, 
les composes qui prennent naissance 6tant 
des hydrates.

Le role de 1'activant a 6t6 partiellement 
61ucid6 : il agit de fagon certaine sur la 
solubilisation de la chaux, de la silice et 
surtout de 1'alumine par SISvation'du pH. 
Ainsi, 1'hydroxvde d'aluminium precipite en 
milieu ammoniacal (pH 11,5), mais il se re- 
dissout vers pH 12,5 par formation de I'ion 
Al(OH)4. Cette valeur est atteinte avec la 
chaux (pH 12,6) et a fortiori avec la soude 
ou le mStasilicate de sodium. Cela explique, 
sans doute, que l'activation puisse se faire 
indiffSremment avec la soude, la chaux ou un 
silicate alcalin 3 la dose requise (pH du 
milieu > 12,6). Leur presence permet de pas
ser d'un etat mStastable (phase vitreuse + 
eau) 3 un Stat stable (phase cristalline hy
dratee), par 1'intermSdiaire de l'6tat dis
sout, san,s etre obligatoirement consommS par 
la reaction. Enfin, toute action hydropho- 
bante exercSe au niveau des grains de lai
tier granulS inhibe la r6activit6 de ce der
nier (12).

Les travaux approfondis que nous avons enta- 
mSs en 1970 sur l'6tude de la cohesion dans 
une pate de laitier granulS (13) et le mdca
nisme de la prise du laitier granuld sous ac
tivation alcaline (14) nous ont permis d'a- 
boutfr 3 un procdde de preparation de ce type 
de ciment au laitier exempt de clinker pour 
lequel des brevets frangais ont 6t6 deposds 
en 1970 ejt 1971 (15, 16), antdrieurement a 
un brevet- japonais (17).

1 - PARTIE EXPERIMENTALE .

Dans ce qufbuit, nous relaterons brievement 
les dtudes effectudes sur pätes pures de lai
tier granuld activd par diffdrents silicates 
alcalins, puis sur des mortiers de diffd- . 
rentes compositions, enfin sur deux types de 
bdton, 1'un 3 base de granulats classiques 
et le second avec des granulats alldges.

1.1 Essais sur pätes pures

Ces essais prdliminaires avaient pour but 
d'examiner sur un type de laitier granule 
donnd, broyd 3 une finesse voisine de-3 500 
Blaine, 'les paramdtres suivants : .-

- le module silicique (environ : 2,0 - 2,8 et
3,8) du silicate de sodium, "

- les dosages en silicate, ajoutd 3 1'eau de
gachage, '



- les teneurs en eau,

- la tempSrature

et leur influence sur les caractSristiques 
telles que :

- 1'allure de la prise (debut et fin de 
prise),

- ila maniabilitS,

- les resistances mScaniques.

Le d6but et la fin de prise Staient suivis 
par l'aiguille Vicat, lä maniabilitS des 
pates sur le maniabilimbtre Lesage-L.C.L., 
enfin les essais en flexion et en compres
sion ont et6 effectuhs sur trois Sprouvet- 
tes 4 x 4 x 16 cm a : 1, 2, 7, 28 et 90 
jours.

Il ressort de ces essais : ■

- que le module silicique voisin de 2,0 con
duit aux meilleurs resultats, ä dosage 
6gal, ce qui recoupe les observations 
faites par plusieurs auteurs (6, 7, 17),

- qu'en. variant le dosage en silicate de so
dium, au module silicique cit6, de 2 ä
10 % par rapport au poids du laitier on 
modulait la vitesse de la prise. Ainsi, 
pour des teneurs extremes (> ä 9 1) on 
observait une veritable prise en masse 
de la pate au bout de 5 minutes de mä- 
laxage ..., .

- que le.dbbut et la fin de la prise (tes- 
tds ä l'aiguille de Vicat) Staient fonc- 
tion de 1'activant employs. Ainsi, pour 
un dosage moyen de 4 ä 6 %,ces caractS- 
ristiques sent voisines de celles obser- 
v6es avec le tSmoin,

- que la maniabilitb Stait trbs amSlioree, 
meme pour des faibles dosages en activant, 
par rapport aux tSmoins (CPA 400). Les 
pates obtenues ont une consistance d'une 
"creme onctueuse". Les mesures faites au 
maniabilimbtre Lesage-L.C.L. donnent des 
valeurs de 30 ä 50 t superieures ä celles 
des tSmoins ä mbmes teneurs en eau. On 
peut Svoquer ä cet Sgard les phSnombnes
de thixotropic pour expliquer ce compor- 
tement des pates : laitier - silicates de

■ sodium ä bas module silicique,

- que les teneurs en eau pour des dosages 
moyens en activant (4361) peuvent etre 
rSduites de 12 ä 15 I par rapport aux es- , 
sals tSmoins effectubs avec le ciment " 
Portland, CPA 400 dans 1'ancienne nomen
clature frangaise, par augmentation de la 
maniabilitS des pates de laitier activS ■ 
au silicate de sodium.

- que les retraits, par centre, Staient 
trbs supSrieurs ä ceux des tdmoins, de 
1'ordre de 15 ä 20 1,

- qu'aux temperatures de + 5, 20 - 1 et 
70 °C le comportement des pätes de lai
tier variaient en fonction du dosage en 
activant. Ainsi, pour un dosage 61ev6
(8 1), le durcissement 3 + 5 °C Stait plus 
rapide que celui des tbmoins. Pour une 
temperature hlevee (70 °C) et un dosage 
moyen en activant (4-51) les forces 
obtenues sont similaires 3 celles des th- 
moins. Si 1'on tient compte qu'une eleva
tion de + 10 °C double grosse modo la vi
tesse de prise, on peut moduler cette der- 
nibre par des dosages approprihs d*acti 
vant en fonction des forces que 1'on de
sire obtenir.

1.2 Essais sur mortiers

De nombreux essais ont hth effectuhs en vue' 
de cerner la formulation optimale pour la 
confection ulthrieure des bBtons.On tra- 
vaillait dans ce cas egalemerit sur des 
shries de 3 bprouvettes de 4 x 4 x 16, sou
mises aux essais de flexion (3) et compres
sion (6) .

En plus des parambtres et caracthristiques 
etudiSs sur pätes pures (1.1), on a examinS 
sur des mortiers du type Afnor (sable 1350 g; 
liant 450 g, eau 225 ml pour le tSmoin CPA 
400) 1'influence de :

- la nature du laitier (HSmatite et Thomas),

- la finesse des laitiers (environ 3000 et 
4000 cm^g Blaine),

- la nature des silicates, 3 modules sili- 
ciques voisins, et leur forme : liquide, 
anhydre ou cristallisS,

- 1'ajout des fillers : calcaires et sili- 
ceux.

Il ressort de ces essais que :

- La difference est 3 peine significative 
(5 I environ), lorsque 1'on passe d'un • 
laitier Thomas 3 un laitier HSmatite, ■

- La finesse de broyage accroit nettement 
les performances, aussi bien en compres
sion qu'en flexion. Une sbrie d'essais 
effectube avec du laitier granule ultra fin 
(> 3 5000 cm2/g) a permis d'obtenir des 
performances de 1.'ordre de 20 1 supe
rieures 3 celles obtenues avec les t6- 
moins (CPA 400),'en ajustant les quanti
ths d'eau compte tenu de la grande sur
face spBcifique du laitier ultra fin.

- La nature chimique des silicates (de so
dium ou de potassium} ou du silicate de 
potassium plastifiB par une macromolecule 



organique (brevet Rhöne Poulenc), influe 
moins sur les performances m^caniques, sur- 
tout aux Jeunes äges, que le module sili- ' 
cique de ces memes molecules, dont 1’opti
mum se place 6gaJ.ement entre 1,9 et 2,2 
dans cette sdrie d'essais. Toutefois, des 
essais ultSrieurs effectuds avec du mdta- 
silicate de sodium au module voisin de 1,0 
ayant donng les meilleurs rdsultats, c'est 
ce rapport que I'on a retenu pour les for
mulations des batons.
i

De plus, le mdtasilicate de sodium anhydre 
(difficile ä manipuler), ou cristallise 
(hydrate ä 5 H2O) peuvent etre utilises par 
simple incorporation dans le laitier en 
cours de malaxage. .

- L'ajout de fillers ä raison de 15 3 20 1 en 
substitution au sable peut confdrer des re
sistances amdliordes. C'est le filler cal- 
caire micronisd ä grande surface spdcifique 
qui se place en tete de ces essais.

Les caractdristiques dtudides en 1.1. : te- 
neurs en eau et maniabilitS sont confirmdes 
sur les mortiers et celles ayant trait aux 
retraits paraissent attdnuees' dans ce cas.

1.3 Essais sur batons

Les dtudes systdmatiques effectuees sur les 
mortiers (1.2) ont permis d'dtablir des for- 
mul'es de bdtons avec du mdtasilicate de so
dium utilisd ä des concentrations de 4,5 ä 
9 1 par rapport au poids du laitier broyd ä 
la finesse de 3 000 cm2/g Blaine seulement. 
En plus du granulat classique, on a fait des 
essais avec des granulats Idgers. Dans ce 
dernier cas, on a pu rdduire les quantitds 
d'eau de gächage (20 % environ) par rapport 
aux tdmoins (CPA). A 1 et ä 5 ans d'age les 
rdsistances sont, dans certains cas, Idgdre- 
ment supdrieures ä celles des tdmoins.

Dans ces essais sur bdton avec des granulats 
Idgers, on a tentd dgalement une activation 
mixte en ajoutant ä du mdtasilicate de so
dium (5,5 %), du gypse (4,5 t) employd sous 
forme de phosphogypse (ddchet industriel). 
L'expdrience montre que ce procddd est trds 
valable puisqu'on trouve encore des rdsis- ■ 
tances trds voisines de celle des tdmoins 
(CPA). En outre, ce dernier procddd est plus 
dconomique.

2 - DISCUSSION DES RESULTATS

La plupart de nos mesures dtaient ddjä 
faites sur mortiers et bdtons, y compris 
celles ä 5 ans lorsque nous avons eu con- 
naissance en 1977 des travaux similaires 
effectuds en Pologne par A. Derdacka et J. 
Malolepszy (18). Ces auteurs activerit le 
laitier par le carbonate de sodium, la soude 
ou le silicate de sodium au module silicique 
de 1,5. Ils constatent comme nous : "que la 
surface spdcifique (S.sp) du laitier et la 
nature de I'activant utilisd ont une in
fluence ddterminante sur la rdsistance du 
liant. Si I'activant est la soude, avec une
S.sp du laitier de 3 200 cm2/g, on obtient 
un liant dont la rdsistance est de 32 ä 38 
M Pa ä 28 jours. Par contre,. une dldvation 
de la S.sp jusqu'ä 4 200 cm2/g entraine un 
accroissement de la rdsistance jusqu'ä 44 
M Pa. En utilisant comme activant du sili
cate de sodium, on obtient avec des degrds 
de broyage analogue du laitier, des resis
tances de 1'ordre de 60 ä 70 M Pa. Ces rd- 
sultats ont dtd obtenus apres traitement des 
mortiers par la vapeur ä basse pression". 
Les rdsultats obtenus par les auteurs polo- 
nais recoupent les notres, ä cette diffd- 
rence pres qu'ä la finesse > ä 5 000 Blaine, 
on atteint ä la tempdrature ambiante ce 
qu'ils obtiennent par autoclävage.

En ce qui concerne le mdcanisme d'action, 
ils estiment, rejoignant en cela nos obser
vations (12, 13, 14), que sous 1'effet des 
activants alcalins citds, il y a passage en 
solution des oxydes donateurs d*e  cristaux, 
tels que la gehldnite hydratde, 1'aluminate 
tdtracalcique et le silicate de calcium fai- 
blement lä<ique (CSH). Il y a tout lieu de 
croire q;;e 1'activation mixte employde dans 
nos essaif sur bdtons conduit en outre ä la' 
formation-.!c 1'ettringite qui contribue ä 
une mei lie tire structuration de' I'ddifice. 
Enfin, ur"recent travail japonais fait men
tion de 1'emploi du silicate de lithium 
dont 1'e:ficacitd serait supdrieure ä celle 
du silicate de sodium pour de telles acti
vations, ce qui montre que cette voie con
tinue a etre explorde. '

Nous donnons, ä titre d'exemple, la composi
tion des formules employdes ainsi que les rd
sistances obtenues ä, : 7, 28, 90 jours et ä 
1, 3 et 5 ans.

Dans tous les cas, le mdtasilicate et le 
gypse exprimds en t sont rapportds au total 
"liant" (laitier * mdtasilicate + gypse).



RESISTANCE A LA .COMPRESSION (C) ET A LA TRACTION PAR FENDAGE (F)

SILICOCIMENT avec et sans gypse sur b6ton de granulats Idgers

7 jours 28 jours
C F

90 jours 1 an 3 ans
C FC F C F C F

5,5 mdtasilicate
o gypse 15,6 2,0 25,4 2,9 35,9 3,2 40,0 3,0 39,5 2,8

5,5 % mdtasilicate
21,7 2,2 34,1 2,9 41,3 3,4 46,8 3,6 48,0 2,9

gypse

Tdmoin CPA 400 27,2 3,1 41,3 3,7 41,3 4,0 45,4 4,2 50,0 3,9

SILICOCINfENT sans gypse sur bSton routier

7 jours 28 jours 90 jours 1 an 5 ans
C F C F C F C F C

laitier hematite 29,7 3,0 38,6 4,2 48,9 4,7 54,1 5,0 57,9
9 % mdtasilicate

laitier Thomas 29,7 3,1 37,6 3,7 48,8 4,3 47,6 4,5 53,1
9 % mdtasilicate

laitier hematite 12,7 1 ,7 21,6 2,9 37,4 3,6 33,1 4,0 43,0
4,5 % mStasilicate

laitier Thomas 9,9 1,6 15,3 2,2 19,8 3,0 29,4 3,6 . 37,4
4,5 % mdtasilicate

TSmoin CPA 400 30,9 3,0 37,9 3,5 42,9 3,8 53,4 4,6 56,0

Nota : Toutes les valeurs sont exprimees en möga Pascal (M Pa) •

Formules
1 2

Beton Routier BSton de granulat 16ger
Granulat 4/20 134 kg Granulat 16ger 130 kg
Sable 0/4 96 kg Sable 0/5 163 kg
Laitier ou ciment' 43,75 kg Laitier. ou ciment 100 kg

( 19 ,35 1 pour 4 ,5 % mStasilicate ( 37,6 1
eau . ( eau (

- ( 21 ,90 1 pour 9 t mStasilicate ( (t6moin) 49,5 1
( et tdmoin



I

CONCLUSIONS

L'6tude sur pätes pures et mortiers de ci- 
ments de laitiers activSs aux silicates al- 
calins ä dif£6rents modules siliciques a 
permis d'€tablir que les meilleurs rgsul- 
tats sont obtenus avec le metasilicate de 

! sodium (module silicique 1,0).

Cet activant augmente la maniabilitS des 
pätes de sorte que le rapport : E/C peut 
etre rSduit. Son emploi est compatible avec 
une augmentation de la finesse du laitier, 
qui amSliore considSrablement les propriS- 
t6s mScaniques.

A partir de ces donndes, on a prepard des 
bdtons (classiques et alldgds) dont le 
liant dtait constitud par du laitier broyd- 
ä 3 000 cmZ/g, additionnd de metasilicate 
pentahydratd ä des doses variant de 5 ä 

! 9 t par rapport au laitier. Les mesures de
rdsistance ä la compression et ä la trac
tion par fendage montrent que ces bdtons 
sont comparables ä ceux ä base de ciment 
Portland. Un gypsage moddrd, par le phos- 

I phogypse, amdliore les rdsistances et per
met de rdduire les doses de metasilicate.

Ce liant, ä faible coüt dnergdtique, pour- 
rait etre utilisd en construction routidre 
et pour la production d’dldments prdfabri- 
ques.
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Cinetique de l'hydratation des ciments au laitier

Kinetics of slag cements hydration

C. VERNET, E. DEMOULIAN, P. GOURDIN, F. HAWTHORN, Societe des Ciments Frangais, 
CEREG, France.

RESUME :
Apres avoir etudie par ailleurs les mgcanismes et la cinetique de l'hydratation des ciments portland, les 
auteurs appliquent ici la meme methode globale d'etude des suspensions concentrees, ä 1’analyse des phenomenes 
parti cullers aux ciments ä haute teneur en laitier.
AprSs une description rapide de la mSthodologie et du choix des echantillons, ils montrent pour chaque etape 
reactionnelle, les particularites cinötiques des ciments consideres en fonction des differences mineralogiques 
et chimiques des clinkers et des laitiers utilises.
L’interpretation des phenomenes est.donnee dans le contexte des mecanismes generaux de dissolution-cristallisation, 
en utilisant les concepts de couplage chimique et de distance de precipitation. Les variations de S" en solution 
laissent supposer la presence d'hydrates sulfur6s. De meme, T'observation des coürbes de concentration en Cl per
met d'etudier la sequence de precipitation des chloroaluminates.
Enfin, une-comparaison est etablie entre les reactions en suspension et en p3te pure, liant la cinetique aux 
resistances mecaniques et ä revolution de la microstructure.

SUMMARY : .
Following another study of the mechanism and kinetics of portland cement hydration in concentrated suspension, 
the authors apply here the same method to the cements with high content of blast-furnace slag.
The method and the samples are shortly described. They show for each reaction period the differences observed 
between portland and slag cement according to chemical and mineralogical composition of clinkers and slags.
The phenomena are explained in relation with the general dissolution-crystallization mechanisms and using the 
concept of chemical couplings and precipitation distance. The evolution of S" concentration let suppose the 
presence of sulphide hydrates. In the same way, the CT evolution allows the study of chloroaluminates precipi
tation.
Then a comparison is established between suspension and cement pastes which connect kinetics with compressive 
strengths and microstructure developments.



INTRODUCTION
Cette communication vise ä Studier la cinetique de 
Thydratation des ciments de laitier, avec la meme 
methode que celle appliquee a I'etude du CPA (3). 
Nous avons montrS par des mesures cinStiques que pen
dant 1'hydratation des clinkers, les mecanismes reac- 
tionnels sont essentiellement du type dissolution- 
cristallisation, selon l'hypothese formulee des 1887 
par LE CHATELIER (1).
La composition ionique de la solution resulte done ä 
chaque instant de la difference entre vitesse de dis
solution de 1'anhydre et vitesse de precipitation de 
1'hydrate correspondant. L'energie liberable par les 
anhydres permet de maintenir en permanence la sursa- 
turation de la solution, produisant un desequilibre 
thermodynamique, moteur de 1'avancement des reactions.
Introduisant le concept de distance de precipitation 
des hydrates, nous avons explique le mode particulier 
de cristallisatioii du CSH et propose une explication 
cinetique de ses changements de structure (2).
A 1'aide d'un appareillage original, nous avons ensui
te mis en pratique la mesure indirecte de la cinetique 
et de la sequence de 1'hydratation des suspensions de 
ciments portland, avec un rapport eau/ciment (E/C) 
de 4. Cette etude (3) montre que K+ et surtout Nas 
sont d'excellents traceurs de 1'hydratation du C,A et 
que Ton peut repSrer ä 1'aide des courbes de conduc
tance, de pH et d'evolution ionique de la solution 
toutes les etapes de Thydratation. Ceci nous a permis 
de mettre en evidence Tinterdependance etroite entre 
vitesses de reaction des constituants du ciment, cajsee 
par des couplages de nature thermique et chimique. 
D’autre part, les conditions operatoires ä E/C = 4 
conservent la sequence de Thydratation par rapport 
aux mortiers, par contre Techelle des temps est modi- 
fiee de maniere telle qu'on obtient en une semaine des 
taux de reaction correspondant ä plusieurs mois sur 
mortier. Ceci constitue un avantage precieux, lors- 
qu'on cherche ä mesurer la vitesse d'hydratation du 
laitier, active par le clinker, les reactions des lai
tiers 6tant toujours tres lentes (5). Nous avons done 
applique notre methode ä des suspensions de ciments au 
laitier, fabriquees ä partir des clinkers Studies 
precedemment (3) et de 3 lai tiers representatifs de la 
production frangaise.
1/ METHODOLOGIE
1.1 - Choix des echantillons
Les 7 clinkers utilisSs ont des compositions mineralo- 
giques diffSrentes (tableau I), aussi bien par la 
forme de Talite que par la forme et la quantite de 
C3A et par la teneur en sulfates alcalins. Leur com- 
portement hydraulique en CPA (evolution de resistances 
en fonction du temps) est tr6s variable. •
Les 3 laitiers sont de provenances differentes et 
montrent des comportements hydrauliques differents, 
que nous avons Studies par ailleurs (6).
Leurs compositions chimiques, ainsi que les donnSes 
mi neralogiques et de structure que nous avons rSunies, 
figurent aux tableaux II et III.
A Taide des clinkers Cl ä C7, broySs ä 3500 cm2/g et 
des laitiers A, B et C, nous avons prepare deux series 
de ciments au laitier dont nous avons Studie par ail- 
leurs 1'evolution des resistances mScaniques (6) ; une 
premiere sBrie de caractSristiques suivantes :

- rapport laitier/clinker L/C = 4
- surface spScifique du laitier : 3500 cm‘/g
- gypsage : 3 Z en SO3 • •

et une deuxieme sSrie avec broyage sBpare du laitier :
- L/C = 4 ' '
- surface specifique du laitier : 6000 cm2/g
- gypsage : 5 % en S03.

tableau 1 
(analyse

: Mineralogie des clinkers 
diffractometrique quantitative)

% Phases Cl C2 C3 “PT“ "T5 C6 "CT-
Alite 68,4 73,5 65,4 65,9 57,8 65,2
sous forme 
b61ite (R)

26,2 (R)
20,8

(Mrb) ‘ThJ’ (Mib)
12,7

(Mnb) 
22,2

(Mib
20,6C3A cub. 2,5 12,5 0,0 1,2 5,1 1,9 0,9C3A tetrao. 0,0 1,7 5,6 15,8 3,1 1,4 1,2C4AF 0,0 4,6 8,5 5,1 10,9 15,6 10,2K2SO4 0,0 0,0 0,0 0,8 2,3 0,6 eCaCOj 1,5 0,5 0,0 0,0 0,0 0,0 0,0

MgO p6ric. 0,0 0,0 0,0 0,0 0,8 0,3 0,1CaO libre 1,9 1,5 0,0 2,3 2,2 2,5 2,4

tableau II : Composition des laitiers _
Composition chimique % A 8 —c—

Perte au feu 0,39 0,42 0,85
Silice totale 32,91 33,03 34,78
AI2O3 14,95 12,33 12,11
FeO 0,54 1,74 0,61
Ti02 0,51 0,52 0,59
MnO 0,34 0,69 0,61
CaO. 43,74 40,88 41,04
MgO 4,53 7,64 7,97
SO3 0,05 0,04 0,05
s— 0,88 1,12 0,92
K2O 0,57 0,44 0,53
Na20 0,26 0,34 0,30
P2O5 0,09 0,03 0,02
F- 0,23 0,09 0,13
CT (ppm) <35 284 <35
Rapport C/S 1,33 1,24 1,18

1.2 - Methodes

Tableau III : Donnees mi neralogiques
Laitiers A B C Methode

Z Merwinite
Z GShlenite
Z Cristaux
Diametre moyen des 
cristallites (A)

< 2
< 1 

0,01
300

2,5 
<1
5,9
900

3
< 1

4,1
800

Diffraction X 
Diffraction X 
Microscopie 
Diffusion X 
Petits angles

Nous decrivons par ailleurs la methodologie complete 
des mesures cinetiques (4). Son originalite rSside 
dans Tutilisation du maximum de capteurs electrochi- 
miques, de maniere ä ne laisser echapper aucun pheno- 
mene transitoire dans Tevolution ionique de la sus
pension. Des dosages chimiques sequentiels permettent 
de rSetalonner periodiquement les capteurs, et de com
pleter Tinvestigation lorsqu'on ne dispose pas de 
capteur pour un ion donne (SO4"", HgSiO^"). Des dosa
ges de phases sont effectues par des methodes physi
ques classiques (diffraction X, ATG, ATD) sur des 
fractions de solide, pr61ev6es encours de reaction. 
Des mesures thermiques sont realisees simultanement et 
permettent ainsi d'obtenir une description complete 
des parametres cinetiques, sous forme d'un diagramme 
d1evolution de la phase liquide, de la phase solide, 
et du flux thermique. Dans le cas present, nous avons 
utilise les capteurs Slectrochimiquessuivants.: 
conductance, pH, pK+, pNa+, pS , pCl .
Les dosages chimiques sequentiels ont pprte sur les 
ions Ca+*.  SO4- , HzSiOJ-, OH", S", Na+, K+, Cl .



Aux dosages de phases classiques, nous avons ajoute 
ici le dosage chimique du laitier residuel non hydra
te. par notre nouvelle methode de separation selec
tive (7).
1.3 - Mesures
De grandes precautions ont ete prises pour assurer la 
validite des dosages : travail sous atmosphere d'azo
te, essais repetfis, prelevements et filtration par 2 
methodes de sechage (lyophilisation et lavage au me
thanol), circuit d'analyse automatique de faible vo
lume mort et exempt d1 interferences entre capteurs.
Trois series d'essais ont 6te effectuees :
- melanges ä 3500 cm^/g avec laitier A et chacun des 

7 clinkers
- melanges ä 3500 cm^/g avec clinker C7 et chacun des 

3 lai tiers
- et 5 melanges avec laitier ä 6000 cm2/g soit 16 au

total. ■ ’
2/ RESULTATS
En comparant les diagrammes des 16 ciments au laitier 
et des CPA correcpondants, nous avons constatfi une 
difference beaucoup plus importante entre les CPA et 
les ciments au laitier, qu'entre ces derniers. Cepen- 
dant l'examen des courbes fait apparaftre dans tous 
les cas 1'existence de 4 periodes au cours de 1'hy- 
dratation.
A titre d'exemple, nous avons choisi ici 3 diagrammes, 
dont le phemier rappelle I'allure obtenue pour les 
CPA (fig. 1) et les suivants montrent les particula- 
fites de deux ciments au laitier (fig. 2 et 3). En 
s'aidant de ces diagrammes,' nous nous proposons main- 
tenant d'etudier successivement chacune des periodes.
lere peri ode : (temps 0 ä t^)
Nos observations nous conduisent ä penser que le lai
tier participe aux reactions des les premiers instants. 
Ces reactions sont initialement rapides, puis tres 
vite ralenties.ce qui conduit ä un taux de reaction 
tres faible : "
. la chute de Si02 en solution montre la precipita

tion de CSH ;
. 1'aspect de la courbe des sulfures, en relation avec 

des mesures faites par ailleurs sur les laitiers 
seuls en suspension dans l'eau oü dans une solution 
de chaux + gypse, peut etre expliquee par une lege
re reaction du laitier. Cette derniSre est cependant 
süffisante pour modifier les concentrations en Ca++ 
en fin de periode. En effet, au bout de 10 minutes 
on observe pour un meme clinker, (C?) et 3 laitiei^ 
diffBrents, les concentrations suivantes ($ 3600cm7g)

C7 + Laitier A B C CPA C7

(Ca++) mM/1 
t = 10 mn. 14 9 6 17

Ces valeurs varient comme le C/S du laitier : nous 
pensons que les differences observees sont dues ä la 
fois aux variations de composition chimique et aux, 
variations de vitesse de reaction de chaque laitier.
Pendant la 2eme pBriode dite “periode dormante", 
(temps tj ä tg), ' .
. la concentration en S" reste constante et tres fai

ble, de meme que le taux de reaction du laitier, 
inferieur a 2 % en fin de pBriode ;

. le flux thermique est faible, mais, rapporte a la 
quantite de clinker, plus Cleve que le CPA corres-

Fig. 1 : CPA C4

Fig. 2 : Ciment au laitier (A + C6)

Fig.' 3 : Ciment au laitier (A + C4) + 01



pondant ; ' .
les pentes des courbes de conductance sont plus ele
vees. Pour un meme laitier, les differences d'allure 
des courbes de divers clinkers sont attenuees et ce, 
d'autant plus que le laitier est finement broye.
Le tableau IV donne, pour un m6me clinker, les va
leurs des pentes des courbes de teneur en chaux, 
calculSes ä partir des courbes de conductance au 
temps tg/Z.

Tableau IV : Vitesses de sursaturation en chaux

(t/2) en mM.T'.mn'1 Melanges AC7, BC7, CC7

Laitiers A B C

3500 cm2/g
dCa/dt 4.10“2 8.10"2 9.10"2

(Ca*-+)  temps tj 14 mM/1 9 mM/1 6 mM/1

5000 cm2/g
dCa/dt 7.10"2 8.10“2
(Ca++)temps tj 9 (nM/1 6 mM/1

C/S laitiers 1,33 1,24 1,18

On remarque les variations en sens inverse de dC/dt et 
de (Ca++)t1.
A partir des teneurs en Ca++ variables au temps t,, 
1'alite des 7 clinkers parvient done, par une adapta
tion de sa vitesse de reaction, ä creer au temps t2 
un etat de sursaturation en chaux du meme ordre de 
grandeur que pour les CPA. Ceci nficessite une vitesse 
de reaction plus elevee du clinker pendant cette pe
riode, qui se traduit par un. flux thermique plus Sie
ve. Ce comportement s'interprSte bien par le mecanis- 
me de dissolution precipitation : la dissolution de 
1‘alite est ici deplacee et acc61er6e par la reaction 
initiale du laitier, et par le rapport eau/clinker 
Sieve conduisant 3 des concentrations en chaux plus 
faibles au temps ti. La faible reaction du laitier 
entre t^ et t2 peut eventuellement participer ä cette 
acceleration.
3eme periode (temps t2 3 t4)
Nous avons divise cette periode en deux etapes :
lere Stape (temps t2 3 t3)
De.meme que pour les CPA, nous remarquons au temps t2 
une chute de sursaturation en chaux, accompagnant la 
precipitation de la portlandite, mais nous n'obser- 
yons plus ici de palter de concentration en chaux. 
La teneur en chaux diminue d'autant plus vite que la 
finesse du laitier est grande et pour un mSme clinker 
la pente est plus forte avec le laitier A qu'avec B et 
C. Le taux de reaction du laitier augmente significa- 
tivement, de meme qtie la teneur en S". Cependant, cet
te teneur ne correspond qu'au dixiSme de la quantity 
calculable d'apres la consommation de laitier. 
Simultanement, les reactions des clinkers s'accSle- 
rent. Le flux thermique augmente, de meme que les con
centrations en K+ et Na+, indiquant la reaction du CgA.
La 26me etape (temps tg 3 t4)_se caractBrise par la 
chute de concentration en SO4" qui fait suite 3 la 
disparition du gypse. A Tepuisement de SO4' succBde 
la transformation ettringite - monosulfate, que nous 
avons observ6e en diffraction X, et qui-s'accompagne 
d'une augmentation significative du flux thermique et 
des teneurs en AI2O3 et SiO2 en solution. 
C'est pendant cette deuxiBme 6tape que nous observons 

rn»C^10n plus rapide du laitier. De meme, dans 
le CPA, on observe 3 ce moment, un maximum de vitesse 
d hydratation des aluminates, suivi d'une reprise de 
1'hydratation de 1'alite.
A ces remarques de caractere general s'ajoutent les 
particularites suivantes :
- le melange A + C2 montre une chute de concentration 

en SO4- en deux Stapes rapprochees, ce qui peut si- 
gnifier que le CgA cubique de C2 est totalement 
consomme avant la disparition complete de $077 qui 
est alors achevSe par la reaction du laitier ;

- pour un certain nombre de melanges, la solution pas
se dans le domaine sous-sature en chaux, ce qui pro- 
duit la dissolution de la portlandite, en particu- 
lier dans le cas des laitiers~broyes 3 6000 cm^/g ;

- les courbes d'evolution de S sont differentes se
lon le clinker et le laitier, mais nous observons 
pour tous les melanges des variations brutales de la 
pente de ces courbes, indiquant une discontinuite 
des reactions produisant la disparition du sulfure. 
Parmi ces reactions, la formation d'hydrates analo
gues aux sulfoaluminates nous ayant semble proba
ble, nous avons tente d'en faire la synthese 3 par
tir de produits purs. Par reaction directe du C3A 
avec un sulfure de sodium dans le raonort molaire :

en milieu tamponnB 3 pH 12,55 par de la chaux satu- 
r6e sous .atmosphere d'azote, nous avons observe une 
diminution du sulfure en solution d'un tiers et la 
precipitation d'un compose de couleur verdätre. Le . 
diagramme de diffraction X du compose synthetise 
est tres proche de celui du C4AHX et les raies du 
C3A ont presque totalement disparu. D'apres la lit- 
tBrature, x peut varier de 7 3 19 et dans les condi
tions operatoires, 1'examen de la raie principale 
3 8,05 A fait penser que le compose hydrate est 
proche de C4AH3. Compte tenu de la disparition d'un 
tiers des sulfures, on peut penser 8 la formation 
d'up hydrate qui fixe S'“. • .
Une recherche ulterieure sera consacree 3 1'etude . 
de la precipitation des aluminates hydrates en pre
sence de-S04" et de S“* car nous pensons que la . 
retention des sulfures est due 3 un compose de type 
sulfuroaluminate hydratB.

Pendant la quatrieme periode (temps t4 3 tc), les re
actions sont ralenties par la diffusion 3 travers les 
hydrates. La teneur en chaux de la solution diminue 
progressivement et passe en g6n6ral au-dessous de la 
saturation en fin d'essai (= 100 h). Lorsque la vites
se de reaction a 6te süffisante dans les etapes prece- 
dentes, on peut observer une ou plusieurs transforma
tions successives des sulfoaluminates, decelables par 
les variations simultanees dy % de laitier, de la 
conductance, des teneurs en K , Na+ et S““, et de . 
petits pics de flux thermique. .
Influence de Cl*
De faibles quantites de chlorures (0,2 % NaCl) modi- 
fient la cinetique de 1'hydratation des ciments de 
laitier : 1'evolution des resistances mBcaniques est 
significativement plus rapide aux premiers 8ges.



En suspension ä E/C = .4, nous observons les particu- 
laritfis suivantes des courbes d'evolution (fig. 3).
- La chute plus brutale de SO^", annongant l'epuise- 

ment du gypse en fin de 3eme p6riode (tj-t^ aboutit 
non plus ä une valeur presque nulle de Ta concentra
tion, mais ä un pal-ier intermediaire voisin de
1 mM/1.

- La teneur en CI  varie tr8s peu jusqu'en fin de 3e 
periode.

*

- La chute de (CT), annongant la formation bien 
connue de chloroaluminate, intervient aussitöt 
apres la chute de SOj". (CT) ne s'annule pas com- 
pletement. et atteint un palier au bout de quelques 
dizaines d'heures. A ce moment (S0^~) diminue ä 
nouveau jusqu'ä une valeur tres faible, (CT) aug
mente, (S") chute tres rapidement, (Na+) et (K+) 
augmentant, chacune. des variations brutales de 
concentration etant accompagnSe d'un pic thermique. 
Ceci montre un mecanisme complexe oü coexistent 
des effets antagonistes de solubilitd et de vitesse 
de precipitation des chloro, sulfo et sulfuroalumi
nates, qu'il faudrait Studier plus en dStail.

3/ INTERPRETATION - COMPARAISON AVEC LES OBSERVATIONS 
SUR MORTIERS

3.1 - Correspondance entre cinetique et microstruc
ture des hydrates"

Mme.REGOURD (5) a montre que dans les ciments au 
laitier, le CSH peut se deposer loin des grains de 
clinker v par exemple sur les grains de laitier ou 
sur une lame porte-objet. Ses observations faites au 
MEB s'interprStent parfaitement dans le modele cine
tique theorique basS sur le mecanisme du type 
LE CHATELIER. Les variations de la taille des par- 
ticules de CSH en fonction du temps correspondent bien 
aux distances de precipitation que nous a/ons definies : 
peu apres la prise, la solution reste suffisamment 
sursaturee et Ton obtient des fibres courtes, puis, 
la teneur en calcium diminuant, la distance de preci
pitation augmente et les CSH forment alors une textu
re alveolaire, en cristallisant loin de Tinterface, 
en reliant les CSH precedents et en combi ant peu a 
peu les pores.
La cristallisation des “CSH du laitier" dans une zone 
compacte autour des grains de laitier s'explique par 
la formation d'une partie des CSH, de composition tr6s 
diff&rente, dans la zone de diffusion entourant le 
grain.
D'autres CSH se forment simultanement dans les pores 
lointains et leur formation contribue d'ailleurs ä 
la corrosion de la portlandite.
Nous n'observons pas systematiquement la disparition . 
de la portlandite : ä 3500 cm2/g, seul le melange CIA 
parvient dans le domaine sous-sature (ä 18 h). Les 
autres montrent une tres faible teneur en portlandite. 
Par centre, avec les laitiers broyes ä 6000 enr/g, 
tous les melanges passeht dans le domaine sous-sature 
en chaux lorsqu'ils approchent du minimum de conduc
tance signalant la chute de SO^- (entre 15 et 30 h 
selon le cas) et la reprise des reactions du laitier. 
O'apres les observations de Mme. REGOURD, on peut 
done faire la correspondance des Schelles des temps 
pour cette periode : 28 jours en pate pure correspon
dent ä environ 20 h en suspension : Tettringite at
teint alors sa teneur maximum. Nous situons de meme 
la periode de fortes teneurs en monosulfoaluminates 
ä 50 - 60 h en suspension et ä 3 mois - 6 mois en 

pate pure.
3.2 - Cin6tigue et evolution des resistances
Dans ThypothSse de dissolution-cristallisation, les 
taux de reaction obtenus apres le maximum de sursa- 
turation sont reliäs ä la vitesse de chute de la te
neur en calcium en solution. Nous avons done cherche 
ä mettre en relation la chute de conductance corres- 
pondante, directement mesurable sur Tenregistrement, 
avec les resistances mecaniques mesurees sur mortiers. 
Pour le laitier A, associe 3 divers clinkers, on cons
tate une correlation assez bonne, entre le rapport 
Xm/X» des conductances au minimum et au maximum de la 
couroe, et les resistances sur mortier ISO ä 7j, 28j, 
3 mois et 6 mois. Les ecarts par rapport aux droites 
de regression s'expliquent bien en tenant compte dans 
la correlation des variables supplemental res C,A te
tragonal et K2SO4, dont les alcalins perturbent ä la 
fois la conductance et les resistances.
C'est ainsi par exemple qu'a 3500 cm2/g, ä T6ch6ance 
de 6 mois :
- 93 % des variations de R sont expliquees par la 

chute de conductance seule,
-,96,6 % des variations sont expliquees par la chute 

de conductance et le C3A tetragonal,
- 98 % des variations sont expliquees par la chute de

conductance, le C,A tetragonal et la teneur eri 
K2S04. 0 •

De meme, pour la sSrie ä laitier variable et clinker 
C7, on obtient une variation de resistance sensible- 
ment lineaire en fonction de Xm/XM.
Il n'est evidemment pas question d'utiliser de telles 
relations pour faire des previsions de resistance : 
le nombre d'essais n'est pas assez Sieve ici pour 
que Ton puisse g6n6raliser les relations obtenues. 
Mais ces relations montrent que lorsqu'on opere dans 
des conditions standard!sees, on peut mettre en evi
dence Tinfluence de la cinetique chimique sur les 
resistances : les parametres de porosite et de mise en 
oeuvre etant rendus sensiblement constants.
Par ailleurs, les coefficients obtenus dans la rela
tion resistances = A + B (Xm/XM) + CfKgSO^) + DtCgAT)- 
nous fournissent des indications sur les influences 
de chacune des variables. • "
Le coefficient D est positif et faible par rapport ä 
B. Effectivement, le röle b6nefique de C3A tetragonal 
n'apparait pas clairement dans nos mesures cin6tiques. 
Tout au plus peut-on supposer que les alcalins liberSs 
au cours de son Hydratation contribuent 3 diminuer la 
solubilite de la portlandite, en 61evant le pH. Ceci 
peut diminuer la vitesse de redissolution de la port
landite lorsqu'on atteint le domaine de sous-satura
tion en chaux. ’ ■
Le coefficient C est faible par rapport ä B et n6gatif 
3 long terme. L'action de KgSO^ du clinker n'est en 
effet pas Svidente, dans des melanges oQ le clinker 
est dilu6 par 4 parties de laitier. Dans les CPA, nous 
avons degage les mScanismes accSISrateurs de Thydra- 
tation de C3A par K2SO4 : celui-ci däplace au depart 
les reactions de Talite en consommant le calcium pour 
former de Tettringite. Il en r6sulte une accBlaration 
de la dissolution de Talite, et par couplage thermi- 
que, une acceleration de Thydratation du CoA (2). 
D'autre part, K2SO4 agit sur la structure des CSH, ce 
qui peut s'expliquer en utilisant le-concept de dis
tance de precipitation : Tabaissement de la concen
tration en chaux ci-dessus diminue la sursaturation en 
CSH et sa vitesse de precipitation : 11 cristallise 
plus loin de Tinterface, ce qui retentit sur les 
resistances.
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On conQoit done que, dans les ciments au laitier, 
K2SO4 puisse avoir deux effets antagonistes sur les 
resistances, 1'ettringite y etant au depart relative- 
ment abondante par rapport au CSH.
3.3 - Correspondance des echelles des temps sur mor- 

tier et en suspension
Ne disposant äctuellement que de peu de renseignements 
sur les taux de reaction du laitier des ciments en 
päte ou mortier, nous pouvons faire les remarques 
suivantes :
- dans 1‘etablissement de la correspondance des temps, 

il faut prendre comme origine commune le "debut de 
prise chimique" situ6 sur mortier peu avant le temps 
de "prise rheologique" mesure ä la soude de VICAT.

- les observations du paragraphe 3.1 confirment 
l'hypothese faite par ailleurs pour les CPA (3), 
d'une loi non lineaire de correspondance.

CONCLUSION
Notre methode d'etude globale des suspensions concen- 
trees est done riche d'informations.
Elle permet de montrer qu'au cours de 1'hydratation 
des ciments au laitier, il existe des periodes carac- 
teristiques oü laitier et aluminates reagissent si- 
multanement mais ä des vitesses differentes. La se
quence de 1'hydratation des ciments au laitier est 
done la möme que’celle des CPA. Ce comportement commun 
est 116 ä l'existance de phenomenes de couplage chimi
que et thermique des vitesses de reaction que nous 
avons mis en evidence.
La presence de sulfures solubles dans les laitiers, 
et 1'intervention d'un mecanisme de dissolution-pre
cipitation associant le laitier et des hydrates sul
fures, ajoutent quelques particularites au comporte
ment des ciments au laitier. Ces phenomenes rendent 
difficile 1'utilisation directe de S'" comme traceur 
de Thydratation du laitier. Les variations brutales 
de S~" sont cependant 116es ä la söquence des reac
tions et peuvent servir de points de repäre.
Nous montrons egalement que le laitier, par sa consom- 
mation de chaux, augmente la vitesse de dissolution de 
1'alite pendant toute 1'hydratation, ce qui conduit en 
genöral ä une sous-saturation et une consommation de 
la portlandite dans 1'6tape finale.
L'influence des elements mineurs et des aluminates du 
clinker est fortement attenuee dans les melanges ri; 
ches en laitier. Par contre, des adjuvants comme CI , 
en faible teneur, en formant des hydrates interm6di- 
aires parviennent ä modifier la sequence et les yi- 
tesses des reactions, ce qui produit des effets impor
tants relativement 3 leur quantite. .
Enfin, nous avons reliö les Achelles des temps en sus
pension et en päte pure, la cin6tique aux resistances 
m6caniques et ä revolution de la microstructure. 
Cette evolution est en parfait accord avec les m6ca- 
nismes de dissolution-präcipitation, dont 1'importance 
pendant 1'hydratation devient evidente.
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Approche du probleme de la reactivite du laitier granule

Approach to the problem of the reactivity of granulated slag

R. DRON, docteur-ingenieur,
F, BRIVOT, chimiste,
Laboratoire Central des Fonts et Chaussees, Service de Chimie, France.

RESUME : Les rapports des flux de dissolution des 616ments du laitier (Ca, Al, Si) dans une 
liqueur de soude ä pH 12,6 sont constants dans I'Stape qui precede 1* apparition de la sursa- 
turation par rapport au C-S-H. Ils tendent ensuite vers les valeurs correspondant ä la dis
solution congruente du laitier.

Pour un 616ment donnS, la concentration instantanSe varie comme le logarithme du produit 
temps x surface sp6cifique x rapport laitier/eau. .

En fixant ces trois facteurs ä des valeurs arbitraires choisies de fatjon ä rester dans le 
domaine de "dissolution pure, c'est-ä-dire avant toute precipitation d'hydrates, on peut ca- 
ractgriser de fagon comparative la reactivity des diffSrents laitiers par simple determina
tion des concentrations des elements en solution.

SUMMARY : The ratio of the dissolution fluxes of the elements of slag (Ca, Al, Si) in a soda 
liquor with a pH of 12.6 are constant at the stage which precedes the onset of supersatura
tion with respect to C-S-H. They then tend to move' towards the values corresponding to the 
congruent dissolution of the slag. ‘ '

For a given element, instant concentration is a logarithmic function of the product time x 
specific area x slag/water ratio. ' •

By fixing these three factors arbitrarily so as to remain in the pure dissolution area, that 
is, before precipitation of hydrates takes place, the comparative reactivity of various 
slags can be characterized simply by determining the concentrations of the elements in solu
tion.



Par contact prolongs avec une solution alca- 
line, le laitier granulS donne naissance ä 
des composes hydratSs qui sont ä 1'origine 
des ph6nom6nes de'prise et de durcissement. 
Nous avons montrS (1, 2) que le nombre et 
la nature de ces phases hydratSes sont con- 
formes aux conclusions d'ordre thermodyna- 
mique tirSes de I'Stude des Squilibres h6- 
tSrogSnes qui rSgissent le systBme CaO, 
Al^Os» SiOj, HjO, le laitier anhydre res
tant hors equilibre. Ces conclusions ten- 
dent ä prouver que les ^changes de matidre 
se font par 1'intermSdiaire de la solution, 
selon le schSma de Le Chatelier.

La nature des hydrates Stant indSpendante 
du laitier d'origine, leur precipitation ne 
d6pend que de facteurs extdrieurs ä celui-ci 
et seule l'Stape initiale de dissolution 
peut etre mise en relation avec la reacti
vite intrinsdque du laitier.

Des informations sur la rdactivitd peuvent 
done Stre recueillies par 1'etude de-I1evo
lution de la solution. Le problSme a ete 
aborde par Kondo (3) qui a dtudid la solu
bilisation par 1'eau pure et par I'eau de 
chaux de verres ayant la composition de la 
gehlenite. Il a montrd que par des extrac
tions r.6pet6es par I'eau pure, on dissout 
des quantites d6croissantes de chaux, de 
silice et d'alumine dans des rapports qui 
rdstent voisins de 6, 2 et 1. En mettant ce 
verre en presence d'eau de chaux, il a cons
tate que les concentrations en alumine ou 
en silice de la solution croissent et pas-’ 
sent par un maximum au bout de 24 heures 
environ, et que la chaux suit une evolu
tion inverse. Seule la seconde experimen
tation est ä 1'image de ce qui se passe ' 
dans la realite. Il est toutefois difficile 
d'en tirer des enseignements sur le plan de 
la reactivite car la decroissance de la con
centration en chaux, puis en silice et en . 
alumine, ne peut s'expliquer que,par des • 
precipitations. Get 6cueil est lie au haut 
niveau initial de la concentration en cal
cium, qui fait que le produit de solubilitS 
des hydrates est atteint pratiquement d6s 
le d6but de 1'experience.

Pour surmonter la difficulte, nous avons 
remplacd I'eau de chaux par une solution * 
de soude de meme pH et nous avons cherche 
des conditions opdratoires permettant d'ex
plorer 1’dtape precddant la precipitation 
des premiers hydrates. Il faut pour cela 
utilise! un dchantillon de faible surface * 
spdeifique et adopter un rapport de masse 
eau/laitier maximal.

METHODOLOGIE ET APPAREILLAGE '

L'etude comparative de diffdrents laitiers 
exige que 1'on fixe avec precision la sur
face de contact. On y parvient en travail- 
lant sur un 6chantillon constitue par des 
grains isodimensionnels, obtenus par call- 
brage entre deux tamis consdcutifs (80 et 
100 p) et rebroyage du refus jusqu'ä dpuise- 
ment de la fraction supdrieure ä 100 p.

Le contact statique de cet dchantillon avec 
I'eau intergranulaire confinerait le rapport 
des masses au dessous de 1'unite. Or des es
sais prdliminaires nous ont montrd que pour 
etaler suffisamment la phase initiale de 
dissolution pure, il convenait de porter ce 
rapport 3 des valeurs de 1'ordre de 100.

Ayant exclu la mise en suspension par bras
sage, qui provoque une attrition des grains 
se traduisant par une augmentation conside
rable de la surface sp6cifique, nous avons 
6td amends ä retenir le principe de la lixi- 
viation en circuit ferme.

On utilise le montage de la figure 1.

Figure 1 - Appareil de lixiviation 
en circuit ferme.

La solution est forc6e par une pompe p6ri- 
staltique ä travers un lit de 2 g de grains 
contenus dans une colonne de verre de 13 mm 
de diametre Interieur. La hauteur du lit 
est de 17 mm, le volume de la solution de 
260 ml et le ddbit de 360 m/min. Le temps 
de rotation de la solution est done de : 
260/360 = 0,72 minutes, soit-43 secondes. 
Le rapport massique eau/laitier est 6gal ä 
130.
Nous avons v6rifi6 que la solubilisation de 
la verrerie 6tait n6gligeable.



EXPERIMENTATION

Nous avons utilise trois laitiers caracte- 
ristiques de la production franqaise :

Laitier n° 1 : laitier de fonte Thomas,
• granulation ordinaire.

Laitier n° 2 : laitier de fonte hematite, 
granulation ordinaire.

Laitier n° 3 : laitier de fonte hematite, 
granulation spgciale, dit 
"bouletS" ou "pelletise".

Les compositions chimiques sont les sui- 
vantes' :

till6e fraichement bouillie et refroidie ä 
l'abri du CO2 atmosphSrique.

CaO AI2O3 SiO2 MgO

n° 1 43,7 ■ 14,8 33,0 4,4

n° 2 40,5 12,5 .34,8 7,7

n° 3 41,0 12,1 34,7 7,0

La 
1,

solution est 
6 g de soude

prSparSe 
pure dans

par dissolution de 
1 litre d'eau dis-

On remplit la colonne avec la solution et 
on introduit le laitier de faqon ä ce qu'il 
Sedimente en un lit homogene. On Stablit 
alors'la circulation de la solution pendant 
le laps de temps voulu, au terme duquel on 
soutire la liqueur et on la soumet ä 1'ana
lyse. Chaque essai est röpete 6 fois pour 
les temps courts et 2 fois seulement pour 
les temps longs. Chaque serie correspondant 
ä un temps donnd est faite sur le.mSme 
Schantillon de laitier, aprds deux cycles de 
20 minutes, destines au nettoyage de la sur
face, et qui ne sont pas pris en compte.

La silice est dosSe par colorimetric du com
plexe silico molybdique bleu, 1'alumine 
par complexometric ä 1'EDTA et le calcium 
par complexometric ä 1'EGTA.

RESULTATS ET COMMENTAIRES

Le tableau I donne les concentrations expri- 
m6es en mg/1 de Si02, AI2O3 et CaO des li
queurs d’extraction aprös des cycles- de dif
ferentes durees. '

Le r6sultat le plus frappant est la forte 
diminution de la vitesse de solubilisation 
au fur et ä mesure que la solution se charge 
ce qui rend caduc notre espoir de caract6- 
riser la r6activit6 par le flux de dissolu
tion, puisque ce- dernier n’est pas constant. 
On voit toutefois que pour des temps 6gaux, 
les quantitds dissoutes sont.significative- 
ment sup6rieures d'environ 3Ö % dans le cas 
du laitier n° 1, par rapport aux deux au- 
tres, qui donnent des valeurs sensiblement 
voisines. '

' TABLEAU I

temps 
(minutes) 10 20 40 80

laitier n° 1
SiO2 8,4 13,6 18,2 23,4
ai2o3 4,4 7,1 9,6 11,6
CaO' 13,8 21,1 30,0 37,0

laiter n° 2
SiO2 6,9 10,3 13,4 16,2
ai2o3 3,0 4,4 5,9' 7,2
CaO 10,7 16,3 21,5 26,8

laitier n° 3
Si02 6,0 9,0 14,7 17,9
A12O3 2,5 3,8 6,1 7,2
CaO 9,2 14,2 20,7 27,2

Un examen plus attentif des chiffres trouvSs 
rdvele un fait assez remarquable : la Cons
tance aux Scarts analytiques pres, des rap
ports des concentrations en silice, alumine 
et chaux (tableau II). .

TABLEAU II

temps 
(minutes) 10 20 40 80 laitier 

d'origine

laitier n° 1
CaO/SiO2 1,65 1,55 1,64 1,58 •1,32
Al2O3/S1O2 0,527 0,5-23 0,526 0,498 0,45
CaO/A12O3 3,12 3,19 3,12 3,17 2,95

laitier n° 2
CaO/SiO2 1,55 1,58 1,60 1,65 1,16
A12O3/SiO2 0,43 0,43 0,44 0,44 0,36
CaO/Al2O3 

laitier n° 3

3,56 -3,68 3,63 3,75 3,24

Ca0/Si02 1,53 1,58 1,40 T,52 1,18
Al2O3/SiO2 0,42 0,42 0,413 0,402 0,35
CaO/A12O3 3.68 3,63 3,55 3,77 3,39

Le rapport CaO/SiOg est sensiblement le meme 
pour les trois laitiers .et voisin de 1,6.
Par contre, le rapport A12O-5/SiO2 est signi- 
ficativement different dans le cas du lai
tier n° 1 (0,52) comparativement aux lai
tiers n° 2 (0,44) et n° 3 (0,41).-



Les valeurs de ce rapport sont ä rapprocher 
des rapports correspondants dans les lai
tiers eux-memes (derniSre colonne du tableau 
II). La comparaison montre que le laitier ne 
se dissout pas de fagon globale : parmi les 
616ments structuraux de la phase, vitreuse, 
ce sont les plus riches en calcium et en 
aluminium qui passent pr6£6rentiellement en 
solution.

SIGNIFICATION STRUCTURALE DES RAPPORTS 
CONSTANTS

Il rSsulte de la thSorie statistique que 
nous avons propos6e (4), en gdniralisant . 
la thSorie thermodynamique de Masson (5), 
que les verres ä moyenne teneur en silice ’ 
sont formds de chaines silicaties droites 
et ramifides (fig. 2). La longueur de ces . 
chaines n'est pas uniforme comme dans un 
cristal mais eile est distribude suivant 
une progression gdomdtrique. ' '

■ Figure 2 - Structure des verres ä 
moyenne teneur en silice.

Par ailleurs, les dldments structuraux :
2~Y = SiO" 5 E - Si0‘

et Z = SiOj 5

sont distribuds de’part et d’autre de la ba- 
sicitd moyenne suivant une loi binomiale. 
Cela signifie qu'un verre contient des dld
ments structuraux plus basiques et des dld
ments structuraux moins basiques que le 
cristal de mdme composition.

Les rapports trouvds sont asset proches des. 
rapports thdoriques CaO/SiO2 = 1,633 et 
A^Os/SiO? = 0,425 qui correspondraient au 
composd fictif C7S4A, ou encore 2C3S2» CA. 
On peut done interpreter la solubilisation 
initiale du laitier comme le passage sdlectif

en solution des dldments structuraux de la 
rankinite, soit SiO?” et de I'aluminate mono- 
calcique, soitAlO^. ’ - '

L'dcriture des rdactions d'hydratation de ' 
ces dldments :

2SiO^ + 3H 0 * ZSiO.H^“ + ^OH"
5,3 2 4 2

et . ,
Aio; ■ +- 2H,o •*  aio.h; •t 2 44

montre que 11 ion OH" n'intervient pas dans 
le premier membre que par consdquent I'at- 
taque est hydrolytique et non hydroxylique. 
La premiere des deux rdactions montre mdme 
que des ions hydroxyle sont formds au cours 
de ce processus, ce qui explique la rdaction 
alcaline du laitier. ■ • ■

-La mobilisation de ces dldments "hydrau- 
liques" doit laisser en place un squelette 
spongieux formd par les dldments moins ba
siques (SiO2-) et acides (SiC^ 5) qui restent 
disponibles pour une mobilisation du type 
pouzzolanique, mais sur lequel, entre temps, 
des fixations topochimiques (d'ion Ca2+et. 
OH") ne sont pas ä exclure. . '

EXPERIMENTATION COMPLEMENTAIRE

Par suite du ralentissement progressif du 
flux de dissolution, il est difficile, dans 
les conditions opdratoires ddcrites plus 
haut, d'explorer l'dtape de sursaturation, 
dont la mise en dvidence est fondamentale 
dans la ddmonstration du processus dissolu
tion prdcipitation, et ä plus forte raison, 
l'dtape de prdcipitation des hydrates. L'a-' 
vancement de la rdaction variant approxima- 
tivement comme le logarithme du produit 
tSm/e, I'dtude de ces dtapes n'est possible, 
dans des temps compatibles,avec 1'expdrimen- 
tation qu'en augmentant le rapport laitier/ 
solution (m/e) ou la surface spdeifique S. 
Dans les essais ä 80 minutes, le produit 
tSm/e atteint la valeur de 160 minutes.cm2. 
Il est possible, sur le meme montage, de ■ 
travailler sur 50 g de grains calibrds de , 
meme surface spdeifique (250 cm2/g), de sorte 
que pour 60 minutes, le produit tSm/e est 
de 1'ordre de 3 000.

On constate que les rapports commencent ä 
s'infldchir pour se rapprocher de ceux du 
laitier.

On obtient alors les rdsultats suivants sur
le laitier n 1 :

SiO2 . 33,5 mg/1 C/S = 1,50 -

ai2o3 16,5 " A/S - 0,49 . . / '

,CaO 50,0 " C/A - 3,03 . . : .



A ce stade, la solution est d6jd sursaturSe 
par rapport au C-S-H. En effet, d'aprSs 
Greenberg et al. (6), le produit de solubi
lity de C-S-H est de 10-7, c'est-ä-dire que :

'|CaZ+| ISiO^j = 10"7

Le pK de la deuxiSme aciditS de SiO^H^ Stant 
voisin de 12,6, 3 pH 12,6, qui est pr6cisS- 
ment celui des solutions que nous employons, 
la moitiS de la silice est sous forme SiO^H?-, 
1* autre moitiS Stant sous forme SiO^-.

Le produit des concentrations en chaux et 
silice,' exprimSes en g/1, est done :

CaO x SiO2 = 2.1O"7. 56.60 - 672.IO-6 

soit 672 si elles sont exprimSes en mg/1.

Nos propres determinations, nous conduisent 3 
une valeur plus SlevSe, de l’ordre de 1 000 
3 1 200. En tout Stat de cause, pour 33,5 mg/1 
de silice et 50 mg/1 de chaux, le produit 
est 6gal 3 1 675 et dSpasse nettement le 
produit de solubility. Nous sommes bien dans 
le domaine de sursaturation, co que con
firme la precipitation de ces solutions 
lorsqu’on les conserve 24 heures.

L'Stape de precipitation du C-S-H peut etre 
atteinte par mise en contact prolonge de 
laitier broyS 3 3 000 cm2/g, avec un rapport, 
m/e =0,1. Le procSdS de lixiviation n'est 
plus'utilisable et on se contente d'unesim- 
ple mise en suspension par brassage. Au bout 
de 7 jours, sur le laitier n° 1, on obtient 
les rBsultats suivants : .

SiO2 6 mg/1

CaO 203 mg/1 '

A12O2 55 mg/1

Le produit Si02, CaO a alorspour valeur 
1 218, ce qui montre que I'equilibre dyna- 
mique est atteint. L'accumulation de la chaux 
en solution montre que I'on pr6cipite un 
C-S-H dont le rapport C/S est inferieur 3 
celui des fractions du laitier qui se dis
solve.

Une derniSre syrie d’essais, dont les condi
tions opyratoires pourraient servir de base 
3 la dyfinition d'un essai de ryactivity, 
montre que I'on passe, avant le dybut de la 
prycipitation du C-S-H, par un stade de dis
solution quasi congruente. On op6re avec
2,5 g de laitier broyy 3 3 000 cm2/g, mis en 
suspension pendant 10 minutes avec 250 ml de 
solution de soude 3 1,60 g/1.’ On laisse d6- 
canter 5 minutes, on filtre sur millipore et 
on dose les trois yiyments. Les rysultats 
sont les suivants :

TABLEAU III

Laitie” n° 1
».Solution Laitier

S102 35 mg/1 C/S 1,34 1,32
AI2O3 16 " A/S 0,46 ' 0,45
CaO 47 C/A 2,94 2,95

Laitier n0 2
SiO2 29 mg/1 C/S 1,38 1,16
A12O3 10 " A/S 0,36 ' " 0,36
CaO 40 " C/A 3,81 3,24

"Laitier n° 3
SiO2 26 mg/1 C/S 1,31 1,18
ai2o3 10 " A/S 0,38 ' 0,35
CaO 34 " C/A 3,40 3,39

CONCLUSION

La ryactivity des laitiers peut §tre dyfi- 
nie comine le taux de dissolution dans une 
solution sodique de meme pH que 1'eau de 
chaux, pour une surface" spycifique, un rap
port e/c et un temps standardisys, avant 
que n*interviennent les pr6cipitations d'hy
drates .

Notre expyrimentation montre que les tfeac-- 
tivitys se classent de la m§me fa;on que 
I'on opSre au stade initial de dissolution 
non congruente ou au stade plus tardif de 
dissolution quasi congruente. .

La ryactivity semble etre en relation ,di- 
recte av.ee la richesse du laitier en yiy^ 
ments structuraux silicat6s basiques SiOjT, 
(et done avec .la basicity) d'une part " 
et avec celle des yiyments alumineiix AlOj. 
(et done avec la teneur en alumine) d'autre 
part, ce que confirme 1'expyrience pratique.
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Valorization of basic oxygen steel slags

Valorisation des scories d'acieries BOP

C.M.  GEORGE, Technical Manager, Lafarge Fondu International,
F.P.  SORRENTINO, Research, Scientist, Lafarge S.A., France.

RESUME : Les problSmes posSs par les scories d'acieries BOP, ■ - ■ ■

- instabilite dimensionnelle due ä une teneur en chaux libre, haute et variable, , .

- manque d'activite hydraulique <
ont pu etre resolus par 1'utilisg.tion en cours d'affinage de la fonte, d'un nouveau fondant synthetique ä base 
de CaO, MgO, AlgOß et oxyde de fer. Les nouvelles scories ainsi produites presentent une activite hydraulique 
interessante avec une teneur en chaux libre basse tout en pemjettant 1'elaboration d'acier de qualite choisie.

La preparation de telles scories est brievement evoquee dans cette communication, suivie de la presentation 
de 1'etude sur leurs proprietes mineralogiques et hydrauliques. , .

SUMMARY : The problems of dimensional instability due to a high and variable free lime content in BOP slags 
as well as their lack of hydraulic activity have been overcome by the use of a new slag forming agent. This ' 
synthetic material, combining CaO, MgO, AlgOß and iron oxide in specific proportions when added to the converter 
during refining leads to final slags with a consistently low free lime content and useful hydraulic properties, 
without prejudice to the conversion of iron into steel. •

This paper deals briefly with the preparation of such slags and then reports the study of their mineralogy * 
and hydraulic behaviour.



INTRODUCTION

An important method of reducing energy consumption in 
the production of cement consists of adding to the 
clinker, natural pozzolanes, fly ash, etc.. Blast 
Furnace Slags in partidular, principally in granula
ted or pelletised form are now quite widely used. By 
contrast, steel making slags arising from the BOP 
find little application, (l).

The potential interest in BOP (or ID) slags stems 
from the large quantities arising (50 M tonnes per 
year, world wide) and their chemical and mineralogi
cal composition which is similar to that of cement, 
(Table I).

Amongst many attempts to find outlets for steel slag 
in the construction industry may be cited :
- use as an aggregate, for road foundations and in 

road surfaces (2, 3, l,  5) ; the high density and 
free lime content of the slag hinders this appli
cation ; .

*

- use as an addition to Portland cement in a manner 
■analogous to that of Blast Furnace Slag. For this 
purpose it is necessary to eliminate reactive free 
lime in steel slags chemically (carbonation) or by 
long term weathering (5, 6) which is neither cheap 
nor convenient ;

- use as a raw material for manufäcture of Portland 
cement clinker, as a source of lime and silica 
(7) ; this offers little if any savings in ener
gy-

The use of steel slags is thus limited by the follo
wing main technical factors :
- heterogeneity,
- free lime content,
- absence of hydraulic activity.

The first two factors result from incomplete reaction 
during the simultaneous production of steel and slag 
in the refining process - a method of overcoming this 
should thus open uses for such slags while also impro
ving the refining of iron into steel.

The research and development described.in this paper 
provide a method of achieving this result, producing 
homogeneous low free lime slags and also imparting 
hydraulic activity without prejudice to the manufac
ture of good quality steel by the conventional BOP 
route.

PRINCIPLE FOR THE PRODUCTION OF HYDRAULIC STEEL SLAG 
FOR THE CEMENT INDUSTRY

This development is based on introducing into the BOP 
converter at the beginning of the refining process a 
prefired flux (*)  of chosen composition : CaO - AI2O3 
- MgO - FepOß. The effect on the physico-chemical 
interactions between metal and slag which result have 
been described previously (8, 9» 10). The resulting 
steel making process compares with traditional prac
tice as follows :

Classical process Modified process

Raw materials ■ Iron + Scrap 
Oxygen

. Iron -oxide
CaO - MgO
Flux (fluorspar)

Iron + Scrap 
Oxygen 
Iron oxide 
CaO 
Prefired flux 
(CAMELUx) .

CaO , 
AL2O3 
MgO 
Fe203

(*)  In cement technology, CaO, AI2O3, MgO, Fe203 is 
abbreviated to C, A, M, F. Hence the name CAMFlux 
has been chosen for this new material.

Table I : Compositions of slags, fly ash and cements %

Chemical Blast BOP steel Fly ash Portland Aluminous
Composition Furnace Slag slag cement cement

CaO H5 Ul 3.5 ^5 6U 40

SiOg 33 13 5H 18 20 5

ai2o3 15 1 30 12 6 Uo

Iron oxide 1-2 25 10 7 2 . 15

MgO 5 6 2.0 1.8 2

MnO 0.5 5-

P205 2 0

S + SOß 1.0 0.1 ■ 0.5 6 2.5 0.1

Mineralogica 
Composition

L

glass c2f glass glass c3s glass

CgAS - CS C2S AS C2AS c2s CA

S CljAF ClfAF

C2S (^h.Mg.Fe.Ca)O C3A C2S



Products Steel Steel
Classical slag Modified slag

CaO 40 - 50 4o - 50
SiO2 8-20 8-20
FeO 20 - 30 15-20
MgO 2-12 2-12
ai2o3 0-2 5-15
MnO 3-6 3-6
p2o5 1 - 2.5 1 - 2.5
Free CaO 5-15 1 - 5

The new slag thus differs from classical BOP slag in 
having a higher alumina content and a lower iron 
oxide content.

STUDY OF NEW HYDRAULIC STEEL SLAG

Frenaratihn

Semi-industrial trials, in a 5 tonne converter were 
carried out to produce two types of slag, one based 
on conventional materials, the other obtained with 

■the aluminous flux (CAMFlux), of average composition 
CaO = 50 %, AI2O3 = 25 %, MgO = .5 %, Feo + Fe203 = 
15 %, Si02 = 5 %.

Table II shows the typical compositions of the slags 
obtained.

Table II

Classical Slag Aluminous Slag

SiO2 9.61 9.0
CaO ' 44.1 45.8

AI2O3 0.9 11.4
MgO 10.4 7.2
MnO 4.4 3.8

P2O5 2.4 2.2
Fe++ 19.7 12.6

+++ Fe 8.6 8.7

Free CaO 10.8 3.8

Mineralogy

The calculated phase compositions of the standard 
and modified slags, assuming the alumino-ferrite 
phase to have the formula ClfAF, are shown in table 
III.

Table III : Calculated phase compositions of slags

Classical 
Slag

New
Slag

Solid solution C2S - C3P 31-6 22-5
Ferrite phase . 16 32
(Mn-Mg-Fe-Ca)O solid solution 36 20
Free CaO 11 4
C3A 0 17

The actual phase compositions were studied by X-ray ■ 
diffraction, optical microscopy and electron 
microprobe analysis.

X-ray diffraction and optical microscopy confirmed 
the presence of C2S - C3P, calcium ferrite or calcium 
alumino-ferrite and the (Mn, Mg, Fe, Ca)O solid solu
tion. C3A could not be positively identified however 
and this implies that the calcium alumino-ferrite has 
an A/F ratio greater than unity. This was confirmed 
by the microprobe which showed the presence of the 
following phases :

Classical slag :

- Periclase, average composition
MgO.7 Ca0.03 Mho.03 Fe0.2 0
The composition varied widely from the centre of 
grains to their surfaces.

- Magnesio wustite, solid solution 
Mgx Cay Mn0,ii FeQ.g 0
with 0.12 < x < 0.21 and 0 < y < 0.14

- Lime solid solution
Cao.83 MgO.08 Mno.Olt Fe0.05 0

- Dicalcium silicate
Ca2 Sio.91 F0.1 Fe0.01 °4

- Calcium alumino-ferrite, average
Ca2.2 Sio.03 ^0.4 Fe 1.4 0j ,
with variable composition within grains suggesting 
that equilibrium had not been reached.

New slag :

- Magnesio wustite, solid solution 
MgO.47 Ca0.05 Mn0.07 FeII0.45 0

- Dicalcium silicate
Ca2 si0.89 p0.1 ^0.02 Fe0.01 °4

- Calcium alumino-ferrite
(Cai,8 FeII0.2) Ail.32 FeIIIO.59.°5 
all of very homogeneous composition.

Hydraulic activity

This aspect of the study is concerned with three 
points : '

- the hydraulic activity of the phases formed in the 
new aluminous slags,

- the durability of cements containing these slags 
as a function of their free lime and magnesia 
contents,

- the influence of the MnO and P2O5 contents of 
these slags on their suitability for cementitious 
applications (a factor for which very little 
information has yet been reported).

Samples of the slags, ground to.cement fineness 
(3600 cm2 g“1, Blaine) were made into neat pastes 
with a water/slag ratio of 1. The hydration kinetics 
were followed by calorimetry and measurement of 
bound water, free water being eliminated at each 
age of measurement, by washing with acetone and 
drying with ether.



Jleacbiozi with water appears to take place in 2 stages 
as shown in figure 1.

Pig. 1 - Hydration of classical and aluminous slags 
measured as bound water

Short term hydration rates increased with the alu
mina content of the slags due to reaction of the 
calcium alumino-ferrite phase. Very little hydration 
occured with the classical slag in which the ferrite 
phase contained only minor quantities of alumina. 
Quite a significant degree of early hydration occu
red with the new, alumina-rich slags. This result 
is in agreement with the work of Carlson (11) on 
pure alumino-ferrites.

A second, later hydration, common to both slag types, 
corresponds to the reaction of dicalcium silicate.

X-ray diffraction of the reacted slags showed that 
the product of ferrite hydration in the classical 
slag was Cl^A.FjHx whereas that of calcium alumino- 
ferrite hydration in the new slag was CßtA.FjHg. 
In both cases these hydrates are transformed into 
mono carbo calcium aluqiino-ferrite hydrate, in 
contact with air.

Neither slag is sufficiently hydraulic to be used 
alone as a cementitious alternative to normal 
Portland cement, so that studies of strength develop
ment were made by mixing them with Portland cement. 
Mortars were prepared with the composition, in parts 
by weight :

Sand, 6 ; Slag, 1 ; Portland cement, 1 ; Water, 1.

The chemical composition of the slag/cement portion 
of the mix were thus :

Table IV

Portland, cement + 
classical slag

Portland cement + 
aluminous slag

CaO 54.9 54.4
Si02 15.3 16.4
ai2o3 2.62 7.30
MgO 5.6 3.3
Fe oxide 15.6 15.0
Free CaO 6.1 2.8
MnO 2.2 1.6
P2O5 1.2 1.05

The quantities of free lime and magnesia in the mix 
based on classical slag are high and the test 
specimens disintegrated by cracking after a few days 
storage under water. The specimens containing the 
new aluminous slag remained intact. Some compressive 
strength test results are given in table V.

Table V : Compressive strengths (MPa) of slag - 
Portland cement - Sand mortars (AFNOR P 15-403)

Age (days) 2 7 28 90

Portland cement + 
classical LD slag 7 19 disintegration 

by cracking

Portland cement + 
aluminous LD slag 12 25 42 49

Portland cement + 
Blast Furnace Slag 16 30 45 53

In order to check on later age effects due to free 
MgO, similar mortar specimens based on the new 
aluminous lags, were subjected to the standard 
autoclave test (ASTM C 151) with fully satisfactory 
results.

CONCLUSIONS

1. A slag forming flux based on a prereacted compo
sition containing CaO-AlgOß-MgO-FegOß has been 
developed for use in BOP steel making converters.

2. This flux produces an end slag which is alumina 
rich by comparison with traditional BOF-slags.

3. The fluxing action of this new material (CAMFlux) 
leads to a more homogeneous end slag and hence
a low free lime content.

4. The alumina in the flux is retained in the end 
slag as calcium alumino-ferrite, which induces 
early hydraulic activity not displayed by conven
tional slags. This enables such slags to be 
added to Portland cement with results at least
as beneficial as those normally achieved with 
gopd quality Blast Furnace Slags.



5. The hydraulic activity of calcium alumino-ferrite 
in BOP slags increases with alumina content, in 
agreement with previous observations on pure 
materials.

6. The MnO and P2°5 contents (normal) of the alumi
nous slag do not inhibit its hydraulic activity.

7. The low free lime and free MgO contents of the 
new slags containing alumina results in freedom 
from cracking or long term swelling when these 
slags are used in concrete mixed with Portland 
cement.

8. Use of the new flux does not affect steel quality 
and provides for the first time a viable route to 
the utilisation of BOP steel slags in the cons
truction industry. Since very little of the large 
quantities of steel slags of conventional compo
sition are utilisable at present, this develop
ment offers consider potential savings in 
energy.
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Laitiers et clinkers - influences reciproques

Blast-Furnace slags and clinkers - mutual influences

F. HAWTHORN E. DEMOULIAN, P.GOURDIN, C. VERNET, Societe des Ciments Francis 
CEREG, France. '

RESUME
Les auteurs ont Studie des melanges S 80 1» de laitier vitrifie de haut fourneau et 20 % de clinker avec ajout 
de gypse realises ä partir des combinaisons deux ä deux de 7 clinkers et 3 laitiers broySs ä deux finesses dif
ferentes, reprSsentatifs de la production frangaise. Ils ont montre par analyse de la variance,la preponderance 
de la qualite et de la finesse du laitier sur les performances de ce type de ciment.
La mineralogic des clinkers a plus d'influence quand les laitiers sont broyes normalement que quand ils sent 
surbroyes.
La courbe d'evolution des resistances de ces melanges est tr6s differente de celle des ciments portland realises 
avec les memes clinkers. L'influence de la teneur en sulfate de calcium et d'une faible augmentation de la te- 
neur en clinker ont aussi 6t6 6tudiees.

SUMMARY
The authors have studied mixes containing 80 % blast-furnace vitrified slag and 20 % clinker with an add of 
gypsum, prepared with combinations two by two of 7 clinkers and 3 blast-furnace slags ground to two different 
degrees of fineness, representative of french production. They showed, with the help of the analysis of variance 
the preponderance of type and fineness of slags in the performances of these cements.
The clinker mineralogy has more influence with the normaly ground than with the finely ground slag.
The evolution curve of compressive strength of these mixes is generally different from that of portland cement 
made with the same clinkers. They also studied the influence of the sulphate content and of a slight increase 
in clinker.



INTRODUCTION
Quand on fabrique des ciments qui contiennent 80 % de 
laitier, 20 % de clinker et du gypse, la qualite prin- 
cipale recherchee est la resistance chimique 
des betons ä 1'eau de mer et aux eaux se!6niteuses. 
Dans le passe» ces ciments developpaient des resis
tances moyennes jusqu'ä 28 jours et fortes ä long 
terme.
Depuis quelques annees, on demande ä ce type de aments 
des performances mecaniques plus importantes. 
Industriellement, il est connu que la qualite du 
laitier a un röle important sur les performances 
mecaniques, mais 1'influence du type de clinker 
n'a pas ete aussi clairement mise en evidence.
Nous presentons ici les resultats d'une etude ou nous 
avons utilise 7 clinkers de compositions mineralogi- 
ques differentes et 3 types de laitier. Nous avons de
termine 1'influence,sur les resistances, de la minera
logie du clinker, en relation avec la finesse et le 
.type du laitier, et, sur quelques exemples, celle du 
taux de sulfate et de petites augmentations de la 
proportion de clinker.
ECHANTILLONS ETUDIES - RESULTATS '
Nous avons selectionne trois laitiers franqais reore- 
sentatifs de trois types de production dont la compo
sition chimique-et le procede de vitrification diffe
rent, ainsi que sept clinkers de la SOCIETE DES 
CIMENTS FRANCAIS dont les compositions mineralogiques 
couvrent I'ensemble des valeurs habituellement ren- 
contrees.
Les caracteristiques des laitiers sont donnfies au 
tableau I.
Dans celui-ci, represente le diametre moyen des 
heterog&neites de density,determine par diffusion cen
trale des rayons X.

Tableau I :Compos ition chimique des laitiers
A B C

Perte au feu % 0,39 0,42 0,85
5102 % 32,91 33,03 34,78
AI2O3 % 14,95 12,33 12,11
FeO % 0,54 1,74 0,61
Ti02 % 0,51 0,52 0,59
MnO % 0,34 0,69 0,61
CaO % 43,74 40,88 41,04
MgO % 4,53 7,63 7,97
SO3 "k 0,05 0,04 - 0,05
S" % 0,88 1,12 0,92
k2o % 0,57 0,44 0,53
Na20 % 0,26 0,34 0,30
F" % 0,23 0,09 0,13
CT % <0,0035 0,0284 <0,0035
Odiff. cent. A° 300 A 900 A 800 A

Ca0/Si02 1,33 1,24 1,18

Les compositions mineralogiques des clinkers que nous 
avons determinees quantitativement par diffraction des 
rayons X sont donnees au tableau II :

Tableau II : Compositions mineraloqi ques des clinkers
Cl C2 C3 C5 C6 C7

Alite forme R R MIb MIb MIb Mllb MIb
Alite % 68,4 61,4 73,5 65,5 65,9 57,8 65,2
BBlite 26,2 20,8 14,7 11,1 12,7 22,2 20,6
C3A cubique 2,5 12,5 0,0 1,2 5,1 1,9 0,9
C3A tetrag-. 0,0 1,7 5,6 15,8 3,1 1,4 1,2
C4AF 0,0 4,6 8,5 5,1 10,9 15,6 10,2
k2so4 0,0 0,0 0,0 0,8 2,3 0,6 0,0

Nous avons broye separement les clinkers ä 
3500 cm2/g, les laitiers ä 3500 et 6000 cm2/g (Blaine) 
et le gypse ä 0 % de refus au tamis de 40 urn. Nous 
avons ensuite effectue 42 melanges 5 80 % de laitier 
et 20 i de clinker en rgalisant tous les couples lai- 
tier-clinker possibles. Le gypse a ete ajoute ä raison 
de SO3 = 3 % pour les laitiers 3 3500 cm2/g et SO3 = 
5 % pour les laitiers ä 6000 cm2/g. Les resistances ä 
la compression ä 1, 2, 7, 28, 90, 180 et 360 jours ont 
ete determinees et les resultats figurent au tableau
III.

Tableau III : Resistances 3 la compression en MPa des 42 melanges
CL1NKLR C 1 C 2 C 3 C 4 C 5 C 6 C 7
LAITIER 

3500 A B C A B C A B C A B C A B C A B C A B C

R2 9,1 6,7 3,9 8,2 6,4 3,7 8,'5 4,3 2,9 9,0 5,8 4,7 8,0 5,4 3,0 7,4 3,4 2,7 6,6 3,8 3,4
R7 22,2 21,9 17,2 19,7 19,5 14,2 18,7 19,8 16,3 23,4 21,1 16,6 20,4 18,8 18,4 17,8 17,8 16,9 17,8 18,5 17,3
R28 32,2 33,1 28,0 30,5 30,6 26,6 33,5 31,8 26,9 36,8 32,5 30,1 31,7 31,7 27,2 27,6 28,4 26,7 28,2 29,1 27,7
R90 41,7 39,9 36,5 42,1 37,7 32,4 44,3 39,1 34,4 47,9 40,7 38,5 44,0 36,6 38,1 36,9 33,1 32,8 38,6 35,2 34,9
R180 47,3 43,8 40,5 46,0 39,7 35,5 47,4 41,7 38,4 51,3 44,0 43,2 45,4 40,3 41,7 40,0 36,6 37,1 41,6 37,0 37,9
R360 51,7 47,8 43,5 49,2 45,7 40,7 53,4 46,0 39,5 54,2 47,4 47,4 49,8 45,6 42,3 43,3 41,8 38,6 45,1 41,9 40,4
LAITIER

6000 A B C A B C A B C A B C A B C A 8- C A B C

R1 9,0 5,5 2,9 9,7 5,2 2,9 5,9 3,7 2,2 6,9 4,4 2,8 5,9 3,3 2,5 6,5 3,9 2,2 5,4 3,7 2,3
R2 23,4 20,0 13,2 21,0 19,1 13,5 21,3 16,5 10,6 21,2 18,4 12,1 20,2 14,7 10,5 19,4 15,9 10,4 20,5 15,0 9,5
R7 30,2 30,8 31,2 29,5 28,0 27,9 31,6 31,9 29,5 33,8 29,6 31,5 30,8 25,6 32,3 29,9 26,1 29,6 30,5 27,9 29,6
R28 42,0 37,8 37,9 38,6 36,2 36,4 46,8 41,9 41,1 45,4 39,1 40,3 42,0 33,4 38,3 37,9 35,4 36,6 43,1 37,7 38,7
R90 ■ 45,2 43,9 45,0 44,0 38,9 41,2 49,8 45,0 45,1 51,0 41,6 48,6 46,1 37,1 47,8 41,9 37,8 44,2 47,4 40,6 45,7
R180 48,3 46,1 47,9 46,8 42,3 43,8 52,1 49,9 47,9 53,4 46,7 51,2 50,0 41,3 50,3 44,7 42,3 47,2 50,8 44,4 48,5
R360 56,0 50,3 52,4 53,0 48,1 47,7 61,2 52,6 52,7 59,8 48,9 53,5 54,8 42,0 50,9 50,9 47,2 48,9 56,2 50,3 49,7



INFLUENCE DU CLINKER ET DU LAITIER
Nous avons teste 1'influence du clinker sur les r6sis- 
tances de ce type de melange d'une part, et d'autre 
part, 1'existence de couples, type de laitier-type de 
clinker, conduisant ä des resistances significative- 
ment differentes de cejles des autres couples. Pour 
cela, nous avons pr6alablement depouille les resultats 
par analyse de la variance, nous les avons ensuite mis 
en relation avec les caracteristiques des laitiers et 
des clinkers, puis nous avons recherche les associa- ' 
tions laitier-clinker favorables ou döfavorables.
1 - Etude par analyse de la variance de 1'influence

1 du laitier, du clinker et de la finesse
L'analyse de la variance est une techniquestatisti- 
que qui permet, grace ä un plan d'experience, d'etu- 
dier avec un minimum de mesures, 1'influence sur une 
grandeur de plusieurs facteurs variant simultanement. 
L'analyse des resultats permet de conclure ä 1'influ
ence ou non d'un parametre ou d'un couple de paramS- 
tres. Les parametres sont, dans notre cas, le type de 
laitier, la finesse du laitier et le type de clinker, 
les variables sont les resistances aux differentes 
pSriodes de durcissement.
1.1 - Analyse 52 dimensions
Pour Studier 1'influence du clinker et du laitier, 
nous avons prealablement effectuS des calculs d'ana
lyse de la variance 5 deux dimensions. '
Nous posons symboliquement :
V = variance ; L = laitier ; C = clinker ; F = finesse 
R = residuelie.
Pour une mSme finesse de laitier, nous obtenons les 
resultats' suivants :

Tableau IV VL/Vr VVr

Laitier 3500 R2 
r28

24,57
15,56

1,39 
5,09

Laitier 6000
r2 
r28

68,3
243
23,5

4,68
10,36
9,81

L'influence du p.irametre etant significative au seuil 
de 1 %, si VL/VR> 6,93 ou si Vq/Vr > 4,82 et au seuil 
de 5$ si Vl/Vr> 3,88 ou si Vc/Vr> 3,00, on remarque 
que 1'influence du type de laitier est prSponderante 
dans tous les cas. A 3500 cm2/g, 1'influence du type 
de clinker n'est pas significative 5 2 jours, eile 
1'est 5 28 jours. A 6000 cm2/g, eile est 5 peine si
gnificative 5 un jour, le devient 5 2 jours et 5 28 
jours. On observe que les caracteristiques propres des 
clinkers interviennent plus rapidement lorsque la 
finesse du laitier augmente. .
1.2 - Analyse 5 3 dimensions .
Pour Studier ensuite Texistence de couples lai tier
clinker, nous avons effectuS des analyses a trois 
dimensions : laitier-clinker-finesse du laitier. 
Nous avons porte au tableau V les quotients des rap
ports des variances par la valeur F du test de 
SNEDECOR au seuil de 5>% par le nombre de degres de 
liberte de chaque rapport. Une valeur superieure 5 1 
permet de conclure que la valeur est significative au 
seuil de 5 %.

Tableau V 1 VlF Vr
1 y£ FVr

1 Vr 
FVr

1 VlT 
r vr_

1 VpC 
f -yF

1 Vl.T 
vx?-

r2 2,1 12,7^ 0,1 0,3 0,02 - 0,01
r7 3,2 274,3 3,1 4,9 0,40 1,38
r28 9,7 130,7 5,2 3,9 1,18 0,60
R180 24,2 71,1 11,6 7,2 2,29 2,06
r360 20,8 39,2 5,3 3,3 1,43 0,93

L'examen de ce tableau montre qu'5 2 jours, la finesse 
et le type de laitier sont preponderants, le type de 
clinker n'a pas d'influence significative. A 7 jours 
et au-delä, Tinfluence du type de clinker est signi
ficative ainsi que le terme Vf-C/Vp : le type de clin
ker a done une influence qui est fonction de la fines
se du laitier. Par contre, 1'interaction type de 
laitier-type de clinker riest pratiquement pas signifi
cative. On remarque aussi que Tinfluence relative 
de la finesse du laitier decroit avec le temps.
2 - Influence de la mineralogie des clinkers
Pour expliquer et quantifier Tinfluence du type de 
clinker, nous avons caracterise les clinkers par leurs 
compositions mineralogiques et les laitiers, soit par 
leur rapport CaO/SiOo, soit par le diamStre en A des 
microheterogeneites determine par diffusion centrale 
des rayons X. On peut penser que ce diametre est une 
resultante de la composition chimique et de Thistoire 
thermique du laitier car il represente une estimation 
du volume moyen des particules organisees du laitier, 
il peut done etre utilise comme variable caracteristi- 
que. D'autres parametres de caracterisation des lai
tiers que nous decrivons par ailleurs (1), comme par 
exemple (C + M + A)/S ont ete testes. Ils sont nfeces- 
saires pour determiner Tinfluence de la quailte pro
pre d'un laitier mais, dans le cas present, nous uti- 
lisons trois laitiers reprösentatifs de trois produc
tions diffgrentes et les paramStres simples que nous 
avons choisis devraient etre suffisants pour la carac
terisation de chaque laitier.
Nous avons teste un grand nombre de correlations mul
tiples entre les resistances des melanges 5 divers 
Sges prises comme fonction et, comme variable, les 
differents paramätres ci-dessus definis. Pour les lai
tiers 5 3500 cm2/g, les meilleurs resultats sont obte- 
nus en definissant le laitier par le rapport CaO/SiOj 
et les clinkers par CgS, C3A cubique, C3A tetragonal, 
C4AF et K2SO4. A finesse elevee, nous utilisons pour 
les laitiers le rapport Ca0/Si02 ä 1 et 2 jours et le 
diametre 4 5 plus long terme : nous conservons- les 
m&nes parametres pour les clinkers.
Les tableaux VI etVUdonnent les coefficients des 
equations obtenues et r de la correlation multiple. '
Tableau VI : Coefficient des equations de regression 

multiple pour les laitiers broyes 5 3500 cmz/g
R2 R7 . R28 R90 R180

Constante -35,3 - 1,36 -11,2 -33,2 -30,76
D/S +30,6 +18,8 +24,2 +48,3 +43,5
C3S + 0,023 - 0,037 + 0,138 + 0,177 + 0,223
C3A cubique + 0,123 - 0,112 + 0,099 + 0,017 + 0,185
C3A tetrag. + 0,117 + 0,064 - 0,293 + 0,253 + 0,447
C4AF - 0,019 - 0,188 - 0,021 - 0,027 - 0,007
K2SO4 . + 0,055 + 0,799 + 0,348 + 1,238 + 0,805
Coef.corr. 0,97 0,77 0,86 0,94 0,93multiple r

TableauVll: Coefficient des equations de regression 
multiple pour les laitiers broyes 5 6000 enf/g

R1 R2 R7 R28 R90 RltiU
Constante -32,67 -69,16"' +25,7 +25,8 +47,27 +49,68
C/S 0 +28,35 +61,84 - - - -
ten A - - . -0,0032 -0,008 -0,008 -0,007
C3S -0,002 +0,072 +0,109 +0,308 +0,114 +0,113
CgA cubique +0,218 +0,334 -0,107 -0,177 -0,443 -0,474
C3A tetrag. +0,111 +0,244 +0,099 +0,133 +0,003 +0,000^
C4AF +0,080 +0,157 -0,131 -0,067 -0,421 -0,414
k2so4 -0,47 -0,83 +0,221 -0,704 +0,510 +0,655
Coeff.corr. 
multiple r 0,96. 0,97 0,74 0,95 0,79 0,83



La correlation multiple est tres significative ä 2 
jours, comme le laissait prevoir I'analyse de la va
riance, en effet, la correlation simple avec le seul 
parametre du laitier est dejä egale ä 0,90, I'intro- 
duction des parametres du clinker n'ameliore pas sen- 
siblement la correlation : la faible plage de varia
tion des clinkers industriels et 1'incertitude rela
tive sur les resistances ä 2 jours ne permettent pas 
de quantifier 1'influence du clinker avec les mSthodes 
statistiques utilis6es. A 7 jours, les correlations 
sont les moins significatives pour les 2 finesses. A 
partir de 28 jours, les effets positifs de 1'alite et 
du CgA tetragonal et negatifs du C4AF deviennent plus 
importants. Le K2SO4 a toujours une influence positive 
sur les laitiers broyes ä 3500 cm2/g mais dans le cas 
des laitiers ä 6000 cm2/g. Taction est moins nette et 
Tincertitude de connaissance du coefficient est im
portante. t lölimination de ce parametre modifie tres 
peu le coefficient de correlation multiple.
L'ensemble de ces correlations nous permet done de 
definir les parametres principaux d'action des clin
kers : taux d'alite et CjA tetragonal elev6, taux de 
C4AF faible. A6000 cm2/g, la diminution du coefficient 
de Talite apres 28 jours, contrairement au cas ä 
3500 cm2/g, peut etre mis en correspondance avec la 
desaturation en chaux de la solution (2). L'activation 
devenant alors plus alcaline que calcique.
Nous allons maintenant etudier Tinteraction clinker- 
lai tier en fonction de la fi'osse du laitier.
3 - Recherche des associations laitier-clinker
Pour mettre en evidence les associations favorables 
laitier- clinker, nous classons ä chaque echeance et 
pour chaque type de laitier les mfelanges par ordre 
decroissant de resistance et, ä titre de comparaison, 
les ciments portland obtenus avec les memes .
clinkers. S’il n'y a pas d'associations preferentiel- 
les laitier-clinker, le classement sera independent 
du type de laitier. Bien entendu, nous avons pris en 
compte la precision des mesures pour examiner ces 
classements. Les rösultats pour les laitiers ä 
6000 cm2/g sont presentes au tableau VIII.
Ce tableau nous montre qu'ä 1 jour, le classement 
n'est significatif que pour le laitier A ; pour le 
laitier C, les ecarts sont de Tordre de la precision 
des mesures. Le laitier A, qui est tres reactif, 
differencie mieux les clinkers que les autres lai
tiers, ce phenomene disparalt avec le temps. A 1 et 2 
jours, le classement des CPA est different de ceux des 
melanges ä base de laitier, particulierement dans le 
cas du clinker C5 tres riche en K2SO4. Les ciments les 
plus performants sans K2SO4 donnent sensiblement les 
meilleurs melanges mais les clinkers trös riches en 
K2SO4 s'associent moins bien aux laitiers. La compa
raison des laitiers A et C 3 1 jour nous montre que le 
laitier A r6agit tres rapidement car les resistances 
se developpent beaucoup plus vite que si le laitier 
est remplacB par un inerte ; dans le cas du laitier C, 
le taux de reaction est trBs faible 3 24 heures et les 
resistances sont pratiquement identiques avec tous les 
clinkers. A 2 jours, ce n'est plus le cas, le laitier 
C participe plus activement au developpement des 
resistances. ' "
Nous en deduisons que le laitier rBagit aux pre
miers temps de Thydratation, d8s que Talite libere 
de la chaux et, tres vite, les resistances ne sont 
pas seulement dues aux hydrates des clinkers car, 
dansce cas, les classements devraient etre les memes 
pour les CPA et les ciments au laitier.

Nous avons, par ailleurs, examine les melanges 3 20 % 
de cljnker et 80 %, soit de laitier entiBrement cris
ta! lise, soit de sable de Fontainebleau broye en pre
sence de gypse, 3 une granulometrie äquivalente, les 
resistances sont mentionnees au tableau IX.

Tableau VIII: Classement par resistance decroissante 
des melanges pouh les laitiers 3 6000 cmz/g

1 jour

Laitier A Laitier B Laitier C CPA
C2 9,7
Cl 9,0
C4 6,9
C6 6,5
C3 5,9
C5 5,9
C7 5,4

Cl 5,5
C2 5,2
C4 4,4
C6 3,9
C3 3,7
C7 3,7
C5 3,3

Cl 2,9
C2 2,9
C4 2,8
C5 2,5
C7 2,3
C3 2,2
C6 2,2

C5 20,6
C4 17,6
C2 17,4
Cl 14,2
C7 13,6
C3 10,8
C6 10,1

2 jours

Cl 23,4
C3 21,3
C4 21,2
C2 21,0
C7 20,5
C5 20,2
C6 19,4

Cl 20,0
C2 19,1
C4 18,4
C3 16,5
C6 15,9
C7 15,0
C5 14,7

G2 13,5
Cl 13,2
C4 12,1
C3 10,6
C5 IP,5 
C6 10,4 
C7 9,5

C5 32,2
C2 31,5
C4 31,2
Cl 28,8
C3 26,1
C7 25,7
C6 20,2

28 jours

C3 46,8
C4 45,4
C7 43,1
C5 42,0
Cl 42,0
C2 38,6
C6 37,9

C3 41,9
C4 39,1
Cl 37,8
C7 37,7
C2 36,2
C6 35,4
C5 33,4

C3 41,1
C4 40,3
C7 38,7
C5 38,3
Cl 37,9
C6 36,6
C2 36,4

Cl 66,2
C3 65,2
C2 61,1
C7 59,3
C4 50,8
C5 50,5 
C6 46,5

360 jours

C3 61,2
C4 59,8
C7 56,2
Cl 56,0
C5 54,8
C2 53,0
C6 50,9

C3 52,6
Cl 50,3
C7 50,3
C4 48,9
C2 48,1
C6 47,2
C5 42,0

C4 53,5
C3 52,7
Cl 52,4
C5 50,9
C7 49,7
C6 48,9
C2 47,7

C3 76,5.
Cl 76,3.
C7 76,2 '
C2 68,6 ■
C6 68,5 
C5 56,0.
C4 53,1

Tableau IX : Resistances en MPa
r2 R7 ■ r.28

Clinker + laitier 
cristallisB ■ 1,5 2,3 3,5

Clinker + Sable • 1,5 2,0 2,2

Ceci, associB avec nos Btudes de ThydraulicitB des 
ciments 3 haute teneur en laitier (3) nous confirme 
que le laitier.rBagit dfis les premiers ages et que 
les resistances observBes sont bien dues 3 Tassocia- 
tion laitier-clinker.
Nous constatons aussi que les differences entre les 
classements CPA et melanges croissent avec le.temps. 
Nous n'avons remarquB qu'un seul couple laitier-clin
ker singulier : C5 + Laitier B 3-28 et 360 jours.
Si Ton tient compte des faibles differences entre 
les resistances, on peut dire que dans le cas des 
laitiers broyBs trBs fihement, 11 n'existe pas d'as
sociations laitier-clinker preferential les dans ce 
type de melanges 3 trBs forte teneur en laitier.
Etudions maintenant les classements Btablis dans le . 
cas des laitiers broyBs 3 3500 cm2/g et dBcrits au 
tableau X. ‘



Tableau x : Classement par resistances decrojs- 
sante des melanges pour les laitiers ä 3500 cmyg

Laitier A Laitier B Laitier C CPA
Cl 9,1 QI 6,7 C4 4,7 C5 32,2C4 9,0 • C2 6,4 Cl 3,9 C2 31,5C3 8,5 C4 5,8 C2 3,7 C4 31,22 jours C2 8,2 C5 5,4 C7 3,4 Cl 28,8C5 8,0 C3 4,3 C5 3,0 03 26,1C6 ■ 7,4 C7 3,8 C3 2,9 07 25,7C7 6,6 C6 3,4 C6 2,7 C6 20,2
C4 36,8 Cl 33,1 C4 30,1 Cl 66,2C3 33,5 C4 32,5 Cl 28,0 C3 65,2Cl 32,2 C3 31,8 C7 27,7 02 61,1

28 jours C5 31,7 C5 31,7 C5 27,2 C7 59,3C2 30,5 C2 30,6 C3 26,9 C4 50,8C7 28,2 C7 29,1 C6 26,7 05 50,5
C6 27,6 C6 28,4 C2 26,6 C6 46,5
C4 54,2 Cl ■ 47,8 C4 47,4' C3 76,5
C3 53,4 C4 47,4 Cl 43,5 01 76,3
Cl 51,7 C3 46,0 C5 42,3 C7 76,2

360 jours C5 49,8 C2 45,7 C2 40,7 C2 68,6
C2 49,2 C5 45,6 C7 40,4 C6 68,5
C7 45,1 C7 41,9 C3 39,5 C5 56,0
C6 43,3 C6 41,8 C6 38,6 C4 53,1

Comme ä finesse elev6e, on constate' que le laitier A 
r6agit trSs vite alors que le laitier C commence ä ! 
peine ä röagir ä 2 jours, les phenomenes sont identi- 
ques mais avec un decalage dans le temps. A toutes 
les periodes, le clinker C3 riche en alite et ä fäl
ble teneur en K2SO4 et CgA tStragonal se si tue parmi 
les meilleurs clinkers avec le laitier A, est moyen 
avec le laitier B et parmi les meins bons avec le 
laitier C. Le clinker C7, de composition chimique voi- 
sine, mais moins riche en alite et en C3A est un des 
moins bons activants des trois laitiers de 28 ä 360 
jours. Les clinkers ä fort taux d'alite activeront 
done tres bien 5 long terme les laitiers de C/S Sie
ves de type fonte Thomas et moins bien les laitiers 
de type hematite. D'autre part, l.'examen des r6sul- 
tats avec le clinker €4 nous montre que les clinkers 
a teneur en alite moyenne mais ä fort taux de C3A te
tragonal seront parmi les meilleurs, quel que soit 
le type de laitier.
On peut done conclure que dans le cas de nos mSlanges 
ä trSs haute teneur en laitier, le rendement de 1'as
sociation lai tier-clinker est une fonction de la 
finesse du laitier. L'activitS des clinkers sera äqui
valente vis-ä-vis de tous les laitiers tr8s finement 
broy&s. Par centre. Taction des clinkers ä fort taux 
d'alite ou ä fort C3A tetragonal sera differente sui- 
vant le type de laitier dans le cas des finesses peu 
poussees. Pour obtenir les memes resistances mecani- 
ques, les laitiers hematite devront etre broyes fine
ment avec des clinkers riches en alite et faibles en 
C3A qu'avec des clinkers ä fort taux de C3A tetrago
nal . .
A l'aide des tableaux vt et VIII, nous avons d6termin6 
les rapports R36O jours/R28 jours pour tous les melan
ges. On remarque que pour les laitiers 3 3500. ern^/g, 
il est en moyenne de 1,51, independant du clinker 
utilise et varie de 1,46 3 1,57 selon le laitier.
Par centre, pour les laitiers 3 6000 cn//g, il est de 
1,31 en moyenne, independant du laitier, et varie 
16g8rement de 1,28 3 1,35 avec le type de clinker.
Ce rapport est done principalement une fonction de la 
finesse du laitier.

INFLUENCE DE LA TENEUR EN SULFATE ET DE LA FINESSE DU 
CLINKER ................................. ..........
Dans une sBrie d'experiences complementaires, nous 
avons fait varier la teneur en sulfate pour des melan
ges realises avec le laitier A et les clinkers C4 et 
C6 qui conduisent aux resistances les plus differen
tes au tableau III.
Nous avons obtenu les rdsultats suivants portes au " 
tableau XI.

L'examen de ce tableau montre que les resistances 3 
tous les Sges sont influencees par la teneur en SO3. 
La teneur optimum varie avec la periode et la finesse 
du laitier.

Tableau XI : 
de la

Influence de la teneur en sulfate et 
finesse du clinker sur le laitier A

Finesses so3% R1 R2 R7 R28
04 C6 04 06 C4 ' C6 C4 C6

0,5 1,5 1,6 4,9 5 26,9 25,3 46,0 46,5
L : 3500 1 2,0 1,9 6,2 6,1 27,1 26,0 44,5 43,7

2 2,2 2,7 8,8 7,2 29,6 22,6 45,2 38,2
C : 3500 4 1,7 2,0 4,2 5,6 25,7 20,1 39 32,2

6 1,6 1,8 3,5 4,2 6,0 8,2 32,7 20,3
- 0,5 2,9 2,9 10,1 9,6 37,8 33,7 53,3 47,6

L : 6000 1 3,5 3,9 11,6 11,0 38,1 33,5 51,0 48,8
2 5,5 4,8 13,6 11,9 36,2 30,9 51,5 43,7u : 350U 4 7,5 7,2 15,9 14,4 35,2 28,5 48,8 39,0
6 6,1 5,1 9,6 15,7 32,6 28,5 45,6 36,6

C : 6000 2 2,2 10,1 27,1 41,7
L : 3500 4 2,8 11,0 24,0 35,7

6 3,1 7,5 22,9 35,9

C : 6000 2 6,1 14,5 34,0 48,0
L : 6000 4 10,3 17,2 31,1 43,2

6 6,9 21,8 34,9 45,3

A 1 et 2 jours, Toptimum se situe vers 2 Z pour une 
finesse de 3500 cm2/g et 4 % 3 6000 cm2/g. A 7 jours, 
on remarque qu'une teneur elevee en SO3 (6 %) perburbe 
le developpement des resistances et avec le laitier 3 
3500 cm2/g, el les sont diminuSes d'un facteur 5. Par 
centre, 3 6000 cm2/g, le laitier tolere une teneur en 
SO3 elevfie du fait de la dissolution plus importante 
d'ions Al. A 28 jours, les resistances sont inverse- 
ment proportionnelles.3 la teneur en sulfate. On pour- 
rait se demander s'il ne s'agit pas d'un simple effet 
de dilution. Avec le laitier 3 6000 cm2/g, pour le 
clinker C4, tres riche en aluminate, la baisse est 
proportionnelle 3 la dilution, mais plus forte que la 
dilution dans le cas du clinker C6 3 faible teneur 
en aluminate. Tout ceci montre que, malgrS la faible 
teneur en laitier, la teneur en C3A du clinker doit 
6tre considerge pour determiner Toptimum en SO3.
On constate aussi qu'une plus grande finesse du clin
ker permet d'Slever les resistances 3 court terme, 
mais les diminue 3 long terme. Il faut done adapter 
la finesse du clinker pour qu'il active le laitier au 
moment oü il en a besoin pour developper les resis
tances maximales 3 long terme. .
INFLUENCE D'UNE PETITE AUGMENTATION DE LA TENEUR EN 
CLINKER '
Cet essai a 6t6 r6alis6 avec le clinker C4 3 diffS- 
rentes finesses et teneurs en sulfates. Le melange A 
est 3 75 % de laitier et 25 % de clinker et le melan- . 
ge B 3 80 8 de laitier et 20 % de clinker. .



Tableau XII : Influence de la teneur en clinker

Finesses S03%
R1 r2 R7 R28

A B A B A B A B

C : 3500 2 5,6 5,5 18,2 13,6 46,1 36,2 60,8 51,5
4 8,8 7,5 24,2 15,9 44,5 35,2 61,7 48,8

L : 6000 6* 6,6 6,1 22,2 9,6 42,2 32,6 55,3 45,6

C : 6000 2 7,3 6,1 23,9 14,5 44,6 34,0 56,3 48,0
4 10,3 10,3 25,2 17,2 44,4 31,1 54,9 43,2

L : 6000 6 10,0 6,9 28,3 21,8 42,5 34,9 55,1 45,3

L'augmentation de la teneur en clinker de 5 % a peu 
d'influence ä 1 jour, mats eile se fait tres forte- 
ment sentir ä 2 jours, dös que le lai tier reagit 
rapidement, pour atteindre environ 10 MPa ä 28 jours. 
Si le seul but etait les performances mecaniques 
maximales, on aurait intöret ä augmenter lögerement 
la teneur en clinker. L1augmentation de la quantite 
de chaux disponible permettrait de maintenir une sur- 
saturation constante de la solution interstitielle : 
ce qui ne serait pas favorable ä la resistance des 
betons aux attaques chimiques.
Get essai nous montre aussi les limites des conclu
sions de cette etude sur 1‘influence du clinker qui 
n'a ete testee que sur les melanges de rapport lai- 
tier/clinker = 4, soit plus de 76 % de laitier dans 
descimentsoü SO3 = 3 %. Nous sommes 8 une limite 
imposee par la resistance chimique. Une faible aug
mentation de la teneur en clinker peut faire passer 
dans une autre catögorie de ciments et les conclu
sions sur I'influence du clinker seraient differentes.
CONCLUSIONS
Nous precisons que Tobjet de cette etude etait de 
comparer divers types de laitiers et de clinkers 
de compositions mineralogiques difförentes et non pas 
d'ötudier les variations de qualite d'un meme laitier. 
Dans cette etude de laboratoire, nous n'avons pas 
pris en compte la broyabilite relative du clinker et 
du laitier, puisque nous avons broyö separement chaque 
constituant 8 une finesse predetermin6e.
L'ensemble des essais realises avec 42 melanges de 
clinker et de laitier nous permet de tirer les conclu
sions suivantes.
Contrairement aux idees regues, les resistances 8 1 
jour des ciments 8 tres haute teneur en laitier (lai
tier > 76 % dans le ciment) sont principalement fonc- 
tion de la qualite du laitier. Il röagit dös les 
premiers instants et les resistances mesurees aux pre
miers ages sont celles de 1'association laitier- clin
ker et non pas celles du clinker seul. La qualitö du 
clinker ainsi qu'une lögere auamentation de sa teneur 
n ont pas d influence notable ävant deux jours.
Les meilTeures resistances 8 28 jours sont obtenues 
avec les clinkers riches en alite et en C3A tetrago
nal.' L'influence de ces deux mineraux sur les resis
tances est Öquivalente vis-8-vis de tous les laitiers 
broyes tres finement, mais dans le cas des laitiers 8 
3500 cm2/g, I'actiondes clinkers 8 fort C3A tetrago
nal est indöpendante du type de laitier alors que les 
clinkers riches en alite et 8 faible C3A activent 
mieux les laitiers les plus basiques. On constate 
aussi qu'il existe un rapport entre les resistances 
8 1 an et celles 8 28 jours qui est principalement 
fonction de la finesse du laitier. .
Les courbes devolution des resistances dependent 
principalement de la qualite du laitier. Le clinker 
n'intervient qu'au deuxieme ordre et .les classements 

resistances ciment portland et resistances des melan
ges Btudies sont differentes.
L'influence du sulfate de calcium est modulee par deux 
facteurs : le temps et la teneur en CqA du clinker. 
Comme dans le cas des ciments portland, il existe une 
teneur optimale en sulfate de calcium variable en 
fonction de l'objectif recherchö mais toujours relati- 
vement faible. La contribution de 1"activation calci- 
que est done plus importante pour le developpement des 
performances mecaniques que celle de 1'activation sul- 
fatique. Par ailleurs, dans le cas des laitiers 8 
6000 cm2/g, nous avons montre I'influence de 1'activa
tion alcaline 8 long terme.
En definitive, dans le cas que nous avons ötudie, tous 
les laitiers ne permettent pas d'obtenir des ciments8 
hautes performances mecaniques. Par centre, une faible 
augmentation de la teneur en clinker et une optimisa
tion de la finesse et du taux de sulfate de calcium 
permettent d'ameliorer significativement les resistan
ces' mecaniques. '
REMERCIEMENTS
Les auteurs remercient le personnel des departements 
ECPM et ECPC du CEREG qui a effectuö l'ensemble des 
broyages, des melanges et des essais möcaniques des 
produits.
AVERTISSEMENT
Les analyses par diffusion centrale des rayons X ont 
ete real isees par M. LACHAUD au CEBTP 8 SAINT-REMY- 
LES-CHEVREÜSE.
BIBLIOGRAPHIE '
1 - E. DEMOUL IAN, P. GOURDIN, F. HAWTHORN, C. VERNET

Influence de la composition chimique et de la 
texture des laitiers sur leur hydraulicite - 
Vllöme Symp. Int. Chim. des Ciments, Paris, 1980.

2 - C. VERNET, E. DEMOULIAN, P. GOURDIN, F. HAWTHORN
Cinetique de 1‘hydratation des ciments au laitier 
VIlöme Symp. Int. Chim. des Ciments, Paris, 1980.



Determination de la teneur en laitier dans les ciments 
par dissolutions selectives

Slag content determination in cements by selective dissolutions

E. DEMOULIAN, C. VERNET, F. HAWTHORN, P. GOURDIN, Societe des Ciments Francais 
CEREG, France. - ''

RESUME : ■

L'etude des differences de pH et de vitesses de dissolution des constituants des ciments ä 1'aide d'un titrateur 
automatique a conduit ä la mise au point-d'une methode de separation chimique quantitative du laitier.
Dans des conditions operatoires bien determinees, une solution qui contient de I'EDTA, de la triethanolamine et 
de la soude dissout totalement, ä pH 11,5, les mineraux du clinker et le sulfate de calcium sans attaque notable 
du laitier. La soude 6vite la precipitation de la silice et des hydroxydes.
Dans les ciments hydrates, la methode permet de determiner la quantite de laitier qui n'a pas reagi.
Pour les ciments ternaires.elle doit etre complStee par les methodes prealablement mises au pointpour doser les 
cendres vol antes et les pouzzolanes.

SUMMARY

The study of pH and dissolution speeds of cement constituents with an automatic titrator had led to a quantitati- 
vechemical method for the separation of the slag in cements.
In well determined operational conditions, an EDTA, triethanolamine and sodium hydroxide solution, dissolves the 
clinker minerals and calcium sulphate, at pH 11,5, without a notable dissolution of the slag. The silica 
and hydroxides precipitating is avoided by sodium-hydroxide.
In the hydrated cements, the method allows the quantitative determination of the non hydrated slag. , , 
In the case of ternary cements, it can be completed by supplementary methods, already perfected for determining 
fly ashes and pozzolanas contents.



INTRODUCTION
Depuis plusieursannees, nous etudions au CEREG la 
dissolution selective des phases anhydres ou hydratees 
des clinkers et ciments. Nous avons expgrimente de 
nombreux rSactifs en milieu aqueux ou organique. Ces 
recherches ont about! a la mise au point de deux me
thodes de determination des teneurs en cendres et en 
pouzzolanes dans les ciments. Ces methodes, mises ä 
1'epreuve par les nombreux participants du CEN GT 4 
TC 51 ont et6 testSes avec succes et proposees comme 
methodes de reference en projets de nornes europ6ennes 
(1)(2). Le Probleme de la separation selective du 
laitier restait ä resoudre.
(.'apparition d'apparelllages tres elabores de titra
tion automatique qui permettent des ajouts incremen- 
tiels du reactif, asservis soit aux derivees du signal, 
soit a I'Scart par rapport ä un point de consigne, 
nous a permis d'etudier les cinetiques de dissolution 
des laitiers et des phases des clinkers dans diffe- 
rents milieux. •
A la suite de cette etude, nous avons mis au point 
une attaque selective rapide du clinker et du gypse 
qui permet de sBparer quantitative'ment le laitier et 
les autres ajouts que 1‘on peut identifier par un 
examen complementaire de Tinsoluble.
1/ CINETIQUE DE DISSOLUTION DES MINERAUX ANHYDRES OU 

HYDRATES DES THOTS---------------------------- ;-------
L'etude des differences de vitesses et de pH de dis
solution des clinkers et ciments a 6t6 rSalisee ä 
l'aide du titrateur automatique represents sur la 
Photographie n’ 1.

Photographie n° 1 - Ensemble de titrage automatique

Les fonctions d'asservissement du titrateur ont 6t6 
utilisees pour ajouter le rSactif, par increments, ä 
une vitesse continuellement egale 3 la vitesse de 
reaction de la phase 6tudi6e, qui peut ainsi Btre 
mesuree. Nous avons choisi le pH comme variable 
indicatrice.
Le mode operatoire suivant a permis d'etudier les 
phases anhydres et hydratBes des ciments : alites, 
bBlites, C3A cubique et tetragonal, C4AF, silicates 
hydrates,-ettringite, monosulfate de calcium et 
differents laitiers.

Dans une cellule thermostatee ä 20°C contenant 500 ml 
d'eau, on introduit 200 mg de la phase ä Studier. Un 
acide 0,2 N est ajouts par increments de 100 micro
litres. L'asservissement obeit aux principes suivants :

1) 1'ajout d'un increment supplementaire est dSclenchS 
lorsque la vitesse de variation du signal (pH) est ' 
inferieure ä une valeur seuil (en mV/minute) corres- 
pondant ä la fin de rSaction de Tincrement precedent;
2) pour prendre en compte le temps de reponse du 
capteur, un dSlai supplementaire constant mais ajus- 
table, fixe ici ä 20 secondes, est imposS par le 
titrateur.

Les courbes obtenues pour les phases Studiees sont 
representees sur les figures 2 ä 12.

Fig. 2 - ALITE

Fig. 3 - BELITE



Fig. 4 - C3A cubique Fig. 7 - CSH

Fig. 5 - C4AF

Fig. 6 - LAITIERS

Fig. 8 - ALITE HYDRATEE [CSH + Ca(OH)2]

Fig. 9 - ETTRINGITE



• Fig. 10 - CPA

fig. 12 - Courbe de dissolution d'un melange 
lai tier + clinker

Elles montrent les differences de vitesses et de pH 
de dissolution ainsi que 1'existence de plusieurs eta
pes dans le mecanisme de dissolution. Pour les mine- 
raux anhydres ou hydrates, les pH de fin de reaction 
sont compris entre 7 et 8, dans cet Intervalle le lai
tier n'a pas rfiagi de maniere significative. Lorsque 
I'acide utilise est un acide fort comme HC1, la dis
solution des aluminates et meme des silicates est for- 
tement ralentie, soit par precipitation d'hydroxydes 
d'aluminium et de fer^ soit par precipitation de sin
ce et les dissolutions sont incompletes ä pH7. A ce 
pH, 1'utilisation d'un acide complexant tel que I'aci
de ci trique, comme pour les exemples des figures 2 ä 
12, n'6vite que partiellement ces precipitations, les 
aluminates du clinker ne sont pas totalement dissous, 
de la silice reprScipite. Les separations ne sont pas 
quantitatives, ce qui a et6 confirme sur des melanges 
de laitier, de clinker et de gypse en differentes 
proportions.
Cependant, les differences de vitesses et de pH de 
dissolution misesenevidence doivent permettre une se
paration quantitative du laitier en utilisant des 
react!fs formant des complexes solubles plus stables 
que les hydroxydes d'aluminium et de fer. Pour eviter 
la precipitation de la silice, il faudra operer ä un 
pH plus eleve, ce qui aura pour inconvenient de dimi- 
nuer les vitesses de dissolution. II faudra done les 
accelerer en dBplagant les equilihres par complexation 
du calcium.
2/ METHODE DE DOSAGE RAPIDE DE LA TENEUR EN LAITIER 

. DANS LES CIMENTS '
Compte tenu des etudes et observations precBdentes, 
nous avons mis au point une methode rapide de separa
tion quantitative du laitier qui ne nBcessite que 
1'utilisation d'un appareillage courant. L'acide ci- 
trique ne convenant pas pour sBparer selectivement le 
laitier du clinker ä pH7, apres de nombreux essais, 
nous avons utilise le sei disodique de l'acide 6thy- 
IBnediaminetetraacStique ou EDTA de formule :

CHgCOOH > N _ CH _ ch2 - N < ch3C00h 
CH-gCOONa ' ■ c CHgCOONa

et la triethanolamine (CH20HCH2)3 N comme complexants 
du calcium, de 1'aluminium, du fer et 1'hydroxyde de 
sodium pour eviter la precipitation de la silice en
tre pH 11,0 et 12,0. '
2.1 - Etude de la methode '
Influence du pH du rBactif : Sur un melange constituB 
de 50 % de laitier, 45 % de clinker, 5 Z de gypse, 
1'influence du pH de dissolution a 6t6 mise en eviden
ce par differentes solubilisations ä des pH predeter
mines entre 11,0 et 12,0.
Les rBsultats mentionnBs sur le tableau I montrent cpje 
la quantite d'insoluble est pratiquement identique 
entre pH 11,4 et 11,8. La moyenne de 48,6 t 0,2 met en 
evidence une faible solubilisation du laitier. Cet 
effet est un peu plus important aux pH 11,0 et 12,0. 
Pour les autres verifications et pour la methode defi
nitive, le pH de solubilisation du clinker et du sul
fate de calcium sera fixe 3 pH 11,6 ± 0,1.

Tableau I : Influence du dH du rBacti
pH ' 11,0 11,4 11,5 11,6 11,7 11,8 12,0

Insoluble % 47,5 48,5 48,8 48,5 48,6 48,4 47,5
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Analyse de 1'insoluble'sepai-6 : Nous avons reports sur 
le tableau li, la composition chimique du laitier et 
celle de 1‘insoluble separS ä pH 11,6 ± 0,1. Ces re
sultats montrent que les compositions chimiques sont 
tres voisines et que 1'insoluble separS est principa- 
lement constitue de laitier.
L'absence de sulfate montre que le gypse.a 6t6 totale- 
ment dissous. La solubilisation du clinker semble 
quantitative. Nous notons toutefois un tres leger 
enrichissement en silice et en FeO.

Tableau II : Composition chimique du laitier et de 
1'insoluble separ6 ä pH 11,6 ± 0,1

Si02 AI2O3 FeO CaO MgO S03 S"

Laitier 32,91 14,95 0,54 43,74 4,53 0,04 0,88

Insoluble 33,40 14,77 0,70 43,74 4,60 0,00 0,89

Examen de 11 insoluble au microscope optique : Aprfis 
enrobage dans de la resine, 1'insoluble obtenu ä pH 
11,6 t 0,1a ete examine au microscope optique. Get 
examen a confirme la solubilisation complete du clin
ker et du gypse. D'autre part, les grains delaitier 
5 angles vifs ne semblent pas avoir ete corrodes par 
le räactif au cours de 1'attaque selective (Photogra
phie n° 13).

Photographie n° 13 - Aspect de 1'insoluble s6pare 
ä pH 11,6 t 0,1

Essais de rep6tabilitä : Ces essais ont aussi 6t6 
effectu6s sur le melange ä 50 % de laitier.
Pour 20 essais effectuSs par un meme Operateur, la 
quantity d'insoluble varie entre 47,8 % et 50,6 % 
avec une moyenne de 48,8 % et un 6cart type de 0;7 *.
Les resultats obtenus sont mentionnes sur le 
tableau III.

Tableau III : Essais de repetabilite sur un melange 
constitue de 50 % de laitier, 45 % de clinker, 
5 % de gypse >

N° Essai 1 2 3 4 5 6 7
Insoluble % 48,6 48,1 48,1 48,5 48,7 48,6 49,9

N° Essai 8 9 10 11 12 13 14

Insoluble % 49,5 49,1 49,1 48,7 48,4 47,8 50,0

N° Essai 15 16 17 18 19 20

Insoluble % 48,6 48,2 48,3 48,4 49,2 50,6

Etalonnage de la methode : Les essais de repetabilite 
ayant montre une solubilisation non negligeable du 
laitier, 1'exactitude de la m6thode preconisee peut 
etre amelior6e par un etalonnage pr6alable.
L'etalonnage a ete realise sur des melanges synth6ti- 
qyes qui contiennent 5 % de gypse et des proportions 
variables de 3 laitiers references A, B, C et de 
2 clinkers C2 et C4, comme dans une autre de nos 
communicationsqui donne leurs compositions chimiques 
et mineralogiques (3).
Les laitiers sont des laitiers vitrifies de fontes 
hematite et de fonte Thomas reprdsentatifs’de la 
production franqaise, les clinkers ont ete choisis 
pour leurs grandes differences mindralogiques.
Les r6sultats obtenus, mentionnes sur le tableau IV, 
conduisent 3 la relation : y = 1,024 x - 0,05, oü 
x est le pourcentage d'insoluble, y le pourcentage 
de laitier calcule et dans laquelle, l'ordonnee ä 
1'origine peut etre negligee.
L'application de la relation y = 1,024 x au pourcen
tage moyen d'insoluble trouve au cours des essais de 
rdpetabilite donne 49,97 % de laitier pour un melange 
qui en contient 50 %. Ceci montre la validite de 
1'6talonnage dans le cas des laitiers consideres.

Tableau IV : Etalonnage avec des melanges syntheti- 
ques

Pourcentage de laitier 
dans le melange' Pourcentage d'insoluble

0 0,0 - 0,8
'20 19,6 - 18,0

35 ' 34,0 - 33,0 - 35,0 -35,2
45 44,9 - 44,2
50 48,4
55 53,3
65 64,6 - 62,4
75 73,1 - 75,4 - 73,8 - 73,1
85 82,4 - 82,7
95 92,2 - 92,6



2.2 - Mode operatoi re preconise
Dans un becher de 600 ml, introduire successivement :
- 250 ml d'une solution d'EDTA 0,05 M dans de la

soude 0,1 N, .
- 25 ml de triethanolamine ä dilution 1-1 avec de 

1'eau disti116e,
- ajuster ä pH 11,6 t 0,1 avec NaOH N,
- apres broyage ä refus nul au tamis de 40 um, ajou- 

ter progressivement pendant I'agitation de la solu
tion 500 mg (Pl) du ciment ä doser (1‘ajout doit 
etre progressif pendant I'agitation pour eviter la 
formation d'amas difficilement delayables),

- continuer I'agitation pendant 20 minutes,
- filtrer sur verre frittd n° 4 prealablement tare 

(P2),
- rincer 7 fois ä 1'eau distillee,
- rincer 3 fois ä 1'alcool ethylique,
- secher ä 1'6tuve ä 105°C pendant 30 minutes,
- laisser refroidir en dessicateur et peser (P3).

Pourcentage de laitier : •
X L = -■3-~ P- x 100 x K ( }

Pl
K est le.coefficient obtenu par etalonnage, il 
est destine ä tenir compte de la faible dissolution 
du laitier. Il est de 1,024 dans le cas present.

3/ CONCLUSIONS ■
Cette recherche nous a conduit ä mettre au point une 
methode applicable aux ciments contenant du laitier 
vitri fie. Elle peut, avantageusement, remplacer les 
methodes de separation par liqueurs denses et les • 
mesures par microscopie optique, qui sont des metho
des ä temps de reponse longs et de mises en oeuvre 
delicates.
Elie permet, de plus, 1'etude des produits hydrates 
des ciments qui contiennent du laitier.
Pour determiner les quantit6s de chaque ajout.dans 
les ciments ternaires,eile peut etre completee par les 
methodes de determination des teneurs en cendres et 
en pouzzolanes dans les ciments (1) (2).
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Utilization of Pozzolanic and Cenospheric Ashes,
L 'utilisation des cendres voiantes pouzzoianiques et cenospheriques

E. RAASK, Senior Research Officer, Fuel Ash Sciences, Central Electricity Research Laboratories,, 
Leatherhead, U.K. ■ . •

RESUME : Les cendres voiantes sent largement utilisSes comme additifs des mortiers et batons, 
mats prSsentent une capacity variable de remplacement du ciment Portland. Il est done impor
tant de disposer d'un test permettant d'Svaluer rapidement leur pouvoir pouzzolanique. Le la- 
boratoire du CEGB a mis au point une mSthode de d6termination de I'activitS pouzzolanique des 
cendres voiantes dans laquelle le taux de dissolution de la silice des particules de cendre 
est mesurS dans une solution d'acide fluorhydrique d 0.1 mole. Le taux d'extraction de la 
silice suit une loi logarithmique; la constante reprSsente 1'indice d'activit6 pouzzolanique 
de la cendre. ■

L'addition de cendres präsentant une activity aux melanges pour bSton peut amfiliorer la sta
bility thermlque et chimique de la structure en b6ton. C'est ainsi que la r6action entre la 
fraction MgCO, d'un agrögat de calcaire dolomitique et le Ca(0H)2 form6 lors de 1'Hydratation 
du ciment Portland peut etre 6vit6e par l'addition de cendres voiantes. La reaction du Ca(0H)2 
se falsant de pr6f6rence avec la silice des cendres, l'agr6gat n'est pas affects.

Une caract6ristique interessante des cendres voiantes est constitute par la presence d'une 
certaine quantity de micro-sphferes creuses, d'un diamdtre de 25 ä 250pm. Ces etnosphöres sont 
formyes par le dygogement de gaz au sein des particules de silicate ä demi-fondues, ä une tem- 
ptrature d'environ 1400°C. Les cendres lyg&res sont rycupyryes dans les dycharges de cendres, 
et sont mointenant disponibles en Grande Bretagne pour livraison en vroc (cendres non cali- 
brtes) ou en quantitys moindres, mais colibrtes selon des tallies spycifiyes. Les ctnosphtres 
de cendres sont utlllsyes dans les ciments hydrauliques et les Hants d rysine organique pour 
la fabrication de matyriaux composites pour 1'isolation thermique, et celle de matyriaux im- 
permtables pour constructions nouvelles. "

SUMMARY: P.f ash is widely used as a cement-extender in concretes and groutings, but the ash can vary in its 
ability to replace Portland cedient. It is important therefore to have a rapid test of this pozzolanic quality.

■ A method has been developed at the Central Electricity Research Laboratories where the pozzolanic activity of 
p.f. ash is determined by measuring the rate of dissolution of silica from the ash particles dispersed in 0.1 
molar hydrofluoric acid. The rate of extraction of silica follows a logarithmic law and the rate constant is an 
index of the pozzolanic activity of the ash. " ■

Addition of the pozzolanic quality p.f. ash to concrete mixes can enhance the chemical and thermal stability of ■ 
the concrete structures. For example, the reaction between the MgCO) fraction of a dolomitic limestone aggregate 
and Ca(0H)2 formed on hydration of Portland cement can be prevented by addition of p.f. ash. Preferential 
reaction of CaCOHlj with silica in ash leaves the aggregate unscathed. ■

An interesting feature of p.f. ash is that it contains a proportion of hollow micro-spheres, 25 to 250 um in 
diameter. The cenospheres are formed by the evolution of gases inside the semi-molten silicate particles at 
about 1400°C. The lightweight ash material is being recovered from the ash disposal lagoons and it is now 
available in Britain for delivery in bulk as ungraded material or in smaller quantities of specified size ranges. 
The ash cenospheres are used with hydraulic cements and organic resin binders to manufacture heat insulating 
composites and non-absorbent buoyancy materials. '
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INTRODUCTION
For the next two or three decades coal is likely to 
remain the most important primary fuel for electricity 
generation in this country and also in many other 
countries. The Central Electricity Generating Board 
(C.E.G.B.) in Britain utilizes at present about 70 
million tonnes of coal a year. The fuel contains on 
average between 16 and 18 per cent by weight of 
uncombustible mineral matter, therefore the total ash 
products from the C.E.G.B. power stations boilers 
amount to about 12 million tonnes a year.
At present the majority of large coal-fired boilers 
in operation and to be constructed, are based on the 
system of pulverized fuel firing. This mode of 
firing produces between 15 to 25 per cent ash clinker 
which is discharged from the bottom of the combustion 
chamber in the form of crushed pieces of sintered or 
fused ash, usually 2 to 20 mm in size. The bulk of 
the incombustible material in a pulverized-coal fired 
boiler is transported through the combustion chamber 
and heat exchange ducts and it is captured in the 
electrical precipitators. The catching efficiency of 
the modern ash collectors is high, so that only 0.5 
per cent weight or less fraction of the total solids 
escapes the ash collecting system.

The ash captured in the electrical precipitators is 
known in Britain as pulverized fuel ash, or p.f. ash, 
or PFA. Historically the term "pulverized fuel ash" 
was chosen to include the ash residue from pulverized 
coke. In the U.S.A, and in some other countries it is 
known as fly ash. This paper describes some of the 
research work on p.f. ash carried out at the Central 
Electricity Research Laboratories.

Raask (1) has shown that an interesting feature of 
p.f. ash is that it contains a proportion of hollow 
microspheres (or cenospheres) which are formed by 
internal evolution of gases at about 1400°C. This 
paper describes the properties of ash cenospheres and 
some of the lightweight composite materials made with 
hydraulic cements and resin binders.

POZZOLANIC ACTIVITY

Lea and Desch (2) have stated that for a material to 
be pozzolanic it should be capable of combining with 
calcium hydroxide liberated on hydration of Portland 
cement to form calcium silicates at room temperature. 
The definition implies that a pozzolanic material or 
pozzolana contains a "reactive" form of silica which 
ts capable of reacting with calcium hydroxide at 
significant rates relative to the rate of hydration of 
cement. Volcanic ashes and some diatomitic deposits 
to varying degrees are pozzolanic in behaviour; so is 
p.f. ash as discussed by Turriziani (3). The ash 
acquires the pozzolanic activity by the high 
temperature when the particulate mineral matter of the 
coal is dispersed in the coal flame.

P.f. ash is being increasingly used in concrete and 
grouting mixes for partial replacement of Portland 
cement as described by Barber et al. (4). There is a 
need fora rapid method of assessing the extent of 
pozzolanic activity of a given supply of ash. A 
search was made for a method for the determination of 
pozzolanic activity based on previous work on the 
formation and properties of p.f. ash by Raask (5).

The "classical" method of assessing pozzolanic mater
ials is that proposed by Fratini (6) and modified by

solution determined. ,
a qualitative sign of a reactive material, 
method is slow and errors can be introduced 
variations in the quality of cement used.

Rio (7). A mixture of the test material and Portland 
cement is kept in water at. 40 C for eight days and 
the amount of soluble calcium hydroxide left in.the

- • • a low Ca++-ion concentration is
The
by

Engineers designing concrete mixes with p.f. ash 
prefer to use the cementing efficiency factor (k) of 
the ash proposed by Smith (8). He suggested that the 
weight of p.f. ash (W) in a concrete could be con
sidered as equivalent to a weight kW of cement in^its 
contribution to the strength of the mix. Usually,' 
the k values are obtained from the strength measure
ments of ash, cement and water mixes after 28 days. 
A value of 0.15 or higher indicates an ash with a 
useful pozzolanic activity. The method has the same 
shortcomings as the chemical test of Fratini and Rio, 
but it is more readily acceptable and in this work it 
has been used as a standard for comparison.

A rapid test of pozzolanic property was proposed by 
Jambour (9). In his method the rate of heat 
evolution is measured when a pozzolana dissolves in a 
solution of hydrofluoric and nitric acid in a 
calorimeter. The test takes one hour to complete. 
Peck (10) applied the method to a selection of ashes 
but found a poor correlation with the method of 
Smith (8). The solvent medium, a mixture of 2 molar 
nitric acid (HNO3) and 0.6 molar hydrofluoric acid 
(HF) was too aggressive, and masked differences in the 
reactivity of the ashes. By omitting HNO3, the 
HF-solution reacts more selectively with silica and 
the reaction, results in an increase in H+-ion con
centration of the solution. HF is largely associated 
in water, whereas the reaction product, hydro- 
fluosilicilic acid is dissociated in water as shown 
by Palmer (11)

6HF + Si02 - 2H+ + SiF6— + 2H2O ... (1)

This suggests the possibility of following the 
reaction by measurement of the electrical conductance 
of the solution. A conductivity cell was constructed 
from FIFE which is resistant to chemical attack by 
hydrofluoric acid, as described by Raask and Bhaskar 
(12)

The conductance measurements were made at 27°C by an 
a;c; bridge, and the cell was calibrated with pure 
silica in the form of condensed fume. This uiterial 
reacts rapidly and quantitatively with 0.1 molar 
hydrofluoric acid because of its very small particle 
size (0.01 pm to 0.15 pm) as described by Raask and 
Wilkins (13). The conductance of the solution was 
found to be proportional to the amount of silica 
dissolved according to equation (1). ’

Ash samples of known cementing efficient (x-values as 
defined by Smith (8)) were used in these experiments. 
The ash dispersion in HF-solution contained one 
milligramme of solid per one cubic centimetre of 
acid, and the increase in conductance was monitored 
over a period of two hours.

The plots in Fig. 1 show the results for an 
initial reaction period between 15 minutes and one 
hour. The results fitted an exponential decay 
equation of the form.



W = W (1 - b e“Ct) ... (2)
r o ■ 

where Wr is the amount of silica reacted at time t and 
Wo is the initial amount of silica; b is a numerical 
constant and c can be defined as the reaction 
constant.

Fig. 1 - Dissolution of Silica of P.F. Ash in 0.1 
Molar Hydrofluoric Acid. "

The rate of silica dissolution deviates (it slows . 
down) from the diffusion law prediction after about 
50 per cent of the total silica in ash has been dis
solved. Kiss et al. (14) have shown that the majority 
of ash particles are made up from an inhomogeneous 
mixture of glassy material and crystalline species. 
The latter are resistant to acid attack and the 
dissolution rate of Si02 will decrease. The inhomo
geneity characteristics of p.f. ash particles are 
evident in Fig. 2 which shows the acid dissolution 
residue on the surface of ash particles after HF- 
treatment.

Fig. 2 - P.F. Ash Particles, Left - before the HF- 
Treatment, Right - after the Treatment. ) " '

The c-values for different ashes obtained by computer 
iteration were between 0.4 x 10“^ s-^ and
1.25 * 10”3 g-1. The pozzolaniC index (Pz) is defined 
in units of reciprocal kiloseconds, i.e.

Pz - 1000 C ‘ " ... (3)

The plot on Fig. 3 shows that there was a reasonably 
good correlation between the pozzolanic index (the 
acid dissolution test) and the cementing efficiency 
(crushing strength of p.f. ash mortars).

CEMENTIHC EFFICIEMCV. K

Fig. 3 - The Relationship Between the Ppzzolanic 
Index (Pz) and Cementing Efficiency (k)..

Of the ten samples tested seven passed the pozzolanity 
tests and three failed. That is, the ashes which have 
a pozzolanic index value, as defined by equations (2) 
and (3), below 0.5 should not be used as a pozzolanic 
material in concrete or grouting mixtures.A simplified 
method of HF-dissölution test can be applied for . 
routine checks of the pozzolanic quality of p.f. ashes 
as described by Raask and Bhaskar (12).

UTILIZATION OF POZZOLANIC P.F. ASH

The majority of limestone aggregates are stable in 
concretes at room temperature. However, in the U.S.A, 
and Canada there have been occurrences of aggregate 
failure caused by chemical attack as described by 
Hadley (15), and by Swenson and Gillott (16).

The thermal stability of a concrete made with Portland 
cement is influenced by the type of aggregate used in 
the mix. Hannant (17) and Imlach and Taylor (18) have 
shown that concretes made with limestones lost 
strength to a much greater degree than those made with 
siliceous aggregates. The strength loss could be 
caused by chemical reations between limestone and the 
calcium hydroxide, Ca(0H)2, liberated on hydration of 
Portland cement. Limestones quarried for use as 
aggregates in concretes contain some magnesium 
carbonate, MgCOs, which would be the species first to 
be attacked in the alkaline media "of hydrated cement 
paste. .

The rate of decomposition of the MgC03 fraction of 
dolomitic limestone in a calcium hydroxide solution 
can be determined by measuring the electrical con
ductance of the solution. After the solubility limit 
of Mg(0H)2 is reached, the amount of MgC03 reacted is 
proportional to the decrease in conductance due to the 
removal of 0H~ and Ca++ ions from the solution,

Ca**  + 2|0H| + MgC03 * Mg(OH)2 + Ca C03

Experimental results suggest that the rate of con
version of MgCOß fraction limestone to Mg(0H)2 in



CatOHli solution is governed by diffusion inside the 
solid particle. Glover and Kaask (19) have suggested 
that a test for a diffusion-controlled mechanism is to 

(da\ .
dt Ja8ainst 

the inverse of the square root of time as in Fig. 4. 
The rate of dissolution of the MgCO3 expressed as

W * 'V-r*  is given toy

where is the original molar fraction of MgCOg in 
the sample and w that at times t, a is the radius of 
particles» D is the diffusion constant» Since the 
conductivity change is proportional to the amount 
of reacted, equation (14) can be changed to.

The above results fit the above diffusion equation as

WVERSE OF SQUARE ROOT OF TWE, , 100

Fig. 4 - Conductance Changes of Ca(OH)2/Dolomitic 
Limestone Dispersion (A) Particle size <53 um 
(B) Particle size 53 pm to 76 pm.

In order to demonstrate the beneficial effect of p.f. 
ash in stabilizing the dolomitic limestone aggregate 
in concretes the mortar specimens were made with and 
without the ash. The test mortars were cured at room 
temperature for six months, followed by another six 
months in the autoclave at 150°C.

The results of the differential thermal analysis (DTA) 
in Fig. 5 show that the preferential reaction of 
Ca(0H)2 in the hydrated'cement mortar with ash leaves 
the aggregate unscathed.

TEMPERATURE,»

Fig. 5 - Stabilizing Effect of P.F. Ash on Dolomitic 
Limestone Concrete (A) Limestone concrete 
(B) Limestone concrete with p.f. ash.

Fig. 6 shows that the spherical particles of p.f. ash 
were well embedded in the cement matrix. The inter
face between the surface of the ash particles and the 
hydrated cement paste was diffused and no micro
cracking was observed in this locality.

Fig. 6 - Embedded P.F. Ash Particles in Hydrated 
Cement Paste (Left) - Crack Propagation at Limestone 
Aggregate/Cement Paste Interface (Right).

On the other hand, the sharp-edged particles of 
crushed limestone were less intimately bonded in the 
cement matrix. On drying the cement paste had shrunk 
away from one of the faces of the aggregate particles, 
thus initiating a crack propagation in the cement 
paste matrix. It was therefore concluded by Raas'k 
(20) that addition of p.f. ash to the concrete mixes 
with certain aggregates can enhance the chemical, 
thermal and mechanical stability of the concrete ' 
structures.

FORMATION AND PROPERTIES OF ASH CENOSPHERES

The large boilers at modern power stations burn coal 
in the form of powder of particle size about 1 to 
100 urn. During the process of milling, the minerals 
in coal are also ground approximately to the same 
fineness. In the flame the mineral particles fuse as 
discrete entities and the irregular shapes are changed 
to spherical forms by the force of surface tension as" 
described by Raask (5). At the same time gases are 
generated inside those mineral particles which con
tain,some carbonaceous matter, thus internal com
bustion takes place on the micro-scale. A vigorous 



evolution of gas explodes the particles but a steady 
rate of expansion followed by a rapid cooling results 
in the formation of a stable cenosphere.

Raask (1) has found that the process of gas evolution 
is catalysed by iron oxides present in the molten 
glass. The formation of the ash cenospheres is 
governed also by the viscosity and surface tension of 
fused silicate glass. In view of the complexity of 
the formation process, and since the boiler furnace 
is not designed to produce "freak" ash, it is not 
surprising that the number of cenospheres produced in 
the»flame is small - a few particles in every hundred. 
However, a number of large stations each produce 
several thousands of tons of the cenospheres each 
year.

The unique property of the cenospheres follows from 
the enclosed single void in each particle which is 
much larger than that of the shell. Low apparent 
density and the impervious shell permit the particles 
to separate from the dense ash in the disposal 
lagoons. This incidental separation process is 
fortunate, otherwise the recovery of the material 
would be uneconomical.

When the particles are viewed under the Stereoscan 
electron microscope the striking feature (Fig. 7) is 
that they are almost perfect spheres although there 
are a few particles with surface blemishes.

Fig. 7 - Ash Cenospheres and Close-up of a Particle

The characteristic properties of a typical sample of 
ash cenospheres are summarized in Table 1.

Table 1 - Properties of Ash Cenospheres
Particle size - 20 to 300 pm
Apparent density - 500 kg m”3
Bulk density - 300 kg m-3
Thermal conductivity - 0.1 W m-1 °C
Thermal stability limit - 1300°C

LIGHTWEIGHT COMPOSITES MADE WITH ASH CENOSPHERES

Composite lightweight materials can be made with the 
cenospheres using a variety of binders. The choice 
of binders and the amount used depends on the 
strength, density and working temperature requirements 
as shown in Table 2. Further data on the properties 
of ash cenospheres and on the composites can be found 
in the previous work of Raask (21 to 23).

Table 2 - Properties of Cenosphere Composites

Binder
Binder to 
Ash ratio 
VolzVol

Density 
kg m-3

Crushing 
Strength 
MN m-2

Portland 
Cement . 1:8 470 2.4

Ciment Fondu 1:8 440 2.5
Polyester resin 1:12 380 2.6
Phenol •
Formaldehyde 1:12 400 3.1

The above experiments were made with the view of using 
a minimum of binder to give a product of crushing 
strength above 2 MN m-z. These composites have suf
ficient strength for use as heat insulation 
materials.

An alternative to the approach of using a minimum of 
binder is to dispense the lightweight ash particles 
in a continuous matrix of the binder. The correct 
ratio of binder, including the fine clay for light
weight bricks, can be calculated from the density 
values given in Table 1. The bulk density of the 
fired product (870 kg m”3) is about the same as that 
of Moler bricks made, of diatomaceous earth. As the 
thermal conductivity of lightweight materials is 
proportional to the bulk density the cenospheres/clay 
brick should have approximately the same heat 
insulating properties as that of Moler brick of equal 
density. However, the advantages of the experimental 
material are that it has a higher crushing strength 
than that of the Moler brick, and a low absorptive 
capacity for liquids. In fact, the amount of H2SO4 
absorbed was found to be less than that taken up by a 
dense acid resistant brick. This makes it possible 
to use the material for lining chimneys and ducts 
where condensation of water or acids may take place.

Lightweight materials, impervious to liquids, can be 
made from ash cenospheres bound by resins. For 
example, the specimens made with phenol formaldehyde 
absorbed less than 0.1Z by volume of water.

The lightweight cenosphere ash is now available in 
Britain for the home market and the material is 
shipped to a number of overseas countries. The light
weight ash is supplied in bulk as an ungraded material 
for the manufacture of heat insulating materials of a 
low liquid absorption capacity. These are usually 
made with high alumina cements or with sodium and 
potassium silicate cements. For the manufacture of’ 
high quality epoxy resin composites the graded and 
cleaned material is supplied. The epoxy composites 
are used as buoyant materials and in other marine 
applications. .
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Composition and hydration of high calcium fly ash
Composition et hydratation de cendres volantes ä haute teneur en calcium

LIU HUAKUN, Engineer, LU ZHONGYA| Engineer and LIN SHENGJ1E, Engineer Cement Research Institute. 
Chine Populaire. •

RESUME : Les cendres volantes ä haute teneur en calcium, provenant de charbons pulv6ris6s ä 
haute teneur en calcium ont une bonne hydraulicitö et par des traitements simples peuvent 
devenir un ciment. Il y a dix ans que ce ciment est produit et utilisä en Chine, ä petite 
Schelle.

On a fait des Studes gSnSrales sur la composition des phases et sur 1'hydraulicitS de ces 
cendres volantes par diffraction ä rayons X, microscopie ä balayage, AID, etc. Ces Studes 
montrent que les cendres volantes ä haute teneir en calcium se composent principalement de 
verre, d'un peu de cristaux de ß-C-S et de CaSO. et de beaucoup d'oxydes de calcium libres. 
Durcies, elles comportent essentiellement-des gels de tobermorite incrustSs de cristaux ä 
haute teneur en alumino-sulfate de calcium. Ainsi les cendres volantes ä haute teneur en cal
cium Stant difförentes des cendres volantes ordinaires, possfedent une bonne hydraulicit6.

Les oxydes de calcium libres dans ces cendres volantes sont? formös presqu1instantanöment; 
leurscristaux sont trds petits et souvent ils adherent sur les surfaces des grains de’ verre. 
L' hydratation et la formation d'hydrates s'accSlferent mutuellement. Les oxydes de calcium 
libres n'ayant pas d’influence Unfavorable, sur la stability, sont d'importants composants 
actifs dans les cendres volantes ä haute teneur en calcium. ■

SUMMARY: The high calcium fly ash produced from the pulverized coal boiler possesses good 
hydraulicity. By simple treatment, it can be made into cement which has been manufactured 
and used in small scale in China for ten years. ■
The phase compositions of the ash and the hardened cement paste have been investigated by 
means of optical microscope. X-ray diffraction, scanning electron microscope; and differential 
thermal analysis. The high calcium fly ash mainly consists of high calcium glass and a small 
amount of crystals — B-CpS, CaSO^, etc. Besides, it contains a considerable amount of free 
lime. The hardened cement paste consists of ettringite and other crystals embedded in tober
morite gel. So the high calcium fly ash is different from ordinary fly ash. It possesses 
hydraulic property by itself. The free lime contained in the high calcium fly ash is formed 
almost instaneously, its crystal size being very small. It usually adheres on the surface 
of the glass. The slaking of lime and the forming of hydration products work out to mutual 
advantage. The free lime in the high calcium fly ash does no harm to soundness and is rather 
an useful Ingredient of the ash.



IKTRQBICTIQS

The pulverlaed coal, which contains a relatively 

high eoatent of line that is Inherent in coal itself 

as in the ease of lignite or Is deliberately added 

to the coal either to Improve' the hydrauliclty of 

fly ash ®r for snlphtir removal, is transformed Into 

high calcium fly ash (KCFA) when the coal dust turns 

away in the boiler. The phase composition of HCFA 

and so also Its properties are different from those 

of ordinary fly ash which contains line no more than 

56. HCFA possesses hydrauliclty tgr Itself. After" 

grinding and nixing with a few per cent of salt 

(KaCl) or ggypsun etc., HCFA can he made Into cement 

with 28 days compressive strength (mortar) of 

30-50 H/nn^. It expands slightly during hardening, 

but otherwise has similar performance characteris

tics as slag cement. It has been made and used In 

snail scale in China for some ten years.

COKSTIIVTiei OF HCFA

When pulverised coal Is Injected Into the boiler. 
It burns at a rate of 10^%/nln, and Is heated up 

to over 1200*0  In 0.05 sec. (1). Due to the impact 

of the high temperature, the immediate product of 

fly ash essentially becomes glass embedded with

10-25%  of crystalline minerals.

In the case with ordinary fly ash, the major 

crystals are quartz and mullite, while In the case 

with HCFA, the crystalline substances are usually 

p-CjS, Ct2A7, C2F, CaSOjj., free CaO etc., the content 

of free CaO can be as high as 5-15%. The X-ray 

diffraction patterns of some of the HCFA Investi

gated are Illustrated In figure 1. Their chemical 

compositions are given in Table I. As indicated, 

the constitutions of the crystalline substances of 

the HCFA are almost alike.

Fig. 1 XRD of HCFA ■
A-CaO B^p-C^ C”Cj2A7 D«C2F E-CaSOj^

The circumstances of formation of HCFA are quite 

different from those of portland cement clinker 

though both are products of high temperature. The 

high calcium coal dust bums in suspension state 

at very high temperature rising rate In an extremely 

short period and Is then rapidly quenched. So the 

crystals are poor in form and very small in size.

The minute crystals appear to disperse In the 

glasses or adhere to the surface of the glasses as 

. TABLE I
NO. Ig.loss S102 AI2O3 FeaO) CaO MgO SO3 [RS Total

1 1.66 26.?6 16.22 11.42 33.11 5.21 3.11 6.42 97.49
2 2.12 21.0? 10.87 10.01 47.08 5.88 1.90 9.51 98.93
3 0.92 13.61 9.79 8.75 55.29 4.77 2.95 13.08 96.48
4 2.5^ 25.15 14.46 8.99 39.72 2.76 5.5* 98.76
5 4.90 25.49 13.94 6.59 36.31 ».15 3.48 10.30 94.96



discrete particles. The spherical particles of 

free lime adhering to the surface of glass are 

Illustrated In figure1 2. Their sizes are 1-5 P or 

even smaller. The electron microprobe shows that 

a small amount of ferrous oxide can be dissolved 

In the free lime, which can be also discerned by 

the small shift of the 2.^1 Xd value (25- 37.31°) 

of CaO«

Investigation of the glass components have been 

made by means of polarizing microscope. They may be 

differentiated by their optical properties as 

according to H.A, Popov and a.A, Ivanov (2) 

(.see figure 3)i

Fig, 2 Free lime adhering to glass 
SEM 1000X

Fig, 3 Types of glasses In HCFA, 
polarizing microscope, U30X

1. Pink or greenish transparent glass, with refrac

tive Indices 1.620-1.640. They can be glassy 

melilite or gehlenite.

2. Yellow or yellowish brown translucent glass, 

with refractive indices 1.670-1.720, They are 

probably related to system C-F-S.

3. Brown or brownish black translucent glass, 

with refractive indices 1,720-1.735, They can be 

high calcium glasses.

4. Black opaque glass, their refractive Indices 

being very high, often appear In chain form due to 

their mutual attraction. They are glassy magnetite.

5. Agglomerates of fused particles, mostly spherical, 

the larger particles can be porous. Some of the 

smaller spherical particles adhere to the surface

of the larger particles or enter Into the latter’s 

cavities as shown In figure 4,

Fig, 4 Agglomerates of glass 
SEN 2600X

As can be seen from the electron microprobe, the 
compositions of different spherical particles could 

be quite different. This Is because the composi

tions of coal dust particles of different sizes 

are different, and the frequencies of collision 

between particles of argillaceous materials and the 



CaO particles are also different. The Interreaction 

during collision of the particles results in the 

formation of eutectic mixtures which tend to contract 

into spherical particles due to surface tension.

In the mean time, particles that are less liable to 

melt become porous when the combustibles burn away. 

In comparison with ordinary fly ash, there are in 

HCFA much more glasses of types 2 and 3 which possess 

good hydraulicity. the higher the content of CaO, 

the more are the types 2 and 3 and the less glass 

of type 5 in HCFA. Up to the limit of 45%, the 

higher the content of total CaO in HCFA, the higher 

Is the strength of the HCFA mortar, whereas the 

strength of the mortar decreases when the CaO con

tent exceeds 45% because the free CaO then also 

becomes too high. The reason, that HCFA possesses 

hydraulicity by Itself In comparing with slag that 

has as high content of CaO, lies in the fact that 

the free CaO in HCFA acts as activator of hydration. 

When HCFA is reheated to a temperature of 1350-1450 °C 

and then rapidly cooled, it loses its hydraulic 

property because all the free lime become absorbed, 

so is the constitution of the product also changed. 

This has been confirmed by our experiments.

HYDRAULIC PHOPEBTY

When HCFA is mixed with water, it starts hydration 

almost instantly. Free lime slakes to form Ca(OH)2 

which together with CaSOU dissolves in water.

They act as activators in the hydration of glasses, 

p-C2S and some of the other minerals also hydrate. 

The final hydration product of the hardened paste 

then consists essentially of calcium trisulpho

aluminate embedded in tobermorlte gel.

Gypsum, salt (NaCl) and other additives improve the 

strength of the hardened paste as shown in table II 

the HCFA cement used for the test has its composi

tion marked NO. 5 in table I.

If 6% of gypsum were mixed with HCFA, the content 

of SC3 in the mixture as calculated Increases to 

5.44%, from which considerable amount of ettringite 

could have been formed in the hardened paste. If, 

instead, 2% salt were mixed with HCFA, in addition 

tc calcium trisulphoaduminate and CSH, there would 

be also calcium chloroaluminate in the hydration 

product. The X-ray diffraction patterns of the 

hydrating pastes at different ages are illustrated 

in figure V, Ettringite forms largely during the 

first day of hydration,- the height of its peaks 

Notei Tests made on 1i3 mortar 1GB 177-62)

______________________ TABLE II
Weight proportion 
HCFA 1 Addltivies

Specific 
surface 
cm2/g

Initial 
set 
hr, mln.

Final 
set 
hr. min.

Tensile 
strength N/ma^

Compressive 
strength N/mm^

7 days 28 days 7 days 28 days

100 1 0 6250 0 36 1 40 2.8 2.9 29.6 33.4
94 t 6 (gypsum) 6620 0 58 2 58 2.8 2.7 33.4 44.8

' 98 1 2 (salt) 6100 0 35 1 39 3.1 3.7 44,0 56.4



rises no longer from the second day of hydration, 

but, instead, calcium chloroaluminate is being 

formed. This is analogous to the experimental 

result by Nemat Tenoutasse (3), He described that 

when CjA is hydrated in the presence of CaC12 and 

CaSOii.^ZHgO, the SO^" ions react first to give tri

sulphoaluminate, the formation of monochloro

aluminate begins only after the SO^" ions have been 

depleted. As reaction proceeds further, C^AH^j

Fig. 5 XRD of hydration pastes of HCFA with 
. addition of 2% salt

a-CjA«3CaSQ4.«32H2O . . b-C^A-CaC^’lO^O 

C"CaCOj d^CaCOH}^ e—C^AH^^

A-CaO B-p-C2S C"C12A7

D-C2F E-CaSO/i,

1.2.3. 1».5~ i day, 2,3,7,28 days respectively

The ETA curve of the hardened HCFA cement paste 

steam cured at 100 °C for U hours after 7 days wet 

curing is illustrated in figure 6, The 130°C and 

l?OeC endothermic peaks correspond to the dehydra

tion of CSH and ettringite respectively, the ti65°C 

exothermic peak indicates the combustion of the 

residual carbon in HCFA, the 830°C endothermic 

peak indicates the decarbonization of CaCO^ and 

lastly 890 °C exothermic peak indicates the forma- 

tt»n of p-CS from dehydrated CSH,

Fig, 6 DTA curve of the hardened HCFA 
cement paste

The addition of salt accelerates the hydration of 
free lime and the formation of calcium aluminate 

hydrate (4) while it depresses the pH value of the 

hydrating solution, so that the rate.of hydration 

of the silicate is also accelerated (5), This can 

be verified by the increase of heat of hydration 

at early ages as is shown in table III, It should 

be pointed outj so is it well known, that salt 

promotes corrosion of the reinforcing steel.

TABLE III

Common 
salt 

%

heat of hydration Cal/g

1 day 2 days 3 days

0 58.2 62.6 69.7

1.5 68.1 73.3 79.U

The morphology of HCFA hydration products is shown

Fig, 7 Morjiiology of HCFA cement (added with 
2% salt) hydration products, SEM 2100X 

in figure 7.



Unlike the dead burned free line In portland cenent 
clinker, the free line In HCFA serves only as an 

alkaline activator of hydration and causes no undue 

expansion after hardening of the paste, even though 

Its content could be sonetines as high as 15%. This 

can be readily understood fron the clrcunstance of 

fornatlon of HCFA which has already been described.

As It is shown in Fig. 5» fron the second day of 

hydration, the peaks of CaO decrease appreciably 

and after the seventh day, no CaO can be detected 

any note. The coefficient of expansion of the 

testing prise Is less than 0e8% for HCFA neat 

paste stean cured at 100 °C for h hours after 7 days 

wet curing. There has not been record to this 

day unsoundness" of concrete nade fron HCFA cenent 

since its first use some ten years ago.

CONCLUSIONS

1. High calclun fly ash Is coaposed of 15-25% of 

crystalline substances i.e., ß-C^, C^2y,  CgF, 

CaSO^, free CaO, etc. and heterogeneous glasses 

of different varieties.

*

2. The hydration products of HCFA without additive 

essentially consist of calcium trisulphoaluminate 

embedded In tobermorlte gel.

3. The free CaO acts as an Important activator 

in the hydration of HCFA and causes no harmful 

effect on the soundness of mortar or concrete 

insplte of Its high content.

ifr. Common salt (NaCl) as an additive, accelerates 

the hydration of free lime, the formation of 

calcium sulphoaluminate and silicate, and reacts 

with excess hydrous aluminate to fora calcium 

ohloroaluminate,

5. The utilization of HCFA does not only contribute 

to the betterment of the environment in removal of 

S02 from the exit gases of coal fired boilers, but 

also provides cement as a by-product of power 

plants.
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Formation of 10 A and 14 A tobermorite from 
- pozzolanic glassy silica .

Les tobermorites de 10 A a 14 A formes ä partir de pouzzolane si!iceuse 
vitreuse

N. HARA and N. INOUE, Government Industrial Research Institute, Kyushu, Japon.

RESUME : On a etudle la reactivlte hydrothermique, en presence de chaux, de deux sortes de 
pouzzolanes slllceuses vltreuses :
1) le verre volcanlque (perte au rouge 2.7,510, 74.3,Al,0, 12.7, Ee,0, 1-3, CaO 1.5, MgO 0.2, 

Na,0 4.4, K,0 3.0 %; 5,950 et 3,460 cm2/g)dune  sorte aeposee au^midi de Kyushu; et*
2) la^slllce vitreuse de quartz fondu (SIO2 99.97 %; 1,550 cmz/g)

Dans le premier cas le rapport Ca/Si est de 0.6 ä 0.9, et eau/sollde 20 en poids. Les experien
ces ont ete reallsees ä des temperatures de 70 ä 100°C, avec unerduree de reaction de 2 ä 120 
jours. .

A partir du -verre volcanlque, la tobermorite 10 A est formee par une reaction ä 80’C d'une du- 
ree de 20 ä 30 jours. Les cristaux sont constitues deeplaquettes ou de fibres allongees pargl- 
lelement ä b avec clivage ■(100). La tobermorite 10 A est remplacee par la tobermorite 11 A 
si la reaction dure plus de 40 jours. ■

La tobermorite 14 A est formee dlrectement ä pagtlr de la silice vitreuse. Par chauffage dans 
1’air, celui-ci se convertij en tobermorite 11 A ä 60-400°C. Cependant celul-ci ne se trans
forme pas en tobermorite 9 A par chauffage jusqu'au 800°C, contrairement ä ce qui se passe 
avec la tobermorite naturelle. ' '
La longueur desmailles de la tobermorite 14 A est diminuee par 1'addition de A^O^. L'addition 
de Al,0, 0.5.5% melangee de sillcg vitreuse et de CaO a realise des longueurs de maille de 
14 A et 12 A, 2 % 11 A et 5 % 10 A. L'addition de Al203 2 % et de NaOH 0.5 % donnait la lon
gueur de 10 A . L'gddition de NaOH seule ä 0.5 ä 1 % pourralt ameliorer la cristallisation de 
la tobermorite 14 A. •

Ces resultats permettent de comprendre le mecanlsme de synthese des tobermorites de longueurs, 
de maille diverses alnsi que la similitude des tobermorites aux C-S-H (I) pour des rapports 
Ca/Sl varies.

SUMMARY : Hydrothermal reactivities with lime of two kinds of pozzolanic glassy silica ; i) 
volcanic glass (ig loss 2.7, SiO2 74.3, A12O3 12.7, Fe2O3 1.3, CaO 1.5, MgO 0.2, Na2O 4.4, K2O 
3.0% ; 5,950 and 3,460cm2/g), a kind of pozzolana deposited in South Kyushu, and it) silica 
glass made from fused quartz (SiO2 99.97% ; l,550cm2/g), were studied at starting Ca/Si mole 
ratios of 0.6-0.9 and water/solid ratio of 20 by weight under various combinations between 
reaction temperatures (70-100* ,C) and periods of reaction time (2-120days). •
From volcanic glass, 10Ä tobermorite formed by the reaction at 80eC for 20-30days. The crystals 
were lath-likeeor fibrous elongated parallel to b with (100) cleavage. The 10Ä tobermorite was 
replaced by 11A tobermorite for more than 40days' reaction.
From silica glass, 14Ä tobermorite formed repjoducibly. By heating in the air it transformed 
into 11Ä tobermorite at 60-400eC. But this 11A tobermorite did not transform into 9Ä tobermorite 
during heating up to 800eC in contrast to natural 14Ä tobermorites.
The basal spacing of 14Ä tobermorite decreased by addition of A12O3. Addition of 0.5-1.5% of 
A12O3 to £he mixture of silica glass and CaO gave the basal spacings of 14& and 12A, 2% 11Ä, 
and 5% 10A. Addition of 2% of A12O3 and 0.5% of NaOH gave that of 10Ä. Addition of 0.5-1% of 
NaOH improved the crystallinity of 14Ä tobermorite.
These results suggest well how to synthesise tobermorites of different basal spacings, and 
similarities of these tobermorites to C-S-H(I) of different Ca/Si mole ratios.



introduction
Reactions of pozzolanas with lime at ordinary 
temperatures have been well investigated due 
to the practical standpoint, where hydration 
products are usually poorly crystalline. When 
autoclaving is applied, the hydration products 
become well crystalline but are very often 
dominated by the formation of 11A tobermonte.
By applying the temperatures of steam curing 
to the reactions of pozzolanas, the present 
authors (1, 2, 3) could synthesise 10Ä and 
14a tobermorites reproducibly. There have been 
many reports on synthetic 11Ä tobermorite,but 
very few or none on synthetic 10A and 14A to
bermorites. These 10Ä and 14A tobermorites. 
showed not only some interesting characteris
tics which have not been reported so far, but 
also close relationships to C-S-H(I) of vari
ous Ca/Si. Besides, effects of Al and Na ions 
investigated in the syntheses at around these 
temperatures seem to give some clues to cla
rify how various tobermorites of different 
basal spacings could occur including 12Ä to- 
bermorite and tacharanite.
These results are reported in this paper.

METHODS
Two kinds of pozzolanic glassy silica were 
chosen as a starting material, i.e. i) volca
nic glass (ig loss 2.7, Si02 74.3, AljOß 12.7, 
Fe2O3 1.3, CaO 1.5, MgO 0.2, Na20 4.4, K20 3.0% ; 
5,950 and 3,460cm2/g) , separated hydraulically 
from volcanic ash deposited abundantly in 
South Kyushu, and it) silica glass (S1O2 99.97% 
; l,550cm2/g), made from fused quartz. CaO was 
obtained by calcining precipitated CaCO3 at 
1,000-1,100eC.
Each siliceous material was mixed with CaO at 
starting Ca/Si of 0.6-0.9 and with water at 
water/solids ratio by weight of 20. For some 
preparations, 0.5-5% of y-Al2O3(<0.05um) or
0.5-1%  of NaOH were added to the mixture of 
silica glass and CaO by weight. Each mixture 
was kept in a stoppered polyethylene bottle 
and cured at 70-90ttC for 2-120days. For reac
tions at 100°C a stainless autoclave with a 
stirrer was used instead of the polyethylene 
bottle.
At intervals of 3-10days, a portion of prepa
ration was pipetted from the bottle, filtered 
and dried in a vacuum desiccator at room tem
perature.
All the preparations were examined by x-ray 
powder diffractometry and DTA-TG. Besides, 
some of them were examined by electron micro
scopy, energy dispersive x-ray microanalysis, 
selected area electron diffraction (SED) and 
chemical analysis of unreacted siliceous ma
terial. Changes of the basal spacing on heat
ing in the air from 60°C to 900 °C for 20hrs 
at each temperature were measured by x-ray 
powder diffractometry to identify a type of 
tobermorite according to its thermal behaviour. 
RESULTS
1. Reaction of Volcanic Glass
Hydration products obtained by starting from 
volcanic glass are summarised in Table I» 
10A tobermorite formed at 80®C for 20-30days

TABLE I

Reaction temp. 80°C .100°C

Days 0.6
Startin 

0.7
g Ca/Si 

0.8 0.8* Days Ca/Si 
0.8

C-S-H C-S-H C-S-H C-S-H ]_ C-S-H
10 CH CH CH CH A,CH

9.9T 9.9T C-S-H
20 9.9T 9.9T CH 2 CH

30 10.0&
11.9T 10. OT 10.0T 10.0T 3 C-S-H

CH

40 11.8&
10. OT

10.OS
11.9T

11.8S
10.0T 10.0T 4 C-S-H

50 11.8& 
10.0T

11.8S
10.0T

11.8S
10.0T 10.0T 5 C-S-H

60 11.8S 
10.0T

11.8S
10.0T

11.8S
10.0T 10.0T 6 11.8T

70 11.8s 
10.0T

11. 8S
10.0T 11. 8T 10.0.S 

12.3-13T 7 11.8T

Hydration products from volcanic glass.
C-S-H : C-S-H and C-S-H(I). CH : Ca(0H)2.
T : Tobermorite. Numerals in front of’T'show the 

basal spacing (A) of the tobermorite.
A : C3A.CaCO3.12H2O.* : Volcanic glass of 3,460cm^/g was used in this 

preparation. That of 5,950cm2/g was used in 
the other preparations.

Hydrogarnet, C3ASH^, formed in most of the run, 
but was excluded from the table.

X-ray diffraction data of 10A tobermorite.
* : ASTM diffraction data card 6-0020.
** : Starting Ca/Si=0.7, 80°C, 30days.

TABLE H

hkl Natural* Synthetic**
d(A) 1/1002 d(A) iy,"t002

002 10.0 100 9.94 100
8.93 12
5.40 7

202 4.92 50 5.04 10
204 3.78 50 3.80 7

3.63 10
006 3.34 50 3.29 44
220 3.05 100 3.06 95
206 2.93 80 2.96 65

2.92s 21
400 2.80 80 2.83 24

2.70 28
2.60 21

008 2.53 30 2.529 17
? 2.44 20 2.442 9208 2.31 50 —
2 2.21 30 2.201 800-10 2.05 50 2.058 9040 1.83 70 1.838 232 1.72 30 1.746 8620 1.67 40 1.672 5606 1.62 40 1.629 6440 1.53 30 1.526 400-14 1.44 20 1.439 3800 1.40 40 1.404 4

s : This line was detected as a shoulder on 2.96A 
peak.



X-ray powder diffraction data of the synthetic 
10Ä tobermorite which showed the highest cry
stallinity among the preparations are listed 
in Table H compared with those of a natural 
specimen from Crestmore. The lattice parame
ters of the synthetic 10Ä tobermorite compu
ted by the least square method from the inde
xed data in Table 2 are ao=11.24Ä, ho=7.31A 
and co=20.26Ä. These agreed well with those 
of Crestmore specimen, i.e. ao=ll.2Ä, jbo=7.3Ä 
and co=20.5Ä.
The crystals of 10Ä tobermorite were lath-like
[A] or fibrous [B] elongated parallel to b 
with (100) cleavage (figure 1, A & B).
In the SED pattern of a lath-like crystal ly
ing on (100), diffraction spots were indexed 
to Okl where k and 1 were even (figure 2). 
When k was odd, reflections became continuous 
streaks parallel to c*  due to disorder.
Some of the fibrous crystals showed a similar 
pattern to figure 2, but the diffraction spots 
disappeared very often during observation,and 
others gave diffraction rings similar to those 
of C-S-H(I). These results suggest that the 
lath-like crystals were the higher in crysta
llinity than the fibrous ones.
Figure 3 is a high resolution electron micro
graph of the synthetic 10Ä tobermorite lying 
on (100).Lattice planes 10Ä apart are resolved.
On prolonging the reaction time, 10Ä tobermo
rite was gradually replaced by 11Ä tobermori
te, but a trace of 10A tobermorite was detec
ted even after 60-70days. The basal spacing 
of these 11Ä tobermorite was 11.8Ä, a little 
longer compared with 11.3Ä of ordinary ones. 
This is characteristic Of Al-bearing 11& to
bermorite (4, 5) .
The crystals of 11Ä tobermorite were platy 
elongated parallel to b with (001) cleavage. 
11Ä tobermorite formed also by the reaction 
at 100°C for more than six days.
Moreover in almost all the runs, the formation 
of hydrogarnet, C3ASH,, was observed. Its 
yield was higher at 100°C than 80oC. 
C3A-CaCO3.12H2O was also obtained at 100’C 
for one day.

Fig. 1 - Electron micrograph of 10A 
tobermorite.

Chemical compositions were determined 
energy dispersive x-ray microanalysis on each 
crystal of 10Ä and 11A tobermorites using ß- 
wollastonite and kaolinite for calibration 
(Table m). 10Ä tobermorite gave the higher 
Ca/Si and Ca/(Si+Al) than 11A tobermorite.
On heating in the air, 10Ä tobermorite dete
riorated to an amorphous form at around 300°C, 
which transformed into B-wollastonite at800°C. 
11Ä tobermorite proved to be an anomalous type 
since it kept the basal spacing at about 11Ä 
until the transformation into ß-wollastonite 
occurred at 800-900°C.

Fig. 2 - SED pattern of 10Ä tobermorite with 
Au ring for calibration.

Fig. 3 - High resolution electron micrograph 
of 10A tobermorite.
Lattice planes 10Ä apart are resolved.



Chemical compositions 
red from silica glass

TABLE HI

Tobermorite 10Ä 11A

Days ^20 • 30 20 30 40

Ca/Si
Ca/(Si+Al)
Al/(Si+Al)

1.38+ 1.15

1.13 0.95
0.18 0.17

1.75*  0.94**  0.93

1.46 0.78 0.79
0.17 0.17 0.16

of tobermorites prepa- 
(5,950cm2/g ; starting

Ca/Si=0.8, 80°C). „
t : Fibre bundle, precursor of 10A tobermorlte.
* : Crumpled foiiLrecursor of 11A tobermorlte.
** : Thin plate J

2. Reaction of Silica Glass
14A tobermorlte was reproducibly obtained from 
mixtures of silica glass and CaO over a wide 
range of temperatures from 70°C to 100°C 
(Table 3V) . The lower the reaction tempera
ture and- the higher the starting Ca/Si were, ■ 
the longer the period gf reaction time was 
necessary to obtain 14A tobermorlte. Atothe 
reaction temperatures less than 80°C 14Ä to- 
bermorite was stable, but a tendency was ob
served that it might transform to 11Ä tober- 
morite at temperatures higher than 90°C.
X-ray powder diffraction data of the synthe
tic 14A tobermorite agreed well with those of 
a natural specimen from Crestmore (6). Lattice 
parameters of the synthetic 14Ä tobermorite 
were ao=11.26Ä, 2>O=7.33Ä and co=27.88Ä.
The crystals of 14Ä tobermorite were lath-like 
or platy elongated parallel to b with (001) 
cleavage (figure 4). In the SED pattern of the 
lath-like crystal lying on (001), diffraction 
spots were indexed to hkO where h and * were 
even (figure 5). When h and k were odd, 
streaks parallel to a*  were observed, which 
show the presence of disorder.
Ca/Si and HjO/Si of 14Ä tobermorite prepared 
at 80°C determined by chemical analysis con
verged to 0.74-0.82 and 1.35-1.42 respectively 
for more than 40days. Ca/Si of the crystals 
determined by energy dispersive x-ray micro
analysis are summarised in Table V.
On heating in the air, the synthetic 14Ä to
bermorite transformed to 11Ä tobermorite at 
60-400°C. These kept their basal
spacing at about 11A or reduced it to about 
IDA during heating up to temperatures where 
the transformation to B—wollastonite occurred. 
The former should be designated as an anoma
lous type and the latter a mixed type (= an 
intermidiate of normal and anomalous types) 
in the same way as shown in the classification 
of 11Ä tobermorite (7).

Effects of addition of Y-AI2O3 and NaOH are 
summarised in Table VI as the hydration pro
ducts prepared at 80°C.
Addition of alumina decreased the basal spa
cing and finally gave Al-substituted 11Ä to
bermorite.

Hydration products from silica glass.
C-S-H : C-S-H and C-S-H(I). CH : Ca(0H)2.
T : Tobermorite. Numerals in front of'T'show the 

basal spacing (A) of the tobermorite.
s : The basal spacing suffixed by 's' was obser

ved at a shoulder of the neighbouring basal 
reflection in x-ray diffractometry.

A : This preparation was omitted.

TABLE JV

Tempera
ture, °C

Days Starting Ca/Si 
0.6 0.7 0.8 0.9

70

5

10
20
30
40

C-S-H C-S-H C-S-H C-S-H
CH CH CH CH

C-S-H C-S-H C-S-H C-S-H 
14.0T 14.0T C-S-H C-S-H 
14.0T 14.0T 14.0T 13.6T 
14.0T 14.0T 14.0T 14.0T

80

2

5
10
20
30
40
70

120

C-S-H C-S-H C-S-H C-S-H 
CH CH CH CH

C-S-H C-S-H C-S-H C-S-H 
14.0T 14.0T C-S-H C-S-H 
14.0T 14.0T 14.0T 14.0T 
14.0T 14.0T 14.0T 14.0T 
14.0T 14.0T 14.0T 14.0T 
14.0T 14.0T 14.0T 14.0T 
14.0T 14.0T 14.0T A

90

5

10

20

30

40

70

14.0T 14.0T C-S-H C-S-H

14.0T 14.0T 14.0T

14.0T 14.0T 14.0T 14.0T

14.0T 14.0T A4",0™

14 0T 14 0T 14.0& 14.0& lA.Ui is.ui 12 1T 12.6sT

. _ 14.0& 14.0& 14.0&
14.ui 12.2st 12.6T 12.6T

100
2

7

A 14.0T A A

13 8T 14 0T 14.06 11.8613.01 14.Ul J2.4T 14.OT

Ca/si mole ratios of tobermorites prepared 
from silica glass (Starting Ca/Si=0.7, 8O'*C).

Foil : C-S-H(I), precursor of each tobermorite.
Plate: Crystalline tobermorite. A : Unobserved.

* : 2Z of Y-AI2O2 to solids by weight was added 
to this preparation.

TABLE V

Tobermorite 14Ä 11Ä

Days 5 10 20 40 20*

Foil 
Plate

1.00 0.82 0.70 0.65
A 0.81 0.78 0.78

1.38
0.89



Fig. 4 - Electron micrograph of 14A 
tobermorite.

Fig. 5 - SED pattern of 14A tobermorite.

Hydration products prepared from silica glass 
with addition of y-AIoOj and NaOH (Starting 
Ca/Si=0.7, 80’C).

C-S-H : C-S-H and C-S-H(I). CH : Ca(OH)2.
T : Tobermorite. Numerals in front of ’T* show the 

basal spacing (A) of the tobermorite.
s : The basal spacing suffixed by "s' was observed 

at a shoulder of the neighbouring basal reflec
tion in x-ray diffractometry.

TABLE M

Days 5 ' 10 20 40 70

0.5 % C-S-H 13.4T 14.1& 
13.0sT

14.0& 
13.0sT

14.06 
13.0sT

1 
ri

C-S-H C-S-H 12.IT 12.1&
14.0T

12.16 
14.0T

O
1.5 C-S-H

CH C-S-H 10.7T 11.9&
14. IT

11.86 
14.0T

2 C-S-H 
CH C-S-H 11.8T 11.6T 11.6T

5 C-S-H
CH

C-S-H 
CH

10.0T 
CH 10.2T 11.8T

§ °-58 C-S-H 14. IT 14.0T 14.OT 14.OT
§ 1 C-S-H 14. IT 14. IT 14.0T 14.0T

AI2O3 2 4 
NaOH 0.5%

C-S-H
CH

C-S-H 
CH

C-S-H 
CH

11.86 
10.7T

11.76 
14.0gT

When 2% of alumina to solids by weight was 
added, 11Ä tobermorite formed in all the pre
parations of starting Ca/Si 0.6-0.9. The 11A 
tobermorite was platy with (001) cleavage. 
Besides, addition of alumina decreased SiOj 
reactivity and H2O/S1, increased Ca/Si and 
improved normality in thermal behaviours of 
11A tobermorite.
The results in Table VI may suggest the form
ation of 12& tobermorite or tacharanite during 
a decrease of the basal spacing according to 
an increase of alumina from 0.5 to 5%.

Addition of 5% of alumina retarded the reac
tion and gave 10Ä tobermorite of poor crys
tallinity as an intermidiate phase.
The crystallinity of 14Ä tobermorite was 
improved with addition of 0.5-1% of NaOH.
The reaction with addition of alumina and 
NaOH showed a certain similarity to that of 
volcanic ash.

DISCUSSION
As crystalline tobermorites, the phases 
having the basal spacing of 14Ä, 12Ä, ll$f 
10Ä and 9Ä are known so far. Since 9Ä tober- 
morite is obtained as a dehydrated form of 
the other tobermorites, its hydrothermal 
synthesis at low temperatures seems to be 
impossible.
14Ä tobermorite has been found in several 
places (8), but its synthesis was only once " 
reported by Kalousek and Roy (9).The synthe
tic 14Ä phase seems to be poorly crystalline 
judging from their brief description on it. 
14A tobermorite prepared in the present study 
was well crystalline, and showed different 
thermal behaviours from the natural specimens. 
The synthetic ones were an anomalous type or 
a mixed type. On the other hand; all the na
tural specimens have been reported to trans
form to 11Ä tobermorite at-about §0”C on 
heating in the air, and then to 9A tobermorite 
at about 300°C. Namely, these are a normal 
type. Anomaly of the synthetic specimens 
seem to be caused by its low Ca/Si due to high 
solubility of silica glass (10). _
12 Ä tobermorite is recently thought to be 
possibly the same as tacharanite (11). The 
fact that tacharanite, Ca^(Si^O^8H2)^/SAl^Oj 
•5H2O (12) , contains Al ions in its composi
tion may suggest the similarity of the 12Ä 
phase prepared with addition of alumind(Table' 
M) to tacharanite. 12A phase was also observed 
in the preparations without addition of alu
mina at 90-100“C (Table J7), and Suring heating 
the synthetic 14Ä tobermorite in the air. 
Further investigations are still continuing 



to clarify relationships among them.
The lowest temperature ever reported where the 
formation of 111 tobermorite was possible was 
90eC by Mitsuda et al (ll)who could succeed by 
using clinoptilolite, a natural zeolite. The 
present results suggest the possibility to , 
lower it even below 80®C, when suitable sili
ceous materials of high solubility are selec
ted and sufficient periods of reaction time 
are allowed. The presence of alumina was con
firmed to function well for this purpose.
The synthesis of 10Ä tobermorite has been un
known so far. However,by starting from volcanic 
glass,or silica glass with addition of 5% of 
alumina lOA tobermorite could be obtained re- 
producibly. A decrease of silica solubility 
caused by the presence of Al ions may be sui
table for the formation of 10A tobermorite 
which is thought to be richer in Ca and defi
cient in Si ©»pared to 11A tobermorite (11) . 
The synthetic 1QÄ tobermorite was peculiar in 
its crystal habit to show (MO) cleavage. 
Almost all tobermorites have been known to be 
(001) cleavage except 11A tobermorite from 
Loch Eynort (14). Further study is still 
necessary to clarify these reasons.
A rough correlation has been reported on C-S 
-H(I) between the basal spacing and Ca/Si;the 
basal spacing falls from 13-14A for Ca/Si of 
0.8, 12-12.5A for Ca/Si of about 1.0, to about 
10Ä for Ca/Si of 1.5 (15). In the present 
stud^, 14Ä tobermorite showed the lowest Ca/Si 
,' MA tobermorite the highest Ca/Si and 11Ä 
tobermorite an intermidiate Ca/Si between 14Ä 
and 10Ä phases. It seems therefore reasonable 
to consider that each tobermorite of different 
basal spacing is a well crystalline form of 
each C-S-H(I) of different Ca/Si respectively. 
Temperatures around 80’C are thought to be 
effective.to crystalliseethese C-S-H(I) espe
cially to semi-stable 14A tobermorite, or less 
stable 10Ä and 12Ä tobermorite.

CONCLUSIONS
Reproducible syntheses of 10Ä and 14Ä tober
morite were possible by hydrothermal reactions 
of volcanic glass or silica glass with lime 
at temperatures about 80°C.
The 10Ä tobermorite was lath-like or fibrous 
elongated parallel to b with (100) cleavage. 
The 14Ä tobermorite was stable hydrothermally 
at temperatures less than 80eC in the absence 
of Al ions, and was confirmed to be an anoma
lous or a mixed type in its thermal behaviour.
Addition of alumina to the mixture of silica 
glass and lime functioned to decrease the 
basal spacing of tobermorite from 14Ä to 11Ä, 
the latter of which was the most stable under 
th^ present reaction conditions.
12Ä phase, which might be 12Ä tobermorite or 
tacharamte, and 10A tobermorite formed on the 
way of crystallisation to 11Ä tobermorite with 
addition of alumina. These were less stable 
than HA or 14A tobermorite.
It is suggested from these results that each 
tobermorite of different basal spacing may be 
Ca/Si1 crystalllne £orm of C-S-H(I) of different
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Hydration Reactions of C3A Contained in an Unusual 
Flyash

Reactions d'hydratation d'une cendre volante particuliere contenant du 
C3A

SIDNEY DIAMOND, U.S.A. .

SUMMARY :
Flyashes produced from certain lignite and sub-bituminous coals have high contents of analytical CaO, 

presumably derived from limestone within the coal deposits. In the U.S. a special category, "Class C" flyash 
has been designated for these materials. The mineralogy of the non-glassy portions of some of these flyashes 
is different from conventional flyashes, and in the material described CqA, free lime, and anhydrite are all 
present. The flyash sets rapidly when mixed with water, and produces ettringite and C4ASHi2- The unique 
spherical morphology of the flyash grains makes the morphological relationships between the hydration products 
and the unhydrated material unusually clear. The early reactions are similar to those of C3A in portland 
cement, and the ash might serve as a useful model system for the study of the influence of_various admixtures 
and other substances on C3A reactions and setting behavior. Presumably ettringite and C^.ASH-[p are also produced 
when flyashes similar to the one studied are incorporated in concrete, and their production should enhance 
early strength development. ' "■ ’

RESUME :
Les cendres volontes produites por certains lignites.et par des charbons bitumineux ant une 
teneur dlevde en ions CdO, provenant probablement des calcaires incorporSs ä ces depots g6o- 
logiques. Aux Etats-Unis, une catdgorie sp6ciale de cendres volantes "la classe C" a 6t6 ddfi- 
nie pour ces matdriaux. La mindralogie des phases-vitreuses de quelques unes de ces cendres 
volantes est diffdrente de celle des cendres volantes habituelles, et dans ces matdriaux on 
trouve du CgA, de la chaux libre et de I'anhydrite. Ces cendres volantes font prise ropide- 
ment lorsque malaxdes avec de l'eau; il se produit de l'ettringite et du C^A^H.?.
La forme, unlquement sphdrique, des grains de cendres volantes, rend particulierement nettes 
les relations morphologiques entre le matdriau anhydre et les produits de son hydratation. 
Les rdactions initiales sont analogues ä celles du C^A dans le ciment portland, et ces cendres 
ont pu servir de moddle courant, pour I'dtude de I'action de divers additifs et autres substan
ces, sur les rdactions du C-A et le comportement durant la prise. Il est probable que de l'et
tringite et du C^ASHj- sent aussi produits quand des cendres volantes analogues ä celles dtu- 
dides ci-dessus sont1incorpordes au bdton; leur utilisation pourrait apporter une augmentation 
des rdslstances initiales.



INTRODUCTION

The chemical and mineralogical composition of fly
ashes largely reflect, the nature of the inorganic 
portions of the coal being burned, and to a lesser 
degree the burning conditions involved. • Most fly
ashes typically contain glass and such minerals as 
quartz, mullite, magnetite, hematite, periclase, etc. 
The reactive component is primarily the glass, and ■ 
reaction in concrete occurs only slowly.

In'recent years lignite and sub-bituminous coals 
have become major sources of fuel for electric power 
plants in the western part of the U.S. Many of 
these coals include significant contents of lime
stone, thus generating flyashes much richer in CaO 
than conventional flyashes. With large volumes of 
such flyashes now available, their use in concrete 
is becoming widespread. Committee C-9 on Concrete 
of ASTM now recognizes such flyashes as constituting 
a special and separate category of admixture, dis
tinguishing then as "Class C“ flyashes (1).

The mineralogy of the crystalline portions of Class 
C flyashes tends to be somewhat different from that 
of conventional flyashes. In addition to quartz, , 
some of these materials contain significant contents ' 
of CgA. Free CaO is often present, as might be ex
pected. Sometimes some, or most of the limited 
content of SO3 present occurs as anhydrite. The 
major component remains glass, however.

With the presence of CjA and a source of available 
sulfate, the obvious expectation is that ettringite 
and the calcium monosulfate hydrate C^A-^lH-jg might be 
produced when such flyashes are mixed with water, 
especially since free CaO should insure a relatively 
high pH. Thus responses similar to some of the ' 
early hydration reactions occurring in portland 
cement might take place in flyash-water pastes.

The present work describes such a response with a 
particular Class C flyash from Muskogee, Oklahoma. 
This material has a CaO content of approximately 26% 
and a relatively high SO3 content,approximately 3%. 
X-ray diffraction peaks are weak, indicating that 
glass is the major constituent as expected, but sig
nificant contents of quartz, C3A, anhydrite, and un
combined CaO are detected. In addition, a little 
calcite (presumably due to secondary carbonation of 
the free lime), some periclase, and even a trace of 
C4A3S appear to be present.

FLYASH MORPHOLOGY

The morphology of this flyash is similar to those of 
a number,of Class C flyashes examined by the writer, 
and significantly different from many conventional 
flyashes. Essentially all of the particles seem to 
be solid spheres, mostly of diameters between 1 and 
15 urn. A few larger spheres are occasionally found, 
but carbonaceous residues and other evidences of in
complete burning and melting are generally absent, 
as are very coarse particles of any kind. Also al
most completely absent are hollow-shell spheres and 
complex sphere-within-sphere structures so prominent 
in scanning electron microscope (SEM) photographs of 
conventional flyashes. y H

si7ePdictr^nHAnhfWln2k® reason?b1y representative 
size distribution for this material is given as 
rig. 1. In this figure the largest sphere, in the 

lower central portion of the field, is approximately 
25 pm in diameter.

Fig. 1. Morphology and Size Distribution of Flyash 
Particles. .Original Magnification 1,000 x.

REACTIONS WITH WATER

Pastes were prepared by mixing flyash and deionized 
water and the resulting responses were recorded by 
various techniques. The water:solids (w:s) ratios 
used varied from 0.2 to 0.5.

It was noted that there was a distinct but short
lived induction period before any temperature ele
vation was observed, typically about 15 minutes. 
Rapid and continuous temperature elevation then took 
place in the small exposed paste specimens, reaching 
to as high as 36° C from the initial 22° C laboratory 
temperature for the w:s 0.2 paste. The temperature 
rise terminated in about 30 minutes or less after 
mixing.

Setting, as measured by Vicat needle, took place with 
exceeding suddenness, at times between 15 minutes for 
the w:s 0.2 paste and 45 minutes for the w:s 0.5 
paste.

X-ray diffraction examination of the hardened pastes 
immediately after set revealed the presence of sig
nificant contents of ettringite.

The pastes were maintained in sealed containers after 
set, and sampled periodically for x-ray and SEM 
examination.

After about 4 hours a small_peak for calcium mono- 0 
sulfoaluminate hydrate (CqASH-jn) at approximately 9Ä 
was detected in most of the pastes, and this increased 
somewhat with further curing. In contrast, the 
ettringite pattern was initially quite strong and a 
large number of peaks of this compound were recorded, 
even at the earliest period examined. Both components 
seemed to be retained indefinitely, without too much 
apparent change in the relative proportions as judged



MICROSTRUCTURE OF REACTED PASTES

Fig. 2 shows a characteristic field taken of the w:s 
0.3 paste shortly after set, at approximately hour 
after initial mixing. It is immediately obvious that 
in these pastes set is due to formation of ettringite, 
rod-shaped particles of which are seen to protrude 
from individual flyash spheres and act as bridges. 
In the lower right portion of the micrograph a con
siderable cluster of ettringite rods seems to have 
developed, presumably from a grain that is rapidly 
decomposing.

Fig. 2. Flyash Paste, W:S 0.3, ’s Hour, Showing 
Development of Ettringite Rods.

In Fig. 2 and subsequent figures the scale is indi
cated by the length of the separated right-hand 
portion of the white marker bar, which is in all 
cases 5 pm in length. The gap between the two 
portions is 0.5 pm wide.

The appearance of the pastes after 4 hours is indi
cated in Fig. 3, where again the ettringite rods are 
clearly defined, and the newly-developing C^ASH]2 
plates are visible for the first time. It is ap
parent how a rigid three dimensional structure de
veloped initially through the growth of ettringite 
rods can be reinforced through the subsequent de
velopment of platy particles of the C4ASH12» which 
tend to build up a characteristic "edge to face" or 
"cardhouse" structure. This has previously been 
observed by the present writer to be characteristic 
of this compound In portland cement pastes as well

Further details of the Intimacy of the connection 
between the flyash spheres giving rise to the ett
ringite and C4ASH12 products and the products them
selves can be seen in Fig. 4, which shows the 
central area observed in Fig. 3 at higher magnifi
cation. Attention is called to growth of the large 
ettringite rods almost perpendicular to the surface 
of the host sphere in the large sphere in the upper 
central portion of the figure and in the smaller 
sphere in the lower right portion; to the bridging 
action effected by the platy particle cluster 
between the large sphere previously mentioned and 
the small sphere at the center of the micrograph, 
and to the many connections visible between the 

Fig. 3. Flyash Paste, W:S 0.4, 4 Hours, Showing 
Initial Development of C4ASH12 Plate 
Structure Reinforcing Ettringite.

ettringite rods and the C4ASH]2 plates, which thus 
constitute a single, combined, continuous reinforcing 
system.

Fig. 4. Higher Magnification View of Area of Fig. 3 
Showing Details of Connections Between 
Particles.

Fig. 5 for a paste taken at 8 hours shows at a some
what reduced scale how such a structure apparently 
can bridge quite wide gaps between residual flyash 
spheres and maintain a rigid, reinforced, but not very 
dense structure. Also, here for the first time in a 
few areas some nondescript small_products which appear 
to be neither ettringite nor C4ASH12 start to appear.

It 1s noteworthy that the residual flyash spheres in 
the figures so far displayed mostly do not show any 
significant change in character of surface texture 
arising as a result of the reactions. The large 
sphere in the lower right portion of Fig. 5 is not 
significantly rougher in surface character than some 
of the spheres present in the original flyash, even 



though it does appear rougher than the large sphere 
in Fig. 1.
A typical view of the appearance of the pastes after 
7 days is shown in Fig. 6. There has been compara
tively little change after the first few hours, , 
except that an increasing proportion of nondescript 
particles seems to be present in many areas. Some 
of the flyash spheres have lost their earlier almost 
pristine appearance aüd are visibly corroding and 
disintegrating, as can be seen near the left margin 
and also in the upper left portion of the micrograph

Fig. 5. Flyash Paste, M:S 0.4, 8 Hours, Showing 
Effects of Reaction Products in Bridging 
Wide Gaps Between Flyash Spheres.

Fig. 6. Flyash Paste, W;S 0.4, 7 Days, Showing 
Accumulation of Nondescript Particles 
and Fragments of Decomposing Spheres.

Comparatively little further change takes place in 
the period between 7 and 28 days. The general ap
pearance remains roughly the same. However, es- 
KPL2? y:s here and there one can 
detect Individua particles and occasionally clusters 
of small rods which the writer takes to be C-S-H gel 

of the Type I variety (2). The appearance of this 
material is indicated in Fig. 7. Presumably this 
represents the product of the reaction of the glassy 
siliceous component in the flyash with dissolved 
Ca(OH)?, i.e. the conventional, slow "pozzolanic" 
reaction. If this interpretation is correct, this 
system is unusual in that the "pozzolan", that is, 
the flyash, is supplying its own lime.

Fig 7. Flyash Paste, W:C 0.2, 28 Days, Showing 
Late Development of Occasional C-S-H Gel 
Particles

DISCUSSION

It is apparent from the preceding descriptions that 
C3A in the present flyash reacts in a manner entirely 
analogous to the way it does in portland cement. 
However, the unique spherical morphology of the fly
ash particles provides an unusually clear opportunity 
for visualization of the spatial relationships 
between the newly formed hydration products and the 
starting material, and for studying the details of 
the structure that develops.

Possibly useful information concerning the effects 
of various parameters, set modifying chemicals, and 
other influences on the early reactions in concrete 
can be obtained using such flyash pastes as model 
systems. Of course due allowance must be made for 
the differences between flyash pastes and the more 
complex portland cement pastes in concrete.

Perhaps of more significance, it is clear that the 
contribution of flyashes like the present one to 
early strength gain when they are used in concrete 
stems from formation of additional ettringite and 
C4ASH]2 hydration product particles, of the same type 
as.formed from the CgA within the portland cement. 
This action is thus completely different in character 
from the conventional pozzolanic response associated 
generally with flyashes, and involving the formation 
of C-S-H gel from reaction of the glassy component. 
The latter response occurs in the present flyash as 
well, but at a much different and later time.
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Influence of pozzolana on the hydration of C3A
Influence de le pouzzolane sur I'hydratation du C3A
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RESUME : Dea Schaiitillons. primaires de C3A, de CaSO^aHgO, de C3A, CaSO2t-2H2O, ou de Ca(OH)2

Le taux d'hydiratatiQm du £3A est ordinairement acctiM, mais on note un retard endkS^ ÄSS ^yetme et finale de la ruction, le taux d-hvdratataon est
idientique ci celui obseyv^ sans pouzzolane,

Bien qu'il a'y ait pas de diff^renee notable entre les deux sortes d'hydrates formas, 
= »5a pqp^^Qlane dans le d^but de la reaction, dans les phases myoennes et finales, on 
la format ion de C--S-H| lorsque de la pouzzolane reche en silicium est utilis«5e, al 

iyh comppps^- C^AH^,. par utilisation de pouzzolane alcaline.
Eu ehagsevedt dans la phase liquide lors du d4but de la reaction conduit & la formation 
d'ettifingite., (Sontrairement ä la pouzzolane plac^e en milieu aqueux pur", on a pu noter 
^alewnit un, Changement des" concentrations en ions Na+ et K+ augmentant avec le temps; Ceci 

uno attaqua de la surface des grains de pouzzolane. Cette assertion est confimee par 
1'observation, " et "Mf$'',au microscope electronique a transmission et ä balayage.
lq d^but de la reaction,, variable selon de type de pouzzolane utilise, prend place en 1 & 28
OjOags.,
Malgr<t la grande difference entre la Vitesse de reaction du C3A avec la pouzzolane observes 
auixant lea cas,. la reaction semble avoir lieu par diffusion d'ions Ca2+, d'ions alcalins, ou 
dpa deu®. ensemble; - suit ua gonflement, puis la destruction du films superficial par la pression 
qa^pdlqjia;; la prAlipltatien en surface de 1'hydrate ainsi form£, termine cette reaction, 
b'albalwit^ datr-ins§q1ue des pouzzolanes joue un grand r61e non seulement lors de I'hydratation, 
mala SMSS! dans la formation de la texture solide de la forme pdteuse durcie; Ce r61e est aussi 
primordial dan@ la constitution de 1* espace entre les grains de pouzzolane et leur hydrate 
auparfielel..

SGMi<iA®X The preliminary samples containing C3a and CaS04>2H2O or CoA, CaSO4*2HpO  and Ca(OH)2 
uera mixed xith 10%, by weight of pozzolana and the mixtures were hydrated at 20il°C with W/S 
ratAq qf- Q).,^, fa erdier to> study the influence of pozzolana on the hydration of C^A, the pozzola- 
nie reaetiohi e®d tba mechanism of the hydration in the system pozzolana-c3A-CaS04»2H20-Ca(0H)2. 
Ihe rata Of the Initial hydration of C3A was generally accelerated by the addition of pozzolana, 
but it was depressed in the early stage. The rate of the hydration of CqA in middle «rid later 
stage reeoxered almost the same level as without pozzolana.
IhCU^h there were noi remarhable difference of the kinds of hydrates with or without pozzolana 
la early, stage.,. was formed when Si rich pozzolana was used and CqAHz was observed when 
alkali r-ich pozzolana was used in middle and later stage. 5
Qsmpp>%itiO>i?al Change of liquid phase in initial stage corresponded to the change in ettringite 
formation.. Ike Change, in Na*  and K+ concentration, quite different from the case of pozzolana's 

rn pure water, increased with age which suggests the destruction of the surface 
utruoture of pozzolana grain. This speculation was confirmed by TEN and SEN observation. . 
The Stariag time of pozzolanic reaction varied with the character of pozzolana from one day to 
<00 QiqYS - ■

Tn spite Of large difference between the rate of reaction of CqA and pozzolana the reaction 
EllX IXa^iwXliM^d^ +f a”°TpllOUS swface layer by Inching out of Ca2+ and/or 
of U 6 destruction of surface film by osmotic pressure and precipitation
XlSn ihe^ydrltl^ reL'tLn^ The alkaHes in »»««»lana p?ay an Zi^rt^t role not 
especially the clearance betweenVXoUa grain^d^ydraL?6 teXtUre °f hardened paste



1. PREPARATION OF SAMPLE AND EXPERIMENTAL 
PROCEDURE

1 mole of synthesized CjA from stoichiometri
cal mixture of guaranteed reagent having 3000 
cm2/g of Blaine specific surface area was mix
ed with 0«5 mol of CaSO^’ZI^O and/or 0.5 mole 
of Ca(0H)2» Then k0^> by weight of pozzplanas 
and the fly ash were added and blended suffi
ciently to prepare the samples.
The samples were hydrated at 20±l°C with w/S= 
0.6 except for the case of conduction calo
rimetry (W/S=0,8) and the measurement of 
liquid phase composition (w/S=10).
Powder X-ray diffraction (XRD) and simultene- 
ous differential thermal analysis (DTA)-dif- 
ferential scanning calorimetry (DSC)-thermo- 
gravimetry (TG) under argon atomosphere (1) 
were used for the identification and quanti
tative analysis of crystalline phase. ■
Conduction calorimetry was applied to study 
the initial hydration. Scanning electron 
microscope (SEM) and high resolution trans
mission electron microscope (TEM) were used 
to observe the microfeature and microstructure 
of pozzolana, C^A, hydrate and hardened paste. 
Mercury penetration porosimetry was used to 
know the macrostructure of hardened paste and 
pore size distribution in the paste above 75Ä.
To determine the degree of reaction of 
pozzolana, separation of C^A, CaSO^’SHgO, 
Ca(0H)o and hydrate from hardened paste was 
effectively performed by 3% HCl-methanol 
solution.
2. RATE OF HYDRATION OF C3A IN THE SYSTEM 

CONTAINING POZZOLANA
Initial hydration of CjA was pursued by 
conduction calorimetry. First peak within an 
hour is the formation of Ca-Al hydrate and 
ettringite when gypsum is present. The 
second peak usually appears in a couple of 
hours after mixing with water corresponds to 
the formation of monosulfate hydrate. 
The effect of CaS0^.2H20 end Ca(0H)2 on.the 
initial hydration of CqA was the same as in 
the case without pozzolana and the effect of 
pozzolana varied with their own character. 
The rate of the hydration of CoA in the ini
tial stage within one day'was the order of 

CoA, pozzolana-C«A, pozzolana-CoA-CaSOr-2^0, 
C^A-CaSO^•2H2O, pozzolana-CoA-CaSO^•2H2O- 
Ca(0H)2 and C3A-CaSOzt• 2H20-Ca(0H)2. Generally 
speaking, pozzolana accelerate the initial 
rate of hydration of C3A in the presence of 
CaSC>4"2H20 and Ca(0H)2. Among pozzolanas, 
Kanto loam which has large specific surface 
area, high content Of aluminum and high cation 
exchange capacity (CEC) value showed the most 
remarkable acceleration proportional to the 
added quantity as shown in Fig. 1. This ef
fect is more clearly recognized in the second 
peak than in the first peak. One exception 
was observed in the second peak of Furue 
shirasu mixed sample containing much alkalies.
The degree of hydration estimated by the meas
urement of unhydrated C3A with XRD in Fig. 2 
shows that C3A in the sample mixed with Kanto 
loam attained to about 65^ at one day while 
the others were remained about 25%. The 
degree of hydration other than Kanto loam at 
28 days attained to about 95% but it remained 
below 90% in Kanto loam mixed sample.
3. CHANGE IN ION CONCENTRATION OF LIQUID PHASE 
The change in concentration of several kinds 
of ions in the liquid phase separated from
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Fig. 1-Heat evolution curve in the hydration 
in the system containing C3A

Table I Characters of pozzolanas

Chemical composition (%)

Si02ig.loss

measuring time

Conc-HCl 
solubleNa20

K20)

BET speci
fic surface 
area(m^/g)■A12°3

Natural and 
artificial 
pozzolana

SiOj/* +, A102 and Ca : non
detective, Na+:0.27»0.27,
pn: 7 . -=•_______________________________________
SiO44+:O.27*O.27,  A102~,Ca<: 
and Na+:nondetective, 
pH;6.8_________________
Si044+:0.07*0.07,  Ca2+:ld.4
14.3, Na+:4.0-4.0, K+:0.04- 
0.10, A10?~:nondetective, *

(jote;
*. 100°C dry base

CEC
(m mol

____ Water soluble part_____
W/S=10, lmin.-ld.**

____ (m mol/1)___________
SiO^*" 1-;0.08-0.20, AlOg-and
Na+:nondetective, Ca2 .0.3

pH:12.2

Beppu white 
clay (v) 4.1 87.4 2.4 0.1 

(0.1) 15.6 14.7 4

Furue ,px 
shirasu' ' 1.9 69.3 14.3 3.0 '

(2.4) 12.0 3.0 . 5

Kanto loam 
(R) 12.1 33.0 20.9

0.4 
(O.2) 86.4 199 26

Takehara 
fly ash(T) 4.6 49.1 24.4 2.2 

(1.3) 47.9 . 2.3 2



Fig. 2-Degree of hydration of C^A in the paste 
[ppzzolana-C^A-CaS0^*2H20-Ca(0H)2J  

the sample of suspension hydration indicates 
that the degree of hydration of CjA is closely 
related to the concentration of Caz+, AlOo- 
and SO^-. In Kanto loam mixed sample Ca2+ 
consumed rapidly by the precipitation of , , 
ettringite*  High AIO2“ concentration in ini
tial stage is fabourable to the formation of 
ettringite. On lowering the concentration of 
Ca2+, AIO2- and SOZ,2*- by the precipitation of 
ettringite, CjA, CaSO^’Z^O and Ca(0H)2 ’ll®- , 
solve into liquid phase which brings high de
gree of hydration of CoA. When CaS0Z|»2H20 is 
completely consumed, AIO2- begin to increase 
and the hydration of CjA is slow downed.
Alkalies were not released from Beppu white 
clay and Kanto loam in pozzolana-water system. 
Only from Furue shirasu and fly ash, Alkalies 
were dissolved into pure water and they show 
fairly high level from initial and kept con
stant. Or the contrary, in the present system 
pozzolana-C^A-CaSO/i .ZHgO-CafOHjg alkali con
centration increased with age. The fact indi
cates the destuction of the surface structure 
of pozzolana grain through the leaching out of 
alkalies by the protonic attack of dissociated 
water under caustic circumstance.
4. PROCESS OF HYDRATION
Hydrates procuced during the hydration were 
identified by XRD, DTA and TEN observation 
as shown in Table II,
Initially formed Ca-Al hydrate and ettringite 
changed to monosulfate hydrate, hexagonal 
solid solution of monosulfate hydrate-tetra 
calcium aluminate hydrate, Ca-Al hydrate with 
low C/A ratio and C-S-H in later age through 
monosulfate hydrate. Though there were no 
remarkable difference of the kind of hydrate 
with or without pozzolana in early age, 
C-S-H was formed when Si rich pozzolana was 
used and CjAHg was observed when alkali rich 
pozzolana was used in later age. The exist
ence of CjAHg'in fairly early age is consider
ed to be responsible to alkali concentration 
of liquid phase as the stability of hexagonal 
Ca-Al hydrate decreases under coexistence of 
alkali (2) (3).
5. MICRO STRUCTURE OF HYDRATE AND HARDENED

The Al rich amorphous layer caused by the elu-
Ca from the surface of CqA grain and the thin Ca-Al hydrate precipitated on the 

outer side of amorphous film were observed by

Fig. 3-Composition of liquid phase in the hy
dration [pozzolana-CqA-CaSO^•2H20- 
Ca(OH)2]

Table II Hydrate comfirmed in the paste 
[pozzolana-C^A-CaSOij • 2H20-Ca(0H)2]

Kind of pozzolana A B C D E
- Id - 3d —

Beppu white clay(V) Id - 3d 3)-7d —
Furue shirasu(F) Id - 7d 28d)-91d 28d
Kanto loam(R) <ld 3d 7d 91d
Takehara fly ash(T) Id - 3d 3)-7d (91d)
Note: "
A. (Ca-Al hydrate•) ettringite
B. monosulfate hydrate
C. monosulfate hydrate and C^A^CaSO^, 

Ca(0H)2)-H12
D. C-S-H
E. monosulfate hydrate and C^AHz 
Prenthesis in Table means uncertainty.

high resolution TIM as shown in Fig. 4. The 
similar figure of surface layer on pozzolana 
grain brought by the dis solving-out of alkali 
ions and Ca2+ and precipitated hydrate on the 
surface of the layer were also recognized by 
TEM as shown in Fig. 4.
By SEM observation, precipitated hexagonal 
Ca-Al hydrate, short rod shaped ettringite of 
the surface of CjA grain, rectangular ettrin
gite just outside them and large monosulfate 
hydrate grown towards the capillary space ’ 
were clearly seen at the neighbour of C^A 
grain. While small hexagonal Ca-Al hydrate, 
rectangular ettringite and type IT C-S-H were 
observed on the surface of pozzolana grain as 
shown in Fig. 5.
6. POZZOLANIC REACTION ■
The pore size distribution above 75& measured 
by mercury penetration method is shown in 
Fig. 6. In Beppu white clay mixed sample, 
pore size distribution shifted towards small 
radius with age. The densification of harden
ed paste in this case is considered to be due 
to the formation of C-S-H. In Kanto loam mix
ed sample, added Ca(0H)2 was completely con
sumed to form aluminate hydrate and built ■ 
paste structure in early age maintained for 
long time without changing the pore size dis
tribution. Furue shirasu mixed sample showed 
similar behavior to Takehara fly ash mixed 
sample in the change of pore size distribu
tion but the densification was delayed owing 
to the conversion of hexagonal solid solution 
to C^AHg. Ca(0H)2 hardened paste determin-



A. amorphous surface 
layer

B. Ca-Al hydrate

The surface of CjA grain The surface of pozzolana grain (F)
(2 min. after mixing with water) (3 months’ hydration)

Fig. 4-High resolution trasmission electronmicrograph

A. short rod shaped ettringite F.
B. rectangular ettringite
C. pozzolana grain G,
D. monosulfate hydrate H.
•E, capillary space

cast-off trace of pozzolana 
(R)
Ca-Al hydrate 
hexagonal solid solution of 
C3A-(CaSO4, Ca(OH)2).H12

I. type II C-S-H and cast-off 
trace of pozzolana (v)

J. clearance between pozzolana
(F) and hydrates '

Fig. 5~Scanning electronmicrograph of fracture surface 
of hardened pozzolana-C^A-CaSO^^HgO-Ca^H^ paste

Fig. 6-Pore size distribution curve of hard
ened paste above 75Ä [pozzolana-C^A- 
CaS04•2H20-Ca(OH)2]

Fig. 7~Amount of Ca(0H)2 in the paste 
[pozzolana-C^A-CaSO/j •2H2O-Ca(OH)2 ]



Fig. 8-Degree of reaction of pozzolana in 
the paste Fpozzolana-CgA-CaSOlpSHgO 

, -Ca(0H)2]
ed by DSC-TG are shown in Fig. 7. m Kanto 
loam mixed sample Ca(0H)2 was completely con
sumed within one day by vigorous formation of 
ettringite. The de
gree of reaction of Kanto loam attained to 
16% even at one day (Fig. 8.). In the other 
samples, consumption of Ca(0H)2 attributed to 
the formation of 311(1 solid solution of
CjA'fCaSO/,, Ca(0H)2) •Hi2. The solid solution 
tends to decompose to monosulfate hydrate and 
C^AHg when the concentration of Ca(0H)2 is 
lowered. In Beppu white clay mixed sample, 
C-S-H was formed by pozzolanic reaction in 
fairly early stage and decomposition of hex
agonal solid solution to monosulfate hydrate 
and C-jAHg was retarded as it contained much 
reactive opal and less alkalies. In Furue 
shlrasu mixed sample containing much alkali, 
conversion of C^A’CCaSOlj, Ca(0H))-Hi2 to mono
sulfate hydrate and CgAHg occured at 28 days 
in spite of coexisting large amount of Ca(0H)2. 
The pozzolanic reaction started at 28 days as 
in Fig. 7., C-S-H, however, was not observed 
until 91 days.
7. MECHANISM OF THE HYDRATION IN THE SYSTEM 

P0ZZ0LANA-C3A-CaS04.2H20-Ca(0H)2
Referring the before-mentioned experimental 
results and the idea of Skalny, Jawed and 
Taylor (4) on the hydration of C3A, the mecha
nism of the hydration in the system pozzolana- 
CgA-CaSOb•2H_0-Ca(0H)2 is considered to be as 
follows:
On contact with water, C3A is'protonially at
tacked by HjOt formed by the dissociation of 
water releasing Ca2+ and leaving amorphous Al 
rich layer on C3A grain surface. Amorphous 
layer is expanded by osmotic pressure and 
forms slight clearance between hydrated C3A 
grain and itself. This clearance is filled 
with A1O2- rich solution. There exists Ca2+, 
SOi^- rich solution near at the outside of the 
layer brought by the coproceeding dissolution 
of calcium sulfate and calcium hydroxide.
Ca^t is adsorbed on the amorphous Al rich lay
er on the surface of CjA. The grain charges 
positively and the active sites on the surface 
of C3A decreases. Therefore, hydration of C3A 
is stopped temporarilly. SOi,.2” is adsorbed on 
the surface of positively charged grain and 
play a part of blocking against protonic at
tack of hydronium ion. Amorphous Al rich film 
is brocken at the weakest point by osmotic 
pressure. From the openings Ca2+ and SO^2- 
introduced into inner side of film.

(Co*)
Si(Al) 
rich soln
Na* K* rich
soln

Fig. 9-Schematic explanation of the mecha
nism of hydration in the system poz- 
zolana-C3A under the existence of 
Ca(0H)2 and CaSO/^*21^®

AIO2” moves towards outer side of film and et
tringite precipitates on both sides of film. 
On inner side of film, monosulfate hydrate 
often precipitates as SO42- is apt to be in 
shortage. Monosulfate hydrate on the inner 
side is generally small in size because of the 
narrow precipitation space. Precipitated hy
drates have high crystallinity, so it is easy 
for Ca2+, A102~, S0Z|2~ etc. to diffuse through 
the hydrate layer covering on the C3A grain. 
The porous ettringite layer is broken by the 
expansion of itself to make the contact of 
water to C3A easy.
Hydration of C3A proceeds repeating above men
tioned process as one cycle. When solid 
CaSOjj'SHoO consumed completely and concentra
tion of S042“ lowers, monosulfate hydrate or 
solid solution of monosulfate hydrate and 
CjtAH13 precipitates on the outside of film. 
Void in the paste outside the grain is usually 
large so hexagonal monosulfate hydrate or its 
solid solution precipitate as large crystal 
towards large void to build the well-known 
card house structure.
Ettringite once formed convert to monosulfate 
hydrate or its hexagonal solid solution. The 
time of conversion of hexagonal solid solution 
to cubic C3AHz depends upon the concentration 
of alkßli ion. •

Negatively charged grains of pozzolana, on the 
other hand, adsorb Ca2+ formed by the hydra
tion of C3A, CaS0r-2H20 and Ca(0H)2 on its 
surface. By presenting the sites of precipi



tation of ettringite formed, by .the hydration 
of CoA, pozzolana accelerates the hydration of 
c3a.j
Protonic attack of water against pozzolana 
grain proceeds gradually and Na"*"  and K+ begin 
to dissolve into water from several minutes 
to one day after mixing with water. Accord
ing to the dissolution of Na+ and K+ into 
water, solubility of Ca2+ decreases and Ca2+ 
precipitates as CaCoHjg to lower OH" concent
ration in liquid. As solubility products in 
liquid are constant, water dissociate to com
pensate the decrease of OH- concentration and 
produce hydronium ion which result in accel
erating the protonic attack.
Si and Al rich amorphous layer swell gradually 
and makes slight clearance between pozzolana 
grain and itself. The clearance filled with 
Si, Al and alkalies rich solution. Thereafter 
the film is broken by the osmotic pressure, • 
SiO^"1" and AlOg- in clearance diffuse through 
the openings. SiOj/*-  and AlOg“ near at the 
outside of film precip täte as ettringite, 
monosulfate hydrate, Ca-Al hydrate and C-S-H 
on the surface film of the outside of pozzo
lana grain or on the surface hydrate layer of 
C5A grains according to the concentration of 
Ca2+ and SO/,2- in the liquid. As the rate of 
diffusion of SiO^- is slow and the concent
ration of Ca2+ is rather high even at the 
neighbour of pozzolana grain, C-S-H precipi
tates restrictively on the outside surface of 
the amorphous film enveloping pozzolana grain. 
C-S-H is observed in the paste containing 
negatively charged acidic pozzolana with low 
alkali and high SiOg. .
Concentration of SO42- in the liquid near the 
pozzolana grain is low, so the nearest hydrate 
to the pozzolana grain consists mainly of 
Ca-Al hydrate and towards outside the solid 
solution of Ca-Al hydrate and monosulfate hy
drate and monosulfate hydrate precipitate in 
this order. Ettringite, precipitated in the 
early stage of hydration, is not observed in 
'the later stage.
When alkalies do not exist, destruction of 
amorphous Si, Al rich film enable Ca2+ to move 
into inside of the film from the openings and 
to precipitate C-S-H, Ca-Al hydrate on pozzo
lana grain and filled the clearance.
Therefore no void is observed between pozzo
lana grain and hydrates in this case.
Pozzolana is a mixture composed of alkali 
containing minerals and glasses and those 
without alkali. In paste hydration, some 
places become rich in alkali and others are 
poor. Therefore, the hydrates produced in 
alkali rich region tend to be stripped off 
from pozzolana surface and the hydrates pro
duced in alkali poor region attached closely 
to pozzolana grain. The glass such as in fly 
ash contains homogeneously much alkali, so the 
typical stripping off of the hydrates from 
pozzolana grain is often clearly observed.
8. CONCLUSION
(1) In the system pozzolana-C3A-CaS0/12H20,  
regardless of the presence of Ca(0H)2> initial 
hydration of C^A, formation of ettringite and 

*

monosulfate hydrate were accelerated by the 
addition of pozzolana.
In the system pozzolana-C^A, initial hydration 
corresponding to the formation of Ca-Al hy
drate was retarded by the addition of pozzo
lana.
Ca(0H)2 acted as retarder in above-mentioned 
system.
Pozzolana tend to lower the degree of hydra
tion of CjA in later age.
(2) Alkalies in liquid phase from pozzolana, 
quite different from the case of pozzolana- 
water suspension, increased in concentration 
with age. Alkalies accelerated the conver
sion of hexagonal CyA» (CaSOZ/, Ca(0H)2) ‘Hj^ to 
cubic CjAHg by decreasing the stability of 
hexagonal solid solution,
(3) There were no essential difference of the 
kind of hydrate and process of hydration with 
or without pozzolana. Besides Ca-Al hy
drate, ettringite, monosulfate hydrate, hex
agonal solid solution; type II C-S-H and 
C^AHg were produced acceding to the composi
tion of used pozzolana.
(4) Structure of hardened paste was more 
porous than that of pozzolanic cement and 
pozzolana-C3S. Formation of C-S-H contribut
ed to the densification of hardened paste, 
while aluminate hydrates showed less con
tribution.
(5) TIM and SIM observation give us valuable
information to understand the mechanism of 
the hydration in the system pozzolana-CoA- 
CaS0/l»2H20-Ca(0H)2. The hydration of this 
system proceed through the formation of amor
phous surface layer by leaching out of Ca2+ 
and/or alkalies ions, swelling and destruction 
of surface film by osmotic pressure and pre
cipitation of hydrate on the surface of the 
film. The alkalies in pozzolana play an im
portant role not only in the hydration reac
tion but also in the formation of the texture 
of hardened paste. •
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. Long-term experiments on the neutralisation of 
concrete mixed with fly ash and the corrosion of 

reinforcement
Experiences ä long'terme sur la neutralisation du beton avec des cendres 

volantes, ainsi que sur la corrosion de I'armature.

R. TSUKAYAMA, Dr. Director, Division of Clean Set, Nihon Cement Co., Ltd.
H. ABE, Dr. Head, Concrete Structural Section, Central Research Institute of Electric Power Industry and
S. NAGATAKI, Dr., Associate Professor, Dept, of Civil Eng. Faculty of Eng. Tokyo Institute of Technology,

Japon. , •

RESUME : Il est evident que beaucoup d'avantages peuvent etre tires des cendres volantes quand 
elles sont employees comme ajouts dans le beton. Cependant, 11 est aussl signale que la reac
tion pouzzolanique des cendres volantes produit une reduction de I’alcalinite et par conse-^ 
quent accelere la neutralisation du beton et par consequent la corrosion des armatures du be
ton.
Cette etude rend compte des resultats des experiences faites depuls 1963 pour confirmer ces 
phenomenes. Ces experiences ont porte sur le comportement ä long terme de betons confection- 
nes avec ou sans cendres volantes. '
Ces experiences ont ete faites en falsant yarier les proportions de ciment et de cendres vo
lantes, la nature du ciment, le dosage en eau, la valeur du slump et les conditions de con
servation des eprouvettes. Des experiences ont aussl ete faites ä 1'exterleur, dans dlx em
placements repartis dans tout le Dapon, et meme dans des sites marins, ou des sites exposes 
aux embruns ou aux courants marins.

is clear that numerous advatages may be obtained when fly ash Is being used as an 
concretes. However, it is also pointed out that the pozzolanlc reaction of fly 
a reduction in alkalinity and hence accelerates the neutralization of the concrete

SUMMARY : It 
admixture in

*"«• —avvcj.ci-aueö me neutral _ __ __
as well as the corrosion of the reinforcing bar embeded in the concrete. " """ "

of1concretesewithSandewlthnnFf?f exPe^lments carried out since 1963 to confirm these phenomena 
oi concretes with and without fly ash in the long term.

repla«meSeratloeof n^ash dlff:rent mlx Proportions by changing the cement factor,
conditions o? curing indoors’a^d ouWoors "ta °f S1Ump and Under different ’
selecte'd olaces ov<=r th«, ^hni. outdoors. The outdoor experiments were performed at 10 aff^ted g tind: :^ current.C°Untry °f lncluding Places under the sea and places



INTRODUCTION .

Fly ash demonstrates a so-called finely- 
divided powder effect and a pozzolanic effect 
to Improve workability of concrete, reduce 
heat of hydration, improve watertightness and 
increase long-term strength [1], [2], and has 
a proven record of use as a concrete admixture 
for approximately 40 years.

While there are many advatages, it has been 
pointed out on the other hand that when fly 
ash is used the alkalinity of concrete is 
lowered due to reduction through pozzolanic 
reaction of free Ca(OH)2 because of which 
neutralization of concrete is accelerated and 
reinforcing steel embedded is corroded [3],
[4],  [51.

In order to solve this problem, the Committee 
on Concrete of the Japan Society of Civil - 
Engineers organized a Sub-Committee on Fly 
Ash and embarked on long-term research and 
testing in regard to neutralization of concrete 
mixed with fly ash. It has already been 
concluded and reported for the intermediate 
ages of 2 and 5 years that (1) water-cement 
ratio is the factor predominantly governing 
depth of neutralization, and (11) a constant 
relationship" exists between 28-days com
pressive strength and depth of neutralization 
regardless of whether of not" fly ash is added
[6],  [73. In the present report, a com
prehensive examination is made of the influ
ence of fly ash on neutralization of concrete 
based on results at the age of ten years.

TEST PROGRAM '

Tests were performed divided into the 3 series 
described below and neutralization depths and 
rusting of reinforcing bars were measured at 
the ages of 2 years, 5 years and 10 years.

Series I

Unit cement-fly ash content, slump, fly ash 
replacement ratio and type of cement were 
selected as factors and tests in commom were 
performed at 13 laboratories on the influences 
of mix proportions. Cement and fly ash used 
were the same at seven laboratories and at 
other six laboratories, fly ash were supplied 
by each six manufactures while cement were the 
same.

Unit cement-fly : 250, 290, 330 kg/m’ 
ash content

Slump , : 5, 15 cm
Fly ash replacement : 0, 15, 30 JI • 
ratio

Cement : normal cement,
moderate heat 
cement

Series II

Series II and III were tests planned with the 
purpose of supplementing points which could 
not be clarified with Series I. In Series I, 
after casting specimens, testing was done with' 
the period of curing in water prior to 
exposure in air 14 days, but in Series II, 

curing periods were varied between 1 and 91 
days before exposure outdoors and indoors to 
find the influence of the period of curing in 
water in neutralization.

Period cured" : 1, 7, 28, 91 days 
in water

Exposure conditions: indoors, outdoors 
Unit cement-fly. : 250, 290, 330 kg/m3 
ash content

' Fly ash replacement: 0, 30 % 
ratio

Series III

In this series, specimens cast at the same 
place were exposed to outdoor conditions 
scattered at various locations troughout 
Japan to examine regional influences on 
neutralization. At one region, specimens were 
submerged in seawater and the effects on 
neutralization and rusting were examined.

Specimens

The specimens for neutralization tests were 
cylinders of 15-cm diameter by 30 cm heigh*" , 
with 3 reinforcing bars of 9-mm diameter . 
embedded at the locations indicated in Fl . . 
for depths of cover of 2, 3 and 5 cm.

Measurement of Neutralization Depth

The cross sections at which neutralization was 
measured were the transverse cross sections 
7 cm and 23 cm from the top surface, and the 
longitudinal cross section at the diameter of 
the middle portion obtained as a result of 
cutting at 7 and 23 cm. The specimens were 
dried after cutting, immediately sprayed with 
phenolphthalein, and colored (unneutralized) 
and neutralized portions were identified. The 
average neutralization depths at the various 
cross sections were calculated by the 
equations below [6], [7].

t

[Transverse Cross Section]

colored portion

[Longitudinal
Cross Section]

colored portion 
by phenolphthalein

neutralized 
/portions

straight line

straight line

Fig. 1 - Specimen for Neutralization



" Transverse Cross Section
Average NeutralizationDepth 

= R - /B/tt .(A)
Longitudinal Cross Section

Average Neutralization Depth 
= (A-B)/2h ...(B)

where
B : area of colored portion
A : total cross-sectional area
R : diameter of specimen
h : height of specimen

Reinforcing bars were removed from concrete 
after measurement of neutralization depth, 
inspected for rusting, and rusted areas were 
measured-

TEST RESULTS

The average of the average neutralization 
depth of the two transverse cross sections , 
determined by Eq. (A) and the neutralization 
depth determined by Eq. (B) was taken as the 
average neutralization depth of that specimen, 
and the examinations made by factor were as 
described below. ' ’

Concrete Mix Proportions

On examination of the relationships of unit 
cement-fly ash contents and fly ash replace
ment ration with neutralization depths for 
the case of 15-cm slump in Series I, the 
results were as shown in Fig. 2. Depth of _ 
neutralization was Increased with decreased 
unit cement-fly ash content and increased fly 
ash replacement ratio, and especially, in . 
case of such a lean mix as unit cement-fly 
ash content of 250 kg and replacement ratio 
30%, depth of neutralization was large and 
the progress of neutralization was great at 
advanced age also. This was" due, as previ
ously said [8], to lowerling of the quality 
of concrete, in effect, the increase in 
water-cement ratio, and the same thinking may 
be applied to the influence of slump.

When moderate heat cement was used depths of 
neutralization were slightly larger or equal 
compared with normal cement. Other conditions 
being equal, uint water content is reduced 
when moderate heat cement is used, but

Fig. 2 - Relation between Mix Proportions and 
Depth of Neutralization

probably, due in part to slower initial 
strength gain, the result was that neutrali
zation depths were roughtly equal.

Relation Between Water-Cement Ratio and Depth 
of Neutralization

That depth of neutralization has a correlation 
with water-cement ratio has been suggested by 
many researchers [9], and here, determining 
water-cement ratios from cement contents 
excluding fly ash and indicating the 
relationships with depth of neutralization for 
Series I and II together, the results were as 
shown in Fig. 3, and linear relationships were 
recognized. However, similarly to a previous 
report [6], the relationships were different 
depending on whether or not fly ash was adimx- 
ed. And in case of water-cement ratio of 
about 0.60 to 0.70, the depth of neutrali
zation of concrete with fly ash was approx
imately 0.1 cm smaller at the age of two 
years and approximately 0.3 cm smaller at the 
age of ten years than that of concrete with
out fly ash. The main reasons for this proba
bly are the pozzolanic reaction with free 
Ca(0H)2 of particles of fly ash added result
ing in densiflyihg the constitution and the 
acceleration of hydration due to the finely- 
divided powder effect.

Fig. 3 - Relation between Water-Cement Ratio 
and Depth of Neutralization

Relation Between Compressive Strength and 
Depth of Neutralization

Since compressive strength has a correlation 
with water-cement ratio, and water-cement 
ratio and depth of neutralization have a 
linear relationship as described in the pre
ceding section, it is thought the same think
ing would apply regarding compressive strength 
also. Therefore, the depths of neutralization 
at a certain age were arranged according to 
the relationship with compressive strength at 
identical age of specimens cured under 
identical conditions. An example for 2-year 
age is shown in Fig. 4. Here, similarly to 
the case of water-cement ratio, the relation
ship is expressed by two roughly parallel 
straight lines with and without fly ash, and . 
at identical compressive strengths the depth 



of neutralization is 0.1 to 0.2 cm greater 
in case of admixture of fly ash. The reasons 
for.this are that alkalinity of concrete is 
lower and initial strength gain smaller, and 
the result was the view that much of the 
neutralization occurs at a comparatively early 
stage [8] was substantiated.

On expressing depth of neutralization be the 
relationship with strength gained, as can be 
seen in the figure, it was possible to arrange 
the data with the same straight line even in 
cases of types of cement and exposure con
ditions being different.

The relationship between compressive strength 
at 28-day age and depth of neutralization is 
as shown in Fig. 5, and similarly to the 
previous report [6] the expression may be made 
by a straight line Irrespective of the admix-, 
ture of fly ash. However, in the case of 
using moderate heat cement where quality cannot 
be evaluated at 28 days, a straight line 
different from the one for normal cement is^ 
indicated, while in the case also of exposure 
conditions being different the relation cannot 
be expressed with the same straight line.

Fig. 4 - Relation between Compressive Strength 
and Depth of Neutralization .

Fig. 5 - Relation between compressive 
Strength and Depth of 
Neutralization '

Curing Condition

The influences of the period of curing in 
water on depths of neutralization in outdoor 
and indoor exposure were as shown in Fig. 6. 
In outdoor exposure, depth of neutralization 
was great In the case of curing period of 1 day, 
while the results fob 7 to 91 days were of 
about the same degree. In effect. It Is 
thought that If curing In warer is performed 
at the Initial stage for about 7 days, there 
will subsequently be supply of water from 
rainfall and other sources so that hydration 
of cement and pozzolanlc reaction continue to 
progress to densify the constitution. How
ever, when curing In water Is not performed, 
it is thought that since the supply of water 
is Insufficient the hydration of cement Is 
slow and neutralization progresses greagly at 
the Initial stage. ’

In indoor exposure, since there is no supply 
of water, hydration of cement mainly occurs 
only during the period of curing in water, and 
even If some amount of pozzolanlc reaction 
were to occur subsequently, It will be 
accompanied by reduction In alkalinity, and It 
is thought that the degree to which the 
constitution Is made dense during the period 
of curing in water will greatly affect the 
subsequent progress of neutralization. How
ever, for both outdoor and indoor exposure, 
the Influence on depth of .neutralization was 
seen during the earlier stage of up to 2-year 
age, with the progress of neutralization after 
2 years being constant regardless of the 
period of curing In water.

Comparing indoor exposure with outdoor depths 
of neutralization of specimen cured indoor 
were considerably larger than that of outdoor, 
because there are many conditions disadvan
tageous Indoor for preventing progress of 
neutralization such as the moisture condition 
(humidity) of concrete' and concentration of 
carbon dioxide.

‘ Fig. 6 - Relation between Period of Cruing 
in Water and Depth of Neutralization

so



Reldtlon Between Age and Depth of 
Neutralization

With regard to the influence of age on depth 
of neutralization, .there is a formula proposed 
that neutralization is proportional to the 
root of age [10], and a report that neutrali
zation has a linear relation with the loga
rithm of age [9]. On arranging the depths of 
neutralization obtained in the present tests 
based on root of age and water-cement ratio, 
the»equations below were respectively obtained 
for fly ash replacement ratio of 0% (w/c=0.1!5- 
9.6) and replacement ratio of 30% (w/c=0.6- 
0.95).

Neutralization Depth (cm)
' ' = (1.187w/c-0.493)/t". ..(F/C+F=0%)

Neutralization Depth (cm)
= (1.2illw/c-0.597)^t"... (F/C+F=30%) 

‘ where 
t : age

w/e : water-cement ratio ’’

Regional Influence on Depth of Neutralization

The depths of neutralization of the.same 
concrete exposed outdoors at various locations 
In Japan at ages of 2, 5 and 10 years shown ' 
in the form of a bar graph is Fig. ?• The 
differences In the climatic conditions of 
these locations are mainly In temperature and 
precipitation, and distinct differences 
according to region were not seen. The 
results at the one region where specimens were 
submerged in seawater showed ueutrallzatioii - 
to be very small.

Rusting of Reinforcing Bars

In outdoor exposure In Series II, at 2-year 
age there was no rusting of reinforcing bars 
at all, and rusting was produced at 5 and 10 
years when neutralization had progressed. 
With the proportion of the specimens In which 
rusting of reinforcing bars occurred to the 
total number of specimens as the rusting rate 
the relation with water-cement ratio was found 
to be as shown In Fig. 8. The relation 
between degree of cover and rusting was dis
tinct, and whenever neutralization had pro
gressed to the vicinity of a reinforcing bar, 
rusting occurred in practically all cases.

Rusting of reinforcing bars in the specimens 
submerged in seawater was peculiar, where 
even at the age of 2 years when neutralization 
had hardly progressed, considerable rusting 
was seen on reinforcing bars with small depth 
of cover in lean mixes concrete specimen. 
The rusting was concentrated at the sides 
toward specimen surfaces in all cases, 
indicating that rusting of reinforcement is 
accelerated regardless of neutralization when 
there is infiltration of chloride ions.

Rusting Rate (?)

Fig. 8 - Relation between Water-Cement 
Ratio and Rusting Rate

Scanning Electron Microscope Examination of 
Fractured Surfaces of Concrete

In Series II, scanning electron microscope 
examinations were made of fractured surfaces 
of neutralized and unneutralized portions of 
concrete exposed for 10 years after curing in 
water for 91 days. The photographs are of 
fly ash particles scanned. For cases of 
exposure both outdoors and indoors, when cur
ing in water had been adequately performed, and 
at the center portions of specimens where 
neutralization had not been produced, it may 
be seen that pozzolanic reaction had occurred 
between the free Ca(OH)2 and fly ash particles 
and crystals were formed at the surfaces of 
the fly ash particles. On the other hand, at 
neutralized portions at the surface of 
concrete specimen there are no traces seen of 
reaction at the surfaces of fly ash particles, 
and particularly, the tendency for this was 
seen to be prominent for indoor conditions.



Indoor, Unneutralized. Outdoor, Unnuetrallzed.

Indoor, Neutralized. Outdoor, Neutralized.
Photo. 1 - Scanning Electron Microscope 

Examination . ■ .

CONCLUSIONS

Neutralization tests were carried out under 
various conditions on concretes containing fly 
ash as an admixture, and from the results 
obtained up to 10-year age, the following 
remarks may be' concluded. '

(1) Depth of neutralization has a relation 
with the quality of concrete, and a 
linear relationship Is found to'exist 
with water-cement ratio excluding fly ash. 
However, at Identical water-cement ratio,

' neutralization Is slightly decreased when 
fly ash Is added. Further, It is possi
ble to estimate depth of neutralization 
by the root of age and water-cement ratio.

(2) There is a given linear relationship 
between compressive strength at 28-day 
age and depth of neutralization reagrd- 
less of fly ash addition when type of 
cement and exposure conditions are 
Identical. On the other hand, there is 
a constant linear relationship irre
spective of other conditions between 
compressive strength at the time of 
measurement of neutralization and depth 
of neutralization for fly ash replace
ment ratios of 0% and 30%.

(3) The period of curing In water after cast
ing specimens has a great Influence In 
case of Indoor exprsure, and neutrali
zation Is Increased unless adequate cur
ing Is perfomed. In the case of outdoor 
exposure, if curing In water of about 
one week Is performed, this appears to
be adequate against neutralization. 
However, In all cases, the period of cur
ing In water has no influence on the 

; progress of neutralization after 2-year 
age. •

relationship seen between progress of 
neutralization In air and rusting of 
reinforcing bars. '
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Appreciation of pozzoianic reactivity of minor components.
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RESUME : Le taux de reaction pouzzolanique peut etre determine par un essai acc616r6 consistant en un contact 
pendant une nuit, au voisinage de I1 ebullition, de rreti^re pouzzolanique et de chaux en suspension dans I'eau 
(essai Chapelle). La dispersion des resultats inherente a cette methode est rdduite de faqon decisive per err- 
ploi du chauffage au bain marie et de 1'agitation negnetique. Les resultats sent corrSlSs 3 la teneur en phase 
vitreuse.

L'etude approfendie des principales caracteristiques des mortiers confecticnnes avec des ciments 3 la pouz- 
zolane penret de montrer le bien fond§ de cette methode.

SUhHftRY : The rate of pozzuolanic reaction can be determined by an accelerated test consisting in having
bath pozzuolanic raterials and lime suspended in water which is nearly boiling (Chapelle test). The result ' 
dispersion inherent in this method is considerably reduced by water-bath heating and ragnetic stirring the 
results are correlated with the ratio of vitreous phase.

The elaborated study of principal characteristics of mortars obtained with cements containing pozzuolanic 
materials shews that this method is well-founded.



INTFtODCCTION .

L'existence en France de cimants CPJ canposSs de Port
land et de constituants secondaires, ä effet plus ou 
noins pouzzolanique, dont le dosage peut atteindre 
jusgu'ä 35 % pose le probleme de leur rSactivitS ou 
prqpriStSs hydrauliques dont va dependre 1'activity 
reelle du cinent dont ils constituent les ajouts au 
clinker.

Les matSriaux pouzzolaniques frangais peuvent prove- 
nir de trois origines differentes : •

- volcanique ou Sruptive,
- naturelle,
- artificielle.

Ces matßriaux sent designSs gSnSralenent par le terme 
pouzzolane. Terme qui englobe les cendres volantes ou 
fondues.

Selon la nature et provenance du matSriau pouzzola- 
nique les deux caracteristiques essentielles des pouz- 
zolanes qui sont, la fixaticn de la chaux en presence 
d'eau et 1'aptitude ä constituer des produits ä pro- 
pri6t6s liantes, sont plus ou noins marquSes. II im
porte done ä l'utilisateur de oonnaltre avec le rraxi- 
num d'exactitude la rSactivitS du natSriau utilisß 
afin de däduire les performances que le ciment CPJ, 
ccnstituS avec lui, pourra atteindre ä une 6ch6ance 
donnSe. "

Eh effet, le suppl&nent apportS par le matSriau pouz
zolanique aux qualitSs hydrauliques du clinker ne sur- 
vient qu'ä des 6ch6ances relativenent longues 6 mots, 
1 an ou plus. Dös lors, 11 est souhaitable de con- ■ 
naltre de la fagon la plus certaine possible, et ceci 
avant utiHsation, les possibllitös offertes par le 
ciment ä la pouzzolane.

Le probläne Stant posö au niveau du ciment, 11 s'agis- 
sait de peuvoir determiner ä partir d'un ciment con- 
tenant une pouzzolane, au sens frangals du terme, 
1'activitS pouzzolanique du const!tuant secondaIre in- 
troduit dans le ciment CRJ et de trouver la relation 
existante entre cette"activitS'1 et les caractöristi- 
ques ä long terme du mortier ou böton hydraulique cor- 
respondant.

la recherche a done 6tS menöe d'une part du point de 
vue analytique sur la mise au point d'une mSthode vi- 
sant ä determiner l'activitö pouzzolanique du const!- 
tuant seoondaire prösent dans les ciments CPJ et . 
d'autre part du point de vue physique sur l'Ötude des 
caractöristiques möcaniques ä lang terme des nortiers 
confectionnös avec ces ciments.

Essais chlmigues

Parmi les möthodes chimiques proposöes pour estimer 
l'activitö des matiöres pouzzolaniques, celle qui fut 
imaginöe.en 1958 par J. CHAPELLE (1) est particuliöre- 
mait söduisante par sen principe et sa rapiditö de 
röponse. Elle permet thfioriquement de caractöriser 
une pouzzolane ä sa finesse d'utilisation par le taux 
de röaetion de la chaux, au terme d'un tarps de con
tact standardise (gönöralement 16 heures), la reaction 
ötant acc616r6e par 616vation de la terpörature (100°C).

Cn a parfois opposö au principe meme de cette determi
nation 1'argument seien lequel les hydrates qui se 
forment dans ces conditicns n'ont ni la röme nature. 

ni la meme solubilitS que ceux qui se forment S tem
perature ordinaire. Cette objection serait valable si 
la cinetique de la reaction 6tait gouvemee par la 
precipitation des hydrates. Or, I'etape limitante de 
la reaction pouzzolanique est en r6alit6 1'attaque ' 
hydroxylique de la matiöre, et le flux de dissolution, 
e'est-a-dire la quantity d'ölSments acides passant en 
solutions par units de surface et par units de tenps. 
et le reflet direct de la rSactivitS de la pouzzolane. 
L'Stape suivante de prScipitaticn des hydrates, quels 
qu'ils soient, est un processus rapide, qui en tout 
Stat de cause ne peut que suivre le rythme de la dis- 
soluticn. '

Le mode opSratoire d'erigine de la mSthode Chapelle 
est le suivant :

Dans un erlenmeyer contenant 200 ml d'eau distillSe 
dSbarrassSe de CO2, on met 1 g de matSriau presumS ä 
action pouzzolanique, - broyS ä la finesse du ciment et

1 g de chaux. On porte ä Sbullition pendant 16 h. 
Pour Sviter que I'eau ne se perde par evaporation, on 
dispose au desstis de 1'erlenmeyer un tube rSfrigSrant 
surmontS d'une garde 3 COj, (solution de soude ou 
chaux sodee). Aprds refroidissement, on dose la chaux 
qui n'a pas rSagi, en presence de sucre.

Contrastant avec 1'SlSgance du principle, la dispersion 
des rSsultats est assez dScevante et, dans ces condi
tions opSratoires, ne peut etre rSduite que par une 
staritardisation fastidieuse de tous les facteurs : 
mode de chauffage, röglage de celui-ci, forme et ma
tiöre du rScipient, corrections de blanc, etc...

Les causes de cette variability sent de trois ordres:

- Lagitation  de la suspension rSsulte de la seule*
6bulliticn et n'est par consequent pas reproductible. 
Si eile est trop faible, la matiöre sSdimente. Si eile 
est trop forte, il se produit des projections qui for
ment un dSpdt en anneau sur les parois situSes au des
sus de la surface. -

- Il existe un gradient de terrpörature au niveau de '
1'interface parol-suspension, qui provoque la forma
tion d'un tartre, dont la matiöre est soustralte ä la 
röaetien et qu'il est difficile de detacher en fin ' 
d'opöraticai. .

- On övite difficilemsnt toute carbonatation car au 
sennet du rSfrigSrant, I'eau refroidie est totalement 
dScarbonatSe et done avide de C02. MalgrS la presence 
d'une garde ä CO;, par suite de 1'inportance du re
flux et 1'effet Stant cumulatif, au bout de 16 heures 
la quantity de CO; entrafnS est loin d'Stre nSgligea- 
ble. Par ailleurs, 1'essai ä blanc est majors en rai; 
son d'une ISgöre attaque du verre.

Nous senmes parvenus ä rSduire de fagen radicale la 
var labil ltd en agissant sur ces causes de dispersion 
la premiöre precaution consistant en I'ernplol de fio- 
les en inox, qui Slimine 1'attaque du rScipient; '

L'artifice principal rSside dans le fait que la rSac- 
tion a lieu dans un rScipient hermStiquement fermS, 
placS dans un bain-marie ä Sbullition d'eau. Le milieu 
est done ports ä 100°C mais 11 ne bout pas. Pour Svi
ter la mise en pression, cn porte prSalablement. la 
suspension ä 1'Sbullition sur un bee bunzen avec 
toile mStallique, on retire prestement du feu et .on 
ferme aussitßt par un bouchcn d'Slastanöre silicons. ' 
Cn place alors le rScipient lestS dans un bain marie 



d'eau a ebullition, con^u de telle fagon qu 11 per
mette 1'agitation nagnStlque (I’inox est permeable 
X chairps magnStiques). Il n'y a de cette faSon,^L 
d6pats7 ni Ejection, ni entartrage puisqu 11 n y a 
pas de gradient de te^rature, ni cartanation puis- 
cjue le rtcipient est henngtlquement ferm6.

torsqu-on arröte la reaction, oi refroidit I0,reci
pient sous un courant d'eau, sans l'ouvrir. L Inte
rieur se met done en depression et on fait p6n§trer 
1'air en «formant le baictax.

DiPOSUlF UTiliSfe POUR L'ESSAi

le montage que nous avons utilisS (Fig. 1) rSpond aux 
iirpBratifs requis. Il n'est toutefois pas superflu de 
signaler qua sa realisation en verre et la mise en 
oeuvre de masses d'eau tauillante et de recipients 
chauds requiSrent de s6v6res precautions d"utilisa
tion pour Sviter les accidents.

La determination de I'activitS pouzzolanique des cons- 
tituants presents dans les ciments a 6t§ menee en pa
rallele ä l'aide de 1'essai Chapelle modifiS tel qu'il 
a 6t6 decrlt prScSdemment et par determination aux 
rayons X de la phase vitreuse. _

La figure 2 donne la relation existant entre la quan
tity de CaO consarmee et le pourcentage de phase vi- 
treuse.

Il apparalt ainsi qu'il exists une bonne correlation 
entre les 2 mesures et les deux mSthodes utilisges.

Ainsi done dans le present expose, on s'est limits ä 
relier I'activitS du constituant secondaire dSterminS 
ä partir de la quantity de chaux conscntnSe ä diverses 
caractSristiques des mortiers.

Essais physiques

L'Stude a St§ menye sur 6 ciments industriels CRT 
constituSs par des pouzzolanes (Z) ou des cendres (C) 
et sur 5 pouzzolanes (Bizac - Volvic - Dotes - Paugnat 
CinSrite), une cendre volante et une cendre fondue. 
Avec ces sept netSriaux ä effet pouzzolanique, on a 
confectionny au laboratolre, 63 ciments 3 partir 
trois clinkers differents dont les teneurs en C-iA 
Staient 1,5 — 9,5 et 14 %. Pour chacun des enneti — 
tuants secondaires, on a utilisy les pouroentages de

10, 20 et 35 % du poids de clinker. AprSs broyage ä 
la finesse Blaine 9000 cm2/g le constituant secon
daire a StS mSlangS dans les proportions indiquSes 
prScSdermEnt ä chacun des clinkers broySs ä une fi
nesse de 3200 cm^g.

Figure*  2

des pouzzolanes utilisees dans les ciments C PJindustriels

CoO consommee en fonction des ?*ode phoses vitreuses

La figure 3a donne la courbe granulomStrique des di
verses pouzzolanes et cendres aprSs broyage, ainsi que 
oelles des 3 ciments utilisSs dans les mSlanges.

dEterminEes AU GRANULOMETRE A LASER

Figur, 3 * | COURSES GRAHLLOMSTRIOUES | ’ Figur, 3 fl

les figures 3b, 3c et 3d reprysartent les courbes gra-*  
nulonytriques des ciments CPJ oonstituys avec le clin
ker n° 1 ä 1,5 % de CjA.

Ch constate ainsi que pour 10 % d'ajouts 11 n’y a para- 
tiquement pas de diffyrence granulaire entre le ciment 
d'orlgine et le CPJ reconstituy. A partir de 20 %, ,
11 augntiitatlon du pourcentage d'yiyments infyrieurs’ A 
16 ji croit en fonction du pourcentage de const! tuants 
secondaires.-Cette raimque s'applique ygalement aux 1 
deux autres CPJ 3 CjA plus yiev6 et aux ciments Indus™ 



triels utilises dans la recherche. .

Figur# 3C Figure 3 D

CPJ ( 80V. de Clinker Nil 
et 20*/. de Z) .

CPJ ( 65V.de Clinker Ngl 

et 35 V. deZ)

Le pouvoir hydraulique ou liant des constituants se- 
condalres utllisds, se traduisant sur mortier par un 
accrolssement plus ou moins marquä des resistances, 11 
va de sol que plus une pouzzolane ou cendre est reac
tive, plus cet accrolssement est 61ev6 et plus sen 
SchSance est rapprochde de la date de fabrication.

L'6tude corparative des mortiers ISO confecticnnSs 
avec des CPA et les m&nes CPA addltionnds de 10 ä 35% 
de Z ou de C (CPJ industriels et de laboratoire) mon- 
tre que quelque soit la quantity de CaO conscrrmde me- 
surde, aucun ciment CPJ ne conduit avant 28 jours ä 
des resistances du mortier supSrieures ä celles des 
t&noins CPA. A 28 jours, les cendres volantes et fon
dues assocides ä des ciments 3 teneur en CgA ^38% 
ont des resistances supdrieures 3 celles du tdmoin 
(Fig. 4a, 4b, 4c, 4d - Tableau I).

Resistances ä la con.pression en fonction de l eg" er de la 

CaO consonunee mesuree ä l'cssai ChopeJe modifie

Si I'on etudie 1'evolution des resistances des ciments 
3 partlr de la porogression de celles du mortier ISO 
aux dchdances X supdrieures 3 28 j, on a ;

pour les ciments aux pouzzolanes :
= R2X ~ *̂28

et pour les ciments CPA :
= RTX “ RT28*

R = Resistances 3 la carpression du mortier
X = Age du mortier aux dchdanoes de 180 j - 1 an.

la valeur = (^ - - (^ -
renseigne sur la. progression du pouvoir hydraulique 
des pouzzolanes.

CPJ N*3ov.c difikw* ö 14% C,A 

•r 20 *Z d. Z ou c

CPJ «‘Zowt «fr*«- 6 eXc.A 

•I 20% d. Z oil c

Eh reliant aux valeurs de CaO consarmSe mesu
ree dans les divers ciments aux pouzzolanes, on peut 
ccnnaltre 3 partir du mortier confectionnd avec les 
ciments CPJ la relation qui peut exister entre la pro
gression du pouvoir liant du constituant secondaire 
et son activite pouzzolanique. '

L'etude de la representation graphique de R_ - R_ 
(Fig. 5a - 5b) pour diffdrents ages en fonction de 
CaO ccnsarmee fait apparaltre tout d'abord que, 3 
180 jours,la famille de pouzzolanes dont la CaO ccnsott- 
mde est supdrieure 3 0,33 g a une progression des re
sistances supdrieure 3 celle des temoins : 
Rz-^r o.

A 1 an, les pouzzolanes 3 faible rdactivitd carmen- 
cent 3 avoir des qualit6s liantes, certaInce dopt la 
CaO conscnm6e est de>0,25 presentent un R^-Rj^O.Par 
centre, tout®.chosesetant 6gal®par ailleurs,1^ gam- 
me des valeurs negatives de cette difference se trouv^ 
rdduite i

Rg - Rp passe ainsi de (- 6,5j 0) 3 (- 4,0).
Ceci est v6rifi6 autant sur les ciments industriels 
que sur ceux du laboratoire.

On peut done estimer que les pouzzolanes 3 faible rdaq- 
tivite ne presenterent un pouvoir hydraulique qu'3 ' 
partir d'un an.



Evoluten de la relation Rz-Rt 6 180] et ä lan 

en fonclion de ta- CaO consommee.

CPJ induitrifls et CPJ fubriqurt
en tabarataire a 20 et 35V*  de Z ou C •

En ce gut ccaaseme la progression des resistances, on 
reswgu© dans le cas des ciioents CPd de laboratoire, 
iÄie inflöBiee trbs marguSe du dosage en C^A. Bi ef- 
£et la progression, des resistances 3 1 an est accen- 
tuße dans les cas ou le clinker utilise dans le CPJ 
poss8de un pourcentage de CjA^>9,5. Ainsi cm ccns- 
tate gue pour le clinker ä 1,5 % de C^A on a 
B- - iL^o pour 57 % des CPJ todifferanrent dos6s 
en pouzzalane (Z, etc...)(Fig*  6).

Pour le clinker ä 9,5 % de C-A on a Rg - 0 pour
71 % de Qö dosSs ä 35 » et 20 * de Z et G,25 % pour 
ceuxdesSs ä 10 % de 3 etc. Pour le clinker ä 
14 % de cA ®a R„ - R_ > O pour 57 % de CPJ dosös 
ä 10 et 20 * de 3 et C,71 % des CPJ dosSs ä 35 % de
3. et C. "

Cette progression des resistances serble pea sensi
ble an dosage en 61@nsnts pouzzolanigues. Il faut 
toutefois signaler gue les Z ou C Staient broySs a ' 
we tr6s grande finesse (9000 on2/g) ce qui leur don- 
nait une surface active trbs 61ev6e. '

B’uae feügon gdnfirale, on pent dire gue la mesure de 
1'effet pouzzolanique a partir de la quantitS de ®O 
conscBBge. se relie de fa?on tr§s satisfaisante ä la 
progression des resistances eigarirafes en - Rt> 
(Fig. 5a - Sb) En effet les coefficients de correla
tion. agat de 0,83 a 180 j et 0,84 A 1 an. les 6gua- 
ttoas gdnörales ä 180 j et 1 an des droites de r6- 
^estien Stabiles smr les rSsultats cbtenus sur les 
ciments industriels et de laboratoire roßlangSs sont 
tr6s proctes et se trouvent dans le wane Intervalle 
de cenfiance (Fig. Sc).

A 180 j (Ag ' Ag) = 29,36 C^O - 10,6
A 1 an (Rg - Rg) = 28,12 C^O - 8,4 '

Il s®t>le done possible de d6duire a partir de la 
fflesure de la GaO cesasawge ef f ectude sur un cinent 
<3iJ, la profession prdvislcfinelle des resistances 
w sortier- a partir de 180 j.

La mesure de 1'effet pouzzolanique faite ä partir de 
l'essai Chapelle irodifie senible done etre bien repre
sentative du pouvoir liant des Z contenus dans un 
ciment CPJ.

Evolution de Io relulion Kt Nr 8 1B0) »I I on 
en fonction de lo CoO coneommee

CPJ mduslnel et CPJ lobriqut en loborotone 
de 20 V. et JSV. de Z.

Les araßlioraticns apportßes A 1'essal congu par
J. CHAPELLE pour estimer 1'activity des matibres pouz- 
zolaniques permettent de dßduire la rdactivitß de la 
pouzzolane entrant dans la conpositicn d'un ciment.

les essais sur mortiers confectionnSs avec de nembreux 
ciments contenant des pouzzolanes de provenances trfis 
diverses et plus ou moins rSactives ont montr6 qti'il 
etait possible de relier 1'accrolssement des r6sis-



tances dans le temps, ä l'effet pouzzolanique, du 
constituant secondaire rnesurS ä partir du ciment lui- 
meme.

En effet, le pouvoir hydraulique des pouzzolanes me- 
sur6 sur mortler est en parfaite correlation avec la 
quantite de chaux consotrnee dätenninee ä 1' aide de 
l'essai Chapelle modifig. . .

Dans le cas prSsent, les matSriaux pouzzolaniques les 
plus actifs sent les cendres associges ä des clinkers 
ä forte teneur en C_A. ■ .
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Structure of the Products of Hydration of Cement with 
Shale Ash

Structure des produits d'hydratstion de ciment addrtionne de schiste

I YANEB, Dr. Eng. Scientific Institute for Building Materials,
M RADENKOVA-YANEVA, Dr. Eng. High Institute for Architecture and Civil Engineering,
I. LAZAROV. E. TCHULEVA, Scientific Institute for Building Materials, U.R.S.S.

RESIWE i La ereseote etude porte sur 1'Hydratation de clments composes, dont 1 ajout est 
clnsUtue par le residu mineral du traitement des schlstes bitumlneux des gisements bulgares. 
On a utilise pour cela deux sortes de clinker (a fälble et a forte teneur en alite) et deux 
sortesde schlstes ainsi cults. L'activlt6 de ces schlstes cults depend de leur composition 
mineraloglgue et de la temperature atteinte pour leur production. Les eprouvettes ont ete 
etudiees au speetrographe infrarouge et au microscope electronique. On observe une vitesse 
plus elevee de 1‘hydrolyse des composants du clinker et un debut de reaction entre la chaux 
degagee et le schiste cult, qui conduit ä un developpement plus grand du C-S-H et de la 
portlandite au cours de 1'Hydratation. On observe aussl une absorption du CaCOH)^ par le 
schiste cult, qui forme a la surface des grains des cristaux aciculaires.
On en a deduit le moyen d'accroltre au maximum la compacite, ä long terme, des pates de ces 
clments. Une Interpretation des proprietes des produits obtenus a pu etre falte en se basant 
sur la composition et la morphologic des schlstes cults.

SUMMARYi Having a knolege of the special features of the cement atone structure and the 
factors of its determination is of a great theoretical and practical importance. Up to 
now inveatigations were carried on with individual clinker minerale and real cements. It 
might he said thete there is little information about the structure and the properties of 
the cement stone received during the process of hydration of cements with the mineral resi- 
dium obtained during thermal treatment of bulgarian shales.
Oils work deals with the processes of hydration of the cements with such additive and the 
developing of the cement stone structure. Two kinds of clinker (with high and low amount 

*l*te)  and two kinds of mineral residium (shale ash) with different hydraulic acti-
J111* ^«ent^draulio activity is determined by the difference in the 

mineral oomposition of the shales and the temperature treatment for extracting their 
organic inöadienta. The samples were examined by means of infra-red epectroacopy and at^ljl65$®6te0? alcr°ec0P7. Were established the peculiarities of the processe? of hydra- 

greater rate of hydrolisis of the clinker minerals, the initial stage of inter- dit1terlMWth5 amount of the C-S-H phase and portlan-
coura® hydration. The consumption of Ca/CH/_ for the razsolanic «actionProducts of interaction on the shale ash mains „re eatebliahSd The 

of the new formed phase in the initial staee of th*  esvapnanea. The view

morphology of the products of interactSntiiafiSt^ii?a+4Qa base 01 Tlew 
invMtlgitad cementa waa done. 0X9 ^^«tation of some properties of the



Studying the structure of cement stone and 
the factors of its determination contribute 
to the clarification of the mechanism of 
formation of the dense structure of the 
portland cement stone and enable to control 
this process in using binders»
Up to now there have been carrying on inves
tigations on the base of the individual 
clinker minerals ( 1,2) or real cements . 
( 2,5,4 ). It has been obtained Information 
about the composition and morphology of 
the hydration products and expressed some thou^its with respect to the mechanism of 
contact formation between the different 
phases and their distribution in the hardened binder pastes» There,(little information 
about the structure and properties of ce
ment stone containing different kinds of 
additives. Mineral residium received from 
shales during their thermal treatment ai
ming to extract their organic ingradients. 
Is such an additive interesting from theo
retical and practical point of view.
We have used the mineral residium received 
during thermal treatment of bulgarlan 
shales In semi-industrial equipment in temperature interval 825 - 1025°K» It is gra
nular material with grain size less than
2,5 nm» Thermal treatment in above mentio
ned conditions determines hydraulic activi
ty of the mineral residium (shale ash) 
and the possibility of its using as additive 
in cement.
In our previous work (5) was shown the 
possibility of using the above mentioned 
shale ash as additive to the grinded elin
ker*  Cements with good physlco-mechanical 
properties were obtained» Having in mind 
the conditions of the shale thermal treat
ment and the phase eompesltien of shale ash 
it was Interesting to study its reaction 
with cement and establish the character ef 
the products of this interaction. Two kinds 
of portland cement clinker with different 
content of alite and bellte ( samples from 
series "I" with 0,5 = 68,86 51 and cos B 9,18 56 and ^samples from series "B" 
with 0J5 ■ 40,80 % and CpB » 28-52 % ) and 
two kinds of shale ash with different hy
draulic activity were used» Jrcm the above 
mentioned materials by combined grinding 
using the corresponding quantity of gypsum 
were prepared mixtures with 15 and 40 % 
shale ash and were moulded spesinen-prisas (1x1x5en) using water from 24 to 
52 % depending on the percentage of shale 
ash. The samples obtained were kept in wa
ter and after certain perieds the precess 
ef hydration was discontinued by chemical 
dehydrogenation.
Infra-red spectroscopic measurements were 
carried out on a UH - 20 Zeiss infra-red 
spectrophotcaeter over the wavelength 400 - 4000 ea~1 using the Hujel mull er 
KBr disc as appropriate. Ota freshly broken 
surfases were identified the type and mor
phology of the reaction products between

the grains ef shale ash and port land cement 
clinker. The investigated surfaces were co
wered with a thin layer of aluminium and by 
means of scanning electron mieroseepe (type 
JBQIi ISM S - 1 ) were taken the photos of 
the typical parts. Some of the taken infra
red spectra and micrographs are shown on the 
figure below. -

Tig. 1. Infra- red spectra of pure clinker 
cements, a - 0, b - 5, e - 28 and d - 90 
days of hydration.

Tig. 2 • Infra-red spectra ef cements 
with elinker from series "1" ( 5 ) and 
series "B" ( 4 ) and shale ash (40 jt ) 
with high hydraulic activity.

Infra-red spectra of the investigated pure 
clinker cements < fig.1 ) contain absorp
tion bands ef alite at 895 end 955 ea~*  
and at 465 and 520 cm** 1 ♦ Comparing with 
pure 0,8 the bonds» maxima in the regiein 850 - 3950 eml were shifted te the high 
frequency spectra region. This is due te 
the incorporation of small quantities' ef



Na*.  Z*.  Ms2+» M4*»  Je3+« and others 
in crystal lattice of C^S to fo™ alite. 
Bellte is characterised<|With absorption 
bands at 895 and 995 ca J and at 520 and 
545 cm-l. Absorption bands at 415 and >2? 
a5A are due to the 0-A. Coopering the 
fona and intensity of 3 alite is slid bellte’a 
hepfln one can see what is the relative amo
unt of these two minerals in the cements 
investigated.The sample 1 contains more 
alite whereas the sample 2 contains more 
bellte.
In the spectpa of cements with shale ash 
absorption bands due to-the amorphous SlOp 
with maximum at 804 cm-, calcite with maximuB at 455 cm-1 and the düblet band 
for quarts at 804 and ?84 cm-' can be seen. 
The process of hydration Is assosiated with 
gradually disappearing of the bands due to 
the clinker minerals and appearing of new 
absorption bands of the hydration products. 
The principal products established during 
portland cement hydration are calcium sili
cate hydrate with absorption bands at 965*  975 cm-1 and 980-990 cm-1 i Ca/0H/2 giving 
strong sharp peak at 3640 cm-1 and calcium 
sulphoaluminate most probably monosulphate, with absorption maxima at 1170 and 5675 cm-.

Big. 3» Istra-red spectra of cements 
with clinker from series "A" (5) and 
series "BH (6) and shale ash (40 51) with low hydraulic activity. 1

In the course of hydration of pure clinker 
cements (fig.1) the intensity of the bands 
at 465 and 520 «a"i decreases sharply and 
v° $* le,fe8ioii 800-1100 carl forms a complex fflaxjjne at 890, 945^«^ 
1080 cm J. This is connected with decreasing 
tee quantity of alite and relative Increasing 
this of Pelite. The absorption maxima at 925 
08 ^e logger wavenumbers

t6 formation cf 0-8-H phase. The bands at 605 and 662 ae~1 diean- pear and the düblet at 1120 and 1150 cm-^^

«hangA« in shoulder of the band at 1150 cm . 
Thia is connected with decreasing the quanti
ty of gypsum formation of calcium suljpho— 
aluminate. At longer hydration was found that 
the amount of C-S-H phase, monosulphate and 
Ca/0H/2 has progressively increased. 
At hydration of cements with shale ash were 
observed the same events as at this of pure 
cements, but undoubtedly was established the 
interaction between shale ash and Ca/CH/2 
obtained during hydration of the clinker*mi-  
nerals. The mentioned interaction causes gra
dual deareas of the intensity of the Ca/CH/d 
bands in the course of hydration (fig. 2-3). 
Comparing the infra-red spectra for the sam
ples of the two series we can see that the 
Ca/CB/o remaining at the end of the process 
is more in samples containing clinker with 
higher amount of C^S. (fig.2). At the same 
time using the shafe ash with lower hydrau
lic activity the rate of assimilation of 
Ca/CH/„ is lower and the samples contain a 
little^blt more Portland!t (fig.3). Comparing 
very carefully the intensity of the bands of 
C-S-H phase we can see that this phase is 
more in the samples with shale ash.
The regularities established with infra-red spectroscopy were confirmed with scanning 
microscope study and were observed the Tiew 
and morphology of the new phases.
According to Copeland (4) the first elements 
of the cement stone structure were etrlngit, 
main constituent of C-S-H gel and needles 
growing from the clinker grains surfase. 
After a few hours in the spase filled with 
water and out of cement grains were formed 
small crystals of Ca/CH/-. In the case of 
cements withshale ash this Ca/CH/2 reacts 
with the hydraulic active phases.‘The result 
of this reaction is 0-S-S gel, formed very 
near to the shale ash grains. Therefore the 
samples with shale ash at different age would 
show less amount of Ca/QH/- and more C-S-H 
phase. It is considered thfft Portland!t crys
tals act the main role in formation of the 
initial cement stone strength. Addopting tills 
conception we mig^it explain in a satisfacto
ry way the low initial strength of the inves
tigated samples (5).
At the same time we have to differentiate the 
C-S-H phase resulting from the process of hy
dration of the clinker minerals from this one 
resulting from interaction between shale ash 
and Ca/CH/2. The first has the possibility 
to grow in the pores of cement stone, while 
the second is formed on ths grains of shale 
ash and is characterised with small middle- • 

ara result from interac-< Ca/®/2 10 over-saturated solution 
and their morphology is according this condi- 
^on»• Hence the interaction products so

able t0 B^ow continuously in 
uumber of contacts between

■oment of interaction is «all. This one explains the smaller strength 
st active additivesat the beginning of the process of hardening.
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Sig. 4 Micrographs of the samples from clinker with high conteht of

C_S and shale ash with high hydraulic activity. a,b,c,d - 15 S shale ash, e,f,g,h - 40 % 
shale ash. a,e - 3 , b,f - 7« c,g - 28, d,h - 90 days of hydration.
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Sig. 5« Micrographs of the samples from clinker with hi^i content of
0-S and shale ash with low hydraulic activityi a,b,c,d - 15 % shale ash, e,f ,g,h 40 56
5 shale ash| a,e - J, b,f - 7, c,g - 28, d,fc - 90 days of hydration. ' ■
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‘Pig. 6. Mlcrograpba of the sanples fron clinker with low content of 
ani shale ash with hig^i hydraulic activity. a,b,c,d - 15 % shale ash, e,f,g,h 40 %

shale ash) ate « 5, b,f - 7, o,g - 28, d,h - 90 days of hydration.

no j v ?• VidOBEaphs of the sanpies from clinker with low OS and shale ash with low hydraulic activity. a.b.ctdVlS»tiiale 
5 shale ash. a,e - J, b.f, - 7, c,g - 2&, d^ - 90 da%^f

d

content of 
ash, e,f,g,h - 40 % 
hydration.



On the electron microscope's' photographs 
shown at fig. 4 - 7 it is seen that the ' 
srtucture of the investigated cements has a very fine morphology. It is known that (7l 
cements with hydraulic active additives have 
a higher rate of hydrolises of silihates. 
Thia is second reason because at sdiich the 
products of C-S-H gel are not able to foxm - . . 
long filaments. The greater quantity of cal- ’ 
cium silicate hydrates foxmed for a definite 
period of time causes formation of many and 
short filaments. The number of contacts 
between them is small, and the structure is 
with the lower physlco-mechanical properties« 
In the course of hydration and hardening the 
so formed elements of the structure inter
weave, form a dense skeleton and cement 
stone Increases its strength.
At the same time it might be said that the 
C-S-H phase formed very near to the shale ■ 
ash grains hardly has high proportion O/Sf 
Ca/OH/p is ocmperatively in smaller amount 
that the active additive and in the initial 
mmient of reaction would foxm low-basic cal
cium silicate hydrates« Therefore it might 
be said that at hydration of cements with 
shale ash besides the two phases (Minnexn 
and "outer" C-S-H gel) formed near to the 
clinker grains, at the boundary surfase of 
the shale ash grains is formed C-S-H phase 
with lowest basicity. The morphology of the 
so formed phase - plates, discs - confirms 
this (fig. *,5,6).  from another side "She 
outer" C-S-H phase, which is richer at CaO 
forms fibrouse new formations. In other 
words during the later periods of hydration, 
when the puszolanic reaction is in its advan« ; 
ced stage the basicity of the calcium silie^' 
cate hydrates increases and in the samples 
with lower amount of shale ash is observed 
fibrouse C-S-H gel (fig. 4,5 )• 
The time is a factor which in a very great 
degree influences the type at the cement 
stone structure. Calcium silicate hydrates 
owing their origin to the reaction between 
CJS and water change continuously their com
position while those received from C2S do 
not so« According to this circumstance is 
the continuous change of the morpfology of 
C-S-H phase observed at the photos above.
The received picture allows to follow the . 
intensity of interaction between hydraulic 
additive and Ca/OH/-« yrcea the most general 
point of view this interaction might be ex
plained with thermodynamic instability of 
the system Ca(QH)2 - hydraulic additive - 
water. It might ba said that seven days are 
enough for beginning of interaction In this 
system. As it was already said, the low-basic C-S-H gel was formed with very fine par— 
tlolee.The process of interaction is more 
clearly expressed in the sanplea prepared from clinker with high amount of alite and a 
shale ash with high hydraulic activity (fig. 
4).In the case of samples of aeries "B" and 
shale ash with lower hydraulic activity (fig. 
7) at the seventh day was observed only the 
initial stage of interaction« Very clearly 
expressed products of puzsolanio reaction 
were observed in the samples containing 

clinker with low amount of alite and shale 
ash with high hydraulic activity (flg.6). 
At the longer periods of hydration (28 lays) 
at the every combination between used mate
rials might be seen clearly the interaction 
between the two components (fig«4-7)« But it 
has to be underlined that depending on the 
activity of the shale ask used, side by side 
with the products of interaction were ob
served and ca^rstals of portlandlt. Their re
lative amount is more In the samples with 
low hydraulic active shale ash.
The study carried out and the result obtained 
indicate that the shale ash received from 
bulgarian shales has hydraulic properties, 
reacts with Ca/OH/- In cement st*ne  and in
fluences the type 6f its structure.lt might 
be said that at the seventh at hydration 
the puzzolanic reaction has already begun. 
But the influence of the new formed C-S-H 
phase on the physlco-mechanical properties 
of the samples investigated is clearly ob
served in the later stages of hydration (5). 
In the structure of cement stone it has to 
be differentiated from one side "outer" hi^i basic C-S-H phase and "inner" low-basic 
C-S-H phase formed at the clinker grains, 
and at the other side, another C-S-H phase with the relatively lowest basicity and 
formed at the shale ash grains. These three 
phases during the process of hydration form 
contacts between them« When the process of 
interaction between Ca/QH/2 and shale ash 
is in advanced stage, the conditions are 
created for decreasing the whole amount of . 
portlandlt in cement stone. Is the result 
of the latter the long fibrous new formations 
of C-S-H phase are formed aad grown. Svery- 
thing mentioned above leads to the creation 
of espesslally dense structure of cement stone and the connected with this proper
ties of shale ash cements.
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An examination of Ordinary Portland cement blended 
with pulverised-fuel ash

Examen du ciment Portland ordinaire melange ä des cendres volantes

W.A. GUTTERIDGE, Mr. Cement and Concrete Association, Materials Research Department, Slough, 
England.

RESUME : Des echantillons de cendres volantes ont ete examines par diffraction X pour mesu- 
rer ce que I'on appelle : leur indice de cristallisation. En effectuant des mesures quantita
tives par diffraction X sur des ciments contenant des ajouts de cendres volantes, on a mon- 
tre que les resultats permettaient 1'analyse quantitative des constituants mineralogiques de 
ce ciment compose; ils permettent aussi, si I'on dispose d'un echantillon de ciment Portland 
pur ayant servi ä la fabrication de ce ciment compose, de connaitre 1'analyse quantitative et 
les proportions du clinker et des cendres volantes.

SUMMARY : Samples of pulverised fuel ash (ash) have been examined using X-ray powder diffraction and an
3 "crystalllnity index" obtained. Using quantitative X-ray diffraction it has been shown

t at Ordinary Portland cement blended with ash can be analysed either in terms of the ash and synthetic cement 
minerals or equally well when a sample of the Ordinary Portland cement is available, in terms of the cement 
and the ash.



INTRODUCTION

In general, the values obtained from a quantitative 
X-ray powder diffraction analysis (QXDA) of either a 
cement or a clinker are precise but u.*»t  absolute. 
They are relative only to the intensity data of the 
compounds used to provide the basis for the analysis. 
Every laboratory strives to ensure that these 
compounds (or their intensity data) are ' 
representative. Nevertheless it is still assumed by 
many that intensity data from say an alite (or 
alites) used at one laboratory are Identical to those 
obtained at another laboratory. That variability 
exists is reflected in the results obtained from the 
international QXDA surveys of 1964 (1) and 1973 (2). 
In certain circumstances however it is possible to 
analyse a cementitious mixture not just in terms of 
compounds thought to represent the mixture but in 
terms of the actual components. Cement blended with 
either pulverised-fuel ash or slag is such a 
mixture. The analysis would be given in terms of the 
proportions of cement and ash (or, slag) used in the 
blend.

Results are presented here for*clinker  and cement 
blended with ash. No attempt has been made to 
analyse the ash in terms of its individual compounds. 
A so-called "crystallinity index’1 has been used to 
characterise each ash.

The analytical procedure is that used at the Cement 
and Concrete Association for the-analysis of 
anhydrous Portland cement and clinker, the analysis 
being given in terms of a set of synthetic cement 
minerals. This procedure has been tested using 
mixtures containing between two and eight synthetic 
cement minerals in several combinations. It has 
been shown by the author that the method is reliable 
and will produce an analysis of an acceptable 
precision. Three such analyses are given in Table I 
together with appropriate 95 percent confidence 
limits (95% CL).

standard the intensity can be normalised using 
the intensity Is from a selected diffraction of 
the internal standard (3)i(^)>(5) to give

where is the normalised
angle 2-theta of a binary mixture 

It can be shown (6) that —- (Ne) • w
»OOV C‘
intensity at the
(or primary

standard) containing only the particular compound c
and the same weight fraction wg as is contained in 
the multicomponent mixture; wc is the weight 
fraction of compound c in the multicomponent 
mixture.

The weight fraction wc of each compound in the 
multicomponent mixture is obtained by minimising 
the sum of the squares of the errors for the 
intensity data collected by step counting at each 
of the T 2-theta values and solving the resultant 
normal equations.

A reliability factor R is computed where R is given

Finally the weight fraction of each component in the 
mixture is expressed as a weight percentage and a 
total wj obtained.

Both R and Wj> are used to assess the reliability of 
the analysis. It has been found by the author that 
when w>p is 100 2 and R is less than 0.02 the
analysis is reliable.

Experimental

a) Sample preparation and data collection

A set of X-ray intensity data were collected on

Analyses obtained from mixtures containing synthetic cement minerals and analysed in terms of the same 
synthetic minerals using X-ray diffraction (weight percentage)

TABLE I

Cement mineral
Alite Belite C,A Ferrite CaSO^ *

Nominal composition 59.7 24.875 0.5 14.925 nil
1. Analysis 60.25 24.94 0.55 14.26 —

95% CL 0.42 0.46 0.09 0.16
Nominal composition 65 . 18 9 6 2

2. Analysis . 63-93 18.55 8.64 7.15 1.83
95% CL 0.35 0.06 0.09 0.24 0.09
Nominal composition 55 27 6 9 3

3. Analysis 54.90 27.24 5.71 9.10 3.04
1 95% CL O.71 O.89 0.03 0.26 ' 0.31 :

Procedure

that in
The analytical procedure uses intensity data 
collected by step-wise counting and the fact 
any powder diffraction pattern obtained from 
mixture containing M components, the intensity Ip 
diffracted at any angular position 2-theta is related 
to the linear sum of the intensity Ic diffracted by 
each component at the angle 2-theta. When such a 
mixture contains a weight fraction ws of an internal 

punched paper tape, by step counting for 20 seconds 
at intervals of 0.05 degrees 2-theta from 12 degrees 
to 45 degrees 2-theta, for each sample of ash (in 
its as-received condition) using a Philips vertical 
circle powder diffractometer with pulse height 
discrimination and copper K-alpha radiation.

Primary standards were prepared using 1g of rutile 
(TiOi) as the internal standard and 5g of one of*the  
following, a cement, a clinker and a pulverised-fuel 
ash. These mixtures were ground for-40 minutes



in an agate ball mill using 10ml of cyclohexane as a 
grinding aid. .
Intensity data were collected, on punched paper tape, 
from these primary standards by step counting at 
each interval of 0.05 "degrees 2-theta over the range 
24.8 to 38.25 degrees 2-theta using a Philips 
vertical circle powder diffractometer with pulse 
height discrimination and copper K-alpha radiation. 
Twelve primary standards were prepared in this way 
using four Portland cements, a sulphate resisting 
Portland cement clinker and seven samples of 
pulverised-fuel ash.
An additional eight mixtures were prepared each 
containing rutile (having the same weight fraction 
ws as used in the primary standards) together with 
one of the seven samples of ash and either the 
sulphate resisting Portland cement clinker or one of 
the Portland cements. These mixtures were to be the 
subject of the QXDA and were made in exactly the same - 
way as the primary standards. Intensity data were 
also collected in exactly the same way as was used 
with the primary standards. Nominal compositions 
are given in Table II.

TABLE II

fixture 
to»

Clinker or Cement Ash
No, No. wt%

1 5 85 7 15
a 1 80 1 20
3 1 80 2 20
4 1 80 3 20
5 2 60 4 40
6 5 50 7 50
7 3 40 5 60
8 4 30 6 70

Nominal composition of the blended mixtures 
containing pulverised-fuel ash and either a cement 
or a clinker (weight percent)

b) Data processing

Intensity data obtained from the pulverised-fuel ash 
in its as-received condition and collected over the 
angular range 12-45 degrees 2-theta were processed 
by removing a linear background and then fitting an 
eighth order polynomial in Sin8 46 to data comprising 
the "amorphous halo". The total integrated intensity 
defined by the polynomial represented the diffracted 
intensity 1^ from the "amorphous halo" in each sample 
of ash. The ratio
(Total integrated diffracted intensity - IA) 

(Total integrated diffracted intensity) X 100

was used to give a value for the "crystallinity 
index" of the ash.

The X-ray intensity data collected from the eight 
mixtures were processed by:*

(i) location and subtraction of background data.
(ii) location of the mid-chord at 80 percent of the 

peak height (80  Hi) of the Rutile (110) 
diffraction.

*

(iii) interpolation of the intensity data until the 
80% PH of the Rutile (110) diffraction was at 
27.475 degrees 2-theta.

(iv) determination of the integrated intensity of 
the Rutile (110) diffraction.

(v) normalisation of the intensity data.

c) Analysis

Each mixture was analysed in two ways. First in 
terms of an ash and either a cement or a clinker and 
second in terms of an ash and a set of synthetic 
cement minerals. Two sets of seven analyses were 
obtained from each mixture of cement and ash. For 
example the QXDA intensity data recorded from 
mixture number one (which contained only ash No 7 
and cement No 5) was first analysed in terms of the 
primary standard (PS) data for both ash No 7 and 
cement No 5. Six other results in this set were 
obtained by substituting (one at a time) the PS data 
for the remaining six ashes for that of ash No 7. 
The second set of seven analyses were obtained using 
PS data from a set of synthetic minerals instead of 
that for the cement and repeating the procedure 
outlined above with each ash in turn. Of these 
fourteen analyses only one is specific to the actual 
components of the mixture in that pulverised-fuel 
ash No 7 and cement No 5 were used. The other 
thirteen analyses indicate the range of results 
which are obtained when a mixture is analysed in 
terms of components which are similar to, but not 
identical with the components in the mixture.

Analyses are given in Table III for the four Portland 
cements and the SR Portland cement clinker used in 
this work. These results are based on synthetic 
cement minerals. The crystallinity indexes obtained 
from the seven samples of ash are given in Table IV. 
The analyses obtained from mixtures 2, 3 and 4 are 
given in Tables V and VI whilst those results 
obtained from mixture 8 are given in Tables VII and 
VIII.

Analysis of the SR Portland cement clinker and the 
Portland cements used in the blended mixtures 
(weight percent by X-ray diffraction)

TABLE III
Cement Alite Belite CjA Ferrite CaSti, CaO R-

Factor
1 
(Clinker) 62* 19 nil 13(a) nil 0.7 0.007
2 59* 26 7 5(b) 2.6 0.6 0.032
3 . 71+ 17 2 6(c) 2.4 0.9 0.009
4 67+ 13 10 6(b) 3.2 0.4 0.020
2 6ax —12 11 5 2^ 0.029

denotes a monoclinic alite} -denotes a rhombohedral 
alite (a) denotes F 62:38; (b) denotes F 
54:46; (c) denotes Is 50:50 ss

Crystallinity indexes for the seven pulverised-fuel 
ashes used in the blended mixtures.

 TABLE IV
Sample No. Index Sample No. Index

1 24 5 14
2 54 6 19
3 62 7 164 22 • -



TABLE V .
Mixture 
No.

wt % 
Clinker

vt % ash Ash used 
in analysis

R-Factor

2 80.8 19.2 1 0.003*
9 84.5 . 15.6 2 0.004 .
2 ■ 82.7 17.3 3 0.004
3 78.7 21.3 1 0.006
3 80.0 20.0 2 0,002*
3 79.5 20.5 3 0.004
4 82.5 17.5 1 0.004
4 84.7 15.3 2 0.003
4 83.O *■ 17.0 3_______ ■ 0.003*

Analyses obtained by X-ray diffraction for mixtures 
containing an S.R. Portland cement clinker and 
pulverised-fuel ash. Analysed in terms of the 
clinker and three different ashes. Nominal 
composition 80 weight percent clinker and 20 weight 
percent pulverised-fuel ash.

denotes analysis using the correct reference 
components ' ■

Analyses obtained by X-ray diffraction for mixtures containing an S.R. Portland cement clinker and pulverised- 
fuel ash. Analysed in terms of synthetic cement minerals and three different pulverised-fuel ashes. Nominal 
composition of each mixture 80 weight percent clinker and 20 weight percent pulverised-fuel ash.

" TABLE VI
Al iteX Belite Ferrite CaO Ash R-Factor Ash used in analysis

Nominal (d) 53.4 15.5 10.5 0.6 ■ 20 .
•Mixture No.

2 50.6 15.6 10.0 0.8 23.0 0.008* 1
2 53.5 16.5 10.7 0.8 18.4 0.010 2
2 52.4 15.9 10.2 0.8 20.7 0.008 3
3 ■ 49.4 • 15.2 9.7 0.7 25.O 0.010 . 1
3 51.0 15.5 10.0 0.7 22.7 0.007* 2
3 50.6 15.2 9.8 0.7 23.7 0.009 3
4 52.7 15.3 9.9 0.6 21.6 0.007 1
4 54.8 15.9 10.3 0.6 18.3 0.007 2 '
4 53.7 15.3 9.9 0.6 20.5 0.006* - 3

’‘denotes analysis using the correct reference components; 
obtained from Table III.

TABLE VII
wt % cement 
No.4

wt % 
ash

Ash used in 
analysis

R-Factor

31.1 68.9 1 0.004
4o.o 60.0 2 0.029
34.4 65.6 3 0.017
31.7 . 68.3 4 0.004
31,5 68.3 5 0.010
30.9 69.1 6 0.004*
30.9 69.1 7 0.004

Analyses obtained by X-ray diffraction for a 
blended mixture containing an O.P. cement and a 
pulverised-fuel ash. Nominal composition 30 weight 
percent cement and 70 weight percent pulverised- 
fuel ash. (Mixture No 8). Analysed in terms of 
cement and different pulverised-fuel ashes.

denotes analysis using the correct reference 
components.

Xdenotes a monoclinic alite (d) denotes data

Discussion
Results given in Table IX show that satisfactory • 
analyses are obtained when the blended mixtures are 
analysed in terms of their particular components. ‘ 
The agreement between the results in Table IX and 
the nominal composition given in Table II is good.

By chance the pulverised-fuel ashes used in this work 
appear to fall into two groups when classified 
according to their crystallinity index. Samples 1,4, 
5,6 and 7 have an index in the range 20+6 whereas 
sample 2 and 3 are significantly different in that 
their index is in the range 58 4. It would not
be surprising therefore to find a similarity in the 
analyses given by ashes in the same group. This is 
shown by the results given in Table VII for a 
mixture containing an ash from group one i.e. having 
an index in the range 20 ♦, 6. Those analyses which 
have been obtained using other ashes in this group 
are similar in as far as a mean value of 68.8 
((T= O.36) is obtained for the ash content of this 
mixture. This contrasts with the value of 62.8 
(<T- 3-96) obtained from the two ashes of group two. 
The contrast is more marked in the results given in 
Table VIII where a mean value of 70.1 «T = 1.1) is



Analyses obtained by X-ray diffraction for a blended mixture containing an O.P. cement and a pulverised-fuel 
ash. Nominal composition 30 weight percent cement and 70 weight percent pulverised-fuel ash. (Mixture No.8).
Analysed in terms of synthetic cement minerals and different pulverised-fuel ashes.

TABLE VIII
+Alite Bellte Cj A Ferrite CaS(^ Ash R-Factor Ash used in 

analysis
20.1 3.9 3.0 1.8 1.0 70.0
ao.'s 3-6 3.1 1.8 0.6 72.0 .008 1
23.0 4.9 3.5 2.3 1.8 55.0 .034 2
22.0 3-3 2.5 1.7 1.5 63.O .020 3
19.8 4.3 3.3 1.8 0.9 69.3 .008 4
20.8 3.6 2.3 1.7 1.1 69.8 .012 5x
19.7 3.7 2.9 1.5 0.8 69.4 .007 6*
19.3 4.3 3.1 1.5 0.8 70.1 .008 7

^denotes analysis using the correct reference components; denotes a rhombohedral alite; (d) denotes data 
obtained from Table III.

TABLE IX
Mixture Nominal 

wt Ü 
cement

wt % 
cement

wt % 
ash

R-Factor

1 85 83.8 16.2 .003
2 80 80.8 19.2 .003
3 80 80.0 20.0 .002
4 80 83.0 17.0 .003
5 60 61.4 38.6 .004
6 50 52.8 47.2 .003
7 40 40.9 59.1 .005
8 30 __ 2219 69.1 .004

Analyses obtained by X-ray diffraction for all of 
the blended mixtures based on the actual components 
used in the blend.

4. - L.E.COPELAND AND R.H. BRAGG (1958), Anal
Chem 30, 196-201.

5. - R.F. KARLAK AND D.S. BURNETT (1966), Anal
Chem JS, 1741-1745.

6. - H.P. KLUG AND L.E. ALEXANDER (1974), "X-ray
diffraction procedures for polycrystalline 
and amorphous material". John Wiley and 
Sons, New York, 531-S65»

obtained using ashes in group one and 59 (<T= 5.65) ■ 
using the two ashes of group two. In general it 
appears from the results presented here that 
acceptable analyses are obtained only when the 
analysis is given in terms of an ash whose 
crystallinity index is similar to that of the ash 
used in the blend. This criterion applies when the 
analysis is in terms of either an ash and a cement 
or in terms of an ash and synthetic cement minerals.

CONCLUSION

A blended mixture of pulverised-fuel ash and cement 
can be analysed equally well either in terms of the 
ash and synthetic mineral or in terms of the ash and 
the cement used in the blended mixture. There is 
some evidence that for the analysis to be acceptable 
the ash used in the calibration should have a similar 
crystallinity index to that in the unknown blend.
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Mecanisme d'hydratation d'une cendre de lignite 
calcaire

Hydration mechanism of a fiy ash produced from calcareous lignite

k. CARLES-GIBERGUES, Departement de Genie Civil de I'lnstitut National des Sciences Appliquees 
de Toulouse,

B. THENOZ, Institut de Geotechnique de I'Universite Paul Sabatier de Toulouse et
A. VAQUIER, Institut de Geotechnique de I'Universite Paul Sabatier de Toulouse, France.

RESUME : Les cendres volantes de GARDANNE (FRANCE) proviennent de la combustion de lignites calcaires. Elies sont 
utilisees pour leurs proprietes hydrauliques. Elies renferment essentiellement de la chaux vive, de 1'anhydrite 
et de la larnite associees ä une phase vitreuse.
Gächees avec de l'eau ä temperature ordinaire, ces cendres man.ifestent une forte r6activit6 : 11 apparalt rapide- 
ment de la Portlandite, responsable de la prise, puis de 1'ettringite. Par la suite, C H diminue progressivement, 
jusqu'ä disparaltre, en se combinant au silicium, libere par le verre et par (3- CgS, sous forme d'un C S H ; 
parallelement, se forme CgASHs.-
La vitesse de cristallisation de C H et, par vole de consequence, la vitesse de prise des pätes cendre-eau est 
acc616r6e par la diminution de la quantite d'eau de gächage et par 1'accroissement de la temperature. L'ettrin- 
gite, par contre, se decompose au-dessus de 60°C.
C'est la pression de cristallisation de 1'ettringite dans des espaces intergranulaires trop faibles qui fissure 
puis ruine pr6cocement les pätes pures. Par contre, si la cendre est incorporee, en petite quantite, dans un 
squelette de gros elements (grave routiäre, par exemple) 11 existe des cavites. suffisamment grandes pour assurer 
la libre expansion de 1'ettringite. Dans ce cas, 1'enchevetrement des aiguilles de C6AS3H30 vient s'ajouter ä 
Taction liante de C H qui est, plus tardivement, renforcöe puis definitivement remplac6e par celles de C S H 
et C2ASHg.

SUMMARY : Fly ash of GARDANNE plant are produced from calcareous lignite coal. They have cementitious properties. 
The major components are crystalline : lime, anhydrite and larnite. Glassy phase represents some 30 percent of 
fly ash. ■
The material reacts with water : C H is formed, which causes the set and ettringite appears more slowly. After
wards, the amount of C H decreases : this mineral combines with silica, released by the glass and CgS, to form 
C S H : subsequently C2ASHg appears. ■ .
The rate of hydration of C and setting of pastes are much increased by rise in temperatures (from 2°C to 60°C), 
and decrease of water : fly ash ratio »Crystallisation of ettringite is also accelerated up to 40°C : the mine
ral decomposes above 60°C.
The crystallisation pressure of the needles of C6AS3H30 growing in too little intergranular spaces, introduces 
stresses in hardened young pastes and leads to breakdown.
On the other hand, when fly ash is Introduced in coarse aggregates (i. e. in road bases) ettringite develop free
ly in the large voids of the mix : so, an important contribution to strength is made by the filling of these spa
ces. In final stage of hydration, C S H and CzASHg are responsible for rise in compressive strength up to 15 MPa 
at the age of 180 days.



ces eendres resultent <te la eesbustion des lignites SleaiSu Ein de GARGANUE (WNCE). Les steri
les des combustibles sent, pour la Rajorite, de la 
ealcite» du gyps®» de 1'illite, du quartz et de la 
pwite. Ils donnent naissance a des eendres relative- 
ment eauvres en vemjet surtout earacten sees par 
leurs oxyde et sulfate de ealciw*  cristallises ; al
les font prise au contact de 1'eau. A ce titre, alles 
ne sent pas utilisees cwwe addition pouzzolanique 
»is bien conwe liant de graves routines. Cette com- 
iRunication, suite des travaux exposes dans una pr6ce- 
dente publication (1), se propose d'expliquer 1 in- 
flwce des divers pararaetres qui eommandent 1 hydra
tation du nateriau. - 

1 - WSTIWim MirtEMLMIWE BE LA CENDRE

Les variations de teneurs relatives des mindraux des 
steriles se repercutent sur la composition chimique 
des eendres. Aussi, indiquons-ms sur la tableau I 
les limites I et 2 a Vinterieur desquelles.se sent 
situes les ectantillons que nous avons Studies.

TABLEAU) I - Composition chimique de la cendre

: Cetidre totale Verre

t lim. 1 lim. 2

: 24,8 21.0 32,5

A1,A : m,9 14,7 43,2
: ' 6,8 6,6 7,6

cam : 42,9 47,2 11,2

Ng9 : 1,8 0,8 2,4

I KB) : i»q> 0,4 1,2
: 0,8 0.4 1,2

so3 : 7,0 9,1 0

L'ttendue de variation est mains grande qua cel les 
rapportles par dies auteurs Strangers concernant d'au- 
tres types de eendres de lignites (2), (3).
Be noiBbreux grains sent sous forme de spherules vi- 
treuses : elles sent essentiallament silico-alumineu- 
ses et renferment parfois du fer qui les teinte alors 
en rouge. Les autres particules sent cristallisees en 
chaux vive, anhydrite, hSmatite, magnStite, quartz et 
larnite. L'existence de ce dernier mineral, qui a fait 
1'objet de controverses, a StS, d'une part, constatSe 
par J. MILLET (A) et, d'autre part, est clairement 
wntrSe par les diffractogracmes X (figure 1) rSali- 
sSs sur la cendre brute (la), sur la cendre traitSe 
4 1 eau sucrSe (lb), sur ce rSsidu attaquS par 1'aci- 
de salicylique (lc).
Le bilan quantitatif des diverses phases s'Stablit 
aux valours suivantes ;

quartz : 5 % 
hSmatite+magnStite : 4 % 
verre : 34 t

chaux vive : 28 1 
anhydrite : 15 X 
larnite : 14 t

FIGURE 1 - Mise en evidence deß.C2S dans la cendre

Nous avons reports dans le tableau I la composition 
chimique -calculee- du verre. Celle-ci s'applique ä 
1‘ensemble de la phase vitreuse : eile varie trSs lar- 
gement d'une spherule ä 1* autre, comme I'ont montrS de 
nombreux auteurs, travaillant sur des eendres de houil- 
le, dont B. ALPERN a etS l'un des premiers (5).
La repartition de ces constituants varie considerable- 
ment avec la granulometrie : e'est ainsi que 1'anhy
drite se concentre dans la partie la plus fine et que 
la chaux s'y rarefie.
La masse volumique absolue du matSriau avoisine 

kg/dm3 ; sa surface specifique (Blaine) varie entre
2 500 et 3 2OOcm2/g et sa granulomStrie s'Stale, en 
pratique, de 0,5 ä lOOjj m.

2 - HYDRATATION DE LA CENDRE

Nous avons mens deux series d'expSriences.
Tout d'abord, et en vue de prSciser les mecanismes 
exacts qui commandent la prise de la cendre, nous a
vons determine les elements susceptibles de passer en 
solution. Pour ce faire, comme le conseille COTTIN (6^ 
nous.avons juge preferable d'6viter aussi bien les sus
pensions träs diluSes que les rapports solide/liquide 
eleves et avons choisi la valeur eau/solide, E/S = 10.
Nous avons ensuite cherche a approcher les conditions 
reelles d'Hydratation de la cendre utilisBe comme 
liant en Travaux Publics ; nous avons done 6tudi6 le 
comportement de pates gäch6es avec peu d'eau, au rap
port E/S = 0,20.



2.1 - Cendre placee dans un exc6s d'eau

La cendre de GARDANNE agitee dans dix fois son poids 
d'eau, ä temperature ordinaire (19 ä 21°C), subit une 
dissolution extrSmement rapide et fort importante 
puisque la perte de poids atteint 3 % apres 1" heure, 
6 % ä 2 heures et se fixe ä 9 % au bout de 4 jours. 
Dans les memes conditions, pour une cendre de houille 
silico-alumineuse, on note respectivement, 0,6 % - 
0,9 % et 1,2 %.
Cdmme 11 fallait s'y attendre, la cendre reläche sur- 
tout de la chaux et des sulfates (figure 2). Le pas
sage en solution de la chaux est extremement rapide 
et important ; il precede celui des sulfates.

FIGURE 2 - Dissolution de la cendre dans I'eau

La partie vitreuse de la cendre t&noigne d'une r6ac- 
tivit§ non nSgligeable : silicium et aluminium se re- 
trouvent eux aussi en solution, trSs vite, mais ä des 
taux 6videmment bien infSrieurs.
L'Stude, par diffractometrie X, montre qu'il s'ensuit 
des transformations de la constitution mi neralogique 
du maUriau. Sur la figure 3, nous avons reports I'e- 
volution des hauteurs des raies de diffraction, carac- 
tSristiques de :
- la chaux, C, plans (200) et (220)
- 1'anhydrite, C S, rSflexionlQ^J

- 1'association chaux+1arnite : plans (111) de C, 
(103), (121), et (200) de p - C2S

rapportSes ä celle de la reflexion (101) du quartz. 
L'examen des courbes amSne ä distinguer deux pSriodes 
qui s'articulent approximativement au quinzieme jour.

FIGURE 3 - Hydratation de la cendre dans un exces 
' d'eau (E/S = 10)

2.1.1 - Hydratation durant les 15 premiers jours

La chaux vive diminue trSs rapidement au cours des 
premieres heures, plus lentement ensuite ; eile dispa- 
rait pratiquement au bout de quinze jours. La dissolu
tion de 1'anhydrite est un peu plus lente ä demarrer 
mais, au bout de quelques heures, eile acquiert une 
vitesse constante jusqu'ä disparition du mineral qui 
intervient au treizieme jour.
La larnite se dissout beaucoup plus lentement que la 
chaux, comme en temoigne la decroissance, avec le 
temps, de I'intensitS du pic ä 2,778 Ä (C + CgS), net- 
tement moi ns rapide que celle "de ta somme des diffrac
tions de (200) et (220) de CaO.
Simultanement, apparaissent des mineraux hydrates ; 
au bout d'une heure, de la portlandite, puis, apres 
une heure trente, de 1'ettringite.

Ces deux composes sont discernables, tout d'abord, par 
microscopie electronique ä balayage (figure 4), mais 
aussi, plus tardivement, au microscope optique. .

FIGURE 4 - Cendre hydratee 1H30 (E/S = 10)* 
' (E : ettringite ; P : portlandite)



On se rend campte que les cristaux de portlandite se 
multipl lent et foment un squelette qui rigidifie le 
matiriau. Les cristaux d'ettringite, seulement visi
bles en petit nombre sur la figure 4 (car 1 hydr®t®" 
t on n'a dure que 1 heure 30), sous forme de prismes 
traous. se dSveloppent par la suite surtout perpendi- 
culairement 1 la surface des grains.
un arrangement, ddcrit notamment par A. GRUDEMO (7), 
caractiristique des structures type-ettringite qui 
apparaissent dans les jeunes pätes de ciment. Ces 
prismes s'allongent avec le temps, ecartant progres- 
sivement les grains de cendre et dStruisant ainsi 
1'assemblage prScldemment r6alis6 par la soudure des 
plaquettes de portlandite.

2,1.2 - Hydratation a longue Scheance

La consommation de la chaux vive etant achevee au 
quinziSme jour, il ne se forme pratiquement plus de 
portlandite. Bien au contraire, ce mineral diminue 
progress!vement jusqu'a totale disparition au seizie- 
me mois. Ce ph6nom6ne est expliqu6 par la liberation 
continue de silice, ä partir de la phase vitreuse et 
de la larnite qui amSne la formation d'un silicate de 
calcium hydratd, dont les amas de gel spongieux sont 
bien visibles sur la figure 5. _

FIGURE 5 - Cendre hydratee 20 mois (E/S = 10) 
(E : ettringite, P : portlandite)

La totality de 1'anhydrite ayant disparu au quinzieme 
jour, il n'apparalt pratiquement plus, au-delä de ce 
terme, d'ettringite supplementalre : a la longue, eile 
se convertit partiellement en C4ASH12. Dans ce milieu 
oQ la chaux devient de plus en plus rare et oQ 1'alu- 
minium continue a 6tre libere par les spherules vi- 
treuses, on met en 6vidence, en proportions notables, 
aux longues 6cheances, de la gehlenite hydratee 
CzASHg. Ceci s'accorde bien avec les resultats de 
LOCHER qui a Stabil 1'instabilits de CoASHo en pre
sence de chaux (8) et ceux de DRON (9) dans son etude 
des laitiers.

2.2 - Cendre gächSe en päte pure

Compte tenu de Tabsence d'agitation qui freine le 
passage des ions en solution, le comportement de la 
cendre au contact de faibles quantites d'eau

(E/S = 0,20), ne differe pas fondamentalement de ce- 
lui des suspensions diluees (figure 6).

C'est ainsi que la teneur en chaux vive decrolt regu- 
lierement pour s'annul er ä 6 mois : la portlandite 
devient decelable äu bout de 4 heures. Il faut atten
dee 7 heures environ pour noter’ une diminution signi
ficative de C S conjuguee ä 1'apparition d'ettringite. 
■Cette derniSre atteint pratiquement un palier au bout 
de 3 mois (epuisement de C S) et C H y parvient en 
6 mois. .

3 - FACTEURS PRINCIPAUX COMMANDANT L'HYDRATATION

Nous avons limits notre Stude aux deux parametres qui 
nous paraissaient devoir jouer un role primordial et 
qui, de surcroit, varient fortement sur un chantier : 
proportion d'eau de gächage et temperature.

3.1 -Influence de la proportion d'eau de gächage • 

Celle-ci intervient sur le delai d'apparition des hy
drates, puis sur la vitesse de croissance de ceux-ci, 
mais aussi sur le comportement dimensionnel du mate- 
riau hydratS.

3.1.1 - Vitesse de formation des hydrates

Une premiSre indication, globale, susceptible d'intS- 
resser le praticien, est fournie par la vitesse de 
prise des pätes pures (mesuree suivantla norme P 15
431), Comme on pouvait s'y attendre, la prise est 
d'autant plus tardive que E/S est grand. On remarque 
que c'est specialement dans le domaine des E/S 61ev6s 
-qui se rapproche le plus des conditions de chantier- 
qu'une variation de"teneur en eau a les plus fortes 
repercussions sur le dälai de debut de prise. C'est 
ainsi qu'en s'ecartant seulement de ± 4 Z d'une teneur 
en eau de 36 %, on fait varier le dSlai de prise du 
simple au double. L'examen diffractomätrique de pätes 
gächees aux rapports E/S de 0,2 - 0,3 - 0,4, montre 
que la cristallisation de C H depend notablement de la 
teneur en eau (figure 7). Des quantites croxssantes 
d eau retardent la saturation en C H et, par voie "de 
consequence, ^apparition de portlandite. Si Ton ad- 
met que la rigidification de la päte est pr6cisement 



due ä la formation de'C H, il y a un bon accord entre 
vitesse de prise et delai d'apparition de C H. Par la 
suite, du moins au long des 4 premiers jours oQ ont 
ete faits nos essais, il n'y a pas de difference si
gnificative dans la vitesse de cristallisation de C H 
lorsque le rapport E/S varie de 0,2 ä 0,4.
En ce qui concerne 1'ettringite, la precision de la 
methode de mesure n'a pas mis en evidence de diffe
rence de comportement liee ä E/S.

3.1.2 - Comportement dimensionnel du materiau 
hydrate

Les deformations dues ä 1"hydratation de la cendre 
ont 6t6 determinees concuremment par deux methodes.
a - mesure du volume apparent de la päte, enfermSe 
dans une membrane tres souple et impermeable (par 
pesee dans un liquide) ;
b - mesure de la longueur d'une plaque, maintenue ä v 
temperature et humidite constantefc au moyen d'un ap- " 
pareil mis au point par C. H. DETRICHE (10).
Sans vouloir entrer dans les controverses qui ont pu 
naltre entre les tenants de ces deux techniques, il 
est rare que les resultats fournis par ces deux types 
de procedes coincident, ainsi que 1'on fait remarquer
J. BARON et M. BUIL (11). Nos propres essais n'ont 
pas deroge ä cette r6gle. Nous avons retenu comme 
etant lesplus significatifs les rSsultats des essais 
volumStriques. D'une part, 11 s'agit d'apprehender 
le comportement ’d'un materiau qui sera utilise en mas
se et non en couche mince. D'autre part, 4 cause d'un 
premier gonflement parasite qui apparait dans Tessai 
monodimensionnel, des que E/S> 0,25, en raison de la 
trop grande fluidite de la päte et que nous avons ju- 
ge beaucoup plus perturbateur que le träs 16ger fret- 
tage exerce par la membrane elastique dans 1'essai 
volumetrique.
Les courbes enregisträes, 4 20°C, pour les 4 rapports 
E/S 0,166 - 0,2 - 0,25 et 0,30 (figure/), presen
tent la meme allure generale : une premiere phase de 
retrait, provoque par la diminution de volume apparent 
qui accompagne 1'extinction de la chaux vive, precede 
un gonflement tres important, 116 4 la cristallisa
tion de 1'ettringite.

FIGURE 7 - Variations de volume au cours de Thydra- 
■. tat ion de la cendre.
' (temperature : 20°,C)

Le retrait s'effectue suivant une loi en A+B log (tempi), 
A et B etant des constantes dependant de E/S ; c'est 
egalement, dans le m6me laps de temps, 4 une loi loga- 
rithmique qu'oböit la croissance des reflexions (001) 
et (101) de C H. Cela etablit bien que 1'ampleur du 
retrait initial est liee au degre d'avancement de 
1'hydratation de C H.
Par la suite, 11 y a competition entre ce retrait et 
Texpansion due 4 la cristallisation plus tardive de 
1'ettringite. Bien que la progression de 1'hydratation 
de 1'ettringite soit pratiquement independante de la 
teneur en eau, on s'expliqoe toutefois que le d61ai 
ndcessaire 4 Tannulation du retrait s'allonge lorsque 
E/S croft (passant de 4 H.pour E/S = 0,166 4 20 H.pour 
E/S = 0,30) par la plus grande porosite des pätes 4 
fort E/S. Dans ce cas, les espaces intergranulaires 
sont les plus grands, done les plus longs 4 combi er 
par les aiguilles d'ettringite.

3.2[ - „Influence de la temperature

Elie intervient sur les delais de däbut de prise, mais 
aussi sur la vitesse des transformations structurales 
et sur le niveau des performances mecaniques 4 long 
terme.

3.2.1 - Vitesse de prise

Indiquons tout d'abord que la vitesse de prise des pä
tes pures est fortement influencäe par les variations

FIGURE 8 - Influence de la temperature sur le delai 
de debut de prise

La figure 8 1'indique clairement. On ne manquera pas 
de remarquer que c'est pour les E/S asset 61 eves 
(0,30 par exemple) et pour des temperatures inferieu- 
res 4 20°C, conditions qui regnent fr6quemment dans 
Temploi de la cendre en Travaux Publics, que Taction 
de la temperature est la plus accentuee ; ainsi, un 
abaissement de la temperature ambiante de 18 4 12°C 
double le dBlai de debut de prise.

3.2.2 - Transformations structurales .

Des pätes gächäes au rapport E/S = 0,25, ont 6t6 con- 
serv6es 4 des temperatures de 2°C, 8°C, 20°C, 40°C et 
60°C. Nous avons suivi, par diffractomätrie X,



Vavanceeent dies eeodificatierts swcturales en deter
minant la vitesse di*extinetien_de,£aO  et »esurant la 
vitesse die tomatien die rettringite.

FIQÄE 9 - Influence de la temperature sur Thydra- 
tatiein de la cendre (E/S = 0,25) 
(C : CaO ; E : ettringite)

On constate (figure 9) que 1'extinction de la chaux 
est acc61eree par la chaleur et ceci dans tout I1 in
terval le 2°C - 60°C. Par centre, en ce qui concerne 
C6ÄS3H3Q, si sa formation s'accelere bien de 2°C ä 
40°C, un freinage intervient des que la temperature 
avoisine 60* ‘C. Le mineral devient instable : ceci est 
confirme par sa totale disparition des pates conser- 
vees 7 mois ä 60°C.
Par ailleurs, nous avons observe que les pates mainte- 
nues ä basse temperature manifestent les meilleures 
resistances mecaniques. Les specimens conserves 3 
60°C et 40°C, pendant 7 mois, sont redevenus pulvdru- 
lents ; ä 20°C, leur cohesion est negligeable ; au- 
dessous de 8°C, leur structure est encore compacte et 
Jeur^resistance 3 la traction (par fendage) attaint

4 - CONCLUSION

Il convient essentiellement de noter que la cendre de 
GARDANNE, sei on qu'elle est hydratee en pate pure ou 
fortement dilufie dans un squelette tres poreux, et 
bien que les reactions d'hydratation soient les mfimes, 
manifeste deux comportements differents.

A court terme et 3 temperature ordinaire, apparait 
d'abord de la chaux eteinte responsable de la prise, 
puis de 1'ettringite. Si la cendre a etd gachBe en 
päte pure, par suite de 1‘exigui'te des vides inter- 
granulaires, la croissance des aiguilles de C6AS3H3Q 
am^ne rapidement la fissuration, puis la desegregation 
du materiau hydrate. Par contre, lorsque cette meme 
cendre est incorporee en faible proportion dans un ar
rangement de gros granulats (par exemple une grave 
routiere traitee par 3 3 5 % de cendre), il existe une 
porosite suffisamment grande pour que le developpement 
des cristaux d‘ettringite n'ecarte pas les elements 
dej3 soudBs par la portlandite. On peut m6me penser 
que, ptfr sa cristallisation enchevetree, cette ettrin
gite renforce largement la cohesion du materiau hydra
te, ce qui s'accorde avec les observations faites no- 
tamment par 0. CZAMARSKA et al. (12) sur des b6tons.
A long terme, la liberation d'alumine et de silice 
par le verre et de silice par C2S provoque la dispari
tion de C H qui se transforme en un C S H auquel vient 
s'ajouter, plus tardivement, du C2ASHg. Ces deux cons- 
tituants contribuent, par leurs proprietBs hydrauli- 
ques marquees, ä accroitre les performances mecaniques 
du materiau durci ; c'est ainsi que les resistances 3 
la rupture par compression monoaxiale de melanges 
graves-cendres de GARDANNE depassent largement 15 MPa.
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The reactions of fly ash and Portland cement with 
relation to the strength of concrete as a function of 

time and temperature
Les reactions des cendres volantes sur le ciment portland et leur effet sur la 

resistance du beton en fonction du temps et de la temperature

P.L OWENS, Technical Manager, Pozzolanic Limited, Chester, U.K. and
F.G.  BUTTLER, Chemistry Department, Teeside Polytechnic, Middlesbrough, U.K.

RESUME s Quand le beton de ciment Portland subit des elevations de temperature, dues ä 
leer d'hydratation du ciment, sa resistance ä long terme et sa durabilite s en trouvent 
ties, tn outre, si ce beton subit de fortes elevations de temperature (par exemple plus 

dans son Jeune age, 11 en resulte un materlau amolndri et de resistance limitee a 
terme» bien Interieure a celle" du eeme beton conserve dans 1'eau a 20°.

la cha- 
affce
de 
long

tn utilisant un eiment Portland additionne de proportions variables de cendres volantes de 
aualtti eontrolee, et en le soumettant a differentes sortes d1hydratation et de cure, on a 
etabli gue la resistance de ee ciment hydrate, aux divers ages, etalt en relation etrolte avec 
la proportion de CatOM)- presente dans ce ciment hydrate. Il aussl ete etabli qu'en augmentant 
la proportion de cendres volantes, non seulement on augmentalt les resistances (qul d'allieurs 
ereitsent plus vite quand. la temperature de cure augmente), mats aussl que la proportion de 
ehauxi libre dlisinuait.

:: WMSeq Portland: cszienfc «««agete is srtijected to rises in tsiperature , die to the effect of the heat of 
oft thfe cefflent,, tine toag term strength and durability of that concrete is usually adversely affected. 

Fugther- wheBi Portlaid ceneBt <aaa®@te is subjected at early ages, to excessively large teirperature rise? i.e. 
expeedirig; the respite, is a of restricted and limited strength readied within days, in contrast

that- vteidtei is expected fs® tte long term storage of concrete in water at 206C.

Epical curing refuses to »tech concrete can be subjected the strength of the hydrate 
M distee* WÄ various cgsteiBattans of Ecartlainii cement and ccxitrolled quality fly ash, can be related 1 
to ttofe» as foand in the structure of the hydrate. It was also found that as the

k *ae y* 1®' a® Maozemait in strength, which increased with teirperature
Off <3®®®,, b*  tbate in the hydrato toere was an. incidental reducticn in the quantity of line.

86 a PWorticn of the canent content, at about 30% fly ash, a maxirrnm 
at 28 days fr® curuig at 80yC„ this coincided with a reduction of about 50% in lime 

stotil is more than sufficient to provide adequate protecticn to



i.o nnropoCTiON

1.1 When ccncrete nade with Portland cement under
goes an early age teirperature rise, such as that 
caused by the heat of hydraticn of the cement, the 
strength at 28 days is reduced in proportion to the 
size of the tatperature change ( 1 ). '

1.2 This reduction of strength can be partly 
es^lained by the carbinatiaa of the inpaired bend 
at the interface of paste and aggregate, knewn as 
micro-cracking ( 2 ) and by the macro-fracture of 
the gel structure by the e^ansicn of air and water 
( 3 ). However, if these phencmenon normally occur 
in ccncrete, how can the significant increase of 
strength be explained that occurs to concrete by 
the use of a ccnposite cement, such as made of 
Portland cement and fly ash.

1.3 Research has shown that under carparable high 
teirperature curing emditions, the 28 day strength 
of Portland cement concrete can be 60% or less of 
that made with a ccnposite cement ( 4 ). This 
indicates, that vhilst concretes made with different 
types of canent can undergo similar orders of 
teirperature change, during hydration, there could 
be a significant difference in the. chemical 
structure of the hardened paste.

2.0 EXPERIMEOTAL
2.1 For this research to have practical application 
the test specimens required ccnditions of curing 
typical of that known to occur in ccncrete at early 
ages ( 5 ). The profiles of tenperature and time 
known to be caused as a result of cement hydration 
are mainly dependant on the quality of cement and 
the dimensions of the elonent. Thus both the 
greater the cement content and/or size of the 
element, the greater will be the profile of 
tenperature with time.

2.2 Figure 1 illustrates four profiles of 
tarperature' and time that are typical for a range of 
different ccnditions. Profile A represents for 
instance the standard curing of test specimens at 
20°C, and profile D vhich could be typical of that 
within an element that has dimensions exceeding 
2.5m x 2,5m x 2.5m, cast with ccncrete made with 
450 kg/tnJ Portland carent.

Fig. 1 - Typical tenperature/time profiles for 
ccncrete.

2.3 The technique for inducing the teirperature rise 
in the test specimens, similar to that of the pro
files in Figure 1 was to match by similaticm the 
different curing regimes. This was done by having a 
series of 7 water baths each held at a constant 
teirperature of 20, 30, 40, 50, 60, 70 & 80°C. Then 
by tire transfer of sealed test specimens at various 
predetermined times the heating and cooling cycles 
of each profile of tenperature could be similated 
to those shown in Figure 2.

Fig. 2 - Curing cycles simulated to typical 
tarperature/time profiles.

2.4 The authors have also observed fron other
research ■
i) Other than under adiabatic ccnditions the peak 

teirperature experienced in most concrete elements 
usually occurs within 50 hours after casting.
ii) At 20°C the pozzolanic reaction between 
Portland cement and fly ash ccrtmenoes usually at 
about 11 days. "
2.5 The means of correlating the effects of the 
different tsrperature profiles with both the maturity 
and the test results of the specimens, was to assume 
the equivalent period at 20°C was to the base 
tenperature of -10°C (6). Thus the relative maturity 
of specimens cured by different regimes of tenp- 
eratüre could be assessed to approximately 11 days or 
8000°C hours (266.67 hours at 20°C.) Then by making 
the curing regimes conform with convenient factors of 
maturity l.e. 1.0, 1.125, 1.5 & 2.0, the test results 
could be correlated to 8000°C.

2.6 In conjunction with the primary test age at 11 
days, the test times at 50 hours'and 28 days were 
included so that crushing strength, the more 
cmventlonal method of assessment, could be related 
to the different levels of maturity.

3.0 DETATTS of ireterials, mixes and tests

3.1 The criteria for the Portland cement selected 
was that it should be fron a source with 
characteristics as close to the mean of that for all 
UK produced Ordinary Portland cements. Details of 
the cement used together with the mean and range of 
variability of 25 UK sources (excluding N. Ireland) 
are shown in Table 1. .



See table I 
page IV - 65

3.2 The fly ash ccnfonred with UK Agranent Board 
Certificate ABC 75/283 ( 7 ). The results are 
corpared in Table 1 with
i) the typical chemical oanpositicn of UK fly ash, 

calculated to 3.0% loss on ignition, after 
( 8 ) and •

ii) the mean quality of fly ash to ABC 75/283 
produced during the period July, 1978 to 
June, 1979.

3.3 The mix was mortar, based, cm 1:3; cement:sand, 
to BS 4550 Part 6 quality. The mortar was machine 
mixed by a standard procedure, with sufficient 
water to attain a measured ASTM flow consistency . 
of 100 -110%. In each mix the fly ash substituted 
a proportion of the Portland cement in increments 
from nil to 15, 30, 45, 60 4 75%. In consequence 
the proportion of gauging water required was reduced 
relative to the amount of fly ash used from 0.495 
for the control mix with no fly ash to 0.465, 0.445, 
0.415, 0.40 4 0.39 respectively

3.4 From each mix 18 No. 50 inn cube specimens were 
made, catpacted by vibration in 2 layers, then 
sealed and stored iranediately, still in the mould, 
in water at 20°C. All specimens were removed from 
the moulds at 22 hours, sealed in polythene air 
evacuated envelopes and returned to the respective 
curing regime. At the appropriate time 3 specimens 
fron each mix were tested for the determination of 
crushing strength and Ca(OH)2 content.

3.5 The technique used for the determination of 
Ca(CB)- content was by the carbonation method of 
thermal analysis ( 9 ). This was effected by 
drilling to the centre of each of 3 cubes and 
iranediately testing each of the drillings.

4.0 TEST results

4.1 The results of the crushing tests at 50 hours, 
11 days and 28 days are shown di agramati cal ly in 
Figures 3, 4, 4 5.

Fig. 3 - Effect of fly ash on the 50 hour strength 
as affected by maturity.

Fig. 4 - Effect of fly ash 
as affected by maturity.

on the 11 day strength

Fig. 5 - Effect of fly ash cn the 28 day strength 
as affected by maxhiun curing tenperature .

4.2 The results for the amount of Ca(OH)- present at
11 days are shown diagramat.irally in Figures^, 7,



Fig. 6 - Calcium Hydroxide in mortar at 11 days

Fig. 7 - Percent Calciun Hydroxide removed in 
mortar at 11 days.

Fig. 8 - Percent Calcitm Hydroxide remaining at 
11 days.

5.0 DISCUSSION of the results

5.1 The crushing strength of the mortar with no fly 
ash cured at 20°C at 50 hours, 11 and 28 days was
19.1, 36.3 8 41.8 N/ntn respectively. Although the 
mortar was different in esrery respect i.e. mix 
proporticns, size of aggregate and water/canent 
ratio, very close agreement was obtained to the

respective concrete crushing strength shown in 
. Table 1. - .

5.2 The reduction of 32 percent in 28 day crushing 
strength of the mortar, with no fly ash, cured at 
more than 60°C is similar in magnitude to that found 
by other research ( 1 ).

5.3 For oarparable curing conditions, at and 
exceeding 60°C, the 28 day crushing strength of the 
mortar with no fly ash was less than 70% of that made 
with 30% fly ash, this follows the effects found
in ( 4 ).

5.4 Figure 3 shows that
i) The strength at 20°C decreases proportionally 

with the percentage fly ash.
ii) The increase in strength with maturity of the

■ mortar with no fly ash is not maintained above 
2750°C hours, vbere increased maturity reduces

• . the strength. '
iii) Corresponding with increases in both fly ash 

content and maturity, the strength of the 
mortar increases. The optimum strength occurs 

. with about 35% fly ash at a maturity of 347(TC 
hours. This approximates with a 2.64 factorial 
increase in strength for 2.33 factorial increase 
in maturity.

5.5 As Figure 4 shows at 11 days the trend is 
similar to that at 50 hours, in that:

i) The crushing strength at 20°C proportionally 
decreases with the anpunt of fly ash, ■ 
indicating little or no pozzolanic reaction.

ii) The reduction in strength with increasing 
maturity for the mortar containing no fly ash 
is in agreement with other research ( 1 ).

iii) By doubling the maturity and increasing the fly 
ash to 50%, twice the strength is obtained. 
However, the maximin strength obtained 
corresponds with about 30% fly ash.

5.6 Figure 5 shows the effect of fly ash cn the 28 
day crushing strength as affected by the early curing 
regimes and that:

i) The crushing strength at 20°C is no longer 
proportional to the increase in fly ash, and 
there is indications of a strong pozzolanic 
reaction at all percentages of fly ash.

ii) The strength, as affected by' the early age ■ 
curing regime of mortar without fly ash, is 
decreased, but increased at all percentages of 
fly ash, particularly at 75% vdiere the 20°C 
strength is doubled by curing at 80°C.

5.7 Figure 6 shows the percentage Ca(OH)- plotted 
with respect to both the percentage fly ash and the 
maturity in °C hours. The Ca(OH)- is expressed as a 
percentage of the anhydrous freight of the sanple, as 
the total loss on ignition of each sanple was known 
fron the thermogravimetric analysis.

The surface denoted by the solid lines in Figure 6 
shows the amount of CafCHjj found to be present, and 
the surface denoted by the dashed lines the amount of 
Ca((Xl)- that would have been present, fron the canent, 
if there had been no reaction with the fly ash.



With each of the curing regimes the amount of 
Ca(OH)- present, is proportional to. the amount of 
Portland cement used and, therefore the amount of 
Ca(OH)- formed for each concentraticn of Portland 
cerrent was calculated fron the results obtained 
with no fly ash. .

5.8 It is apparent fron Figure 6 that:
i) For samples cured at 20°C for 11 days there is 

a strai^it line relationship between the 
percent Ca(OH), and the percentage fly ash, 
indicating no pozzolanic reaction, viiich 
confirms the strength cbservatiais in 5.5.i.

ii) For all other samples, in xdiich both the 
maximum temperature attained and the period 
the saitples experienced temperatures in 
excess of 20öC, the linear relationship ceases 
to exl st. between the percent CaCCHjj and the 
percentage of fly ash. In every case the fly 
ash reduced the amount of Ca(OH)2 presentQvAien 
corrpared with similar sanples cured at 20 C. .

iii) Where no fly ash was used there was an 
increase in the percentage of Ca(CB)- uhen 
the curing tenperature exceeded 20 C7 -

5.9 The difference between the two surfaces 
illustrated in Figure 6, corresponds with the amount 
of CatCXl)- which has been removed by reaction with 
the amount of fly ash present. This difference is 
shown in Figure 7 there the percentage Ca(0H)2 
removed is plotted with respect to both the amount 
of fly ash and the maturity at 11 days. Figure 7 
also shows that the greatest amount of CatOH)- was 
removed from specimens containing about 30% fly ash. 
Since the amount of Ca(CH)2 removed mist have 
reacted with the fly ash, and if it is assumed that 
such a reaction increases the strength of the mortar, 
then this result inplies that the greatest increase 
in strength with the curing regimes used, should 
occur with this amount of fly ash. This conclusion 
is seen fron Figure 4 to be in very good agreement 
with the strength of the mortars at 11 days.

5.10 Figure 8 shows the amount of Ca(OH)- that has 
been ranoved expressed as a percentage or that 
available from the oanent. It is evident that the 
quantity removed increases with the percentage of 
fly ash. With the greatest percentage of fly ash 
very little free Ca(0H)2 remained in the hydrate. 
Sudi evidence is inportant vtien considering tie 
necessity of halving sufficient Ca(OH)_ present fron 
the oenent for good oorrosicn protection to the 
steel reinforoerent of structural concrete. However, 
it should be noted that althou^i sore 50% percent of 
the available Ca (OH) 2 has been removed when using 
about 35% fly ash, the amount of Ca(OH)_ remaining 
is more than sufficient to maintain a pH of about
12.5 with good corrosion protection.

6.0 OCMCLUSims

6.1 By subjecting mortars to curing teiperatures 
similar to those that can occur in practice the 
effects on concrete strength can be simulated.

6.2 The adverse effects of hi^i curing terrperatures 
on the strength of Portland canent mortars can be 
related to the amount of lime in the hydrate.

6.3 If hi^i tenperatures are likely to be 
experienced in practice, gains in strength are 
likely to occur with cements catposed of Portland 
cement and fly ash.

6.4 The amount of residual lime in the hydrate, 
even when 75% fly ash was used, is sufficient to 
afford inhibition of oorrosicn to embedded steel 
reinforcement.
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Hydration of cements with pozzolanic additions
Hydratation des aments avec additions pouzzolaniques

J GRZYM6K, Professor,, Sfentiaw Stasz-ic Academy Of Mining and Metallurgy in Cracow Poland.,

W, R0SZCZW6ALSKI, Assistant,
K. GUSTAW,, Assistant professor.

RESUiMlE s Bes reekerehes ©nt eti faites sur la einetlque de 1'hydratation des ciments contenant 
des ataiOits de gaise ©u de diatemites. Peur faeiliter les comparaisons, on a essaye simultane- 
mert le$ me»e$ events, additiennes de filler calealre. Les observations ont dure une annee, 
en wtmsant la ealerim,©trie,. 1* analyse aux rayons X, I'A.T.D. et la porometrie. Les proprie
ties pJfrysiqmes fendamentales de ees ciments ont aussi ete mesurees.

®n a niiii ainsi determiner les variations qualitatives et quantitatives des pates hydratees, en 
fenetlen de Vajeut peusrolanique. line attention particuliere a ete portee ä la composition 
mineralegiguie des pates pendant l^hydratation. Des relations ont ete etablies entre le proces
sms d"hydratation de ees ciments et leurs proprietes physiques.

&ÖISA®Y t Investigations concerning the kinetics of pozzolanic cements hydration were 
carried cut far the cements with the additions of diatomite /high silica pozzolana//and. 
lime—gaiae /silica—liee pozaolana/. For comparative reasons similar investigations were 
carried out for the ordinary Portland cement and for cement with the addition of limestone. 
The processes of hydration was examined from its very beginning over one—year period. 
The following investigations methods were used: calorimetric analysis of the heat evolved 
during hydration, as well as X—ray diffraction, DTA and porosimetric analyses of cement pas
tes. The basic physical properties of cements were also determined.
The results of the investigations allowed to determine various qualitative and quantitative 
changes which occured in the hydration process under the influence of pozzolanic additions. 
Special attention was paid to the phase contents of the hydrating pastes. The relations 
between the hydration processes of the examined cements and their physical properties were 
also analysed.



INTRODUCTION
The process of hydration of pozzolanic ce
ments 1< very complicated and difficult to 
be fully explained because of the fact that 
it is differently influenced by different 
pozzolanic addition. The papers published 
till today dealt mostly with the influence 
of natural volcanic pozzolanic materials and 
with such artificial pozzolanic additions as 
flying ashes The number of inves
tigations on natural pozzolanic materials of 
sedimentary origin is however much smaller 
/S/. Numerous investigations have already 
thrown some light on the process of hydra
tion of pozzolanic cements, several problems 
remain however still unsolved.
The present investigations have been carried 
out in order to determine the influence of 
diatomites with high silica content and of 

gaizes containing silica and lime on the hy
dration of pozzolanic cements. Diatomites 
are well known and widely used as pozzolanic 
additions /6/, the suitableness of gaizes 
has been recently established in the result 
of our former investigations /7»S/.
The, investigations comprised determinations 
of hydration heat, of phase composition, of 
porosity and of the specific surface area 
of pozzolanic cements in the process of bin
ding and hardening. To facilitate the com
parison pure Portland cements /without ad
ditions/, and cements with limestone addi
tions were parallelly investigated.

MATERIALS USED IN INVESTIGATIONS
Materials used in investigations are charac
terized in the table I. These materials we
re mixed together in appropriate proportions 

1/ Specific surface area as determined after grinding during 30 min. in a normalized labo
ratory mill, .

TABLE I

S102 5C

Ee^ -

CaO "
MgO "

S03 "
[gn.loss "

Diatomite Gaize Limestone Portland clinker . Gypsum

72,71
8,27 ■
3,69
1,19
0,96

11,05

45,58
2,73
1,89 .

25,44
1,04 
0,18

21,96

8,68
2,62
1,31

47,86
1,21
0,02

38,04

21,96
4,71
2,99

67,66
1,52 
0,35 .

■ 0,10

8,38
1,53
1,67

30,32
0,92

36,77 '
20,01

iiOg act.% 43,82 14,05 - - -

Phase 
compo
sition

Amorphic 
silica -50/ 
Detrital 
quartz ~15% 
Glauco
nite ~15%
Illite ~10% 
Kaolinite- 5% 
Hydrogethite, 
Ilmenite, 
Oxides of 
iron, tita
nium and man- 
ganium

Amorphic 
silica -15% 
Detrital 
quartz —25% 
Calcite~45% 
Glauco
nite ■ —10% 
Muscovite, 
EeIdspars, 
Oxides and 
Hydroxides 
of iron

Calcite-85% 
Detrital 
quartz — 5% 
Glauconite, 
Illite, 
Muscovite, 
Oxides and 
Hydroxides 
of iron

C-jS = 69,1 % 
}C2S = 10,5 " 

C3A = 7,4 " 
C^AE = 9,1 ■ 
CaO_ = 0,8 " free ’

0850^.2^0—80% 
Detrital
quartz — 5%
Calcite — 5%
Anhydrite, 
Dolomite, 
Feldspars, 
Clay minerals. 
Oxides of iron

Specific 
weight 

G/pnr
2,17 2,56 2,75 3,10 2,41 ■

Spec, sur
face area 
according 
to2Blaine 
cm /G 1/

4060 4530 5020 2270 -

Spec, sur
face area 
according 
to jgET 1/ 

cm /G

494 000 4?4 000 426 000 188 000 -



and ground to cements-with following compo
sitions:
cement 1 - 95^ clinker + 5^ gypsum 
cement 2 - 52)6 clinker * 3$ gypsum

+ diatomite
cement 3 - 52)6 clinker + 3% gypsum

♦ gaize
cement 4 - 52^ clinker + 3^ gypsum

* 1:556 limestone
Investigations were carried out on pastes 
and mortars obtained from these cements*

DETERMINATION OF THE DEGREE OF HYDRATION 
Heat of hydration was determined dynamically 
in almost adiabatic conditions using a dif
ferential calorimeter system. Calorimetric 
investigations were carried out for mortars 
containing cement, sand and water in follo
wing weight proportions: 167 : 751 : 100. 
During first three days of Hydration the de
terminations were carried out continuously.
X-ray, DTA and porosimetric determinations 
were carried out on pastes with w/c =0,5 
after 1, 3» 7» 28, 90 and 365 days of curing 
in normalized conditions.

CALORIFfTRIC ANALYSIS
Curves illustrating the evolution of hydra
tion heat as determined from calorimetric 
investigations are shown in figure 1.

All additions investigated in this paper i. 
e. diatomite, gaize and limestone accelerate 
the apparition of the maximal heat effect. 
This fact can be explained as follows: poz- 
zolanic additions‘i.e. diatomite and gaize 
bind and remove calcium hydrox'ide from the 
reaction interface and accelerate the pro
cess of hydration owing to the fact that the 
hydration rate is Influenced by the concen
tration of Ca/0H/2 in the solution. Calcium 
carbonate contained in the limestone and 
gaize reacts with C„A very fast and with a 
great heat effect to form a hydrated calcium 
compound of the formula C-A.CaCO„.12H„0. 
All additions under investigation exhibit a 
remarkable grindability and appear therefore 
in cement mixtures in form of very fine 
grains which separate the cement grains and 
accelerate the reaction between cement and 
water facilitating the access of water mole
cules. Micrograins of additions act simulta
neously as crystallization nuclei in the 
first stage of hydration,

X-RAY INVESTIGATIONS
From all results of X-ray investigations 
diffractograms shown in figure 2 have been 
chosen to illustrate the phase composition 
of cements pastes after 90 days of hydration, 
X-ray investigations have demonstrated that 
the additions affect the qualitative phase 
composition of hydration products in a very 
small extent. The relative amounts of diffe— 

A-C3S 
B = ß-C2S 
D-CiAF 
Q-SiOj 
C-CoC03
E-CyMCOSQt. IZHjO.
M-C^CoSQ,. IZHjO. 
L-C^CoCOs. 12H2O. 
P-Cq(0H)2 
H-CytHg 
K-^AHq

J-c*fh13_________

1 -Cement 1
2 -Cement 2
3- Cement 3
4- Cement %

26-Co /K« ‘ ‘



rent products changing in the function of 
time are however very strongly influenced by 
the introduced additions. The influence ex
erted by additions is better observable af
ter longer hydration times; diffractograms 
taken after 90 days have been therefore se
lected to be presented in this paper.
Cement pastes with diatomite and gaize addi
tions contain great quantities of CSH espe
cially after longer hydration times. This 
can be explained by the assumption that ac
tive silica contained in these additions re
acts with calcium hydroxide formed in the 
result of hydrolysis from calcium silicates.
X-ray investigations prove - in the case of 
all examined pastes - that clinker minerals 
and active additions succesively disappear 
with increasing hydration time. In the case 
of cements with additions the hydration of 
■alite occurs faster than in the case of pure 
Portland cement. This phenomen can be clear
ly observed in the case of diatomite and gai
ze additions. Already in the course of some 
first hours of hydration considerable amo
unts of ettringite are formed. After three 
days the ettringite content begins to decre
ase and the C_A.CaSO, ,l2HgO — content cor
respondingly to increase.^Gypsum additions 
can not be detected already after 2U hours ■ 
of hydration. After longer hydration times 
/90 and 365 days/ formation of CaCO and 
C A.CaCO .12HgO is observed. It must be ho
wever emphasized that In the case of cements 
with limestone and gaize additions great a
mounts of C_A.CaCO_.12HgO have been observed 
already in the very first stages of hydra
tion, This can be explained taking into ac
count the activity of CaCO. contained in li
mestone and gaize towards C^A /9/. ■

DTA INVESTIGATIONS
The DTA method creates the opportunity to 
determine the amount of water bound In hy
dration products, type of these products and 
their content in the paste. The Ca/OH/g con
tent can be determined with a considerable 
exactness owing to the fact that the endo
thermic heat effect which appears at 500°C 
and corresponds to dehydration of this com
pound does not coincide — in the majority of 
cases — with other thermal effects. The cal
cium hydroxide content in the paste after 
different hydration times illustrates the 
influence of additions on the rate of hydra
tion. The amounts of Ca/OH/g in function of 
time for pastes containing pozzolanic active 
additions are shown in figure 3.

Fig. 3 - Ca/OH/g content in cements pastes 
in function of time.

The curves presented in figure 3 prove that 
with increasing hydration time the Ca/OH/g 
content in the case of pure Portland cement 
pastes increases and amounts to 19»8% after 
90 days. Tbe Ca/OH/g content increases most 
rapidly in the first stage of hydration. In 
the case of cements containing limestone ad
ditions the shape of this curve is almost 
the same. Substitution of 45% clinker by li
mestone results in decreasing the Ca/OH/g 
content. In the case of cements with diato
mite and gaize additions the maximal Ca/OH/g 
content appears between tbe 7tb and 28th day 
of hydration. After this period the Ca/OH/g 
content in pastes begins slowly to decrease 
and amounts after 90 days to 2,26 for diato
mite and to 5»06 for gaize additions. Active 
silica contained in these additions reacts 
obviously with Ca/OH/g formed in the process 
of hydration, binds it up to hydrated cal
cium silicates and decreases therefore its 
content in the paste. The amounts of active 
SlOg in gaizes are smaller than in diatomite; 
tbe quantities of Ca/OH/g bound by gaize are 
therefore smaller than in the case of diato
mite. •

DETERMINATIONS OF THE SPECIFIC SURFACE AREA 
AND OF POROSITY
Specific surface areas determined according 
to the BET method after different hydration 
times for cements pastes under investigation 
are presented in table II.
Specific surface areas increase from the be—

TABLE II

Cement
Specific surface area in m2/G after different hydration times

1 day 3 days ' 7 days 28 days 90 days 365 days

1 26,3 32,0 ' 38,1 49,7 48,2 35,9
2 42,0 47,3 62,1 64,9 51,9 49,8
3 36,1 42,8 53,4 62,0 54,2 42,3
4 37,2 43,1 53,4 57,4 47,4 ■ 38,1



ginning to th. 28tb - 90th days of hydra
tion, pass a maximum and then slowly decre
ase. Such changes result from the.fact that 
the porosity of pastes is also changing In 
the process of hydration. The porosity of 
pastes decreases - generally taken - with 
increasing degree of hydration, but simulta
neously changes also the size distribution 
of pores /the number of micropores increases 
and the number of meso- and macropores de
creases/. In the result the specific surface 
area of hardening pastes firstly increases 
and then begins to decrease when the decrea
sing porosity has reached a definite level 
/usually between the 28th and the 90th day 
of hydration/
Specific surface area and porosity of cement 
pastes containing diatomite are greater then 
those found for gaize and limestone addi
tions. Smallest values of specific surface 
area and of porosity were observed in the 
case of pure cement pastes /without addi- ■ 
tions/.

INFLUENCE OF ADDITIONS ON THE PROPERTIES OF 
HARDENED PASTES AND MORTARS
Compressive strengths of mortars obtained 
from investigated cements are shown in figu
re 4.

Fig. 4 - Compressive strength of examined 
cement.mortars

In the first stage of hardening the compres- " 
sive stretagth of specimens containing addi
tion is smaller than that of mortars obtai
ned from pure.Portland cement. This can be 
easily understood in view of following 
facts: 
1/ 45% of cement have been substituted by 
materials which do not increase the compres
sive strength in the first stage of hydra
tion, 
2/ all introduced additions increase consi
derably the porosity of mortars.
After longer hydration times, when the pro
ducts of reaction between pozzolanic addi
tions and calcium hydroxide begin to be al
ready important, the compressive strength 
of cements with diatomite and gaize addi
tions considerably Increases. '
Figure 5 illustrates the relation between 
porosity of pastes and their compressive 
strength. The influence of porosity on Com
pressive strength is more pronounced at lo
wer porosities i.e, after longer hardening

Fig. 5 - Compressive strength in function 
of porosity of cement pastes

times /28 - 365 days/. As easily seen from 
figure 5 compressive strengths of different- 
pastes can be different Inspite of the fact 
that the porosities are similar. Thia is due 
to the fact that the compressive strength 
of cement pastes do not depend on their po
rosity only but also on their qualitative 
and quantitative phase composition /l0/.

B - bending strength C - compressive strength

TABLE III

Cement

Compressive strength after 3 years storing N/mm2 "

in water in a 2% Na^SO^ solution in a 2% MgSO. solution
B C B C B C

1
2 
3
4

10,0 
8,4 

- 8,8 
*,9

67,2 
42,8 
4?,2 
19,5

4,0
5,3
6,5 

"■ 4,7

38,9
45,3
51,4
31,6

0,2
3,9
6,0
3,2

20,0
41,6
44,4

' 25,4



All investigated additions increase the cor
rosion resistance of cement mortars to sul— . 
phates,■The results of determinations are 
shown in table III.
The positive influence of diatomite is due 
to pozzolanic reaction which results in bin
ding calcium hydroxide and in-formation of 
low—basic hydrated calcium silicates resis
tant to corrosion. Decrease of calcium hy
droxide content in the mortar prevents for
mation of greater quantities of gypsum /un
der the influence of sulphates contained in 
the solution/ and of ettringite. The resis- 
tahce improving influence of limestone can 
be explained by reaction with C_A and for
mation of C_A.CaCO- . 12HgO which"’is insolu
ble in aggressive Sulphate solutions. Gaize 
improves the corrosion resistance owing to 
pozzolanic reactions and owing to the bin
ding of C-A by CaCO- contained in this ad
dition. 1
Cements containing diatomite and gaize ad
ditions are characterized by smaller /57 - 
62%/ hydration heats than that observed in 
pure Portland cement mortars.

CONCLUSIONS .
Pozzolanic additions i.e. diatomite and gal— 
ze have been proved to exert a considerable 
influence on the process of hydration of ce
ments. Limestojie additions participate also 
actively in this process. Additions change 
the properties of cements in which they have 
been introduced. Owing to their properties 
the diatomite, gaize and limestone added ce
ments can find use as low-caloric binding 
materials highly resistant against aggressi
ve sulphate solutions. Cements with gaize 
additions exhibit especially usefull proper
ties .
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Preparation of Fly Ash Cements.
Preparation des ciments aux cendres volantes.

H.C.  ALSTED NIELSEN, F.L. Smidth et Co. A/S Vigerslev Alle 77 DK-2500 Valby Copenhagen, Denmark.

RESUME t n est toujours possible d'utiliser des cendres volantes pour la production de clin
ker. Elies peuvent etre ajoutees au melange cru destine aux fours a vole seche alors que, 
pour le precede humide, elles necessitent certaines modifications.
Les cendres volantes a haute" teneur en carbone doivent etre insufflees dans la zone de cuis- 
son. ce qui permet de tirer profit de leur pouvcir calorlfique.
Seules des cendres volantes de composition uniforme et appropriee et de basse teneur en car
bone peuvent etre utilisees comme composant dans le ciment fini. Les travaux d essais et de 
perfectionnement dont il est fait ici mention, indiquent comment broyer les cendres volantes.

SUMMARY: Fly ash may always be used in the manufacture of clinker. It can be added to 
the raw mix for dry process kilns, but only with certain modifications for the wet process.

High-carbon fly ash should be insufflated into the burning zone, whereby advantage can be 
taken of the heat value.

Only fly ash with a consistent, suitable composition and a low carbon content should be 
used as a constituent of finished cement. The testing and development work reported here 
indicates how fly ash cement should be milled.



1. INTRODUCTION

Fly ash is, and will be, collected at our 
power stations in large quantities; one of 
the areas where this material can be put to 
use is in the manufacture of cement and 
concrete.
Technically, fly ash can be utilized in 
several ways at a cement works; the optimum 
utilization for any fly ash will be a 
function of its fineness, chemistry, and 
homogeneity.

lew- or variable 
quality 
fly asn

high-carbon
fly ash

low-carbon and 
high-quality

low-carbon and 
high-quality 
fly ash

Fig. 1 - Utilization of FLY ASH (PFA)

When of a sufficiently high standard, fly 
ash may be added directly to concrete. 
Similarly, cement clinker can be milled to
gether with gypsum and fly ash, yielding 
either a modified Portland cement or a fly 
ash cement, depending on the relative 
amounts of clinker and fly ash. Also in 
this instance, a consistently high quality 
of the fly ash is essential.
However, when fly ash either varies in 
quality or is of low quality as, for 
example, with respect to colour due to 
carbon content, special precautions have to 
be taken; one way is to treat fly ash as a 
conventional raw material, using it as part 
of the raw mix - meal or slurry - which is 
fed to the kiln. In this way fly ash of 
varying chemical composition can be . 
utilized without impairing the quality of 
the cement.
When the coal content of fly ash is high, a 
better method would be to insufflate the 
fly ash into the burning zone of the rotary 
kiln. In this manner it is possible to 
utilize the heat value remaining in the 
residual carbon of the fly ash.

The method- chosen to utilize each fly ash 
should be decided on its individual merits; 
a combination of two or more methods can 
also prove to be the optimum solution. ’
PFA - pulverized fuel ash or fly ash - can 
also be upgraded. Stockpiling of ash in a 
large homogenizing plant or in silos is 
possible and at times quite desirable, 
either when fly ash is drawn from different 
sources, or when coal of various origins is 
burned.
Residual carbon in PFA is an undesirable 
constituent, due to its colour as well as 
to its tendency to absorb concrete • 
additives. Many plants have tried to over
come these difficulties by removing the 
carbon from the PFA; the coal can be 
separated off by screening, as the coal 
particles are concentrated in the coarser 
fraction of PFA (above 100 microns). Other 
solutions are to burn off the carbon, or 
for instance to submit the coal to a 
flotation process.
The best solution of all, of course, exists 
when the power plant regards the fly ash as 
a product; this means using boilers designed 
for coal combustion, operating them as base 
load utilities, and burning blended coal.
This procedure must yield a PFA with 
suitable, consistent chemical and 
mineralogical composition, and containing 
less than 2-3% residual coal. ■

2. CEMENT WITH PFA

Our testing and development work has shown 
us how to utilize fly ash from different 
sources and of varying composition.

miniiral 
outlet miniral

l«b: 15« Son

minimal 
outlet 
10 ort»

Vertical pressure

Fig. 2 - Shear testing of PFA and cement 
and silo dimensions for mass flow.



Inferior grades of PFA should always be 
used as raw material. At a oement plant 
operating according to the dry process, fly 
ash can easily replace part or all of the 
shale or clay in the raw mix. Certain 
factors have to be considered when design
ing the handling facilities for PFA, owing 
to its easy flowability. Fig. 2 shows the 
easy flow of a dry fly ash compared to that 
of a Portland cement.
At .a wet process plant, the hydraulic 
properties of fly ash proye to be a draw
back to its use in the kiln slurry, thicken
ing the slurry, raising its viscosity, and 
increasing the water content required for 
acceptable flowability. One solution to 
the problem is to add a retarding agent, 
but usually the costs involved are too 
high.
A more economical way is to prepare the 
slurry within 1-2 hours before usage. ' 
Research work at our laboratories has ■ 
indicated that such a slurry may be handled 
in a pressure filter, thereby reducing the 
amount of water evaporated in the rotary 
kiln.
In both wet and dry process kilns, PFA can 
be insufflated directly into the burning 
zone, thus utilizing the- heat value. This 
method is the best solution when dealing 
with high-carbon fly ash, which may be 
injected in an amount of up to 8% by weight 
of clinker. ■

3. FLY ASH CEMENT
High-quality fly ash can be utilized direct
ly in cement. The desired cement product 
might be one with a low PFA-content or with 
up to 30% of PFA. The qualities required 
are the following:

High fineness
Low carbon content 
High glass content 
Low alkali content

D»ilatlon ln comPressive strengths 
with the PFA content in per cent. Inter
ground cements at 42% residue on 25 u by 
air elutriation. * Y 

In judging the strength development, however, 
it can be concluded that an addition of fly 
ash results in a reduction in early cement 
strength as shown in Fig. 3.
The figure shows compressive strength 
obtained with cements of constant fineness. 
Cement and fine, low-carbon fly ash were 
ground together in a ball mill. The cement 
and fly ash compositions are shown in the 
Table.

TABLE

Analysis Cement Fly Ash

SiOj % 21.4 46.9
A12O3 - 5.2 23.1
Fe2O3 - 3.1 8.7
CaO - 64.6 6.2
MgO - 1.5 4.0
K2O - - 0.56 2.2
NajO - 0.38 0.7
Loss on Ign. 1.0 4.2
S 0.8 0.5
Carbon - - 3.6

Fineness

•*  0.25 mm 3
* 0.09 mm 18
* 0.063 mm 23
♦ 0.045 nun 29
+ 0.02 mm 50
Blaine, cm2/ 4250
Spec.gravity g/cm3 2.4

The decrease in-compressive strengths can be 
partly compensated for by finer grinding.
For instance, examination of Fig. 4 reveals 
that increased grinding improves the 
compressive strength; however, some 
difference in strength is likely to remain 
at the higher fly ash substitution levels. 
Part of this remaining difference could be 
eliminated by further prolonged grinding, 
using more energy per ton cement produced.

30 % pfa

— — — — 7,51 pfa —— 15% pfa

Fig. 4 - Variation in strength with grinding 
energy and PFA cement.
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The milling of cemfent and fly ash can be 
carried out in several ways. Clinker, 
gypsum, and fly ash may be fed to the same 
mill, grinding either in open or in closed 
circuit, with an äir separator.
Fly ash may also be mixed directly with 
Portland cement, since the fly ash from 
some installations it extremely fine.
Fig. 5 shows suggestions for some possible 
milling circuits. '

1 = clinker
2 = gypsum

- , 3 = fly ash -
i ‘ (Pfa)

C Minipebs

--------- H

Fig. 5 - Milling circuits.

We have studied these circuits in a large 
number of test grinds, accurately recording 
the specific power consumption and measur
ing the compressive strengths of the 
resulting cements. One set of results 
appears on Fig. 6. ’
Here intergrinding (Circuit A) gives the 
best overall performance, followed by the 
circuit in which only the finest part of 
the fly ash is utilized for mixing into 
cement (Circuit D).
Using the PFA as received (Circuit B) - 
appears to be a less suitable way of 
preparing fly ash cement.
Fly ash is fine, and a special mill might be 
used for its grinding before mixing with 
Portland cement (Circuit E). Judged on the 
basis of energy consumed, the final result 
is better than using PFA as received, but is 
not so good as when PFA is separated, and 
only the fine fraction is utilized. The PFA 
was ground in an ordinary Cylpebs mill to a 
5.5% residue on 25 microns and a specific 
surface of 5000 cm2/g, according to the 
Blaine method.

Effect of different grinding layouts 

------------- Interground (A) .
- - - - pfa as received (B>
— — pfa to separator (D)
—— • Separate grinding (E)

Fig. 6 - 15% PFA cement

In fact, fly ash is so.fine that a special 
mill with quite small grinding media should 
be employed as for instance the Minipebs 
mill. In this way a saving in the overall 
consumption of energy between 5 and 10% 
can be achieved.
A method combining the advantages of 
Minipebs grinding and of combined grinding 
is shown in the layout labled Circuit C, 
Although combined grinding appears to be 
the optimum solution, possibly owing to the 
mutual abrasion of fly ash and cement, 
further studies have been made of separate 
grinding of cement and of fly ash. The 
reason for this is that, generally, when 
grinding two materials of different 
hardness or toughness, a saving in energy 
is obtained if each material is ground in 
its own mill. ■ •
In our grinding experiments we have carried
out three test series;
Series 1 30% PFA, Total 35 kWh/t
Series 2 15% PFA, total 35 kWh/t
Series 3 30% PFA, total 45 kWh/t
With the three series we varied the extent 
of grinding of fly ash (PFA) and of 
Portland cement (96% clinker + 4% gypsum). 
The degree of milling was varied in such a 
manner that the total energy consumption 
for grinding the mixture of Portland 
cement and fly ash added up to either 
35 kWh/t or 45 kwh/t.
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Fig. 7 - PFA cement with 30% PFA, 
•Mixed from separately ground Portland cement 
and fly ash - power consumption of the 
mixture equal to 35 kWh/t.

totvt Hy t

fek' 8,"/iy,ash cement containing 15% fly
A tOtu} ener9y consumption of 35 kWh/t 

has been achieved by mixing separately Z 
ground Portland cement with separately 
ground fly ash. • • • F ia'-exy

The results appear in Fig. 7, Fig. 8, and 
Fig. 9. Each of these figures contains two 
sets of curves, one for the Blaine surfaces 
of Portland cement, fly ash, and PFA cement 
obtained at a given specific energy input, 
while the second set describes the strength 
found for the mixtures (PFA cements), also 
as a function of the distribution of energy 
between Portland cement and fly ash.
All the results indicate that the long-term 
strength level (90 days) improves as more 
of the energy input is used for grinding 
the fly ash.
Good short-term strengths (3 days) can be 
obtained, even with a PFA cement containing 
30% of fly ash, provided that the Portland 
cement-part receives proportionally more of 
the grinding energy than the fly ash. It 
appears that the finer Portland cement 
results in an early strength development.
The very early (1 day) strengths are always 
on the low side. The strengths at inter
mediate testing ages (7 days, 28 days) tend 
to be low. The highest 7-day strengths are 
found when grinding is concentrated on the 
Portland cement-part, while the optimum 
28-day values are achieved at equal milling 
of cement and fly ash.
In other words, it is possible to design 
the strength development of a PFA cement to 
suit the market conditions by concentrating 
the grinding on either the Portland cement 
or the fly ash.

CONCLUSION
Fly ash (PFA) may always be used in the 
manufacture of clinker. It can be added to 
the raw mix for dry process kilns, but only 
with certain modifications for the wet 
process, unless the fly ash is non- 
hydraulic.
High-carbon fly ash should be insufflated 
into the burning zone, whereby advantage is 
taken of the heat value. Fly ash up to 8% 
of clinker by weight can be injected with • 
air into the burning zone.
Only fly ash with a consistent and suitable 
composition and a low carbon content should 
be used for cement grinding.
For production of a PFA cement with a fly 
ash content of up to 15%, milling can with 
advantage be carried out by combined grind
ing of the three materials (clinker, raw 
gypsum, and fly ash) in one mill.
For higher fly ash contents, separate grind
ing of fly ash and Portland cement presents 
some advantages, as it is possible to design 
the rate of strength development to suit the 
market requirements.
Up to a certain level increased comminution 
will be beneficial. When considering 
separate grinding, more grinding energy 
results in an equalizing of the optimum 
grinding values for clinker and fly ash, 
respectively (Fig, 9),



Fig. 9 - Fly ash cement containing 30% PEA.
A total energy consumption of 45 kwh/t has 
been achieved by mixing separately ground 
Portland cement and fly ash.

Except after 90 days, a fly ash cement with 
30% fly ash will have strength inferior to 
a Portland cement. The relative strengths 
for a PFA cement and an ordinary Portland 
cement, both ground with an energy 
consumption of 35 kWh/t, are shown in 
Fig. 10. Combined grinding presents ' 
an acceptable solution to the 
grinding problem. However, separate 
grinding has the advantage that planned . 
levels of strength are achievable; Indeed, 
either short-term or long-term strengths 
can be emphasized, (starting with the same 
clinker and fly ash).

Rilem strength
% of Portland cement

80

60

100

x/ 2 3 7 28 90
age in days

Legend
ground

energy distribution
index PC, % pfa, %
E separate 100 0
F — 90 10 •
G — 70 30
H — 60 40

OD combined —

Fig. 10 - Comparison between interground 
and separately ground fly ash cements. 
Total grinding energy 35 kWh/t. 30% fly ash.
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Cementitious Fly Ashes - Structural and Hydration 
Mechanism .

Cendres vo/antes hydrauliques. Mecanisme de i'Hydratation et de !a 
formation de la structure

R.C. JOSHI, Associate Professor and M.A. WARD, Professor, Department of Civil Engineering. 
The University of Calgary, Calgary, Alberta, Canada.

RESUME : Certalnes cendres volantes, provenant du traitement des roches bltumlneuses e't;. des li
gnites du Canada et des Etats-Uhis,presentent des proprletes hydrauliques, peu, diff erentes de ■ 
celles du ciment Portland. La litterature technique et le travail presente dans.c^tte commuqi-- 
cation ont montre que ces cendres etaient tres dissemblables physiquement et ehimtquement'ce 
qui suggere que leurs proprietes hydrauliques ne resultent pas de leur composititii^ A I'aide 
d'un microscope electronique ä balayage, complete par 1’analyse aux rayons X, on' a observe 
que le calcium reactif ou peu reactif se presentalt sous des formes variees. Dans les cendres 
provenant des roches bitumineuses, les composes du calcium apparaissent comme formant une en- 
veloppe amorphe ou cristalline autour de chaque grain de cendre. Apres hydratation, ces compo
ses presentent une morphologic tres variee. Les liaisons entre les grains sont principalement 
dues a ces composes hydrates, qui sont done ä 1'origine des proprietes hydrauliques de ces sor- 
tes de cendres volantes.- Les recherches se poursuivent, afin de bien identifier les composes 
de ces enveloppes, seit avant, soit apres hydratation.

SUMMARY: Some sub-bituminous and lignite fly ashes produced In Western Canada and the United States exhibit 
cmentitious properties when mixed with water, not unlike portland cement. The literature and work reported 
here indicates that these ashes are dissimilar both physically and chemically which suggests that the self
hardening property of these ashes is not related to their fundamental composition. Using a scanning electron 
microscope and probe and complementary x-ray analysis it was determined that calcium is present in the reactive 
and relatively un-reactive ashes in a variety of forms. In the highly reactive sub—bituminous ashes studied, 
calcium compounds appear to be present as amorphous and crystalline coatings around the individual ash particles^ 
Upon hydration these compounds produced hydration products with varied morphology. These products are the prin
cipal binding agents which give these ashes their unique cementitious properties. Work is continuing in an 
effort to identify the calcium compounds present in the fly ash and the resulting hydration products.



INTRODUCTION
Sub-bituminous and lignite fly ashes unlike bituminous 
fly ashes possess self-hardening properties (4). Some 
sub-bituminous fly ashes when mixed with water hydrate 
in a similar manner to portland cement (13). It is 
known that the rate and degree of self-hardening re
sulting from hydration of these ashes varies signifi
cantly despite similarity of chemical and physical 
properties of different ashes (5). •

Until a few years ago the majority of the fly ash 
produced in Canada and the United States was the re
sult of burning relatively high sulphur bituminous 
coals. Environmental concerns and increased energy 
demands forced exploitation of low sulphur sub-bitu
minous and lignite coal deposits located in the mid
west and on the eastern slopes of the Rockies, far 
from the principal population and industrial centers 
(3). Physical, chemical and engineering properties 
of sub-bituminous fly ashes are significantly dif
ferent from those of the bituminous ashes-(3,4).

Sub-bituminous ashes are generally light cement grey 
to light cream in color. Bituminous fly ashes on the 
other hand are light to dark grey. The specific grav
ity of bituminous fly ashes varies between 1.80 and 
2.84 (1). A survey of the data from various sources 
suggests that sub-bituminous ashes appear to possess 
higher specific gravities than the bituminous ashes.

The majority of the sub-bituminous fly ashes produced 
in Great Brltlan possess self-hardening properties 
(10,12). Presence of free lime in British fly ashes 
is suspected to be the source of this self-hardening. 
However, no test data is available to prove or dis
prove this hypothesis. The water soluble fraction of 
some fly ashes has been correlated with the degree of 
self-hardening (12). However, the solubility of fly 
ash in water is generally less than 3 percent and it 
can not be used as a guide for the degree or rate of 
self-hardening. '

The earliest data on North American cementitious fly 
ashes was reported by Mateos (7). Although the source 
of self-hardening could not be positively identified, 
free lime in the fly ash, detected by x-ray analysis, 
was suspected to be the principal contributing factor 
in imparting the cementitious value to the fly ash. 
IXie to the preponderance of non-cementitlous bitumi
nous fly ashes in the United States in the 1960’s 
Mateo’s observations went almost unnoticed.

Polish investigators, from a study of fly ash produced 
from brown coal, have reported that lime, detected by 
the heat of reaction between fly ash and dilute hydro
chloric acid, is related to the degree of self-hard
ening (9). However, the same test does not seem to 
be applicable when used with similar fly ashes pro
duced in Canada and the United States.

This paper presents the results of a study of the 
self-hardening properties of three Canadian sub-bitu
minous fly ashes. The hydration of the fly ashes were 
studied by x-ray analysis and a scanning electron 
microscope with microprobe. Based on laboratory test 
data and comparison of these results with data from 
three different fly ashes from the United States, the 
hydration mechanism and the self-hardening properties 
of the sub-bituminous fly ashes are discussed.

SOURCE OF FLY ASHES INVESTIGATED
The majority of the sub-bituminous fly ash collected 
in Canada is produced in the province of Alberta. 
Fly ash samples from the Wabemun, Sundance and 
Forestburg power plants in Alberta were selected for . 
this study. These ashes are derived from burning 
sub-bituminous coal from Whitewood, Highvale, and 
Battle River mines in the Wabemun, Sundance and 
Forestburg power plants, respectively.

Sub-bituminous fly ashes from three different power 
plants in two different States of the United States 
were selected for comparative studies. The names of 
the power plants indicate the states in which they 
are located. Wyoming I, and Kansas I power plants 
burn sub-bituminous coal from Campbell County in 
Wyoming. The second power plant in Kansas burns sub- 
bituminous coal from Medicine Bow County in Wyoming.

LABORATORY STUDIES ,
Elemental analysis on different fly ashes was per
formed. Data on elemental analysis of various fly 
ashes was also obtained from suppliers or from other 
sources for comparison and to assess the variability 
with time for these ashes. Typical elemental analy
sis of the three Canadian fly ashes are presented in 
Table 1. Chemical composition of some of the U.S. 
fly ashes are given in Table 2.

TABLE I .
Chemical 

Constituent Forestburg
Weight Z 

Sundance Wabemun

SeOa 48-57 46-52 56-69
Al203 19-26 22-28 19-27
FeaOs 5-6 4-5 3-4
CaO . 12-13 12-14 11-13
MgO 1.2-1.5 0.9-1.2 0.8-1.5
S03 0.2-0.4 0.2-0.8 0.1-0.3
Ng2O 3.2-5.3 2.1-2.4 0.2-0,5
KzO 1.0-1.5 0.9-1.1 0.8-1.2
L.O.I.* 0.5-0.8 0.2-0.8 0.5-0.8

*L.0.I. - los s on ignition

*A11 figures rounded to nearest integer, **Not  deter
mined . ." 

TABLE II .
Chemical 

Constituent Wyoming I
.Weight Z
Kansas I Kansas II

Si02 36 34 38
Al203 26 ■ 19 18
Fe203 5 6 6
CaO 27 29 18
MgO 2 4 **
S03 2 2 **
Na20 ** 14 ♦*
K20 ** 14 **



Moisture-density tests were performed to determine 
the optimum moisture content and maximum density of 
the fly ashes according to American Society for 
Testing Materials specification ASTM D-698-70. The 
results are presented in Table III. Wyoming I and, 
Kansas I fly ashes produced from Campbell County coal 
were very reactive and hardened within less than an 
hour after mixing. These two fly ashes also generated 
appreciable heat of hydration immediately after mix
ing with water. The optimum moisture content and 
maximum dry density of Wyoming I, and Kansas I fly 
ashes have been estimated. Similar data has been 
obtained for other highly reactive fly ashes (4,12).

--- ---------
TABLE III .

Fly Ash 
Sources Color

Average 
Specific 
Gravity

Optimum 
Moisture 
Content 

X

Maximum 
Dry 

Density 
kg/mj

Forestburg Light Buff 
Grey

1.95-2.0 18 1350

Sundance »• 2.0-2.43 20 1290
Wabemun M 1.98-2.2 16 1530
Wyoming I Light Cream 2.65 12 1840
Kansas I . ■» 2.61 13 1710
Kansas II •1 2.4-2.44 15 1630

The self-hardening characteristics of the three Cana
dian fly ashes were determined by conducting uncon
fined compressive strength tests on compacted fly ash 
samples moist cured from 1 to 28 days. Table IV. 
Tests were also conducted to determine if the hard
ened ash samples would retain strength after satura
tion or innundation with water. Although data are 
not presented in Table V, observations and strength 
tests indicated that generally the samples cured for 
less than 2 weeks disintegrated when soaked in water. 
However the samples of Canadian ashes cured for more 
than 2 weeks did not disintegrate when water satura
ted and retained 75 to 100 percent of their initial 
compressive strength. Some of the samples even gained 
strength on innundation in water. .

TABLE IV
Curing
Period
Days

Unconfined Compressive Strength kN/m2

Forestburg Sundance Wabemun
0
1
7

19
28

111 
497 
522 
847 

2408

56 
221 
190 
590 
870

75 
335 
367 
393 
752

22™i Ayerage strength obtained from 3 or more sampl«

ü2T!i_Average strensth obtained from 3 or more sample.

TABLE V ’
Curing 
Period

Unconfined Compressive Streneth kN/m2
Wyoming I Kansas I Kansas II

1 hour 2256 ■
1 day 7700 ' 5940 4987 days 6303 54614 days 392

Data on self-hardening characteristics of the three 
U.S. fly ashes are also presented in Table V. All 
the samples of U.S. fly ashes tested for strength 
after curing 1 to 28 days, retained their shape on 
innundation in water.

X-ray and scanning electron microscope (SEM) studies 
were conducted to observe changes due to hydration in 
ash particle mineralogy.and morphology. Specimens 
for SEM and x-ray studies were prepared from raw and 
hydrated fly ashes then stored in sealed containers 
or vacuum desiccators to avoid contact with moisture 
or atmospheric carbon dixoide. The fly ash specimens 
for SEM study were initially coated with gold but 
such samples exhibited excessive charging under the 
electron beam. When the specimen was mounted on a 
carbon stud and coated with carbon no such problem 
was encountered. Elemental analyses of fly ash 
particles and hydration products were obtained using 
an EDAX energy dispersive electron microprobe attach
ment to the SEM. Micrographs of some raw and hydra
ted fly ashes are presented in Figure 1 through 8.

Fig. 1 - Forestburg Fly Ash (2000 x)

Fig. 2 - Sundance Fly Ash (2000 x)

Fig. 3 - Wabemun Fly Ash (2000 x)
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Fig. 4 - Kansas II Fly Ash (1000 x)

" Fig. 5 - Fly Ash Hydration Product (28 days) (2000 x)

Fig. 6. - Fly Ash Hydration Product (28 days) (5000 x)

Fig. 8 - Fly Ash Hydration Product (28 days)(10,000 x)

X-ray diffraction traces using molybdenum radiation 
were obtained for the raw and hydrated fly ashes. 
Unfortunately space does not permit reproduction of 
the diffraction traces. However results of the x-ray 
studies are considered in the Discussion.

DISCUSSION OF RESULTS
Data in Table IV indicates that the three Canadian 
sub-bituminous fly ashes exhibit completely different 
rates and degrees of self-hardening. Forestburg fly 
ash achieved the highest strength at the end of 28 
days. Sundance and Wabemun fly ashes could attain 
only about one third of the 28 day compressive 
strength of the Forestburg fly ash even at the end of 
4 weeks, curing. The chemical composition of the four 
ashes varies between 11 to 14 percent. The variations 
in other chemical constituents are also not signifi
cant; certainly not significant enough to suggest a 
reason for the observed variations in the degree of 
self-hardening.

It is interesting that Wyoming I and Kansas I fly 
ashes, produced from the same coal and having a 
similar chemical composition and containing almost 
the same amount of calcium oxide, also exhibit varia
tions in the degree of self-hardening. One day cured 
samples of Wyoming I fly ash attained a compressive 
strength of 7700 kN/m2 whereas one day cured samples 
of Kansas I fly ash samples attained a compressive 
strength of only 5440 kN/m2. Furthermore, examination 
of data in Table II and V indicates that Kansas II fly 
ash containing about 10 percent calcium oxide exhib
ited very low degree of self-hardening.

Even if free lime in fly ash is assumed to be the 
source of self-hardening as suggested by various in
vestigators (7,12), then the rate and degree of self
hardening of the fly a"sh would be controlled by the 
pozzolanlc reactions between free lime and alumino- 
slllcious glassy fly ash particles (2). Such pozzo- 
lanic reactions are known to occur at relatively slow 
rate (2). As a result the rate of self-hardening of 
the fly ashes due to the presence of free lime will 
be rather slow. Therefore, rapid rate of the hydra
tion reaction and strength development, in Wyoming I, 
Kansas I, and other similar fly ashes (4) cannot be 
attributed to this factor.

Joshi and Rosaure (6), from a study of synthetic fly 
ashes, observed that adding extra calcium oxide or 
lime to a fly ash does not increase the reactivity of 
the ash to the level exhibited by fly ash containing 
the same amount of calcium oxide formed during the sin
tering process in the suspension fired furnace. Data 
on lime-fly ash mixtures reported by various other 
investigators (2) also Indicates that Increasing the 
calcium oxide content by adding lime does not in
crease the rate of self-hardening to the degree 
characteristic of the Wyoming I and Kansas I fly 
ashes.

All these observations suggest that calcium in the 
fly ashes has to be present in some form other than 
calcium oxide to cause variations in the rate and 
degree of self-hardening. The total calcium determin
ed by chemical methods and reported as calcium oxide 
in the fly ash obviously does not provide any clue to 
the self-hardening potential of the sub-bituminous 
fly ashes.

X-ray studies Indicated that all the fly ashes con
tained substantial amounts of amorphous material.

S3



The crystalline material in the fly ashes contained 
quartz, mullite, hematite, manetite, calcium hydroxide 
and possibley aC2S. One strong peak with a d-spacing 
of 2.29 X was observed in raw Forestburg fly ash. The 
2 29 Ä peak was considerably reduced in hydrated paste 
of the Forestburg fly ash. In addition, medium size 
peaks in the vicinity of 2.75 A and 2.78 A were ob
served in raw samples of Forestburg fly ash. These 
peaks possibly belong to some form of calcium sili
cate or calcium aluminate. However, in the absence 
of second and third order peaks, none of the strong 
peaks could be positively identified. Similar but 
less intense peaks at 2.29 A, 2.76 A, and 2.78 A could 
be identified in the other two Canadian fly ashes. 
Minor peaks attributable to calcium oxide and calcium 
hydroxides were also observed. The intensity of many 
of these peaks was reduced significantly in the di
ffraction patterns of the hydrated samples of the fly 
ash. It would appear that calcium is present in 
various forms in the raw ashes. If small amounts of 
calcium are present in the silicate or aluminate forms 
it may be that these are the components that impart 
the self-hardening property to the fly ash. It is 
also hypothesized that the calcium compounds which 
could not be identified are possibly present in partly 
amorphous and partly crystalline form. It is known 
that compounds present in an amorphous form have 
distorted crystal structures and will tend to be 
highly reactive (11).

Wyoming I and Kansas I fly ashes had the sharpest de
fined peaks in the vicinity of 2.74 to 2.78 Ä d-spac
ing. There were various other peaks in these two fly 
ashes which could not be positively identified. Fur
ther work is needed to evaluate the significance of 
unidentified peaks in relation to self-hardening of 
the sub-bituminous fly ashes.

An examination of SEM micrographs shown in Figures 1, 
2 and 3 indicates that raw Canadian fly ashes generally 
contained smooth spherical particles. Some of the 
spherical particles are hollow and are filled with 
other smaller particles. Very few irregularly shaped 
particles are observed in any of the three Canadian 
fly ashes. There was no observable difference in 
particle size or morphology of the three Canadian 
ashes.

Kansas II fly ash, which contained about 18 percent 
calcium oxide, consisted of clusters of irregularly 
shaped partclles. Figure 4. Elemental analysis of 
one of these particle clusters indicated a presence 
of calcium and silicon almost in equal proportion.

Elemental analysis was also performed on raw Canadian 
fly ashes. A selected field of view was mapped for 
calcium, aluminium, and silicon. Observations in
dicated that all the three elements were distributed 
evenly over the field of view. Elemental analysis of 
individual fly ash particles on EDAX indicated that, 
except for irregularly shaped particles, all other 
particles contained more than one element. The 
irregularly shaped particles contained mainly silicon. 
The irregularly shaped particles are possibly quartz 
particles which become surrounded while passing through 
the hot zone of the suspension fired furnace. Indi
vidual spherical particles contained calcium, silicon 
iron, aluminium and occasslonally sulfur in various ’ 
proportions. The spherical particles never showed 
the presence of less than two elements, and calcium 
was always one of the elements. It is believed the 
exterior of all the spherical particles is coated 

with some calcium compound. It is possibly for this 
reason that the elemental mapping on the EDAX indi
cated the presence of calcium uniformly over the 
field of view.

Micrographs of hydrated Canadian fly ashes. Figures 
6 to 8, indicate that the majority of the hydration 
products were fibrous. Some hexagonal shaped parti
cles were also observed as seen in Figure 9. An 
examination of Figures 6 and 7 indicates that hydra
tion products were always formed on the surface of 
spherical particles. Figure 7 indicates that cemen
titious products have been formed by peeling off the 
exterior surface of the particles.

Elemental analysis of fibrous particles as well as 
hexagonal and tubular particles indicated the presence 
of calcium, silicon and aluminium. The proportion of 
calcium, silicon and aluminium varied for different 
hydration products. It should be noted that elemental 
analysis using the EDAX may be Influenced by the pres
ence of other particles close to or under the particle 
to be analyzed. However, intense calcium and silicon 
peaks could always be seen whenever any of the new 
hydration products suspected to be a cementitious 
compound were analyzed. Fibrous morphology of hydra
tion products containing calcium and silicon suggests 
the presence of calcium silicate hydrate I.

Based on the explanation given above it can be argued 
that the majority of the fly ash particles are coated 
with calcium compounds. The composition and structure 
of the calcium compounds cannot be positively identi
fied at this time. It is clear however that coating 
of calcium compounds, around the spherical particles, 
provides cementation between different particles as’ 
seen in Figure 8. Minnick (8)'also observed the 
presence of a reactive amorphous material coating, 
even on iron rich magnetite particles.

CONCLUSIONS
1. The sub-bituminous Canadian fly ashes investigated 

possessed varying d^rees and rates of self-harden
ing.

2. The degree and rate of self-hardening is not di
rectly related to the fundamental chemical or , 
physical properties of the ashes.

3. Calcium is present in fly ashes in various forms. 
, In the sub-bituminous fly ashes Investigated cal
cium compounds appear to be present as coatings 
around the individual particles. These calcium 
compounds react to provide fibrous hydration pro
ducts which provide particles with their cement
itious properties.

4. Further research is necessary to identify the 
calcium compounds present and to confirm the 
suggested hypothesis.
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The influence of pulverized fuel ash on the early and 
. long term strength of concrete

Influence d'une addition de cendres volantes sur la resistance a court terme 
et a long terme du beton

J.G. CABRERA, Lecturer, Department of Civil Engineering, the University of Leeds, U.K. and
C. PLOWMAN, Scientific Officer, Central Electricity Generating Board, North Eastern Region, 

Scientific Services Department, Grande-Bretagne.

RESUME ■: L'etude a porte sur les resistances a court terme et ä long terme de betons prepares 
en remplacant une partie du ciment Portland par quatre cendres volantes produites en Grande 
Bretagne. Les modifications de la resistance a la compression simple sont dues a des reactions 
qui ont ete etudiees grace a'la diffraction X; elles concernent le C-A et le C^AF extraits du 
ciment Portland ordinaire, et hydrates apres melange intime avec la Cendre volante et du 
quartz finement broye. On "a constate qu'un remplacement du ciment par des cendres volantes jus 
qu'ä 30 % augmentait les resistances ä long terme (91 jours) par rapport aux betons sans cen
dres volantes. Les cendres volantes conservees a l'etat humide ont une plus fälble activite. 
A court terme, 1'augmentation des resistances varie avec le pourcentage de cendres volantes. 
Il est propose d'expliquer ces augmentations de resistance par deux mecanismes : ,
a) un effet physique qui resulte de la forme des grains de cendres et de leur surface specifi-

que, , , ,
b) un effet chimique qui resulte lui-meme de deux reactions :bl)Un retard ä 1'hydratation 

du C,A et du C.AF , qui reduit la chaleur degagee et stimule la formation des silicates 
hydrates; b2) une reaction veritablement pouzzolanlque que 1’on a detectee, des l'äge de 
trois jours, grace au microscope electronique ä balayage.

ABSTRACT; A study of the early and long term strength of concrete mixes prepared with four British pulverised 
fuel ashes used as part replacement of ordinary portland cement is presented. The mechanism and reactions 
responsible for changes in the unconfined conpressive strength were studied by XRD of C,A and C.AF extracted froi 
the ordinary portland cement and hydrated with PFA and with inert ground quartz. It is^shown that with the 
hopper ashes replacement of cement up to 30% resulted in higher long term (91 days) strengths as compared with 
the concretes without PFA. The conditioned PFA 2 performed poorly in relation to its cement-concrete cointerpar 
Hopper ashes gave higher early strengths at varying percent replacements. It is proposed that the mechanism bv 
which strength changes is a two-fold mechanism: a) a physical effect which depends on the shape and specific ' 
surface of the PFA and b) a chemical effect consisting of two distinct reactions: 1st. a retardation of the 
hydration of C3A and C4A which effectively reduces the heat of hydration and encourages the formation of silicat 
S^inh™ctro^ücroscope?°ZZOlaniC r^011 ““ deteCted “ early aS three dayS Of a^e by the 1156 of a



INTRODUCTION • .

The use of Pulverized Fuel Ash (PFA) as part 
replacement of portland cement for the manufacture of 
concrete dates back to 1914 (1), although research on 
the properties of PFÄ and PFA-concrete started 
seriously around 1940 (2). Today the use of PFA in 
concrete is still very limited, specially in the U.K. 
where not more than 1°6 of the total production of PFA 
is utilized as part replacement of Portland cement. 
By the end of this century coal will play a major 
role in the production of energy since it comprises 
about 804 of the world energy reserves, these amount 
to 70,000 million Tonnes in Western Europe alone (3). 
It seems clear then that PFA will become an abundant 
source to be used as pozzolanic material, specially 
for the replacement of cement which as it is known 
requires high levels of energy for its production.

Reports in the literature regarding the influence of 
PFA on the properties of concrete are mostly related 
to the measurement of physical properties.- The 
mechanism by which PFA alters the engineering 
properties of concrete are not really clear, hence 
the contraditions found in the literature.

This paper presents a limited study on the influence 
of PFA from four power stations on'the properties of 
concrete. Ordinary portland cement was replaced by 
15, 30 and 454 of each PFA and unconfined compressive 
strength measurements were made up to 91 days. The 
influence of PFA on the process of hydration was 
studied only with reference to the CjA and C4AF 
hydration process. The methodology used is explained 
and interpretations are made in the light of the 
physical and chemical results obtained.

ENGINEERING PROPERTIES OF PFA-CONCRETE

The properties which are of inportance for the 
evaluation-of PFA-concretes are: workability, 
strength, creep and shrinkage and durability. 
Different authors have reported sometimes contra
dictory results for the same property. Referring to 
workability, for example, the majority of reports 
(e.g. 4,5) agree that PFA improves the workability of 
concrete when PFA has been properly selected, however 
there is no agreement as to the properties which should 
be measured to select a PFA material. Scholtz (5), 
for example, recommends selection of PFA in terms of 
specific surface, while some standards (6) recommend 
the use of particle size. Apparently it is implied 
that the finer the ash the better the workability of 
concrete. This concept is by no means proved since 
it will imply that the finer the ash the higher the 
strength of the concrete. Some authors have reported 
that there is no relation between fineness and

. strength(7,11). Cabrera and Gray (7) showed that 
high specific surface ashes may not necessarily be 
fine grained since it is the irregular carbonaceous 
particles which contribute greatly to the specific 
surface. .

The strength of PFA-concrete has been studied and 
reported by many investigators. Most reports refer 
to the long term beneficial effects of PFA, based on 
the accepted idea that the reaction of PFA with cement 
is that of a pozzolana, i.e. reaction of soluble 
silica and alumina from the PFA with calcium 
hydroxide produced by hydration of the calcium 
silicates in the cement to form hydrated calcium , 

silicates-and aluminates. However, there are still 
some reports which indicate that PFA-concretes did 
not reach the strength of their cement-concrete 
counterparts even at the age of 5 years (9). With - 
reference to short term strength there is still great 
controversy. Some authors report improved strengths 
while others report inferior strengths (5,9,10,11,12). 
Here again the contradictions have their origin in 
the fact that there is no agreement as to the 
properties of PFA which should be measured to qualify 
it as a suitable material. Furthermore, there is no 
agreement in relation to the actual concrete mix 
design (10,13,14).

There is general agreement with relation to the 
influence of PFA on creep and shrinkage properties of 
concrete. Scholtz (5) indicated that using PFAs with 
specific surface areas between 1.2 to 1.3 m^/g, creep 
and shrinkage were reduced by 204, while Ryan (15) 
reported reductions up to 304 of the shrinkage 
measured in plain concretes.

It is generally accepted that concretes with PFA 
exhibit lower permeabilities than their, portland 
cement-concrete counterparts, this fact alone has been 
used to explain the improved resistance of PFA- 
concrete to sulphate attack. Davis (16) measured the 
permeability of plain and PFA-concrete where PFA 
replaced 304 of the cement; the permeability was 
reduced to 1/5 of the permeability of the plain - 
concrete, thus reducing penetration of potential 
narmful solutions. Dikeou (17) reported improved 
resistance of PFA-concrete to sulphate attack and 
showed that the effectiveness of PFA in improving 
resistance to sulphate attack increased with the " 
severity of exposure to sulphates.

MECHANISMS OF PFA-CEMENT REACTION

Pozzolanic reactions are the acknowledged mechanism 
occurring between PFA and cement in the presence of 
water. Changes in the properties of concrete 
produced with PFA have invariably been interpreted 
using the pozzolanic properties of PFA. Minnick (18) 
and Plowman (19) have summarized some of the possible 
reactions of PFA-cement-water systems and Jambor (22) 
Raask and Bhaskar (21), Shikami (22), among others ’ 
have proposed methods to evaluate the pozzolanic 
activity of PFA by either measuring release of silica 
or reduction of calcium hydroxide generated by the 
hydration of cement. While these methods have given 
satisfactory results for particular conditions, their 
general use is not warranted. There are still some 
questions tvhich have to be answered, for example when 
does the pozzolanic reaction between PFA and cement 
take place? Various investigators have attempted to 
answer this question but the data which have been 
published are inconsistent. Guillaume, for example, 
came to the conclusion that the reaction between PFA 
and cement starts from an age of about 14 days (23), 
while Venaut (24) stated that pozzolanic reaction is 
not detected before 28 days.

It is apnarent that with regard to the mechanism or 
mechanisms of reaction more studies are necessary, in 
particular the chemistry of early reactions which do 
not seem to exist in the literature, and also the 
extent of the physical effects of PFA in the com
position of the water/^olids ratio, as well as the 
influence, of PFA in the morphology of the reactions 
products.



materials and ieimods used in thb investigation
Pulvefizel Fuel Ashes from four power stations in the 
north of England were used. Their properties are norm or ip. ppA ppA 3 pFA 4

i vhile PEA 2 was collected from a 
e where the ash is conditioned with 
. of water.

Ordinary Portland cement and ouartzitic coarse and 
fiiie äfigs^gatds Were used for the preparation of the 
concrete mixes, cement was replaced by PFA in 
Broitortiohs Of 15, 3Ö and 451, Cubes of 10 cm side 
were prepared and cured in water at 18°C for varying 
periods tp to 91 days. The o*es  were tested m un
confined coYfipression at the end of each curing period. 
The reported results are the average of three 
Tperi^ns per point, lanediately after testing, 
small pieces of the fractured concrete ctibes were 
feeeze^driod and stored in sealed containers for 
later sti-dBes Of the Mcromorphology of the reaction 
products. .

The early Ctemistry of PFA-cefnent hydration was 
Studied teing only $5=A 3 and CcA and C,AF obtained 
directly from the ordinary portland cefent, Chemical 
ssiamtion.of ’C-A -were earrfed out by 
extracting the calcium silicate and calcium oxide 
thasos from the ordinary port-land cement with a 
iftäleic acid/methänbl soltition. Calcium sulphate was 
removed with ammOhium chloride solution. These 
methods have been described in the literature (31), 
y-ray «diiffräctioh nf The residue detected only CjA 
®id 'C^AF. Since the maleic acid passivated the 
residual conpounds they'were reactivated by ignition 
at W>c-.

(fydratidns -were carried Out not only with the C-A and 
(&ÄF htit 'with näxtiires in which the dilution effect 
'ires studied by replacing the aluminates with 304 of 
'gfOtfil tjifettz l(to pass sieve Of 45 u) so as to 
■separate 'any effect due to diltitioh occasioned by 
TtiCötpytieihg 3Ö4 WA 3 Si the 'aluminate residue.

;Eadh hydration process 'whs followed with a Philips 
AFD-tÖ cötgptiter controlled diffractometer,, programmed 
to "scan over tm dhgitar range of 5° 1 e -- 40b 2e. du 
’rhfedtiiöh 'wäs used <Ä 4-5 kV,, 55 'M, and the dif- 
tradtötoeter 'Whs Sttefl 'with a graphite imanochromator. 
The scanning 'rdte 'whs i60 2e per minute,, the programme 
hl-lowedtecyclinp'irfmediately öfter eadh scan-. To 
nvoid the possibiliity of rapid carbcmatian of calcium 
-aiÄihäte -hydrates -which "may occur 8h air, each 
sample iWhs "mixed (dry,; D. 7 IM of ‘distilled,, deionised 
-äliti fffettily IbCtilEed 'water -was then added and mixed. 
Itte 'mixture 'whs liMfedidtely placed in the di‘f- 
ff¥dÖR®ÖWr hdfidh 'Whs 'modified SO as to provide h 
tEEtRigeh -'StiSOS{ihe’re which el-istihated the possibility 
tff<carbaito-iffii.

dh'titter tti -detect ij)tese dhanges -at very early ages 
Tffom -hs otehly ds one -‘mlhiite) -a Tast scanning speed 
of W’Se/Mhiite 'whs ihocessaty. This residted in two 
"titdbiems: %i) poor 'peak resoitition, h) slightly 
'reduced, peak 'intensity due to the ’reilatively long 
'response time off the oteit tecorter. Therefore no 
-Wteii|5t 'whs iwte to tittein absolute "mehsurements of 
the däföBft ‘of ‘eatih rphhse, -blit tit 'was föfflid tti be " 
Wfbdtihr ffehSible to ineasure the change tim ih'tensity 
of O Ipehfc, Oven 'in the case ctff (quite severe Overlaps.

given in rabies i 
were hopper ashes 
disposal stbckpil 
approximately 124

Table 1 Specific gravity and specific surface of 
the ashes used in the investigation

Ash Source Ash 
Code

Specific 
Gravity

Specific - 
Surface, mz/g

Ferrybridge 'C PFA-1 2.22 1.26

Drax PFA-2 2.18 2.50

Eggborough PFA-3 2.40 1.10

Thorpe Marsh PFA-4 2.09 1.31

n,d - Not determined

Particle 
size (pm)

Percentage passing (by weight)

PFA-1 PFA-2 PFA-3 PFA-4

75 92.7 76.1 88.5 91.7

63 78.3 69.4 84.8 87.8

45 46.6 - 50.4 81.9 42.7

30 34.0 18.6 77.2 7.4

10 12.3 3.4 3.2 3.9

4 3.4 1.4 2.8 3.1
<2 2.1 n,d n.d n.d

Table 2 Particle size distributions of the ashes

RESULTS AND DISCUSSIONS

Hydration of C^A and C^AF

Most studies of the hydration of calcium aluminates 
and alumino-ferrites, and subsequent reactions with 
calcium and sulphate, have been carried out with lab
oratory synthesised calcium aluminates as starting 
materials. Times quoted by various investigators 
(27,28,29,30) regarding transformation of ettringite 
into monosulphate are quite different, Collepardi 'et 
al, (27) attributed this to differing experimental 
procedures and to the type and reactivity of C4AF; for 
this reason the experiments reported in this investi
gation were carried out with starting material 
separated from an ordinary cement clinker.

The process of hydration for the C,A and C4AF is shown 
in Figure 1. The initial crystalline hydration 
product is C^g. Substitution of A12O3 by Fe2O3 can 
occur, forming a solid solution series whose end 
members are C2AH8 and C2FHs. No attemot was made to 
-distinguish ‘between substituted products. Similar 
solid solution series exist for other hydrates. As 
shown in Figure 1 C2AHg reaches a maximum concen
tration at about 15 minutes. Both CtA and have 
reacted to a considerable extent by this time, but no 

^etectable. It does, however, appear after 
about one hour, with very low crystallinity. The XRD 
Teaks >of C^AH^g gradually narrow down with time, 
indicating a gradual increase in crystallinity. It is 
possible, then, that it is present at an earlier age 
as an amorphous phase. The initial hydration • ’ 
reactions may therefore be:



Table 3 Chemical compositions and loss of ignition of the ashes

Ash 
Code

Percentage by weight

Loss on 
ignition

Si°2 A12°3 Na2° MpO K2° Fe2°3 Tin2 CaO S03 Cl

PFA-1 4.95 48.41 25.43 0.58 , 1.19 3.64 8.28 0.93 1.52 0.28 0.03
PFA-2 3.11 50.98 26.42 0.77 1.19 3.71 9.45 0.93 1.19 0.16 0.04
PFA-3 3.29 49.01 27.73 0.75 1.30 4.05 8.77 0.96 1.20 0.58 0.01
PFA-4 2.52 52.62 26.45 1.11 1.33 3.90 8.98 0.98 1.49 0.63 0.02

C4AF + 16H ■*  2C2(AF)H8 ....................................... (1)

2CjA + 27H ■*  C2AHg + C4AH19 ............................... (2)

The findings of many workers (31) that CJk hydrates
initially faster than C.AF are confirmed in the 
present work. The subsequent reaction of C^AHo 
appears to be mainly with C.AF, the product oeing 
Cj(AF)Hg. This may be:

C4AF + C2(AF)H8 + 7H * 2C3(AF)H6 + (AF)H3...(3)

The effect of diluting the aluminates by incorporating 
30$ of inert material (ground quartz) is shown in 
Figure 2. The rate of reaction is slower in com
parison with the undiluted material. Figure 3 shows 
that 30$ substitution by PFA results in much more 
marked retardation of the initial reaction. Much less 
C2AHg is produced and the diffraction peaks dis
appeared significantly faster. Unlike the two 
previous hydrations, ettringite (C-A.3CS.31H) was 
detected after less than two minutes, reaching a max
imum after eleven minutes. After 20 minutes 
ettringite was no longer detectable, but the mono
sulphate (CjA.CS.12H) was identifiable. The basal 
spacing of theomonosulphate (8.9Ä) subsequently 
reduced to 8.2A. Consideration of this, and other 
peaks on the XRD trace leads to an identification of 
C4AH.-. In view of the precautions taken to exclude 
carbon dioxide, it is improbable that this compound 
contained "essential carbonate". However, it is 
possible that it may contain "essential sulphate", and 
is likely to be a solid solution as described by 
several workers (31). .

It is well known that gypsum retards the hydration of 
CjA and GAF by forming a layer of ettringite (27,32). 
Since studies of the release of ions from British 
PFAs in neutral and also alkaline solutions (33,34) 
have shown that calcium and sulphate are released at a 
very early stage (within 1 to 2 minutes) in sufficient 
quantity to form a saturated solution with respect to 
gypsum, it was thought that the mechanism of retard
ation of the aluminates hydration might be siinilar to 
the manner in which gypsum controls the hydration 
process. Experiments carried out substituting PFA by 
equivalent sulphate concentrations provided by gypsum 
reported elsewhere (35) have shown that the retard
ation with gypstm does not occur to the same extent as 
with the addition of solid PFA, even when sufficient 
solid gypsum to replenish the calcium and sulphate in 
solution is provided. Thus it is clear that PFA is a 
more effective retarding agent than gypsum. Why this 
is so will be discussed later on in conjunction with

findings related to the physical properties of PFA- 
concrete.

Figure 1 Hydration-time relation for C^A + C4AF

Figure 2 Rate of hydration of a mixture of 
CjA + C4AF * 30$ ground quartz



Figure 3 Rate of hydration of a mixture of 
CjA + C4AF + 30$ PFA 3

Early and Long Term Strength of PFA-Concretes

Early strength of concrete is a very important 
property, specially from the point of view of economy 
and facility of construction procedures. The three 
day strength chosen as the early strength of the mixes 
used in this study is presented in Figure 4. For 
convenience strengths are expressed as a percentage of 
the control portland cement concrete as a function of 
percentage of cement replacement. It can be observed 
that each PFA gives a different strength-replacement 
relation. The hopper ashes gave greater early 
strengths for various replacement percentages while 
the conditioned ash PFA 2 resulted in lower early 
strengths even at 15$ replacement. '

The long term strengths are shown in Figure 5 a, b, c, 
and d. It can be observed that for the hopper ashes 
replacement up to 30$ resulted in considerably 
increased strengths at 91 days. Replacement at 45$ 
level gave in all cases lower long term strengths.
PFA 2 showed the poorest performance at early and laig 
term strength.

Attempts to relate the strength behaviour to the 
intrinsic properties of the PFAs used were not suc
cessful. For example, specific surface values show 
that PFA 2 should have given the best results in terms 
of the requirements of specifications (6), but in 
reality the PFA with the lowest specific surface gave 
the best results. A number of countries advocate the 
use of an arbitrary percentage of retention on a 45 u 
sieve above which a PFA should not be acceptable, here 
again observing the results of particle size distri
bution it.can be ascertained that there is no relaticn 
between size and strength.

MECHANISM BY WHICH PFA INFLUENCES CONCRETE STRENGTH

From the results of this investigation and the data of 
other workers it is apparent to the authors of this 
work that the mechanism by which PFA influences the 
engineering properties of concrete is a two-fold 
mechanism:

Figure 4 Relation between three day strength and 
percentage of cement replacement for the 
ashes used in the study

a) a predominantly physical effect which consists of 
reducing the water demand without decreasing the 
workability of the mix and allowing better packing 
of the hydration products'and the unhydrated 
particles.

During the production of the mixes for this study 
it was observed that the same water/cement ratio 
gave increasing values of slump for increasing ' 
replacement of cement. Although recognizing that 
the slump test is too coarse a measure of work- ‘ 
ability, nevertheless it gives an indication of 
the effects of PFA on water demand. Other authors 
have consistently reported very low values of 
permeability for PFA-concrete mixes, this tends to 
confirm the idea of better packing properties of a 
mix containing PFA.

Figure 6 shows schematically the probably 
behaviour of PFAs. Considering that there is a 
maximum practical limit of replacement as indi
cated by the dashed vertical line, a particular 
PFA will probably show one of the trends indicated, 
depending on whether the specific surface is 
relatively low, intermediate or high and/or 
whether the shape of the particles is 100$ round 
smooth shape or whether there is a significant 
amount of coarse irregular, and porous particles.

b) a double chemical effect which consists of: 1) 
retarding the hydration of CjA and C4AF. The 
iimediate beneficial consequence is a reduction, in 
the heat,of hydration, but most important the ‘ 
retardation of the aluminate's hydration produces



Figure 5 Unconfined compression strength-age relations (a) PFA1, (b) PFA2, (c) PFA 3 and (d) PFA4

Figure 6 Schematic representation of water 
requirements for different PFA materials

as a counter-effect the possibility of 
increasing the volume of calciun silicates, which 
will undoubtedly result in increased ultimate 
strengths. Evidence for this proposition has 

been presented by Jelenic et al. (36). They 
studied the effect of gypsum on the hydration and 
strength of various portland cements and showed 
that at increased percentages of SO, there is a 
reduction of aluminate hydrates and a corres
ponding increase in the silicate hydrates. They 
showed, furthermore, that there exists an optimum 
percentage of SO, for maximum increase in 
strength; 2) a pozzolanic reaction proper between 
the soluble silica and alumina of the PFA and the 
calcium hydroxide produced by the hydration of 
the cement. As it has’ been indicated in the 
review of mechanisms of reaction, workers do not 
agree on the time at which the pozzolanic reaction 
can be detected.

During this investigation limited use. of an SEM 
(JEOL-35) allowed a study of the early and long 
term morphology of reaction products. Figure 7 
shows evidence of formation of reaction products 
at the PFA-cement interface and Figure 8 shows 
poorly crystalline conpounds. The age of the 
specimen was only three days, thus it appears that 
pozzolanic reaction products may be formed earlier 
than other investigators have reported. There is 
some evidence for an early pozzolanic reaction 
from experiments which are now in progress. These 
demonstrate a reduction at 3 days in the quantity 
of CaCOH), present in cement pastes with PFA 
replacement, conpared with controls with no 



replacement. Figures 9 and 10 correspond to 
specimens with long term hydration. It can be 
clearly seen that the reaction products have a 
morphology- similar to the type I calcium 
silicates [Figure 8) and type III calcium 
silicates (Figure 9) (39).

Figure 7 PFA particle surface showing evidence of 
reaction products. Age of specimen three 
days.

Figure 8 Magnified view of Figure 7 showing the 
morphology of reaction products at the 
PFA-cement interphase.

Figure 9 Long term cured specimen showing type I 
reaction products on the surface of a PFA 
particle.

Figure 10 Long term cured specimen showing type III 
reaction products resulting from the PFA- 
cement reaction.

Several attempts have been made to relate develop
ment of strength to the structure of the reaction 
products of portland cement. Feldman and 
Beaudoin (37), for example, studied porosity and 
particle type in relation to strength development. 
They indicated that for any given porosity there 
is an optimum blend of particle types, l.e. at the 
same porosity the average strength of a composite



particulate material depends on the intrinsic 
strengths of coarse, dense, crystalline particles 
and the better bonding properties of finely 
divided low-density, amorphous, material. Their 
results included.a PFA-cement paste which in com
parison to a pure cement paste showed higher 
strength at the same porosity. They believed that 
the optimum blend of particle types was probably 
the one corresponding to the PFA-cement paste. 
Taylor (38), in a recent review of mechanisms and 
products of cement hydration, has pointed out the 
fact that strength development of blended cements 
might not be explained by the chemical reactivity 
of the PFA alone but also by the effect that 
unreacted particles of these materials have on the 
microstructure. This tends to support the idea 
proposed by the authors of this paper in relation 
to a mechanism which is a combination of physical 
and chemical effects. .
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The effect of curing temperature on the development 
of strength of mortar containing fly ash

L 'effet de la temperature de conservation sur le developpement de ia 
. resistance du mortier contenant des cendres voiantes

J.A. DALZIEL, Mr. Materials Research Department, Cement and Concrete Association, Slough, England.

RESUME : Des prismes de mortier ISO-Rilem ont ete faits avec du ciment Portland ordinaire 
ainsi qu'avec ce meme ciment contenant 20 % de cendres voiantes. Des comparaisons ont ete 
faites sur le developpement de la resistance ä la flexion et ä la compression de ces mortiers 
jusqu'ä l'äge d'un an apres une conservation continue dans l'eau ä 20, 35, 50, 65 et 80°C. 
Pour des temperatures de conservation inferieures ä 50°C, la presence de cendres voiantes a 
augmente ä long terme la resistance ä la flexion de 40 % approximativement, et la resistance 
ä la compression de 15 % approximativement. Aux Jeunes ages la resistance a augmente avec 
11 augmentation de la temperature de conservation aussi bien pour le mortier pur que pour 
celui contenant des cendres voiantes, mais 11 a ete ensuite plus rapide pour ce dernier ä 
cause de la pouzzolanicite de la cendre qui a fortement contribue ä la resistance des les pre
miers jours. A 20°C, le mortier avec cendres voiantes ne depasse pas la resistance du mortier 
pur avant 150 jours, mais cela se produit apres 28 jours a 35° et apres 6 jours ä 50°C. 
Pour les deux genres de mortier, la resistance a long terme etait plus fälble pour les eprou- 
vettes conservees ä temperature plus elevee. '

SUMMARY : ISO-Rilem mortar prisms were made using ordinary Portland cement and w’ith 20% of the cement replaced 
by fly-ash. Comparisons are made between the development of flexural and compressive strength of these mortars 
up to an age of one year after continuous water cure at 20, 35, 50, 65 and 80°C. For curing temperatures up to 
5O°C, the presence of fly ash increased the long term flexural strength by approximately 40% and the long term 
compressive strength by approximately 15%. For young specimens, the rate of gain of strength increased as the 
curing temperature increased for both the plain and fly ash mortars but was more rapid in the latter case due 
to the ash pozzolanicity contributing effectively to the strength at earlier ages. At 20°C the fly ash mortar 
did not exceed the strength of the plain mortar before 150 days whereas it exceeded it after 28 days at 35°C 
and after 6 days at 50°C. With both mortars the long term strength was lower for specimens cured at the 
higher temperatures. ■



INTRODUCTION .
Raising the curing temperature of mortars and 
concretes made with Portland cement improves the 
strengths at early ages but Invariably causes a 
reduction in the strength which is attained m the 
long term. When a reactive fly ash is incorporated 
in the mix, an additional contribution is made to the 
strength due to its pozzolanicity. This contribution 
is also temperature dependent being negligible at 
early ages and at low or normal temperatures but 
becomes increasingly significant as the curing 
temperature is raised. This effect, which is of 
great importance in the manufacture of precast "• 
products, depends on the age of the mix when the 
temperature is raised and also on the rate, magnitude 
and duration of the increase. Kohno, Emura and 
Kinoshita (1) subjected fly ash concrete to short 
periods of heating to 65, 80 and 90°C soon after 
moulding. They found the rate of gain of strength 
at one day was greatly increased as the temperature 
increases and that the strength was also improved by 
delaying the time at which the heating was applied. 
In all cases, however, the 28 day strengths were 
less than that of normally cured concrete. Venuat 
(2) cured specimens normally at 20°C for one or two 
days before subjecting them to short periods at 80°C 
and found that, whilst this had little effect on the 
specimens which did not contain fly ash, it 
substantially increased not only the short term 
strength of the fly ash mixes but also improved the 
long term strength as well. Phat (3) employed 
longer periods of heating of 1, 3 and 7 days at 5, 
20, 40 and 60°C followed by 7 days normal cure and 
in all cases found that the higher temperatures 
improved the strength development of specimens 
containing fly ash. Kokubu, Miura, Takano and 
Sugiki (4) who mixed and cured concrete at 10, 21 
and 30°C found after three months the strength of 
specimens containing no fly ash were lower the 
higher the temperature but for fly ash specimens the 
reverse was true. Nasser and Marzouk (5) have 
reported the effect of temperatures up to 23O°C on 
the properties of mass concrete containing fly ash.

In this Investigation the mortar specimens were 
cured for 24 hours in a 20°C fog-room before being 
water cured at elevated temperatures until shortly 
before testing.

TEST SPECIMENS -

40 x 40 x 160 mm mortar prisms were made accordingly 
to ISO-Rilem recommendation R679 (similar to the 
French Afnor NP-P 15-451 and the German DIN 1164 
standards). These had a water/binder ratio of 0.5 
and an aggregate/cement ratio of 3. The specimens 
were compacted in their moulds by using a jolting 
table. After demoulding the specimens were weighed 
in air and water and then placed immediately in 
water baths at the appropriate temperature. Two 
hours before testing they were returned to water at 
20°C. The physical and chemical analyses of the 
Portland cement and the fly ash used are given in 
Table I.

PROGRAMME OF TESTS

Two mortar mixes were employed, one with the Portland 
cement and the other with 20% by weight of the 
cement replaced by the fly ash. No adjustment was 
made to the water content to compensate for the

TABLE I ....

Portland cement Fly ash

Density (kg/ni5 ) 3150 2300
Specific surface 
(m2/kg) 330 340
Loss on ignition 1.75% 4.92%

residue — 11%
SiOz 22.02% 49.92%
CaO 64.60% —
Alz 0; 3-99% 24.32%
FezO; 1.74% 9.76%
MgO 1.20% —

Alkalies (as NazO) 0.53% —
SO; 3.36% -

Free CaO 1.54% —
Moisture 0.27%

C;S 51% -
CjS 25% -
C, A 7.5% -■

AF 5.2% —
CaSQ^ 5.7% -

increased workability of the fly ash mix« Specimens 
of each mix were cured at 20, 35» 50» &5 or 80°C 
after an initial 24 hour at 20°C, and tested St 3» 
7, 28 and 56 days*  Specimens cured at 20, 35 and 
50°C were also tested after 184 and 365 days. The 
mean bulk density, flexural strength and compressive 
strength were determined from three specimens for 
each condition (from 6 specimens for the 20°C 
conditions)•

DENSITY

The bulk density at demoulding was on average 
0.6% greater for the fly ash cement mortar specimens 
than for the plain cement specimens despite the 
fact that the fly ash had a density 0.7 that of the 
cement it replaced. This difference, although small, 
was statistically significant and corresponded to a 
reduction of 2% in the volume of entrained air of the 
mix containing fly ash. A reduction in voidage of 
this magnitude would be expected to increase 
compressive strength by at least 4%. At later ages 
the 20 and 35°C cured specimens had increased in 
density to a greater extent than the specimens cured 
at higher temperature whilst maintaining the density 
differential between the two mixes.

COMPRESSIVE STRENGTH

Figure 1 shows the compressive strength of the two 
mortars as a function of age'and curing temperature. 
The results obtained with the plain cement mortar 
show that elevated curing temperatures increase 
early age strength but reduce later age strengths. 
With the exception of the 80°C cured mortar, which 
failed to gain strength significantly after 7 days, 
the temperature-strength inversion occurred at 
approximately 28 days after which strength was lower 
the higher the curing temperature.

Increasing the curing temperature had a greater 
effect on the fly ash cement mortar, accelerating 
to a considerable extent the development of strength 
at early ages. Whilst the strength-tempera*ure  e . 
inversions again occurred, they were generally at 
much later ages, and the specimens were cured for



FIGURE I. Compressive strength as a function of age 
and curing temperature*

See figures 2. and 3 P?\GE 5

one year before the 35°C cured specimens were less 
strong than the 20°C cured ones. This is broadly in 
agreement with the results of Kokubu, Miura, Takano 
and Sugiki (4) discussed earlier. In order to 
compare the strength development of the two mortars, 
the ratio of the fly ash cement mortar strength to 
the plain cement mortar strength at the same age and 
curing condition is shown as a function of curing 
age and temperature in Figure 3(a)« The fly ash 
cement mortar was stronger than the equivalent plain 
cement mortar when this ratio exceeded unity. This 
did not occur with the 20°C cured specimens until 
approximately 150 days. For the 35°C cured specimens 
the age was reduced to approximately 24 days and to 
only 6 days for the 50°C cured specimens. At 65°C 
the fly ash cement mortar behaved little differently 
from the plain cement mortar although at 80°C it was 
stronger at early ages but the strength ratio 
decreased with time of curing. Luhr and Efes (6) 
showed, with similar prisms cured at 20°C, that the 
age at which fly ash cement mortars exceed the 
strength of the equivalent plain mortar depended on 
the relative fineness of the Portland cement and the 
fly ash. The strength development up to 28 day was 
shown to be mainly a function of the cement fineness 
and after 28 day to be also a function of the 
fineness of the fly ash. Homma and Kikuchi (7)j •
relating the strength development of mortars 
containing fly ash up to 90 days to Feret’s 
coefficient to avoid the effect of water/cement ratio 
found the coefficient exceeded that of plain cement 
mortar after four weeks at 20°C but after only 7 
days at 40°C. From Feret’s coefficient, in this 
investigation, if the fly ash acted as an inert 
filler the strength ratio would be expected to be 
0.75 at all ages. Although the ratio appears to 
start from this figure, it rises, in the case of the 
20, 35 and 50°C cured ‘specimens, to show a strength 
advantage of approximately 15% after one year for the 
fly ash cement mortar.

The contribution to strength made by the fly ash 
alone may be estimated by subtracting 0.75 of the 
plain mortar strength from that of the equivalent 
fly ash mortar. If this contribution is plotted 
against age for the various curing temperatures, 
curves very similar in shape to those shown in 
Figure 3 result. After one year the highest 
pozzolanic contribution from the fly ash was in the 
specimens cured at 20°C. As the curing temperature 
increased this contribution decreased. The highest 
long term strengths for both mixes were for those 
cured at 20°C. It is interesting to note that 
Mateos (8) found that sand, lime fly ash mixtures 
cured at 10, 20, 40, 60 and 120°C showed no 
temperature-strength inversions up to 28 days.

FLEXURAL STRENGTH

Figure 2 shows the flexural strength of the 
mortars as a function of age and curing temperature. 
In contrast to the effect on compressive strength, 
for the plain cement mortars the effect of 
moderately increased curing temperature was small 
except at early ages. Curing at 65 and 80°C was 
again detrimental to long term strength and again the 
temperature strength inversion effect occurred.

The effect of increased curing temperature on the 
strength development of the fly ash cement mortar 
was striking. After 7 days the effect of raising 
the temperature from 20 to 5°OC was to almost double



the flexural strength and at one year there was still 
a 26% strength advantage. At all the ages and 
temperatures tested, there was a significant 
increase in strength over the 20°C cured specimens 
although for the 65 and 8O°C specimens this increase 
was reduced.
Again in order to compare the strength development 
of the two mortars, the ratio of the flexural 
strength of the fly ash cement mortar to that of 
the plain cement mortar is shown in Figure 3(b) as 
a function of age and temperature. For the 20 C 
cured specimens, the fly ash cement mortar had to be 
cured for one year before it attained the same 
flexural strength as the plain cement mortar. For 
the 35°C cured specimens this age was reduced to 
14 days and at one year the fly ash cement mortar 
was over 30% stronger. Only 3 days curing at 50°C 
was required to equal the plain mortar strength. 
The trend of the curves indicate that the fly ash 
mortars would eventually achieve a flexural strength 
30 to 40% higher than the plain cement mortar but 
for the 20°C cured specimens this would take several 
years of continuous curing to achieve.

CONCLUSIONS ' x

Although this investigation was undertaken with a 
single fly ash cement combination and with 
temperature increases held constant for longer 
periods than would occur in practice, the 
conclusions drawn are probably valid for any 
reactive fly ash used at this level of cement 
substitution.

1) Raising the curing temperature moderately 
accelerates the pozzolanic contribution made by the 
fly ash to strength development more than it does 
the contribution made by the hydration of Portland 
cement. This also implies the corollary that low 
temperatures would adversely affect the strength 
development of a fly ash mortar to a greater extent 
than to a Portland cement mortar. In consequence 
laboratory tests at 20°C will have little 
relationship to the behaviour of structural 
concrete containing fly ash in which temperature 
changes occur due to heat of hydration and changes 
in ambient temperature.

2) Replacing 20% by weight of a Portland cement by 
fly ash has the effect of reducing the short term 
compressive strength when cured at’20°C. A 
moderate temperature rise during the early stages of 
strength development, as a result of heat of 
hydration or heat applied externally, can 
substantially reduce this early age strength loss. 
The effect of reduced long term strength potential 
resulting from such a rise in temperature is 
compensated for by the effect the fly ash has in 
actually increasing this potential conqiared with 
the equivalent plain Portland cement mix.

3) Including fly ash in a mix can substantially 
increase the flexural strength of mortar but this 
improvement may take several years to materialize 
if the curing takes place at 20°C.
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FIGURE 2. blexural strength as a function oi age and
temperature*

FIGURE 3* Ratio of strength of the fly ash cement 
mortar to the strength of the plain cement mortar as 
a function of age and temperature*
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Hydratation, morphologie et proprietes des ciments de 
cendres

Hydration, morphology and properties of ash cements

AM DMITRIEV, Candidat es Sciences Techniques,
Z.B. ENTINE, Candidat es Sciences Techniques, NIITzement, Moscou,
LJ. GOLDSTEIN, Candidat es Sciences Techniques, Guiprotzement, Leningrad,
L.P.  CHATOKHINA, Candidat es Sciences Techniques, Youjguiprotzement, Kharkov, U.R.S.S.

RESUME : Les proprietes techniques des ciments base de cendres se definissent par I'apparl- 
tion au debut de 11 hydratation d'un vide spherique d'une epaisseur de 1 ä 3Am autour du grain 
de cendre, qui se remplit progressivement de cristaux de portlandite, d'ettringite et, aux sta
des plus avances, d1 hydrosilicates formes par corrosion superficielle de la particule-cendre. 
La vitesse de la corrosion est fonction de I'etat de la particule.
En fin de durcissement la structure de la pierre du ciment ä base de cendres rappelle par sa 
compacite et ses traits morphologiques celle des ciments sans additions.
On a detecte dans les machefers de basicite elevee, egalement utilises en qualite d'addition 
pouzzolanlque aux ciments, des cristaux de phases antiques comportant la "river texture" 
propre ä I'alite. La phase alitique se caracterise par une texture en petits blocs avec un 
grand nombre de dislocations. L'introduction de modificateurs (CaO, FeO) modifie 1'activite 
des verres de laitier. On peut obtenir des ciments de haute qualite en utilisant non seulement 
des cendres volantes acides, mais egalement basiques, ä teneur en CaO^^^r jusqu'ä 20 %.

SUHHIBI: The technological properties of ash cements are deternined by the existence at 
the initial period of hydration of a 1-3 ym spherical poref around the ash particle 
and gradual suturing of it by crystals of portlandite*  ettringite and at later stages, 
by hydrosilicates foreed by surface corrosion of the ash particle. The rate of corrosion 
depends on the state of the particle.
At the late ages of hardening the ash cenent stone structure is sinilar to the structure 
of additive-free cements as regards the density and morphological properties.
Cryetala of alite phases with a characteristic river pattem are detected in high-base 
fuel slags idiich are also used as a puszolanic additive to cements. Alite phases are 
characterised by fine-block structure with a phraltiy "<£ äsüamtdxm Introduction of modi
fiers (CaO*  PeO) changes activity of slag glass. ' ' '
Hi^-quality cements can be obtained when using not only acid but also base fly-ash 
containing up to 205b CaO. .



Lea probldnea d'utilisation dea cendrea et 
dea nlchefera dea centrales there!quea dans 
la production du ciment ont 6t6 depuis 
longtenpa l'objet d*6tudes  (1+-3)» naia, 
pratiquement, leur else en oeuvre deeeure 
trds linitee. Le tableau I fournit dea don
ates aur le volume de production et de con- ■ 
aonmation de cendrea de centrales therm!ques 
pour quelques pays Sconomiquement dSvelop- 
p6a. En 1975 1'industrie du ciment des U81 
a utiliaS pour la production du ciment 
molds de 0,5 million de tonnes de cendres 
volantea et 0,4 million de tonnes de mSche— 
fera, de plus, environ 0,6 million de ton- 
nea ont aeni 4 remplacer partiellement le 
ciment en b6ton et ceci pour une production 
totale de cendrea de 54 millions de ton
nes (4). En Ü.B.S.S., les cendrea des cen
trales thermiques sont utilisSes rfegulidre- 
ment en grand volume dans deux uainea de 
ciment et, 4 un moindre degrS, dans six 
cimenteriea. En 1977 le volume total de 
cendres consommSea a attaint environ 
900 mills tonnes (5)» En outre une certaine 
quantity de cendre a aervi directement 4 
la preparation du b6ton.

Tableau I

Production et Donaommation dea can-
drea et des mlchefera des centrales
thermiques (pour les ann6ea 1974-1975)

en millions de tonnes/an
Pays Volume de re- UtilisA

jets de cen- pour la ‘
tralea ther- production
miques du ciment

U.B.S.S. 69,0 0,80
USX 54,0 0,90
Grande-Bretagne 11,0 0,14
France 1,00
Japon 0,50
Pologne 12,0 1,00
Hongrie 5,0 0,13
Bulgaria 6,5 0,06
BUI 13,3 0,10

Dana d'autres pays la consommation de cen
drea ne dSpaaae Agalement paa un million 
de tonnes par. an.
Une 6tude plus profonde dea processus 
d'hydratation et des caracteriatiques tech
niques de construction doit contribuer 4 
une plus large utilisation dea cimenta de 
cendre. ■
Lea caracteriatiques techniques de cons
truction lea mieux 6tudi6ea sont cellea dea 
cimenta de cendre avec addition de cendrea 
volantea addea. Cea cimenta ae caract4- 
riaent g6n6ralement par un durciaaement ta
lent! aux premiers atadea, une aptitude 4 
un long accroiaaement de la resistance, un 

abaisaement de dSgagement de chaleur, une resistance 61ev6e aux actions corrosives . 
(La tenue de I'armature en acier n'y eat 
prise en g6n6ral en consideration^ une de
formation limit6e, due au retrait et au gon- 
flement, un besoin 61ev6 en eau (1,6).
Sont meins coxmues les propTi6t6a des ci- 
ments aux cendrea basiques, contenant 1'oxy
de calcique libre, ainai qu'aux m8chef era. 
L*exp4rience  d'emploi de ces matSriaux s'eat 
T6v616e interessante principalement en
U.E.S.S. (7,8). '
Comme il a 6t6 note dans (2) les caract6- 
ristiques techniques et de construction des 
ciments aux cendres sont conditionn6ea par - 
1'existence dans la periods initiale d'hy
dratation et de durciaaement d'un pore an
nul ai re 6pais de 1 4 3jum autour du grain 
de cendre Tempi! de phase liquide. Ce pore 
se remplit progress!vement, d'abord de 
cristaux aciculairea de portlandite et d'et
tringite puis d'hydroailicates aemblables 
au tobermorite, engendr6a par 1'interaction 
dans la zone de contact du portlandite avec 
le verre alumosilicateux, constituent la 
surface de la particule de cendre. On four
nit plus loin de nouvelles donnies aur 
l'hydratation dea cimenta de cendre. Le pro
cessus de rempliaaement du vide se volt dia- 
tinctement aur la figure 1 (Dosage dea cen
drea - 15%, dur4e de durcissement - 28 
joura). .

Fig.1. Eempllasage du pore annulaire autour 
du grain de cendre par des cristaux de port
landite et d'ettringite (10 000 X, 8ge - 
28 jours). ' ■

Le remplissage complet du vide n'a lieu 
qu'aprea un d£lai de 3 4 6 moia (Fig.2), maia, mime aprea ce dllai, il aubaiate une 
frontiers nette entre la particule de cendre 
et la pierre de ciment. JL la place du vide 
disparu, on observe une frange de nouvelles 
formations, tandia qua la maaae principals 
de la particule de cendre demeure inchangSe. 
Done la structure et lea propriStia de la 
pierre de ciment de cendre duroie sont fon- 
ction de l'6tat de la zone de contact et 
non paa de la quantity de cendrea 6tant en- 
tr6een reaction.
Sous cet angle aont d'un grand intirlt les 
Studea de la rSaiatance dea cimenta de cen
dre A granulomAtrie diffArente dea cendres,



Fig.2. La frange de gel hydro sill cat eux 
ayant raaplac6 le vide annulaire autour 
de la parti cule de cendre (10 000 Xt 
tge - 180 jours).

entreprieea au "MITaeaent" par G.G.Lepe- 
chenkova et Z.B.Entine«
La cendre pr81ev6e & la centrale theraique 
Statt dtepersSe en fraction < 40 un*  de 
40 A 80 iin et > 80jun. On a utilise dans 
I'Stude les deux prenidres fractions de 
cheque cendre. Le rendeeent par rapport 
& la nasse totale de 1'Schantillon ainsi 
que la conposition chinique de fractions 
de cendre sont donnSee au tableau II pour 
deux centrales thexmiques.

Tableau II

DSsi- 
nation 
de la 
cen
dre

Dimen
sion 
de la 
fric
tion, 
jUm -

Ben- 
de
ment 
de 
la 
frac
tion, 
%

SiOg A12°3 Pe2°3 CaO

1.1 40-80 49 56,08 28,45 7,15 3,33
1.2 < 40 47 49,22 34,91 6,98 3,47
2.1 40-80 40 61,24 27,92 4,65 1,53
2.2 <-40 57 63,12 27,55 4,44 1,25

L'analyse aux rayons X a nontrS que la con
position en phases des fractions de cen
dre A 616nents groa et fins Statt A pen 
pr&s la nine. Les deux cendres Staient 
conposSes pour I'essantiel de ph*»*  vi- 
treuse, quant aux phases cristallines, el
les contenaient de quarts «c et la sillina- 
nite. A en juger par l*intensitS  des prin- 
cipales reflexions du quarts -«t, la te- 
neur en phases cristallines dans la fraction A SlSnenta fins Stait supSrieure A 

fraction A groa SlSnenta, nais - 
ces diffSrences Staient peu sensibles.

5 a, b nontre la rSsistance des 
ciments A cendres fine et grosse, tandia 
que la figure 4 a, b fourait la rSsistance 
des nenes cinenta aprds Stuxage.

Comne il s’ensuit des resultats foumis, au 
dSbut de durcissenent jusqu*A  1 A 3 nois, 
les ciments A cendres fines retardent en rS
sistance eur les cinents aux cendres A gros 
gr-ni Tin nais, par la suite, rattrapent et 
dSpassent ces demiers.

T, jours t, jours

Eig.3 . BSsistance des ciments A cendres de 
fractions fine (x) et grosse (o); a) cendre 
de la centrale thermique de Troitsk; 
b) cendre de la.centrale thermique de 
Chtchekino.

Fig.4. RSsistance des ciments A cendres de 
fractions fine et grosse aprAs Stuvage. les 
dSsignations sont lea mimes que sur Fig.3»

AprAs Stuvage, les ciments A cendres de 
fraction fine continuant A retarder en rS
sistance, mime A des dSlais plus longs, al— 
lant jusqu'A six nois.
Cea rSsultats s’expliquent si l*on  tient 
compte que pour des dosages en masse Sgaux, 
la surface totale des particules de cen
dres de fraction fine eat de beaucoup supSrieure A cells des cendres de grosse 
fraction. En consiquence, le volume .total 
des pores annulaires foraSa au dSbut d'hy- 
dratation autour des grains de cendre eat 
plua grand et, partant, leur rSsiatance eat 
plus faible*  C'est seulenent aprAa le rem- 



pliasage süffisant des vides par des nou- 
velles formations que la resistance des ci- 
ments ä cendre de fraction fine devient 
plus grande.
Aprda etuvage*  quänd les vides se remplis**  
sent relativement vite de formations a 
gros criataur, la couche de contact demeure 
affaiblie durant des delais plus longs.
La formation, dans la pierre qui durcit, 
autour des grains de cendre de vides annu- 
Jadres remplis de phase liquide, ■ condi- tioime toutes les propri6t4s principales 
des ciments de cendre. L* influence de la 
formation et du remplissage des vides sur 
la cin6tique de 1* augmentation de la resis
tance ainsi que leur action compensatrice 
exerc6e sur les deformations dues au re
trait et au gonflement deviennent ainsi im- mediatement compr6henaibles. La presence 
de vides saturSs d’eau et repartis de fa- 
qon uniforme entratne Sgalement un abaisse- 
ment de la resistance au gel des ciments 
de cendre. Mais en m8me temps il est evident 
que les ciments de cendre constituent une 
pierre de ciment d'une longue dur6e de vie, 
de plus la corrosion prolongee des parti- 
cules de cendre contribue ä un meilleur 
compactage et solidification.
L'accroissement de la masse de cendre 6tant 
entr6e en reaction n'augmente pas sensible- 
ment la resistance du ciment de cendre. On 
en obtient la preuve en analysant les don- 
nees d'essais mScaniques des ciments dont 
l'un a 6te obtenu par melange du ciment 
avec des cendres volantes et l'autre par 
mouture simultanee du clinker et des mBmes 
cendres volantes. Pour un degr6 de dispersion de la cendre brüte de 2800-5000 cm2/g 
la resistance des deux ciments Stait d peu 
prSs la m8me ä tous les temps de durcisse- 
ment. Pourtant 1'utilisation dans le beton 
a r6v61e d'importante avantages des ciments 
obtenus par melange avec des cendres vo
lantes non moulues. Dans ce cas le besoin en eau du beton diminue de 20 A 50 1/m*,  ce 
qui se traduit, pour une m8me resistance, ' 
par un abaissement de consommation du ci
ment de 7 A 15%. Le tableau III nous four- 
nit lea donn6es correspondantes.

Tableau III
Mode d'obtention 
du ciment

Consom
mation 
du ci
ment. 
kg/m?

HAaistance du 
bAton, MPa
7 d. 28 j.

Par broyage aimul- 
tanA 240 15,3 25,2

idem 520 25,0 32,3
Par mAlangeage 184 14,4 20,6

idem 246 23,5 33,4

Lea donn6ea fourniea montrent que la meil- 
leure methode d'obtention dea cimenta de 
cendre est de mAlanger le ciment avec des 

cendres volantes finement diapera6ea. Ce 
mode s'avdre 6galement judicieux sous 1'an
gle de gain en energie electrique. Pour
tant certaines centrales thermiquea de 
1'U.B.S.S., en particulier celles de Lady- 
jeno et de Kourakhovo, produisent dea cen- 
drea volantea de dispersion tr&s groasiere, a surface apficifique de 1800-2000 cm^/g et 
contenant des gretoe mcdna de 80jum que pour 
50 A 55%. Dans ce cas la mouture simultanee 
de la cendre avec le clinker est obliga- 
toire et il est recommande de 1'introduire 
dans la deuxieme chambre du moulin A ciment 
ou dans le sAparateur, au cas ou la mouture 
s'effectue en cycle fermA.
Avec 1'installation dans les nouvelles cen
trales de chaudieres puissantes A michefer 
liquide il se pose un nouveau problAme pour 
1'utiliaation des cendrea et des m8chefera 
de centrales thermiquea. Ici on obtient le 
mfichefer granule par granulation de la ma- 
tidre fondue au moyen de 1'eau.
Le michefer eat gAnAralement const!tuA de 
granules compactes de couleur sombre, qui 
quelquefois, se prAaentent sous forme de 
lamelies ou de fils clairs. La composition 
chimique varie largement: Si Op - de 55 A 
6?%, AlpOj - de 10 A 25%, CaO - de 1 A 
50%, FeO jusqu'A 20%. Le michefer pent com- 
porter de sensibles quantitAs de phases 
cristallines, mais, en rAgle gAnArale, ce 
sont lea matiArea vitreuaea qui y doninent. 
Dana la phase vitreuae on distingue un 
grand nombre de regions polymArocristalli- 
nes de composition mullitique (au cas d'une 
teneur en CaO juaqu'A 10%), mAlilitique et 
mime wollaatonitique (teneur en CaO - 10 A 
40%), parfoia gehlenitique (teneur en CaO - 
40 A 50%). Dana la phase criatalline on ren
contre quelquefois le mullite, le gehleni
te, le pseudowollastonite, le « - 038 ainsi 
que d'autres minAraux (8).
Mime avec 1'AlAvation de la teneur totale 
en CaO le michefer est dAmuni de chaux 
libre et aa calcination n'implique paa de 
pertes. '
Les Atudea entreprisea par "Guiprotzement" 
(S.D.Okorokov, L.J.Goldstein, V.V.Andreev) 
de 1'activitA des michefers ont montrA 
qu'avec l'accroissement de la teneur en CaO 
on aasiste A une dApolymAriaation de 1'oa- 
aature alumoailicateuae du verre, ce qui 
eat confirm6 par les Atudes dea apectrea 
infrarouges. L'affaibliaaement de 1'oasa- 
ture implique une augmentation de la teneur 
en alumina soluble dans les matiArea vi
treuaea du michefer et, partant, une AlAva- 
tion de 1'activitA hydraulique de ce der
nier. Lea donnAes correspondantea aont 
groupAea au tableau IV. L'activitA dea 
michefers Atait apprAciAe d'aprAa la rA- 
aistance du ciment A centre-mlchefer con- 
tenant 29% de clinker, 66% de michefer 
et 5% de gypae.
Toutefoia un important accroiaaement de la 
teneur en CaO dans le michefer et, surtout, 
1'augmentation du module baaique dea miche- 
fera (Mq - -222l”S2^-) au-deaaua de 1,0

v sio2+ ai2o3



entralne une senaible chute.d’activite, car 
alore le mSchefer eat eaaentiellement com- 
poae de phases criatallxnes»

Tableau IV
Ca0,% ai2o3, % Limite de r6- 

aiatance, Mpa
Contenu 
total

En so
lution

7 j. 28 j.

2,09 25,45 nSant 6,8 14,4
21,07 20,98 1,15 8,3 15,9
29,21 17,30 3,84 «,5 21,5
40,63 12,32 9,13 9,9 23,4

D'aprea lea donnSea fourniea par AndreevV."^ 
Goldstein L.J. et Okorokova S.D., l’accrois- 
aeaent de la teneur en FeO dans lea mSche- 
fera baaiques juaqu’i. 4% ne ae repercute 
paa sur leur activity, naia» si cette pro
portion est depasaee*  la resistance des 
ciaents obtenua avec ces nfichefers diainue 
de faqon sensible (Fig.5)- Gela s’explique 
?our l'esaentiel par la variation du con- 
enu en aatiere vitreuae dans le mSchefer.

Teneur en oxyde ferreux 
dans le laitier, %

Fig.5- Influence de 1* oxyde ferreux sur la 
resistance des ciaents de aichefer:
O- premier groupe; a - deuxidae groupe<

Cependant dans lea caa heureux od la coa
position du atchefer ae rappxoche de celle 
du clinker, la criatalliaatlon du afichefer 
fondu ae aolde par une augmentation de la 
reaiatance liaite. C'eat ainai, par exea— 
E1??,1?’on observe dans lea aSchefers cria- 
talliaea de certains giseaenta du basain 
houiller de Kansk-Atchinak une iaportante quantity d'alite (tableau V). P 

d'obtenir des superciaents. 
“• _££rrant paa en rfesistance et
en rythaes de durciaseaent dea ciaenta aana 
constituents aecondaires, avec une teneur 
en cea nlchefers allant jusqu'A 60% et plua.

Tableau V

Designation 
du produit

Alite, % -
BSlite, 
%

Substance 
interme- diaire, %

M&chefer 36 31 33
Clinker 66 11 23

On a Studie au microscope Slectronique la 
texture fine de 1'alite isolSe dea mSche- 
fers obtenus dans dea conditions semi-in
dustrielles par la mSthode de separation densiaitrique des phases ainSralea. On 
distingue netteaent aur les microfilms 
(Fig.6) lea figures en •river" texture 
propres A 1'alite tSmoignant de sa texture 
en fines cellules. Cette texture, comma on 
le salt, eat en rapport avec la density des 
dislocations dans 1* alite. Ce facteur exer- 
ce une grande influence sur la broyabilitS 
des mächefera et contribue A une meilleure 
expreaaion de leur activity pendant le 
broyage.

Fig.6. Figures en "river" texture des 
criataux de 1'alite isolee des alchefera.-

L'emploi des r6aidus de centrales themiques 
se heurte encore mu problems de 1'utilisa
tion dea cendrea volantea baaiquea conte- 
nant 7 6 20% de chaux libre. Habituellement 
cea cendrea aont considArSes comma inutili— 
aablea en quality d'adjuvant mineral actif 
au ciment.
Cependant I'expSrience acquise en U.E.B.S. 
dans 1'utilisation des cendres baaiquea montre qu'il eat posaible d'obtenir i leur 
base dea cimenta de haute quality et qui, de plua, poaaddent des propriStÄa ap6ci- 
fiquea fort interessantes«
C'eat ainai que la cimenterie de Pounane- 
Kbunda produit juaqu'A 3$O mille tonnes 
par an de ciment Portland aux cendrea schisteuaes. Ce ciment conti ent pour 20 A 
25% de fines cendrea schisteuaes de la cen
trale thermique PribaltifskaTa, doht la- te
neur en CaO eat de 7-10% (7) et la clasae 
de resistance 500 (d'aprAs la norme sovi6-



tique Cost 10178-76). Sous 1* angle de la " 
r6aistance et des rythaes de durciaseeent, 
le cinent Portland aux cendres schisteusea. 
eat supSrieur au ciment sans addltifs pro- 
duit par la n8me nsine. Be plus son besoin 
en eau est plus faible et la resistance 
aprSs I'Stuvage plus grande, ce qui augnen- 
te I’interSt de son utilisation dans la re
alisation d'articles prefabriqu6s en b6ton 
a me par trai tenant a la chaleur humide. 
On n'utilise pour la fabrication du ciment Portland aux cendres schisteusea que les 
plus fines fractions de cendres schisteusea 
dont la„surface specifique est d'environ 4000 cm^/g. Cependant un inter8t particu
ller presente 1'utilisation de la masse 
principals des cendres volantes dont la 
surface specifique est de 1'ordre de 1700 & 2500 cm2/g et la teneur en CaOub oscille 
entre 12 et 20%. .
Comme 1'ont montr6 les etudes au microscope 
electronique cette cendre est compos6e d'un 
m61ange de particulea sph6riques vitrifi6es 
finement dispersees dont la constitution et 
lea proprietes sont analogues ä celles des 
cendres acides, et d*agglom8rats  cristal- 
line informes composes de chaux litre et 
d'anhydrite. ■
Les etudes ont montre que le CaOi«^ de la 
cendre possSde une grande activite, grfice 
ä quoi le ciment de cendre supporte les , 
fepreuves d'uniformite de variation du vo
lume pour une addition de cendre jusqu'd 
20% et une teneur en CaOxib dans le ciment 
jusqu'd 3*5-4%.  Le tableau VI fournit les 
donndes sur la resistance des clmenta avec 
constituants secondalrea, sous forme de ' 
15-18% de cendres volantes, les plus rdpan- 
dues en U.R.S.S. dans les charbons de Kansk- 
Itchinsk- (1) et les schiates d'Estonie (2). 
La surface sp&cifique des ciments eat d'environ JOOO cm^/g.
Les particules acides et baaiquea de la . 
cendre ae comportent diffSremnent lots de 
la formation de la pierre de ciment. ’ . 
lutour des bulles vitrifidea de la cendre 
se forme un vide annulaire qui, par la sui
te, en se corrodent suit le schema d'hydra- 
tation et de durcissement ddcrit plus haut 
pour des ciments A cendres acides.

■ Tableau VI
ISeigna- 
tion du 
ciment

Xurcissement nor
mal

Etuväge

3 j. 7 d. 728 1 d- 28 j.
1
2

20,7 
31*2

37,0
39,4

46,7 
51*3

29,0
41,1

43*0
54,2

Les particules contenant du CaO s'hydratent 
asaes vite. L'hydratation des particules de 
CaO s'achive diji au bout de 1-3 jours avec 
formation de cristaux asses gros de portlan
dite ce qui entrafne une certaine expansion 
et un compactage de la pierre de cinent.
Par la suite, la portlandite pent entrer en interaction avec la partie acids de la cen

dre en accentuant aa corrosion et augmen
tant ainsi la resistance et la durSe de vie 
de la pierre. ■
Par un choix optimal de la quantity et de 
la dispersion de la cendre ainsi que d'au- 
tres procSdes technologiques. on arrive d 
contrOler non seulement la resistance mais 
fegalement les deformations lindaires de la 
pierre de ciment, ce qui est trds important, 
en particulier, pour 1'obtention de bitons 
d faible permiabiliti.
CCMOLISIOBB.
L'itude des processes d'hydratatiön des 
ciments de cendre permet de digager dans 
ces demiere de precieuaea qualitis pour 
I1induetrie du bStiment. Bans les condi
tions de manque aigu d'inergie et de com
bustible le diveloppement de la production 
de ciment de cendre a'avdre particulldrement 
efficace. En mime temps on contribue d la risolution des probltiies de 1'environnement.
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■ The influence of the production technology of fly ash 
cements upon their hydration and hardening

L 'influence de la technologie sur l'hydratation et sur le durcissement des 
ciments de cendre volante

R. KOVACS, Ph. D. Deputy Head of Dept. Cement, Central Research and Design Institute for Silicate 
Industry, Budapest, Hungary.

i "Les. psaprietes des ciments et leur vitesse d1 hydratation dependent, dans une grande 
mesurfc- dfr.leur..teohnolagie da pr^dvctiion. La broyabilite differente du clinker et des cendres 
wolahtes rend possibie de choislrs- au point de vue des proprietes desirees des ciments aux 
cendres volantes, la technologie approchant 1'optimum du broyage.

On a examine les proprietes physiaues et l'hydratation des ciments aux cendres volantes a des 
teneurs differentes en cendres volantes et broyes de maniere differente. En partant des re
sultats obtenus, nous donnons des propositions concernant la technologic optimal» du broyage 
des ciments de cendre volante, qui est appele "broyage isochrone".

"SUöMHYt 2Ue properties and the rate of hydration of cements depends considerably on their 
production technology. The difference between the grindabilities of clinker and fly ash 
enables- to chooso a grinding technology which is approximately optimal regarding the desired 
properties of the fly ash cements. ~
The physical properties and hydration of fly ash cements ground in different ways and con
taining various amounts of fly ash were investigated. On the base of the results recommen
dations vzere made for the application of the most effective / the so called isochronous / 
grinding technology in fly ash cement production.



lUTRODUCTIOiT
The manufacture of energy-saving products as 
well as the application of such technologies 
is gaining more and more ground nowadays. 
Such type of product are fly ash cements,too, 
since proportionally to the amount of fly 
ash added less energy is consumed for the 
quarrying and drying of raw materials and 
for clinker burning.
That is why the production of fly ash cements 
is in Hungary, too, ever widening. Tlie 
amount of the fly ash used as an admixture 
is expected to reach 250 thousand tons while 
that of fly ash cements 2 million tons in 
1980. The possibilities, however, are not at 
all exhausted by this but although further 
extension of production and utilization is 
limited by the lower initial strength and 
higher sensitivity to early freezing of fly 
ash cements as compared to the Portland 
cements, /for this reason maximal fly ash 
content is limited by Hungarian Standard to- 
20 %/.
It is known that the initial strength of ce
ments depends on a number of production tech 
nological factors /mineralogical- composition 
of the clinker, the fineness and granulomet
ric composition of the cement as well as its 
S0,-content, etc./. The aim of our research 
was to determine those technological para- 
■meters of fly ash cement production by which 
the initial strength can be increased in the 
simplest way and v/ith the least energy con
sumption.
The literature in this field is rather poor 
/1-3/ mentioning first of all the positive 
role of increased C^S content.

THE RELATIOHSHIP BET.7EEH THE HYDRATIOH AiTD 
STBEHGTH OP PLY ASH CEUEHTS
In the course of our former research /•', ,5/ 
the hydration processes of fly ash cements 
were studied in details. It was concluded 
that the hydration products of fly ash ce
ments were practically the same as those of 
pure Portland cement, i.e. a gel phase con
sisting of calcium silicate and calciun-alu. 
minate-hydrates /later partially crystalliz. 
ing/, calcium hydroxide and -carbonate. The’ 
correlation of the amounts of the individual 
phases, however, is different e.g. in fly 
ash cement there is more gel phase than in 
the Portland one but less calcium-hydroxide 
/portlandite/. The amount of carbonate phase 
is also somewhat higher.
The deviations in certain properties of fly 
ash cements as compared to those of the 
Portland cements can be explained by the 
differences between the rates of growth and 
compositions of the hydrate phases.
It was also found that the hydration proces
ses of fly ash cements are exactly expres
sed by the change of their strength with ti
me. The strength of such cements is lower 
at the beginning because the amount of the 
active component /the clinlcer/ in them is 
less and their structure is also looser.

Due to the increasing amount of secondary 
hydrate compounds formed in the reaction of 
the fly ash and the lime released during 
hydration of the clinker minerals as well 
as to the filling up of the pores the den
sity ,of the cement stone increases and its 
strength will match or even exceed that of 
the fly ash-free cement.
Prom the above mentioned it can be concluded 
that higher initial strength of fly ash ce
ments can be achieved by increasing the hyd 
ration rate. In order to do so experiments"*  
were carried out varying the different tech
nological parameters. ""

UnraSTIGATIOIT OP THE ROLE OP VARYING THE 
CLHJKER COLEPOSITIOR
Clinkers of free CaO-contents below 0,1 % 
were burnt from raw mixes of identical lime 
saturation factor /0,9/ having different , 
silica /2,0 t 2,4/ and alumina /0,6 -t 1,4/ 1 
moduli, in a laboratory silite rod furnace 
at 1400°C. The duration of burning altered ' 
between 3-5 hours depending on the moduli. .
The 15 different clinkers thus obtained were 
pre-ground to a cca. 200 nf/g specific sur- ; 
face and after the adding 6 gypsum on the 
one hand and 6 % gypsum plus 20 % fly ash 
on the other they were post-ground in a la
boratory Bond-mill for about 35-40 minutes.1
The specific surface and the cheinical com- , 
position of the fly ash used were the fol- ' 
lowing: 530 rf/kg; SiO„ - 57,46; Al90o - ! 
17,95; Fe203 - 8,43; CaO - 7,07; LinOJ>- 2,40| 
SOj - 1,71, loss on ignition - 3,02 ■
Plotting the initial strengths as a functi
on of the moduli of the cements prepared in 
the described way in a space diagram an in
creasing tendency towards the corner charac 
terized by AH = 1,4 and SM = 2,4 was obser-J 
ved. That is why the investigations were eg 
tended to the contacting clinker compositi-i 
on range /SH = 2,4 t 2,o and AH = 1,4 * 1,7/

Pig. 1. - Effect of the modular composition1 
of clinker upon the 3 days compression 
strength /KPa/ of pure /a/ cement and that 
containing 20 ;S fly ash /b/

Pig 1. shows the initial strengths of these 
experimental cements in a space diagram. On, 
the base of this as well as the results of ' 
long-term investigations not given here in 
details it can be concluded that the opti
mal clinker composition to produce fly ash 



eeaeiata.usii^g. the „given fly ash /typical for 
thentiun^Tian acidic fly ashes/ ia character 
i*iäed  by"the following moduli: SM about 2,5 
and AM = 1,6 - 1,7 /provided the ISP is cca< 
0,9/« In the future we wish to extend our 
investigations to clinkers of a lime satu
ration factor higher than 0,9 and aluminate 
moduli higher than 1,7-

IHVESTIGATION OP TH3 ROLE OP THE GYPSUM C01T- 
TEIT OP CEMENT
It is known that the amount of the gypsum 
required for the regulation of setting de
pends on the composition and grinding fine
ness of cements. Since these characteristics 
of the fly ash cements differ from those of 
th? Portland, cement>. we thought it necessary 

the gypsum-demand of ' these .
qieiajents^
In tlie course Of the research on the one 
hand the gypsum content of industrial fly , 
ash cements were increased by adding further 
1 to 4 % gypsum, on the other hand cements 
of different fineness were ground from in
dustrial clinkers with various gypsum addi
tion. The optimal gypsum content was deter
mined based on the strength-changes of the 
cements thus obtained.
Because of the lack of space we cannot give 
the results in details, only the conclusi
ons are summarized here briefly.
Por the cements containing no and 10 % fly 
ash, resp. the optimal gypsum addition is 
practically the same and, depending on the 
grinding fineness, amounts to 4-5 % for ce-.. 
ments with a specific surface in the range 
of 300-350 B?/g and 6-7 % in case of a sur
face of 400 nf/g and higher, resp. T 
The optimal gypsum content od cements con
taining about 20 % fly ash amounts to 5 % 
for a specific surface of 300-350 nfAg and 
6 % for 400 nf/kg and higher, resp.
It can be stated in general that the gypsum 
demand of fly ash cements is less modified 
by the change of its fineness than in case 
of the pure cement.
These results refer to the mixtures made of 
usual Portland cement clinker containing 
about 50 C3S, 25 % C?S, 10 ',5 C,A and 8 % 
0»^® an<i of the acidic fly ash mentioned 
above. 

HIVES TIG ATIOIT OP THE ROLE OP THE GRINDING 
TEQHHOLOGY
,Two basic technological variants of making 
fly ash cements are known: blending and 
inter-grinding.
pi the blending technology fly ash is added 
to the ready-ground cement and the mixture 
is properly homogenized. Among the sub-ver
sions of this technology the preliminary 
fine grinding of the fly ash as well as the 

r»?ent P01nts 9114 v,ays of introducing 
mentioned. The advantage 

of the blending technology lies in its sim
plicity but as a disadvantage it should be

mentioned that it cannot be applied for all 
types of fly ash and the initial strength 
of the cements produced this way is gene
rally low.
In the intergrinding technology the fly ash 
is ground together with the clinker and gyj, 
sum in the mill to make cement. According 
to the terminology suggested by us, complex 
te, intergrinding means the simultaneous feed 
of The ?ly asE, gypsum and clinker into the 
mill, while partial int.ergrindin^ means 
that the intergrinding take’s-pTaoe only in 
the final phase of the grinding process of 
the clinker.
There are further sub-versions within this*  
i.e. when the whole amount of the fly ash 
is fed into the mill or when the fine frao-t 
tions of it are previously separated and 
only the coarse ones let to be interground 
with the clinker. ' .
During the laboratory, pilot plant and in
dustrial scale experiments carried out by 
us several versions of the intergrinding 
technology were studied in details.
In the course of laboratory experiments we 
used the clinker and fly ash of the above 
mentioned compositions. To investigate the ' 
effect of the durat_ion_of intergrinding the 
following method was appTied. — — — .
10 and 20 %, resp. of fly ash and 5 % of 
gypsum were added to the clinker pre-groundi 
to different fineness /specific surface/ 1 
and these mixtures were post-ground for 
different times then the properties of the 
cements thus obtained were investigated.

Eig.2 - Change of the specific surface of 
the pure /——/ cement and those containing 
10 V» /— . -i[ and 20 /— .. —/ fly ash as
a function of grinding time

Fig. 2 and Fig. 3 show the grinding curves 
and the compressive strengths, resp., of 
the cements. It can be seen from these fi
gures that, starting from a clinker with a 
specific surface of about 200 rfAg» in or
der to reach identical specific surface of 
about 300 n?Ag post-grinding times of 130 
minutes for pure cement, 20 and 10 minutes 
resp., for the cements containing 20 and 
10 % fly ash, resp«, were necessary /ce-



Fig.4 - Change of the specific surface of 
the cements containing 0. 10 and 20 % fly 
ash as a function of pre-grinding fineness 
and duration of grinding

the^äuration of grinding- 
upo&'tttie ■ »oripreaaive strength of the" pure 
cement /—-/ aed.-those, containing. 10. 
/ and-cfiO-%■: /*  *. fly ash

ments 1,2 and 3/• The hydration of the ce
ments post-ground for short times is poorer 
its hardening is slower thus their initial 
strength does not reach that of the pure 
cement.
The specific surface of the fly ash cements 
/cements 4 and 5/ post-ground for identical 
time /according to our terminology: iso- 1 
chronously post-ground/ with the pure ce
ment / cement 1/ is considerably higher 
showing the effect of fly ash as a grinding: 
aid. At the same time their strength at all 
ages is identical to or even surpasses that, 
of the pure cement. '
The same*conclusion  can be drawn when com
paring the finenesses and strengths of the 
cements pre-ground to a specific surface of 
about 250 rf/kg and isochronously poet-ground 
for a shorter time /30 minutes/ /cements 6, 
7 and 8/. As an experiment a cement of high 
initial strength with a specific surface of 
cca. 350 crf/kg was also obtained by post
-grinding the cement 6 for 170 minutes. It 
can be stated that the strength characte
ristics of the fly ash cements obtained by 
considerably shorter post-grinding i.e. by 
considerably lesser energy consumption match 
or exceed those of the pure cement already 
after 28 days.
Investigating the effect of the pre-grinding 
fineness similar experiments were carrTeZ " 
ouT- with cements made from clinkers pre
-ground to a specific surface of about 150, 
200 and 250 rf/kg and containing 0, 10 and 
20 % fly ash, and 6 % gypsum, post-ground 
uniformly for 60 minutes. Fig. 4 and Fig.5 
show the grinding curves and the compressive 
strengths of these cements.
From these results it can be concluded that 
the grindability-improving effect of fly 
asl\ manifests itself more obviously in case 
of the clinkers pre-ground to higher speci
fic surfaces i.e. fly ash admixture helps 
at that point where otherwise the grind
ability would show already decreasing ten
dency.
It can be seen from the figures that the

Fig. 5- - Effect of the pre-grinding finenes^i 
upon the compressive strength of the pure , 

cement / — / and those containing 10 % ■
J — . — / and 20 % / — .. — / fly ash 

Pre-grinding fineness: a - 150, 
. b - 200 and c - 250 a?/kg

dependence of the 1- and 3-days strength of 
cements upon the pre-grinding fineness of 
the clinker is more expressed than that of 
the 28-days strength. •
Investigating the granulometric composition 
of the cements prepared in laboratory expe-. 
riments as well as their separated clinker 
and fly ash fractions obtained using a li
quid of a 2,6 kg/if density /which was pos
sible due to the different densities of 
clinker and fly ash being 3,1 and 2,2 kg/rf 
resp.,/ interesting conclusions could be 
drawn.
It was pointed out that when intergrinding 
clinker and fly ash in the coarse grinding 
range both components become finer but the 
clinker only to a smaller extent. In the 
fine grinding range, however, mainly- the



of "W fly' äsfr'changes only while 
■'.thäedlinkell- reziäins' practically un- 

changea. Due to this the major part of the. 
fine fraction of fly ash cements interground, 
for longer time is represented by the finest 
fly ash particles and there are much less 
fine clinker particles in it. That is why 
the initial hydration of such cements is 
slower. We suppose this to be one of the 
ma-in Teafionn why the initial strength of 
these cements is lower than that of the 
pure cement.
Similar results were obtained in the course 
of the pilot plant experiments not descri
bed here in details due to the lack of 
space.
s5he;7dnduetrial scale experiments were carri1- 

'tiff'd-'dlotiiea circuit cement mill sized 
$ ,9t-12! m- equipped with-‘a static; sir swept, 

•dfä&siffdr ’/Uetresiy eönifected with a grits
-separator and two 0 5»6 m air classifiers 
with distribution plates/ /Pig.6/. In the 
course of the experiments the load of the 
mill, the amount of fly ash and the point 
of introducing it into the mill as well as 
the.rpm of the air classifier were varied.
Separating in heavy liquid the cement samp
les taken at different points of the mill 
system the fly ash content of them and fol
lowing this the specific surface and granu
lometric composition of the separated clin
ker component were determined. Tables I and 
II give the results in abstracted form.

TABLE 1
S4.—-™—™—

Characteristics of the products at different mill loads /air classifiers rpm. 30 %/
Clinker + gypsum feed, t/h 60 '

SO 70 70 80 80

Ply ash feed, t/h 12 - 14 - 16

Ply ash content, % - 15,60 23,63 - 19,57

Granulometric composition, %
minus 60 ,um 
minus 30/Um

90,9 ?8,4- 89,7 91,6 88,3 93,2
65,3 70,5 58,3 66,4 55,6 65,9

minus lO^um 1,9 ?0,7 1,8 14,3 0,9 13,2

Specific cement
surface

291,7 ‘ 2^4,5 285,5 291,9 272,0 290,4
</kg clinker - 19^,8 - 166,0 - 161,5

Compressive strength 1 day 13,0 8,20 13,4 7,6 11,2 8,2
MPa 3 days 21,0 16,5 22,6 16,2 18,3 16,3

7 days 27,5 $2,1 32,2 24,3 26,7 23,3
28 days 35,9 34,4 42,2 35,6 35,6 35,0
90 days 44,5 

---------- 1—
44,8 48,7 46,0 45,2 46,6

Tig. 6 - Technological diagram of the mill 
system used in industrial scale experiments 
1 - mill; 2 - elevator; 3 - grits separatory 
4 - air classifier; 5 - fly ash silo; 6 - 
clinker bin; 7 - gypsum bin; 8 - fly ash 
feed bin; 9 - screw feeder; 10 - diverting 
valve; 11 - grits transporter; 12 - cement 
transporter; 13 - electric precipitator;
14 - to cement storage silos; M - sampling

As, a summary it can be stated from these 
that,when grinding pure cement the highest 

aAia^an4 £inal strength was observed at 
a 70 t/hour mill performance. The initial 
strength of fly ash cements - almost inde
pendently from the mill performance /72-9Ö 
t/hour/ - is lower in every case than that 
of the pure cement, after 28 days their 

strengths are practically identical, while 
after 90 days the former usually exceeds 
the latter.
In case of complete intergrinding, when fly
ash was fed into the mill together with the 
clinker, the specific surface of the cement 
amounted at the different loads to 290-295» 
while that of the clinker varied only bet-



TABLE II

Effect of the place of introducing the fly aefh into the closed oirsuit system

Place of 
sampling 
and its 
mark

-............ Kill I.j , . • Mill II. . . .
. . Ply ash introduced into1 ' '' ■ Jin ■" 1 "
Ply ash 
content,%

' Specific 
surflace, iu/kg

Sly ash 
content,%

Specific 
surface,rf/kg

Mill outlet /Mg/ 2,55 203,8 20,48 239,2

Air classifier 
fine fraction /Mg^/ 18,75 208,3 22,17 261,7

Electric preoipitato
-outlet /Mp/ -

r
6,64- . 416,0 . 29,66 . 448,2 .

iläiai pro.dijct1" /&,/ 20,10 ' 272,5

ween 161-196 rf/kg. This proves the conclu
sion drawn for laboratory experiments i.e 
in this case the major part of the fine 
fractions is represented by fly ash. .
We also tried to introduce fly ash into the 
air classifier. '
The air classifier separated the fine part 
/about 88 %/ of the fly ash i.e. really it 
was introduced into the product by simple 
"blending”. Only the coarse fraction /about] 
12 %/ of the fly ash was interground in the' 
mill thus the positive influence of the fly 
ash upon grinding couldn’t become effective].
The results of the industrial scale experi
ments proved that by adding fly ash a plus 
performance of about 20 % can be achieved 
- at identical energy consumption - but the 
price of this is the decrease of the initial 
hydration and initial strength of the cement.
Ply ash cements of high initial strength 
cannot be produced in the investigated mill 
system since the optimal technology neces
sary for it - i.e. the partial intergrind
ing - cannot be realized in this system. On' 
the base of the experiences of the experi-*  
ments the possibilities and conditions of 
optimizing such mill systems for the produc 
t;ion of fly ash cements are being investi-” 
gated in our Institute.

CONCLUSIONS
Summarizing the experiences of the labora
tory, pilot plant and industrial scale ex
periments the following main conclusions 
can be drawnt
- on the base of the investigations carried 

out thus far the optimal clinker compo
sition to produce fly ash cements is cha 
racterized by a silica module of about

• .2,5 and alumina module between 1,6-1,7;
- the optimal gypsum content of fly ash 

• cements, depending on the quality of
clinker and fly ash, is about 6 %;

" taken into account when the grinding teo^ 
nology is to be chosen and designed;

- an effective method of accelerating the
hydration and increasing the initial 
strength of fly ash cements is the £ar- ' 
tialintergrinding /the separate pre- 
-grindrng of tEe clinker followed by the 
simultaneous post-grinding of the clinked 
and fly ash/; '

- the optimal pre-grinding time /and the 
specific surface to be obtained, resp.,/ 
of the clinker depends on the quality of 
the clinker and fly ash and on the fine
ness of the latter, resp.. In the case 
of the materials investigated by us in 
order to achieve the best initial stren
gth of fly ash cements containing 10-20% 
fly ash the clinker should be pre-ground 
to a specific surface of about 200 - 250

. rf/kg.
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- the grindabilities of the clinker and 
fly ash are different which should be



Comparaison de la reactivite de differentes 
pouzzolanes

Comparison of the reactivity of different pozzoiane

B. MORTUREUX, H. HORNAIN, E. GAUTIER et M. REGOURD. Departement Microstructure C.E.R.I.L.H.. 
Paris, France.

RESUME : La rSactivite de six pouzzolanes d'origine et de composition diverses, la microstructure de leurs hydra
tes ont ete etudiees grace ä la diffraction des rayons X et la microscopie Slectronique ä balayage, d'une part 
dans des pates 80 Z Pouzzolane + 20 Z Ca(0H)2, d'autre part dans des pates de ciment Portland ä 20 Z de Pouzzo- 
lane. Le taux de fixation de Ca(0H>2 dans les pates de ciment a et§ compare aux resistances mecaniques des mor- . 
tiers ISO.

D*apr6s  l'analyse mindralogiqüe, quatre des pouzzolanes sont d'origine volcanique (feldspathique, zeoliti- 
que, vitreuse), une autre, siliceuse,-d'origine sddimentaire, la derniere une cendre volante de centrale ther- 
mique.

L*activit6  de ces ajouts est fonction de leur composition chimique, leur nature mineralogique, leur surface 
specifique. Certaines pouzzolanes telles les cendres volantes qui s'hydratent peu aux braves echeances, peuvent 
etre activees par etuvage.

SUMMARY : The reactivity of six pozzolana'of different origin and composition and the microstructure of their 
hydrates were studied by X-ray diffraction and scanning electron microscope. Two paste samples series were stu
died, one containing 80 Z pozzolana + 20 Z Ca(0H)2 and the other Portland cement + 20 Z pozzolana. The combina
tion rate of Ca(0H)2 in the cement pastes was compared to the mechanical resistances of ISO mortars.

According to mineralogical analysis, four of the pozzolana are of volcanic origin (feldspar, zeolitic, vi
treous), an other of sedimentary siliceous origin and the last, power station fly ash. .

The activity of.these additives is in function to their chemical composition, their mineralogical nature 
and their specific surface. Certain pozzolana, such as fly ash, which hydrate only slightly over short periods 
can be activated by thermal treatment. ’



INTRODUCTION

Les pouzzolanes peuyent etre dSfinies comme des ma- 
teriaux ayant une aptitude 5 reagir avec la chaux 
en presence d'eau et ä former des composes posse- 
dant des proprietes liantes (1). Les pouzzolanes 
naturelles sont d'origine volcanique ou sedimen- 
taire; elles sont soit vitreuses et se presentent 
comme une ponce contenant des inclusions de silico- 
aluminates alcalins cristallises, soit cristalli- 
sees, et contiennent des zeolithes (silicoalumina- 
t?es alcalins hydrates). Les pouzzolanes naturelles 
d'origine sedimentaire peuvent etre des argiles que 
I'on utilise apres torrefaction ou des terres ä 
diatomees constituees de squelettes siliceux : 
la gaize utilisSe en France est une roche sedimen
taire. Les pouzzolanes artificielles comme les 
cendres volantes sont essentiellement vitreuses, 
elles contiennent en inclusion des silicoalumina- 
tes (mullite) et de la magnetite.

Toutes ces pouzzolanes ont en commun une teneur 
elevee en AI2O3 et Si02 qui leur confere un carac- 
tere acide et une grande affinite pour la chaux; 
la somme AI2O3 + Si02 est de I'ordre de 70 Z et 
peut atteindre 80 Z.

Les etydes pr6c6dentes (2) ont montre que la quan
tity de chaux fixee par les pouzzolanes variait 
avec leurs caracteristiques physiques et chimiques : 
ä court terme 1'activity dependrait surtout de la 
surface specifique (BET) et ä plus long terme de la 
teneur en silice et alumine reactives.

ANALYSE des POUZZOLANES

Nous avons dans notre etude de ciments aux pouzzo
lanes utilise 6 produits d'origine et de nature 
differentes : un tuff de Naples, une pouzzolane 
phlegreenne, un trass du Rhin, une pouzzolane na
turelie xie Volvic (France), une cendre volante de 
Violaines (France) et une pouzzolane siliceuse 
provenant du Maroc. Les trois premieres nous ont ete 
aimablement fournies par le Prof. R. SERSALE que 
nous tenons ä remercier ici.
Ces produits ont yte caracterises par analyse chi-, 
mique et leur composition mineralogique a ete pry- 
cisee par diffraction des rayons X et microscopie 
optique.
La composition chimique des 6 pouzzolanes est pre
sentee dans le tableau suivant :

TABLEAU 1 : Analyse chimique des pouzzolanes

Trass Tuff Phlegre
enne

Volvic Cendre de 
Violaines

Opale du 
Maroc

P.auf. 10.00 12.16 3.40 0.61 1.85 12.15
CaO 3.20 1.80 3.90 6.70 1.50 6.83SiO2 55.90 53.60 57.20 54.30 52.50 70.45
AI2O3 16.80 16.10 17.90 16.80 28.20 • 2.35
K2O 4.70 7.90 8.00 2.60 4.40 0.32
Na20 3.19 3.67 3.56 4.47 0.82 0.49

- I® trass du Rhin et le tuff de Naples sont des 
pouzzolanes ä zeolithes. Les mineraux identifies 
sont pour le tuff : une zeolithe type herschelite, 
de l'analcime, des feldpaths potassiques et une 
phase vitreuse peu importante. Dans le trass, le 

mineral dominant eSt la chabasie, on troti've egale- 
ment du quartz (10 ä 12 Z), de l'analcime et des 
feldspaths; la phase vitreuse est trSs peu impor
tante (3) .
- Les deux pouzzolanes a phase vitreuse (Volvic et 
Phlegreenne) donnent par DRX un anneau dont 1'inten
sity permet de determiner le pourcentage de verre : 
50 Z pour la phlegreenne et 20 ä 25 Z pour Volvic 
(4).
Les mineraux cristallises identifies dans la pouzzo
lane phlegrdenne sont des feldspaths (sanidine), de 
l'analcime et une zeolithe potassique dejä rencon- 
tree dans le tuff de Naples, du quartz,, de 1'augite 
et de la dolomite. On remarque la forte concentration 
en alcalis : 12 Z au total.
Dans la pouzzolane de Volvic, le mineral crystal

lise principal est l'andäsine nais on trouve egale- 
ment du quartz, du diopside et de la magnetite. La 
perte au feu est particulierement faible. .
- Dans la pouzzolane microcristallisee ä haute te
neur en silice du Maroc, les mineraux identifies par 
DRX sont, outre 1'opale, des formes bien cristalli- 
sees de silice (quartz et cristobalite) assez rares, 
de la dolomite et quelques phosphates; les pourcen- 
tages d'alcalins sont faibles et il est clair que 
1'essentiel de la ryactivite provient de la silice.
- Dans la cendre volante le verre est tres abondant, 
les quelques mineraux cristallises sont la mullite, 
la sillimanite, la magnetite et un peu de quartz.

Ces analyses ont etd completees par quelques observa
tions au microscope optique et electronique ä bala- 
yage ainsi que par des analyses ponctuelles ä la mi
crosonde electronique.
Les pouzzolanes ä phase vitreuse (phlegreenne et Vol
vic) se distinguent par des grains ä contours angu- 
leux parfois devitrifies qui ne subissent pas de 
changement d'aspect apres attaque acide tandis que 
les grains de zeolithe sont rapidement attaquys par 
HNO3.
Vusau MEB, les grains de Volvic ou de phlegreenne 
presentent une surface lisse tandis que dans le trass 
et le tuff on trouve des grains zeolithiques ä sur
face rugueuse, spongieuse. La surface specifique de 
tels grains est certainement supyrieure ä granulome
tric egale.
L'opale apparait comme tres finement divisee- L'as- 
pect des grains de cendre volante, sphyriques, est 
bien connu (5, 6, 9). ’ '
La finesse des prodqits utilises ytait la suivante 
(surface Blaine en cm2/g) :

Un essai complementaire de pouzzolanicite a, par ail- 
leurs, ete effectue ä finesse Blaine egale.

Cendre Trass Tuff PhlegrS- 
enne

Volvic Opale Ciment

4300 7300 5300 2900 4300 7200 3920

ESSAI de POUZZOLANICITE

Les methodes chimiques habituellement utilisees pour 
yvaluer 1'activite pouzzolanique consistent soit ä 
determiner la quantity de' chaux fixee par la pouzzo
lane apres un certain temps de contact, soit ä deter
miner le taux de silice et d'alumine solubilisees par 
un traitement approprie (alumine et silice "reactiie^') 



(8, 10, 11,12). Nous avons utilise la diffraction 
des rayons X pour determiner la quantity de chaux 
fixee aussi bien dans les ciments aux pouzzolanes 
que dans des pates pouzzolane-chaux, cette technique 
permettant en meme temps de caractSriser 1'evolution 
des mineraux de la pouzzolane : 4 g de pouzzolane 
etaient ajoutes ä 1 g de Ca(0H)2, la poudre homoge- 
neisde etait gächee 3 1'eau distillee avec un rap
port e/s - 0.6, les dprouvettes demoulees au bout 
de 48 heures et conservees dans’une atmosphere ä 
100 Z d'humidite ä 1'abri du COj.
La chaux Ca(0H)2 restante a ete dosee par DRX (me
thode de I'dtalon interne Si) en utilisant les 3 
raies de diffraction X ä 4.92, 3,11 et 2.63 A. Pour 
1 g de pouzzolane, les quantites de chaux consommees 
sont les suivantes ä 7 et 21 jours :

Trass Tuff Opale 
Maroc

Phlägre- enne° Voxvic Cendre de 
Violaines

7 j 0.14 g 0.14 0.13 0.09 0.04 0

21 j 0.18 g 0.19 0.23 0.11 0.08 0.08

On peut voir que 1'opale a le mieux reagi puisque la 
quantite de Ca(0H)2 fixee ä 21 j correspond ä 90 Z 
de la quantity totale disponible au depart ceci 
etant probablement en rapport avec la grande divi
sion de la silice.
Les produits d'hydratation du type C-S-H sont bien 
visibles sur le diagramme de diffraction-ä 21 jours 
(raie large ä 3.05 A).
Le trass presente une bonne reactivity ainsi que le 
tuff : ce sont les zeolithes qui ont reagi comme le 
montre la diminution de leurs raies de diffractionX.
La phlegreenne, de finesse inferieure aux preceden- 
tes, montre cependant une bonne reactivite; la pouz
zolane de Volvic reagit peu (30 Z de la chaux fixee 
3 21 j).
La cendre de Violaines n'avait pas fixe de chaux 
d'une maniere decelable par DRX ä 7 jours; ä 21 j 
le taux de fixation est egal ä celui de la pouzzolane 
de Volvic mais il est certain qu'aux echeances plus 
longues la rSactivite de la cendre serait au moins 
egale ä celle des autres pouzzolanes comme I'a mon
tre 1'essai sur ciment.
Ce dosage de la chaux consommee par les pouzzolanes 
a 6te complete par l'observation du produit forme au 
moyen du MEB (echeance 21 jours).
~ Sur la cendre volante, la premiere hydratation 
donne de 1'ettringite et un peu de C-S-H (peu de 
Ca(0H)2 fixee). La surface des grains ronds parait 
corrodee; 1'ettringite est en fines aiguilles.
-Sur le trass qui a fixe 70 Z de la chaux disponi
ble, le C-S-H semble tres dense et recouvre tous les 
grains, son aspect est parfois feuillete; d'aprgs le 
spectre d'emission X, le produit d'hydratation con- 
tient beaucoup plus de Ca que le mineral anhydre; 
la chaux n'est pas entierement combinee et se re- 
trouve en plaquettes.
"" Ie tuff iaupe de Naples le silicate hydrate 
parait dense et recouvre les grains; son aspect est 
assez voisin de celui du trass (2 pouzzolanes de 
meme composition chimique ä 1'exception des alcalis). 
"" Sur pouzzolane phlegreenne nous trouvons un as

pect moins compact : beaucoup de grains ont une sur
face assez peu attaquee et il est visible que la re
action pouzzolanique concerne surtout la fraction 
fine du produit (fig. 1).
- Sur 1'opale du Maroc(fig. 2) on retrouve le maxi
mum de reactivite avec un maximum de compacite de 
1'eprouvette, on ne distingue plus les grains, le si
licate hydrate C-S-H recouvre tout et assure un bon 
pontage entre les grains. Ce produit d'hydratation 
sur 1'opale nous a paru assez epais pour faire un do
sage des elements Ca et Si a la microsonde electro- 
nique. Sur 200 mesures, la valeur moyenne du rapport 
C/S est 0.85.

Fig. 2.- Opale du Maroc
Microstructure des pates pouzzolane-chaux hy
dratees 21 jours.

- Sur la pouzzolane ph!6gr6enne les valeurs de C/S 
trouvees sont-plus dispersees sans doute en raison 
de microcristaux de Ca(0H)2 non encore fixes par la 
pouzzolane : les valeurs restent cependant centrees 
autour de 0.75 mais il faut egalement tenir compte 
des alcalis (K20). Le dosage moyen donne alors(C+K)/S 
- 0.8.
La microsonde dlectronique donne egalement des images 
de la repartition des Elements dans la pate; celles- 
ci montrent que 1'hydratation est tres limitee Sur 
des grains massifs, de feldspath par example, dans la 
phlegreenne. Tandis que des grains plus petits ou 
moins compacts (zeolithes) donnent une meilleure dif
fusion de Si et Al dans la pate.
Un deuxigme essai de pouzzolanicite a 6t6 fait avec 
les six pouzzolanes broyees ä la meme finesse Blaine 
(7000 cm2/g). Get essai donne le meme classement des 
six pouzzolanes pour la fixation de chaux (fig. 3 et
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Nous retiendrons de cet essai les conclusions sui- 
vantes : les pouzzolanes ä zeolithes sont tres re
actives vis-ä-vis de la chaux, le tuff de Naples 
est de ce point de vue legerement superieur au trass 
ä finesse egale. La pouzzolane phlegreienne (50 Z de 
verre) fixe meins de chaux que les pouzzolanes ä 
zeolithes (7), L'opale a une excellence reactivite 
qui depasse celle des autres pouzzolanes puisque 
dans notre essai la quasi totalite de la chaux est 
fixSe ä 21 jours. La cendre de Violaines reagit len- 
tement et ceci en rapport avec sa finesse : un essai 
ä 3 mois nous a montre une forte fixation de chaux.
La pouzzolane de Volvic a une reactivite tres appre
ciable par rapport aux pouzzolanes italiennes bien 
que la reaction soit plus lente. La surface specifi- 
que BET des six pouzzolanes broyees ä 7000 cm^.g-l 
(ss Blaine) est la suivante :

PZ Trass Tuff Phlegre- 
enne

Cendre de 
Violaines

Volvic Opale du 
Maroc

S(m2/g) 6.6 12.7 3.0 1.6 0.8 36

Le classement des six pouzzolanes par la surface BET 
est le meme que dans 1’essai de pouzzolanicite; on 
remarque la valeur tres elevee obtenue avec l'opale 
du Maroc. Les deux pouzzolanes ä zeolithes ont un 
BET nettement superieur ä celui de la phlegreenne ou 
de Volvic; pour la cendre volante, la surface BET 
varie avec le degrS de broyage; pour une finesse 
Blaine de 4500 nous ne trouvons par la methode BET 
que 4000 cm2/g ce qui explique le faible taux de 
fixation de Ca(0H>2 ■

CIMENTS aux POUZZOLANES et ä la CENDRE VOLANTE

Le ciment utilise etait un CPA; sa composition chi- 
mique Stait la suivante : .

CaO libre so3 p.f. S1O2 A12O3 ^e2^3 CaO MgO Na20 K20
2.00 3.43 4.63 19.12 4.11 2.23 61.77 3.60 0.20 0.73

La composition mineralogique a ete determinee par 
diffraction des rayons X :
C3S 60 2; C2S 15 2; C3A 8.5 2; C4AF 5 2 ; MgO libre 
2 2 et sulfate 7 2.
Des microeprouvettes de pate pure de ciment ä 20 2 
de pouzzolanes ont ete preparees avec un rapport e/c 
= 0.33 et examinees apres 28 jours, 3 et 6 mois ; 1 
et 2 ans de conservation dans 1'eau.
Nous avons aussi mesure la resistance ä la compres
sion et ä la flexion d'eprouvettes de mortier ISO 
2 x 2 x 16 cm conservees en eau douce et en eau de 
mer. Outre les 6 pouzzolanes, un laitier HF a servi 
ä preparer des eprouvettes dans les memes conditions 
ä titre de comparaison.
La microstructure des eprouvettes de pate pure ou de 
mortier a ete Studies par DRX, MEB et microsonde 
Slectronique. ■
Il y a progression constante de la fixation de la 
chaux liberee par le Portland pour toutes les pouzzo
lanes. La cendre se classe ä part ayant peu reagi 
jusqu’ä 6 mois et davantage entre 6 mois et un an.
A 6 mois, pour 1 g de Ca(OH)2 libere par le ciment 
et present dans 1'echantillon temoin CPA pur, les 
quantizes de Ca(0H)2 presentes dans les differents 
CPAZ sont les suivantes :

Temo in Cendre Phlegre- 
enne

Trass Tuff Volvic ■

6 mois 1 g 0.55 0.65 0.60 0.60 0.75
1 an - 0.35 0.60 0,50 0.55 0.70

Un laitier de reference donne 0.50 g ä 1 an. On 
trouve done un maximum de CaO fixd par la cendre vo
lante (35 2 seulement de la chaux presente dans le 
temoin pour 20 2 d'ajout); viennent ensuite le trass, 
le tuff, la phlegreenne et la pouzzolane de Volvic. 
Il y a une bonne correlation entre la fixation de 
chaux dans les eprouvettes de pate pure et les re
sistances ä la compression sur mortier ISO 3 6 mois 
comme a I an. Nous n'avons pas fait ä 2 ans de mesu- 
res de chaux fix6e mais note les resistances des mor- 
tiers : . ■

Temoin Cendre Phlegre- 
enne

Trass Tuff Vdvic Lai
tier

6 mois 70 MPa 77.5 54 60 62.5 63 70
1 an 70.5 85 58 76 60 65 75
2 ans 73.7 86 63 69 67.5 67 75

On note une certaine egalisation des resultats entre 
le tuff et la phlegreenne; le trass reste meilleur, 
presque ä egalite avec le temoin mais seule la cen
dre volante donne des rSsultats superieurs au temoin; 
la cendre donnait aussi des 3 mois d’excellentes re
sistances ä la flexion avec des valeurs nettement su
pdr ieures 3 Rf temoin (11.2 MP*  contre 9.1 ä 6 mois 
et 12 MPa contre 10 a un an).



Ce critere de la quantite de Ca(0H)2 restant dans 
les eprouvettes pent paraitre insuffisant; on remar
que par exemple que les constituants du clinker sont 
plus hydrates avec la pouzzolane phlegreenne ä 1 an 
comme a 6 mois; il en est de meme avec la pouzzolane 
de Volvic qui donne de bonnes resistances.
Trois ciments aux pouzzolanes (Volvic, Tuff et Phle— 
greenne) restent riches en Ca(0H)2» leur resistance 
en eau douce est inferieure ä celle du temoin et ils 
donnent par ailleurs de mauvaises resistances en eau 
de mer.
Nous avons etudie par diffraction X et MBB la micro
structure des hydrates a un an.

Sur le trass on trouve de faibles zones d'hydratation 
autour des grains et 1'analyse elementaire montre 
qu'elles sont plus pauvres en K et Na que l'anhydre 
et plus riches en Ca (Fig. 9).
Sur 1'echantillon Volvic, la proportion d'ettringite 
est assez elevee ä 1 an; cela tient sans doute ä la 
plus grande proportion de sulfates disponibles par 
rapport au clinker puisque la pouzzolane est peu ac
tive. La chaux Ca(0H)2 est moins abondante que sur 
le CPA temoin mais plus qu’avec les autres ajouts; 
les raies de diffraction des feldspaths sont peu al- 
terees; comme pour la phlegreenne, le ciment parait 
plus hydrate qu’avec les autres ajouts.
Avec 1'opale du Maroc 1'etude en pate pure a montre

Avec la cendre volante les hydrates identifies par 
DRX sont 1'ettringite, C4AH13, C-S-H et de la chaux 
Ca(0H)2 peu abondante. La figure 5 reprdsente un 
grain couvert d'hydrate; cette hydratarion pouvant 
avoir lieu ä la fois ä 1'Interieur et ä l'exterieur 
du grain; le C-S-H forme est pauvre en chaux (rapport 
CaO/SiO2 proche del) (9).
Sur la pouzzolane phlegreenne de granulometrie assez 
grossiere, la bordure d’hydrate autour des grains 
parait mince, la chaux encore tres abondante. Le si
licate C-S-H de la pouzzolane est plus pauvre en K 
et plus riche en Ca que l'anhydre, mais il-contient 
«»ins de Ca que le reste de la pate et davantage 
d’Al (Fig. 6). '
Le diagramme de diffraction X du tuff ä 1 an est voi
sin de celui de la phlegreenne : on remarque l'abon- 
dance d* aluminate hydrate (ettringite et £4AH]3). Les 
phases zeolithiques ont pratiquement disparu comme 
sur le trass, on retrouve de la portlandite en amas 
dans l'eprouvette (Fig. 7 et 8).

un tres fort effet pouzzolanique avec diminution de 
la chaux des l'echeance de 3 mois et une attenuation 
rapide de la bande de diffraction de la silice.
Nous avons par ailleurs utilise une methode de deter
mination acceleree des resistances par etuvage dans 
l'eau ä SO’C d'eprouvettes de mortier. Les echeances 
choisies etaient ä 20 h, 44 h, 146 h, un meme degre 
d'avancement de la reaction etant obtenu dans un 
temps environ 25 fois plus court qu'ä 20°C. La resis
tance des dprouvettes a 30 7. de Volvic ou d'opale du 
Maroc a ete comparee ä celle d'eprouvettes temoins de 
CPA pur d'une part, de CPA additionne de 30 7« de 
quartz d'autre part. La figure 10 montre clairement 
1'effet pouzzolanique obtenu (zone hachuree) des 
l'echeance de 20 h. Le developpement des resistances 
est moins rapide avec Volvic mais la reaction pouzzo— 
lanique est cependant nettement visible par rapport 
5 1'inerte des 20 h (äquivalent 28 j).
Un meme resultat avait ete obtenu avec un ciment ä 
30 7, de cendre volante etuve 7 j ä 80°C (fig.ll & 12).

Microstructure des mortiers de ciments ä la pouzzolane conserves un an dans l’eau.



CONCLUSION

Nous pensons avoir montre que la valeur pouzzolanique 
d'un ajout doit 6tre appreciee en fonction de plu- 
sieurs elements tels' que la composition chimique, la 
mineralogie, la finesse du broyage, la surface spe- 
cifique BET.
Pour les pouzzolanes ä phase vitreuse, plus celle-ci 
est abondante meilleure est la reactivite mais ä fi
nesse egale les pouzzolanes ä zeolithes reagissent 
plus rapidement que les premieres. Les cendres volan- 
tes peuvent donner d'excellents resultats mais la 
finesse de broyage joue un grand role.
Nous avons montre que la vitesse d'hydratation de la 
pouzzolane et les resistances obtenues sur mortier 
etaient en rapport avec la fixation de Ca(0H)2 mais 
d'autres elements doivent parfois etre pris en compte 
comme 1'interaction ciment-pouzzolane.
L'essai accdlere par etuvage semble un moyen tres 
interessant d'evaluation rapide d'une pouzzolane.

Fig. 10. Resistance ä la compression de mortiers 
AFNOR en fonction du temps d’etuvage. Le traitement 
thermique est tres favorable ä la pouzzolane de • 
Volvic.

Fig. II. Grain de cendre couvert de C-S-H et d'alu
minates hydrates aprfis un traitement de 110 beures 
ä 80°C.
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HYDRATATION A 50*C - morher AFNOR 
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Fig. 12. Resistances ä la compression de mortiers 
AFNOR en fonction du temps d'dtuvage. Le traitement 
thermique est tres favorable ä la cendre volante de 
Violaines.



Caracterisation de la pouzzolanicite de cendres 
, volantes

Characterization of the pozzoianicity of fly ash

A. VERMASSELT, Docteur en Sciences, Chercheur, Centre de Recherches Routieres, Bruxelles, Belgique.

RESUME' : En partant de la description d*un  mat6riau pouzzolanique, quatre grandeurs, qui permettent d'dva- 
luer le'nlveau de pouzzolanicitS ä travers les manifestations chimiques et mdcaniques de celle-ci, ont 6t6 
dSfinies : I'activitS, la reactivity, I'efficacitd pauzzolaniques et l'efficacit6 pouzzolanique relative.
Avec comme objectif tme appreciation valable et non 6quivoque de la pouzzolanicite d'un mat6riau ä partir de 
ces grandeurs, une methode d'essai a ete mise au point et testde, son originalite residant dans la maniSre 
de combiner les diff6rents parambtres m6caniques et chimiques mesurds. Cette mdthode permet, dans un 
premier stade, de classifier les materiaux pouzzolaniques par rapport ä un produit de reference suivant leur 
quialite pouzzolanique et la vitesse devolution des reactions pouzzolaniques. Dans un second stade, sur base 
d'un indice de quality pouzzolanique, Chiffre synthetisant l’ensemble des rdsultats, eile permet de les rSpar- 
ttr entre differentes classes pouzzolaniques qui ont pour but d'orienter le materiau examine vers des utili- 
satiLomis an rapport avec son indice : materiau ä trailer (amelioration ou stabilisation), liant pouzzolanique, 
ajjoMt pour ciment.... .
Une pouzzolane broySe et quelques cendres volantes 6tudi6es selon la methode standardises decrite se sont 
r6parties entre trois classes, mais d'une manifere plus fr6quente entre les deux auxquelles correspondent 
les utilisations approprides du type "liant pouzzolanique'! et "ajout pour ciment".
Four ces echantillans» aucune relation entre les differentes grandeurs pouzzolaniques determinäes et les ca- 
ractdristiques physico-chimiques mesurdes ne s'est d6gag6e.

SUMMARY : Based on the description of a pozzolanic material four quantities have been defined : pozzolanic 
activity, reactivity, efficiency and relative pozzolanic efficiency. These quantities enable us to assess the poz
zolanic level of a material through the chemical and mechanical signs of its pozzoianicity.
With a view to making a valid and unequivocal assessment of the pozzoianicity of a material upon those quan
tities, a testing method has been developed and tried; its originality lies in the manner of combining the dif
ferent measured mechanical and chemical parameters. This method enables us in a first stage to classify • 
pozzolanic materials compared to a reference product according to their pozzolanic quality and to the evolu
tion rate of pozzolanic reactions. In a second stage it allowsto divide them into different pozzolanic classes 
on ground of a pozzolanic quality index that synthesizes the obtained results as a whole. The purpose of those 
classes is to associate the use of the material investigated to its index : material to be treated (amelioration 
or stabilization), pozzolanic binder,admixture for cement. . ..
One milled pozzolana and a few flyashes have been studied according to the described standardised method. 
They spread over three classes, but mainly over those two that correspond to their use as "pozzolanic 
binder or "admixture for cement .

For those samples no relation between the different determined pozzolanic quantities and measured physico
chemical properties has emerged.



1. INTRODUCTION
Les cendres volantes, rebut des centrales Slectri- 
ques consommant du'charbon, trouvent de plus en 
plus de ddbouchSs dans la construction routidre, 
dans le gdnie civil et dans I'industrie cimentiSre 
(r6f. _1,2). '
Une grande partie des utilisations possibles se ba
sent sur le caractöre pouzzolanique plus ou moins 
prononcd de ces cendres. Si le concept de la pouzzo- 
lanicitd semble assez bien dtabli, il n'en va pas de 
meme pour I'apprdciation quantitative de celle-ci . 
ou de son niveau (r6f. 3,4): les voies suivies consi- 
dörent, en effet, soit f’aspect chimique soit I'aspect 
möcanique des manifestations de la pouzzolanicitd 
alors que les deux sont intimem ent lids.
Une mdthode de caractdrisation globale et non Equi
voque a EtE mise au point et appliquEe ä diffErents 
matEriaux pouzzolaniques et, entre autres, ä diffE
rentes cendres volantes. Cette caractErisation per
met de proposerd'es utilisations addquates en rap
port avec le niveau de pouzzolanicitE des matEriaux.
2. DEFINITIONS .
D'une maniEre gEnErale, une cendre volante est un 
matEriau pouzzolanique, c'est-a-dire un matEriau 
silico-alumineux, gEnEralement pauvre en oxyde de 
calcium sous forme liEe ou disponible (souvent 
moins de 5%), et dont la solubilisation partielle par 
1'attaque d'une solution aqueuse d'hydroxyde de cal
cium conduit ä la formation de substances ayant des 
propriEtEs liantes analogues ä celles d'un liant hy- 
draulique.

D'un point de vue pratique, c'est done un matEriau 
qui a la facultE de former ä la tempErature ordinai
re, en prEsence d'eau et par combinaison avec de la 
chaux, des composEs hydratEs et stables, rEsultat 
d'une rEaction chimique dite pouzzolanique dont un 
autre rEsultat est 1'obtention d'un mElange durci.
Il rEsulte de ce qui prEcEde que, pour caractEriser 
d'une maniEre valable et non Equivoque la pouzzola
nicitE (ou son niveau) d'une cendre volante ou d'un 
autre matEriau pouzzolanique, il est nEcessaire de 
considErer simultanEment les aspects chimique et 
mEcanique des manifestations de cette pouzzolanici
tE. Dans ce but, quatre grandeurs, calculEes äpar- 
tir d'essais effectuEs dans des conditions standardi- 
sEes, prEcisEes au § 3, ont EtE dEfinies :
(1) AR'c ou A St : _activitE_pouzzolanique_(aspect mE

canique) dEfinie conventionnellement 
commel'augmentation derEsistance 
äla compression uniaxiale (aR'c)ou 
ä la traction par compression diamE
trale (ASt), en MN/m2 ;

(2) ACaO cons : rEactivitE^pouzzolaniqueJaspect chi-
miqueT<TEfinieconventionnellement 
comme la quantitEd'oxyde de calcium 
consommEe, en pourcenten masse de 
mElange sec dEcrit au § 3;

(3) EPz ; efficacitE pouzzolanique (aspects mE- 
(en compression cänlqüeeT chlmTque com bin Es) dEfi-

ou en traction) nie par le rapport
actlvitE pouzzolanique ARcouESt 

qui reprEsente 1*  augmentation de rEsis
tance (R'c ou St) associEe ä une consom.- 
mation de un pourcent d'oxyde de calciurn, 
en MN/m2 . % CaOcons. '

* rEactivitE pouzzolanique ACaOcons

(4) EPzR : efficacitS pouzzolcinique_rel_ative : rap- 
pört"de"Ire7£cacrtE" pouzzolanique duma
tEriau EtudiE ä celle de 1'hydroxyde d' 
aluminium, choisicomme matEriaupouz
zolanique de rEfErence.

Par extension et pour permettre une comparaison 
avecd'autres essais (I'essaiChapelle.par exemple), 
on peut gEnEraliser les deux premier es grandeurs en 
les rapportant ä la concentration de matEriau pouzzo
lanique dans le mElange sec (18, 75g/100 g pour lemE
lange utilisE) et dEfinir ainsi une activitE et une rE
activitE pouzzolaniques spEcifiques.
3. DESCRIPTION RESÜMEE D'UNE METHODE 

D'APPRECIATION DU NIVEAU DE POUZZOLA
NICITE D'UN MATERIAU

Les grandeurs dEfinies ci-dessus sont EvaluEes ä par- 
tir de mesur es (1) de rEsistance ä la compression uni
axiale ou ä la traction par compression diamEtrale 
(vitesse d, 27mm/min) et (2) de consommatlon d'oxy
de de calcium pour des mElanges const!tuEs de : 
. 12 parts de sable normalisE (rEf. 5)
.4 parts de liant pouzzolanique, composE de 3 parts 
de matEriau pouzzolanique ä Etudier et de 1 part de 
chaux grasse hydratEe (rEf. 6, 7)

.etde 1,6 parts d'eau soitune teneur en eaude 10%.

Fig. 1: EfficacitE pouzzolanique relative de quelques 
matEriaux (cendres volantesnos9,17,18,21,32,33 et 
44,pouzzolane P2,limonn°362 etfarine de quartz n°14) 
en fonction de la consommatlon deCaO-EssaisdeR' c



^prauvettes, cyltodriques de 5 cm de diam^tre sur 10 @m de haut aprds mealage & une masse volumique apnarepte sdche de le8.3g/cm» par compression sur les deux faees» sont comservdes a aex, et 46 C en at- mesph^re humide sat-ur-de.. Les essais sont effectu^s ä 0,1? et 28 jours d.täget T'essai h ® jour servant de blaue*Pour la ddterminatic® de Poxyde de calcium consomme, la methode est dderite dans la rdfdrence 8 : eile refuse sur des extractions suceessives par une solution de saccharose (CaO non tixd), et par une solution de tampon fermique (CaO fixd et cansammd)*
Pour l'teterprdtation des rdsultats des quatre essais (1? et 28 jours ä W et 40QC» Page 6 servant de point de depart pour le caleul de ® ' c ou hSj et de iCaOcons) trois stades suceessifs. sont envisages :I4 vue ddtaillde : wise en diagramme de I'efficacitd poulxolaniique’relative en fdnction de la rd activity , pouzxolanique (IPPzP,&CaO);: le graphique peut se presenter sous forme d''une droite ou d'une courbe dent la concavitd pent etre toumde vers le haut ou versle has (fig*  IK Diverses informations peuventen etre1 dddMttes,, entre autres : conaportement du liant peuxaolaBiique h court et a long terme, importance de l"e£Cet de la tempdrature, resistance que pourrait atteindire le mdlange- ä diffdrents degrds d’avance- natoit de la rdaction, vitesse de reaction, estimation 

de la dose de chaux nScessaire pour atteindre une 
resistance donnSe.
2’ caractSrisation globale_: sur la base du calcul des 
'väieürs’möyenries {rösultats ä 7 et 28 jours, ä 20°C 
et 40°C), d'une part, de l'oxyde de calcium consommd 
et,d'autre part, de l'efficacitS pouzzolanique relati
ve, valeurs moyennes ACaOcons et EPzR qui sont les 
coordonnöes du "point moyen", on peut situer le ma- 
tSriau dans une grille "qualitd du matdriau pouzzola- 
nique-dvolution des reactions pouzzolaniques", com
me il est montrd dans la fig.2 . Cette qualitd est d'au- 
tant meilleure qu'est dlevde la valeur de l'efficacitd 
pouzzolanique relative et le durcissement du mdlan
ge se ddroule ä une vitesse d'autant plus grandeque 
l'dvolution des rdactions pouzzolaniques est rapide. 
3°caractdri_sation_ globale_synthdtique : la caractdri- 
^sätTön-globale de la pouzzolanicitd d'un matdriau ba- 
sde ainsi sur la ddtermination des deux paramdtres 
ACaOcons et EPzR, peut 6tre exprimde plus synthd- 
tiquement par le rdsultat de leur produit, c'est-ä- 
dire par un seul chiffre que l'on propose d'appeler 
"indice de qualitd pouzzolanique (IQPz)" :

IQPz = EPzR . ACaOcons (1)
. Cet indice serait ainsi pour les matdriaux pouzzo
laniques ce qu'est le coefficient d'activitd a pour 
les laitiers granulds. "

.Cet indice permet de caractdriser d'une manidre 
simple et globale la pouzzolanicitd d'un matdriau 

TABLEAU I ? Exemple die classification des matdriaux pouzzolaniques sur base de leur indice de qualitd 
pouzzolamique (enconsiddrant.parexemple, la rdsistance ä la compression uniaxiale)

Class®
Posätioni dm point moyen 

reprdsentatif du 
matdriau 

(voir figure 2)

Indice de qualitd 
pouzzolanique 

IQPz 
(voir figure 3)

Examples d'utilisations approprides

entre ® et la courbe 
AR^ = 1 MN/ m$

0 < IQPz< 3, 6 tel quel * ou aprds traitement ä la chaux, au 
ciment, ä la chaux et au ciment ou avec un 
mdlange chaux/gypse

1 entre les courbes
AR1' = 1 et
AR"® = 2 MN/m»

3. 6 < IQPz < 7,15 - aprds traitement ä la chaux ou au mdlange 
chaux/gypse

- comme liant pouzzolanique de qualitd mddiocre" 
(aprds mdlange avec de la chaux ou avec de la 
chaux et du gypse)

2 entre les eourbes, 
AR* e = 2 et
AR'€'» 3 MK/m8

X15<IQPz < 10,7 -comme liant pouzzolanique de qualitd croissante, 
le matdriau dtant utilisd en fonction de sa 
classe et des buts poursuivis (sous-fondations, 
fondations, fabrication de blocs.... )

ou

- comme ajout pour ciment ou comme substitut 
du clinker du ciment (ciments aux c end res 
volantes ou aux pouzzolanes)

3 entre les eourbes 
AR‘e *3  et
AR"e = 4 MN/m8

10>7<IQPz< 14,3

4 entre les eourbes
AR'e *4  et
AR* e - 5 MN/m8

14, 3< IQPz < 17, 9

5 au-delä de la courbe 
4R'e • SMN/m1

17,9<IQPz

* 81 U matdriau n'est pas h ddclasser sur le plan gdotechnique ou sur le plan dconomique " '



donnS et constitue dös lors un moyen de compa- 
raison facile de difförents matdriaux pouzzolani- 
ques. On perd toutefois une partie des informa
tions :lors de la comparalson de deux matöriaux 
d'indice de quality pouzzolanique äquivalent, il 
se pent que pour l'un deupc, une efficacitd pouzzo
lanique relative moyenne EPzR beaucoup plus pe
tite soit compensde par une Evolution des reac
tions (tCaOcons) beaucoup plus rapide ; lors de la 
formulation d'un mölange, il sera ndcessalre de 
tenir compte de ces faits pour les proportions 
matöriau pouzzolanique/chaux.
Les courbes d'ögale augmentation de resistance 
(fig.2)etant egalem ent des courbes d'indice de 
qualite pouzzolanique constant (EPzR.ACaO = 
constante), elles peuvent servir ä delimiter des 
classes de matöriaux pouzzolaniques, classes 
qui ont pour but d'orienter le matöriau examind 
vers des utilisations en rapport avec son IQPz. 
Un exemple de classification est propose dans le 
tableau let la fig. 3 donne I'aspect synthdtiqueain- 
si obtenu pour diffdrentes cendres volantes et 
pour quelques autres materiaux pouzzolaniques.
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Fig. 2: Caractdrisation de la pouzzolanicitd de diffe
rentes cendres volantes (nos 9, 17, 18,21, 32, 33 et 
44) et de quelques autres matdriaux ä titre de com- 
paraison (pouzzolane P2, limon n° 362 et farina 
de quartz SiO^. n° 14) sur base de la position du 

"point moyen11 : .

Q = en compression
0 = en traction par compression 

diamdtrale

Indice de qualite pouzzolanique

CLASSE

3 33 . 12
SiO, u '.

17 . ii
32 .

io

. 33
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. 32
• SiOz 14

. 21
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21
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CLASSE
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CRA-.OCW MM. I> 48«
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, .Al(0H)3 B (29)
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Fig. 3; Classification des cendres volantes dtudides 
et de quelques autres (Substances (voir fig. 2) selon 
leurindicede qualitd pouzzolanique(=produitdel,ef- 
ficacitd pouzzolanique relativemoyenne et dela con- 
sommation moyenne de CaO)

Tableau II ; Caractdristiques physico-chimiques et 
pouzzolaniques des deux dchantillons 
d'hydroxyde d'aluminium

Caractdristique Unitd' Echan 
A

:illon
B (n°29)

. masse volumique 
ä 25°C

. masse volumique 
appar. aprds se
dimentation dans 
le toludne

. surface spdeifi- 
que Blaine

. infdrieur ä 37 pm

. perte au feu (2h 
ä 1000°C)

Pouzzolanicitd

g/cm3

g/ml

cm2/g
%

%

%

MN^h?.%CaO

MN/rf.ToCaO

2.438

0, 55

n. d.
100
33,9

2,82

0, 28, ± 
0.02=

n. d.

2,440

0, 50

' 5320 
100 
33,8

2-6o 

0, 28 t 
0'038 

0, 0274^ 
Qi 0035

. r6 activity pz 
moyenne 
ACaOcons

. efficacitd pz 
moyenne en com- 
pressfon EPz

. efficacitd pz moy. 
en traction EPz



4 DONNEES CONCERNANT LE MATERIAU POUZ- 
"zOLANIQUE DE REFERENCE, L'HYDROXYDE
D'ALUMINIUM

L'Hydroxyde d'aluminium A1{OH)3 utilisi4 estdel'hy- 
drargillite pure en poudre trös fine (produit Merck 
n°1093). Deux 6chantillons diffSrents, dont les prln- 
cipales caract6ristiques figurent au tableau II, ont 
6t6 6tudi6s du point de vue de leur pouzzolanicitd 
daps les conditions standardises döcrites au § 3. 
Les rSsultats sont donn4s dans le meme tableau.
Par definition, leur efficacite pouzzolanique relative 
vautl. En consequence : leur qualite pouzzolanique 
estrnddiocre (mais l'6volution des reactions est ra
pide), leur indice de qualite pouzzolanique vaut 2, 8 et

2, 6 respectivementpour l'öchantillon A et B et ils 
font partie de la classeO.
Ce type d'hydroxyde d'aluminium convient bien com
me matdriau pouzzolanique de reference, carson 
efficacitd pouzzolaniquene ddpendpas oupeu du de- 
grd d'avancementdes reactions ni, dans les llmites 
des essais effectuds, des caractdristiques physico- 
chimiques del'dchantillon (mais elles influencent la 
rdactivitd pouzzolanique de celui-ci:voir tableau II). 
Les valeurs adoptdes commerdfdrence pour l'effi- 
cacitd pouzzolanique de l'hydroxyde d'aluminium sont 
0,28 et 0, 027 MN/m2 . %CaOcons respectivement 
pour les essais en compression et pour ceux en trac - 
tion par compression diametrale.

Tableau HI : Caractdristiques physico-chimiques et appreciation de la pouzzolanicitd de cendres volantes 
. et de quelques autres substances ä titre de comparaison

Caractdristique Unite
Farine 

de 
quartz 
n°14

Limon

n°
362

Pouz- 
zolane 
broyde 
n° P2

CENDRE VOLANTE

n°9 n°17 n°18 n°21 n°32 n°33 n°44
Les Wilhems

Origine
Mol Hingeon Mutura 

(Rwanda
Awirs Auvelais Auvelais haven 

RFA
Monceau Schelle Nijmegen 

NL
d6p6t ddpöt ddpöt frafche frafche frafche frafche

Masse volumique ä 25°C g/cm3 2,64e 0 2,7°2 2,922 2,24^,4 2,062 2.19g 2,417 2, 22 2,100 2,386
Masse volumique appar. aprds 
sedimentation dans le toludne g/ ml 0,33 n. d.e> 0,83 0, 90 0, 60 0,69 0,99 0,82 0, 78 0, 71

Surface spdcifique Blaine cm2/g >10.000 n. d.e) 3.300 2. 570 5.410 4.390 2. 910 3. 050 2.470 4. 520
Passant ä 45 pm % 100 90 80 70 81 92 55 85 68 80
Perte au feu (2 h ä 1000°C) 
POUZZOLANICITE a)

% 0,3 3,1 0, 6 6,9 24, 0 13,1 1. o 2,8 3,9 3, 5

Rdactivitd pz moyenne ACaOcons 
b)

% Md 0,65 1.67 2,0i 1.44
Evolution des reactions pz ' M L M M M M R M M M
A.^ncompression

EP^R
.V., c)qualitd pz

8, 5 2,2 2,8 4,7 8, 7 6,1 4,1 5, 7 6, 3 4,0 '
TB m M M TB B M B B M'

IQPz 11,4 1,4 3,6 7,8 11,0 8, 5 8, 2 10,4 11,9 5, 8
classe pz 3 0 1 ' 2 3 2 2 2 3 1

B. En_traction_^^
e) 

n. d.
e) 

n. d.EtzR 8,4 4,9 9", 5 6,4 5, 2 6,3 6,5 4, 3
qualite pz TB - - M TB B B B B M
IQPz 11,3 - - 8, 2 12, 0 8,9 10, 5 11,5 12, 3 6, 2
classe pz 3 - - 2 3 2 2 3 3 1

a) voir figures 2 et 3 et tableau I
EPzR = efficacitd pouzzolanique relative moyenne
ivjrz = indice de qualite pouzzolanique ( = EPzR. tCaOcons)
pz - pouzzolanique

b) L = lente; M - moyenne; R = rapide
c) in = mödiocre; M = moyenne
d) par compression diametrale
e) n. d = non determine



5. APPRECIATION DE LA POUZZOLANICITE DE 
CENDRESVOLANTES

Le niveau de pouzzolanicitS de differentes cendres 
volantes et, ä titre de comparaison, de quelques 
autres matSriaux a 6t6 6valu6 suivant la möthode 
döcrite au § 3. Les rösultats sont rassembl6s dans 
le tableau III oü figurent aussi les principales carac- 
tSristiques physico-chimiques de ces matSriaux.
Ce tableau ainsi que les figures 1,2 et 3 montrent, 
pdur les matSriaux Studies, que :
- il y a des differences relativement importantes 

quant ä la pouzzolanicitS ou ä son niveau ;
- en g6n6ral, VefficacitS pouzzolanique relative 

moyenne en traction par compression diametrale 
est un peu plus grande que celle en compression 
uniaxiale .La difference dSpassant assez rare- 
ment 10%, on pourrait done en pratique se limiter 
ä un seul type de mesure de resistance m6cani- 
que.soit par compression simple soit par com
pression diametrale (le choix 6tant fonction de 
l'equipement du laboratoire et de l'exp6rience

" acquise).

En ce qui concerne plus particuliörement les cen
dres volantes, les constatations sont les suivantes :
- le niveau de pouzzolanicitS diffSre assez forte- 

ment de l'une ä l'autre et ceci ne peut pas etre 
mis en relation avec le fait que la cendre provient 
d'une production röcente ou d'un depot äg6 de plu- 
sieurs ann6es ;

- pour ces 6chantillons, il ne se d6gage aucune re
lation entre le niveau de sa pouzzolanicite (aussi 
bien ä travers la reactivite que l’activitö ou l'in- 
dice de qualite pouzzolanique) et une des carae- 
teristiques physico-chimiques d6termin6es : 
l'IQPz augments de 3 unites environ ä plus de 5 
pour des valeurs 6quivalentes de la masse volu- 
mique (cendres n° 9 et 32), de la masse volumi- 
que apparente apres sedimentation dans le toluene 
(n°44 et 18), de la surface specifique Blaine (n°9 
et 33), du passant au tamis de 45 pm (n°9 et 33 et 
n°44 et 17 ou 32) ;

- la cendre volante qui consomme le moins de CaO 
est celle qui a la plus grande efficacitö pouzzola
nique relative moyenne (6chantillon n°17) et±in- 
versöment pour l'6chantillon n“21. Or ä l'analyse 
chimique, la cendre no17 se rSvöle comme Stant 
celle contenant la plus haute teneur en imbrülSs. 
La presence de ce carbone imbrül4 ne semble 
done pas etre un facteur affectant a priori nöga- 
tivement la pouzzolanicitS du matSriau.

Les rSsultats obtenus pour ces Schantillons de cen
dres volantes montrent clairement que, pour exploi- 
teraumieux les propriStös pouzzolaniques d'un ma- 
tßriau, il est nöcessaire d'apprScier sa pouzzola
nicitS en meme temps ä travers les aspects chimi
que et mScanique des manifestations de celle-ci.
Le niveau de pouzzolanicitS Stant fortement 116 ä la 
granularitS du produit, son apprSciation doit se 
faire sur le matSriau dans son Stat naturel ou aprös 
broyage suivant le type d'utilisation prSvu.
6. CONCLUSIONS
Les manifestations de la pouzzolanicitS d'un matS
rau ayant en meme temps un aspect chimique et 

mScanique, une apprSciation valable et non Squivo- 
que du niveau de cette pouzzolanicitS doit faire ap
pel simultanSment ä ces deux aspects.
La mSthode d'essai döcrite perm et, dans des con
ditions standardisSes, de d&terminer les paramfetres 
mScaniques et chimiques nScessaires ä cette apprS
ciation et de lä, in fine, de rSpartir les matSriaux 
entre diffSrentes classes pouzzolaniques auxquelles 
correspondent des utilisations appropriSes.
Les rSsultats obtenus pour diverses cendres volan
tes et une pouzzolane broySe ont montrS 1'utilitS 
d'une teile mSthode, car il ne se dSgage aucune re
lation entre les diffSrents aspects de lä pouzzola
nicitS et une des caractSristiques physico-chimiques 
mesurSes.
Pour six des sept cendres volantes StudiSes, les 
utilisations appropriSes sont du type "liant pouzzo
lanique" ou "ajout pour ciment", la septiöme cendre 
ainsi que la pouzzolane broySe, Stant plutöt ä con- 
sidSrer comme un matSriau ä utiliser aprSs trai- 
tement (amSlioration ou Stabilisation).
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Sur le mecanisme de ^expansion des ciments expansifs
Expansion Mechanisms of Expansive Cements

V. MOLDOVAN, Professeur, ing. dr. Institut de Construction Bucarest, Roumanie,
N. BUTUCESCU, Ingenieur, Institut de Recherche pour Materjaux de construction Bucarest.

RESUMÜ: La composition des ciments expansifs et les conditions d’utilisation sont Stroitement 
li^es au mecanisme d’Expansion determine par la formation d*ettringite.

Les recherches effeatures sur quelques ciments;
fe.) ciments expansif constituS d’un melagne de ciment portland + ciment alumine/.ux + 

+ gypse + pouzzolane;
(b) ciment portland (contenant 11% C^A) + 12% gypse
(c) ciment alumineux (contenant 70% CA) + 12% gypse
permettent de conclure que la formation d'ettringite (mis en evidence par analyse diffracto- 
metrique aux rayons X) a determine une expansion (sur eprouvettes 4x4x16 cm) de lo mm/m 
pour le ciment (a), 4 mm/m pour le ciment (b) et sans expansion pour le ciment (c).

La composition chimique de la phase liquide en Squilibre avec les ciments Studies met 
en Evidence la presence d'AlgO^ en solution seulement pour la ciment (c). Des recherches 
Electro~ microscopiques des pätes et des suspensions soulignent le fait que la cristallisa- 
tion d’ettringite dans 1* espace intergranulaire ne produit pas une expansion et c’est vrai 
m§me pour le ciment expansif dans un exces d’eau. La vraie cause de 1’expansion c’estla 
cristallisation d’ettringite, en 1’absence d’AlgO^ en solution, & la surface des grains 
anhydres par vole topochlmique; eile contribue ä I’accrolssement des resistances m£caniquese

SUMMARY: The composition of expansive cements and the conditions of use are closely linked 
with the expansion mechanism determined by the formation of ettringite.

Research crried on with such cements:
(a) expansive cement made up of a mixture of Portland cement + aluminous + gypsum +

+ pozzolanas}
(b) portland cement (containing 11% C^A) + 12% gypsum; '
(c) aluminous cement (containing 70% CA) + gypsum,
lead us to the conclusion that the formation of ettringite (evinced by X - ray diffraction) 
determined ein expansion (on prism 4x4x16 cm) of lo mm/m for cement (a), 4 mm/m for cement
(b) euad withaut expansion for cement (c). >

The chemiceil composition of the liquid phase in equilibrium with the studied cements 
evinced existence of Al20^ in solution only for the cement (c). Electronomicroscopioal 
research of pastes and suspensions underlies the fact that the crystalization of ettringite 
in intergrain space does not produce an expansion, an this is true even for expansive ce
ment E when an exces of water is used. Expansion is in fact determined by orystalisation 
of ettringite, in the absence of AlgO^ in aolutlon, on the surface of anhydrio grains 
topochemically and contribute to the increase of mechanic strength.



1. GENERALITÜ3

De nombreuses recherohes pendant les 
demi6res ann^es donnent des explications 
differentes au mecanisme d'expansion des ci- 
menta expansifs dont 1* expansion est bas^e 
sur la formation d’ettringite. Ainsi l'expan- 
sion est attribute: ä la formation d’ettrin
gite sans dissolution des sels anhydres £1]> 
ä la transformation du monosulfate Hydrat^ 
en trisulfate hydratS [2], ä la pression os- 
motique de la solution [3] , ä. la cristalli- 
sation d’ettringite via solution [4] * soit 
ä la structure colloldale d’ettringite qui 
gonfle par adserbtion d’eau [5] , Les ex - 
pansions elov^es et les grandes resistances 
mecaniques dans la periode initial d’hydra- 
tations des plusieurs ciments actuelles sont 
conditionnSes par le mecanisme de la forma - 
ti< i d’ettringite, par sa structure et ses 
propri^tese

A 1’occasion des travaux d’impermeabili- 
sation du metro de Bucareat nous avons . 
etudte le mecanisme d’expansion du ciment 
expansif "E" constitue en principal dlun 
melange: clinker portland + ciment alumi- 
neux + gyps + pou^olane. La composition chi- 
mique des constituents et du ciment "E" est 
presentee dans le tableau I,

^notations abregees: Ca=CaSO4i S-S^; 
C=CaO; F-Fe2O3. A-AlgO^; H=H2O

TABLEAU I
Compos. 
oliiriqu

Si°2 
T 
ins%

&12°3

"

PaA,

%

CaO 

%

KgO

%

so3

%

oA 
.

&

clinker 
portland 21 5,75 5,35 64,5 0,89 o,6: o,84 o,76

ciments 
alumi- 
heux

6,49 41,6 15 32,3 o,4o o,l< o,36 0*9

ciment 
expan
sif "E"

28,2 9,53 4,53 45,2 1,49 5,71 1,16 3,49

gyps 92% CaS04.2H20*  .

Pour etudlSr le mecanisme d’expansion 
nous avons prepare deux autrea composition 
en utilisant:

- le oliriker portland (ayant 11% C^A) 
(tableau I)+ 12% gyps, notd Pei

- le ciment alumineux, ayant 70% CA, 
(tableau I)+ 12% gyps, note Aq«

Nous avons utilise comme methodes de 
recherche: I’analyse diffractometrlque aus 
rayons I, la mesure des variations dimen
sionelles des eprouvettes, I’analyse chi- 
mique de la phase liquide et la mioroscopie 
eiectronique,

2. RESULTATS
2,1, L’analyse dlffractometrique a ete 

effectuee sur les melanges: CA+gypa (1:3) 
et C3A+gyps(l:3)• Nous avons prepare des 
pates (raport ffrUe5 1) en solution saturee 
en chaux ou en utilisant de 1'aau distiliee. 
Les resultats obtenus & 1 et 7 jours sont 
presentes dans le tableau II:

*

Les determinations pratiques ont ete 
effectuds par nos collaborateurs ing.dr, 
P.Paul et ing, M,Origan.

TABLEAU II
Nr. Melange 

analyse
Temps 
jours

Intensity de la 
rale caracteris- 
tique1'
CsH2 (yads.H,;

1. CA+Cp+HpO 1 145 4o
2. CA+CH+Ca(OH)9 1 115 4o
3. CA+C0+H00 S d 7 7o 125
4. CA+Cn+Ca(OH)0 7 7o 108
5. C^A+Cg+^O 1 138 65
6. C3A+Ca+Ca(0H)2 1 135 57
7. C^+Cg+HgO 7 45 145
8. C-A+G +Ca(0H)o 7 28 18o

Pandant la periode 1 ä 7 jours la for
mation d’ettringite est intense pour tous 
les systemes etudies au fur et ä mesure que 
la quantite du gypse diminue. Nous n’avons 
pas constate la presence d*hydroaluminate  
de calcium monosulfate.

2.2. Xes variations dimensionelles des 
pastes o»35) sur eprouvettes
4x4x16 cm ont ete determinees pour les 
ciments: E (expansif), PB(portland + 12% 
gyps) et Aq (alumineux + 12% gyps). Les 
eprouvettes ont ete conservees dans 1’eau 
pendant les 28 premiers jours, puis ä 
1’humidite de 65% di & la temperature 2O°C 
jusqu’ä 24o jours. Les resultats sont



presentes sur la figure 1.

Fig.l. Les variations dimensionelles
II en results des variations dimensio

nelles r^siduelles i 24o jours: + 5 mm/m 
pour le ciment E, - 1 mm/m pour le oiment Pg 
et -5 mm/m pour le ciment Aq qui n'est pas 
un ciment expansif et qui a eu une tr£s 
grande contraction.

L* analyse dlffractometrique aux rayons X 
effectuSe le trentiSme Jour sur les pätes 
durcis, a bien mis en evidence les rates ca- 
racteristique de 1* ettringite pour tous les 
ciments ^tudi^s.

2.3. La composition chimique de la phase 
liquide en equilibre pvec les ciments £tu- 
di£s (E, Pg, Aq) au cours d’hydratation dans 
les premiers 7 jours effectuÄe sur le fil - 
trat (rapport est presentee dans
le tableau III.

Dans nos conditions de travail (rapport 
client elev4e et 1'insolu
bilisation d'AlgO^ est assurSe pour le ci
ment E dans les 3 premiers jours, pour le 
ciment Pg pendant les premiers lo heurs et 
pour le-ciment AQ la quantity de CaO 
n’attaint pas l”degr6 de saturation et 
diminue aprfes 3 heures ce qui determine la 

des eprouvettes pour les ciments E.PgAg 

presence d’AlgO^ en solution.

Les faits experimentaux (fig.l et 
tableau III) mettent en evidence le fait 
que seulement I'absence d’AlgO^ en solu
tion peut determiner des expansions en 
accord avec la th£orie d’Henri Lafuma [ij. 
Mais la contribution indubitable de 
I’ettingite a 1'accroissement des resis
tance mecaniques dans la periods initiale 
de duroissement souligne le complexite 
du phenomfene en ce qui ooncerne la cine- 
tique de la formation d’ettringite. En 
fonction de la basicite de la solution 
(influences par la pressncs des aloalis), 
des cristaux d’ettringite peuvent se for
mer dans 1’espace intergranulaire ou des 
cristaux d’ettringite peuvent se former 
& la surface des grains anhydres et ce le 
cas des ciments expansifs, comme nous 
avons constate par des nombreuses observa
tions electronomicroscopiques presentees 
oi-dessous.



TABLEAU III
Ciment Composition de 

la phase liquide 
R/l .

T E M P S
lo min 1 h 3 h lo h 24 h 3 j 7 J

CaO 1,14 1,24 1,8 1,81 1,83 o,92 o,486

so3 1,25 1,33 .1,6 1,76 1,82 0,64 0,345

E ai2o3 o,ool6 o,ool6 o,ool8 o,oo2o o,oo22 o,oo2o o,oo21
S&2 O+KgO o,8o 1,10 l,3o 1,56 1,65 2,oo 2,32

PH 11.5. 11,5.. .11,1 11.5 .1112. iix5| 11.5...
CaO 1,46 1,71 1,54 o,98 o,3o o,29 o,24
so3 1,75 1,63 1,66 1,00 0,25 o,o22 o,o27
ai2o3 • o,oo42 o,o52 o,o43 o,o54 o,o54 o,o83 0,088

N&^O+KgO 1,75 1,85 l,7o 2,5o 4,lo 4,93 5,75
PH 11.7 11.8 11.8 11.2. 11.7 11.8 11.8
CaO 0,365 0,776 o,511 o,113 o,H3 o,o22
so3 0,585 0,932 o,64 o,45 * o,o48 o,o49

ai2o3 o,4o o,4o 0,427 o,47 • o, 5o6 o,48o
Ia20+K20 o,oo3 o,oo3 o,oo2 o,oo3 o,oo5 o,oo5 o,17

2.4*  Lea recherches electronomicroaco*  
piques effectu^es sur pates 
et but des suspensions (f^eJt'E25»-»5o) 
aqneuses dans le 5 premieres heures d'hydra- 
tation ont mis en evidence quelques faits 
experimentauz presentds ci-dessous, 

Vhydratation du ciment E en pates est 
caractAris^e par 1’apparition des produits 
d’hydratation de type ettingite 4 la surface 
des graine anhydres (fig.2). Dans la pSriode 
initiale d’hydratation il n'y a pas des
produits d’hydratation dans 1’espace inter- 
granulaire*

Pig.2. Produits d’hydratation (ettringite) 
— ”0,50}-3o min,3o.ooo x

Pour un excJs d’eau, la majority des pro
duits d’hydration dans 1’Intervalle

5 min-1 heure sont apparus dans 1’espace 
intergranulaire (fig.3), Le processus est 
semblable pur le ciment Pg.

Pig,3. Produits d’hydratation (ettrin
gite) £ = 25} 15 min.5*000 x. 

c
Dans le cas du ciment A ce qui carac- 

t^rise I’hydratation c’est'lapparition 
des produits d’hydratation via solution 
dans 1’espace intergranulaire.

3*  CONSIDERATIONS SUR LE MÜCANISME 
D’EXPANSION

Les recherches deffractometriques et 
par 1’analyse tennodifferentielle (les 
dernlfcres n’etant pas presentees dans le 
present article) n’ont pas mis en evidence 
1’existance du monosulfate hydrate.



La forme exterleure et les dimensions 
des crlstaux d'ettringite sont Influencees 
par les conditions de leur formation. 
L’apparition d*ettringite  par cristallisa- 
tion dans l'espaoe intergranulaire, en 
presence d'AlgO^ en solution, ne produit 
pas une expansion. La vrale cause de 1’ex
pansion c’est la formation d’ettringite ä 
la surface des grains anhydres en presence 
d’une solution satur^e en CaCOHjg et en 
I1absence d'AlgO^ en solution. Des pressions 
de crlstallisation locales determinent 
1* augmentation du volume du Systeme defor
mable. Un explication semblable a 4tdon- 
n4e dans la recherche f6] . La saturation en 
CaO de la solution avec 1’insolubilisation 
d’AlgO^ est decisive plutdt que la valeur 
du PH de la solution [^7] influenc4e aussi 
par la presence des alcalis du oiment. 
Les faits experimentaux presentes et des 
calculs thermodynamique fä] sont favorables 
ä la reaction de gypse dissout sur les 
aluminates solides.

La vole par laquelle les crlstaux 
d’ettringite sont apparus & la surface des 
grains anhydres c’est l’hydratation sans 
dissolution des aluminates anhydres en pre
sence du gyps, m4canisme bas4 sur la grande 
mobilit4 du CaO des composants anhydres et 
hydat4s. Des ph4nom4nes de r4cristallisa- 
tion d’ettringite pendant l’hydratation on 
4t4 aussi observes. Les crlstaux d’ettrin
gite peuvent s•enchevStrer entre eux ou 
avec des autres produits. La valeur 41ev4e 
de 1’expansion et les grandes resistances 
m4caniques de plusleurs ciments expansifs 
actuals doivent Stre 114es aux propri4t4s 
d’ettringite comme 414ment de r4sistance 
pendant son existance. Dans le cas des 
produits durcis la formation d’une petite 
quantitS d’ettringite par vole topochimique 
ä la surface des grains anhidres peut pro- 
voquer la pulverisation des produits.
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Magnesium oxide additive for producing selfstress in 
mass concrete

Oxyde de magnesium, additif producteur d'autocontrainte dans !a masse 
du beton

P.K. MEHTA and D. PIRTZ, Professors, and
GJ. KOMANDANT, Lecturer, Department of Civil Engineering, University of California, Berkeley,

I California 94720, U.S.A.
I

'I SUMMARY: The hydration reaction of MgO was investigated for obtaining expansion in typical mass concretes. The
! rate of hydration of MgO additive was found to be sensitive not only to the calcination temperature and particle
I size of MgO, but also to curing temperature of concrete. The additive made by calcination above 970°C was too
I slow to hydrate, whereas the material calcined below 900°C hydrated too rapidly to be useful for producing self

li stress in concrete. Particles > 1180 pm produced large differential expansions in concrete which led to internal
|( distress. Expansive additive for portland cement in the form of 5% MgO calcined at 900-950°C, and sized to 300-
i( 1180 pm, hydrated at a rate which was considered adequate with regard to expansion and self-stress necessary for

producing crack resistance in typical mass concrete structures exposed to 32-54°C.

Il RESUME: La reaction d'hydratation de MqO a dtd 6tudi6e afin d'obtenir une expansion dans la masse de betons
, typiques. Le taux d'hydratation de MgO e ete trouve sensible non seulement ä la temperature de calcination et
(l 6 la taille de la particule MgO mais aussi a la temperature de cure du beton. L’additif prepare, par calcination

au-dessus de 970oC, s'hydratait trop lentement tandis que le materiau calcine en-dessous de 900°C s'hydratait
I trop rapideeent pour etre utile dans la production d'une autocontrainte du beton. Les particules supSrieures a

J 1180 urn ont produit de grandes expansions differentielles dans le beton entrainant des ddtdrioriations internes.
I L'additif expansif pour le ciment Portland, sous la forme de 5% MqO calcine 3 900-950°C et" de taille comprise
1 entre 300 et 1180 pm s'est hydrate 3 un taux qui a ete considdre comme addquat vis-3-vis de 1'expansion et de

I 1 autocontrainte ndcessaires a la production d'une resistance ä la fissuration dans la masse de betons de*
II structure typiques exposes a 32-54°C.



INTRODUCTION '

Mass concrete structures may crack due to thermal 
tensile stresses unless appropriate measures are taken 
to control the temperature gradient within the struc
ture. Excessive tensile stresses capable of cracking 
concrete can occur when concrete under restraint cools 
from higher temperatures caused by the heat of cement 
hydration to ambient temperatures.

Currently, the primary measure taken to prevent crack
ing consists of controling the temperature rise by 
cooling the concrete. The control of temperatures in 
hardened concrete is an expensive procedure, at times 
involvtng internal cooling by pipe-refrigeration tech
niques. An alternative or supplemental procedure 
which needs to be investigated is to reduce the poten
tial tensile stress which may develop on cooling by 
producing chemical prestress. It is theorized that 
the compressive stress thus established would tend to 
offset tensile stresses induced by cooling.

To achieve the maximum benefits in mass concrete from 
chemical prestressing, the compressive stresses should 
be formed after the temperature rise has occurred, but 
prior to any significant cooling of the concrete. 
Since mass concrete has limited ability of developing 
and retaining chemical prestress at early ages, the 
commercially available expansive cements, based on ' 
ettringite formation or Ca(0H)2 formation from CaO, 
are of little benefit because they would undergo 
expansion before the maximum temperature has been 
reached in concrete, with the compressive stress 
relaxed prior to the beginning of cooling. On the 
other hand, expansive cements deriving their expansion 
from hydration of MgO to Mg(OH)2 may prove useful here 
because the hydration-expansion phenomena due to MgO 
can perhaps be appropriately delayed. Several invest
igators have reported that the amount of expansion by 
MgO hydration can be controlled by calcination temper
ature and grain size of the product. However, in con
crete there is little published information correlat
ing the effects of heat treatment and particle size of 

.MgO, and curing conditions, on expansion.

MATERIALS AND PROCEDURE

The MgO used in this investigation was a high-purity 
pelletized material produced commercially by calcina
tion of magnesite to 900°C. MgO calcined to higher 
temperatures were produced in the laboratory by fur
ther heat treatment of the material in an electrical 
furnace. Unless otherwise specified, an ASTM Type II 
portland cement was used for making expansive cements 
containing MgO as additive.

Curing temperatures in the range 32-54C, which is 
typical temperature range for uncooled mass concrete, 
were investigated. Hydration rates at 32°C were 
studied for MgO alone, and expansion due to MgO hydra
tion was studied both in cement pastes and concrete. 
Natural sand and gravel were used for making the fine
ness modulus of sand 150 by 300 nwn concrete cylinders 
containing MgO expansive cements, 2.6, and the maximum 
aggregate being 38 mm. The mix proportions used were 
typical of mass concrete in dam construction:

cement ■ 124 kg/m3 concrete 
water = 85 kg/m3 concrete 
sand = 571 kg/m3 concrete 
gravel • 1594 kg/m3 concrete '

EFFECT OF HEAT TREATMENT TEMPERATURE AND PARTICLE 
SIZE OF MgO ON HYDRATION: .

From a'preliminary investigation it was established 
that MgO exposed to >1300° hydrated too slowly, even 
in <45 pm size fraction. Therefore, studies on hydra
tion rates of MgO at 32°C were limited to the mater
ial heat treated for one hour at 900, 1000, 1100, 
1200, or 1300°C, and subsequently fractioned into 
300-150, 150-75, 75-45, and <45 pm fractions. The 
theoretical water requirement for complete hydration 
of MgO to Mg(OH)2 corresponds to 0.45 water-solids 
ratio by weight. However, pastes were made with 0.6 
water-solids ratio, and stored at 32°C in air-tight 
plastic vials for 90 days. At various intervals, the 
hydrating material was pulverized, dried at 110°C, . 
and subjected to X-ray diffraction and ignition loss 
analyses.

For comparison purposes the data from the ignition
loss test are shown in Table 1. It is obvious from 
the data that, even for the <45 pm size fraction, MgO 
heated to 1200 and 1300°C hydrated at undesirably 
slow rates. Also, the 900 and 1000°C material 
hydrated too rapidly when particles were smaller than 
45 pm. It was concluded, therefore, that potentially 
useful MqO additives should comprise coarse fractions 
of the material heat treated at < 1200°C.

Table 1 Effect of Calcination Temperature and Particle 
Size of MgO on Degree of Hydration at 32CC

calcination 
temperature, 

°C

particle 
size, ym

Percent MgO hydrated 
at age. days:

1 3 7 i 14 21 28 90
900 300-150 46 57 68 76 79 82 98

1000 300-150 0 ■24 52 60 63 65 78
1100 300-150 0 2 4 33 52 58 68
1200 300-150 0 0 0 1 3 4 40
1300 300-150 0 ' 0 0 0 2 2 18

900 ‘ 150-75 60 67 76 80 87 90 100
1000 150-75 1 27 68 73 76 77 87
1100 150-75 0 0 2 36 65 67 80
1200 150-75 0 0 0 1 3 u.d. u.d.
1300 150-75 0 0 0 0 2 u.d. u.d.

900 75-45 67 85 85 91 96 98 100
1000 75-45 1 79 79 86 89 91 96
1100 75-45 -0 4 4 60 77 80 90
1200 75-45 0 0 0 1 2 5 44
1300 75-45 ' 0 0 0 1 2 3 21

900 <45 74 89 89 95 99 100 100
1000 <45 6 81 81 88 91 92 97
1100 <45 0 - 6 6 66 82 87 95
1200 <45 0 ■ 1 1 2 8 u.d. u.d.
1300 <45 0 0 0 1 ■ 2 u.d. u.d.

u.d.* undetermined

EXPANSION IN CEMENT PASTE PRISMS:

The next phase of study involved direct investigation 
of free expansion of portland cement prisms contain
ing MgO additives made by heat treatment in the tem
perature range 900-1150°C. Varying amounts of 45-150 
pm additive, made under different conditions of heat 
treatment were added to the portland cement. The 
pastes were made with 0.35 water-solids ratio by 
weight, and cast into 80 by 14 by 3 mm prisms. The 
prisms were demolded at age 1 day, and then stored in 
water at 32°C up to age 90 days. The expansion data 
are shown in Table 2.
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The expansion data from the cement paste prisms No. 
1-4 showed that, generally, the expansion was directly 
proportional to the amount of the expansive additive 
present.* Correlation between the rates of hydration 
of pure MgO (Table 1) and the degree of expansion when 
MgO hydrated as additive present in the portland 
cement (Table 2), was found to be poor. For instance, 
at the 32°C curing temperature, both the 45-75 pm and 
the 75-150 pm fractions of the 900°C MgO were almost 
completely hydrated in 28 days, however, 5 to 30 per
cent of the 45-150 pm materials (Specimens 1-4), when 
added to the portland cement, produced less than 50 
percent of the 90-day expansion during the same time 
period. A probable explanation for this lack of cor
relation is that MgO hydration in the alkaline medium 
of hydrated portland cement would be considerably 
slower than MgO hydration in a neutral environment.

FIG I. EXPANSION OF CEMENT PASTE PRISMS 

CONTAINING 10% Mg0(45-l50 /im)

sion of cement pastes the expansion data of Specimen 
Nos. 2, 6, 8, 13.15 and 16, which contained 10% MgO 
additive by weight of cement, are plotted in Fig. 1. 
As expected, the data showed that in the 900-1200°C 
range, increasing temperatures of MgO heat treatment 
produced correspondingly lower expansions in the 
prisms.

EXPANSION IN CONCRETE CYLINDERS:

Due to the restraining effect of aggregates in con
crete the expansions were expected to be much lower 
than obtained in the corresponding cement paste

Table 3 Expansion In Concrete Cylinders

specimen 
No.

characteristics 
of MgO additive

concrete expansion, 
micixistrain

properties of concrete 
expressed as percentages 
of control containing no 

MgO

calcina
tion 

temp.,eC

particle 
size» im

X MgO by 
weight of 

cement

concrete 
curing 

temp.,0 7

age after casting. days

180 360

modulus of 
elasticity

compressive 
strength

14 28 40 90

A 900 300-150 10 32 60 65 65 65 65 65 65 90 95

8 900 300-150 10 32-43-54 80 170 190 200 200 200 200 90 98

C 920 1180-600 5 32 25 60 65 100 no 125 125 96 91

D 920 1180-600 5 32-43-54 65 390 465 465 465 465 465 86 72

E 920 2360-1180 5 32 0 25 65 75 90 100 140 u.d. u.d.

F 920 2380-1180 5 32-43-54 40 740 1110 1110 1110 HOC 1110 50 67
G 950 300-150 5 32 35 75 110 no no no 110 90 86
H 950 600-300 5 32-43-54 20 65 110 125 140 140 140 84 93
I 950 1180-600 5 32-43-54 35 130 275 610 635 635 635 85 89
J 950 2360-1180 5 32-43-54 70 440 960 1015 1030 1030 1030 60 65

In Table 2, comparison of the expansion data between 
specimen No. 1 and 5, and specimen No. 6 and 7 showed 
the effect of duration of the heat treatment period on 

?f exPansion of the cements containing the 
MgO additives. In general, the expansion rates were 
significantly reduced with increase in the calcination 
time of MgO from 1 to 4 hours. In order to illustrate 
the effect of calcination temperature of MgO on expan

prisms. From the data in Table 2, it was obvious 
that the heat treatment of MgO additive above 950°C 
would produce very low expansions in concrete within 
the desired time period. In order to obtain reason
able levels of expansion, it was decided to experi
ment with coarse fractions of MgO produced in the 
temperature range 900-950°C. A preliminary investi
gation showed that expansions were negligible when



MgO particles were less than 150 pm. Some concrete 
cylinders were cured continuously at 32°C, then at 
43°C for the next 7 days, and thereafter for 28 or 
more at 54°C. The higher curing temperature are pre
sumably attained in mass concrete when concrete making 
materials are not precooled, and heat of hydration of 
cement is not dissipated by cold water circulation 
through concrete.

From the results shown in Table 3, the effect of 
particle size of MgO, especially of coarse fractions, 
on concrete expansion was highly pronounced in speci
mens exposed to warm curing cycle typical of uncooled 
mass concrete. For instance. Specimen 0 showed much 
higher expansions than Specimen C, and Specimen F 
showed higher expansion than Specimen E. Similarly, 
for Specimens G-J, the 90-day expansions were cor
respondingly greater for the 32-43-54°C curing cycle. 
It may also be noted from the data that potential 
expansions were stabilized earlier for the 32-43-54°C 
curing cycle than for the normal or 32°C curing.

CONCLUSION '

It is concluded that carefully calcined and sized MqO 
powders have the potential of being useful as expan
sive agents for preventing cracks in mass concrete 
due to thermal stresses. At curing temperatures typi
cal of uncooled mass concrete, 5 percent MgO addition 
to a portland cement produced a satisfactory rate of 
expansion provided the heat treatment of the MgO was 
limited to 900-950°C temperature range and the mat
erial was sized to 300-1180 pm particles.



Microstructure and hydration of high alumina cement 
clinkers

Microstructure et Hydratation des ciments ä haute teneur en alumine

P. KITTL, Researcher, Department of Materials (IDIEM), University of Chile, Santiago, Chile,
J.H.C. CASTRO, Professor, Department of Materials Engineering, Federal University of Sao Carlos,

S.P. Brasil,
L.C.  POMPEU, Ceramica Saffran s/A, Betin-M.G., Brazil. .

i 1 RESUME : La reactivite des ciments ä teneur en alumine elevee et varlee a ete etudlee par des
examens microstructurels. Plusleurs compositions ont ete essayees, allant de CA3.5»
les echantillons etaient prepares par fusion, suivis d'un rapide refroldissement (etat vi-

I treux). On a observe que les premiers avaient une fälble reactivite avec l'eau, et que les
dernlers avaient par centre une grande capacite d1hydratatlon.

1 On a constate une amelioration de la capacite d' hydratatlon, par la devitrification des echan-1 tillong vitreux. Le retard ä 1' hydratatlon serait provoque par une couche epltaxique deI 5.000 A d'epaisseur environ, qui se developpe sur les surfaces vitrifiees et les protege de
‘ l’action de 1'eau. Dans les zones devitriflees, le mecanisme de 1' hydratatlon est base sur

1 1 l’action de H, et la formation en rosette de CAH^q.

■ I: i
i • SUtMARY: The reactivity of high alumina cements of several compositions with water was studied under controled

microestructure conditions. Several compositions ranging from to CAj 5 were prepared by melting followed
1 ■ by fast cooling (vitreous state) while others of them, by sintering. The first group, shows low reactivity with

water, meanwhile the last one has high capacity of hydration. By devitrification, the hydration capacity of the
1 glass samples was develooed. It was also found that the hydration mechanism in the vitreous state consists in

1 1 the growth of an epitaxial layer of about 5000 A which interrups a further hydration process. Instead, in the
. divitrified state the hydration mechanism is based on defoliation by the action of H and the formation of CAH1Q

|> rosette shaped.



INTRODUCTION
Mention may here be made of Locher's^ work in 

simply composed glasses of the C-A-S system, in which 
all the hydraulic strengths must be activated by CH 
products during hydration. A recent work on an Indus 

(2) ~trial aluminous clinker' * gives evidence that the 
glass state in a high alumina cement clinker do not 
present hydraulic strengths without an activation pro 
cess, even if its composition would be CA, which is 
the aluminous clinker with the higher hydraulic

(3) strength' . In consecuence some investigations must 
be done relating the microestructure of high alumi- 
nious clinkers and its hydration, because those re
ported strengths are concerned to a sintered CA. Ob^ 
viously high alumina sintered cement clinkers are in 
the crystalline state. These can be obtained by de

. (4) vitrification' , with appropiate heat treatments in 
a glass of the same steicheometric composition.

MATERIALS AND METHODS
The compounds appearing in the binary C-A sys

tem are normally given^^ by C^A, C^Ay, CA, CA^ and 

CAg, the portion which is near adjacent to the C^Ay 
composition have two eutectic points at 1360°C so 
this is the sinterization temperature. Samples of 
compacted powder with a composition C^y (Cj y^A), 
CA, CAj g were fused in a graphite crucible using an 
induction furnace and subsequently quenched to room 
temperature in a steel sheet. In this way a practi
cally transparent material was obtained. Half of the 
samples were annealed at 1300°C during two hours and 
then slowly cooled in the furnace. After this treat
ment the specimens presented a complete opaque ye 
llow colour. This glass of calcium aluminates were 
mounted in plastic molds and polished until the O.lum 
grade diamont paste with querosene in order to avoid 
hydration. Thereafter they were etched with H from 
half a minute up and afterwards, observed in a re
flection optical (ROM) and a scanning electron (SEM) 
microscopes. Back X-ray reflection patterns were ta
ken from some of these samples.

Other compacts of CA, CA^ g, CA2> CAg g, CAj, 
CAg g, composition were sintered at 900°C, 1000°C, 
1100°C, 1200°C, 1300°C, 1400°C abd 1450°C during two 

hours and cooled in the furnace. The presence of 
free lime was detected by mantaining the samples 
during 30 days in a receptacle at 25°C saturated with 
water vapour. Those specimens which did not desinte^

grate by the expantion produced by the free C hydra
tion, were considered totally combined. This fact 
occured with the samples: CAg g at 900°C; CAg g and 
CA, at 1000°C and atllOO°C; CA*  c, CA,, CA„ ., CA, 

J J.O J t.D C.
and CA. , at 1200°C and 1300°C; CA, c, CA,, CA, c, 
CAg, CAj g and CA at 1400°C and 1450°C. The presence 
nr absence of free lime was tested by X-rays and di£ 
^erential thermal analysis, but the most simple me
thod used for detecting the uncombined C was the expo 
sition to humid air. The material without combined 
lime was pulverized and mixed with water in a water/ 
clinker relation 0.3 (w/c) in weigth. In order to 
inquire the material strength, compacted bars were 
manufactured. The paste thus formed was also obser
ved in the SEM.

RESULTS
The ROM observations of the vitrous material 

reveal the presence of dendrites. They can be not! 
ced after water etching (Figs. 1, 2 and 3) as inters 
se coloured ones over a less coloured background. 

All those colours, arise from the interference of 
the ligth with an epitaxic layer of a thickness co
rresponding at least to the wave length of the ob
served color (5000 A). Normally the epitaxial la
yers which grow on the dendrites are thicker than 
those of the sourrondings. Furthermore, these last 
becomes thinner as the distance from the dendrite 
increase finally disappearing. As it is evidenced 
from the SEM observations, it was not possible to 
detect any surface level difference.

As a consequence of the treatment the samples 
were devitrifled, showing all of them a yellow co
lour.They became completely brittle and the back re
flection X-ray diagrams revealed that the rings 
changed from continues to flnelly fragmented, which 
corresponds to the formation of small crystalline 
grains. Also when they were water etched a very 
strong surface hydration effect takes place which 
can be observed better by ROM after metallization^) 

(Fig.4). The hydration products were clearly seen 
by SEM, they preferentially concentrates (Fig.5) in 
the polishing lines, which means that the mechanical 
distortions increase the water reactivity of the sam 
pies. At higher magnifications it can be detected 
the devitrified material grains and the hydration 
process also (Fig.6). Hydration seems to consist 
(Fig.6) in a defoliation process producing rossete



Fig. 1.- CjgAj glass water-etched during 5 minutes.

ffiR.

Fig. 2.- glass water-etched during 5 minutes. 
MOR.

shaped leafs (Fig.7). This early hydratation pro
duct of the compounds C^A^-CA has the same morpho
logy that the one obtained with identical treatments 
in the aluminous industrial clinkers^ and can be 

identified as CAH1(). This phase arise as the hydra 
tation product of aluminates with low C content.

In the case of the sintered compounds, all of 
them show a strong hydraulic strength irrespective 
of the presence of additives. The paste reveals he 
xagonal^7^ crystals which probably must be 

(Fig.8). ■ .

DISCUSSION

In the case of compounds in the vitreous state. 

Fig. 3.- Cj2A7 9lass water-etched during 5 minutes.
TOR

rig. 4.- Devitrified glass annealed at 1300°C 
for two hours and subsequently hydrated during half 
a minute. MOR.

which always can be activated with CH in aquous so
lution, the hydration process was interrupted by 
the epitaxial layer already observed. The reactiva
tion by CH consist in the disolution of this layer. 
When the thermal treatment allows crystalline growing 
hydration occurs by a defoliation mechanism. It 
is suposed that H penetrates between the crystalline 
layers raising them as leafs. Therefore two proce
sses occurs: a)-in the glass state, thin hydrated 
epitaxial sheets subsequently disolved (puzolanic 
reaction)by CH in solution are formed; b) in the 

crystalline state, the penetration of H between the 
crystalline layers produces leafs of CAH^ which af
terwards dissolve precipitating crystals of probably



Fig. 5.- Devitrified glass annealed at 1300°C 
for two hours and subsequently hydrated during half 
a minute. SEM.

Fig. 6.- Devitrified glass annealed at 1300°C 
for two hours and subsequently hydrated during half 
a minute. SEM.

CjAHg. The second mechanism is the one occur!ng in 
the hydratation of the sinterized products. The hy
draulic activation produced in the devitrified 
glasses must be strongly connected with the rearran
gement of quenched-in vacancies, which is in turn re 
lated with the material brittleness and also with 
the fragmentation of the X-ray diffraction rings. 
All of these facts are in agreement with research

(8) works entailing lattice deffects with hydratation1 .
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Investigations on two special cements
Etude de deux ci meats speciaux

Y. EFES, Institut für Bauforschung der Rheinisch-Westfälischen Technischen Hochschule Aachen, 
Federal Republic of Germany.

RESUME : Deux ciments speciaux - un ciment ä durcissement exceptionnellement rapide et un ci- 
ment de lave - ont ete etudies pour leur agrement par I'autorlte de surveillance de construc
tions .

Le ciment ä durcissement exceptionnellement rapide (CDER) etait compose de clinker portland, 
de ciment alumineux, de produits d'addition et de sulfate de calcium. Mortiers et betons ont 
ete essayes avec ce ciment. La vitesse de la carbonatation des mortiers de CDER etait nette- 
ment moins elevee que celle' des deux mortiers de ciment normalises avec ä peu pres la meme re
sistance ä la compression apres 7 Jours. Les betons faits avec le CDER atteignaient dejä, 
apres 2 heures, une resistance ä la compression comprise entre 3,0 et 6,5 tl/mm2. La resistan
ce ä la compression etait, apres 28 Jours, entre 30,2 et 46,6 N/mm2.

Le ciment de lave etait obtenu par broyage d'une gachee de clinker portland, de sable de lave 
et de sulfate de calcium. Apres une evolution des resistances initiales relatlvement rapide 
(resistance ä la compression du mortier 19,8 N/mm2 apres 2 Jours), cette evolution, apres 7 
Jours, devenait semblable ä celle du ciment de trass de la meme classe de resistance. Compare 
avec les ciments normalises (ciment de trass et ciment de haut-fourneau), la carbonatation du 
mortier de ciment de lave se produisait ä une vitesse peu elevee, mais 11 avait une resistan
ce peu elevee ä I'action du gel-degel.

SUMMARY: Two special cements -one extra rapid hardening cement and one lava cement- have been 
tested for approval by the construction supervising authority.
The extra rapid hardening cement (ERHC) consisted of portland cement clinker, aluminous cement, 
additives and calcium sulphate. Mortars and concretes have been tested with this cement. The 
carbonation rate of the ERHC mortars has been significantly lower than that of the two 
standard cement mortars with nearly the same'compressive strength after 7 days. Concretes 
with the ERHC obtained a compressive strength between 3.0 and 6.5 N/mm2 already after 2 hours.' 
The compressive strength was between 30.2 and 46.6 N/mm2 after 28 days.
The lava cement is made by grinding a mixture of portland cement clinker, lava sand and 
calcium sulphate. After a relatively quick initial strength development (mortar compressive 
strength 19.8 N/mm2 after 2 days), it showed a similar strength progress as a trass cement 
of the same strength class after 7 days. Compared with standard cements (trass cement and 
blast-furnace slag cement), mortar of lava cement carbonated at a lower rate, however it 
showed a somewhat lower resistance to freezing and thawing cycles.



INTRODUCTION
In recent years the building and construc
tion supervising authorities of the Federal 
Republic of Germany have approved the use of 
several nonstandard special cements. The In
stitut für Bauforschung (Institute for Build
ing Research) has carried out some of the 
investigations on three of these cements in 
order that their use may be approved. The 
three cements in question are two extra rap
id-hardening cements of different composi
tions and a lava cement. A report has al
ready been published (1) on the properties 
of one of the extra rapid-hardening cements, 
a portland cement modified with the 
C11A7.CaF- phase. The following will describe 
the fesults of the investigations on the two 
remaining special cements.

EXTRA RAPID-HARDENING CEMENT
The Extra Rapid-Hardening Cement (ERHC) test
ed consisted of a mixture of 82 % by mass 
portland cement clinker and 18 % by mass alu
minous cement to which additives and calcium 
sulphate were admixed. The additives were to 
regulate setting and hardening.
As shown in Table I, this cement exhibits a 
somewhat lower SiO,» CaO and SO3 content and 
a higher AljOj, Fefo, and NajO content, due 
to the aluminous cement constituent, when 
compared to portland cement.

Table I - Chemical composition of the ERHC 
and the Lava Cement examined (per
cent by mass)

Components ERHC Lava Cement

SiO-

mr3 
CaO 
MgO 
Na-0 
K-0 
SO, 

Insoluble 
residue
Loss on 
ignition

17,55
10,76 
0,58 
4,83 
0,02

59,46 
0,69 
0,87 
0,54 
2,71
0,33

1,70

21,14 
6,71 
0,53 
3,19 
0,09 

53,30 
2,07 
0,23 
0,98 
2,34
5,52

3,95

The ERHC develops a mortar compressive strength 
(DIN 1164) of approx. 5 N/mm2 after only 2 
hours. During hydration substantially the same 
hydration products are formed as in a port
land cement. An increase in the duration of 
hydration displays an increase in the pro
duction of hydrogarnet and CSH-phases. On the 
other hand, a reduction in Ca(OH),, monosul
phate hydrate and ettringite may Be observed 
as also is an increase in the formation of 
hydrogarnet with increasing storage temper
atures up to 80 °C (2). Some of the proper
ties of the cement tested according to 
DIN 1164 are given in Table II.

Table II - Properties of the ERHC and the Lava 
Cement according to DIN 1164

Properties ERHC Lava 
Cement

3
Density (kg/dm ) 3,16 3,04
Finess

Specific surface (Blaine) 5580 4910
(cm2/g)

Retained on the sieve
0,02 DIN 4188 (% by mass)

Setting times
Initial setting time (h-min) 0-51 3-00
Final setting time (h-min) 0-54 3-40

In the investigations, mortar and concrete 
tests were carried out. The strengths, car
bonationbehaviour of mortars, steel corrosion 
in mortars, and the compressive strength, car
bonation behaviour, time-dependent consisten
cy, static modulus of elasticity, time defor
mation under load and shrinkage of concretes 
were tested.'
Mortar Tests
The carbonation and corrosion tests were car
ried out with the following mortar mix pro
portions by mass:
A) 1.00 cement : 2.16 sand : 0.45 water
B) 1.00 cement : 3.38 sand 0.60 water
C) 1.00 cement : 4.92 sand ' : 0.70 water
For purposes of comparison, mortars were pro
duced also according to DIN 1164 with the 
standard cements PZ 35 F and HOZ 45 L (45 % 
by mass slag) which exhibited approx, the 
same 7-day compressive strength (see Table III).

Table III - Compressive strength of the ERHC 
and the standard cements

Age 
(d)

2 
Compressive strength (N/mm )

ERHC PZ 35 F HOZ 45 L

2 26,4 24,5 19,5
7 37,9 35,6 37,9

28 44,5 44,9 55,9

The mortars with the ERHC possessed a weaker 
consistency than those with standard cements. 
The spread (flow table) measured, e.g. with 
mixture A, 245 mm whereas with PZ 35 F and 
HOZ 45 L the measurements were 183 mm and 
180 mm respectively.
Four series of prisms (40 mm x 40 mm x 160 mm) 
were produced from the above mortars accord
ing to DIN 1164 and cured as shown in Table IV. 
The test specimens of the series cured accord
ing to regimes III and IV each contained a 
steel rod, inserted diagonally, 5 mm diameter 
and 119 mm in length. The rods touched the 
corners of the test specimens by means of steel 
pins which were attached to both ends of the 
rods. The corners of the specimens were sealed

Standard sand according to DIN 1164. 



after demoulding with epoxy resin. These ex
periments were designed to determine a possi
ble influence of the ERHC in the various mor
tar mixtures on the extent of steel corrosion 
(rusting) in comparison to the standard ce
ments.
The curing series I (rapid test) and II were 
examined at different ages for carbonation 
depth with the aid of the phenolphthalein 
method. The test results are shown in Fig. 1 
a to c. The carbonation depth d^ of the mor
tar with the ERHC was in both cases the lower 
compared to those with the standard cements.

Table IV - Curing regimes of the specimens 
for the carbonation tests

After demoulding

Curing 
regimes

Pre-curing Main-curing
2 Time

(d)
Med. Temp. 

(°C)
R.H.
(%)

Time
(d)

Med. Temp 
(°C)

R.H.
(%)

I
7

+7

water 

air

20

20 65
360

air 

co23) 20 65

II 7
+7

water 
air

20
20 65 360 air 20 65

III 7 water 20 - 360
4) air 20 a) 65

b) 95

IV 7 water 40 - 360
4) air 20 a) 65

b) 95

2) Including the time with mould in moist air (ERHC:
1 h; standard cements: 1 d)
3 % by volume

4) Consisting of cycles of 28 days a) plus 2 days b)

The regression analyses of the results yield
ed the lines shown in Fig. 1 a to c, which 
were calculated with the equation d. = a+Vj-^tJ 
where t is curing time. The slope of theK 
lines corresponds to the carbonation rate v^. 
From the ratio of v. values of both curing 
regimes I and II weKcan determine an acceler
ation factor of b. = v. -Jv. II. These results 
are given an Table V. The acceleration factors
of all three cements are similar to each other
so that the above comparison of v^ may be used 
for both curing regimes. .
As is known, carbonation generally results in 
greater strength. After total carbonation of 
the mortar specimens with the ERHC, the com
pressive strengths were 99 % and 71 % (w/c =
0.60  and 0.70) respectively higher than after 
pre-curing. Thereby, a hardening portion due to 
hydration of approx. 10 % was estimated. The 
increases in flexur.al strength were 83 % and 
47 % respectively. These increases in strength 
were greater than with the standard cements.
The carbonation depths of the mortar prisms 
cured according to regimes III and IV appro
ximated to that of the prisms of regimes I

and II. The rust areas appearing on the steel 
rods inserted in the mortars with the ERHC 
were generally neither more nor greater than 
those inserted in the standard cements. Rust 
formation was limited to the carbonation 
zones (e.g. see Fig. 2).

Fig. la-c - Mean carbonation depths of the 
mortar and concrete test speci
mens d. dependent on the time of 
the main curing t^

Concrete tests
Three concretes with.approximately the same 
consistency (spread ' ■ 400 + 20 mm) were 
produced for these tests. The mix proportion 
of the concretes was as follows (by mass):

According to DIN 1048.



Table V - Carbonation rate and acceleration 
factor b. for the inortars produced 
from thekERHC and the standard ce
ments (time of curing: up to 360 days)

I, II: Curing regime according to Table VI

Mixes ERHC PZ 35 F HOZ 45 L

I II I II I II

7^ (mm d )

A 
B 
C

0,46
1,51 
1,98

0,21
0,34
0,40

0,46
1,54
2,87

0,22
0,37
0,52

0,54
1,79
2,38

0,27
0,35
0,43

bk

A
B 
C

2,5
4,4
4,8

2,4
4,2
5,3

2,3
5,1
5,5

Fig. 2 - Rust formation on the steel rods and 
carbonation zones in the specimens 
of the mortar with the ERHC and 
w/c = 0.70 (curing regime III)

I) 1.00 cement : 5.37 aggregate J : 0.45 water
II) 1.00 canent : 7.01 aggregate : 0.55 water
III) 1.00 canent : 8.02 aggregate 1 : 0.70 water
A workability time for the test concretes of 
approx. 10 min was determined using the spread 
and compacting factor 2) dependent on the 
time after the addition of water at 20 °C.
The compressive strength of the 200 mm cubes 
made of these concretes (produced and cured 
according to DIN 1048) consisted after only 
2 hours of between 3.0 and 6.5 N/mm2 (see 
Fig. 3). The 28-day compressive strength was
30.2 to 46.6 N/mm2. At the age of 360 days 
the compressive strength was roughly 20 % 
greater.
The carbonation depth of the concretes also 
given in Fig. 1a to 1c (measured on the cubes 
for strength tests) was comparable to the 
results of the mortar tests.

Grading corresponded to B,, (concretes I 
and II) and B32/C3, (concrete III) accord
ing to DIN 1045.
According to DIN 1048.

produced with the ERHC

In further concrete tests (curing : 7 d in 
moist air, then in normal climate 20 °C/65 %
R.H.) described in detail in (3), the static 
modulus of elasticity was determined on cy
lindrical specimens. At the age of 35 days 
this was - in the sequence of concretes I to 
III - 30070, 31500 and 23910 N/mm2 respective
ly, and at-the age of 1 year 31660, 31460 and 
23450 N/mm2. On the concretes I to III a 
shrinkage of 0.58, 0.47 and 0.77 mm/m respec
tively, was measured after 1 year. The creep 
strain of the concrete specimens subjected to 
a stress of V? of the 7-day compressive 
strength was measured, at an age of loading of 
360 days, 1.05, 0.94 and 1.11 mm/m respective
ly. Final creep coefficients of 3.55, 4.58 
and 5.35 respectively were calculated.

LAVA CEMENT
The Lava Cement in question is a puzzolanic 
cement of the strength class Z 35 F accord
ing to DIN 1164. This cement is produced by 
grinding of 75 + 7.5 % by mass portland ce
ment clinker and of 25 + 7.5 % by mass lava 
sand of grain size < 4 mm with the addition 
of calcium sulphate. The chemical composition 
of the cement tested (Table I) is similar to 
the mean composition of trass cements in the 
Federal Republic of Germany (4). The lava 
used comes from the Eifel area and contains, 
however, less SiO,, Al-0 and alkalis (with 
approx. 39, 12 ana 4 %2by mass respectively) 
and more CaO and Fe^O, (with approx. 15,
11.5 % by mass respectively) than the trasses
(5).  Table II contains some of the physical 
properties of the Lava Cement according to 
DIN 1164.
Mortar Tests
The compressive and flexural strengths of the 
Lava Cement were determined, with reference 
to DIN 1164, on mortar specimens in 
comparison to two standard cements, 
a trass cement Z 35 L and a HOZ 35 L (with 
54 % by mass slag). From the results given in 
Figs. 4a and 4b, it is evident that the early 
strengths of the Lava Cement are greater than 
those of the comparison cements. The strength 
development after a period of 7-days, however, 
is similar to that of the trass cement. The 
strengths of the Lava Cement between 28 and



90 days are inferior to those of the 
portland blast-furnace slag cement which in
creases more rapidly. .

Table VI - Carbonation rate v, and the acce- 
. leration factor b, Kduring carbon

ation of the produced from the

Fig. 4a,b - Mortar compressive and flexural 
strength of the Lava Cement and 
the standard cements

Concrete Tests
The carbonation behaviour of Lava Cement in 
comparison to that of the standard cements
was examined using concrete with fine aggre
gate (maximum size: 8 mm) with a mix pro
portion by mass of 1.00 cement : 3.00 aggre
gate 0.50 water. The prisms produced ac
cording to DIN 1164 (40 mm x 40 mm x 160 mm) 
were cured after demoulding 28 days in water 
at +20 °C and after this, 7 days in the air 
at normal climate of 20 °C/65 R.H. Thereafter, 
one set of test specimens remained stored 
in the air whilst a second set was cured 
under the same climatic conditions in air
enriched with 10 % by volume CO,. The carbon
ation depths were also determined on the con
crete test specimens with a mix proportion by 
mass of 1.00 cement : 7.19 aggregate 2). o.6O 
water with all three cements. The pre-curing 
period of the specimens in water, later cured 
in the air, was 35 days. The carbonation rates 
given in Table VI were lowest for the concre
tes containing Lava Cement. Most evident were 
the differences produced by curing in CO, 
enriched air (Fig. 5).

Grading AO/BQ according to DIN 1045
2) o 8
' Grading B32 according to DIN 1045

Lava Cement and the standard ce
ments :

C0_: Main curing in air with 10 % by volume C0_2) 2 3) 2
Maximum size: 8 mm. Maximum size: 32 mm

Mix proportion 
by mass of 
cement:aggregate 
:water

- Lava Cement Tr Z 35 L BOZ 35 L
C021 Air co,11 Air co,1’ Air

, ^-0.5.v. (mm • d )k

2)1.00:3.00 :0.50
1.00:7.193):0.60

O.1541 O.2151
O.266)

O.6541 O.3O51
O.3561

O.2441 O.2351
O.326)

bk
2) •1.00:3.00 * ;0.50 0.7 2.2 1.0

4) Up to 150 d. 5) Up to 1080 d. 61 Up to 900 d.

Fig. 5 - Mean carbonation depths of the con
crete specimens d. dependent on the 
time of the main curing in air with 
10 % by volume CO,. .

Freeze-thaw-cycling tests were carried out on 
prisms of concrete with fine aggregate 3) of 
the same dimensions. The prisms were pre
cured for 28 days in water at +20 °C. After 
this they were subjected to an 8-hour freeze
thaw-cycle of between +20 °C and -20 °C. After 
150 cycles the compressive strength measured 
56 % and the flexural strength 16 % of the 
strength after pre-curing. The loss in strength 
after subjection to freeze-thaw-cycles was 
greater with Lava Cement concretes than whith

3)Grading Ag/Bg according to DIN 1045



the concretes produced with the two standard 
cements (trass cement : 93 % and 45 % : port
land blast-furnace slag cement : 77 % and 
36 % respectively).
The compressive strength of a concrete pro
duced from Lava Cement (mix proportion by 
mass of 1.00 cement : 6.50 aggregate *>  : 
0.55 water) was also determined. The spread 
(flow test) of the concrete was 370 mm. Pro
duction, curing and testing of the test spe
cimens took place according to DIN 1048. At 
the ages of 7, 28 and 90 days mean compres^ 
sive strengths of 27.7, 38.5 and 46.0 N/mm 
respectively were found.

CONCLUSIONS '
The ERHC is characterised by very high early 
strengths in the first few hours and a very 
short workability period. Because of the 
positive results from carbonation tests, 
there can be no doubts as far as this is 
concerned about its use. Although for the 
quantity of alumina present the formation of 
convertible low calcium content calcium alu
minate hydrates cannot be expected, losses 
in strength are possible at high tempera
ttires upwards of approx. 60 °C. The ERHC can 
not be used for prestressed concrete.
The Lava Cement represents a complement to 
the existing puzzolan cements and is to a 
large extent comparable to their properties. 
Due to the finess of grinding it possesses a 
greater early strength. Lava Cement is per
missible for reinforced concrete but riot for 
prestessed concrete.
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Post-Hydration Compressed Expansive Clinker Pastes
Pates de clinker dilate com presse apres hydratation

R. SH. MIKHAIL and S. HANAFI, Department of Chemistry, Faculty of Science, Ain Shams University,
Abbasia, Cairo, Egypt, . '
S. A. ABO-EL-ENEIN, Chemistry Department Qatar University, Doha, State of Qatar.

RESUME : Le clinker de ciment expansif du type I est prepare ä partir de kaolin, de gypse et 
de carbonate de calcium. Deux methodes sont utilisees pour confectionner des eprouvettes de 
pate de ce cement : la premiere, en melangeant le clinker broye ä i'eau dans un rapport eau 
sur ciment (^) egal a 0,25; la seconde, gn preparant tout d'abord la pate comme dans la pre
miere methode (toujours avec le rapport = 0,25), mais en comprimant la päte fraiche ä des 
pressions de 50, 200 et 500 kg/cn>2. u

Sont exposees, pour ces diverses valeurs de la compression, les consequences sur la cineti- 
que de 11hydratation, la microstructure et la structure des pores des pates durcies. On a 
observe que I'ettringite etait la phase principale aux divers ages de 1' hydratation. L'etat 
physique de I'ettringite varie en fonction de l'espace disponible pour sa formation et sa 
cristallisation; I'ensemble limite des pores, utilisable pour 11hydratation des constituants 
du ciment, conditionne tres strictement la structure des pates durcies.

SUMMARY: Type I expansive cement clinker was prepared from kaolin, gypsum and calcium carbonate. 
Two methods were used for the preparation of expansive clinker pastes; the first involves 
mixing the unhydrous expansive clinker with a low water/cement (W/C) weight ratio of 0.25, and 
the second involves using the same W/C ratio of 0.25 followed by compression of the fresh 
paste at pressures of 50, 200 and 500 Kg/cm2.

The results of compressive strength, hydration kinetics, microstructure and pore structure of 
the hardened pastes are presented. Ettringite was found to be the dominant phase prevailing 
at the various ages of hydration. The physical state of Ettringite was found to vary accord
ing to the space available for its formation and crysta11ization; the limited pore system 
available for the hydration products affected strongly the microstructure of the hardened 
pastes.



INTRODUCTION

The development of the expansive cement, 
which has an expansion that equals or exceeds 
the shrinkage of portland cement, has in 
principle made it possible to prevent shrink
age crack of concrete. Several publications 
concerning the expansion-shrinkage character
istics of expansive cement have been reported 
in the literature (1-5). Expansive cement 
also makes it possible to produce prestressed 
concrete by chemical prestressing (5-7).
The mineral composition and crystal structure 
of calcium sulpho-aluminous clinker have been 
examined by various investigators (8-10). 
The main component of calcium sulphoaluminous 
clinker and the hydration characteristics 
have also been investigated (11,12).
For the formation of ettringite (C,A.3CS. 
32H-0), it is necessary that the cement 
clinker should contain sufficient amounts of 
free CaSO. and CaO. Expansive clinkers 
containing these two free components have 
usually been made using bauxite as a raw 
material, but other investigators have 
examined the possibility of replacing this by 
kaolin (13-16).
In the present paper, we present results on 
hydration kinetics, total porosity, compres
sive strength, surface properties and micro
structures of low porosity expansive clinker 
pastes prepared by the post-hydration 
compression technique, as compared with the 
normal low porosity pastes, made without 
compression.

EXPERIMENTAL

The expansive cement clinker used in this 
study was prepared from kaolin (Aswan, Egypt) 
and chemically pure calcium carbonate and 
gypsum. The relative amounts required to 
produce type I expansive clinker were 
calculated using Nakamura's equations (13) as 
foilows: 
Kaolin = 100
Calcium carbonate = 1.78 | (0.55 + 0.183 n) P 

+ 1.17F + 1.87sj 
Gypsum = 1.13 |0.445 (1 + m) P

+ 1.135]
where P = (% Al,0, - 0.426% Fe-O,)

in kaolin, d
F = % Fe,0, in kaolin,
5 = % SiO-in kaolin^
m = molar CaS04/C4A3S ratio

in the expansive clinker, 
and n . = molar CaO/C4A,S ratio in

T. , . _ the expansive clinker.
The molar CS/C4A3S and C/C4A3S ratios 
required to produce type I expansive clinker 
are 8 and 6, respectively'.
Type I expansive clinker was made by follow
ing the same procedure described in earlier 
studies (14,15). The three main constituents 
were ground separately in a porcelain ball 
mill to pass completely through a 200-mesh 
B.5. sieve, then mixed in the ball mill with 
few number of balls for 6 hours, and burned 
as pellets for two hours at 1150°C. The 
product was cooled slowly and ground to a 

Blaine area of 4300 cm2/g.
The oxide composition of the clinker produced 
was found to be: SiO?, 10.74; AlgO.,, 8.90; 
Fe203, 0.70; CaO, 48.23 and SOg, 31.65, 
respectively. This corresponds to the_phase 
composition of: t^AjS, 17.06; 2(C2S).CS, 
41.17; C4AF, 2.13; CS, 30.44 and C, 9.40, 
respectively.
Post-hydration compressed pastes were made at 
pressures of 50, 200 and 500 kg/cm2; the 
expansive clinker was mixed with water 
(W/C = 0.25) for 3 minutes continuously and 
then compressing at the pressures mentioned 
above into cylindrical specimens having 2 cm 
diameter and approximately 2 cm height. The 
specimens were cured in a moist cabinet for 
6 hours and then cured in water at room 
temperature until the desired time of testing 
was reached. The times of hydration selected 
were 1,3,7,28,90 and 180 days. The normal 
low porosity pastes were prepared by mixing 
the unhydrous expansive clinker with a water/ 
cement ratio of 0.25 followed by moulding, 
without any compression, into cylindrical 
specimens having 2 cm diameter and approxim
ately 2 cm height.
Compressive strength and total water content 
(Wp determinations were carried out on the 
fresh specimens. Hydration was stopped for 
one representative sample from each specimen 
by immersion in 50 ml. of acetone-methanol 
mixture (1:1 by volume) stirred mechanically 
for one hour. The solid part was separated 
by filtration through a Gooch crucible, G4, 
washed with acetone-methanol mixture followed 
by several washings with ether. The solid 
was then dried at 50°C for one hour to 
complete evaporation of the ether. The 
combined water content (W ) was determined 
as the ignition loss of the dried solid.
The total porosity was calculated from the 
densities using the following expression: 
100 (py - p„)/pT where py is the true density 
and Pg is the bulk density.
Nitrogen and water vapour adsorptions were 
carried out on the dried samples. SEM 
examination was done on freshly fractured 
specimens, coated with 300-400 R layer of 
gold, using a JEOL JSM-25 high resolution 
scanning electron microscope.

RESULTS AND DISCUSSIONS

1. COMPRESSIVE STRENGTH, TOTAL POROSITY AND 
HYDRATION KINETICS

The results of compressive strength tests, 
non-evaporable water contents (Wn) and total 
porosity of the hardened pastes are shown in 
Fig. 1, for various ages of hydration. In 
the pastes investigated, the non-evaporable 
water content was found to decrease with 
increasing the pressure used in the compres
sion, and to increase markedly during the 
early stages of hydration, indicating that 
the hydration reaction starts with a fast 
step which is comparable with the "pre
dormant period" in the hydration of normal



Fig. 1- Non-evaporable water, total porosity 
and compressive strength of the 
pastes investigated. ,

cements (17,18). The duration of this period 
was found to vary with the Initial porosity 
of these compressed pastes; it ends before 
one day in the relatively higher porosity 
pastes, (with no compression or compressed 
at 50 kg/cm2), and after 3 days in the lower 
porosity pastes (compressed at higher pres
sures). The non-evaporable water content 
then increased slowly, reflecting a slow 
step in the hydration; this step is similar 
to the "dormant period" in cement hydration 
(17.18). This period is shortened markedly 
with increase in the initial water/solid 
ratio (Initial porosity as controlled by the 
pressure used in compression), and it is 
strongly deminished by suspension hydration 
in which a large amount of water is normally 
used (19). Finally the non-evaporable water 
content Increases markedly Indicating an 
"acceleration period" similar to the 

hydration behaviour of various types of 
cements (17,20).
The total porosity of the post-hydration 
compressed expansive clinker pastes showed an 
initial increase during the first 7 days of 
hydration, and then it decreased. The earlier 
increase in the total porosity may be attrib- 
Cited to the instability of the binding centres 
in the initial hydration products which 
permits the diffusion of the water of curing 
in the paste during the recrystallization 
(stabilization) of the initial hydrates, 
leading to expansion of the paste. However, 
when the paste had achieved stability by 
recrystallization of the initially formed 
hydrates, the total porosity decreased as a 
result of the accumulation of the hydrates 
within the pore system. There appeared to be 
only small variations due to the limited 
initial porosity as controlled by the post
hydration compression technique. The expan
sion characteristics of the hardened expansive 
cement pastes including this expansive 
clinker were presented in earlier publicat
ions (15,16). In the normal low porosity 
pastes made without compression, the total 
porosity decreases continuously with age of 
hydration. This is due to the easier access 
of water and the availability of the space to 
accomodate the hydration products. Their 
accumulation in the pore system leads to the 
normal behaviour of a continuous decrease of 
total porosity with age. In general, the 
total porosity decreases, as expected, with 
increase in the compression pressure.

The results of compressive strength tests 
show an initial increase in the early stage 
of hydration followed by a decrease during 
the recrystallization of the initial hydrates. 
The accumulation of hydrates in the pores 
causes a development in the strength of the 
paste during the final stages of hydration 
(cf. Fig. 1). Compression causes an increase 
in compressive strength.
The results of X-ray diffraction, DTA and SEM 
showed that the trisulphate hydrate 
(ettringite) respresents the dominant hydra
tion product in these expansive clinker pastes. 
A small amount of the monosulphate hydrate 
also was present.
It is postulated that the mechanism of hydra
tion and hardening of these expansive clinker 
pastes is the following: (1) A fast reaction 
taking place as a result of topochemical 
interaction between water and the bare 
surface of the sulphoaluminous clinker 
(C^AjS), in presence of CaSO^ and CaO in 
solution, leading to the formation of an 
almost impervious coating of microcrystalline 
or gel-like ettringite around the clinker 
particles (20-22); this is the “pre-dormant" 
period. (2) The ettringite layer by virtue of 
its low permeability, causes a retardation of 
hydration; this leads to a slow "dormant" 
period. During the dormant period, the 
initially formed ettringite recrystallizes on 
the surface of the clinker grains. This 
recrystallization and grain growth causes 
gaps between grains, and hence an increased 
accessibility of water through the crystalline
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coat into the unhydrated part of the grains. 
The result is an increase in the rate of 
hydration; this is the "acceleration" period. 
(3) Finally, the hydration reaction is again 
slowed down as a result of deposition of 
ettringite within the transport limiting 
pores of these pastes. As a consequence, 
the diffusion of water through the dense 
hydration products into the unhydrated part 
of clinker grains becomes the rate control
ling step. A schematic representation of 
the mechanism is shown in Plate I.

Stage II Stage IV

Plate I. Schematic representation of the 
suggested mechanism
Stage I: "Predormant period" 

Rapid step which leads to 
the formation of a thin 
layer of microcrystalline 
hydrate on the unhydrated 
clinker grains (U).

Stage II: "Dormant period" 
' Crystallization of the 

initial hydrate takes 
place which is relatively 
slow step.

Stage III: "Acceleration period" 
Water becomes again access
ible through the crystalline 
coat into the unhydrated 

. part of grains leading to
a fast reaction.

Stage IV: "Diffusion period"
Almost all the pore system 
becomes filled with hydra
tion products and the 
diffusion of water through 
the dense structure of 
hydrates into the unhydra
ted part of grains becomes 
the rate controlling step.

2. SURFACE PROPERTIES

Typical adsorption-desorption isotherms of 
nitrogen at 77.2 K on the hardened expansive 
clinker pastes are shown in Fig. 2. The 
isotherms show no hysteresis loops, indicat
ing that the adsorption of nitrogen on these 
hydrated pastes is completely reversible for 
all pastes cured for up to 90 days. For the 
pastes cured for 180 days, small hysteresis 
loop is obtained. ■
The V,-t plots shown in Fig. 3 also indicate 
that these pastes behave as non-microporbus 
solids. This is evidenced by the linear 
character of the V,-t plots, up to relative 
vapour pressure close to the saturation 

pressure of the adsorbate. Therefore, 
although these pastes possess extremely low 
porosities, their hydration product 
(ettringfte) represents an open-pore system 
simulating non-porous solids.
Some surface characteristics derived fram. 
nitrogen adsorption are shown tn Fig. 4t 
this figure includes the surface area derived 
from the BET equation, SBET (m2/g), and the 
total pore volume calculated from the satura
tion point of the adsorption isotherm, Vp(ml/g). 
Evidently, the surface area and the total 
pore volume show a first Increase with curing 
age up to 3 days hydration followed by a " 
decrease. The early increase in the surface 
area and the total pore volume is due to the 
recrystallization of the initially formed 
ettringite; recrystallization results in an 
increased accessibility of nitrogen, to 
measure additional parts of the pore system 
of the paste. However, the accumulation of 
ettringite within the limited pore system 
causes a decrease in the accessibility of 
nitrogen to measure the total porosity of the 
paste. The recrystallization of ettringite

Fig. 2- Adsorption-desorption isotherms of 
nitrogen on the post-hydration com
pressed expansive clinker pastes 
(compressed at 200 kg/cm2).



Fig. 3- V^-t plots of nitrogen on the post
hydration compressed expansive 
clinker pastes (compressed at 2CC 
kg/cm2). ■

into large rod-like crystals (vide infra) is 
accompanied by a decrease in its specific 
surface area.
In the final stages of hydration, the normal 
low porosity pastes possess high surface 
area and pore volume as compared with the 
post-hydration compressed pastes; this is 
mainly attributed to the relatively higher 
porosity of these pastes which permits the 
growth of a large number of crystallites 
(hydration products). Such increase in the 
number of these crystallites in the paste 
leads to high surface area and total pore 
volume at the final stages of hydration. 
Post-hydration compressed pastes however, 
possess a more limited and smaller pore 
spaces; therefore, the hydration process is 
controlled by the limited space available 
in the hardened paste. It is noticed that 
lower values of surface areas and pore 
volumes were obtained during the final stages 
of hydration of the pastes compressed at 50 
and 200 kg/cm2; in these pastes recrystal
lization and crystal growth of the hydration 
products within the limited pore system is

Fig. 4- Variation of the nitrogen surface 
area and total pore volume with age 
of hydration of the hardened pastes.

still possible. However, in the later 
stages of hydration of the pastes compressed 
at the highest pressure used (500 kg/cm2), 
relatively higher values of surface areas 
and total pore volumes were obtained. This 
result is interesting and is probably assoc
iated with the microcrystallinity of the 
hydration products formed within the limited 
pore system of the paste. The available 
pore space has reached such a small size ' 
which actually hinders the growth of micro
crystallites into larger crystals; micro
crystallites have larger surface area than 
large crystals.

3. MORPHOLOGY AND MICROSTRUCTURE

X-ray diffraction of the anhydrous type I 
clinker showed the presence of CaSO., CaO, 
C4A35 and 2 (CgS).CS phases.

SEM micrographs were obtained at various 
ages of hydration, and those for the pastes 
pressed at 200 kg/cm2 are typical represent
atives of the series of micrographs obtained 
and which support the above mentioned 
conclusions. '



Fig. 5- SEM micrographs of the hardened 
expansive clinker pastes compressed 
at 200 kg/cm2.

a- Cured for one day b- Cured for 3 days 
c- Cured for 7 days d- Cured for 28 days

After one day hydration, large crystals of 
the principal phase, C^AjS, prismatic cryst
als of 2 (C2S).CS. hexagonal crystals of 
Ca(OH)2 and small round crystals of gypsum 
were the main phases present together with 
microcrystalline ettringite as the only 
hydration product identified (Fig. 5a). The 
gel-like ettringite recrystallizes after 3 
days hydration into rod-like particles in the 
dense structure of the remaining unhydrated 
grains (Fig. 5b). The microstructure after 
7 and 28 days hydration displayed a dense 
Structure of large rods of fully crystalline 
ettringite as the dominant hydration product 
(Fig. 5c and d) . At all ages of hydration, 
Ca (Oh) 2 crystals were clearly detected.
Gypsum is noticed to be consumed after 7 days.

CONCLUSI ONS

From the results obtained in this study the 
following conclusions could be derived:
1. The rate of hydration of expansive clinker 

is high during the early stage of hydrat
ion (pre-dormant period), low in the 
Intermediate stage of hydration (dormant 
period) , and then it increases again 
indicating an acceleration as a result of 
recrystallization of the initial hydrates 
(acceleration period). The final stage in 
the mechanism of hydration is a very slow 
diffusion process.

2. An earlier increase in the total porosity 
was obtained in the post-hydration comp
ressed pastes and this may be attributed 
to the instability of the binding centres 
in the initial hydration products. How
ever, when the paste had achieved stability, 
the porosity decreased as a result of 

accumulation of the hydrates within the 
pore system.

3. The results of surface area and pore volume 
measured by nitrogen confirm the proposed 
hydration mechanism in terms of the acces
sibility of nitrogen molecules towards the 
pore system of the hardened low porosity 
pastes.

4. X-ray and SEM studies showed that the 
ettringite phase predominates at all ages 
of hydration with varying degree of crys
tall ini ty.

5. Compressive strength values show an initial 
increase followed by a decrease during the 
recrystallization of the initial hydrates. 
Later, the accumulation of hydrates in the 
pores causes a noticeable increase in the 
strength of the paste.
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On alunite expansive cement and concrete
Ciment expanse d'alun et beton precontraint

\N\3 CHUNG-WEI, Chief engineer, vice director. Research Institute of Building Materials Professor, Qing- 
hua University,
WANG YAN-SHENG, Engineer, Research Institute of Building Materials, Chine Populaire.

RESUME : Depuis une vingtaine d'annöes, six types de ciment expansif sent ptoduits en Chine, 
dont la plupart sent des ciments d'auto-contrainte; leur pouvoir d'auto-contrainte est de 3 
ä 8 N/mm2. Parmi eux, une grande quantity de ciment d1auto-contrainte de silicate et d'alu
minate sont utilises pour fabriquer des conduites d'eau en bSton precontraint; leur produc
tion a ddpassS 2.000 km/an. Le ciment expansif d'alun (l'alun naturel ätant utilise comme 
matiäre premiere principale), lui, est un ciment ä retrait compens6, utilise avec succfes 
depuis ces derniferes annies pour les constructions souterraines, les travaux d'etancheite 
et la construction de reservoirs.

Cet article montre la possibilite de remplacement d'alun cuit par l'alun naturel; il 6numfe- 
re les avantages du ciment expansif d'alun naturel, en les expliquant par 1'action d'hydra- 
tation et la microstructure. L'indice d'expansion (e) propose par les auteurs, comme rap
port entre l'expansion libre et l'expansion contrari6e, et les courbes d'evolution de 1'ex- 
pansion avec le temps exposes dans cet article, contribueront ä amdliorer la proprietd du ci
ment et du beton expansifs, et aboutiront ainsi ä une application plus dtendue.

SUMMARY« During the past 20 years,six types of expansive cements have been produced ir. China, Most of them are 

self-stressing cements with different self-stress levels of 3 to 8 N/mm^, Some have been widely used to manu

facture self-stressing concrete pressure pipes amounting to 2,000 kilometers a year. Alunite (.uncalcined) 

expansive cement as a shrinkage-compensating cement has been used successfully for years in underground and 

waterproofing structures and tanks and as joint-fillers.

In this paper,the feasibility of uncalcined alunite to replace the calcined and the merits of this alunite cement 

are explained through hydration and micro-structure studies. The authors propose a new expansion index £ - free 

expansion (ei't)/ restrained expansion (e2%) and a revised time-dependent curve of highly restrained expansion. 

Both of them may prove useful in further development and wider application of expansive cements and concretes.

' *



INTRODUCTION

During the pest 20 years,six types of expansive 

cenents have been investigated and produced in China. 

They are silicate expansive cenent (type K),alu»inate 

expansive eenent,sulfo-aluminate expansive cement, 

alunite expansive cenent,low-heat expansive cement 

and gypso-aluminate cement. They are mostly self

stressing cements with different self-stress levels 

of 2 to 8 N/mn2. Silicate expansive cement and alumi

nate expansive cement have been widely used to manu

facture self-stressing concrete pressure pipes,amount

ing to 2,000 kilometers a year,90Ä for city water

supply and the rest for gas pipelines,etc. Alunite 

(uncalcined) expansive cement as a shrinkage-compen

sating cement has been used successfully for years 

in underground and waterproofing structures and tanks 

and as joint-fillers.

AHJKITB EXPANSIVE CEMENT

Our alunite expansiv^ cement consists of natural 

alunite rock (containing 20-50 % K2S0^»A12(S01#.)3« - 

^AltCHjj).cement clinker,anhydrite and fly-ash or 

blast furnace slag. The main physical properties of 

the alunite expansive cement are as follows«

1. Time of setting« Initial l«30-4«00 hrs
Final 2 «30-6 «00 hrs

2. Free expansion (ei) of cement paste in water

(Table 1).

Table 1

Age 1 day 28 days 1 year

ei(%) >0.15 0.5-1.2 SI.2

3. Mortar strength (1«3 earth-dry mortar method)

(Table 2).

Table 2

Age 1 day 7 days 28 days 1 year 3 years

Compres
sive 
(N/mm2)

30
40

40
60

60
80

90 100

Tensile 
(N/mm2)

1.3
2.5

1.6
3.0

3.0
4.5

5.0 6.0

In comparison with the alunite expansive cement of 

other countries as well as some other expansive 

cements,our cement has the following distinguishing 

features« first,regular setting,hence no retarder is 

needed«second,high strength at later age,which gua

rantees the integrity and structural safety of 

concretetand third,the most Important,low expansive 

Index £ .newly proposed for the evaluation of expan

sive cements and concretes. As £ Is defined by the

Table 3

of reinforcement (p) 0.24 0.56 1.08 1.57

£ 

value

Alunite cement concrete 1.70 3.03 4.50 4.76

Type "M" cement 
concrete In China >15 

(p-1.4)

Type "M” cement 
concrete in USSR (1)

7-20
(H- 1.0)

CSA cement concrete 
in Japan (2)

approx»

(#4- 1.0)

least or no reinforcement. With low £ ,the prevailing 

worry about scaling of coverage and nonuniformity of 

concrete quality will prove unnessary. Table 3 shows 

the £ values of our alunite’cement in comparison 

ratio of free expansion to restrained expansion at • 

certain degree of restraint,a low £ value means 

small difference between free and restrained expansion,

i.e.,no  excessive expansion will occur where there is 



with the approximately £ values of some other cements 

under various percentages of reinforcement.

HYDRATION AND MICRO-STRL'CTliRi

1, Chemical analysis shows that natural alunite rock 

dissolves In water at a much lower rate than calcined 

alunite and supplies SO3 and AlgOj for ettringite 

formation. The solution process is accelerated at the 

presence of CaO and CaSOzj,,

2. Based on X-s ray diffraction analysis data of the 

alunite cement paste cured in water at different ages, 

a semi-quantitatlve diagram was plotted (Fig. l),by 

which the hydration kinetics of the cement can be 

visualized to a certain degree. The continuous but 

slow formation of ettringite after 7 days Is due to■ 

the existence of alunite rock.

Age (days)

Flg.l The seml-quantltative diagram of the 
alunite cement paste.

t - , 2 - CaSOit , 3 - natural
alunite rock , 4 - ettringite , 
5 - Ca(OH)2

3. The formation of ettringite In the liquid phase 

and the precipitation of ettringite in pores and 

fissures of mortar and concrete ( see SEN micrograph. 

Fig. 2) are closely related to the characteristics 

of hardened concrete,Including comparatively small 

free expanslon,effectlve restrained expansion,low 

expansion Index,high strength at later age,imper

meability, etc. The data of pore measurement (Table 4) 

tyr the mercury penetration method confirm that the

Fig. 2 The precipitation of ettringite In pores.

1«1 mortar, W/c - 0.3, 7 day water curing

accumulation of ettringite In pores and fissures 

persistently Improves the structure of concrete.

Notes« lil mortar,W/C - 0.28, 
water curing before test

Table 4
Curing 
ages

Total porosity (cm3/g) 
(pores sizes 55,000-25$)

Most probable 
pore radius (X)

1 day 0.0881 182
7 days 0.0603 159

14 days . 0.0595 114
28 days 0.0472 65

1 year 0.0295 41

4. The C-S-H gel formed at the same time with ettrin

gite has the dual functions of cementing and cushion

ing. The crystallization of the C-S-H gel at later 

ages strengthens the hardened cement paste as shown 

In the TEN micrograph at the age of 10 months(Fig. 3),

5. The addition of fly-ash as stabilizer can also 

expedite the hydration process at early age.

EXPANSION UNDER RESTRAINT

The prerequisite of self-stressing and shrinkage

compensating Is proper restraint. Without restraint 

there will be no prestress. In fact,nearly all parts 

of structures and elements made of expansive concrete 

are under certain restraint functioned by reinforce-



Fig. 3 Alunite cenent paste

10 month water curing

Fig. Ettringite crystals under restraint

lit mortar, 7 day water curing

ments.foundations or neighbouring blocks. Self stress

ing concrete as well as shrinkage-compensating concr

ete for joint-filling are usually under high restraint. 

In the investigation of restrained expansion of alun

ite and other expansive concretes,we found that:

1. By SEM observation,ettringite crystals in alunite 

expansive cement paste under restraint are usually 

of smaller size and have closer spacing In comparison

Fig. 5 Ettringite crystals without restraint

with those^ without restraint. (Fig. '4,5)

111 mortar,? day water curing

2. The alunite expansive cement mortar under restraint 

has lower porosity and better pore gradation (size 

distribution). (Fig. 6)

aV/ig r oiow

(cm^/gA)
61600

6« oo

00800

0.0400

Pore radius (a)

Fig. 6 . Pore size distribution of alunite cement 
mortar

1- Without restraint,28 day water curing
2- Under restraint,28 day water curing

3. The boundary fissures around sand grains in alun

ite cement mortar under restraint are much thinner 

and are clogged with ettringite crystals.(Fig. 7,8) 

As for expansion under high restraint,there have been 

doubts upon the effectiveness of shrinkage compensa-



Fig. 7 Boundary fissure

Fig. 8 Crystals clogging in fissures

tion due to the sensitiveness of contraction at 

drying (3). The conventional time-dependent curve 

(curve 1 in Fig. 9) of highly restrained expansion 

supports these doubts. Taking advantage of elastic 

recovery at drying,we have revised the conventional 

curve 1 and changed it to curve 2,which shows the 

delay of cracking from ti to tg« If creep In tension

Is taken Into consideration,the revised curve may be 

further modified to curve 3 ln Fig. 9,and cracking Is 

eliminated. Our successful experiences In utilizing 

alunite expansion cement concrete to fill a number of 

very rigid joints justify the above modifications.

Fig, 9 Time-dependent curves of expansion

1- Conventional curve of highly restrained 
expansion

2- Revised curve
3- Revised curve further modified by creep 

in tension
it- Free expansion curve
y= Elastic recovery after stress-release 

at drying
S=Contraction pending cracking

CONCLUSION AND PROSPECT

1. Alunite (uncalcined) expansive cement marked with 

low expansion index,high strength at later age,imper

meability and other merits Is one of the effective 

shrinkage-compensating cements,

2. Proper restraint is necessary not only for the 

required prestress but also for good quality concrete.

3. The modification of restrained expansion curve 

gives a good picture of the effectiveness of expansive 

cements in reduction or even elimination of cracking.

4. Good results may be expected from addition of a 

small amount of expansive agent to most portland 

cements in cement factories or to most concretes in 

mixing plants to Improve the general quality of con
crete.
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Expansion of sulfoaluminate under under-saturated 
CaO

. Expansion du sulfoaluminate en solution sous saturee en CaO

XUE JUN-GAN, Engineer, Vice-Director, Cement Research Institute,
CHEN WEN-HAO, TONG XUE-LI, ZHAO YU-PING, Engineers, Cement Research Institute, 
XU JI-ZHI, Technician, Cement Research Institute, Chine Populaire.

RESUME : L'Stude de 11hydratation, en presence de gypse, de melanges d1 aluminates de chaux de 
rapports C/A varies (par exemple C A, C12A7, CA, et CA ) et celle de ciments alumineux expan- 
sifs du type M, a 6t6 faite, en examinant les caractdristiques de I'expansion.

Elie a montrS que : 1) 1'importance de 11auto-contrainte produite par I'expansion du sulfo
aluminate depend de la morpholoqie et de la proportion de 1'ettringite 
formte; eile depend aussi de la resistance du ciment hydrate au moment 
oü se forme 1'ettringite et du processus de formation du gel d'ettringi
te.

2) si la phase aqueuse intersticielle est sous-satur6e en chaux, 1'ettrin
gite se forme en plus grande quantitd, mais est moins expansive dans 
le gel hydro-alumineux produit; la croissance de la resistance et de 
I'expansion sont alors compatibles; la microstructure de la päte hy- 
dratde est plus dense, et le taux d'expansion libre du beton plus li
mite.

Deux types de ciment expansif en ont dte deduits, en faisant varier le taux de saturation en 
chaux; ils ont dtd utilises pour construire des conduites de 500 mm de diamfetre autocontraint, 
la prdcontrainte s'eievant ä 8 N/mm2. Ces conduites ont ete instaliees dans des centrales hy- 
dro-eiectriques, dont 1'une a une chute de-160 m.

SUMMARYI The effect of hydration products of aixtures of calcium aluminate compounds of various C/A ratio 

(i.e. C3*,Ci2*7»CA  and CAj) with gypsum and of hydration products of aluminate and Type-M expansive cements ' 

on the characteristics of expansion have been investigated.

It has been shown thati Firstly,the magnitude of self-stress resulted from sulfoaluminate expansion is affected 

by the morphology and amount of ettringite being formed; The strength of the hardened cement paste at ettringite 

formationI and the morphology,amount and mode of the gel phase that is formed simultaneously. And secondly,at 

the condition of under-saturated CaO concentratlon.since more ettringite of less expansibility is formed with 

hydro-alumina gel in the same reaction,and the development of strength and expansion of the hardened paste 

are mutually compatible,the micro-structure of the paste is therefore denser,and the ratio of free against 

restraint expansion Is relatively small in the concrete. Two kinds of high self-stressIng cements which expand 

at the condition of under-saturated CaO have been developed and concrete pipes of 500 mm diameter with self

stressing value up to 8 M/mm2. have been produced. These pipes have been used in penstocks of three water power 

stations with head up to 160 meters.



imoDUCTiaf

Since the use of expansion of ettringite to compensate 

the shrinkage of hardened cement paste toy Lossier(l), 

Mikhallov(2),Klein(3,4),Budnikov(5) and others have 

successively developed Type-H,Type-K and gypsum- 

alwninate expansive cements.

According to Mikhailov(2,6),Schwiete(7),Mehta(8,9) 

and others,only ettringite formed at the condition of 

saturated CaO expands.while Budnikov and Kravchenko

(5) stated to the contrary,that the ettringite formed 

at under-saturated CaO also expands. 

In order to make use of the expansion produced by 

ettringite to the benefit of the structure of hardened 

expansive cement paste and to obtain a higher self

stress value.the characteristics of expansion of 

sulfoaluminate at the condition of under-saturated

CaO have been investigated,

THE MORPHOLOGY OF THE ETTRINGITES UNDER VARIED 

CONCENTRATIONS OF CaO -

Optical and electron microscopy have been employed 

in studying the morphology of ettringites formed in 

the following systems,l.e,,CA-CaO-CaSO^-H2O,CA2-, 

CA—,0^2^^— and C3A—CaSOj,—H20.C2AS glass—CaO—CaSOZ^—H2O 

and CAS2 glass-CaO-CaSO^-H2O,as well as those formed 

in hardened pastes of aluminate self-stressing cement 

and Type-M expansive cement. The concentrations of 

the liquid phases of these systems have also been 

analysed. It has been shown that under the condition 

of saturated CaO,ettringite of smaller size is formed 

and it often forms near the surface of the original 

aluminate phase1 but at the condition of under

saturated CaO.larger size ettringite is formed and 

often at a distance from the surface of the original 

aluminate phase. The hexa-prismatic ettringite in 

the hardened paste of the Type-M expansive cement,as 

an Instance of ettringite formed under saturated CaO,

exhibits a dimension of 0.1-0,2 x 0.5-1,0 pm (Flg.-

l.A),and  the ettringite in the paste of the aluminate 

self-stressing cement,as an instance of ettringite 

formed under under-saturated CaO,exhibits a dimension 

of 0.5-1 x 4-6 pm (Fig. l.B).

A, Type-M self stressing B. Aluminate self-stress
cement paste ing cement paste

Fig. 1. The surface replicas of hardened pastes of 
Type-M and aluminate self-stressing cements

THE QUANTITY OF ETTRINGITE AND GEL PHASE

The physical properties of til sand mortars made 

from the mixtures of CA2.CA,0^2*7  and C3A with gypsum 

are shown in Table 1. X-ray diffraction and different

ial thermal analysis have been employed in the study 

of hydration products of the pastes, Results Indicate 

that ettringite Is formed In all the pastes. There - 

are found 9.8 and 5,7 A peaks In the X-ray diffrac

tion patterns and an endothermic peak at 150*C  In 

the DTA curves. Also formed Is AHj In pastes of mix

tures of CA2.CA and C12A7 with gypsum with broad 

humps of 4.83 and 4,35 Ä In the diffraction patterns 

and an endorthermlc peak at 290‘C in the DTA curves. 

As shown In Table 2,the amounts of AHj gel formed, in 

the various mixtures vary by the following order« 

CA2>CA>Ci2A7,lxit there has not been noticed forma

tion of AH) In paste made from the mixture of CjA 

and gypsum. The shape of AH) exhibits equant parti

cles with a dimension up to 0,1 pm In the electron 

microscope. The chemical analyses of liquid phases 

of the pastes indicate that in the paste of mixture 

of C)A and gypsum,the concentration of CaO is In 

saturated state during the first seven days.while 

in other pastes,the concentrations of CaO are In



under-saturated state. The residual gypsums in the 

pastes were determined by the selective resolution 

sethod developed by the authors(lO), The quantities 

of ettringite and gibbsite in the pastes and their 

ratios are shown in Table 2.

results indicate that« Firstly,for the same mixture 

the expansion generally increases as the quantity 

of ettringite increases,irrespective of the CaO 

concentration being saturated or not in the liquid 

phases of the pastes. However,the ettringite formed 

during the early hardening stage contributes only to 

development of skeleton which imparts strength but 

not expansion in spite of its quantity. As it can be 

seen from Table 2,in the specimens of the four 

aluminates,ettringites formed in one day moist curing 

as actually determined amount to 10.0 to 81.9/6 of 

the theoretical maximum ettringite that can be formed 

(the' latter implies that when the gypsum originally

notes« 1. Compressive strengths of 1 x 1 x 1 cm cubes 
2* Linear expansions of 1 x 1 x 6 cm prisms 
3. Test temperature, 20 ±2’C

Table 1

Components

56

Setting time 

hour«minute

Compressive strengths

N/mm^

Linear expansions 

%

Moist 
curing Water curing Water curing

Aluminate Gypsum
Initial 

set

Final 

set

1 

day

1 

day

3 

days

7 

days

28

days

1 

day

3 

days

7 

days

28

days

CA2 60.20 39.80 1«38 2,06 1.0 1.0 1.0 0 0 0.54 2.33 8,52 Failure
CA 47.86 52.14 0«14 0125 12.0 7.0 7.0 5.0 3.0 1.52 2.94 4.55 5.46

40.20 59.80 0«09 0«17 5.0 0 0 0 0 4.12 5.90 Failure
34.30 65.70 5 «44 14« 50 0 0 0 0 0 Excessive swelling

Table 2

Mixtures Hydration products

-Moist curing Water curing

5 hours 1 day 1 day 3 days 7 days 28 days

CA2 + 
gypsum

S0» in ettringite, % • 
Ettringite,mg/g paste 
AHo.mg/g paste 
Ettringite / AHq &tlo by w<

10.0
80.8
32.0 

tight , 2,

9.5 
75.0 
29.7

21.8
169.8
67.1 

Ratio by

28.6
216.5
85.6 

mole 1

60,5 
384.0 
151.5 

1 1 ?

CA * 
gypsum

SO» in ettringite, % * 
Ettringite,mg/g paste 
AHi.mg/g paste 
Ettringite / AHq

35.4
316.5
41.8 

Ratio by w<

44.2
372.5
49.2 

sight « 7..

45.7 
376.0 
49.6 

5.

52.0 
411.0 

54.2 
Ratio by

58.2 
437.0 

57.7 
mole 1

74.1 
494.0
65.2

1 11 

C12A7 + 
gypnum

SO3 in ettringite, H * 
Ettringite,mg/g paste 
*83,mg/g paste 
Ettringite / AH3

71.7 
742 
16.3 

Ratio by we

81.9 
810 
17.8 

fight 1 45

86.3 
816 

17.9
______

90.0 
852 
18.7

Ratio by

87.5
787
17.3 

mole 1

. 88.4
814
17.9 

6„i 1

c3a * 
gypsum

SO3 in ettringite, % * 
Ettringite,mg/g paste 
AH3,mg/g paste 
Ettringite / AH3

12.8 I 15.0
192.3 227.0

0 1 0
Ratio by weight 1 oc

22.4 
332.0 

0

31.3 
431.0 

0 
Ratio ly

69.8
791 

0 
mole 1 e<

92.5 
929 

0

• Percentage of ettringite actually determined as against the theoretical total amount of 
ettringite that can be formed if gypsum originally present were all converted to ettringite.



preseat In the systee has all been converted to 

ettringite). Secondly .under the condition of saturated 

CaO concentratlon.the formation of the ssaller ettrin

gite exhibits larger expansion, while under the con

dition of under-saturated CaO concentratlon.the foraa- 

tlon of the large ettringite exhibits snaller expan

sion. Finally,in order to provide consistency for 

the developaent of strength and expansion .there nust 

be presence of a definite anount of gel phase at the 

tlee of ettringite foraatlon. As the ratio of ettrin

gite to gel phase In the hardened pastes affects to 

a great extent the characteristics of strength and 

expansion of the hardened pastes.so It also affects 

the value of self-stress.

THE STHEHGTH AND SELF-STRESSING VALUE OF HARDENED 

PASTES

The nagnltude of selfstressing value In hardened 

pastes Is affected not only by the quantity and Mor

phology of ettringite but also by the strength of the 

hardened pastes. Therefore,the relation between 

self-stressing value calculated as per unit weight 

ettringite (N/mb^ / g ettringite) and conpresslve 

strength of the alunlnate self-stress Ing cement 

paste has been Investigated,the result of which 

being shown In Fig. 2. In order to obtain a higher 

self-stressing value,It Is necessary that,on the one 

hand.the ettringite be formed at the tine when the 

paste has attained a relatively high strength,and on 

the other hand,a sufficient quantity of gel phase 

be foiled In the Mean tine.

THE CHARACTERISncS OF THE EXPANSIOf W SULFOAWMINATB 

AT THE COmiTION OP UNDER-SATURATED CaO

The aluminate self-stressing cement paste has been 

chosen as the typical example of expansion of sulfo

aluminate at the condition of under-saturated CaO. 

and the Type-M expansive cement paste as that of -

Compressive strength (N/mm2)

Fig. 2 Relation between self-stressIng value calcu
lated as per unit weight ettringite and 
compressive strength of the aluminate self
stressing cement paste

expansion of sulfoaluminate at the condition of 

saturated CaO, The following aspects have been Inves

tigated and cmipared In the study,l.e. the CaO 

concentrations of liquid phases,the formation of 

hydrates and their consistency.the quantity of 

ettringite formed at the respective stages of hydra

tion, the structure of cement pastes and the proper

ties of the oxpansive cements and their concretes. 

The test results are summarised In Table 3«

As can be seen from Table 3,st the condition of under

saturated CaO concentration,since a large amount of 

ettringite speoles of less expansibility is formed 

with hydroalumlna gel In the sane equation of chemical 

reaction,the development of strength and expansion 

of the hardened paste Is compatible. Therefore,the 

micro-structure of the paste is denser.and the ratio 

of free against restraint expansion is relatively 

small In the concrete. The expansive concrete is thus 

provided with a protecting layer of superior quality. 

All of the above factors result In a self-stressing 

cement concrete with a high self-stressing value and 

low gas-permeability. These are the characteristics 

of the expansion of sulfoalumlnate under the condi

tion of under-saturated CaO.



Table 3

Items of comparison Type-M expansive cement Aluminate self-stressing cement

I

(1
) Fo

rm
at

io
n o

f h
yd

ra
tio

n p
ro

du
ct

s

Ca(0H)2 Present Absent

Fo
rm

at
io

n o
f e

ttr
in

gi
te

Mode of formation

C)S+3H-*  Ci ,5+1.5CH
C2S+2H—* Ci, 5SH1,54O. 5CH 
CA+3CSH2+2CH+24H —» 

_ C)A' (CS)) H)2 
CA2+6CSH2+5CH+47H— 

2C)A (CS)) H)2 
C)A+3CSH2+26H— 

C3A (CS)3 H32

3CA+3C3H2+32H—C)A (CS)) H)2+2AH) 
3CA2*3(SH2  441H —

C)A (CS)) H)2+5AH)

CaO concentration of 
liquid phase Saturated Under-saturated

morphology Small size hexagonal Large size hexagonal prism

Quantity of 
ettringite 
formed In 
various 
stagss 
(calculated 
as SO) %*)

Moist curing**  
(forming 
skeleton of 
strength)

ca 6 ca 9

Water curing**  
(causing 
expansion)

ca 1.7 ca 6

Residual gyp
sum in concrete 
products

ca 0,3 ca 1

Fo
rm

at
io

n 
of

 ge
l 

ph
as

e

Gel phase C-S-H gel AH3 gel

Mode of formation
from hydration of C)S and 
C2S,not formed in same 
reaction with ettringite

from hydration of CA and CA2 with 
gypsum,formed In same reaction 
with ettringite .

(2) Consistency 
of ettringite 
and gel phase 
and structure of 
cement paste

Consistency Not liable to be good Liable to be good
Most probable pore radius 
(111 mortar,28 days)

170 A 25 A

Compressive strength,N/mm2 
(28 days, lt2 mortar, 
3 x 3 x 3 cm cube)

oa 40 ca 50

(3) Properties 
of hardened 
cement paste

Ratio of free against 
restraint expansion 
(percentage of reinforcing 
steel - 1,4)

• ca 15 ca 5

Self-stressing value,N/mm2 
(1 1 0,8 1 1.2 concrete, 
percentage of reinforcing 
steel - 1.4)

ca 3 ca 6

(4) Properties 
of self-stress
ing concrete 
Pipe

Inner-pressure of fracture, 
H/mm2 (1 1 0.8 1 1.2 
concrete pipe of 300mm 
diameter)

ca 1.6 ca 2.4

Resistance to gas 
permeability,N/am2 ca 0.3 ca 1.2

Notesi *Type-M  expanaiv» cement contains 8% SO^,aluminate self-stressing cement contains 16% SO), 

••Moist curing,room temperature 2 hours *85*0  1.5 hours for Type-M expansive cement and room 
temperature 6 hours or UO'C 2 hours for aluminate self-stressing cement. 

Water curing,room temperature 7-14 days for Type-M expansive cement and 14-28 days for 
aluminate self-etressIng pement.

se



THE HIGH SELF-STRESSING CEMENTS HAVE BEEN DEVELOPED 

Aluminate and sulfoaluainate self-atressing eeaenta 

have been developed In China. The former la an inter

ground product of high aluaina cement clinker with 

CA and CAg as its main constituents and a certain 

amount of gypsue. The latter is an Interground 

product of oalciua sulfoaluainate clinker with 

Ci^A^ andjJ-CjS as its main constituents and a certain 

amount of gypsum. The characteristics of both cements 

lie in the expansion of sulfoaluminate at the condi

tion of under-saturated CaO, The annual production 

of each cement amounts to about 20,000 tons and both 

are being used to manufacture concrete pipes for 

water,oils and gases. ■ 

Recently,improvements have been made in the manufac

ture of aluminate self-stressing cement concrete.

The concrete pipes of 500 mm diameter with self

stressing value up to 8.0-10.0 N/nm^ and inner 

pressure of fracture up to 2.U N/nm2 have been produ

ced,and put in trial use in penstocks of three water 

power stations with head up to 160 meters.

PROSPECTS

There had been much controversy about the use of 

expansive cement for self-stressing concrete during 

the 3rd Symposium held at london in 1952. Since then 

It has been used in concrete of low self-stressing 

value. In view of the fact that the durability of 

protecting layer of concrete will deteriorate under 

the extreme expansion of concrete,Polivka(ll) empha

sized that the practical self-stressing value should 

not exceed 3,5 N/nm2. We are of the opinion,however, 

that with fuller knowledge about the peculiarity of 

expansion of sulfoaluainate at the condition of 

under-saturated CaO we can do much to finally solve 

the problem of the quality of the protecting layer 

of self-stressing concrete. Now that the high self

stressing cement and its concrete have been developed 

and concrete with self-stressing value up to 8.0 

N/mm2 have been produced,we can well anticipate that 

the value of chemical pre-stress will eventually 

approach that of mechanical pre-stress. ,
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La nature physico-chimique des auto-contraintes des 
ciments expansifs .

Physicochemical nature of own stresses in expanding cements
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K.G. KRASSILNIKOV, Professeur, Docteur des Sciences Chimiques,
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RESUME : Le mecanisme des deformations voLumiques des ciments expansifs de compositions diffe
rentes est etudie.
Les etudes complexes des processus physico-chimIques, des auto-contraintes et des deformations 
ainsi que des variations volumiques, dans les structures soumises aux deformations, a montre 
que 11 augmentation localisee de volume des phases solides dont la formation est le resultat de 
la reaction du composant-expanseur a pour base l'expansion des ciments. Dans le processus du 
durcissement des ciments se produit 11 augmentation volumique des particules dans la phase ex
panseuse (ettringite ou Ca(OH)- qui amene ä la naissance dans la structure du ciment durci des 
contraintes internes (auto-contraintes) o- A un certain niveau de a süffisant pour vaincre la 
resistance de la structure,a lieu la deformation (l'expansion) de la structure. Pour determi
ner experimentalement les auto-contraintes, on a utilise les methodes des compensations meca- 
nique et magnetique des deformations d'expansion.

SÜMMJLBYt Mechanism of volumetric strains in expanding cements of different composition has 
been studied. '
It has been shown from complex investigations of physicochemical processes, own stresses 
and strains as well as from volumetric changes in deformed structures that localized increa
se In volume of solid phases which are formed as a result of expanding component reaction 
is the basis of cements expanding. In the process of cements hardening the volume increase 
of particigs in expanding phase (ettringite or Ca(OH)g) leads to development o£ inner (own) 
stresses 6 in the structure of cement stone. Under a certain critical level b sufficient 
for overcoming of structure resistance, the deformation of the structure, or its expanding, 
takes place. For experimental determination of own stresses there have been used some met
hods of mechanical and magnetic compensation of expansion strains.



L*un  des cas le plus interessant des pro
pres ddioimations des structures en cunent 
est 1* augmentation du volume observes lors 
le d-urcissenienti dies cineixts expenses*
Les etudes du me'canisme deÄl*  expansion des 
ciments, presente un interet considerable 
pour la elaboration de la theorie generale 
des deformations des structures dispersees; 
aussi ces dtudes sont d’une grande impor
tance pratique pour les developpement de la 
technologie dans le domains des ciments st 
des betons irre'tre'cissables, expansifs et 
autocontraintSs etant donnd que ciments et 
be'tons mentionn^s soient produits sur la 
base de ces structures.
L*analyse  des donnes cite's dans^les oeuvres 
littd’raires concernant le problems de 1’ap
titude de ciments a 1* expansion montre que, 
malgre un nanbre important des travaux eif- 
fe'ctues dans ce domains et des hypotheses 
proposees (1-5), le me'canisme de 1*  expansi
on du ciment durci n*est  pas encore tire" a 
claire jusqu‘al la fin.
La plupart des rechercheurs en envisageant 
les processus qui se passent dans les sys- # 
teiaes expansives ont principalement accorde 
leure attention a 1’e'tude des reactions chi- 
mi que s qui amenent a la formation de la pha
se d*expansion.  Cependant, 1* expansion en 
qualite de 1’effet volumique ne peut pas z 
etre compris seulement a la base des repre
sentations chimiques. En dehors de I1etude 
des processus physico-chimiques qui provo- 
quent l'apparition des deformations es^ z 
tres importante la considerations du cote 
geome'trique des structures poreuses soumi
ses aux deformations, o’est ä dire des va
riations volumiques qui se passent ä 1* In
terieur de la structure simultanement avec 
laz variation volumique des particulesz iso
lees dont cette structure est composee.
En e'tudiant le mechanisme de I1 expansion il 
faut prendre en consideration les problemes 
de la mechanique des deformations, notam- , 
ment I*interdependance  entre les proprie'tes 
de resistance et les proprietes de deforma
tion du ciment durci ainsi que 1’interdd'- 
pendance entre les propres contraintes ac- 
compagnant le processus du curcissement des 
ciments expansifs.
L*  objectif de 1’ouvrage present ezst 1*  exa
men de 1* ensemble complexe de phenomehes 
ayant lieu dans les structures expansives.
Les differents types des ciments expansifs 
d,alumosulfates tels que le ciment d’alumi- 
nat gupse (a haute teneur en alumine) (GGC- 
abreviations russes)) le ciment autocontra- 
int (NC), le ciment autocontraint alunitise 
(ANG) ainsi que les composäntes but la base 
de ciment de portland, contenant 1* adjuvant 
CaO (BPC) en qualite de const!tuant d’expan
sion (Table I) ont ete les objets de ces 
etudes.
Lors la realisation des les etudes flon« le 
domaine des processus physico—chimiques 
ayant lieu pendant le durcissement des ci
ments mentionnes ont etd' determines:
- la cinetique et le caractere de la cris-

TABLEAU I

NN 
de 
com- 
po- 
si
tions

Type 
de 
ciment

La teneur en % de la masse
ci
ment 
de 
port
land

ci
ment 
d’alu- 
minat

gyp
se

alu- CaO 
ni
te 
-700 
°C

I GGC 70 50 ■ «a
2 GGC-C «• 65 50 - 5
5 NC-N 67 25 TO
4 NC-T 66 20 14 ■ ■

5 ANC 75 ■B 10 15 -
6 RPC 90-99 •e — - I-IO

tallisation des phases d*expansion!
- la cine'tique de la fixation de I’eau du
rant le processus de durcissement et dex 
pansion des ciments!

*

- la composition de phase des nouvelles for
mations des hydrates!
- la micro-structure dij ciment durcij
- les deformations lineaires des eprouvet- 
tes.
Nous allons nous arreter tout d’abord sur 
1* examination des compositions expansives 
les plus repandues c’est ä dire des composi
tions sur la base de sulfo-aluminates - GGC, 
NC et ANC. Malgre'' la diversite" des hyporthe
ses proposees expliquant le processus de 
1* expansion de tels ciments !•opinion est 
telle que a la base de ce processus est la 
reaction de la formation de hydro-sulfoalu— 
minate de calcium - d*ettringite  - JCaO*  
A120y5CaS04*5IH20,  suivie par 1‘augmentati- 
on en 2,5 fois de volume des phases solides.
Les etudes que nous avons realise'’montrent 
que 1*  ettringite est un prodv.it initial de 
1* interaction du gypse avec une ccmposante 
d1aluminate qui se passe pendant le durcis
sement de tous les types des ciments tiprou- 
ves. D'aprds les donnees de l’analyse XB et 
de I*analyse  derivatographique (DTA) , la, 
formation de 1*  e'ttringite est enregistre'e 
dans^le ciment durci quelque minutes aprds 
le gachage.
La stabilite' d*ettringite  durant le durcis
sement ultdrieur est conditionnde surtout 
par la proportion des mindraux d*aluminate  
et du gypse dans la composition des ciments 
eprouves. Dans la pierre de ciment durci 
ayant la GGC, et contenant 50% du gypse 
(composition no I, table I), I'd'ttringite 
forme presents une composition stable et 
une composition qui ne suleit aucune trans
formation de phase pendant toute la päriode 
du durcissement du ciment. Dans le mehie 
temps,, un liage un epuisement total du gyp
se s*etant  produit, on peut observer dens 
certaines compositions de NC-N (composition 
n table I) une transition partielle de 
1* ettringite en mono— sulfo—ainm-fnut:« de cal
cium - 5Ca0-Al203«CaS04«I2H20 (6). Cette 
transformation de phase est conditionnee par 
la surabondance de la composante d*  aluminate 
par rapport au gypse dans la composition du 
ciment ,et celle-la se passe en parfaite con- 
formite de conditions d*equilibre  dans le



Systeme de CaO-AloOj-CaSO^-HgO, etudie' mi- 
nutiensemant par D’Äns et par Eick (?)•
Les e'tudes complexes physico-chimiques 
etant realise il s'est avere", pourtant, que 
la valeur d* expansion des, ciments alumo- 
sulfatiques n’est pas lies d'une maniere 
univalente avec la quantite de l'e'ttringite 
forme'. Four affirmer ce fait 11 suffit de 
comparer les donnees sur la de'formations 
des ciments du type GGC et GGC-C que nous 
avons obtenues. (Les compositions n° I et 
n° 2, table I) (Fig. I).

Fig. I - La cinetique de la cristallisation 
d'.ettringite (1,1*)  et de developpement des 
deformations d* expansion (2,2I) au cours de 
durcissement de GGC (1,2) et de GGC-C (!•, 
2*).
Comme le montre la figure I, durant le dur
cissement de deux types de ciments mentio- 
nes, se forme ä peu pres la m&ne quantite 
d*  ettringite (,v56%) , tandis que les de'forma
tions d* expansion dans le cas d* utilisation 
de GGC ne präsentent que 0,16%, done dans 
le cas d’utilisation de GGC-C cette valeur 
s’approche dejd ei 6% vers le 3dme jour de 
durcissement. Dans les compositions de NC 
les de'formations d*  expansion jeuvent aussi 
toucher a des valours considerables (4% et 
plus), alors que la quantite maximale de 
1’ettringite forme' ne depasse, pas 30%, c*  
est a dire que cette quantite' est de 2 fois 
plus petite que dans les compositions de 
GGC et de GGC-C conside'rees plus haut (6,8).
II est evident qu'il est necessaire de oher- 
cher la cause de cette difference des de'for
mations dans les conditions diffe'rentes de 
la cristallisation de l’e'ttringite.
Les analyses mlcroscopiques montre (6) que, 
compte tenu de la phase liquide, la cris
tallisation de l’e'ttringite peut se passer 
soit dans les pores du ciment durci en pro- 

voquant les deformations tout a fait me'di- 
ocres (tout comme dans le cas de GGC), soit 
bien ce processus se localise sur les gra
ins des aluminates de calcium qui font par
tie du composant d*expansion.  Avec cela une 
influence de'terminante sur le caractdre de 
la cristallisation de l’e'ttringite est 
exercee par la teneur en CaO dans la phase 
liquide du ciment durci. Dans le cas ou la 
re'action de la formation de l’e'ttringite se 
localise sur la surface des particules des 
aluminates de calcium, ces particules se 
re'generen peu ä peu en peu en un agregat 
polycristallin et s’augmentent volume comme 
un entzier unifie. Telles particules devi- 
ennent, par consequent, la source des de
formations pour toute la structure dans son 
ensemble.
Dans les ouvrages (8-9) est montre'que le 
mebanisme analogue d’expansion a lieu aussi 
dans le cas si nous utilisons CaO et MgO 
comme les adjuvants d’expansion. .
La reaction de hydratation de CaO et de MgO 
ayant lieu dans la structure durcissante du 
ciment durci et accompagne'e par un plus que 
double augmentation de volume des phases 
solides est la cause d*expansion  de tels 
ciments (composition n° 6, Table I). Il est 
connu que la hydratation de CaO a deja lieu 
meme si les valeurs, de tension de vapeur 
d’eau sont assez me'diocres, e’est a dire en 
absence de la phase liquide; avec cela est 
lie', en, particulier, son application en 
qualite'de 1* agent de dessechement. En se , 
basant sur ce fait certains rechercheurs 
considerent le processus de hydratation de 
CaO comme la reaction de phase solide. En 
tout cas, independamment de mecanisme deta- 
ille de cette re'action, il est evident qu’ 
eile est d’un paractete localise' et n’est 
pas accompagne'e par le transport, aux es
paces de pores du ciment durci durant son 
durcissement, de la masse de hydrate au 
cours de sa formation.
Ainsi, la capacite a la manifestation de 
de'foxmations d’expansion des structures du 
ciment ayant des canpositions diffe'rentes 
de'termine non une simple augmentation de 
volume des phases solides qui results de la 
re'action du composant d’expansion, mais le 
caractere local du degagement des produits 
de sa hydratation. .
Envisageons maintenant le cote' ge'ometrique 
des deformations des structures expansives. 
Il est possible de supposer, que la defer- . 
mation observes pendant le durcissement des 
ciments expansifs est^un certain total de 
1’ensemble des microdeformations elementai- 
res dent la naissance est le resultat de 
1* augmentation du volume des particules du 
composant expansif faisant partie de leure 
structure (8). Puisque 1’augnentation de 
volume des particules. unitaires du campo
sant d*expansion  est a ce qu’il parait la 
cause provoquant 1’augmentation de volume 
total de la structure dans 1’ouvrage pre
sent nous nous sommes intdresses avant " 
tout au rapport entre 1’accroissement de 
volume total de la structure (Va) et 1’ac- 



croissement de volume des phases solides 
(Vt). La mithodologie de l'Aude est decri
te en (8). Les modeles des courbes structu- 
rales, obtenus pour les differentes compo
sitions expansives sont pre'sente'es aux Figu
res 2 et ?. En faisant 1’analyse des cour
bes on porte avant tout l'attention sur le 
fait qu'entre les valeurs ^Vs et 6Vt il n*y  
a pas de relation lineaire a laquelle on 
pouvait s’attendre dans le cas oü 1* expan
sion de la structure n’etait de^termineTe que 
par une simple augmentation de volume des 
phases solides.
Done, durant la hydratation de GGC, malgrd 
1* augmentation de volume des phases solides 
resultant de la cristallisation de 1* ettrin
gite, le volume de la structure presque ne 
change pas (Figure 2, courbe I). En tenant 
compte de ce que AVa =aVt; +aVp, avec 
aVs^O etaVt»O, A7t = - aVp, OU Vp - et 
le volume des pores.
Ainsi, dans le cas de 1* absence de la defor
mation exterieure de la structure, l’aug-z 
mentation de volume des phases solides re
sultant de la cristallisation du composant 
d1 expansion est compense'e par la diminution 
de la porositd*,  e'est ä dire, les nouvelles 
formations en se cristallisant de la solu
tion sursaturee se deposent d Vintdrieur 
des pores remplies par laxsolution. Cette 
conclusion, comma 11 a e'te dejd montrd", est 
confirmee par un controle immddiat au micro
scope du caractdre de la cristallisation de 
1* ettringite durant la hydratation de GGC.

Fig. 2 — La variation de volume des epfcu
vettes (AVg) en fonction de l*augmentation 
de volume des phases solides (aV<-) au cours 
de durcissement de GGC (I) et de GGC-C (2). 
A I*introduction dans le GGC de 1‘adiuvant 
de CaO (composition 2, Table I), a partir 
d*une certaine valeur critiquele volu
me de la structure commence at“ augmenter 
brusquement (Figure 2, courbe 2). Le chan

gement, du caractere dez la courbe structura- 
le estr^ans le cas pre'sent au cchangement du 
caractere de la cristallisation de la phase 
d*expansion  de ces ciments - de 1* ettringi
te.
Pour toutes les autres compositions des ci
ments expansifs (NC, ANC, EPC) qui ont ete 
etudie les courbes structurales repre'sen- 
tant le rapport ^Va = f ont le mäne ca
ractere de "S” pareil a la courbe pour la 
composition de GGC-C.^En qualitez d’exemple 
a la Figure 3 est pre'sentde la courbe du 
rapport ^Vs denV^ pour EPC contenant 10% de 
CaO (composition 6, Table I). Avec la cour
be principale structurale jst la Figure sont 
aussi prAsentees les donnees concernant la 
cinetique de la hydratation de CaO et le 
donnees concernant la fixation de I’eau du
rant le durcissement de la composition don- 
nee de EPC.

Fig. 3 - La variation de volume de 1’eprou- 
vette (nVs) en fonction de 1*augmentation 
de volume des phases solides (aV^) au cours 
de durcissement de EPC additionne par 10% 
CaO.
Par la similitude mentionnee dans le carac- 
tdre des courbes jstructurales est temoignS 
le fait que le mecanisme de I1expansion est 
toujours pareil independamment de la diffe
rence dans la nature des camposants d*ex 
pansion utilises.
L*analyse  des regularites obtenues montre 
que le processus d*expansion  comprend les 
trois etapes successives et interdlpandan- 
tes. La section I des courbes structurales 
'(Figure 3) 1 correspondant au stade initial 
de formation de la structure est caracteri
see par I1augmentation de volume des phases 
solides pour le campte de hydratation des 
mineraux de clinker de ciment et du des com
posant d1 expansion, le.volume de la struc— 



ture etant practiquement invariable. Par la 
suite, 1* augmentation localisee de volume 
desparticules du composant d* expansion ame- 
ne ä un accroissement progressif des contra- 
intes internes dans la structure du ciment 
durci au cours de sa formation. A un moment 
de'termine' les contraintes mentionnees tou
chent ä une valeur süffisante pour surmon- 
ter la resistance de la structure et puls 
ces contraintes relaxent et provoquent sa 
deformation. A la periods de 1* expansion in
tensive correspond la section II des cour- 
bes structurales. A cette section une accro
issement relativement mediocre de^Vt; provo- 
que une grande augmentation de volume total 
de la structure et une grande augmentation 
de volume des pores puisque aV= >> et 
par consequent, ^Va <y nVp • L’expanslon 
des 4prouvettes prend sa fin, en general si- 
multanement avec I'achevement de la reactim 
du composant d*expansion.
La section „III des courbes structurales^est 
caractSrisee par 1‘augmentation continuee 
de volume des phases solides qui se realise 
ä present surtout pour le compte de hydrata
tion des min^raux siliceux du ciment. Ces 
processus amenent au re'tablissement des lia
isons dtiregle'es, au compactage de „la struc
ture et si I'accroissement de sa re'sistance 
mecanique.
Pour confirmer les the'ses exposees plus ha
ut ont ete effectue's les essais directs 
ayant pour but la determination experimenta
le des propres contraintes qui accompagnent 
le processus du durcissement des ciments ex- 
pansifs.
Pour mesurer ces propres contraintes dans 
les systeines expansifs sont utilisees les ' 
deux methodes que nous avons mis au point.
La premiere methode est basee but le pheno
mena de la compensation mecanique des defor
mations d*  expansion du meteriau. Cette met
hode etant au cours d*  elaboration on a adop- 
tez en qualite' de la caracte'ristique des con
traintes ^internes la pression la plus peti
te qui results de 1* action de la charge ex- 
terisure et qui ne provoque pas d*  augmenta
tion de volume de la structure. Pour mesurer 
la valeur mentionae'e nous avons cree le spe
cial dispositif de mesure qui represente un 
levier d*equilibrage , muni d'un Systeme au- 
tomatique de chargement qui effectue son ac
tion sur 1'eprouvette par I'intermediaire 
de poinqon ayant le contact avec sa surface. 
Au cours de processus d’expansion le ciment 
durci e'tudie exerce une pression sur le po- 
inqon ce qui met en marche le systems auto- 
matique de chargement. D'apräs la charge in
dispensable pour le reduction de volume du 
ciment durci a la valeur initiale on deter
mine I*effort  qui se developpe au cours de 
durcissement des ciments (la pression d'ex
pansion) .
La deuxidne methodezde mesure des propres 
contraintes est basee sur 1‘utilisation des 
capteurs annulaires magn^to-dlastiques cre
es par TsNIISK Koutcherenko (10) dont l*an-  
neau rigide en mat^riau ferromagnetique est 
1* element principal.

Pour realiser les mesures, le capteur est^ 
plac£ au centre de moule cylindrique, apres 
quo! le moule est rempli par la pate de ci
ment etudi^e et les contacts de sortie du 
capteur sont mis en connexion avec les appa- 
reils de mesure. „Par suite de Vexpansion 
du ciment durci etant donne qu’ll existe un 
facteur restrictif - la forme, qui empSche 
s^ deformation, les contraintes radiales 
mecaniques exercent 1* action sur la capteur. 
Avec cela dans le materiau de I’.anneau a z 
lieu la modification des prqpriötds magne- 
tiques par la transformation desquelles en 
signal eiectrique on trouve a l'aide des 
courbes d’etalonnage les valeurs des pro
pres contraintes qui surgissent dans le ma
teriau.
A la Figure 4 sont presentes les resultats 
de mesure ,de <5 au cours „de durcissement de 
ANO les methodes citees etant utilisees. 
Pour fair,e une, comparaison a la Figure sont 
aussi presentees les courbes de cinötique 
de la cristallisation de, la phase d’ expansi
on du ciment donne - d’ettringite (Courbe
1) et de developpement des deformations
d*expansion  (Courbe 2). Comme oq peut voire 
a1 la Figure, les courbes de cinetique de 
developpement des propres contraintes (co
urbes 5,4) et la courbe de deformations 
d*expansion,  se ressemblent et sont analo
gues a un S.
Au cours de 15-30 minutes (des le debut) on 
peut observer sur toutes les courbes une 
courte periods d*induction  coincidant avec 
la periods de foimation de la structure de 
la pate4%iment. A ce stade, 1* action du com
posant d*expansion  n'amehe pas si 1* appari
tion des contraintes puisque la structure 
du ciment durci n’a pas encore gagn£ resis
tance indispensable.
Par la suite, dans la mesure de durcisse
ment du ciment durci, la cristallisation 
d*ettringite  localised a la surface des gra
ins de base du ciment am6ne ä un accroisse
ment successif des contraintes d 1* Interi
eur de ce ciment durci. A ce stade, I'essen- 
tiel pour le comportement des eprouvettes 
est 1’existence (la presence) ou I’absence 
de limitation (restriction) de leure defor
mation. Bn absence de limitation les pro
pres" contraintes ayant touche' a un niveau „ 
de'termine provoquent une expansion conside
rable du ciment durci (plus de 5%), (Courbe
2) , suivie par 1'ameublissement dezla stru
cture et par 1'abaissement dez sa re'sistance. 
La limitation rigide de la .deformation dans 
la meme periods e'tant donnee nous fixons le 
surgissement et le developpement intensif 
des propres contraintes (Courbes 5,4). Gem
me il est montre a la Figure, le developpe
ment des propres contraintes ainsi que 1 ex
pansion quia lieu dans le, ciment durci en 
ANC de la composion donnee sont les plus 
intensifs pendant les 2 heures des le .ddbut 
de hydratation. En comparant les donnees 
obtenues avec les resultats des essais phy
sic o-chimiques du meme ciment on peut voir 
que la periode de developpement intensif 
des contraintes et des deformations corres
pond par le temps a une cristallisation la

*



Pig. 4 - La cinetique de criBtallisationz 
d*ettringite  (I), de developpement des de
formations d*expansion  (2) et des propres 
contraintes (3,4) au cours de durcissement 
de ABC z
3 - Les donnas de la methode des.capteurs
magneto-elaatiques '
4 - Les donnees de la methode de la compen
sation m^canique des deformations d*expansi 
on. • 
plus active de la phase d*  expansion du ci- 
ment donne - d*  ettringite (Courbe I).
Les etudes ont montre qu'au cours de durcis
sement d'autres types des cimept expansifs 
- de KC et de BBC sont obaeryees les regula- 
ritea analogues dans la cinetique de deve- 
loppement des propres contraintes, toutefo- 
is, les valeurs maximales de cea contrain
tes sont parfoia plus grandes (8,0-10,0 
N/mm2) 

CONCLUSION
Est etudie la nature pbyslco-chimlque des 
deformation volumiquea des compositions ex
pansives des composes differents. Par les 
methodes de la composation mecanique des dd- 
formationa d*expansion  d'utilisation des . 
capteurs magneto-elastiquea ä ete realise 
le mesure direct des propres contraintes ao- 
compagnapt le processus de durcissement des 
cimenta dprouvea. .
La, comparaiaon zdea donne'es obtenues avec les 
resultata des etudes physlco—chlmlques mon— 
tre que c'est les reactions du ccmposant 
d*expansion  amsnant at un augmentation loca

lise de volume des phases solides dans la 
structure du clmentsdurci au coure de dur
cissement qui sont a la base de developpe- 
ment des propres contraintes et des defor
mations.
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Composition en phases du clinker de ciment alumineux 
ä teneur d'alumine elevee en fonction de la 
temperature et du milieu gazeux de cuisson

Phase composition of ciinker of high-alumina cement versus calcination 
temperature and gas medium

T.V. KOUZNETSOVA, Candidat es Sciences Techniques,
V.P. RIASINE, Candidat es Sciences Techniques,
V.l. GOUSSEVA, Ingenieur,
VA. VOROBIEV Ingenieur. NllTzement. Moscou, U.R.S.S.

RESÖKE : Le yyst^me CaO - A1„O,» et6 6tudi6 par plusieura chercheurs et A 1'heure actuelle 
la composition de ce systdme^est bien connue. Toutefois, 1* analyse de la composition des 
phases des clinkers industriels montre qu’il est difficile d’obtenir I’Squilibre chimique 
et des phases dans les conditions du four rotatif, et le clinker*bontient  des aluminates 
de calcium qui different par leur composition de ceux prSvus par le calcul.
C’est pourquoi les auteurs 6tudi6rent le processus de formation des minSraux lors de/l,ag- 
glcmSration du clinker dans les conditions de laboratoire, semi-industrielles et indus
trielles. On a 6tabli la succession de fonnation des mindraux, la temperature optimale de 
cuisson du clinker. '
On a montr6 1'influence qu'exerce le milieu rSducteur et I*introduction  d'additions dans 
le melange cm sur la pureti du produit obtenu et la composition du ciment.

SÜ1MARY : The CaO-AlpO3 system has been studied by many investigators and the composition 
of the compounds in this system is well known at present. However, analysis of industrial 
clinker phase compositions reveals that chemical and phase balance is difficult to achieve 
in rotary furnaces, and the composition of calcium aluminates in clinker differs from the 
estimated one. •
To clairify this point the authors have studied the process of mineral formation during 
sintering of clinker under laboratory, semi-Industrial and industrial conditions. The se
quence of formation of minerals and the optimum temperature of clinker sintering have been 
established.
The influence of the reducing medium and additives to the raw mix on the purity of the tar
get product and cement composition has been shown.



L’ordre de formation des mineraux lors du 
chauffage du mdlange de CaO avec AlgO^ tut 
etudie par beaucoup de chercheurs (1-7) 
ma-i R jusqu’ä present ils ne sont pas una— 
nimaR en ce qui concerne ce Probleme.
D’apres les donndes du travail 0), lors 
de la cuisson du melange cru de 12CaO et 
7Alo0, jjusqu’ä 1400 °C il se forme le mo- 
noatuäinate de calcium CaO^AljOzCCA) et 
Raulement ä 1450 °C s’acböve la fixation 
complete de la cbaux avec la formation de 
12CaO.7Al2C^ (C12A7).
Les calculs thermodynamiques de V. Babouch- 
kine, G. Matvdev, 0. Mtchedlov-Petrossian 
(2) montrdrent que la composition du mind— 
ral primaire varie pour diffdrent rapport 
entre CaO et Al-Q, dans le melange. Pour 
la valeur du rapport egale ä 1:1, c’est la 
formation de CA qui est la plus probable, 
et pour le rapport 1:2, celle de CA^.
Les auteurs (4, 5) estiment que CA est le 
produit primaire de la cuisson. T. Robson
(6) indique que lors de la cuisson du me,- 
lange CaO - Al-O, il y a toujours
car ce composd^se caractdrise par une 'Vi
tesse dlevee de croissance des cristaux.
ISn confirmant cette opinion Scholze et Kumm
(7) dtablirent que 1 % de CaO, Al-0,, K20, 
Fe„O, diminue cette Vitesse au different 
degre, mais dans les conditions relative
meat identiques la vitesse de croissance ~ 
des cristaux de C/.~A7 est supdrieure ä 
celle de tout autre 'aluminate de calcium.
X. Boutt et V. Timachev (1) estiment que 
la succession de formation des aluminates 
de calcium dans la sdrie CA-C12A7-CzA se 
conserve lors de la cuisson deB 'melanges 
de composition CaO:Al?C4 = 12:7 ; 1:1 et 
5:1. Pour I’exces de dl-alumine  la syntha
se a lieu dans le sens de CA-CA^-CAg.

*

En analysant toutes ces donndes on peut 
aboutir a la conclusion qu'il est ties dif
ficile d’obtenir 1’equilibre chimique dans 
les conditions du four rotatif et qu’aprds 
la cuisson le clinker contiendra des alu
minates de calcium qui diffdrent par leur 
canposition des aluminates prdvus. La dif- 
fdrence entre les compositions en phases 
thdorique et rdelle sera plus importante 
en presence dans la matiere crue d'addi
tions : SiOp, Pe?O,, Mn-0,. MgO, etc. Leur 
influence stir les proprfetes du ciment est 
bien connue : SiO? fixe Al20, et CaO en 
gehlenite, matdriau tydraufiquement inA-rte, 
Fep0! forme I'alumoferrite de calcium - le 
constituant d durcissement lent. MgO dans 
la composition de la spinelie Mg0«Alo0. di- 
minue dgalement la resistance du ciment.
Quelques travaux montrent que la silice et 
les oxydes de fer entrent en petites quan
tises dans la solution solide d'aluminates 
de calcium et seulement en presence d'une 
grande quantite de- SiO- et Feo0,, ils tor
ment de nouvelles phases dans^la compost- 

du clinker de ciment fiiluniineux a te— 
neur d'alumine dlevee.
T. Robson se refdre dans son travail (8) A 
Dayal et Glaser qui affirment que la con

800°C
CaO’AlgOj+HCaCH-GAlgO^----— 12CaO*7Al 2C^

centration limits de Fe?*  capable de rem- 
placer Al/+ dans le rdseau de CA est de
4,5 %. Dans ce cas 1’hydratation de CA con- 
tenant Pe5+ est plus rapide que celle du 
monoaluminate de calcium pur. Lea auteurs 
montrent que CA2 peut aussi contenir dans 
la solution solide jusqu’A 5,7 % de Re et 
son hydratation s’accelere. Les ions fer 
peuvent dgalement pdndtrer dans le reseau 
de C^2^7*
K. Soudzouki (9) estime que Si et Re ou 
Si + Re pdnetrent dans le rdseau de CA et 
modifient ses parametres, ce qui fait va- 
rier I’activite hydraulique de CA.
Le milieu gazeux exerce dgalement une gran
de influence sur la composition en phases 
du clinker de ciment alumineux A teneur 
d'alumine dlevde lors de sa cuisson. Dans 
la reference (10) on suppose que I'oxygene 
est ndcessaire pour la formation du composd 
C120n. Dans les conditions rdductrices de 
la41 caisson le compose C^A^ est stable. 
Nos recherches ont pour but d'dtudier le 
processus de formation des mindraux lors 
de la cuisson des mdlanges crus de CaCO, 
et Al(OH), chimiquement purs, calculds 5 
pour la formation de CA et CAg.
Sur la base des examens aux rayons X, la 
succession de formation des mineraux, lors 
du chauffage du mdlange de composition 
CaO:Al2O, = 1:2, peut etre reprdsentee com
me suit "S •

600 A 900°C
CaCC^ --------- — CaO + C02

600 A 8006C .
CaO + A12C^ --------- *— Ca0«Al20j

800 A 1000°C 
12CaCH-7Al205 -----------— 12Ca0 *7A1 2(^

800 a 1200°C 
Ca0«Al205*Al 2C^ ----------- CaO*2Al 2C^

800 A 1200°C 
12Ca0«7Al205+5Al203---------—^(CaO-Al^ )

1200 A 1400*0  
CaO-AlgOj+AlgC^ ------------— CaO.2Al2C^

La ddcomposition du constituant calcique 
avec sdparation de CaO conditionne son in
teraction avec Al-.Q, du melange cru avec 
formation de CA et '’CipAo. L1 apparition de 
1'aluminate C^-A- A cotd'de CA est une con— 
sdquence de la^dissociation rapide de CaCQ, 
.dans 1'intervalle de 600 A 800 °C avec for«, 
mation dans le Systeme CaO - A 1^0, d'une 
grande quantite de ^Opi^re" 
Comme la mobilitd des ions Ca^+ est beau
coup plus grande que celle des ions A15*,  
la couche de diffusion, des nouvelles for
mations A la surface limits des phases so— 



lides est enrichie en Ca2*.  Lorsque la tem
perature croit jusqu'ä 1200 °C l’activite 
de A15*  augmente, ce qui contribue ä 1'ac
celeration de 1* interaction de l'alumine 
avec CaO. Par suite la quantity d’alumina
tes de calcium dans les agglomeres augnen- 
te brusquement, la quantite de dimi- 
nue et GA.« fait son apparition. ^A'la tem
perature ^de 1200 °C, lorsque la partie 
considerable de CaO est fix6e en CA, la 
fonnation ulterieure du mineral CA2 a lieu 
grace ä la reaction d*interaction  ^de CA 
avec AlyO,-C^yAn avec Al-0x forme CA qui 
forme aussi CAL au cours '’de la reaction 
avec AlgOj.
L'etude microscopique des 6cbantillons 
cults montre que sur les grains d'alumine 
apparait d'abord une petite couche des pro- 
duits d*interaction  de Al-0, avec CaO et 
l'6paisseur de cette couche9augments pro- 
gressivement (fig. 1). Au centre du grain 
se trouve l'alumine non reagie et aux 
bonds, une frange de nouvelles formations. 
Avec I'elSvation de la temperature de cuis- 
son, le coefficient moyen de refraction de 
la lumi6re des grains fins des nouvelles 
formations varie de 1,609 t 0,002 (a 800°C) 
jusqu'd 1,650 t 0,002 (ä 1200 “C). Mane les 
echahtillons cuits A 1400 °C contlennent, ä 
cote de gros crlstaux de CA2 et CA, des 
grains d'alumine ayant sur sa surface une 
frange de nouvelles formations.

Fig. 1 - Produits d'interaction de l'alu
mine avec la chaux. LumiSre passante, avec 
l'analyseur, X 600.

Les donndes obtenues tänoignent du proces
sus non Aquillbrd de cristallisation des 
phases. Aprds la cuisson ä 1400 eC les me
langes calculSs pour 1'elaboration de CA2 
contlennent r6ellanent, d cote de CA2 etc 
CA, de l'alumine libre.
Les recherches ulterieures furent men6es 

sur les melanges avec CaO:Al2O, = 1:1. On 
procedait a la cuisson des dchantillons 
sous forme de granules jusqu'd leur agglo
meration d 1400 °C. Par examen aux rayons X 
on a stabil qu'il se forme dans le clinker 
C^gAy, CA et 11 y a AlgC^ libre.
On a 6galement etabli que le processus de 
formation des mineraux depend de la duree 
et de la temperature de cuisson. Lorsque 
le temps de sejour du melange dans la zone 
de la temperature 61evee augmente de 10 d 
60 minutes, le degre de transformation de 
CaO croit de 6,5 fois. A en juger d'aprds 
l'intensiteodes raies de diffraction de CA 
( d = 2,97 A) et de CA„ (d = 5,51 A), d 
1500 °C le clinker contient une quantity 
relativement plus grande de monoaluminate 
de calcium, a 1550 °C le clinker est re
presents par une quantity presque egale de 
CA et de CA2, et d 1400 °C la teneur de CA2 
depasse la ^quantite de CA dans le clinker.
Notons que les clinkers obtenus par cuis
son d la temperature de 1400 °C ne sont pas 
monophases, tandis que les 6chantillons de 
CA, CA2 produits par fusion d 1600 °C ne 
contenaient pas d'jmpuretes d'autres pha
ses.
Pour studier 1'influence de Fe?O-, sur la 
composition en phases du clinkearet les 
proprietys du ciment, on a prepard six me
langes d raison d'obtenir CA : le melange 
I - sans additions ; les autres melanges 
avec addition de Fe-Q, en quantitd de 0,05; 
0,11 ; 1,0 ; 2 et 5‘:%^de la masse du melan
ge. '
Les experiences montrdrent que la tempdra- 
ture de cuisson des clinkers, avec addition 
de FSoO, dans le melange cru, diminue de 
50-7Cr°<; et d'autant plus que la teneur du 
mdlange en Fe2C^ est plus elevee.
Les examens aux rayons X permirent d'eta- 
blir que pour la teneur du melange en Fe-O, 
jusqu'd 2 %, la composition en phases du^ 9 
clinker est reprdsentee par le monoalumina
te de calcium et une petite quantite de CA2 
et C12A7. Dans ce cas, avec I'augnentation^ 
de la^qnantite de Fe2O, dans le mdlange la 
quantite de CA- et de 9C12A„ diminue, tan
dis que La quantitd de CAangnente (fig. 2) 
L'augmentation de Fe?O, au-dessus de 2,40 % 
s'accompagne d'une apparition dans 1'echan- 
tillon de 1’alumoferrite de calcium.
L'dtude microscopique des dchantillons mon
tre que la preparation de 1'echantillon 1 
se compose des cristaux sous fonne de ta- ' 
bles de diffdrentes dimensions. Les indi
ces de rdfraction sont N = 1,665, N = 
= 1,645. L'addition de Fe20x dans le^mdlan- 
ge cru contribue ä la formation de cristaux 
plus grands. Leurs indice de rdfraction 
augmente jusqu'd N = 1,66? a 1,669 et 
Np = 1,650 A 1,66?f
Les propridtds physico-mdcaniques des ci- 
ments obtenus (tableau I) tdmoignent de 
1'influence favorable exercde par une pe
tite quantitd de Fe-Oi dans la composition 
de CA sur ses propridtds. La rdsistance 
mdcaniques de la pierre de ciment de GA
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Fig. 2 - Radiogrammes de CA avec dlffSren- 
tes additions de Fe-0,. 1 - sans addition ; 
2, 3 - avec addition ''de Fe?0, en quantitö 
de 1,2 et 3,7 %• 3

se trouve en pleine conformity avec la com
position en phases du clinker. L1augmenta
tion de la quantity de CA dans le clinker 
entralne celle de la rysistance de la pier
re de ciment. Lorsque la teneur du clinker 
en Fe-Ö, se trouve dans les limites de 1,2 
ä 2,4^, il se forme pratiquement le pro- 
duit monophase contenant seulement CA. La 
rysistance de la pierre de ciment au cours 
de 24 heures de durcissement augnente res- 
pectivement. L'apparition dans la composi
tion du clinker de l’alumoferrite de cal
cium conduit ä une certaine diminution de 
la rysistance du ciment durci. .

■ Tableau I

Quan
tity de

dans le
clinker

cmS/g
Prise, 
heures minute

Resistance A 
3 la compression, 
kgf/cm2

dybut fin jour
3 

jours
"23^ 
jours

0,006 
o;i4 
0,60 
1,20 
2,40 ' 
5,70

2770
2880
2780
2780
2800
2800

0-10 
0-50 
3-10
3- 50
4- 10 
4-40

1-05 
1-45
5- 50
6- 20
7- 10 
7-30

385 
465 
435 
510 
505 
475

407 
582 
627 
640 
680 
623

555
735
755
680
680
675

On ytudiait 1* influence exercye par 1* addi
tion de SiOp et MgO^au myiange cru eut les 
propriytys du ciment alumineux ä teneur 
d'alumine yievye sur les mdlanges calculds 
pour l’obtention de CA-. L'dchantillon ob- 
tenu par cuisson du mdfange de matdriaux

chimiquement purs sans addition de Si02 et 
MgO, se caractdrise par une grande quantity, 
de GA ä coti de CAg et * -klgO^ (fig. 3)«

A

44" 38 34 32 30 28
' 28

. A CAgO CA , • <Z AlgO-j
▲ MgO-AlgOy*  CgAS

Fig. 3 - Radiogrammes de CA- avec addi
tions de SiO- et de MgO. 1 -.sans addi
tions ; 2, 3 - avec addition de 2 et 4 % 
de SiO- ; 4, 5 * avec addition de 3 et 5 % 
de MgO.

D’apräs les calculs, l'dchantillon dans le- 
quel e tai eat introduits 2 % de SiO- doit 
contenir 8 % de gehlenite et I'ychHntillon 
contenant 1,5 % de MgO doit avoir dans sa 
composition 6,5 % de spinelie Mg0*Al-0z.  
Toutefois, sur les radiogrammes de cbs2 
dchantillons les rales de diffraction avec 
les distances ryticulaires caractdristiques 
de ces compoeds, n'dtaient pas ddceldes. On 
a ytabll que les ychantillons sont reprd- 
sentes principalement par CA- ä cotd du- 
quel il y a ,6 -Al-0,, GA maiB en quantity 
plus petite que dans l'dchantillon du clin
ker obtenu par cuisson du mdlange cru sans 
additions. Il est dgalement dtabli que 
1'introduction de SiO- et de MgO dans le 
mdlange cru modifie la composition en pha
ses du clinker et conditionne 1'augmenta
tion de 1'activity hydraulique du ciment 
jusqu'd la limits dyterminye. L'accroisse- 
ment de la rdsistance du ciment durci s'ob
serve lorsque la teneur du clinker en S10- 
est jusqu'a 3 % et en MgO jusqu'A 4 %. 
L'augmentation ultdrieure de ces oxydes 
s'accompagne d'une apparition dans le clin
ker de la gehlenite et de la spinelle et 
respectlvement d'une diminution de la rd- 
.sistance de la pierre de ciment (fig. 3).
Les recherches ultdrieures furent mendes 
avec utilisation du mdlange era prdpard A 
partir du calcalre et de 1 leimin* techni
que et contenant (%) : SiO- -.0,8 1 Al-0. -
66,4 ; CaO - 18,5 $ Fe-O, £ 0,1 | Mn-C? <
0,05. On dtudialt 1'influence des additions 



pour le melange era de minäralisateurs et 
de modificateurs alnsi que du caractdre du 
milieu gazeux lora de la cuisson du clin
ker sur sa composition.
Les 6tudes de 1* influence des additions de
CaSO„, CaS2 et SzBO, en quantltS de 1 % de 
la masse du m61ange<montrdrent que le pro
cessus de clinkdrisation s’acc61erait en
presence de ces additions. Le degrS de 
transformation maximal de Al-O, est obser- 
v6 lots de 1* introduction dans^le melange 
cru de CaTg.
L'action intensifiante des additions indi- 
qu6es conduit d une fixation plus complete 
de Al-O, avec formation de CA, et CAp lors- 
que la quantity de -Al„Oz dans le ^clin
ker diminue ; 11 se forma 5alors une plus 
grande quantite de CA- par rapport d sa 
quantite dans le clinker sans additions de 
minferalisateur.
La variation du rapport CAsCAp dans le . 
clinker influe respectivement^sur la re
sistance du ciment durci. Dans les premiers 
dSlais de durcissanent sa resistance (lors- 
qu’on utilise le clinker obtenu d partir du 
melange sans additions) est supdrieure d la 
resistance des autres clinkers et dans les 
ddlais avancds cdde aux autres cJinkers 
(fig. 4).

Eig. 4 - Resistance de la pierre de ciment 
en clinker obtenu par cuisson : 1 - sans 
additions ; 2 - avec addition de CaFp ;
5 - avec addition de ^BOj. <L

grande intensitd de 6 rales de la structure 
hyperfine (SHE), ce qui est du d la presen
ce d'ions Mn. L*intensitd  des raies SHF 
reste pratiquement la meme lots du change
ment du type de 1'addition. En meme temps, 
dans le spectre RPE on voit apparaitre, 
avec additions de CaSO^ et CaEp, une ou 
deux raies-satellites. L*intensitd  des 
rales SHF dans le spectre des dchantillons 
obtenues dans le milieu rdducteur tombe 
brusquement. En comparant 1’intensitd des 
raies SHF de I'echantillon sans additions 
avec 1'intensitd des raies SHF des dchan
tillons avec additions on peut faire la 
conclusion suivante : la plus grande in
fluence sur les processus ayant lieu lots 
de la cuisson est exercde par CaEp dont la 
prdsence dans le milieu rdducteur^ n'en- 
traine pas seulement la reduction des ions 
Ee5+ et Mn2+ jusqu'A oxyde ou mdtal mais 
aussi la sublimation des fluorures de ces 
eldments (et de SiO- dans une certaine me- 
sure), ce qui s'acccmpagne d'une dispari- 
tion presque complete des raies SHF. Ceci 
est confirmd dgalement par 1'analyse chi- 
mique (tableau II).

Tableau II

Teneur du clinker en oxydes dtrangers

noa des 
dchan
tillons

Type de 
1'addi
tion

Milieu 
oxydant

Milieu 
rdducteur

I - , Fe2^, 
%

Si02, 
%

Fe2^, 
%

Si02, 
%

1 — 0,1 0,8 0,08 0,80
2 . CsSO^ 0,1 0,78 0,03 0,72
5 CaF2 0,11 0,76 0,02 0,70

Ainsi il fut dtabllque la composition en 
phases du clinker de^cfment alumineux d.
teneur d'alumine dlevde ddpend de la tem- 
pdrature et du caractdre du milieu gazeux 
de cuisson ainsi que de la presence d'im- 
puretds et d'additions de modificateurs 
dans le mdlange cru. - ■

La cuisson du mdlange cru avec et sans ad
ditions indiqudes fut effectude dans le 
milieu oxydant et rdducteur.
Les expdriences ont montrd que lors de la 
cuisson dans le milieu rdducteur 1'intro
duction des additions dans le mdlange cru 
contribue A la volatilitd des oxydes ?e20, 
et SiOp, alors que dans le milieu oxydant, 
leur quantitd reste pratiquement invaria
ble. . ■
Les spectres de la rdsonance paramagndti- 
que dlectronique (RPE) obtenus ä. 1'aide du 
radiospectrometre RE-1301 donndrent les 
rdsultats suivants : lors de la cuisson 
dans 1'atmosphdre oxydante on observe une 

BIBLIOGRAPHIE
1. - D.M.Eyrr, B.B.TJMAIUEB (1967) nopwiam-

UeMeHTHHM KMHKep, M. , CTpoäHEmaT, (en 
russe ).

2. - B.M.EAEyiilKMH, T.M.MATBEEB, O.n.MWHOB-
IIETPOCHH (1972) TepMOJUiHaMKKa CBJunca- 
TOB, M., CTpoRHanaT, ( en russe ).

3. - M.S.HEByKOB (1938) riBHOseMHcraä iteMem
CBepjUIOBCK, rOHTH, ( en russe ).

4. — B. ADOUZB (1961). "Silikates Industr.",
26, n° 4, 179-190 (en franqais).

5. -W.L. DE KEISER (1952), "Bull. Sos. Chem.
Beige", 60, 516-541 (en franqais).



6. - T.D. BOBSON (1962), "High - alumina
Cement*,  London (en anglais). ■

7. -H.SCHOLZE, E.KUMM (1966), "Toninduatrie
Ztg", 90, » 12 , 559 (en allemand).

8. - T.ß.PQECOH (1976) H Me^nyH.KOHTpecc no
X2MHH üCMeHTa, M., (en rasse ).

9. - K.Cy^SyKM (1976) BmMHHe fe h aa-
MenjeHBa Ha npouecc oOpasoBaazH h rsupa- 
Tantno TtAJTM^ARnro amoMKHaTa. 71 MesÜQr- 
HapoflHHä KOHTpecc no xmmH neMenia.
T.3, M., CTpofiaanaT, ( en rasse ).

lo^-io.n.ynAjioB, t.d.’ibjijikoba, s.c.bmheh 
(1976) K Bonpocy o xapaKiepe imaroaMMH 
COCTOHHBH CHCTeMH CaO-AIgOg, TI MKXII, 
M» ( en rasse ).



Chemistry of arresting strength retrogression in 
structural high alumina cements

Les causes chimiques des baisses ou des limitations de resistance dans les 
. . structures en ci me nt alumineux

P. BHASKARA RAO and V.N. VISWANATHAN, Cement Research Institute of India, M-10, NDSE-II, 
New Delhi-110049, Inde.

SUMMARY: The conversion of metastable hydrates of high alumina cement has been accepted as 
a_.fact to reckon with. One possible method of preventing the formation of cubic C-AH, and 
arresting strength retrogression would be by providing an alternative but safer 1 6 path 
of reaction for hexagonal aluminate hydrates. Such a possibility can be realised through 
the reaction of these hexagonal hydrates with C-S-H gel leading to the formation of Strat- 
lingite, which contributes to high compressive strength. The success of this method depends 
on the timing of availability of C-S-H gel for reaction with the metastable aluminate hy
drates, before they are converted to C^AHg. ,.

A comparative study of the hydration of CA in presence of (1) C-S-H gel and (ii) ß-C_S 
with varying degrees of fineness of CA has been made. The mineralogical composition and 2 
strength development of hydrating specimens were studied as a function of time. While geh
lenite hydrate was the major hydration product in all the specimens, no C-AH- could be found 
at any stage. There was no metastable hexagonal hydrate detectable beyond 6two weeks of 
hydration, showing thereby that gehlenite hydrate was readily formed and this precluded any 
possibility of conversion to C3AH6 even in future. Attack of CO- on paste specimens pro
duced some C.ACH.., while in the mortar specimens, practically free from CO- attack,
the formation of1 C.ACH.- was negligible. The rate of hydration of B-C-S is 2probably 
enhanced in presence*  of CA. The mortar specimens showed satisfactory strength deve
lopment with only gehlenite hydrate as the major hydrated phase.

RESUME: La conversion des hydrates m^tastables du ciment alumineux a 6t6 acceptee comma un 
fait dont 11 faut tenir compte. Une methode Eventuelle d'1 empecher la formation de C-AH, 
cubique et d*  arrSter la retrogradation de la resistance serait de prEvoir une autre 3 6 
voie, mais plus sure, de reaction pour les hydrates hexagonaux des aluminates. Une telle 
possibility peut Stre realisee par la reaction de ces hydrates hexagonaux avec le gel C-S-H 
menant ä la formation de la Strätlingite, ce qui contribue ä une haute resistance ä la com
pression. Le succEs de cette methode depend du moment ou le gel C-S-H est disponible pour ' 
la reaction avec les hydrates metastables des aluminates avant qu’ils ne solent convertis 
en CjAHg. "

Une etude compares de i'hydratation du CA ä divers degres de finesse et en presence 
du (1) gel C-S-H et (ii) ß-C-S a 6t6 effectuee. La composition minSralogique ainsi que le 
dEveloppement de resistance des Echantillons hydratants ont fait I'objet d'une Etude en 
fonction du temps, Alors que I1hydrate de la gehlenite etait le produit d'hydratation 
principal dans tous les echantlllons, on n'a pas pu trouver du C-AH, 1 n‘Importe quelle 
etape. Il n'y avalt pas d'hydrate hexagonal mEtastable, qui Etait dScelable au
delä de deux semaines d1hydratation, dEmontrant ainsi que I?hydrate de la gehlEnite se 
formait facilement, et ceci exclualt toute possibilite de conversion en_C_AH, meme ä I*  
avenir. L'attaque du CO- sur les Echantlllons de pSte a produit du C ACH^ ,6 alors que 
dans le cas des Echantlllons de mortier, qui sont pratiquement exempt! de1 l'attaque 
du COj, la formation du C^aCh^j etait nEgligeable. Le taux d'hydratation du ß-C^S est 
probablement augmente en presence du CA. Les Echantlllons de mortier ont revelE un '
dSveloppment satisfalsant de la rEsistance avec seulment 1'hydrate de la gehlEnite comme 
phase importante d'hydrate.



INTRODUCTION
The conversion of high—alumina cement 

consisting of the transfoimation of hexago
nal aluminate hydrates to the cubic C3AHg, 
has been accepted as a fact to reckon 
with (1). In spite of several precautions 
recommended# including the use of low water/ 
cement ratio, service temperature and humi
dity, it is being increasingly realised that 
the hexagonal hydrates CAH^q and CjAHg can 
not be permanently stabilised by any of the 
known physical means (2,3) or through che
mical additives (4,5). In this context 
alumina-belite cements (6) are claimed to 
be free from the phenomenon of conversion 
and strength retrogression, but very little 
is known as to how the formation of C-A^ is 
prevented on hydration. On the other 
hand, a recent study on a closely similar 
system called Porsal cement containing the 
mineral assemblage, ß-C„S, CA,
C.A-S  has revealed the ^presence of some 
CjAHg along with gehlenite hydrate and 
tetracalcium aluminate hydrates in the hy
dration products (7).

A chemical solution to the problem of 
formation of C^AHg and moderating, if not 
arresting, the strength retrogression could 
be in providing an alternative but safer path 
for the reaction of the metastable hexa
gonal hydrates with C-S-H gel leading to the 
formation of CjASHg (gehlenite hydrate or 
Strätlingite), which also contributes to 
high compressive strength (8). Such a com
bination of stable hydration products rich 
in gehlenite hydrate is expected to be re
sistant to sulphate attack owing to a fav
ourable (C+M)/(A+S) ratio even at the micro 
level (9). For example, in the case of con
ventional HAG this ratio is not favourable 
after conversion where gibbsite and C.AH 
phases exist separately at the micro 3 6 
level, although this ratio is unaffected by 
conversion at the macro level. The success 
of forming CjASHg as a major phase depends 
on the timing of the availability of C-S-H 
gel for reaction with the metastable alumi
nate hydrates, before the latter decay by 
conversion. Towards this end, a comparative 
study of the hydration of CA in presence of 
(!) C-S-H gel and (it) ß-C^S with varying 
degrees of fineness of the CA component has 
been made.

EXPERIMENTAL
(i) Materialsr Monocalcium aluminate (CA) 
was prepared by firing at 1400eC a stoichi
ometric mixture of calcium carbonate and 
alumina gel. Even after repeated firings the 
presence of CA2 an^ C^jA^ in small quanti
ties could not be avoided and the material 
was used as such. The material was ground 
to pass through 150 micron sieve and sepa
rated into two fractions: (a) -150, +75 
micron and (b) -75 micron sizes.

Dicalcium silicate was prepared by 

standard methods using 0.5% B203to stabilise 
the B-form. The entire material was ground 
to pass through 75 micron sieve and used 
as such.

Calcium silicate hydrate (C-S-H) gel 
was prepared by the hydration of ß-C_S in 
a slurry form with a water/cement 2ratio
of ten for five months, followed by fil
tration and vacuum drying at room tempera
ture.

Dehydrated alumina: Chemically pure 
chromatographic grade alumina (E.Merck, 
Darmstadt) was used without further treat- ‘ 
ment.

(11) Paste hydration studies: Using the 
coarse and fine fractions of CA respectively 
two pastes were prepared with a CA/C-S-H 
gel ratio of 1:2 and a water/solid ratio of 
four and maintained at 27 + 2eC. They were 
denoted as coarse and fine—(C and F) pastes.

(ill) Compressive strength: Two series of 
mortars comprising of the coarse and fine 
fractions of CA were made with the compo
sition, CA: ß-C2S s Dehydrated alumina = 
2:3:10. The water/(CA + ß-C2S) ratio was 
kept at 1.9. The mortars were cast into 
cylinders 1.25 cm X 1.25 cm, demoulded 
after 24 hours of storage in>90% RH at
mosphere at room temperature. The cylinders 
were cured later in water at 27°C. Com
pressive strengths of cylinders were tested 
at various ages with the help of a one tonne 
testing machine provided with necessary 
arrangement for testing small specimens.

(iv) XRD studies: The pastes as well as 
mortars were examined for their mineral 
assemblage at various ages with the help 
of a Philips 1120 model x-ray diffracto
meter using Cu-1^ radiation and Ni filter.

(v) Thermal Analysis: TGA and DTA of hy
drated pastes aged 11 weeks and cylinders 
aged 10 weeks were recorded on a Derivato- 
graph (Hungarian Optical Works, Budapest) 
at 8°C/min.

RESULTS
The mineralogical composition of 

pastes and cylinder specimens at various 
ages excluding those minerals present in 
the starting materials are given in Tables 
I and II respectively. The typical powder 
x-ray diffractograms of the pastes at the 
age of 11 weeks and cylinders at 10 weeks 
respectively are presented in Fig.l. The 
mineralogical studies showed that the prin
cipal phase formed was always C2ASH only. 
No c3AH, was observed in any 2 °of the 
samples?

The paste hydrated specimens showed, 
besides gehlenite hydrate, a carbonated 
form of calcium aluminate hydrate, C.ACH12 
due to the progressive carbonation, 4 2
to some degree, of the samples inadequately 
protected against exposure to air. The



two weeks. Of the two, C2AHß was more pro
while CAHj^gwa ^observed in only one 

sample in trace quantities.
minent

TABLE I
Age Coarse Paste Fine Paste

5d c2ash8(s) c2ash8(s) '

C2AH8(m) 
CAH10(vw)

C2AHg(s)

14d C2ASHg(vs) C2ASHg(ws)
c2ah8(w) 

CAH10(ww)
CaACH1_(w) ■ 4 12

26d C2ASHg (vs) C2ASHg(ws)
C »ACH- - (ww) 4 12 C.ACH1o(vw) 4 12

42d n.d. C2ASHg(ws) 
C.ACH._(m) 4 12

52d C2ASHg(vs) C2ASHg(ws)
C.ACH..(vw) 4 12 C.ACH-_(m) 4 12

73d C2ASHQ(ws) CjASHg (ws)
C.ACH1o(s) 4 12 C.ACH-.ts) 4 12

wss very very strong, vs 
s: strong, m: medium, w: 
vws very weak, ww: very

is very strong, 
weak, 
very weak

TABLE II
Age Coarse cylinder Fine cylinder

7d C2ASHg(s) C2ASHg(m)
CaACH1-(vw) 4 12 C2AH8^VW^

• . C2AHg(vw) C.ACH1_(vw) 4 12

63d C2ASHg(ws) C2ASHg(ws)
C.ACH-*(traces) 4 12 C .ACH» _(traces) 4 12 •

71d C2ASHg(ws) C2ASHg(ws)
C»ACH (traces) 4 12 C .ACH» o(traces) 4 12

minor
C2AH8

new phases observed 
and CAHjg, which did

in the pastes were 
I not persist beyond

In the case of cylinders, C2AH8 was °* >" 
served in small amounts only up to seven days 
and no CAH^g was detected at any stage. 
Carbonation from atmosphere was extremely 
low, as can be expected in set mortars, and 
the only carbonated form of aluminate hy
drate, C^ACH^z, was observed only in traces.

' The differential thermograms of pastes 
and cylinder samples, after 11 and 10 weeks 
of ageing respectively, are presented in 
Fig.2. The thermograms of both the pastes - 
showed only two major endothermic peaks at

G

COARSE PASTE 

G

1----- 1---- 1---- 1--- 1—n--- 1____ I____ I____I I*5 40 36 32 28 1' ^21 17 13 5 5

COARSE CYLINDER

FINE PASTE

G

Cu - k«. - 2 6

Fig.l x-ray diffractograms of pastes 
(11 weeks) and cylinders (10 weeks) 
g - c2ash8, b = p-c2s, ,c = c4ach12

160oC and 300°C respectively, due to C^ACH^j. 
No endothermic peak attributable to CjASHg 
(low intensity peak reported at 230eC (10)) ■ 
was separately visible, perhaps masked by 
the broad 160eC endothermic peak of the 
carboaluminate. The thermograms of cylin
ders showed endothermic peaks at 100°, 150°, 
250° and 310°C. The alumina used as aggre
gate for cylinders also had a small endo
thermic peak around 140eC due to a'dsorbed 
water. In view of this, the first two 
peaks may be considered as manifestations



Fig.2 Differential thermograms of Pastes 
(11 weeks) and cylinders (10 weeks)

of adsorbed water held by alumina and any 
excess C-S-H gel and part of the combined 
water of C-S-H gel. The 250°C peak is be
lieved to be due to gehlenite hydrate. 
However, the sharpness of the peak vis-a-vis 
broad peaks reported earlier for CjASHg, and 
the inability to find a similar peak in the 
pastes where gehlenite hydrate is expected 
to be in higher concentration not diluted 
with aggregate, leave some uncertainty in 
this assignment. The low intensity endo
thermic peak at 310°C can not be explained 
at present.

The compressive strengths of cylinders 
are reported in Table III. The order of 
strengths of the specimens was markedly 
lower than those of HAC reported in litera
ture, partly due to high initial water/solid 
ratio Intentionally employed in order to 
observe whether CjASHg would be stable, un
like CAHjq known to be unstable even under 
moderately high water/solid ratios. The 
results of compressive strengths showed that 
the strength increased progressively with 
age indicating the continued availability of 
aluminate hydrate through CA hydration to 

react with C-S-H gel. The strengths of the 
fine specimens were always higher than those 
of the coarse specimens at equal ages.

DISCUSSION
Considering the mineralogical compo

sition of all the specimens and that ß-C-S 
hydrates through topochemical mechanism 
in contrast to Y-C2S which hydrates mostly 
by a “through solution" mechanism (11), the 
hydration reactions can be fitted into a 
generalised scheme, as follows:

C2AH8

naw VI11CAHio ———-------------------- - co
I / --- ----------- ---- _VT
/CA C^S-^Sfc-S-H COASH8 C3AH6

VII

2IX

carbo 
aluminate 
hydrate

Reactions (I), (II), (III), (VI) and 
(VII) are well known in literature. Re
action (IV) was also recently reported (8) 
and the present results support the feasi
bility of reaction (V) proceeding with a 
reasonable rate. The effect of atmospheric 
CO2 on CAHjq and C2AH8 is believed to be 
in the form of (VIII) and (IX), resulting 
essentially in low carbonate aluminate 
hydrates, unless CO^ is deliberately made 
available in high concentration (3).

TABLE III

Age Compressive strength, MN/m*
Coarse cylinder Fine cylinder

Id 0.4 1.0
7d 1.5 2.3

28d 2.6 4.1
56d n.d. 4.8
85d 4.74 6.0

The absence of CAHjn •*- n t*le speci
mens, except in one in trace quantities, 
shows that the rate of consumption of cahiq 
is by far greater than its rate of pro
duction. The marked absence of C3AH6 in 
all the specimens in spite of the high 
water/solid ratios, rules out reaction (VI) 
as the major consumer of CAH^q. The lower 
concentration of carboaluminate as compared 
to C^ASHg even in the case of pastes leads 
to the conclusion that reaction (IV) is 
faster than (VIII). By similar arguments 
it can be seen that reaction (V) is faster 
than (IX) and reaction (VII) is very in
significant. The presence of C2AH8 ^ow 
concentration at least in the Initial 
stages, as against the total absence of 
CAH^q shows that reaction (V) is relatively 
slower than reaction (IV). .



Reaction (III) is of no consequence 
for pastes and will only determine the pro
gress of reactions (IV) and (V) in cylin
ders. Even in the case of cylinders the 
absence of together with the absence
of CjAHg and carboaluminate shows that C-S-H 
gel is always available in adequate quanti
ty for reaction (IV). The low concentra
tion of CjAHg found is to be attributed to 
the relative slowness of reaction (V) as 
compared to (IV) rather than to the non
availability of C-S-H gel. Such a rapid 
generation of C-S-H gel from {J-Cj3 ■*- s Pro* 
bably because of its consumption by alumin
ate hydrates, thereby making available a 
fresh surface of CjS grains for subsequent 
hydration. It may, hence, be said that the 
thickness of C-S-H layer around the C.S 
grains is greatly reduced overcoming 
thereby the hindrance for diffusion of 
water. Further, the reactions (VI) and . 
(VII) are comparatively slower than (VIII) 
and (IX) at the concentration of CO2 avail
able to the system through ordinary air.

The formation of C^AH^, being depen
dent on the availability of CAH^q or CjAHg, 
can not take place even in later ages be
cause of the non-accumulation of these 
phases. Therefore, any strength drop owing 
to the conversion of hexagonal aluminate 
hydrates to C3AHg neednot be apprehended 
because the hexagonal forms are readily 
fixed up as gehlenite hydrate.

The proportions of ß-C-S and CA in 
cylinders are adopted from those known in . 
alumina-belite cements and are not neces
sarily stoichiometric to form gehlenite 
hydrate. The silicate portion is rather 
high and, therefore, some C-S-H gel is 
left unreacted even at long ages. The un
reacted C-S-H is indicated by the 150°C 
peak in thermograms of cylinder samples.

The presence of some C_AH in the 
coarse paste and its total absence in fine 
pastes at 14 days shows the effect of fine
ness probably because the coarse grains 
provide the centres for local accumulation 
of the metastable hydrates. The mineralogy 
of cylinder specimens is unaffected by the 
fineness of CA, within the rangejused in the 
investigation. However, too coarse a 
fraction of CA is likely to result in local 
accumulation of hexagonal hydrates, which 
may eventually be converted to C3AH6 and 
be unavailable for gehlenite hydrate for
mation. The compressive strength of fine 
cylinders is markedly higher than the 
coarse cylinders at least up to 12 weeks 
which is self-explanatory.

CONCLUSIONS
The hydration of CA and ß-C2S to

gether gave mainly CjASHg. Higher calcium 

aluminate hydrates were found as carbo
aluminates in paste specimens only when 
there was some access to COj. The for
mation of c3AHg was found to be altogether 
prevented by the reaction of the metastable 
hexagonal aluminate hydrates with C-S-H 
gel and formation of gehlenite hydrate.

■The progressive formation of C2ASHg resul
ted in a continuous rise in strength. The 
ultimate phases formed in set mortars, .. . 
namely, gehlenite hydrate and some C-S-H 
gel are stable unless exposed to excess 
Ca(OH)2(12), which is an abnormal con
dition in practice and should be least 
expected in this system.

Hence, the successof the technology 
of arresting drop in strength will depend 
on optimising the • properties and fine
ness of aluminates and ß-C„S such that 
there is no. accumulation 2 of hexagonal 
aluminate hydrates. The fineness of both 
components can be increased to improve ' 
upon the early strength with the same 
limitations again that the hydration of CA 
should not be too|fast as to lead to the 
accumulation of metastable aluminate hy
drates. On the other hand a minimum fine
ness of CA is also required to avoid any 
local accumulation of hexagonal aluminate 
hydrates. Further, the presence of 
small quantities of P-C2S even after the 
consumption of hexagonal aluminate hydrates 
may be beneficial for long-term strength.
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The Cement for Use at low Temperatures
Le ciment pour emploi aux temperatures basses
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RESUME : Le clinker de ciment, d'une composition chimique usuelle, tres fortement broye, en 
1'absence de gypse, donne un liant, different du ciment Portland. Ce liant possede la parti- 
cularite de faire prise et de durcir, a des temperatures inferieures ä 0°. On a verifie, sur 
des eprouvettes de pate de mortier et de beton, que ce ciment falsalt prise et durclssalt nor- 
maleme.nt, ä des temperatures de -35°, en laboratoire, et de -20° sur chantier, lorsque ce 
clinker etait additionne de lignosulfonates, de carbonates ou de bicarbonates alcalins et, 
d'eau. Cette propriete, nouvelle dans la chimie et la technologie du ciment, a donne I'idee 
d'utiliser ce ciment, sans protection speciale, pour les constructions ä realiser en hiver.

Le ciment sans gypse est un ensemble comprenant ce clinker, un plastifiant, un retardateur de 
prise et un accelerateur de durcissement. Les lignosulfonates peuvent etre employes comme, , 
plastifiants. Les derives de la lignine peuvent etre partiellement ou entierement remplaces 
par le produit de la condensation des phenols sulfonates et dy formaldehyde, ou un sei de , 
1'acide naphtaleno-sulfonique. Le carbonate ou le bicarbonate alcalln peuvent etre remplaces 
par un hydroxyde alcalln. On comprend bien 1'influence de chacun de ces composants du ciment 
sans gypse. L'addition de gypse ä ce ciment, dans les memes proportions que pour le ciment 
portland, a un effet defavorable sur ses proprietes rheologlques.

SUMMARY: Cement clinker of ordinary chemical composition, ground with a grinding aid, but wit
hout the presence of gypsum and processed with a low water-to-cement ratio, presents a hydrau
lic binder which differs from existing portland cements. This binder has the capability of set
ting and hardening at temperatures below O°C. The setting and hardening of gypsum-free cement, 
where a clinker-lignin derivate-alkali carbonate or bicarbonate-HjO system was predominantly 
used, was verified in the form of pastes, mortars and concretes under laboratory conditions up 
to temperatures of -35°C and in conditions of an open-air building site up to temperatures of 
-2O°C. This qualitatively new factor in the chemistry and technology of cement has led to the 
idea of using this binding agent for construction work without any protection against the 
weather. ■
Gypsum-free cement can be described as a clinker-plasticizing agent-set retarder - hardening 
acceleration agent - H^O system. Lignosulfonate or sulfonated lignin can be used as plasticiz
ing agents. The lignin derivate can be partially or entirely replaced by the condensation pro
duct of sulfonated phenlos with formaldehyde or the salt of naphtalene-sulfonic acid. Alkali 
carbonate or bicarbonate can be replaced by alkali hydroxide. The influence of individual com
ponents in-the gypsum-free cement is comprehensive. Gypsum additives to this cement in concen
trations normal for portland cement lead to a marked deterioration of rheological characteris
tics. . ' •



The use of ordinary portland cement /which 
is essentially a clinker-gypsum system/ at 
temperatures below 0 C is connected with a 
number of difficultiesj at such temperatures 
it is impossible to achieve a high initial 
and final strength. The problem of concret
ing under low temperatures is at present sol
ved on the basis of various methods, one of 
which is the use of quick-binding cements. 
These cements must have sufficiently high 
increments in strength, so that no damage is 
done by the frost.
A new impetus in the area of quick-binding 
high-strength cements has been provided by 
the work connected with the names of P.A.Re
binder and S.Brunauer in which gypsum-free 
have been studied. Lukyanova, Segalova and 
Rebinder /I,2/ have studied a clinker-cal- 
cium lignosulfonate - l^O system and design
ed a calcium lignosulfonate - KjC0! system 
to control the beginning of the setting of 
cement pastes. With this combination they 
were successful in substantially postponing 
the beginning of the setting process and a 
marked acceleration of hardening. Brunauer 
et al./3/ designed a clinker /with a speci
fic surface of 600-900 mz/kg/- residue of 
grinding aid - calcium lignosulfonate-K-CO,- 
H-0 system. Excellent results were obtained 
in pastes, mortars and concretes when this 
system was used; the achieved strength was 
higher by several times than those achieved 
with normal portland cements.
Research /4-6/ carried out in Czechoslovakia 
since the end of the sixties has led to the 
development of gypsum-free cements which are 
call modified quick-binding high-strength ce
ments /MQHC/. By MQHC we have in mind the 
following system: clinker /with a specific 
surface of 200 - 3000 m2/kg/ - a lignin deri
vate - alkali carbonate or bicarbonate-H20. 
MQHC differs from normal portland cement2by 
a number of characteristics: 
a/low porosity of hardened cement stone - 
b/excellent workability with low water con

tent
c/high short- and long-term strength 
d/possibility of substantial acceleration of 

hardening by small increments of surround
ing temperature

e/increased resistance to corrosion.
A highly significant characteristic of MQHC 
is their capability of setting and hardening 
at temperatures below 0°C. This new factor in 
the chemistry and technology of cements is 
the subject of the present communication.
In the experiments described in this communi
cation, MQHC was made from clinker normally 
produced at the Czechoslovak Cement Works at 
Hranice. The grinding of MQHC was done in the 
absence of gypsum and with grinding aid addi
tives. The MQHC used had a specific surface 
/Blaine/ of 420, 600 m2/kg /with a lignin de
rivate as a grinding aid/ and 900 m2/kg /with 
ethylene glykol as a grinding aid/. The che
mical composition of the clinker used is gi
ven in table I.

Table I.- Chemical Composition of Clinker 
/in %/

CaO
SiO, 
Al-0,
Mg8°3

S03 
annealing loss

The produced MQHC were processed into pastes 
w=O.25, mortars w=0.30 and concretes w=C.33 
to 0.35, by using normal technological faci
lities. For regulating the beginning of the 
setting process, a sodium lignosulfonate - 
NaHCO, system was used, while in the case of 
the mortars and concretes a further setting 
regulator was added - sodium potassium tar
trate. After the cement pastes were mixed 
/at temperatures between +10 to +15°C/ they 
were placed in a nonset state into an envi- 
roriment where temperatures were maintained 
at constant levels within the range of +20 
to -35°C. The strength of the pastes /bodies 
sized 2.2.2 cm/ was determined after the bo
dies had been cured for 30 minutes at tempe
ratures of +20°C after taking them out of 
the air-conditioned area. The results achie
ved in compression strength are summed up in 
tables II and III.

Table II.-Compression Strength /MPa/_of 
Pastes w=0.25, MQHC 420 m2/kg

days
curing 

+20
temperature /°c/ 

-22+1 -8
1 20 7 3 2
3 50 23 15 5
7 80 42 28 7

28 100 50 40 1C

Table III.-Compression Strength /MPa/ of 
Pastes w»0.25, MQHC 600 m2/kg

days
curing temperature /°C/

+20 +3 -8 -20 -35
1 60 30 26 7 6
3 100 48 44 12 7
7 110 68 62 16 9

28 118 72 65 23 12
90 120 84 80 32 15

180 122 86 81 33 19

Mortars /with MQHC:sand 1:3/ were made of 
MQHC and sand at the temperature of +15°C, 
the water used had a temperature of +3°C.
After the mortar has been mixed, moulds with 
the samples were placed for 15 minutes into 
an area with constant temperatures between 
+20 to -35°C. The moulded bodies /4.4.16 cm/ 
were left at temperatures of +20°C for 60 mi' 
.nutes before their compression strength was 
determined. Table IV sums up the achieved 
compression strengths.



Table IV.-Compression Strength /MPa/,of 
Mortars w=O.30, MQHC 600 nr/kg 

_________________ 4 j_______ ____ _—/Ori I 

days +20
curing 

-8
temperature /°C/

-20 -35
1 48 5 4 3
3 71 10 7 4
7 82 20 10 7

28 100 36 • 16 * 8
90 102 42 ”49 26 ”38 9

180 110 53 *59 28 *42 10
360 112 — *64 - *60 —

* samples were stored at +20°C after the 
28th day.

For the making of concrete /with an MQHC: 
sand:aggregate 1:3:3, w=0.33/, aggregates at 
temperatures between +3 and +5°C were used. 
After preparing the concrete mixture the 
moulds were immediately transported to an 
open-air site. The course of temperatures 
was read from a registration thermometer.The 
moulded bodies, sized 15.15.15 cm, were tem
pered at temperatures of +20°C before their 
compression strength was tested. The results 
achieved are summed up in table V.

Table V.-Compression Strength /MPa/ of Con
crete /1:3:3/ w=O.33,MQHC 600 irT/kg

days compression 
strength

curing temperature 
/dc/

1 12,1 -8 to -11
3 19,6 -5 to -18
7 43,2 -6 to -19

28 52,1 from the 8th day 
-6 to +5

Control Experiments at Curing Temperatures 
of +15°C

Says compression 
strength

1 35,0
3 69,2
7 78,6

28 79,2

The results achieved indicate, that MQHC pro
cessed in the form of pastes,' mortars and 
concretes are capable of setting and harden
ing at temperatures well below 0°C. This ca
pability is the result of the higher values 
of hydration heat at the beginning of the hy
dration process and the higher reactivity of 
the MQHC components as a consequence of their 
higher specific surface. The capability of 
setting and hardening at low temperatures is 
also caused by the presence of additives 
which by their cryoscopic effect lower the 
temperature at which water freezes. The high 
strength achieved in MQHC in comparison to 
portland cements are also caused by the pos
sibility of processing the MQHC with a low 
water content.
Our findings confirm previous data /Yi./ on 
the hydration capability of clinker materials 
at temperatures below 0°C. In the hydration 
of clinker minerals at low temperatures, ano
malous behaviour of water in the porous struc
ture occurs /7/. In such structures water can 

exist in the form of "modified water", in a 
liquid state well below 0°C. Such water is 
then probably capable of a hydration process 
with clinker minerals even at low temperatu
res.

Fig.l - Fracture surface,paste w=O.25, 
360 days, curing at +20°C

Fig.2 - Fracture surface,paste w=O,25, 
360 days, curing at -35°C

Fig.3 - Detail from fig.2.



Also the structure of hardened cement pastes 
which have been cured at temperatures in the 
range of +20 and -35°C were studied. Figure
1. shows the structure of the fracture sur
face of MQHC pastes /with 600 m /kg/, cured 
at the temperature of +20 C for a period of 
1 year, while figures 2. and 3. show the sa
me paste cured without interruptign for a 
1 year at the temperatures of -35 C /the 
compression strength achieved was 28 MPa/. 
On the basis of these microphotographs it is 
possible to conclude that hydrosilicates and 
Ca(OH), are practically indistinguishable, 
and also a high degree of compactness. The 
high number of interfaces indicates the high 
mechanical strength of hardened MQHC. The 
influence of lower temperatures during MQHC 
hardening is apparent by the higher level of 
development of the crystalline structure 
/figures 1,2,3/.
The capability of MQHC to set and harden at 
low temperatures represents a new factor, 
which makes MQHC qualitatively different 
from existing portland cements. It should be 
stressed that the clinkers from which the 
MQHC were made have the same chemical compo
sition as the clinkers from which normal 
Czechoslovak portland cements are made. For 
this reason MQHC represent a higher quality 
of utilization of clinker, which has a high 
energy input, than is the case in normal 
portland cements.
In our experiments we also studied the pos
sibility of a modified use of the clinker - 
sodium lignosulfonate - alkali carbonate - 
H-0 system. Our study of pastes /w=0.25/, 
which set at temperatures between +20 and 
-30°C, indicates that lignosulfonate can be 
replaced, for instance by sulfonated lignin. 
Lignin derivates can partially or completely 
be replaced by other plasticizing agents,for 
instance by the condensation product of sul
fonated phenols and formaldehyde, the salt 
of naphtalene sulfonic acid. Alkali carbona-^ 
tes and/or bicarbonate can be replaced by '' 
hydroxide. The presence of hydroxide is then 
manifest by shortening of the beginning of 
setting. .
On the basis of our existing knowledge con
cerning gypsum-free cements we are able to 
define them in general terms as a clinker - 
plasticizing agent - set retarder - harden
ing acceleration agent - H-0 system. This 
system includes water because some compo
nents must be dissolved in water. The action 
of individual components within the system is 
comprehensive. The presence of alkali carbo
nate in connection with lignin derivate /and 
probably also in the case of a different 
plasticizing agent/ causes an improvement of 
the plasticizing qualities of the lignin de
rivate, because it prevents the forming of 
its insoluble calcium salt.
The component which postpones the beginning 
of the setting process /and makes it pos
sible to process these systems in real time 
as pastes, mortars and concretes/ are sub
stances based on lignin or carbohydrates 
which accompany them, or hydroxy-acids, sul
fonated phenols and others. Probably also 

alkali carbonate participates in the process 
of slowing down setting, as a consequence of 
carboaluminates. The component which accele
rates the hardening process is alkali carbo
nate and/or bicarbonate or hydroxide. The 
presence of lignosulfonate in the majority 
of cases leads to higher increments in 
strength then when other plasticizing agents 
are used. The addition of lignosulfonate to 
a different plasticizing agent is connected 
with a shortening of the beginning of set
ting /cf - Table VI./

Table VI.- The Beginning of Setting of ' 
Pastes w-O.25 /specific surface 
of clinker 900 m2/kg/, +20 C

system time
clinker+1,8% NaLig+1,2 

%Na,C0,+0,7% T+ 
h2o 2.5 hours

clinker+1,0% NS+
1,2% Na-C0,+ 
0,7% T+ H20 2.5 hours -

clinker+1,0% NS+ 
0,3% NaLig+ 
1,2% Na-CO,+ 
0,7% T+ H20 2 hours

clinker+0,8% SF+ 
1,2% Na-C0,+ 
h2o 4 IO hours

clinker+0,8% SF+ 
0,3% NaLig + 
1,2% Na-CO,+ 
H2° 2 hours

Note: NaLig - sodium lignosulfonate
T - sodium potassium tartrate
NS - sodium salt of naphtalene-

sulfonic acid
SF - condensation product of sulfo

nated phenols and formaldehyde

The presence of lignosulfonate seems to in
fluence reactivity of C,A, when the hydra
tion process is accelerated. The absorption 
of lignosulfonate on the surface of C-A, on 
the other hand, causes a slowing down of the 
hydration process and the resulting effect 
is determined by the sum of both precesses 
/2,8/. Increasing the lignosulfonate to a 
specific limit means a loss of initial and 
final strengths. A loss of strength is deter
mined by the irreversible absorption of lig
nosulfonate in C,S which blocks further hy
dration /9,10/. J

The presence of sulphates in the studied sys
tems is undesirable after a certain limit. 
Their presence from the burning process 
/after a certain limit of SO, has been sur
passed/, as well as a gypsum additive, causes 
undesirable changes in volume which can in 
the long-term even lead to destructions. The 
negative influence of gypsum in the clinker- 
lignosulfonate - carbonate - H,0 system du
ring setting with a low water content is ap
parent made by sulfoaluminates being formed, 
and transformed only after the solid and com
pact structure of the hydrosilicates has de- 



veloped. And this also causes undesirable 
changes in volume. A gypsum additive to the 
clinker - lignosulfonate - carbonate - H-0 
system in concentrations usual for portland 
cement also causes an increase in cement 
paste viscosity, and as a consequence of the 
forming of an insoluble form of calcium lig
nosulfonate, a strong decrease in the work
ability of mortars with a low water coeffi
cient occurs.
Another characteristic of the hydration of 
gypsum-free cements, so far determined in 
the clinker-derivate of lignin-alkali carbo
nate /hydroxide/ - H_0 system, is the limit
ed formation of Ca (OH)_ in initial stage of 
hydration. This fact follows from the struc
ture of hardened pastes where it is impos
sible to distinguish between hydrosilicates 
and CatOHjj, and also from the data determi
ned by X-ray diffraction /as also found by 
Odler, Schönfeld and Dorr/ll//.
CONCLUSIONS
Finely ground clinkers of a normal chemical 
composition processed with a low water-to- 
cement ratio and in the presence of additi
ves other than gypsum, produce a hydraulic 
binder which is capable of setting and hard
ening at temperatures well below 0°C. This 
qualitatively new factor in the chemistry 
and technology of mortars has led to the 
idea of using this binder for construction 
work in winter conditions.
Our future work will concentrate upon the 
technology of concreting with these cements 
under normal and low temperatures and upon 
a study of the reactions taking place in the 
hydration of gypsum-free cements.
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Hydratation du ciment alumineux en presence 
d'agregat siliceux et calcaire

Hydration of aluminous cement in the presence of silicic and calcareous 
aggregate

L. CUSSINO, Recherche et developpement, UNICEM S.p.A., Casale Monferrato,
A. NEGRO, Institut de chimie generale et appliquee, Politecnico de Turin, Italie.

RESUME : On sail que les betons prepares avec du ciment alumineux subissent avec le temps une perte de 
resistance mecanique ä la suite d'une reaction de conversion, pendant laquelle les aluminates de calcium 
hydrates metastables se transforment en composes plus stables.
Apres que les Auteurs aient montre la possibility d'une reaction entre les aluminates hydrates et le carbo 
nate de calcium, ils ont voulu Stendre leur experimentation aux ciments alumineux.
Dans ce but, ils ont effectue des essais jusqu'ä 5 ans sur des mortiers et betons en utilisant des agre- 
gats siliceux et calcaires. Les essais mecaniques ont montry que I'agregat calcaire attenue ou elimine la 
perte de resistance mecanique desbeftoris. .
L'analyse aux rayons X et ä 1'ATD, a montre qu'il se produit une reaction entre I'agregat calcaire et 
les produits d'Hydratation du ciment : la formation de carboaluminate semble limiter la conversion des alu 
minates de calcium hexagonaux en aluminate cubique.
Les Auteurs attribuent ä cette reaction le bon comportement mecanique, dans le temps, des betons 
experimentes.

SUMMARY : It is well known that concretes made with aluminous cement lose their mechanical strength 
over time following a conversion reaction during which metastable calcium hydrate aluminate are 
transformed into more stable compounds.
The Authors have shown previously that it is possible that hydrate aluminates react with calcium carbo 
nate and experiments were therefore extended to aluminous cements.
For this purpose, tests were carried out on mortars and concretes using silicic and calcareous aggrega
tes with up to 5-year lives.
Mechanical tests showed that calcareous aggregate attenuates or eliminates the loss of mechanical strenght 
in mixes. "
X-ray and ATD studies showed a reaction between calcareous aggregate and the products of cement hydra
tion : the formation of carboaluminate seems to limit the conversion of hexagonal calcium aluminates into 
cubic aluminate.
The good mechanical behaviour over time of the mixes experimented is held to be attributable to this 
reaction.



INTRODUCTION

Le beton preparS avec du ciment alumineux pre
sente des resistances mecaniques remarquables 
apres de courtes periodes de conservation, un 
caractere refractaire, une resistance chimique 
aux sulfates et aux cycles de gel et de degel. 
Mais, malheureusement, ce beton presente, dans 
le temps une diminution de resistances mecani
ques et une augmentation de porosite laquelle 
le rend sensible meme ä 1’aggression chimique. 
La reaction d'Hydratation indiquee ci-apres, 
exprimee sous forme non stoechiometrique, puisque 
les quantites des produits sont influencees par 
differents facteurs exterieurs, est la plus impor 
tante et se produit pendant les premiers stades 
de la prise du ciment :

CA + H20—CAH10 + C2AHg + AH [1]

Les produits de cette reaction sont metastables : 
le gel d'alumine se transforme en gypsite AH3, 
tandis que le CAH^q et le C2AHg se transforment 
en CjAHß et AH3 selon les reactions :

SCAH^C.AH, + 2AH + 18H.0 r2]
10 3 o 3 2 * J

3C AH^*2C  AH- + AH. + 9H.0 fs"'
2 o 3 o 3 2 <_ _

Ces reactions sont tres importantes car elles 
influencent les resistances mecaniques des betons, 
done, leur durabilite (1). Cependant, jusqu’ä 
aujourd'hui, il n'y a pas encore eu d'accord 
sur le mecanisme suivant lequel la conversion 
des aluminates metastables (CAHjq et C2AHg) en 
aluminate stable (CgAHg) agirait ä l'egard des 
resistances mecaniques (2).
Certains auteurs, pour limiter les inconvenients 
dus A la conversion, ont suggere d'ajouter au 
beton frais des additifs tels que les tensioactifs, 
les polysaccharides, les alcoolspolyoxhydryliques, 
les seis inorganiques (3)-
Selon Mehta (4) le C4A3.SO3 empSche pratiquement 
la conversion des hydrates hexagonaux en hydra 
te cubique; Ueda et Kondo (5), au contraire, 
ont trouve qu'A SO’C, en presence de ce sulfo-a 
luminate, la conversion se produit quand meme 
et les resistances mecaniques diminuent avec la 
conservation. -
Par centre d'aprfcs Collepardi et coll. (6), la 
conversion trouve un obstacle dans la presence 
du sulfo-aluminate, avec un effet d'autant plus 
marque que la temperature est plus basse et que 
1'addition de C4A3.SO3 est plus dlevee.
Enfin, Ramachandran et Feldmann (2) ont etudie 
1'Hydratation du CA ä de faibles rapport eau/ 
liant A 20<>C et A 606C. .

Ils ont remarque que les echantillons hydrates 
A 80°C presentaient un retrait considerable, 
contrairement aux echantillons hydrates A 20°C, 
et que leur resistance mecanique etait la plus 
elevee.
Les methodes exposAes ci-dessus presentent des 
inconvenients : ou bien elles perdent en effica 
cite lorsque la temperature de conservation de- 
passe la temperature ambiante, ou bien elles 
sont difficiles ou cheres A realiser.
Dans un article recent (7) nou avons signale 
qu'en hydratant le CA en presence de carbonate 
de calcium, la conversion des aluminates hydra
tes CAHjq et CjAHg ne se produisait pas, ou 
bien eile etait tres limitee par la formation de 
C3A CaCOg 11H2O.
Les resultats presentes concernent les essais 
effectues sur des mortlers et des betons fabri- 
ques avec du ciment alumineux fondu et avec 
un agregat calcaire et siliceux.
Une premiere observation menee sur des echan
tillons vieillis jusqu'A 5 ans a offert une vue 
d'ensemble interessante : les resistances meca^ 
niques du mortier et du beton fabriques avec 
un agregat siliceux avaient subi une deteriora 
tion progressive et constante dejA apres 28 
jours, tandis que le beton avec un agregat cal, 
caire avail manifeste une amelioration constante 
de la resistance mecanique que 1'on remarque 
encore a 1'echeance de 5 ans.
Sur la base de ces resultats il nous a sembie 
utile de realiser une seconde experimentation 
dans laquelle, A tous les essais de resistance 
mdcanique etaient associAs des analyses chimi- 
co-physiques de fa?on A suivre 1'evolution de 
1'Hydratation.
Les resultats de ces observations, menees 
jusqu'A present A la fin de deux annees, sont 
indiquAs ci-aprfes dans leur expression la plus 
significative.

PARTIE EXPERIMENTALE

Pour la preparation des echantillons utilises 
pour les essais de resistance A compression 
nous avons employe un ciment alumineux 
toujours de la meme marque dans les deux 
experimentations, mais reprAsentes bien sür par 
deux echantillons diffArents. L*analyse  chimique 
des deux Achantillons de ciment et celle des 
agrAgats pour mortiers et bAtons sont indiquAes 
dans le Tableau I.



TABLEAU I _

Oxides
Ciment

Agregat
Siliceux Calcaire

N. 1 N. 2 Mortier Beton

Si02 3,32 2,65 86,60 73,60 0,70

A12°3 39,58 40,50 5,08 6,94 0,18

2 3 13,73 12,77 2,13 1,78 0,14

FeO 2,80 3,88 — —

T10^ 2 1,90 1,95 — •* — —

CaO 36,80 36,60 1,64 5,23 54,80

MgO 0.59 0.54 0,29 5,27 0,43

K2° 0,05 0,05 1,27 1,19 ' 0,02

Na.0 2 0,04 0,05 1,26 1.55 0,05

S°3 0,03 0,05 0,00 0,00 0,00
p.a.fl 0,31 0,60 0,85 3,59 42,85

Les alealins contenus dans les agregats ne presen 
tent aucune caract^ristique de solubüite nl dans 
l‘eau ni dans une solution aqueuse de chaux.
Avec le ciment N. 1 nous avons realise les echan 
tillons suivants.
A - Echantillons en mortier plastique type ISO, 

fabriques avec du sable siliceux conformd- 
ment am Hormes Italiennes.

B, — Echaatillons de beton avec agregat calcaire : 
0 n»ax 25 mm*;  courbe granulometrique conti
nue; ciment : 3$) Kg./m^; E/C = 0,50; Slump 
9 cm.; tassement par table vibrante; masse 
volumique au demoulage 2,44.

C — EdliantiMons de beton avec agregat siliceux : 
caracteristiques du beton comme en B, excepte 
E/C = 0,54; masse volumique 2,44.

Avec le ciment M. 2 nous avons realise les echan 
tillons suivants . —
D — Echantillons en mortier plastique comme en A. 
E — Echantillons en mortier plastique comme en A 

en utilisant du sable calcaire granule frac- 
tionne dans les meme granulometries prdvues 
pour le sable normal.

0*  - Echantillons en mortier plastique comme en D 
et, done, avec du sable siliceux, mais en 
utilisant comme liant un melange ä 75/25 
respectivement de ciment alumineux et poudre 
de calcaire broye A environ 5.000 cm2/g de 
surface Blaine.

D" - Echantillons en mortier plastique comme en 
D", en substituant dans le melange du liant 
la poudre siliceuse broyee ä environ 4.000 
cm2/g de surface Blaine.

F - Echantillons de beton avec agregat calcaire 
’ concassd : 0 max 20 mm.; courbe granulomd 

trique continue; ciment : 350 Kg/m^; E/C = 
0,60; Slump 8 cm.; tassement par table vi
brante; masse volumique 2,41.

G - Echantillons de bdton avec agregat siliceux 
rould : caractdristiques du beton comme pour 
F, excepte E/C = 0,54; Slump 10 cm.; masse 
volumique = 2,43.

H - Echantillons de beton avec agregat siliceux
■ comme peur G. Le liant, au lieu d'etre seule 

ment du ciment alumineux, se compose d'un 
mdlange ä 75/25 respectivement de ciment alu 
mineux et poudre de calcaire A surface Blai
ne de 5.000 cm^/g; liant 350 Kg/m^; E/C = 
0,51; Slump 12 cm.; masse volumique = 2,40.

Pour les dchantillons A, B et C nous avons retenu 
les resultats jusqu'ä la fin des cinq ans, pour 
les autres jusqu'a deux ans.
Les echantillons de mortier, apres le demoulage, 
ont dte conservds dans 1'eau conformdment aux 
Normes Italiennes; les echantillons de beton ont 
dte conservds dans une chambre conditionnde A 
20°C ± 1°C et une humidite relative non infdrieu
re A 90%.
Avec les dchantillons D' et H nous avons voulu 
verifier si une addition au ciment de 25% de . 
pierre calcaire finement broyde provoquait, avec 
les anndes, un effet positif sur les rdsistances 
mecaniques tant des mortiers que des bdtons.
A chaque echeance*  A laquelle nous avons exdcutd 
les essais mecaniques nous avons effectud 1'ana
lyse aux rayons X et 1'ADT pour ddterminer pha 
ses qui se formaient au cours de I'hydratation.

RESULTATS ET DISCUSSION

Le Tableau II presente les resultats des essais 
mecaniques A compression des mortiers et des 
bdtons fabriquds avec le ciment alumineux.
Les resultats fournis par les dchantillons A, B 
et C sent suffisament dloquents pour ddmontrer 
que tant le mortier que le bdton avec agrdgat 
siliceux apres 28 jours de conservation revdlent 
une retrogradation de resistance mdcanique, mon 
tr'ant, A 5 ans, une perte de resistance respecti 
vement de 60% et 50% environ.
Par centre, le bdton avec 1'agrdgat calcaire a 
toujours reveld jusqu'A 5 ans des augmentations 
de rdsistance.
Les dchantillons D fabriquds avec le ciment N. 2 
ont revele un processus de rdtrogradation meins 
marqud que les echantillons A, en ayant toujours 
une valeur assez considdrable ( 18,8%).
Le comportment des echantillons E a montrd qu'en 
substituant au sable siliceux le sable calcaire 
d'une meme granulomdtrie, ou rdussit presque A 
dviter, au moins jusqu'A deux ans, la perte de 
resistance. ■



T A B L E A U I I

Echantillons
Age A B C D . E D’ D" F ■ G H

1 j 748 621 519 675 489 ' 581 567 538 ' 526 446 v / *2-  Kg/cm
3 j 761 690 536

7 j 852
28 j 934 809 579 892 733 744 671 724 730 564 T, y 2 Kg/cm
90 j 877 856 508 898 753 848 703 799 681 574 Kg/cm^

180 j 823 898 413 887 809 888 690 802 628 712 Kg/cm2

1 an" 740 941 302 835 819 882 . 590 850 552 704 t, , 2Kg/cm
2 ans 609 1065 291 729 803 846 534 873 532 725 r, , 2Kg/cm
5 ans 384 1102 285

Les valeurs les plus basses de resistance ä com
pression, en termes absolus, par rapport ä celles 
de l'essai precedent decoulent de la difference de 
la nature des sables.
Les resultats des essais sur les echantillons D' 
et D" mettent en evidence l'effet avantaqeux de 
la poudre de calcaire qui, jusqu'ä 1 an, reussit 
A sauvegarder les resistances et ä limiter la pe£ 
te de resistance a 5%, ä 2 ans de conservation.

Les echantillons D" revelent au contraire une a£ 
gravation en pour-cent du processus de retrogra 
dation et done le renforcement de l’effet negatif 
de la silice en poudre.
En effet, en comparant ces resultats avec ceux 
que nous avons obtenus pour les echantillons D, 
on remarque que la diminution du pourcentage de 
resistance passe da 18,8 ä 24,1.

Fig. 1 - Resistances A compression en fonction du temps des betons B, C, F, G, H



Les resultats offerts par les dchantillons F, G, H 
reproposent des consideration analogues ä celles 
qui decoulent des resultats des essais sur mortien 
En effet, cet echantillon de ciment assure lui 
aussi des resistances ä compression qui augmen
tent dans le temps s’il est utilise dans des be
tens avec agregat calcaire, tandis qu'il montre 
des pertes considerables dans le beton avec agr£ 
gat siliceux.
Une confirmation de 1'effet positif de la poudre 
de calcaire est fournie par les echantillons H qui 
montrent une stabilisation des resistances mecani 
ques m§me dans un beton fabrique avec agregat 
siliceux.
Pour mieux montrer leur comportement nous pre
sentons dans- la Figure 1 les courbes de resi
stance mecanique en fonction du temps des betons 
B, C et F, G. H.
L'examen aux rayons X a mis en evidence, pour 
tous les echantillons contenant 1'agregat siliceux, 
la formation initiale de C2AHg et CAHjo et leur 
transformation ensuite en CjAHg et AHj.
Pour tous les echantillons contenant 1’agregat cal
caire il y a, au contraire formation de CAHjo et 
CgA CaCOg HHjO dejä aux premeres echeances, 
tandis que le CgAHg n'apparaft qu'en tr6s petite 
quantile, dans les betons apres deux ans de con 
servation (Figure 2).

O C3* CaCO3 IIHgO

■ c3AHe

20 15 io 2 ♦

Fig. 2 - Spectres de diffraction X des echantil
lons B et C apres 5 ans, et H apres 
2 ans

L'ATD confirme les constatations faites par 1'exa 
men aux rayons X. ~
Dans les Echantillons fabriques avec agrEgat si
liceux, apparaft sur la courbe thermique, aprEs 
28 jours, le pic A ~ 330’C attribuable au 
c3ah6 : ce Pic augmente en intensitE au fur et

ä mesure que la periode de conservation avance. 
Sur les courbes thermiques des echantillons fabri 
quEs avec agregat calcaire, apres 28 jours de 
conservation, apparaft le pic a ~ 180°C du au 
carboaluminate. Le pic du CgAHg ne peut etre 
relevE sur aucune courbe thermique (Figure 3).

Fig. 3 - Thermogramme des echantillons B et C 
ä 5 ans et de 1'Echantillon H A 2 ans 
de conservation

11 est done confirmE que la presence d'un agre
gat calcaire, quelle que soil sa granulometric, H 
mite la conversion des aluminates hydrates hexa- 
gonaux en aluminate cubique : le fait que cette 
conversion ne se produit pas, ou qu'elle se pro- 
duit d'une faqon tres limitEe et qu'il se forme du 
carboaluminate, a comme rEsultat la progression 
de rEsistances mecaniques.
Essayons malntenant d'expliquer le role jouE par 
le C^A CaCOg llHgO, en considErant, avant tout, 
les variations de volume molaire A la suite des 
rEactions [2J et '3 . _
Sur la base de l'Eqüation "2I, CgAHg et 2AHg 
occupent ensemble 47,3% de 1'espace occupE par 
3CAH1Q avant sa transformation : il n'y a aucun 
doute que 1'eau constituant 52,7% du vouiume to 
tai est responsable de la jporositE. —
Sur la base de 1'Equation 7 3 J« le solide occupe 
66,5% et 1’eau 33,9%. L j



Il est done evident qu'ä la suite de la dessicca- 
tion la porosite revele elevee (8) : d'apres cer
tains auteurs (9-11) eile se revele determinante 
pour la chute des resistances mecaniques.
Si, par centre, il se forme de carboaluminate, 
etant donne son volume molaire eleve, il est ä 
presumer qu'une partie des espaces litres soit 
occupee par ce compose, avec une reduction de la 
porosite.
Nous avons verifie celä en estimant le volume total 
des pores des echantillons D et E apres 28 et 360 
jours de Conservation au moyen d'un porosimetre 
ä mercure.

TABLEAU III

Echantillons Conservation 
28 jours 360 jours

D 52,69 66,61

E 65,96 . 38,36

Il est done confirme que la conversion provoque 
une augmentation de porosite, tandis que la forma 
tion de CjA CaCO^ III^O la reduit de 42% environ. 
En plus, ä l'examen les courbes de repartition du 
volume des pores indique qu’ä l'echeance de 28 
jours celles des echantillons D et E sont assez 
semblables, mais qu'ä l'ächeance de 360 jours 
pour l'echantillon D nous avons une accentuation 
des macro-pores, tandis que l'echantillon E prä
sente une porositä plus fine et uniforme.
En outre la formation de carboaluminate en 
soustrayant de l'eau et en empechant la formation 
de C3AH5, räduit probablement la formation des 
macropores assoeiäs ä ce compose, ce qui a ete 
mis en evidence par Mehta et Lesnikoff (12) avec 
des observations au MEB.
Enfin l'habitus lamellaire du CjA CaCO^ IIH2O 
pourrait jouer un röle important sur l'empilement 
des cristaux pour la realisation d'une structure 
plus compacte.

CONCLUSIONS

L'emploi d'agregats calcaires pour preparer des 
mortiers ou des betons alumineux, permet d'arri- 
ver, meme ä de longues ächäances, ä des resistan 
ces mäcaniques träs älevees, gräce au fait que 
l'agrägat calcaire, reagissant avec les consti- 
tuants du ciment, donne lieu ä du carboaluminate, 
empechant ou limitant la conversion et diminuant 
la porositä du beton. .
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The relationship between cement clinker composition 
and strength recovery of hydrating high alumina 

cement during conversion
La relation entre la composition du clinker de ciment et la capacite de 

recuperation du ciment alumineux

H.G.  MIDGLEY, Concrete Research Laboratory, Civil Engineering Division, The Hatfield Polytechnic, 
Hatfield, Herts, U.K.

RESUME : Apres la baisse de resistance subie par le beton de ciment alumineux (h.a.c.) du 
fait de la conversion cristalline de ce ciment, une petite recuperation de la resistance 
peut se produite. Cette recuperation est attribuee ä la presence, dans le ciment, de sili
cates susceptibles de s'hydrater tardivement (pleochroite et g-C-S). Il y a probablement une 
proportion critique de silice dans ces clinkers, car s'il y avail trop de silice, un silica
te inerte (gelenite) se formerait.

SUMMARY: After the loss in strength suffered by HAC concretes during conversion a small recovery in strength 
may ensue, this recovery is related to the presence of hydratable silicate minerals in the H.A.C. (pleochrcite 
and BCpS). There is probably a critical amount of silica in the clinker for if too much is present the inert 
silicate mineral gehlenite will be fcrned.



mTRODUCTIOU:

It has been suggested (1,2,3,4,5) that the strength 
development curves for U.K. manufactured H.A.C. 
concretes take the form with time the strength rises 
to a maximuni followed by a fall to a mym ard then 
followed by a small rise in strength. It has been 
suggested (l) that this recovery in strength may be 
due to the formation of Stratlingite (CsASHg). On 
the other hand, some non U.K. H.A.C. concretes may 
show no such recovery in strength even after 21 
years (6.7.)

To see if the composition of the cement clinker has 
any effect on the strength development curves, 
three H.A.C. samples have been examined. A, a 
commercial H.A.C. of U.K. manufacture; B, a 
commercial H.A.C. of U.S.A, manufacture, and C, a 
white H.A.C.

EXPERIMEHTAL:

The chemical analysis of the cements are given 
Table 1 and the mineral composition by QXRTfe) in 
table 2,

Table 1 .
Chemical analysis (wt.^)

A B C
Si02 4.0 9.5 0.2
ai2 37.9 41.6 71.8
CaO 37.5 38.7 27.1
Fe2°3 9.8 3.6 0.0
FeO 5.7 - 0.0
so3 0.1 0.8 0.3
Sa2° . ' 0.1 0.1 0.1
^0 0.1 0.5 trace
Loss on Ign. 0.7 0.1 0.1

Mineral composition of H.A.C. by Q.X.R.D. (wt.$)

* ferrite solid solution (C^F - C^AFg)

Table 2.

A B c
CA 45 30 54
fss* 7 7 1
Wustite 10 6 0
Pleochroite 16 2 0
Cg&S 3 31 0

1 20 2
C^ 4 2 0
CA6 0 0 42
CT 3 3 1

The SiOg content ranges from 0.2% in A, to 9.5% in C; 
the pleochroite content ranges from 16% in A to sero 
in C, BCoS from 4 in A to zero in C. The high Si02 
content 19.5%) of B gives rise to 31% of the inert 
mineral gehlenite, while the intermediate Si02 
content (4%) of A produces only.3% gehlenite 
Pleochroite is considered to be reactive and produce 
strength (9), BC2S is highly reactive and strength 
producing while ghlenite, at normal temperatures is 
unreactive (1O).

The compressive strength of neat cement paste cures 
(l2.5nmi side) made with w/c ratios of tbout 0.2? 
stored 1 day in moist conditions at 18°C and then in 
water at 50°C are given in table 3.

Cement A shows the typical strength development 
cure with a rise to the maximum of 154N/mm2 7 days,
the fall to the minimum of 79K/mm2 at 28 days and 
the subsequent rise to 105lf/mm2. Cement C shows 
the rise to the maximum of 138 at 7 days and then 
the steady fall with no recovery. Cement B shows 
only a very small strength recovery. .

Table 3,

Compressive strength (u/mm^) of neat cement cubes, 
W/C 0.27,stored at 18°C 1" day and then in water at 
500c.

Age 1 7 14 28days ' 3 6 12months
A 150 154 139 79 89 108 105
B 86 72 59 59 31 38 40
C 92 138 124 93 74 66 57
The degree of conversion, Dc,(l), was determined 
for all specimens table 4. All show a high rate 
of conversion and eventually a high degree of 
conversion.

Degree of conversion, Dc,% of pastes cured 18°C 
Iday and then 5C°c.

Table 4.

1 7 14 28days 3 6 12months

A 15 40 15 65 75 85 90
B 0 40 30 45 65 70 75
C " 27 50 55 60 80 . 80 90

Discussion



Digoussipn
The amount of strength recovery in n/mn2 from the 
minimum to the strength at 1 year are given in 
table 5] the SiOj and silicate mineral contents 
are also given.

Table 5
Strength recovery of neat cement pastes cured at 
50®0$ minimum to 1 year strength. SiO- content 
wt%, (table l), mineral content ut^ (table 2)

Strength 
recovery Si02 Pleochroite bc2s C2AS

A 26 4.0 16 4 3
B 9 9.5 2 2 31
C 0 0.2 0 0 0

From the data in table 5 it can be seen that as 
the amount of pleochroite increases so the amount 
of strength recovery increases. However, there 
is no simple relationship between silica content 
and strength recovery. Cement B with 9.5% Si02 
but 31% gehlenite and only 2% of pleochroite and 
BC2S has a small strength recovery when compared 
with cement A with 4% SiOj but 16% pleochroite 
and 4% BCgS and only 3% gehlenite. Cement C 
shows no strength recovery at 1 year since it 
contains only 0.2% Si02 and no measurable silicate 
minerals.

Conclusions

It is concluded from an examination of the 
mineralogy of three high alumina cement that the 
small recovery in strength observed during the 
eomrersion reaction of hydrating HAC following tly 
initial less in strength may be correlated with 
the presence of hydratahle silica bearing minerals, 
pleochroite and. BC2S. The strength recovery in 
absolute terms is not related to the total silica 
content of the clinker for, if the quantity of 
SiQg is increased too much, the gehlenite, a 
non-reactive mineral is produced at the expense of 
the hydratable silicate minerals. It seems likely 
that there will be a critical amount of silica 
needed in the cement to produce a maximum strength 
recovery of H.A.C. concrete during conversion.
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- Property and Application of Thermosetting Cement
Proprietes et applications du ciment thermo-durcissant

GUNJISHIKAMI, HIROFUMI SHIMATANI, RYOICHISHIKATA, MICHIO MITSUHASHI, Japon.

RESUME : Les clments thermo-durcissant (ci-apres : CID) sont des ciments composes principale- 
ment d'aluminate de calcium, de sulfate de calcium et de silicate de calcium, et dont la pri
se est ralentie par un agent retardateur. ,
Ce ciment peut avoir un durcissement rapide, en le chauffant ä une temperature appropriee et 
en le faisant reposer. Ainsi on peut le malaxer et le mettre en forme, puis apres'la mise en 
forme, en faisant une operation de chauffage ä 80°C-30 minutes, on peut avoir un ciment ayant 
un temps de prise long et un durcissement rapide. '

On a observe que le durcissement rapide de ces ciments etait du ä la formation rapide d'et- 
trlngite; cette derniere formation peut Stre ralentie par un melange de semi-hydrate de gypse 
et d'acide citrique.

En faisant chauffer ce ciment ä une temperature de 70 ä 80°C on a la formation de I'ettringite 
en 30 minutes environ, la formation de celle-ci est alors terminee, et apres cela 11 n'y a 
presque pas d'augmentation ou de diminution de celle-ci.
Le chauffage initial contribue a 11 amelioration de la quallte de durcissement rapide ainsi 
qu'a la stabilisation volumique ä long terme. D'autre part, comme on ne chauffe pas pendant 
longtemps ä temperature elevee, on evite une reduction de la reactivite du C^S. Le CTO montre 
une bonne quallte comme liant du beton.

SUMMARY : Thermosetting cement (hereinafter referred to as TSC) mainly consists of calcium aluminate, 
calcium sulfate and calcium silicate, and its flash setting is prevented by addition of a retarder. 
With this cement, upon appropriate hot curing before setting time rapid hardening can be obtained. 
That is, through the heating process at 80°C for 30 minutes after mixing and placing at ordinary tem
peratures a cement vith the longer setting time and rapid hardening is made aiailable.

Flash setting of this kind of cement was known to be on account of rapid formation of ettringite, 
which thus could be retarded by coexistence of calcium sulfate hemihydrate and citric acid. When 
this cement is heated prior to setting up to "0 - 80°C, formation of ettringite is accelerated and 
completed in about 30 minutes, which remains nearly unchanged after that. Therefore, the early heating 
does much toward improving rapid hardening and stability of volume for a prolonged period. 
Furthermore restricted hot curring time at high temperatures is also effective to prevent lowering 
reactivity of C-S, which contributes to increasing strength of TSC at prolonged period. TSC indicates 
superior properties as a binder for GRC .



1. Introduction •

Trials to receive rapid hardening of cement 
arrived at a level of hardening in several hours 
due to development of a regulated cement (it is 
known as Jet Cement in Japan). It is also possible 
to make it rapid further, however, the higher in 
rapid hardening the shorter in setting time, which 
makes handling of mortar and concrete difficult, 
thus being limited in rapid hardening.

The authors studied on a cement with rapid 
hardening in addition to the comparatively longer 
setting time, and finally succeeded in development 
of a thermosetting cement with rapid hardening by 
heating (hereinafter referred to as TSC).

In this report mechanism of retarded setting 
of TSC, mechanism of early strength appearance as 
well as optimum heating temperature and time were 
studied, the results of which are stated below.

2. Hydration of thermosetting cement

As indicated in Table 1, TSC contains as 
hydraulic compound calcium silicate mainly compris
ing C3S, and calcium aluminate mainly comprising 
CA,to a mixture of which an appropriate amount of 
insoluble anhydrite and calcium sulfate hemihydrate 
as well as a little amount of citric acid for 
adjusting retarded setting are added. The better fineness is favorable, but it is about 7000 cm^/g 
in Blaine.

2-1. Setting of thermosetting cement

In Fig. 1 which indicates changes with the 
passage of time of TSC's heat evolution at ordinary 
temperatures, the first peak is considered to corre
spond with formation of ettringite from measurement 
of XBD. The time of appearance and heat evolution 
rate of the first peak are known to be markedly 
retarded by addition of hemihydrate as well as 
citric acid. The time of appearance of the first 
peak nearly corresponds with the setting time of 
those cements made in trial, which indicates that 
abundant formation of ettringite has resulted in

Cement 1: TSC as shown in Table.I.
Cement 2: Cement 1 not containing citric acid
Cement 3: Cement 2 not containing hemihydrate

Fig.l. Effect of hemihydrate and citric acid on
. the early hydration of TSC at 20°C (W/C=0.65) 

setting of TSC. "The comparatively longer setting 
time is apparently based on the results of 
chemically controlled formation of ettringite.

2-2. Hydration in heating

Fig. 2 shows the rate of hydration accelerated 
by heating the TSC paste. When compared with iden
tification with XRD the first peak mainly corres
ponds with formation of ettringite at every tempe
rature, and in case of 70°C already in the first 
peak formation of monosulfate is also included. 
According to Fig. 3, which shows the analytical 
results of ettringite and monosulfate obtained from stoichiometry-*-),  the higher the hot curing tempera
ture is, the more formation of monosulfate accele
rates, thus it is known that ettringite is formed 
less and monosulfate is formed more. That is, from 
the results of Figs. 2 and 3 it is known that pro
longed hot curing is not necessary but only 20 - 30 
minutes is sufficient to complete formation of 
ettringite. Fig.*»  also supports an accelerated 
hydration of TSC by heating.

Fig.2. Effect of temperature on heat liberation of 
TSC. (by conduction calorimeter : (W/C=0.65))

Fig.3. Effect of temperature on the amount of hydrates 
formed in hardened TSC.

Furthermore, hydration at a high temperature in 
restricted time followed by 20°C water curing was 
examined to confirm this point. Fig 5. shows the 
decreasing rate of hydraulic minerals (hydration rate)

Table.I. Finess, chemical composition and mineralogical composition of TSC

Blaine 
■(cm2/g)

 chemical composition (%) mineralogical composition (?)
Ig.lOSB Insol SiOg Al203 Fe2°3 CaO SO3 Total C3S C2S CA C3A C^AF CaSOj, CaSOb.l/SHpO Ca(0H)2 Total

6800 2.8 0.1 13.9 9.6 lt.lt 58.1 9.8 98.7 *t0 9 7 5 10 11.5 It.5 6 93
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Fig.U. SEM micrograph of hardened TSC.t1----- USpm)

obtained for the purpose of knowing a trend of 
chemical reaction rate with TSC. CA witn the lowest 
reaction rate among calcium aluminates indicated 
different reaction rate by length of retention time 
at 80°C. On the other hand Fig. 6 shows formation 
of ettringite and monosulfate, in which even in 
30 minutes of retention time formation of ettringite 
is completed in an early stage hardly showing an 
increase in the later period, with only monosulfate 
being increased. Furthermore when cured at a high 
temperature for a prolonged period, formation of

Fig.5. Effect of retention time at 8o°C on hydration 
of C3S and CA. (by XBD)

Fig.6. Effect of retention time at 80°C on the amount 
of hydrates formed in hardened TSC.

ettringite is a little less, which results in a 
little more of monosulfate.

Thirty minutes after mixing paste was heated 
for 30 minutes up to 8o°C and composition of liquid 
phase was pursued, the results of which are shown in 
Fig.7. By heating up to 80°C saturated SO42- ion 
and Ca2+ ion decrease and the AlpO^ concentration 
qf liquid increases. From this it is known that 
with hot curing most of ettringite and monosulfate 
are formed in this period.

Fig.7. Effect of raising temperature on the compo
sition of liquid phase of TSC. (W/C=10)

On the other hand referring to the reaction 
rate of C3S in TSC, as known from Fig.5, the"longer 
the retention time at 80°C is, the more the reaction 
rate after completion of hot curing increases giv
ing an effect on the strength of about one-day 
period. However, the reaction rate of the later 
period decreases on the contrary as the early high 
temperature curing time is longer, thus making 
development of strength in the later period lower. 
(See Fig. 8)

From the above results it was knowfl that the 
optimum curing of TSC at high temperature is to be 
70 - 80°C for from 30 minutes to 2 hours, having 
formation of ettringite nearly completed, thus high 
reaction rate of C3S being maintained.

3. Properties of TSC mortar

The working time of TSC mortar is shorter than 
that of Portland cement mortar being easily influ
enced by temperature. With a mortar of S/C = 0.6 — 
2, W/C = 0.35 - 0.6 the working time is 1 - 2 hours 
at ordinary temperatures and 0.5-1 hour at 30°C.

Mortar strength differs by heating conditions 
as shown in Fig. 8. The test results revealed 
that the early heating at 70 - 80°C for 30 minutes 
gives the highest strength. When temperature is 
too low or heating is too short (deficient maturity) 
damage of texture by expansion is caused in the 
later period, and too long heating markedly reduces 
later development of strength, which well corres
ponds with the results of hydration in heating 
discussed in 2-2.

Practically, in addition to high strength 
volume stability must be satisfied. To obtain 
volume stability for long time it is necessary to 
complete formation of ettringite in the early stage 
of heating, and with TSC it can be achieved by 
means of controlling the amount of ettringite and 
restricted hot curing at early period.



on the compressive strength of TSC mortar.

U. Application of thermosetting cement

When used as a binder for GRC, TSC indicates 
the superior properties as follows:

(1) It enables early release of mold: When GBC 
was molded by spraying with a glass fiber 
content of 3 - 5 (wt? / mortar), bending 
strength of 120 - 180 kgf/cin in one hour 
was obtained allowing an easy release of mold 
after steam curing at 80°C for 30 minutes.

(2) It has high strength: GRC using TSC showed
an improvement of 20 - 25% in bending strength 
and 10 - U0% in impact strength compared with 
that of Portland cement.

(3) It makes deterioration of GRC strength lower: 
The accelerated deterioration test in hot water 
at 80°C revealed that TSC showed less deterio
ration of alkali resistant glass fiber than 
that of Portland cement, thus decrease of 
strength with GRC is kept minimum.

In addition to the above, for cement products 
which require rapid hardening and early release of 
mold TSc can be used in the same way as Portland 
cement.

Reference

1. H. Uchikawa, Cement and Concrete Research, Vo. h, 
821 (197*1).



Synthese vers 750°C et proprietes d'un " |3C2S sulfatö

Synthesis at about 750°C and properties of a sulphated C2S '

R. STRUILLOU, M. ARNOULD, Centre de Geologie de I'lngenieur, Ecole des Mines, 60, boulevard 
Saint-Michel, 75006 Paris, France.

RESUME : On montre qu’on peut obtenir un liant fortemerit hydraulique par cuisson vers 700
750°C, d'un melange de nitrate de calcium, de silice et de gypse (CSH2). Le Ca(N03>2 fond 
ä 561°C, puls se decompose en donnant des vapeurs nitreuses recyclables, et de la chaux qui 
se combine ä la silice. La reaction, en presence d'une phase fondue, est rapide (20 minutes 
ä 750°C). Le produit forme a pour formule chimique approximative

Ca, Si. S 0,, avec 0<x<0,152-x  ,1-x x 4 ’
Cette formule pourrait correspondre ä un melange intime et en toutes proportions de (JC^S et 
d'un autre mineral de formule hypothetique (ßC^S, CS). Si on a dans le cru la relation molai- 
re S< O,1(S+S), 1'integration de C§ ä CjS est complete. Sinon du CS libre en exces subsiste 
en fin de cuisson. Le produit hydraulique forme presente, en diffractometrie RX, les pics du 
gCjS, mats moins hauts, elargis, et legerement deplaces. Il possede des proprietes hydrauli- 
ques bien meilleures que celles du fSCjS pur et donne des resistances ä court et moyen terme 
comparables ä celles des ciments portland classiques. Mais si ce produit presente 1'avantage 
de pouvoir etre fabrlque a une temperature relativement basse, sa synthese, par la vole nitri- 
que, a 1'inconvenient majeur de presenter un bilan energetique nettement plus defavorable que 
celui des procedes industriels classiques.

SUMMARY : We show that we can get, from a mixture of calcium nitrate, silica and gypsum(CSH-) 
a highly hydraulic cement, by burning at about 700-750°C. The CatNOg^ smelts at 561°C, then 
decomposes while giving recoverable nitrous vapours and lime which combines with silica. The 
reaction in the presence of a liquid phase is quick (20 minutes at 750°C). The product so 
formed has a chemical formula which is approximately

. Ca. Si. S 0, with 0<x<0,15 2-x 1-x x q- ’ .
This formula could correspond with a mixture homogeneous in all proportions of gC-S and of 
another mineral with a hypothetic formula (6C-S, CS). If the molar relation S<O,l(S+S) is 
realized In the material, CS disappears and seems to enter completely Into C,S. In the other 
case, free CS Is found after burning. The hydraulic product so formed presents, in X.Rays 
diffractometry, the rays of gC^S but less high, wider, and a little misplaced. This product 
has much higher hydraulic properties than pure gC2S, and gives short and middle-term mecha
nical resistances comparable with those of classical portland cements. But if this product 
can be made at a rather low temperature, its synthesis, by the nitric way, has the great 
disadvantage of presenting a very much defavourable energetic balance than this of classical 
industrial processes.



Actuellement, toute methode diminuant la consom- 
mation de 1'Industrie cimentigre en produits pdtro- 
liers presentarait un interet certaina en particulier 
si eile permettait de remplacer le fuel par une autre 
source d*energxe.  Une voie consisteraxt a obtenir, a 
relativement basse temperature, des liants ä proprie- 
tes hydrauliques äquivalentes ä celles des ciments 
portland ä C3S. Les essais realises au Centre de Geo
logie de l'Ingenieur de l'Ecole des Mines de Paris, 
avec l'aide financiere du Ministere de l'Industrie et 
du Ministere de l’Equipement, montrent qu’il est 
possible de fabriquer un tel liant entre 700aC et 
750°C.

METHODE D'OBTENTION DU LIANT EN LABORATOIRE

La decarbonatation du calcaire etant trSs lente 
au-dessous de 850°C, nous avons remplace CaCOg par 
Ca(NO3>2 en realisant, ä partir du melange cru initial 
(23Z Si02 * 772 CaC03), la succession de reactions de 
base suivantes, avec trempe ä l’air des produits en 
sortie du four :

- en dehors du four : , ,
CaC03 + 2HNO3 —>■ Ca (NO3) 2 + CG2 + H2 0 (1)

- dans le four regle entre 700°C et 900°C 
(en general 750°C) : ‘

7 t 3-x t Ca(N03)2 —«■ CaO + (2-x)N0 +■ xNO2 + =-^- 02 (2)
SiO2 * 2CaO —* Ca2 SiO4 (BC2S) (3)

Ca(NO3)2 fond ä 561°C, des l'entree dans le four, 
et la reaction (3)se realise done en presence d'une 
phase liquide jusqu’ä decomposition totale du nitrate 
par la reaction (2). Dans nos conditions operatoires, 
les reactions etaient terminees au bout d'environ 
20 minutes ä 750°C. Les vapeurs nitreuses etaient sim- 
plement recuperees ä mesure de leur formation, mais 
elles pourraient etre traitees pour reconstitution du 
stock d'aeide nitrique et recyclage. En laboratoire, 
on pent remplacer l'acide nitrique par re nitrate 
d'atnmonium plus facile d’emploi. Les resultats sont 
identiques apres passage dans le four.

Avec ces reactions de base, on aboutitä un sili
cate biealeique de forme B (dit BC2S) presentant, en 
diffractometrie RX, des pics elargis et ä intensites 
relatives differentes par rapport aux pics du 6C2S 
obtenu classiquement par reaction sans nitrate au- 
dessus de 900“C (fig. 1 A et B). Ceci est I'indice 
d'une plus mauvaise cristallinite du produit. Ses 
proprietes hydrauliques restent cependant tres medio- 
cres et proches de celles du BC2S classique en 
particulier a court terme.

Il n'en est par contre pas de meme si on incorpo- 
re au melange cru initial de siÜ£e et de calcaire, 
une faible proportion de gypse (CSH2) ou de sulfate de 
calcium anhydre (C5) (environ 0,25g de gypse pour un 
lg de Si02 et 3,3g de CaC03). Dans ce cas, on obtient, 
ä la sortie du four, un produit tres mal cristallise 
et doue de proprietes hydrauliques interessantes. Il 
presente en diffractometrie RX, les pics du ßC2S mais 
tres faibles, tres elargis, mal individualises et 
legSrement deplaces par rapport ä ceux du ßC2S obtenu 
en l'absence de CS. Celui-ci n’apparait pratiquement 
passen diffractomdtrie RX et semble avoir ete incor- 
pore au ßC2S en perdant son individuality. C’est ce 
BC2S particulier, tres deforme, qui fera I'objet de 
notre analyse. Nous l'appellerons "ßC2S sulfate" 
(fig. I C et D).

Il faut remarquer qu'en presence comme en 1'ab
sence de sulfate, la transformation de la silice n'est 
pas totale. On evite la formation d’un exces de chaux 

libre en diminuant la proportion de calcaire e'est-a- 
dire en utilisant environ 3g de CaC03 pour lg de Si02.

PROPRIETES DU "ßCpS sulfate"

La masse volumique du "BC2S sulfate" est d'envi
ron 2,9g/cm2. En l'absence d'impuretes, il est d'un 
blanc tres franc. A la sortie du four.le produit est 
tres friable et donne facilement, par broyage rapide, 
de tres grandes surfaces specifiques (5000ä 15000cm2/g 
Blaine).

La figure 1 permet de comparer les diffractogram- 
mes RX (KqCu).realises dans les memes conditions op§- 
ratoires, d'une part sur des ßC2S sans sulfate (A et 
B) cuits, ä partir de spongolithe, 1'un (A) avec 32 de 
CaC12 pendant 2 heures ä 1000°C sans nitrate, I'autre 
(B) pendant 20 minutes ä 750°C en milieu nitrate, et 
d'autre part sur des "C2S sulfatSs" typiques cuits ä 
750°C pendant 20 minutes en milieu nitrate et obtenus 
ä partir de crus ä 62 de gypse (CSH2) 1'un (C) ä 
poussiSre de quartz broye, I'autre (D) ä silice orga- 
nique (spongolithe).

Dans 1'ensemble, les pics sont les memes, mais 
leur allure est tres difference. La plus mauvaise 
cristallinite correspond ä la silice organique (D), ce 
qui a etd verifie aussi bien pour la spongolithe que 
pour des diatomites et pour la gaize, qui donnent des 
produits equivalents. De plus, le quartz semble favo- 
riser 1'appartiion d'une propqrtion non negligeable de 
yCpS non hydraulique (C). Ceci pourrait expliquer que 
les proprietes hydrauliques des produits ä base de 
silice organique sont sensiblement meilleures que 
celles des produits provenant de quartz broye. Cette 
difference apparait clairement sur la figure 2 qui 
montre que sur eprouvettes de pätes pures (d • 1,2cm ; 
h= 1,3cm, Methode DALZIEL-1971) compactdes ä sec ä 
porosite n = 0,45 et durcies ä 40°C, on obtient, au 
bout de 24 heures, pour les "CgS sulfates" cuits a 
750°C, des resultats comparables ä ceux du CPA400 en 
partant de silice organique, et ä ceux du CPA325 en 
partant de quartz broye. Cette figure 2 montre, par 
ailleurs, que si on remplace 102 du quartz par de la 
silice organique (spongolithe) on obtient un produit 
qui se place ä peu pres ä mi-chemin entre le CPA40Q et 
le CPA325. On constate que, parallelement, la hauteur 
relative du pic du yC2S diminue quand la proportion de 
silice organique augmente.

La figure 3 donne 1'evolution dans le temps, ä 
40°C, des resistances des micro-eprouvettes de type 
DALZIEL compactees a sec aux porosites n - 0,45 et 
n = 0,30, d'une part pour un CPA400 et, d'autre part 
pour "ßC2S sulfate" obtenu ä partir d'un cru ä 62 de 
gypse et ä spongolithe.

A partir de 5 heures (0,2 jour), le CPA400 et le 
"ßC2S sulfate" sont 3 peu pres equivalents.

La figure 4 permet de comparer les resistances 
des eprouvettes de pätes pures gächdes avec un rapport 
"eau sur ciment" de 0,50 puis vibrees et durcies 3 
20°C et ceci pour le CPA400, le C3S pur, le BC2S clas
sique pur et le "BC2S sulfate" obtenu 3 partir d'un 
cru 3 62 de gypse et a spongolithe.

L'evolution dans le temps du "BCzS sulfate" est 
comparable a celle du C3S ou du CPA400. Elie est envi
ron 10 a 15 fois plus rapide que celle du ßCzS pur 
classique non sulfate.

Quelques essais realises sur mortiers normalises 
ont donne, pour le "ßC2S sulfate", des performances 
comparables 3 celles du CPA325. Mais on peut se 
demander si les liants n'ont pas ete trop finement 
broy6s (BOOOcm^/g Blaine), ce qui les a rendus trBs 
avides d'eau et done inadaptes aux conditions opera-



Fig, 1 : Comparaison des diffractogrammes RX (KaCu) 
de SCgS fabrtquäs dans diverses conditions.

(A) 2h ä 1000°C sons nitrate et sans sulfate reais 
avec 3% de CaClg (cru spongolithe)

(B) 20' d 750°C avec nitrate et sans sulfate (cru
spongolithe) 

(C) 20' d. 750°C avec nitrate, 6% de CSHg (cru quarts
broyd) - apparition de ’tC^S 

(D) 20' d 7S0°C avec nitrate, 6% de CSHg (cru 
spongolithe).

Fig. 2 : Comparaison des resistances en compression 
Ro, d 1 gour, but pates pures des CPA325, et 
CPA400 et des "BCgS sulfatds" obtenus pour 
diverses proportions "quarts sur silice or- 
ganique" des crus traitds avec 6% de CSHg d 
750°C pendant 20 minutes (essais sur micro- 
dprouvettes compactdes d see d porositd 
n = 0,45 et durcies d 40°C).

Fig. 3 .■ Comparaison de l 'dvolution dans le temps des 
Rc sur pates pures d'un CPA400 et d'un 
"BC2S sulfatd" (cru spongolithe d de 
gypse) - essais sur micro-dprouvettes 
(d = 1,2cm ; h = 1,3cm) durcies d 40°C aprds 
compactage d see ä porositd n = 0,45 ou 
n = 0,30 .



h - 1, Sem) gcteMes avee E - 0,5C puis vibrees 
et dureies d 20°C.

Fig, 5 : Relation entre les quantitSs totales de CS 
presentes dans les melanges_a "BC^S sulfatS" 

, cults et les quantitäs de CS y restant d
l’dtat libre (dosage par diffraetomStrie HX - 
etalon interne ZnO).

toires normalis6es. Le retrait des mortiers a ete le- 
gerement superieur ä celui des mortiers courants, ce 
qui s'explique par leur richesse en eau due ä la 
finesse du liant.

Tous les resultats cites precSdemment correspon- . 
dent ä des Hants utilises sans ajouts d'accelerateurs 
de durcissement (CaClj par exemple), Ceux-ci a^issent 
sur le "6C2S sulfate" ä peu pres de la meme faqon que 
sur les ciments portland ordinaires.

MECANISMES DE FORMATION Dü "BC?S Sulfate"

Pour essayer d* interpreter ce qui s.e passe dans 
•le four lorsqu'on cuit, vers 750°C, un melanee de 
silice, de nitrate de calcium et de sulfate de cal
cium, on peut s'appuyer sur deux types d'observations.

D'une part, la figure 5 donne la relation lineai- 
re existent, _dans les produits cuits, entre les pour- 
centages de CS libre (doses par diffractometrie RX - 
etalon interne ZnO) et_les pourcentages totaux de CS 
presents en rSalite (CS libre + CS incorpore). La 
droite, parallele ä la bissectrice des axes, recoupe 
l'abcisse pour un pourcentage total de CSl egal ä 12,5Z 
du produit cuit (SiO2 + CaO + CaSOi), ce qui corres
pond ä 9,5% du produit cru (Si02 ♦ CaCOg + CaSO^). 
Schematiquement, on peut done admettre que si le cru 
contient meins de 9,5% de CS, celui-ci disparait ä peu 
prgs complgtement lors de la cuisson et semble done 
etre incorpore au "BC2S sulfate". Au-delä de ce seuil, 
l'exces de CS se retrouve ä l'dtat libre dans le pro
duit cuit. Cependantla premiere branche curviligne de 
la figure 4 montre que la realitd est un peu plus 
compliquee^ que ce schema, et que la saturation du 
ßC2S en CS est progressive^. En tous cas, si le cru 
contient moins de 6% de CS, son incorporation au ßC2S 
est pratiquement totale.

D autre part, la figure 6 donne Involution, ä 
differents stades de la cuisson ä 750°C en milieu 
nitrate, des composants du Systeme, avec cru de quartz 
(1g SiO2 + 3,3g CaCOj). Les phases cristallisees ont 
ete dosees par diffractometrie RX avec la boehmite 
comme etalon interne. On voit qu'au bout de 4 minutes, 

il ne reste plus que 25% de quartz cristallisg, alors 
que le C2S n'apparait pas encore. Au bout de 10 minu
tes, 95% du C2S est dejä forme alors qu'il reste 
encore 10% de quartz cristallisg. A la fin de la 
cuisson, il reste environ 7% du quartz non utilise.

Fig, 6 : Evolution (en 1), en fonc "on du temps de 
cuisson d 750°C en milie’- - itratd de la 
quantity de quarts cristu isd subsistant 
dans le mdlange, et de la :uantitd de CgS 
formd (dosages par .diffractomdtrie RX - 
dtalon interne boehmite).

Il apparait done que le quartz est tr@s rapide- 
ment amorphisS, sinon dissous, par le nitrate de 
calcium fondu. Le C2S ne se forme qu’ä mesure de la 
decomposition du nitrate de calcium_(reaction 2) . Il 
est possible, sinon probable, que CS subisse, lui- 
aussi, une attaque comparable ä celle du quartz de la 
part du nitrate fondu . Dans ces conditions, il est 
impossible de savoir si le "C2S sulfate" se forme par 
diffusion des ions calcium et soufre ä 1'Interieur du 
quartz amorphe mais solide ou 3 1'etat de gel, ou, au 
contraire, par cristallisation 3 partir d’un bain 
fondu nitratS homogene ayant dissous le quartz et le 
sulfate de calcium.



Quoiqu’il en soit, il semble bien que le C2S seit 
susceptible d'incorporer ä jäon rgseau cristallin 
environ 12Z, en poids, de CS, en le deformaht legSre- 
ment, mais en lui gardant cependant ses caracteres 
.cristallographiques de base, en particulier les memes 
pics de diffractometrie RX,

On pent representer 1'ensemble de ces observa
tions en proposant pour le "BC2S sulfate", une formula 
chitnique globale :

Ca„ S Si, 0, avec 0 < x < 0,15 ■2-x x 1-x 4 ’ .
Cette formula ne pretend pas avoir une valeur structu- 
rale quelconque. Elle n’est qu'une synthese commode 
des observations realisSes.

On pourrait d'ailleurs aussi considerer le "BC2S 
sulfate" comme un melange intime, et en toutes pro
portions, de C2S pur et.d'un produit de formule 
conventionnelle approximative :

(5 C2S, CS) ou (6 C2S, CS).
Une telle formule_est tr6s eloignee de celle du silico 
sulfate (2 C2S, CS) ou sulfo-spurrite non hydraulioue 
(PLIEGO - CUERVO - V.B., GLASSER F.P. 1978-1979). La 
presence de ce mineral dans notre "BC2S sulfate" ■ 
semble done devoir etre exclue. D'ailleurs il n'y a 
jamais ete identifie sur les diagrammes RX.

CONCLUSION

Il apparait possible de synthetiser ä des 
temperatures de 1'ordre de 700 ä 800°C, des Hants A 
proprietes comparables ä celles des ciments portland 
courants, en partant pratiquement des memes matiAres 
premieres. Le cas du "8C2S sulfate" decrit en est un 
exemple. Il en existe probablement d'autres suscepti- 
bles de fabrication industrielle. La methode utilisäe, 
ä 750°C en milieu nitrate, pour la synthAse du "BC2S 
sulfate" n’est pas favorable d'un point de vue ener- 
getique, la consommation globale d'energie etant de 
1'ordre du triple de celle des precedes actuels de 
fabrication de ciment. En effet la reaction (2) de 
denitratation est trgs endothermique. Cette methode 
par la voie nitrique ne presenterait done de 1'inte- 
ret que si l'Bnergie pouvait etre fournie ä bas prix, 
par des dBchets par exemple, dans un procBde utilisant 
1'avantage du faihle niveau de la temperature de 
cuisson (750°C) . Mais dans la mesure ou on sait> que 
le "BC2S sulfate" presente des proprietBs hydrauliques 
interessantes, on peut esperer trouver une methode 
pour le fabriquer d'une faqon plus avantageuse du 
point de vue 6nerg6tique.
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Utilisation du ciment sulfate dans le beton arme 
de fibres de verre

" Application of sulfating cement in glass fibre reinforced concrete

k. PACHTCHENKO, Membre-correspondant de I'Academie des Sciences d'Ukraine, Chef de Chaire 
des Ciments ä I'Institut Polytechnique de Kiev,

H. STARTCHEVSKAIA, Docteur es Sciences Techniques,
V. SERBINE, Docteur es Sciences Techniques, 
L KALITA, Ingenieur.

RESUME: On a 6tudi6 le ciment contenant le sulfosilicate et le sulfoaluminate de calcium, 
ainsi que les processus de clinkerisation et du durcissement du ciment sulfatS. On a trou- 
v6 que le pH de ce ciment en cours de durcissement est infSrieur de 2,0 - 2,5 £ celui du 
ciment portland.

A I'aide de la mSthode Slabor&e on a mis en Evidence la stability 61ev6e des fibres en verre 
contenant les oxydes de bore et d1 aluminium dans le ciment sulfatS. .

On a etudiS les propri6t6s du Systeme verre-ciment sulfatd.

SUMMARY: Cement including calcium sulfo-silicate and calcium sulfo-aluminate has been 
investigated. Clinker formation and hardening processes of sulfating cement has been stu
died. It is established that pH of hardening cement is 2,0 - 2',5 units lower than pH of 
portland-cement. .

According to elaborated methods high resistance of alumo-boron-silicate fiber in sulfating 
cement is determined.

Properties of glass fiber cement in iriiich sulfating cement is used as matrix has been 
explored.



II y a ässez longtemps que les ciments ren- 
foicSs de fibres de verre constituent un ob
jet de recherches scientifiques d6taill6es  
On salt que 1 armature constitute de fibres 
inorganiques est trts efficace en raison de 
sa resistance tlevte ä la rupture par trac
tion et de sa masse volunique faible. On . 
dispose de donnSes sur les mSthodes de con

. faction de difftrents tltments de construc
tion, mais leur mise en oeuvre est freinSe 
par une faible stability dans le temps des 
proprittts mtcaniques.

*
*

Selon plusieurs auteurs, I'abaissement de 
resistance mtcanique rtsulte de I'interac- 
tion du milieu alcalin du ciment durcissant 
avec les fibres de verre, Ce point de vue . 
est confirm6 par le fait que les fibres de 
varre pendent leur resistance mecanique 
aprts avoir 6t6 plactes dans des solutions 
de NaOH, KOH, Ca(0H)2 ayant un pH tgal A
12,4 ce qui correspond au pH du ciment dur
cissant. '
La stabilite dans le temps du systtme verre- 
ciment peut etre amtliorte par les methodes 
suivantesi utilisation de fibres de verre 
rAsistant mieux A I*action  des alcalis, en- 
rebage des fibres, introduction des ajouts 
dans le liant, utilisation de ciments sp6- 
ciaux ne d6truisant pas les fibres de verre. 
L'on salt que les fibres de verre se portent 
bien dans les ciments alumineux, mais oeux- 
oi ne sent pas largement utilises en Genie 
Civil. Ces demiers temps on a 61abor6 le 
ciment sulfoalumosilicate qui peut fournlr 
une solution A ce problAme, .
Oe ciment est exempt de silicate tricaloique 
et d'aluminate triealcique. Ses principaux 
constituants sontt le sulfoaluminate de cal
cium 3(CA).CaSO*  et le sulfosilicate de cal
cium aCCgSj.CaSO». On peut confectionner 
ce ciment A partir des matiAres premiAres 
auivantea: argile kaolin!que, calcaire, 
gypse. En guise du gypse 11 est possible 
d*utiliser  le phosphogypse qui est un rAsi- 
du de la fabrication de I'aclde phosphorique 
et des engrais phosphates A partir des phos
phates.
Etant donnA que la composition des phases du 
clinker sulfatA diffAre beaucoup de celle du 

clinker de ciment portland, on propose la 
formula suivante pour 1* evaluation du coef
ficient de saturation:

_ 0o-0,551o-1,05ro-o,7<SQ5)o (1)
' " 1,B67SO

OU Co, Ao, Fo, (S0j)o, SQ sont les teneurs 
en CaO, A120j, Fe20j, SOj, Si02 dans le mA- 
lange cru. On suppose que tout le Si02 fait 
partie de 2(02S),CaS0^ et de CgS, ainsi que 
tout le AlgOj entre dans 5(CA)»0aS0^ et 
C^AF. L’oxyde de fer entre dans O^AF.

(2)SO, 5 0,667So '

DSSq =1, on constate la formation

■»so >•>
(S03)o-0,261Ao*0,166F o

En outre on introduit le degrA de satura
tion des silicates et aluminates par le 
gypse (

Lors que j3u .
des composAs? 2(C2S),CaS0^ et 3(CA)*CaSO^  
saturAs au maximum par le sulfate. Lorsque 
DSSo > 1 il y a de I1anhydrite en excAs.

3 " "Les processus de clinkArisation dans les 
mAlanges des matiAres premiAres contenant 
des sulfates se distinguent de ceux, qui 
ont lieu lots de la cuisson du clinker port
land.
Nous avons AtudiA les processus de forma
tion des minAraux du clinker dans les mA
langes contenant des sulfates. Pour cela on 
a prAparA les mAlanges A deux et A trois 
composants (craie-kaolin et craie-kaolin- 
phosphogypse). Les mAlanges Ataient soumis 
A lfanalyse thermique diffArentielle ainsi 
qu'A la cuisson entre 600° et 1300e0 A des 
tenrpAratures par intervalles de 100° avec 
des paliers de 20 minutes. On a soumis A 
1’analyse aux rayons X les mAlanges obtenus, 
et on a dAterminA la teneur en chaux libre 
et les pertes au feu. _
L*analyse  thermique diffArentielle du mA- 
lange craie-kaolin met en Avidence deux 

, effets endothermiques aux tempAratures 575° 
et 930°C et un crochet exothermique A 995*0.  
Lea traces de chaux libre font leur appari
tion A 700°C, sa teneur maximum est at- 
teinte A 1000*0.  A 1300*0  il ne reste que



2,8 % de ehaux lib re. A la temperature de 
1250eC la chaux est comblnde A 93,1 %.
La oourbe de 1* analyse thermique differen
tielle du melange contenant du gypse est 
caract6rls6e par I'effet endothermique 
double aux basses temperatures, du A la d6- 
shydratation du gypse. L’effet endothermique 
du A la dAcafbonatation de la calcite est 
dAplace de 930° jusqu’ A 900*0.  On peut ju- 
ger de 1* intensification des processus de 
formation du clinker d'aprAs les variations 
de teneur en chaux litre. Elie fait son 
apparition A 600*0,  sa teneur maximum est 
atteinte A 900*0,  A 1300*0  11 ne rests que 
0,8 % de OaO, A la temperature de 1250*0  la 
chaux litre est combin6e A 98,5 %•
L*  analyse aux rayons X a dAmontrA que dans 
les mAlanges ternaires les rales du sulfo
silicate de calcium ont fait leur appari
tion A 1000*0  et calles du sulfoaluminate 
A 1100*0.
Les processus d'hydratation des clinkers 
contenant des sulfates diffArent de ceux 
du f-Tinker de ciment portland. Ce sont 1* et
tringite et l*hydrosilicates  du groupe de 
la totermorlte qui se forment en premier 
lieu. La chaux litre est atsente.
Le durcissement des ciments contenant des 
sulfates est assez rapide. Leur rAsistance 
A trois jours attaint 50-70 % de cells A 
28 jours. Il sont plus statles vis-A-vis 
des sulfates. De tout ceci nous pensons 
pouvoir conolure, que ces ciments doivent 
etre moins agressifs par rapport aux fibres 
de verre. Le pH de ces ciments varie aux 
alentours de 9,8-10,0 ce qui est infArieur 

de 2,0-2,5 A celui du ciment portland et 
du meme ordre que celui des ciments alumi- 
neux. ■
L'Atude de la stabilitA des fibres de verre 
dans les ciments sulfatAs, le ciment port
land et le ciment alumineux au gypse a AtA 
faite par une mAthode accAlArAe.
Hous avons AlatorA cette mAthode en nous 
basant sur le fait, que la vitesse de re
action entre le ciment durcissant et les 
fibres de verre cro£t avec la tempArature. 
C'est pourquoi, aprAs avoir dAterminA le co
efficient thermique d'accroissement de la 
vitesse de rAaction et ayant choisi la tem
pArature, il est possible de calculer la 
durAe du traitement par Atuvage des compo
sitions verre-oiment, ce qui oorrespondera 
A la durAe et la tempArature d*exploitation  
de ces compositions dans les conditions na
turelies. Oomme paramAtre caractArisant la 
rAsistance des compositions verre-ciment, 
nous avons choisi la n mita de rupture par 
traction des Aptouvettes renforcAes de fi
bres en verre alcalin, non-alcalin et con- 
tenant Zr. Les compositions ohimiques sont 
prAsentAes dans le tableau I.
L1armature a permis de rAdulre la disper
sion des rAsultats d’essais et d’abaisser 
le coefficient de variation lots des essals 
paralleles jusqu'A 2-7 %. Ayant fait les 
essais prAalables nous avons AvaluA le co
efficient thermique de croissance de la vi
tesse de rAaction lore d'une montAe en tem
pArature de 10*C,  celui-ci Atant Agal A 
2,69 en moyenne. Cela nous-a permis d*abou-  
tir A la formula suivante:

TABLEAU I 
Compositions chimiques des fibres de verre

Verre
Teneur en oxydes, %

sio2 A1205 CaO MgO B2°3 ZrO2 K20+Ha20
alcalin 70,12 2,19 6,96 5,49 15,36

non-alcalin 52,29 16,17 16,48 5,16 9,45 * 0,51
contenant Zr 61,89 2,13 5,39 1,46 - ■ 15,63 13,48



5 foia supSrieuie ä. celle des compositions 
ä base du ciment portland. II faut noter, 
que cet abaissement est appreciable jusqu*  
ä l’age de 5 ans.

TABLEAU II 
Caract6ristiques des ciments

Ciment Rapport 
E/0

Rdsistance A la rup
ture par compression, 

en N/mm2, aprds

3j. 7j. 28 j.
sulfatd 0,45 19,0 30,0 46,0
portland 0,40 24,3 35,9 47,2alumineux 
au gypse 0,30 32,8 38,1 41,0

On a fait l'examen au microscope eiectro- 
nique des surfaces des fibres avant et aprds 
les essais acc616r6s. La surface des fibres 
dans le ciment portland est recouverte d'une 
couche continue de produits de reaction du 
ciment avec le verre et ceci sous forme 
d,hydroailicates de differente basicite. La 
surface des fibres dans le ciment sulfate 
ou alumineux au gypse est meins corrodde.
CONCLUSIONS
Les recherches accomplies montrent que le 
ciment sulfate est un liant convenant A la 

• 100 % correspond A. la resistance aprds 3-10 jours.

TABLEAU III 
Influence du ciment sur la resistance des compositions verre-ciment

Fibres en 
verre

Rdsistance A la rupture par traction, en % *

1 mois 6 mois 1 an 2 ans 3 ans 5 ans 10 ans
Ciment portland

alcalin 67,6 48,1 29,6 16,7 12,0 8,3 ' 7,2
non-alcalin 50,8 30,1 25,4 23,8 19,0 14,3 12,7
contenant Zr 65,0 57,5 ' 53,7 42,5 33,7 20,0 19,4

Ciment alumineux au gypse
alcalin 77,2 60,2 55,5 47,2 39,8 17,6 16,3

non-alcalin 77,8 76,2 70,2 53,9 42,8 30,1 28,0
contenant Zr 83,7 80,0 78,5 77,5 76,2 73,7 70,1

Ciment sulfatd
alcalin 73,9 51,5 39,1 35,9 33,7 19,6 19,6

non-alcalin .83,7 63,6 44,9 34,5 32,4 28,3 26,0
contenant Zr 90,0 83,3 80,4 75,1 70,5 65,3 63,7

t 2 ■ "" 1 m _m * (3)
2,69 . 10

dans laquelle:
t^ = durde d*exploitation  des compositions 

dans les conditions normales, en 
heures

t2 = durde du traitement par dtuvage, en 
heures

T>| = tempdrature d’ exploitation des compo
sitions, en °C

T2 = tempdrature de I*dtuvage,  en eC.
Pour les essais nous nous sommes procurds 
du ciment obtenu par vole sdche dana un 
four rotatif 3,5/3,0 x 60 m. La cuisson a 
dtd faite A 1280 — 1310°C. La composition 
mindralogique: aCCgSJ’CaSO^ = 40,14 %, 
3(0A)*CaS0 4 = 15,09 %, C^ = 27,34 %, 
04AP = 1,52 %. Paralldlement on a fait des 
essais de ciment portland et de ciment alu
mineux au gypse. Le tableau II montre les 
caractdristiques des ciments.
Les rdsultats de ces essais sont prdsentds 
dans le tableau III. La rdsistance des com
positions A base du ciment alumineux au 
gypse s'abaisse dans le temps, comma dans 
le cas du ciment sulfatd. Mais leur rdsi
stance rdsiduelle aprAs 10 ans est de 2 ou 



confection des dlSments de construction en 
b6ton renforcS de fibres de verre. La pro
duction du ciment sulfatS ne comporte au- 
cune difficult^. La temperature de cuisson 
plus basse (1250-1280*0  permet de rSduire 
la consommation de combustible. En outre, 
la possibility d* utiliser certains dSchets 
de 1* Industrie chimique prSsente un inte- 
ret pour la protection de l'environnement.
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The chemical resistance of high alumina cement 
concrete

La resistance chimique du beton de ciment aiumineux

H.G.  MIDGLEY, Concrete Research Laboratory, Civil Engineering Division, The Hatfield Polytechnic, 
Hatfield, Herts, U.K.

RESUME : Le beton de ciment aiumineux (h.a.c.) reslste ä I'attaque des sulfates, des chlo- 
rures et de l'eau de mer, ä condition qu'il alt ete prepare correctement et correctement mis 
en oeuvre. Mais si ce ciment a accompli, en grande partie, sa conversion cristalllne et si le 
beton est fissure (notamment par la precontralnte), 11 peut sublr une attaque flssurante par 
les sulfates. L'eau de mer et les chlorures semblent n'entrainer qu'une fälble attaque fls
surante. '

L'hydrollse alcallne et la carbonatation en presence d'hydroxydes alcallns peuvent provoquer 
la destruction complete du ciment de ces betons (h.a.c.). ■

SÜMMA.HI:- .
High alumina cement ccncrete (hacc) is resistant to sulphates, chlorides and sea water if correctly 
made and used in the correct manner. If, however, the hacc is highly converted and cracked (for example 
prestressing cracks) then it may be disruptively attacked by sulphates. Sea water and chloride appear to 
have little disruptive effect.

Alkaline hydrolysis, the carbonation in the presence of alkaline hydroxides can completely disrupt the 
cement part of hacc.

«1



1. INTRODUCTION:
High alumina cement concrete has the reputation of 
being a chemically resistant construction material. 
However, there have been reports that hacc may be 
vulnerable to sulphate attack (l); chloride 
attack (2) and may be vulnerable to sea water. 
Hacc may also be disrupted by atmospheric CO2 in 
the presence of sodium potassium hydroxide 
polutions. This paper reports on the conditions 
where hacc may be vulnerable.

2. Sulphate attack

Hydrated hac is based on hydrated calcium 
aluminates which might react with CaSO^ to form 
.ettringite, but it has been shown (2) that only 
3CaO AlpOj GHpO, the cubic hydrate formed in 
conversion of hacc will react. .

Hacc with conversion increases in porosity by 
about 10 but if massive hacc is exposed to 
ground sulphates (e.g. MgS04),.then if fully 
converted (2) (De greater than 90%) ettringite 
of composition about 6CaO, 2A120j, 2.1530-z, 
0.02 Si04, 0.65 OH. 32H20 will be formed, but even , 
after 18 years the depth of penetration is only 
about 5mm. These findings are in agreement with 
laboratory experiments with varying degrees of 
conversion made with various mixes and w/c ratios 
(Table 1) and exposed to saturated CaSC4 solution 
had penetrations of only a few nm.

Table 1.

Mix comnosition 
cement/aggregate w/c curing 

conditions )c Depth of 
penetrat:

:ion
1:3 0.35 1y20°C +

1y sulphate
50 4

1:4i 0.48 do. 30 4
1:6 0.6 do. 30 6

1:3 0.35 9n@ 25 + 
1y sulphate

50 3

1:4i 0.48 do. . 45 5
1:6 0.60 do. 50 6

1:3 0.35 3n@ 38°0 + 
1y sulphate'

80 3

1:4i 0.48 do. 80 5
1:6 0.60 do. 80 6

1:3 0.35 1 month '50°C 
+ 1y sulphate

85 9

1:41 0.48 do. 90 10
1:6 0.60 do. 90 9

In the case of prestressed hacc beams used for 
roof Support where there has been leakage of rain 
water through gypsum plasters (CaS042H20), 
ettringite of composition 6CaO,1 .95AI2O5. 0.21Fe20^e 
2.5ISO4. 0.480H. 32H2O was found, in a few cases to 
a depth of 20mm. This reaction contributed to the 
failure of the roof beams (1). The hacc of the 
beam was highly converted (Do greater than 90%), 
but by comparison with massive hacc it was concluded 
that some other path beside the increase in porosity 
on conversion is needed for the sulphate ions; and 
in the case of prestressed beams, microcracks are 
the most likely.

In another case ettringite was found at least 100mm 
from the surface of an hacc prestressed beam and 
the source of the sulphate ions was the Ordinary 
Portland cement screed of the floor deck; here 
the beam has cracked by the prestressing. Also 
the alkaline hydroxide solutions from the O.P.C. 
concrete had attacked the cement by "alkaline 
hydrolysis" (see later) which is likely to have 
made the concrete more vulnerable to sulphate 
attack.

If hacc concrete is of poor quality, e.g. made with 
too low a cement content and too high a w/c ratio 
it will be extremely vulnerable to acid sulphate 
attack if highly converted. Sewer linings which 
had been used in a site with acid sulphate ground 
water from old metallurgical tips showed considerable 
attack, etrringite of composition 6CaC, 1.78, 
AI2O3. 0.4 Fe2O3. 2.65S04. 0.07Si04.0.29(OH). 
32H2O was found. .

To detect the ettringite in attacked hacc, the 
following techniques are useful

X-Ray diffraction with a characteristic reflection 
at 9.75Ä. Differential Thermal analytical 
techniques with a strong sharply defined endotherm 
at about 100°C.

Alkaline hydrolysis
Alkaline hydrolysis of hacc was first described (3) 
in 1936. This form of attack may completely 
disrupt the concrete reducing the cement part to a 
powder. It only takes place in the presence of 
sodium or potassium hydroxide solutions and CO2. 
The alkalies appear to act as carriers for the C02 
which attacks the cementitious calcium aluminate 
hydrates to form AHj and CaCO-j. . It must be pointed 
out that carbonation of hacc in the absence of 
alkali hydroxides may be beneficial giving an ' 
increase in strength (4).

Experimental work has shown that pH alone 
(triethanolamine) in the presence of C02; alkali 
hydroxides in the absence of C02, Sodium and 
ammonium chloride of high pH in the presence of C02 
will not cause the decomposition of hacc, but 
alkali hydroxides in the presence of C02 will rapidly 
decompose the calcium aluminate hydrates.

A number of examples of hacc prestressed beams which 
have suffered alkaline hydrolysis have shown that 
the concrete has always produced a fine loose 
powder which may be brushed away. Mineralogical 
analysis have shown the products to be AH5 (either 
alpha or gamma) and CaCOj,



Chemical analysis of the acid soluble extract of 
the cement part of the haco, for AI2O3 , K20 and 
Na20 have always shown ttiat the ratio of AJ2O3/ 
NagO + O,658K2O (a/TA) to be low.(a high alkali 
concentration in relation to the AI2O3 content of 
hac - 40%) From a statistical examination of the . 
chemical analysis of U.K. hac the limit of A/TA has 
been found to be 75.3. From the analysis of 70 ,
samples of hacc which showed powdering the A/TA 
ratio were 12.3, 25.8, 58.8, 48.4, 52.5, 12.9, 
while for an equal number of unattacked samples the 
ratio were 144, 218, 125, 259, 139, 343. By 
mineralogical techniques of the attacked samples 
only AHj and CaCOj were found, while in the 
unattacked samples, CAH-fo, AHj, CjABg etc. were 
detected. In some samples calcium aluminate 
hydrates (CAHio end C3AH5) were detected but the 
A/TA ratio was low, 22.9, 26.7, 20.6, 50.3. 
These samples were considered to be vulnerable.
The source of alkali hydroxides is usually external; 
e.g. from water leaching of porous ordinary Portland 
cement; but the source may be internal, the ■ 
extractable K2O from the micas in the aggregate 
have been found to provide the alkali hydroxides for 
alkaline hydrolysis. Alkaline "hydrolysis depends 
on 4 factors; highly permeable concrete, moisture, 
CO2 and free alkali hydroxides. Any degree of 
conversion is vulnerable.

Sea water attack

High alumina cement concrete exposed to sea water 
will convert very slowly; between 0 - 15% in 
34 years; there may be some superficial attack 
to form ettringite; but the concrete appears to be 
always sound.

If the hacc is used in a tidal zone then that part 
which is exposed to the air will convert more 
rapidly than the submerged part with the concurrent 
loss in strength due to conversion. However 
examination of laboratory structure epecimens as 
well as existing structures whows that even in this 
region the attack was superficial.

Chloride Attack

No laboratory studies of chloride attack have been 
carried out and one example of suspected chloride 
attack of a structure has been seen. A prestressed 
hacc beam had been exposed to road de-icing salt. 
One beam had a failure of the end shearing, with 
exposure of the tendon; the chloroaluminate C3A. 
CaC12, I2H2O was detected in the cement part of the 
hacc tut it cannot be established if the formation 
of this mineral by chloride attack contributed to 
the failure or if the failure was due to the 
reduction in passivity to rusting of the tendon 
by the presence of the chloride ion.
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Ciment expanse compose d'un ciment normal et d'un 
ajout complexe

Expansive cement conceived on the basis of normal cement and a complex 
admixture

N.B. DJABAROV, Docteur-lngenieur et
Y.T. SIMEONOV, Professeur, Docteur-lngenieur, Laboratoire Central de Mecanique Physique-Chimique, 

Academie Bulgare des Sciences, Sofia, Bulgarie.

RESUME : Un nouveau type de ciment expansif, compose d'un ciment normal et d'un ajout comple
xe a ete recemment elabore. Grace ä 1'ajout, la structure et les proprletes mecaniques des 
ciments ordinaires sont modlfiees de maniere qu'ils se transforment en ciments speclaux, ex- 
pansifs. r ,
Suivant les besoins de la construction et de I'industrie des elements prefabriques, les ci
ments normaux peuvent ainsi obtenir les qualites desirees : solt un ciment a retrait compen- 
se, solt un ciment expansif ou bien un ciment autocontraint.
L'expansion des ciments ainsi modifies peut etre controlee avec precision et attelndre les 
valeurs exigees (de 0,1 ä 4 % pour un mortier standard de ciment : sable = 1:3 ou beton). 
L'expansion se produit’et se termine definltivement dans les 1 ä 3 premiers jours, aussi bien 
dans la conservation dans 1'eau que dans celle ä 1'air.
Compte tenu de leur grande expansion, ces nouveaux ciments expansifs possedent des resistances 
mecaniques relativement elevees. Ils manifestent aussi une resistance contre la penetration 
et le passage de 1'eau bien augmentee et un fluage et une deformabilite diminues.

SUMMARY : A new typ of expansive cement conceived on the basis of normal cement and a complex 
admixture was recently elaborated« By means of the admixture the structure and the mAchani - 
cal properties of ordinary cements are modified in such manner that they are transformed in 
special expansive cements.

According to the needs of construction and prefabricated elements industry the normal 
cements can obtain the very exactly regulated qualities of a shrinkage compensated"cement, 
or of expansive cement, or of selfstressing cement«

The expansion of the modified cements can be precisely controlled and to receive the needed 
value - 0,1 to 4 % for standard mortar cementssand = 1:3 or concrete« The arpansinn is dis
playing and is definitively terminated in the in j tj aj 1 — j days of hard aning nr dar water or 
only on the air.

Comparatively to the great expansion the new expansive cements have high manhani c.ai strengths 
They are manifesting also increased resistance against water leakage and diminished creep 
and general deformation.



Les difficultfis d'obtenlr un ciment expan- 
sif des qualit6s sllrement regimes et contro- 
16es et la complexity de sa technologie de 
production sont bien connues. Pour surmon- 
ter ces defauts au Laboratoire Central de 
Mfecanique Physico-Chimique - de l’Acadfemie 
Bulgare des Sciences ont fetfe entrepris des 
Stüdes visant la modification des ciments 
normeaux au moyen d’un adjuvant complexe en 
ciments spSciaux - expansifs. Ainsi le ci
ment portland devient un liant beaucoup 
plus unlversel. Cela dScouvre la possibili
ty de le transformer trds facilement et con- 
formSment aux besoins de la construction et 
de 1’Industrie des felSments de construction 
en ciment de retrait compens6, ou en ciment 
expansif ou en ciment autocontraint.

Grace ä 1'adjuvant expansif (AE) au ciment 
durcis se forme la quantity nScessaire d* et
tringite pour rendre sa structure beaucoup 
plus dense et pour provoquer expansion d*  
line grandeur dysirye. Pour ce but les com
ponents de l1adjuvant contienent les SlS- 
ments nScessaires pour la formation d’et
tringite pendant une pSriode dSteiminSe du 
durcissement.

La structure du ciment avec et sans !•adju
vant expansif a StS StudiSe par diffSrentes 
technignes, mais flans cette brSve communi
cation l’effet de I1adjuvant expansif est 
illustry par I’analyse thermique d’un ciment 
portland. Sur les figures 1 et 2 sont don- 
n6es sch.ymatiquement les courbes de thermo- 
gravimytrie diffferentielle (TGD), d*analyse  
tbermique diffyrentlelle (AID) et de ther - 
mogravimytrie (TG) aprSs 1 jour de durcisse
ment. Les donnyes expyrimentales confinnent 
en g6nyrale au point de vue qualitative la 
prysence des produits d’hydratatipn simi — 
laires, mais prysentent des grandes diffy- 
rences quantitatives. Le ciment durcis avec 
1*  adjuvant expansif contient beaucoup plus 
d’ettringite. L1analyse prouve aussi que 1*  
hydratation entidre est plus avancye. Au 
contraire — la quantity du portlandit est 
un peu diminuye.

I^adluvant “AB" forme Llettringlte supply 

mentaire indypendement de la composition du 
ciment employy comma base. Pour cela non 
seulement le ciment portland normal peut 
6tre modifiy en ciment expansif, mais aussi 
d’autre types, comme portland du durcisse - 
ment rapide, ciment ä laltier de haut-four- 
neau, ciment pouzzolanique etc.

Fig. 1 - Analyse thermlque d’un ciment 
portland normal.

Fig. 2 - Analyse thermique d’un ciment 
portland normal + 1’adjuvant expansif.

Les qualitys mycaniques des ciments (dyfor
mation, rysistance) sont examinyes avec un 
mortler normalisy avec le rapport ciment : 
sable = 1:3 et rapport E/C = 0,5. La mythode 
employye est identique d celle qu’on utilise 
dans plusieur pays comme mythode-standard -i 
pour yprouver les qualitys des ciments. Cet
te mythode etalt pryferye, car eile possdde 
tons les avantage d’une mythode standartisy, 
usage de mfcne 6quipement etc. En utiHsant 



des mortiers plus riciies en ciment ou du ci- 
ment pur, comme est pratiqufe largement pour 
6tablir les qualitSs des ciments expansifs 
connus, les rSsultats sont rel6v6s et 1* ex
pansion et la resistance obtenues sont 
beaucoup plus hautes comparees aux rfesultats 
obtenus en utilisant le mortier normalise ou 
le b6ton.

Pour prouver 1* application d*adjuvant  ex- 
pansif pour diff6rents types des ciments 
sont donn6s des examples d'un ciment du dur- 
cissement rapide CPR, de deux ciments port
land normal CPN et CI:ÖX et d'un ciment, ä 
laitier de haut-foumeau avec differentes 
quantit6s de 1* adjuvant expansif AE, AE2 et 
AE231.

Les ciments d laitier de haut-fourneau CLHP 
sont ä peine connus comme base des ciments 
expansif ou plus töt d'essai d'obtenir seul— 
ement un ciment d'un retrait compensfe. Pour 
cela la production d'un ciment expansif d 
la base de ces ciments 5 prix bas presente 
un int6r6t technique et Sconomique particu- 
lier.

Les ciments expansifs connus montrent habi- 
tuelement une expansion seulement en durcis- 
sant sous l'eau ou par mouillage abondant - 
conditions qui sont difficiles d rfealiser en 
pratique. Pour cela les qualitfes des ciments 
expansifs connus a la base d'un adjuvant com
plexe etaient Stabiles aussi dans des condi
tions ä durcissement seulement ä l'air, sans 
aucun mouillage.

Tableau I montre 1'expansion libre du mor
tier normalise en conditions du durcissement 
sous l'eau ou seulement d l'air.

Ay. tableau II sont donnßs quelques examples 
de 1'expansion restreinte du mortier d' un 
CPN + AB au moyen d'une harre d'acier situ6e 
longitudinalement dans la prisme. En Chan - 
geant le diamdtre de la harre, sont obtenus 
differents rapports en % entre la section de 
1'armature et la section de la prisme du 
mortier.

Les rdsultats expdrimentaux montrent que 
tous les types des ciments fetudifes peuvent

Remarque1: Pour cettes prismes les mdsure- 
ments de 1'expansion sont faites d l'dge de 
y&ne jourf au iieu de 3eme.

TABLEAU I

Type du 
ciment

Expansion libre, %, aprds jours
' 1 I 3 28

Dursissement ssous 1'eau

CPR — — —
CPR+AE30 0,29 0,38 0,38
CPH+AE3™ 0,41 1,11x 1,11

CPU — — —
CPN+AE2 ■ 0,29 0,31 0,31
CPN+AE3“ 0,89 0,91 0,92
CPNX — — • —
cpAae21 1,59 1,98 1,98
CPRX+AEXX 4,11 4,14 4,14

GIRT — —
CIHF+AE 0,47 0,49 0,49
CLHF+AE* 1,69 1,72 1,72

hircissemei it d 1'air

CPR retrait
CPR+AE*  . 0,0? ' 0,09 0,08
CPR+AE231 0,09 0,18x 0,18

CHS retrait
CPN+AE* 0,05 0,03 ' 0,01
OPtS+AE3“ 0,13 . 0,12 0,09
CPNX retrait
CPH^AE? 0,32 0,30 0,27
CPl^+AE232 0,50 0,46 0,44

GIHF retrait
CIHP+AE .0,13 0,13 0,13
CIHP+AE2 0,27 0,27 . 0,25

8tre modifies en ciments expansifs avec une 
expansion trds justement rfeglable par la 
quantitS de 1'adjuvant expansif. Selon les 
besoins de la construction on pent obtfenir 
dans les conditions du durcissement normali
se une expansion libre de 0,1 d 4 % et de 
plus. C'est-d-dire on pent obtfenir selon la 
valeur de 1'expansion tous les types des ci
ments expansifs: ciment avec un retrait com— 
pens6, un ciment d'expansion moyenne et tin 
ciment autocontraint avec une" grange expan — 



sion. L*  expansion se manifeste pendant la ' 
pSriode initiale du durcissement ej ee ter
mine rlfefinitivement jusqu'au troisi&ne jOUT. 
A l’ftge de 28 jours et plus tard le volume 
est tout-d-fait stähle. .

En durcissement d l’air les ciments sans 1*  
adjuvant expansif montrent seulement un re
trait. En employant 1’adjuvant complexe tous 
les types des ciments changent d fond leur 
comportement et manjfeatent une expansion 
bien exprimfee. Gela facilite et enlarge 
beaucoup l'usage des ciments expansifs con- ‘ 
9us ä la base des ciments noxmaux et d*adju 
vant. ■

TABLEAU II

Armature 
d’acier 
% de la

Expansion restreinte d’acier 
de 1’armature et du mqrtier, %

aprfes jours
section 
de la 
prisme

1 3 28

0,20 0,22 0,23 0,23
0,44 0,10 0,12 0,12
1,23 0,04 0,04 0,04

L* expansion restreinte est aussi bien expri
mfee mfeme avec un pourcentage de I1 armature 
assez haut. Gela tfemoigne les possibilitfes 
d'assurer l’obtention d'un ciment autocon — 
traint de .haute qualitfe, qui est objet d’une 
autre fetude spfeciale.

Les rfesistances mfecaniques des ciments CPR, 
CPU, CrNx, CLHF avec ou sans 1’adjuvant ex
pansif sont presentfees au tableau III. Celles 
d’un ciment portland normal CPN^+AE exami
nfees pour une expansion restreinte sont don- 
nfees au tableau 17.

Les rfesultats expferimentaux montrent qu’ il 
exists une correspondence bien dfefinie entre 
l’expsinsion et la rfesistance mfecanique. En 
rfeglant le dfegrfe de I*expansion  on peut prfe- 
voir et obtfenir une rfesistance mfecanique dfe- 
sirfee. Pour le durcissement sous l’eau la 
rfesistance initiale pour une expansion de 
0,3-0,5 % est ä peu prds cette du ciment

TABLEAU III

Type du 
ciment

Rfesistance en compression, 
U/mm2, aprfes jours

1 I 28 '

' Ilurcissement. sous 1’eau .

CPR 19,7 • 57,2
CPR+AEX 18,0 57,2
CPR+AE™ 14,8 41,9

CPU 11,6 49,0 '
CPU+AE2^ • 19,4 46,9 '
CPU+AE3“ 9,2 28,4
CPUX 5,4 ■ 40,3

CPUX+AEX 3,0 ■ ' 20,9
CPU^AE2^ ■ 1,0 8,6

CLHF 6,9 28,7
CLHF+AE 8,5. 33,5
CIHF+AE21 6,6 ' 24,7

Durcissement ä 1’air

CPR 18,0 45,7
CPR+AE3^ 20,0 52,1
CPR+AE2“ 19,0 50,8

CPU ■■ ■ 41,7
CPU+AEX ■ •• • 46,4
CPU+AE3“ — 49,1
CPUX •• 29,8

CJ:UX+AEX 9,2 33,2
CH^+AE2™ ' 12,2 31,3

CIHF ■ : . 3,5 21,4
CIHF+AE ■ 9,8 , 42,0
CIHF+AE31 ' 5,2 44,2 ",

sans adjuvant expansif (CPR), ou avec 1,2 
fois plus haute (CIHF), ou bien 1,7 fois 
plus■haute (CPU). Pour une expansion libre 
beaucoup plus grande de l’ordre 0,9-1,1 % ' 
la rfesistance est dfejdt un peu plus basse 
(CPR et CPU) en comparaison avec les mfemes 
ciments "non modififes. En augmentant encore 
1’expansion libre vers 1,7-2 % la rfesistance 
est presque fegale (CIHF) d. celle du mfeme ci— 
ment sans adjuvant ou de 40 % plus basse 
(CPUX). En accroissant 1’expansion d. ’m» 
trfes haute valeur de plus de 4 % (CPUX), ■ 
quoique les prismes recoivent des fissures,



elles gardent leur int6grit6 et manifestent 
CB-rhaina rfesistanoe mfecanique - 20 % par . ■ 
rapport au clment saus adjuvant. Pour la 
plupart des ciments avec AE la resistance ä 
l'&ge de 28 jours garde en gfenferal son rap
port envers cette des ciments respectifs, 
mais sans 1*  adjuvant. Cela tfemoigne une 
bonne accroissement de la resistance m6ca - 
nique avec l’avancement du temps, similaire 
d ce des ciments nonnaux employes comme ba
se. ■
Pour le durcissement d l,air,c’est 5 dire 
aans les conditions rdeles, tons les ciments 
modifies en ciments expansifs pour les dif
ferentes valeurs de 1‘expansion (tableau 
III) possddent une resistance sup6rieure d 
celle des mftnes ciments, mais sans AE. L*ac 
croissement des resistances est particu - 
lidrement bien 6xprim6 pour les ciments 
CIHP.

Les hautes valeurs de la resistance m6ca - 
nique compardes aux grandes expansions ob- 
tenues s•expliquent par le fait que 1* expan
sion se manifeste d la pdriode initiale du 
durcissement. A ce temps Id le ciment dur — 
cissant support beaucoup plus mieux les de
formations sans empScher la formation de la 
structure et le ddveloppement de la resis - 
tance m6canique. ,

TABLEAU IV

Armature d’ 
acier, % de 
la section de 
la prisme

Resistance en compression 
du mortier, N/mm2, aprds 

jours

1 28

0,20 11,5 ' 37,5
0,44 12,9 40,6
1,23 13,6 38,4

L’etude d conditions restreintes montre qu’ 
en augmentant le pourcentage de 1* armature 
envers la section du mortier la resistance 
mdcanique s'accroft (tableau IV). Get ac - 
croissement de la resistance peut 8tre en
core plus grand si la restriction de 1’ex - 
pension est spaciale et non pas seulement 

dans une direction.

Les qualitds des ciments expansifs congus d 
la base des ciments normaux et d*un  adjuvant 
expansif etaient dtudides aussi sur dprou - 
vettes du beton®. .

Remarque®: Le retrait est marque par

TABLEAU V .

Type du 
ciment

Expansion libre du beton,
%, aprds jours
1 | 3 28

Durcissement d 1’air
c:raxxx -0,02 -0,06

-0,09X

CHT^+AE 0,06 0,10 0,10
CEU^^+AE? 0,08 0,12 0,13.

-0,03 -0,07 -0,11®
GIEE^+AE 0,02 0,05 0,04

TABLEAU VI .

Type du 
ciment

Resistance en compression du
b6ton, N/mm , aprds jours

1 28

Durcissement d 1’air
CPU2331 1,3 24,1
cra^^+AE 6,1 •33,1
GPK^+AE? 6,1 28,6

0,7 18,0
GIKF^+AB 5,3 20,4

Quelques examples du bdton d'un ciment port
land normal CPN'XXX et un ciment d laitier de 
haut — fourneau CIHF^ avec di ffe-nanbpa quan— 
tit6s ou sans adjuvant expansif (AE, AB®) 
sont domes pour 1*  expansion libre au tab - 
leau V et pour la resistance mecani qne au 
tableau VI. Le b6ton est avec 420 kg ciment 
■pour un m? et d’un diamdtre des agrBgats 
jusqu’d 20 mm. Le durcissement du beton est 
d I*air  sans d’etre mouilie.
Remarque :Dans les etudes du ciment expan— 
sif d la base du CIHF et des b6tons expan— 
sifs a pris part aussi Dr,Ing. V. Petkova. 



Les rSsultats exp6rlnientaxix montrent que 
sous 1 • influence die 1* adjuvant expansif le 
bSton, de m8me que le mortier, change d - 
fond ses proprl6t6s. Au lieu du retrait de 
0,09 - 0,11 % jusqufä 28-dme jour 11 mani
feste une expansion bien exprimfee de 0,04
0,13 % pour le mfeme fege.

A cause de sa structure beaucoup plus dense 
et 1•augmentation de la phase cristailine 
(ettringite) le bfeton d la base d’un ciment 
avec I1adjuvant expansif possfede une rfesis- 
tance contre la pfenfetration de 1’eau beau - 
coup plus haute et un fluage rfeduit.par rap
port du mfeme bfeton mais d’un ciment sans 1*  
adjuvant expansif.

Des fetudes durables sur les qualitfes mfeca' - 
niques montrent que le fludge du bfeton d 
1’dge de presque une et demie annfee est 
0,238 %, tandis que pour la mfeme pferiode ce- 
lui avec le ciment portland normal modifife 
par diffferents quantitfes de 1’adjuvant ex
pansif est seulement 0,183 — 0,216 %. Ees- 
pectivement les dfeformations entiferes des 
bfetons sont pour le normal 0,358 % et pour 
1’expansif 0,061 - 0,150 %. Ces chiffres 
prouvent une rfeduction du fluage sous I*in 
fluence de I1adjuvant expansif de 1,1 d 1,3 
fois et de la dfeformation entifere de pres
que 2,4 d 5,9 fois." ' "

Les rfesultats expferimentaux pour bfeton d’un 
ciment d laitier de haut - foumeau mon
trent la mfeme tendance de rfeduction du flu
age et de la dfeformation entidre par suite 
de la modification du ciment CIHF d un ci
ment expansif.

La rfesistance du bfeton expansif contre la 
pfenfetration de 1’eau est 3,5 d 5 fois amfe- 
liorfee en comparaison avec celle du bfeton 
des mfemes ciments, mais sans 1’adjuvant ex
pansif.

Les rfesistances mfecaniques des bfetons (tab
leau VT) sont augmentfees d’une manifere ex
pressive par la modification des ciments au 
moyen de 1’adjuvant complexe. L’felfevation 
atteind une trds haute valeur de 4,7 d 7,6 
fois pour le premier jour et de 1,14 d 1,38 

fois pour le 28-dme jour.

La mfethode d’obtention des ciments expan - 
sifs d la base des differents ciments nor- 
maux et d’un adjuvant expansif complexe est 
brevetfee en plusieurs pays et aux Etats Unis, 
l'Espagne, R. D. Allemagne etc. les brevets 
sont dfejd publifes.

CONCLUSIONS

Une mfethode trfes efficace et facilement rfe— 
alisable d’obtention des ciments expansifs 
etait crfee. Au moyen d’un adjuvant complexe 
differents types des ciments nrriinai tar com— 
me ciment portland normal, ciment du durcis- 
sement rapide, ciment d laitier de haut - 
fourneau etc. sont modififes d des ciments 
spfeciaux d’une expansion trfes justement rfe- 
glable, qui se manifeste et se termine dans 
les premiers 1 d 3 jours du durcissement. 
Conformfement la valeur de 1* expansion on 
peut obtfenir tous les types des ciments ex
pansif st ciment d’un retrait compensfe, ci
ment d’expansion moyenne et ciment autocon- 
traint.

Les nouveaux ciments expansifs montrent une 
expansion bien exprimfee en durcissant sous 
1’eau ou seulement d I’air sans aucun 
mouillage.

En rfeglant le dfegrfe de 1’expansion on peut 
prfevoir et obtenir une rfesistance mfecani - 
que dfesirfee. Farce que 1’expansion se mani
feste seulement d la pferiode initiale du 
durcissement,quand le ciment durcis support 
mieux les dfeformations, les ciments expan
sifs d la base de 1’adjuvant complexe pos- 
sddent des hautes rfesistances mfecaniques.

Les ciments expansifs conpus d la base des 
ciments normaux et d’adjuvant manifestent 
une rfesistance contre la pfenfetration de 1’ 
eau bien augmentfee et un fluage et dfeforma
tion entifere diminufes.

Les qualitfes des nouveaux ciments expansifs 
sont prouvfees comme par mortier standard, 
ainsl que par bfeton. .



The structure and characteristics of bleached clinker
Structure etproprietes des clinkers de ciment blanc

K. KARIBAYEV, Doctor-engineer,
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D. ALDIYAROV, Doctor-engineer,
V. LYSENKO, Kazakh Institute of Chemical Technology, Chimkent, U.R.S.S.

RESUME : Dans cette communication, nous exposons les r6sultats de recherches sur 1'influence 
des amino-alcools (TEA.MEA)et de liquides silico-organiques sur le processus de. blanchiement 
des clinkers de ciment portlond blanc et sur leurs propri6t6s. On a Stabil qu'un refroidisse- 
ment brusque dons une solution aqueuse ä 1 ä 2 % de mono et de triSthanolamine augmente le 
coefficient de rSflexion diffuse (C.R.D.) du clinker blanc de 5 ä 9 %, Le refroidissement 
brusque dans une solution ö 0,5 % des liquides silico-organiques GKG-10 et GKG-11 augmente ce
C.R.D.  de 8 ä 10 % par rapport au blanchiement aqueux. Pour mettre en Svidence les conditions 
optimales de blanchiement du clinker, nous avons dSterminS le C.R.D. de quelques constituents 
du clinker avec leurs SISments colorants, ces clinkers ayant 6t6 cuits en milieu ISgSrement 
acide et refroidis dans de l'eau additionnSe des produits StudiSs. L'analyse des donnSes a mon
tri que le refroidissement brusque du clinker, dans des solutions aqueuses, augmente so blon- 
cheur de 2 d 6 %, si 1'ajout est de I'oxyde ferrique, et de 5 ä 9 %, s'il est de I'oxyde man- 
ganeux. A I'oide d'une methode de resonance paramagn6tique 6lectronique, on a constats un pas
sage partiel des atomes de fer ä la position IV-e et de ceux d'oxygdne en Vl-e. Cela fovorise 
I’affaiblissement de la coloration du clinker et I'apparition d'une ligne d'absorption parama- 
gn6tique avec q = 2,040. Les r6sultats obtenus permettent de constater 1'influence importante 
des additifs 6tudi6s, en solution aqueuse, sur le blanchiement des clinkers contenant du 
Fe-O- surtout lorsqu'ils sont cuits en atmosphere oxydante. L'influence des conditions de re- 
froidissement des clinkers dans des solutions aqueuses, avec addition de manganese, se mani
feste par une correlation des atomes de manganese avec des valences diffSrentes. On a montrS 
que .1 adsorption des agents blanchissants d.la surface des grains du clinker, lots du bian- . 
chiement dons des solutions aqueuses d'.amino-alcools ou de liquides silico-organiques, entral- 
ne une amelioration de la broyabilitS et de la granulomätrie du clinker, et permet de se pas
ser d'agents de mouture.

*

SBUKABY : Data are reported on the aminoalcohols (TEA, MEA) and silicone liduids influen
ce japan the bleaching process, structure and characteristics of the white Portland cement 
clinker. The sharp cooling in the 1-2% aqueous solutions of monoethanolamine and t-rl «tha- 
rolamine is established to increase the diffusion reflection coefficient (I®C) of the 
c by,5^^e-r§h?ip cooling ln the aqueous solutions of the silicone liquids

GKG-IO and GKG-II increases DRC of the white clinker by 8-10%, in comparison with 
aqueous bleaching. In order to show the optimal conditions of clinker's bleaching we 
determined DBC of some clinker minerals with dyeing elements, which had been burned in 
slightly acid conditions and cooled in water and qqueous solutions of chemical additions 

s^owe<l that sharp cooling of clinker minerals in aqueous solu
tions of chemical additives increased the mineral whiteness. If we added ferrous oxide 

i?c^asS4 b7 2-6%, if we added the manganese heptoxide the mineral 
reased by 5-9%. By the electron paramagnetic resonance method the. particle 

in f?oin coordination to sextant coordination was established
lines from ““eral dyeing and in appearance of paramagnetic absorption -
solutions data 411OV5 establish the cosiderable influence of the aqueous
tives FeoOx the mineral bleaching stages with FeoOx addi-of coolinm0Li^?i?S2iAi1^effe?tiI?*£ Or burnlne in oxidizing conditions. The Influence 

n4>c2nditiona °£ mlnera13 with manganese additives can be seen in different coo- 
afthi suefa^of^clinkAr™3 in> ?iff.ere?£ val0nte state. The bleaching agents adsorption 
of amino clinker granules in the process of bleaching in the aqueous solutions
ing^im^iove the^i!1-A1ai=?n^1£?UlaS4£s ?bown to intensify the process of clinker grind
aids. the SiZ® distribution! it also allows to refuse from using clinker grinding



It is known, that white cement and. cement 
paint manufacture demands the raw materials 
of a special quality. However, the disco
vered supplies of limestones and kaolines 
cannot meet the requirements of still 
rising demands in cement paint. But the 
well-known methods of raw materials con
centration to remove the dyeing oxides are 
very expensive and labour-consuming opera
tions. That is why the choice of the tech
nological parameters of clinker burning 
and cooling processes is more effective, 
these processes provide the increasing of 
clinker whiteness.

There are some published data (I), where 
authors speak about the usage of chemical 
industry wastes - phosphorus slag, cishtoff 
white slime as raw components in white . 
Portland cement manufacture. The influence 
of silicate minerals, calcium aluminate, 
the degree of saturation and silica modulus 
on the white clinker DRC value is deter
mined. The abnormal aluminous and silicous 
modulus, the degree of saturation of sili
con by calcium oxide make the directional 
change difficult in phase composition.and 
white clinker structure while burning.. This 
makes the introduction of mlneralizators 
into the raw meal necessary.

While choosing mlneralizators, the electro
negativity of anions and cations, being 
the components of mlneralizators, is of 
great importance. The most effective mine— 
ralizator is silicofluoric sodium, its 
cation has the lowest electronegativity, 
and anion - the highest, providing He-ion 
transition from tetrahedral coordination in 
to the octahedral coordination and forma
tion of fine crystalline structure of the 
phase composition.(2)

We consider the increasing of clinker's 
whiteness by sharp cooling in water and 
in aqueous solutions of different salts 
and acids to be of great practical and theo 
retieal interest. A.Grachyan and his co- 
llegues made detailed investigation of phy- . 
sico-chemical principles of clinker's blea
ching in water. (I) According to him, aouer- 
ous vapour dissolves in the clinker fusion, 
and hydrosilicate ions Fe-bonds and O-bonds 
being cleaved by them, provide the formation 
of Fe-ions octahedral coordination, which 
has lower dyeing power.

As a result of optimal conditions research 
of clinker's bleaching, we decided to use 
different water soluble chemical additives, 
which are note active, than water, concer
ning their physico-chemical aspects.

We used such bleaching agents as aqueous 
solutions of amino alcohols - monoethano
lamine (MEA) and triethanolamine (TEA), 
and also such silicone liquids as sodium 
ethylsiliconate GKG-^IO and sodium methyl
siliconate GKG-II . Burning hot clinker 
was sharply cooled in aqueous solutions

of additives with different concentration: 
DK7 was da-harmined with the help of univer
sal photometer (FM-56). The results of the 
MEA,TEA,GKG—IO, GKG-II solutions influence 
on clinker.bleaching process are shown 
in table I. ' '

TABLE I

Solution -Seeled clinkerDRC, % (as to MC-I4)
u one en**  1 
bration in TEA in MEA in GKG-IO GKG-II

0 ■■
0,5 87 91 93 95
1,0 88 90 91 93
1.5 90 88 90 93
2,0 94 87 88 91
5,0 94 86 87 90
4,0 90 86 87 88

_________

Data analysis shows that if optimal concen
tration of the aqueous solutions for the 
amlnn alcohols are TEA — 2,5% and MEA-0,5% 
respectively, and for silicone liquids - 
0,5%, then clinker DRC increases by ?-IQ% 
in comparison with DRC of the water cooled 
clinker. (3,*).  DRC of the water cooled 
clinker equals to 85%. The increase in 
reflection capacity of clinker can ba ex
plained by the partial reduction of clinker 
with Fe+^ ion solutions along with the for
mation of ion-grouping Fe+5- 0 - Fe+ , 
which is more weaker chromophore, than 
ion Fe+\

The investigations of clinker with the help 
of scanning electron microscope showed, that 
mineral phases crystals in the clinkers, 
cooled in the surfactant solutions, were mo 
re resorbed, their surface was more effec
tive, in comparison.with the surface of wa
ter cooling clinker. Fixation of great num
ber of fine crystals in clinker increases 
the dispersion of light, it provides in- 
cresing of clinker's whiteness. Small con
tent of C4AF in the white clinker made it 
impossible to fix its structural changes 
while bleaching with the help of X-ray and 
infrared spectroscopic analyses, that’s

. why we used.the radiospectrosoopic method
* of analysis.

Electron paramagnetic resonance spectra of 
the white clinker, cooled in water, contain 
paramagnetic absojcfitlon lines in the weak 
fields region and in the region of free 
electron factor. The character of absorp
tion is conditioned by Fe*5  ions in the 
four-fold coordination (Og) and by Mn+2 
ions in the six-fold coordination. ■

White clinker, cooled in the TEA solution 
has the same absorption character, however 
the intensity of absorption lines in the 



region of weak fields considerably deoreav 
ses at the expense of Fe+3 in the four - 
fold cooadination, but Un lines intensity 
increases*
It is known (5)» that ferriginous compo
unds fusion dominate in the superficial 
zones of clinker particles. Fe+3 accumula
tion in the spaces between microcrystals is 
a favourable factor while clinker bleaching 
in the aqueous solutions of MEA, TEA, GKGIO 
GKG-II, which are activated in the process 
of decomposition by the catalytic action 
of superheated steam. In the gas-väpour-air 
atmosphere of the clinker granules molecules 
and radicals of H2, CO, CO2 and other ap
pear, they have the reuuction capacity. 
They diffuse into the clinker granules in 
the microcracks and micropores, interacting 
with the surface of cement particles, and 
partially reducing Fe+3ions to the Fe+2 
ions.

Considerable increase of the white clinker 
DRC with the help of aqueous solutions of 
MEA, TEA, GKGr—10, GKG—II will agree with 
the data of the chemical analysis of Fe20j 
content in the clinkers. (See table II)

TABLE II

Bleaching 
medium

Solution 
concentra
tion, %

Fe205 
content, 
%

Clinker 
DEC, % (to MS-14)

3 at er • - 0,67 85
Triethano
lamine 2,0 0,42 94
Itonortha- 
aolamine 0,5 0,50 91
IKG-IO . 0,5 0,45 93
1KG-II 0,5 0,40 95

Chemical analysis data about FegOz content 
in the clinkers prove our suggestion, that 
while clinker bleachind in the aqueous solu
tions of MEA, TEA, GKG—10, GKG—II there is 
some lowering in concentration of dyeing 
oxide." FegOj along with the improvement in 
its whiteness. ■

ISe determined the DRC of some clinker mine
rals with dyeing elements additives, burned 
in slightly acid conditions and cooled in 
water and aqueous solutions of TEA, GKG-II. 
The results show (table III), that the pre
sence of surfactants in the aqueous solu- ■ 
tions considerably influence the DRC of mi
nerals dyeing oxides additives, it is con
nected with the changing of Fe and Mg atoms 
state in the minerals structure. In compart— 
son wi^h aqueous bleaching C5S whiteness . 
wi h 62©^ additive increases by 2-9%, and 

with Mn02 additive it.increases by 5-10% 
depending on additive. Dicalcium silicate 
and tricalcium aluminate whiteness also 
changes depending on bleaching conditions, 
it exceeds DRC of aqueous bleaching minerals 
by 2-5% in proportion to amount of intro
duced dyeing oxides.

Aqueous solutions of TEA, GKG—II most pro
minently influence the alumoferrous and . 
ferrous phases of cement clinker (table 3). 
Spectrophotometric analysis showed peaks 
displacement in the C^AF reflection curves 
which was cooled in the additive solutions 
into the shortlengh part of the visual 
spactrum, it testifies to the changing of 
alumoferrits solid solutions structures. '

TABLE III

Minerals.
DRC, % ( MS-14), cooled:

in water in TEA 
solution

in GKG-II 
solution

c5s
vtS + 0,5%5 Fe205

C,S+0,2%Mh0 3 '
J$-C2S

^"C2+

c5A 

CtA+0,5%5 Fe205 

C5A+0,2%Mh0 
04^ 

c2f

94

83

80

96

86

82

96

84

79
16

9

94

89

87

96

89

88

96

' 88

82 •
28

18

96

92

90

98

90

88

98

92

85
32

22

Considerable effect of C4AF and CoF bleach-' 
ing in the presence of amino alcohols and 
silicone liquids in the cooling water is 
explained by the different total surface 
of contact of the dyeing elements with the 
reducible gas-vapour phase radicals.

X-ray analysis did not discover any quali
tative differences in the mineral bleaching 
products. Quantitative analysis, determined 
according to the.diffraction seflection 
changing (d=I,76A), helped us to state 
that degree of hydration of tricalcium 
silicate, tricalcium aluminate of water 
cooling is 10-12%, and if we take the deg
ree of hydration of tricalcium silicate. 



tricalcium aluminate, cooled, in aminoalco
hol solutions, it will be lower aminoalco
hol presence (MEA, TEA) in the bleaching 
water causes some redistribution of CoS 
diffraction reflection. In this„case line 
intensity increases from d=2,7SA to 
d=2,79A, This fact agrees with the formation 
on of some quantity of C2S form in the 
mineral, it occurs at the expense of parti
al reduction of Fe*5  to Fe+2, which pro— . 
motes polymorphic transition to form. 
If we compare the infra-red spectra of mi
nerals cooled in water and in amino alco
hol and silicone liquid solution, we shall 
see that there is no s-fcructural changes in 
their crystal lattices,

CLINKER GRINDABILITY. Nowadays clinker 
grinding is the most energy-consuming.ope
ration in Portland cement manufacture. For 
clinker grinding process intensification 
different surfactants are used, they absorb 
at the cement particle surface with its 
polar side, forming protective monomolecu- 
lar laver. they also decrease intermolecu— 
lar conesive forces action, and prevent 
finely ground material from cohesion.

Partial absorption of amino alcohol and 
silicone liquid aqueous solutions takes 
place at the surface of clinker granules 
during clinker bleaching process of white 
Portland cement in these solutions, and 
this.intensifies the clinker grinding pro
cess, To determine MEA, TEA, GKG-IO, GKG—II 
aqueous solutions effect as grinding inten
sifiers, clinker being cooled in water and 
in additive aqueous solutions was fined in 
the mill, and in certain periods of time 
clinker residue was controlled on the sieve 
N008. The results showed that required spe
cific surface for white Portland cement 
3000-3400cm2/g was established in 50 minu
tes in the case of water cooling cements, 
and in 35-40 minutes in the case of cements 
after cooling in the additive solutions. 
Therefore, if we use aqueous solutions of 
MEA, TEA, GKG—10, GKG—II additives as blea
ching agents, there is no sense in using 
different surfactants at clinker grinding 
because these additives intensify the grin
ding process hy 20-25% in comparison with 
water cooling.

Some scientists established (6), that ra
tional controlling of cement dispersion 
degree by improving its granule composition 
allows to increase its activity and to imr- 
prove its properties.

Thus, it became obvious that cement obtain
ed from clinkers, bleached in the additive 
solutions (50 - 57%) has the optimal gra
nulometric composition (0-20 mcm), and 
fraction quantity 70 - 80 mcm, which hyd
rates slowly, has 5 - 10%,

CONCLUSIONS ‘

The scientific researches showed that amino 
alcohols (MEA, TEA) and silicone liquids 
(GKG—10, GKG-II) usage as bleaching agents 
helps to increase the diffusion reflection 
coefficient of the white clinker by 5-10% 
in comparison with aqueous bleaching. The 
effect is reached at the expense of redu
cing medium formation in the clinker granu
le pores at the additive decomposition into 
molecules and radicals of Hg, CO, CO2 type.

The rise of clinker mineral whiteness is 
connected with changing of dyeing element 
valente state. The less prominent factor is 
the change of coordination, particularly 
He-atoms coordination in the bleaching pro
cess, Besides, sharp cooling in aqueous so
lutions of MEA, TEA, GKG-IO, GKG-II allows 
to obtain mineral crystals of less size.It 
promotes the whiteness increasing at the 
expense of increasing the total surface of 
interaction of reducible molecules and ra
dicals of gas-vapour- phase with clinker 
microcrystals.

Amino alcohol and silicone liquids aqueous 
solutions intensify the clinker grinding 
process at the expense of its adsorption on 
granule surfaces while bleaching process. 
That is why we can refuse from using diffe
rent grinding aids and still grinder’s ef
ficiency will be increased.
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Recherches sur les phases de ferrites de baryum dans 
la zone fortement basique du Systeme BaO-Fe2O3

Research studies of the barium ferrites in the upper base part of the system 
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RESUME : Des recherches ont ete entreprises, au moyen du microscope optlque et des rayons X, 
sur le traitement a haute temperature et addition de baryte au clinker, de fa?on ä provoquer 
la formation de diverses ferrites de baryum : BE, 83^2’ ^5^2’ et ^7^2' a °* 3Serve
la formation de BF, B^F et 87^2’ ma^s a et® prouve que B^F ne^se formalt pas, car dans la 
cuisson en phase solide le B^F se decompose en un melange de B-F et de ByF,, et dans la cuis- 
son par fusion 11 se forme une solution solide de ByF, dans B-F. Le compose B7F- a pu etre 
analyse aux rayons X.
Les spectres Mössbauer des ferrites BF, BjF et des constltuants B-F et B^F- ont ete obtenus; 
et il a ete constate la presence, dans ces ferrites, de fer trivalent. On a pu determiner le 
nombre et la position des atomes Fe+^, et la probablllte de formation de solutions solides
de B^F dans B^F^, au lieu du constltuant B-F.
Ces resultats ont ete utilises pour 1'Identification des phases ferrltlques dans les clinkers 
baryteux; ils presentent aussl un grand Interet pour 1'etude de la zone fortement basique du 
Systeme 830^6203.

SUMMARY : Optical-microscopic and X-ray phases researches of constituents, treated, at 
high temperatures, have been carried out for the obtaining of barium ferrites : BF, B^Fo, 
B2F, BcFo, B,F and B^Fo« The formation of BF, BaF and B7F2 has been confirmed. It has 
been proved that BgF'does not form itself as an individual^compound. At solid phase caking 
of the constituent for B,F a mixture is formed from B9F and B7F9, while at its melt 
crystallization - a solid solution of B7F9^in B9F. X-rays data; for Br,Fo were 
obtained. ' 2 2 * 2

The Mössbauer ferrites spectra BF, B9F have been received and the presence of trivalent 
iron in them, the position numbers of Fe"1"-5 and the probability of solid solutions . 
formation of B2F in B7F2, at the constituent for B^F, have been established.
The results here used for the identification of the ferrites phase of the barium clinkers 
are of interest in the case of the research studies of the upper basic part of the 
system BaO-FgO^.



Le Systeme BaO-FegO» a 6^6 etudie par Goto 
et Takada, Batti, Kurdowski, Valkov et 
Boyadjieva (1), (2), (3), (4).
La plus grande part des etudes est llmltee 
ä des Constituante d'alcalinite — 2. Les 
donnees connues de Kurdowski (3) et Batti
(2) pour les constituents plus haute-ba- 
siques sont contradictoires. D'aprSs 
Kurdowski, sauf les ferrites de baryum 
connus BF, Bg? et BFg, ils existent encore 
BiF, BeF, et B»Fof et d'apres Batti - une 
pllase de'’constituent BqF2 (On emploie 
des abreviations acceptees : B - BaO, 
F — FegO^)•
L'objet de notre etude est d'elucider les 
phases dans le domains avec plus haut • 
contenu de BaO, aprfes le compost B2F, et 
aussi de caracteriser plus pleinement les 
ferrites de baryum, lesquels, il est pos
sible qu'ils soient dans la composition 
des clinkers de silicate de baryum.
Des etudes optico-microscopiques et radio- 
logiques de phases, ont ete exdcutöes, les 
compositions BF, B-zFg, B2F, e1:
B7F2 et les composltlons^BF, BnÄ, B,F et 
b4f2 ont etä etudiees aussi ä f'aide de la 
spectroscopie de Mössbauer.
Les reactifs de depart BaCO, et Fe20, 
(p.a.) apr6s 6tre precisement doses et 
homogendises avec de l'eau, puls seches, 
sont.tamises, jusqu’ä ce que la derniSre 
fronde ait passee au tamis 0,08. Les 
mixtures obtenues sont briquettees et 
cuites ä une temperature de 1320°C dans un 
four ä appareils de chauffe en silite, 
apr^s 6tre restees pendant 10 heures dans 
le four ä la tempSrature maximale et deux 
moutures intermediaires pour faciliter les 
interactions des phases solides. Les 
specimens ont ete soumis ä un refroidissd- 
ment lent (24 heures). En outre, les 
constituants B3F et on^ fondus ä 
la temperature ae 1400°C et brusquement 
refroidis. Les ferrites obtenus ont ete 
Studies parallSlement avec ceux provanant 
de la synthase de la phase solide.
Les etudes microscopiques et radiologiques 
des phases montrent les resultats suivants: 
Constituant BaO, FepO^. Une phase ferrique 
est etabliemicroscopfquement, laquelle, 
d'aprSs des donndes radiographiques - 
3,15/10/; 2,73/5/ et 2,68/3/, correspond 
ä BF (4). Le ferrite de monobaryum, en 
lumidre refletee, se revdle sous 1* aspect 
de formes irreguliSres, isometriques, 
presque carrees et rhombiques ou rectangu- 
laires allongdes ou angulaires. La couleur 
est pris-päle, faiblement rose,avec une 
grande capacite de reflexion; anisotropique 
et present^nt un pldochroisme marqud de ■ 
reflexion. En lumiere traversante il est 
caractdrisd par des couleurs interferen- 
tiellea gris-blanches (np=2,14 et 
ng=2,23).
Constituant 3Ba0.2Fe20^. Le produit n'est 
monophase. Microscopiquement, en cas de 
grands agrandissements (900x avec objec- 
tifs d'Immersion) les deux phases se ddli- 

mitent clairement. L'une est d'une plus 
grande capacite de reflexion,, anisotro
pique et plus Claire que 1* autre, laquelle 
est de couleur rose-grise et isotropique. 
A l’aide des donnees radiographiques est 
etablie aussi la formation de deux phases 
ferriques - Ba0.Fe20^ et BBaO.FegO^. 
Constituant FBaO.FeoO... A la synthase 
executes il se forme un ferrite correspon- 
dant ä la phase 2BaO.Fe2O,. Dans lumiSre 
refletee, la phase susmentionn6e est 
claire-grise, isotropique, representee par 
des sections Isometriques, presque carrees. 
En immersion eile est avec des sections 
carrees trSs reguli&res. Le difractogramme 
de B2I1 montre correspondance avec (4). 
Quelques differences ont ete registrees, 
principalement aupr&s les grands angles.
Constituant SBaO.gFecO,. . Le module est 
biphase. L'une des piiäse est rose-grise 
et s'inclut dans une autre de couleur 
jaune. La phase de couleur rose-grise a 
des sections presque carrees et correspond 
ä B2F. L*autre  - de couleur creme-jaune 
subft un pleochroisms de reflexion, eile 
est anisotropique et par cela eile difffere 
des decrites BF et B2F. Selon ses consti
tuants eile doit correspondre ä B,F d'apr&s
(3) ou ä B7F2 d'apris (2). Dans le cadre 
radiologique de ce constituant, outre les 

( distances intersuperficielles de B2F, se 
' presentent aussi encore deux autres re

flexions correspondantes ä 3,64-3,69 et
2,10 A.

Constituant 3BaO,FepO^. Dans les 
epreuves, traitees de mani&re thermique ä 
une temperature de 1300°C on observe, 
microscopiquement, deux phases, analogi- 
quement au constituant BcF2. De m8me. dans 
le .radiogramme de cette epreuve, de pair 
avec le jeu entier des distances intersu
perficielles de 32$', apparaissent aussi 
des lignes supplementaires: 3,66-3,69; 
2,09-2,10 A. Le mSme constituant, traite 
thermalement k temperatures plus hautes - 
1400°C jusqu’ä obtention de fonte, se 
caracterise par sa-monophasite. Le tableau 
microscopique du ferrite formd ainsi que 
son tableau radiographique diffractif 
correspindent A la phase B2$l. Cela montre 
que le diagramme de la-phase dans le 
domaine du constituant B,B rdpond au dia
gramme present^ par (2) et que le compose 
suppose B,F (3) niexiste pas. Selon (2) 
la phase B2F au-dessus de la temperature 
eutectique - 13O7°C, represents la solution 
solide de ByFg. Done, le schema suppose de 
formation' des ferrites pour ce constituant 
peut 8tre exprime de la mani^re suivante: 
B-iF—— B?F (solution solide avec B7F2), 
de la fönte et 3BtF-*-B2F  + B7F2,'au cas 
de synthase de la^phase solide.
Constituant TBaO^FenOT. Les phases de 
cristal des modules fondus A la temperatu
re de 1400°C et brusquement refroidis 
representent un produit monophase. Micro
scopiquement, dans la lumiAre refietee, 
la phase cristalline nouvellement formee 
est jaune de couleur, avec des sections



idiomorphologiques, rectangulaires ou 
arrondies, inclusea dans des phases , 
vitreuses. En Immersion le ferrite synthe- 
tise est vert de oouleur, et parfois sa 
couleur approche le brun» B'aprSs toutes 
les caracteristiques morphologiques et 
optiques, la phase BoFg est de Systeme 
cristallographique rhomboidal. ■
La figure 1 montre le diffractogramme 
ionique de B7F2 obtenu de la fonte, lequel 
peut 6tre aciepte comme etalon, faute 
d’autres donnees dans la litterature pour 
ce compose.

Fig. 1 - Diffractogramme ionique de B.7F2

Les moc^les traites ä une temperature 
d'environ 132O°C, au cas de cuisson en 
phase solide, se caracterisent microscopi- 
quement ct radiologiquement comme biphases. 
Dans des phases pareilles, celle qui predo- 
mine, c’est B-Fg et, en moindres quantites 
- B2F. Les etudes des phases, par conse
quent, du constituent B7F2, confirment 
pleinement 1* aspect de la phase du Systeme, 
donne par Batti (2), selon lequel, aprSs 
le constituant eutectique, au-desus de la 
courbe soliae, la phase B7F2 represents 
une solution solide de BnF nans B^Fn, de 
la meme maniSre que represents B7F2 dans 
B2F, au-dessus de la m§me courbe'de tempe
rature.
A la Figure 2 est donnee la microstructure 
de B7F2 obtenu de la fonte.

Les ferrites de baryum synthetises suivant 
le procede decrit BF, BpF, constituants 
de B,F et B-yFg (les derniers deux de fonte) 
sonVetudies aussi ä I1 aide de la spectro- 
scopie de Mössbauer.

57Le Co est utilise en tant que source, 
en matrice de palladium.
Les spectres Mössbauer des ferrites de 
baryum sont donnas ä la figure J, et leurs 
paramStres - ä la Table 1.

Le deplacement isometrique dans les limites 
au-dessous de 0,4-0,5 mm/s indique la pre
sence de fer sous la forme de Fe*̂.

Le spectre de Ba0eFe20^ montre un champ ma-

Fig.2 - Formes lumineuses de TBaO^FegO^ 
Agrandissement 126x

Fig. 3 - Schema des spectres de Mössbauer 
des ferrites de baryum: (1)-BF; 
(2)-B2F; (3) - constituant B,F 
(B5F + B-7F2-solution. solide) ;



Remarque:

Table 1

Phase 5 A
BaO.FegO^ 0,19 0,52*0,05 470

2BaO.FepO_ 0,16 0,52 —
0,00 0,64 -

Constituent 0,10±0,06 0,50*0,06 ■- ■
5BaO.Fe2O^ O,5O±O,O6 0,89*0,06 —
(Solution so-
lide de

B.?F2 dans B2F)

7BaO.2Fe2O5 0,25*0,10 1,26*0,10 ■
0,12*0,05 1,55*0,05 -

5 - emplacement isom^trique concer
nant ot-Fe, mm/s .

Zi - separation quaclripolaire , mm/s

- champ magnetique local , kOe

gnetique de structure arranges, laquelle 
d'apres Hi= 470 kOe est proche ä la struc
ture du spinelie et du Fe+’, et est proba- 
blement dans une coordination sextuple.
L'ion ferrique dans BF se trouve en posi
tion une.
L'ion ferrique dans le spectre de Bnl1 se 
trouve en deux positions. .
Le spectre du constituent B,F est proche 
ä BjF, mais il differs par des changements 
dans leg valeurs numeriques des paramStres 
/\ et O des deux positions de l-’ion fer
rique. C'est le resultat probablement de 
la formation de solutions solides de BoF 
avec B-^Fg.
Le spectre de B-F2 differs categoriquement 
de celui de B^Fi 4La seconds position de 
l'ion ferrique dans le ferrite, avec 
/\= 1,55- 0,05 montre sa presence dans la 
phase amorphe, ä cause de quoi, dans la 
structure du cristal de ByF- l'ion fer
rique est. dans un etat avec z\= 1,26±O,O6 
et avec 0= 0,25*0,06  mm/s.
La grande quantite de phase amorphe ne 
donne pas la possibility d'une determina
tion exacte du spectre de la phase 
cristal. .
Prenant en consideration la composition 
chimique des clinkers de baryum et la for
mation de ferrites de baryum avec alcali- 
nite — 2, on peut en deduire que BpF et 
B7Fp ou bien des solutions solides a leur 
base, representeront la phase ferrique 
dans les clinkers de baryum industriels.

CONCLUSIONS
En generalisant les resultats des recherches 
faites, nous pouvons formuler les conclu
sions sulvantes: .

1. Les constituants des ferrites de baryum 
ont ete studies microscopiquement et 
radiologiquements :.BF, BoF, B,F2, B^Fp, 
B,F et ByFp, et a ete confirmee f1existence 
des phases BF et BpF. Dans les diffracto- . 
grammes dionisation  obtenus, les distances 
intersuperficielles correspondent a (4), 
avec certaines differences dans les grands 
angles.

*

2. Le B,F, decrit par (5), n'a pas ete 
etabli ni ä la synthase en phase solide, 
ni de fonte. Le produit de la synthase 
en phase solide.sont les deux phases - 
BpF et B7Fp, et de la fonte - solution 
solide de ByFj dans B2F.
5. La formation de B7Fp est confirmees et, 
pour la premiere fois, sont donnees les 
distances intersuperficielles caracteris- 
tiques. '
4. On a etabli, ä 1'aide de la spectro- 
scopie de Mössbauer, la presence de fer 
trivalent dans les ferrites: BF, BpF,■ 
constituants B,F et B7Fp, le nombre des 
positions de I'icn ferrique dans eux, 
ainsi que la probabilite pour la formation 
de solutions solides de BpF, B7Fp dans
le constituent BjF. .
5. Les resultats obtenus des etudes des 
ferrites de baryum ont ete utilisees ä 
la determination des constituants de 
clinkers et ciments de baryum ä leur base 
ä une echelle semi-industrielle. (5)
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Calculation of hypothetically possible potential 
compositions of high-alumina cements

Calcul des compositions potentielles theoriquement possibles des ciments 
alumineux

J. CAI I FIA Professor, Consejo Superior de Investigaciones Cientificas, Instituto "Eduardo Torroja” de la 
Construccion y del Cemento (I.E.T.C.C.) Madrid, Espagne.

RESUME s Mdlgre la grande complexite des systemes de phases concernant le ciment alumineux, 
et le manque de con'naissances süffisantes sur sa composition mineralogique, on a tente dans 
ce travail d'etablir des bases pour calculer quelques-unes de ses compositions potentielles 
possibles.

Il est evident que ces calculs sont appuyes sur des hypotheses discutables, mats le but prin
cipal du travail est celui de chercher une posslbillte de correlation entre les caracteristi- 
ques, proprietes 'et comportement du ciment alumineux "structural" et sa nature mineralogique 
sur des bases plus solides que celles simplement appuyees sur sa composition chimique.

Il peut etre alnsl possible de trouver une aide pour chercher une solution plus complete et 
satlsfaisante aux problemes de la conversion, de la carbonatation et de I’hydrolyse alcali- 
carbonlque, conslderees comme les plus Importantes concernant les ciments alumineux, tant du 
point de vue scientlfique que technique.

SUMMARY: Despite the great complexity of the phase systems involved in high-alumina cement and the lack 
of sufficient knowledge on its mineralogical composition#attempts are made in this paper to establish bases 
for calculating some of its possible potential compositions.

Of course, such calculations are supported by some controvertible hypothesis, due precisely to the lack of 
knowledge, but the main aim of this paper is to look for a possibility of correlating some characteristics, 
properties and behaviours of "structural11 high-alumina cement with its mineralogical nature on a more solid 
base than that barely consisting in its chemical composition.

So, conversion, carbonation and alkali-carbonic hydrolisis considered as principal scientific and technical 
problems inherent to high-alumina cements could perhaps find an aid to approach to a more complete and sa
tisfactory solution.



1. - INTRODUCTION ‘
A very concise and complet exposition of problems 

concerning high-alumina cements (HAC in the following), 
either on the aspects of their fabrication or on particu
lars related to their utilization has been made by J. TA 
LABER at the VI ICCC, Moscow 1974 (1). Moreover, 
a survey summarizing the principal items treated at 
the Symposium on High-Alumina Cements hold in the 
U.K. (december 1974) has been more recently publi
shed (2).
Summarizing in turn the outstanding features of the 
mentioned exposition by TALABER concerning anhy
drous calcium aluminates and HAC, it must be pointed 
out that the binary and ternary systems C-A and C-A-S 
are complex, and correspondingly much more so when 
transformed into the quaternary and quinary systems 
C-A-S-F and C-A-S-F-F (F=FeO).
Even for a long time the binary system C-A has been 
controverted, for some authors as NURSE and others 
have sustained the incongruency of the melting of 
C^Ay and CA2 phases in dry atmospheres (3), whilst 
others either at the same time (as KIESSLING and 
others -mentioned by UDALOV and others-) or much 
more recently (as UDALOV and others) have suppor
ted the opposite opinion (4), not only regarding the 
mentioned compounds but also others such as C5A3 
and CA. Moreover, the nature of the atmosphere 
(oxidizing for C12A7 and reducing for C5A3) seems 
to be decisive as far as the congruency of the melting 
of such compounds is concerned. Furthermore, a 
change of atmosphere during heating may change the 
phases to one another (4).
According to TALABER (1) the three paragenesis 
fields of the ternary system C-A-S: CA-C J2A7-C2S, 
CA-C2S-C2AS and CA-C2AS-CA2 may justify in prin
ciple the presence of some of the phases CA2, CA, ' 
C12A7, C2AS, C2S. C2S and C2AS are always formed 
in the presence of S: the former if the S content is low, 
and the latter if it is high. The behaviour of HAC may 
depend much on the proportions of these phases, in 
the following way according to SOLACOLU mentioned 
by TALABER (I): Type I HAC containing mainly 
CA-fC^Ay develops a higher initial strength, whereas 
those cements of Type II mainly composed by CA and 
CA2 develop a lower initial strength, but a more in
tensive secondary or delayed hardening. In general 
C^Ay is present in HAC in lower proportions, de
pending on the C/A ratio and probably on the higher 
amount of silica present in the cement composition 
(5). '
On the other hand, C2S behavies as in portland cement. 
As far as gehlenite C2AS is concerned, it is conside
red as a non-desirable component, for it is a non- . 
hydraulic alumina-consuming phase (6).
Much higher complication arises from the presence 
of a considerable amount of total iron-constituents 
in HAC (ferric and ferrous oxides, the former of 
which at least presumably may form calcium ferri
tes CF and C2F, as well as solid solutions from C2F 
to C6A2F (in between C^AF2 and C4AF). A noticeable 

amount up to 15 % of CF may enter in CA to form 
another solid solution (1).
Though HAC clinker is formed in most cases through 
fusion, no crystallization equilibrium is generally 
reached, so that it is very difficult and risky to apply 
any calculation of mineral (potential) composition to 
it, even restricted to the main components of the 
system C-A-S.
So, it has been not yet quite possible to calculate 
quantitavely the mineralogical composition of HAC 
clinker, either from its chemical composition or 
from that of their raw materials and mixtures. Mine
ralogical composition of HAC depends on the chemical 
composition of raw mixture, on heating and cooling 
(melting temperature and cooling speed), on the oxi
dizing or reducing atmosphere during the total manu
facturing process (4) and on the type of manufacturing 
technology (melting, sintering or clinkerization). 
Different phases may result in each case as SUZUKI 
has pointed out as referred to pure phases and some 
solid solutions of them (5), so that raw mixtures with 
the same or very similar chemical composition may 
result in HAC of different mineralogical composition 
and/or properties. Nevertheless, the clinker cooling 
speed and the oxidizing/r educing conditions being al
most constant for a given process, and the melting temperature conditioning mainly the ratio Fe^^/Fe^*  
in turn taken into account in the chemical composi
tion, this one may be considered as being the only 
main factor determining the mineralogical composi
tion of HAC.
Anyway, considering that a given stoichiometry is 
practically mantained in a given manufacturing pro
cess, the base for possible calculations of quantita
tive potentital compositions is the knowledge of the 
true qualitative mineralogical composition of a given 
HAC clinker. Nevertheless, characterization of HAC 
clinker is difficult by several of the most common tech 
niques. As a result, morphology and composition of 
phases encountered are very different depending on 
several circumstances. Microscopically CA and CjAS 
have been observed in some cases applying suitable 
techniques (7). But it is well known that quantitative 
determinations of C2S by XRD techniques not always 
is easy, possible or reliable.
So, the lack of sufficient knowledge on mineralogical 
composition of anhydrous HAC implies a similar lack 
of knowledge on its hydration processes and hydration 
products formed, though studies have been made on 
their mineralogy (8), and mineralogical composition 
in the system C-A has been determined by means of 
potential analysis on the basis of phase diagrams, 
particularly as far as the principal phases CA and 
CA2 are concerned (9) (10).

Attempts have also been made to develop potential 
calculations of anhydrous HAC (11).
These difficulties may be some of the reasons why 
the main problems affecting "traditionally" to HAC, 
such as conversion -crystalline transformation of 
hexagonal hydrates to cubic hydrates-, (12) (13), 



carbonation (14) and alcali-carbonic hydrolisis (15) 
are not yet either fully or satisfactorily explained, 
as the mechanisms in some cases, and mainly their 
kinetics, as well as the factors and conditions.-for 
instance, temperature (8) - affecting both, mecha
nisms and kinetics in most cases, seem not to be su
fficiently known. Consequently, neither primary 
effects derived from such problems (as for instance 
the loss in strength -and even the strength develop
ment (16)-, the liberation of water and the increase 
of porosity), nor secondary (technical, practical) 
effects -as for instance refractory behaviour (17) 
(18) and reinforcement corrosion in reinforced con
crete- can be completely or easily avoided or con
trolled.

2. - FURTHER APPROACHES TO POSSIBLE CALCU
LATIONS OF HAC POTENTIAL COMPOSITIONS
Independently of the degree of probability, these 

calculations must be based on conventional and arbi
trary hypothesis, more or less justified. Anyway, 
the corresponding calculations and results may be 
very diverse. Much more so as each of the hypothe
sis adopted may present several different alternatives.
The present paper does not consider HAC other than 
those devised for hydraulic (structural) purposes. 
So, HAC of the higher contents of A for refractory 
uses are particularly discarded.
It is admitted that the chemical composition of ordi
nary structural HAC may usually vary between the 
following wide limits: A 39 to 42 % (40-42 %); C 37 
to 42 % (37-40 %); Ft F 9 to 18 % (15-17 %); S 1, 5 to 
6 % (1, 5-3 %); T 1 to 2 %. The preceeding wider li
mits may correspond to broader variations either 
from country to country (19) (20) or along the time 
in the same country. This could be the case in Spain. 
Narrower limits in brackets may correspond to va
riations observed in more recent time in Spain (21).
It is by no means intended to justify here the impor
tant scientific knowledge recently (22) (23) (24) and 
quite recently (21) gained from theoretical and expe
rimental studies carried out by application of modern 
XRD, EMP, ROM, etc. techniques to phase equili
bria systems of common refractory or structural 
HAC or to particular HAC. Special mention merits 
the work in course carried out by R. MARTINEZ and 
S. DE AZA (21). But it is obvious that the simple 
ternary system C-A-S is out of consideration for the 
two latter mentioned cements, owing to their usually 
high content of total iron compounds and to their re
latively low content of S. Otherwise, ternary system 
C-A-F would be a closer approximation for them, as 
their three main chemical components amount to more 
than 90 % of their chemical composition.
From considerations on possible triangles of compa
tibilities of phases in solid state in both mentioned 
ternary systems (as in other ternary sub-systems in 
them), as well as on compositions and primary crys
tallization fields, it is possible to determine the dif

ferent possible sequences of crystallization of pha
ses. In fact, it has been recently confirmed that the 
sequence is CA, ferritic phases and C^Ay in normal 
fused HAC (21).
Nevertheless, the quaternary system C-A-F-S (22) 
(23) is a further and closer approach, as the sum 
of principal chemical components may amount up to 
about 94 % of the total composition. In a similar 
manner the authors repeatedly mentioned (21) have 
established the compatibilities in solid state within 
the zone of the quaternary system corresponding to 
fused HAC with a mean chemical composition. Accor 
ding to it, mineralogical compositions might corres
pond to the quaternary sub-systems

CAss-C^Fss-C^A^ss-C^S ,
or CAss-C^Fss-C^ASss-C^S 
the former being in general moreprobable, according 
to the experimental and practical knowledge of hy
draulic HAC (21). Practical considerations on hy
dration show that C2AS is a non-desirable, non-hy- 
draulically active phase, and that hydration of C]2A7 
may be very rapid thus impairing setting of HAC. 
In the same way, according to compositions and pri
mary volumes of crystallization, as well as to the 
possible eutectic surfaces, the authors (21) have 
determined the sequence of crystallization. They 
have concluded that the phases more probably for
med for usual compositions of Spanish HAC are-

I. CAss-C-,Fss-C12A7ss-C2S
II. CAss-CzFss-C^ASss-C^S

III. CAss-C2Fss-Cj,A7ss - 

their relative probability depending mainly on the 
chemical composition of the system. It is obvious 
that systems I and II would be possible for compo
sitions containing noticeable amounts of S; the higher 
the S content, the more probable the system II as 
compared with system I.

3. - CALCULATIONS
On the preceeding bases exposed in 2, calcula

tions of potentital compositions have been develop- 
ped for Spanish fused HAC. Assumptions made for 
it, according to experimental results of the mentio
ned recent studies (21) are: i) that ferrous compounds 
appear as wustite F, a phase which is compatible 
with the other aluminous phases in'the quaternary 
system C-A-F-F, and even with C2S in the ternary 
sub-system C2S-C2AS-F; ii) that contrarily to what 
is generally admitted, the' stable phase CT (perows- 
kite), compatible with the other phases, does not 
appear as such, but in solid solution with the much 
more abundant ferritic phase; iii) that M (MgO), M 
(MnO), etc., may form solid solutions with other 
phases.
Consequently, neither F not T, M,- M etc. , are 
taken into account for calculations. They are merely 
included in what is called "rest” in table I. In this 
respect it is pointed out that two ways are possible 



to simplify calculations: i) to reduce the total chemi
cal analysis of HAC to the four major components 
(A, C, F, S), whereby values obtained for calculated 
phases would be higher than actual ones; 11) to inclu
de every other minor component in a "rest" (the same 
for chemical than for potential composition), whereby 
values obtained for calculated phases would be a little 
lower than actual ones. The latter way has been prefe- 
rently choosen in this paper, as it is considered that 
only the main (hydraulic) phases are important for 
properties and behaviour of "structural" HAC.
One further assumption is that C2FSS which may wi
dely vary in composition (at most between the extreme 
terms C2F and C6A2F) according to the F content, 
corresponds either to the term C^AFss-probably more 
usual (21)-, or to the term C6A2FSS in each of the 
systems I, II and III (sub-cases 1 and 2 of them in 
the following).
All the calculations are based on percentage contents 
of oxides expressed in the chemical analysis of HAC 
(indicated by the small letters corresponding to the 
symbolic capital letters representing oxidic compo
nents), and on the corresponding molar ratios. Final 
coefficients are given but with only two decimal fi
gures.

3.1.-  Calculations in the system I. 1:

CAss-C, ,A_ss-C,AFss-C^S ' 
_________12 7_____ 4________ 2^

a) s % of S fix s. 2C/S = 1.866675. s % = Cj% of C
to form s. C2S/S = 2.866675. s% of C^S 
remaining (c-c^) = c^ % of C

b) f % of F fix f.A/F = 0, 638486. f % = a^o of A
and f.4C/F = 1.404687. f % = c3% of C 
to form f. C4AF/F = 3. 043174. f % of C4AF 
remaining (a-a^) = a2^ A 
and (c -c ) = c.% of C2 3 4

c) a2 %of A fix a2.C/A = 0. 550007. a2% = c5% of C l’

to form a2- CA/A =1.550007.a2%= (ca)j% of CA 
remaining (c4-cg) = c^% of C

d) c6% of C fix c6. 7CA/5C = 3.945423. c^%= (ca)2%of CA
to form c,. C, ,A_/5C = 4. 945423. c,% of C. ,A 
remaining ((ca)j -(ca)2 ) % of CA

Finally: C2S % = 2.87 S % '
C4AF % = 3. 04 F %
C12A? %=4. 95 C%-9.23 S%- 5.21 F % -

-2.72 A %
CA%=1.55A% - 0.99 F% - 0.80 C12A?%

or CA %= 3. 72 A %+7. 36 S % + 3. 17 F % -
- 3. 95 C %

The same equations without terms in F may be applied 
to the ternary system CASS-C12A7SSC2S. On the con
trary, if C^Ay cannot be formed, then:

C2S % = 2.87 S %
C4AF % = 3.04 %

' CA % = 2. 82 C % = 5. 26 S % - 3.96 F %

This is a possible but not probable case.

3.2. - Calculations in the system 1.2:
CAss-C, ,A_ss-C,A_Fss-C-S

1 Z 7 b Z Z

a) As in 3. 1
b) f % of F fix f. 2A/F = 1.276973. f% = a^o of A

.and f. 6C/F = 2. 107031. f % = c3% of C 
to form f. C6A2F/F = 4. 384004. f% of C6A2F 
remaining (a-a^) = a2% of A 
and (c -c ) = c % of C. 2 3 4

c) As in 3. 1 "
d) As in 3.1
Finally: C2S % = 2. 87 S %

C6A2F % = 4. 38 F %
C12A? % = 4. 95 C % - 9.23 S % - 6.95 F % -

- 2.72 A %
CA % = 1. 55 A % - 1.98 F % -0.80 C^A.? % 

or CA % = 3. 72 A %+ 7. 36 S % *3.  56 F % -
- 3. 95 C %

3.3. - Calculations in the system II. 1:
CAss-C .AFss-C_ASss-C,S 4 2 2

a) As b) in 3. 1 ■
. b) s % of S fix s. 2C/S = 1.866675. s% = c3% of C

to form s. C2S/S = 2. 866675. s%= (c2s)j%of C2S) 
remaining (c2'c3) = c4% °f C

c) c4% of C fix c4.A/C = 1.818160. c4% = a3% of A
to form c4- CA/A = 2. 818160. c4% of CA 
remaining (a2*a 3) = a4% of A

d) a4 % of A fix a4-C2S/S = 1.689304.a4%=(c2s)2%of C2S
to form a ., C-AS/S = 2. 689304. a,% of C,AS4 2' 4 2
remaining ( (c2s)i "(c2s)2 )% of C2S

Finally : C4AF % = 3. 04 F %
CA % = 2. 82 C % - 5. 26 S % - 3. 96 F %
C2AS % = 2. 69 A % - 1.72 F % - 1.735CA %

or C2AS % = 2.69 A %♦ 9/13 S %-•-5. 15 F %
- 4. 89 C % 

C2S % = 2. 87 S % - 0. 63 C2AS %



or C S% = 2.87 S% + 1.08 F% + 1.09 CA% -
2 - 1.69 A%

or C S% = 3. 07 C% - 2.87 S% - 3.24 F% -
2 - 1.69 A %

3.4. - Calculations in the system II. 2:
CAss-C6A2Fss-C2ASss-C2S

a) As b) in 3. 2
b) As b) in 3. 3
c) As c) in 3. 3
d) As d) in 3. 3
Finally: C^A^ % = 4. 38 F %

CA % = 2.82 C % - 5.26 S % - 5.94 F %
C,AS% = 2.69 A% - 3.43 F% - 1.73.CA % 
2 d

or C AS%= 2.69 A% + 9. 13 S% + 6.87 F % -
2 - 4. 89 C %

C2S % = 2. 87 S % -0, 63 C2AS %
or C S % = 2.87S%+2. 16 F % + 1.09 CA % -

2 -1.69 A %

or C S % = 3.07 C % - 2.87 S 7o - 4.31 F % -
2 - 1.69 A 7o

3.5. - Calculations in the system III, 1:
CAss-C,_A_ss-C AFss 12 7 4

a) As b) in 3. 1
b) As c) in 3. 1
c) As d) in 3. 1
Finally: C^AF 7o = 3. 04 F 7o

C12A7 % = 4195 C % - 5‘21 F % - 2.72 A 7o
CA 7o = 1.55A%-0.99 F 7o - 0,80 C^A? 7«

or CA 7o = 3. 72 A 7o + 3. 17 F 7o - 3.95 C 7o

3.6. - Calculations in the system III. 2:
CAss-C j 2A^ss-C^A2Fss

a) As b) in 3.2
b) As c) in 3. 1 . '
c) As d) in 3. 1

ded in the table. Seven examples have been choosen, 
the case 3.5a corresponding to the application of cal
culations in the system III. 1 of 3. 5, to the chemical 
composition of case 3.6, also corresponding to the 
system III.2 of 3.6. *

TABLE I
s y s t e m s

Chem. 
comp. 3.1 3.2 3.3 3.4 3. 5 3.5 

a 3.6

A 40. 5 40. 5 40. 5 37. 0 39. 5 39.0 39.0
C 38.5 39. 5 38.5 40. 5 36. 5 37.0 37.C
s 2. 5 2.0 2.5 4. 5 - - -
F 11. 0 9.5 12.5 11.0 12.0 11. 0 11.c
R 7. 5 8. 5 6.0 7.0 12.0 13.0 13.0

£ 100. 0 100. 0 100. 0 100. 0 100.0 100. 0 100.0
Pot. 3. 53. 1 3.2 3. 3 3.4 3.5 3.6comp. a
CAss 51.9 43. 3 45.9 25. 2 40.8 33.8 38.2
c12a7 0.0 0.9 - - 10. 7 19.8 0.6
c2s 7. 2 5.7 2.3 1.5 - - -
C4AF 33.4 - 38.0 - 36.5 33.4 -
C6A2F - 41.6 - 48. 2 - - 48.2
c2as - - 7.8 18. 1 - - -
R 7. 5 8.5 6.0 7.0 12.0 13. 0 13.0

S 100. 0 100.0 100.0 100. 0 100.0 100.0 100. 0

Examples show substantial variations in calculated po
tential compositions, even for very similar chemical 
analysis. Particular features of this subject may be: 
i) the different amounts of calculated C^AFss and 
C^A2Fss in the respective systems, even for the same 
F content (cases 3. 5a and 3.6); ii) the higher values of 
CjjAy corresponding to the C4AFSS formation, as com 
pared with those corresponding to the C^AzFss forma
tion (cases 3. 5 or 3.5a and 3. 6); iii) that all these in
fluences and some others related to the A + C sum 
and/or to the A/C ratio seem to affect the contents of 
C2S and/or CzAS and that of CA, and consequently the 
properties and behaviour of HAC; iv) that changes in
troduced in composition of Spanish HAC (ancient case 
3.4 as compared with modern cases 3.1 to 3.3) have 
resulted in an important increase of HAC quality; etc.

Finally: C^F % = 4. 38 F 7»
C12A7 % = 4. 95 C 7o - 6. 95 F 7o .- 2. 72 A 7o 
CA 7« = 1.55 A 7« - 1.98 F 7o - 0,80 C^A? % 

or CA 7o = 3. 72 A 7o 4- 3. 56 F % - 3. 95 C %

4. - NUMERICAL EXAMPLES
Application of the preceeding potential calculations 

to more common ancient and present compositions of 
some Spanish HAC have been made. Table I shows ehe 
mical analysis in terms of the four major components 
and the "rest" defined in 3. Calculated potential com
positions in terms of the phases corresponding to the 
systems described in 3. 1 to 3. 6 have been also inclu-

5. - CONCLUSION
Stoichiometric consideations and assumptions on 

formation of possibly existing phases in the extremely 
complex systems of real and practical -technical, 
commercial- HAC permit to develop hypothetical po
tential calculations for such systems; some of the pr£ 
sumably more common of them have been taken into 
account. Calculations show than even for very similar 
quantitative chemical compositions or HAC, referred 
either to percentages of oxides and/or to the ratios 
between them, may result in different qualitative 
and/or quantitative potential compositions. It is 
thought that these differences, when real, may affect 
to more or less hydraulic anhydrous phases, and to 
phases with a higher or lower speed of hydration and 
hardening. It is also thought that this may result in



hydration products of a higher or lower stability 
-susceptibility to changes provoked by temperature 
and/or humidity variations or by hydrolitic alkaline 
processes, carbonation, etc. These considerations 
on the exposed potential calculations might perhaps . 
aid to interpretate the great difference in behaviour 
of apparently equal or very similar HAC, mainly as 
far as their bare chemical composition is concerned. 
As to the calculations applied to the present Spanish ' 
HAC with the following rounded mean chemical com
position: A = 41.0 %; C = 38.0 %; F = 13 %; R = 5.5 %, 
its potential composition fits in the system CAss-C^- 
A7SS-C4AFSS, with the following results:
CA = 43.6 %; C12A7 = 8.9 %; C4AF = 39.5 %; R = 8.0% 
(R includes S = 2. 5 % which is assumed to be in solid 
solution with some of the other phases). This calcula 
ted potential composition agrees well with actual ex
perimental results (21), which confirm the applicabi- 

, lity of the mentioned system to the Spanish HAC.
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Ciments refractaires alumineux dans le pseudosysteme 
BaO.AI2O3-CaO.AI2O3-MgO.AI2O3-BaO.6AI2O3- 

CaO.6AI2O3
Refractory aluminous cements in the BaO.Ai2 O3 -CaO.Ai2 O3 -MgO.Ai2 03 - 

BaO.6AI2 O3 -CaO.6AI2 O3 pseudosystem

I. TEOREANU, Professor, Faculty of Chemical Technology, Bucharest, Polytechnical Institute
N. CIOCEA, Scientific - researcher, Bucharest Polytechnical Institute, Roumanie.

ßßSUME I Une methode pour obtenir des ciments alumineux de haute r4fractairite est de rempla- 
cer une partie du CaO contenu dans les ciments alumineux de calcium par MgO, BaO ou SrO.
L’oxyde de calcium peut etre renylace en totalite par le SrO ou le BaO. ' "
Le but de ce travail est d’etudier les caracte'ristiques des masses de ciment r^fractaire z 
obtenus par un remplacement total ou partiel du OaO par BaO+MgO. Les auteurs ont determine 
les propridtes physico-mdcaniques des masses sltue'es dans le pseudosysteme BA.-CA-MA-BA6- 
-CAe(B « BaO, 0 = OaO, M ■ MgO, A » AlgOj) pour des pourcentages de MA dee2o et $o %, Fespec- 
tivement. Ils ont aussl analyse 1'influence exercee par des petites additions de SiO^ et 8fe 
■^e2*?3  (inbroduites dans le systems comma impuretds dans les matidres premieres) sur Tes pro- 
prletds des ciments alumineux etudids.

SUMMARY I Aluminous-cements possessing high refractoriness may be obtained starting from 
calcium - containing aluminous cements by means of a partial replacement of OaO by MgO, 
BaO or SrO. This replacement may be total when barium or strontium oxides are used.
L’he present work deals with the study of the properties of some masses characterized as alu
minous cements, obtained by a partial or total replacement of OaO by BaO+MgO; There were 
determined the physical - mechanical properties of the masses situated within the BA-CA-MA- 
-BAg-CAc pseudosystem (where B * BaO, 0 = CaO, M a MgO, A » AlpOx), when the MA amount is of 
2o and po respectively. ■
There was examioed, .too, the influence of small amounts of SiO2 and (brought into the 
system as impurities in the raw materials) on the properties of the aluminous cements stu
died in this work. -
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 courbes determinies 
avec certitude ;

 _  courbes probables

Dans Is compositions das ciments alumineux 
hydrauliques utilisda comae produits r^frao- 
tairea les constituents majeurs sont les a
luminates de calcium. Rarmi ces ciments,les 
plus refractaires sont ceux k haut contenu 
d,A1203 allant,par exemple,jusqu'a 79-81 $6, AI2O3 (1» 2)| des travaux et des brevets re
cents (?, 4) proposent comma methode de pre
paration des ciments I*addition  de 1* oxyde 
d'aluminium pendant lebroyage.
Des donnees plus recentes (5-13) ont montra 
qu'on peut aussi obtenir des ciments alumi
neux de haute re'f ractairite par le remplace- 
ment total ou partial du OaO contenu dans 
lesrciments alumineux a calcium par MgO.BaO, 
SrO. Ce remplacement peut etre realise Ian 
totality dans les oas du BaO at du SrO.
Dans ce travail nous avons ^tudi^ les pro
prieties des quelques masses charaoterisdes 
comma Hants,obtenus par un remplacement to-r 
tai ou partial du OaO par BaO+MgO.Nous avons 
ddtermin4 les proprietes physico-m^caniques 
d'environ 85 masses situdes dans la region 
moins basique du systbme BaO-GaO-MgO-AlsOj, 
plus exactement dans le paeudosysteme BA-uA- 
-M-BAg-CAg.pour des proportions en MA de 
2o % et 5o %, respectivement. .
Les matieres premieres utilisees pour la 
aynthese ont et^t carbonate de baryum,carbo
nate de calcium et carbonate basique de mag
nesium de puret^‘chimique et alumina tabula- 
ire (plus de 99»5 % A12O3).Tous les clinkers 

1 ' ' " * temps de

cuisson a 6t£ 8 heures a cette temperature. 
Pour determiner le cours des procbs de sin- 
terisation et vitrification,nous avons de
termine la porosite des echantillons cults 
et nous avons effectue des analyses roent- 
genographiques'(voyez aussi (14 J).Les rdsul- 
tats ont montra que pour la quasi-totalite 
des masses synthdtisees I'^quillbre thermi- 
que est achevei les clinkers situ6s dans la 
region du BO2A4 font exception. Les phases 
'deceives dans les echantillons correspondant 
au compose BOoAa a 2o % MA et 5o % MA,cults 
dans les conditions deja mentionnees,ont 
etre les suivantesi BO2A4 et MA (predominan- 
tes), BA, CA, CAp. Ces phases ont ete obser- 
vees dans tous les Amasses ä haut contenu 
potential en BQ2A4. .
Pour connaitre les proprietes llantes des 
masses etudiees dans le pseudosystbme BA-, 
-GA-Ii/LA-BAg-OAg, les clinkers ont ete broyes 
jusqu'a un rdsidu nul sur le tamis de 0,06 
mm, et ont e'te mesuT^s les valeurs de 1'eau 
de consistance normale,du temps de prise -
figure 1—et de la resistance a compression 
(sur des echantillons hydrates,gardds en 
air pour 1, 3 et 7 jours) - figure 2. Les 
valeurs de 1'eau de consistance normale ont 
dte entre 24 et 3o %.
La plupart des ciments obtenus possedent 
des resistances mdcaniques a compression de 
plus de loo daN/cmS aprbs un jour et de 3oo 
daN/cmS apres 7 jours (dans des conditions 
comparables de synthbse et de me sure, les 
valeurs pour les-echantillons de CA ont ete 
de 3oo daN/cm2 apres un jour et.respective- 
ment, de 500 daN/cm2 apres 7 jours;les meil-

3
Th

8h
10h n

BA
Fig.l - Les



leura rdsultats dans les memes conditions 
ont ete 5oo daN/cm2 apräs un Jour et 65o  
daN/am2 apres 7 jours).Les oourbes dans les 
figures 1 et 2 sont "basSes sur ces donates.
Nous avons aussi d4termind la r4fractairit6 
dont les valeurs sont donates daas la figu
re 3 (pour,la plupart des cimeats les re
fractairites oat et 4 de plus de 175o°C).
L* analyse des courbes de temps dgal de fin 
de prise (figure 1) et de resistance egale 
it compression apr^s 7 jours (figure 2) mon- 
tre que les propri4tds des ciments synth4- 
tisdes respectent les regies de paragenbse 
lorsque l’equilibre thdrmique est acheve.
Nous avons mentionne que dans le cas des 
masses riches en BG2A4 l'dquilibre est par- 
tiellement aohevd) de ce motif,le paralld- 
lisnB entre les propridtds physiques et me- 
oaniques du ciment et sa composition mine- 
ralogique potentielle^ (en conformity avec ' 
les regies de paragenbse) n'est pas observe 
dans tons les cas.
Daze les sous-systemes BAgg-BAg-BOpAa-MA et 
BAgg-CAgg-BChAiiga-MA les valeurs minimales 
du temps de fin de prise sont dirigdes vers 
la pointe BAsjg ou vers

CaO
a

la pointe BO2A4. Le temps de prise augments 
avec le contenu en spinel magndsien. Les 
valeurs maximum des resistances mdcaniques 
sont aussi obtenus pour les eohantillons 
riches en BAssl l’augmentation du contenu 
en spinel magnesien jusqu'a 50.% ne diminue 
pas les resistances mecaniques. . .
Les valeurs de la rdfractairite des.masses 
dans les sous-syst'ems citds plus- haut aug
ments nt avec 1* augmentation du contenu en 
BA, BAg et MA (figure 3).
Les masses situees dans le sous-systeme 
GAgg-BCbA4gg-0A2-MA (surtout celles riches 
en aluminates de calcium), quand sont cui- 
tds a 154o°C, possedent des temps de prise 
plus longs et les resistances initielles 
(surtout les valeurs apres un jour) sont di- 
minuees. Pour obtenir des valeurs optimales 
du temps de prise et de la resistance ini- 
tielle, les masses doivent etre cuites a . 
des temperatures plus basses (environ ’ 
15oo°C (15)). , . .
Les compositions situees danS les sous-sys- 
tkmes CA2-BO2A4-BA6-MA et OAs-CAg-BAg-MA 
sont d’une importance pratique reduite en 
ce que.'conceme leurs utilisations comme 
liants.

Mg.2 - Les courbes de resistance egale a compression apres 7 jours dans le pseudosystbme 
HA—GA—fiLA—BAg—CAg•

a - le plan a 2o % MA| b - le plan h 50 56 MA 
courbes determine'es avec certitude, 

_ _ courbes probables



L'eüude. des propri6tds des masses synthdti- 
sdes'Sous a montre. que les meilleurs valeurs 
ont ete obtenuds dans le cas de la masse no- 
tde par le Symbole BAj qul est composde de 
5o BA et de So % MA.L'influence des addi
tions de SiOg et de FeoOx, präsentes comma f 
impuretds dans les matidres premieres, a dte 
e'tmdiee snr cette composition,rempla^ant one

fraction variable d,A12°3 P^r les additions 
specifiees plus haut. La composition oxydi
que du ciment alumlneux de baryum et magne
sium utilisd comma substance etalon et celle 
des ciments avec des additions de SiO^ et 
FesOj sont presentees dans le tableau I. 
Les mdlanges synthdtisds ont dtd cults 5 . 
heures a 15oo°C.^uelques propriet4s des ci
ments obtenus sont presentdes dans le ta
bleau I. ■

a b
Fig.3 - Les courbes d’isorefractairite dans le pseudosystfeme BA-CA-MA-BAg-CAg 

a - le plan a 2o >4 MA ; b - le plan a So % MA
 . courbes ddtermindes avec certitudej   courbes probables.

'TÄBlaÄtJ i
symbols 
le la

Composition oxydique, % Temps de prise,h,min. Resistance ä compre
ssion • daN/cm2

aefrao;- 
tairite,

nasse BaO MgO ai2°3 Si02 Fe203 Commencecien ; Fin aprös
1 .lour

aprfes
7 lours °C

BA 337T 14,1? 55,73 — — 2h3o min. ■■ 4 h 4oo >5o >18?o
1 3o,l 14,17 53,23 2,5 * 3h 6 h 4oo 4oo 1810
2 Jo.l 14,17 5o,73 5,o ■ 2h3o min. 5 h 3oo 325 175o
5 5o,l 14,17 48,23 7,5 ■ — 4h . 7 h 25o 25o 1710
4 3o,l 14,17 53,73 * 2 ShlSmin. 6 h 325 415 >181o
5 3o,l 14,17 51,73 ■ . 4 3h 6 h 4oo 45o >1810
6 3o,l 14,17 49,73 — 6 2h3o min. 5 h. 375 . 41o >1810
7 3o,l 14,17 51,23 2,5 2 4h 6 h . Soo 6oo 1810
8 3o,l 14,17 46,73 5»o 4 3h45 min. 5h3o min. 4 oo 475 172o
9 3o,l 14,17 46,23 7,5 2 4h3o min. 6hl5 min. 4oo 49 o 17oo ■

lo 3o,l 14,17 47,23 2,5 6 3h3o min. Thio min. 21o 33o 179o



Hous avons Stabil que 1'utilisation des ma- 
ti^ies premibres oontenant des quantit^s re
lativere nt petites de SiO2 et de FeoOj mene 
ä uns diminution de la resistance zasaanique 
du ciment et de sa refractairite. Il nous 
semble probable que 1'action nooive du.SiOs 
est plus importante que oelle du 1*6205.

COflCHJSIOlfS
Les donates que nous avons pr4sent^,concer- 
nant les propri^täs des ciments dans le Sys
teme BaO-OaD-MgO-AlaO) montrent que,pour, ob- 
tenir des ciments de haute rdfraotairite et 
d'une haute resistance mdcanique,les compo
sitions choisies doivent Stre situees dans 
le soussystime BAga-BOgÄA-BA^-?!! (dans la 
region plus riebe en BA, le spinel magndsian 
peut itre trouvj en proportions allant jus- 
qu'i So %)« La ouisson a des temperatures 
sup^rieures i 15z>o°0 n'exerce paa uns influ-^ 
enoe negative sur les propri4tes des ciments.
Lea masses situdes dans le sous-systbme BA^*  
-OAss-BOgAüng-MA sont aussi des liants de 
bonne qualite,dont les propridtSs sont.en 
dependence de la rdgion dU se trouvent.
Les masses dans le sous-systbme CASo-BCpA4Sg 
-CAg-MA possbdent des resistances mecnnlques 
elovdes.mais leurs rdfractairitds sont plus 
basses. Le danger de la surcaisson paraat 
plus visible dans le aas des masses riches 
en CA. et CA2. ^uand le contenu en BOaAy. aug- 
mante, les resistonces decroissent ec le 
danger de la surcuisson diminue.
Les masses refractaires situees dans les 
autres sous-sysGames sont d'une importance 
technique r4duite,compte tenir de leurs pro- 
priatds liantes«
L'utilisation des matibres premibres nonte
nant 3102 et FegOx (comma impuretds) pour 
obtenir des ciments etudids, mene ä one di
minution de leurs rdsistances mdcaniques et 
de leur rdfractairitd. L’influence,des ces 
oxydas (surtout du 3102), consideres sepa- 
r4ment, semble d'etre plus nocive que dans 
le aas de leur presence simultanee.
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Hydratation des melanges silicates-aluminates de 
calcium

Hydration of calcium silicates and aluminates mixes

B.F.  COTTIN, Chef de Service, Laboratoire de Recherche Generale, Lafarge S.A., France.

RESUME: II est bien connu que les melanges de ciments Portland et de ciments alumineux peu- 
vent donner, pour certaines proportions, des ciments ä prise pratiquement instantanee.

L'etude cinetique des concentrations des solutions de gächage, et leur comparaisop avec le 
diagramme chaux - alumine - eau, permet de comprendre et d'expliquer, au moins en partie, 
ces phenomenes. • '

SUMMARY : It is well known that, for precisely defined proportions, mixes of Portland and 
high alumina cements give a practically instantaneous setting.

These phenomena are 
concentrations of the

partly understood and 
mixing solutions with

explained bycomparing kinetic studies 
the lime - alumina - water diagram.

of the



INTRODUCTION .
L'elude de l'hydratation des Hants hydrauliques par analyse 
des filtrats de suspensions de ciments relativement diluees 
est depuis longtemps utilisee par un certain nombre d'au
teurs. Les resultats les plus anciens, et les plus nombreux, 
se rapportent aux ciments alumineux dont le constituant 
principal est l'aluminate monocalcique CA. On peut eiter en 
particulier les travaux de ASSARSON (1) - WELLS et 
CARLSON (2).
Plus recemment, le Professeur Barret et son equipe ont ap- 
profondi la connaissance des processus d'hydratation de 
l'aluminate monocalcique pur et du Ciment Fondu, ciment ä 
haute teneur en alumine fabrique dans des fours ä fusion 
par Lafarge Fondu International : BESSIERES (3) - 
BARRET et MENETRIER (4) - BERTRAND IE (5). Leurs 
essais montrent que l'hydratation de ces ciments suit le 
schema : passage en solution - temps de germination - pre
cipitation et correspond tres bien au diagramme chaux - 
alumine - eau etudie en particulier par JONES et ROBERTS 
(6) - PERCIVAL et TAYLOR (7) - FAURIE-MOUNI ER (8).
Le ciment Portland et le C^S ont aussi ete etudies par I 'a— 
nalyse des filtrats, et nous citerons parmi les derniers au
teurs : YOUNG, TONG et BERGER (9) - SLEGERS et 
ROUXHET (10) - MENETRIER (11). Cette derniere a meme 
pu rattacher les premiers instants de reactions du C^S avec 
I'eau au diagramme chaux-silice-eau tel qu'il a ete defini 
par FLINT et WELLS (12) ou GREENBERG et CHANG (13).
L'experience nous a montre que, aussi bien pour les ciments 
alumineux que pour les ciments Portland, Revolution de I 'a— 
nalyse des filtrats de suspensions ä rapport ponderal eau/ 
ciment de 10 est bien representative de la prise des pates 
de rapport E/C 0,5. En particulier, le debut de prise coin
cide avec le moment ou le filtrat des suspensions commence 
ä s'appauvrir en ions en solution, et oü des hydrates appa- 
raissent significativement dans le residu solide. C'est la 
raison pour laquelle nous avons applique la methode des 
analyses de filtrats aux melanges ciment alumineux - ciment 
Portland, pour lesquels il est bien connu que certaines pro
portions conduisent ä des prises si promptes que le gächage 
est impossible.
CONDITIONS EXPERIMENTALES '
Nous avons etudie les melanges 20/80 - 50/50 - 80/20 
d'un Ciment Fondu commercial et d'un clinker de ciment 
Portland broye sans gypse, dont les caracteristiques sont 
donnees ci-apres :
Cinent Fondu :

SiO2 AlA
2 3 2A FeO CaO MgO no. p. feu SS Blaine

4,10 38,90 12,90 3,20 38,45 0,35 2,20 0,25 2890

Clinker de Portland :

S102 AIA
2 3 Feo0.2 3 CaO HgO SO3 p. Feu K2° Na?O CaO libre

22,95 5,00 2,80 67,60 0,65 0,35 0,45 0,16 0,09 0,70

y C.Af SS Blaine

59 22 8,5 8,5 3050

Nous avons utilise la methode decrite par COTTIN (14)po‘ur 
les longues echeances dans laquelle I'analyse des oxydes 
CaO et Al-O, disseus dans le filtrat est completes par I'e- 
xamen en diffraction des rayons X du residu solide, lave ä 
I'acetone et seche a I'ether sulfurique. Les essais ont etS 
realises a la temperature de 21°C.
RESULTATS DES ESSAIS
Les tableaux I a IV donnent les resultats obtenus aux eche
ances les plus significatives : concentration du filtrat en 
CaO et AlgOj (s'il y a lieu) - Rapport C/A molaire des ions 

en solution - hauteurs des pics de diffraction des rayons X 
des anhydres residuels et des hydrates formes dans le resi
du sec - pourcentage d'eau liee du residu sec par perte au 
feu a 1OOO°C apres lavage ä I'acetone et sechage ä I'ether.

1 TABLEAU I : Ciment Fondu '

EchSance
Concentration ng/1 Rapport

C/A 
■olaire

Hauteurs de pics en diff. X Eau liee 
%ALO, 

2 3
CaO CA C4AF\ CAHio 2 8

40 mn 1810 1040 1,05 138 69 - - 0,40

1 h. IBIS' 1075 1,08 138 69 - - 0,45

2 h. " 1745- 1015 1,06 144 66 - - 1,00

3 h. 1125 715 1,16 117 54 15 21 2,30

4 h. 915 605 1,20 100 51 24 60 18,25

6 h. 770 515 1,22 51 51 66 108 29,90

17 h. 435 370 1,57 6 48 180 165 43,10

100 % 5ondu.

Les resultats obtenus sont classiques et se caracterisent 
par :
- Une augmentation tres rapide des ions en solution dont la 
concentration atteint en moins d'une heure environ 19,2 mil
limoles par litre de CaO et 17,8 millimoles par litre de 
Äl2O3.
- Une diminution tres rapide entre 2 et 3 heures de ces con- 1 
centratlons, avec apparition des hydrates par diffraction X
et augmentation significative de I'eau liee.
- La poursuite de l'hydratation avec diminution du C. AF et 
surtout du CA residuels, augmentation des pics de diffrac
tion de CAH.JQ et CgAHg, tres forte augmentation de I'eau ' 
liee et glissement progressif du C/A en solution de 1,05 en
viron ä des valeurs plus importantes.
La cinetique de tous ces phenomenes est caracteristique d'un 
ciment dont la periods dormante se termine un peu avant I'e- 
cheance de 3 heures. 1

4/-V-. ».e i TABLEAU II : Clinker de Portland
10U % PortZand.

Echeance
Concentration eg/l

CaO
Hauteurs de pics en D.X. Eau li^e 

%C3S C3A CH C4W13

1 h. 785 180 32 - - 0,95

3 h. 1035 173 31 - - 1,55

7 h. 1510 177 32 - - 1,75

14 h. 1740 175 32 10 - 3,10

23 h. 1655 168 31 195 '10,40

26 h. 1620 137 28 237 11,40

47 h. 1580 115 26 > 400 .2 14,20 ■

71 h. 1490 104 . 24 > 400 2 17,80

103 h. 1470 92 20 > 400 20,40

Des une heure, la concentration de la chaux en solution est 
suffisamment elevee pour que I'alumine et la silice ne soient 
plus significativement decelables. Cette concentration at
teint 31 millimoles par litre vers 14 heures, echeance a par- 
tir de laquelle apparaissent en diffraction X le premier 
hydrate bien cristallise : la chaux hydratee, et une augmen
tation non negligeable de I'eau liee.
L'hydratation se poursuit relativement lentement pour attein- 
dre vers 1OO heures un etat ou la solution est encore sursa- 
turee par rapport ä la chaux hydratee (26 millimoles par 
litre) et ou environ 50 % du C^S sont hydrates avec 20 "k



d'eau Hee, La Portlandite diffracte enormement, par contre 
le C^AHj^ parait plutot mal cristallise. "
Nous nous trouvons dans le cas de I'hydratation d'un ciment

Portland non gypse, c'est-ä-dire ou les silicates de calcium 
anhydres : C,S sopt "empoisonnes" par I'alumine et voient 
leur hydratation retardee : COTT IN et VI BERT (15). '

TABLEAU III : 80 X Ciment Fondu - 20 X Clinker de Portland

Echeance
Concentration mg/1 Rapport

" C/A 
molaire

Hauteurs de pics en diffraction X Eau liee

XA12°3 CaO CA C3S CAH10 C.AHa2 8 c.ash„2 8

30 nn 1880 1140 lfll 144 62 - - 0,85

1 h. 1940 1170 1,10 ■ 135 64 - - - 1,10
2>- 1845 - 1120 1,10 132 64 - - - 1,40

3 5. 1310 820 1,14 105 64 - e - 5,90

4 h. 1110 700 1,15 90 61 28 16 - 13,70

5 h. 1035 655 1,16 77 64 34 24 - 17,80

6 h. 985 640 1,18 59 61 44 29 - 20,50

7 h. 960 630 1,19 39 58 52 29 - 22,7

8 h. 920 " 605 1,20 38 58 45 32 - 24,3

9 h. 880 585 1,21 24 58 58 32 - 25,2

15 h. 680 525 1,38 12 51 71 18 - 28,0

24 h. 290 .465 2,30 € 48 63 26 37 29,7

32 h. 185 455 4,55 0 30 55 55 89 33,7

48 h. 175 435 4,65 0 26 56 76 133 34,7

96 h. 170 430 4,70 0 20 28 400 123 37,8

SO % 3ondu. - 20 % PortZand.
La mise en solution de la chaux et de I'alumine est au moins 
aussi rapide qu'avec le Ciment Fondu seul. A I'echeance de 
1 heure, les concentrations sont encore plus elevees (21,0 
et 19,0 millimoles par litre respectivement pour la chaux 
et I'alumine). Des trois heures, les concentrations ont for- 
tement chute, l'eau liee est relativement importante, et 25% 
de I'aluminate monocalcique sont hydrates. On peut done 
estimer que I'hydratation est commencee, bien que les hy
drates n'apparaissent nettement en diffraction X qu'ä partir 
de 4 heures.

Ces hydrates sont d'ailleurs les memes qu'avec le Ciment 
Fondu seul : CAH^„ et C,AHg, mais leur intensite augmente 
peu avec le temps. T_e C/Ä croft lentement de 1 , IO a 1,20, 
et ne fait un bond au delä de 2 que lorsque C_S commence ä 
s'hydrater de fagon significative apres 9 heures. A partir 
de 24 heures apparaissent les pics de diffraction X d'un nou
vel hydrate : la gehlenite hydratee CzASHg. A 96 heures, 
le CAH^„ semble diminuer alors que le C„AHg devient tres 
important. Tout CA est hydrate mais seulement les 2/3 de : 
C3S ont reagi.

TABLEAU IV : 50 X Client Fondu - 50 X Clinker de Portland

EchSance
Concentration eg/l C/A 

■olaire
Hauteurs des pics en diffraction X Eau li^e 

XA1A
2 3

CaO CA C3S CAHio C2AH8
3 6 C.ASHa2 8 Wb CH

30 en. 1925 1165 1,10 72 90 - - - - - 0,95

1 h. 1990 1200 1,10 71 85 - - - - - 0,95

2 h. 1985 1195 1,10 66 87 - - - - - 1,40

3 h. 1480 915 1,13 64 88 - - - - - 4,35

4 h. 1125 720 1,17 50 86 10 • - - - - 9,55

5 h. 1050 685 1,19 45 93 21 - - - - 13,75

a h. 1030 665 1,201 29 98 31 - • - - - 14,30

10 h. 970 660 1,23 18 94 23 - - - - 17,25

14 h. 705 560 1,44 18 86 20 - - - - 17,30

24 h. 30 810 50 5 74 0 7 33 138 19 - ' 24,05

28 h. 25 1135 100 e 70 - € 45 122 25 - 24,40

32 h. 25 1460 ' 115 0 68 - - 5 65 135 45 5' 24,90

48 h. . 15 ' 1530 230 0 65 - 0 60 96 25 12 24,40

' 80 h. 10 1445 260 0 62 - - 65 120 35 175 27,60



50 $ 3ondu. - 50 % Portland

La mise en solution est encore plus rapide, et les concentra
tions atteignent ä une heure des niveaux encore plus eleves : 
respectivement 21,5 et 19,5 millimoles par litre pour la 
Chaux et I'Alumine. Comme precedemment, la chute des con
centrations est dejä importante des trois heures. Cependant 
ce n'est qu'ä 4 heures, et pour une eau liee importante de 
pres de IO %, qu'apparait le premier hydrate en diffraction 
des rayons X : le CAH^q. Son intensite croft peu, puis dis- 
parait apres 14 heures, tandis que le CA continue de s'hy- 
drater fortement et I'eau liee de croftre. A ce stade, les 
silicates de calcium ne paraissent pas avoir agi, et le C/A 
de la solution est d’ailleurs modere : 1,44.

TABLEAU V : 20 X Ciment Fondu - 80 % Clinker de Portland

Echeance
Concentration mg/1 Hauteurs de pics en diffraction X Eau liee

%A12°3 CaO CA C3S c_asha2 8
C4AH13 CH

30 nn 0 925 45 144 7 - - 5,40

1 h. - 1040 38 137 7 - - 6,80

2 h. - 1170 36 135 8 - - 6,90

3 h. - 1300 30 140 11 - - 8,60

6 h. - 1360 28 128 12 - - 10,20

8 h. - 1455 28 136 18 8 - 10,25

15 h. - 1650 28 135 16 11 - 11,20

18 h. 25 1650 26 132 12 11 - 11,75

24 h. 20 1655 28 120 15 13 5 12,70

40 h. 5 1645 28 122 22 31 0 12,55

A5 h. 0 1665 28 120 21 28 70 17,10

64 h. 0 1650 28 62 15 29 > 300 18,90

88 h. 0 1650 22 52 14 28 > 400 22,00

185 h. 0 1485 21 49 14 55 > 400 24,70

A partir de 24 heures, alors que presque tout le CA est hy
drate, le C^S commence ä reagir. II en resulte immediate- 
ment la disparition de CAH,q, la formation de CjAHgLtres 
peu), de CgAHg, de C-ASHg et meme de C^AH^g, la dispa
rition presque totale de I'alumine en solution avec une aug
mentation tres importante du rapport C/A.
Entre 24 et 80 heures, la situation evolue relativement peu.
II faut signaler cependant ('apparition de Portlandite et la 
nouvelle augmentation de la chaux en solution qui atteint les 
valeurs sursaturees de 26 ä 27 millimoles par litre.
120 % Oondu. -_§0_%_Portland
Les resultats se differencient des precedents, et se rappro- 
chent plutot de ceux trouves pour le Clinker de Portland 
seul. En effet I'alumine est pratiquement absente du filtrat, 
tandis que la chaux en solution croit relativement lentement 
jusqu'ä sursaturation de 29 ä 30 millimoles par litre, stable 
entre 15 et 90 heures.
Le melange ne se comporte cependant pas comme le clinker 
de Portland seul car :
- Des 30 minutes, il y a une quantile d'eau liee non negli- 
geable, avec presence d'un peu de gehlenite hydratee 
C2ASHg.
- Une grande partie du CA s'hydrate pendant les 6 premieres
heures, avec augmentation de I'eau liee, sans que CgS ne 
paraisse beaucoup reagir. ,
- Le C^AH^g apparait des 9 heures, alors que la chaux hy
dratee ne se manifeste nettement qu'ä partir de 45 heures, 
echeance ä laquelle commence ä s'hydrater plus rapide- 
ment.
Vers 180 heures, la situation se caracterise par la presen
ce persistante de CA anhydre, qui parait en pourcentage 
moins hydrate que le CgS. La gehlenite hydratee et le •' ' 
C4AH13 ne fournissent pas des pics de diffraction des rayons 
X tres importants : seule la Portlandite diffracte remarqua- 
blement bien.
DISCUSSION DES RESULTATS ,
Nous avons reporte sur la figure 1 l'evolution, en fonction du 
temps, des concentrations en CaO des filtrats pour les cinq 



melanges etudies. (Les concentrations en alumine ne sont 
pas representees pour ne pas alourdir le graphique). Les 
caracteristiques d'hydratation du Ciment Fondu seul et du 
melange 80-20 le plus riche en Fondu obeissent au meme 
principe : passage en solution de la chaux et de l'alumine et 
precipitation des hydrates au bout d'un temps suffisamment 
court pour que le palier ä sursaturation maximum, et ä rap
port molaire C/A proche de 1 , alt ä peine le temps d'etre 
atteint. Lors de l'hydratation, les concentrations en chaux 
et en alumine chutent rapidement, le rapport molaire C/A 
ayant tendance ä augmenter vers des valeurs de quelques 
unites.
Le melange 50-50 se comporte de la meme faqon en debut de 
reaction avec l'eau, mais ä partir d'une vingtaine d'heures, 
la concentration en alumine se met ä tendre vers zero, la 
teneur du filtrat en ions calcium atteignant une sursatura
tion de facteur environ 1 ,5 par rapport ä CatOH^.
Avec le melange riche en clinker de Portland : 20-80, et 
avec le clinker pur, le processus d'hydratation est totale- 
ment different des le debut de la reaction : I'alumine. n'est 
jamais significativement presente dans la solution, alors 
que la concentration en chaux du filtrat atteint rapidement 
la sursaturation de facteur environ 1 ,5. L'apparition de la 
Portlandite en diffraction X ne s'accompagne que d'une tres 
lente diminution de la concentration de la solution, prouvant 
que les cristaux de CaCOH)^ formes aux courtes echeancqs 
sont beaucoup plus solubles que la chaux hydratee compacte.

Ces caracteristiques d'hydratation, a priori contradictoi- 
res, s'expliquent tres bien si I'on considere le diagramme 
CaO - AIjO^ - ^7® : f'9ure 2. Nous y avons reporte les 
points representalifs des concentrations des filtrats des 
trois melanges qui s'hydratent en laissant passer de l'alu
mine en solution. La nettete avec laquelle ces points se ■

FIG. 2 - Representation de Panalyse des filtrats dans le diagramne 
CaO-AlpOg-HsO. La courbe reprfsente l'fquilibre des hydrates hexagonaux ä 21°C 

(d'apris PERCIVAL et TAYLOR).

groupent sur la ligne de precipitation des hydrates hexago
naux, ou son proIongement vers les fortes concentrations, 
est remarquable. Pour le Ciment Fondu seul et le melange ä 
80 % de Fondu, ces points ne franchissent pas le point ä 
tangente verticale M de la courbe de precipitation des hexa
gonaux (C2AHg). Par centre, la plus grande richesse en 
chaux du melange 50-50 permet ä la solution de decrire la 
branche C AH^g de la courbe de precipitation des hexago
naux, oil l’alumine en solution est tres faible.
Le cas du melange ä 80 % de clinker de Portland, et a for
tiori celui du clinker seul, conduit des les premiers instants 
d'hydratation ä une representation de la solution de gachage 
bloquee sous la courbe C^AHj^, done sans alumine ou ä pgu 
•pres.
La forme caracteristique du diagramme CaO - A^O^ - H^O 
conduit a I'existence de solutions metastables dans qeux do- 
maines distincts pour une meme concentration en chaux supe- 
rieure ä 500 milligrammes par litre : cela explique tres 
simplement les comportements en debut d'hydratation des ci- 
ments alumineux, des ciments Portland et de leurs melanges.
- Les solutions qui resultent du melange de I'eau avec le ci
ment alumineux s'enrichissent en CaO et AI^O^ en suivant un 
chemin proche, mais legerement sous sature par rapport ä 
la courbe de precipitation des hydrates. Le temps de prise 
n'est done pas instantane et resulte des reactions decrites 
par I'equipe de BARRET (5). •
- Celles qui resultent de Faction de I'eau sur le Portland 
sont sous saturees par rapport ä la courbe des hydrates he
xagonaux C^AH^g : le temps de prise est encore de quelques 
heures et correspond ä la longueur de la periode d'induction 
necessaire pour precipiter les C-S-H et la portlandite.
- Les melanges de ciments alumineux et Portland suivent I'un 
ou I'autre chemin, selon qu'il sont riches en I'un ou I'autre 
des constituants, sauf pour les proportions intermediaires 
telles que les passages en solution de l'alumine du ciment 
alumineux et de la chaux du Portland ont des vitesses equi
valentes. Dans ces conditions, le chemin suivi par la solu
tion atteint tres rapidement la courbe de precipitation des 
hydrates hexagonaux, vers le point M. La prise peut etre 
alors rapide,■ et meme instantanee. C'est d'ailleurs pour la 
meme raison que C^A^ et C^A sont si actifs.

La nature des hydrates formes en fonction du temps est aussi 
interessante a observer. Nous avons essaye de la schemati
ser dans le figure 3 oü nous avons trace les domaines d'exis
tence des divers hydrates formes dans le diagramme : pro
portions des melanges en abscisses - temps.d'hydratation en 
ordonnees. .
En premiere approximation, et si I'on considere la sequence 
des hydrates : CAH^g - C^AHg, nous pouvons direque les 
hydrates deviennent d'autant plus riches en chaux,que pour 
une echeance donnee le melange est plus riche en Portland, 
ou que pour un melange donne I'echeance est plus grande. La 
premiere constatation est evidente ; la seconde provient du 
fait que les aluminates de calcium s'hydratant plus rapide
ment que les silicates, la proportion de ciment alumineux hy
drate, pour un melange donne, est d'autant plus elevee que 
le temps de reaction est plus court.
En realite les phenomenes sont plus complexes, car il y a 
formation de grandes quantiles du silico aluminate de calcium 
hydrate CjASHg qui precipite dans un tres large domaine, 
delimite par la courbe en tirets de la figure 3, lorsque les 
silicates s'hydratent en meme temps que les aluminates.
CONCLUSION
Le diagramme chaux-alumine-eau permet de bien rendre 
compte des debuts d'hydratation des melanges ciments alumi
neux - clinker de Portland : en particulier il montre comment 



les melanges intermediaires peuvent conduire ä des prises 
promptes, et meme des super raidissements, par precipita
tion immediate d’aluminates de calcium hexagonaux.
Les phenomenes se compliquent evidemment si la partie sili
cate du melange n'est plus un clinker broye, mais un ciment 
gypse : le sulfate de calcium apporte un certain nombre de 
parametres supplementaires lies a sa reactivite (semi hydra

te - gypse - anhydrite - proportion et finesse), ä celle du 
C^A du ciment Portland (cubique - orthorhombique - finesse) 
eta la Vitesse de passage en solution de la chaux (hydrolyse 
du CjS - chaux libre).
Cependant le mode de raisonnement propose reste aisement 
utilisable dans le cas des melanges en diverses proportions 
d'un meme ciment alumineux et d'un meme ciment Portland.
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Properties of Super Low Heat Cement concrete
Proprietes des betons de ciment ä tres faible degagement de chaleur

T. GOTO, A. MATSUBARA, K. NAKANO, Japan.

RESUME : Avec 1'accroissement des grandes structures en beton arme, la flssuratlon par con- 
traintes thermiques du beton en masse souleve un probleme. •
Dans ces conditions, un ciment ä tres fälble chaleur de reaction a ete mis au point. Sa cha
leur d'hydratatlon est d'envlron 55 cal/g ä l'äge de 28 jours, done beaucoup plus faible que 
celle du ciment portland normal et meme que celle du portland ä degagement de chaleur modere, 
solt respectivement de 35 et 20 cal/g de molns.
La resistance et le retralt.de ce beton de ciment sont semblables ä ceux du beton de ciment ■ 
portland normal ou ä ceux du portland ä degagement de chaleur modere; son essai de gel et de
gel a donne un resultat favorable. "
Ses proprietes thermiques aussi sont analogues ä celles du beton usuel : coefficient de dila
tation thermlque de 7 ä 9 x 10"^/0C, conductivite thermlque de 1.3 ä 1.5 kcal/m.h.°C, chaleur 
speclfique de 0.22 ä 0.28 kcal/kg°C, dlffuslblllte thermlque de 0.0022 ä 0.0026 m2/h. En ou
tre, son elevation de temperature au calorimetre adlabatique est beaucoup plus faible que cel
le des betons de ciment portland normal et de ciment portland ä chaleur moderee pour un meme 
rapport eau-ciment; solt respectivement de 8.8°C et 8.4°C en molns.
En utlllsant ces donnees thermiques experimentales, on calcule que la temperature maximale au 
coeur d'une masse de beton attelnt celle mesuree au calorimetre adlabatique.des que i'epais- 
seur du beton depasse 4 metres. Pour une meme epaisseur de beton, si 1'on emploie ce nouveau 
ciment ä tres faible degagement de chaleur, la temperature attelnte au coeur de la masse de 
beton est inferieure respectivement de 8 ä 10°C et de 4 ä 8°C ä celle attelnte avec le ciment 
portland normal et le ciment portland ä degagement de chaleur modere. Ce nouveau ciment est 
done tres efficace pour redulre 1'elevation de la temperature dans une masse de beton.

dUMMARI ; Increasing of large reinforced concrete structures, cracking caused by tnermal stress has become a seri
ous problem. '

For reducing a heat of hydration, ouper Low Heat Cement was developed. This cement has extremely low neat 
of hydration, that is, approximately 55 cal/g at age of 28 days, and it is about J5 and 20 cal/g lower tnan tnat 
of normal portland cement and moderate heat portland cement, respectively.

The strength, shrinkage and resistance to freezing and thawing of the concrete used this cement was about 
the same as the concrete used normal portland cement. ■

Thermal properties were also about the same range as the conventional concrete ; coefficient of thermal 
expansion: 7 - 9xlO“°/oC, thermal conductivity: 1.3 - 1.5 kcal/m-h.oC, specific neat: 0.22 - O.28kcal/ kg.°C, and 
thermal diffusivity: 0.0022 - O.CO26 m^/h. At the same water-cement ratio, adiabatic temperature rise of the 
Super Low Heat Cement concrete was 8.8 °C and 8.1i °C lower than that of normal portland cement and moderate heat 
portland cement concrete, respectively.

Using the measured thermal characteristic values, the prediction of temperature in mat concrete by nume
rical computation was carried out. According to the prediction, the maximum temperature rise in the Super Low 
Heat Cement concrete was 8 -10'°C and U - 8 °C lower than tnose of normal and moderate heat portland cement conc
rete. It has become evident that use of this cement is very effective for reducing the temperature rise of mass 
concrete.
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Fig.- 1 Characterii.fltlc s of the Seat Mberatton

Äa stiown in Table-I, t»at of iiydratian of JM-H.
C. 1-s <60 end K® percent or more of that of W.P.C« and
K.a^. C. at the age of 28 obyrs, respectively. Heat of 
a^dratHoei at age of Idays Is 50 percent of that of age 
of 51 jdays. Besult fron heat ®t hydratinn test thy 
nendnetton calorineter shows that heat of tiydratlon of 
alandnata at early stage of iydratinn Is eapesiaHy 
low ((itrown in ?lg.-I), and the strengthee of this ee- 
ment is as seme as that of S^P.C..

2*  Properties ©f SMr^nd ^-C-r
S&^periment® -o^ iiardand concretes were ©srriad ©art 

for several antmes stumm in TWle-X«.

Itype 
of

■ Etement
ig.loss insol SlOj AlgOj Fe^Dj Mi MgO 30j Total

Heat of 
hydration 
{cal/g) 
70. 28D.91D 1

Seihe iÜeC

WsWiPt^

0.6 0.3 31.3 MJh 0.8 14».? 4u3 2.7 57.3

0.5 0.3 22.1 5.2 3.2 filial 3.6 2.0 W.l

M 04. 23.7 O m.0 63.7 1.0 1.8 59.5

52.» 5U.» 56.7

81.8 89.3 »2.7

63.2 76.6 BL.7

IBtiolls "■ X 5ttyariLoal IRroperttes ©ff Cement used

5?$® 
«nS*

Specific Specific 
grawiiy surf ace 

W/«)

■Setting Tine 
inltLal final 
h - a to - n

Strength (kgf/cm^ ) 
Compreselve SlMual 
3D 70 28D 30 70 280

&JUH.I 2.95 5,830 It - $0 6- IS HB 261 381 36 6L 67
H.F.C 3.17 ^1V» 2 - 35 3 - W 1JU 2J2 IfcDB 32 52 78

HJH.2.C 3.20 3,030 3-IS 1,-115 93 ISO 362 26 37 72



Table - H Mix Proportions of Concretes Tested

Gwavl 20 BÄ

Mix Slump N/C 
(cm) (X)

Ur 
(X)

8/K 
(X)

Dnit Height (kg/ m^)
A.E.AW C S 0 W.B.A

S - to 8.oti.5 1»5 U-0SO.5 u 160 366 708 1079 0.89 0.0112

s - 55 8.OS1.5 55 li.oso.5 113 159 289 789 1079 0.72 0.017

s - 65 8.OA1.5 <6 h.oto.5 115 161 2M 818 1059 0.62 0.0U

M - 115 8.0*1.$  15 li.o*o.5 ? 16U 301 652 1131 0.91 -

S - 55 8.OA1.5 55 ii.010.5 110 16U 300 672 U66 0.75 -

M - 65 8.OS1.5 65 li.oto.5 U 165 2511 757 mi O.6I1 -

M -15 8.0*1.5  115 li.oto.5 38 155 ■ 3Ui 668 1159 0.86 *

M -55 8.011.5 55 li.oto.5 110 156 2811 722 1151 0.71 *

M - 65 8.OA1.5 6$ Lo*o.5 112 158 2113 769 1129 0.61 *

til 5.L.H.C, M 1 N.P.C, M 1 M.H.P.C.

Aggregates used ware sea sand (specific gravier« 
2.5U, finess modulus i 2.7?) and crushed stone (speci
fic gravier * 2.69, finess modulus i 6.72).

For concrete of these mixes, co^ressime, tensile 
, flaxual strength, ^irinkage, resistance to freesing 

. and thawing and thermal propertls were tested.
Strength test results and relations between compres
sive strength and cement water ratio are ahown in 
Tabls-IF and Fig.-2, respectively. These results show 
that strength of S.L.H.C. concrete is the sane or more 
of those of N.P.C. concrete.

Table - H Besults of Strength Tests
( kgf /cia^)

H/C 
(X) Cement

Compressive flexual Tansil
70 280 910 70 280 910 70 280 910

115
S.L.H.C.
S.P.C. 

M.H.P.C.

— 1126 I186 
318 1120 I168 
259 1M 512 1

- 72.9 711-2
52.7 58.li 62.8
39.9 5h.7 66.5

- 35.2 ldi.9
20.9 3ti.l 36.1
20.5 30.3 36.2

55
S.L.H.C. 
H.F.C. 

M.H.P.C.

2119 3U8 1137 
239 338 380 
1118 282 380 J

ItO.li 58.6 58.8
117.1 56.0 59,0
30.6 51.2 58.6

2b.lt 31.lt 112.3
21i.l 30.9 32.9
15.3 25.6 31.3

65
S.L.H.C.
S.P.C. 

M.H.P.C.

- 287 331
152 215 289
85 190 285

- 66.3 711.3
32.1 li5.1i 119.6
23.1 I1I1.8 55.2

- 27.9 3li.1t
15.1 21.1i 25.11
8.1i 20.2 26.6

Mg.- 2 Helation between Strength and C/W Mg.- 3 Sirlnkage of Several Concretes



As shorn Fig.-3, shrinkage of 3.L.H.C. concrete 
with 55 percent of water cement ratio is also about 
the same as that of N.P.G.concrete.

freezing and thawing test was carried out for
3-65  concrete according to ASM C-666 B method, and 
there was little reduction of relative dynamic modulus 
of elasticity.

3. Thermal properties of 3.L.H.C. concrete 
Thermal properties-adiabatic temperature rise, 

coefficient of thermal expansion, thermal conductivi
ty, specific heat and thermal diffusivity-were tested 
for 3-l«5,55,65(S.L.H.C. series), N-55(N.P.O.) and M-55 
(M.H.P.C.)concretes.

" Test procedures used arej
(1) Coefficient of thermal expansion

Prism specimen (15x15x53 cm) in which mold strain 
gage( being able to measure temperature ) was embedd
ed, was immersed in the water cabinet in which tempe
rature was able to control from 20°C to 70°C. At ea
ch temperature, strain and temperature in the concre
te were measured.
(2) Thermal conductivity

Plate specimen (30x30x10 cm) heated one side of 
its surface up to a constant temperature at age of lit 
days, iflien it reached to thermally steady state, 
thermal current density and surface temperature of 
opposite side was measured by the thermal current me
ter (Sho therm HFM, munufactured by SHO'rfA DESKO CO.,LTD 
).
(3) Specific heat

Concrete pieces heated up to constant temperature 
put into the vaccume bottle including constant mass 
of water, and then temperature rise of water was meat- 
sured.

(U) Adiabatic temperature rise
Mixed concrete was molded immediately, and temp

erature was measured continuously and automatically 
with adiabatic temperature rise testing apparatus 
from just after molding to age of 7 days.

(5) Thermal diffusivity
Thermal diffusivity was calculated by thermal 

conductivity, specific heat and density of concrete 
measured in this test.

The thermal properties are shown in Table-V, and 
show that coefficient of thermal expansion, thermal 
conductivity, thermal diffusivity and specific heat of
S.L.ri.C. concretes are equivalent to those of N.P.G. 
or M.H.P.G. concretes.

Table - V Thermal Properties of Concretes

Adiabatic temperature rise (shown in Fig.-U) of
S.L.H.C. concretes are very low till 8 hours and after 
3 days reaches tonearly maximum temperature, but maxi
mum temperature is very low. Temperature rise curves 
of 3.L.H.G. series are clearly different from those 
of N.P.G. and M.H.P.G..

On fitting these curves to the formula, curves 
of N.P.G. and M.H.P.C. concrete fit well to the fol
lowing formula;

T " Tmax.( 1 - e-*1, ) 
where T I temp, rise (°C), t ; age (days) 

^max? ’ 1 exPerim0n'tal constant 
But curves of SVL.H.C. concretes fit well to the for
mula, T ■ Tnax.( 1*(  1 fc(t ) e-“^ ). Frcm these 
experimental formulas, Tmax. of S.L.H.G. concretes 
are about 8 °C lower than those of N.P.G. and M.H.P.G.

Relation between Tmax, and cement content of con
crete can be expressed as Tmax. * 11.1 logo, in this 
test, and when the mix proportion of S.L.H.C. concrete 
is determined, the maximum temperature rise can be 
predicted. ■ ,

h. Prediction of temperature in the concrete mats 
The maximum temperature rise in concrete were 

calculated, using the thermal characteristic values 
obtained in this test, by Schmidt's method on the un
steady state heat transfer. Relationship between the 
maximtm temperature in concrete and depth of mat con
crete is discussed.

Boundary conditions were assmed as follow, (1) 
at the boundary between concrete and air, thermal 
thickness of the concrete increased by 0.15 m, (2) at 
the boundary between concrete and foundation, temp
erature rise in the concrete was a-s half as adiabatic 
temperature rise. Adiabatic temperature riae was ob
tained from experimental formula and the constants

*S-U5,S-S5,S-65l T-Thaxd-d^tje-^t), N-SS.H-SSiT-T^xd-e-tft)

Kind 
of 

Concrete

Coefficient Thermal 
of thermal conductivity 
expansion

1(xlO* 6/0C)(kcal/m.h.°C)

Specific 
beat

(kcal/kg.<

Adiabatic Thermal 
temperature diffusivity

rise

’C)Tmax (m2/h)

S - U5 8.51 l.h9 0.23 28.8 l.ii9 0.0022

s-55 7.97 1.U8 0.2U 27.3 1.50 0.0026

S- 65 7.73 1.39 0.22 26.2 1.52 0.0026

* -55 9.89 1.U8 0.28 36.1 1.08 0.0023

*-55 9M 1.39 0.28 35.7 0.60 0.0021



Figo- 5 Relation between Maxlmun Temperature 
and Depth of the Concrete Mat "

Results are shown in Fig.-5. nlhen the depth of 
concretes become over U m, maximm temperatures are 
equivalent to Tmax. of adiabatic .temperature rises. 
And the time required to reach the maximm temperature 
increases proportional to the depth, but is defferent 
some degree to the cement used. In M-5S concrete, the 
time tend to be longer than others. In either case, 
when the depth become over L m, the time becomes cons
tant. As depth of concrete is over 1 m, maximm temp
erature in S-55 concrete will be 8 - 10 and h - 8 °C 
lower than in N-55 and M-55 concrete, respectively.

CONCLUSION

Properties of the concrete used Super Low Heat 
Cement developed newly were investigated, and the tem
peratures in concrete were calculated, using the ther
mal characteristic values obtained in this test, by 
Schmidt's method on unsteady state heat transfer. 
Relationships between the maximm temperatures in the 
concretes and depth of the concrete mats were discuss
ed.

From these results the following conclusions can 
be drawn on Super Low Heat Cement concrete.

1. Strength and shrinkage of the concrete sure equi
valent to those used Normal Portland Cement.

2. The concrete is durable to freezing and thawing.
3. Thermal properties of concretes are about the 

same as conventional concretes ; coefficient of 
thermal expansion« 7 - 9xl0-°/°C, thermal conduc
tivity: 1.3 - 1.5 kcal/m.h* °C, specific heat: 0.22 
- 0.28 kcal/kg»oC, and thermal diffusivity: 0.0022 -
0.0026 m1 2 3 * 5A.

U. Adiabatic temperature rise of the concrete is 
8.8 oc and 8.U °C lower than that using normal and 
moderate heat portland cement, respectively.

5. Calculated temperature rises in the concrete mats 
are 1* - 10 °C lower than conventional concretes.
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Solubilite dans l'eau de Ca et CAH10 partiellement 
deshydrate

Solubility of CA and partially dehydrated CAHw in water

P. BARRET, Professeur ä l'Universite de Dijon, Directeur du L.A. 23 (Reactivite des Solides) 
Ph. DUFOUR, Docteur en Chimie Physique, Ingenieur de Recherche (LA. 23). France

RESUME : La solution obtenue ä 21°C ä partir de CA monoclinique reste metastable assez longtemps (t > 20h) pour 
qu'il seit possible d'analyser sa composition : [CaO] = 20.10*3  mol.kg-1, C/A - 1,06. 0n montre que cette solu
bilite est atteinte et mäme depassee par CAHiq deshydrate sous vide entre 70°C et 900°C, domaine dans lequel 
CAHin subit une deterioration progressive de sa cristal'iinite et devient amorphe, se comportant alors comme une 
variete allotropique de CA. Le fait que CAHjo deshydrate amorphe fasse preuve d'une teile solubilite prouve que 
son eventuelle rehydratation directe au contact de l'eau est bien moins rapide que son passage en solution.
Cependant, cette solubilite, aussi bien que celle de CA est tres inferieure ä celle que l'on peut pr6voir ther- 
modynamiquement en utilisant les enthalpies libres de reference des partenaires de la reaction de dissolution. 
L'explication qui est ici proposee est celle de 1'intervention d'une 6tape cinetique d'hydroxylation superficiel- 
le de la phase CA anhydre ou deshydratfie, par interaction directe avec l'eau liquide. Cette 6tape precede le 
transfert en solution des ions de la-surface du solide et l'on etablit qu'elle participe, par son renouvellement, 
ä une part importante de 1'hydratation en meme temps qu'elle contribue ä plus de la moitie de 1'abaissement de 
l'enthalpie libre dans le passage de CA ä CAHiq- 11 convient done de ne pas confondre hydratation et precipita
tion des hydrates.
Les solutions donnees par CAH10 deshydrate amorphe laissent prScipiter CAHiq comme celles do'-näes par CA, mais 
avec une cinetique difffirente d'oü la possibilite de propri6tes hydrauliques.-Toutefois, celles-ci ne se mani
festent pas par un durcissement de CAHiq deshydrate gäch6 en päte sans doute en raison de sa grande surface BET. 
En revanche le durcissement a lieu si la temperature de deshydratation a depassS 930°C, temperature ä laquelle 
la recristallisation de CA est decelee. La mise en evidence par diffraction et microscopie electroniques ä haute 
resolution de domaines distincts recristallisSs comme des parties d'un meme monocristal de CA suggere que la ma
trice amorphe, bien que desorganisee, conserve de la structure de CAH^q un souvenir süffisant pour induire une 
telle orientation commune.

SUMMARY : The solution obtained, at 21°C, from monoclinic CA remained metastable for a rather long time (t>20hr) 
so that it was possible to study its composition : [CaO] = 20.10* 3 mol.kg-1, C/A = 1.06. It was shown that this 
solubility was reached and even exceeded by CAHjq dehydrated under vacuum between 70°C and 900°C, range in which 
CAH^o undergoes a gradual deterioration in crystallinity and becomes amorphous, then behaving like an allotropic 
variety of CA. The fact that amorphous dehydrated CAHjo shows such a solubility proves that its possible-rehydra
tion on contact with water is less rapid than its passage in solution.
However, this solubility and that of CA as well is much less than may be thermodynamically predicted by using the 
reference free enthalpies of the components of dissolution. The exolanation below is that of-the pccurrence of a 
kinetic step of surface hydroxylation of the anhydrous or dehydrated CA anhydrous phase, through direct interac
tion with liquid water. This step occurs before the transfer into solution of solid surface ions and it is esta
blished that it participates, being renewed, largely to hydration while it contributes to half of the decline of 
the free enthalpy in the conversion from CA to CAHiq. Thus, hydration and precipitation of hydrates should not 
be mistaken.
The solutions resulting from amorphous dehydrated CAHjq cause CAHjo to precipitate like those resulting from CA 
but with a different kinetics hence possible hydraulic properties. However, the latter are not shown by harde
ning of dehydrated CAH^q as a paste possibly due its large BET surface. Alternatively hardening occurs if the 
dehydration temperature is above 930°C, temperature at which recrystallisation of CA is detected. Detection by 
high-resolution, electron microscope and diffraction of distinct recrystallised domains as parts of the same CA 
crystal suggests that the amorphous matrix, although it is disorganized, keeps a sufficient picture from the 
structure of CAHjq to induce such a common orientation.



INTRODUCTION
Le durcissement des ciments alumineux est attribue au 
falt que leur principal constituant, l'aluminate mo- 
nocalcique CA, donne une solution sursaturee par rap
port aux differents hydrates : hydroxyde d'aluminium 
et aluminates de calcium hydrates ; ces phases appa- 
raissent alors par precipitation conformement au mä- 
canisme propose des 1887 par H. Le Chatelier (1).
Il est bien connu que les solutions aqueuses de CA 
pur atteignent 8 21°C des concentrations tel les que 
CaO : 19,8.10-3 mol.kg"1, Al203 : 18,6.10-3 mol.kg-1 
(rapport C/A = 1,06 ). Apres une p6riode d'induction 
d'une vingtaine d'heures, ces solutions laissent pre- 
cipiter notamment CAHjq, qui retiendra particuliSre- 
ment notre attention, du fait que dans cet hydrate, 
le rapport C/A est le meme que dans l'aluminate anhy
dre monoclinique CA, bien que la structure soit dif
ferente (une recente publication de Taylor et col.
(2) considere cette phase comme appartenant au Syste
me hexagonal). '
Or, nous avons observS experimentalement que la 
deshydratation sous vide 8 relativement basse tempe
rature (moins de 100°C) de CAHjo lui confere une so
lubilite en chaux et en alumine -du meme ordre de 
grandeur que celle de CA et que la solution obtenue 
laisse 8 son tour precipiter CAH^q. Le produit deshy- 
drat6 dou6 de cette propriete apparait d'ailleurs 
"amorphe" par diffraction X et electronique.
Ce problSme de solubilite nous a done paru interes
sant 8 etudier ; la premiere hypothese venant 8 1'es
prit est que de petits germes de CA monoclinique doi- 
vent se former lors de la deshydratation de CAHjq 8 
basse temperature. Les experiences que nous allons 
decrire n'ont pas confirme cette hypothese et e'est 
ce qui nous a amenes 8 reconsiderer le probleme de 
la solubilite des phases partiellement deshydratees 
et anhydres d'un point de vue plus general.
DSs 1961, 1'un de nous (3) avait entrepris avec 
F. Lavanant (4) 1'etude de la deshydratation thermi- 
que des aluminates de calcium hydrates en mettant 
pour cela au point la thermogravimetrie (TG) sous 
pression de vapeur d'eau contrö!6e, soit en isother- ' 
me, soit en temperature programmee avec une vitesse 
de montee lineaire aussi faible que 0,5 deg.heure*!.  
Mais le probleme de la solubility des phases deshy
dratees n'avait pas alors ete aborde. Des ondulations 
reproductibles avaient et6 mises en evidence sur la 
courbe de TG de CAHjq, mais aucun palier caracteris- 
tique d'un hydrate interm6diaire stoechiometriquement 
defini n'avait ete deceit. Les autres observations 
li6es 8 la deshydratation, de 1'ambiante 8 180°C, 
s°us = l,6.1O“3 N-rnnT? etaient : a) la diminu

tion progressive de 1'intensity des rales de diffrac
tion X jusqu'8 leur disparition quasi totale pour 
H/A = 4, le produit deshydrate devenant "amorphe", 
b) la possibility jusqu'8 cette limite d'une rehydra
tation au contact de la vapeur d'eau, le spectre de 
diffraction X reapparaissant, mais avec un assez 
grand retard par rapport 8 la fixation pond8rale de 
1'eau, c) 1'accroissement considdrable de la surface 
specifique passant de 39 m^.g-l pour H/A =68 
128 m2.g-l pour H/A = 0,5 , d) le caractöre moldcu- 
laire de 1'eau liee jusqu'a au moins H/A = 3,5 d'a- 
pr6s le rapport d'hydrolyse du diborane.
Ces resultats confirmaient et completaient les con
clusions de travaux ant6rieurs, notamment ceux de 
Longuet (5), Schneider (6), Carlson (7) et Buttler

Etude experimentale :
CAHiq a ete prepare suivant la methode preconi see par 
Carlson (9) en agitant soit un ciment alumineux (Fon- 
du Lafarge) soit du CA de synthese dans de 1'eau dis
til Ide decarbonatee 8 1°C. Dans la gamme d'essais ici 
decrite et qui a eu un caractere essentiallement ex- 
ploratoire, les dchantillons de 3 g, etalds sur une 
"nacelle de 9 cm^ d'aire, ont dtd simplement deshydra
tes sous vide pendant 4 h, 8 une sdrie de temperatu
res entre 1'ambiante et 900°C. Les differentes obser
vations ont ete faites 8 partir de ces echantilIons.
Pour affiner les recherches, de nouveaux essais son.t 
actuellement en cours sur des echantilIons deshydra- 
tds en thermobalance sous pression de vapeur d'eau 
contrölee, afin de pouvoir faire la distinction entre 
le domaine oü la deshydratation est reversible et ce- 
lui oü eile ne 1'est plus.
Les echantillons de produit deshydrate 8 differentes 
temperatures ont 8te soumis 8 un ensemble de tests 
(10) : dissolution dans 1'eau et etude cinetique d'e
volution des melanges solide-liquide et des filtrats 
preleves 8 la concentration maximale ; diffraction X 
et electronique ; recuits au four 8 differentes tem
peratures ; echauffement sous 1'impact du faisceau 
electronique et observations par diffraction et mi
croscopie electronique 8 haute resolution ; spectro- 
metrie IR ; analyse thermique differentielle (ATD) et 
mesure de la surface specifique (BET).

Resultats :
- ^sais_de_dissolution_dans_12eau_8_2rC :
Les echantillons prepares comme ci-dessus indique 
peuvent etre caracterises par deux donnees : la tempe
rature de deshydratation sous vide e~C pendant une du- 
ree constante et le taux global de deshydratation a, 
determine par perte au feu de 1'eau liee residuelie.

Chacun des echantillons a ete soumis 8 1'essai de dis
solution dans 1'eau distil lee decarbonatee avec un 
rapport ponderal 1iquide/solide : f/s = 20. Pour que 
les essais soient comparables, la vitesse de rotation 
de l'agitateur magnetique etait soigneusement contrö
lee.
La figure (1) rassemble 8 titre d'exemples quelques- 
unes des courbes obtenues.
Ces courbes comprennent une tranche ascendante de 
forte pente, correspondant 8 une grande vitesse de 
dissolution. Les trois premieres passent par un maxi
mum supörieur 8 20.10-3 mol.kg-1 en QaQ et AI2O3. 
Apr6s ce maximum, el les presentent une brusque de- 
croissance suivie d'une periode de ralentissement 
puis d'une chute de concentration acceleree. La cour
be obtenue apres deshydratation 8 930°C apparait com
me une limite des preeödentes, le pseudo-palier ayant 
atteint sa longueur maximale (de 1'ordre de 6 heures); 
mais la brusque decroissance initiale ne se manifeste 
plus acres le maximum qui est legerement inferieur 8 
20.10-3 mol.kg-1 en CaO et AI2O3. La forme de cette 
derniSre courbe rappelle celle de la courbe d'evolu
tion classique de CA monoclinique pur de synthese 
dans un rapport £/s = 20 ; mais le temps necessaire 
pour que les concentrations maximales soient attein- 
tes est beaucoup plus court (moins de 1 heure au lieu 
de 4).
Le prycipity obtenu dans les essais d'evolution des 
myianges eau-produit de deshydratation de CAHjq 8 
e < 900°C, analyst par diffraction X, s'est avery es
sential lement formy de CAHjq accompagnö, en fin de 
precipitation, d'une faible proportion de C4AH13 et de



Fig. 1 - Evolution dans l'eau, dans un rapport pon- 
deral £/s = 20 du produit ddshydrate ä differents 
taux de deshydratation a de CAHin aüx temperatures 
suivantes : A 90°C (a = 0,74) ; ■ 160°C (a = 0,86) ;
o 870°C (a = 0,96) ; ♦ 930°C (a = 1) ;-----CaO ;
—- Al203.

carboaluminate en depit des precautions prises pour 
proteger de C02 le milieu experimental. Dans le cas 
des experiences d'evolution de melanges eau-produit 
deshydrate 36 > 930°C, le preci pi te etait const! tue 
de CAHio» C2AHg et de gel d'alumine. 11 en etait de 
meme pour le prdcipitB recueilli en fin d'evolution 
de filtrats preievds ä la concentration maximale des 
melanges eau-produit deshydrate ä 6 < 900°C. 

Fig. 2 - (1) Anneau de diffusion ä d = 2,9 A du spec
tre de diffraction X-du produit de deshydratation 
sous vide de CAHjo 39= 890°C.
(2) Raies de diffraction de CA apparaissant dBs la 
temperature de deshydratation de 9 = 905°C.

que, sous 1'influence du flux d'electrons, la tempe
rature de 1'echantillon s'eleve localement 3 plus de 
900°C.
Par interference du faisceau incident et du faisceau 
diffracte dans les directions qui correspondent 3 une 
Ou deux taches du spectre, on met en evidence les fa
milies de plans rBticulaires responsables de ces dif
fractions.
Il est remarquable de constater (figure 3) :
1) que ces plans reticula!res appartiennent 3 plu- 
sieurs domaines monocristall ins distincts et eloi- 
gnes les uns des autres au sein de la matrice de pro
duit deshydrate amorphe ; 2) que neanmoins, les fa
milies de plans räticulaires homologues dans ces do
maines sont toujours orientees parallelement ; 3) que 
les distances entre leurs plans sont exactement ega
les 3 cel les qui existent entre les plans de meme di
rection dans la structure de CA monoclinique ; 4) que 
les franges d'interferences d'orientations differen
tes, donnees par des domaines cristallises distincts 
et eloignes les uns des autres, peuvent etre asso- 
ciees a differents plans h, k, 1 d'une meme zone u, 
v, w du reseau de CA ; 5) qu'un amas amorphe se 
transforme toujours, sous le faisceau d'electrons 
suffisamment accBlBres, en un monocristal de CA.
Dans certaines conditions oüi il est possible de faire 
apparaitre des domaines cristallises en C5A3; les 
memes regies s'appliquent.

" Etyde^ar spectrom6trie_infrarouge_du_produit_de 
desRyarätätTön'l^aiverses^temperätures*:  " ” ~

* Etude_par_diffraction_X_et_electronigue_du_produit 
iiSÜydräte”:

Lorsque la deshydratation sous vide de CAHjq est ef- 
fectuee pendant d'egales durees (4 h) ä des tempera
tures success!ves croissantes, on observe, comme dans 
les essais effectues en thermobalance sous pression 
de vapeur d'eau controlee, une deterioration progres
sive de la cristallinite jusqu'ä environ 110°C. A 80°C 
par exemple, les rales de diffraction X ä 14 et 7 Ä 
disparaissent. Pour 110 < 6 < 300°C le produit de 
deshydratation apparait comme "amorphe", presentant 
par diffraction X.et electronique un anneau de diffu
sion correspondant ä une periodicite de d = 2,9 A 
pour laquelle la plupart des aluminates de calcium 
anhydres ou hydrates donnent une rale intense (figure
2). Bien que la solubilite en CaO et Al203 du produit 
deshydrate atteigne et m§me depasse celle de CA mono
clinique de Synthese, aucune raie de diffraction X ou 
electronique du spectre de cette phase n'apparait ; 
cela permet de conclure ä 1'absence de germes de CA, ä 
moi ns que leur taille soit Interieure ä la longueur de 
coherence des rayons X et des electrons.
En revanche, les rales caractBristiques du spectre de 
diffraction X et electronique de CA commencent 5 appa- 
raitre dans le produit dBshydratB lorsque la deshydra
tation de CAHiq a ete effectuBe dans 1'Intervalle de 
temperature 900°C < 6 < 930°C. (figure 2).
Les taches du spectre de diffraction electronique de 
CA monocristallin apparaissent egalement a partir du 
produit amorphe deshydrate ä 9 < 900°C si 1'on augmen
te suffisamment 1'energie du faisceau incident pour

Dans 1'Intervalle : 21 4: 9 « 900°C, la large bande 
d'absorption comprise entre 500 et 800 cm-1 situee 
dans le domaine de vibrations des Al-0 diminue pro- 
gressivement en fonction du taux de deshydratation 3 
mesure que la temperature augmente, ce qui permet de 
1'attribuer 3 1'interaction de 1'eau, agissant sur 
ces vibrations ; il en est de meme pour les bandes de 
deformation de 1'eau 3 1640 cm~l et de valence OH- 3 
3500 cm"! sans que le spectre n'accuse d'importantes



Fig. 3 - Families de plans reticulaires homologues Orientes parallelement dans trois domaines monocristal1 ins 
eloignes les uns des autres I, II et III au sein de la matrice amorphe du produit deshydrate. Les interferences 

correspondent aux directions (010) et (012) de CA.

modifications. Ce n'est qu'au-dessus de 900cC que ce- 
lui-ci change brusquement d'aspect avec I'apparition 
des bandes de vibration entre 650 et 850 cm"l, carac- 
tfiristiques des AIO4 dans CaA1204 monoclinique (11). 
I'apparition de ce spectre coincide done avec celle 
des raies de diffraction X et du spectre de diffrac
tion electronique de CA monoclinique, ainsi qu'avec 
I'apparition de la forme caracteristique de la cour- 
be d'evolution de CA agit6 dans 1'eau. Ces resultats 
sont en accord avec ceux obtenus en spectrometrie IR 
par Kondraszenkow et Zigun (12).

- Analyse thermigue differentielle :
Les rSsultats sont Sgalement en bon accord avec ceux 
obtenus par ces auteurs, avec un pic endothermique ä 
139°C, encadrS par deux epaulements, l'un ä 107cC, 
1'autre ä 263°C et un pic exothermique ä 930°C. De 
16g6res variations de ces temperatures sont observees 
suivant le mode de preparation de 1'echantillon. 

sation de CA, une interpretation physique ne peut 
etre aisement donnee pour les points ä plus basse 
temperature.

~ Essais_de_durcissement_des_pates :
La formation d'une solution ä plus de 20.10’3 mol.kg-1 
en CaO et AlgOg ä partir des echantillons de CAHjq 
deshydrate entre 1'ambiante et 900“C et la precipita
tion de CAHjq de cette solution laissaient supposer 
que ces echantillons deshydrates gäches en pate se
raient susceptibles de durcir. Cependant, les essais 
se sont reveles negatifs : des echantillons deshydra
tes sous vide ä diverses temperatures entre I'ambiante 
et 900’C demeurent friables, meme plus de 48 heures 
apres gächage et n'offrent aucune resistance. En re
vanche, les echantillons deshydrates au-dessus de 
930°C, dans lesquels la recristal1isation en CA mono
clinique s'est produite, donnent lieu 3 une prise et 
un durcissement normaux. Le critere de dissolution a 
20.10~3 mol.kg*!  suivi de la precipitation de CAHjo 
apparait done comme une condition necessaire, mais non 
süffisante de 1'existence de proprietes hydrauliques 
dans le produit de deshydratation.

* YäCiä£1on_de_la_surface_sp6cifigue_en_fonction_de 
la.teröpIrätüre'de^djshydrätatiön^de^CÄ^":"- "
L'Stude de la variation de la surface BET au krypton 
du produit de deshydratation donne des rSsultats en 
bon accord avec ceux obtenus avec F. Lavanant avec 
Tazote (4) et 6galement avec ceux des techniques 
precedentes. Au cours de 1'amorphisation, la surface 
specifique passe de 40 m^.g-l environ ä 140 m2.g~l 
lorsque la temperature de deshydratation sous vide 
atteint 100°C. Mais une particularite qui demande ä 
6tre confirmee par 1'emploi d'autres gaz est Tappa- 
rition de minima dans la courbe de variation de la 
surface specifique en fonction de la temperature de 
deshydratation, correspondant aux temperatures des 
pics et epaulements endo et exothermiques releves en 
AID. Si une telle particularite est ais6ment explica
ble pour le point 3 930°C, en raison de la cristalli-

DISCUSSION
Comment interpreter les observations experimentales 
qui paraissent converger vers la description suivante 
des phenomenes :
Le produit amorphe de deshydratation sous Vide de 
CAHyo 3 6 < 9001'C retrouve une solubilite comparable 
et meme superieure en CaO et AljOg 3 celle de CA mo
noclinique obtenu 39= 1630°C, bien que, dans ce do
maine de temperatures, aucun germe .de CA monoclinique 
n'ait pu etre mis en evidence. D'autre part, quatre 
faits militent en faveur de l'id6e de la conservation 
par la phase deshydratee amorphe, du souvenir de la 



structure de CAH^q en depit de sa disorganisation :
- L'amorgage d'autant plus rapide de la precipitation 
de CAHjo ä partir de la solution aqueuse du produit 
deshydrati que le taux et done la temperature de 
deshydratation ont ete plus faibles.
- La cristallisation de domaines amorphes eloignes 
les uns des autres en des parties d'un meme monocris
tal de CA, ce qui laisse supposer que leur cristalli- 
sation a eti induite par une matrice ayant elle-mime 
conserve les caracteres d'un monocristal de CAHiq.
- La diminution progressive en fonction de la tempe
rature de deshydratation de I’intensite des bandes 
d'absorption infrarouge sans importantes modifica
tions du spectre jusqu'ä 900°C et le brusque change
ment de celui-ci survenant ä cette temperature avec 
I'apparition des bandes d'absorption de CA monocli
nique.
- L'affaiblissement des raies de diffraction X de 
CAHjq sans aucun deplacement notable, quand le rap
port H/A passe de 10 ä 4 en meme temps que 1'augmen
tation de surface späcifique et la reversibi lite de 
cette transformation par recombinaison de la vapeur 
d'eau.
Il paralt done logique d'admettre que le depart de 
1'eau laisse un solide lacunal re qui, bien que de
sorganise et fragments, ne subit pas de rearrangement 
en un nouvel edifice de structure differente tant 
que la temperature ne depasse pas 900QC.
Ce point de vue parait correspondre ä celui exprime 
par Buttler et Taylor dans une recente publication 
( 2) : la deterioration crois^ante de la cristalli
nite lorsque le rapport H/A tombe au-dessous de 4 
peut etre attribue au fait que le depart de molecules 
d'eau supplemental"res peut seulement intervenir par 
deshydroxylation qui detruit necessairement les 
anions hydroxoaluminates, soit :

A1(OH)4 - aio2 (1)
A1(OH)4 A1(OH)4

Le rearrangement structural au-dessus de 900°C peut 
etre represents en elements de structure par :

A10, » A10, (2)
L Al(0H)4 A102

r1ais comment peut-on expliquer, en I'absence de ger
mes de CA, 1'accroissement de solubilitS de la phase 
amorphe en fonction de son taux de dSshydratation, 
dans le domaine de 9 < 900°C ?
Il est facile de prSvoir par un calcul thermodynami- 
que le sens de la variation de solubilitS dans le 
passage de la phase cristallisee CA ä la phase tota- 
lement dSshydrates amorphe, si Ton admet de consi- 
derer celle-ci comme une variste metastable de CA. 
Lors de ce passage, 1’accroissement d'enthalpie 11- 
bre est :

- AG° = - ZkG° ou AG° et AG° sont les enthal

pies 1 ihres de formation de la varietS amorphe et de 
la variete cristallisSe.
Le^passage en solution de I'une ou I'autre de ces va- 
rietSs est reprSsente par I'equation :

CaAl2O4$ + H20£ 4 2[Al(0H)4];q + Ca^ (3) 

Soit AG® ou AG2 l'enthalpie libre normale de cette 
transformation selon que CaA12Ü4 est la variSte amor
phe ou la variete cristallisSe. AG2 peut Stre obtenu 
ä partir des donnees du tableau l/
AG° est gSneralement petit, par exemple AG® = 4,1 
KJ.mol*!  dans la transformation S102 vitredse - tri

dymite IV ; 1,1 KJ.mol-1 dans celle de 1'aragonite 
en calcite.
A 1'equilibre avec la solution, si 1'on suppose une 
dissolution congruente de CaA^Oq , le produit xy*  
de la concentration molaire massique des ions calcium 
par le coefficient d’activite est donnS par :

TABLEAU I '

CaAl204 CAl(0H)4];q ca': 
aq H2°£

AGggg
KJ.mol-1

- 2206,62 - 1293,25 - 552,51 - 236,96

expression qui provient de la loi d'action de masse 
avec y = 2x ; y Stant la concentration molaire massi
que des ions aluminates.
Il y aura deux valeurs Kj et Kg de la constante K 
correspondant ä AGj et AG$J.
Le sens de la variation de solubilite dfxy1) pour une 
petite variation de AG2 : 6(AG2) = AG® s'obtient fa- 

cilement au moyen de I'equation : 
6(AG°) f AG2 "

6(xy~) = - 0,210 —— exp - ( 5)

Par exemple pour AG® = - 1 KJ, 6(»^"l^O,0106 mol .kg"^

Il y a done accroissement de la solubilite en pas
sant de la variete anhydre cristallisee ä la variete 
deshydratee amorphe. Ainsi, on comprend que la deshy
dratation de CAHjq ait pu faire, passer sa solubilite 
dans Teau de quelques millimoles.kg~l ä une valeur 
superieure ä la solubilite de CA monoclinique, soit 
plus de 20.10-3 mol.kg'L
Le calcul de xy1 ä partir de I'equation (4 ) et des 
donnees du tableau I dans la meme hypothdse 
AG? = - 1 KJ donne :

x -1(xy1)! = 0,090 mol.kg
(xy±)2 = 0,078 mol.kg* 1 (6 = 0,012 mol.kg"1) 

mais pour pousser plus loin le calcul de la solubi
lite S = x, 11 faudrait exprimer y" au moyen de la 
formule complete de Debye et Nückel. Si y- « 1, les 
valeurs de Sj et Sg seront tres grandes et en tout 
cas tres superieures ä la valeur d'environ 20.10*3  
mol.kg*!  habituellement observäe.
Cette constatation ne semble ni fortuite, ni contin- 
gente aux incertitudes sur les donnSes thermochimi- 
ques. En effet, nous avons verifiäque le calcul ä 
partir des AG° de formation des constituants conduit 
ä des valeurs de la solubility gSneralement beaucoup 
plus Slevees que celles qui sont observees ou admi- 
ses, e'est le cas notamment pour C,S et C,A, d'apres 
Stein (13). J

Nous proposons une explication ä de tels ecarts (14) 
en partant de Thypothäse d'une hydroxylation super- 
ficielle des phases anhydres ou deshydratees par in
teraction interfaciale directe avec les molecules 
d'eau. C'est alors la couche superficielle hydroxy
lee qui se dissout et non la phase solide anhydre.
Il faut bien comprendre que Thydroxylation superfi
cielle est une 6tape cinetique et qu'elle est cons- 
tamment renouvelee ä mesure que les anions hydroxy- 
les et les cations passent en solution.



A partir de ce postulat, les variations d'enthalpie 
libre AG1 et AG" accompagnant respectivement le pas
sage de l'anhydre CA ä l'etat superficiellement hy
droxyl e CAsh et de celui-ci ä CAHiq peuvent etre cal- 
culees de deux fagons differentes, en prenant comme 
reference la composition de la solution : a) en 6qui- 
.libre avec CAsh» b) en equilibre avec CAHjq. Au point 
de vue dynamique, le cas a) correspond ä la periode 
d'induction de la solution metastable en quasi-equi- 
libre avec CASh et dont la composition n'est pas 
changee par la formation des germes de CAH^q ; le cas 
b) correspond ä la fin de la precipitation oD la vi
tesse de croissance des germes est tres grande de 
Sorte que la solution est en quasi-equilibre avec 
CAHjo ; la dissolution de.CAsh ne change pas sa com
position.
Les valeurs calculees sont approximativement les me
mes dans les deux cas, c'est pourquoi nous ne deve- 
lopperons ici que le premier mode de calcul a) : 
Les reactions qui entrent en Jeu sont :
I) Formation de l'Stat superficiellement hydroxyle :
CaCa + 2A102 + 4H20z # CaCa + 2A1(OH)4

aio2 aio2

II) Passage en solution de CAsh :
CaCa + 2A1(OH)4 ? Caa2;-+ 2[AlOH,]2T \

A102 ■ 2'
III) Precipitation de CAH10 : 
2CA1(0H)4];q + Ca2  + 6H20 # Ca[Al(0H)4]2,6H20*

IV) Formation de gel d'alumine :
CAl(0H)4];q # 0H;q + A1(OH)3

Dans le cas a) AGjj = 0 et AG' = AGj . C'est fiquiva- 
lent d'Scrire AG' = AGj + AG^ = Or la som
me des equations I et II est 1'equation (3 ). Par 
suite : AG' = AG0 + RT logexy2(y±)3 avec AG0 = AG° 

ou AG® suivant que le solide de depart est le produit 
de deshydratation de CAHjq ou CA.
Les valeurs de x et y ä introduire dans le calcul 
sont celles donnäes au debut pour la solution meta
stable ä C/A = 1,06, mais y = 2[A], Done 
x = 19,8.10-3 mol.kg-1, y = 37,2.10-3 mol.kg"1. L'6- 
quation IV n'intervient que pour, justifier le fait 
que C/A > 1, car lorsque C/A * 1, AGjy ->■-«>.
Avec AG2 = 15,45 KJ et en utilisanvla formula sim- 
plifiee de Debye et Hückel :y =10 on obtient
AG' = - 14,767 KJ.
Ici AG" = AGjii ; cette valeur changee de signe est 
I'affinite chimique de precipitation de CAHio ; no
tons que dans le cas b), on aurait AG" = AGjj dont 
la valeur changee de signe serait 1'affinite chimique 
de dissolution de CASh- 
En revenant au cas a) , AG" = AG»n - RT log' xy2.10‘3-(1’746/5r)

A partir de la courbe experimentale de solubilite de 
CAHio sur le diagramme chaux-alumine-eau, on calcule: 
AG?ti = - 42,572 KJ. Avec les memes valeurs de x ety 
que pour le calcul de AG', on obtient AG"=-12,355 KJ. 
La diminution totale d'enthalpie libre AG = AG'+AG" = 
- 27,122 KJ correspond au passage de CA ä CAH^q au 
contact d'une solution en equilibre avec CAsh. Ainsi, 
1'hydroxylation superficielle repr6sente une part im
portante du processus d'hydratation puisqu'elle en- 
traine la fixation de AH^iD^ sur 10 et qu'elle abaisse 
1'enthalpie libre de plus de la moi tie de AG.

CONCLUSIONS
Hydratation et prise ne doivent done pas etre confon
dues, une partie de 1'Hydratation, 6nerg6tiquement la 
plus importante, ne servant qu'ä preparer par inter
action solide-liquide les especes aptes ä se dissou- 
dre, alors que la prise est due ä la precipitation 
des hydrates ä partir de la solution ainsi produite. 
La deshydratation de CAHjq offre un bon example de 
reaction donnant un solide lacunaire non reorganise 
qui, bien qu'amorphe, conserve de la structure ini
tiale un souvenir süffisant pour orienter la cristal- 
lisation de domaines separes en un monocristal de CA. 
Ce solide amorphe se comporte comme une variätä plus 
soluble meme que CA, mais qui en päte ne durcit pas, 
peut etre en raison de sa grande surface specifique, 
alors que sa solution laisse precipiter les alumina
tes hydrates caracteristiques des proprietes hydrau- 
liques.
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Methode de modification des caracteristiques des 
ciments au moyen des adjuvants

Method for characteristics modification of cements by means of 
admixtures

Y.T. SIMEONOV, Professeur, Docteur-lngenieur et ,
N.B. DJABAROV, Docteur-lngenieur, Laboratoire Central de Mecanique Physico-Chimique, Academic

Bulgare des Sciences, Sofia, Bulgarie. ■

HBSUME : Une nouvelle m6thode de modification des caractGristiques des ciments au moyen des 
adjuvants complexes a 6t6 v^cAmment d6velopp6e. Cette mSthode consiste en une action visant 
un effet physico-chimique bien dfefini sur la formation de la structure, les propri6t6s m6 - 
nanignAs des hydrates et leur quantity dans le ciment durcis«

En resultat le durcissement des ciments r6els, produits en cimenterie, s’accSldre considfera- 
blement et leurs resistances m^nanignes s’accroissent pendant la pSriode initiale 2 47 fois 
selon le type du cimAnt. A l’äge de 28 jours et plus tard la resistance des ciments modi - 
fi€s d l’aide des adjuvants s'accroit constamment et surpasse cells des ciments non modifies«

Par la methode en question, qui a une application bien simple, grace aux adjuvants com
plexes, le ciment portland rapide se transforms en un ciment super-rapide, le ciment port — 
land normal - en ciment portland rapide, les ciments du durcissement lent, comme par exem - 
pie le ciment d laitier de haut-foumeau - en ciment d durcissement et rSsistance normahx 
comme le ciment portland de haute qualitS«

les batons d base de ces ciments modifies accfeldrent considdrablement leur durcissement et 
augmentent leurs resistances m&caniques aussi. Le resultat est un effet technique et fecono- 
Tni gne bien etabli.

SÜMMABT : A new method for characteristics modification of cements by means of complex 
admixtures was recently developped. This method consist of an action a-iming a well defined 
physico-chemical effect on the structure formation, mechanical properties of hydrates and 
their quantity in the hardened cement.

In result the hardening of genuine cements i. e. produced in the cement industry is 
considerably accelerated and their mechanical strengths are augmented in the initial period
2 to 7 times according to the cement typ> On the age of 28 days and later the strength of the 
modified by means of the admixtures cements is constantly increasing and surpasses this of 
the not modified cements.

By the method in question, with a quite simple application, due to the complex admixtures 
the rapid hardening portland cement is transformed in super rapid hardening cement, the 
ordinary portland cement in rapid hardening portland cement, the slowly herdening cements, 
as for example the slag cement - in normaly hardening cement with strengths like the high 
quality portland cement.

The concretes with these modified cements are also considerably nmeiere-Mng their hardening 
and are increasing.their mechanical strengths. The result is a well expressed technical «nd 
economical effect.



Au Läboratoire Central de MScanigue Ehysi- 
co-Chimique de l’Äcadfemie Bulgare des Sci
ences a 6t6 recemment d6velopp6e une nouvel- 
le mfethode d* acceleration du durcissement 
des ciments au moyen des adjuvants'comple
xes« Les adjuvants peuvent 6tre introduits 
pr6alablement vers les ciments dans les ci- 
menteries ou directement vers le b6ton a 
son malaxage«

Cette m6thode consiste en une action visante 
un effet physico-chimique bien d6fini sur 
la formation de la structure, les proprie - 
t6s m6caniques des hydrates et leur quanti- 
te dans le ciment durcis.

Dans la matrice du ciment en hydratation 
se forme 1* hydrate de sulfoaluminate, qui 
rend la structure plus dense et joue la 
r81e de "microarmature". C’est pour cela 
que la composition des adjuvants complexes 
est choisie d* assurer tous les Elements n6- 
cessaires pour la formation d’ettringite 
supplfementaire inflApenflammAnt de la compo - 
sition du ciment. Les adjuvants complexes 
contiennent des seis d* aluminium, des sul - 
fates et de la chaux« A cause de la trds 
haute activity des components alumineux des 
adjuvants la formation d1ettringite a lieu 
dans le dfebut du durcissement du ciment 5. 
la pSriode ou son effet pour amfeliorer la 
resistance m&canique est maximal.

Les 6tudes des hydrates en utilisant diffe
rentes techniques, .comma !•analyse chimique, 
diffraction des rayons X, microscopic 61ec- 
tronique a balayage, 1* analyse theimique 
etc. prouvent que le ciment aveo les nou- 
veaux adjuvants contient beaucoup plus d*  
ettringite et manifeste aussi une hydrata - 
tion des tous les mineraux du clinker plus 
avanc6e, compare au m6me ciment, mais sans 
ces adjuvants. Sur les figures 1 d 4 sont 
donn6s sch6matiquement des examples d'ana
lyse theimique. Les courbes d'analyse ther- 
mique differentielle (AID), de thermogravi- 
m6trie differentielle (TGD) et de thermo - 
gravim6trie (TG) pour un ciment portland 
normal et pour un ciment d laitier de haut- 
fourneau ayec ou sans 1'adjuvant acc616rant 

respectif, ä 1'fige d'un jour donnent une 
id6e assez precise sur les changement con
siderables qui interviennent dans la quan
tity et la formation de la structure des 
hydrates sous 1'influence des adjuvants.

Pig. 1 - Analyse theimique d'un ciment 
portland normal. ■

Fig. 2 - Analyse theimique d'un ciment 
portland normal + adjuvant acc616rant.

Les donnfees experimentales, d'ailleur cor- 
roborSes aussi par les autres analyses, con-*  
firment en g6n6ral d'une manidre quantitati
ve la presence de produits d'hydratation si- 
milaires (certain differences dans le dSgreo 
de cristalisation), mais presentent de 
grandes differences quantitatives. L' effet.' 
predominant, du d 1'ettringite, les effets 
des hydrosilicates et etc.,_montrent une



Fig. 3 - Analyse thermique d'nn ciment ä 
laitier de haut-fourneau.

Fig. 4 ~ Analyse thermique d’un ciment d 
laitier de haut-fourneau + adjuvant acc6- 
iSrant.

augmentation bien exprimfee. Tandis que l’ef- 
fet pour le portlandite est un peu dimirmi. 
Le dfeplacement des effets pour 1* ettringite 
dans les ciments modififes vers une 
ture plus haute est une indication pour I*  
amfelioration de la structure cristaline de 
cet hydrate sous 1’influence des adjuvants. 
Au contraire les effets pour le portlandite 
dans les ciments avec adjuvants sont dfepla- 
cfes ordinairement vers une tempferature pi11 g 
basse. Sous I'influence des adjuvants les 
courbes TG montrent tine augnentation bien 

I exprimfee de la quantitfe surtout de I'et - 

tringite, mais aussi des hydrosilicates et 
d*autre  produits hydratfes, comme 1* hydra - 
tation entiere des ciments modififes. Tan
dis que la quantitfe du portlandite est un 
peu diminufee.

En resultat le ciment acquiert I'accfelfera- 
tion du durcissement cherchfee, sans pra - 
tiquement de raccourcir le temps de prise. 
Sauf la grande amfelioration des rfesistances 
mfecaniques initiales les adjuvants com
plexes assurent aussi une liaison complete 
du pldtre ainsi qu’il ne rest libre, ce qui 
garantie une stabilitfe de volume du ciment 
durcis et excitent un accroissement des rfe— 
sistances mfecaniques avec l’avancement du 
temps.
Pour montrer les possibilitfes d'accfelferer 
le durcissement au moyen de la nouvelle mfe- 
thode dans cette communication est fait un 
brfef exposfe sur 1'augmentation des rfesis — 
tances mfecaniques d differentes feges.

Plusieurs types du ciment portland sont 
choisis pour fetablir la plus grande univer- 
salitfe de la mfethode. Son applicabilitfe 
pratique est tfemoignfee par 1’usage des 
clinkers rfeels , produitent en diffferentes 
cimenteries d Bulgarie et d I’fetranger.

Les ciments portland de durcissement rapide 
sont notfes en abrfegfe par CPR, CPRX, CPR23", 
les ciments portland normals par CPN, Crax, 
CPU20 et les ciments d laitier de haut-four
neau - CIHF, CIHF^, CIHF3“.

Les proprifetfes mfecaniques de ces trois ci
ments de chaque type sont examinfees d la 
mfethode standard renommandfee par RILEM, ISO 
et Cembureau avec un mortier normalisfe de 
ciment:sable = 1:3, avec un rapport E/C = 
0,5 assurant une plasticitfe assez haute d 
I’ordre de 150 — 200 mm, fetablie par la mfe-t 
thode standard. Les resultats sont reprfe- 
sentfes au tableau I. Ils tfemoignent que lea 
adjuvants complexes (AA) assurent pour touJ 
les types des ciments une considferable ac- 
cfelferation du durcissement.

Pour les ciments de type CPR la rfesistance
mfecflniqn» initiale eat d 2 \fQifi_ Jilus.



TABLEAU I

Type du Resistance d la compression,
ciment N/mm2, aprds jours

1 . 28

OPR 19,5 49,1
GPR+AA 36,7 60,4
GPRX 18,2 51,0
GPRX+AA 34,1 60,8
OPR3“ 16,2 52,9
CPR^+AA 32,2 68,4

CPU 12,7 49,2
CPN+AA 24,0 65,8
GPNX 12,6 48,7
CPNX+AA 23,4 56,4
GIN3“ 8,9 41,1
CPff^+AA 18,8 49,7

GLHF 1,7 ' 37,5
GIHF+AA 12,5 49,4
GIHFX 2,4 " 33,4

GIHl^+AA 9,1 43,7
GISF3™ 3,0 39,1
CLHF^+AA 5,9 47,4

haute, ce qui pennet d'atteindre la produc
tion d. la base d’un ciment portland rapide 
commercial d’un ciment portland super- ra
pide, ayant une resistance du premier jour 
trds haute de 32 d 37 N/mm^ (Stabile par la 

mSthode standard plastique ).

Les ciments CFN acquidrent.les qualitSs des 
ciments CPB d’une haute qualitS. La rfesis - 
tance initiale augments de 1,9 d 2,1 fois 
atteinante 19 d 24 N/mm2, qui surpasse mSme 

celle du CPR, produit en cimenterie.

Les ciments d laitier de haut - fourneau, 
bien connues avec leurs durcissement lent, 
sous 1* influence de 1’adjuvant l’accSldrent 
de 2 d 7 fois et atteignent le durcissement 
et la resistance d’un CPH avec 6 d 13 N/mm2 

pour le premier jour.

A l’äge de 23 jours et plus tard la resis
tance m6canique des tons les types des ci
ments modifies au moyen des adjuvants sur
passe avec 7,7 d 16,6 N/mm2 les resistances 

des ciments non modifies d la base desquels 
ils sont concus.

Les r6sultats experimentaux t6moignent la 
possibilite de transformer d 1’aide des 
adjuvants complexes diff6rents types des ci
ments portland d des ciments d’une classe 
sup6rieure, ce qui amdne'd un effet "tech
nique et economique bien exprime.

Les etudes des ciments modifies au moyen des 
adjuvants complexes en b6ton montrent qu’ils 
acc61drent considferablement son durcisse - 
ment et augmentent sa resistance en bon cor
relation avec les resultats obtenus en mor- 
tier normalise. Gela assure la possibilite 
de r6aliser plusieurs effets importants. On 
gagne de productivite en r6duisant le temps 
n6cessaire pour le demoulage du beton, Une 
economic de beaucoup d’6nergie peut 6tre 
realise® en suprimant le traitement thermi- 
que du beton pr6fabriqu6, ou bien en utili- 
sant un traitement fortement raccourci et d 
une temperature plus basse. En employant le 
b6ton pr6chauff6 sa temperature est prefera
ble d’etre aussi seulement de 30 d 50°C.Une 
temperature plus 61ev6e n’est pas recomman- 
dable d cause de pouvoire mieux conserver 1’ 
ettringite, ce qui donne aussi un effet eco
nomique. La quantite du ciment pour la pro
duction d’un up b6ton peut 6tre fortement 

r6duite. Au lieu du ciment de haute qua- 
lite et plus eher on peut utiliser un ci
ment de qualite et prix beaucoup plus bas.

Les adjuvants acc616rants pour les diff6- 
rents types du ciment et leurs methode d’em- 
ploi sont brevetes en plusieurs pays et d6— 
jd aux Etats Unis, Sudde, R. D. Allemagne, 
Espagne etc. les brevets sont publies,

En conclusion on peut dire qu’une methode 
trds efficace de modification des caract6ri- 
stiques des ciments au moyen des adjuvants 
complexes etait invent6e et qu’elle donne 

larges possibilit6s de transformer diff6 — 
rents types des ciments d une classe sup6— 
rieure avec des grandes avantages techni — 
ques et 6conomiques.



Courbe d'instabilite minimale dans une solution 
metastable de CA

Minimum instability curve in a metastabie solution of CA

P. BARRET, Professeur ä I'Universite de Dijon, Directeur du L.A. 23 (Reactivite des Solides)
D. BERTRANDIE, Docteur de I'Universite de Dijon, CNRS (LA. 23), France.

RESUME : Les conditions d'existence de la longue periode de m§tastabilit6 (une vingtaine d'heures) que presentent 
les solutions saturSes issues de I'aluminate monocalcique CaAljO^ sont 6tudiees. Or, dans ces solutions, C/A>1 
(1,1) : ceci est justifie par le calcul qui montre que I'affinite chimique de la reaction d'hydrolyse des ions 
aluminates « lorsque [C/A]» -*■  1. Mais pourquoi la formation du gel d'alumine s'arrete-t-elle ? Un phenomSne de 
m6me nature est observe si la solution est enrichie en chaux : 1'enrichissement en chaux critique pour lequel 
la pgriode d'induction est juste supprimee, est determine en fonction du taux de dilution. Le Systeme reagit com
me 11 le fait pour 1'alumine, en gliminant spontanement la chaux excgdentaire par prgcipitation d'un aluminate 
de calcium de rapport [C/Ajs (ä l'gtat solide) > l.comme CgAHg.
Le rapport [C/A]^ est ainsi rameng vers 1,1 et une nouvelle periode d'induction d'une ä plusieurs heures, selon 
que le prgcipitg primaire est laisse dans la solution ou en est eliming, coTncide avec le retour de [C/A]^ ä 
cette valeur.
Un comportement analogue est observg aux diffgrents taux de dilution de la solution initiale de sorte que trois 
types de courbes peuvent gtre mis en place sur le diagramme chaux-alumine-eau : une courbe (m) correspondant aux 
compositions oü la nouvelle pgriode d'induction est observge, encadree de deux courbes (I) et (II) ou la pgriode 
d'induction primaire est juste supprimge, respectivement par enrichissement en chaux et par enrichissement en 
alumine.
L’interpretation thermodynamique rend exactement compte de la courbe (m) comme courbe d'instabilite minimale des 
solutions mgtastables. Ses points correspondent aux intersections des courbes d'affinite chimique de prgcipita
tion du gel d'alumine et de CjAHg, qui dgfinissent des valeurs minimales communes des degrgs de sursaturation de 
la solution par rapport ä ces hydrates. La courbe (m) apparait comme une courbe de transition entre ceux-ci. 
D'autres courbes analogues 3 (m) ont pu gtre prgvues par le calcul.

SUMMARY : The conditions of occurrence of the long metastability period (about 20 hr.) shown by saturated solu
tions resulting from monocalcic aluminate CaA1204 were investigated. Now, in these solutions, C/A > 1 (1.1) : 
this is justified by calculation showing that the chemical affinity of the hydrolysis of aluminate ions -*•  « when 
[C/A]^ -*■  1. But why does the formation of alumina gel stop ? A similar phenomenon was observed if the solution 
was enriched in lime : the critical enrichment in lime, for which the induction period is just inhibited, was de
termined as a function of the dilution ratio. The system reacted, as for alumina, spontaneously eliminating 
excess lime by precipitation of a calcium aluminate of ratio [C/A]s (in the solid state) > 1 such as CjAHg.
The [C/A]^ ratio came back to 1.1 and a new induction period ranging from 1 to several hours coincided with this 
value, depending on whether the initial precipitate was left within the solution or eliminated.
A similar behaviour was observed for the various dilution ratios of the initial solution so that three types of 
curve could be reported on the lime-alumina-water diagram : curve (m) corresponding to compositions for which the 
new induction period was observed, surrounded by two curves (I) and (II) for which the initial induction period 
was just inhibited by lime enrichment and alumina enrichment, respectively.
The thermodynamic interpretation accounts exactly for curve (m) as a minimum instability curve for metastable so
lutions. Its points correspond to the intersections of the chemical affinity curves of alumina gel precipitation 
and of CgAHg, which define the common, minimum values of saturation extents of the solution versus these hydrates. 
Curve (m) appears as a transition curve. Other curves similar to (m) could be calculated.



INTRODUCTION •
Lorsque 1'aluminate monocalcique anhydre CA passe en 
solution, celle-ci demeure ä l'etat metastable pen
dant une vingtaine d'heures, duree de la periode d'in
duction de nucleation des aluminates hydratSs mais 11 
est connu que, aux concentrations maximales atteintes 
en CaO et AI2O3 [C] = 19,8.10-3 mol.kq-1, [A] = 
18,6.10-3 mol.kg-1 ä 21°C, le rappört [C/A]^ de la 
solution est superieur ä 1 (1,06), alors que ce rap
port dans le solide est ^C/A], = 1. Ce falt peut . 
s'expliquer par la reaction a^hydrolyse :

[Al(0H)4] * [OH'] +A1(OH)3 - (I) ■
t at| aq 1 u

Mais pourquoi la precipitation de gel d'alumine qui a 
commence dans la solution metastable s'arrete-t-elle 
avant que l'etat d'equilibre de la reaction (I) ne 
soit atteint ? En effet, on calcule facilement, en 
prenant Kq = 0,63 comme valeur de la constante d'e
quilibre de 1'equation (I), que la valeur d'equilibre 
du rapport [C/A]£ est 1,630. D'autre part, Le Chate- 
lier (1) avait dejä remarque que 1'adjonction de 
chaux 3 la solution metastable de CA provoquait une 
precipitation prematuree. Ceci est 3 rapprocher de 
1'absence de periode d'induction dans les solutions 
aqueuses obtenues au contact d'aluminates anhydres de 
[C/A]s > 1 comme CijAy et C3A et egalement de 1‘ab
sence de periode dtinduction dans la courbe d'evolu
tion d'un ciment alumineux (Fondu Lafarge), dont nous 
avons etabli experimentalement que 1’origine est pre- 
cisement 1'existence comme impurete de Ci2A7 3 quel- 
ques pour cent (2). Pour reunir ces faits dans une 
explication generale, nous avons entrepris un pro
gramme experimental et propose une interpretation 
thermodynamique repondant 3 la question posee (3,4,5).

ETUDE EXPERIMENTALE . -
Les deux parties du programme experimental prevu : 
1) recherche de la variation initiale de composition 
3 imposer ä une solution saturee de CA pour raccour- 
cir ou supprimer la periode d-'induction, 2) etude ci- 
netique de 1'evolution provoquee, ont ete effectues 
3 trois temperatures differentes : 21°C, 8°C et 35°C.
Les trois parametres dont depend l'etat de la solu
tion metastable etant les fractions anioniques X 
d'ions 0H*q  et Y d'ions [Al(08)4]" et la concentra
tion molaire massique x en ions Ca^+, la fagon la 
plus simple d'imposer 3 ces parametres une brusque 
variation initiale consistait 3 ajouter 3 un volume 
V° de filtrat saturB de CA, de concentration en CaO : 
c° = n^/V0, un volume V d'eau de chaux de concentra
tion c = n^/M. Ces quantites peuvent 6tre calculees 
approximativement (sans tenir compte des variations 
des volumes molaires partiels) pour obtenir un melan
ge de rapport [C/Al^ = r et de concentration absolue 
en chaux c°/q (facteur de dilution q > 1). Les ex
pressions obtenues sont :

V = V°(rq/r0 - 1) (1)
c = c°(r - r°)/(rq - r°) (2)

(r° = [C/A]£ du filtrat saturB)

L'adjonction de chaux fait varier la fraction anio- 
nique X en OH" au detriment de la fraction Y = 1-X 
en [Al(0H)4]gq , tandis que la plus ou moins grande 
dilution de 1'eau de chaux ajoutBe agit sur la con
centration molaire i.’assique x des ions Ca3+ dans le 
melange et sur cel les y et ip des anions [Al(0H)4]7 
et OH" . ■aq

Il convient en effet de noter, qu'en raison de la 
relation d'electroneutralite :

2x = y + tp (3)
On a : X = ip/2x et Y = y/2x ■ (4) - ,
Et qu'en outre : [C/A]^ = 1/Y (5)
A 1'inverse, la fraction anionique Y en [Al(0H)4]jq 
auralt pu etre augmentBe au detriment de celle X . 
en OHäq, par 1'addition d'un aluminate de calcium 
anhydre de rapport [C/A]s < 1, comme CA2, mais cette 
methode aurait ete illusoire, en raison d'une preci
pitation immediate de gel d'alumine.
Faute de pouvoir augmenter Y, nous avons eu recours 
3 la simple dilution du filtrat de CA saturB. La di
lution ne fait varier ni la fraction Y, car la loi 
d'action de masse appliquee 3 (I) donne :
V = Ko/(1 + Ko) (Kq = constante d'equilibre de (I) 
lue de la droite vers la gauche), ni le degre de sur- 
saturation B = Y/K0(l-Y) de la solution par rapport 
au gel d'alumine. Mais, comme 1'etabliront precise- 
ment nos experiences, le degre de sursaturation cri
tique, entrainant une precipitation immediate, de- 
croit lorsque la dilution augmente d'ou la possibi- ■ 
lite d'une precipitation de gel d'alumine par simple 
dilution.
La cinetique d'evolution des solutions en cours de 
precipitation a 6te suivie par prelevements echelon- 
nes dans le temps d'echantilions, 3 leur filtration 
en vue d'analyse du filtrat par spectromBtrie d'ab
sorption atomique et d'analyse par diffraction X du 
residu solide egalement observe par microscopie elec-? 
tronique 3 balayage. La solution originelle etait un 
filtrat preleve au maximum de concentration par agi
tation soit d'un ciment alumineux, soit de CA pur 
dans 1000 g d'eau distil lee decarbonatee dans un rap
port ponderal liquide sur solide : t/s = 10.

RESULTATS

Des expfiriences prBliminaires 3 21°C ont permis de 
faire varier la longueur de la periode d'induction 
en ajoutant ä 1 1 de filtrat sature d'un ciment alu
mineux (Fondu Lafarge) de composition:[C]= 19,7.10-3 
mol.kg-1, [A] = 17,60.10-3 mol.kg-1 ([(C/A]^ = 1,12), 
les volumes de solution saturee de chaux donnBs dans 
le tableau I. Cette addition ne fait pratiquement pas 
varier [C] dans le melange, mais abaisse [A] et done 
augmente [C/A]^. En d'autres termes, Y va en dimi- 
nuant 3 x constant.

TABLEAU I ■ ■

Essais
V (ml) 
ajoute 
3 1 1

[C/A]z
Periode 

d'induction 
(heures)

B 0 1,12 11

a 36 1,16 6,5

b 54 1,18 . 3

c 72 1,20 0

d 125,5 1,26 Preci pite 
au cours 

de 
1 'addition 
de chaux

e 197 1,34

f 653 1,85



Les courbes correspondantes sont rassemblges sur la 
figure 1 :

Fig. 1 - Courbes de variation de [C] dans un filtrat 
sature B et dans un tel filtrat additionne de chaux 
en solution saturee : a,b,...pour c, la periode d'in
duction est juste supprimSe ; pour d et e le precipi- 
t6 commence au cours de 1‘addition de chaux.

[ L'examen de cette figure attire les remarques sui-
| vantes :
' - 1) Dans l'essai c, la quantite de chaux ajoutee est
I juste necessaire pour supprimer la periode d'induc

tion et provoquer une precipitation immediate.
;I 2) En ce qui concerne la forme des courbes d'evolu

tion : en m6me temps que le palier ou pseudo-palier
II est raccourci, une brusque chute de concentration
I initiale s'installe (courbe b) et s'accentue.
|i 3) Quant ä la forme des courbes de vitesse (figure2),
i' eile est tres caracteristique et le minimum corres-
I pondant au palier qui subsiste entre les chutes de

concentration initiale et finale que nous appelerons 
I, respect!vement "provoquee" et "spontanee" coincide
I avec un minimum du rapport [C/A]^. (Y maximum).-

4) En ce qui concerne la nature des hydrates appa- 
( raissant au debut de la precipitation : dans les es-
1 sais tels que B et a, c'est essentiellement CAHiq,
1 tandis que lors de la brusque chute initiale de con

centration qui se manifeste dans les essais tels que 
I' b c d e, le precipite est forme de CjAHg accompagne
1 seulement dans l'essai b d'un peu de CAHjo- .
1 Des resultats semblables peuvent 6tre obtenus en par-
j tant de CA pur de synthese, le rapport [C/Aly ä la
‘ saturation est generalement un peu plus faiole
I 1,06 < [C/A]^ < 1,10 et le palier plus long (16-21h),

mais 1'adjonction de volumes croissants de solution
1 de chaux saturSe produit des effets analogues ä’ceux

decrits ci-dessus ävec un ciment alumineux.

Essais de dilution ä Y constant :
Ces essais ont egalement et6 menes parallelement sur 
le filtrat satur6 d'un ciment alumineux et sur celui 
de CA pur. Le tableau II rassemble les valeurs moyen- 
nes d'essais effectufes par dilution simple par I'eau 
distillee decarbonatee de filtrats saturfis de CA ä 

i 21°C. Les resultats montrent qu'ä dilution croissan-
te, une periode d'induction de plus en plus courte, 
jusqu'ä 1'annulation pour la dilution 2,4, precede 
la formation de gel d'alumine dont le precipite est

presque. exclusivement constituS,jusqu'ä la valeur 
p/A]^ = 1,5. Notons que le gel d'alumine ne peut . 
plus precipiter si [C/Al^ < 1,63, valeur qui corres
pond ä la courbe d'equilibre de solubilite de ce 
constituant sur le diagramme chaux-alumine-eau. Vers 
[C/A]/ = 1,4, le gel d'alumine est m61e ä une propor
tion notable de CgAHg, puis pour [C/A]^ < l.ö.CjAHg 
precipite seul avec des traces de monocarboaluminate 
3CaO,Al2O3,CaCO3,llH2O.

TABLEAU II

Dilution
. [c] 
-R -110 Jmol.kg 1

[A] 
-110 ^mol.kg 1 [c/a]£

Pdriode 
d'indue 
tion 

heures

1 20,2 18,7 1,08 20

■ 2 10,1 9,3 1,09 3,3

2,2 9,2 8,5 1,08 2,1

2,3 8,75 8,1 1,08 1,2

2,4 814 - 7^7 — -1,09 0

Essais_de_dilutign_ä_x_et_Y_yariables :
C'est dans ce type d'essais, effectuSs ä 21°C, 8°C, 
35°C, qu'a ete utilisSela methode ci-ddssus decrite, 
consistant 8 ajouter dans un filtrat de CA sature un 
volume V de solution de chaux de titre c calcule (re
lations 1 et 2) pour obtenir un melange de rapport 
[C/A]£ = r et de concentration en chaux q fols plus 
petite. Les resultats donnes ici sont ceux des etudes 
cinetiques de Involution des melanges dont le rap
port [C/A]^ a 6t6 amend initialement par cette tech
nique 8 une valeur critique [C/A]$ = r*,  pour laquel- 
le la periode d'induction est juste annulee, 8 une 
suite de valeurs de x*  decroissantes. 
failure des courbes devolution et de vitesse est 
analogue 8 celle des courbes c (figures 1 et 2).
Il n'est pas possible,faute de place, de donner les 
courbes devolution et de vitesse. Celles-ci ont la 
meme allure, respect!vement, que les courbes c des 
figures 1 et 2. La durde du palier intermddiaire est 
de 0h30 8 lh30 en prdsence des germes formds au cours 
de la precipitation initiale. Mais, si ces germes 
sont dlimines par filtration, cette durde setend 8 
plusieurs heures. Dans les essais 8 8°C, la prdcipi- 
tation immediate est encore plus brusque qu'8 21°C et 
le palier intermddiaire, mieux dessine, atteint ha- 
bituellement 1 heure. Au contraire, dans les essais 
8 35°C, le palier intermddiaire est tres attdnud et 
pratiquement remplacd par une discontinuitd de la 
pente des courbes d'dvolution, 8 laquelle correspond 
un minimum de faible amplitude sur les courbes de vi
tesse. Mais, dans tous les cas, ce minimum est en 
bonne coincidence avec le minimum de la courbe de 
variation du rapport [C/A]^. •
Le.tableau III rassemble les donnees les plus carac- 
teristiques relatives 8 ces evolutions provoquees par 
addition d'eau de chaux 8 trois tempdratures diffd- 
rentes, notamment, pour 4 valeurs du facteur de dilu
tion q, les couples de valeurs critiques (x*.  r*),  
les valeurs de la fraction d'ions OH" : X*  et du pH*  
qui leurs correspondent, ainsi que les valeurs des 
memes facteurs au minimum de vitesse : fxm, rm) et (XS, pHm).



Fig. 2 - — : vitesse de variation de [C] au cours 
des essais a, b, c, e du tableau I. ----- : variation 
concomitante de [C/A]^ : coincidence des minima.

TABLEAU III

6 
°C

q 
dilu.

X*  
10"3 
mol. 
kg*l

r* X* pH*
xm 

10‘3 
mol. 
kg*l

r"1 xm pHm

21

1,25 16,55 1,23 0,19 11,80 14,00 1,10 0,09 11,40

1,50 13,95 1,28 0,22 11,79 11,50 1,15 0,13 11,48

1,75 11,90 1,33 0,25 11,77 10,20 1,20 0,17 11,54

2,00 10,54 1,41 0,29 11,78 9,50 1,22 0,18 11,53

8

1,25 15,50 1,21 0,17 11,72 13,10 1,09 0,08 11,32

1,50 13,30 1,25 0,20 11,73 11,20 1,13 0,12 11,43

1,75 11,20 1,33 0,25 11,75 9,90 1,22 0,18 11,55

2^)0 10,00 1,39 0,28 11,75 8,65 1,28 0,22 11,58

35

1,25 16,00 1,17 0,15 11,68 13,10 1,10 0,09 11,37

1,50 12,85 1,27 0,21 11,73 11,40 1,18 0,14 11,50

1,75 11,55 1,32 0,24 11,74 10,60 1,24 0,19 11,61

2,00 10,55 1,39 0,28 11,77 9,85 1,28 0,22 11,64

Il convient de noter la correlation qui existe entre 
les valeurs du rapport [C/A]5 ou X* (puisque Y = 1-X 
est la pente des droites [C/Aj^ sur le diagramme • 
chaux-alumine-eau) et celles de x*, aussi bien d'ail- 
leurs qu'entre [C/A1J et xm : plus la dilution est' 
grande (x petit), plus la fraction d'ions OH" : X* , 
necessaire au declenchement immSdiat de la precipita
tion initiale est importante ; il en est de meme pour 
la fraction d'ions 0H~ correspondant au palier inter-
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Fig. 3 - (I) et (II) Courbes de süpersolubilite de 
C2AH3 et du gel d'alumine. (m) courbe d'instabilitä 
minimale. Les points 1, 2, 3, 4 correspondent aux 
essais ä 21°C du tableau III et les points 5 et 6 aux 
dilutions 2,2 et 2,4 du tableau II.

mädiaire Xm. Toutefois, le pH, donne par l'expression 
pH = 14 + Log10(2xX) (6)

varie trSs peu en fonction de q, qu'il s'agisse de 
pH*  ou de pHm et c'est lä une propri6t6 remarquable. 
En outre les valeurs absolues du pH entre pH*  et pHm 
ne presentent un ecart que de quelques dixiömes d'u- 
nitSs. La temperature n'a que peu d'influence sur ces 
valeurs.
La nature des pr6cipit6s, selon qu'il s'agit de la 
precipitation provoqu6e initiale ou de la precipita
tion spontanee faisant suite au palier (ou p6riode 
d'induction 1nterm6diaire)et suivant la temperature, 
est instructive (tableau IV) : ■

TABLEAU IV ■

Precipi 
tation q 21°C 8°C 35°C

prov.

petit C2AHg+CAH10 
(traces)

CgAHg+CAHiQ 
(un peu)

C2AHg+AH3 
(traces)

grand
CgAHg + 

monocarbo 
(traces)

C2AHg + 
monocarbo 

(un peu)

^2^8 
monocarbo

spent.

petit C2AHq+CAH|q CAH10 C2AHg+AH3

moyen
CAH10+C2AH8

+ ah3

grand monocarbo
CAHiq + 

monocarbo
C2AHg + 

monocarbo



La difference de nature entre le preci pits provoquS 
immediat et le precipite spontane differs apparait 
clairement : quelle que soit la temperature, le pre
mier est forme essentiellement de C^AHg avec, ä gran
de dilution, du monocarboaluminate inevitable en rai
son de 1'impuretS CO?. La composition du second est 
tributaire de la temperature et peut etre comparee ä 
celle du prScipitS se formant spontanement apres une 
pSriode d'induction plus ou moins longue sans addi
tion de chaux. Ainsi, ä 8°C, la precipitation diffe- 
ree donne essentiellement CAHjo qui est stable 3 cet
te temperature, tandis qu'ä 21°C, c'est C2AH3 qui 
predomine et ä 35°C, CAH10 n'est plus stable du tout 
en raison de la transformation :

2CAH10 * C2AHg + AHg + 9H20

; x)2x3 - (10)

La precipitation forcee initiale se caracterise au 
contraire par la formation d'un aluminate de calcium 
hydrate de rapport [C/A]s > 1, ce qui traduit la 
reaction du Systeme pour eliminer TexcSdent de chaux 
qui lui a ete impose.

Report_sur_le_diagramme_chaux3alumine3eau :
Il est d'un grand intSret de reporter sur le diagram
me C-A-H les variations de [C] et [A] accompagnant 
1'evolution des solutions en fonction du temps. Ainsi,- 
sur le diagramme ä 21°C (fig. 3)', les points corres- 
pondant aux concentrations critiques, tirees des va
leurs de x*  et r*  du tableau III, appartiennent ä la 
courbe (I). Les segments de droite tels que 1, 2, 3, 
4 representent la variation de composition consecuti
ve ä la precipitation provoquSe initiale. Les segments 
1 et 2 sont nettement paralleles 5 la droite [C/A]^=2 
parce que le precipite est CgAHg. Les segments 3 et 4 
ont une pente plus faible car le precipite est un me
lange de C2AH8 et de monocarboaluminate dont le [C/A]^ 
moyen est > 2. Les extremitfis de ces segments, cor- 
respondant aux concentrations tirees des valeurs de 
xm et rm du tableau III, pour le minimum de vitesse, 
appartiennent ä une courbe (m) que suivent approxima- 
tivement les trajectoires du point reprSsentatif de 
la composition au cours de la precipitation spontanee 
ulterieure. Par le point correspondant 3 la dilution
2,4 du tableau II, nous avons fait passer une droite 
hypothetique (II) qui est censee representer 1'ensem
ble des compositions critiques conduisant 3 une pre
cipitation immediate de gel d'alumine. Faute de pou- 
voir provoquer experimentalement un enrichissement 
relatif en ions RAI (0H)4]gq comme on Ta fait pour 
les ions OHäq 3 diverses concentrations en Ca^i, cet
te courbe II reste imprecise et ne doit etre conside- 
ree que comme logiquement probable.
9y§l-S§DS_attribuer_3_ces_courbes_(I]1_(m}_et_(11) ?
Au point de vue cinetique, Tes courbes (I) et (II) 
peuvent 8tre considerees comme les courbes de super- 
solubilite respectivement de CgAHs et du gel d'alumi
ne ; c'est-3-dire qu'3 l'exterieur de 1'Stroit cou
loir qu'elles delimitent, la solution metastable ne 
peut subsister sans etre le siege d'une precipitation 
immediate de C2AH3 dans le domaine situe a droite de
(I) et de gel d'aliimine dans celui situe 3 gauche de
(II) . La courbe (m) qui reprSsente les compositions 
auxquelles la solution est remanee spontanement pour 
corriger, par un precipite approprie, un enrichisse
ment impose en chaux ou en alumine, a et6 apoelee 
par nous "courbe d'instabilitS minimale". On'retrouve 
les memes caracteristiques sur les diaqrammes 3 8°C 
et 3 35°C.
DISCUSSION
Courbe_<rinstabilit6_minimale (m) :

Nous nous proposons de donner une interpretation 
thermodynamique des courbes d'instabilitS minimale, 
tel les que (m) dans une solution metastable. Pour ce- 
la, considSrons, en plus de la reaction (I), la reac
tion de precipitation de C2AHg :

2[Al(0H)4Jaq + 2 0Ha’q + 2Caaq + 3H2°Z *

2CaO,Al2O3,8H2O (II)
Comme la constante d'equilibre de 1'equation (I) re
lative au gel d'alumine, lue de la droite vers la 
gauche (solubilite) a ete designee ä l'aide de 1'in
dice (0), nous conviendrons de reserver les indices 
1, 2, 4 aux constantes d'equilibre de solubilite de 
CAHjo, C2AHg, C4AH13. Les valeurs approximatives de 
ces constantes, calculees 3 partir des diagrammes 
chaux-alumine-eau 3 21°C (6), 5°C (7) et 50°C (8), 
sont rassemblees dans le tableau V :

TABLEAU V

°C Ko K1 k2 k4

21 1,60 2,65.IO-8 l,65.10~14 6,50.10"26

8 5,23.10"9 6,80.10"lb 4,88.10'27

35 1,30.10"7 3,0.10"13 8,27.10"2b

Avec les notations adoptees [relations (3) et (4)] 
et en exprimant le coefficient d'activite y1 au moyen 
de la formule simplifiee de Debye et HLickel, soit par 
exemple 3 21°C : . . ry-^10"1»7461/5 (7)
les expressions des affinites chimiques relatives aux 
equations (I) et (II) sont :

Ao = RT Lo9e l^(x " 9 (8)

A2 = RT Log, (9)

II est done possible de construire les courbes repre
sentant, pour differentes valeurs de x, les affinites 
chimiques en fonction de X. En fait, nous avons por
te sur un graphique (figure 4) les valeurs des termes 
sous Loge, que nous appelons "degres de sursaturation" 
et que nous notons ß0, ßg en fonction, non de X, mais 
compte tenu de (6), de <p"ou de pH pour differentes 
valeurs de x. On constate que les points d'intersec
tion des courbes ß0 et B2» ä valeurs de x Sgales, se 
placent sur une courbe (m'4) dont la transformee sur 
le diagramme C-A-H (figure 5) se confond avec la 
courbe experimentale (m).

Toutefois, les coefficients stoechiometriques des 
equations (I) et (II) sont arbitral res ; les valeurs 
de ß0 et ß2 Rui en dependent le sont done aussi. Une 
condition supplemental re doit 6tre recherchee pour 
fixer 3 1 le rapport moleculaire de Al(0H)3 et C2AH3. 
Cette condition ne peut etre qu'une equation chimique 
reliant ces deux corps dans ce rapport. Comme, en 
chaque point d'intersection, ß = ß« = ß?» 1'equation 
suivante, tiree des expressions (8) et (9) doit etre 
satisfaite :



Fig. 4 - Definition des courbes d'instabilite minima
le par les interactions m^, m'c des courbes des de
gres de sursaturation 0 en fonction du pH.

Fig. 5 - Report sur le diagramme C-A-H des courbes 
d'instabilit6 minimale theorioues nu. , iri , nu .t) t£ t„

Cette equation.correspond ä l'etat d'equilibre de la 
reaction : ,
2C2AH8 - A1(OH)3 + CAI(0H)4i;q + 3 0H;q + 2Ca^ + ...

... + 3 H20Z

On l'obtient en ajoutant ä 1'equation (I), 1'equation 
(II) inversee. Elle est la condition supplemental re 
recherchee. Elle definit la courbe (mt^) comme courbe 
d'equilibre de la transformation de C2AHg en gel d'a
lumine avec liberation en solution des ions dans les 
memes proportions stoechiometriques que ceux donn6s 
par la dissolution congruente de C^AHjg :
J C4AH13 i CAl(0H)4];q + 3 0Ha"q + 2Caa2; + 3H20z (IV)

La construction de la courbe (m+ ) est done facile ä 
4realiser : il suffit pour cela de multiplier K. par 

une constante teile que : .
' ÄK4 = K2/Ko (11)

On obtient a = 0,0016 et l'on peut aisement verifier 
que cette constante est celle de l'equilibre entre 
phases solides :

2C2AHg z AH3 + C4AH13 (V)
Nous pouvons prevoir par le calcul d'autres courbes 
d'instabilite minimale teile que (mt2 ou (mt ) mar- 
quant respectivement les transformations de CAHjq en 
gel d'alumine et de C4AH^3 en CgAHg (figures 4 et 5) 
Le prolongement de la courbe d'instabilite minimale 
dans le domaine des solutions stables constitue la 
courbe de stabilite maximale de ce domaine.

CONCLUSION
Nous avons defini experimentalement un etroit couloir 
sur le diagramme C-A-H delimite par les courbes de 
supersolubilite du gel «d'alumine et de CjAHg et dont 
la largeur correspond ä une petite variation du pH. A 
l'extärieur de ce couloir, les solutions ne peuvent 
exister sans precipitation immediate. A 1'Interieur, 
leur duree de vie est nulle sur les courbes de super
solubilite et maximale sur la courbe (m) dite "d'ins
tabilite minimale" que nous avons definie thermodyna- 
miquement comme correspondant aux intersections deux 
ä deux des courbes de degres de sursaturation de AH3 
et CjAHg en fonction du pH. Les variations de compo
sition accompagnant Revolution spontanee des melan
ges CA-eau suivent ce-chemin. La generalisation de la 
theorie permet de prevoir d'autres courbes du meme 
type.(*).  -
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Influence des conditions de synthese de I'alumine sur 
sa reactivite vis-ä-vis de la chaux

Influence of the alumina preparation conditions on the reactivity with the 
calcium oxyde

B. GUILHOT.  J.F. HUGO.  A. MATHIEU,  A. PETIT,  France.-* * ** **

BESUKE : De nonbreuz parametres peuvent influer sur les proprietes reactionnelles de I'alumine. L'influence 
du pH de fin de neutralisation du chlorure d'aluminium par I'ammoniaque ainsi que la temperature de calci
nation des gels d'alumine ainsi obtenus ont ete etudiees.
Le pH de fin de precipitation a un rdle important sur I'dtat de cristallisation, I'aire sp^cifique et la teneur 
en composes chlores presents dans les gels d'alumine.
Tine elevation de la temperature de calcination attenue progressivement ces differences.
Apres broyage et tamisage chaque alumine est melangde avec du carbonate de calcium. L'evolution du melange 
pendant la clinkerisation est suivie au microscope de chauffe.
C’est I'alumine obtenue au pH et ä la temperature de calcination les plus has qui entralne le retrait le plus 
important.
L'analyse par diffraction X des differents clinkers montre qu'une augmentation de la temperature de clinkeri
sation provoque une diminution de la teneur en Celle-ci est en relation avec le retrait.
On constate que la cinetique d'hydratation est maximale lorsque la temperature de clinkerisation est voisine 
de 1350°C. .

ABSTRACT : Many parameters can influence the mecanism of the alumina properties. The influences of the pH of the 
neutralisation reaction of aluminium chloride and ammonium hydroxide and the calcination temperature of alumina gels 
have been studied.

The pH is an important factor on the cristallisation degree, the specific surface and chloride compound content of 
the alumina gels. The calcination temperature reduce these differences.

After grinding and screening, each alumina is blend with calcium carbonate. During the clinkerisation the evolution 
is observed by the heating microscopy technic.

The alumina synthetised with a low pH condition and calcined at low temperature give the largest shrinkage. .

X Ray diffraction of the clinkers shows a relation between the clinkerisation temperature, the C12A7 content and 
the shrinkage. We observe the maximum hydration kinetic when the temperature is about 135O°C. ,

(1) Ecole des Mines de St Etienne
(x^ LAFARGE Laboratoire Central



INTRODUCTION .
Le precede d'Elaboration d'un solide pent 
avoir une grande influence sur aes proprietEs 
reactionnelles. Dans ce travail nous exami- 
nons 11 influence : , .
- du pH de fin.de prEcipitation du gel
d'alumine, .

- de la tempErature de ca1cination de '
1'alumine, .

sur'aa rEactivitE vis-ä-vis du carbonate de 
calcium, ainsi que sur 1'hydraulicite des 
aluminates de calcium obtenus.

I) - SYNTHESE des ALUMINES
Les gels d'alumine sont prEpares en milieu 
aqueux selon la reaction- :
AlClj + 3 NH40H_> Al (OH) j + 3 NH4C1

Les alumines aont ensuite- obtenuea par calci
nation des gels. ■

1-1)  - Conditions expErimentales
Une solution de chlorure d'aluminium hexahy
drate (300 g/1) est mise dans un rEacteur 
maintenu A 60°C. La solution d'ammoniaque 4 N 
est ajoutee A vitease constants (1 ml/mn pour 
un volume initial de 200 cm3). Cette vitease 
d'introduction a EtE choisie en fonction de 
la concentration initiale en ions. Als+ et de 
la tempErature de la solution pour que le 
systfeme soit le plus proche de 1'Equilibre 
(1). L'agitation est maintenue constants 
quelle que soit la viscositE.
La pHmetrie permet de auivre 1* Evolution de la 
rEaction.
Afin d'Eliminer le sei formE (NH^Cl), tout en 
prEservant au gel aa structure initiale (2), 
celui-ci, apres filtration, est lavE au 
soxhlet pendant 24 heures dans le mEthanol.
Apres sEchage A 1'Etuve h 100°C, le gel est 
fractionnE. Cheque fraction est cuite A une 
tempErature dEterminEe (800, 1000 ou 1300°C).

1-2)  - CaractErisation
Comme I'ont dEjh soulignE de nombreux auteurs 
(?) (4), les gels obtenus A des pH peu ElevEs 
sont trEs dEsorganisEs et contiennent une 
forte proportion d'anions issus du sei d'alu
minium. Pat contre, ils contiennent peu de 
cations provenant de la base utilisEe 
(< 0,35 %). Vers pH 10, les gels obtenus sont 
pratiquement purs, mais ils ne sont plus 
amorphes.
L'Etat de cristallisation joue un r81e impor
tant sur 1'aire spEcifique. C'est ainsi que 
le gel amorphe a une aire spEcifique de . 
30 m’/g ; par contre lorsqu'il se prEsente 
sous forme de pseudoboehmite, eile est de 
300 ma/g. CristallisE sous forme de bayerite, 
eile eat alors de 130 m’/g.

Canactirlstlaues des »1« d.'«ln»u»
Tableau S= 1

Sele
pH de fin 
de neutra
lisation

analyse 
therno- 
dxffdr«^

analyse 
theroo- 
gyavied- 
trxque feu

produits 
ehlores 
exprioes 
en AlCl^

11203 E2Ö
surface 
endcifl-
S5.T.)

ä.x.

A 6,4
75aC (P) 

2550c (TP) 300»C (TF) 40,7 56 8,8 $ 59,3% 31,9 % 50 »Vg Arorphe

3 9,5

■75=0 (Tf) 
100«C (f) 
25O°C (F) 
Z750C(TTf)

150°C (f)
207°C (?) 40.2 £ 2,5 $ 58,8 % 38,7% 300 «l7s boehnite

C 10,4
70»C(f) 
90»C (Tf) 

2006C (F) 
275°C (TF)

140«C (f) 
230»C (TP] 
270’C (F)

27,a* . 0,9 # 71,2 % 27,9% 130 »7«
Bayente 
* traces 

de 
boehnite

Tableau 2
Caractdriatiaues des alumines

aluminea

temperatures 
de cuisson 
(5 h sous 
azote)

R.X.

surfaces speci- 
fiques mesurges 
par la rndthode

B.E,T.

surface 
du pic 
de T.L. 
en V.A.

tempera
ture du 
pic de 
T.L.

A

800°C 'S OU 7) 100 n7g 50 315 K

1000°C 40%» + 30%a 55 m2/g 140 540 K

uoo°c a 4,1 a’/g 10 245 K

B
800°C

y au 1) mieux 
cristallisd 
que A 800°

* 116 m’/g 50 .310 K

1000°C 98^ e+ 60 mVff 70 335 K

1500°C a 4,2 a/g 10 260+20 K

C

600°C
"you mieux 
cristallise 
que B 800°

100 mVg 50 315 K

1000°C 96 * »+356« 68 ma/g 75 305 K

1300OC a ■ 5,5 a’/g 25
20

290 K 
255+20 K

TL : thermoluminescence.

Des alumines de nature diffErente sont obtenues 
selon la tempErature de cuisson de ces gels. - 
A 800°C, les spectres de diffraction X rEvElent 
la prEsence d'une phase mal cristallisEe y ou q_ 
(5). A 1000°C, on note I'apparition de la phase 0
en proportion diffErente suivant la nature du gel 
initial. . .
Les surfaces spEcifiques des produits, trEs 
diffErentes aux basses tempEratures de cuisson, 
sont semblables pour des alumines cuites A 1300°C.
L'allure des signaux de thermoluminescence (TL) 
est diffErente suivant la tempErature de calci
nation. . .
A basse tempErature, les pics sont EtalEs. A haute 
tempErature, les pics sont plus Etroits (alumine a). 
Bien que certains gels (gel A) aient une teneur 
en composEs chlorEs relativement importante, les 
alumines m6me cuites E basse tempErature ont m» 
teneur en chlore beaucoup plus faible (toujours 
infErieure A 0,4 %).



II - ELABORATION des ALUMINATES de CALCIUM

II-l)  - Preparation du cru
Les crus ont prepares A partir de gels 
A, B, C (tableau N° 1) tels quels ou calcines 
A 800 et 1300°C. Ces alumines sent designees 
par la lettre correspondant A son gel d'ori
gins suivies de sa ternpdrature de calcination.
Les deux reactants, le carbonate de calcium 
(PROLABO RP) et I'alumine ont ete broyes 
puis tamises A 40 microns. Le melangeage A sec 
a 6t6 effectud successivement au mortier, puis 
au mdlangeur afin de ne pas modifier 1'etat 
cristallin des alumines, le rapport c/A 
molaire choisi etant de 1.

Remarque : le gel B n'a pu etre examind 
en raison d'une erreur de manipulation.

II-2)  - Evolution de la reaction carbonate 
de calcium-aluminium au microscope 
de chauffe

Le melange obtenu est compacts sous forme 
de cubes de 2 mm de cdte qui sont ensuite 
disposes dans le four d'un microscope 
chauffant (1EII2).
Il est possible de suivre en continu, en 
fonction de la temperature, la morphologie 
de 11echantillon (figure 1).

II apparait que le retrait gdometrique des cubes 
de cru est fonction ddcroissante de la tempdrature 
de calcination de I’alumine, celui-ci etant maximum 
pour le gel.
On note d'autre part que le mode d’obtention du gel 
d'alumine pour une temperature de calcination donnde 
(800°C par exemple) a une influence sur le retrait.
A une temperature de clinkdrisation ddterminde 
le retrait est lid A la teneur en CjjAy dans 
le clinker.

II- j) - Clinkdrisation
Des pastilles de cru de 1 g (pressees sous 2 t) 
sont portdes A la temperature de clinkdrisation 
dans les conditions suivantes :
- montde en temperature 300°C/h sous air,
- palier de temperature 1310-1330—1380-1450°C,
- duree de palier 15 mn.

III - CARACTERISATION des ALUMINATES de CALCIUM
Les clinkers ainsi obtenus ont dtd broyds au 
mortier puis tamises A 40 microns. Cheque clinker 
a dtd caraetdrisd :
- par diffraction X,
- par calorimdtrie isotherme (25°C).

III- l) - Diffraction X
Les resultats de diffraction X rassemblds dans 
le tableau N° 3 ne mettent en dvidence que la 
presence de CA - CAg - (1)> Les valeurs
indiquees representent le rapport de I'aire de 
la- raie principale d'un const!tuant sur la somme 
des aires des rales principales des constituants 
prdsents.

(1) Nomenclature cimentidre : C = CaO, A = AlgOj.

Tableau N° 3
Diffraction X des clinkers

Evolution du retrait geometrique 
des crus en fonction de la temperature

GELA A BOO Al 300 GELB BBOO B1300 GELC C800 Cl 300
CA. CA CAj CA :ä2 :a CA, CA CAj CA -A? CA 3A

1310 21 35 u qs OS 370 175 50 125 170 57,5 13,8 5P 349 ITS sy V 146 573 28>

1330- 152 5« 3»5 U5 so 32 V 543 3W 1U »02 2U 102 637 2« to >w 252 86 662 252 in 617 248

1380 IB >58 20 41 576 20 11,6 50 270 0 62,5 258 8 73 19 7,5 71,7 2Q8 13 zu 207 "5 TV. 171

1450 15 8$ 7» 17 077 iqs 3S W to y 877 w 35 so 09 893 38 1,5 »12 13 19 935 47



L'examen de ces reaultats met en evidence les 
points suivants :

- le pourcentage de CA croit avec la tempera
ture de clinkerisation quel que soit le cru 
initial,

- pour une temperature donnee de clinkdri- • 
sation (1330°C par example), il apparait 
que les alumines issues du gel obtenu au pH 
le plus dlevd (10,4) ont une plus grande 
reactivite vis-ä-vis du carbonate de calcium.

- pour un gel determine, une augmentation 
de la temperature de-calcination de ce gel 
favorise la cinetique de clinkdrjsation.

Il ressort de cet examen que 1'amelioration 
de 1'etat d'organisation du gel const!tue un 
parametre favorable de la reactivite de 
1'alumine. " '

III-2)  - Calorimetrie
La cindtique d'Hydratation des clinkers a ete 
suivie par calorimetrie, le rapport e/C a ete 
fixe ä 1, la masse de 1’dchantillon dtant de 
de 500 mg.
Les courbee obtenues prdgentent I.»» caractd— 
ristiques classiques des liants hydrauliques.

Nous avons remarqud que le coefficient a etait 
maximum pour une-tempdrature de clinkdrisation 
voisine de 1350°C, comme le montre la figure N° 3 
relative a la serie C et cela quelle que soit 
1'origine de 1'alumine. Par centre le pH de fin 
de precipitation du gel ne parait pas constituer 
un paramdtre preponderant.

Evolution du coefficient ex 
en fonction de la tempdrature 

de clinkdrisation

Figure N° 2

Thermogramme de 1* hydratation 
des aluminates de calcium

L'analyse des courbes calorimdtriques montre 
qu'il est ddlicat de faire des corrdlations 
significatives entre les conditions d'obten- 
tion de 1'alumine et la cindtique d'hydrata- 
tion. On remarque en particuller que 1'inten- 
sitd du pic de mouillage, la periode de 
latence (to), la hauteur du signal calorime- 
trique (h) sont aldatoires.
Par centre pour comparer les cindtiques d'Hy
dratation nous avons ddfini un paramdtre 
a = H susceptible de rendre compte de la 

tm-to . •cindtique d'Hydratation (accdldration moyenne 
d'Hydratation),. '

CONCLUSION
Les alumines hydratdes sont prdpardes en milieu 
aqueux par neutralisation du chlorure d'alqminium 
par 1'ammoniaque. ■
Le pH de fin de precipitation (8,4 ä 10,4) a un r61e 
important sur : •
- la teneur en composes chlores (7 a 0,7 %) prdsents 
dans les gels d'alumine,

- 1'dtat de cristallisation et 1'aire spdeifique 
des gels (30 A 300 m2/g).

Par centre aprfes cuisson, une dldvation de la tempe
rature de calcination (800 A 1300°C) attenue progres- 
sivement ces differences. ,
Chaque alumine est broyde et tamisee, puis mdlangde 
avec du carbonate de calcium. L'evolution du melange 
pendant la clinkerisation est suivie au microscope 
de chauffe. ■
L'examen des courbes de retrait en fonction de la 
tempdrature montre qu'une augmentation de la tempe
rature de calcination de 1'alumine provoque une 
diminution du retrait.
Les analyses par diffraction X des diffdrents 
clinkers montrent que la teneur en CA est fonction 
de la tempdrature de clinkdrisation. On peut aussi 
noter la relation entre le retrait et la teneur 
.en C^^^A^.
Il est ddlicat, compte tenu des rdsultats obtenus, 
de faire des corrdlations prdcises entre les condi
tions d'obtention*  de 1'alumine et la cindtique d’hy- 
d'Hydratation de 1'aluminate de calcium issu de la 
rdaction de cette alumine avec le carbonate de 
calcium. On constate cependant que 1'accdldration de 
la cindtique d'hydratation est maximale lorsque la 
tempdrature de clinkdrisation est voisine de 135O°C.
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ABSTRACT: Performance requirements for cements utilized in geothermal and deep oil wells often exceed those of 
currently available cementing materials, whose upper temperature limits are about 200°C. Experiments undertaken 
were concerned with finding new cementing compositions and began with a study of the quaternary systems Ca0-Al203- 
SIO2-H2O and CaO-MgO-S1O2-H2O. Three compositional regions have been delineated as potential high-temperature ce
ments. Region I in the system Ca0-A1203-Si02-H20 intersects the CaO-S1O2 join between 45 and 65 wt % Si02. 
Xonotlite, foshagite, and truscottite crystallized within the temperature range studied and were responsible for 
favorable cementitious properties of these mixtures. Region II in the system CaO-A^t^-Sit^-^O centers around 
the anorthite composition, Ca0-A1203*2Si02  and hexagonal anorthite was found'to be cementitious. A third region 
of interest covers- a broad band of compositions in the system CaO-MgO-SiO2-H2O between about 45 to 65 wt % SiO2 
along the Ca0-Si02 join to about 45 to 55 wt 56 Si02 along the MgO-SiO2 join. Diopside, chrysotile, antigorite, 
xonotlite, truscottite and foshagite contributed to favorable cementitious properties of these mixtures. Addition 
of magnesia to the CaO-SiO2-H2O join was best accomplished, in view of obtaining desirable physical properties, by 
the use of calcined chrysotile (asbestos).

Morphology and small size of the crystalline reaction products were, in large part, responsible for the cementi
tious quality of hydrothermally cured formulations. The following crystal habits resulted in the best cementing 
materials: needles, fibers, laths, and platelets.

Addition of alkalies to these systems produced several consequences. Addition of up to 10.0 wt % Na20 and K20 
added as hydroxides on the mixing water, had little effect on bulk compositions between 35 and 55 wt % SiQ2 in the 
system alkali-Ca0-Si02-H20. For mixtures containing over 55 wt % Si02, sodium was tied up in pectolite, a sili
cate phase, above 200°C, 68.9 MPa. At 200oC, 11A tobermorite plus truscottite crystallized from these composi- 1 
tions. K20 was tied up in reyerite between 200-350°C for silica-rich mixtures. Bulk compositions approximating 
Ca0-Mg0-2Si02 were relatively unaffected by the addition of alkalies. However, as little as 0.5 wt % Na20 added 
to compositions approximated by CaO-A^Os-BSiOo was found to be deleterious to the hydrothermally cured cements. 
Analcite, a zeolite with a cubic habit, crystallized between 200-400°C. K20 (0.5-10 wt %) also resulted in the 
formation of at least two unknown phases whose presence did not offset the unfavorable effect of analcite.
RESUME :
On demande aux ciments utilises dans les puits geothermiques ainsi que dans les puits profonds de forage de p6trole 
une performance qui dSpasse souvent celle qu'offrent les matdriaux Hants que Ton trouve maintenant, et dont les 
limites d'utilisation se situent aux environs de 200°C. Les experiences que nous avons conduites furent orientees 
vers la recherche de nouvelles compositions de ciments, en commencant par 1'etude des systemesquaternaires CaO-^ 
SiO2-H2O et Ca0-Mg0-S102-H20. Trois zones de compositions ont ete cernees comme ciments potentiels pour usage ä 
temperature elevee. La Zone I du Systeme CaO-Al2O3-SiO2-H2O coupe la ligne de conjugaison Ca0-Si02 entre 45 et 
65% de Si02. La xonotlite, foshagite et truscottite cristallisent dans 1'intervallede temperature StudiS et sont 
responsables pour les propriStis liantes de ces melanges. La Zone II du systSme Ca0-A1203-Si02-H20 est centrde 
autour de la composition de 1'anorthite, Ca0-Al203-25102, et on a trouvd que Tanorthite hexagonale a des 
proprietSs liantes. Une troisiöme zone d'intdrSt couvre une large gamme de compositions dans le Systeme CaO-MgO- 
SIO2-H2O entre environ 45 et 65% de Si02, le long de la ligne de conjugaison CaO-SiO2, ä environ 45 ä 55% de 5102 
le long de la ligne de conjugaison MgO-SiO2. Le diopside, chrysotile, antigorite, xonotlite, truscottite et 
foshagite contribuent favorablement aux propri6tds liantes de ces melanges. Le meilleure fagon d'incorporer la 
magnSsie dans le syst&me CaO-SiO2-H2O pour obtenir les propridtfis physiques däsiräes est d'utiliser du crysotile 
calcine (amiante). ' . • . • /

La morphologic et la petite taille des produits cristallins de reaction sont, dans une large mesure, responsables 
pour la qualite.liante des formulations 5 prise hydrothermale. Les formes cristallines suivantes produisent les 
meilleurs Hants: aiguilles, fibres, lattes et plaquettes. .

L'addition d'alcalis S ces systfimes a des consequences diverses. Na20 et K20, ajoutös jusqu'ä 10% en poids comme 
hydroxides 8 1'eau du melange, n'a que peu d'effet sur les compositions ayant entre 35 et 55% de S102 dans le 
systbme Ca0-5i02-H20. Dans les melanges contenant plus de 55% de Si02, le sodium est fix6 dans le pectolite, 
phase s11icat6e, au dessus de 200eC et 68,9 MPa. A 200!c, de. la tobermorite (11A) et de la truscottite cristal
lisent 6 partir de ces compositions." Pour des melanges riches eh silice, K20 est fixS dans la reyerite entre 200: 
et 350oC. Les compositions autour de Ca0-Mg0-2S102 sont relativement insensibles aux additions d'alcalis. Toute- 
fois, 11 fut trouvd que juSte 0,5% de Na20 ajoutd aux compositions autour de Ca0-Al203-25102 est detrimental aux ' 
ciments & prise hydrothermale. Üanalcite, une zSolite avec une structure d'halTte cubtque", crlstaTTtse entre 200 
et 400°C. K20 (0,5 to 10% en poids) provoque aussi la formation d'au moins deux phases inconnues dont la presence 
ne compense pas reffet ddfavorable de 1'anal cite. ■



INTRODUCTION ' • -

Performance requirements for cements utilized in geo
thermal and deep oil wells often exceed those of cur
rently available cementing materials, whose upper tem
perature limits are about 200’0 (1,2). Experiments 
undertaken were concerned with finding new cementing 
compositions, which began with the quaternary systems 
Ca0-Al203-Si02-H20 and Ca0-Mg0-Si02-H20. Next the 
studies were extended to include additions of Na20 and 
K20 to cover broader wall rock and brine composition 
ranges. Parallel with determination of phase rela
tions, preliminary evaluations of cementing properties 
were made. The combination of detailed phase- and 
properties-studies led to delineation of compositional 
areas having potential geothermal and petroleum well 
applications. The present paper reports details of 
the hydrothermal reactions and phase relation deter
minations, while properties are described elsewhere 
(1,2). . -

EXPERIMENTAL PROCEDURES

Starting Materials. Starting materials for phase 
relation studies included reagent grade oxides, gels, 
E2Q)3 stabilized eC2S, commercial portland cements and 
aluminous cements, silica modifiers (silicic acid, 5 
micrometer quartz, Tripoli, perlite, dehydrated silica 
gel), an alumina modifier (metakaolinite) and a mag
nesia modifier (calcined chrysotile). X-ray analysis 
of the Class J oil well cement indicated the presence 
of gC2S, quartz, and calcite. Examination of the 
aluminous cements indicated the presence of CA, C12A7 
and C^AF.

Mtetakaolinite was prepared by heating high purity kao
linite at 75O°C for four hours. The final product was 
an amorphous reactive aggregate with a bulk composi
tion equivalent to dehydrated kaolinite. Chrysotile 
serpentine was calcined at SOO’C for ten hours to 
produce a reactive mixture of very fine grained amor
phous material, forsterite, and quartz.

Hydrothermal Equipment and Sample Preparation. Two 
types of autoclaves were used in synthesis studies: 
(1) Conventional 30 ml cold-seal Tuttle pressure 
vessels externally heated in Kanthal wound furnace 
assemblies; (2) 500 ml Inconel cold-seal vessels 
modified from the Barnes-Rocker Assembly and exter
nally heated in Kanthal pot furnaces.

Preliminary studies were limited to small samples 
cured in conventional Tuttle pressure vessels. Start
ing materials, pastes or powders plus water, were 
placed in noble metal tubes and cured in an open 
system (tubes were not welded) or in a closed system 
(tubes were welded and weighed before and after curing 
to ensure containment). Phase relations were compar
able for these preparation techniques which implies 
negligible ion transport.

Follow-up studies were made on selected formulations 
showing most potential. Pastes or slurries were cast 
in 25x50 m plastic molds and were allowed to set for 
30 minutes to 24 hours at room temperature and greater 
than 95% relative humidity. Then they were removed 
from the molds and cured in the 500 cc autoclaves. 
Deionized water was the pressurizing medium in both 
types of autoclaves.

Curing Conditions. Samples were cured at 200, 250, 
300, 350, and 400®C over the pressure range 6.9-68.9 
MPa. Pressure had little effect on the run products 

crystallized. Most experiments were run at 68.9 MPa. 
Curing times varied from 24 hours to 98 days. Deion
ized water was used as the pressurizing medium.

Mineralogical Examination. Mineralogical analyses 
were carried out by x-ray powder diffraction using 
CuKa radiation. SEM images were used to describe 
morphologies of reaction products, and morphologies 
were then correlated with diffraction patterns. SEM 
imagery proved to be the most useful technique for 
identifying minor amounts of phases present.

Physical Property Measurements. Microhardness testing 
was performed using a Leitz microhardness tester and 
the Vickers indentation method with a 40X objective. 
Samples were embedded in epoxy and polished to a one - 
micrometer diamond paste finish. Microhardness mea
surements were used as an approximation of relative 
compressive strengths. Compressive strength measure
ments were made on a Tinius Olsen Testing Machine. 
Samples were sawed so the tops and bottoms were paral
lel before testing. Permeability measurements on the 
larger samples were made with pressurized (up to 5.5 
MPa) nitrogen gas flowing through the samples by 
measuring the displacement of water by the flowing 
gas. Water permeability was measured using pressur
ized water (13.8 MPa) flowing through the sample. 
Viscometers were used to analyze the properties of 
fresh cement slurries. Both a Brookfield Rheolog 
model 5XHBT and a Haake Rotovisco RV-3 Viscometer were 
utilized.

EXPERIMENTAL RESULTS

Compositions were widely scattered throughout the por
tions of the quaternary systems and selected mixtures 
are shown in Figures 1 and 2. Since the system CaO- 
SiO2-H2O is a join of both quaternary systems of in
terest a detailed investigation of compositions be
tween C:S = 2:1 and 1:2 was also undertaken.

CaO-SiOg-H^O. Initial mixtures were prepared from a 
variety of starting materials including oxides, gels, 
and commercially available cements in order to estab
lish approximate phase stabilities and to promote 
rapid commercial application of new formulations in 
well cementing. The use of gels was discontinued _ 
after initial experimentation resulted in irrepro- 
ducible phase assemblages. Variations in solubility 
of the silica modifiers also produced discrepancies in 
the crystallized phases. Highly soluble forms of 
silica, such as Tripoli, silicic acid, and perlite, 
tended to facilitate metastable crystallization of 
silica-rich hydrates, such as truscottite and waira
kite. Coarser grained quartz was slow to dissolve 
into solution at the temperatures studied and, there
fore, produced metastable crystallization of silica- 
poor phases. These problems were eliminated by the 
use of 5 micrometer quartz. Differences in silica 
solubility were attributed to the differences in 
degree of crystallinity and grain size.

The equilibrium dehydration curve for the reaction 
xonotlite = wollastonite + water was found to be some-" 
what lower than previously reported (3-5). In this 
study, wollastonite was observed to form from xonot
lite at 385±5°C and 68.9 MPa within ten days. Reac
tions were reversed but exact equilibrium conditions 
are still uncertain because of formation of intermedi
ate or disordered phases, or a very fine scale mechan
ical mixture. Xonotlite, crystallized over the tem
perature range of 200-385°C at 68.9" MPa was found to 
enhance the cementitious properties of hydrothermally 
cured cements.



Figure 1. Projection of mixtures and compounds in the 
system CaO-A^Os-Sit^-i^O onto the anhydrous join. 
Potential hydrothermal cement compositions, Regions I 
and II, are shown.

Figure 2. Projection of mixtures and compounds in the 
system CaO-MgO-SiC^-i^O onto the anhydrous join. Po
tential hydrothermal cement compositions are delineated.

Truscottite crystallized over a wide range of curing 
conditions. Formation of truscottite in this study 
was favored by use of the most soluble forms of silica, 
such as Tripoli, in bulk compositions containing 
greater than 55 wt % Si02. Once crystallized, truscot
tite persisted throughout the longest runs (90 days) 
at 250-350°C, 68.9 MPa. The presence of truscottite 
in run products was not detrimental to the cementing 
properties of mixtures.

Foshagite crystallized readily between 325 and 400°C 
from mixtures containing between 40 and 50 wt % Si02. 
The occurrence of the assemblage xonotlite plus fosha
gite appeared to enhance microhardness and compressive 
strength measurements.

Carbonation of lime in starting materials resulted in 
the inadvertent addition of a fifth component, C02, to 
several of the runs. Above 350°C, calcite and a cal
cium silicate, usually xonotlite, crystallized. Below 
350°C, scawtite, a hydrated calcium silicate contain
ing carbonate, formed. The presence of neither phase 
was found to be detrimental to the physical properties 
of mixtures investigated.

Ca0-Al20q-Si02-H20. Modified commercial cements 
(Class J oil well cement and alumina cements, R and 
S), oxide mixtures and ßC2S plus silica and alumina 
modifiers were cured between 200 and 400°C at 68.9 
MPa. Two compositional areas warranting further study 
are outlined in Figure 1.

Region I extends from approximately 45 to 65 wt % Si02 
along the Ca0-S102 join and includes up to 10 wt % 
Al203. Phases responsible for the cementing proper
ties within this region are xonotlite, truscottite and 
foshagite. The addition of up to 10 wt % Al203 as 
reactive boehmite [AIO(OH)], or metakaolinite, had no 
appreciable effect on their formation. .

Region II centers around the anorthite composition and 
extends from about 45 to 65 wt % Si02 along the CaO- 
Al2O3’SiO2 join. Hexagonal anorthite and wairakite, a 
calcium zeolite, contributed to favorable cementitious 
properties between 200-400°C. Hexagonal anorthite and 
wairakite (above 350°C) were only crystallized in run 
products prepared from types S and R commercial ce
ments plus silica and have been reported to be meta
stable although they were still present after 98 days 
(6,7). Crystallization of bicchulite- and the hibschite- 
grossular hydrogarnet series resulted in mixtures with 
very low compressive strengths. Bicchulite readily 
formed above 300°C, whereas, variable compositions of 
he hydrogarnet series crystallized over the entire 

temperature range studied. .

Ca0-Mg0-Si07-H20. Mixtures in the system CaO-MgO- 
Si02-H20 were prepared from Class J oil well cement, 
ßC2S plus silica modifiers (Tripoli or 5 micrometer 
quartz) and magnesia modifiers (MgO or calcined chry
sotile serpentine). A large compositional area of 
interest is outlined in Figure 2. Crystalline phases 
responsible for the cementing properties include 
xonotlite (200-385°C), foshagite (300-400°C), truscot
tite (200-350°C), diopside (300-400°C), and serpentine 
polymorphs Chrysotile, the fibrous form of serpen
tine, crystallized between 250 and 400°C, whereas 
antigorite, a platy polymorph readily formed below 
250°C. -Monticellite, an anhydrous magnesium silicate, 
crystallized between 300 and 400°C. . Mixtures contain
ing- predominantly monticellite were not cementitious.

Compositions along the joins xonotlite-diopside (325
385°C), diopside-chrysotile (325-400°C) and xonotlite 
chrysotile (200-385°C) showed the most favorable phy
sical properties and highest microhardness and com
pressive strength measurements (1,2).

The form in which magnesium was added to the CaO-SiO2- 
H20 join did not effect the phases crystallized. How
ever, the use of calcined chrysotile resulted in much 
improved physical properties of the slurries as com
pared to the use of MgO.. Addition of up to 10 wt % 
magnesia to the CaO-SiO2-H2O did not significantly ef
fect -the stability of hydrated calcium silicate 
phases.



EXPERIMENTAL RESULTS II
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mix 
code

Composition 
starting Na20 
material1 (wt %)2

temperature 
(°C)

run 
products3

IN X-0 0.5 400 X
X-C5Q 200 X

3N 2.0 400 X
200 X

5N 10,0 400 X
200 X

6N A-0 0.5 400 HA+ANA
A-S5Q 250 HA+ANA

200 ■E+d.HA
7N 2.0 400 HA+ANA

250 HA+ANA
200 E+d.HA

8N 10.0 400 ANA+HA+TA
350 ANA+HA
250 ANA+m.HA
200 ANA+E+m.HA

9N D-0 0 5 400 D
D-C5QCC 200 D

ION 2.0 400 D
200 D

UN 10.0 400 D+m. P
■ 200 D+m. P

12N H-0 0.5 400 H
H-C 200 H

13N 2 0 400 H
200 H

14N 10.0 400 H
200 H+m.P

15N T-0 0 5 ' 400 T+m.P+m.X
T-C5Q 350 T+X

300 T+m.P
250 T+m.P
200 ' d.T+HTOB

16N 2.0 400 P+T
350 T+X+m.P
300 T+P
250 T+d.P
200 llTOB+d.T

17N 10 0 400 P
300 P
250 P+T
200 llTOB+d.T

„ ^breviations used for starting materials have 
the following meaning: A-0 = ANORTHITE 
COMPOSITION from OXIDES; A-S5Q = ANORTHITE 
from Brand S CEMENT + 5 pm QUARTZ; D-0 = 
DIOPSIDE COMPOSITION from OXIDES; D-C5QCC = 
DIOPSIDE from bC2S + 5 pm QUARTZ + CALCINED 
CHRYSOTILE; H-0 = HILLEBRANDITE COMPOSITION 
from OXIDES; H-C = HILLEBRANDITE from BC2S; 
T-0 = TRUSCOTTITE COMPOSITION from OXIDES; 
T-C5Q = TRUSCOTTITE from ßC2S + 5 pm QUARTZ; 
X-O = XONOTLITE COMPOSITION from OXIDES; 
X-C5Q = XONOTLITE from ßC2S + 5 pm QUARTZ.

2Na20 was added as NaOH dissolved in the mixing 
water.

Abbreviations used have the following meaning: 
A = ANORTHITE; ANA = ANALCITE; D = DIOPSIDE; 
E = EPISTILBITE; HA = HEXAGONAL ANORTHITE; 
H = HILLEBRANDITE; P =•PECTOLITE; T = TRUSCOT
TITE; TA = TRICLINIC ANORTHITE; TOB = 11Ä 
TOBERMORITE; X = XONOTLITE; d = disordered; 
m = minor.

In view of the range in petroleum and geothermal well 
wall rock compositions, and also the variations in, 
minor oxide contents of commercial clinker, investiga
tion of a wider range of potential compositions was 
undertaken. Mixtures with compositions of C:S = 2:1, 
1:1, and 1:2, C:A:S = 1:1:2, and C:M:S = 1:1:2, were 
adjusted with 0.5, 2.0, and 10.0 wt % K20 and also 
with Na20. Alkalies were added as dissolved hydrox
ides in the mixing water. Pastes were sealed in noble 
metal tubes and reacted for 3 to 28 days. Runs were 
made at 200-400°C at 50° intervals and 68.9 MPa. Both 
oxide mixtures and modified clinker formulations 
resulted in crystallization of similar phases after 28 
days curing.

Compositions Containing Na20. Data for mixtures modi
fied with NaOH are listed in Table 1. Addition of 
0.5-10 wt % Na20 had a negligible effect on run pro
ducts for compositions approximated by the following 
compounds: Ca0-Si02, 2CaO-SiO2, and Ca0iMg0-2Si02. 
Xenotlite crystallized from mixtures with a C:S = 1:1 
plus 0.5-10 wt % Na20 between 200-400°C at 68.9 MPa. 
Similar hydrothermal curing of C:S = 2:1 and C:M:S = 
1:1:2 plus up to 10 wt % Na20 resulted in crystalliza
tion of hillebrandite and diopside, respectively. A 
minor amount of pectolite was detected in these two 
bulk compositions for samples cured 28 days at 200°C, 
68.9 MPa.

On the contrary, a sodium zeolite, analcite, crystal
lized from a C:A:S = 1:1:2. The amount of analcite 
present increased at the expense of hexagonal anorth
ite with increasing sodium content. 'These two phases 
coexisted between 400 and 250°C. Below 250°C, epis
tilbite, another sodium zeolite and hexagonal anorth
ite crystallized (6). Nucleation and growth of tri
clinic anorthite from silica-modified aluminous ce
ments was facilitated at 400°C by the addition of 10 
wt % Na20. " .

Pectolite, a fibrous Ca.Na silicate, crystallized from 
silica-rich compositions with a C:S = 1:2 between 250 
and 400°C. The amount of pectolite in the run pro
ducts increased with increasing Na20 in this bulk 
composition. It also resulted in formation and per
sistence of 11A tobermorite and disordered truscottite 
at 200°C, 68.9 MPa. This assemblage persisted up to 
28 days.

Compositions Containing K20. Data for mixtures modi
fied with K20 added as KOH to the mixing water are 
listed in Table 2. Addition of 0.5-10.0 wt % K20 had 
a negligible effect on run products for mixtures with 
the following compositions: C:S = 1:1 and C:S = 2:1; 
Xonotlite readily crystallized from the C:S = 1:1 bulk' 
compositions. Addition of 2-10 wt % K20 apparently" 
reduced the kinetic barrier for the dehydration reac-- 
tion xonotlite = wollastonite + H20. Dellaite crys
tallized at 400°C, 68.9 MPa in place of hillebrandite 
from mixtures with C:S ratio = 2:1 (4).

Diopside crystallized between 300 and 400°C from mix
tures adjusted to C:M:S = 1:1:2. Starting materials, 
including calcined chrysotile formulations, did not 
affect crystalline products. Below 250c,C, an uniden
tified fibrous phase, U3, crystallized and persisted 
through the longest runs of 28 days. X-ray diffrac
tion data for U3 are presented in Table 3, and its 
presence in run products was not.found to be unfavor
able. U3 may be a potassium-rich 11Ä tobermorite.



‘‘Abbreviations used are given in Table 1, foot-note 1.

mix 
code

Composition 
starting K20 
material1* (wt %)5

temperature 
(°C)

run 
products6

IK X-0 0.5 400 X
X-C5Q 200 X

3K 2.0 400 x+w
300 X
200 X

5K 10.0 400 X+W
350 X
200 X

6K A-0 0.5 400 HA+TA
A-S5Q ■ 350 HA+TA

300 HA-
250 HA+U!
200 U1

7K 2.0 400 HA
350 HA
300 HA+U!
250 Ui
200 Ui

8K 10.0 400 HA+U2
350 HA+Uz+Ui
300 HA+U!
250 U1
200 U1

9K D-0 0.5 400 D
D-C5QCC 250 d+u3

10K 2.0 400 D
250 D
200 0+U3

11K 10.0 400 0
250 d+u3
200 u3+d

12K H-0 0.5 400 DEL
H-C 350 H

200 H
13K 2.0 400 DEL

350 H
200 H

10.0 400 DEL
350 H
200 H

15K T-0 0.5 400 X+T+d.W
T-C5Q 350 T+X

300 T+X
250 T-R+X
200 T-R+X

16K 2.0 400 X+d.W
350 T+X
300 T-R+X
200 T-R+X

17K 10.0 400 W+X+T
350 t+x+u3
300 r-t+u3
250 r-t+u3
200 Uu+R-T

5K20 was added as KOH dissolved in the mixing water.- 
Abbreviations used are given in Table 1, foot
note 3. In addition, the following abbrevia
tions were used: DEL = DELLAITE; R-T = 
REYERITE-TRUSCOTTITE; T-R = TRUSCOTTITE- 
REYERITE; U1-U3 = UNKNOWNS 1-3 RESPECTIVELY; 
W = WOLLASTONITE.

Silica-modified aluminous cements adjusted to approxi
mately a composition of C:A:S = 1:1:2 plus 0.5 wt % 
K20 produced crystallization of the stable triclinic 
polymorph of anorthite along with hexagonal anorthite 
above 350°C, and hexagonal anorthite below 300°C. An 
unidentified phase, Uj, crystallized below 250°C. Uj 
was found in run products cured at 300°C when 2 wt % 
K20 was present and at 350°C when 10 wt Ü K20 was 
added. Its stability is questionable. Another un
identified phase, U2, crystallized between 350 and 
400°C from mixture^ containing 10 wt % K20. X-ray 
data are presented in Table 3.

The 'addition of 0.5-10.0 wt % K20 to bulk composition 
of CrS =. 1:2 produced the assemblage, xonotlite + wol
lastonite + truscottite at 400°C and truscottite + 
xonotlite between 300 and 350°C. Reyerite, a hydrated 
calcium-potassium silicate similar to truscottite, 
crystallized below about 350°C. U3, possibly a 
potassium-rich 11Ä tobermorite phase, was also detected 
in these mixtures containing 10 wt % K20 and cured be
tween 350 and 200°C.

U1 u2 
d I

Ü3
d 1 d I

4.848 vs 3.633 s 11.334 vs
4.374 s 3.439 m 5.438 m
3.038 m 3.339 m 3.834 w
3.175 m 3.153 w 3.302 w
2.379 m 2.978 w 3.079 s
2.462 w 2.788 s 2.979 s
2.049 w 2.781 s
2.161 w
1.994 w

Silica-modified aluminous cements adjusted to approxi
mately a composition of C:A:S = 1:1:2 plus 0.5 wt % 
K20 produced crystallization of the stable triclinic 
polymorph of anorthite along with hexagonal anorthite 
above 350°C, and hexagonal anorthite below 300°C. An 
unidentified phase, Uj, crystallized below 250°C. u’i 
was found in run products cured at 300°C when 2 wt % 
K20 was present and at 350°C when 10 wt % K20 was 
added. Its stability is questionable. Another un
identified phase, U2, crystallized between 350 and 
400°C from mixtures containing 10 wt % K20. X-ray 
data are presented in Table 3.

The addition of 0.5-10.0 wt % K20 to bulk composition 
of C:S =1:2 produced the assemblage, xonotlite + wol
lastonite + truscottite at 400°C and truscottite + 
xonotlite between 300 and 350°C. Reyerite, a hydrated 
calcium-potassium silicate similar to truscottite, 
crystallized below about 350°C. U3 was also detected 
in these mixtures containing 10 wt % K20 and cured ber 
tween 350 and 200°C. '

DISCUSSION

Hydrothermal curing of selected compositions in the 
systems CaO-SiO2-H2O, Ca0-Al203-Si02-H20, and CaO-MgO- 
Si02-H20 have been investigated at temperatures from 
200-400°C and 6.9-68.9 MPa. Three compositional regions 
have been delineated as potential well cements. Region 
I in the Ca0-Al203-Si02 system intersects the Ca0-Si02 



join between 45 and 65 wt 1 S102 and may contain up to 
10 wt % Al203. Xonotlite is the phase responsible for 
favorable cementing properties of these mixtures, and 
most silica-modified commercially manufactured well 
cements lie within Region I. Region II centers around 
the anorthite composition along the join CaO>Al2O3-SiO2 
Formulations prepared from commercial aluminous cements 
plus silica result in crystallization of the cementi
tious phase, hexagonal anorthite, between 250-400°C. 
It did not transform to triclinic anorthite nor did 
mixtures containing predominantly hexagonal anorthite 
show a decrease in compressive strength after 98 days. 
Problems associated with high temperature retardation 
in setting of these formulations require further 
research. The third region of interest covers a broad 
band of-compositions in the system Ca0-Mg0-Si02-H20 
between about 45 to 65 wt % S102 along the Ca0-Si02. 
join and 45 to 55. wt % Si02 along the MgO-SiO2 join. 
Xonotlite, truscottite, foshagite, diopside, and the 
serpentine polymorphs, chrysotile and antigorite, 
contributed to the favorable cementitious properties. 
As previously discussed, these phases form various 
stable assemblages over specific temperature intervals 
in the range 200 to 400°C between 6.9 to 68.9 MPa. 
Addition of magnesia to the Ca0-Si02-H20 join was best 
accomplished, in view of obtaining desirable physical 
properties, by the use of calcined chrysotile
serpentine (asbestos). Formulations prepared from 
portland cement adjusted to approximately the diopside 
composition with silica flour and calcined chrysotile 
resulted in superior physical properties of both the 
cements and slurries. As pointed out, it was neces
sary to add relatively soluble silica to these mix
tures in order to prevent the crystallization of 
monticellite, which once formed, persisted over the 
range of curing conditions studied, and had an un
favorable effect on the cementitious quality of the 
cements. •

Thermodynamic stability of several cementitious phases 
within a certain pressure/temperature regime is still 
questionable since reactions were difficult to reverse, 
Stability of hexagonal anorthite with respect to the ■ 
triclinic polymorph has not been definitely demon
strated, although hexagonal anorthite, once crystal
lized, was not observed to transform to triclinic 
anorthite (6,7). In addition, the breakdown of 
truscottite to xonotlite plus silica has been ques
tioned (8). Once crystallized, truscottite persisted 
in run products for 98 days. Work is presently being 
conducted to determine the temperature range of crys
tallization and relative stabilities of the unidenti
fied phases reported here.

Morphology and size of the crystalline or semicrystal
line reaction products were both responsible, in large 
part, for the cementitious quality of hydrothermally 
cured mixtures. The presence of fine needles, such as 
xonotlite; fibers, such as truscottite and foshagite; 
interlocking platelets, hexagonal anorthite; and 
intergrown needles such as diopside and pectolite, 
resulted in superior microhardness and compressive 
strength measurements (2). Cubic crystals such as 
analcite, grossular-hibschite (hydrogarnet series) and 
bicchulite, in addition to subhedral to euhedral 
grains of triclinic anorthite and monticellite, proved 
deleterious to the cementitious quality of hydrother- 
mally cured mixtures. ■ 

Carbonation of free lime in some starting materials 
resulted in formation of scawtite below about 350°C 
and calcite above 350°C at 68.9 MPa." Values obtained 
to date for compressive strength and microhardness 
measurements indicate acceptable and even superior 
strengths for carbonate-containing cements.

Addition of up to 10 wt % of either Na20 or K20, as 
hydroxides dissolved in the mixing water, had minor 
effect on crystalline run products for bulk composi
tions between 35 to 55 wt % S102 in the system Alkali- 
CaO-SiO2-H2O. This implies that alkalies present in 
hydrothermally cured normal cements are not "tied up" 
as stable crystalline phases, and therefore, remain in 
solution where they are available to react with aggre
gates or wall rock. The consequences of alkali
aggregate reaction at elevated temperatures and pres
sures is unknown at the present time. On the con
trary, available sodium (up to 10 wt %) was tied up in 
the silicate phase, pectolite, in mixtures containing 
greater than about 55 wt % Si02 (250-400°C, 68.9 MPa). 
The presence of 10 wt % Na20 resulted in the crystal
lization and persistence of the assemblage 11Ä 
tobermorite plus truscottite at 200°C for up to 28 
days. Potassium added to mixtures containing greater 
than 55 wt % Si02 resulted in crystallization of 
reyerite, and an unidentified reaction product, U3.

Bulk compositions approximating Ca0-Mg0-2Si02 were 
also relatively unaffected by the presence of alkalies. 
Diopside formed as the crystalline product between 200 
to 400°C, 68.9 MPa in the presence of 0.5-10 wt % Na20 
and K20. The only exception is that addition of 0.5
10 wt % K20 resulted in formation of an unidentified 
fibrous phase, U3, below 250°C. Above 250°C, alkalies 
are available to react with aggregate, whereas below 
about 250°C at least some potassium may be tied up in 
a crystalline reaction product that doesn't appear to 
be deterious to the cement.

The presence of as little as 0.5 wt % alkalies to 
bulk compositions approximated by Ca0’Al203-2S102 was 
found to produce unfavorable results. Available ' 
sodium was "tied up" in analcite, a cubic habit zeo
lite, over the entire temperature range studied. The 
availability of potassium facilitated nucleation and 
growth of triclinic anorthite, an apparently non- 
cementitious phase, between 350 and 400°C. The avail
ability of potassium also resulted in crystallization 
of two unidentified phases Uj and U2, the presence of 
which did not offset the adverse effects of analcite 
and/or triclinic anorthite.

It was concluded that alkali/aggregate (or wall rock) 
reactions in hydrothermally cured cements could be ' 
controlled and possibly eliminated"by incorporating 
alkalies in crystal structures of stable hydrated 
silicate phases. To accomplish this, bulk composition 
of cements should be adjusted to greater than 60 wt % 
Si02 with at least 20 wt % relatively soluble silica, 
such as silica flour or Tripoli. In addition, it was 
found that sodium added in the form of a NaCl-brine 
solution used as mixing water had little effect on the 
run products formed (1,2,9). The affinity of Na+ for 
Cl" was much greater than for silicate complexes under 
all conditions investigated. Cubic halite crystals 
were found growing in pores and throughout the bulk 
paste (1,2). ' '
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High strength cement in the CaO-AI2O3-SiO2-SO3 
system and its application

Ciments a haute resistance, du Systeme CaO-A!2 03 SiO2 S03 ; leurs 
applications

G. SUDOH, Dr. Eng., Manager of Research Department,
T. OHTA, Senior Research Chemist and
H. HARADA, Research Chemist, Chichibu Cement Co., Ltd., Japan.

SUMMARY : In a Ca0-Al20^-S102-S0^ system, clinker containing C^A^'CaSO^, C2S and free CaO as 
the principal minerals was obtained when a raw mixture with a suitable chemical composition ' 
was burned at a temperature between 1250 to 1500°C using a rotary kiln. It was found that a 
rapid-hardening and high-strength cement could be produced when this clinker was ground with 
anhydrite to prepare cement ranging in S0^/Al20^ molar ratio (3/A) from 1.3 to 1.9. According 
to the JIS R 5201 method, the compressive strengths of cement mortars of S/A ratio of 1.3 were 
as follows :

Age 3h 7h Id 3d 7d 28d •
Strength (N/mm?) 27 38 48 52 54 59

The rapid-hardening and high-strength properties of this cement could be attributed to the 
formation of needle-like ettringite of 1 to 2 pm with a large specific surface, which filled 
the inner vacant spaces of the hardened body. Furthermore, the hardened body became stronger 
due to the hydration of C2S at later ages.

The cements made from clinkers of this system showed various hydration characteristics which 
are not normally observed in portland cement. It was also made clear that these cements are 
applicable to special uses, such as admixtures for soil stabilization and hardening of sludge, ■ 
as a hydraulic binder in fixation of harmful heavy metals and as a cement for excelsior board.

RESUME : Un clinker, appartenant au Systeme CaO-Al-O^-SiO^-SO, et contenant principalement :C,A,.CaSO^, C,S et 
de la chaux libre, a ete obtenu en cuisant au four rotatlff entre 1250 et 1300° C un cru de composition chlmique 
appropriee. On a constate qu'un ciment ä durcissement rapide et ä haute resistance pouvait etre obtenu en bro-, 
yant ce clinker avec de. 1'anhydrite, en proportions telles que le rapport molaire (S/A) soit compels entre 1,3 et 
1,9. La resistance ä la compression des mortiers de ces ciments, mesuree selon la norme Japonaise JIS-R-5201 a ete .. 
pour un rapport S/A = 1,3 : '

Age 3 h ■ 7 h 1 J. 3 J. 7 j. 28 J. ’
Resistance(N/mm2) 27 38 48 52 54 59

Le durcissement rapide et les fortes resistances de ces ciments peuvent etre attribues. a la formation d1aiguil
les d'ettringite de 1 a 2 microns, qui remplissent les vides de la structure du ciment durci et augmentent la 
surface specifique. De plus, la structure durcie devient de plus en plus resistante, grace ä l'hydratation, ä ' 
long terme, du C2S.
Les ciments fabriques avec ces clinkers presentent des caracteristiques d'hydratation variees,qui n'ont pas ete 
observees avec les ciments portland usuels. Il apparalt que ces ciments peuvent etre utilises pour des applica
tions speciales : stabilisation des sols - durcissement des boues - fixation des metaux lourds nocifs - ciment a 
hautes performances. •



INTRODUCTION

Some studies (1)(2)(3) have been made or re
ported -about CaO-A^Oj-SiOg-SO^ systems In 
relation to expansive cement. Most of them, 
dealing with C^A^’CaSO^, have been underta
ken for the main purpose of clarifying the 
expansive properties of the cement and ar-• 
riving at a manufacturing method. ( Hereaft
er, C,A,*CaS0,  will be shortened to C,A,S. ) 
The authors found the possibility of ap- - 
plying this system not only to expansive ce
ment but also to a rapid-hardening, high 
-strength cement and other special admix
tures.

Assuming that the ratios or the amounts of 
C, A-,5, free CaO and C§ in. a cement should 
have much effect on the rate of the forma
tion reaction of ettringite and on its char
acter, the authors investigated the hydra
tion characteristics of cements with various 
mineral compositions in CaO-AlgO^-SiOg-SO^ _ 
systems. Moreover, extending research to the 
manufacturing of special, cements, the au
thors determined the conditions of mineral 
composition of cement clinker, burning tem
perature, grinding and so on.

The present paper is mainly concerned with 
a high-strength cement using clinker of this 
system, and deals with the burning reactions 
and hydration characteristics.

'DETERMINATION OF MINERAL COMPOSITION FOR 
HIGH-STRENGTH CEMENT

The optimum mineral composition for high " 
-strength cement was considered as a result 
of the following experiments. Three types of 
clinker were synthesized by use of limestone, 
two kinds of clay, by-product gypsum and re

Table I

agent AlgO^. The raw materials were mixed at 
set proportions and ground to 6000 cm^/g in 

Blaine specific surface. The raw mixtures 
were formed into pellets, which were burned 
in an electric furnace. The clinkers pro
duced were examined by X-ray diffraction 
analysis to see whether the desired minerals 
had been formed. The chemical analyses and 
burning conditions of the clinkers are shown 
in Table I . The No. 1 clinker contained 
C^AjS as its principal mineral, the No. 2 
clinker CgS and the No. 3 clinker free CaO.

Eighteen types of cement were prepared by 
blending and grinding mixtures of clinkers, 
anhydrite and quicklime as shown in Table II . 
Anhydrite was obtained by burning gypsum at 
1000°C for 120 min., and quicklime by burn
ing crushed limestone at 1450°C for 80 min. 
Each cement was ground to 4500 cm2/g. The 

compressive strengths of mortars of the ce
ments are also shown in Table II . The test
ing method was according to JIS R 5201 ( W/C 
= 0.65, 20°C, sand/cement = 2 ) except that 
test pieces of 2X2X8cm were used.

In the A series shown in Table II , the ce
ments were prepared with C^A^S and free CaO 
constant while varying anhydrite and C^S in 
amount. The amounts of C^A-jS and free CaO 
were 41 % and 0 %, respectively. Strengths 
of mortars increased for all ages .with an 
increase in the amount of anhydrite. The op
timum amount of anhydrite for high strength 
development is estimated to be about 30 %, 
and in that condition, the SO^/AlgOj molar 
ratio ( S/A ) is calculated to be about 1.3.

In the B series, the cements were prepared 
with reference to the mineral composition of 
A-7 cement which showed good strength proper-

Chemical analyses'and burning.conditions of synthetic clinkers

Clinker
Chemical composition ( */•  ) Mineral composition (*/•) Burning 

condition
igJoss in sol. Si02 AI2O3 Fe203 CaO MgO S03 total C4Ä3S C2S C4ÄF f-CS f-CaO Temp.

31C1
Time

No. 1 0.1 0.2 2.0 46.7 1.0 38.6 0.1 12.1 100.8 92.0 5.7 3.0 0.1 0 1350 80

No. 2 0.2 0.5 25.1 9.8 1.9 56.4 1.4 3.7 99.0 17.1 72.0 5.8 2.5 0 1380 80

N 0.3 0.1 0.1 13.0 7.8 2.5 65i2 0.9 10.3 99.9 12.4 37.3 7.6 14.7 26.8 1320 80



Table II Preparation of cements and respective mortar strengths

Cement

Mixing proportion ' of 
synthetic materials (*k ) Mineral composition (7J

ratio

Compressive 
strength (NAnrri)

Cl inker Anhy
drite Lime C4A3S CjS C*AF f-CS 1-CaO 1 d 3d 28 d

N<x1 No.2 No.3
A-1 32 68 0 0 0 4 1 5 1 5 2 0 0.4 2.5 7.0 13.4
A-2 33 63 0 4 0 4 1 47 5 6 0 0.5 1.8 9.1 24.4
A-3 34 57 0 9 0 41 43 4 1 0 0 0.7 6.2 12.3 22.8
A-4 35 52 • 0 1 3 0 41 39 4 1 4 0 0.8 8.5 21.0 28.5
A -5 36 47 0 17 0 41 36 4 1 8 0 1.0 15.6 25.1 31.2
A -6 37 42 0 21 0 41 32 4 22 0 1.1 17.5 24.4 40.7
A - 7 38 36 0 26 0 41 28 3 2 7 0 1.3 21.2 28.8 51.9
A -8 40 25 0 35 0 41 20 3 36 0 1.6 21.6 27.8 48.2
A -9 42 1 4 0 44 0 4 1 1 2 2 44 0 1.9 21.8 26.9 44.9
A-10 44 4 0 52 0 4 1 5 2 52 0 2.2 10.2 26.6 33.3
B- 1 38 36 0 26 0 41 28 3 27 0 1.3 21.2 28.8 51.9

1 03 38 34 2 26 0 41 27 3 27 0.5 1.3 23.6 28.8 47.4
B- 3 38 32 4 26 0 4 1 27 3 27 1 1.3 20.4 29.4 48.0
B- 4 38 28 8 26 0 4 1 25 3 28 2 1.3 12.1 31.7 52.4
B- 5 38 20 1 6 26 0 40 23 4 29 4 1.4 15.1 32.2 49.6
B- 6 38 4 32 26 0 40 1 7 4 3 1 9 1.4 40.6 45.4 52.0
B - 7 42 0 25 26 7 42 1 2 3 30 14 1.4 40.8 43.5 44.8

1 0» 43 0 1 3 28 16 4 1 7 2 30 1 9 1.4 21.6 18.0 2475
B - 9 44 0 2 30 24 4 1 3 1 30 25 1.4 25.0 19.5 6.8

ties. The amounts of and anhydrite
were fixed at hO —• 42 % and 2?—-' 31 %» re
spectively, and free CaO and C2S were varied. 
When the amount of free CaO came to 9 % as a 
result of incremental raises, the compres
sive strength of mortar increased rapidly 
within 24 hours. However, the strength prop
erties worsened because of undesirable ex- '' 
pansion when CaO was added above 19 %.

From the above results, it became clear that 
a cement of a Ca0-A120^-Si02-S0^ system has 
the properties of producing rapid hardening 
and high strength development when the prop
er mineral composition can be determined.

FUNDAMENTAL STUDIES OF RAPID-HARDENING AND 
HIGH-STRENGTH CEMENT

Many experiments were conducted on the basis 
of the above-mentioned results, and as a 
consequence, a special cement having proper-" 
ties of both rapid hardening and high 
strength was developed. This cement can also 
be said to be an energy-saving type as its 
clinker is burned in a relatively low tem
perature range of 1250 to 1300°C. The burn

ing reactions and hydration characteristics 
of the cement are dealt with in the follow
ing. •

(1) BURNING REACTIONS

The cement clinker has a special mineral 
composition; it contains C^A^S and C2S as 
the principal minerals, with free CaO 
amounting to about .9 %, and no fre.e CaSO^ as 
shown in Table III . This prepared mixture, 
containing no free CaSO^ in the clinker, 
prevents volatilization of the SO^ component, 
which is very important in preventing envi
ronmental pollution.

The raw mixture was prepared by use of lime
stone, by-product gypsum, aluminous materi
als and clay to obtain the optimum chemical 
composition of the clinker as shown in Table

Table III Optimum chemical and mineral 
compositions of clinker (%) _

Chemical composition . Mineral composition

SiO2 AlzOa FezQj CaO SO 3 CtAjS C2S C*AF t-Cao
11.2 28.1 1.6 52.0 7.1 54 32 5 9



III . The raw mixture, ground to 5500 cm2/g, 

was burned in an electric furnace at temper
atures varied from 1000 to 135O°C at 50°C 
increments. The relationships between burn- ' 
ing temperatures and clinker minerals were 
investigated-by X-ray.'The X-ray diffraction 
patterns of the clinkers are shown in Fig. 1 .

While C-^AS and formed as aluminates in
the temperature range of 1000 to 1100°C, 
C^A^S became stable above 1150°C with maxi
mum formation in the 1250 to 1300°C range. 
Silicates coexisting with C^A^S were CS 
and/or C2S, the former formed mainly in the 
lower temperature range and the latter in 
the higher range. C^A^S began to decompose 
with the formation of C^A at 135O°C, and 
this was accompanied by an extreme decrease 
in free CaO. .

From the above-mentioned results, it was 
made clear that a temperature range of 1250 
to 1300°C is optimum for obtaining clinker 
containing C^A^S and C^S as the principal 
minerals and a sufficient amount of free CaO.

Burning 
temp.

1150 *C

20 25 30 35 40 45
2 6CuK(x

Fig. 1 X-ray diffraction patterns of 
clinkers

(2) HYDRATION CHARACTERISTICS x .

Five types of cement of specific surface of 
2,000 cm^/g were prepared by blending and 

grinding mixtures of the clinker and 
by-product anhydrite. The clinker, prepared 
to obtain the optimum chemical composition . 
as shown in Table III , was burned at about 
1300°C using a test rotary kiln. Table IV 
shows the preparation conditions of the ce
ments and the compressive strengths of their 
mortars according to the JIS R 5201 method.

Table IV Preparation of cements and 
their mortar strengths

H: High-early strength portland cement

Cement 503 
(•/.)

S/A 
ratio

Compressive strength (N/mmi)
3h 7h Id 3d 7d 28 d

C - 1 1 0 0-5 7.4 10X> 13.7 13.6 13.9 12.7
C - 2 1 5 0.9 16.5 25.0 320 37.4 40.0 404
C-3 20 1.3 27.4 384 48.5 52.1 53.8 58.8
C - 4 25 1.9 17.9 303 51.2 60.1 70.8 744
C-5 30 2.7 14.5 25.7 384 43.3 254 184
H — 13.8 27.9 28.3 48.6

The strengths of the mortars were increased 
at all ages when the amount of anhydrite wa^s 
increased, and the cements showed, both rapid 
-hardening and high-strength properties at 
SO-j content of 20 to 25 %, and with S/Ä ra

tio.of 1.3 to 1.9. C-l cement, having a 
lesser amount of anhydrite, showed little 
increase in strength with elapse of time as 
well as lower strengths at very early ages. 
C-5 cement, having a larger amount of anhy
drite, showed lowering of strength at 7 days 
due to undesirable expansion cracks. Table V 
shows compressive strengths in case of stan
dard curing of concretes using various . 
amounts of C-3 cement.

Three types of cement were examined to make 
clear differences in strength properties 
through conduction calorimetry. X-ray analy
sis and scanning electron microscopy. The 
cements were hydrated in-paste form at 20°C 
and water-cement ratio (W/C) of 0.6. The 
pastes were sealed in polyethylene sheets, 
and were allowed to settle down in a room of 
temperature of 20°C until they could be ex



Table V Relationships between cement con
tents and compressive strengths of concretes

Water-reducing admixture 1 1.0 */• of cement 
Retardar ; 0.5 7. of cement

Cement
Cement 
content 
(kg/m»)

Slump 
(cm)

Compressive strength 
( N/mm1 )

6h 1 d 3d 7d 28 d

C-3

370 9.0 19.1 44.5 66.0 82.9 87.6
420 8.5 24.7 55.8 75.0 90.6 96.8
470 8.0 32.3 61.5 82.2 97.7 103.4
520 8.0 36.3 65.1 82.5 98.4 103.7

.High - early 
strength p.c.

370 9.5 — 26.8 50.6 58.4 69.2
520 7.5 — 43.8 62.4 69.2 76.8

amined.

All of the heat liberation curves had two 
peaks as shown in Fig. 2. It is estimated 
from the results obtained by X-ray analysis 
(Table VI ) that the second peaks correspond 
to formation of ettringite, which is re
tarded with additional amounts of anhydrite.

In the case of C-l cement, heat of hydration 
decreases at an early stage and monosulfate 
hydrate forms more stably than ettringite on 
the first day. As monosulfate hydrate grows 
in the form of thin plates having vacant 
spaces which are probably too large to be 
filled by the hydrate of CgS, good strength 
properties cannot be expected in all ages. 
(Fig. 3(a))

In comparison with the above, the hydrate of 
C-5 cement having a suitable amount of SO^ 
is mainly ettringite. As is shown in Fig. 3 
(b), ettringite is formed in needle-like 
shapes of 1 to 2 jum which fill the inner va
cant spaces of the hardened body with a 
large specific surface, and this provides 
for high-strength characteristics.

In the case of C-5 cement, as shown in Fig. 
3(c), the hydrate is also ettringite, but 
its form is different from that of C-3 ce
ment; needle-like ettringite aggregates 
densely surround the cement grains but are 
formed very little in the vacant spaces. It 
is estimated that these characteristic forms 
of hydrate result later in undesirable ex
pansion.

It has been mentioned above that C-3 cement

Hydration time (hr.)

Fig. 2 Heat liberation curves

Table VI Hydration products identified 
by X-ray analysis

E : C3A-3CaSO4-32H2O,M: C3A-CaSO4-12H2O

Cement s/a 
ratio

Hydration time

5 min. 30min 90min 6hr. 24hr.
C-1 0.5 E E,M E,M E.M E<M
C-3 1.3 — E E E E
C-5 2.7 — — E E E

Fig. 3 Scanning electron micrographs 
of hardened pastes at 1 day

has rapid-hardening and high-strength prop
erties owing to the formation of minute 
ettringite. Moreover, the hardened structure



Fig. 4 Pore size distributions of cement
mortars 

becomes stronger by the hydration' Of CgS ’ "" ' 
over long periods of time. Fig. 4 shows pore 
size distributions of C-3 cement mortars 
compared with those of ordinary portland ce
ment (O.P.C.) mortars. On comparisons of to
tal pore volumes (T.P.V.) and pore size dis
tributions of C-3 cement mortars with those 
of O.P.C. mortars, it is easy to understand 
the reason why C-3 cement exceeds O.P.C. in 
mortar strength. The T.P.V. of C-3 cement 
mortar decreases more and more owing to the 
hydration of C^S over a long period of time 
and the hardened body is able to attain a 
high-strength characteristic.

APPLICATIONS OF CLINKERS OF Ca0-Al205-S102 
iSO5 SYSTEM '

Several kinds of special cement have been 
developed utilizing clinkers of this system. 
These types of cement are produced by grind
ing O.P.C. clinker, blast furnace slag and 
anhydrite with clinkers of this system which 
are prepared and burned to give the hydra
tion properties necessary to meet their spe
cific uses. .

These cements possess various hydration ' 
characteristics due to formation of 
ettringite which are not seen normally with 
portland cement, and are applicable to spe
cial uses such as admixtures for soil stabi
lization and hardening of sludge (4), a hy
draulic binder in fixation of harmful heavy 
metals (5) and as a cement for excelsior 
board.

CONCLUSIONS .

Many studies have been carried out regarding 
clinkers of the Ca0-Al20^-Si02-S0^ system to 
clarify expansive properties and to consider 
utilization as an expansive admixture. As 
stated in this paper, however, cements of 
this system have multiple purposes, includ
ing that of high-strength cement. This is 
due to the hydration characteristics of 
C^A^S which hydrates in various ways accord
ing to the amounts of Ca(0H)2 and CaSO^. It 
is thought that studies on special types of 
cement will be advanced further with more 
specialization in the future, and it may be • 
anticipated that more research works on hy
dration mechanisms will be carried out em
ploying C^AjS-calcium silicate and/or free 
CaO-calcium sulfate systems.
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Systeme aluminate de calcium - gypse - chaux - eau
. On the calcium aluminate - gypsum - lime system

!
I A. BONIN, Ingenieur de Recherche, Laboratoire de Recherche Generale, Lafarge S.A.,
1 B. CARIOU, Ingenieur, Laboratoire de Recherche Appliquee, Lafarge S.A., France.

RESUME: La mise au point des ciments expansifs de type M a montre le role important de la 
chaux vis-a-vis de la cinetique de gonflement de ces Hants. L'expansion etant obtenue grace 
a I'hydratation , en ettringite, du C.A du clinker de Portland, en presence de gypse, une 
etude de cinetique de formation d1 e tt r I ngi t e a ete menee a partir des constituants purs.

Avec I'aluminate tricalcique C^A, s t o e c h I o m e t r i qu e pour la formation de I 1 e 11 r i n g i t e , la 
presence de chaux en quantile inferieure ä 1 % suffit pour bloquer pratiquement les reac
tions. ■
Dans le cas d'autres aluminates de calcium, oil la chaux intervient en tant que reactant, eile 
provoque d'abord une acceleration de la cinetique, puis un r a I e n t i s s e m e n t pour les plus 
fortes proportions, plus ou moins marque selon I'aluminate etudie.

SUMMARY : The studies about the shrinkage compensating cements of type M had shown that the 
kinetics of their expansion are very affected by the lime. The increase in volume is due to 
the C^A hydration into ettringite, in the presence of gypsum. Therefore, we investigated the 
kinetics of ettringite formation from the pure components.

With the tricalcium aluminate C^A, which is st oec h i om et r i c for ettringite formation, a con
tent of lime as low as one percent is able to stop the reactions nearly completely.

In the case of other calcium aluminates, the lime is involved in the reactions as a reagent : 
at first it induces an increase in the kinetics ; then, for larger contents, a retardation 
more or less significant according to the calcium aluminate in question.



INTRODUCTION -
Au coursde nos etudes de Hants hydrauliques divers(ciment 
portland, speciaux, prompts, expansifs ...), nous avons 
ete constamment confrontes au probleme de I'hydratation des 
aluminates de calcium (C^A - C^A^ - CA - C^A^SJ en pre
sence de quantiles plus ou moins grandes de sulfate de cal-" 
cium et de chaux ou corps liberant de la chaux. C'est ainsi 
que nous avons et6 amenes ä etudier des systemes separes - 
aluminate de calcium - gypse - chaux - eau. Nous nous pro- 
posons de faire la Synthese des resultats que nous avons 
obtenus. '
Les aluminates de calcium des essais ont ete prepares par 
cuisson au four electrique, de melanges stoechiometriques 
des oxydes de base. Nous avons considere qu'ils etaient 
purs, quand par diffraction des rayons X, on ne decelait 
plus la presence des produits de depart (CaO libre en parti- 
culier), ni celle d'aluminates autres pouvant se former de 
maniere transitoire.
Les techniques d'investigation utilisees ont ete essentielle- 
ment :
- La microcalorimetrie isotherme qui nous permet d'enregis- 
trer les degagements de chaleur de reaction des le contact 
de I'anhydre et de I'eau.
- La diffraction des rayons X pour identifier les hydrates 
formes et suivre la consommation des anhydres.
- Dans certains cas, la mesure de I'eau liee par perte au . 
feu ä 1OOO° sur echantillons dont I'hydratation est stoppee 
par lavage ä I'acetone et sechage ä I'ether.
SYSTEME CjA - GYPSE - CHAUX - EAU
De nombreux auteurs (1 - 5) ont etudie ce Systeme en raison 
de son importance dans les ciments Portland. Ils ont dans 
leur ensemble adopte un rapport molaire gypse/C^A toujours 
inferieur ä 0,4. Pour notre part, ayant ete amenes a cette 
etude pour des questions de raidissement inhabituel, nous " 
avons prefere opter pour un rapport plus eleve car aux pre
miers instants de I'hydratation, le C-A en Peripherie des 
grains (done au contact de la solutiofij est tel que le rapport 
gypse/C^A est certainement ires grand. D'autre part, le ■ 
seul hydrate se formant durant les-premieres minutes de 
I'hydratation etant I'ettringite, nous avons choisi la propor
tion de trois moles de gypse pour une de C^A.
Ce melange de base a ete hydrate seul ou en presence d'une 
solution saturee de chaux, ou d'ajouts de chaux hydratee so
lide allant de tres faibles teneurs jusqu'ä 10 % (E/C = 1,0).
Le graphique N° 1 et le tableau N° I- illustrent les reactions.
De I'ensemble de ces resultats, nous remarquons que :
- Dans tous les cas, le seul hydrate forme est I'ettringite.
- L'hydratation du temoin (C^A + 3 gypses) est rapide et
sans p6riode dormante. On peut estimer que la reaction est 
effectuee ä 60 % ä 1 heure et ä 85 % ä 24 heures. 11 n'appa- 
ralt aucun bloquage. ,
- Un ajout de 0,1 % de chaux hydratee semblerait accelerer 
la reaction d'hydratation. Par centre, 0,3 % la ralentit for- 
tement, 0,5 % la bloque presque et 1 % la rend inexistante.
- Le gachage avec une solution saturSe de chaux (correspon- 
dant ä 0,15 % de chaux hydratee) la ralentit fortement.
En resume, il faut admettre que I'hydratation du melange 
C^A + 3 gypses ne se bloque pas mais qu'il suffit de tres 
peu de chaux hydratee pour la ralentir et meme la stopper.
Pour les ciments, STEINOUR (6), STEIN (7), COTTIN (8), 
COLLEPARDI (9) admettent qu'en presence de gypse I'hy
dratation du C-A est ralentie par la formation d'une coquille 
d'ettringite impermeable et fcrotectrice. Nos observations 
ne sont pas en contradiction avec cette Hypothese et nous

GRAPHIQUE N° 1 - Hicrocalorieetrie des nelanges C^A + 3 Gypse avec teneurs 
croissantes en CatOH)^

TABLEAU H6 I - Cindtique de formation de I1 ettringite du edlange C^A + 3 Gypses 
seul ou en presence de chaux

Ec
he

an
ce

s

CjA + 3 S04Ca * Sol. sat. de chaux 4 0,3 X Ca(0H)2

Int. RX p. f. 
1000°

Int. RX 
Ettr.

P*  f*  
1000°

Int. RX 
Ettr.

p. f. 
1000°Ettr. Gypse

0 0 150 16,7 « 0 16,7 0 16,7 X
5 mn 28 122 24,4 X 10 19,7 e 19,4 X
20 en 161 78 45,2 X 13 20,3 X
25 en 102 27,6
60 en 167 58 48,2 X 140 41,9 45 27,2 X
2A h. >230 20 61,8 X

ajoutons que c'est grace ä la chaux (libre ou d'hydrolyse du 
C^S) saturant rapidement la solution en ions Ca++ que la Co
quille peut etre bloquante, car moins bien cristallisee. S'il 
venait ä manquer de la chaux en solution, I'ettringite formee 
assurerait moins bien son r3le protecteur, ou hydraterait 
plus de CjA et on risquerait le raidissement. 1 
SYSTEME C12A? - GYPSE - CHAUX - EAU
Lors de I'etude de produits speciaux, nous avons considere 
I'hydratation du Systeme a base de C^Ay, dilue dans un 
inerte (melanges du tableau N" 11).

TABLEAU N° II - Proportion ponddrale et aolaire des constituants 
des divers adlanges

en poids . en eole

inerte ClzAy csh2 CH c12a7 csh2 CH

0 0
80 20 15 1 6

V 1 ° 0,95

80 20 30 2 1 12
S 1.87

8 3 8 2,81

80 20 45
■8 4

1 18
■8 3,75

I 5 c 4,6#
■° 6 ■° 5,62

80 20 52 8 1 21 7,50

Si on ecrit les reactions theoriques d'hydratation de ces me
langes, avec les proportions extremes de chaux et en combi
nant le maximum de sulfate sous forme de sulfoaluminate (tri 
ou mono), on est conduit aux equations suivantes.



15 X
C12A7 * 6 C5H2 •» C3A 3 ^32 + 3 C3A ™12 + 3 AH3 1

Gypse C A, ♦ 6 CSH, + 9 CH *6  C.A CSH -e AH + 3 CH 
12 7 2 ■*#  J li J

1 A

30 X
C12A7 + 12 “H2 Ä 4 C3A 3 C3H32 * 3 AH3 _ ■ 2

Gypse C, X ♦ 12 CSH, ♦ 9 CH -r 5/2 C.A 3 CSH ♦ 9/2 C A CSH 2 A

45 X
C^tlBC^,; 4C3A3CSH32*3M 3.6c5h2 _ 3

Gypse C)2A7 ♦ 18 CSH2 ♦ 9 ch ,*  11/2 C3A 3 CSH32 ♦ 3/2 C^A 3 CSH^ 3 A

52 X
C12A7 + 21 “H2 4 4 C3A 3 “H32 + 3 AH3 ‘ 9 C=H2 4

Gypse C12A7.21ciH2»9CH » 7C3A3ciH32 4 A

Selon ces equations, en l'absence d'ajout de chaux hydratee, 
il se forme touJours une quantite constante d'alumine libre. 
Le gypse est excedentaire pour les teneurs de 45 et 52 %. 
On obtient un melange de mono et trisulfo pour le produit a 
15 % de gypse et de I'ettringite pour les autres.
Un ajout de chaux hydratee au melange ä 15 % de gypse ne 
permet de combiner qu'une partie de l'alumine et tout le sul
fate est sous forme de monosulfoaluminate.
Par centre, un ajout de 9 moles de chaux aux autres pro- 
duits permet de combiner toute l'alumine et tout le gypse en 
un melange de mono et trisulfo pour 30 et 40 % de gypse et 
en ettringite pure pour 52 %.
Nous avons determine les temps de prise Vicat et identifie 
semi quantitativement par diffraction des RX les phases pre
sentes apres 24 heures d'hydratation. Le tableau N° I I I 
donne les resultats obtenus.
Nous ne donnons que les courbes calorimetriques du melan
ge ä 30 % de gypse, les autres etant semblables : graphique 
N° 2. On constate que :

- En diffraction X, on n'observe jamais l'alumine qui, quand 
eile existe, doit etre sous forme amorphe.
- Les produits Sans ajout de chaux hydratSe se comportent 
comme le prevoient les equations 1 -2-3-4.
- L'ajout de chaux hydratee au produit ä 15 % de gypse ne 
provoque pas de phenomenes en contradiction avec I'equation 
1A. Par contre, pour les produits ä 30 - 45 et 52 % de gyp
se, on ne trouve aucun des comportements decrits par les 
equations 2A - 3A et 4A : il existe une teneur critique en 
chaux,croissante avec la teneur en gypse, pour laquelle on 
observe une discontinuite de comportement :
- En dessous de cette valeur, les reactions sont fortement 
accelerees (temps de prise tres raccourcis, augmentation im
portante du premier pic de calorimetrie). La presque totalite 
du gypse ainsi que toute la chaux sont consommes et le seul 
hydrate observe est I'ettringite.
- Au dessus de cette valeur, la situation est completement 
inversee. Les reactions sont bloquees (absence de fin de pri
se, diminution importante du premier pic de calorimetrie, 
disparition totale du second). La quantite d'ettringite faite 
est reduite de moitie et il reste toujours de fortes quantiles 
de gypse et de chaux hydratee.
L'explication de ces phenomenes n'est pas evidente. A priori, 
on pouvait penser que l'alumine amorphe liberee par l'hydra- 
tation des produits Sans chaux, generait le contact du 
avec la Solution et ralentirait les reactions ; mais que par 
contre des ajouts de chaux consommant cette alumine permet- 
traient d'accelerer l'hydratation. Cette hypothese va dans le 
sens de nos observations d'une part en ce qui concerne les 
melanges ä 15 % de gypse et d'autre part pour ceux ä 30 - 
45 et 52 % ä condition de ne pas depasser la valeur critique 
d'ajout de chaux.
En ce qui concerne les blocages des produits plus riches en

TABLEAU N° III - Tenps de prise et phases präsentes aprAs 24 heures d'hydratation

CH
 a

jo
ut

te 15 X de Gypse • 30 X de Gypse 45 X de Gypse 52 X de Gypse
Prise an I. RX Prise in I. RX Prise mn I. RX Prise en I. RX

D. F ettr. gyps. s„?f. CH D. F ettr. gyps- CH D. F ettr. gyps. CH 0. F ettr. gyps* CH

0 165 205 49 5 0 0 180 225 85 30 0 135 215 90 193 0 150 210 85 145 0

1 40 140 44 7 5 3 15 40 80 25 0 20 50 72 121 0 30 60 80 156 0

2 20 40 41 10 12 4 25 45 159 11 40 55 85 43 0 10 20 82 119 0

3 30 40 38 6 11 2 45 Q. 50 193 16 50 35 318 10 15 30 88 107 0

4 25 50 31 7 15 4 50

Fi
n 
d<

43 216 17 55 47 326 14 120 38 479 14

5 25 50 27 0 15 5 45 47 226 20 60 .= « 34 297 21 ■e 32 440 19
irt ^9 C- 'M

6 45 65 25 0 20 5 40 s 42 230 29 60 -c a. 38 319 23 I'll" k 57 233 22
s-s *O Q.

8 45 75 20 0 20 9 30 43 308 31 60 29 348 27 -a s. 49 313 28

GRAPHIQUE 2 - Courbes de dEgagenent de chaleur lors de l'hydratation du 
»(lange 4 30 X de gypse pour divers ajouts de CH

chaux, il faut faire intervenir comme dans le cas du C^A une 
protection du C^A? par une pellicule d'ettringite dont la 
cristallisation (done la plus ou moins grande impermepbilite) 
est influences par la concentration en chaux de la solution. , 
En supposant qu'il y ait competition entre la cinetique de coq- 
sommation de la chaux par l'alumine et sa vitesse de mise en' 
solution, pour de faibles teneurs en chaux oil la consomma- 
tion I'emporterait, la solution ne.serait jamais saturee en 
Ca++ alors que pour les plus fortes eile le serait rapidement. 
Dans ces conditions, la coquille d'ettringite mieux cristalli- 
see aux faibles ajouts de chaux serait moins bloquante tandis 
qu'aux forts ajquts, moins bien cristalIisee, eile isolerait 
plus efficacement le C^A^ de la solution.
Une telle explication est en accord avec les resultats trouves 
pour je-CjA ou.des quantiles infimes d'aiout de chaux suffi-i



sent poür bioquer l'hydratation, car dans ce Systeme il n'y 
a pas d'exces d'alumine et la chaux d'ajout, aussi faible soit- 
elle, n'est jamais consommee et donne rapidement des solu
tions saturees en Ca++. .
SYSTEME CA - GYPSE - CHAUX - EAU
Un tel Systeme est susceptible de se rencontrer dans les ci- 
ments prompts, constitues d'un melange d'alumineux et de 
portland gypse. Pour I'etudier, nous avons realise l'hydra
tation des melanges du tableau N° I V.

TABLEAU N° IV - Composition des melanges de CA-Gypse et chaux Studies

en note en mole'
CA CSH? CH CA CSH? CH

1 1 0 . 1 3 0
1 1 ’ 0,5 1 3 1
1 1 2/3 i . 3 2
1 1 4/3 1 3 3

Les equations d'hydratation des melanges ä une mole de gyp
se peuvent s'ecrire : .
CA + CSH * 1/3 C A 3 CSH,, + 2/3 AH, 5

_ 2 3 32 3
CA + CSH, ♦ 0,5 CH ->■ 1/3 C,A 3 CSH,, + 1/6 AH, t ) CA 5 A

_ 2 *9  3 _ 32 3 1
CA 4. CSH2 + 2/3 CH 1/3 C^ 3 CSH^ + 2/3 CA 'SB

CA + CSH2 + 4/3 CH 1/3 C3A 3 CSH32 » 2/3 CA ♦ 2/3 CH 5 C

On remarque que le melange equimolaire de CA et de gypse 
s'hydrate en liberant 2/3 de moles d'alumine. Un ajout de n 
moles de chaux permet de consommer n moles d'alumine mais 
entraine aussi une augmentation de n moles de CA non hydra-" 
te. En ce qui concerne les equations 5A-5B-5C, il ya 
risque de formation de monosulfoaluminate mais qui ne de- 
vrait pas se manifester ä I'echeance de 24 heures.
Les equations theoriques d'hydratation des melanges ä 3 mo
les de gypse peuvent s'ecrire :
CA 4. 3 CSH * 1/3 C A 3 CSH + 2 CSH + 2/3 AH 6

£ * 1 J Sc L U
CA 4 3 CSH 4 CH -4 1/3 C A 3 CSH 4 CSH 4 1/3 AH 6 A

2 J 4t 2 J
CA + 3 CS«2 +2CHe* C3A 3 CSH^ . . 6B

CA + 3 CSH2 ♦ 3 CH C3A 3 CSH^ * CH 6 C

Dans le cas des melanges sans chaux, on a un gros exces 
de gypse et on libere 2/3 de moles d’alumine» L’ajout de n 
moles de chaux permet de consommer n moles de gypse et 
n/3 moles d’alumine : pour n = 2, l’hydratation du melange 
conduit ä 100 % d’ettringite. • .
Nous avons realise l’hydratation de ces melanges au calori- 
metre ä conduction. Les residus de calorimetrie ä 24 heures 
apres stoppage d’hydratation ont ete examines en diffraction 
des RX pour juger de I’avancement des reactions. Le ta
bleau N° V donne les estimations de la consommation des 
phases de depart. Les graphiques N° 3 et 4 donnent les 
courbes de degagement de chaleur d’hydratation.

TABLEAU IP V - Estieation de la consowation des phases de depart des «Hanges i 
1 et 3 «oles de gypse ' (* presence de C^AH^)

■elanc,es ä 1 mole de gypse melanges ä 3 moles de gypse
*e

^5 « 8 lS 8 3 8 )no 
H3»T 3 g s 1 5 1

■ « 8 “ 5 « 8 ■ '« 8 « 8 « 8

0 70 69 - 0 100 27 -

0,5 73 e, 100 1 60 62 100

2/3 64 to
ta 100 2 55 66 100

4/3 55
S-

95* 3 72 - 80 26

GRAPHIQUE N° 3 - Courbes de degagement de chaleur des melanges CA + CSH^ 
-pour divers ajouts de CH

On constate que :
- Le seul hydrate forme est I’ettringite. On ne voit pas I’alu-
mine par diffraction des rayons X (eile est done sous forme 
amorphe comme dans le cas du Dans tous les cas ou
les equations d’hydratation prevoient que la chaux hydratee 
se combine ä l’alumine, on observe effectivement une consom
mation totale de l’ajout pratique.
- Pour les melanges a une mole de gypse, la reaction est ef- 
fectuee conformement ä I’equation 5 et le degre d’avance- 
ment a 24 heures est de 70 %. La majeure partie de la reac
tion se produisant apres 1 heure. En ajoutant de la chaux, 
on accroit considerablement le premier pic (sensiblement de 
15 fois) et on retarde en les diminuant legerement les pics 
situes apres 1 heure. L’augmentation du ler pic est indepen- 
dante de la teneur en chaux, par contre, le retard des autres 
est croissant avec l’ajout pratique. De toute maniere, les 
reactions sont a peu pres totales a 24 heures.
- Pour les melanges a trois moles de gypse en absence de 
chaux, on consomme tout le CA et le tiers du gypse comme le 
prevoit (’equation 6 . La reaction est totale a 24 heures (la 
plus grande partie s’effectuant apres 1 heure). En ajoutant ' 
1 mole de chaux, on augmente fortement le premier pic (sen— 
siblement de 7 fois) mais on retarde fortement les autres pics 
en les ecrasant. A 24 heures, les reactions ont un degre d’a- 
vancement reduit a 60 %. En continuant a augmenter l’ajout 
de chaux, on obtient une nette decroissance du ler pic sans • 
changer notablement les autres. Le degre d'avancement a 24
h de la reaction s’en trouve un peu diminue.
En resume, on peut retenir qu’en presence d’une faible quan
tite de gypse, l’ajout de chaux hydratee accelere I’hydrata-! 
tion surtout dans les premieres minutes et qu’on observe au
cun blocage. En presence de quantit£s plus grandes de ; 
•gypse les ajouts successifs de chaux, apres avoir fortement 
accel£r£ l’hydratation, la ralentissent notablement sans tou- 



tefois provoquer de blocage absolu.
SYSTEME C^A3S+ GYPSE + CHAUX + EAU
Un tel Systeme se rencontre dans les ciments expansifs de 
type M. Pour l'etudier en laboratoire, nous avons realise 
l'hydratation des melanges du tableau N° VI,

TABLEAU VI - Coeposition eolaire des Belanges de gypse et de chaux etudies

C4A3S CSH? CH |w 2 CSH2 CH 0^ 8 CSH? CH

1 0 0 1 2 0 1 8 0
1 0 0,43 1 2 0,26 1 8 0,27

1 • 0 0,92 1 2 0,68 1 8 0,55

1 0 2,00 1 2 1,43 1 8 1,41

1 0 4,00 1 2 2,28 1 8 3,00

1 0 6,00 1 2 4,00 1 . 8 6,00
1 0 10,00 1 2 6,00 1 8 10,00

Les equations d'hydratation de ces melanges sont :
WA C3A CSH12* 2AH3 7.

W + 8“4 C3AC=H12t2CA3 7A

W* 2c5,2A C3A3c5,32t2AH3 8

C,A,S + 2 CSH, + 6 CH -*■  3 C,A CSH,. 8 A4 3_ _2 a« _ 3 12 _
C4A3S + 8 CSH2 e* C3A 3 CSH32 * 2 AHj + 6 CSH2 9

C,aJ 4. 8 CSH, <■ 6 CH » 3 C A 3 CSH,, 9 A
4 3 2 *»  3 32

On voit que C^AjSs'hydrate en monosulfo avec liberation 
d'alumine. Un ajout de 8 moles de chaux permet de fixer cette

GRAPHIQUE N° 5 - Courbes de degageeent de chaleur des eelanges n CH

alumine en C^AH^. En presence de 2 moles de gypse et 6 
moles de chaux, on obtient du monosulfo pur et pour 2 moles 
de gypse et 6 moles de chaux," de l'ettringite pure. '
Le tableau N° VI I dönne les phases obtenues par hydratation 
durant 24 heures. Les graphiques N° 5 - 6 - 7 montrent les 
courbes de degagement de chaleur pendant les reactions.

Ü CÜltll 

i
I ;

' GRAPHIQUE N° 6 - Courbes de degagement de chaleur des mdlanges 
C4A3S 4. 2 CSH2 4 n CH .

On remarque que :
- Le C^A^Sseul s'hydrate de maniere preponderante en mo
nosulfoaluminate selon l'equation 7 et I'alumine visible en 
diffraction des rayons X est mieux cristallisee. En accord 
avec l'equation 7 A I'ajout de CH permet de fixer I'alumine 
sous forme de C^AH^ Dans tous les cas, les reactions ont 
un degre d'avancemerit de 95 % en moyenne ä 24 heures. Les 
microcalorimetries montrent en presence de CH une tres for
te acceleration des phenomenes se traduisanLpar un premier 
pic considerablement augmente et un deplacemeht des seconds 
pics vers les temps les plus courts. Nous n'observons ja
mais de blocage.
- Le melange ä deux moles de gypse s'hydrate en ettringite 
en accord avec l'equation 8 . L'alumine formee est amorphe. 
Un ajout progress1!f de chaux permet d'obtenir, en accord 
avec l'equation 8 A un melange de plus en plus riche en mo
nosulfoaluminate. Nous ferons, en ce qui concerne les cine- 
tiques de reaction, les memes remarques que pour le
seul (en particulier I'absence de blocage).
- Le melange ä 8 moles de gypse, en absence de chaux, est 
completement hydrate, ä 24 heures, en ettringite. II reste 
beaucoup de gypse et l'alumine liberee (equation 9 ) est 
amorphe. Des ajouts progressifs de chaux augmentent le pre
mier pic de calorimetric et font disparaitre les seconds. II 
semblerait que les reactions soient accelerees, cependant.

TABLEAU «• VII - Consolation des anhydres et apparition des phases hydratEes ä 24 h des aElanges C^S * gypse en fonction des ajouts de chaux hydratde

c4a3^ C4A0S ♦ CSH? C,A,S ♦ 8 CSH,

"ch“ 
ajoutSes

Xde 
consoneation de I. R X CH 5 X de 

consowiation de I. R X ■oles 
CH

X de 
consoneation de

I.
R X

C4A3S CH Mono Ettrin. ah3 ajout4es CSH? CH Ettrin, Mono C4AH13 ajoutSe; c4a3s CSH? CH Ettrin.

0 96 - 132 20 40 oui 0 93 = 100 - 220 0 0 0 100 37 100 190
0,4 97 100 105 € 70 oui 0,26 91 11 100 187 0 0 0,27 If 27 II 167
1,0 95 II 122 € 68 e 0,68 97 100 n 155 e 0 0,55 II 26 II 130
2 94 It 130 0 c 1,43 90 tt » 185 € ' 0 1,41 " II 19 II 145
4 92 125 0 ■

ii
is
S

0 2,28 96 tl n 151 45 € 3,0 = 100 62 II 181
6 93 II 136 0 0 4,00 90 II 11 . 92 82 35 6,0 78 11 1 « 100 196
8 96 II 145" 0 « 0 6,00 93 II 11 39 86 66 10,0 56 42 16 102



GRAPHIQUE N° 7 - Courbes de dd^agenent de chaleur des adlanges
♦ 8 CSH2 + n CH

on voit par diffraction des rayons X que globalement la quan
tile de C. AjS reagissant decroit notablement ä partir d'un 
ajout de 6 moles de chaux (stoechiometrie de I'ettringite) qui 
n'est pas entierement consomme. En forgant I'ajout de chaux 
hydratee, on ralentit encore l'hydratation. II y a lä un de
but de blocage des reactions moins caracterise que pour le 
CjA et le mais qui ne fait aucun doute.
En resume, tous les melanges C4A,S- gypse en absence de 
chaux hydratee s'hydratent rapidement. L'ajout de chaux hy
dratee accelere les reactions chaque fois que l'on favorise 
la formation de monosulfo et les ralentit quand on cherche ä 
former l'ettringite pure.
CONCLUSION
Les melanges d'aluminate de calcium, de gypse et de chaux 
peuvent avoir des comportements, lors des reactions d'hy
dratation, tres differents selon la nature de l'aluminate de 
base et des hydrates susceptibles de se former.
On peut schematiquement considerer trois cas.
- Les melanges ont la stoechiometrie pour la formation de 
monosulfoaluminate : Les reactions sont alors rapides et 
completes sans phenomene de blocage (cas de - CA - 
CäA,S). La formation passagere d'un peu d'ettringite aux 
faibles echeances n'altere pas les cinetiques.
- Les melanges ont la stoechiometrie pour la formation d'et
tringite : On assiste alors en presence de CH ä des blocages 
plus ou moins caracterisSs. Ces blocages sont d'autant plus 
marques que le C/A de l'aluminate de depart est plus grand 
(dans l'ordre C-A - C^A- - CaA_S- CA).
- Les melanges intermediaires oü les hydrates formes sont 
des melanges de monosulfo, d'ettringite, de C^AH,et d'alu
mine (le plus souvent amorphe). Chaque fois que ces teneurs 
en gypse et en chaux augmentent et favorisent une propor
tion relative d'ettringite un peu preponderante, on assiste ä 
des blocages ou ralentissements.
En ce qui concerne l'alumine amorphe, eile aurait tendance 
ä ralentir les reactions (sans doute en genant la mobilite des 
ions en solution) et de faibles ajouts de chaux permettant de 
la consommer, surtout aux faibles echeances, accelerent 
considerablement l'hydratation dans les premieres minutes.
Le point qui nous parait le plus important ä souligner est le 
rolebloquant de l'ettringite quand celle-ci se forme en pre
sence de chaux excedentaire (Au tout debut des reactions 
quand tres peu d'ettringite s'est formee, on peut considerer 
qu'il y a de la chaux excedentaire meme pour de faibles te
neurs).
En fait, il faut raisonner en possibility de sursaturation en 
ions Ca++ dans la solution oü precipite l'ettringite. Plus

cette sursaturation a de risques d'etre elevee (meme momen- 
tanement), plus l'ettringite sera mal cristallisee et en conse
quence plus bloquante.
A chaque fois que, dans des ciments, interviendra un Syste
me aluminate de calcium - gypse - chaux, II conviendra de 
s'interesser aux conditions de precipitation des hydrates et 
les quelques conclusions de ce papier sont de nature ä aider 
les raisonnements. •' -
En particulier, ne faudrait-il pas voir la l'explication de la ■ 
fausse prise carbonate ? En effet, il est plus seduisant de 
penser que c'est le manque momentane de Ca++ en solution 
(due ä la precipitation de calcite) qui modifierait la cristal- 
lisation de l'ettringite permettant une hydratation accrue du 
C,A, generatrice de raidissement, plutöt que d'admettre que 
c'est la tres faible quantile de calcite (bien cristallisee et
n'entrainant pas d'eau) qui provoque l'epaississement de la 
päte.
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High strength slag-alkaline cements
Ciments de laitier alcalin, a haute resistance

V.D.  GLUKHOVSKY, Professor, Dr. Technical Sciences,
G.S.  ROSTOVSKAJA, Cand. Technical Sciences,
G.V.  RUMYNA, Cand. Technical Sciences, Institute of Civil Engineering, Kiev, U.R.S.S.

RESUME : Vers les annees 50 de notre siede, furent decouvertes les proprietes liantes hydrau- 
liques de composes chimiques contenant Li, Na, K, Rb, Cs ...; en 1960, leur melange avec des 
produits hydrauliques entra dans la pratique courante de 1'industrie de la construction; 11 
s'agissait alors ä la fols de metaux alcalins et alcalinoterreux. ,
C'est le cas des ciments de laitier alcalin, qui ont ete etudies et fabriques, non seulement 
en U.R.S.S., mats aussi en Pologne et brevetes en R.D.A., en R.F.A., en Grande Bretagne, en 
France et au Dapon.

Les ciments de laitier alcalin sont obtenus par broyage des laitiers granules produits par la 
metallurgic et 11electrothermle des minerals phosphoreux, avec addition d'une solution d'un 
compose de metaux alcalins, de fagon ä produire la reaction alcaline.

Les produits de 11 bydratation de ces ciments sont : la sllice acide et des hydrosilicates de 
calcium a faible basicite du type hydronephelite, natrolite, paragonite et muscovite; ils ne 
contiennent pas de chaux libre, ni hydroaluminates, ni hydrosulfoaluminates, ni hydrosilicates 
de calcium a forte basicite.

La resistance de ces ciments varie de 400 ä 1200 kg/cm2. En ce qui concerne leur resistance a 
la corrosion, ils surpassent les ciments resistant aux sulfates; en ce qui concerne la vitesse 
de durcissement, ils sont comparables aux ciments alumineux.

SUMMARY : In the fifties of our century hydraulic binding properties of the compounds of Li, 
Na, K, Rb, Cs, were discovered and in 1960 mixed hydraulic binding systems were put into prac
tice in the construction industry; these consistinf of both alkali and alkaline-earth metals. 
Belonging to them are the slag-alkaline cements which are investigated and manufactured not 
only in the USSR but in Poland and are patented in the GDR, FRG, Great Britain, France and 
Japan. '
The slag-alkaline cements are ground products of granulated metallurgical and electrothermo- 
phosphorous slags with solutions of alkaline metals compounds added to them and producing 
alkaline reaction.
The hydration products of the slag-alkaline cements comprise silicic eCid, low-basicity cal
cium hydrosilicates, as well as alkaline hydroalumosilicates of the hydronephelite, natrolite, 
paragonite and muscovite group; they contain no free lime, hydroaluminates, hydrosulphoalumi
nates and high-basicity calcium hydrosilicates.
The strength of the slag-alkaline cements ranges from 400 to 1200 kgf/cm2. In corrosion sta
bility they excel the sulfate-resistlng cement and in speed of the strength reaching - high 
alumina cement.



According to the forecasts, special-purpose 
concretes Grades up to 4000 will be develop
ed by 2000, while the concretes of Grades 
1400 will become a common everyday occur- 
ence (1). Along thia line of development it 
is proposed to Increase concrete crack re
sistance and tensile strength; speed up 
strength growth; enhance abrasion- and 
frost resistance; reduce heat release 
during hydration; reduce permeability, etc. 
The target set" in this country is to con
siderably increase the production volume of 
high-strength cements by the 1980-ies and 
to get concretes Grades 600-1000 in volumes 
sufficient to meet the construction indust
ry demands (2).
To solve these problems, the activity of 
the known cements has to be enhanced and 
new high-strength binding substances de
veloped.
However, the research of many years in the 
field of enhancing the grades of the Port
land cements, generalized in the publica
tions of L.D.Yershov (3) and I.V.Kravchenko
(4),  shows that the possibilities of rais
ing the activity of the system Portland ce
ment - water are so far limited: neither 
the variations of mineralogical composition 
of the clinker, nor the increase of the 
specific cement surface"right up to 
900 m2/kg do not allow to enhance its grade 
to a considerable degree. In all cases, 
when determined by GOST 310.4-76, it re
mains within the range 500-700. On account 
of that the highest grade of industrially 
produced cement to GOST 10178-76 is limited 
by 600.
notwithstanding the fact that the Portland 
cement will, probably, remain the determin
ing binding substance in the nearest dis
cernable future, we set a task to develop 
new highly-active mineral binding substanc
es which would substantially enhance the ' 
strength of concretes, their frost- and 
corrosion resistance, and other qualities, 
as well as to consideranly extent the raw 
materials basis of the fillers.
The essence of the idea of creating such 
binders consists in the exclusion from the 
cement composition of highly-basi'o minerals 
(O3A, C3S and C4AP) whose hydration pro
ducts either have no essential effect on 
the synthesis of cement stone strength 
(C3AH6, CdOHa) or enhance its reaction ca
pacity (CiAHL CaAH-13, C2SH2, Ca(0H2) and 
in the introduction instead of them of 
caustic alkalis ensuring hydration of alumo- 
silicate substance of the cement.
To solve this problem helped the discovery 
in 1957 of hydraulic binding properties in 
the compounds of alkaline metals - the ele
ments of the basic subgroup of the first 
group of 0.I.Mendeleev’s periodic system - 
Na, K and Li. As a result of this alkaline 
cements of the system RgO-RgOj-SiOg (6,7) 
were obtained which served as^a pre-requi
site for the development of alkaline - 
alkaline-earth alumosilicate cements repre

sented by the system of oxides R2O-RO-R2O3- 
-3102, where: R2O - oxides of alkaline me
tals L120, NapO, K2O; RO - oxides of alka
line-earth metals MgO, CaO, SrO; R2O3- am
photeric oxides AI2O3, Pe2O3, 0x203, etc.
A variety of these cements are the slag- 
alkaline nonhydraulic binding substances 
which are the products of ground granulated 
metallurgical or electrothermophosphorous 
slags mixed with solutions of the compounds 
of sodium and potassium alkali metals pro
ducing alkaline reaction (8, 9).
Caustic alkali ROH, nonsilicate salts of 
weak acids R2CO3, R2SO3, R2S, RP, etc; 
silicate salts type R2O (0.5-2.5) Si02, 
alumosilicate salts type R20Alo03(7) can be 
used as alkali components of the slag-alka
line cements.
A distinguishing feature of these compounds 
as compared to similar calcic ones in their 
matchlessly great solubility. Therefore, 
the composition of substances participating 
in the process of condensing the slag-alka
line binding dispersions into a water-re
sisting stone differs from the composition 
of substances ensuring the synthesis of the 
water-resisting stone of calcium binders 
despite the fact that calcium oxide is pre
sent in the system.
Ry the composition of hydration products ■ 
these cements can be described as a mixture 
of two hydraulic binding substances - alka
line alumosilicates and alkali-earth sili
cates.
Their hydration products are represented, 
mainly, by silicic acid, low-basic calcium 
hydrosilicates of the CSH(B) group with 
d=3.07; 2.71; 2.11; 1.821, as well as by 
alkaline hydroalumosllicates of hydrone
phelite type (RpOAloO-i^RSiOp-nHoOj with 
d=6.28; 3.66; 3.28; 2:80; 27081; natrolite 
(R20A1203-3Si02*nH 20) with d=6.7; 4.10; 
3.17; 2.821); analEite (R20A1203«4Si02-nH20) 
with d=5.60; 3.45; 2.94; 2.09A); muscovite 
and paragonite (R20.3Alo03*6Si0 2.nH20) with 
d=4.39; 3.18; 2.521). Apart from these, en
countered are gismondite (Ca0A1203*2S102 e 
• 11H2O), hydrogarnets, and mixed sodium
calcic and potassium-calcic hydroalumosili- 
cates. They contain none of the new forma
tions, such as free lime, hydroalumosili- 
cates, hydrosulphoaluminates and highly- 
basic calcium hydrosilicates characteris
tic of the Portland cement.
The solubility of low-basic calcium hydro
silicates is within the reuige of 0.035 to
0.05  g/1, whereas the solubility of alka
line hydroalumosllicates is still lower. 
All of them are less soluble and more che
mically stable than the determining highly- 
basic, and, consequently, more reactive new 
.formations characteristic of the Portland 
cement stone (highly-basic calcium hydro
aluminates and hydrosilicates and free lime 
the solubility of which is 0.5 to 1.3 g/1).
The specific features of chemical and mine
ralogical composition, the structure and 
nature of the new formations render singu- 



lau properties to the slag-alkaline bin
ders owing to which the latter can be used, 
as special cements.
So, the slag-alkaline cements are distin
guished by high strength which, depending 
on the chemical nature of the alkaline com
ponent is within the range of from 400 to 
1200 kgf/cm^ when testing bar samples made 
of cement mortar of 1:3 ratio, the samples 
being fabricated and tested to GOST 310.4
76. As to their corrosion resistance in . 
waters with low hydrocarbonate hardness, in 
sulphate, magnesian and in sea water these 
cements surpass not only the common one but 
the sulphate-resisting cement as well. They 
are distinguished by low heat release, this 
being explained by low hydration energy of 
alkali metal ions (K - 82, Na - 99 kcal 
(g-ion) as compared to alkaline-earth me
tals (Ca - 361 kcal(g-ion). This permits 
their use in the construction of heavy mo
nolithic structures, such as dams. Their 
construction is 4 to 5 times lower than 
that in the Portland cement.
Slag-alkaline cements on the basis of low- 
modulus silicate salts (Me = 0.5 - 1.5) are 
high-speed cements: by the rate of strength 
gathering, after three days of hardening, 
they surpass not only the high-speed Port
land and slag-Portland cements but the 
alumina cement as well. Thus, at the age 
of 24 hours the strength of these cements 
is 350, at the age of two days - 550, at 
the age of 3 days it is 750 kgf/cm2. Fur
ther on, unlike the alumina cement, the 
slag-alkaline cement continues to gather 
speed rapidly, so that by the 28th day it 
comprises 1000-1200 kgf/cm2.
Since the freezing temperature of concent
rated water solutions of alkali metal com
pounds is considerably far below zero, the 
slag-alkaline cements can be used in win
ter concreting.
According to data of S.P.Mukhamedhalejeva, 
the slag-alkaline concretes are used to 
their best advantage in structures used 
under cold-temperature conditions. This is 
due to the fact that, unlike the water-satu 
rated Portland cement stone, in freezing 
of water-saturated slag-alkaline stone to 
minus 15 - minus 20°C there is no spasmodic 
expansion of the substance filling the 
pores as a result of sudden freezing of the 
undercooled water. The cooling of a slag- 
alkaline stone right down to minus 30°0 
causes none whatsoever freezing destruc
tion, this being explained by its porous 
structure (with the gellous pores prevail
ing), by the porous space containing alka
li in the form of true solution whose 
freezing temperature is considerably below 
the freezing temperature of water and by 
gradual freezing-out of ice from the solu
tion. Prost destruction of the slag-alka
line stone occurs, mainly, at the cooling 
down to minus 40°C and below. That, in par
ticular, explains also the high frost
resistance of concretes on the slag-alka
line cement basis, the resistance exceed
ing 1000 cycles. The slag-alkaline cements 

are also resistant to high temperatures, 
this permitting their use in the produc
tion of heat-resistant concretes.
Even the inferior-grade slag-alkaline ce
ments, such as grade 400, enable to obtain 
concretes of grade 500-700, whereas for 
the traditional concretes of the same 
grades Portland cement of grades 500-600 
is required. The cements of grades 1000
1200 can be employed for production of , 
concrete grades 1000-1200, i.e. of concret
es whose production, by the American pre

dictions, is planned only by the year 
2000.
The slag-alkaline cements extend the raw 
material basis of high-strength concretes, 
because they do not require the concentra
tion of aggregates, permit the exclusion 
of coarse aggregates and the use of fine 
sands and sandy loams as fine aggregates. 
This is explained by the interaction of 
caustic alkalis springing up in the pro
cess of cement hydration with the aggregate 
agrillaceous minerals enveloping the par
ticles of sandy and dust-like fractions, 
this resulting in the formation of unso
luble alkaline hydroalumosilicates. The 
latter, along with the products of slag- 
alkaline cement hydration, are partially 
cementing the sandy particles of the aggre
gate and completely the dust-like par

ticles.
The pilot-plant production of the slag- 
alkaline cements and concretes on their 
basis was started in I960, and their in
dustrial production, in 1964.
By joint collaboration with the Scientific 
Research Institute of Cement, The Scienti
fic Research Institute of Reinforced Conc
rete and other leading research and educa
tional institutions of the country the 
standardization of the activity and other 
properties of the industrially-produced 
slag-alkaline cements was carried out (9) 
in 1977-1979.
Thus, high-strength cements grade 1000-1250 
were obtained at plants producing and 
utilizing slag-alkaline cements in the 
cities of Perm, Tula, Krivoj Rog, Alma-Ata 
and Tashkent. The results of determining 
the activity of industrially-produced slag- 
alkaline cements based on various types or 
slags and alkali components are generaliz
ed and presented in a Table below.



Table
Activity of elag-alkaline cements, depending on , 
slag basicity and chemical nature of alkaline 
component

Note: over-the-line figure - compression strength 
under-the-line figure - bending strength.

Slag type
■ ' ' '1 ■ 5 ■ ■ - ■ - .

Ultimate strength, kgf/cm , when used as alkaline 
components
soda ash soda-alka

line melt
sodium 
disilicate

sodium '
metasilicate

Basic 450 500
"TO

1000 
5Ö

950
-55

Neutral 400 
"50

600
"So

900 1250 
"723

Acid 380
60

600
"3Ö

800 1050
120

Thermophospho- 
rous (basic)

500 550
8?

1000 1150 
~T3ö

i'hese cements are used for the production 
of concrete grades 1000-1600 distinguished 
by high watertightness, high- density, cor
rosion-, heat-, and frost resistance.
There can be no doubt that the new possibi
lities opened by the slag-alkaline cement 
in the field of the synthesis of artificial 
ouilding conglomerates will, in due time, 
exclude the use of blast-furnace, electro- 
thermophosphorous and the like slags for 
the production of low-grade slag Portland 
cements, Portland cement clinker, various 
aggregates, etc. But even now these cements 
command sufficiently broad raw material re
sources. It can be supplied by that amount 
of blast-furnace, electrothermophosphorous 
and other types of slag produced by the in
dusty at the present time.
Thus, the analysis of the condition of the 
slag raw material resources in the USSB in
dicates that, even with the slag Portland 
cement production volume left unchanged, 
the amount of slag which could be used for 
the production of slag-alkaline cements 
would comprise over 45 mill, t (10). Orga
nized production of slag-alkaline cements 
from the mentioned amount of slags will es
sentially increase the resources of const
ructional binding substances.
A considerable production volume of various 
slags is also noted in other countries. So, 
according to the figures of 1970-1973» the 
annual output only of blast-furnace slags 
comprised: in the USA - 22.8; Japan - 28.0; 
Prance - 14.1; PRO - 13.8; Great Britain - 
11 mill, t (10).
Undoubtedly, the most efficient field of 
slag utilization is their use in cement 
production. •
The raw material resources of the alkaline 
components can be presented by the follow
ing substances:

a) commercial products: soda, potash, 
sodium fluoride produced by the chemical 

industry, and soluble alkaline silicates 
(sodium silicate solutions with silicate mo
dulus 0.5 to 2.5);

b) side products: alkali melts, soda- 
alkaline melt, sodium metasilicate, etc.;

c) natural soda. .
Sodium sulphate and sodium chloride . 

serve as raw materials for the production 
of alkaline components, the resources of 
the former being practically unlimited. 
Considering that the slag-alkaline cements 
are distinguished by a number of specific 
properties, they find their most expedient 
application in jobs on the level with the 
high-strength, high-speed and sulphate- 
resisting Portland cements, as in many 
cases instead of the alumina cement.
In the USSR a fifteen to twenty year expe
rience has been accumulated in the produc
tion and service of concrete structures 
based on such cements which confirmed their, 
high technological properties and service ' 
reliability.
Beginning with 1972 the slag-alkaline ce
ments are studied and at present are pro
duced in Poland. The results obtained in 
the studies and adoption of these materials 
in the building industry by the scientists 
of the Krakow Mining and Metallurgical Aca
demy under the guidance of the Member of 
the Academy E.Grzymek are indicative of 
their efficiency (11).
In addition to that, building materials on 
the basis of slags and alkaline components 
are being developed from 1972 in other 
countries as well, this being confirmed by 
patents published in the GDR, PRG, Great 
Britain, Prance and Japan.
The above facts signify that the applica
tion of new cements containing the com
pounds of alkali and alkali-earth metals in 

' the building industry is successfully ex
panding.



Their use in the Soviet Union made it pos
sible ti> double the grade of construction 
cements and concretes, as well as to ex
tend the'range of aggregates, in particular 
the use of barkhan sands.
The economic efficiency of slag-alkaline, 
cements is obtained through the utilization 
of Industrial by-products, as well as due 
to high strength and long service life of 
structures made on their basis.
In addition, their efficiency rises when 
the grey iron and slag are produced in a 
combined process: as usual, molten iron and 
slag are poured out of the blast furnace. 
The slag is first granulated, then ground 
with simultaneous drying in air-pressure 
mills. Steam released from the blast fur
naces can serve as heat source for slag 
drying and for operation of the air-pres
sure mills. In this case the grey iron and 
ground slag are produced simultaneously. 
The capital investment per 1 t of ground 
slag Should not exceed 5-10 roubles. For 
the binder an alkaline component, such as 
sodium silicate, is also necessary. Its 
consumption comprises 5 to 8%, i.e. about 
65 kg per one ton of slag. Thus, the capi
tal investment for the alkaline component 
will comprise 50x0.005=3«25 roubles per one 
ton of binder, the total being 10-0.935+ 
+3.25=12 to 13 roubles. The capital invest
ment per one ton of Portland cement is 
40 roubles.

COi'JGLUSIOIJS
1. Hydraulic binding substances, - slag- 

alkaline cements grade 400-1200, have been 
developed and adopted in the industry. 
They are distinguished by high corrosion 
resistance, surpass the alumina cement by 
the rate of strength gathering, exhibit 
high density and low heat release. These 
properties predetermine their expedient use 
in special types of construction.

2. Slag-alkaline cements were introduced 
into construction practice in the USSR 
(I960) and in Poland (1974). An experience 
of many years (15 to 20 years) has been ac
cumulated in the USSR in the production and 
operation of concrete structures based on 
such cements, confirming their high techno
logical properties and operational reliabi
lity.

3. The raw material resources for these 
cements are provided by blast-furnace, 
electrothermophosphorous and other types of 
metallurgical slags combined with alkali- 
containing products both basic (soda, po
tash, sodium silicate solutions, etc.) and 
industrial by-products (soda-alkaline melt, 
soda melt, sodium metasilicate, etc.)

4. The net cost of slag-alkaline cements 
is lower than that of the Portland cements. 
Their economic efficiency is obtained by 
the utilization of inexpensive Industrial 
by-products as well as due to the high 
strength and long service life of the 
structures.
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Structure et proprietes de l'alynite et du ciment 
d'alynite

Structure and properties of aiinite and aünite cements
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RESUME : L'alynite, silicate tricalcique nouveau, est la phase minerale principale des ciments 
obtenus ä partir des matteres premieres traditionnelles, avec addition de chlorure de calcium, 
d'apres la technologic du sei elaboree en U.R.S.S.
L'analyse de la structure crlstalline du mineral a demontre que la particularite distinctive 
principale de la constitution de l'alynite est la position des atomes de chlore dans une , 
structure ferme, composee de huit cations-de calcium, ce qui condltionne les proprietes speci- 
fiques du silicate tricalcique avec des anions de 0 - Cl melanges.
L'etude des particularites de la structure et des proprietes de l'alynite a permis d'etablir 
qu'il existe au moins quatre modifications allotropiques du mineral - y, ß, a'et a ; avec 
cela, les formes de haute temperature sont caracterisees par le Systeme cublque.
Le mineral est caracterise par un nombre considerable de defauts de cristallisation sous forme 
de vacances d'oxygene et de ses associations. La haute symetrie du reseau cristallin du mine
ral sq trouve en correlation avec la capacite du mineral ä^.Contenir un grand nombre d'elements 
par rapport ä l'allte, l'alynite dissout de 1,5-2,0 fois dW'elements modifiants de Al, de-Fe, 
de Mg,.etc.
La presence des atomes de Cl dans la structure de 1'alynitefassure des avantages importants a 
ces ciments par rapport au ciment portland connu : temperatures de formation plus ba'sses 
(I000-4100oC), facilite de cristallisation dirigee, haut d£gre de solubilite des elements ad- 
ditifsj?et modifiants, fälble resistance au broyage, haute Sapacite d'hydratation. '
Des ciments d'alynite sont caracterises par la solidite et l'activite assez hautes, la pierre 
de ciment ä sa base est caracterisee par une morphologie sp/cifique des formations hydratees.
Les particularites de la constitution et des proprietes de l'alynite determinent les perspec
tives de la creation des ciments nouveaux qui permettront de reduire les frais d'energie pour 
la cuisson du clinker; leurs qualites techniques seront ameliorees. -

SUMMART i Aiinite - the new highly-based calcium silicate - is the main mineral phase of ce
ment clinker which are produced from the traditional raw materials with addition of calcium 
chloride by the new salt technology, being developed in the USSR. The analysis of crystallo
graphic structure of the mineral has shown, that" the main feature of aiinite is the peculiar 
position of chlorine atoms surrounded by eight calcium atoms which is stipulated by the spe
cific properties of the new silicate with mixed "0-C1" anions. . "
The existance of at least four modifications of aiinite - o<, has been established,and
high-temperature forms have cubic syngonia. As for aiinite, the mineral is characterized by 
a considerable number of defective centers,, namely, oxygen vacancies and their associations 
with other atom vacancies. High crystallographic symmetry of aiinite correlates with its abi
lity to dissolved considerable number modifying elements - Al, Re, Mg etc. in 1,5-2 times 
more than the known alite.
The presence of chlorine atoms in the structure, of aiinite calls forth a number of advantages 
of aiinite cements in comparison with the portland cement - lower formation temperatures 
(IOOO-IIOO 0) and easier realization of directed crystallisation, the higher grade of -grinda
bility and dissolution of mixed and modifying elements, and high ability of Interaction with 
water. .
Aiinite cements are. notable for great activity and strength. Aiinite cements stones arä-cha
racterized by specific morphology of hydrated new formations.
The peculiarities of structure and properties of aiinite determine the possibilities of cre
ating new cements on the basis of aiinite with less power consumption (energy) and with bet
ter construction properties.



L'un dea oonstituants les plus Importants du 
clinker de aiment,obtenu d'epr^s la tecimolo 
gie de basse temperature (technologie de sei) 
est l'alynite,silicate de calcium nouveau(2). 
Ce compose oristallise en Systeme quadratlaue, 
le groupe de Peudoroff est = I 42 m. Uhe cel
lule elementaire avec des parametres a =, 
I0.47II o=8.6I4X contient neuf atomes inde
pendents - trois Ca,un Sijquatre 0 et un CI. 
Le comptage des multiplicites des positions 
cristallographiques aboutit ä la formula chi 
mique de l*alyniteiCa^(Si tAl)^O^gCl avec 
8 = 2.
D'ici la densite calculee = J.10 g/cmv,tan- 
dis que sa valeur experimentale-? .O75g/cm5. 
Selon les donnees de 1* analyse structurale 
aux rayons X, de grands cations de Ca sont 
disposes dans trois positions cristallogra
phiques differentes et leur entourage est 
diffSrgnt. C82(dans un point particulier sur 
l*axe  4) se trouve au centre d'un cube suf- 
fisamment correct avec des distances Ca-0 = 2.511-2.521 1 et des arStes 0-0=2.646-5.025 
(l'excentricite du cube = 1.14 ).
Caz se trouve aussi dans une posit ion parti- 
culiere sur l'axe 4 dans une face laterale, 
octaedre aplati avec des distances equatori- 
elle Ca-0=2.452Xoet mSridionale (le long de 
l*axe  4) = 2.1541. Enfin. Caj, se trouve en 
position generale et a six anions voisins: 
cinq atomes de 0 (Ca-0=2.270-2.529) etxun 
atone 'de Cl eloigne a 5*271  I*  l>e polyedre 
de coordination pour Ca. est un octaedre.ma
ts le Ca fortement nodixie eat deplac6xdu 
plan equatoriel vers la moitie "d*oxygene"  
de 1* octaedre. Le cation de Si(Al) plus pe
tit est. localise dans un tStraedre standard 
avec Si;- 0 = 1.629 - 1.666 A.

Pig.I. Couches caracteristiques de la struc
ture cristalline de I'alynite.Les polyedres 
de calcium avec les atomes de calcium dans 
les positions cristallographiques differen
tes sont reprSsentes shematiquement.

Il est commode de representer la structure, 
cristalline de 1'alynite composee des cou
ches plates paralleles an plan x 0 et al
ternant le long de [OOfl Ces couches sont 
au nombrezde six par cellule dont quatre 
sont representees sur la fig. I-a-d dans 
Vordre de leur alteraance. Le caractere de 
la jonction des chouches en carcasse tridi- 
mensionnelle est illustrS par la fig.2 rep
resentant Vaxonometrie de ^.a moitie de la 
cellule elementaire en polyedres1 les cou
ches sont ecartees 1’une de 1’autre le long 
de 1'axe c, pour que la figure soit plus 
claire.

Pig.2. L'axonometrie 1/2 d’une cellule ele
mentaire de 1'alynite. La suite des couches 
(de haut en has) correspond a a-d sur la 
fig.I.

Si a 1'Interieur de la couche les polyed
res sont li£s par les sommets et les aretes, 
les couches elles-memes se trouvent liees 
par les aretes et les faces des Ca-octaedres. 
On peut le voir d'une fagon claire sur la 
fig.5 qui represente la section de la struc
ture de 1'alynite ä la hauteur de y = 0.

Pig.5. Section d'une cellule d'alynitefy=O. 
La couche des polyedres de Ca est represen- 
t6e.

Cheque atoms de chlore attire vers lui huit 
Ca-octaedres qui se lient en couples par les 
faces et forment un claster tetragonal syme- 
trique autour de 1'axe de quatrieme ordre. 
Les groupes de claster sont liesle long le 
1'axe C par- les Cag-cubes en foraant une co- 
lonne dont la section longitudinale est rep
resentee but la fig.4. . "



Fig.4. Section d’une cellule d'alynite, 
y = 1/4. Representation des canaux avec 
les tetraedres de SiO^.
De 1’autre cßte.chaque couple de Caj-octaed- 
res se repose sur les aretes d’un ■LCaz-oc- 
taedre (fig.J) qui,de cette faqon,forme un 
element de liaison entre les groupements de 
Caj.identiques en translation Id*  long de 
l'axe a (b). II faut noter que la'distance Ca 
Caj-Ca^ est de l’ordre de 5 X.De cette fa?on 
les groupements de Caj lies par les Caj-oc- 
ta^dres.forment un claster infini ä des noy- 
aux multiples a^ant la forme d’un reseau 
carre avec une epaisseur = c/2.
Ces- reseaux identiques en translation le 1 
long de c sont lies par les Caz-cubes et par 
les sommets des Cap- et des Caz-octandres. 
Une famille des reseaux est liee avec une 
translation initiale I. Ces deux families se 
croisent mutuellement et forment une carcas- 
se tridimensionnelle tree dense avec des ca- 
naux etroits le long de (OOl) , ou les tetra
edres sont disposes par c/2.
De cette faqon,la particularite caracteris- 
tique de la structure cristalline de l’aly- 
nite est la position des atomes de Cl dans 1 
la fermeture constituee par huit atomes de 
calcium ce qui conditionne le caractere spe- 
cifiguezde cette formation ainsi que l’ori- 
ginalite des propri-etes du silicate nouve
au avec des anions de O-Cl melanges, des ma- 
teriaux contenan^ ce silicate ont, eux aus- 
si, des proprietes originales.
Cette particularite de la constitution du 
mineral a ^te brevetee en URSS en tant que 
la decouverte n° 210(5)^ eile conditionne 
la presence dans ce„mineral des complexes 
avec des liaisons heterodesmiques des cati
ons dans les fragments O-Ca^Cl ainsi que le 
caractere specifique du mineral et des ci- 
ments qui le contiennent.Le spectre de 1* ab
sorption infrarouge de ValyniteCBekman.KBr) 

est represents par les oscillations valen
tes et asymetriques des groupes de SiO» et 
de A104 (tabl.I).
les bandes de 1* absorption avec des frequ
ences de 560-400 cm“,L et se rapportent aux 
oscillations de deformation des complexes 
de SiOn au-dessous de 350 ■ cm** 1 elles sont 
melangees avec des bandes des oscillations 
de deformation des tetraedres de AIO«' 
Les bandes de I’absorption a 750 et 760 cm"’ 
se rapportent aux oscillations valentes des 
groupes de AlQ|.dont la presence temoigne 
que les atomes de silicium dans 1’alynite 
sont remplaces par les atomes de 1* alumini
um, ceci se trouve en accord avec les donne- 
es de 1* analyse structurale.

La valeur de la separation des oscillations 
valentes asymStriques (AVas= 40 cm-1) et 
I’intensite relative Vsdeq oscillations 
(~ 0.61) temoignent la presence d’une defor
mation insignifiante des groupes„de SiO4 
dans 1’alynite. Un nombre considerable de 
bandes est observe dans le domaine des spec
tres des ondes longues , il est dif
ficile. de les identifier. Ce domaine est ca 
racterise par les oscillations des anions 
Si04 et par celles de deformation des tetra
edres de A104.
Les spectres ESR de 1’alynite ontxete obte- 
nus sur les poudres des cristaux a 1’aide 
du radiospectrometre RE-1301 fonctionnant 
dans 1’etendue de 3 cm, a 298„et 77°K 1* ir
radiation des cristaux du mineral a 6t^ ef- 
fectuee a 1’aide de I’appareil FXM - - 20,
avec une dose de IO1“ roentgens.
Le spectre ESR de 1’alynite irradie diff^re 
de celui de 1’alite (4; par des lignes de 
I’absorption intense dans le domaine g=2.0I- 
2.04, de telles lignes caracterisent g6n^ra ’ 
lement des centres perfores formes sur les 
propres d6fauts„de reseau cristallin du mi
neral. Aux temperatures habitueIles,la con
centration totale des centres paramagneti- 
ques formes sur les defaunts du reseau des 
cristaux de 1’alynite est ~ 10^ spin/g ce 
qui depasse sensiblement celle de 1* alite 
pour la meme dose de 1’irradiation.
Un recuit consecutif du mineral irradie a 
20 - 300°C avec 1’enregistrement des spect
res ESR nous a permis de determiner les cen 
tres perfores caracteristiques poursAl oc-. 
cupant les positions dans les tetraedres de 
A104. Des centres analogiques ont ete dec- 
rits pour 1’alite. Le^spectre ESR de 1’aly
nite irradie et cult a I80°C contient des

‘ J
Tableau I. Identification des bandes d’absorption infrarouge de 1’alynite

Classification des bandes d'absorption

Bandes valentes Bandes de deformation

Si°4 aio4 sto4 

5«,
Si04 ( S's )

et A104( <ra3, (Tg)V, v„
936 928 9IÖ

 902 896
Ü37 1 760 750 560 500

430 398
5Ö5 570 353 333 3^4 30$
295 281 270 250 231 221208



lignes avec gj. = 2.0I6Iset gji = 2.0024 ,
(A = 7,4g). La cuisson a I95ÖC pennet de de- 
couvrir dans l’alynite des centres perfores 
dans la sphere meme de coordination des ato
nes du chlore; le spectre ESH de ces centres 
decouvre des lignes a quatre composantes 
avec g = 2.0081 et A = 4,0G(fig.5)»

Fig.5« Spectre ESR de 1’alynite irradie. 
Le recuit a I95°C, IO min.

La structure extrafine des lignes d*absorp 
tion s’explique par 1‘interaction des trous 
avec le noyau de 01^^ (1=3/2, contenu natu- 
rel est 75,4%). H es^ probable que la natu
re,des centres perfores s’explique par la 
presence d’une quantite considerable d’alu
minium (4% de la masse du mineral calculee 
& partir de AlgOa),,ainsi que par une certa
ins friabilite du reseau cristallin du mine
ral' due a la presence d’une grande quantite 
des places vacantes dans le reseau. ' '
L’alynlte constitue 60-80% de la masse du 
clinker; la composition chimique de I’alyni- 
te dans le clinker varie dans les limites , 
proches, en fonction de la quantite des ele
ments alliants de Al, de Fe, de Mg, de Cl 
et^d'autres contenus dans les matteres pre
mieres. L’alynite dans le clinker cristalli- 
se sous forme des prismes, des plaques hexa
gonales, des aiguilles qui sont le plus sou- 
vent les debris et les cristaux defigures 
avec le facies d’octaedre quadratique.
Les dimensions des cristaux de l’alynite 
dans les clinker; diffSrents peuvent varier 
dans les limites assez larges - it partier 
des portions d’une micron jusqu’aux centai- 
nes de microns. La microscopie optique per
met xd’observer la structure fine, moyenne 
et a gros grains des clinkers d’alynite. Et 
avec cela, dans tous les cas la cristallisa- 
tion de l’alynite est assez distincte, a la , 
surface des cristaux il y a des hachures,qu- 
elquefois on,observe des macles polysynthe- 
tiques. Les etudes au microscope electroni- 
que permettent de determiner d’une fagon net
te le caractere de la cristallisation de 
l’alynite dans le clinker (fig.6).

Fig.6. Cristaux de l’alynite dans le clin
ker. R^pliques de charbon attenuees de pla- 
tlne, x 4000.

Le coefficient de refraction des cristaux 
de l’alynite N = I.70910.001.,En fonction 
de la nature et de la quantite des elements 
alliants le coefficient de refraction des 
cristaux de l’alynite peut s’eleven a I.7I4- 
I.7I5*  Nous avons effectue une dtude de la 
solubilite des Elements alliants sur l’aly
nite polycristall^n dans lequel nous avons 
introduit de differentes concentrations des 
oxydes de Al, Fe, Mg, Ba, K, Na, P, et B. 
La cui§son de l’alynite avec les admixtions 
indiquees et 1’analyse des. phases des Produ
kts de la quisson effectuee a 1’aide de la 
diffractometrie aux rayons X nous ont per
mis de determiner les valeurs suivantes des 
Limites de la solubilite des Elements alli
ants dans l’alynite ( % de la masse du mine
ral)^; ALgOj -4.-.S,' Fe2°5 “ 5’°» “6° ~ 3* 0’ 
BaO - 2.5, K90, Na~0 - moins de 0.5, PoOc, B50, - 1.0 2 5
Les valeurs indiquees peuvent varier dans 
les limites ±,I0%; en cas de la presence 
complexe des elements dans lesxproduits de 
la cuisson on y observe jusqu’a 1 20% de la 
valeur absolue.
La contenance considerable des elements 
glans le reseau,cristallin de l’alynite Liee 
a la haute symetrie de la structure et de 
sa "friabilite", explique les oscillations 
de la temperature de la fusion. En fonction 
de la composition chimique et de la,quanti
te des admixtions alliantes la temperature
de la fusion de l’alynite varie dans les 
limites de 1420 - I490°C. La Limite superi- 
eure correspond a l’alynite avec un minimum 
d’impuretes. Leopolds specifique de l’alyni
te = 3.075 g/cur; il peut aussi varier d’une 
facon insignifiante,en fonction de la natu
re et de la quantite des elements alliants.
Nous avonsxegalement effectue des etudes de 
l’alynite a basses temperatures qui repre
sentent un grand interet pour 1’etude de la 
chimie,physique de l’alynite. Ces etudes 
ont ete effectuees la methode de 1* analyse 
structurale aux rayons X a 1’aide du di£fra- 
ctometre DRON-I muni d’un dispösitif d’etu



de it haute tenperature aux rayons X GPVT - 
1500. L'echantillon Studie contenait des mo- 
nocristaux de 1'alynite de dimension de 5 na 
emiettes jusqu’aux dimensions de 50 microns. 
L’analyse deszchangements du tableau de dif
fraction a 1* elevation de la temperature a 
permis de faire ressortir 4 series principa- 
les de diffractions a intensite variable 
synchronisee.
Nous avons decouvert la convertibilite des 
processus en cas du rechauffement ou refro- 
idissement de l’alynite ce quizpermet de 
considerer toutes les quatre series enztant 
que les modifications polymorphes: 5 series 
de refractions des formes de haute, tempera
ture, a savoir: e>, oL*  et cC ont ete determi- 
nSes dans le cadre de la symetrie cubique 
(voir le tableau 2).

reseau cristallin), par la composition de 
la phase liquide de la solution de ciment 
(faible contenu d’alcalis, presence de Cl, 
concentration Slevee de Ca),par la composi
tion et lazstructure des nouvelles formati
ons hydratees (formation sur la surface de 
l’alynite d’une enveloppe hydratee metasta
ble, permeable et relativement bien cristal- 
lisee). Les particularites indiquees assur- 
ent une hydratation intense et le dyrcisse- 
ment des ciments d’alynite aux temperatures 
normale et au-dessous de zero (jusqu*a-5°C) , 
ainsi qu’au traitement thermique et humide.
Puisque le clinker d’alynit$ a une haute po
rosity et une haute capacite de brgyage.il 
est possible d’utiliser ces qualites pour 
intensifier 1'hydratation et le durcissement 
des ciments en augmentant la finesse de bro- 

Donnees de la diffractometrie aux1 rayons X des modifications de l’alynite
Tableau 2

D’alynite a la tempera
ture du milieu exterie
ur ( y )

I050°C ( J5 ) II90°C ( et*  ) II90°C ( <£ )

Jelluleztetragonale a Cellule cubique Cellulezcubiqueza Cellule cubique a
capacites centrees _ a faces centrees capacites centrees faces centrees
a = 10.4714 ± 0.0019 A. a=7.86510.009 X. a = II.82tO.02 X. a = 8. 060 ± 0.005 X.

hkl d I hkl d I hkl d I hkl d I

031 3.235 22 III 4.54 22 211 4.82 44 III 4.65 22
222 2.808 100 200 3.93 27 222 3.41 2 200 4.03 32
040 2.618 26 220 2.784 100 321 3.154 100 220 2.850 100
141 2.436 9 311 2.370 12 330 2.782 40 311 2.430 9
240 2i 342 5 222 2.272 5 420 2.64? 18 222 2.326 2
042 2.237 4 400 1.966 38 422 2.414 6 400 2.015 34
035 2.218 10 331 1.802 4 431 2.322 9 331 1.850 7
004 2.154 20 420 1.758 7 440 2.086 9 420 1.802 14
510 2.054 5 422 I." 607 23 530 2.026 4 422 1.646 42
341 2.035 5 5H 1.512 4 600 I. 971 25 511 1.552 6
143 
440 
550 
600 
053 
352 
253 
035 
071

1.903 
1.851 
1.796 
I." 745 
1.692 
1.658 
1.610 
1.545 
1.474

8 
19 
2 
5 
12 
12 
10 
15 
6

440 1.391 7 6II 
620 
631 
550 
552 
642

I.9I8 
1.871 
1.743 
1.670 
I. 610 
1.580

2 
9 
3 
4 
4 
9

440 1.425 7

Le clinker d’alynite utilise pour la produc
tion du ciment contient, d’habitude, de 60 
a 75% d’alynite.Pour la production du ciment 
a durcissement rapide et du superciment on 
utilise le clinker contenant jusqu'a 80 % 
d’alynite.Le reste de la masse du clinker 
contient 1’orthosilicate, L’aluminate et le 
ferrite de la chlorure de calcium. La propo- 
rtionzde ces phaseszn’est pas strictement 
limitee,xelle est determines par le choix 
des matieres et la destination du clinker 
produit.
La haute activite d’hydratation des ciments 
d’alynite s’explique par les particularites 
de la structure de l’alynite (Presence des 
atomes "actifs" dq Cl dans un motif structu
ral original du reseau cristallinzdu silica
te nouveau, on grand nombre des defauts du 

yage. Ainsi, par exemple, quand la surface 
specifique du ciment Portland est 5000cm2/g 
et celle du ciment d’alynitez4500cm^g, les 
consommations specifiques d'energie electri- 
que sont identiques et font environ )Okidi/t.
Il faut souligner qu’a la difference du ci
ment portland, une telle augmentation de la 
surface specifique du ciment d’alynite n'ex- 
ige pas une quantite d'eau plus grande,mats, 
par contre, moins grande. Les valeurs mini
males de la quantite d’eau necessaire 
eau/cim = 0.225-0.235 caracterisent les ci
ments d’alynite a surface specifique 
4500 t 200 cm2/g.

Le sulfate de calcium introduit sous forme 
de calcium de gypse, de phosphogypse ou de 
borogypse est une composante obligatoire du



ciment d'alynite. Mais 11 ne joue pas le ro
le de ralentisaeur de la prise comae dans 
le cas du cinent portlandipar contre c*est  
un intensificateur du durcissement.
Le contenu optimal de gypse dans le clinker 
d'alynite variant dans les limites 2-3,5% 
(calculees pour SOz) assure une augmentati
on de 1'activite du ciment sans additions 
de 1.5-2.5 fois ce qui depasse la vitesse 
moyenne de 1'hydratation de l'alite de I«5—
2.5 fois. L'hydratation rapide de l’alynite 
et 1'apport constructif de la phase d'alu
minate assurent un durcissement rapide du c 
ciment d'alynite dans le has age. En fonc
tion du degre de dispersion du ciment la re 
sistance des echantlllons a I'Sge de 24 he- 
ures est egale a 5-3% de 1'activite de mar
que du ciment.
Le processus de la formation de la structu
re de la pierre de ciment ne cesse pas apres 
la fin de l'hydratation de l’alynite (voir 
la fig.? a).

Temps de durcissement

Pig.?. Cynetique du durcissement des ciments 
d'alynite (a) et des betons (b):
a) - I - ciment a 8—= 5600cm^/B et le con- 
tenu de 1'alynite a 60%i 2 - ciment a sSp= 
4080cm2/g et le contenu de 1'alynite a 75%.
b) - I - de ciment d'alynite a durcissement

normali x x
- 2 - de nßme apres le traitement a la

vapeuij s
- 3 - de ciment portland a durcissement

normali s x
- 4 - de m§me apres le traitement a la

vapeur.
Nous croyons que ce phenomene s’explique 
par la recristallisation des hydrosilicates 
primaires du type C2SH2 en hydrosilicates 
secondaires du type CSH. Ce processus est 
suivi de la cristallisation de Ca(0H)2. de 
1'augmentation du degre ^e polymerisation 

. des hydrosilicates des deformations de ret
rait, de la reduction du contenu d'eau de 
cristallisation et de 1'augmentation du con 
tenu de I'hydrosilicate.
Nous supposons la possibilite de la formati
on des hydrosilicates de la chlorure de cal
cium au cours de l'hydratation et du durci
ssement de 1'alynite, dont temoigne la mor— 
phologie originale des formations nouvelles 
cristallisant sous forme de petales et de 

plaques tres fines. Le contenu des ions li
tres de Cl dans la pierre de ciment de 
1'fige different ne depasse pas 0.6% de la 
masse. A 1'age plus mur ce contenu varie 
generalement dans les limites de 0.3-0.4%.
La permeabilite de la pierre de ciment d'al
ynite est de 5-10 fois inferieure a celle 
du ciment portland ce qui est lie aux dif
ferences dans leurs monostructures. Cette 
propriete assure une haute stabilite d*exp 
loitation du beton d'alynite arme.Lea betons 
a la tjase du ciment d’alynitg decouvrent 
une resistance de 20-30% superieure a celle 
des betons a la base du ciment portland po
ur les depenses identiques du ciment.
Un grand avantage des betons a la base du 
ciment d'alynite traites a la vapeur est 
1'accroissement intense de leur resistance 
dans le processus du durcissement ulterieur 
dans les conditions normales (voir la fig. 
?,b). A 1'age de 28 jours, cela assure un 
accroissem§ntxde la resistance des echantil- 
lons traites a la vapeur de 15-25% par rap
port aux echantillons a durcissement normal.
Ces recherches ont contribue a obtenir des 
ciments de haute resistance et des betons 
des marques 600-700.
CONCLUSIONS: La distinction principals de 
la constitution de 1'alynite, nouveau sili
cate tricalcique ^e calcium contenant le 
chlore, est la presence des atomes du chlo
re dans lea noeuds du rSseau cristallin du 
mineral dans un complexe structural origi
nal sous forme d’un atome de Cl entoure de 
huit atomes de calcium.
Le caractere decrit de la presence du chlo
re zdans la structure conditionne les prop
riety sg^cifiques de 1'alynite - formation 
aux temperatures I000-II00DC, haute symet
rie des reseaux cristallins de sea modifi
cations, haut degre de solub,ilites des ele
ments modificants,faible resistance au bro 
yage, haute capacite d'hydratation, morpho
logie originale des formations hydratees 
nouvelles.
Les qualitesxdecouvertes de 1'alynite et 
des ciments a sa base permettent de consi
derer ce liant nouveau en tant qu'un concur 
rent serieux du ciment Portland tradition- 
nel.
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RESUME : Le probleme de Tadjonction de phosphates alcalins dans certains ciments alumineux (SECAR 71) se pose 
pour diverses applications. Dans ce travail, les interactions possibles sont Studiees d’un point de vue fonda- - 
mental, d'une part dans le domaine basse temperature (ä 1'ambiante et entre 0 et 100°C), d'autre part entre 100 
et 1000°C. Dans le domaine basse temperature, 1'influence de 5 % en poids d'hexacyclophosphate de sodium commer
cial sur l'evolution du SECAR agite dans 1'eau est determin6e, ainsi que sur I'evolution d'un tel melange gäche 
en pate. Par la mise en oeuvre de divers moyens analytiques et calorimetriques, il a ete etabli que la prise 
Dhosphatioue'" a lieu dans la pSriode initiale et qu’elle fait avancer la prise hydraulique de plusieurs heures 
bien que les ions sodium Iib6r6s maintiennent un taux elev6 d'alumine en solution.
Dans le domaine (100 - 1000°C), les transformations subies par diffSrents types de phosphates de sodium : dihy- 
drogenomonophosphate, hexacyclophosphate, sont syst&natiquement suivies ä partir d'Bchantilions soit secs, soit 
gäches avec de 1'eau. Dans ces deux cas (ä sec ou en presence d'eau), des essais analogues sont effectues compa- 
rativement sur des melanges des mSmes phosphates avec diffSrents oxydes : CaO, AI2O3 et avec du SECAR 71. Les 
produits de reaction sont analyses en fonction de la temperature.

SUMMARY : The problem of adding alkaline phosphates in some aluminous cements (SECAR 71) is raised for various 
applications. The present work, the possible interactions are studied from a fundamental newpoint, on the one 
hand, in the low temperature range (room temperature and between 0 - 100°C), on the other, between 100 and 1000T. 
In the former range the influence of 5 % weight of marketed sodium hexacyclophosphate on the evolution of SECAR 
stured in water is determined, as well as the influence upon the evolution of such a mixture as paste. Using va
rious analytical and calorimetric means it was established that phosphate setting occurs during the initial pe
riod and accelerates hydraulic setting by several hours although the sodium ions released keep a large extent of 
alumina in solution.
In the 100 - 1000°C range, the transformations undergone by various types of sodium phosphates : di hydrogenemono
phosphate, hexacyclophosphate were systematically followed either with dry samples or mixed with water. In both 
cases (dry or with water) similar tests were made comparatively with mixtures of the same phosphates with diffe
rent oxides : CaO, AI2O3 and SECAR 71. The reactions products were studied versus temperature.



INTRODUCTION
L'Btude des reactions des phosphates avec differents 
oxydes presente de nombreuses applications. Certains 
phosphates sont utilises dans les ciments dental res 
(1), (2) ; d'autre part lorsque des phosphates sont 
ajoutes au Portland (3), (4), (5), (6), les phenome- 
nes observes lors de la prise sont complexes.
Le maintien de la cohesion d'unbeton röfractaire jus- 
qu'ä- la prise cSramique, entre dans le cadre de cette 
6tude. Les etudes anterieures ä caractere fondamental 
sont peu nombreuses : Kingery (7) signale les possi- 
bilitgs de liaison par reaction de 1'acide orthophos- 
phorique avec des oxydes metalliques. La these pre
sentee par Bouvier d'Yvoire (8) concerne 1'etude de 
phosphates d'aluminium et de fer trivalent. Dans son 
memoire. Forest (9) apporte une contribution ä la re
cherche de nouveaux liants gachfis avec une liqueur 
phosphorique.
Nous nous proposons de preciser les conditions dans 
lesquelles s'effectue la "prise phosphatique" et 
d'analyser les reactions et les mecanismes qui en
trent en jeu. Pour-cela nous avons effectue deux ty
pes d'experiences portant :
1) sur I'evolution d'un melange de SECAR 71 et de 5 % 
d'hexacyclophosphate de sodium par agitation dans 
1'eau, dans un rapport ponderal liquide/solide :
£/s = 10, afin de situer dans le temps les reactions 
conduisant ä la prise phosphatique et ä la prise hy
draulique, et d'Studier leurs interactions ; des es
sais sont effectuBs parallelement sur des pätes en 
utilisant 1'effet thermique comme moyen de detection.
2) sur Involution thermique entre 1'ambiante et 
1000°C d'Bchantillons de dihydrogenomonophosphate de 
sodium (NaH2P04) et d" "hexacyclophosphate de sodium" 
d'origine industrielle (principal constituant : 
(NaP03)6).
L'evolution d'echantillons soit secs, soit humidifies 
est etudiee dans deux series d‘essais menes para1J8- 
lement sur des Bchantilions purs et sur des melanges 
de ces phosphates avec differents oxydes. Les essais 
ici rapportBs n'ont qu'un caractere expl oratoire, une 
etude en thermobalance etant actuellement effectuee 
dans des conditions de temperature et de pression de 
vapeur d'eau plus precises. ■

ETUDE EXPERIMENTALE
I " Etude_|_temperature_ambiante :
a) Etude cinetique : L'influence d'une adjonction de 
5 X d1hexacyclophosphate de sodium industriel sur 
involution du SECAR 71 sx est analysBe en suivant la 
cinetique des reactions en solution aqueuse. Pour ce- 
la, le SECAR 71 pur (puis le melange SECAR 71 + 5 % 
d'hexacyclophosphate de sodium) est agite dans de 
1'eau (rapport pondCral t/s = 10), ä 21°C. involu
tion du systäme en fonction du temps est suivie point 
par point par prelBvements et dosages, par spectrome- 
trie d'absorption atomique, des concentrations en so
lution, exprimees en CaO et AI2O3. (Notees [C] et [A]).
b) Essais en päte : La prise du ciment mettant en jeu 
des phenomBnes exothermiques, nous avons BtudiB la 
prise du SECAR 71 pur, puis du melange SECAR 71 avec 
5 % d'hexacyclophosphate de sodium en tenant compte 
de cet effet thermique. Le gächage est effectuB dans 
un rapport Z/s = 0,33.
Pour cette etude, deux montages ont etB realises. 
(1 et 2) :
1) Le dispositif est constitue d'une nacelle cylindri- 

que de 40 mm de diametre et 20 mm de hauteur conte- 
nant le ciment, enfermB dans une enceinte en polysty
rene expanse, et dans laquelle plonge un thermocouple 
ATE-BTE. Il s'agit. done d'une analyse thermique effec
tuee dans un Systeme adiabatique.
2) Le second montage peut 6tre considere comme un 
Systeme "adiabatique amorti", 1'Bchantillon est etale 
en couche mince sur une grande face d'une plaque de 
cuivre parallelepipedique (78x37x7 mm) de faqon 5 6va- 
cuer rapidement la chaleur dBgagee et maintenir 1'6- 
chantillon dans des conditions quasi-isothermes. Cette 
plaque de cuivre constitue, avec une autre plaque 
identique ä laquelle eile est reliee par un fil de 
constantan, un ensemble de deux couples cuivre-cons- 
tantan montBs en difffirentielle. Les deux plaques sont 
isolees thermiquement l'une de 1'autre et placeesdans 
un boitier isolant en polystyrene expanse. Ce montage 
permet de situer dans le temps les divers dBgagements 
de chaleur pouvant intervenir au cours de revolution 
de 1'Bchantillon gäche avec de 1'eau sans que les 
reactions ne soient perturbSes par une elevation no
table de temperature.

II - Etude dans le domaine de_temp6rature_100-1000°C :
a) Essais exploratoires : Afin d'elucider le problBme, 
des essais de decomposition thermique ont 6t6 effec
tues de 100°C ä 1000°C, dans un four tubulaire ther
moregule. L'echantillon (4g) place dans une capsule 
en platine, est porte ä la temperature desiree et y 
est maintenu pendant une heure ä 1'atmosphere libre. 
Lorsque les essais ont eu lieu sur les Bchantillons 
gäches prealablement, le rapport ponderal Z/s etait 
de 0,3. Les essais effectuBs sur les phosphates seuls 
seront notes essais (A).
Par la suite, des melanges de ces phosphates avec, ; 
soit de 1'alumine, soit de la chaux ont 6t6 calcines' 
dans les mBmes conditions. Ces essais seront appeles
B. Enfin des experiences comparatives (essais (c)), 
ont ete effectuBes encore dans les memes conditions, 
sur des melanges phosphate + SECAR 71, et phosphate  
SECAR 71 + alumine.

*

Tous ces Bchantillons sont analysfis par diffraction' 
des rayons X et Chromatographie sur couche mince.
Remargue : Alors que dans les melanges industriels la 
proportion en masse des phosphates ne depasse pas 5 %, 
un rapport de 50 % a ete utilise ici, afin de pouvoir 
obtenir des informations analytiques precises par 
diffraction X et Chromatographie. Mais, en depit de 
cette forte teneur en phosphates, 1'oxyde reste en 
excBs dans ta reaction de combinaison, comme le prou- 
vent les spectres de diffraction X pris aprBs le trai- 
tement thermique. '
b) Etude en thermogravimetrie (TG) dans un domaine 
de temperature plus restreint : Ce travail, juste 
commence, a permis de reprendre les essais de dBcom- ' 
position thermique, sous pression de vapeur d'eau 
contrölee, mais seulement dans le domaine de tempera
ture 80 - 400°C au moyen d'une thermobalance ä heli
ce de silice, type Mac Bain. La pression de vapeur 
d'eau y est maintenue non saturante grace ä la ther
moregulation ä 80°C de ses parois et du tube reacteur 
ainsi que des canalisations et des vannes. Elie peut 
Btre rBgulBe ä une valeur constante gräce ä un point 
froid constituB par un rfiservoir d'eau thermorBgu lee. 
Les variations de masse de l'echantillon sont enre- 
gistrees par un procBdfi optique (10, 11). Une thermo
balance du mBme type mais qui permettra de couvrir le 
domaine de tempfirature 80 - 1000°C est en cours de 
rfialisation.



A titre exploratoire, 11 est proc6d6 ä une analyse 
en montee lineal re de temperature ; mais pour plus 
de precision, l'echantillon est soumis, sous pression 
de vapeur d'eau constante ä des palters successifs, 
de temperature progressivement croissante, les ecarts 
etant de fat ble amplitude : 5°C, dans les domaines 
oü des transformations ont lieu. En outre, les Bchan- 
tillons sont analyses par diffraction des rayons X 
et par Chromatographie sur couche mince (C.C.M).

RESULTATS ET DISCUSSION
I ~ Etude_ä_temperature_ambiante.
a) Etude cinetique : Les courbes d'evolution du SECAR 
71 pur et du melange avec 1'hexacyclophosphate de so
dium ont 6t6 tracees, en suivant la variation de la 
concentration en alumine et en chaux dans la solu
tion, en fonction du temps d'agitation. Les resul
tats obtenus sont reportes sur les courbes de la fi
gure 1 :

Fig. 1 - Courbes de 1'etude cinetique donnant I'evo
lution des concentrations [C] et [A], ainsi que du 
pH en fonction du temps.
Echelle du bas : melange SECAR 71 + 5 X hexacyclo
phosphate de sodium en presence d'eau (£/s = 10). 
Echelle du haut : SECAR 71 pur + eau (£/s = 10).
----- : Ml-------- : M » —: pH du melange avec 
phosphate ; -+-+- : pH du SECAR 71 seul.

En ce qui concerne le SECAR 71 pur, la courbe pre
sente un maximum ä [C] = 19.10*3  mol.kg-1 et [A] = 
20.10*3  mol.kg*!.  Les valeurs de [C] et [A] restent 
constamment tr6s proches 1'une de I1autre pendant 
toute I'evolution. La precipitation massive des alu
minates de calcium hydrates debute 2h30 apr6s le de
but de l'exp6rience. Puis [C] et [A] restent prati- 
quement constantes : ([C] = 6,8.10-3 mol.kg* 1, [A] = 
7,2.10*3  mol.kg* 1) avec [C/AJZ= 0,94.

La figure 1 montre aussi les courbes obtenues lors
que 5 % d'hexacyclophosphate de sodium industriel 
sont ajoutBs au SECAR 71. Pendant une pBriode initia
le de lh30, la chaux et 1'alumine en solution ne sont 
pas dosables par spectromBtrie d'absorption atomique, 
car une precipitation spontanee se produit dans le 
filtrat en presence d'HCl. NBanmoins ces dosages ont 
6t6 effectuBs par Volumetrie (complexometrie avec 
1'E.D.T.A).

Le prBcipite blanc et colloidal, apparaissant dans le 
filtrat en presence d'HCl, analyse en C.C.M. donne 
des taches de triphosphate et de phosphates plus 
lourds. L'analyse X de ce precipite apres calcination 
ä 1000°C, montre qu'il est constitue d'un melange 
Al(PO4) et Al(P03)3.
Les courbes d'evolution du SECAR 71 en presence 
d'hexacyclophosphate de sodium sont tres differentes 
de celles obtenues' avec le SECAR 71 seul. La concen
tration de la chaux en solution passe par un maximum 
([C] = 15.10* 3 mol.kg* 1) apr6s 1 heure d'agitation ä 
21°C. Entre 1 h et lh30, cette concentration diminue 
brusquement, jusqu'ä [C] = 1,8.10* 3 mol.kg* 1. Aux en
virons de 3h, la chaux attaint 5.10* 3 mol.kg* 1, pour 
se stabiliser ensuite ä 1,5.10*3  mol.kg-1. La concen
tration en alumine augmente rapidement mais regulie- 
rement, et attaint le maximum pour 27.10*3  mol.kg* 1 
apres 2h d'agitation. Au bout de 4h, [A] diminue mais 
reste voisine de 20.10*3  mol.kg-1. Ainsi, apres la 
precipitation, le rapport [C/AJ^ tend vers 0,075. Pa
rallelement, une courbe representant le pH de la so
lution en fonction du temps a ete tracee. Elie reve- 
le deux "sauts" de pH, l'un ä lh30 (moment oü [C] 
chute), 1‘autre vers 3h (lorsque les concentrations 
[C] et [A] arrivent ä leur maximum). Puis le pH res
te constant ä 11,8.
Lors de ces essais, des Bchantillons de filtrat, prB- 
leves respect!vement aprBs 10 mn, Ih, 2h, 3h, 4h, 8h 
et llh, ont 6t6 analyses par C.C.M. Les taches obser- 
vees sont nettement sBoarBes sur le chromatogramme, 
ce qui permet d'identifier :
- ä 10 mn, un monophosphate et des polyphosphates 3 
longues chalnes (chaine phosphoree > 4P),
- 3 lh, un diphosphate, ainsi que du tri cyclophospha
te et des phosphates ä longues chaines,
- ä partir de 2h (jusqu'ä llh), le chromatogramme ne 
presente plus aucune tache, ce qui permet de conclure 
ä la precipitation ä peu pres complete de tous les 
anions phosphates.
Ces rBsultats laissent penser que Thexacyclophospha
te de sodium subit tres rapidement une hydrolyse in
terne, avec ouverture des cycles et formation d'ions 
phosphates (ou polyphosphates), rBagissant avec les 
ions Ca++ pour donner un»precipit6 de phosphate de 
calcium insoluble ; d'oü la nette diminution obser- 
vBe de [C] dans la solution. En revanche, la preci
pitation des phosphates de calcium laisse les ions 
Na+ en solution, de sorte que la teneur BlevBe de 
celle-ci en alumine s'explique par le fait qu’elle 
s'y trouve sous forme d'aluminate de sodium.
b) Essais en päte : Deux types d'essais ont 6t6 ef
fectues comparativement sur du SECAR 71 frais, puis 
sur le melange de ce ciment alumineux avec 5 % 
d'hexacyclophosphate de sodium. Les courbes obtenues 
ä partir des dispositifs 1 et 2 sont reportees ci- 
dessous (figure 2).
L'essai 1 montre qu'un processus exothermique inter- 
vient däs le gächage et arrive ä son terme au bout 
de 45 mn. D'aprBs nos experiences d'evolution ä 
t/s = 10, cet effet thermique doit correspondre ä 
la precipitation de phosphate de calcium. En fait, 
avec le dispositif (1), adiabatique, les rBsultats 
different suivant le taux de remplissage de la cel
lule de mesure. Ainsi pour un taux de remplissage de 
100 X (cavitä entiärement emplie), 1'ecart de tempe
rature au sommet du premier pic peut etre 6valu6 ä 
34,6°C pour le SECAR pur, (figure 2, trait plein), 
ä 28°C pour le melange avec le phosphate (figure 2, 
pointillBs). L'influence de cette elevation de tem
perature sur la prise hydraulique est importante



Fig. 2 - Courbes d'analyse thermique.
Dispositif (1) ; £/s = 0,33 :

a : SECAR 71 seul.
b : SECAR 71 + 5 % hexacyclophosphate de sodium.

Dispositif (2) ; Z/s = 0,30 : •
c : SECAR 71 seul.
d : SECAR 71 + 5 % hexacyclophosphate de sodium.

puisque celle-ci se traduit par un second pic de 
faible amplitude (6cart de 4°C) debutant ä 3hl0. II 
convient de noter les epaulements traduisant une 
succession de processus chimiques.
Avec le dispositif (2), les essais sont effectues 
sur 1 g de ciment et un rapport Z/s = 0,3 , dans 
des conditions adiabatiques, quasi isothermes. La 
figure 2 montre les räsultats obtenus, d'une part 
avec du SECAR 71 pur (trait plein), d'autre part 
avec le melange ciment + 5 % hexacyclophosphate de 
sodium.
Dans le premier cas, la prise s'effectue apres 5h, 
et la difference de temperature observee est A0 = 
0,2°C, ce qui correspond ä une quantite de chaleur 
AQ = 13,7 J pour 1 g de ciment, valeur certainement 
inferieure ä la r6alit6 en raison de la fuite ther
mique.
Dans le second cas, une elevation de temperature de 
0,27°C a lieu 5 mn apres le gSchage (AQ = 18,5 J par 
g de matiBre), le pic de la prise hydraulique n'ap- 
paraissant qu'aprBs 4h, avec A6 = 0,05°C (AQ = 3,4 J). 
Ces essais qui possBdent un caractBre prBliminaire 
seront completes par des mesures microcalorimetri- 
ques ; ils ont permis de determiner la succession 
temporelle des phenomenes.

II - Etude_dans_le_domaine_de_ternp6rature_igg;igOQ0C. 
a) Essais exploratoires : Dans le tableau I, sont 
rassembles les resultats des essais (A), portant sur 
le dihydrogenomonophosphate de sodium et sur 1'hexa
cycl ophosphate de sodium, seit sees, soit gächBs 
avec de l'eau dans le rapport ponderal Z/s = 0,3.
II convient de noter qu'apres la formation interme- 
diaire de diphosphate, se forme ä partir de 300°C, 
du tricyclophosphate qui subsiste jusqu'ä 600°C, 
quelquesoit le produit de depart.
A 700°C, la C.C.M. pennet de rBvBler la presence de 
polyphosphate ä longue chaine (> 3 P), amorphe aux 
rayons X.
Dans le tableau II sont präsentes les rBsultats des 
essais (B) devolution thermique des mBlanges de

TABLEAU I

Essais 
Temperatu 
re (°C)

DHP 
anhydre

HCP 
anhydre

DHP 
+ H2O

HCP 
+ H20

100°C
CCM : IIP 

RX : 
NaH2P04

CCM : HCP 
RX : 

amorphe

CCI1 : MP
RX : 

NaH2P04

DP + TP + 
TCP + HCP

RX :
Na2H2P20y

200°C
CCM : DP 

RX :
NajH^PgOy

HCP 

amorphe

IIP + DP 

Na2H2P207

DP

Na2H2P2O7

300°C
TCP 
PY • 

Na3P3Og + 
(NaP03)x

TC

Na3P3°9

MP + DP 
+ TCP

Na3P3°9

400 °C 
ä 

600°C

TCP

Na3P3°9

TCP

Na3P3°9

TCP 
Na3P3°9 + 
traces 

(NaP03)x

DP + TCP 
Na3P3°9 + 
Na2H2P207

700°C 
ä 

1000°C

PP
RX 

amorphe

PP 

amorphe

PP 

amorphe

PP 

amorphe

* Remarque sur notations :
DHP : dihydrogenophosphate de sodium ; NaH2P04
HCP : hexacyclophosphate (NaPOglg. .MP : monophosphate.
DP : diphosphate. TP : triphosphate. TCP : tricyclo
phosphate. PP : polyphosphate (P > 4).

. TABLEAU II

Essais :

T°C

NaH2P04 (2g) + HjO (NaP03)6 (2g) + H20

CaO
(29)

A12°3
(29)

SECAR 
(2g)

CaO 
w

A12°3
(2g)

SECAR

(2g)

100
MP MP 

RX : 
A12°3

MP 
RX : 

SECAR

MP 
+ DP 
+ TP

MP 
RX : 

A12°3

MP 
RX : 

SECAR

200 
ä 

500

MP +
DP +
TP + 
TCP

MP + 
DP + 
TCP

MP + DP 
RX :SECAR

Ea3(P04)2

MP + 
DP + 
TP + 
TCP

MP + 
DP 
RX : 

A12°3

MP + DP 
RX :SECAR 
aNaCaP04 
BCa2P207

600 
ä 

1000
MP

MP
RX : 
a12°3

MP 
RX :SECAR 
A12°3 
NaCaP04

MP MP
MP

RX :A12O3 
+ 

aNaCaP04

SECAR 71 exempt d'alumineT’avec CaO, AloOg, dans les 
proportions indiquees, gächBs ä l'eau (Z/s = 0,3). 
Dans chaque cas, les transformations et combinaisons 
des phosphates avec les oxydes se produisent ä tempe
rature relativement basse (6 < 400°C).
A e > 600°C,. seule la tache du monophosphate apparait 
sur le Chromatogramme.
Dans tous les cas, la preuve d'un exces. d'alumine ou 



de SECAR 71 est apportee par diffraction X, de sorte 
que, bien que les phosphates soient en forte propor
tion (50 % massique), leur combinaison avec les oxy
des peut se faire completement.
Enfin, le tableau III contient les resultats des deux 
essais effectues sur les melanges des monophosphates 
et polyphosphates avec AI2O3 et SECAR 71, gäches ä 
1'eau dans un rapport t/s = 0,3.

TABLEAU III

X. MBlan
ges 

t°c XT

DHP (1g) + 
AI2O3 (1g) + 

SECAR 71 (lg) + 
h2o

HCP (1g) + 
AI2O3 (1g) + 
SECAR 71 (lg) + 
H20

100°C CCM : MP ■ MP + DP

200<’C a 400°C MP + DP
MP + DP

RX : AI2O3 
exces + Secar

4oo°c a iooo°c MP
MP

RX : Secar +
Al2O3+CaNaPO^

Pour 200°C < 9 < 400°C, le Chromatogramme permet de 
deceler un melange de mono- et diphosphates. Au-dela 
de 400°C, ne subsiste que le monophosphate.
La transformation diphosphate * tricyclophosphate n'a 
done lieu que lorsque les phosphates ne sont pas me
langes avec des pxydes. Dans le cas contraire, que ce 
soit avec AI2O3 bu CaO ou le SECAR 71, 11 se forme di- 
rectement du monophosphate.

Fig. 3 - Courbe devolution thermique de 1'hexacyclo
phosphate de sodium industriel.
(1) : hexacyclophosphate de sodium seul.
(2) : hexacyclophosphate de sodium + H20 (£/s = 0,3).

La decomposition thermique de "1'hexacyclophosphate 
de souium" industriel präsente une courbe d'evolution 
en fonction de la temperature qui se caractBris'e par 
un minimum de masse 3 600°C. Une telle courbe, don- 
nant le pourcentage d'eau perdue en fonction de la 
temperature est tracee figure 3.

‘ TABLEAU IV

T°C 
chauffage

NaH2P04 (NaP03)6

t°C point froid : 
25°C

t°C point froid : 
25°C

150°C
Am = 0
C.C.M. * MP

Am = 0
C.C.M. ■*  PP + 
traces TCP et TP

21,0°C
Am : perte de IH2O/ 

mole.
C.C.M. : DP + tra
ces PP

Am = 0

445°C
Am : perte de 2H2O/ 

mole.
C.C.M. : TCP + tra
ces PP

Am - 1,4 % H20

C.C.M. : TCP + tra
ces PP

Le minimum coincide avec la transformation du tricy
clophosphate cristallise, produit de decomposition de 
1'hexacyclophosphate ä 200°C, en polyphosphate vi- 
treux 3 longue chaine.
b) Premiers resultats en thermogravimBtrie (TG) : Les 
courbes de deshydratation du dihydrogenophosphate de 
sodium et de 1'hexamBtaphosphate industriel sont re
presentees figure 4. Les produits de dBcomposition 
sont analysBs comme precedemment par C.C.M. (tableau
IV).  .

Fig. 4 - Courbes de deshydratation, sous 3,2.10^ Pa 
de pression de vapeur d'eau en fonction de la tempe
rature.
--------: dihydrogfinophosphate de sodium.
AH20
—— : nombre de moles d'eau perdues par mole de pro- 

n duit. '
-— : hexacyclophosphate de sodium industriel. 
AmH20: pourcentage en masse d'eau perdue.



Il doit Btre note que la pression de vapeur d'eau 
maintenue constante par la thermoregulation du "point 
froid" a eu peu d'influence sur le taux de deshydra
tation atteint ä une temperature donnee.
Ces resultats, obtenus dans des conditions mieux d6- 
finies, confirment, dans le domaine de temperature 
qu'ils ont pour le moment permis d'explorer (80°C < 
6 < 400°C), les conclusions tirees des essais de de
composition thermique point par point.

CONCLUSION .
A temperature ambiante, 1'etude cinetique en solution 
ä Z/s = 10 permet de constater que 1'hexacyclophos
phate de sodium met un certain temps ä s'hydrolyser. 
Pendant cette periode, la concentration en CaO dans 
le filtrat augmente jusqu'ä un maximum de 15.IO-3 
mol.kg-1. Puis une competition entre I'hydrolyse in
terne de 1‘hexacyclophosphate de sodium et la preci
pitation du phosphate de calcium peut expliquer 1'al
lure de la courbe obtenue.
Une analyse par C.C.M. du filtrat indique que les 
ions "phosphate" ont disparu de la solution apres 4h 
de reaction. Pour ce meme temps de reaction, la for
te teneur en AlgOg observee peut.s'expliquer par la 
formation d'un aluminate de sodium soluble, due aux 
ions Na+ apportes par le cyclophosphate. La succes
sion des phenomenes est Bgalement traduite par la va
riation du pH.
Cette etude montre, qu'ä la temperature ambiante la 
prise "phosphate" s'effectue avant la prise hydrau- 
lique, commence des le gächage avec 1'eau et I'hy
drolyse interne du phosphate cyclique ; ceci est con
firme egalement sur päte (Z/s = 0,3) au moyen des 
courtes de degagement de chaleur en fonction du temps. 
L'intensite de la prise hydraulique est alors affai- 
blie par rapport ä celle du SECAR 71 pur.
En mantee progressive de temperature, entre 1'ambian
te et 1000°C, les etats successifs de decomposition 
de 1"hexacyclophosphate de sodium ont 6te mis en evi
dence, notamment, la formation du tricyclophosphate 
entre 300 et 600°C et celle de polyphosphates au- 
delä de SOO’C. Par centre en prBsence de divers oxy
des, le tricyclophosphate n'est pas formB mais la 
reaction evolue vers 1'apparition de monophosphate 
des 600°C.
Dans les experiences d'evolution ä Z/s = 10, et en 
päte avec 5 $ d’hexacyclophosphate de sodium, 11 
n’avait pas 6te possible de mettre en evidence di- 
rectement par analyse (rayons X, C.C.M) le phospha
te de calcium present dans le prBcipite. Sa forma
tion avait 6t6 deduite d'une part de la courbe ther
mique, d'autre part de la disparition des ions 
"phosphate" en C.C.M.
En derniere minute, nous donnons les resultats d'une 
experience complementaire qui a consiste en une si
mulation, par melange de 5 g d'hexacyclophosphate de 
sodium dans 1 1 d'eau de chaux de concentration ini
tiale [C]o = 22,2.10* 3 mol.kg-!. Ceci correspondrait 
sensiblement ä la concentration maximale atteinte 
par la chaux dans 1'experience ä Z/s = 10 avec .
1'hexacyclophosphate.
Dans une duree analogue (Ih 45) il s'est forme un 
prBcipitS blanc, amorphe en diffraction X (anneau 
de diffusion aux alentours de duui = 7,3 A, pouvant 
correspondre ä 0-033(204)2).
L'analyse par C.C.M. du precipite a montre la pre
sence d'ions monophosphate et triphosphate.

On notera egalement, que I'hydrolyse interne de 
1'hexacyclophosphate de sodium (5g) dans 1 1 d'eau ' 
sans addition de'chaux, est beaucoup plus lente, 
puisqu'apres un temps d'agitation de 15h, la C.C.M. 
revele des traces de monophosphate, de tri cyclophos
phate, mais une proportion encore importante d'hexa- 
cyclophosphate.
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:: La signification du terme "prise phosphatique" peut 
etre contestee : certains auteurs 1'appellent plu- 
töt "liaison phosphatique".

Nous rappelons que le SECAR 71 est un ciment alu- 
mineux ä 70 % d'alumine.

:::::: SECAR 71 exempt d'alumine signifie pour nous SECAR 
71 sans addition supplSmentaire d'alumine.



Probleme de l'utilisation des sous-produits mineraux 
dans la production des liants

Use of mineral sub-products in binder manufacturing

P. BOJENOV, Docteur es Sciences, Professeur, Ecole du Bätiment, Leningrad, U.R.S.S.,
B. GRIGORIEV, Candidat es Sciences, Charge de Cours, Ecole du Bätiment, Leningrad, U.R.S.S.

RESUME : La fusion des metaux ferreux et non-ferreux, la combustion des combustibles et 
d'autres operations sont suivies, ä grande echelle, par des processus analogues ä la forma
tion des clinkers. La composition chimique de la partie minerale des minerals et des combus
tibles, les conditions thermiques determinent la formation de 1'orthosilicate du cakLum. Les 
sous-produits contenant ß-C-S sont ä utillser non seulement comme un composant des matieres 
premieres des crus de ciments, mais aussi pour la fabrication des ciments composes.

Sont proposees des methodes d'activation des proprietes liantes des sous-produits, en utili- 
sant le mecanisme de l'adsorption Interieure entre les cristaux et un procede d'evaluation , 
des proprietes liantes des sous-produits d'apres les coefficients de base. Il a ete constate 
que le progres dans la creation de nouveaux ciments a la base de sous-produits de 1'Industrie 
est intimement lie ä l'etude de leur composition chimique et de phase, et de la technologic 
de la fabrication du produit essentiel.

SUL2.ARY$ The processes similar clinker formation occur under ferrous and non-ferrous metal 
fusion, combustion of combustible and in other branches of industry in large scale. Chemi
cal composition of the mineral part of ores and combustibles and tenperature conditions 
determine the calcium orthosilicate formation.

It is sho™n that subproducts containing ß - C2S are useful not only as a raw material 
component of cement charges but also for the separate cenent fabrication.

The methods of subproduct’s astringent properties activation using the mechanism of 
inner adsorbtion between crystal as well'as the.way of subproduct’s astringent properties 
estimation by the bases coefficient are offered.

It is infered that the success in the creation of new cements on the basis of industry 
subproducta i= closely .oonnected with their phase and chemical structure exploring, with 
conprehensive in interference in technoloQr of the product fabrication. ' ‘



L* analyse de l'^tat des ressodrces en 
matidres premieres utilisees pour la pro
duction des Hants, d’une part, la prati- 
nue du bStiment, d* autre part, prouvent 
oue les ciment b^lites, notamment le ci- 
ment de Portland,conserveront leur r81e es
sential dans l’avenir proche et meme dans 
l’avenir plus eloign^.

La base cristallochimique pour la fabri
cation du ciment de Portland est la suivan- 
tet elimination de 1’eau des min^raux stra
tifies et stratifies en bandej reconstruc
tion et destruction des metiiastructures; 
decarbonisation du carbonate de calcium et 
TSfection de la grille de la calcite trigo
nale (rhomboedre) en structure cubioue de 
1* oxyde de calciumj combinaison post6ri- 
eure de la chaux et de la silice et forma
tion du silicate bicalcinue et tricalciqne. 
Dans ces conditions la nature de liaison 
entre les 616ments de structures des matS- 
riaux de base change ce qui conditionne 
1* activity bydraulique des silicates de cal
cium formSs. L'adaptation räciproque des 
6laments de tStra^dres silice-oxyg^ne et 
colonsttes (bandes) des octaddres de cal
cium est fonction de plusieurs factears 
dont la temperature. Elie rend plus facile 
la realisation des structures orthosili

cates de calcium. Dans les conditions re
ales de la production du clinker, en gene
ral, l*etat  d*enuilibre  n’est pas attaint 
dans le systems, et les nouvelles.formations 
surgies sont ä l*etat  m6thastable.

Des processus analogues ont lieu ä une 
grande echelle pendant la production des 
metaux ferreux et non ferreux, la combus
tion des combustibles solides ainsi que 
dans pertaines branches de 1* Industrie ohi- 
mique. .

Le volume sommaire de la production ä 
la base des matl^res premiSres minerales 
mis sur le marehe mondial augmrate progres- 
sivement. Ainsi, suivant des donnees in- 
conpietes, au debut du XX® sidcle, la pro

duction annuelle en etait 140 millions de 
tonnes, eile a attaint prds de 5 milliards 
en 1975» pn attend pour 1980 plus de 10 
milliards. ,

Actuellement, les entreprises faisant 
usage des elements disperses dans I’ecorce 
terreptre se developpent d’une manidre in
tense. Pour en fabrinuer 1 tonne il faut 
traiter des dizaines et meme des centaines 
de tonnes de minerals.

Or, on pe'xt supposer oue le volume 
annuel des matidres premieres minerales 
extraites de I’ecorce terrestre atteindra 
150- 200 milliards de tonnes vers 1’annee 
2000. ; .

Nombrenses sont les entreprises oil les 
matieres premieres mises en oeuvre po^r 
la fabrication du produit essentiel sont 
sonmises ä nn traitement therminue ä une 
temperature oui souvent ne depadse pas 
I^OO- 130O°C. Mais, comme le rendement du 

produit essentiel ne fait qu’une partie 
insignifiante des materlaux traites, les 
frais principaux d’energie, de combustible, 
de main-d’oeuvre sont depenses, fait para
doxal, ä la modification, 1’enrichissement, 
le chauffage et la separation des sous-pro- 
duits.

Comme le produit essentiel ne peut etre 
fabrique sans ces depenses et, d’autre part 
puisoue la composition chimique et les con
ditions thermioues de la partie minerale 
favorisent la formation de I1orthosilicate 
du calcium, on peut bien comprendre 1’as
piration des specialistes du ciment de co- 
operer avec les branches d’Industrie pro- 
duisant des sous-produits pareils.

Une intervention raisonable dans les 
procedes technologique en vue d’obtenir 
des sous-produits d’une composition de 
phase et de qualite requises est devenue 
une necessite vitale de notre epoque. 
L’industrie presente des examples conclu- 
ants de la resolution de cette tache.

Le traitement complexe de la. roche 



apatiton^ph^line pour la production du ci
ment, de 1'alumine, du sodium et de la po- 
tasse realist en URSS est rendu possible 
grace ä 1'^tude approfondie de la compo
sition chimique et de phase des sous-pro
duits, grace ä la modification appropriate 
de la technologie de production de 1’alu- 
mine en vue d'augmenter le rendement de 
ß - c2s.
En th<5orie, il est possible de corriger 

la charge et mener le processus de ma- 
ni£re ä assurer la formation du silicate 
tricalcique en quantity 4gale ä celle ren- 
fermSe dans le ciment de Portland, c’est- 
- a-dire, fabriauer le clinker du ciment 
Portland sans dSchets. -

Mais cela aurait pour consequence la re
duction du rendement des appareils pour 
le produit essentiel; et la modification 
des parametres- techniques du fonctionne- 
ment des appareils entraine une augmenta
tion des pertes du produit essentiel et 
une consommation de combustible due ä 
I'accroissement de la masse de la roche 
traitte pour le compte du calcaire compl6- 
mentaire.

C'est pourquoi dans les techniques dn 
ciment est devenue courante la mSthode de 
la raise en oeuvre des sous-produits conte- 
nant le silicate bicalcique, des laitiers, 
des boues etc. comme un des conposants de 
la charge des matie'res premieres. Ils ont 
d^ja pass<5 le stade de formation de CgS ce 
cui rend la formation du silicate trical- 
cinue plus facile, rSduit la consommation 
de combustible et d’energie dlectrique ä 
?0-50%, tout en assurant la bonne quality 
du ciment de Portland (I,9).

Pourtant la formation, ä la base de ces 
produits, des Hants independents, ne ce
dant en quality au ciment de Portland 
semble etre plus perspectif.

■Inexperience de la production, en URSS, 
des ciments de nepheline ä la base des 
boues de nepheline, sous-produit de pro
duction de I’alumine, qui contient 85% 

ß - CgS, a prouve que ces ciments peu- 
vent avoir un usage courant pour la fab
rication des pieces en beton arme et en 
beton ceilulaires (5,4).

- inexperience prouve que- les boues de ne
pheline de diverses entreprises, conte- 
nant ä pen pr£s la meme quantite d*ortho 
silicate du calcium, possedent une activi- 
te lyrdraulique varies. Cela results, evi- 
demment, de la differente action stabill
san te des additions comprises dans les ma- 
ti^res premie’res traitees qui, etant ad- 
sorbees aux limites des grains, sont aptes 
ä regier la formation de C2 dans .des modi
fications et exercent une influence sur 
la dimension et la forme des cristaux. A 
l’aide du mecanisme de l’adsorbtion inte
rieure entre les cristaux, on peut augmen- 
ter l’activite de ß - C2S et du liant lui- 
meme par une.seconds cuisson ä uns tsmp3- 
rature basse.

La faculty forte exprimSe de I*ortho 
silicate du calcium de dissoudre des addi
tions diverses, d’une part, 1’^tude appro
fondie de la conduits des additions dans 
differentes conditions, d'autre part, 
laissent ä rechercher de nouvelles voles 
d’activation du silicate bicalcique. C'est 
ainsi que le Probleme de 1’usage des sous- 
produits contenant C2S peut avoir, un autre 
sens. C’est pourquoi au VI Congrds ä Mos- 
cou, le professeur P.Bojenov a propose de 
1’examiner comme une question specials au 
Congr^s futur.

Un autre probldme special; influence 
de 1’excedent de chaux sur la stabilisa
tion d’une forme de 1’orthosilicate de cal
cium, nouvelle repartition de 1’oxyde, de 
calcium en phases dans les systdines con- 
tenant C2S sous 1'influence des ions 
halogdnes et certains oxydes des elements 
de transition.

Les essais nous ont montrd qu’il est 
possible d’obtenir un ciment du clinker 
avec KU =0,6? en presence de 1’oxyde de ' 
chrome et de mangandse dont 1’activitd est



50-55 MPa en 7 jours et 65-70 MPa en 28 
jours.

On a fait usage de ce proc4d£ pour L'ac- 
croissement de 1* activity des Hants ä la 
base des sous-produits, contenant !•ortho
silicate du calcium.

line autre possibility d’activation des 
proprieties liantes de tels systemes est 
leur,transformation en un etat hydrate et 
un traitement thermioue posterieur du pro- 
duit d’hydratation ä une basse pression. 
Le ciment ainsi fabriqu^ dont la composi
tion, ä coty d'autres phases, contenait 
;ß- CgS ä I’etat des cristaux fins a forme, 
aux conditions de durcissement normales, 
une pierre d’une resistance assez elev^e 
- 40 MPa. Ce procede de fabrication des 
liants n’exige pas de hautes temperatures, 
necessaire pour le synthdse des mineraux de 
clinkers suivant les techniques du ciment 
de Portland.

L’etat de 1’orthosilicate de calcium en 
cristaux fins des sous-produits a ete de~ 
fini par une Charge suppiementaire en chaux 
de certaines espScesde laitiers et par le. 
reglage du regime de traitement thermique. 
Il en rysultent des liants ayant I’activi- 
ty de 40 ä 100 MPa.

L’ytude des dechets agglomSrys dans les 
terris prysente un problems spycial.

Sous I’influence des agents atmosphy- 
riques, la composition chimique et la com
position de phase des dechets dans les ter
ris se modifient. L'hydratation des com
positions silicates et d’autres, leur car
bonisation par 1’acide carbonique de 1’air 
ont des consyquences defavorables sur les 
proprietys hydrauliques des dechets. Pour- 
tant, meme alors la situation.n’est pas 
irrymediable.

C’est ainsi oue l’ytude de-la composi
tion de phase des fractions fines des lai
tiers de haut-fourneau pulvyrisys, produits 
ensemble avec. les alliages ferreux et en-

Coef.de base = (CaO+O,95 Mg0+0,6 

richis par 1’alumine, ä permis ä A.Boldyrev 
et ä ses collaborateurs de fabriquer un ci
ment de silicate alumineux dont les pro
prietys se rapproche ä celles des ciments 
alumineux (1).

P.Bojenov, B.Grigoriev ont montry que 
par l’addition de NaOH, Na^CO^, CaCl et 
d’autre combinaisons est atteinte une con- 
sidyrable activation des laitiers qui coq- 
tiennent jusau’ä 25% du carbonate de cal
cium sous 1’aspect de vaterite et jusau’a 
15% de vollastonite.

V.Glouckovski et ses collaborateurs (5) 
apr^s avoir etudiy I’influence des addi
tions sur 1’activity des laitiers ont for- 
my un ciment nouveau, substance liante en 
laitler alcalin dont les proprietys peu- 
vent rivaliser et.meme depasser celles des 
ciments portlands.

Pour apprycier les proprietys liantes 
(hydrauliques) des sous-produits, laitiers 
et cendres y conpris, on fait usage con- 
rant comme caractyristique chimique des 
modules divers. Pourtant, l’ytude de diffy- 
rents laitiers a prouvy que parfois leur 
activity effective ne correspond pas aux 
valeurs donnyes des modules. La raison en 
est 1’absence de logique mathymatique et 
chimique dans la formule des modules, ce 
qui enpeche leur emploi en quality de ca
ractyristique chimioue de n*inporte  quel 
sous-produit silicate. A une valeur con- 
stante de module, 1’activity des liants, 
produits ä la base de diverses matidres 
peut diffyrer de maniSre sensible.
P. Bojenov a proposy le "Coefficient de 
base" qui, contrairement aux modules, ne 
pryvoit plus la simple somme des oxydes, 
mais tient conpte de la succession' des opy~ 
rations.dans les nouvelles formations du 
produit.

R20)-(0,55A1203+0,55 Fe205-i-0,7 SO^) 

0,95 Si02



oil CaO, MgO, SiOg est la teneur globale 
des oxydes.

L'analy'se de cette formale doaae la pos
sibility au technologue d’estimer les ma- 
ti^res premieres dont il se sert et les 
corriger.

Dans notre rapport nous avons analyst 
quelques esp^ces de sous-produits conte- 
nant, en regle generale, 1'orthosilicate 
du calcium. Cependant, 1’Industrie produit 
d'autres matyriaux, notamment ceux qui 
conprennent le silicate Mg et dont on peut 
faire usage pour la production des Hants.

Le.- developpement postyrieur de la pro
duction des ciments traditionaux et la 
cryation de nouveaux ciments ä. la base des 
sous-produits de I’industrie peut etre 
assury par I'ytude de.la composition de 
phase des sous-produits, par- 1* interven
tion raisonnable dans la technologie de la 
fabrication du produit essentiel, enfin, 
par la mise au point d'une mythode de la 
correction de leurs propriytys, dont I’aug- 
mentation de 1* activity hvdraulique.

Bibliographie

1. Boldyrev A., Louriy U., Oguianova 3., 
Kouznetsov P. (1940). Production du ciment 
de Portland, URSS, 10-11 et 235-P56.
2. BojenovP., (194Ö), Le ciment de nyphy~ 
line Lenisdat, URSS.
p. Bojenov P.,(1965), Utilisation conplexe 
des Datieres premieres minyrales pour 
la production des matyriaux de construc
tion, Stroisdat, URSS.
4. Bojenov P. et Kavaiyrova V. (1906) 
Les boues de nyphyiine, Stroisdat, URSS.
5. GLouckovski V.,(1979), Les bases thyo- 
riaues des ciments alcalins, alcalino-ter- 
reux et des betons, Dans le livre "Liants 
hydrauliques alcalins et alcalino-terreux 
et les bytons ’’ "Vischaia Chkola", Kiev, 
URSS.



Activation mecano-chimique du silicate dicalcique 
technogene

Mechanochemical activation of technogenic bicalcium silicate

V.l. AKOUNOV, Candidat es Sciences Techniques,
A. M. DMITRIEV, Candidat es Sciences Techniques,
S.D. MAKACHEV, Ingenieur,
G.P. LITVINOV, Ingenieur,
V.l. JARKO, Candidat es Sciences Techniques,
G.V. ZAVADSKI, Ingenieur,
B. E. YOUDOVITCH, Candidat es Sciences Techniques, NIITzement, Moscou, U.R.S.S.

RESUME : Le niveau insufflsant des resistances Initiales empeche, partlellement dans le cas 
de g- C-S, (completement pour ce qul est de y - CjS) la mlse en oeuvre, en tant que composants 
hydraulfquement actifs, des sous-prodults technogenes de 1’lndustrle de I'alumlne, notamment 
du ß ou Y

I
1 Le passage dans un broyeur ä jet de melanges composes de 70 % de clinker ordinaire et de 30 %

I de g-C^S technogene, additionnes de gypse, donne un clment dont l'actlvlte Initiale est sen
, slblement superieure ä celle des clments provenant des broyeurs a boulets.

1 La balsse de I'energie d'activation de 1'hydratatlon, que 1'on observe lots de la pulverisa
tion par jet, a pour effet un relevement sensible du taux d1 utilisation de I'energie poten-

I tielle contenue dans ß- C-S et le clinker de clment Portland Industriel, et permet d'orga-
[ nlser sur cette base une production rentable des clments d'activites differentes.
!

SUMMARY : Reduced, growth of strength at the early etage of hardening Units the use of 
technogenic by-products of alumina industry containing - C-S and exclude the use of 
by-products containing - CgS as hydraulically active components of cement.
Jet grinding of mixture comprising 70% of ordinary clinker and 30% of technogenic JS - C-S with gypsum renders cement with considerably increased initial activity as compared with^ 
cement crushed in a ball drum mill.
Reduction of hydration activation energy by jet grinding ensures considerable increase in 
the degree of utilization of the potential energy stored in the technogenic J*  - C-S and 
industrial portland cement clinker and provides for economic production of cements^of vari
ous activity.



L'exposS (1) tralte des raisons pour les“ 
quelles 11 serait utile d'activer le sili“ 
cate bicalcique qui se cr6e lors du tralte“ 
ment thermique des minSraux dans le syst&ne 
CaO - Si03, ou bien dans les systdmes min6™ 
raux comprenant le systdme susmentionnS, 
notamment lors de 1’extraction de l’alumine 
par agglomeration des alumosilicates. Les 
sous-produits, comprenant le silicate bical
cique en quantitSs toujours croissantes, ce 
qui est 116 ä 1* extension de la production 
d’alumine, doivent etre utilises dans d’au- 
tres industries dans le cadre d’une techno™ 
logic sans rejets. L'activitS hydraulique 
du silicate bicalcique permet 1•utilisation 
des sous-produits qul comprennent ce mine
ral, avant-tout, pour la production des ci“ 
ments. L* introduction du silicate bical
cique tecbnogdne dans la composition du ci“ 
ment, par broyage, avec un clinker portland, 
constituerait un proc6d6 simple dont la 
realisation est la plus facile. Cependant, 
l’accroissement ralenti de la resistance 
pendant la p6riode initiale de ^urcissement 
(jusqu'a 72 heures) empeche l'utilisation, 
en tant que Constituante hydrauliquement 
actifs, des sous-produits a J2> - C^S - par- 
tlellement, et a C2S - patiquement 
dana,lqur totalite. Danq ce contexte, les 
precedes d'activation mecanique et chim^que 
du silicate dicalcique technogene, passes 
en revue dans la presente communication, 
acquierent une importance considerable. .
PRINCIPES D'ACTIVATION MECANIQUE ET CHIMIGOB 
Sous le nom d* activation m6cano-chimlque 
des mat6rlaux, on comprend g6n6ralement 
l'616vatlon de leur r6activlt6 (dans les 
reactions chlmlques) A la suite des modifi
cations de structure par le traitement m6~ 
canlque, notamment pqr broyage. Le traite
ment m6canlque peut etre effectu6 au pr6a- 
lable. Dans ce cas, son effet d'actlvatlon 
dolt se conserver, au moins, jusqu'au d6but 
de la reaction chimlque lntepslfl6e. Mals 
ce genre de traitement peut etre 6galement 
op6r6 pendant la reaction; cette activation 
est la plus efflcace, quolque sensiblement 
plus compl4qu6e du point de vue materiel, 
e'est plutot une technologic du demain 
bien qu'il exists dqs licences, d'applica- 
tlon pratique peu sure, ainsi que deux ou 
trois solutions techniques valables.
Les modifications de la structure apparais" 
sant lots de 1'activation m6cano“chimique 
se pretent A la classification suivante : 
10 modification statiques, c'est-A“dire qul 
se conservent en permanence dans la struc
ture activAe, 2° modifications dynamiques 
gardSes pendant un certain temps et qul dis“ 
paraissent spontanAment, 3° modifications 
mixtes qui incluent A la fols les deux 
types de modifications pr6c6dentes.
Du point de vue de la physique du corps 
solide, les modifications statiques sont 
conditionnAes par les dAfauts du rAseau 
cristallin, dus au changement de place des 
atomes dans les noeuds et les interstices 
des noeuds, ainsi qu'aux variations dans le 
nombre et 1'emplacement des lacunes. L'aug
mentation quantitative de ces changements 
peut etre considArAe formellement, ou liAe

de fait A l’accroissement de la densitA de 
dislocations dans le rAseau cristallin de 
la matiAre jusqu’A son amorphisation com- 
pldte (2,3). ■
Naturellement, de tels changements de la 
structure .lors du traitement mAcanique de 

la matiAre peuvent etre enregistrAs avec sue- 
cAs, par la mAthode de la radiographie. Les 
changements dynamiques de la structure sur” 
venant au cours de I1activation mAcano-chi- 
mique des matAriaux sont conditionnAs par 
les dAfauts, apparaissant et disparaissant, 
dans les enveloppes Alectroniques des atones 
qui constituent le rAseau cristallin. II eSt 
gAnAralement admis aujourd'hui que lors de 
la dispersion de la matiAre, une partie des 
Alectrons se trouvent sApares de leurs 
atomes par les interfaces apparaissantes, ce 
qul provoque un excAs du potentiel Alectro” 
statique A la surface et entraine des varia
tions correspondantes du niveau Fermi, 
c'est-A-dire de l'Anergie moyenne des Alec
trons dans les zones extArieures du rAseau 
cristallin (a).^La valeur de cet excAs du 
potentiel peut etre stable et alors les va
riations de la struqture engendrdes par ce 
potentiel, peuvent etre envisagAes comme dA- 
fauts statiques. Cependant, dans bien des 
cas, 1'excAs du potentiel Fermi, aprAs la 
dispersion, a une tendence A se diminuer, 
par exemple A la suite de I'Amission A par- 
tir de la surface des Alectrons excAden™ 
taires durant un certain temps qui suit la 
pulvArisation. Une telle Amission exo-Alec- 
tronjque a AtA observAe pour la premiAre fols 
sur le gypse par Kramer (5). C'est ce qu'on 
appelle aujourd'hui "effet Kramer". Parmi 
les autres modifications, conditionnant la 
balsse du niveau excAdentaire du potentiel 
Fermi des matAriaux activAs, on peut citer 
1'adsorption des molAcules de gaz, et no
tamment, du gaz carbonique et/ou de 1'oxy- 
gAne contenu dans l'air, des molAcules d'eau 
qui constituent I'humiditA naturelle, etc. 
Les dAfauts du rAseau cristallin disparais
gant pendant cette rAaction peuvent aussi 
etre considArAs comme modifications dynami
ques provoquAes par J'activation. Elies 
sont enregistrAes grace aux procAdAs indi
rects, compte tenu des techniques modernes. 
En particulier, I'Amission exoAlectronique 
(effet Kramer)est observAe au moyen des 
capteurs A pointe A rayons X, puisque l'Aner
gie des Alectrons Amis est assez importante
(6).  Jusqu'A prAsent, on ne trouve pas de 
critAres thAoriques de structure, qui con- 
dltlonnent la prAsence ou 1'absence de 
1'effet Kramer A la suite de 1'activation 
mAcano-chimique des matAriaux. Aussi, le 
type des modifications dynamiques du rAseau 
cristallin des matAriaux activAs n'estril 
dAfini que par vole expArimentale.
PULVERISATION PAR JET EN TANT QUE METHODE 
D 'ACTIVATION. On connait toute une sArie 
de mAthodes d'activation mAcano-chimique de 
matAriaux par dispersion. Le broyage en 
broyeurs A cylindres en est un procAdA d'acr 
tivation prAliminaire trAs ancien, utilisA 
par 1'homme pour des processus physiques et 
chlmlques divers tels que pyromAtallurgie, 
panification, fabrication d'objets en cAra- 
mique, etc. Au XIX-e siAcle, ce procAdA a



en partle remplacS par broyage ä tam
bour, notamment, dans des moulins ä tubes 
remplis de corps broyants nAcessaires A la 
mouture (boulets, cylpebs, etc). Dans les 
annjes cinquante de notre siAcle, afin d’ac“ 
croitre l'efficacitA de l’activation prSli
minaire, on recourt largement aux broyage 
par percussion et par vibration, deux inven
tions datant d'une vingtaine d'annAes, ainsi 
qu’A un traitement par disintegration. De 
tous ces procidis relativement nouveaux, 
seule la mouture par vibration est utilisa
ble dans le*cas  de l’activation du silicate 
bicalcique, les autres ne permettant que 
l’obtention d’un produit assez grösster par 
comparaison A la finesse des ciments ordi” 
naires. Les experimentations sur broyage par 
vibration du silicate bicalcicue technogine, 
effectuies A le HIITzement -dans les 
annAes soixante, ont donnA des rAsultats po- 
sitifs. Cependant, elles n’ont pas trouvA 
d’application industrielle en raison de cer- 
taines particularitAs de construction du 
broyeur vibrant, de son faible rendement et 
du taux d'usure AlevA de la garniture, par 
rapport aux moulins A tambours ordinaires. 
La pulverisation par jet a AtA proposAe, en 
tant que mAthode d’activation mAcano-chimi- 
que prAliminaire des Hants, par un des au
teurs du prAsent exposA, dans les annAes 
soixante (7).Par rapport aux autres engins 
de broyage, le procAdA en question se carac- 
tArise par un niveau plus AlevA (d’un ordre 
de grandeur) de la consommation d’Anergie 
par unitA de volume utile, un Aquipement pen 
encombrant done une quantitA moindre de ma- 
tAriaux mis en oeuvre pour sa construction, 
1’absence de piAces mobiles, de corps broy
ants, de sAparateurs, d’oü un taux moins Ale
vA (de deux ordres de grandeur) d’usure des 
organes de travail, un fonctionnement silen” 
cieux, sans parier des avantages iqtrinsAques 
rAsidant dans la nature physique meme de 
cette mAthode d’activation mAcano-chimique. 
Son atout principal consiste dans une pro
pagation A vitesse supersonique des ondes 
de choc et, comme corollaire, une Aventuali- 
tA tres minime de relaxation des contraintes 
apparaissant dans le rAseau cristallin.
Outre 1’augmentation du rendement de 1’Aner
gic dApensAe pour le broyage, cela garantit 
le taux maximum de formation des dAfauts 
statiques et le taux maximum de maintenance 
de dAfauts dynamiques provoquAs pendant la 
pulvArisation par jet de la matiAre A acti- 
ver. Cela assure une utilisation efficace 
de la pulvArisation par jet du clinker port
land et de ses mAlanges avec le laitier gra
nulA de haut fourneau, en tant que mAthode 
de la fabrication des ciments A haute resis
tance ,dont la su,"Rface snAcifique est pour 
une,resistance egale, d’environ 1000 cm2/g 
infer!eure a celle des ciments analogues 
obtenus dans les broyeurs a tube (8). 
MATIERES UTILISEES PENDANT LES~ EXPERIENCES. 
Clinker portland industriel,- CgS techno™ 
gAne (boue de bAlite, rAsidu d’extraction 
d’alumine A partir de nAphAline) et j" -C^ - 
produit de synthAse par cuisson dans le four 
pilote rotatif de la cimenterie expArimen
tale de "le NIITzement. - avaient un 

composA chimique HlustrA par le tableau I. 
Les analyses pAtrographique et aux rayons X 
ont prouvA la prAsence dans le clinker 
d’alite de la sArie^monoclinique des modifi
cations, de ß - CgS et de C^A tAtragone; 
dans ß - CjS technpgAne, on remarquait la prAsence dfimpuretes ordinaires de gehlenite^ 
de wollastonite' et de minAraux alcalins, le 
tout avec 80% de la mattAre de base. Le 
JT- CoS contenait prAs de 206 de ß - CoS, ce 
qui correspond parfaitement A la composition 
des rejets issus de la transformation indus
trielle des produits de kaolinite de la va
lorisation du charbon en alumine.

TABLEAU I •
Composition chimique des matAriaux, en %

Oxydes Clinker OpS 
semi-produit

jr- CpS

Pertes a 0,21 2,76 " U,35
la calcinaJ 
tion
SiO2 21,56 30,52 35,00
A12°3 .4,69 2,79 0,22
Fe2°3 4,52 2,52 0,10
CaO 64,9? 56,67 63,70
CaO (libre) 0,05 nA ant 0,40
MgO 1,46 - traces
so5 0,53 — traces

RESULTATS DES EXPERIENCES. Chacune des ma- 
tiAres prAcitAes, ycompris les mAlanges prA“ 
parAs d'avance et constituAs A 70% de clin
ker A 30 % de ß et f -CoS avec 5% de gypse 
ont subi une pulvArisation par jet dans un 
engin de la serie USV-300. Les matAriaux ob
tenus ont AtA analysAs au sujet de la radio“ 
activitA, au moyen d’un compteur de rayons 
X directif d’aprAs la mAthode (9) et utili- 
sAs pour la fabrication d*Achantillons (con- 
formAment aux Normes GOST 310 - 76) avec du 
sable (rapport 3 A 1), afin d’Avaiuer leur 
activitA hydraulique. L*usage,  pendant la 
pulvArisation, de divers agents porteurs 
d’Anergie - tels que 1’air ou la vapeur 
d’eau - prouve que ces agents exercent un 
effet considArable sur 1’activitA hydrauli
que et la radioactivitA des matAriaux obte
nus. Dans le cas, prAsent, on a fait usage 
de vapeurs d’eau. .
La granulonAtrie des matAriaux obtenus par 
pulvArisation par jet se distingue des matA
riaux de la mouture A boulets, qui ont la 
surface spAcifique identique (dAterminAe 
d’aprAs la mAthode de la permAabilitA A 
1’air) par la valeur lAgerement supArieure 
de l’ascension n (tangente de l’angle d’in“ 
clinaison) de la droite - anamorphose de la 
rApartition des particules selon leurs di
mensions, dans le systAme Rosine-Rammler - 
Sperling-Bennett : n = 1,1-1,3 , pour la 
pulvArisation par jet, et 0,7-0,9 pour le 
broyage A boulets.
On a Atabli 1’existence, pendant environ 24 
heures aprAs la pulvArisation par jet, de 
p- CpS, ainsi que du clinker portland, d’une^Amission exo-Alectronique A partir de 



la surface de leurs particulee. .LeJ^-CgS 
est, parai^-il*  exempt de ce phenomene, 
L*intenslte^ ’emission dea particulee clin
ker eat inferieure par rapport a p- C2S » 
proportionnellement au contenu de- ce mine
ral,dans le clinker; ceci permet <Je con- 
siderer £ - CoS comme cause de I’emission, 
puisqu’il'fait partie du clinker. 
L'activite hydraulique de ß - CgS, et plus 
particulierement, de y - CgS n’est pas for
te par rapport aux (|oimees assez favorables 
sur I’activite du melange technogene clin
ker portland - J3 - CgS (tableau II).

TABLEAU II

Caracteristiques de resistance des mate
riaux obtenus par broyage a boulets (I) 

et par jet (II)

Materiaux, parties en masse‘

Cqrac- Clin- Clin- Clin B-CoS' r-c2s
teris- kei ker ker
tiques 100 70 |70 1UV 100

Gyp- ß-C2S I
1
-C2S

se 3 30 30^
Gyp- Gyp-
ee 5 Be 5

I II I II I II I II II

s, 
1000 
cm2/gr 3,4 3,3 3,4 35 3,7 3,7 3,4 35 8,2
E/C 0,4 <X4 0,4 0,4 0,4 0,4 M2 0,4 0,43
DE,
mm* 113 111 113 113 113 113 107 109 113
RP. 39 32 26 24 3 10 0 0 4
Kgf 3j 51 54 44 48 0 0 6

59 62 49 54 0 9 9
cm 28j 68 78 59 66 26 33 23
Rc, 13 94 153 62 67 10 49 0 0 15

Kgf 246 281 194 233 0 0 17
7j 342 345 254 340 0 12 18

cm^ 28J 409 481 343 419 76 78 43
* degre dretelement

EXAMEN DES RESULTATS. Les donnees de I1emis
sion exo-electronique coincident, dans leur 
ensemble, avec les resultats dy travail (9) 
a la suite duquel oq a constate la presence 
exclusiye de cette emission dans CoS (ß- 
forme, § ce qu’il parait), hormis le reste 
des mineraux clinker. Lq diagrannne,X dqs 
poudres de tous les materiaux pulverisees 
prouve qu’il n’y a pas lieu d’apprehender 
1* existence d'une multiplication des dis
locations, et moins encore d'une amorphi- 
sation des particules dans les couches su- 
perfjcielles, en comparaison avec le broy- 
age a boulets dans des broyeurs de labora- 
toire.
Au contraire, 11 peut y s'agir de 1'intensi

fication des pics d'analyse d'alite ( 51 
7°), de A - C2S (15,<5°) et de y- C2S (29°) - 
apres la pulverisation par jet, par rappcrt 
au Ijroyage a boulets. Ceci atteste la den
sity moinsfortq deq dislocations dans les, 
materiaux pulverises par jet et, par conse
quent, 1'existence des interfaqes plus 
planes. Les microphotos des preparations 
d'immersion de certaines fractions du clin
ker prouvent, qu'apres le broyage par jet, 
les grains sont moins rugueux: une peujtie 
$Le la surface des grains est constituee, . 
a la difference du broyage a boulets, par 
le plan de clivagq. Mais ley projections 
visibles sup les epreyves temoignent que', 
souvent apres la pulverisation par jet, se 
forment lea grains aux angles aigus de 
moins de 1 rad, alors que chez les parti
cules issues du bpoyage a boulets, les 
angles aigus ne depassent jamais 1,4 rad 
et, si besoin est de fopiger un angle algu 
solide, celui-ci est cree par deux,angles 
obtus, comme on le volt sur le schema 
(Pig.1).

Fig.1; Une partlcule obtenue par jet (a) 
qt par boulets (b) ayant qn angle solide 
egal entre les faces (schema).

La soumission de la repartition des parti
elles selon les dimensions, pendant la pul
verisation par jet, a 1'equation Rosine- 
Rammlep-Sperling avec le coefficient d'unl- 
formite n =1 ,est conditionnee,(10), d'apres 
1'analyse theorique, par l^absence de rela
xation au cours de la pulverisation, et par 
la domination exclusive^de 1'action percu- 
tante. Lors du. broyage a boulets, qui cons- 
titue une combinaison des actions percutan- 
tq et abrasive (11), les angles aigus, for
mes dans les particules apres 1'action per- 
cutante, devienneqt oßtus sous 1'effet de 
frottement. Le phenomene des angles aigus, 
des particules de materiaux obtenus par jet, 
rend plus accessible leur volwpe ,interieur 
pour les,reactions chimiques heterogenes, 
et accelere, on le salt (12), leur continua
tion dans le temps. C'est la que nous som
mes enclins de voir 1'effet,essential d'ac
tivation offert par la,pulverisation par 
jet. L'activation du reseau cristallin n'au- 
ra d'effet sur^la surface des paytiquleq 
gu'avec ün taux de dispersion tres eleve pl
iant jusqu'a 8000 cm2/g de jf- C2S. ■ 
L'importance des exo-electronff pour 1'acti- 



vit6 hydraulique est aussi prouv6e«AEn äf
fet, le taux de consistance de la pate de 
cirngnt normale produite d partir du clinker 
fraichement moulu avec du gypse en poudre, 
se rdduit d’une fa$on exponentielle dans 
le temps (13); il en est de meme pour la va
leur d*Emission  exo-dlectronique. Cet effet 
n’est pas utilisd exprds pendant nos expe
rimentations puisque, d’une manidre gdneraJe, 
11 n’est gudre realisable que pendant la 
production complexe des ciments et betons 
ce qui est reserve pour l’avenir. C’est. 
pourquoi, pendant ces experiences, le ga- 
chage hydraulique des matdriaux pulverises 
par jet s’effectuait au bout deg 24 heures 
aprds la pulverisation et 1’arret total de 
1* emission exo-eiectronique. Cependant, 
meme dans ces conditions, la pulverisation 
par jet du melange constitue a 70% par clin
ker industrial et A 30% parp ~ C^S avec 
5% de gypse, a permis d’obtenir un ciment 
a activite initiale considdra^lement elevee 
par rapport au ciment de la meme composi
tion mais pulverise dans un tambour broyeur 
i boulets. Son taux de resistance corres
pond au portland ordinaire, (classe 400, 
Normes GOST 10178-76), ou bien au ciment 
type 1 ASTM C-150.
Pour trouver la cause de 1’accroissement 
acceiere de la resistance de ce ciment, en 
comparaison avec un ciment analogue broyd 
par boulets, il a fallu toute une sdrie 
d*analyses  (Ingenieur N.V.TSOUKANOVA) qui 
avaient pour objectif d'etudier la vitesse 
d’hydratation dans un milieu dont la tempe

rature variait.
Les rdsultats de ces experiences a^testent 
que la pulverisation par jet peut etre con- 
siderde comme un procddd qui rdduit la va
leur dnergetique d'activation de 1'hydrata- 
tion des ciments et augments le degrd d’uti
lisation de l’dnergie potentielle accumulde 
dans un clinker etp- OgS technogdne. 
CONCLUSIONS.
La technologie rationnelle de la production 
des ciments qui comprennent p - CgB techno- 
gdne, peut se baser sur la pulvdrisation 
par jet du mdlange de cette matidre avec du 
clinker Industriel et du gypse. Ge procddd 
permet d’obtenir des ciments A activitd va
riable, y compris des homologues du portland 
ordinaire (type 1, Normes ASTM), lorsqu'ils 
contiennent 30% de p -C JS technogdne envi
ron; cela revient a la reduction de 30% des 
ddpenses en dnergie lors de sa production. 
Pour utillser y- CJ3, il faut des efforts 
d’activation supplementaires. Sont particu- 
lierement prometteuses les possibilitds qui 
sonttracdes dans un de nos ouvrages et qui 
concernent 1’activation des CjS par les 
agents dnergdtiques sous haute tgmpdrature 
permettant de combiner dans un meme engin 
(broyeur A projection) les processus de pul
verisation, de sdchage et du traitement 
thermique de haute tempdrature (14). Cela 
amdne dans la couche superficielle deshydra- 
tde de.ß- C^S, 1’apparition de zones act!” 
vdes du rdseau cristallin qui accAldrent le 
processus d’hydratation. Actuellement, on 

procdde A la mise au point de cet engin en 
Union Sovidtique.

BIBLIOGBAPHIE :
1. - A.S.BOLDYEEV (1980) "Ciments A haute

teneur en silicate bicalcique et mono
calc i que et leur application’! Rapport 
prdsentd au VIIAme Congrds (en franqais)

2. - r.C.XOÄAKOB (I972),ll$M3HKa HSMenMeHUH".
M., ”HayKa’’,307 c,(en russe) .

3. - P.ffiPAJEP (1969) "HoBHe npnuepn hs oöjb-
CTH MexaHOXMMMH". II BceB0D3HHK CMMHOSH- 
yw no MexaHOXMMKM u MexanoaMHCCHH TBep- 
ÄNX Ten, TesKCH soKJiaaoB, »pyHse 
(en russe).

4. - ».».BOJILKEHinTEtiH (1973) "»naMKO-XHimH
noBepxHociH noaynpoBOÄHiiKpB".M., 
"HayKa11, 399 c, (en russe) .

5. - J.KRAMER (1949) Zeitschrift fur Physik,
125, NO 11/12, 739-756,(en allemand).

6. - H.M.K0B03EB (pea) (1962) "SKSOSneKipoH-
H3H 3MHCCHH". M., 01 c, (en russe).

7. - B.H.AKJHOB (I967)"GTpylBne MesEHHiiH"
M., "MamMHOCTpoeHHe", (en russe).

8. - D.K.JIEinKO. B.H.AKyHOB. B.l.IIAHKPATOB.
H.0.»EPEHÖ,  B.n.BEJiyiBKO, P.B.SABAJMt 
(1976) "nonyseHHe BucoKonpowHoro m ($■- 
CTpoTBepaenmero iieMeHTa".Jl Mexsysap.
KOBrp.no XHMHM ueiieHia, T.ni 23-24, 
(en russe).

9. - l.M.MAMBETOB, B.$.PECHHHCK00, K.ffl.BATE- 
MHPOB (1969) "SjieKTpoHHaH aimccHH c ne- 
KOTopNx MMHapenoB iieMeHTa”. II BoecoDa- 
hhK CHnno3nyM no MexaHoxmmH m uexano- 
3MH0CHH TBepSHX T6JI, $pyH36, C 6, 
(en russe).

10. - B.H.AKJHOB. B.B.BUQBMq, T.A.APEEKOBA,
P.n.MTBMHOB (1979) TeBepaiiMfl nosepx- 
HOCIM H aepHOBOK COOTaB npoayKTOB H3- 
MentneHHH b cipyilHHX MejiBHHuax1’. 
’’QeMeHT’’, b nenaiH, (en russe).

11. - P.PH0O (1964) "IIpoÖJieMa üaMenbqeHiiH ua-
TepaanoB m ee pasBHTHe". M., Cipoitas- 
Sai, 112 c, (en russe).

12. - B.3EJILM0H (1972) "KHBeraKa reTeporeHBHX
peaKUMa”. M., "Unp", 554 o,(en russe).

13. - M.T.B1AC0BA, B.H.KABBHHOBA, B.S.IOIOBH’J
(1979) ”0 BoaonoTpeÖHocTH uewenTOB paa- 
jMVHoro aepHoro cocTaBa”. ’’IlaMesT", 
B netarB (en russe).

14. - B.H.AKyHOB.D.H.HEIlIKO. C.i.MAKAlßEB,
r.n.läräHHÖB (I978) "CTpytaoe Hauemna- 
HH6 - a$$6KTMBHlril M9T0Ä nOBHmeHHH TH7I- 
parauHOHBoK aKTMBBocra CemiTOBoro mna- 
Ma". y BcecoBSHoe coBonanno no xmmhh h 
TexHonornn ueMesTa. KpaiKne TeancH 30- 
KJBflOB. M., BH003CM, 218-219, (en russe)



The development of the structure of CA and CA2 type 
high alumina cement clinkers 

and the properties of cements

Formation des clinkers des ciments alumineux des types CA et CA2 ; 
proprietes de ces ciments

J. TALABER, Professor, Director, Ph. D. Central Research and Design Institute for Silicate Industry,
Budapest, Hungary, et ■

K. DOLEZSAI, Ph. D., Head of Sei.Dept. Central Research and Design Institute for Silicate Industry,
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RESUME : La dlsparltlon des composants inltlaux et la formation des phases intermedlalres et 
•finales des crus de clment alumineux ä base de CA ou de CAj ont ete etudlees aux rayons X 
dans des fours de laboratoire. '
On a observe que pour les, ciments ä base de CA, en augmentant I'intensite de la cuisson, on 
accroissait la proportion de CA, mats que du CAj etait toujours detectable. Un compose inter- 
mediaire est aussl forme. '
Pour les ciments a base de CA2, on observe un accroissement continu du CA£ et la formation de 
deux composes intermedlalres : CA et £12*7*

Des experimentations, "en laboratoire et en usine pilote, ont montre que, pour les ciments ä 
base de CA, la proportion maximale de CA est obtenue par une cuisson moderee. Ce maximum coin
cide avec la plus grande resistance initiale du clment. Si 1'on augmente I'intensite de la 
cuisson, on diminue ä la fols la proportion de CA dans le'clment, et sa resistance initiale.

SUMMARY: The disappearing of the starting components as well as the formation of the inter
mediate and final phases of monocalcium-aluminate- and calcium-dialuminate-type raw meals 
were followed by X-ray investigation using heating chamber.
It was stated that at CA-composition the amount of CA increases upon increasing the burning 
intensity, and beside it CAg can be detected too. Intermediate C^A? is also formed.
At CAg composition the amount of CAp is continuously increasing and intermediate CA and 
C^gA? are also formed. .
Laboratory and pilot plant burning experiments also proved that in case of CA composition 
the maximal CA is achieved by the less intensive burning. This maximum coincides with that 
of the initial strength of cement. Upon increasing the burning intensity both CA and the 
initial strength of cement are decreasing.



The physical-mechanical properties of white 1 
high alumina cements depend on their AlgO^ 
content and the way of burning.
It is known from literature that the high 
initial strength is mainly due to GA. Rapid 
hardening is caused by CA that is why the 
conditions of forming the maximal amount of 
CA in the CA and CAy type clinkers is inves- 
.tigated in the following.

THE POHMATION 0? CA ABD CAg
When burning raw mixtures corresponding in 
their composition to the above mentioned 
two calcium aluminates besides the basic 
mineral other calcium aluminates partly of 
intermediate> partly of constant character 
are formed as a function of sintering tem
perature and time /I,2,3/.
According to recent publications on the CaO- 
AlyO, systems /I,4/ CA and CAy melt incong- 
ruently. Among the calcium aluminates of 
intermediate character the C^yAy is formed 
only in the presence of moisture /the mois
ture being present in air is sufficient/ 
and in the burnt CA one can almost always 
find CA too, if during burning a partial 
melting appears for when an incongruently 
melting compound is crystallizing out from 
the melt, a perfect state of equilibrium 
can rarely be achieved.
For the investigation of the CA and CAy for
mation a Jeol type X-ray diffractometer 
equipped with heating chamber was used. The 
maximum heating temperature of the chamber 
is 1773 K.
Since our aim was the definition of the con
ditions at which the maximal amount of CA 
is formed and not the determination of the 
absolute amount of minerals, the changes 
were followed by measuring the most charac
teristic peaks of the individual minerals.
Raw meal compositions corresponding to CA 
and CAy were prepared using alumina, lime
stone and in some cases lime hydrate. The 
CaO + AlyO, content - referred to the loss 
on ignition free state - amounted to 99 %• 
The raw meals were heated at a rate of 10°/ 
min. Between 1173 and 1773 K the heating 
was interrupted at every 100°lncrease stage 
for 30 minutes and the material was mainta- • 
ned at those temperatures to have the equi
librium state being achieved and following 
this the X-ray patterns were made.

Fig. 1.- Formation of calcium aluminates 
from raw meals of CA composition as inves
tigated by X-ray diffractometer equipped 
with heating chamber

at 1550 K.
The CAy appears at 1320 K, its reflection 
intensity increases up to 1520 K then re
mains constant up to the possible maximal 
heating temperature - 1770 K. It may be 
supposed that upon a further temperature 
rise and subsequent cooling of the material 
besides CA the amount of CAy would also de
crease due to the tendency to approach the 
state of equilibrium.
This is confirmed by the X-ray patterns of 
the materials of CA composition melted in 
laboratory arch furnace and sintered in la
boratory furnace where besides the CA peaks 
CAy reflections of minor intensity can also 
be^observed.
On the basis of these investigations it can 
unambiguously be stated that in the case of 
a composition corresponding to CA the maxi
mal amount of CA can be obtained by elevat
ing the temperature or by melting.
Fig. 2. shows the phase composition rela
tions in the process of heating the mixtures 
with a composition corresponding to CAy. 
These relations are more simple than those 
of CA type mixtures.
The intensity of the initial CaO and AlyO- 
reflections are continuously decreasing^ 5 
here, too. The peak showing CA formation 
appears at 1200 K. Its intensity increases 
up to 1400 K and thereafter begins to dimi
nish. ,
The CAy and C-yA- reflections appear at 1470
K. The intensity*of  the OAy peaks increases 
continuously with the temperature while that 
of the C^oAL reflections decreases. Using 
extrapolation it seems to be probable that 
in the final equilibrium state only CAy is

• The experiments with CA were repeated four . 
times: twice using limestone and twice lime 
hydrate as basic material while that with 
CAy only once using lime hydrate.
Fig.l. shows the average data of the four 
CA syntheses. On the abscisse the tempera
ture, on the ordinate the heights of the 
0,240 nm CaO, 0,208 nm Al,0,, 0,268 nm 
äi^?l tt^d^ 11111 an<^ 11111 ®"^2 Peak*3

Besides the continuous decrease of the peak 
characterising the initial CaO and Al„0,, 
the reflection of C,^ appears at 11733K 
then, after reaching a'maximum, it disappears



Pig. 2. - Formation of calcium aluminates 
from raw meals of CAo composition as inves
tigated by X-ray diffractometer equipped 
with heating chamber 

present which is supported by other inves
tigations, too.
In case of CAo composition the maximal in
tensity of CA^reflections - in contrast 
with the CA composition - can be observed 
at a relatively low temperature i.e. far 
away from the state of equlibrium.

PHTSiqAL-MECHABICA^ PHOPERTIES OF THE CEMENT. 
AS A FUNCTION OF'THE.WAT OF.SINTERING .
In order to investigate the relationships 
between the intensity of burning, the for
mation of crystalline CA and the strength, 
CA and CA^ type raw meals were burnt at 
1473, 1623 and 1723 K with sintering times 
of 2 and 4 hours in a silite rod heated 
electrical laboratory furnace.
The clinkers cooled in the furnace were 
ground to a specific surface of 400 if/kg 
and the strenth tested according to the 
Hungarian Standard Specs. MSZ 4702/9/74 
requiring the compressive strength at 3 
days age to reach the minimal values as 
listed below:
AlgO^ content < 70 % 34,3 MPa
AlgOj content >70 % 24,5 MPa

The compressive strength of the products of 
CA composition is shown in Fig.3» while in . 
Fig.4. the 0,298 nm peak height of the X-ray 
pattern, in Fig.5. the compressive strength 
of CAo and in Pig.6. the 0,349 nm peak - ■ 
height can be seen.

Pig,3. - Change of the compressive strength 
as a function of burning temperature and 
time of CA composition cement burnt and 
ground in laboratory

.Pig.4. - Change of the 0,298 nm CA and 
0,349 nm CAy peak heights as a function of 
burning temperature and time of CA type 
clinker burnt in laboratory



Pig.5. - Change of the compressive strength 
as a function of burning temperature and 
time of a CAy composition cement burnt and 
ground in laboratory

Pig.6. - Change of the 0,298 nm CA and 
0,349 nm CAy peak heights as a function of 
burning temperature and time of a CAy type 
clinker burnt in laboratory d"

Table I. - The free CaO content and the 
insoluble residue of QA and CAy type clin
kers synthetized in laboratory^

TABLE I
Clinker burning free

CaO %
Insoluble iti 
hydrochlor, 
acid resid.

10

temperat.
K

duration 
hours

CA type
1473 2 7,71 21,6
1473 4 l.PO 12,7
1523 2 0,53 11,5
1523 4 0 4,1
1723 2 0 r-»3

1723 4 0 5,1

CAy type

1A73 2 0,^3 37,°
1473 4 0,21 41,1
1523 2 0,05 53,6
1523 4 0 5?,3
1723 2 0 52,7
1723 4 0 5'" ,0

Table I. shows the free CaO-content and the 
insoluble in hydrochloric acid residue, of 
the cements.
The strength of the CA-type cement burnt at 
1473 K for 2 hours is lowered by the large 
amount of free CaO. Upon increasing the 
temperature and sintering time the strength 
and - as it has been stated by the investi
gation of the CA forming process - the 
height of the 0,298 nm CA peak is also con
tinuously increasing.
In the X-ray pattern of the product burnt 
at 1473 K for 4 hours the line of C12A7 - 
even if only in traces - can be found.'More 
over, in the pattern of the sample burnt a7 
1723 K for 2 hours the presence of CAy can 
be observed.
In case of the CAy composition the Al?0, be
ing present in larger amount binds the CaO 
of smaller amount more rapidly thus the CA 
is formed quickly and at a lower temperature). 
According to our investigations the maximum 
of the CA-peak can be observed after the 
burning at 1473 K for 2 hours but it may be 
supposed that also in case of a .less inten
sive burning it would further increase sine el 
in Pig,4» only the descending part of the 
curve can already be seen.
The strength of the with the lowest intensi
ty «burnt material is in this case, too, di
minished by the free CaO but the.amount of 
it is considerably less than in the case of 



the similarily burnt CA-composition thus its 
strength is ten times higher than that of • 
the former one« '
The highest strength value is achieved, by 
burning at 1473 K for 4 hours. The maximums 
of CA peak-intensity and. strength' do not 
coincide which is due to the larger amount 
of free CaO remaining after a less inten
sive burning.
Further on, the strength and the intensity 
of the CA-peak decrease continuously while 
the CAg reflection increases.
The change of the strength and CA-reflec
tions according to a maxi mum curve as well 
as the continuous increase of CA? correspond 
to the tendency that was found by investi
gating the products of CA2 composition. ' 
The amount of the insoluble in hydrochloric 
acid residue is big and as contrasted to 
the .CA-composition mixture, it is increas
ing with intensified burning.
In order to prove as well as to prepare the 
utilization of our laboratory results a raw 
meal corresponding in its composition to CAp 
was also burnt in the 10 meter long rotary d 
kiln of our pilot plant.
The data of burning temperature, free CaO 
and the insoluble in hydrochloric acid re
sidue are given in Table II. while in Fig.7 
the strenths, in Fig.8. the 0,298 nm peak 
heights of CA and 0,349 nm ones of CA? are ■ 
shown.

TABLE II
_ 1ö linker Burning Free 

% 
ori-. 

ginal

CaO Insoluble in 
hydrochloricmark tempera

ture

■ K

after 
sto
rage

acid ■
%

I. 1373-1423 2,83 0,15 35,3 "
II. 1423-1473 1,63 0,25 39,1

III. 1473-1573 . 0,17 - 42,0
IV. 1573-1673 trace t - 39,0
V. 1773 0 - 41,7

The cements marked with I. and II. were sto
red under atmospheric conditions in order to 
neutralize the effect of free CaO since 
their strengths could not be determined due 
to rapid setting. In this way the strength
reducing effect of free CaO was eliminated 
even for the less intensively burnt material, 
too.
The tendencies are the same as in the labo
ratory experiments but the actual values 
-show some deviation due to changes in the 
way of burning and the sensitivity of test
ing. '
In case of the CAo-composition both in labo
ratory experiments and in those ones made 
in pilot plant it can be observed that with

I. 11. in. iv. ! m:
Fig.7« - Change of the compressive strength 
as a function of burning temperature of a 
CAo composition cement burnt in pil'qt plant 
ano. ground in laboratory ■ -

the increase of hardening time the ma^i mm 
of Strength is shifted towards the more in
tensive burning. The probable cause of this 
phenomenon is that here hydration of the 
less soluble and more slowly hardening CA? 
is already beginning. ■ <L

CONCLUSIONS
The early strength of high alumina cements 
is proportional with their CA-content. The ■ 
conditions of maximal CA-formation were ■ 
stated by comparing the characteristic peak 
heights measured by X-ray investigation 
using heating chamber.
The amount of crystalline CA in the clinker 
composition corresponding to CA is conti- ' 
nuously increasing with intensified burning. 
Meanwhile intermediate C-io-^Z 8314 aI'e 
also formed. The amount or CipAy changes 
according to a maximum curvexthen disap
pears. CAg does not fully disappear even 
in melted^CA supporting its nature of in
congruent melting.
In the clinker composition corresponding to 
CAp CA disappears after a relatively low 
temperature maximum. Intermediately C.pA« 
is also formed. The amount of crystalling . 
CAp is cont■ .uously increasing with the in- 
tensificaticn of burning.



Fig.8. - Change of the 0,298 23m CA and 
0,349 nm CA^ peak heights as a function of 
burning temperature of-a CAo composition 
clinker burnt in pilot plant rotary kiln

Laboratory and pilot plant clinker burning 
experiments prove the CA-formation tenden
cies determined by the X-ray Investigation 
using heating chamber as well as the rela
tionships between GA formation and 3 days 
age strengths.
Consequently, clinker’s of GA composition 
giving high, strength can be produced by 
intensive burning or by melting. In case 
of CAg composition the burning should be 
carried out very softly at the temperature 
of the maximal GA formation. Care should 
be taken, however, that no free CaO remains 
in the clinker because this would diminish 
the strength. According to our investiga
tions the optimal amount of free CaO is 
0,2 %.
With prolonged storing time the maximal 
strengths of test specimens are shifted 
towards the more intensive way of burning.
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Possibilites de l'intensification des proprietes Nantes
- des materiaux ä la base du C2S

Possibilities of increasing the binding properties of materials rich in C2S
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RESUME : A labase des lots de cbrrespondance structurale, on trouve des cations, susceptl- 
'ble^i'de stabiliser les^tnodlfIcatlons des orthosilicates de calcium a haute temperature. 
"OiP point de vue des Id^es sur I’adsorbtlon Interne entre les crlstallltes, 11 est propose 
un mecanlsme de stabilisation g-C^S par la chaux en exces. Par la vole experimentale, 11 est 
demontre que 1'actlvlte des ciments belltes peut etre conslcierablement augmentee par un regia-, 
ge judlcieux de la distribution des additions.
Il est propose une explication du mecanlsme d'activation de 1'orthosilicate du calcium obtenu 
dans les reactions topotaxlques de deshydratation des hydrosillcates dans le vide. Il est cons
tate que leslllcate blcalclque est apte ä former, dans les conditions normales de durcisse- . 
menf, une pate durcle ayant une resistance considerable.

Il est propose une explication de I'actlvation hydrothermale en presence de SlOj et

SUMMAHYi On the haais of the structural accordance low the cations which can,atabilizate 
high-tenperature modifications of the calcium orthosilicate were ascertained.

The stabilization mechanism of B - CgS with abundunt lime was proposed from the posi
tion of intercrystal interior adsorbtion ideas. It was shown experimentally that under re
gulation of additions distribution one can essentially increase an activity of belit ce
ments. '

The activation mechanism of the calcium orthosilicate as a product of topotaxic reac
tions of dehydratation of high based hydrosilicate in vacuume was explained. There was 
found that double - calcium silicate obtained as a result of dehydratation side by side 
with CaO, 'under normal conditions of hardening was capable to form a stone of rather 
high strength. ' '

The hydrothermal activation of in the presence of SiOg and C02 was explained.



L1 activity hydrauliaue des orthosili.- 
cates du calcium est fonction d'une part, 
de la fasen conpl^te o» inconplSte de la 
succession des fragments structuraux des 
chaux et, d’autre part, de la mode de for
mation d’une modification de CgS.

La succession de la structure des chaux 
senible etre plus grande dans les modifica
tions et ß, eile n’est oue partielle 
dans celles de j” - CgS (1).

L’analyse de la loi de correspondance 
structurale et 1’usage des notions du dy
namisms de SiOg nous a permis de proposer 
un modele th^orioue sur leauel ont etS r^- 
vel^s des cations essentiels susceptibles 
de stabiliser des modifications CgS aux 
temperatures eievSes.

La particularity des structures avec
2 "f" 2 + 2 2 H*des cations tels que (Lr , tin , Ca ,Sr , 

Sä'**,  Na"1", K+ etc. reside dans le fait que 

pour assurer les conditions de la loi de 
correspondance structurale les tytraddres. 
Si doivent s'unir dans des diorthogroupes. 
La stachyometrie des orthosilicates an- 
hydres ne permet pas de r^aliser de telles 
associations, et pour assurer la commen- 
surabilitS de 1* arete du t£tra<?dre Si avec 
celle du cation poly^dre, les gros cations 
cioivent avoir une coordination supyrieure 
a

2+Le passage d’une partie de Ca au po- 
lyedre a 7 somnets permet de stabiliser 
0 - C2S.

Or, 1» mycanisme de cette stabilisation 
n’est pas encore reveiy dyfinitivement. 
Il y a une particularity: pour la stabili
sation ß - C?S il est necessaire, pour une 
courts durye, de chauffer une seconds fois 
a une tenpyrature modyree 1OOO°C) les 
produits de la cuisson primaire du melange 

CaO : Si02'= 2,2 : 1.
L’analyse du mecanisme de distribution 

des ions additifs dans les corps polycri- 
stallins nous a donny la possibility de 

proposer une explication du procedy de sta
bilisation du point de vue de 1’adsorbtion 
intyrieure entre les cristallites (Al) ytu- 
diye p jut les systdmes my talliaues par
B.Archarov.  (2)

La particularity de la distribution des 
ions additifs, compte tenu la Al, reside 
cans le fait cue dans la ryaction primaire, 
a la phase solide, les ions additifs, es
sen tie lie me nt-, sont localisys dans 1’es- 
pace entire les cristallites et y ygalisent 
ainsi les maximums:dnBP^etiques. Ceux-ci 
sont dus aux deformations considerables 
de la grille cristalline ä 1’endroit des 
joints des cristallites. "

Ces ions sont appeles horophiles. 
Une seconde cuisson A badse tejnpyrature 
permet d’yiiminer la hytyrogynyity locale 
des phases pour le compte de la diffusion 
des ions additifs au fond des cristallites 
(la, ils peuvent stabiliser une certaine 
modification).

C’est en ryglant la distribution des 
additions dans les polycristallites qu’il 
est possible de modifier essentiellement 
les propriytys des mytaux (2), des cyra- 
mloues, des Hants clinkers, ce oui est 
prouvy par les resultats des essais sur 
les oiments byiites (tableau 1) fabriquys 
des clinkers KH =.0,67 additionny de 1% 
d’oxyde de chrome. Le ryfroidissement se ' 
faisait soit par une trerrpe sous 1’eau, 
soit par un lent refroidissement dans le 
four. Dans le premier cas reste une hyty- 
rogenyity locale des phases, dans le 
deuxidme cas eile est partiellement ^vi- 
tee.

Pour creer des centres actifs d’hydra- 
tation,des cuissons de deux types ont yty 
effectuyes ä une tenpyrature basset un re
cult ä courte durye et celui ä une durye 
plus proIongee. Coformement ä 1’hypo - 
these de travail, les ions horophiles de- 
vaient diffuser dans la masse des cristaux 



en faisanfameublir" les zones entre les 
cristallites. Pendant le recuit ä courte 

duree le processus n’est pas termini, et 
la microh^tSrog^n^itS locale est conserves, 
olle doit disparaitre au recuit plus pro- 
longSe.

De meme a 4t6 effectu6 le recuit dans 
le vide.'Dans ce cas la defectivitS des 
zones entre les cristallites devait accroi- 
tre, due a 1* apparition des places vacan- 
tes de l’oxyg^ne dans 1* oxyde du chrome. 

cates, ou bien des structures semblables a 
tillSites, adherent encore de 1’autre cot4 
du mur portlandite.

Dans les reactions topotaxiques de des
hydratation, des hydrosilicates ä fort 
cuisson doivent se d^grager en CaO et 

|T- CgS ( a la structure la plus stable).
Mais cocme la d£sydratation est realisee 
aux temperatures modSrees de $00-900°, en 
presence des chaux ä dispersion fine, le 
mecanisme de Al est mis en action qui

Tableau I
ActivitS des ciments beiites en fonction des conditions de refroidissement et du recuit

• des clinkers

Conditions de fabrication des clinkers Tenps de recuit 
min

Activity
MPa

refroidissement cuisson 7 jours 28 jours

A 1’air A I*air 5
50.

4,6
5,2

5,9
5,5

Dans le four Dans le vide 5
50 .

5,0
4,4

5,9
4,9

La trempe
A 1’air 5

50
6,9
5,6

12,6
10,9

Dans le vide 5
50

8,0
6,0

16,0
12,0

Une cuisson - 5,0 . 8,5

Cette conception relative au comporte- 
ment de CaO horophile au cours de la stabi
lisation ß - C2S explique bien le fait, no
te pour la premiere fois par Keevil, et 
Thorvaldson^\ cue dans certains cas c’est 

äustement cette modification qu’on obtient 
pendant la d£sydratation des hydrosilicates 
du calcium A haute basej cette conception 
explioue aussides donates cohtradictoires 
concernant la modification obtenue de C2S 
apr£s la dSshvdratation TSH (C^SH?). (4) 

Il est connu cue dans les hydrosili
cates de calcium ä haute base, parmi des 
fragments structuraux, on peut relever des 
mura portlandites auquels adhdrent d’un 
cot6 ou de deux cotSs des blocs orthosili-

transforme f - C2S enjsmodification. 
La •vitesse de cette reaction est limit^e. 
par le degr£ de rdcristallisation .de CaO, 
c'est-a-dire par I’inpossibilit^ de for
mer la solution solide , - C2S + CaO.
Pour obtenir des produits de la reaction 
topotaxique de dSshydratation des hydro
silicates a haute base ä 1’6tat de disper
sion fine on peut faire usage de la dSs- 
hydratation dans le yide'(analogue ä la 
decarbonisation) (5).

Afin d*obtenir  de teiles compositions 
liantes une synthdse des hydrosilicates de 
calcium a 4te realisSe dans le rapport 
C/S > 2.(TSH, C^S2H et d’autres) avec
Ibur dSshydratation ult6rieure A la tempS- 



rature de 500-900° ä l’air et dans le vide.
Les donates du tableau 2 montre que le 

silicate bicalcique, rSsultat de la des- 
h.ydratation, dans les conditions normales 
de durciscer.ent est susceptible de former 
une pierre d’une resistance assez elev^e. 
La prisence de 3 - COS dans le produit de 
la d5shi’dratation accroit l’activitS des 
Systeme liants.

cations difficiles ä ccmesurer, dans les 
produits hydrates, des tetraSdres isolSs 
peuvent s'unir en diorthogroupes (5120^), 
puisoue une partie de CaO de C2S passe en 
portlandites, et la presence ( OH“ ) per
met de construire des combinaisons hydra
tes en conservant partiellement - CgS et 
en formant, d'autre part, des bandes til- 
leites ( la realisation des diorthogroupes).

Tableau II
»ctivite des produits de la deshydratation des hvdrosilicates de calcium ä hautes bases

Froduits 
hydrates

Conditions de 
de shydratation 
°C,Pression

Contenu des phases 
des produits cris- 
tallins

Activity 
l.Ta

7.jours 28 jours

670°C atmosphere C^SgH, CaO 8,5 15,6
TSE , vide CgS CaO, C5S2H ' 15,0 79,6

9C0°C atmosphere f + «CgS, CaO 7,5 15,0
vide B + Ir C^,CaO 58,0 46,0

655°C atmosphere CgS, CaO, C5S2H 6,9 10,0
vide ß COS, CaO, CcSoH-2 * ’ $ 2 18,7 ?4,1

c ~ 700°C atmosphere C-S, CaO 8,7 15;?
5 <=- vide a * v OgS, CaO 51,6 42,5

9C0°C atmosphere ■■ ^2*̂*  CaO 6,4 . 8,9
vide R + V CgS, CaO 26,1 55,0

Les co^es 7k,'O C vice « + V CgS, CaO 18,5 20,0
nydrates de 500°C vide 'S + IT CgS, CaO ' 25,6 28,
u4ph51ine 900°C vide B + r CgS, CaO 8,8 • 9,6

La succession des fragments structu- 
raux dans les reactions de deshydratation 
des silicates de chaux des ciraents 6tait 
indiquee en (6) pourtant la manifestation 
ae La loi de coordenance structurale dans 
des combinaisons anhydres et hydrates, se
ien notre avis, se realise avec un change
ment cu degrd de dynanisne SiOg et deter
mine I*accroissement  des reactions d’hydra- 
tations des orthosilicates de calcium dans 
certaines conditions,

Cette affirmation s’explioue par le 
fait cue, si dans C?S anhydre l’unite es
sentielle dynamique SiO?(7) doit se faire 
correspondre aux arStes des polyddres de.

Bxeraple caract6ristique* la structure du. ■ 
dellaite stable dans des larges limites. 
Ainsi,dans les conditions favorisant la 
formation partielle de diorthogroupes la 
reaction d’hydratation doit s'accroltre, 
Ces conditions sont notamment: presence 
des groupes OH” ( F”) ( traitement hydro
thermal) prSsence de SiOg ou COg ( ou bien. 
des deux) pour la formation des structures. 
L*accroissement  de la vitesse d’hydrata
tion CgS en presence de SiOg ou de COg 
etait enregistrd experimentalement A. plu- 
sieures reprises .(8), En utilisant ces 
reactions ä la base des boues de nepheline, 
nous avons obtenu des materiaux de construe-.



tion oui Jouissent de bonnes proprieties " 
d*  exploitation. '
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Analyse de la composition granulometrique des 
ciments de forages petroliers

Study of the grain composition of oil-well cements

V.S. BAKCHOUTOV, Candidat es Sciences Techniques,
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RESUME : L'analyse de la composition granulometrique de plus de 70 ciments pour forages petro
llers connus precedemment et elabores par les auteurs, de composition et de destination diffe
rentes, a permis d'etablir, pour chaque ciment, des valeurs optimales de la dimension et de 
la quantite des diverses fractions et de determiner le parametre D (dimension conventionnelle 
moyenne des particules) qui peut caracteriser la composition granulometrique. On a obtenu des 
equations de regression lineaire decrivant la relation entre le parametre D et les proprietes 
technologiques principales des mortiers de ciment et de la pierre de ciment ä base de ces 
derniers, ce qui permet de les "predire" encore au stade de broyage des ciments sans ou avant 
les essais techniques, et d'obtenir les materiaux ayant les proprletes requises. L'influence 
considerable qu'exerce la composition granulometrique sur les proprletes des ciments pour fo
rages petrollers et sur la structure physique du ciment durci a permis de conclure a la neces- 
slte de son controJe au cours du-broyage du ciment. A cet effet, on a mis au point un procede 
rapide de determination de la composition granulometrique de ces ciments dans les conditions 
Industrielles. Il a ete etabli que les dependances' entre le parametre D, la permeabilite et 
la porosite du ciment durci ont un caractere lineaire.

SUMMABY : Study of over 70 different oil-well cements made it possible to establish the 
optimal grain size and amount of fractions and to determine parameter D, an arbitrary 
average size of particles which may be used to characterize grain cctnposition. Equations 
of linear regression describing the relationship between parameter D and Important tech
nological properties of cement mortars and stones were obtained which enable to predict 
these properties at the grinding stage before or without technological tests and to obtain 
oil-well cements with required properties. Strong effect of grain canposition on oil-well 
canent properties and cement stone physical structure was established. It necessitates 
control of grain composition during grinding. An express method for determining grain com
position of oil-well cements under production conditions was developed. Linear dependence 
between parameter D and pexmeability and porosity of the cement stone was established.



On a 6tudl6 tant les ciments de colmatage • 
ordinaires que les ciments de colmatage al- 16g6s (CCA), allSgAs eapansifs (CCAE), ex- 
pansifs (CCE) et alourdls (CCL), 61abor6s 
par les auteurs et produits par mölangeage 
ou broyage simultane des constituents dans 
un dSsintSgrateur du module D-721O ou dans 
un broyeur A. boulets (1).
Il a 6t6 Atabli que un CC (elment de colma
tage) ordinaire de broyage industriel se 
caractdrise par une basse teneur en petites 
fractions hydrauliquement les plus actives 
(de 0 A 5 jum - 12 > : de 5 A 4Ojum - 50 % $ jusqu'A 40ju,m - 60 %). Les auteurs ont 
prouvA qu'il est possible de rAgier la com
position granulcmetrique des CC ordinalT* Ae 
en modifiant le rAgime du traitement par 
dAsintAgnation, ce qui augmente la teneur 
en fractions de 0 A 5jum de 12 A 64 56 et 
plus, la teneur totale en fractions de 0 
a 40 urn pouvant atteindre 99 %• Ceci con- 
doit A 1'accroissement de 1'activitA ty- 
draulique du liant en entier, car grSce A 
la prAsence d'une quantitA considArable de 
petites particules de gypae, de CxA, de 
Ci S et Cz|AF trAs actifs, le processus de 
durcissement se trouve considArablement in- 
tensifiA. Pour Aclaircir la relation entre 
la granulomAtrie et les proprlAtAs des ci
ments de colmatage on a introduit le para- 
mAtre D :

SB4 IL
D “ —£1^7” (^a)*

oü R, est la dimension moyenne des parti- 1 cules dans la gamme de mesure, /1 m ;
IL ,1a teneur en fraction de la gamme de 

mesure donnAe, %.
Le paramAtre D caractArise la diepersitA ' 
du ciment de colmatage du point de vue de 
sa granulomAtrie en gAnAral. Comme sa va
leur est proche de celle de la dimension 
moyenne de toutes les particules du ciment, 
il est appelA dimension moyenne convention- 
nelle des particules. Lors du traitement 
des donnAe s obtenues par la mAthode de cor- 
rAlation, on a rAvAlA une dApendance 11- 
nAaire (y = ax *•  b) entre les proprlAtAs 
des ciments AtudiAs (y) (degrA d,6talement, 
temps de prise, temps d^epaississement. rAsistance A la compression et peimAabili- 
tA A 1'eau) et la grandeur D(x). Le coef
ficient de corrAlation, caractArisant le 
degrA d'interdApendance linAaire de x et 
de y, s'est avArA asses AlevA (0,85 & 
0,99) et Atait calculA d'aprAs la foxmule

oü x = D. est le paramAtre caractArisant 
la dimension moyenne conventionnelle des 
particules ; y<. le paramAtre caractAri
sant les proprletAs du ciment (E est le 
degrA d’Atalement, I, la prise initiale

et F, la prise finale, 6 la rAsistan- 
ce A la compression, la pennAabilltA
A 1'eau) 5 n, le nembre d'expAriencesXtabll). 
Campte tenu des paramAtres indiquAs, I’A- quation de rAgression linAaire Atait Ta
rnende A la foxme

y = y + r-gr*(x-x),
oü 6 x, G y sont les dcarts quadratiques 
moyens ;
r est le coefficient angulaire (coeffi
cient de rAgression de y par rapport Ax). 
En connaissant. la composition granulomd- 
trique (D), on pent prAdire, par le calcul, 
avec une prdcision asses Alevee, toutes 
les proprlAtAs technologiques principales 
des ciments de colmatage encore au stade 
de leur broyage, sans proedder aux essais techniques. De la meme faqon, mats partant 
cette fols des exigences concrdtes but la 
qualitd du ciment de colmatage (par exam
ple la rAsistance), on pent ddtenainer 
pour ce dernier la valeur optimale de D,
i.e.  la canposition granulomAtrique.
Il est dtabli que pour les CC ordinaires 
la valeur optimale de D se trouve dans 
1 «Intervalle de 12 A 15 U m et pour les 
CC ordinaires dont le degrA de dispersion 
est dlevd, dans 1'intervalle de 8 a 9jum. Les Aquations de rAgression pour les ci
ments principanx sent donndes dans le ta
bleau I.
Le trait caractdristique des CCA de braya
ge industriel est une basse teneur en frac
tion de 0 A 5 urn, qui est de 20 % ; la teneur en fraction de 40 A 210um est prAs 
de 51 56. Lors du traitement par ddsintd- 
gration du CCA-1, on peut rdgler sa com
position granulomAtrique de sorte que la 
teneur en fraction de 0 A 5 jum augnente 
de 2 fols et plus et la teneur en fraction 
de 40 A 210 urn diminue de 15 A 20 fols. 
Ceci augmente fortement la rAsistance de 
la pierre de ciment CC pour tous les dA
lais de durcissement, ce qui est tres im
portant, car la rAsistance de la pierre 
de ciments allAgAs est habituelle faible. 
L'Atude de la variation de rAsistance et 
de temps de prise de CCA-1 en fonction de 
la valeur de D a montrd que pour le degrA dretalement Agal A 18 cm, la composition 
granulomAtrique optimale est la suivantei 
D = 14jum pour E/V =1,1 et D a 6,3jUB . 
pour "B/C = 1,6.
Cta a AtudiA dans ce travail la composition 
granulomAtrique et les proprlAtAs des ci
ments de colmatage allAgAs expansifs. 
AlaborAs par lea auteurs, avec additions de 1'oxyde de calcium (0CAE-1) et de la 
boue de chromates (CCAE-2). Pour CCAE-1 
utilisA dans l* Intervalle de tempArature 
de 20 A 90 eC, la valeur optimale de D . 
se trouve dans les limites de 7 A 8 /im 
pour E/C = 0,9 I de 4 = 5jwm pour E/C ■ ■ 
a 1,1. L«augmentation de la teneur en 
fractions de 0 = de 2,5 fols conduit
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Equations de i
I. CC de ccnposition ordinaire

Pro
prid- 
tds 
du ci 
meat*

CC ordinaire 
de broyage 
Industriel

Pro— 
prid- 
tda 
du ci- 
aent*

CC ä degrd de 
dispersion 
61ev6 (F < 40^m)

1
2
3 
4
5
6
7
8

E=5»48*0,710  
1=214,4*14,470  
r=352,3«-14,74D 
1=91,4*2,40
Jte154,14+2,070 
®=77+3,740 
Gcanip=202-2«65L 
6c<»p=585,4-6,6D

2 
3 
4 
5 
7 
8

1=264+15-580 
5=288,9+31,6© 
1=48,94+8,160 
5=117,33+5,820
Qcoap=5* 8*2^1*3 D 
5camp=G2*« 1-41«8L

III. CC alldgds expansifs
Pro— 
pri6- 
tds 
du ci- 
aent*

CCAE-1
Pro- prid- 
tda 
du cl
ient*

CCAE-2

1 
4 
5 
8

5=11.86+0,670 
1=113,4+4,720 
1=255,8+7,90
6caip=128»4-1»52I

4
5 
8

1=68,53+18,30 
5=159,6+4,150 
Öcanp='|79-4,43O

V. CC alourdis
CCIr-1 CCL-2

4
5
7
10

1=51. +1.70 
5=192,25+13,60 
5caip=287»6-*,1D
KpezsT^^xO"*  
-22,2)10“*

4
5
7
10

1=52,1+1,470 
5=296,7*0,840  ■
Scaip’W-0»??»
Sex«=<2250-
-3,C5)1O“*

CCL-5 CCL-4
4 
7

10

1=244+5,50 
tcarcr162«8*-  
-2,750 ,Epear<* D-*7)10' 5

4 
7

10

1=119+0,990 
Gcamp=115.5- 
-0,840 
Xpenn=<2«92D- 
-6)10-5

in i

regression
II. CC all6g6s**

Pro- 
prie- 
tds 
du ci- 
aent*

CCA-1
Pro- 
prid- 
tds 
du ci- 
aent*

CCA-2

2 "
3 
4
5

D 6
D 7

8
9

10

1=469,4+1080 
5=588.3+20,20 
1=68,86+5,80 ' 
5=185,2+6,50
1=19,180-70,55
6cc»p=15,4-O,42 
6c<»p=162-** 45D 
Kpera=^2,12D- 
-10,8)10-3 
Kpei»”0*002?0- 
-0,0123

1 ' 
4
5
8

10
0 Gel-

1

4

5 
8

10

5=16+0,5670 
1=57,8+4,460 
5=101,2+6,540 
<3caap=171>6-4*08D 
Kpei»= (7,4+2,6D)ld 
ciaent
E=3,88+1,540

1=8,827+9,1660

5=68,77+11,470 
Öcaap=75»1*- 2.5D 
Kpean^11^- 
-71,62)10"*

IV. CC expansifs
Pro- 
prid- 
tds 
du el
uent*

CCE-1,
Pro- 
prid- 
tds 
du el
uent*

0CE-2

1
2 
3
4

8

5=11,99+0,3260 
1=97,89+11,360 
5=153,04+14,221 
1=51,825+3,590 
5=127,34+4^4152 6camp=195>^5”
-5,320 
6comp=256.545- 
-4,2760

1' 
4 
5 
7

5=4,54+0,570 
1=32,95+3,750 
5=54,15+4,340 
^aap"210»2?“40

0CE-5 COB-4
4

10

1=36,87+1,960 
5=49,31+22.840 6canp=244«7-8,ti 
\em=<2^®D- 
-11,1)10“* ■

4
D 
10

1=42.8+3,370 
5=111+2,570 
5coap=159,2-3,8D

+3,360)10"*



Notes pour le Tableau I :
* Propri6t6s des ciments de colmatage
1) DegrS d'ötalenient (E), cm2) Prise initiale ä 22 eC (I), nm 
5) Prise finale ä. ?2 ®C CFi- mn .4) Prise initiale a 75°C (I) nm
5) Prise finale a 75 °C (P), mn
6) Temps d'dpaississdment d 75 °C (T), mn7) BSslatance ä la compression ä 22 °C

( 6 coanp) '
8) Resistance d la canpression d 75 eC '
9) Permda^ilitd d l'eau du ciment durci

aprds deux jours, 22 °C (Kn-—,), millidarcy ■ penn
10) Penndabilite d l'eau du ciment durci 

aprds deux jours, 75 °C (KL-—), milli-■ darcy • Pe;nn
** Compositions des ciments de colmatage 
CC - ciment portland pour colmatage 
ciments alldgds : UÜA-I-SÖ p"»pond. de CC + $0 p.pond. de la 
gaize ; CCT-2-70 p.pond. de CC + 50 p.pond. 
de la gaize 
Gel-ciment-75 p.pond.' de CC + 25 p.pond. de 
la bentonite 
ciments allägds expansifs : . CQAE-1-55 Pfpond, de CC ♦ 15 p.pond. de 
CaO + 35 p.pond. de la gaize 
CGAB-2-50 p.pond. de CC + 20 p.pond. de 
la boue de chromates + 35 p.pond. de la 
gaize . ■
ciments expansifs :ÖÖE-1-100 p.pond,. de CC + 15 p.pond. de 
CaO * 5 p.pond. de la gaize 
CCE-2-100 p.pond. de CC + 15 p.pond. de 
CaO ♦ 20 p.pond. du sable 1 
CCE-3-60 p.pond. de CC + 15 p.pond. de 
CaO * 4-0 p.pond. du sable 
CCE-4-60 p.pond. de CC + 20 p.pond. de la 
boue de chromates ♦ 40 p.pond du sable 
ciments alourdis : uuii-1-bU p.pond. de CC + 40 p.pond. de la 
magnötite 
CCL-2-40 p.pond. de CC * 60 p.pond.de la 
magnetite '
CCL-5-50 p.pond. de CC + 50 p.pond. des 
rSsidus de pyrites .
CCL-4-5O p.pohd. de CC + 50 p.pond. de 
l'heaiatite

ä l'accroissement de 3 fois de la resis
tance de la pierre de ciment CCAE-2 durant 
les premiers deux jours, 1* augmentation 
graduelle de la teneur en petites fractions 
s'accompagnant toujours d'accroissement de 
resistance. Pour CCAE-2 qu'on reccmmande 
d'utiliser aux temperatures de 90 ä 120 °C, 
la valeur optimale de D se trouve dans les 
limites de 14 & 15jUm. L'accroissement de 
la valeur optimale de D qui suit la hausse 
de la temperature correspond en gros aux 
conclusions faites auparavant pour OC or
dinaire. . ' . '
On a 6galement etudi6 1'influence de la 
composition granulometrique sur les pro- 
prietes des ciments de colmatage expan- 
sifs (CCE) ayant une grande expansion , 
(jusqu'ä 6 %) 4 base d'oxydes (en particu- 

culier, avec addition d'oxy de de calcium). 
L'analyse des r6sultats des etudes du CCE-1, 
utilise essentiellement pour la cementation 
des pults ä la temperature jusqu'ä 75 °C, 
montre que tant ä 22 ®C qu'a 75 e0 on obser
ve l'accroissement de resistance ä la can
pression da ciment durci d mesure que la 
teneur en petites fractions augments ; la 
tendance ä l'accroissement continu de la 
resistance avec le temps se conserve, bien 
que la Vitesse de cet accroissement diminue 
graduellem ent.
La valeur optimale de D pour le ciment en 
question avec E/C = 0,5 se trouve dans 1* In
tervalle de 14 ä 16/zm. Uhe conclusion analogue a 6t6 falte pour CCE-2 avec addition 
de 20 % de sable, utilise A des temperatu
res jusqu’ä 90 °0, bien que ce ciment se 
caractärise ägalement par une certaine di- ■ 
minution de resistance avec le temps lors- 
que la teneur en petites fractions augnen- 
te. On a procädä a des etudes analogues 
pour CCE destines aux temperatures plus 
elev6es. 1
On a ägalement ätudiä 1* influence qu'exer- 
ce la canposition granulcmätrique sur les 
proprietäs des ciments de colmatage alour
dis (CCL) de composition diffärente (2). 
Les CCL-1 et 2 avec magnetite se caractäri- 
sent par ce que meme une variation relati- 
vement petite de teneur en petites frac- . 
tions de 0 ä 5 et de 5 ä 10/im, condition- 
nee par la technique de broyage, conduit ä 
une augnentation notable de leur resistance. Ainsi, l'accroissement de la ' 
teneur en fractions 0-5//m de 12.2 ä 19,6% 
et en fractions 5-10/im de 25,5 a 31,6 % 
conduit ä 1'augmentation de resistance de 
14,6 ä 20,6 MPa ä 1'age de deux jours, la 
pexmäabilitä de la pierre de ciment dimi- 
nuant de trois fois. Avec l'accroissement 
de la teneur en magnätite, ces däpendances 
restent en vigueur, bien que la resistance 
diminue en valeur absolue.
Le domaine de D optimal pour CCL avec ma
gnetite se trouve, pour les rapports E/C =' 
= 0,35 st 0,38 dans 1'Intervalle de 20 ä 
22/im.
On a ägalement ätudiä la relation entre la ' canposition granulcmätrique des ciments de 
colmatage, la composition chlmico-minäralo- 
gique des diffärentes. fractions const!tu- 
tives et la structure physique du ciment 
durci. Il a ätä admis que telles ou telles 
fractions du ciment se trouvent parfois 
surenrichies, par rapport ä la teneur moyen- 
ne, en constituents de clinlcer dätenninäs. 
Pour värifier cette supposition, on a divi- 
sä une särie de ciments en 15 fractions 
(y compris en 8 fractions dans 1'interval- 
le de 0 ä 40//m) et en procädant ä l'ana- ■ 
lyse quantitative aux rayons X, on a däter- 
minä la teneur de cheque fraction en minä- 
raux essentiels. Ensuite on. a construit les diagrammes de variation du pourcentage 
de ces minäraux en fonction de la dimension 
moyenne des particules de ciment. L'hypo- ■ ' 
thäse a ätä confixmäe et on a ätabli que " 
la teneur du ciment en cheque minäral a ■ 
ses maxima et minima dans des intervalles



determines de dimension des partigules de 
ciment, constants pour cheque mineral, et 
ceci quels que soient le type du ciment, , 
la cimente^ie et le mode de broyage, Ainsi, 
la quantite maximale de C^S est contenue 
dann les petites particules de ciment de 
dimension variant de 3 ä 12 ilm et la quan— 
tite minimale, dang des particules plus 
grandes de dimension de 50 a 100y|m ; la 
tqneur en CHS des fractions de 0 a 12;jum 
depaesp sa teneur dans le ciment de depart 
de 25 a 30 %, et dans Jes fractions de 50 
a 100^im eile est 1,5 a,2 fols plus petite 
que dans le ciment de depart, Ceci permet 
d’intensifier considerablement le proces
sus de durcissement lorsque la teneur du 
cimpnt en petites fractions augmente jus- 
qu’a une valeur optimale determinee pour 
cheque ciment (3, 4).
On a emis une hypothese d’apres laquelle 
la structure physique de la pierre de ci
ment (en particulier la micromorphologie 
de sa surface, la porosite et la pqrmeabi- 
Ute) est conditionnee, de fagon determi
nee, par sa granulqmetrie, .surtout au qours 
du durcisgemept precoce, et peut done etre 
"programmee" a 1’avyice au,stgde de broya
ge du ciment et aisement reglee au besoin.
les analyses de la micromorphologie du cli- 
vage de la pierce de ciment par la methode 
de micrgscopie electrpnique a balqyage ont 
cqnfinne qette hypothese et pontre qu’aux 
delate precoces (2 jours apres le gachage) 
lq pierre (fig. 1, c et d) se compose en 
general dee partigules d’a peu pree la 
meme dimension predominante (D) que le ci
ment de depart (f^g. 1, a et b), cee par- 
ticulee etant fixees I’une a 1'autre par 
1§ "gel" dee nouvelleg formations hydra- 
teeq. Ceci eet caracteristique pour CC com
pose des fractions fines (fig. 1,a) et pour 
CC de broyage plus grossier (fig. 1,b).
H est naturel que s'il existe une telle 
dependance pour lee particules de ciment 
formant la carcasse de 1*  pierre de ciment, 
il devrait exister gne dependance analogue 
pour les pqree formes par ces particules ,

*) Ce travail etait fait aveo la partici
pation du petrographe V.I. Goussev.

(5),  Pour evaluer quantitativement ces phe- 
nomenes, on a pris pour base le nomogramme 
connu du professeur V.S. Danuchevski et du 
candidat ep eciencee techniques K.A. DJaba- 
rov, d’apres lequel on pegt determiner la 
relation entre E (porosite totale de la 
pierre de ciment), $ (rayog moyen des po
res) et Kpe:rm (permeabilite a 1’eau) (fig. 
2,a). Sur la base dee donnees experimenta
les. ^ispontgies sur la granulometric et la 
permeabilite a 1'eau du ciment durci a 
1’age de deux jours,,on a construit un dia
gramme montrant la dependance de Kperm par 
rapport a la dimension moyenne convention— 
nelle D des particules de ciment. CommeiJ. 
est apparu, cette dependance a un 
t§ lineaire. En disposant de la valeur ex
perimentale de £ pour,une va^epr determi
nee de D et,de la permeabilite a 1’eau 
^Tterm’ determinait d’apres le nomogram— 
me la valeur de R en cogstruisant de cette 
fagon le diagramme de dependance de.R par

Fig. 1 - Influence de la composition gra- 
nulometrique du ciment de colmatage sur la 
microstructure de la pierre de ciment.
a, c) CC de broyage fin (fractions de<40jum) 
Ssp = 3900 cm2/g ; D = 8,83jum ; rayon 
moyen dee pores R = 0,05jum
b, d) CC de broyage industriel
S8p ■ 2890 cm2/g ; D = 24,76jum ; rayon 
moyen des pores R = 0,l6jum

rppport q D, qui a, lui aussi,gn carac- 
terg lineaire (fig. 2,b). les dq>endances 
lineaires etablies de et de R de la perm , 
pierre de ciment par rapport a sa composi
tion granulometriqge, qui se manifestent 
surtout poug les delate de durcissemegt , 
precoces,„temoignent d'une possibilite re
elle de reglage de la microstructure de la 
pierre de ciments pour colmatage encore au 
stade de son broyage, ce qui a une grande 
importance pratique.
Nous qvons elabore un precede rapide sim- 
plifie de determination du parametre D par 
1'analyse petrographique *)  des particules 
de cement en immersion, qui consiste dans 
Ip determination de la valeur moyenne (dia- 
mgtre) soit dgs particules de ciment elles- 
memes dans 1'echantillon moyen, soit des 
cristaux d'alite bien visibles dans ces der- 
nieree.
Les equations de regression obtenues mon- 
tpent qu*entre  ces grandeurs et 1g para
metre D existe une dependance lineaire 
(fig. 3).



a) C perm., mdarcy

Fig. 2 - Relation entre la dimension moyen
ne conventionnelle des particules du ciment 
(D) et la structure physique de }a pierre 
de ce ciqent (porosite-1 et permeabilite- 
2). Temperature de 75 °C, temps de $urcis- 
sement de deux jours, (a - les donnees de 
V.S. DanucheTSki et K.A. „Djabarqv) ;
Cp - coefficient de permeabilite a l'eau, 
mdarcy,$ R - rayon moyen des pores, jam j 
poroaite totale - 6 ; variation de R en 
fonction de D ; D - dimension moyenne con
ventionnelle des particules de ciment, jjlx.

CONCLUSION
L'analyse des resultats de ce travail mon- 
tre que la composition ,granulc®etrique des 
ciments de colmatage determine pour beau
coup leurq principales proprietes technolq- 
giques : etalement,,temps de prise et ,duree 
d'epqississqment, Resistance, porosite et 
permeabilite. En reglant la composition 
granulometrique ,au cours dp buoyage du ci- 
men^,,on peut Regler par la meme les pro- prie^es indiquees, en les choisissant pour 
la resolution de tel ou tel problerne cqn- 
cre|. Ceci pennet de conclure sur la neces- 
dit«, lors du ^royage des ciments de colma
tage, ,du controle de leur composition grq- 
nulometrique afin d'en opt^miser le degre 
de finesse et les proprietes technologique»

Fig. 3 - Variation de dimension moyenne des 
cristaux d'alite di(I) et des particules de 
ciment d2<2) en fonction de la dimension 
moyenne conventiqnnelle ,des,particules D 
(d^ et d? son^ determines petrographique-, 
ment, D qst determine par le calcul d’apres 
les donnees de 1'analyse de la composition 
granulometrique du ciment $ dc - d calculeX
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Aspect cristallochimique du durcissement des ciments 
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RESUME : On a etudle dans ce travail le mecanlsme et la clnetique de la crlstal11sation ainsi 
que la structure cristalline des monocristaux d1 hydrosilicates et d1 hydroaluminates de cal
cium de composition differente, qui se forment lors du durcissement des ciments pour forages 
petroliers, dans les conditions specifiques des forages (de -10°C jusqu'ä + 300°C et des 
pressions allant jusqu'ä 150 MPa) en contact avec les milieux salins concentres (jusqu'ä 80 % 
par rapport ä la stauration), etc.

On a etabll que les reactions d'hydratation, au cours desquelles le type et la structure des 
phases hydratees se constituent, peuvent se produire en solution ou de fagon topotactique. 
Les cristaux hydrates stables qui se forment dans les pates de ces ciments sent principale- 
ment constitues de formations regulieres des types suivants : enchevetrement, interpenetra
tion, concretion. Le developpement de ces dernieres formations cristallines, dans la pate 
durcissante, des le debut de 1'hydratation, grace au choix de la composition stoechiometri- 
que du clinker et au choix de la composition du liquide, est le principe essentlel qui per
met de contröler la cristallochimie de ces sortes de ciment, et d'accroltre leur efficacite.

SOMMAHI : The wore investigates the mechaniai. kinetics of crystallization and cristalline 
structure of znonocrystals of calcine hydrosilicates and hydroaluelnates of different coepo
sition which are forned at hardening of oil-well cements under the specific conditions of 
the wells (-10 *0  *500  ec, pressures tq? to 150 MPa) and on contact with concentrated salt 
media (up to 80 % saturation), etc.
It has been found out that the hydration reactions wherein the type and structure of the 
hydrate phases are forned can take place both through the solution and topotactically. The 
■ain form of stable exiatance of hydrate crystals in the oil-well cement stone are regular 
concretions of the following mn-in types : intergrowth, interpenetration and combinations 
thereof. Increase of their number for a given crystalline phase within the volume of the 
hardening system at the beginning of hydration, either ty introduction from the outside or 
ty formation in the bulk of the hardening system owing to selection of the composition and 
stoichiometry of the solid (binder) and liquid (ml-ring medium) phases, is the main princi
ple of crystallochemical control of the oil-erell cement hardening processes with a view to 
instensifying the latter.



Lea processus d'interaction cristallochi- 
mique des phases hydratSes apparues entre 
elles et avec les mindraux du liant de de
part, i.e*  les processus de concretion des 
cristaux, jouent un role essentiel dans la 
foxmation de la structure rdsistante de la 
pierre. '
Les particularites cristallochimiques de la 
structure des phases hydratdes principales 
(parmi celles prdsentes dans les systemes 
durcissants de ciments de colmatage), ä sa- 
voir les hydrosilicates de calcium (BSC), 
de composition diff&rente et de fomule ge
ndrale : .
{ca^. [siyCO.OH)^ • (^0^ . [0a(0H)2]n| , 

ou x, y, z > 0, m, n > 0, 
et les rydroaluminates de calcium et les 
complexes foxmds ä leur base de composition 
diffdrente et de fomule gdndrale : 
{°*x  • <H20>n •
• [0.(0® j p • [U(OH)3] J , 

ou x, y, z > 0 ; m, n, p, q >z 0, H-02-, 
(OH)-, Cl-, (SO«)ä~, etc., se foxment en
core au stade de leur dtat prdembxyonnaire. Une vraie solution moldculaire qui apparait 
au cours de la dissolution des constituents 
de ddpart du liant, se compose d'abord de 
complexes sdpards, ayant une organisation 
structurale deteminde, de trois types: 
les complexes de solvates ordinaires du type [CaO-HpO] , [SiOg-HoO] et [AlgOz- 
HoO] ayanirla structure de la phase ini
tiale, les complexes des nöuvelles foxma
tions du type [xCa0«yS102*zI^0]  et 
[xCaO»yAlo(k »zHpO] apparaissant de faqon 
dpitaxiale-topotactique et ayant la struc
ture du constituent de depart, et les com
plexes dits "de transport" - par exemple 
pour les hydrosilicates de calcium, ce sont- les complexes dn type [(Ca-Si)B2) . (HgO)^ 
• (0H)n, oü B est un ion alcalln dit "de transport" (Na+, E*,  Li*).
Dans ce cas, la formation des phases ty- 
dratdes (par exemple, des hydrosilicates 
de calcium) a lieu lorsque les ions de 
transport substituent, encore en solution, de faqon isomorphe 1'ion Ca2+ dans ses 
complexes, ce qui entrains la diminution 
de leurs dimensions (vu que le nombre de 
coordination, par exemple Na*,  eat de deux fois infdrieur ä Ca2*),  la diminution de 
la masse et I'accroissement deAleur mobi- 
litd. De plus, on assists en meme temps ä 
la substitution aux atones de 0 dans les chaines (Si-0) des groupes (0H)~ qui, pour 
un volume identique d celui des atones de 
0, ont une charge ionique deux fois moin- dre. Ceci conduit A la rupture de longues 
chaines (Si-0), ce qui augmente la dispo
sition des dlänents de la solution pour 
I'association rdgulidre.
Avec 1'accroissenent de sursaturation, la 
quantity de ces ccnplexes de transport et 
de leurs aasociis par unit 6 de volume au
gmente et lorsqu'ils sont prochea I'un de 

1'autre, les forces d'attraction mutuelle 
les rdunissent en groupements construits en presence des 616ments de rdgularitd spa- 
tiale. Ce sont juatenent la structure et la 
quantity de ces groupements qui prSdSter
minent la structure dn gerne et son type. 
Dans ce travail on a pos6 le problems d'6- 
laboration et d'dtude des monocristaux de 
certaines phases de HSC et de leurs agrd- 
gats, des conditions de leur apparition et 
de ddtexmination des frontidres des champs 
de stability dans une large gamme des conditions initiales (1-5).
La cristallisation hydrothermale dans le 
systdme CaO-SiO2-BOH (B-Na, K, Li) dtait 
r6alia6e dans 1'intervalle de temperatures 
de 200° A 700" et de pressions de 100 A 
500 MPa, imitant les conditions des puits 
profends, d'aprea la methode connue, avec variations du rapport Ca0/Si02 (pond.) = 
= 0,25 A 5»0 et celles de la concentration 
de I'alcali de 0 A 60 %.
Au cours de la cristallisation hydrotherma
le se manifests le role "catalytique" de 
Na*  qui est proche, du point de vue cristal- 
lochimique, du cation "matriciel" des hydrosilicates, A savoir Ca2* : les produits 
principaux de la synthAse Ataient des mono
cristaux de diffArents HSC de 10 mm environ 
de longueur et de prAs de ) m de diamAtre 
(fig. 1) ; dans certains cas (synthAse di- 
rigee), on a obtenu des monocristaux de 
composition mixte (Na, Ca).

Fig. 1 - Monocristal de Ca-chondrodite de 
canposition Ct-SOH (lumiAre passante, xlOO) 5 .

L'analyse cristallochimique des processus 
de synthAse des HSC de telle ou telle 
structure a montrA que la formation et la ■ 
croissance des HSC sont dues A 1'aptitude 
de Ca A construire des incr&nents de struc
ture caractAristiques de telles ou telles 
conditions concrAtes, lorsque le matAriau 



de construction “non calcique" eat diyposA 
dann les chambrea et les couloirs de la ca- 
§e principale an Ca (4). La silice est une 
charge*  principale ; aelon N.V. B61ov (4), 

la moldcule neutre de SIO2 ä deux liaisons 
potentielles Si-0 et de configuration "an- gulaire*  (exigde par la chimie quantique) 
(O-Si-O ~ 109*)  eat une units dynaaique soua 
fame de laquelle la silice passe d'une 

. construction ä 1'autre ; c'est justement 
cette molScule "angulaire*  Si02 qui forme 
dans les structures de BSC 1'units atatl- 
que, le tStraddre de Si. Les exigences Sner- 
gStiques de realisation des liaisons poten
tielles de la molecule "angulaire*  de SiO2 
lore de la formation de 1'ossature struc- 
turale de tel ou tel BSC s'expriment par le 
postulat cristallochimiqueASur la confor- 
mitS dimensionnelle des aretes des polyfedrea 
de Ca et dea tdtraSdres de Si. Les motifs 
silico-oxyg6n6s qui se fixent dans les 
structures des BSC : tdtraddres Isolds, 
diorthogroupes, triorthogroupes, rubana, 
gaufrea, etc., suivent entidrement les 
aires de croissance primal res en polyddres 
de Ca. Ainai, pour les BSC"faiblement basi- 
ques et hautement polymdtrisds de type xo- 
notlite-hilldbrandite-tobermorite de facida 
fibreux, lea dlänents structuraux princi- paux sllico-oxygdnds T-lea rubana a anneaux 
octagonaux [SL60io]o30~ ou lea gaufres 
[5112031 ]<J4" base de ces rubans - corres
Sondent aux colonnea triples ou (dans la 
yllebrandite et les tobermorites) aux cou

ches d'octaddres de Ca en cas d'une corres- 
pondance ccmpldte des periodes de rdpdti- 
tion dea dldmenta structuraux indlquds le 
long de 1'axe *b*  ; pour lea dlänenta [Si-O] cette pdriode est dgale ä n?7,5 A, 
pour lea dldments [Ca-0] A 2n«5,65 I. Dans 
ce cas, dans xonotlite Cag [SigOiy]. (OH)2 
lea parois (couches d'octaddres de Ca al
ternants) sont "fixdes" entre elles par les rubans [SigOi7]2,0-, dans la tyllebran- 
dite Ca12 [816^7] • (0H)4 • 12Ca(0H)2 les 
unitds structuralea "de xonotlite" sous- 
mentioonndes "s'alternant" en quelque sorte 
avec les couches de portlandite (Ca(0H)2, 
et, dans la tobexmorite Cain [SiioOzi] •(0B)6 • n^O (n = 3, 8, 18), le motif crlstallin 
est fin rdseau gaufrd foxmd lore de la con
densation et du "chevauchement" mutual des naes rubans [SigOionO- < ce fait tdmoi- 
gne avant tout de la similitude cristallo- 
chimique des dläients principaux de la 
structure rdsistante du clment durci.
Du point de vue cristallochimique, 1'hydra- 
tation du liant pent suivre deux voies - 
celle de solution et topotactique. Dans les 
deux cas, au ddbut, a lieu 1'interaction 
des ions It , (OH)-, des dipoles d'eau avec 
le cristal du mindral de ddpart, ce qui fait que sa couche superficielle (de la 
couche monomolSculaire juaqu'aux milllera 
de couches atomiques) se trouve ddformde 
et ddtruite par la suite. -
Au ddbut de 1'hydratation, lorsque le sys- 
tdme contient beaucoup de phase liquide et 
le degrd de polymerisation des radicaux [Sig-Oyl2- et [AlxOyl11- est pen 61ev6, la 
cristallisation sefait essentiellement 

moyennant la solution, car, dans ces condi
tions, il est plus facile d'ordonner des 
elements structuraux relativement petits 
des hydrates en rdseau crlstallin. A ce 
stade il apparalt habituellement beaucoup 
d'hydrates diffSrents faiblement pqlymdri- 
sds. Mais par la suite commence ä prddcmi- ner la'vole topotactique de formation des 
phases hydrate es. Si 1'on considdre, par 
exemple. 1'hydratation des mindraux prin
cipaux (siliceux) des ciments de colmatage, 
on volt se former deux groupes d'hydrates : A base de la structure de ß - ou jf -CoS se 
foment la chondrodite calcique CactSiO^,« 
•(OH)» ou 2C2S • CH, la dellalte (phase T) 
036(8120,] • [SiOq] (0H)2, 1'afwillite 
3CaO»2SiÖ2»3H2O faiblement polymerises 
fortementbasiques ; sur la base de la 
structure de la wollastonite B -CaO^SiOp 
se foment la xonotlite CagrSigOio] . (0H)o, 
la hillebrandite Cac (SigOi?^ • (0H)4 •
• 12Ca(0H)2 ou.c28H(B), les phases de to- 
beraorite du type CainCSiipOzi] • (OH)g ♦• nHjgO et d'autres HSC faiblement basiques 
hautement polymerisds.
La structure rdsistante de la pierre de ci
ments de colmatage est formde par des agrd- gats rdguliers (prfedcminants) et des agrd- 
gats irrdguliers des cristaux (5) (fig. 2). 
Les games des agrdgats rdguliers se for
ment principalement avec des sursaturations 
dlevdes par ddposition, sur la face conven- 
tionnelle du cristal primaire, de 1'asso- 
cids des atomes ou des ions en position maclde (le plus souvent antiparalldle).

Fig. 2 - Agrdgats de cristaux de HSC du 
groups de la chondrodite (lumidre passan- 
te, avec analyseur, xIO)

A partir des associds "maclds" ainsi appa- 
rus il se fome des agrdgats rdguliers : 
la plupart des HSC fortement basiques sont 
maclds d'aprds les lots pdriclinique et de Manebach (fig. 3) > les ffiC faiblement ba
siques se caractdrisent par le maclage et 
la fomatfon des agrdgats paralldles dans 
la direction parallele A I1 axe d'allcnge- 
ment du cristal, ce qui est du A leur fa- 



cids fibreux-filifoxme. Il convient de no- 
ter que seuls les cristaux analogues sur 
le plan structural et chimique prSsentent 
en rdgle gendrale des agrdgats rdguliers.

Fig. 5 - Diagranmes de Laue de la zone de 
contact (0) des agrdgats de cristaux de 
HSC du groupe de la chondrodite (structu
res d’enchevetrement)

La concrdtion de ces cristaux se rdalise 
par I'accolement des dldments identiques 
de leur structure : pour HSC par exemple 
ce sent les couches octaddriques de port
landite et les radicaux de degrd de poly- 
mdrisation voisin. Dans le premier cas a 
lieu une concrdtion "classique" d’aprds 
des lois ddtezmindes : de maclage polysyn- 
thdtique. pdriclinique, de Manebach, etc., 
et dans le deuxidme cas, une "couture" de 
poljnndrisation avec la fomation des struc
tures rdsistantes spatiales de durcissement(5).  La concrdtion rdgulidre des cristaux 
de composition diffdrente peut avoir lieu 
d’aprds le schdma de Royer-Friedel avec 
une correspondance relative de leurs pa- 
ramdtres reticulaires dans la zone des 
contacts. Les agrdgats de ce type sont 
caractdriatiqu.es d’une grande classe de 
cristaux hexagonaux lamellaires des alumi
nates hydratds de calcium et de ccmposds 
complexes & base de ces derniers.
Les agrdgats rdguliers se torment au stade 
de gennination lorsque la probabilitd d*ap 
parition de la zone de contact ä peu de dd- 
fauts est maximale. D’aprds nos denudes, 
la dimanalnn des microcristaux qui fomait 
intensdment des macles au stade de germination ne ddpasse pas 10*5  cm et leur parti- 
cularitd caractdristique est une aptitude 

manifeste ä la croissance ultdrieure.
Les cristaux mal orientds d’un mane type 
structural et les cristaux de types struc
turaux diffdrents donnent des agrdgats ir
rdguliers.
Ainsi done, la structure cristalline rdsis
tante de la pierre de ciment de colmatage 
est une carcasse formde par des agrdgats 
rdguliers relativement grands (jusqu'ä 10-2 cm), des cristaux individuels des pha
ses hydratdes et leurs agrdgats (textures) 
basds dans 1’espace intergranulaire et sur 
les grains en cours d’hydratation du liant 
de ddpart, "fixde", aux points de contacts, 
par le "gel" des nouvelles formations hy
dratdes (6) qui est dgalement reprdsentd 
par les microgermes des agrdgats rdguliers, 
des cristaux individuels et de leurs agrd
gats dont la dimension est infdrieurea 10-> cm.
En mettant en dvidence les rdgularitds de 
1'interaction cristallochimique des cris
taux des mindraux ccmposant la pierre de 
ciments de colmatage, on a rdussi ä formu- 
ler un proeddd de rdglage cristallochimique des processus de leur durcissement (dans le 
but d*intensification)  grace ä 1’augmenta
tion de la quantitd de phase cristalline 
stable (agrdgats et cristaux individuels) 
dans le volume du systdme durcissant aux 
stades d'hydratation prdcoces (7, 8). On 
peut 1’atteindre par deux voies : soit par 
"renforcement mdcahique" du eystdme en y 
introduisant des HSC "prets" et/ou leurs 
constituents, soit par "autorenforcement" 
du systdme en erdant les conditions pour 
1’apparition spontande de ces phases hydratdes (dites intensificateurs cristallo— 
chimiques de durcissement - ICO) grace au 
choix de la composition et de la stoechio- 
mdtrie des phases solide et liquide.
Les exigences principales enyers ICD sont 
les suivantes : ils doivent etre analogues 
du point de vue chimique et structural d la masse principale des cristaux d’hydrates 
qui sont stabled dans des conditions con- 
erdtes donndes ; les cristaux de IGD doivent avoir une dimension de 10~° d 10”5 cm, 
le facids de prdfdrence filiforme et 1'ap
titude d une croissance ultdrieure intense,
i.e.  a I'accolement avec leurs semblables 
et la matrice de ciment. Les ICD contri- 
buent d 1'apparition spontande d’un grand 
nombre d'agrdgats stables des hydrates au 
stade prdcoce de durcissement, remplissent 
les fonctions de supports d’orientation 
pour les hydrates apparaissant dans le gys- 
tdme principale, augnentent la concentration totale de la phase cristalline aux 
stades d’hydratation prdcoces, accdldrent 
chimiquement les rdactions d’hydratation 
grace d 1'dvacuation des nouvelles forma
tions (ions, complexes) des zones de rdac- 
•tion et "renforcent" de faqon purement md- 
canique le ^rstdme^en cours de durcissement, ce qui entraine une amdlioration no
table de sa structure physique et des pro— 
pridtds de rdsistance (fig. 4).



Fig. 4 - Zone de contact des ICD de ^enforcement avec la matrice de ciment (replique de 
platine-carbone, arlOOOO)

I*introduction  dans le Systeme durcissant 
des ICD du type de HSC de composition, 
structure, dimension, degr6 de perfection, 
etc., diffSrents qui reprSsentent les pha
ses metastables synthetisSes lore de I*in 
teraction des solutions aqueuses saturOes 
de I4 chaux et de 1'acide silicique, en 
quantity de 1 d 5 % par rapport a la masse 
du ciment conduit ä I'accrois'sement de re
sistance -de la pierre de ciment d’une va
leur allant jusqu'd 60 % (7, 8).
Des rdsultats positifs furent egalement ob- 
tenus par introduction simultande dans le 
systdme du ciment durcissant de colmatage 
des Constituante indivlduels de HSC-CaO ou 
de Ca(0H)p avec des formes diff&centes de 
S102.
L'utilisation en tant que ICD, dans les 
solutions aU6g6es, de la chaux anhydre 
qui, en combinaison avec le constituant 
siliceux trds fin hydrauliquement actif, 
(gaize), permet d*augmenter  considdrable- 
ment la quantity de HSC aux delais de dur- 
eissement prdcoces, a permis d’obtenir, 
pour la density de la solution de 1'ordre 
de 1,5 g/an5, un ciment durci avec 6 
aprds deux jours de durcissement A i-tex 
75 °C, de 1‘ordre de 2,0 d 2,5 MPa et 
de 1’ordre de 7,0 MPa, i.e. dipassant colnI> 
de plus de deux fois les ciments ordinaires 
de ce type.
On a dlabord par un procSdS analogue une 
sdrie de ciments de colmatage expansifs 
(CCE) de grande expansion, utilisant en 
tant que constituents des ICD les oxydes 
de calcium et de magnesium cults d des 
temperatures diffdrentes .en. combinaison 
avec le sable quartzeux (9,10).
Ccanme un example de realisation pratique 
de 1*  "autorenforcment* 1, on peut citer la 
solution alcaline de potassium (SAP) pour 
colmatage qui sent d la cementation des 
puits d des temperatures positives peu 
eievees et n6gatives(i 1,12) De Probleme 
principal, d savoir I'accroissement de 
resistance de la pierre d +5 d -10 °C, 
fut rdsolu par application en qualitd de 

liquide de gächage d’une phase liquide 
speciale qui ne gdle pas at < 0 ®C et 
sert d’intensificateur des processus de 
durcissement ; lots du durcissement il se 
forme des ICD, phases hydratees suppl6- 
mentaires donnant un agrdgat cristallin 
normal et stable dans ces conditions.

CONCLUSION
L'application des methodes de modification 
cristallochimique des processus de durcis
sement des solutions pour colmatage d base 
de Hants mindraux permet d’dlever rapide- 
ment et avec les ddpenses minimales la Vi
tesse de durcissement et la resistance du 
ciment durci ainsi que d’ameliorer sa 
microstructure. La reproductibilitd des 
rdsultats est alors trds 61ev6e, ce qui 
permet de considdrer comme tres avantageu- 
se la mdthode cristallochimique de rdglage 
des processus de durcissement des ciments 
de, colmatage ayant pour but leur intenteifi 
cation. . "' ' '

BIBHOGBAPHIE
Ic-K).M. HnT, B.B. TMMAIUEB , B.C. EAWTOB 

(1969) "Cnocoö ncmyxeHHH KpacTajuioB tbji;- 
pocmnucaTOB ksjibiihh". ABTopcKoe csime- 
tcjilctbo CCCP J6 234373, "SuuieTeHB 230- 
ÖpeTeHHä", 1969, 4, ( en russe ).

2r-io.M. Eyrr, b.b. tbmaiueb, b.c. hakudttob,
B.B.  MWH. B.A.mnQXMH, B.A. KySHEUOB, 
M.K. rPMHEBA "Cnocoö naayHeimH mohokphc- 
TaJMOB nmpOCHJIIIKaTOB KarKnuCT" t Abtop- 
CKoe CBnseTeJiBCTBO CCCP 298532, w- 
JiereHb HsodpeienjiH", M II, ( en russe ).

3r-K).M. Eyrr, b.b. thma™, b.c. eakudtqb, 
b.b. mran, b.a. KysHEuoB, m.k.ppmheba. 
(1971) "Cnocoö nanyneHHA A3UMeTpj«ecKKX 
n HHTeBnziHHX MOHOKpHCTaZLilOB rjd^OCOHKa- 
tob KanHiPin". ABTopcKoe cBuneTemcTBo 
CCCP J6 298531, "BjQJMeieHB HSodpeTenHä", 
J6 II, ( -en russe ),

4r-E.H. EEJLOBA, JI.H. ZEMtHHEQ, B.B. MBKXKH,
B.C.  EAKmyrOB (I9re) "rnUPOTepsaaBHUK



cBHTes CHJMKaTOB (repuaHaTOB) b cseie 
HX KpHCTajüIOXKMim". TpySH iy BceCOBSHO- 
ro coBeqaHHH no pociy KpHCTaanoB. Uax- 
K3Jl3op. 228-234, ( en misse ).

5^D.M. EFTT, B.B. TBMA1UEB, B.C, BAKIIiyTOB, 
B.B. MM, C.n. rOJIOBAHEB (1970) "3a- 
KOHOMepHOCTH OÖpaSOBaHHH igiHCTaJMOB H 
KpBCTaJMHHeCKHX CpOCTKOB nmpOCKXHKaTOB 
KaJiLipiH (rCK) B TBepmexyeM ixeMeHTHOM 
K8MHe". "IleweHT", Ä 9, 14-16, (en russe).

6<-X.£.B. TEkLUOP (1974) "KpHCTaiüioxHMBH 
npojxyKTOB rKÄpaTauHH noprjiammeMeHra". 
IpyÄH JI MesmyHapoflHoro Koarpecca no 
XHMHH neMeHTa, MocKsa, CTpoäHBRaT, t.2, 
KHnra I, 192-207, ( en russe ).

7r-K).M. ByiT, B.B. TMMAHEB, B.C. BAKIIiyTOB, 
B.B. MJHQXHH (1971) "Cnocod HHTeHCB^HKa- 
öM nponeccoB TBepfleHM MHHepajEbHHx bh- 
xyimix . ÄBTopcKoe CBHfleTejn>ciBo CCCP 
$ 900444, "EnzmeieHL HsodpeieHHä", Jfe 13, 
( en misse ),

Si-io.M. Eyrr, B.B. tmmaiieb, b.c. BAKniyroB, 
B.B. MXHH, r.A.JffKAU™, M.M.HAHOBA 
(1971) "EeTOHHaa cmocb”. ÄBTopcKoe cbh- 
neTOJiBCTBO CCCP #-296726, "EnzmereHB . 
HSOÖpereHHä", #9, (en russe ).

9r-B.C. ÄAHJailEBCKffii, B.C. BAKIIiyTOB, WO 
IfflH-XyAH (1972) "PacnmpmaiMcH lawnoHas- " 
HHH peMOHT c ÖOJiLinoH BaiHHHHojt pacmHpe- ' 
HKH Ha 0CH0B6 OKHCH KattBUHH". "UeMeHT",
# I, 14, ( en russe ).

IO«-V.V. SIMONOV, V.S. BAKSHUTOV, D.A.P. 
SAGUA, J. PIN-KHUAN (1976) "New expand
ing cement for ultra dqep wells" Third 
Adriatic Symposium an oil well drilling

■ Zagreb, 102-104, ( en anglais ).
Hr-B.B. CMMOHOB, B.C. MHOIEBCKMli, B.C.EAK- 

lUyTOB, B.H. HMKHTiti; B.B. MMB (1977) 
"TaMnoHaxHHB pacTBop". ÄBTopcKoe cbbäb- 
T&ZLBCTBO CCCF# 578435, "BHMMereHB H3O-, 
öpeTeHBä", # 40, ( en russe ),

I2r-B.B. CMMOHOB, B.C. BAKIIiyTOB, B.B. BOH- 
ILAPEHKO, B.H. HMKHTMH. B.H. J[ETKOB,A.M. 
HAwHHKOB. "TaMHOHaxHHH pacTBop". ABTop- 
cKoe CBEffleTaziBCTBo CCCF no saHBKe
# 2501377/03 c npHopHTeTOM ot 21.06.77, 
( en russe ).



Application of activated calcium aluminate clinker to 
quick hardening cement ■

Utilisation d'une pouzzolane artificielie alumino-calcique dans la fabrication 
d'un ciment ä durcissement rapide

K. ISOZAKI, Research Chemist,
S. SAKAMAKI, Assistant to Research Manager,
K. NAKAGAWA, Senior Research Manager, Denki Kagaku Kogyo Co., Ltd., R and D Department of Omi- 

Plant, Japan.

RESUME -t j)n. a etudie la relation entre la resistance et le processus d'hydratatlon d'un ci- : 
ereint apecial. prepare .en aelangeänt du clinker de ciment portland avec 20 % de sulfate de cal- 
tftiiit ■et0'd1,lUnL'alUTninate de calcium active; ce dernier etalt obtenu par fusion au four electri- 
que, puis refroidissement brusque, d'un cru approprie. Des melanges de cette sorte sont uti
lises industriellement dans la fabrication des ciments expan$ifs du type M et dans celle des 
ciments ä haute resistance initiale. ,

En faisant varier le rapport C/A de cette pouzzolane artificielie et sa proportion dans le 
ciment, on peut obtenir diverses sortes de ciments a prise rapide. L'augmentation de ce rap
port C/A peut accroltre les resistances a 1 heure, 7 jours et 28 jours, mais la prise peut 
devenir trop rapide pour pouvoir etre controlee. En augmentant 1'addition du gypse, les re
sistances ä 3 et 24 heures augmentent, et le ciment devient plus maniable. .

Il a ete etabli que les proprletes de ces ciments dependent de la vitesse de la formation 
de 1'ettringite et de 1'hydratatlon du C,S, et que 1'on peut maltriser ces facteurs par re
glage du melange. Une optimisation de ces ciments ä prise rapide est possible. '

SUMMARY: The relation between the strength and. hydration process of the special cement which 
yas prepared by admixing'ordinary portland cement with 20%'(wt'. ) of the’admixture consisting 
Of calcium siilfate and calcium aluminate clinkers made by quenching after electric melting 
thereof was examined. The admixtures of this kind are industrially applied to the M-type 
expansive cement, quick hardening cement and high strength cement.
Various kinds of quick hardening cements can be obtained by varying the C/A ratio of clinker. 
When the C/A ratio is raised, the strength can be improved per 1 hour, 7 days, and 28 days, 
but the setting is so rapid that in most cases the control of seating time is difficult.
When anhydrite content is increased, there is a tendency that the 3 hour and 24 hour strengths 
can be increased, and the workability can be also improved. "

We have made it clear that the characteristics of quick hardening cement can be determined by 
the yield and .formation timing of ettringite and hydration of C„S, and these factors can be 
controlled by said admixtures. Whereby it has been made possible to plan ideal quick hardening 
cement. •



I-.  INTRODUCTION
We have already reported a part of the method 
for producing electrically melted calcium 
aluminate clinker (1) and the application 
thereof to expansive cement (1,2), quick 
hardening cement (2), and high strength 
cement (3,4). The present report discusses 
more in detail on the basic properties of 
said calcium aluminate clinker when applied 
to the quick hardening cement. And, there 
are reported the hydration process of the 
cements added with the admixtures prepared 
by changing C/A ratio of clinker and 
anhydrite (Type II-calcium sulphate) content, 
the structures of cement stone, morphology 
of hydrates and the effects given to the 
mechanical strength, and such like basic 
data which become the guidlines for planning 
ideal quick hardening cement.

2. PREPARATION of SAMPLES
The samples which were prepared by mixing 
calcium oxide and bauxite at predetermined 
blending ratios were melted at a temperature 
in the range of from 1500°C to 1700*C  for 
about one hour and blown by air to quickly 
cool off. Regarding the calcium aluminate 
clinkers which were used in this test, the 
following three kinds of compositions are 
given below. (Table I)

TABLE I
Chemical composition of clinkers 

(wt%)

Name of 
clinker C/A CaO D

 
O

O
U 

rH S102 f-CaO blaine
(crn /g)

A 1.10 48.7 44.1 2.5 0.3 5720
B 0.92 43.9 47.7 3.4 0.1 5530
C 0.65 36.1 55.5 3.8 0.1 5540

TABLE II
Chemical composition of admixtures

Name of 
admixture C/A clinker, 

'll-CaSO.4
S/A 

(SO3/A12O3)

A1 1.10 1/1 1.33

A2 1.10 1/1.5 2.00

A3 1.10 1/2 2.66

B1 0.92 1/1 1.23

■ B2 0.92 1/1.5 1.84

B3 0.92 1/2 2.46

C1 0.65 1/1 1.06

C2 0.65 1/1.5 1.59

C3 0.65 1/2 2.11

Table II shows the compositions of 9 kinds of 
admixtures prepared by adding anhydrite to 
calcium aluminate clinker. Table III shows 
the chemical composition of ordinary portland 
cement.

TABLE III

Chemical 
cement

Composition of ordinary portland 
(wt%) '

ig.loss insol. SiO2 A12°3 Fe203» CaO

0.7 0.3 22.0 4.8 3.2 64.9

MgO S03‘ Na20 k2o f-CaO blaine(cm2/g)

1.9 1.9 0.40 0.44 0.7 3110 '

3. EXPERIMENTAL
The quick hardening cement was prepared by 
mixing 20% by weight of admixture with 80% 
by weight of ordinary portland cement. The 
ratio of water and the cement was 0.41. As 
the retarder, 0.8% by weight of the mixture 
of citric acid and pouassium carbonate in 
the ratio of 1:3 to the cement was added. 
The mixing was carried out in such a manner 
that water was poured into a vessel to diss
olve the retarder, and the quick hardening 
cement was added thereto and stirred. The 
curing was carried, out at 20eC. 80%rh.'
The paste specimen haying arrived at the 
predetermined age was crushed into particles 
whose particle sizes were respectively from 
5.0mm to 2.5mm, and below 1.7mm and the 
sample whose particle size was from 5.0mm to 
2.5mm was subjected to D-drying treatment 
for two days, and was used as the sample for 
measuring evaporable water, non-evaporable 
water (1000’0»1 hr), pore volume (mercury 
pressure porosimeter) and observation by 
scanning electron microscope (SEM). The 
sample whose particle size was below 1.7mm 
was washed with ethanol for terminating hy
dration, and was subjected to the measureme
nt of X-ray diffraction. The heat,liberation 
curve of hydration was obtained by Conducti
on calorimeter, and the compressive strength 
test was carried out by using 1:2 mortar 
(4x4x16 cm beam).

4. RESULTS AND DISCUSSION
4-1"  HYDRATION PROCESS

The hydration of C-S is remarkably affected 
by the C/A ratio or clinker. There is a ten
dency that the hydration of C_S is more 
retarded as the C/A ratio is lower. This 
tendency holds true not only j.n the case of 
early stage of age but also in the case of 
28 day age. The effect of anhydrite content 
is differed more or less by the composition 
of clinker. (Fig. 2)



RegaitHngctiae. foDmation of ettringite, the 
e'ffeö'ti' Of1-the C/A ratio is great. In Series 
A (C/A=1.10 ), the abrupt formation of ett
ringite started right after the pouring of 
water, and the yield arrived slowly at--the 
maximum in 14 days. The formation of ettrin
gite was milder im Series B (C/A=0.92) than ■ 
in Series A, but the yield of ettringite be
came constant around one day age, and. after 
the 14th iday,the yield thereof became lowered. 
In Series C (C/A=0.65), the ettringite for
mation reaction in early age was milder and 
the vigorous reaction was brought about from 
2 to 12 hours, and the yield arrived at the 
maximum in about one day, and thereafter the

Age (hour, day)

Fig.’ 1 - Hydration of C S and fromations of 
ettringite (Ett) and calcium aluminate 
monosulfate (Mono). 

yield is abruptly reduced. When the C/A ratio 
is low and anhydrite content is high, the 
reaction in the early age is retarded. When 
the C/A ratio is .low and anhydrite content 
is low, the formation timing of calcium alu
minate monosulfate hydrate is accelerated and 
the yield becomes increased.
The retarding mechanism of hydration of C^S 
is considered as follows. While the ettring
ite producing reaction is vigorously car'ried’ 
out, the crystalline nucleation for C^S 
hydration to enter into acceleration period 
cannot be sufficiently■carried out (5). 
Therefore, it is considered that as the C/A 
ratio is lower, the delayed period is prolo
nged.
The reaction between calcium aluminate clin
ker and anhydrite has the tendency to be more 
delayed as the C/A ratio is lower, and this 
can be explained by the protective coating 
film forming mechanism which controls ion 
dissolution. It can be confirmed that by the 
SEM photograph that the clinker enriched more 
with AlgOg, the crystal growing reaction of 
fine eturingite is more delayed, and this 
phenomenon is also considered to be rel.ated . 
to the concentration of Ca ion. ’

Age (minute.hour)

Fig. 2 - Rate of heat liberation.



Fig. 3 - Morphology of hydrates

The above described hydration process can be 
vouched by the heat liberation curve of hyd
ration. The height of the first peak of - 
Series A is about 6 times that of Series C, 
and is deeply related to the yield of ettri
ngite.
On the other hand, as the anhydrite content 
becomes larger, the position of the first 
peaks of Series A, B, and C are delayed .and 
the heights thereof are lower, and the lower 
the C/A ratio is, the greater the above 
mentioned tendency is. The appearance of the 
second peak in Series C is caused by the 
delay of ettringite producing reaction.. .
The second peaks of Series A and B are over
lapped with the first peaks, and therefore 

. the.second peaks are not present. (Ei.g... 2) 
The size of heat liberation peak caused by 
C„S hydration is almost identical with the 
results of X-ray diffraction.
Fig. 3 shows the morphology of the hydrates 
by means of SEM. The diameter of ettringite 
crystal grows in the range of from 0.2 to 0.4 

>u and the length thereof in the range of from 
3 to 4>u within 2 hour age In Series A and B 
and there is not so much difference' from 
those of the sample of 28 day age. In Series 
,C, the sample of 3 hour age, ettringite takes 
on such a morphology as fine and wide recta-, 
ngular form and covers the surface of the 
calcium aluminate particles, said ettringite 
is also turned into the same morphology and 
size as in the case of Series A and B in 
several hours. Calcium aluminate monosulfate 
hydrates take on remarkably hexagonal morp
hology before 24 hour age.

4-2  HYDRATE STRUCTURE AND HYDRATION DEGREE
Fig. 4 shows the relation between the non- 
evaporable water of cement stone and S0_/ 
A12°3 of admixture. Throughout all
the ages Series B shows high values regardl
ess of anhydrite content, and above 
shows.ithe highest valde and'little'porfe yb-.., 
lume. (Fig.5) In .Series .9it.is, remarkable 
that pore volume ranging from 1000 to 10000 
Ä which belongs to capillary pore is less 
than Series A and C. in Sgries A and B, pore 
volume from 2000 to 4000 A is abruptly rbdu- 
ced in 3 hour to one day age, and the pore 
volume in Series C ranging from 3000 to 9000 
X is reduced over the 3 hour age to one day 
age, but the pore volume ranging from 1000 to 
2500 A remains unchanged. This is considered 
to have been caused partially by the morpho
logical change of ettringite in the early . 
stage of the reaction. The C/A ratio rather 
chan anhydrite content overwhelmingly affectq 
non-evaporable whter, pore volume and pore 
size distribution.
Fig. 6 shows the relation thereof to the heat 
of hydration and Series A takes extremely 
high value in one hour age„ and Series A and ' 
B take almost the same values in 3 hour age .

(by SEM).



Ift 24 heu? age, there Is a tendency that 
when ths €/A fatio is higher, heat ef hydra
tion become higher, but the increase in the 
heat of hydration of B3 is great.
Regarding the relation between the degree of 
hydration and the structure of hydrates, not 
only the kind, morphology and quantity of 
hydrate are important factors, but also the 
hydration process is a very important factor.

Fig. 4 - Relation between non-evaporable 
water and S/A of admixture.

Fig. 5 - Relation_between total pore volume 
(75-75000 A) and S/A of admixture.

Fig._6 - Relation between heat of hydration 
and S/A of admixture.

4-3 STRENGTH DEVELOPMENT AND SETTING TIME
The production of ettringite contributes much 
to the development of primary strength as is 
apparent in jet cement (5) and it is conside
red that the hydration of C-S affects the 
development of long period strength. In 
regard to the strength development against 
unit heat of hydration, up to 24 hour age, 
Series C is the highest when compared with 
Series A and B, but the hydration of C„S • is 
considered to have contributed not so much 
to the strength development, and in a long 
period age, no strength development can be 
observed when the hydration of C„S has been 
carried out. This phenomenon is considered 
to have been caused by the structual change 
of the conversion of ettringte to calcium , 
aluminate monosulfate hydrate and the carbo
nation. On the contrary, when the C/A ratio 
is high, the dependability on C_S hydration 
is increased. (Fig. 7, 8) Therefore, not Only 
the yield of ettringite, but also hydration 
process become an important factor.
As the important characters of quick harden
ing cement, workability, strength development 
in the early stage of the reaction, and.the 
staoility in long period age can be given, 
but the degree of importance of said factors 
can be, of course, varied in accordance with 
the applications thereof. As is shown in Fig. 
9, when much handling time is desired to be 
taken, there are three ways to solve the ■ 
problem; i.e., (i) the C/A ratio be control
led lower (ii) the amount of anhydrite be 
increased; and (ill) the amount of retarder 
be increased. ■
When quick setting is desired, the opposite 
ways are recommended to be taken. Generally 
speaking, it is not clever to use a large 
amount of retarder, and when the C/A ratio is 
controlled to be too low, the strength 
development becomes poor.

Fig. 7 - Relation between compressive 
strength and S/A of admixture.



'For example, wren quieit set-ting is more 
desired, A (C/A=l.lb,- •S-/Aisl.S’-S) rs approp
riate, and this is applied to the chemical 
grout. On the other hand, when the develop
ment of 2-3 hour strength and 7-28 day

■ strength are desired by taking a proper han
dling time, B3 (C/A=0.92, S/A=2.46) composi
tion is appropriate, and this composition is 

(.now being applied to urgent repair.

Degree of hydration CiSW

Fig. 8 - Relation between compressive 
trength and degree of CyS hydration.

Fig. 9 - Relation between setting time and 
S/A of admixture (the retarder 0.8% by weight 
to cement). •

5. CONCLUSION
The hydration process, strength and workabi
lity of the special cement which was 
prepared by adding ordinary portland cement 
to 20% of the various kinds of admixtures 
prepared by changing the composition of the 
electrically melted calcium aluminate clinker 
and anhydrite content were examined, and the 
following facts have been made clear;"

The C/A ratio affects more to the hydration 
of silicate phase and ettringite producing 
reaction than anhydrite content, and brings 
about strength development and determines 
the structure of cement stone.
There is a tendency that when the C/A ratio 
is raised, quicker hardening property can be 
attained,, and when the amount of anhydrite 
to be added is increased, hardening become 
slowed down, but the effect of the C/A .ratio 
is overwhelming.
When the C/A ratio is lowered too much, 
handling time can be taken sufficiently, but 
it is impossible to expect the .high strength 
development. In the neighbourhood of C/A=0.9, 
excellent workability can be attained when 
Phe anhydrite content is high, and strength 
development can be expected, and cement stone 
of high quality can be obtained, and therefo
re, the cement whose C/A ratio is in the 
neighbourhood of 0.9, having high anhydrite 
content iS considered to be appropriate as . 
quick hardening cement for general construc
tions .
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Role of Expansive additive CaO in expansive cement
Role d'une addition de CaO expansive dans les ciments expansifs

U. YAMAZAKI, H. KAMIAKA and S. KOBAYASHI, Japan.

RESUME : Les auteurs ont effectue des recherches sur le comportement des pates et mortlers de 
ciments expansifs, lorsqu'on leur ajoute separement ou ensemble les composes expansifs sul- 
vants : CaO - CaSO^ - C^A^S et CA. Ils ont etudie tout d'abord 1'addltlon de CaO.

L'expansion des eprouvettes de mortler de ciment expanslf addltlonne de CaO expansive; commen
ce des que la resistance ä la compression de ces eprouvettes attelnt quelques kgf/cm . Elie 
est due ä la formation massive de CatOH^ ä partir de CaO non hydrate.

Si, en plus de CaO, on ajoute CaSO^, ■ 1'expansion est augmentee. Ceci semble du ä 1'effet re- 
tardateur de CaSO^ sur 11hydratatlon de CaO.

SUMMARY : This paper describes the results of investigations on the behaviors of the expan
ding additive CaO in cement paste and mortar specimens, as one of the studies on the roles 
of the expanding additives. CaO, C^A^S and CaSO^ in expansive cement.
The expansion of expansive cement mortar specimen with expansive additive CaO starts at the 
time when the compressive strength of the mortar reached to several kgf/cm2. This expansion 
is caused and increased by the successive formation of massive Ca(OH), formed from the 
unhydrated CaO.
The expansion of expansive cement mortar specimen with CaO is promoted by the additional 
CaSO. because the amounts of the unhydrated CaO is increased by the retarding effect of 
CaSO^ on the hydration of CaO.



Introduction
Many studies of the mechanism of the expan
sion of expansive cement have been reported. 
There are some hypotheses of the expansion ■ 
mechanism, for example, the crystalization
1) 2) the dusting 3) and the swelling 4).
In order to make clear the role of expansive 
additive CaO in expansive cement, the beha
viors of hydration of CaO in expansive cement 
were investigated in this study.
The expansion of mortar specimen was conti
nuously observed from the early stage of hy
dration by the Automatically Restraining Ap
paratus (ARA).5). The processes of hydra
tion studied by employing Scanning Electron 
Microscopy (SEM), conduction calorimeter, 
X-ray diffraction techniques.

Experimental procedure
Cements used are listed in Table I. CaO was 
calcinated in electric furnace at 1500°C.
CaO calcinated was ground to 10 % residue on 
170 mesh sieve.
CaSO^ was ground to 8000 cm2/gr. Blaine.

Table I. Mix proportion of ordinary 
portland cement and expansive components

Proportion

CaO CaSX

A 0 0 0 100

8 3 0 0 «7

c 3 3 0 9*

D 3 6 0 91

E 0 6 0 34

F 2 5 2 91

Fie.1. Schematic diagram of the load stage 
equipment for uniaxial restraining of specimen

2) The amounts of CaO and CaSO^ in expansive 
cement pastes were determined with the XRD 
by the Internal standard method. The paste 
sample was mixed with the standard MgO in 
cyclohexanol.6)

3) The rate of heat liberation was measured 
with the conduction calorimeter.

4) The structure of hardened expansive cement 
paste was observed by SEM and ERMA.

Results

1) The linear expansion curves of the speci
mens (A-F) are shown in Fig. 2. The expan
sion of each specimen started at about 7 
hours after casting, and reached to the 
maximum by 3 days. The expansions of the 
specimens (B,C,D and F) were more than 
5x10",  while the expansion of the speci
men E with CaSO^ only was very small.
*

1) The length changes of the mortar specimens 
(cement:sand:water=1:2:0.6) under the 
restrained condition were measured by the 
ARA. The loading equipment of the ARA is 
shown in Fig. 1. The mortar specimen cured 
at 20°C was demoulded at 7 hours after cas
ting. The demoulded specimen was wrapped 
with polyethylene sheet and was set on the 
loading stage. The expansion of the specimen 
was continuously measured from 7 hours after 
casting. .
The expansion of mortar specimen which was 
"remoulded" by the following methods at 7 
hours after casting was also measured with 
the ARA. .
a) a mortar specimen of ordinary portland 

cement premixed with 0.5-3.0% CaO was 
demoulded at 7 hours and was crushed into 
pieces and was moulded again to keep the 
initial size (50 x 10 cm) by a press.

b) Ordinary portland cement mortar demoulded 
at 7 hours was crushed into pieces by the 
same way as (a) mixed with 0.5-3.0% CaO 
and then moulded again by the same way as 
(a).

Fig.2. Expansion curves of cement (A-F)

2)Expansion  curves of the remoulded mortars 
by the method, (a) and (b) are shown in 
Fig. 3. Fig. 4 shows the relations between 
the added contents of CaO and the expansion 
of the remoulded mortar specimens at 3 
days. In each case, the more CaO was added, 
the larger the expansion of the specimen 
became.



Fig.3. Expansion curves of mortars added
CaO and 3^>
(a) premixed
(b) mixed at 7hours after casting

3) As a result of XRD analysis, it was recogni
zed that one-third of added CaO remained at 
the age of 7 hours in the specimen B with
3 % CaO, while a half of both CaO and CaSO^ 
remained in the specimen 0 with CaO 3 % 
and CaSO. 6 % at the same age.

4) The amounts of unhydrated CaO in CaO-t^O 
system and in CaO-CaSO^-H^O system were 
calculated from the measurement of the heat 
of hydration of the systems. The results 
obtained show that the hydration of CaO in 
CaO-CaSO,-H,0 system was retarded by CaSO.(Fig. 5)7 2 4

(%)
Fig.!«. Relation between expansion at 3 

days and contents of additive 
CaO(£) ' 

!a) premixed
b) mixed at 7hours

Fig.5. Influence of CaSO, on the hydration of CaO (water/sdiid=O.6)
(i) CaO-HpO system
(ii )CaC—CaSO,-HpO system 

(CaO:CaS04=1:1)

5) In Fig. 6 are shown the typical figures 
of the massive reaction products observed 
only in the expanded paste specimens B,C, 
D and F. These reaction products were re
cognized to be CatOH)^ by ERMA.

Discussion

The typical relations between the expansion 
curve of th'e mortar specimen D and the reac
tion processes of the corresponding expansi
ve cement are shown in Fig.7 •
Though it was suggested from the rate of



heat liberation, the amounts of Ca(OH)- and 
the decrease of expanding additives Cao and 
CaSO. of the specimen D that the hydration 
reaction of expansive cement D proceeded in 
7 hours, and that the expansive components 
reacted in 7 hours. The expansion of this 
specimen was detected just after the age of 
7 hours, when the compressive strength of 
this specimen attained to about 3 kgf/cm2.

Fig.7» Typical patterns of the rate of heat 
liberation curve in cement.paste, expansion 
curve in mortar and contents of CaO, CaSO^ 
and produced CH in paste, in case of expan
sive cement D

' ( CH=Ca(OH)2 ) ,

When more than 1 % CaO remains in the ex
pansive cement mortar at 7 hours, as plotted 
in (b), Fig.4, the mortar shows considerable 
expansion. 
Though a half of CaO hydrated before the age 
of 7 hours, however, the expansion of mortar 
specimen was not observed as shown in Fig.7. 
This is for the reason that as cement gel is 
movable to fill up the space of water consu
med in hydration of CaO at the earlier age, 
the structure of mortar specimen absorb.es 
the expanding force originated from the hy
dration of CaO. In other words, while CaO 
grains increse their volume 1.8 times by hy
dration, the total volume ratio of CafOH)?/ 
CaO and H-0 decreases to 90 % as a whole 
structure? Therefore the mortar specimen 
shows no expansion, when the cement gel is 
movable.

After 7 hours, it is not easy for cement gel 
to fill up.the space.of H-0 because the matrix 
possesses some rigidity. And Ca(OH)- as 
shown in Fig. 6 produced from unhydrated CaO. 
In this case, the hydration of unhydrated 
CaO to Ca(0H)2 brings out the change of volu
me by about 178 times as a whole. Therefore, 
the mortar specimen shows expansion.
When CaSO^ coexists in the expansive cement 
including CaO, the hydration of CaO is res
trained as observed in CaO-CaSO.-HjO system 
with conduction calorimeter. This retarding 
effect of CaSOft in hydration of CaO is caused 
because the solubility of Ca(OH)_ is decrea
sed by dissolution of CaSO^ and Because the 
surface of CaO is covered with the tighter 
film layer of Ca(OH)- which was recognized 
by means of optical microscopic observation 
by the authors.
This phenomenon is also recognized in the 
expansion reaction of expansive cement spe
cimen with additional CaO and CaSO^. 
The expansion of expansive cement mortar 
specimen with CaO is promoted by the addi
tional CaSO. because the amounts of the un
hydrated CaO is increased by the retarding 
effect of CaSO^ on the hydration of CaO.

Conclusion .

DThe expansion of expansive cement mortar 
specimen with expansive additive CaO 
starts at the time when the compressive 
strength of the mortar reached to several 
kgf/cm2. This expansion is caused and 
.incresed by the successive formation of 
massive Ca(OH)- formed from the unhydrated 
CaO. L

2) The expansion of expansive cement mortar 
specimen with CaO is promoted by the ad
ditional CaSO,, because the amounts of the 
unhydrated CaO is increased by the retar
ding effect of CaSOa on the hydration of 
CaO.

3) In many cases, the massive Ca(0H)2 formed 
the hydration of the unhydrated CaO is ob
served in the expanded specimen with expan
sive additive CaO.
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IKTBOBUCTIOD

Les proprietes des pates fraiches de ciment portland., 
presentent un grand interet, car les proprietes des 
betons en decoulent. Cet interet est tres general en 
ce qui concerne les caracteristiques du ciment qui 
influent sur la consistence, la maniabilitS et la 
prise du beton. La maitrise des proprietes rheolo- 
giques du beton frais doit avoir des consequences 
importantes, sur le choix de la composition du beton 
et sur les moyens de malaxage et de mise en oeuvre.

Les examens au microscope des coupes de beton norma- 
lement durci, montrent que cheque grain de l’agregat 
est enrobe dans une matrice'de päte de ciment durcie, 
des films de cette päte säparant completement ces • 
grains les uns des autres. Le beton frais doit 
acquerir cette sorte de structure, dans la periods 
de repos qui precede la prise. Cependant, durant le 
malaxage et la mise en oeuvre du beton, les grains de 
sable ou ceux du. gros agregat, auront frequemment 
entre eux des contacts directs. Ces contacts directs, 
creeront des forces de frotter.ent; les effets sur 
les divers grains interfereront et s'ajouteront pour 
reduire la fluidite de la päte de ciment elle-meme.

Bien que des progres aient ete faits dans la connais- 
sance des phenomenes et 1'etablissement de relations 
entre la Theologie du beton et celle de la päte 
de ciment (1-5), la plupart des essais standardises 
sur les ciments, les mortiers et les betons sent pure- 
ment empiriques; et les resultats de ces divers essais 
semblent difficilenent comparables. Par exemple, un 
ciment tres finement broye, peut exiger dans une päte 
pure plus d'eau de malaxage et avoir une consistance 
plus raide, qu’un ciment plus grossierement broyee; 
mais il faut aussi exiger moins d’eau de malaxage 
(ou avoir une plus grande fluidite) s'il est essaye 
dans un mortier plastique, par suite de la diminution 
du nombre des contacts des plus gros grains de ciment 
avec les grains du sable, dans le mortier.

Les essais de determination de la consistance du beton 
ou du mortier, consistent ä mesurer leur deformation 
sous 1'action de la gravite, ou la progression de 
leur deformation(ou le temps necessaire pour obtenir 
une deformation donnee) sous 1'action d’impacts 
repetSs, ou de vibrations et de la granite. De tels 
essais donnent des resultats numäriques, relevant 
d’echelles arbitraires, qui n’ont aucun rapport sim
ple avec les proprietes physiques, bien definies, 
telles que la viscosite ou le seuil de rigidite 
(contrainte minimum de cisaillement provoquant 
I'Scoulement). Le "slumptest" est considers comme 
mesurant la consistance du beton frais, et le facteur 
de compactage; alors que le "V.B. test", mesure la 
viscosite apparente (6). Cependant, il a ete constate 
qu'aucun essai ponctuel, comme ceux-ci ne pouvait 
fournir une mesure valable de la fluidite et de la 
maniabilite des betons dans toute la gamme des condi
tions possibles (3, 7). La raison en est, qu’il y a 
une grande difference entre l'etat de la päte, avant 
et apres le debut de l’ecoulement. Il est de pratique 
courante d'utiliser la vibration pour fluidifier les 
betons frais trop raides, et permettre leur mise en 
oeuvre dans les monies. Les structures faibles dans 
la pate sent alors detruites par des cisaillements 
energiques ou par la vibration. La päte est dite 
avoir alors la consistance fluide. La consistance du 
beton, lors de sa mise en place par vibration est 
due, au moins en partie, aux caracteristiques 
rheologiques de sa päte de ciment, dans son etat 

fluidise (1). La resistance du betin frais ä la de
formation et a l’ecoulement, dans l'etat statique, 
doit aussi etre liee, au moins en partie, au seuil de 
cisaillement de la päte de ciment.

La resistance de la päte de ciment portland au cisail
lement, depend, ä la fois, du temps et de la vitesse 
de la deformation. Elie depend aussi de la duree du 
malaxage et de son intensite. Les pates de ciment 
sont normalement thixotropiques, e'est-a-dire que 
leur resistance au cisaillement s'amoindrit lors de 
l’ecoulement de la päte, par suite de la rupture 
progressive, des liaisons de floculation entre parti- 
cules. L’hydratation du ciment a des effets ä court 
terme (prise rapide, fausse prise), aussi bien qu’un 
raidissement normal progressif. Le comportement ä 
l’ecoulement peut cependant etre tres complexe, meme 
pour un seul ciment, et les comparaisons entre divers 
ciments peuvent etre fortement affectees par des 
variations des methodes d’essais ou de 1’appareillage 
utilise.

Les proprietes des pates fraiches de ciment portland, 
sont aussi interessantes, dans les recherches sur 
les autres caracteristiques du ciment. Par exemple, 
l’etude des proprietäs des pätes fraiches est utili- 
see, pour determiner 1’influence de la distribution 
granulometrique du ciment, ou pour mesurer 1’action, 
sur les reactions d’hydratation initiales, des 
teneurs plus ou moins fortes en gypse ou en autres 
additifs. Des le debut du melange eau ciment, le 
processus de la dissolution et de la formation des 
hydrates, provoque des changements progressifs dans 
la structure et les proprietes rheologiques de la 
pate.

STRUCTURE DE LA PATE FRAICHE

Les ciments portland modernes sont moulus en poudre 
fine, qui n’a qu’un tres faible pourcentage de 
grains superieurs ä 7^ microns ou inferieurs ä 1 
micron. La taille des grains, est le resultat de 
nombreuses factures aleatoires, qui se produisent ä 
la fin du broyage, et tendent ä transformer certains 
grains arrondis en grains anguleux. La distribution 
granulometrique rapportee ä des grains spheriques 
de diametre equivalent, en se basant soit sur la 
vitesse de sedimentation, soit sur la surface speci- 
fique, donne une bonne approximation.

Les ciments modernes ont generalement des surfaces specifiques de 1’ordre de 300 ä 500 m2/kg (soit 
3000 ä 5000 cm2/gr), mesurees par la permeability ä 
1’air a I’aide de methodes telles que celle de Lea 
et Nurse, ou celle de Blaine (ASTM C. 201;). Certaines 
methodes, telles que l’A.S.T.M. C 115 utilisant le 
turbidimetre de Wagner, conduisent a des valeurs 
beaucoup plus faibles, parce que la teneur en parti- 
cules les plus fines est sous estimee. Certaines 
autres methodes sedimentometriques mesurent la teneur 
des ciments en fines particules, en bon accord avec 
les methodes de permeabilite ä 1’air. Par centre, les 
valeurs des surfaces specifiques mesurees par adsorp
tion d’azote (mäthode BET), sont bien plus grandes, 
que celles mesurees par permeabilite ä 1’air, parce 
que 1’adsorption mesure aussi la surface des hydrates, 
et celle d’autres petites particules collees ä la 
surface des grains de ciment, aussi bien que celles 
des fissures et peut etre meme celle de certains 
pores du ciment. Il semble que la surface specifique 
mesuree par la methode Blaine, soit mieux appropriee 
ä l’etude de l’ecoulement ou de la sedimentation.



que celle mesuree par la methode B.E.T., parce que 
l'eau enrobe les grains de ciment d'une couche lisse, 
qui supprime 1'influence des petites irregularites de 
la surface des grains.

Les pätes fraiches de ciment sont initialement une 
suspension epaisse de grains de ciment dans l'eau de 
malaxage. La structure de cette suspension depend du 
rapport eau ciment, et de la distribution granulome- 
trique du ciment. Elle depend aussi des forces qui . 
s'exercent entre particules, et des forces d'attrac
tion de l'eau ä la surface des grains solides, qui a 
leur tour, dependent de 1'ionisation et de la concen
tration des solutions. Dans les solutions diluees, 
les grains de ciment doivent normalement floculer, 
c'est-ä-dire s'agglomerer en amas distincts appeles 
flocons, qui sedimentent rapidement. Les flocons 
ainsi formes, ä partir de ciment ordinaire, dans les 
solutions diluees, ont un rapport eau ciment d'envi
ron : 0,^. Dans les suspensions epaisses, que sont * 
les pätes de ciment, les flocons isoles sont amalgames, 
ä l'etat statique dans un grand floculant continue 
unique. Les grains ne sont pas uniformement repartis 
dans une telle structure; Certains flocons räunissent 
plus de grains que la concentration, moyenne, mais 
laissent entre eux des intervalles remplus d'eau. A 
1'Interieur de ces flocons les grains tendent ä 
redüire les intervalles entre particules, de faqon 
ä reduire l'energie potentielle. Powers a appelS ceci 
l’etat flocule (1).

Pendant le malaxage, les grains de ciment tendent ä 
se disperser plus uniformement dans l'eau, et il y a 
une rupture generalises des liaisons entre flocons; 
ceci est la cause de la thixotropie (chute de la 
resistance au cisaillement) des pätes de ciment. 
Si l'on opere ä vitesse de cisaillement constante, 
un equilibre structure! (peut etre resultant de la 
distribution granulometrique des flocons) est atteint 
au bout de quelques minutes, produisant une viscosite 
apparente constante. II y a aussi un processus de 
neutralisation empechant la structure de se recons- 
tituer. Lorsque le malaxage est arrete, la structure 
floculee statique se reforme graduellement. Bien que 
la päte soit fluide durant le malaxage, eile prend, 
dans son etat statique, une structure floculee, 
correspondant ä un etat faiblement solide, mais ayant 
un seuil de cisaillement defini.

Certains additifs organiques (reducteurs d'eau) sont 
utilises pour accroitre la fluiditä des betons, ou 
pour reduire leur teneur en eau, pour une meme 
fluidite. L'examen au microscope, montre que pour . 
des teneurs en additifs süffisantes les grains de 
ciment sont tons separes, au lieu d'etre floculäs.
Il y a lieu de penser, que ceci rSsulte de 1<adsorption 
de l'additif ä la surface des grains de ciment, qui 
provoque ainsi une neutralisation des charges,,et 
la creation, entre grains de ciment, de forces repul- 
sives. ' ■

Un tel concept peut etre utilisä pour visualiser la 
structure d'une päte fraiche de ciment, comme indique, 
ä titre de modäle simple sur la figure (1). Les frais 
y sont representes sous forme de spheres, de dia- 
metres equivalents correspondant ä la distribution 
granulometrique d'un ciment de it30 m2/kg de surface 
specifique. La grande demi-sphere du fond, reprSsente 
un grain de 30 microns de diametre. Les intervalles 
entre grains sont remplis par de l'eau et par des 
grains plus petits. La figure correspond ä un rapport

Fig. 1 - Modele simple de grains spheriques disperses, 
dans la structure d'une päte fraiche de

■ ciment, pour un rapport eau ciment de 0,5 et 
un ciment de U30 m2/kg (8)

eau ciment de : 0,5- Lorsque l'eau est fortement 
attiree ä la surface des grains, chacun de ces grains 
est enrobe d'un film d'eau continu; si le ciment. est 
disperse par un vigoureux malaxage, ou si l'on utilise 
un additif reducteur d'eau, l'epaisseur de ces films 
tend ä s'uniformiser. Une premiere approximation de 
cette epaisseur est donnee par le rayon hydraulique : 
le volume de l'eau de malaxage divise par la surface 
specifique. Pour le ciment et la teneur en eau de la 
fig. 1, cette epaisseur est d'environ : 1,2 microns, 
soit ä peu pres le dixieme du diametre moyen des grains■ 
de ciment. Bien que ce modele soit plus proche d'une 
solution dispersee que d'une päte de ciment, l'epais
seur du film d'eau reste la meme. Une seconde ap
proximation peut etre obtenue en tenant compte de 
l'eau contenue dans les grands interstices entre 
grains(2,9). Les reactions d'hydratation initiales 
peuvent aussi etre considerees, selon un modele 
plus realiste de la structure de la päte fraiche'. La 
dissolution rapide du gypse et des alcalis, dans 
l'eau de malaxage, produit des hydroxydes et des 
Sulfates de sodium, de potassium et de calcium. Gräce 
au gypse destine ä regulariser 1'Hydratation de
1'aluminate tricalcique, un enrobage de sulfo
aluminate se forme sur les grains d'aluminate trical
cique, ce qui arrete leur reaction d'hydratation 
initialement tres rapide. Environ 10 % du C_A peut 
etre hydrate dans les dix premieres minutes"1 (10); 
apres quoi la reaction d'hydratation du C_A est 
beaucoup plus lente, jusqu'ä epuisement du gypse, ce 
qui ne se produit generalement qu'ä la fin de la
prise. La profondeur de l'attaque dans le C^A, au 
debut (10 ?) de la reaction.peut etre estimee ä :
0,1 micron. Si le produit de la reaction fest de



1'ettringite tree compacte, la surface d.u C,A est 
enrobee d’une couche epaisse d'environ : 0,8 micron. 
Rapidement, la moitie du gypse est consommee dans 
cette reaction initiale; si le gypse a une surface specifique initiale d'environ 800 m^/kg, et si 
cheque grain de gypse se dissous sur une meme epais- 
seur, cette Spaisseur est de 0,5 micron environ. 
Apres cette reaction initiale la surface specifique 
de particules de gypse residuelies est inferieure 
5 la moitie de cette valeur, et la^surface specifi
que du ciment est diminuee de 30 m /kg environ. 
Cependant, la surface specifique mesurSe au B.E.T. 
augmente par suite de la formation des produits de 
1'Hydratation; si ces hydrates se forment 5 la 
surface des grains de ciment, ils peuvent avoir un 
effet negatif sur la fluidite ä ce moment. La for
mation de I'ettringite peut, elle-meme, reduire 
la teneur en eau libre de la pate de ciment 
d'environ : 0,02 g/g de ciment, pendant cette meme 
periode (10 %) de 1'hydratation.

Tous ces processus initiaux influent sur la. surface 
specifique, et sur la teneur en eau libre, done 
sur l'epaisseur du film d'eau d'enrobage, pendant 
la periode de latence. La reaction initiale d'hydra- 
tation des silicates peut avoir un petit effet, sur 
la structure des pates fraiches de ciment, ä moins 
qu'un vigoureux malaxage soit poursuivi, decapant 
continuellement les hydrates ä la surface des grains. 
Apres cette periode de latence, des cristaux de chaux 
hydratSe commencent ä se former dans la solution; 
ceci accelere 1'Hydratation des silicates, et des 
cristaux de silicate de calcium hydrate se forment 
sur la surface correspondante des grains solides, 
et croissent sous forme d'aiguilles. La prise 
normale se produit alors, resultant de 1'entrecroi- 
sement de ces hydrates; la recristallisation de 
I'ettringite peut aussi contribuer ä la prise (10).

DEFORMATION ET COMPORTEMENT FLUIDE

La consistence des pates fraiches de ciment, apres 
cette periode de prise, varie si fortement, avec la 
composition du ciment et avec le temps, qu'un seul 
appareil de mesure ne peut suffire ä en couvrir 
toute I'Stendue. Les viscosimetres, specialement 
les viscosimetres a cylindres coaxiaux, sont gene- 
ralement utilises avec les pätes les plus fluides, 
dont le seuil ^e cisaillement va jusqu'a '200 Pa 
(2000 dynes/cm ) et dont la viscositS apparente, 
va jusqu'a plusieurs milliers mPa/s (= centipoises). 
Recemment un mini slup test, a ete juge tres 
pratique, pour comparer les fluidites de pates de 
diverses compositions (11). Dans cet essai, un petit 
cone est rempli avec la päte ä essayer, puis soulevS 
de faqon que la pate s'ecoule et forme un pat6; 
1'aire de ce pate, donne la mesure de la consistence. 
Pour des pates plus rigides, des essais de penetra
tion, tels que 1'aiguille de Vicat , sont mieux 
adaptes ä la mesure de la teneur en eau qui donne 
la consistence normale, ainsi qu'a la mesure du 
debut et de la fin de la prise. Un appareil auto- 
matique, le rheographe decrit par Bombled (12 -13), 
mesure les seuils de cisaillement par des essais de 
penetration, sur un large eventail de pätes ä re
sistances tres variees, depuis environ 30 jusqu'ä 
plus de 1,5 x 10^ Pa. Il recouvre done tout le 
domaine, depuis 1'extremite des mesures faites au- 
viscosimetre a cylindres coaxiaux, jusqu'aux valeürs 
de debut et de fin de prise mesurSes a l'aiguilJS?de 
Vicat, qui correspondent approximativement respecti- 
vement a : 2 x 10*  et 1 x 10? Pa.

La figure 2 donne des examples de courbes mesurees 
au rheographe, sur des pates de ciment de rapport 
eau ciment egal ä 0,25, avec des ciments de dif-' 
fSrentes finesses (13). Les seuils de rigidite 
(resistance au cisaillement) sont calcuies, pour des 
forces necessaires pour produire une penetration de 
20 mm, a 1'aide d’une ou de plusieurs sondes, dont 
les diametres varient.de 1 ä 12 mm.’Les valeurs 
initiales du seuil de rigidite sont, parfois, plus 
grandes par suite de la faiblesse du rapport eau 
ciment. La consistance normale des pates correspond 
approximativement ä un seuil de rigidite de 2000 Pa. 
Deux de ces pates etaient plus raides que la consis- 
tance normale. Ces courbes peuvent etre utilisees 
pour d6finir et calculer les divers paramStres qui 
interviennent dans la prise du ciment; debut et fin 
de prise, vitesse de prise, duree de la periods de 
latence, pendant laquelle le seuil de rigidite est 
pratiquement constant. A des teneurs en eau plus 
fortes, le debut de ces courbes est presqu'horizontal.

Malgre le fait que de tels essais statiques montrent 
clairement 1'existence de seuils de rigidite dans 
les pates de ciment ordinaires, les resultats obtenus 
avec les viscosimetres dynamiques ne donnent souvent 
pas de valeurs bien definies de ces seuils. La vitesse 
de deformation par cisaillement en fonction de la 
contrainte de cisaillement, peut Stre representee par 
des courbes; lorsque ces mesures sont faites ä 1'aide' 
de viscosimStre rotatifs (voir fig. 3), on constate 
que les resultats dependent considSrablement de 
1'histoire de la deformation des pätes et du type 
d'appareil utilise.

Le comportement des pates de ciment, lors de cette 
deformation, peut, suivant la nature des pätes et 
le type d'appareil utilisä, etre classe en quatre 
categories. 1) newtonien, 2) Binghamien, 3) pseudo- 
plastique et U) dilatant. En outre les courbes peuvent 
presenter un comportement reversible, entre thixo- 
trotique (chute de seuil de cisaillement) et anti- 
thixotropique (augmentation du seuil de cisaillement). 
Le comportement antithixotropique semble etre du ä 
un processus de retour de thixotropie, qui doit, 
cependant, etre distingue de la dilatance, qui eile 
aussi, provient d'une augmentation du seuil"de cisail
lement mais pour d'autres raisons.

ECOULEMENT NEWTONIEN ET BINGHAMIEN
Quand la vitesse de cisaillement Y, est proportionel
le 5 la contrainte de cisaillement *tr  , l'äcoulement 
est dit newtonien, ou ä viscositä constante.

Les pätes de ciment ne sont normalement pas newtonien- 
nes, mais peuvent le devenir tres-rapidement, en y 
ajoutant des quantites süffisantes de certains ad- 
ditifs reducteurs d'eau (1U - 17). Les pätes de 
ciment ont approximativement le comportement d'un 
solide plastique de Bingham, avec un seuil de rigidi
te E, et une viscositS U, de telle faqon que :

Y= -1-- ( V - E) . (1)
U

Les resultats des mesures rheologiques faites sur les 
pätes de ciment, sont souvent representes graphique- 
ment (comme sur la fig. 3), en portant en abscissa 
la resistance au cisaillement (ou le couple de tor
sion du viscosimetre rotatif), et en ordonnee la 
vitesse de cisaillement (ou la vitesse de rotation)
(3).
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Fig. 2 - Courbes relevees au rheographe, sur des 
pates (clinker broye plus 5 $ de gypse, a 
un rapport E/C de 0,25) pour des ciments 
de finesses variSes : 1) 201 m2/Kg;
2) 21*6,5  m2/kg; 3) 307 m2/kg; U) 1*03  m2/kg; 
5) 511 m2/kg (13).

Dans de tels diagrannnes, les fluides newtoniens sont 
representes par une ligne droite passant par 1'origi- 
ne (E= 0 dans I'equation : 1). Les solides plastiques 
de Bingham sont aussi, representes par une droite.
mais ne passant plus par 1'origine, dans ces cas, 
la pente de la droite est Sgale ä 1'inverse de la 
viscosite plastique; la viscosite apparente est 

c'est-a-dire 1'inverse de la pente de la droite 
• qui relie 1'origine ä un point de la courbe.

Done, meme si la viscositS plastique est constants, 
la viscosite apparente dSpend de la vitesse de cisail-
lement, et peut etre beaucoup plus grande que la 
viscositS plaqtique, aux faibles valeurs de la vites
se de cisaillement, par suite de I'existence d’un 
seuil de rigiditS non nul.

SHEAR STRESS (PA)

Fig. 3 - Courbes relevees au viscosimetre rotatif 
pour diverses pätes de ciment : 1) £/C = 0,4; 
2) E/C = 0,25, 5 vitesse constante et ä 
1'equilibre; 3 et 4) E/C = 0,32; 3 immSdia- 
tement apres malaxage; 4 immediatement 
apr§s la premiere mesure (2)

PSEUDOPLASTICITE

Les seuils de rupture mesures au viscosimetre sur les 
pates de ciment, reelles, ne sont pas dSfinis aussi 
nettement que dans le modele plastique de Bingham. 
Au lieu d'une droite, les. couples de valeurs mesurees: 
vitesse de cisaillement vs, contrainte de cisaillement, 
peuvent figurer une courbe graduellement croissante 
depuis 1'axe des contraintes pour tendre vers une . 
droite (fig. 3), ce comportement est appelS : pseudo- 
plastique ou plastique thixotropique. La portion 
droite de cette courbe, peut etre utilisee, en la 
prolongeant vers les vitesses de cisaillement dScrois- 
santes, pour obtenir par extrapolation la valeur 
du seuil de rigidite. La partie courbe peut rSsulter 
de la combinaison d'un ecoulement non uniforme de 
1'echantillon, et de la nature thixotropique du 
materiau, notamment si le viscosimetre comporte un 
espace trop large entre les deux cylindres coaxiaux (1). '

Dans I'essai des pates de ciment dans les viscosimetres 
ä cylindres coaxiaux, 1'ecoulement peut ne pas devenir 
immediatement unifefrme. Ainsi, quelques glissements 
peuvent se produire, a la surface des cylindres, des 
parties de la päte etant decollees des parois, et 
s'ecoulant, alors que d'autres y restent adherentes. 
La vitesse de cisaillement des parties decollees, done 
en mouvement, est alors bien plus grande que celle 
indiquSe par la vitesse de rotation relative des 
cylindres. Paroifs la tote*lite  de la pate glisse 
d'une faqon apparemment uniforme. Ces pheriomenes ont



Ste studies en detail, en utilisant des cylindres 
lisses et des cylindres canneles, et en faisant 
varier la vitesse de cisaillement et la nature des 
pätes (18).

Dans une approche differente, Legrand (19), utilise 
un viscosimetre comportant une sSrie de pales radiales, 
plongeant dans un grand volume d'echantillon. La 
Variation du couple de torsion en fonction du temps, 
pendant la periode d'ecoulement non uniforme, a etS 
analysSe, pour determiner le seuil de rigidit6, la 
contrainte de cisaillement, et la vitesse de cisail
lement, pour diverses valeurs constantes de la vites
se de rotation.

DILATANCE

II y a un passage progressif entre les proprietes 
de l'ecoulement plastique thixotropique et le compor- ' 
tement dilatant (reduisant la resistance au cisail
lement ), lorsque le volume des solides augments dans 
les mortiers et les ciments C19). Quand la proportion 
de ces volumes solides depasse environ 0,6, la resis
tance au cisaillement augmente avec la vitesse de 
cisaillement, et une augmentation du volume se pro- 
duit alors. La courbe est alors concave vers l'axe 
des deformations, au lieu d'etre convexe conme dans 
le cas de la fig. 3. Ces effets resultent de modifi
cations dans 1’arrangement mutuel des grains de 
ciment, de fagon ä permettre le mouvement relatif de 
ces grains, le long des surfaces de rupture. II en 
resulte une augmentation moyenne des interstices 
entre grains dans la direction perpendiculaire ä la 
direction du cisaillement. L'eau est alors amenee 
ä penStrer dans ces interstices Slargis, et la resis
tance au cisaillement depend, par consequent, de la. 
vitesse du cisaillement et de la permeabilite du 
materiau. D’autre part, du fait que l'eau et les soli
des sont peu compressibles, un peu d'air tend ä pe- 
netrer dans le matSriau. Get air ainsi piege, fournit 
1'espace d'expansion, sans exiger d'ecoulement d'eau 
supplementaire.

Ces interactions entre grains produisent un accrois- 
sement rapide du seuil de rigidite et de la viscosite 
apparente, lorsque la proportion en volume des soli
des d6passe environ 0,6 et lorsque le materiau n'est 
pas vibre. Lorsque le materiau est vibre, le compor- 
tement ä 1'ecoulemerit est transforme, et cette tran
sition vers la dilatance se produit alors seulement 
lorsque la proportion en volume des solides est un 
peu superieure (0,62).

Les memes considerations s'appliquent aussi aux pates 
de ciment ä tres faible rapport eau ciment. Une 
concentration en volume de ciment äe 0,6 (to $ en 
eau du volume total), correspond ä un rapport eau 
ciment en poids de 0,21. Descourbes typiques de 
dilatance ont 6t6 obtenues, pour des rapports eau 
ciment de cet ordre, avec des pätes de clinker broye, 
fluidisäes avec des additions de lignosulfonate et 
de carbonate soluble (1T, 20).

THIXOTROPIE

Il a'Ste demontre (3, 18, 21, 22), que dans des con
ditions experimentales appropriees (vitesse de cisail
lement constante, ecoulement uniforme),le couple de 
torsion To, mesure dans un viscosimetre ä cylindres 
coaxiaux, variait exponentiellement avec le temps 
depuis la valeur To, jusqu'a une valeur d'equilibre 
ig, selon la formule

T = Te + (To - TE)e Bt (2)

ou B est une constante qui depend de la vitesse de 
cisaillement (ou de la vitesse angulaire) et des 
proprietes de_Ja päte. Les valeurs de B sont de 1'or
dre de 0,0U s . L'equilibre est atteint en 1 ou 2 
minutes. Depuis To jusqu'aux diverses valeurs de Tg, 
la forme des courbes peut varier considerablement, 
en ce qui concerne les vitesses de cisaillement 
(deformations et contraintes), seien la duree des 
augmentations (courbes croissantes) ou des diminutions 
(courbes descendantes) de ces vitesses de cisaillement 
(mSthode de Green). La fig. 3 montre des exemples de 
comportements thixotropiques des pätes de ciment, au 
cours de tels essais (2). On y distingue quatre 
manifestations de la thixotropie apparente :

1. La courbure des courbes ascendantes, indique 
une diminution de la viscosite lorsque la 
vitesse de cisaillement augmente.

2. Les courbes ascendantes correspondent a-des 
contraintes de cisaillement plus fortes
(pour des vitesses de cisaillement identiques) 
que celles des courbes descendantes.

3. La courbe 2 montre la diminution de la con
trainte de cisaillement pour une vitesse de 
rotation du viscosimetre constante.

1». La courbe U montre des contraintes de cisail
lement plus faibles, lorsque 1'on recommence 
immediatement 1'essai de la courbe 3.

Non seulement, la boucle d'hysteresis de la courbe U 
est deplacee vers les contraintes de cisaillement 
les plus faibles (et les viscosites plastiques les 
plus faibles) mais encore la boucle 3 est plus grande 
que la boucle L; ce qui implique qu'il y ait davan
tage de ruptures de liaisons dans le premier cycle 
que dans le second. Dans des conditions d'essai 
standard!sees, les aires de ces boucles d'hystSresis, 
ont ete utilisees pour mesurer la proportion des 
ruptures des liaisons thixotropiques. Des tentatives 
ont aussi ete faites pour determiner quantitativement 
1'Energie necessaire, par unite de volume pour pro- 
duire ces ruptures des liaisons thixotropiques 
lorsqu'on opere ä vitesse de cisaillement constante 
(3, 22). ' '

Une autre manifestation de la thixotropie a ete obser- 
v6e, dans des essais, ou la vitesse de cisaillement 
maximum augmentait avec le nombre de cycles. Dans ce 
cas les boucles aussi evoluent vers des contraintes 
et des viscosites plastiques plus faibles, ce qui 
implique qu'il y ait davantage de ruptures de liaison 
aux vitesses de cisaillement elevees (3).

ANTITHIXOTROPIE ET EFFETS DU MALAXAGE

Des'resultats obtenus dans des viscosimetres ä cylin
dres coaxiaux, ont monträ, des seuils de rigiditS 
bien definis, et des viscosites plus faibles, pour des 
faibles vitesses de cisaillement; ceci dependait du 
degre de dispersion des grains de ciment par un mala- 
xage approprie et du type de viscosimetre employe, et 
notamment de 1'etroitesse de 1'espace entre cylindres. 
Bien que Greenberg et Meyer (24) ait publie en 1963 
que pour obtenir- un ecoulement uniforme, il leur avait 
etS necessaire de reduire cet espace ä 1,0 mm environ. 



la plupart des resultats publies depuis, ont Ste 
obtenus avec des espaces trop larges pour eviter cet 
effet instrumental. Un autre facteur peut etre la dou
ceur de marche de la machine, et 1'absence de vibra
tions de l'appareil, les vibrations et les chocs peu- 
vent provoquer des ecoulements non uniformes aux 
faibles valeurs des seuils de resistance. Roy et 
Asaga (15) ont recemment publie des resultats obtenus 
avec un viscosimetre de 0,7 mm d'espace entre cylin
dres, dans lesquelles les courbes croissantes sont 
remarquablement lineaires, avec des seuils de rigiditS 
bien definis, c’est-ä-dire un comportement presque 
Binghamien (voir fig. if). Par contre, des viscosime
tres comportant des espaces plus larges entre cylin
dres (H mm et plus) ont montre un comportement pseudo- 
plastique sans seuils de rigidite bien definis (2, 22, 
25). Il y a lieu de noter que les courbes d'hystSresis 
de la fig. U sont tres differentes de celles des 
autres publications. Non seulement, elles montrent des 
seuils de rigidite bien definis, pour des contraintes 
de cisaillement croissantes, mais aussi des boucles 
d'hysterSsis comportant une importante antithixotropie 
ou reduction de la resistance au cisaillement; notam
ment, des contraintes plus elevSes se produisent sur 
les courbes descendantes que sur les courbes ascen
dantes, pour une meme vitesse.de cisaillement. Le 
viscosimetre et les methodes utilises par Roy et 
Asaga ont donne des resultats entierement depourvus 
de comportement plastique-thixotropique. D*autre  part, 
l'une des raisons de la grande surface des boucles 
d'hysteresis antithixotropique, semble etre la tres 
faible vitesse des essais (15 minutes par cycle) 
alors qu'habituellement ces cycles ne durent que 
quelques minutes. Desormais, une duree plus longue 
doit etre attribute ä la fois aux ruptures de liaisons 
thixotropiques et ä la recouvrance.

Plusieurs expSrimentateurs ont observe A la fois des 
comportements thixotropiques et antithixotropiques 
sur les memes pätes (23, 2U, 25) essayäes, ä dif- 
ferents ages apräs malaxage. Des courbes pseudoplasti- 
ques ont etS obtenues ä des vitesses plus rapides 
(cycles de 2 ä 3 minutes) que celles utilisees par 
Roy et Asaga. Les vitesses d'essai plus rapides 
laissent moins de temps pour la recouvrance thixotro
pique des pätes fraiches. Meme, les resultats obtenus 
ont montrS que peu de temps apres le malaxage, les 
pätes etaient habituellement legerement antithixotro
piques, mais qu'apres quelque temps de repos (30 ä 
U5 minutes) elles devenaient thixotropiques. Cepen- 
dant, quand apräs un certain temps de repos, la päte 
etait agitee, par des essais repetes, la courbe 
evoluait de la forme thixotropique, ä la forme anti
thixotropique. Apres un temps de repos plus long 
(2 ä 3 heures) la päte devenait tres fortement thixo
tropique ä 1'approche de la prise, sauf si eile etait 
continuellement agitee. Cette action de 1* agitation 
conduit ä penser que 1'intensite du malaxage initial 
doit aussi influer sur la fluiditä de la päte, ce 
qui est bien connu, depuis dejä quelque temps.

Les malaxeurs mecaniques capables de produire un mala
xage energique et uniforme sont habituellement utili
ses, peut etre-par intermittence, pour produire des 
pätes de meilleure fluidite, apres un malaxage assez 
long (5 ä 10 minutes). Si la päte est malaxSe pendant 
30 secondes, au moins, eile subira une prise rapide, 
qui est due, pense-t-on, ä un collage des grains en
tre eux, par suite des produits de la rSection initia
le avec l'eau, formes ä leur surface. Bien qu'un 
temps de malaxage de 1 minute puisse etre assez long
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Fig. - Courbes relevees au viscosimetre rotatif, 
pour des pätes malaxees suivant six methodes 
diffSrentes, mais avec un meme E/C = 0,*<0  
(15)

pour supprimer cette prise rapide, il peut ne pas etre 
süffisant, pour produire une dispersion correcte, ou 
pour eliminer la fausse prise due ä la formation de 
gypse, ä partir de semi-hydrate qui pouvait etre pre
sent dans le ciment. Ces cristaux de gypse forment 
une structure faible, qui peut etre brisee par un mala
xage ou un remalaxage.

Un malaxage energique continu, peut aussi briser les 
structures de floculation des grains de ciment, qui 
sont responsables du comportement thixotropique. Des 
mesures, telles que celles indiquäes sur la figure 3, 
pour diverses series de malaxage d'.une duree de 5 
minutes chacune, dans un malaxeur planetaire, ont 
montre, qu'en augmentant la vitesse de malaxage de 
150 tours/minute ä U50 tours/minute, on ahaissait les 
boucles d'hysteresis ä des contraintes de cisaillement 
plus faibles, et qu'on retrScissait ces boucles vers 
un comportement plastique presque reversible, du 
type Bingham (non thixotropique). Des rSsultats ana
logues ont 6te obtenus lorsque les temps de malaxage, 
ä la vitesse de 250 tours/minute etaient portes de 
3 ä 20 minutes. Dans toutes ces mesures, faites"avec 
des "pätes ayant un rapport eau ciment de 0,35, on a 
constatä que la viscoplasticite, indiquee par la courbe 
decroissante, diminuait progressivement avec.1'inten
sity et la duree du malaxage. Cependant, pour un 
rapport E/C de 0,25, on atteignait le seuil de rigidi
te apres environ 5 minutes de malaxage (2).

Une etude des effets du malaxage ä haute intensity, sur 
des pätes ayant un rapport eau ciment de 0,!;5, ont 
montre que la viscoplasticity passait par un minimum, 
mais que les seuils de rigidite augmentaient. progres
sivement avec la durye du malaxage depuis 10 jusqu'a 
50 Pa (2). Un malaxage energique semble briser tres 
rapidement la thixotropie et amyiiorer la fluidite, 
mais si ce malaxage est prolonge 1'abrasion des grains 
augmentera le seuil de rigidity et la viscoplasticity.



En utilisant des melangeurs ä grande vitesse, pour 
malaxer des pätes de E/C egal a 0,5, on a trouve que 
le seuil de rigiditS initial (ä 15 minutes) augmen- 
tait progressivement de 22 ä 52 Pa, et que les visco- 
plasticitSs diminuaient de 21 a U7 niPa/s, lorsque la 
duree du malaxage passait de 1 i 10 minutes (23). La 
temperature finale du melange Stait de 25°C. Apres une 
hydratation de 3 heures, la temperature augmentait 
quand la duree du malaxage croissait, ce qui denote 
la persistance des effets de la duree du malaxage. 
En outre, les pätes malaxees pendant une minute 
etaient thixotropiques, et le devenaient encore plus, 
avec la duree de 1'Hydratation, tandis que les pätes 
malaxees pendant 10 minutes etaient initialement 
antithixotropiques, mais devenaient, apres deux heu
res d'Hydratation, encore plus thixotropiques que les 
pätes malaxees pendant 1 minute. Un malaxage ä tres 
grande vitesse (10 000 tours/minute), comportant un 
refroidissement externe, a ete utilise pour produire 
des pätes ä faible ressuage (26). On pense que son 
principal effet, a ete de remanier les minces couches 
d'hydrates formes ä la surface des grains de ciment, 
et de les disperser dans la päte, qui a ainsi atteint 
une consistance epaisse.-

Les resultats inscrits sur la figure U, ont et6 ot>- 
tenus principalement pour determiner 1'influence de 
I'intensite du malaxage sur les courbes d'ecoulement. 
Il n'a pas äte procäde ä des variations de la duree 
de ce malaxage energique, mais on constate cependant 
de grandes variations dans les proprietäs rheologi- 
ques. Six sortes de malaxage, d'intensite croissante, 
ont ete essayees. Le processus AS est celui de la 
methode ASTM C 305, utilisant un malaxeur planetaire 
Hobart ä faible (lUo tours/minute) ou ä moyenne (280 
tours/minute) vitesse. Le processus A 20 comporte le 
malaxage'pendant 20 minutes ä faible vitesse. Le 
processus B 20 est celui du standard API_utilisant un 
melangeur ä grande vitesse pendant 1 minute ä titre 
de malaxage preliminaire, suivi d'un malaxage de 
20 minutes ä faible vitesse dans un gobelet B, Bl et 
Bh sont d'autres variantes du processus de malaxage 
dans un melangeur ä grande vitesse, comportant des 
malaxages ä faible ( 3 500 tours/minute) et grande 
(17 000 tours/minute) vitesse, mais sans dSpasser 
un temps de malaxage de 1 minute. De telles variations 
dans I'intensite du malaxage n'ont qu'une incidence 
mineure sur la fluiditä. La fig. H montre que les 
seuils de rigidite et les viscoplasticites, de toutes 
ces pätes mSlangees et malaxees sont sensiblement 
plus faibles que celles des pätes malaxees moins 
energiquement. Cependant, apres addition de 1 % du 
poids du ciment, d'un addicif superplastifiant forme 
d'un condensat de sulfonate de formaldehyde de 

naphtalene (additionne d'un retardateur de prise), 
ces variations ont ete pratiquement supprimees, 
notamment les seuils de rigidite sont alors voisins de 
zero. Les boucles d'hysteresis sont beaucoup plus 
minces que celles de la figure Uj les pentes de ces 
courbes sont a peu pres les memes que celles obtenues 
avec des pätes sans additif malaxäes tres energique
ment.

Plusieurs des divers types de comportement fluide, 
obtenus par divers experimenteurs peuvent etre expli- 
ques qualitativement par des ruptures de liaisons 
thixotropiques et une certaine recouvrance, se pro- 
duisant pendant et apres les divers malaxages et les 
processus d'essais. Dans cet esprit, il est utile 
de considerer que la force et le nombre des liaisons 
intergranulaires, dans les structures floculees. 

sont des fonctions du temps. Le developpement des 
ruptures thixotropiques et de la recouvrance peut 
etre exprime dans de tels termes (3), qui permettent 
aussi de definir un degre de floculation. Bombled 
et d'autres ont .attribuS la thixotropic ä des varia
tions du degre de floculation, qu'ils ont defini de 
faqon mesurable, par le rapport entre la dimension 
moyenne des agglomerats flocules et la dimension 
moyenne des grains (2). Cette definition ne peut pas 
donner une mesure exacte de la resistance au cisail- 
lement de la structure floculee, mais eile permet 
d'expliquer les comportements complexes qui ont Ste 
observes. Pour ce faire, on admet que le degrä de 
floculation peut etre represents qualitativement en 
fonction du temps, pendant et apres le malaxage comme 
indique sur la fig. 5.

Deux courbes sont prSsentees : 1) La courbe L-LR 
correspond ä un malaxage ä faible intensite pendant 
un temps M, puis ä une recouvrance le long de la 
courbe LR si la päte est laissee au repos, 2) La 
courbe H-HR qui correspond ä une päte malaxee ener
giquement (mais pas assez longtemps pour produire 
d'autres effets) et sa recouvrance. Une decroissance 
exponentielle des courbes est observes, ä la fois 
pour la pSriode des ruptures et celle de la recouvran
ce; mais la durSe constants de la recouvrance semble 
etre au moins dix fois plus grande que la periods des 
ruptures. Ceci est coherent avec des durees des ' 
p6riodes de rupture de 1'ordre de 1 minute (3, 21), 
et des durees de la recouvrance, indiquees par le 
changement de 1'ecoulement antithixotropique en 6cou- 
lement thixotropique, de 30 ä U5 minutes (23, 25). Un 
point important est que ces pätes ä cause de leur - 
haut degre de floculation, ou ä cause d'un malaxage 
et d'une recouvrance insuffisants, donneront lieu ä 
davantage de ruptures thixotropiques, que les pätes 
plus completement dispersees par un malaxage ener
gique .

Les pätes plus completement dispersees subiront une 
recouvrance plus rapide apres malaxage, et tendront 
vers un comportement antithixotropique"si le proces
sus ne la recouvrance se superpose aux modifications 
imposees par 1'essai de mesure. Cependant si la päte 
malaxee energiquement est laissee au repos apres le 
malaxage, le degre de floculation retrouvera le meme 
niveau que celui de la päte malaxäe ä faible intensi
ty pendant quelque temps P, comme montre sur la fig. 
5.

Les variations du degre de floculation provoquees par 
1'essai lui-meme apparaissent, pour un seul cycle, 
sur la fig. 6, les courbes du haut et du has ayant 
Ste obtenues ä l'aide d'un viscosimätre, en mainte- 
nant constantes les vitesses des variations de vrtes- 
se du cisaillement, comme indiquä sur la partie basse 
de la figtire. La courbe en forme de S, montre les 
variations du degre de floculation de la päte, lors
que la vitesse croit lentement au debut de 1'essai. 
Pendant 1'essai, le degre de floculation diminue 
lentement, settlement aux faibles vitesses de cisail
lement initiales; mais decroit plus rapidement pour 
les plus grandes vitesses de cisaillement, puis de 
nouveau, plus lentement, pour les faibles vitesses 
de cisaillement de la fin de 1'essai. D'autre part, 
si la päte au repos a rScupere sa recouvrance, ä une 
vitesse appreciable, comme indique sur la courbe de 
recouvrance R, la courbe obtenue rSsulte de la super
position de deux effets qui ressemblent ä ceux de la 
courbe T. La courbe T peut verier entre les positions
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Fig. 5 - Variations du degrS de floculation des grains 

de ciment dans des pätes, pendant un mala
xage ä haute intensity H, ou ä faible inten
site L, et pendant la recouvrance, la päte 
etant mise au repos apres le malaxage

extremes S et R, selon les conditions de 1'essai, et 
peut etre consideree comme thixotropique ou antithi
xotropique selon 1'effet qui predominera au cours de 
1'essai.

FACTEURS IHFLUANT SUR LA FLUIDITE

La finesse du ciment et le rapport eau ciment de la 
päte fraiche sont les deux principaux facteurs qui 
influent sur la fluidite. Ces deux facteurs commandent 
ensemble l'äpaisseur moyenne des films d'eau d'enro- 
bage des grains et 1'espacement intergranulaire. 
Malgre le fait que les pätes normales de ciment sont 
dans 1'etat flocule des qu'elles sont au repos, le 
concept de 1'epaisseur moyenne des films d'eau, sem
ble etre assez valable pour caracteriser les proprie- 
tes rheologiques. Pour determiner les effets de la 
teneur en eau, de la finesse et d'autres facteurs plus 
ou moins simples, Legrand a etudie systematiquement 
le comportement fluide des pätes et mortiers confec- 
tionnes avec des poudres fines de calcite ou d'autres 
materiaux (19). Des essais analogues mais moins 
complets ont ete cffectues avec des ciments. La valeur 
maximum du seuil de rigiditS de telles pätes au repos, 
E , avant les ruptures thixotropiques provoquees par 
lvessai, est etroitement liee ä la concentration en 
volumes solides C, suivant la formale :

E = Aea'C " °’5) (3)
o

dans laquelle A et a sont des parametres determines 
par 1'experience. Quand les pätes sont vibräes, les 
seuils de rigidite sont nuls. Les valeurs de C 
s'etalent de 0,UT5 ä 0,677 pour les ciments portland-, 
ce qui correspond ä des valeurs du rapport eau ciment 
variant de 0,15 ä 0,35. Bien que le comportement de 

ces pätes, passe, pour ces valeurs de C, par une 
transition entre 1'etat plastique thixotropique et 
l'ätat dilatant, 1'equation (3) represents bien les 
resultats obtenus pour toutes ces valeurs de C.

Fig. 6 - Variations du degrä de floculation des 
grains de ciment, dans des pätes pendant 
leur essai au viscosimetre rotatif, au 
cours d'un seul cycle. La courbe S cor
respond a une päte ä recouvrance lente 
apres malaxage. La courbe R correspond ä 
une päte ä recouvrance rapide. La courbe T 
montre la superposition de ces deux effets 
S et R.

Les valeurs de a dans 1'equation (3) dependent de la 
nature et de la forme des grains, mais sont indepen
dentes de la surface specifique et de la distribution 
granulometrique du materiau; les valeurs de a s'Sta- 
lent entre 23 et selon que les grains sont spheri- 
ques ou anguleux. La valeur de A augmente rapidement 
avec la surface specifique du ciment, jusqu'ä depas
ser environ 100 Pa.

Une relation analogue, a 6t6 trouvee, entre la con
centration en volumes solides C et la contrainte de 
cisaillement T" , mesuräe ä des vitesses constantes 
de la deformation par cisaillement, pendant que la 
päte est vibree :

Beb(C - °’5) (U)

dans laquelle B et b sont des parametres determines 
par 1'expSrience. Cette relation est applicable aux 
valeurs de C inferieures ä la transition entre com
portement dilatant et comportement pseudoplastique. 
Dans ce cas, b depend de la vitesse du cisaillement, 
de la nature du materiau et de la forme des grains. 



mais est independent de la surface spScifique et de 
la distribution- granulomStrique. b atteint un maximum 
d'environ 26 pour une vitesse de deformation de s”l. 
La valeur de B croit aussi avec la vitesse de cisail- 
lement et la surface specifique, atteignant plusieurs 
centaines de Pa pour les ciments finement broyes.

Les formules (3) et (U) reprSsentant les resultats 
expSrimentaux sont utiles, parce qu'elles permettent 
d'identifier certains facteurs qui peuvent influer 
sur la fluidite dans les systemes les plus simples; 
la formule (M est aussi verifies pour les pates de 
ciment portland pendant leur vibration. Les resultats 
obtenus avec des pates de .ciment portland non vibrees, 
ont aussi ete Studies, dans le but de determiner les 
veritables relations fonctionnelles et de mieux com- 
prendre le role des facteurs qui influencent la flui
dity. Les resultats obtenus au viscosimetre et indi- 
quSs sur la fig. 3, montrent la diminution des seuils 
de rigidite et des viscosites quand la teneur en eau 
augments. Une serie d'essais, effectues sur des pates 
de ciment portland ordinaire d'une finesse Blaine 
de U47 m^/kg, avec des rapports eau ciment tres varies, 
ont donne les resultats exposes au tableau I.

TABLEAU I

Rapport E/C 
en poids 

g/g

Seuil de 
rigidite 

. (Pa)

Viscoplasticity 
en mPa.s

0,1* 81 39
0,1*5 39 22
0,5 25 16
0,6 9 12
0,7 6,If 8,5
0,8 1,6 5,8

Des resultats correspondent ä des rapports E/C plus 
faibles sont donnas sur le tableau II, qui comportent 
a la fois des mesures faites au viscosimetre et au 
rheographe (2)

Bien que 1'on ait employe differents ciments et 
diverses methodes de malaxage, ces deux ensembles de 
resultats donnent des valeurs analogues pour le seuil 
de rigidite en fonction de la teneur en eau.

TABLEAU II

Rapport E/C en poids 
g/g

Seuil de rigidite 
Pa

0,21* 1900
0,32 130
0,36 65
0,1*0 30
0,50 8,5

Les resultats de la fig. 2, montrent 1'influence des 
variations de la surface specifique du ciment, sur 
les valeurs initiales du seuil de rigiditS, pour des 
pates ayant un rapport E/C de 0,25; ils montrent aussi 
comment ces valeurs evoluent pendant la prise. L'effet 
de la finesse du ciment est aussi montrS sur le 
tableau III, pour des pates a rapport E/C 0,U, et 
aussi pour d'autres pates dont le rapport E/C a ete 
fixe par la condition d'avoir pour ces pates un meme 
seuil de rigidite (2)

TABLEAU III

Surface 
specifique 

2 „ m /kg

Seuil de 
rigidite 
pour 
E/C = 
0,1*  (Pa)

E/C en poids 
pour
E = 30 Pa

Distance 
entre 
grains en 
microns 36

235 11*,0 0,35 2,0
278 26,5 0,1*1* 2,3
329 75,0 0,1*75 2,2
1*1*2 165,5 0,55 1,9
560 >250,0 0,58 1,6

s distance calculee a I'aide de la formule (5) en 
fonction de la surface specifique.

Comme on peut s'y attendre, en considerant I'Spaisseur 
des films d'eau et les distances intergranulaires, 
1'augmentation de la surface specifique, augments 
progressivement le seuil de rigidite pour une meme 
teneur en eau. De meme, la teneur en eau necessaire 
pour obtenir un seuil de rigidite de 30 Pa augmente 
systematiquement avec la surface specifique. Bombled 
pense que les distances intergranulaires restent 
approximativement constantes, si la teneur en eau 
augmente avec la surface specifique, de fagon ä main- 
tenir constant le seuil de rigiditS (2). La distance 
intergranulaire (2 fois l'6paisseur du film en 
microns) est donnSe par la formule :

q E/c_" °»lg d = 2 X 10j s" (5)

ou E/C est le rapport eau ciment, S la surface speci
fique du ciment, et 0,12 la proportion de I'eau in
ter sticielle, qui ne contribue ni ä 1'epaisseur des 
films ni aux espaces intergranulaires, comme indique • 
sur la fig. 1. On voit sur le tableau III que les 
valeurs de d sont approximativement constantes.

En plus des formes fonctionnelles (3) et (U), des' 
equations ont ete Slaborees pour representer la 
relation entre la fluidite du ciment et sa finesse. 
Les resultats du tableau II, ont ete utilises pour 
Stablir la formule suivante, valable pour S constante.

(6)E ________ 0^124______
0 (E/C - O,15)3,9T



Cette formule a etS obtenue par la methode des moin- 
dres carrSs. Pour obtenir le meilleur ajustement, la 
teneur en eau qui ne contribue pas ä 1'ecoulement, 
doit etre prise egale a 0,15- Les resultats du tableau 
III, ont StS traces sur un diagramme logarithmique, 
dont la pente a permis d'obtenir la formule

Eq = U.U? x IO-9 S11,01 (?)

Le fait que les exposants dans les deux formules (6) 
et (T) soient pratiquement egaux, montre ä nouveau, 
que le seuil de rigidite est etroitement liS ä la 
surface specifique et ä la teneur en eau. Toutefois, 
ces donnSes semblent donner aussi de bons ajustements 
pour d'autres exposants, et d'autres relations, par 
suite du faible nombre et de la faible precision de 
ces donnees.

La relation fonctionnelle entre la viscoplasticite 
apparente, la teneur en eau et la surface specifique 
devient plus compliquee. Dans une etude (9), la 
viscosite apparente a eti trouvee Sgale a :

13(d')”0,6 - 1 (8)

oü d' est un parametre utilise pour mesurer 1'espace
ment intergranulaire; il s'exprime en microns par 
la formule : 

dans laquelle les teneurs en eau E et E , ainsi que la 
surface specifique S, sont calculees par unite de 
pieds du ciment. La valeur de E , la teneur en eau 
imposee par 1'essai standard, est d'environ 0,3. 
Ceci conduit a penser que les relations fonctionnelles 
entre la viscositS et la teneur en eau, peuvent dif- 
ferer considerablement de celles correspondents aux 
seuils de rigiditS pour le ciment portland. '

ADDITIFS REDUCTEURS D'EAU

Les observations au microscope ont, maintes fois, con
firme que les grains de ciment Staient disperses par 
les additifs reducteurs d'eau (2). On a longtemps 
pensS que cette dispersion etait le resultat de la 
neutralisation des charges superficielles et de la 
reduction des forces attractives intergranulaires. Les 
additifs asses recents appeles "super reducteurs 
d'eau", tels que le formaldehyde melamine sulfone 
(type M) ou le formaldehyde naphtalene sul-fone 
(type B), sous forme de condensats ne crSent pas de 
retards importants ä 1'hydratation. Ils peuvent toute
fois, etre employes ä des concentrations beaucoup 
plus fortes (plus de 1 $ en poids de.ciment) que 
celles que 1'on utilisait habituellement avec les 
additifs aux lignosulfonates. Ce dernier type d'ad- 
ditif provoque habituellement des retards importants 
5 des concentrations quelque peu supSrieures ä 0,1 %, 
que cet additif contienne ou non du sucre (27).

Daimon et Roy (28) ont mesure la loi d'adsorption du 
condensat de formaldehyde naphtalene sulfone par les 
grains de ciment dans I'eau, ils ont trouve que celle- 
ci correspondait ä une isotherme de Langmuir.glls ont 
aussi montre qu'avec le ciment utilisS (393 m /kg) et

avec des proportions d'additifs d'environ 1,5 
presque tout le composant actif Stait adsorbs (environ 
20 % n'etait pas adsorbable); mais quand on augmen- 
tait fortement cette proportion d'additif, une part 
rapidement croissante, restait en solution. Les 
mesures du potentiel zeta des grains les plus fins 
du ciment, ont montre que ses variations en fonction 
de la proportion d'additif suivait une isotherme 
d'adsorption de Langmuir, atteignant des valeurs 
d'environ 50 mV, au maximum de 1'adsorption (29). • 
Des essais d'Scoulement des mortiers ont aussi mon- 
trS un accroissement similaire en fonction de la 
proportion d'additif. Des mesures faites au viscosi- 
mStre rotatif ont montrS que les seuils de rigidite 
initiaux, qui variaient de Uo 5 100 Pa (selon 
1'Snergie du malaxage) pour la pate pure ä 0,U d'eau, 
diminuaient jusqu'a zero pour une proportion d'ad
ditif del?. La viscosite apparente, diminuait 
aussi de 500 environ ä 200 mPa/s environ, si la pate 
etait malaxee peu Snergiquemenc (ASTM); mais cette 
diminution etait tres faible si la pate Stait malaxee 
tres energiquement (API), comme indique dans la 
discussion de la figure 1*.  '

L'adsorption de deux additifs du type N et de deux 
polymeres du Systeme ä haut poids moleculaire, par - 
les ciments, a pu etre portee (30) jusqu'a 0,5 % du 
poids du ciment. Pour les additifs du type B, la 
loi d'adsorption Stait du type isotherme de Langmuir; 
pour le polymere du styrene eile a §te du type H 
(forte affinite). Les mesures de vitesse de sedimen
tation, avec des additifs du type N, de suspensions 
diluees de ciment dans I'eau (3 g dans 28,5 ml) ont 
montre la bonne separation des grains; car la vites
se de sedimentation diminuait quand on ajoutait 
1'additif jusqu'5 une proportion de 0,U $ en poids 
du ciment. ■

Petri (1H) a mesure la viscosite apparente des pates 
de ciment, ä I'aide du viscosimetre rotatif de 
Brookfield, avec ou sans ajout d'additifs divers. Ces 
ajouts ont atteint 1,6 % du poids du ciment. On a 
constate, en accroissant 1* ajout d'additifs du type N, 
une diminution progressive du seuil de rigiditS, de 
la viscositl et de 1'aire des boucles d'hystSresis, 
par augmentation et diminution de la vitesse de 
cisaillement, jusqu'a ce qu'un comportement newtonien 
soit obtenu, pour une proportion de 1,2 $ d'additif. 
Un autre additif essayS par Petri I'hexamStaphosphate 
de sodium, a produit son effet maximum pour une 
proportion d'environ 0,5

Petri a aussi tente de determiner la relation fonction
nelle, autre la viscosite apparente ' de la pate de 
ciment, et la concentration en volumes solides C. 
Les resultats concernant les pates de ciment sans 
additif n'ont satisfait aucune des nombreuses equa
tions theoriques de I'Slectroviscosite. Ceci n'est 
pas surprenant, car ces equations ont ete Stablies 
dans I'hypothese d'un comportement newtonien. Cepen- 
dant, Petri, a trouve que pour les pates contenant 
1 X d'additif du type N, les mesures faites sur les 
suspensions correspondaient remarquablement au module 
theorique de spheres, de dimensions' egales, et sans 
attractions mutuelles, dans une suspension tres con- 
centree; dans ce cas on a :

po (1 - 1,35 C)~2,5 (10)

Les recherches continuent sur 1'emploi de lignosulfo
nate comme additif reducteur d'eau, particulierement 



dans les pätes ä faible rapport eau ciment. On y ajou- 
te du carbonate soluble pour Sviter un retard de prise 
excessif. Odler et coll. (17) ont etudiS les propriS- 
tes rheologiques des pates de ciment portland (a 6 % 
de gypse), avec ou sans lignosulfonate de sodium ad- 
ditionne de carbonate de soude, et des pates de clin
ker pulverise, avec les memes additions. Il fut ajoute 
jusqu'a 1,2$ 1> de chacun de ces deux additifs, et 
quand ils etaient tous les deux ajoutSs on a observe 
un effet fluidifiant et r|gulateur de prise. La fines
se variait de 3*t0  ä 850 m /kg. Lorsque le ciment 
etait gypsS, le temps de prise etait rSduit, mais sur 
les produits non gypses ces additifs produisaient un 
comportement" normal'a la prise et un durcissement 
accelere. Les melanges ä rapport eau ciment aussi 
bas que 0,225 etaient suffisamment fluides pour pou- 
voir etre essayes au viscosimetre rotatif. Comme 
indique precedemment, on observa un comportement avec 
epaississement de ces pates. Dans une autre etude (31), 
utilisant du lignosulfonate de calcium, et du carbo
nate de potassium, des difficultes apparurent au- 
dessous d'un rapport eau ciment de 0,25, pour I’essai 
de ces pätes dans un viscosimetre rotatif. Ces pates 
sont decrites comme ayant une consistence caoutchou- 
teuse. D'autres experimentateurs ont utilise des 
lignosulfonates avec NaHCO , pour produire des pätes, 
ayant des rapports eau ciment variant de 0,22 ä 0,2U, 
qui se sont montrSes "automontantes", mais qui 
avaient des proprietes rhSologiques tres complexes; 
elles semblaient avoir des propriätes elastoplasti- 
ques, difficilement caractSrisables en termes nor- 
maux (20).

COMPOSITION DES CIMENTS ET HYDRATATION

Pour les ciments dont les premieres reactions d'Hydra
tation ont ete correctement controlees, les proprietes 
rheologiques, pendant la periods de latence, ne 
dependaient pas beaucoup de la composition de ces 
ciments. Une etude portant sur douse ciments de di
vers types, a conclu, que, sauf pour un ciment ä 
prise regularises, la composition chimique et minera- 
logique du ciment, avait peu d'influence, sur le 
comportement rheologique, comparativement ä 1'influ
ence de la teneur en eau et de la finesse du ciment 
(25). Cependant, l'eau necessaire ä rendre fluide 
une pate, augmente d'une faqon significative avec la 
proportion de C,A et d'alcalis; eile en depend autant 
que de la distribution granulometrique (32). En 
outre, le sulfate de calcium doit etre sous une forme 
convenable, pour contrqler les reactions initiales 
des aluminates et empecher la fausse prise (2h - 33). 
Cependant, si les mesures au viscosimetre sont 
poursuivies assez longtemps au cours de I'hydratation, 
I'effet de la teneur en C^A devient progressivement 
plus important. Des mesures faites sur des ciments 
contenant des teneurs en C,A variant de 0 ä 1U 
ont montre une faible variation du seuil de rigiditä, 
de la viscoplasticite ou de l'aire des boucles 
d'hysteresis, pendantles **5  minutes suivant le mala- 
xage (23). Cependant, deux heures apres malaxage, 
la thixotropie, reprSsentäe par l'aire des boucles 
d'hysteresis, augmentait fortement quand la teneur . 
en C A depassait 2 56. Le seuil de rigiditä, lui aussi 
commentait ä croitre avec la teneur en C_A apres 2 
heures. La viscoplasticitS n'a, cependant, pas sensi- 
blement present^ le meme effet meme apres 3 heures.

Wittmann (3M a etudiä I'effet d'un additif du type 
M, sur la viscositä des pätes de ciment, ayant un 
rapport eau ciment de 0,6, ä des ages supärieurs ä 
7 heures. Pour les pätes sans additif, les courbes 

de la viscositS en fonction du temps, ont montre, pour 
differentes vitesses de rotation du viscosimetre, une 
augmentation du temps d'hydratation plus grande que 
celle obtenue au rheographe (fig. 2). Pour une vitesse 
de rotation de 80 tours/minute, la viscosite apparente 
augmentait d'environ 2000 ä 1'origins jusqu'a plus de 
20oC0 mPa/s, apres environ 4 heures. Ces valeurs 
paraissent extraordinairement Slevees. Avec 1,5 1 
d'additif, la viscosite initiale tombe ä une valeur 
d'environ 50 mPa/s, et montre au bout d'une heure ou 
deux, un comportement tres proche du comportement 
newtonien ideal. Apres environ 3 heures, la viscositS 
n'est plus newtonienne, et la vitesse de cisaillement 
augmente jusqu'ä pres de 20000 mPa/s, ä 80 tours 
minute, apres environ 7 heures. Des etudes entreprises 
sur plusieurs ciments differents ont donnä des resul
tats analogues, sauf pour un ciment du type PZ 550, 
qui exige un plus fort porcentage d'additif pour 
retarder 1'augmentation de la viscosite. Ceux-ci, et 
bien d'autres rSsultats, comme ceux indiques sur la 
fig. 2, montrent que le raidissement de la päte au 
cours de la prise, suit, normalement, un processus 
progressif. Ce processus resulte des reactions d'hy
dratation initiales, et il est affectS par certains 
facteurs qui accälerent ou retardent I'hydratation.

CONCLUSION ET DISCUSSION

Il apparait ä la lecture de la litterature disponible, 
qu'il y a encore d'importantes lacunes dans notre 
connaissance de la rheologie des pätes fraiches de 
ciment. On a tentä, avec difficulte, d'exprimer quan- 
titativement les resultats en fonction des proprietes 
des materiaux, et d'etablir des relations entre la 
concentration et les proprietes du ciment. Un resultat 
au moins partiel, est le suivant : le processus de 
malaxage des pätes de ciment, et les methodes de 
mesure de leurs proprietes rheologiques, influent sur 
les proprietes ä mesurer. Il semble souhaitable 
d'Studier la rheologie des pätes de ciment, dans un 
Stat de dispersion des grains dans 1'eau, comparable 
ä celui qui existe dans les pätes du beton. Pour 
cette raison T.C. Powers prSconise 1'emploi de melan
geurs ä grande vitesse, parce qu'il,pense que les 
vitesses de cisaillement des pätes de ciment dans les 
malaxeurs ä bSton, sont au moins aussi energiques, 
que dans les malaxeurs de päte ä ciment des labora- 
toires. Nous avons vu recemment des resultats qui 
montrent des differences sensibles entre les malaxeurs 
de chantier et les malaxeurs des essais normalises.
Il serait alors prudent, si cela n'a pas encore ete 
fait, de commencer par definir 1'intensite du mala
xage däsiräe; ensuite on pourrait concentrer nos 
efforts sur les pätes ainsi malaxees. Des considera
tions, analogues peuvent intervenir, en ce qui concerne 
les types träs varies de viscosimetres rotatifs. Des 
experimentations tres soignees ont, d'autre part, 
6te entreprises, sur les appareils de mesure, "dont la 
conception et les dispositions constructives, peuvent 
empecher des mesures quantitatives, car ne creant 
pas un malaxage uniforme et regulier, ou provoquant 
des ruptures de 1'ecoulement. Il apparait que ce 
Probleme a et6 bien perqu par certains experimenta
teurs, et que plusieurs methodes valables vont ap- 
paraitre pernettant de realiser des essais reproduc- 
tifs. Peut etre, on pourrait mettre au point des 
methodes valables de comparaison des divers essais 
rheologiques, soit en choisissant un ciment standar
dise bien däfini servant d'Stalon, soit en utilisant 
un materiau inerte ayant des proprietes rheologiques 
proches de celles du ciment. '



En ce qui concerne les interpretations theoriques, 
la situation pouvait aussi, etre sensiblement amelio- 
ree. Petri (ih) t'-yr.si "Ire- la theorie des suspensions 
fluid.es, de grains charges electriquement par un 
Electrolyte, c'est-ä-dire 1'ElectroviscositE. Les 
Equations complexes qui reprSsentent la viscositS de 
telles suspensions, font appel aux paramdtres elec- 
triques des potentiels de double couche, aussi bien 
qu'ä la concentration en volumes solides C7, et ä la 
viscosite du liquide. Sous leur forme reduite, la 
plus simple, ces equations donnent : "

•} = f)0 (1 + KC) (11)

qui, pour k = 2,5 donne l'Equation bien connue 
d'Einstein. Ceci met en Evidence une imperfection 
flagrante de la theorie, lorsqu'on I1applique aux 
systemes, tels que les pätes de ciment, dans lesquels 
les forces intergranulaires provoquent une flocula- 
tion et la formation d’une structure, ayant un seuil 
de rigidite non nulle, dependant de la vitesse de 
deformation, et une thixotropie, c’est-a-dire un 
comportement non newtonien. •

Näanmoins, les recherches sont parvenues ä nous four- 
nir tine comprEhension qualitative et parfois meme semi
qualitative du comportement complexe des pätes frai
ches de ciment. Plusieurs formules empiriques, don- 
nant semble-t-il satisfaction, ont ete etablies pour 
relier les proprietes rheologiques des pätes fraiches, 
ä la surface späcifique du ciment, et a sa concen
tration dans l'eau. Cette matiere semble mSritSe 
des recherches complEmentaires, l'objectif etant de 
pouv oir prewir ä l'avance, de faqon sure, les pro- 
priätes rheologiques des pätes fraiches de ciment, en 
fonction de la composition du ciment et de ses pro- 
prietEs physiques.

Le developpement rapide de 1'emploi de räducteurs 
d'eau organiques et d'autres additifs dans le beton, 
et 1'apparition de nouveaux additifs, a provoquS 
maintes recherches sur leur action sur les propriEtEs 
rheologiques des pätes de ciment. De telles recherches 
ont gEneralement pour but de connaitre l'efficacite 
d'additifs particuliers. Cependant, puisque le com
portement rhäologique des pätes de ciment contenant 
des additifs est plus simple que celui des pätes 
sans additif, il doit etre possible d'etablir les 
veritables relations fonctionnelles qui commandent 
l'etat dispersE, puis, ensuite, s'attaquer aux 
Problemes des pätes floculEes ä divers degres.
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INTRODUCTION

The properties of fresh portland cement 
pastes are of interest primarily because 
of their relationship to the properties of 
concrete. Of universal interest are the 
characteristics of cements that influence 
the consistency, workability, and setting 
characteristics of the concrete. Under
standing how to control the rheological 
properties of fresh concrete is important ' 
for the economical proportioning of con
crete mixtures and the proper mixing and 
placement, of concrete.

Microscopic examinations of sections of 
normal hardened concrete show each aggre
gate particle to be suspended in a matrix 
of hardened cement paste with films of 
paste completely separating the particles. 
Hence, the fresh concrete must have had 
this kind of structure in the quiescent 
state at the time of setting. However, 
during the mixing and placement of the con
crete, the coarse aggregate and sand parti
cles must come into frequent direct con
tact. Such direct contact between aggre
gate particles results.in frictional 
forces and particle interference effects 
in addition to the resistance to flow 
of the cement paste itself.

Although progress in the development of an 
understanding of the relationship between 
the rheology of concrete and cement paste 
has been made (1-5), most standard testing 
procedures for cements, mortars, and con
cretes are purely empirical and results 
obtained by different tests may appear to 
be inconsistent. For example, a more 
finely ground cement may have a higher 
water requirement or a stiffer consistency 
than a coarser cement in a cement-water 
paste, but may have a lower water require
ment (or greater flow) when tested in a 
plastic mortar because of a smaller amount 
of interference by the largest cement par
ticles to the motion of sand particles in 
the mortar.

Tests to measure concrete or mortar con
sistencies include those that measure 
deformation due to the force of gravity, 
and the cumulative deformation (or time to 
a given deformation) under repeated impact 
or vibrational and gravitational forces. 
Such tests yield numerical results on 
arbitrary scales which have no simple 
relationship to any well defined physical 
properties such as yield value (minimum 
shear stress for flow) or viscosity. The 
slump test has been shown to be a measure 
of the yield value of fresh concrete, and 
the compacting factor and Vebe tests are 
measures of the apparent viscosity (6). 
However, it has been shown that no single
point test provides an adequate measure of 
the flow properties and workability of 
concretes under various conditions (3,7). 
One reason for this is that there is an 
important difference between the state of 
the paste before and after it has begun to 

flow. It is common practice to use vibra
tion to cause stiff fresh concrete mixtures 
to flow readily into place in the forms. 
Weak structures in the paste are broken 
down by steady shear or by vibration. The 
paste is then said to be in the fluidized 
state. The consistency of concrete while 
it is being placed by vibration is due, at 
least in part, to the rheological charac
teristics of its paste component in the ■ 
fluidized state (1). The resistance of 
fresh concrete to deformation ana flow 
when in the static state must also be due, 
at least in part, to the yield value of 
the cement paste.

The resistance of portland cement paste to 
shear is both time and shear strain rate 
dependent. It also depends upon mixing 
time and intensity. Cement pastes are 
normally thixotropic, or shear thinning, 
as a result of progressive breakdown of 
the flocculent structure of the particles 
as the paste is forced to flow. Hydration 
of the cement has some short term effects 
(brief mix set, false set) as well as the 
normal progressive stiffening. The flow 
behavior can therefore be very complex for 
even a single cement and comparisons 
between cements can be strongly affected 
by variations in methods of test and equip
ment employed.

The properties of fresh portland cement 
paste are also of interest relative to 
research on other characteristics of 
cements. For example, study of the prop
erties of fresh pastes is useful in deter
mining how cement particle size distribu
tions might be improved, or how the gypsum 
content and other additions can be varied 
to obtain proper control of the early 
hydration reactions. From the time of 
initial mixing of the cement with water, 
the processes of solution and formation of 
hydrates cause progressive changes of the 
structure and rheological properties of 
the paste.

FRESH PASTE STRUCTURE

Modern portland cements are ground to a 
fine powder in which only a few percent of 
the cement is coarser than 74 pm, or finer 
than 1 pm. The particle shapes are the 
result of random multiple fracturing of 
the polymineralic clinker during finish 
grinding and tend to vary in shape from 
somewhat rounded to more angular grains. 
Hence, particle size distributions using 
equivalent spherical diameters for equal 
sedimentation velocities or surface areas 
should be good approximations.

Modern cements commonly have specific sur
face areas of 300-500 m^/kg (3000-5000 
cm^/g), as measured by air permeability 
methods such as those due to Lea and Nurse 
or Blaine (ASTM C204). Some methods, such 
as the ASTM C115 Wagner Turbidimeter 
method, yield much lower values because 
the amounts of the finest particles are 



underestimated. Certain other sedimenta
tion methods determine amounts of fine 
cement particles that yield specific sur
face areas in close agreement with air 
permeability methods. By contrast, the 
values of the specific surface areas of 
cement as determinea by nitrogen adsorp
tion (BET method) are much larger than the 
air permeability values because adsorption 
methods determine the surface areas of the 
hydrates and other very small particles 
adhering to the surfaces of the cement 
particles, as well as the cracks, fissures 
and perhaps some of the pores in the 
clinker particles. It appears that the 
Blaine surface areas are more appropriate 
for use in the consideration of flow or 
sedimentation' than the BET values because 
the water flow around the particles 
defines a smooth cement particle - water 
interface and does not detect minor 
irregularities of the particle surfaces.

Fresh cement pastes are' initially a thick 
suspension of the cement particles in the 
mixing water. The structure of this sus
pension depends upon the water-cement ratio 
and the particle size distribution of the 
cement. It also depends upon the interpar
ticle forces and attraction of the water 
to the solid surfaces, which in turn 
depends upon surface charges, ionic species 
and concentrations in solution, and sorp
tion from solution. In dilute suspensions 
cement particles normally will flocculate, 
forming separate clusters of particles 
called floccules; these settle rapidly. 
Floccules formed from ordinary cement in 
dilute suspensions have a water-cement 
ratio of about 0.4. In the thick suspen
sions we call cement pastes, the separate 
floccules in the static state merge into a 
single continuous large floc. The parti
cles are not uniformly distributed in such 
a structure; there are aggregations of 
higher than average particle concentrations 
between which are water-filled interstices. 
Within these aggregations the particles 
tend to have smaller interparticle separa
tions corresponding to minimum potential 
energy configurations. Powers has called 
this the flocculent state (1).

During mixing, the cement particles tend 
instead to become more uniformly dispersed 
in the water. There is a continuous break
ing down of the structure during mixing; 
this is the'origin of the thixotropic, or 
shear-thinning, behavior of cement pastes. 
At any constant rate of shear an equili
brium structure (perhaps floccule size 
distribution) is reached within several 
minutes, resulting in a constant apparent 
viscosity. There is also a counteracting 
process of structure reformation. When 
the mixing is stopped, the static floc 
structure gradually forms again. Although 
the paste is a fluid during mixing, the 
floc structure is a weak solid, with a 
finite yield value, in the static state.

Certain organic (water-reducing) admixtures 
are used in concrete to improve its flow 
properties or reduce the water requirement 
for flow. Microscopic examinations show 
that when suitable amounts of such admix
tures are used, the cement particles are 
completely oispersed in the water instead 
of being in the flocculent state. This is 
believed to be a result of adsorption of 
the admixture molecules on the cement par
ticle surfaces, neutralization of charges, 
and the development of static repulsiv,e 
forces between cement particles.

Some of these concepts can be used to vis
ualize the structure of fresh cement pastes 
in terms of a simple model (8) as depicted 
in Fig. 1. The particles are represented

Fig. 1 - Simple dispersed spherical par
ticle model of the structure of fresh 
cement paste of 0.5 water-cement ratio; 
430 kg/cm2 cement (8).

as spheres of sizes given by the equiva
lent spherical diameters of the particle 
size distribution curve typical of a cement 
of 430 m^/kg specific surface area. The 
large half-sphere at the bottom represents 
a 30 pm particle. The spaces between large 
particles are filled with smaller particles 
and water. The figure is drawn for a paste 
with a water-cement ratio of 0.5. Because 
the water is strongly attracted to the par
ticle surfaces, each particle is shown with 
a continuous film of water; if the cement 
is dispersed by vigorous mixing or with 
the use of a water-reducing admixture, the 
thicknesses of these films will tend to 
equalize as much as possible. A first 
approximation to the average thickness of 
these films is given by the hydraulic 
radius: the volume of water divided by 
the specific surface area o£ the cement. 
For this cement and water-cement ratio, 
the average film thickness is about 1.2 pm, 
only about one-tenth of the mass median 
particle diameter. Although the model is 
better suited to dispersed cements than



for pastes in the flocculent state, the 
average value of the film thicknesses will 
be the same. Second approximations have 
been proposed which consider the intersti
tial water outside of the films (2,9). .

The early hydration reactions of the cement 
must also be considered in more realistic 
models of fresh paste structure. The ini
tial rapid solution of the gypsum and 
alkali phases in the cement results in an 
aqueous solution of the hydroxides and sul
fates of sodium," potassium, and calcium. 
With proper gypsum control of the hydration 
of the tricalcium aluminate, a sulfoalumi
nate coating is formed which almost stops 
the C3A hydration after the rapid initial 
reaction. About 10% of the C3A may hydrate 
in the first few minutes (10), after which 
the C3A hydration is very slow until the 
gypsum is depleted, which usually occurs 
after final set. The depth of the reaction 
into the C3A during the initial (10%) re
action can be estimated to be about 0.1 urn. 
If the reaction product is densely packed 
ettringite, these C3A surfaces would be 
coated with a layer of about 0.8 pm. Nearly 
half of the gypsum would be consumed in 
this initial reaction; if the gypsum had 
an initial specific surface area of about 
800 m^/kg and if each gypsum particle 
dissolved to equal depths, the depth would 
be about 0.5 pm.. After this reaction the 
specific surface area of the remaining 
gypsum particles would be less than half 
this^value, so that the specific surface 
area-of the cement would be reduced by 
about 30 m^/kg. However, the BET sur
face area would be increased by formation 
of hydration products; if these hydrates 
form on the cement particle surfaces, they 
should not have any adverse effect on flow 
at this stage. Ettringite formation would 
by itself reduce the free water content of 
the paste by about 0.02 g/g cement for the 
same (10%) reaction. .

All of these initial processes affect the 
specific surface area, free water content 
and, therefore, the water film thicknesses 
during the dormant period. The initial ■ 
hydration reaction of the silicate sur
faces should have little effect on the 
fresh paste structure unless vigorous 
mixing is continued so that the hydrates 
are continuously abraded from the sur
face. After the induction period, crys
tals of calcium hydroxide begin to form 
out of solution; this accelerates the 
hydration of the silicates and the forma
tion of calcium silicate hydrate in acicu
lar growths over all of the available 
solid surfaces. Normal setting occurs as 
a result of the intergrowth of these . 
hydrates; ettringite recrystallization may 
also contribute to the setting (10).

DEFORMATION AND FLOW BEHAVIOR

The consistencies of fresh cement pastes up 
to the time of set vary so widely with com
position and time that no single method of

measurement suffices for the entire range. 
Viscometers, especially coaxial cylinders 
viscometers, are commonly used for the more 
fluid pastes with yield stress values up 
to about 200 Pa (2000 dynes/cm2) and 
apparent viscosities of up to several 
thousand mPa*s  (= centipoise). Recently, 
a mini-slump cone test has also been found 
useful for comparing flow properties of 
cement pastes of different compositions 
(11). In this test a small cone filled 
with paste is lifted so that the paste 
flows out to form a pat; the area of the 
pat is used as a measure of the consist
ency. ' For stiffer pastes, penetration 
tests such as Vicat needles are more 
suitable for the determination of the 
water content for normal consistency and 
the initial and final set times. A ver
satile automatic instrument, the rheograph 
described by Bombled (12,13), measures the 
yield value by penetration tests over a 
very wide range of paste shear strengths, 
from about 30 to more than 1.5 x 10^ Pa. 
It therefore somewhat overlaps the upper 
part of the range of coaxial cylinders 
viscometers and extends the range beyond 
the Vicat initial and final set yield 
values, which were found to correspond to 
shear strengths of 2 x 10^ and 1 x 10^ Pa, 
respectively. ■ .

Figure 2 gives five examples of rheograph 
curves for cement pastes made at water
cement ratios of 0.25 with cements of 
different finenesses (13). The yield 
values (shear strengths) are calculated 
from the force required to produce a pene
tration of 20 mm by one of several probes 
ranging in diameter from 1 to 12 mm. The 
initial yield values are, in these cases, 
rather high because of the low water-cement 
ratio. Normal consistency pastes have ini
tial yield values of about 2000 Pa. Two 
of these pastes were stiffer than normal 
consistency. These curves can be used to 
define and calculate various parameters 
useful in characterizing the setting of . 
cements, such as the initial and final set 
times, the rate of setting, and a time 
period analogous to the dormant period, 
during which the yield value is approxi- - 
mately constant. At higher water contents, 
the early part of the curve is nearly 
horizontal. ■

Despite the fact that such static tests 
clearly show the existence of a yield 
value for ordinary cement pastes, the 
results obtained dynamically with visco- - 
meters often do not indicate well defined 
yield values. The shear strain rate ver
sus shear stress curves obtained with 
rotational viscometers (see Fig. 3) depend 
strongly on the flow history of the pastes 
and also on the apparatus used. Depending 
on the paste composition and testing con
ditions, cement pastes exhibit flow behav
ior approximating any of four main types: 
1) Newtonian, 2) Binghamian, 3) pseudoplas
tic, and 4) dilatant. In addition, the



TIME (MIN.)

Fig. 2 - Rheograph curves for cement pastes 
(ground clinker plus 5% gypsum at 0.25 
water-cement ratio) for cements of various 
finenesses. 1) 201 m2/kg; 2) 248.5 m2/kg;
3) 307 m2/kg; 4) 403 m2/kg; 5) 511 m2/kg 
(13)_.

curves may indicate reversible, or thixo
tropic (shear thinning), or antithixo- 
tropic (shear thickening) behavior. Anti
thixotropy seems to be a manifestation of 
the thixotropic recovery process, which 
should, therefore, be distinguished from 
dilatancy, which is also shear thickening 
but for other reasons.

NEWTONIAN AND BINGHAMIAN FLOW. When the 
rate of shear strain, , is directly pro
portional to the shear stress, t, a fluid 
is said to be Newtonian with a constant 
coefficient of viscosity.

Cement pastes are not normally Newtonian 
but can become very nearly so with addi
tions Of sufficient amounts of certain 
water-reducing admixtures (14-17). Cement 

SHEAR STRESS (PA)

Fig. 3 - Rotational viscometer curves tor 
several cement pastes. 1) w/c = 0.4; 2) 
w/c = 0.35, held at constant speed for 
equilibration; 3,4) w/c = 0.32; 3 immeai- 
ately after mixing; 4 immediately after 
tne first measurement (2).

pastes often approximate a Bingham plastic 
solia with a finite yield value, t, ano 
plastic viscosity, U, so that:

1
1- = u ( T - f) (1)

Results of rheologial measurements on 
cement pastes are often presented graph
ically (as in Fig. 3) with the shear stress 
(or torque in a rotational viscometer) as 
the abscissa and the shear strain rate (or 
rotational speed) as the ordinate (2). In 
such plots, Newtonian fluids yield straight 
lines through the orgin (f = 0 in Eq. 1). 
Bingham plastic solids yield straight lines 
with an intercept at f; in this case the 
slope of the straight line is the recipro
cal of the plastic viscosity; the apparent 
viscosity is t/$, i.e., the reciprocal of 
the slope of a line through the origin to 
any point along the line of Eq. 1. Hence, 
even if the plastic viscosity is constant, 
the apparent viscosity is shear rate depen
dent and may be very much higher than the 
plastic viscosity at low shear rates 
because of the finite yield value.

PSEUDOPLASTICITY. The yield values indi
cated in viscometer tests of cement pastes 
are not as sharply defined as in the Bing
ham plastic model. Instead; plots of shear 
rate vs shear stress may curve gradually 
upward from the stress axis to an approxi
mately linear portion (Fig. 3) and are 



termed pseudoplastic or plastic-thixotro
pic. This linear portion, or the reverse 
at decreasing shear rates, may then be 
used to estimate the yield value by 
extrapolation. The curved portion may be 
a result of the combination of non-uniform 
flow of the sample and the thixotropic 
nature of the material in instruments in 
which the gap between the cup and bob in 
the viscometer is too wide (1).

During testing of cement pastes in coaxial 
cylinders viscometers, uniform flow may 
not be immediately achieved. Instead, 
some slippage occurs, with a portion of 
the paste flowing and a portion remaining 
as a plug. The shear rate in the flowing 
portion is then much higher than indicated 
by the speed of rotation and the gap width. 
Eventually the entire volume of paste flows 
apparently uniformly. These phenomena have 
been investigated in some detail using both 
smooth and serrated cylinders in connection 
with time and shear rate dependence studies 
of cement pastes (18).

In a different approach, Legrand (19) used 
a viscometer with a set of radial blades 
immersed in a much larger cup of sample. 
The variation of the torque with time 
through the non-uniform flow period was 
analyzed to determine the yield value, the 
shear stress and shear strain rate at con
stant rotor speeds.

DILATANCY. There is a progressive transi
tion of flow properties from plastic- 
thixotropic to dilatant (shear thickening) 
behavior as the volume concentration of 
solids is increased in mortars of cement 
fineness (19).' When the volume fraction 
of solids exceeds about 0.6, the resistance 
to shear increases with shear rate and 
volume expansion occurs during shear. The 
curve is then concave to the shear stress 
axis instead of convex as for the curves 
in Fig. 3. These effects are a result of 
changes in the packing of the particles 
that are required to permit the particles 
to move past one another along shear sur
faces. The result is increased average 
separations of particles in the direction 
perpendicular to the direction of shear. 
The water is then required to flow into 
the enlarged separations and the resistance 
to shear, therefore, depends upon the shear 
rate and the permeability of the material 
to such flow. Also, since water and the 
solids have small compressiblities, some 
air will tend to be drawn into the mixture 
to provide the necessary dilatancy during 
shearing during mixing. This entrapped 
air provides the capacity for dilation 
without requiring as much water flow.

These particle interference effects produce 
rapid increases in the yield value and 
apparent viscosity as the volume concentra
tion of solids exceeds about 0.60 when the 
material is not vibrated. When the mate
rial is vibrated the flow behavior is 
altered, but this transition to dilatancy 

occurs at only slightly higher (0.62) 
volume concentration of solids.

These same considerations also apply to 
the cement paste itself at very low water
cement ratios. A volume concentration of 
cement in water of 0.6 (40% water by 
volume) corresponds to a water-cement 
ratio of 0.21. Dilatant type curves have 
been obtained at water-cement ratios in 
this range in ground clinker pastes fluid
ized with lignosulfonate and soluble 
carbonate additions (17,20).

THIXOTROPY. It has been shown (3, 18, 
21-22) that under proper experimental con
ditions (constant rate of shear, uniform • 
flow) in a coaxial cylinders viscometer 
the initial torque, To, decays exponen
tially with time, t, to an equilibrium 
value Tß according to: •

T = Te + (To - TE)e~Bt .(2)

where B is a breakdown constant which 
depends upon the shear strain rate (or 
angular speed) and properties of the paste. 
Values of B are of the order of 0.04 s~l. 
The breakdown process reaches essential ' 
equilibrium in 1 or 2 minutes. Since To 
may be several times Tß, this process 
may have a considerable effect on the 
shapes of shear rate vs shear stress 
curves obtained, depending on the time 
allowed for each point at increasing (up 
curve) and then decreasing (down curve) 
rates of shear (Green's method). Figure 3 
shows examples of the thixotropic behavior . 
of cement pastes in such tests (2). There 
are four manifestations of the apparent 
thixotropy shown.

1. The curvature of the up curve 
indicates decreasing viscosities 
with increasing shear strain 
rates.

2. The up curves have higher shear
stresses (at equal shear rates) 
than the down curves. ’

3. Curve 2 shows the decrease in 
shear stress while the paste is 
mixed in the viscometer at 
constant speeds.

4. Curve 4 shows lower shear stresses 
upon.immediately repeating the 
curve 3 test.

The hysteresis loop 4 is not only shifted 
to lower shear stresses, (and lower plastic 
viscosities) but loop 3 was also larger 
than loop 4, indicating more breakdown 
during the first cycle than during the 
second cycle. For standard test condi
tions the areas of the hysteresis loops so 
formed have been used as a measure of the . 
amount of breakdown of the thixotropic 
structure (23). Attempts have also been 
made to determine quantitatively the 
energy per unit volume required for the 



thixotropic breakdown process from con
stant rate of shear tests as with Eq. 2 
(3,22).

Another manifestation of thixotropy is 
shown in tests in which the maximum shear 
rate is increased in successive cycles. 
When that is done the loops also shift to 
lower stresses and lower plastic viscosi
ties, indicating more breakdown at higher 
shear rates (3).

ANTITHIXOTROPY AND THE EFFECTS OF MIXING. 
Obtaining results with coaxial cylinders 
viscometers that show well defined yield 
values and lower viscosities at low shear 
rates seem to depend upon the degree of 
dispersion of the cement particles by 
adequate mixing and use of viscometers 
with very narrow gap widths. Although 
Greenberg and Meyer (24) reported in 1963 
that to obtain uniform flow it was neces
sary for them to use a gap width of about 
1.0 mm, much of the published data has 
been obtained with gaps too wide to avoid 
instrumental effects. Another factor may 
be the smoothness of operation and freedom 
from vibration of the equipment; vibration 
or shocks may initiate non-uniform flow at 
low yield stresses. Recently published 
data obtained by Roy and Asaga (15) using 
an improved viscometer with a 0.7 mm gap 
showed remarkably linear up curves with 
distinctly indicated yield values, i.e., 
nearly Binghamian behavior (see Fig. 4). 
By contrast, viscometers with larger (4 mm 
or more) gaps give results indicating 
pseudoplastic behavior with no distinct 
yield value (2,22,25). It should be noted 
that the hysteresis curves in Fig. 4 are 
considerably different from most other 
published data. Not only do they show 
distinct yield values at increasing shear 
stress, but the hysteresis loops show con
siderable antithixotropy or shear thicken
ing, that is, higher stresses occurred on 
the down curves than on the up curves at 
equal shear rates. The viscometer and 
procedures used by Roy and Asaga yielded 
results largely free of the plastic- 
thixotropic behavior often observed.
Also, one reason for the large area of the 
antithixotropic hysteresis loop appears to 
be that the test was conducted more slowly 
(15 minutes/cycle) than in the usual few 
minutes. Hence, more time was allowed for 
both the thixotropic breakdown and recovery 
processes.

Several workers have observed both thixo
tropic and antithixotropic behavior of the 
same pastes (23,24,25) at different times 
after mixing. Pseudoplastic curves were 
obtained at faster rates (2-3 minutes/ 
cycle) than used by Roy and Asaga. The 
faster testing rate allows less time for 
thixotropic recovery of freshly mixed 
pastes. Even so, their results showed 
that shortly after mixing the pastes were 
usually slightly antithixotropic, but after 
some time at rest (30-45 minutes) became 
thixotropic. However, when the paste after

Fig. 4 - Rotational viscometer curves for 
pastes mixed by six different methods, w/c 
= 0.40 (15).

being at rest was agitated by repeated 
testing, the type of flow curve changed 
from thixotropic to antithixotropic. At 
rest for longer times (2-3 hours), the 
pastes became very strongly thixotropic as 
setting approached unless continuously 
agitated. These effects of agitation 
suggest that the initial mixing intensity 
should also affect the paste flow proper
ties, and this has been known for some 
time.

Mechanical mixers capable of producing a 
uniformly and vigorously mixed paste are 
normally used, perhaps intermittently, for 
long enough time periods (5 - 10 minutes) 
to produce pastes of the best flow proper
ties. Inadequate or excessive mixing 
increases the paste stiffness. If the 
paste is mixed for only 30 seconds or less, 
it will suffer brief-mix-set, thought to 
be caused by cementing together of the 
grains by the reaction products formed on 
their surfaces by the rapid initial reac
tions with water. Although a mixing time 
of 1 minute may be long enough to elimi
nate brief-mix-set, it may not be long 
enough to effect adequate dispersion or to 
eliminate false-set due to the formation 
of gypsum from hemihydrate that may be 
present in the cement. These gypsum 
crystals form a weak structure which can 
be broken down by continuea mixing or 
remixing.

Continuous vigorous mixing also breaks down 
the flocculent structure of the cement par
ticles responsible for the thixotropic 
behavior. Measurements like those shown 
in Fig. 3 for different batches mixed 
5 minutes each in a planetary mixer showed 
that increasing the mixing speed from 
150 rpm to 450 rpm shifted the hysteresis



loops to lower shear stresses, and nar
rowed the loops to a nearly reversible 
(nonthixotropic) Bingham plastic type 
behavior. Similar results were obtained 
when the mixing time at 250 rpm was 
increased from 3 to 20 minutes. In both 
of these sets of measurements, made with 
pastes at a water-cement ratio of 0.35, 
the plastic viscosity indicated by the 
down curves decreased progressively with 
mixing time and intensity. However, at a. 
w/c of 0.25, the yield values reached a 
minimum after about 5 minutes of '
mixing (2) .

A study of the effects of high intensity 
mixing of 0.45 water-cement ratio pastes 
showed that a minimum was reached for the 
plastic viscosity, but that the yield 
values increased progressively with mixing 
time from 10 to 50 Pa (2). Intense mixing 
appears to produce very rapid thixotropic 
breakdown and improved flow, but if it is 
prolonged, abrasion of the particles will 
increase the yield value and plastic 
viscosity.

When high speed blenders were used to mix 
pastes at a w/c of 0.5, it was found that 
the initial (15 minute) yield values 
increased progressively from 22 to 52 Pa 
and the plastic viscosities increased from 
21 to 47 mPa-s as the mixing time increased 
from 1 to 10 minutes (23). The final tem
perature of the mixes was 25°C. At 
hydration times up to 3 hours, these 
increases with mixing time became even 
greater, indicating a persistent effect of 
these differences in mixing times. In 
addition, the pastes mixed for 1 minute 
were thixotropic and became more so with 
hydration time, whereas the pastes mixed 
10 minutes were antithixotropic initially, 
but became even more- thixotropic after 2 
hours than the 1 minute pastes. High 
speed (10,000 rpm) mixing with external 
cooling has been employed to produce 
pastes with reduced bleeding - (26). It is 
believed that the main effect was that the 
mixing removed thin layers of hydrates 
formed on the cement grains and dispersed 
these in the paste to produce a thick 
consistency.

The results in Fig. 4 were obtained pri
marily to determine the effect of mixing 
intensity on the flow curves. They do not 
include prolonged high intensity mixing, 
but still show wide variations in the 
rheological properties. Six different 
mixing procedures of increasing intensities 
were used. Procedure AS was the ASTM C305 
procedure using a Hobart planetary mixer 
at low (140 rpm) and medium (280 rpm) 
speed. Procedure A20 was mixing for 20 
minutes at low speed. Procedure B20 was 
the API standard procedure using a high
speed blender for 1 minute after prelimi
nary mixing, followed by 20 minutes of low 
speed mixing in a beaker. B, Bl and Bh 
are other variations of procedures with 
the high-speed blender ine-luding'blending 

at low (3,500 rpm) and high (17,000 rpm) 
speed, but for not more than 1 minute. 
Such variations in mixing intensity with 
the high-speed blender had only minor ■ 
effects on the flow behavior. Fig. 4 
shows that the yield values and plastic 
viscosities of all the blender-mixed 
pastes were substantially less than the 
less intensively mixed pastes. However, 
with the addition of 1 percent by weight 
of the cement of a superplasticizing 
admixture of the ß-naphthalene sulfonate 
formaldehyde condensate (with added 
retarding component), such variations in 
mixing procedures had no appreciable 
effect; with the admixture the yield 
values were all nearly zero. The hys
teresis loops were much thinner than those 
of Fig. 4, with slopes for the up curves 
about the same as the most intensely mixed 
pastes without the admixture.

Many of the different types of flow behav
ior obtained by different research workers 
can be qualitatively understood in terms 
of the thixotropic breakdown and recovery 
processes that occur during and after dif
ferent mixing and testing procedures. For 
conceptual purposes it is useful to con
sider the strength and number of bonds 
between particles in the floc structure as 
a function of time. The extent of the 
thixotropic breakdown or recovery can then 
be expressed in such terms (3), which could 
also be used to define a degree of floccu
lation. Bombled and others have attributed 
the thixotropy to changes in the degree of 
flocculation, which he defined in terms of 
measurable quantities, the ratio of the 
median size of the agglomerates of parti
cles to the mass median particle size (2). 
This definition may not be an exact measure 
of the structurally related resistance to 
shear, but it provides a conceptual basis 
for explaining the complex behavior
observed. To do this it is assumed that 
the degree of flocculation can be qualita
tively represented as a function of time 
during and after mixing as shown in Fig. 5. 
Two curves are shown: 1) curve L-LR which 
corresponds to low intensity mixing for a 
time M, and recovery if left undisturbed 
along the curve LR, and 2) curve H-HR 
which corresponds to a paste mixed at high 
intensity (but not for so long as to pro
duce other effects) and its recovery. . 
Exponential decay curves are assumed for 
both the breakdown and recovery curves, 
but the time constant for recovery is 
assumed to be at least ten times that of 
the breakdown curve. This is consistent 
with a comparison of breakdown time con
stants of the order of one minute (3,21) 
with recovery times indicated by changes 
from antithixotropic to thixotropic flow 
curves in 30 to 45 minutes (23,25). The 
important point is that pastes with a high 
degree of flocculation, either because of 
inadequate mixing or subsequent recovery, 
will be subject to more thixotropic break
down during the test than pastes more 
completely dispersed by intense mixing.



The more completely dispersed pastes will 
undergo more rapid recovery after mixing 
and will tend to show antithixotropic 
behavior if this recovery process is 
superimposed upon the changes caused by 
the test itself. However, if the paste 
mixed at high intensity is allowed to 
stand before testing, the degree of floc
culation will have recovered to the same 
level as that of the paste mixed at low 
intensity at some time P shown in Fig. 5.

Fig. 5 - Changes of the degree of floccula
tion of particles in cement pastes during 
mixing at high intensity H, and low inten
sity L, and recovery while at rest after 
mixing HR and LR.

The changes in degree of flocculation 
caused by the test itself are sketched in 
Fig. 6 for a single cycle, up curve and 
down curve in a viscometer, at constant 
rates of change of rate of shear as shown 
in the lower part of the figure. The S 
shaped dashed curve, S, indicates the 
changes in the degree of flocculation of a 
paste that was increasing relatively slowly 
when the flow test began. During the test 
the degree of flocculation decreases only 
slowly at the initial low rates of shear, 
but decreases more rapidly at the highest 
shear rate, and then more slowly again at 
the low rates of shear at the end of the 
test. If, on the other hand, the undis
turbed paste would have been recovering at 
an appreciable rate as shown by the 
recovery curve R, the curve obtained as a 
result of superposition of the two effects 
should resemble curve T. The position of 
curve T will vary between the extremes S 

and R, depending upon the testing condi
tions, and would be referred to as thixo
tropic or antithixotropic depending on 
which effect predominates during the test.

Fig. 6 - Changes of the degree of floccula
tion of particles in cement pastes during 
testing in a rotational viscometer during 
a single up-curve, down-curve cycle. S: 
curve for changes during test of paste 
that was recovering slowly after mixing, 
R: recovery curve of paste recovering 
rapidly after mixing, T: superposition of 
the two effects.

FACTORS AFFECTING FLOW

The fineness of the cement and the water
cement ratio of the fresh paste are two of 
the most important factors affecting flow. 
These two factors together determine the 
average water-film thicknesses and inter
particle spacings. Despite the fact that 
normal cement pastes are in a flocculent 
state when at rest, the average water-film 
thickness concept appears to have some 
validity in determining their rheological 
properties. To determine the effects of 
water content, fineness, and other factors 
uncomplicated by the effects of cement 
hydration, Legrand systematically studied 
the flow behavior of pastes and mortars 
made with fine powders of calcite and other 
materials (19). Similar but less complete 
results were obtained with cements (5). 
The maximum- yield value of such pastes at 
rest, fo, before any thixotropic, break
down during the test, was found to depend 
on the volume concentration of solids, C, 
according to:



f = Aea<C * °-5) (3)

in which A and a are parameters determined 
from the data. When the pastes were 
vibrated, the yield values were essentially 
zero. C values ranged from 0.475 to 0.677; 
for portland cements these volume concen
trations would correspond to a range of 
water-cement ratios from 0.15 to 0.35. 
Although the flow behavior of these pastes 
went through a transition from plastic- 
thixotropic to dilatant behavior in this 
range. Eq. 3 applied over this entire 
range of solids concentrations.

The value of a in Eq. 3 depends on the 
material and shape of the particles, but 
is independent of the specific surface 
area or particle size distribution; values 
ranged from 23 to 48 for spherical to angu
lar particles. The value of A increases 
rapidly with the specific surface area for 
powders of cement finenesses up to values 
of about 100 Pa.

A similar dependence on the volume concen
tration of solids was found for the shear 
stress, t, measured at constant rates of 
shear strain while the paste was vibrated:

_ T = Beb(C * °-5> (4)

in which B and b are parameters determined 
from the data. This relation applies for 
values of C less than the transition from 
dilatant to pseudoplastic behavior. In 
this case b depends upon the rate of shear 
strain, nature of the material and shape 
of the particles, as well as being indepen
dent of the specific surface area and par
ticle size distribution. The value of b 
approached a maximum of about 26 at a 
strain rate of 40 s“l. The value of B 
also increased with the rate of shear 
strain and the specific surface area, 
reaching values of several hundred Pa for 
powders of cement fineness.

The formulation of experimental results 
represented by Eqs. 3 and 4 is useful 
because it permits the identification of 
certain factors affecting the flow behav
ior in simpler systems; Eq. 4 was also 
verified for portland cement pastes while 
vibrated. Data for portland cement pastes 
without vibration have also been examined 
in attempts to determine the true func
tional dependencies and to better under
stand the factors controlling the flow. 
Viscometer data was given in Fig. 3 which 
showed the decreasing yield values and 
viscosities with increasing water content. 
A set of data covering a wider range of 
water-cement ratios for pastes made with 
an ordinary portland cement of Blaine fine
ness 447 m^/kg is given in Table I.

TABLE I

Water-Cement 
Ratio 
9/9

Yield Value 
Pa

Plastic 
Viscosity 

mPa - s

0.4 81 39
0.45 39 22
0.5 25 16
0.6 9 12
0.7 6.4 8.5
0.8 1.6 5.8

Values at lower water-cement ratios are 
given in Table II, which must include both 
viscometer and rheograph data (2)'.
Although different cements and mixing 
procedures were used, these two sets of 
data show similar variations of the yield 
values with water contents.

TABLE II

Water-Cement Ratio 
g/g

Yield Value 
Pa

0.24 1900
0.32 130
0.36 65
0.40 30
0.50 8.5

The data in Fig. 2 show the effect of 
variation of the specific surface area of 
a cement on the initial yield values in 
pastes of 0.25 water-cement ratio and how 
these values vary with time through set
ting. The effect of cement fineness is 
also shown in Table III for pastes at 
water-cement ratios of 0.4, and also for 
another set of pastes made at the water
cement ratio required to give equal yield 
values (2). As might be expected from

‘Calculated from Eq. 5 using indicated 
Specific Surface.

TABLE III

Spec ific 
Surface 

2 m2/kg

Yield Value 
at w/c = 

0.4 
Pa

w/c 
for 

f = 30 Pa 
g/g

Inter
particle 
Distance*  

pm

235 14.0 0.35 2.0
278 26.5 0.44 2.3
329 75.0 0.475 2.2
442 165.5 0.55 1.9
560 >250.0 0.58 1.6

consideration of the water film thicknesses 
and interparticle distances, increasing 
the specific surface area progressively 
increases the yield value at constant water



was calculated from:

(5)d = 2 X 10

0.124 (6)

(7)

7

to

1 (8)

which w/c is 
the specific

where the quantity d*  used as 
the interparticle spacing in i 
lated from: 

and cement fineness. The 
at constant S was used to

least squares. To do this 
water content not contri-

i a measure of 
lim was calcu-

the water-cement ratio, S 
surface area of the cement

by the method of 
the value of the 
buting to flow was varied to obtain the 
value 0.15 for the best fit. The data in 
Table III was fitted simply by determina
tion of the slope and intercept of the 
logarithmic plot to obtain:

The fact that the exponents in both Eq. 
and 8 are nearly equal again indicates 
that the yield value is closely related 1 
the ratio of the surface area to part of 
the water content. However, the data seem 
to yield equally good fits for various 
exponential and power law relationships 
because of the limited range and accuracy 
of the data.

In addition to the functional forms of 
Eqs. 3 and 4, numerous other exponential 
and power law equations have"been used to 
describe the dependence of flow properties 
on water content 
data of Table II 
obtain: 

n = i3(d')~0-6

The functional dependence of the apparent 
or plastic viscosity on water 
specific surface becomes even 
In one study (9) the apparent 
was found to be given by: 

content. Also, the water content required 
to obtain a yield value of 30 Pa increases 
systematically with the specific surface 
area. Bombled suggested that the inter
particle distances remain approximately 
constant as the water content increases 
with the surface area to maintain the con
stant yield value (2). The interparticle 
distance (2 X the water-film thickness in 
um) 

£o (w/c - 0.15)3,97

in 
is _ 
and 0.12 is an estimate of the amount of 
interstitial water which does not contri
bute to the water-film thicknesses or 
interparticle spacings as indicated in 
Fig. 1. The values of d in Table III are 
seen to be approximately constant.

content and 
more complex, 
viscosity, n,

fQ = 4.47 X 10 9 S4’01

3 w/c -0.12
S

(9)10 3
. (w - w )2

- ---------------

in which the water contents, w and wa, 
and the surface area, S, are expressed per 
unit weight of cement. The value of wa, 
the water requirement by a standard test, 
was about 0.3. This suggests that the 
functional dependence of the viscosity on 
the water content may differ considerably 
from that for the yield values for portland 
cements.

WATER REDUCING ADMIXTURES. Microscopic 
observations have repeatedly confirmed 
that the cement particles are dispersed by 
water-reducing admixtures (2). It has 
long been believed that this dispersion is 
the result of neutralization of surface 
charges and the reduction of attractive 
forces between particles. The relatively 
new "super" water-reducing admixtures, 
such as the sulfonated melamine formal
dehyde (M-type) and sulfonated naphthalene 
formaldehyde (N-type) condensates do not 
strongly retard cement hydration. They 
can, therefore, be used at concentrations 
considerably higher (over 1% by weight of 
cement) than normally practical with lig
nosulfonate type admixtures. The latter 
type usually causes significant retarda
tion at concentrations somewhat higher 
than 0.1%, whether they are sugar-free or 
not (27).

Daimon and Roy (28) measured the adsorp
tion of a sulfonated naphthalene formal
dehyde condensate by cement particles in 
water and found that the data yielded a 
Langmuir isotherm. It was also shown that 
with the cement used (393 m^/kg) and 
with additions of the admixture up to 
about 1.5%, nearly all of the active com
ponent was adsorbed (about 20% was not 
adsorbable), but when larger amounts were 
added the amount in solution increased 
rapidly. Measurements of the zeta poten
tial of the finer cement particles showed 
variation with the amount added similar to 
the Langmuir adsorption isotherm, reaching 
values of about -50 mV at maximum adsorp
tion (29). Mortar flow values also showed 
a similar increase with admixture content. 
Rotational viscometer measurements on f 
cement pastes gave initial yield stress $ 
values which decreased from 40 - 100 Pa 
(depending on mixing intensity) for the 
plain paste at 0.4 water-cement ratio to 
zero at 1% addition. The apparent vis
cosity was also reduced from about 500 to 
about 200 mPa-s if the paste was mixed at 
low intensity (ASTM), but only very 
slightly if mixed at high intensity "(API), 
as indicated in the discussion of Fig. 4.

The adsorption of two N-type admixtures 
and two high molecular weight styrene 
polymers in cements was determined (30) at 
additions up to 0.5% of the weight of 
cement. For the N-type admixture the 
adsorption isotherms were of the Langmuir 
type; for the styrene polymer they were of 
H (high affinity) type. Sedimentation 
rate measurements with the N-type admixture 
in dilute cement-water suspensions (3 g in



28.5 ml) indicated dispersion of the parti
cles by a progressive decrease from the 
sedimentation rate with no admixture to 
very low values at additions of 0.4% by 
weight of cement.

Petri (14) measured the apparent viscosi
ties of cement pastes with a Brookfield 
rotational viscometer with and without 
several admixtures. Additions up to 1.6% 
by weight of cement were used. With . 
increasing amounts of an N-type admixture 
he showed the progressive decrease of 
yield value, viscosity, .and the area of 
the hysteresis loops at increasing and 
decreasing shear strain rates until 
Newtonian behavior was obtained with 1.2% 
of the admixture. Another admixture tested 
by Petri, sodium hexametaphosphate, pro
duced its maximum effect at about 0.5% 
addition.

Petri also attempted to determine the func
tional dependence of the apparent viscos
ity, n, of cement pastes on the solid 
volume concentration, C. • Data for cement 
pastes without admixtures did not fit any 
of several theoretical equations from elec
troviscosity. This is not surprising since 
the theory used has given only equations 
of Newtonian form. However, Petri did 
find that his data for pastes containing 
1% of the N-type admixture indicated that 
the suspensions behaved remarkably like a 
theoretical model for nonattracting spheres 
of equal size at high concentrations, for 
which:

-2.5■ n = no (1 - 1.35 c) (10)

There is continuing research on the.use of 
lignosulfonate water-reducing admixtures, 
especially in low water-cement ratio sys
tems. Soluble carbonate additions are used 
to overcome excessive retardation. Odler 
et al (17) studied the rheological proper
ties of portland cement (6% gypsum) pastes 
with and without sodium lignosulfonate and 
sodium carbonate additions, and ground 
clinker pastes with the same additions. 
Additions of up to 1.25% of each were used, 
but only when both additives were present 
was a fluidizing and set-regulating effect 
obtained. Finenesses ranged from 340 to 
850 m2/kg. When gypsum was present the 
setting time became much shorter, but 
without gypsum these additives produced 
normal setting behavior and rapid strength 
development. Water-cement ratios as low 
as 0.225 were fluid enough to be tested in 
a rotational viscometer. As noted earlier, 
these pastes showed shear thickening 
behavior. In another study (31) using 
calcium lignosulfonate and potassium 
carbonate, difficulties in testing 0.25 
water-cement ratio pastes in a rotational 
viscometer were reported. The pastes were 
described as having a rubbery consistency. 
Other workers have used sulfonated lignins 
with NaHCOg to produce pastes of 0.22 to 

0.24 water-cement ratios which are self
leveling but of complex rheological charac
ter; they seem to have elastic-plastic 
properties not readily characterized in 
normal terms (20).

CEMENT COMPOSITION AND HYDRATION. For 
cements in which the early hydration reac
tions are properly controlled, the flow 
properties during the early dormant period 
do not depend very strongly on the composi
tions of the cements. One study of 12 
cements of different types concluded that, 
except for a regulated set cement, the 
chemical and mineralogical composition 
seemed to be of little importance for flow 
compared to water content and cement fine
ness (25). However, the water requirement 
for flow has been shown to increase sig
nificantly with the C3A and alkali con
tents, as well as depending on the parti
cle size distribution (32). In addition, 
the calcium sulfate must be in a form suit
able for control of the early aluminate 
reactions and the prevention of false set 
(24,33). However, if viscometer measure
ments are continued for longer hydration 
times, the effect of the C3A content 
becomes increasingly important. Measure
ments using cement of C3A contents rang
ing from 0 to 14% showed little variation 
of the yield stress, plastic viscosity or 
the area of the hysteresis loop during the 
first 45 minutes after mixing (23). How
ever, after 2 hours the thixotropy indi
cated by the area of the hysteresis loop 
increased strongly with C3A content 
above 2%. The yield stress also began to 
increase with C3A content at 2 hours. 
The plastic viscosity, however, did not 
show this same strong effect until 3 hours.

Wittmann (34) examined the effect of addi
tions of an M-type admixture on the appar
ent viscosities of cement pastes at a 
water-cement ratio of 0.6 at ages up- to 
7 hours. For pastes without the admixture 
the viscosity versus time curves for dif
ferent viscometer rotor speeds showed 
increases with hydration time rather like 
the rheograph curves in Fig. 2. At a rotor 
speed of 80 rpm, the apparent viscosity 
increased from about 2,000 initially to 
over 20,000 mPa-s after about 4.hours. 
These reported values seem extraordinarily 
high. With 1.5% of the admixture added, 
the initial viscosity dropped to a value 
about 50 mPa»s, and exhibited nearly ideal 
Newtonian behavior for 1 to 2 hours. After 
about 3 hours the viscosity became non
Newtonian and shear rate dependent as it 
increased to nearly 20,000 mPa-s at 80 rpm 
at about 7 hours. Studies with several 
different cements yielded similar results 
Except for a PZ 550 type, which required 
higher percentages of admixture to retard 
the increase in viscosity. These and many 
other results, such as those in Fig. 2, 
show that the stiffening of the paste 
through setting is normally a progressive 
process. This process is a result of the 
early hydration reactions and is affected 



by any factors which accelerate or retard 
the hydration reactions.

CONCLUDING DISCUSSION

It is apparent from the available litera
ture that there are still substantial gaps 
in our knowledge of the rheology of fresh 
cement pastes. It has proven difficult to 
quantify the results in terms of material 
properties and their functional depend
encies on the cement properties and con
centrations. This is at least partially a 
result of the fact that the procedures 
used to mix cement pastes and to test the 
flow properties affect the properties to 
be measured. It appears that it would be 
desirable to study the rheology of cement 
pastes in a state of dispersion of the 
particles in water that is comparable to 
the state of the paste as it is normally 
used in concrete. For this reason T. C. 
Powers advocated the use of high speed 
blenders because the shear rates in the 
paste in concrete during mixing were 
believed to be at least as high as in the 
most vigorous laboratory mixer. We have 
seen recent results that show substantial 
differences between such mixing techniques 
and other common test methods. It would 
appear prudent to definitely establish 
what mixing intensity is required, if that 
has not already been done, and then to con
centrate research efforts on adequately 
mixed pastes. Similar considerations apply 
to the use of rotational viscometers of 
various designs. Much otherwise careful 
work has been done with equipment that may 
by its design preclude quantitative deter
mination of the material properties because 
of non-uniform flow, or by the failure to 
take non-uniform flow properly into 
account. It appears that the problem is 
well appreciated in some quarters and that 
several equally valid test methods will 
emerge that can be used to obtain reprodu
cible results. Perhaps some kind of stand
ard test sample of cement, or an inert 
material of similar rheological proper
ties, should be made available to permit 
comparison of rheological test methods.

The situation with respect to theoretical 
interpretation could also be substantially 
improved. Petri (14) reviewed the theory 
of flow of suspensions of charged parti
cles in an electrolyte, i.e., electrovis
cosity. The complex equations for the 
viscosities of such suspensions contain 
the electric double layer parameters as 
well as the volume concentration, C, of 
the solids, and the viscosity of the 
liquid, ho- When reduced to its sim
plest terms the general equation becomes:

n = no (1 + kC) (11)

which is the well known Einstein equation 
when k is 2.5. This reveals an obvious 
shortcoming of the theory as presently 
developed for systems like cement pastes 

in which interparticle forces cause floc
culent structure formation, finite yield 
values, shear rate dependence, and 
thixotropy, i.e., non-Newtonian behavior.

Nevertheless, research has given us a good 
qualitative or even semi-quantitative 
understanding of the complex behavior of 
fresh cement pastes. Several apparently 
satisfactory empirical equations have been 
established which relate certain rheologi
cal properties of the fresh pastes to the 
specific surface area of the cement and 
concentration of the cement in water. 
This matter appears to deserve further 
study with the objective of being able to 
predict with confidence the rheological 
properties of fresh cement pastes from the 
cement composition and physical properties

The increasing use of organic water
reducing and other admixtures in concrete 
and the development of new admixtures have 
stimulated many studies of their effects 
on the rheological properties of cement 
pastes. Such studies are usually aimed at 
assessing the effectiveness of individual 
admixtures in concrete. However, since 
the rheological behavior of cement pastes 
containing certain admixtures is simpler 
than that of plain pastes, it may be pos
sible to determine the true functional 
dependencies for the dispersed state, and 
then attack the problem of pastes in var
ious degrees of flocculation.

BIBLIOGRAPHY

1. T. C. Powers (1968), "Rheology of 
Freshly Mixed Concrete," The Prop
erties of Fresh Concrete, John Wiley, 
New York. (In English)

2. J. P. Bombled (1974), "Rheology of 
Mortars and Fresh Concrete: Studies 
of the Interstitial Cement Paste"," 
Ciments, Betons, Plattes, Chaux (Rev. 
Mater. Constr.), No. 688, 137-155. 
(In French)

3. G. H. Tattersall (1976), "The Work
ability of Concrete," Publ. 11.008,

- Cement and Concrete Assoc., England. 
(In English)

4. D. W. Hobbs (1976), "Influence of 
Aggregate Concentration" Upon the 
Workability of Concrete and Some 
Predictions from the Viscosity
Elasticity Analogy," Mag. Concr. 
Res., 28, No. 97, 191-202. (In 
English)

5. M. Barrioulet and C. Legrand (1977), 
"Influence of the Interstitial Paste 
on the Flow Ability of Fresh Concrete, 
The Importance of the Water Retained 
by the Aggregates," Materials and 
Structures, 10, No. 60, 365-373. (In 
French)



6. G. H. Tattersall (1976), "Relation
ships Between the British Standard 
Tests for Workability and the Two- 
Point Test," Mag. Conor. Res., 28, 
No. 96, 143-147. (In English)

7. M. Barrioulet and C. Legrand (1978), 
"Study of Intergranular Friction in 
Fresh Concrete. New Ideas on the 
Flow of Vibrated Fresh Concrete," 
Materials and Structures, 11, No. 63, 
191-197.' (In French)

8. C. W. Richards and R. A. Helmuth 
(1975), "Expansive Cement Concrete - 
Micromechanical Models for Free and 
Restrained Expansion," Stanford Univ. 
CE-TR-191. (In English)

9. K. Rendchen (1976), "Influence of
. Various Cements on Flow Behavior and 
Stability of Cement Suspensions," 
Beton: Herstellung Verwendung, 26, 
No. 9, 321-325. (In German)

10. F. W. Locher, W. Richartz and S.
■ Sprung (1976), "Setting of Cement. 

Part 1: Reaction and Development of 
Structure," Zement-Kalk-Gips, 29, 
No. 10, 435-442. (In German) .

11. W. F. Perenchio, D. A. Whiting and
D. L. Kantro (1978), "Water Reduction, 
Slump Loss, and Entrained Air-Void 
Systems as Influenced by Superplasti
cizers," in Superplasticizers in Con
crete, CANMET, Ottawa, 295-324. (In 
English)

12. J. P. Bombled (1971), "Rheograph for 
the Rheologic Study of the Stiffening 
of Pastes. Application to the Setting 
of Cement," Rev. Mater. Constr.,
No. 673, 256-277. (In French) '

13. J. P. Bombled (1976-7), "Setting Time 
Measurements for Cement Pastes - 
Rheograph and Automatic Prisometer 
CERILH," Ciments, Betons, Platres, 
Chaux (Rev. Mater. Constr.), No. 699, 
113-124; No. 709, 355-362. (In 
French)

14. E. M. Petri (1976), "Effect of Sur
factant on the Viscosity of Portland 
Cement-Water Dispersions," Ind. Eng.

. Chem., Prod. Res. Dev., 15, No..4, 
242-249. (In English)

15. D. M. Roy and K. Asaga (1979), 
"Rheological Properties of Cement 
Mixes: III. The Effects of Mixing 
Procedures on Viscometric Properties 
of Mixes Containing Superplasti
cizers," Cement and Concr. Res., 9, 
No. 6, 731-739. (In English)

16. H. Reül (1978), "Rheological Investi
gation of Cement Suspensions with

■ Fluidizing Agents," Beton: Herstellung 
Verwendung, 28, No. 10, 360-361. (In 
German)

17. I. Odler, U. Duckstein and Th. Becker 
(1978), "On the Combined Effect of 
Water Soluble Lignosulfonates and 
Carbonates on Portland Cement and 
Clinker Pastes, I. Physical Proper
ties," Cement and Concr. Res., 8,
No. 4, 469-480.- (In English)

18. C. R. Dimond and G. H. Tattersall 
(1976), "The Use of the Coaxial 
Cylinders Viscometer to Measure the 
Rheological Properties of Cement 
Pastesy" in Hydraulic Cement Pastes: 
Their Structure and Properties, Publ. 
15.121, Cement and Concrete Assoc., 
England, 118-133. (In English) ■

19. C. Legrand (1972), "A Contribution to 
the Study of Fresh Concrete Rheology," 
Materials and Structures, 5, No. 29, 
275-295; No. 30, 379-393. (In French)

20. S. Diamond and C. Gomez-Toledo (1978), 
"Consistency, Setting, and Strength 
Gain Characteristics of a ‘Low- 
Porosity  Portland Cement Paste," 
Cement and Concr. Res., 8, No. 5, 
613-621. (In English)

*

21. R. Lapasin, V. Longo and S. Rajgelj 
(1976), "Rheological Behavior of 
Cement Pastes," Il Cemento, 73, No. 2, 
91-101. (In Italian and English)

22. R. Lapasin, V. Longe and S. Rajgelj 
(1979), "Thixotropic Behavior of 
Cement Pastes," Cement and Concr. 
Res., 9, No. 3, 309-318. (In English)

23. M. Ish-Shalom and S. A. Greenberg 
(1960), "The Rheology of Fresh Port

' land Cement Pastes," in Proc. 4th
Int’l. Symp. on Chemistry of Cement, 
NBS Monograph 43, Vol. II, 731-744. 
(In English)

24. S. A. Greenberg and L. M. Meyer 
(1963), "Rheology of Fresh Portland 

Cement Pastes: Influence of Calcium 
Sulfates," Highway Res. Record, No. 3, 
9-29. (In English)

25. I. Odler, Th. Becker and B.’Weiss 
(1978), "Rheological Properties of 
Cement Pastes," Il Cemento, 75, No. 3, 
303-307. (In Italian and.English)

26. S. A. Markestad (1976), "The Gukild- 
Carlsen Method for Making Stabilized 
Pastes of Cements," Materials and 
Structures, 9, No. 50, 115-117. (In 
English)

27. V. S. Ramachandran (1978), "Effect of 
Sugar-Free Lignosulfonates on Cement 
Hydration," Zement-Kalk-Gips, 31,
No. 4, 206-210. (In German) .



28. M. Daimon and D. M. Roy (1978), 
"Rheological Properties of Cement 
Mixes: I. Methods, Preliminary 
Experiments, and Adsorption Studies," 
Cement and Conor. Res., 8, No. 6, 
753-764. (In English)

29. M. Daimon and D. M. Roy (1979), 
"Rheological Properties of Cement 
Mixes: II. Zeta Potential and 
Preliminary Viscosity Studies," 
Cement and Conor. Res., 9, No. 1, 
103-110. (In English)

30. R. Kondo, M. Daimon, and E. Sakai 
(1978), "Interaction Between Cement 
and Organic Polyelectrolytes," Il 
Cemento, 75, No. 3, 225-230. (In 
English)

31. K. M. Hanna and A. Taka (1977), 
"Rheological Properties of Low- 
Porosity Cement Pastes," Zement-Kalk
Gips, 30, No. 6, 293-297.(In German)

32. J. Gebauer and W. Schramli (1974), 
"Variations in Water Requirement of 
Industrially Produced Portland 
Cements," Bull. Am. Ceramic Soc., 53, 
No. 2, 161-168. (In English)

33. G. Frigione (1978), "The False Set of 
Portland Cement Pastes," Il Cemento, 
75, No. 3, 207-224. (In Italian and 
English) '

34. F. H. Wittmann (1979), "Influence of 
Water Reducing Admixtures on the 
Rheological Behavior, Capillary 
Shrinkage and Structure of Cement 
Paste," Silicates Industriels, 44, 
No. 1, 5-13. (In English)



On Hardening Mechanism of Portland Cement Paste
Mecanisme du durcissement de la pate de ciment portland

J. MITUZAS, Cand.Sc. (chemistry). Head of the Laboratory,
A. KAMINSKAS, Cand. Sc. (Technic^), Director of the Institute,
A. MITUZAS, Cand. Sc. (Technics), Head of the Laboratory, "VNII teploizoliscija" Vilnius, USSR.

RESUME1: Cette communication etudie le processus de formation de gel de tobermorite et de 
composes de silico-hydrato-aluminate et de silico-sulfo-aluminate, lors de 1'hydratation des 
ciments portland, en presence de gypse et pour diverses valeurs du rapport eau sur ciment. De 
nouveaux resultats experimentaux sur 1'evolution de ces composes sont exposes, ainsi que sur 
les phases de transition qui apparaissent lors de l'attaque des constituants du ciment par 
les sulfates. '

Un modele schematlsant le mecanisme de 1'hydratation et du durcissement du ciment est pre
sente, dans lequel les constituants hydrates ne sont plus consideres isolement, mais dans 
1'ensemble complexe de tous les composes. Les resultats experimentaux exposes permettent de 
mieux comprendre les processus dans les systemes heterogenes de ciments portland durcis. Ceci 
pourrait servir de base ä une nouvelle conception du durcissement du ciment.

SUMMARY : Formation processes of tobermorite gel, silicohydroaluminate and silicosulpho- 
aluminate compounds are discusses and new data on development of these compounds in hydrated 
cement are given in this paper. Phase transitions occuring during the destruction of Portland 
cement compounds by sulphate attack in the cement-water system of different composition in the 
presence of gypsum are studied.

A hardening mechanism (hydration) scheme of Portland cement in water is given, in which the 
reaction products are shown not as separate hydrated compounds, but as complexes of these 
compounds. The obtained data provide a better understanding of processes occuring in hete
rogeneous systems of hardening Portland cements, what in its turn may serve as a base for 
new conception about processes occurring during cement hydration.



UraBODÜCTIOT 
üp to now different opinions exist on hyd
rated compound formation mechanism and 
phase composition of hardening Portland 
cement*.
According to recent theoretical views and 
experimental data on hydration and. hydro- lysis of the main minerals or Portland 
cement in aqueous medium saturated with lime (at initial hardening periods also 
with SO*  ions) at room temperature may be 
expressed by the following chemical equa
tions I ,1. CjS  aq—■— CaO'SiOg’ aq + (5-m) OH)*
2. CJ3  aq—♦ 0a0S10 2 • aq  (2-m) CH) 
fc - gel

* * *

ta - 0,8-2,0 
3.0♦ aq-- -  CjAHg ---  cubic 
«.CjA ♦ CH ♦ aq -WtC^AH^j ---  hexagonal
5.C2(A,P) ♦ CH ♦ aq----  Cj(A,P)H6---  cubic
6;C2(A,F) + 2CH + aq---- 0,(1 ,?)&., ----
hexagonalT.C^A + gypsum ♦ aq " » C^A • 3OaSO4»H^—
hexagonal
B.CjA • 3CaS04’H31 * 3O3A • Hfi * OH * aq---*
---► 3 C3A • CaSO4 • H12 * C4AH13 ----  solid
solution -9.03(A,P)H6 ♦ gypsum * aq---*-C 3(A,P)*
•3CaS04 • H31 ---- hexagonal
io;c3(a,b). 3oaso4- h31 * 3/05(1,2)^/ ♦
* CH ♦ aq—► 3/C3(A,P) • CaSO4 • H^ ♦ 
*C4(A^T)H13 — solid solution
However, the results obtained by us in the 
investigation of phase composition of dif
ferent Portland cements curing many years 
in water at room temperature IX/Z-f, enable 
us to give the another interpretation of 
cement hardening mechanism and changes in 
its phase composition, which was partly 
published in the materials for the Sixth 
Congress on Chemistry of Cement /!/.
DISCUSSION OP 1SB RESULTSEarlier results obtained by us /I/ about 
the existence of complex compound 03A*  
• CaSiO, • aq in hardening cements and its formation through liquid phase and decom- 
positidn under the action of gypsum present in the system etc*-  were supported by other 
authors, who carried out experiments with 
the help of modern apparatus /3/*  However, 
literature dealing with these questions is 
quite scarce*  
It is known, that at the end of setting 
period, the duration of which depends on 
mineralogical composition of Portland ce
ment,- its dispersion, crystalline structure 
of particles, temperature of surrounding 
atmosphere and etc*  all elements composing 
Portland cement are always observed in 
different amounts in liquid phase. In this 
case the liquid phase is a non equilibrium 
system of dissolved components of 
C-A-E-S-Q04-H order. Immediately upon con
tact with water, Portland cement minerals 
interact with it and ettringite is precipi-

water separation of ettringite 
is ussually accompanied by the 
of monosulphate at the same time.,

tated topochemically in the form of small 
crystals of irregular shape. In alkali solu
tions, with/without traces of S04 ions, com
pounds possessing the structure of ettrin
gite are unstable*  More stable crystals are 
formed as a result of recrystalization of 
ettringite through the liquid phase. After 
a few days of interaction oetween Portland 
cement and ' "" ...
begins and 
separation _
This phenomenon results from the presence of /Al(0H)6/~‘,ions in solution and depends 
on Portland cement mineralogical composi
tion and hardening conditions*  Interaction 
of ortho- and pyro- ions of silicic acid 
and ca and OH ions results in formation 
of microcrystalline precipitates of 
20a0*  SiO-• aq and 3CaO • 2SiO2 • aq types of 
almost colloidal sizes combined to precipi
tates formed topochemically earlier and of 
an analogical composition; T-gel formed only 
from calcium salts of ortho- and pyro sili
cic acid is of such a nature.;
Simultaneously with the appearance of T-gel (after a period of 6-12 h, when water is 
added to Portland cement) formation of sili
cates of higher degree of polycondensation 
begins through liquid phase and calcium 
silicate hydrates of more complex composition 
than T-gel are formed. 
Investigations carried out by us show, that 
silicic acid in liquid phase of hardening 
Portland cement is present as 
(Si04)*',  (Si^)6** and (Si3O9)6*ions  (hig
her degrees of polycondensation are possib
le) or in the form of a coagulated sol. 
It is known, that in hardening Portland ce
ment paste of normal composition uncombined 
gypsum disappears during the period of 
10-20 h, when water is added and in Port
land cements without iron compounds (white 
cement) after 2-3h, while the concentration 
of /Al(OH)6/^*ioris  in the liquid phase 
Increases °w£th time.
The presence of silicic acid ions of diffe
rent polycondensation degrees and also 
/Al(OH)g/5~ions in solution determine com
position and structure of compounds formed 
through*  tiie liquid phase. Ettringite and 
monosulfate in liquid phase interact with silicic acid ions of higher polycondensa
tion degree forming large complexes CjA- CaZSiOj, S04,(OH)27aq and C3A«3Ca/S103, 
SO,, (0H)2/aq the composition of which cor
responds to solid solutions
C3A*  CaSiO3‘H^2-O3A- CaSO4*H^ 2—C3A*Ca  (OHJ^Hj^ 
and C3A•3daS103*Ä31-C3A•3CaSO4»H31-C3A*  
•3Ca(OH)2*H 31 Zl, 3, 5Z« "Compound '
C3A-nCaS103 - /I? serves as nucleus for 
such completes.
X-ray diffraction pattern of these complex 
compounds corresponds to that of ettringite or monosulfate aluminate /3, 5/. The above 
mentioned complexes are formed either 
through the liquid phase in hydration pro
cess of initial aluminate phases or as a 
result of further conversion in liquid 



of

aq

our 
has

c3(a.f)
■ " ''n0a(0H)o-

(n ■ 1 or 3) 2
Such is in-general features, the'hypothesis 
suggested, by us about structure the forma
tion mechanism and the formation of new 
compounds in hardening Portland cements. 
The hydration of minerals in hardening Port1 
land cement is not isolated, but surrounded 
with compounds interacting with one anot
her, then the hydration process in Portland 
cement of a normal composition may be ex
pressed by the following equations:

Compound CiEH, was not identified by X-ray 
diffraction in hydrated Portland cement 
of normal composition. Hot in all the 
vestigaced specimens was the presence mixed crystals (solid solutions) of. 
C3Z4)CA»1?) composition Identified. In 

' 'research chemical phase analysis 
shown the formation of complex
X« of C,,, (A • nOaSiO,,F) aq composition/lZ 
This shows'the appearance of mixed crystals 
of C,/.»(A,P)H composition through liquid 
phase; 'aluminatte component of which forms the above mentioned complex with calcium 
salt of metasilicic acid in solution, 
formula of complex X„ may be written as 
follows:

_nCaSiO3

phase of new formations originally formed 
by the hydration of C,A.In hardened Portland ^cement paste of nor
mal composition (with 'limited amount of 
gypsum) above mentioned complexes are in 
equilibrium and retain stability until a 
disturbance of this equilibrium occurs as a 
result of the appearance or an increase in 
gypsum content in the system, e.g-w as in 
the case of sulphate-gypsum attack.«The presence of significant number of SOf ions 
in the system leads to the decomposition 
of silicate complexes with separation of 
inert CaO*SiO.<  aq and ettringite crystals stable under ^the given conditions 
- C-A • SCaSO.« and also to transforma
tion of -O.AHi. compound to ettringite 
through llquio. phase;- Ettringite decomposes 
cement stone due to an increase in its 
volume; '
A new equilibrium among the components of 
the system is achieved after gypsum attack. 
As it is known, hydration process of C.AP 
mineral and mechanism of formation of hyd
rated compounds during Portland cement har
dening is similar to that occuring during 
CtA mineral hydration, however, it has its specific pecularities*  At the relationship 
of A/P =• 1 in initial phase C.AF reaction 
products are equimolar quantities of C.A 
and C-P in solid solution, composition of which3may be expressed by general formula 
CgATH^ /6/. Crystalline structure of this 
compound'is similar to that of cubic mine
rals C3AH& and CjPHg.

' a) hardening of Portland
_______ cement " 
CjS+CgS+CjA^^C^A^+a q-

cement clinker (free of gypsum): 
T-gel

mCaO'SiOg'aq' *

complex X-l complex X2
' nCaSiOj / nCaSiOj '

■KJ^A '^'aq+C3(A ,P) aq4Ca(OH)2
nCa (OH) nCa (OH) 2
b) hardening of Portland cement of normal composition (3-6% gypsum): 

__________ cement____________ T-gel 
’CjS-tCgS^Cjd-KJ^AP-KSaSO^« SH^O' + aq—--- *»'m  CaO-SiOg’aq' *

complex X^
' . ^,0038105^

■»CjA---nCaSO4----  aq + C^A
nCa(OH)^//

nCaSiOj

nCa(OH)
complex X2

/ nCaSiO, ____s
«C3(A,P) —3 aq«Ca(OH)2

" nCa(0H)2 —
c) after complete sulphate (gypsum) attack: 
cement T—gel

2--------------------------------------X /-------------- -------------\C3S*C 2S-K:3A4C4AP*gypsum*aq -------► mCaO-SiOg«aq-*C 3A*3CaSO 4*H 31*nCaSiO 3»aq ♦



complex X2

•*C 3(A»F)--- 3CaSO4----  aq+Ca(OH)g+gypsuni
nOa (OH)</

(m - 1.5-2) 
(n • 1 or 3) 
The data obtained in the investigations 
carried out by the authors of this paper 
show that in normal hydrated Portland ce
ments (with 3—636 of gypsum) ettringite 
OzA-SCaSO.'H,» in pure form is absent but it is included ''xin the composition of complex
C.jA  • 5Ca/SiO3. S04, (0H)2/-a(i.
Sulphate (gypsum) attack develops gradually 
only with the increasing of gypsum concent
ration in the system followed by the decom
position of complex X, /I,2/ and cement stoned At the end of ^attack nearly all the 
X, decomposes into separate OaSiOyaq. com
pounds and ettringite. This process may be 
observed by the gradual increasing of CaSiOv . aq. in boiling H,B03 solution with a rise ' 
in gypsum concentration in the system. 
Apparently the complex X. contains ettringi
te in amount which does not decompose the 
complex itself. The increase of ettringite 
amount for some reason (e.g. in the case of 
sulphate-gypsurn attack) results in decompo
sition not only that part of complex X, where ettringite entered earlier and "‘"also 
that part, which had not contained it, e.g. 
compounds C3A«nCaSiOi»aq and 04AH13. As a 
result of this separate inert components 
possessing no binding properties are formed 
which convert Portland cement stone into a 
formless mass.
Portland cement hydration process analysis 
data show, that the end of these processes 
- strength of Portland cement stone - is . 
the result of total mineralogical composi
tion of cement stone, space distribution of 
hydration products, crystalline structure 
of hydrated compounds, their crystal forms 
and degree of dispersion. Portland cement 
stone taken as a whole should be looked 
upon as a texture containing all necessary 
elements of strength. The main framework 
of the texture consists of interlocked ri
gid crystals of Ca(0H)2 and calcium hydro
sulfoaluminates entering complex X.. Inter
spaces in this bearing framework are 
filled densely with T-gel and remaining 
part by complex XT of fine crystalline stru
cture. The remaining interframework is 
filled with mostly colloidal subs.tance of T-gel and with complex X2 - 0, (A •‘nCaSiO3,P> 
•aq. formed on the base of ferrite phase.
COnCLUSIOHS

1. It was found, that solid phase of comp
letely hydrated Portland cement of common 
composition consists ofi 25-40% T-gel, 35  
50% complex X and 1520%  Ca(OH)2.

*
*

2^ T-gel contains'only 50-60% SiOg of the 
amount present in hardened Portland cement 
paste in the form of salts of calcium

ortho- and pyro- silicic acidJ The remai
ning SiO2 amount in the form of calcium 
salts of metasilicic acid (may be of the 
highest degree of polycondensation) enters 
the more larger silicohydroaluminate comp
lexes (complex X), the nucleus of which is 
made up of compound C^A-nCaSiO^-aq (n**!  or
3).  •
Thus, not all the SiO2 present in the sys
tem enters T-gel in hardened Portland ce
ment as is claimed by the generally accep
ted conception. The latter conception is 
based on the data obtained in the investi
gations, in which specimens of the material 
(hardened Portland cement paste) during 
their preparation for phase analysis by the 
molybdenum method are extracted by HG1 so
lution.
However immersion of hardened Portland ce
ment specimens in HC1 solution even of low 
concentration completely decomposes the 
above mentioned complex X. Thus silicic 
ions of higher degree of polycondensation 
belonging to the complex X pass into solu
tion and then they are estimated as a part 
of T-gel. Further research work must be 
carried out in this field.
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Estimation of Chemical Bonding in Hardened Cement 
Paste and Its Implications

Les liaisons chimiques dans les pates de ciment durci es et leurs
' consequences '

S. CHATTERJI, M.Sc., D.Phil., Research Scientist, H + H-INDUSTRI A/S, Lundtoftevej IA, DK 2800 •
Lyngby, Denmark.

SUMMARY: The existence of chemical bonding between the cement hydration products has been 
postulated by different workers to explain some properties of cement pastes. To form a stable 
three dimensional body the chemically bonded particles must form a fairly dense three 
dimensional net work. No attempts seem to have been made to quantify the preponderance of ' 
chemical bonding in a cement paste from its fundamental requirements. Most fundamental of 
these requirements is the juxtaposition of appropriate atoms or ions. Basing on this 
requirement only, the maximum probability of formation of a single chemical bond between two 
particles can be calculated. Other requirements reduce this maximum. From the above maximum 
probability it is possible to estimate the extent of three dimensional net work of particles 
bonded by single chemical bonds. For a water cured paste it is extremely low i.e. chemical 
bonding plays a negligible role in the structure of a cement paste. Implications of this 
result as regards the properties of pastes and the aggregate-paste bonding are discussed.

RESUME: Plusieurs chercheurs ont formule 1‘hypothbse que I'existence de liaisons chimiques
entre les produits d1hydratation des ciments pouvaient apporter une explication a certaines 
proprietSs des pätes de ciment. Pour former un corps a trois dimensions stable, les 
particules liees chimiquement doivent former un reseau a trois dimensions suffisamment dense. 
Il n'a ete fait aucune 6tude quantitative sur la prepond6rance des liaisons chimiques dans 
une pate de ciment a partir de ses exigences fondamentales. L'exigence fondamentale 
prSdominante est la juxtaposition des atomes ou des ions appropries. A partir de cette seule 
exigence, on peut calculer la probability maximale de formation d'une liaison chimique unique 
entre deux particules. D'autres exigences reduisent ce maximum. A partir de cette probability 
maximale ci-dessus, il est possible d'yvaluer I'etendue du reseau a trois dimensions des 
particules liäes par des liaisons chimiques uniques. Pour les pates conservees dans I'eau, 
le resultat est extrfemement faible, c.a.d. que les liaisons chimiques jouent un rdle 
nygligeable dans la structure des pates de ciment. Un dybat est ouvert actuellement sur les 
implications de ces rysultats en ce qui concerne les proprietes des pates et les liaisons •
chimiques des pates-agregats.



Formation of chemical bonds among cement 
hydration products has been postulated by 
different workers to explain some of the 
prop,erties of .cement paste e.g. limited 
swelling capacity, wet strength etc. (1,2,3). 
No attempt has been made to estimate the 
probability of its formation from the pre
requisites of bond formation. These 
requisites are (i) right types of bond 
forming atoms or ions have to be juxtaposed 
within the bond forming distance of about 
3Ä; (11) the nearest neighbours of either 
of the bond forming atoms should not 
interfere with the bond formation; (11i) 
after the bond formation"the spatial 
disposition of the bonded atoms should 
satisfy the required bond angle e.g. 
Si-O-Si,Ca-0-Si etc. In this paper an 
attempt will be made to estimate the 
probability of bond formation from the pre
requisites. Of these requisites the first 
is the least restrictive and yields the 
maximum probability. The other two 
requisites reduce the probability of bond 
formation sharply and as such their applica
tion will be deffered. It is to be noted 
that the application of the first requisite 
only is equivalent to an assumption that the 
material is composed of a random.col 1 ection 
of atoms or ions.

After mixing cement with water it takes some 
time before the paste is capable of carrying 
any load; though the anhydrous cement grains 
start to hydrate from the time water is 
added. The initial hydration products form 
at isolated places round the anhydrous 
grains and the water-filled intergranular 
spaces get filled up by hydration products 
formed subsequently (4,5,6). When the 
hydration products from different sources 
approach each other due to growth or 
nucleation they do so in random orientation. 
To perform the functions for which it has 
been postulated the chemical bonding among 
these randomly oriented hydration products 
have to be fairly extensive. .

Of the total hydration products of cement 
only a small part is crystalline and well 
characterized e.g. CafOHK, ettringite, but 
the characteristics of the major constituent 
namely calcium silicate hydrate (CSH) are 
disputed except that it is composed mainly 
of positive and negative ions. Various 
morphologies have been reported for CSH (7); 
however, analyses of the reports indicated 
that all these are derived from needle
shaped CSH (8,9) except for the product 
which form very early (10). The diameter of 
CSH needles have been reported from 500 to 
2000A (11,7); the latter value refers to 
needles coated with metal films of unknown 
thickness. The needles are generally 
reported to be about a micrometer long. The 
chemical bond formation among these CSH 
needles is what has been postulated in
1,2,3.

If a cement paste is kept saturated from the 
beginning, as is the normal practice in 
cement testing or some application, the 
space between the hydration products will be 
filled by water. Experiments with 
contacting silica glass surfaces in 
atmospheres of different relative humidities 
(rh) showed that upto about 50% rh the 
surfaces remain in contact. Above this rh 
the surfaces are disjoined by a water film 
whose thickness increases with rh and can 
be as high as 500A at 100% rh i.e. each 
surface can have an absorbed water film of 
about 250A thickness (2). In a saturated 
cement paste the CSH needles will also have 
absorbed water films and will be subjected 
to a similar disjoining force (1,2). To form 
chemical bonds between two CSH needles their 
respective water films have to be thinned 
down, against the disjoining force, to that 
in equilibrium with 50% rh; thereafter van 
der Waals forces will bring the needles 
still closer (2). This thinning down can 
only occur when the movements of the needles 
are restricted whilst the needles are 
approaching each other due to growth.

Consider two CSH needles which, by chance, 
have come within the bond forming distance. 
If they can form a bond at the point of 
their nearest approach, which can withstand 
the disjoining force, then further bond 
formation may occur by accreation of solids 
round the bond. The first bond formation can 
occur if oppositely charged ions face each 
other. The probability of that occuring is 
g i v e n by .

P1 = (0.x)(0.y) ------------------ [11

where 0.x and O.y are the fractional volumes 
occupied by the positive and negative ions 
in the needles. When the needles are of 
similar composition then P, will approach 
its maximum value of 0.25. The probability 
of forming two bonds at the first instance 
is pi and so on.

It now remains to find the strength of a 
chemical bond and that of the disjoining 
force. In a silicate structure the Si-0 
bond is generally considered to be the 
strongest bond at room temperature. In 
quartz a single Si-0 bond has a strength of 
5.98x10"“ dyne-A (12). From the properties 
of quartz it can be calculated that the 
average cross-sectional area of a Si-0 bond 
is 5.23A2. Tfiese values will be taken as the 
average values for bonds in CSH needles.



Fig. 1 Shows the geometry used to estimate 
the disjoining force between two needles.

Fig. 1 schematically shows a principal 
section through two bonded needles AB and 
AC together with their absorbed water
layers. Upto K and L the water absorption 
is hindered and the region AKL will be 
subjected to the disjoining force. The
disjoining pressure, AP at any small region 
along AK or AL is given by 
AP = (RT/Vm 
correspond™

)• (In hi/h2), where hi is the rh 
ng to the film thickness at the

region, h2 is the ambient rh (100$), VM is 
the.mol. volume of the absorbed water and
the other symbols have their usual meanings 
(1). At 25°C the disjoining pressure 
adjacent to A will be
AP = (RT/VM)-(1n50/l00) = -9.55x10"= 
dynes/A2, and K or L will be zero. The 
disjoining pressure will decrease away from 
the line AD along the circumference of the 
needles. This is schematically shown in Fig.

Fig. 2 Shows the area on which the 
disjoining force acts.

The total disjoining force will be that 
acting on the surface HAND of Fig. 2. The 
area of the surface MAND depends on the 
angle 20, at which the needles approach ■ 
each other. Further calculation will be 
simplified if instead of using the whole 
MAND surface only 25A wide strip surfaces, 
tangential to and centered on AK and AL, 
are considered. At any point along the , 
length there will be a negligible drop in 
the disjoining pressure across the width of 
the strips, though the disjoining pressure 
will drop from A to K or L. The average 
disjoining pressure APav is given by 
APav= (RT/VM)-(2/ln° hi/h2dh)= -4.23x10"= 

dynes/A2

The-total disjoining force, F, will be 25.
AK.AP dynes. In other words water will 
be forced against the bond with the above 
force. To break the bond, the water front 
has to move by 2.6A and the work done will 
be 2.6.Fdyne-A. Equating 2.6.F with the 
bond energy 5.98x10 * dyne-A gives AK as 
217 A. .

The absorbed water film on a silica glass 
surface is about 250A thick (2). The 
corresponding film thickness for CSH is not 
known, but for further calculations, it will 
be assumed to be 100A. This gives 0 as 
24.7°i.e. two needles approaching at an 
angle more than 49.4°will be able to form 
a stable bond. Thus of the total number of 
needles that can approach a needle only 
those approaching at 49.4° or above are 
capable of forming stable bonds and of these 
only about one-fourth (0.25) can actually 
form bonds. This gives the overall 
probability '

Pt = (1-Cos (90-49.4))-P3 = 0.06 -----------[2]

That is out of 16 approaching needles only 
1 will be able to form a stable bond. To 
get a three dimensional load bearing 
structure some of the needles need to form 
at least 3 bonds, which requires on the 
average some 48 needles to approach each of 
them to bond forming distances -7 a highly : 
unlikely figure in a not so dense random 
packing of needles. ’

Note that in the above order of magnitude 
estimation the effects of the other two 
pre-requisites have been ignored, which 
could not be done in the case of real solids, 
In this context it is of interest to note 
that in the case of hardened plaster of 
Paris cement, where all the three requisites 
could be explicitely taken into account, Pt 
is 1 in 22000 even when the effect of the 
disjoining force is ignored i.e. chemical 
bonding plays no part in this cement (13). 
This conclusion is supported by the electron 
microscopic study of set plaster of Paris 
blocks (14). However, set plaster of Paris 
is of a limited swelling type and is capable1 
of carrying load when saturated i.e. these 



properties are not dependent on chemical 
bond formation.

From the above it can be inferred that
(a) chemical bonding among the cement 
hydration products plays very little, if any, 
part in determining the properties of 
cements.
(b) in a moist paste the hydration products 
are separated by films of water. This 
physical picture of a paste is identical to 
that proposed by Chatterji and Jeffery (11). 
From the above picture it follows that
(i) the tensile strength of a paste will be 
determined by the intervening liquid films 
and for a given paste will have a maximum 
(15). Moreover, the tensile strength of the 
liquid phase will set an ultimate upper 
limit to the tensile strength.
(ii) ■compressive strength will have no such 
limit and be determined by the shear 
strength of the needles (16).
(ill) during the first drying of a paste, 
the particles which are separated from each 
other by thinner water films will be brought 
nearer to each other from those separated by 
thicker water films i.e. fine cracks will 
form (17). These cracks are responsible for 
the irreversible shrinkage on first 
drying.
(iv) the potential points of crack formation 
during drying will also be points at which 
hydration products will be able to slide 
over each other or rearrange'easily i.e. 
they will act as sites of creep (18).

Chemical bond formation between CSH and 
concrete aggregates has been postulated by 
different-workers to explain differences in 
properties of concrete made with different 
aggregates. Most natural aggregates are 
polycrystalline and are often polymi neralic . 
Due to the crystalline nature of aggregates 
all the three pre-requisites have to be 
taken into account even for a single bond 
formation and as a result its probability 
will be very low. In other words in a 
concrete the nature of bond between CSH and 
aggregates is the same as that between CSH 
particles (19).
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On main formulae of cement stone and concrete 
strength

Formales fondamentales de la resistance des mortiers etbetons

I.P.  VYRODOV, G.P. PADALKINA, U.R.S.S.

RESUME : La presente communication etudle le durclssement en fonction du rapport eau sur ci- 
ment .

C z
Une formule generate en a ete deduite, permettant de calculer la resistance des mortiers et 
betons; eile derive (sous certaines restrictions) des formules dejä connues, mais eile est 
plus simple et plus pratique.' "*

Deux termes antagonistes de cette formule revelent une analogic avec I'action reciproque 
des forces moleculaires. L'analyse des donnees theoriques et experimentales permet de com- 
prendre le sens physique des parametres utiises, et d'aboutir ä des calculs numeriques.

De nombreuses experiences, et notamment des experiences sur du beton lourd, ont montre la bon
ne concordance entre les valeurs calculees selon la formule proposee et les resultats experl- 
mentaux. Cette formule permet done, en fonction du parametre de calculer a 1'avance les re
sistances.

SUMMARY : Relationship between strength and watercement ratio (^) has been under investigation 
in thisstudy. Generalized formula of cement stone and concreteLstrength has been deduced. It 
contains (under certain restrictions) formerly known and more simple formulae used in practice. 
There have been specified two antogonistlc addenda what allowed to establish the identity with 
intermolecular forces developed in the system. Analysis of theoretical and experimental data 
resulted in revealing the physical significance of strength parameters and estimating their 
numerical values. Using the extensive experimental material, in particular taking as an 
example heavy concrete, the proper correspondence of the experimental and theoretical strength 
estimated according to the generalized formulae has been shown. The formulae reflects va
riations of the main factor (^) and strength parameters while approaching the value of the 
predicted strength. .



The watercemnt ratio la one of the most significant factors that determines not 
only conditions of hydration and rew formation recrystallization, but also processes 
including formation of physicomechanical properties of the binding systems to be solidi
fied. This strength factor was first formalized by Bolomeo to estimate the concrete 
strength: '

R=AR^ (Z-b), (1)
where

A and b - certain coefficients,
Rzf- cement activity.

However this formular can be the proper approximation only in the restricted intervalg 
Pig.1 (Typical experimental relationships R(Z) taken from a series of trials are given 
in this figure).This fhct is taken as a principle of the approximation curve using either 
a series of straight segments (a broken curve) or a single averaging straight line in 
some not exact technological calculations. Such an approximation as a consequence of 
experience conceals the true behaviour of strength relative to the watercement ratio as 
well as the fundamental properties R(Z) which can be used by specialists. To clear up 
a general nature of Z effect on formation of strength, there has been used a Stochastic 
approach in the works / 1-3 / what resulted in better approximation ■

R=Az ( =<• +z) ■ (2)
as compared with (1). Further generalization / 4-7 / allowed to establish the strength 
formula .

R-^^CoL +z) (^+z)~2 (3)

wherein 
eU - autohesive-cohesive factor '

*11 ’ *1  2- fac‘tors which meaning will be revealed later on. ■
For theoretical ihterpretation ratios (3) are given as

R- ^2(72~ot’)y~2+ 7-
■ E1+RII”RIII > (4)

where '
■ .

Let R(z)*R I+RII-RIII (Flg,2) •
Singling out addenda Rj and Rjj from the summary strength R-Rj^j reflects the fact that 
cement stone and concrete are both resistant to the mechanical compression and tension 
as well. It means that there exist mutual interaction forces Rj (autohesive-cohesive 
interaction: adhesion) and repulsion forces Ry between there particles. It is evident that 
the system is also exposed to overmolecular forces of mechanical.tensions of strengthe
ning and weakening together with the interaction Fj and repulsion forces Fg of intermo- 
lecular interaction. ' ■ -



Fig-1 Fig.2

In this connection data of Fig.1,2 are compared with the known curves of intermo- 
lecular forces of interaction F^ which are dependent upon a spacing between molecules r, 
and the result is that there is similarity in behaviour of the summary forces of interac
tion F(r)»F1(r)+F2(r), and the summary compression strength Rcomp^l(z~1)■R1(z-1)+R2^z*1^• 
The antibate character of these curves determines the choice of the strength factortwhile 
comparing tension strength ■Rtension^z”^ with F(r) the symbate character of the curves men 
tioned above as well as curves R^, Rg» and F^.Fg has been established. It is the second 
peculiarity that proves availability of interparticle interaction forces. As to the third 
peculiarity of values R^z”^) and RgCz-1) it exhibits itself in diminishing these values 
up to zero while r increases. Decreasing of strength R(z-1) with growth can be explained 
by analogy with the behaviour F(r): distance increase between the interacting particles. 
The more complex system is however characterized by other effects, which can be traced in



the formula (4). '
- The more comprehensive analysis reveals an Influence of different strength fac

tors taking into account links that exist between the phenomenological factors and g 
and cement activity Pcein » cement consumption X ! 1 2 ’’ * •
where '

jE - transition factor between cement strength and concrete strength
y - factor that reflects the water excess value relative to stechiometry 
Evaluation of data on building cement and concrete as well as experimental stu

dies carried out by us made it possible to. establish numerical values of factors«!, 
^2*

Analyses showed that value in all cases studied above for concretes having 
the same base (portlandcement) can be taken for constant«*-  - -1.054: «£ means from 0.9 
to 1.7 depending upon a type of inert (concrete) aggregate, setting conditions, way of 
testing; Y" - a value of water excess and equals to - 2,8.10*̂,  it is the same for cements 
with identical solidiflcations (setting) base. Formula (3) with these factors can be 
used to evaluate ordinary and high-strength concrete having standard setting rate and 
age of 28 days on portlandcements and inert (concrete) aggregates that meet the require
ments of standards. The following concrete aggregates have been used: gravel with grain 
sisse tnBT»80 mm, granite broken (crushed) stone, pumice, lightweight aggregate, any- 
iskaya pumice.

Results of actual and estimated factors on heavy concrete compression strength 
having a 28-day age have been compared in Table. Gravel with grain size up to 80 mm and 
building quartz sand with module of coarseness 2.56.2.59 mm are taken as inert aggregates. 
In accordance with the evaluations carried out W/g-ratio has been varied in the range 
of 0.38-0.74, and cement consumption - in the range of 200-350 kg/m^. Cement activity has 
been changed in the range of 39.2-55.8.

Comparison of heavy concrete strength with the estimated one
Table

z Cement 
consumpt 
kg/m3

R 
Cement 
activity 
Mila

^compr. 
Actual ’

Rcompr.
Estimated 
according 
to (3)
Mila

Deviation %

Estimated 
according 
to Bolomea
Mila

Devia
tion 
%

1.50 290 55.52 24.71 28.23 -12.4 31.16 +32.6
1.89 258 39.24 28.16 29.77 -5.3 30.93 -22.5
1.90 260 . 45.13 26.78 29.23 -8.3 35.82 -25.2
2.22 236 39.24 27.57 29.52 . -6.6 38.54 -28.4
2.50 190 45.15 37.38 36.78 -1.6 51.82 -27.8
2.50 200 49.05 40.12 40.12 o.o 56.55 -29.1
2.50 280 39.24 32.64 32.57 -tO.1 45.01 -27.6
2.73 210 49.05 46.27 43.67 +7.2 . 51.93 -11.0



Continuation of table

1 2 3 ’ 4 5 6 7 8

3.50 300 55.52 51.60 54.83 -5.8 ’ 96.37 -46.4
4.00 320 55.52 57.78 57.78 0.0 112.64 -48.7
4.50 350 55.52 63.86 60.15 +6.1 129.03 -50.5

It is clear from the table that with change of cement activity formula ( ) 
shows the higher precision rate as compared with the widely used Bolomea formula.

In conclusion we can assume that the generalized formula (3) offerred by us for 
estimation of concrete and cement stone strength, and which carries in its base the 
quadratic dependence R (z), allows to predict strength R by way of selecting parameters 
oL , 2 and the main strength factor z as well.
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Accroissement de la resistance du ciment portland par 
introduction des constituants de cristallisation (germes)

Increase of portland cement strength at introduction of crystallizing 
components (crents)

A. M. DMITRIEV, Candidat es Sciences Techniques, 
M.T. VLASSOVA, Candidat es Sciences Techniques,
B. E. YUDOVITCH, Candidat es Sciences Techniques, 
A.K. ZAPOLSKI, Docteur es Sciences Techniques,
I.V.  KRAVTCHENKO, Docteur es Sciences Techniques, '
LM. SAZONOVA, Ingenieur, NIITzement, Moscou et Institut de la chimie colloidale et de la chimie de 

I'eau, Kiev, U.R.S.S.

RESUME : On a etudie le probleme d'accroissement de la resistance du ciment portland et de 
ses constituants par 11 introduction d'un constituant complementaire, dit constituant de cris
tallisation, car 11 cumule les fonctions de reactif de demarrage et d'amorce de la formation 
de deux porteurs de resistance principaux : hydrosilicates de calcium et ettringite. Ce cons
tituant est etudie sur 1'exemple du melange Al^SO.),, Al,(SO.)-.(OH)-, Al(OH), et SiO?(coll.) 
introduit dans la composition du ciment. L'accroissement ae la resistance initiale de ce der
nier est du ä la formation d'une quantite complementaire d'ettringite et de sa meilleure re
partition autour des granulats. L'augmentation de la resistance ä long terme est due a 1'ac- 
celeration de 1'Hydratation de 1'alite et ä 1'elevation du degre d'homogeneite de la structure 
submicroscopique des hydrosilicates de calcium, produisant une diminution des microtensions 
internes au niveau du granulat. On a commence la production de ces ciments aux constituants de 
cristallisation (germes).

SUMMAHY : Increase of strength of portland cements and Its components ty introduction of 
an additional component has been studied. The additional component has been called "crys
tallizing" since it combines the functions of the initial reagent and of seed for forma
tion of two main carriers of strength, calcium hydro silicates and ettringite. An AL/SCk), , 
A12(S0k >2‘(OH)«, Al (OH,) and SiO« (col.) mixture introduced into the cement composition*  3 
waS studied. The cement early strength increase of the latter stems from formation of addi
tional amounts of ettringite with increasing the fraction of its regular concretions, 
whereas the late hardening strength increase stems from accelerated hydration of alite and 
increase of homogeneity of calcium hydrosilicate sutmicrostructure which indicates decrease 
of the natural microstresses level in their aggregates. Industrial production of cements 
with crystallizing components (crents) has been started. ■



IHTRODUCTIQH. la. vole prlncipale d^accrois- 
aement de la resistance du ciment passe ac- 
tuellment par tine optimisation successive 
des paramdtres technologiques de sa produc
tion A chaque operation entrant dans le cyc
le technologique, A ccmmencer par le choix 
de la composition et de la dispersite des 
materiaux bruts jusqu'au choix de la granu- lcm6trie optimale des ciments (1 A3), les 
ameliorations dues aux modifications tech
nologiques IsolAes de la production e,t ap- 
portees au rAsultat final - activite hy- 
draullque du ciment - n'etant pas de sim
ples termes additifs, 1’accroissement total 
de la resistance est toujours infArieur A 
la scmme des contributions isolAes. C’est 
pourquoi les technologues ont conclu qu'il 
exists une limits de resistance du ciment, impossible A dApasser par les procAdAs tech
nologiques traditionnels. Il eat done nAces- 
saire d'Atudier ses causes microstructura- les et sur cette base tracer les voles A 
suivre pour augmenter la resistance.
PARTICTLABITES DE LA. STRUCTURE SUHUCROSCO- 
PIQUE DES CIMENTS DURCIS A HAUTE RESISTANCE 
ET DU MICRCMECANISME DE DESTRUCTION. Les 
etudes de la structure submlcroscopique 
d,hydfatation des ciments A haute resistan
ce, obtenus A I*aide  de la technologic clas- 
sique (3, 4), montrArent que la resistance 
de la structure d’hydratation du ciment portland A l'äge de 1 A 3 jours (20 A 40 
MPa) est conditionnAe par le rAseau cris- 
tallin biphase tridimensionnel en fibres 
rigides inflexibles d'ettringite et d'hy- drosilicates de calcium C - S - H (II).
Ce reseau recouvre les pores entre les par- 
ticules de depart du ciment entourees d'hy
drates. AprAs 4 A 6 h de durclssement, les 
mailles du rAseau sont remplies successi- 
vement par la "matrice" (autres prodults 
•d'tydratatlon) - en pranier lieu par C - 
- S - H (II) - en ccmmenqant par les par- 
ticules de dApart, tandls que les mailles 
"inachevAes" continuent A se construire et 
se fixent au rAseau et A 1'agrAgat A 1'ai
de des zones de portlandite et 0 — S — H (II). la particularite prlncipale de la 
structure d'hydratation des ciments A hau
te resistance consiste en moindres dimen
sions des mailles de son rAseau, des zones 
d'ettringite, de portlandite et C - S - H 
(II). La deuxiAme particularitA due A 1'hy- 
drstation rapide est le volume plus petit 
des pores capillaires, leurs dimensions plus faibles et la densitA plus grande (3). 
Une rAsistance AlevAe liAe a ces particu
laritA s microstructurales rapproche le ci
ment hydratA des autres matAriaux de construction dont la rAsistance cro£t Agale- 
ment avec la diminution des dimensions des AlAments structuraux (5).
Le micrcmAcanisme de destruction de la 
structure d'hydratation est envisagA en dA- 
tail dans le rapport de stand de I.I. Pa- 
piachvili et de certains d'entre nous au 
CongrAs actual. La conclusion tirAe des 
observations se ramAne au fait que la fis
sure prlncipale de destruction dans la ma
trice axmAe par le rAseau se propage par 
sauts. L*  extension des zones de fissura- 

tion spontanAe est liAe de faqon antibati- 
que, tout comme dans les autres matAriaux (5t 6), A la dimension moyenne des AlAments 
structuraux. Ceci conditionne justement - 
1'existence de la limits de la rAsistance 
pratique des ciments, qu'on augments par 
des methodes technologiques classiques. Lors 
de I'essai des Achantillona A haute rAsis
tance 1'accroissement des zones de fissura- 
tion sous charge s'accompagne d'effets acou- 
stiques fort caractAristiques, comparables A une dAtonation.
JUSTIFICATION DE L'INTRODUCTION DES CONSTI- 
TUANTS DE CRISTALLISAflON (CRENTS) DANS LE 
CIMENTS. Nous partons de la nAcessitA, pour 
1'accroissement ultArieur de la rAsistance, 
d'arreter ou de prAvenir la fissuration de 
la matrice - "gel" des hydrosilicates. Une des idAes mattresses, A savoir la diminu
tion de la concentration des contraintes 
prAs des sommets de microfissures dans les 
plans noimaux A leurs trajectoires (7), 
n'est discutAe en dAtail que pour les bA
tons (8). Vu que, pour le mAcanisme exis
tent de destruction, les contraintes nor
males dans la matrice sont celles de trac
tion, les travaux pour la rAalisation de 
cette idAe doivent en premier lieu etre 
orientAs sur la crAation des zones de com
pression perpendiculaires au plan de la 
fissure, i.e. disposAes le long des axes 
du rAseau de fibres de renforcement. Ceci 
est technologiquement rAallsable seulement 
par 1'introduction dans la structure d'hy
dratation du ciment de la phase fibreuse 
expansive immergAe dans le gel prAalable- 
ment comprimA par cette demlAre. Par con- 
sAquent, ce gel doit etre prAsent, si e'est 
possible, dAs le dAbut de la cristallisa- 
tion de la phase expansive. A cette fin le 
gel et la phase expansive immergAe dans ce 
dernier doivent etre spAcialement "amorcAs" 
par introduction dans la composition du ci
ment du constituent ccmplAmentaire dit 
constituent de cristallisation (crents) (3). 
Dans ce cas nous nous sommes attendus A 
1'accroissement Äquivalent de la rAsistan
ce et de la rAsistance A la fissuration. 
Les lignes qui suivent traitent de 1'argu
mentation chimico-technologique du procAdA 
en question. Il exists Agalement d*autres  
orientations et lignes directrices dans ce 
demaine, mats leur examen sort du cadre de 
cette communication.
MODE OPERATOIRE. MATERIAUX DE DEPART. Par 
cuisson rApAtAe d'aprAs la technique habi
tuelle on a synthAtisA les principaux minA- 
raux de clinker C,S(M), 0-5(13 ), C,A(T), 
CTAP, tous de purete de A le 
clinker comprenant (%) C,S(R)^3, C0S(j3)- 
18, C,A(T)-7, CTAF-11, r20-O,25 % Atait 
cult 5dans un four inaustriel de 127 mAtres. 
Canme additions on a utilisA : silicagel 
rAcsmment prAcipitA cult A 750 e0 (2 h) et broyA jusqu'A son passage complet A travers 
le tamis n° 008 (coll. SiO-) ; Al-(SO.), 
recristallisA incluant les^impuretes * 3 
d'Al(OH),, Al-(SO.)-.(OH)- (jusqu'A 30 %) ; 
mAtakaoHnite obtAnue par cuisson (620 °C,
1.5 h) du concentrA de kaolinite de 90 % 
et broyee jusqu'A son passage par le tamis 



n° 008 ainai que CaSOj, dlhydratS recristal- 
lis6 et s6ch6 ä 60 eCr(1 jour). En outre, 
on a utllls6 le constituent de cristallisa- 
tion industriel synth6tis6 pour nous d l*an  
des ccmbinats chlmiques par traitement 
thermoacide de I'argile.

4. I1Atude de la composition de la phase 
liquide, lea donnAes de I'analya.e thMmique 
differentielle et de I*analyse aux rayons X
montrent qu*en presence de SiO- (coll.), de 412(80^)^, de mAtakaolinite et^de consti

METHODOLOGIE DES ESSAIS. Les constituants 
de clinker 6taient brqySs jusqu'A. obtenir 
0,1-0f5 % du rSsidu sur le tamis n° 008, et 
le clinker - jusqu'ä obtenir la surface 
spScifique de 3440 cm2/g avec des rSsidus 
sur les tamis ne 02 - 0,3 % et n° 008 -
4,3 % ; ä partir d'eux et de leurs melanges 
avec additions on a prdpard des dchantil- 
lons de 1,4x1,4x1,4 cm, 2x2x2 cm ainsi que 
de 4x4x16 cm avec du sable (1:3) d'aprds 
les noimes en vigueur en Ü.B.S.S. (GOST 
310-76). Les dchantillons fabriqufis dtaient 
laissds ä 1’air pendant 24 h ä 22 f 1 °C et 
ä l'humiditd de 100 % et ensuite mis dans 
I'eau A la meme temperature. Aprds I’essai 
de resistance les echantillons etaient sou- 
mis A lanalyse  thennique differentielle 
et A Ianalyse  aux rayons X. Des portions 
de la phase liquide etaient prises pendant 
3 h par methode d'extrusion a la presse.

*
*

RESOIZEATS DES ECPEKIENCES. Les indices de 
resistance des echantillons et les resul
tats de determination du degrA d'hydrata- 
tion aux rayons X sont domes dans les ta
bleaux I, II, III. Les rAsultats des expe
riences permettent de faire les conclusions 
suivantes :
1. Lintroduction  du constituent de cris- 
tallisation (crent) augmente considerable
men t la resistance de C,S pur A I Age de 
28 jours. Un gain de resistance notable 
6tait observe en presence de C,A et du gyp- se. La presence de la bdlite dans le melan
ge de minAraux abaisse ces effets utiles. 
Lors de !•introduction complAmentaire dans 
le mAlange de C4AE, la resistance de la 
structure d • hydratation baisse brusquement 
pendant 7 jours de durcissement.

*
1

2. IndApendamment de la composition du mA- 
lange de minAraux, 1  introduction du cons- 
tituant de cristallisation (crent) aboutit 
A Iaugmentation  de sa resistance. Le gain 
de resistance minimal est observe dann le 
melange C,S + CiA (90 + 10), le gain maxi
mal - pour CjS •’pur hydratA.

*
*

3« Farm! les additions utilis6es en quailte 
de reactifs de depart et de germes pour la 
synthAse du gel et de la phase expansive 
piongee dans le gel, c’est SiO- (coll.) et son melange avec AL:1(SO2,), qul^se sont av6- 
r6s les plus efficaces pour la resistance 
des echantillons de 28 jours. La metakaoli
nite et ses mAlanges avec d'autres addi
tions sont moins efficaces, mais Ils assu- 
rent toua le gain de resistance en canpa- 
raison du ciment tAmoin (tableau II).
Toutes les additions rAduisent quelque peu 
les durAes de prise.

tuent de cristallisation industriel, en 
raison de I'abaissement initial de la con
centration de SiO2 et AJ-O, dans la phase liquide et de la ^diminution de la concen
tration de CaO, aprAs 1 jour de durcisse
ment il se forme des quantitAs ccmplAmentai- 
res d'ettringite et d'hydrosilicates de 
calcium dont la baaicite n'est^pas encore 
dAterminAe. Ceci confinne le role des addi
tions en tant que rAactifs pour leur forma
tion. Le degrA d'hydratation du ciment di- 
minue d'abord (aprAs 1 jour) pour augmenter 
ensuite (aprAs 3 jours et plus), bien que 
la resistance augmente dAja apres 6 h de . 
durcissement. . ■
5. Selon les donnSes prAsentAes partielle- 
ment dans le rapport de stand cite, la 
microstructure des nouvelles formations 
varie vers une ettringite facettAe plus - 
nettement et vers un arrangement plus fin 
et plus regulier des hydrosilicates dans 
la masse totale des nouvelles formations.

' TABIEAU I -

CaractAristique des mAlanges de
zonstituants de clinker avec le
constituant de cristallisation(crent) industriel (C)

Composition des mA- Bap- Resistance A
langes. parties en port la sorapres-
masse eau/ sion, kgf/cm^
°54 S c2s c4aj? C Gyp- 

se
ment. 28j?

100 ■ • ■ 0,4 209 214 619
100 w * 5 ■ 0,4 301 585 765
100 ■ ■ 10 ■ 0,4 562 500 856
100 — — 15 — 0,4 494 545 765
90 10 ■ ■ «■ 0,4 300 431 751
90 * 10 5 ee 0,4 188 181 557
90 ■ 10 w 5 0,4 288 490 742
90 10 w 5 5 0,4 298 443 888
90 * 10 10 5 0,4 529 541 872
80 20 w w w e» 0,4 ' 0 51 551
80 20 * 10 0,4 0 22? 617
80 10 10 ■ ■ ■ 0,5 58 178 278
80 10 10 10 w 0,4? 45 212 426
8o 10 10 — 5 0,4 164 501 591
•80 10 10 10 5 0,4 306 414 752
64 15 4 14 ■ w 0,42 0 89 598
64 15 4 14 10 w 0,4 0 66 462
64 15 4 14 • 5 0,4 84 219 651
64 15 4 14 10 5 0,4 119 275 745

Les rA4i»ltats des. essais des propriAtAs du 
ciment additionnA de constituant de cris
tallisation (crent) industriel (tableau 
III), dont la majeure partie n'est pas ■ 
donnAe ici vu la place insuffisante, tA- 
moignent de 1'absence d'Scarta notables 
par rapport aux indices de rAfArence, A. 



l'exclusion de la resistance 61ev6e et du 
fluage 16gerement augmentd.

•) Dans l’eau de gächage.

TABIEAU II

Caractdristique des mdlanges du (95 % de clinker +5 % de gypse) 
additions

:iment 
ivec

Composition des mdlan- Degrd 
d’hyd-

Rdsistance d
ges, parties en masse la ccmpres-

sion 
kgf/<Ci- SiOo Mdta- Sul- tion 30^

ment coll. kao
lins

fate
Al’)

de 
%

CjS, (E/C=O,35)

"Ti: 3j. 3d.
100 ■ ■, 49 56 75 300 610
100 5 w ■■ 45 65 137 363 1 050
100 3 ■■ 46 61 150 438 825
100 W 1 42 54 150 450 900

100 5 3 •• 39 56 150 463 950
100 3 1 44 59 131 463 1176
100 3 1 47 57 137 488 900
100 3 3 1 41 63 143 463 750

TABLEAU III
Caractdristique des ciments avec additions (d’apres GOST 310-76)

Composition 
du ciment, 
parties en 
masse

S,2 
cm /g

Eau/ 
ci
ment

Rdsistance d 
la flexion/ccm- 
pression, kgf/cm2

Clin
ker gyp- ce

addi
tion

1d- 3d. 7d. 28j.

94 6 ' - 3900 0,4 2|^ 6^

94 6 adro- 
cyle

4300 0,45 23q 42 ^0

94 6
10 
crent 
10

3890 0,4 42^ 61 W 66
555

80
755

DISCUSSION DES BESUIZDATS. Une amelioration 
relative de la cristallisation de 1* ettrin
gite, y compris I'accroissement de la part 
de ses agr6gats r6guliera, surtout de la 
part des cristaux croissant radialement d 
partir des grains du ciment, ainai que 
Vaugnentation du degr6 d,hamog6n6it6 de 
la structure sutmicroscopique des hydrosi
licates de Ca, plus notable dans les dchan- tillons d*äge  avanc6, prouvent que les 
quantitds compl&nentaires de ces phases. 

qui se foment au stade prdcoce, servest 
en realite de gernes cristallins, au moins 
en ce qui conceme le caractöre de leur in
fluence. Puisque les ciments et les mine- 
raux aux additions considerdes ne ddmon- 
trent pas de proportionnalite directs (qui 
a lieu dans la situation habituelle jus- 
qu’d 24 heures) entre la surface specifi- 
que, le degr6 d’hydratation et la resis
tance et, de plus, la durde de la pdriode 
inductive d’hydratation devient plus cour- 
te, on peut tirer la conclusion que la Vi
tesse d’hydratation est limitde, au stade 
de la periods d’induction, par la germina
tion. Par la suite, les gemes apparus d ce stade cr'dent des difficultds pour le stade 
suivant (cindtique) d’hydratation, qui n’in 
fluent pas sur la resistance. Par centre, 
le troisidme stade d’hydratation controls 
par diffusion (aprds 24 heures de durcis- 
sement) est de nouveau acc616r6 par ces 
gemes.
Pour expliquer ce ph6namdne, notons que 
les produits d’hydratation du ciment prd- 
pards d 1’avance ne sont pas efficaces pour 
la reduction de la p6riode d*induction  a la 
tempdrature nomale du milieu. Ceci n'est 
pas lid d leur surface spdeifique insuffi- 
sante ou, au contraire, a une manvaise 
taille des cristaux, mala d la perte, lots 
du vieillissement, de la capacite initia- 
trice, ce qui est du semble-t-il d la com
pensation des charges des centres actifs sur leur surface d cause du rearrangement, 
par vacances et par trous, de la structure 
qui a lieu sous cette surface et/ou d 
1’addition des adatomes de 1'atmosphere. 
Dans les gemes actifs la compensation des 
charges a lieu au stade cindtique du pro
cessus et une partie des radicaux litres 
est utilisde pour cela.
C’est pourquoi ces gemes ralentissent 
quelque peu le ddroulement du processus 
justement d ce stade. Mais ce ralentisse- 
ment influe de faqon favorable sur la 
taille et la distribution dans le volume 
du aystdme des produits du stade cindtique, 
abaisse leur hdtdrogdnditd de concentra
tion et les niveaux de contraintes inter
nes, car 1’interaction des gemes actifs 
fomds et des radicaux litres a lieu d’a- 
bord Id od ces deraiers dominent quantita- 
tivement, ce qui a pour rdsultat leur dis
tribution plus rdgulidre. De plus, autour 
des sources de radicaux litres (grains du 
ciment) leur atsorption limite les possi- 
bilitds d’agrdgation prdmaturde des nou- 
velles fomations. Ceci conditionne un dd
roulement plus litre du stade suivant de 
diffusion du processus et explique dgale- 
ment le fluage dlevd de ces structures 
d ’ hydratation.
Le gain de rdsistance des ciments d I*age  
de 1 d5 jours n’est conditionnd que par ' 
1’optimisation de la microstructure et de 
plus par 1’accroissement du degrd d’hydra
tation et, par consdquent, une quantitd 
moindre de pores.
Les gemes actifs introduits par lea cons- 
tituants de cristallisation se distinguent 



de ceux formes dans lea systemes ordinal- 
res par la quantity, la distribution et le 
temps de formation - durant la pdriode d’in
duction - tandia que normalement les germes 
apparaiesent vers sa fin. On salt qüe les 
germes actifs jouent en g^ndral un role 
principal dans la cohesion et 1* adhesion 
des aystdmes de ciment (9), mais ce qui 
campte suftout c'est la courte durde du 
stade de leur activity 61ev6e, passde jus- 
qu'd present presque inaperyue, sans par
ier des processus conditionnant la sup
pression de leur activity. Mais c’est jus
tement ces processus qui sont responsables 
d’une brusque diminution de l’adhdsion des 
systdmes de ciment aux agrdgats'et subs
trata dds I’achdvement de la prise, et de 
I’absence de cohesion aprds la dispersion 
de la matidre durcie. Nous pensons egale- 
ment que les rdsultats positifs obtenus 
avec le traitanent aux ultra-sons ou avec 
une vibration rdpdtde des systdmes de ci
ment, proposde par S.V. Chestoperov, peu- 
vent etre expliquds par le blocage des 
processus deasuppression de 1* activity des 
geimes. La meme explication est dgalement 
possible en ce qui concerne 1’influence 
positive de 1'atmosphere sans C02, ddcou- verte par Y.S. Malinine et son 6^uipe et 
dScrite dans leur communication a ce Con- 
grds.

6. - J.P.KNOTT (1973) "Fundamentals of Frac
ture Mechanics", L,, Butterworths,273p, 
(en anglais).

CONCinSION. Les rösultats exposes partiel- 
lement plus haut et les travaux similaires 
effectuds par I.F. Ponomarev, I.A. Kxyja- 
novskar«, i.M. Syrkine avec collaborateurs 
et figurant aussi au Congrds ont servi de 
fondement scientifique pour commencer la 
production industrielle ä l’une des cimen- 
teries de l’Ü.R.S.S. du ciment & haute re
sistance additionn6 de constituants de 
cristallisation (crents). ■

7. - J. COOK, JiE.GORDON (1964) "A mechanism
for control of crack", Proc. Roy. Soc., 
A282, 508, (en anglais).

8. - A.E.UI&iKMH, Kl.E.^EXOBCHMb, M.M.EPyCCEP
(1979) "CTpyKTypa 0 cBoScTBa iteMeniHux 
ÖeioHOB", M., CTpo&ianaT, 344 c, ( en 
ruase ).

9. - A.S.nOJIAK (1966) IXUpaiaipiH MOHOMnne-
panBHHx BOTtymax semecTB", M., CTpoi- 
HsmaT, 208 c, ( en russe )•
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Influence of sulfonated naphtalene on the fluidity of 
cement pastes •

Influence de la naphatline sulfonee sur la fluidite despates de ciment
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M. CORRADI, Doctor in Industrial Chemistry,
G. BALDINI, Doctor in Industrial Chemistry and
M. PAURI, Doctor in Industrial Chemistry,
Department of Materials Science, University of Ancona, Italy
Research and Development Laboratory, MAC Mediterranea Additivi Cementi, Treviso, Italy.

RESUME : On a examine, gräce ä un test de mini-slump, 1'influence de la naphtaline sulfonöe 
^monomäre) et de la naphtaline-sulfon^e-condensäe (polymfere) sur les propriStds rhöologiques 

des pätes de ciment. L'influence du moment de I'addition de ces produits sur la fluidity des 
pdtes de ciment a ägalement ätä Studiäe. .
Les mesures d1 adsorption, de potentiel Zöta, de calorim6trie, de diffraction de rayons X et 
d'analyse thermique ont 6t6 effectuSes sur les pätes de ciment/
En ajoutant une dose införieure ä 0.5 " en poids du ciment de polymäre en poudre, on augments 
notablement la fluidity de la päte, alors que 1'hydratation du ciment teste pratiquement la 
mäme. Des dosages supörieurs en polymfere (1 - 1,5 %) augmentent la fluidity de fagon nägli- 
geable et provoquent un retard de 11hydratation du ciment durant la päriode d'induction. Par 
contre, I'addition du monomäre ne provoque aucune modification significative de la fluidity 
ou de 1' hydratation.

Le moment de I'addition du polymfere influence ögalement la fluidity des pätes de ciment et la 
vitesse d'hydratation durant la päriode d'induction. On a observä d'interessantes relations 
entre 1'adsorption du polymfere, le potentiel Z6ta et la fluidity de la päte de ciment.

SUMMARY :

The influence of sulfonated naphtalene (monomer) and sulfonated naphtalene condensate (polymer) on the 
rheological properties of cement pastes determined by mini-slump test was examined. The influence of time of 
addition of these products on the fluidity of the pastes was also studied.

Adsorption, zeta potential, calorimetry, XRD and thermal analysis (DTG) were also carried out on the 
cement pastes.

With dry polymer additions lower than 0.5 I by weight of cement, fluidity of the paste is remarkably 
increased, whereas the cement early hydration is substantially the same.’ Higher dosages of dry polymer 
(1 - 1.5 I) increase fluidity to a lower extent and cause stronger retardation in the cement hydration during 
the induction period. Conversely, no substantial change neither in the fluidity nor in the early hydration 
rate was caused by the addition of the monomer.

The time of addition of the polymer also affects the fluidity of cement pastes, and the cement hydration 
rate during the induction period, increasing fluidity and retarding the cement hydration. Seme interesting 
relationships between polymer adsorption, zeta potential, and paste fluidity were found.



INTRODUCTION .

All the properties of the hardened concrete propor
tionally improve by reducing the water/cement (w/c) 
ratio of the fresh mix. However, the w/c ratio cannot 
be decreased under certain limits because of the re
duction in the workability of the fresh concrete. 
The so-called super-water-reducers or superplastici- . 
zers can be used as additives that permit a concrete 
to have about 25 % of the mixing water removed without 
reduction in workability or a strong increase in wor
kability (for example : from 20 mm to 220 mm in slump) 
without a significant change in all the properties of 
the hardened concrete. Combination of the two effects 
can also be obtained.

A large number of works has been devoted to study 
the properties of fresh and hardened concrete contai
ning commercial superplasticizers (1). However, rela
tively few papers have been published to explain the 
effect of the superplasticizers on the water-cement 
system. In particular, few data (2-6) have appeared 
about the effect of pure chemical products used as 
superplasticizers on the physical-chemical changes of 
the cement pastes. '

Superplasticizers are substantially based on sulfo
nated naphtalene-formaldehyde polymers or sulfonated 
melamine-formaldehyde polymers (7). The purpose of 
the present paper is to examine the influence of sul
fonated naphtalene as a monomer and sulfonated naphta
lene formaldehyde condensed polymer on the physical
chemical properties of a cement paste. Moreover the 
effect of the time of addition of the additives on the 
same properties were also studied.

EXPERIMENTAL Materials

Ordinary portland cement was used and Table 1. 
shows its chemical analysis. Pure sodium salt of 
naphtalene sulfonic acid (monomer) and sodium sulfona
ted naphtalene formaldehyde condensate (polymer) both 
produced as dry powders by MAC Spa were utilized. An 
aqueous solution of the sulfate-free polymer (wt I 
solid = 40) shows a viscosity of 40 cp and a specific 
gravity of 1.224 g/cm3 at 20°C. Tap water with a 
specific conductance of 480 mho . cm"l was used.

Table I - Chemical analysis of cement

Si02 = 20.80 %
AI2O3 = 5.51 %
Fe203 = 2.99 4
CaO = 63.60 4
MgO = 0.85" % '
K2O = 0.38 4
Na20 = 0.19 %
SO3 = 1.75 %

L. 0. I. (95O°C, Ih) = 2.00 4
Blaine surface area = 3.850 cm2/g

- Cement pastes were prepared at 20°C by mixing for 
5 min 50 g of cement and enough water to obtain w/c 
ratio of 0.3 or 2. In a first series of experiments 
the monomer or the polymer were added to cement with 
mixing water. In a second series of experiments the 
solid additives were added 2.5 min after mixing and 
then the pastes were mixed again for other 2.5 min. 
Both polymer and monomer additions are expressed as 
percent by weight of cement. It must be taken into 
account that commercial superplasticizers are aqueous 
solutions generally containing from 20 to 40 of the 
dry polymer used in the present work.

Techniques .

The following experiments were perfoimed : Mini
slump tests, polymer adsorption on cement, zeta
potential, isothermal calorimetry. X-ray diffraction 
analysis (XRD), differential thermal gravimetry (DTG). 
All the measurements were carried out at 20°C with 
polymer or monomer addition with mixing water or after
2.5 min the mixing had begun.

In the minislump tests (8) the pastes were prepared 
only with w/c ratio of 0.3, adding each time a diffe
rent dosage rate of polymer or monomer, and the pat 
areas (in cm2) were measured after five minutes of 
mixing. . .

The magnitude of surface adsorption of the monomer 
or the polymer upon the cement particles was determi
ned by U.V. absorption spectroscopy in the 220-230 mm 
absorption band due to a sulfonated naphtalene group 
present in both the polymer and the monomer. Fifty 
grams of cement and 15 ml (w/c = 0.3) or 100 ml 
(w/c = 2) of polymer or monomer solution of known con
centration were mixed continuously for 5 minutes. In 
the delayed addition tests the dry polymer or the mo
nomer was added after 2.5 min of mixing with tap water 
and then the paste was mixed again for other 2.5 min.

The liquid phase was then separated by filtration 
under vczuum. Each solution was diluted to the opti
mum concentration and brought to pH 6.5 before spec
troscopic measurement. The quantities adsorbed were 
calculated by differences in concentration of polymer 
or monomer of the liquid phase before and after 
adsorption.

The zeta potential measurements were performed 
using a Laser Zee Meter by Pen Kern Inc. which is based 
on electrophoretic technique (9) and gives the results 
directly in millivolt. Zeta potential of colloidal 
particles is measured by determining the rate at which 
these particles move in a known electric field.

Zeta potential measurements were performed only 
with w/c ratio of Z. The samples for the measurements 
were prepared by mixing continuously 50 g of cement, 
100 ml of water and a.certain amount of additive for 
5 minutes, then separating the liquid phase by vacuum 
filtration. Small portion of original paste was added 
to the filtered liquid phase and a suspension (0.5 g 
of solid/liter) was obt'.ined with the same ionic



strength of the original paste and diluted enough to 
be observed to the microscope of the Laser Zee Meter.

Heat evolution as a function of time was determined 
according a method previously described (10) by using 
an isothermal conduction calorimeter. In the delayed 
addition tests, the polymer or the monomer was added 
after 2.5 min by injecting a saturated water solution 
so that the resulting final w/c ratio was 0.3, and 
then mechanically vibrating for 2.5 min.

XRD and DTG analysis were also performed on the 
hydrated cement pastes with a w/c ratio of 0.3.

DISCUSSION OF RESULTS

In fig. 1 the influence of monomer and polymer ad
ditions on the flowability of cement pastes measured 
by the minislump test is shown. No substantial change 
in the flowability is recorded by adding the monomer 
both in mixing water and after 2.5 min of mixing, 
whereas very drastic increase in the minislump is 
caused by the polymer. However, the influence of the 
polymer is quite affected by the time of addition.

280- A polymer delayed addition
• polymer immediate addition

2^q ♦ monomer delayed addition 
" ■ monomer immediate addition

0 0.5 W 1.5
% BY WEIGHT OF CEMENT

Fig. 1 - Influence of polymer or monomer addition on 
flowability (minislump) of cement pastes (w/c = 0.3).

A delayed addition of the polymer seems to be more ef
fective particularly in the lower dosage range. For 
example, 0.25 $ of polymer raises the minislump from 
15 cm2 to 95 cm2, when the admixture is added to the 
cement paste after 2.5 min after mixing had begun, 
while a negligible increase (from 15 cm2 to 20 cm2 )

is observed if the same amount of polymer is added 
with the mixing water. With a delayed addition of 
0.5 % of polymer, the minislump rises to 200 cm2, 
while no significant further increase is recorded with 
higher amounts of additive. On the other hand, the 
minislump arrives at 160 cm2 if about 0.751 of polymer 
is added with the mixing water, with only minor 
changes in flowability for higher percentages of 
addition.

In Fig. 2 the amount of polymer or monomer adsorp
tion by cement as a function of the percentage of ad
mixture added to cement paste is shown. The polymer 
is much more adsorbed than the monomer. Moreover, the 
adsorption of the polymer depends on the w/c ratio of 
the paste and on the time of addition, whereas these 
parameters do not substantially affect the adsorption 
of the monomer.

o

0.8 .A polymer delayed addition (w/c=0.3) 
a polymer delayed addition (w/c =2) 

0 7 e polymer immediate addition (w/c =0.3) 
o polymer immediate addition (w/c -2) 
■ monomer delayed addition (w/c =0.3) 

O.6la monomer immediate addition

1.0 15
ADDITION (% by weight of cement)

Fig. 2 - Polymer or monomer adsorption on cement as 
a function of addition.

Polymer adsorption appears to be higher with a 
higher w/c ratio whereas one would expect the contrary 
due to the greater polymer concentration in the aqueour 
phase of the paste with a lower w/c ratio (0.3). Three 
mechanisms, all related to the larger amount of mixing, 
water, could possibly explain the higher adsorption in, 
the paste with a higher w/c ratio : a) a larger amounj 
of hydrated cement; b) a better dispersion of cement 



particles; c) a lower concentration of ions coming 
from cement phases that could interfere with the poly
mer adsorption.

Adsorption seems to bey^reater when the polymer is 
inmediately added with the mixing water. It is possi
ble to think that the polymer adsorbed by cement par
ticles in the early, stage of hydration is coated by 
initial hydration products such as ettringite, and in 
this way it becomes unaffective in terms of electrical 
surfaces properties. By this way the nominal adsorp
tion, calculated by difference between the polymer 
concentration in water before and after mixing with 
cement, really includes a certain part of polymer in
corporated in the hydrated products of cement. More
over, when the polymer addition is delayed, there is 
a much higher concentration of ions coming from cement 
and these could interfere with the polymer adsorption 
to a greater extent.

Concetration before adsorption 
(mg/ml) 

Fig. 3 shows the ratio between the concentration 
of admixture in the liquid phase after and before the

Fig. 3 - Relationship between the admixture concentra
tion in the liquid before and after adsorption (w/c = 2).

about 85 S> of the product always remains in the liquid 
phase. On the other hand, the after/before concentra
tion for the polymer decreases by decreasing the poly
mer initial concentration in the liquid phase. However 
this ratio tends to about 0.15 by extrapolating the 
initial concentration to zero. Daimon and Roy (5) 
found 0.20 for the extrapoled value of the after/before 
concentration ratio and concluded that 20 % of their 
original admixture (sulfonated naphtalene formaldehyde 
condensate) was to be considered unadsorbable. By 
assuming that the monomer is the only unadsorbable im
purity present in the "polymer", one could conclude 
that the percentage of monomer is about 23.5 % (= 20/ 
0.85) in the sulfonated naphtalene formaldehyde con
densate used by Daimon and Roy and about 17.6 % (=15/ 
0.85) in the polymer of the present work.

In Fig 4. the zeta potential as a function of the 
polymer or monomer addition is shown. No substantial 
change in the zeta potential is caused by the monomer 
independently of the time of addition, whereas a 
remarkable increase in the zeta potential is recorded 
in the presence of polymer. So a certain relationship 
exists between flowability, adsorption on the cement 
surface and zeta potential. In fact the monomer does 
not modify flowability of the cement paste (Fig. 1) 
and at the same time it is adsorbed to a negligible 
extent on the cement surface (Fig. 2) and causes only 
insignificant changes in zeta potential (Fig. 4). On 
the other hand, polymer addition increases flowability

ADDITION C6 by weight of cement)
Fig. 4 - Zeta potential as a function of polymer or 

monomer addition.

adsorption experiments (after/before) as a function of 
the initial concentration (before) for both polymer 
and monomer. The after/before concentration ratio is 
substantially constant for the monomer indicating that 

(Fig. 1) and zeta potential (Fig. 4) and it is remar
kably adsorbed on the cement surface (Fig. 2). This 
would confirm (6) that the dispersing effect of the 
superplasticizer is caused mainly by the change in



TIME (hours)
Fig. 5 - Heat evolution rate of cement pastes with different dosage rates of polymer as a function of time.

zeta potential as a function of polymer adsorption on 
the cement particles. However, some other effect must 
be taken into account to explain that a delayed poly
mer addition causes larger increases in flowability 
and zeta potential,whereas the amount of adsorbed po
lymer is lower than the one for immediate addition of 
admixture with mixing water. This would confirm the 
above mentioned hypothesis that a certain part of the 
polymer is incorporated within the hydrated product 
formed during the initial mixing time (2.5 min), so 
that the effective amount of polymer adsorbed on the 
hydrated cement surface would be larger in the delayed 
polymer addition. This seems to be confirmed by the 
results concerning the polymer addition on the hydra
tion rate, as it is seen further on.

Fig. '5 shows heat evolution rate of the cement in 
the presence of different amount of polymer added with 
the mixing water. No substantial change in the heat 
evolution curve is recorded with a polymer addition of 
0.25 4. In the presence of higher amounts of polymer 
the induction period is proportionally delayed, whereas 
the hydration rate in the acceleratory period is not 
substantially changed, so that the time of the heat 
evolution peak is increased by sane hour. With a 
delayed polymer addition the retarding effect is 
slightly increased particularly when larger amounts of 
polymer (0.5 - 1.5 4) are used.

In Fig. 6 the X-ray line at 2.18 Ä (CjS * C2S) is 
reported as a function of the time for immediate poly
mer addition.- Free calcium hydroxide analysis by ETC 
confirms that higher dosages of additive (0.5 - 1.5 %) 
and particularly delayed addition cause a more remar
kable retardation in the CjS and C2S hydration.

Isothermal calorimetry, XRD and DIG show that the 
monomer (0.25 - 1.5 % by weight of cement) does not 
change the hydration rate independently of the time of 
addition.

TIME (hours)

Fig. 6 - X-Ray intensity of cement pastes with imme- • 
diate addition of different dosage rates of polymer as 
a function of time. "



According Kondo (2) type I anionic surfactants 
having an hydrophilic group (-SOjNa) at the end of the 
molecule, when present more than a critical amount, 
are closely -adsorbed on cement particle (Fig. 7a). 
On the other hand, for type II anionic surfactants, 
having hydrophilic groups in the molecule, a "flat" " 
adsorption occurs instead of"close"adsorption (Fig. 7b). 
Kondo found that the hydration of cement was strongly 
retarded when more type I surfactants were added than 
a critical amount, while in the case of type II the 
retarding effect became gradually larger with increa
sing amount of surfactants. Kondo found that the 
sulfonated naphtalene monomer is a type I anionic sur
factant and its critical amount is about 0.3 - 0.4 $ 
by weight of cement, whereas the sulfonated naphtalene- 
formaldehyde condensed polymer is a type II anionic

(a) 
--o 

type I surfactant

strong retardation

dispersion 
mwrrmrfi

type II surfactant

/'cement particle'

Fig. 7 - Schematic illustration of "close" (a) and 
"flat" adsorption (b) of anionic surfactants on cement
(2).

surfactant. The results of the present paper do not 
canfirm the data of Kondo concerning the behaviour of 
the monomer, since the cement hydration rate was not 
changed by monomer addition Of 0.25 - 1.50 4. On the 
other hand no significant adsorption (Fig. 2) or 
change in the zeta potential (Fig. 4) were recorded. 
However the authors of the present paper found that 
the flat polymer adsorption suggested by Kondo is at 
moment the most convincing mechanism to explain the 
influence of the polymer on the flowability of fresh 
mixes. '

CONCLUSIONS

It seems that there is a certain relationship, 
between the dispersing effect of the admixture and the 
retarding effect on the cement hydration. Monomer ad
dition neither affects the cement hydration rate nor 
influences the flowability of the cement paste, while 
the product is adsorbed on the cement surface to a 
negligible extent and the zeta potential does not si
gnificantly change. On the other hand, polymer addi

tion increases the flowability of the cement paste and 
retards the cement hydration rate. It is significan
tly adsorbed on the cement surface and does change the ■■ 
zeta potential. The effect of the polymer increases 
by increasing the dosage rate and delaying the addi
tion time. With a dry polymer addition of 0.25 -0.50$ 
by weight of cement corresponding to that of liquid 
commercial superplasticizer the dispersing effect is 
good enough without any significant retarding effect 
in the hydration rate. With higher dosage rate (1 -
1.5 $ of dry polymer by weight of cement), correspon
ding to three-four times the normal dosage of a liquid 
commercial superplasticizer, the retarding effect is 
significantly increased whereas the flowability is nof 
substantially improved. -

The results of the present paper would suggest that 
a certain number of sulfonic groups all linked to a 
naphtalenic-methylenic polymer chain is essential to a 
flat adsorption (2) and then to an increased disper
sing effect. .
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RESUME : Des mesures du retrait des pätes de C, 
en fonction de deux composantes de la porosite;

1'eau contenue dans les capillaires (CD) et cel
Ces deux composants ont ete deduitsdes pertes

S, de ß-C^S et de ciments portland ont ete faites et analysees

le retenue par les gels de C.S.H. (GO) 
de poids au sechage.

Le pgemier composant (CD) est en correlation avec la macro-porosite (djametre des pores compris entre 25 et 
300 A); le second (GO) avec la microporosite (dlametre des pores < 25 A). Le retrait total est en correlation 
avec la somme de ces deux porosltes, bien mieux gu'avec le volume total des pores. Une meilleure correlation
a ete observee entre le retrait total et un certain facteur structural Z , calcule ä partir de la distribu
tion des pores, caracterisee par la surface speclfique mesuree par 1'adsorption d'azote, et celle mesuree par 
adsorption de vapeur d'eau et par le degre de polymerisation des silicates. Le fluage depend aussi de la micro
structure, mals plus speclalement du degre de polymerisation des silicates.

ABSTRACT: Shrinkage data for C3S, B-CzS and ordinary portland cement pastes are analyzed in terms of contribu
tion from the "pore components" (capillary drying.["CD"] shrinkage) and the "C-S-H component" (gel drying. 
["GD"] shrinkage). These two contributions are determined from shrinkage-weight loss curves obtained during 
drying. CD shrinkage correlated reasonably well with total mesoporosity (pores >.25-300 A diameter) and GD 
shrinkage with mesoporosity (pores < 25 A diameter) as determined by mercury porosimetry. Thus, total shrinkage 
shows a correlation with the sum of the volumes of mesopores and micropores, rather than with the totql pore 
volume. A better correlation with total shrinkage is obtained using a structure factor (Z), which is calculated 
from the pore size distribution using nitrogen adsorption, surface area from water vapor adsorption, and the 
degree of silicate polymerization. It is thought that problems in determining the degree of silicate polymer
ization in substituted C-S-H may affect the value of Z for portland cement pastes. Creep also depends on 
microstructural factors, particularly the degree of silicate polymerization.

i
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INTRODUCTION

The drying shrinkage and creep of cement paste 
and concretes have been the subject of numerous 
investigations which have resulted in many conflict
ing models. Creep and shrinkage are often regarded 
either as the result of a single mechanism, or the 
result of several mechanisms which each control 
deformations in a limited relative humidity range. 
However, it has recently been pointed out (1,2) that 
time dependent'deformations may be the result of the 
superposition of several mechanisms, effective over 
the same relative humidity range. This may in part 
be the reason for the conflicting results and 
theories which can be found in the literature.

In previous work (2-6) the microstructural and 
chemical changes occurring during creep and shrinkage 
of calcium silicate pastes were studied. It was 
concluded that shrinkage is the result of two types 
of mechanisms:

Mechanism CD (Capillary drying) - Capillary 
effects which take place in the "pore compgnent," 
which represents the pores larger than 25 A diameter. 
Signifcant capillary stresses can only develop in the 
mesopores (25-300 A) and therefore this pore fraction 
is mainly responsible for the CD mechanism.

Mechanism GD (Gel drying) - Loss of water from 
the "C-S-H compogent," which includes the pores 
smaller than 25 A diameter (micropores). In these 
pores, no capillary effects can take place.

A detailed discussion of these mechanisms is 
given elsewhere (2) and is only briefly reviewed 
here. Mechanism CD is considered more influential, 
but not dominant, in low degree of hydration (a) 
pastes. Capillary stresses cause an irreversible 

collgpse of pores in the diameter range of 40 to 
100 A which is accompanied by a reduction in the 
nitrogen surface area [S(N2)]. The GD mechanism has 
a contribution at all degrees of hydration, but 
becomes more important at high degrees of hydration. 
The reduction in spaces between the C-S-H surfaces 
is accompanied by an increase in the formation of 
Si-0 bonds which can be detected by silicate 
structure analysis. Condensation of the C-S-H 
structure also leads to irreversible shrinkage.

This interpretation suggests that shrinkage 
strains and shrinkage-weight loss curves should be 
sensitive to the microstructure and chemical compo
sition of the hydrated pastes. The driving force 
for CD shrinkage is expected to be related to the 
volume and size distribution of the mesopores while 
the driving force for GD shrinkage is related to the 
volume and size distribution of the micropores. The 
internal stresses induced by movement of water out 
of these pores will result in shrinkage. The magni
tude of this shrinkage will depend not only on these 
stresses, but also on the rigidity of the paste 
structure which resists them. For example, the 
presence of stable crystalline phases like CH and a 
more stable silicate skeleton of the C-S-H (as 
exhibited by higher degree of silicate polymeriza
tion) are expected to result in reduced shrinkage.

Such aspects of shrinkage can be clarified if 
changes in time dependent deformations are studied 
in parallel with changes in microstructure and 
chemical composition of hydrated pastes. This paper 
describes the results of such an investigation, in 
which pastes of C3S, B-CgS, and ordinary portland 
cement (OPC) cured at 4°, 25°, and 65°C were studied. 
Correlations between total shrinkage, CD and GD 
shrinkage and various structural parameters such as 
pore size distribution, surface area and degree of 

Fig. 1. Shrinkage-weight loss curves determined during drying of pastes of C3S, e-CgS and ordinary portland 
cement (% a indicates degree of hydration). ■



silicate polymerization were established. A brief 
discussion of microstructural influence on creep is 
also given.

EXPERIMENTAL

The C3S and ^-CpS used in this study are 
described elsewhere (3); a commercial Type I cement 
was also used. Details of specimen preparation and 
testing are to be found in previous papers (2,4,6).

RESULTS AND DISCUSSION

Porosity-Shrinkage Relationships

Some typical shrinkage-weight loss curves are 
shown in Figs. 1 and 2.

Fig. 2. Effect of curing temperature on the 
shrinkage-weight loss curves of C3S pastes.

It can be seen that the shape of the curves is very 
sensitive to the chemical composition of the hydrat
ing compound (Fig. 1) and to the curing temperature 
(Fig. 2). An increase in curing temperature is 
associated with a reduction in the shrinkage values 
and slopes of the shrinkage-weight loss curves 
(Fig. 2).

In Fig. 3 typical mercury intrusion porosimetry 
(MIP) curves for well hydrated C3S pastes cured at 
25°C and 65°C, and OPC and e-CjS pastes cured at 
25°C are presented. It can be seen that these pastes 
have different pore structures and these differences 
may be correlated with the changes in the shrinkage 
characteristics of these pastes. For example, the 
coarser pore structure in B-CjS pastes is associated 
with the higher weight loss for these pastes (Fig. 1) 
and is consistent with SEM observations (7). On the 
othep hand OPC pastes have less pore volume below 
250 A than C3S pastes and this may account for its 
lower shrinkage values. A similar qualitative 
explanation can be given in the case of C3S cured at 
25°C and 65°C; the high temperature pastes have much 
less porosity in the range of diameters lower than 
250 A which can explain their smaller shrinkage 
values.

It was suggested in the introduction that CD 
shrinkage is related to the volume and structure of 
the mesopores and that GD shrinkage is related to 
the volume of the micropores. The information 
contained in shrinkage-weight loss curves and pore 
size distribution curves may be used to test the 
validity of the statement by determining whether 
such correlations can be found. The mesopore volume 
was determined from the MIP curves and the micropore 
volume from the difference between total porosity 
andothe MIP cumulative pore volume, down to pores of 
25 A diameter. In order to analyze the shrinkage 
curves in terms of the two mechanisms, the observed 
shrinkage strains must be separated into the contri
butions of mechanism CD and mechanism GD. This was 
previously done (2) by dividing shrinkage-weight 
loss curve into two stages, A and B, as shown in 
Fig. 2. Stage A is believed to represent the CD 
shrinkage, while stage B is attributed to the GD 
shrinkage; the significance and limitation of this 
simplified approach have been discussed in detail 
(2).

In Fig. 4, the CD and GD shrinkage values as 
determined from the shrinkage weight-loss curves 
are plotted against mesoporosity and microporosity. 
In both cases, shrinkage increases with porosity, 
as would be expected. It should be pointed out that 
the data include systems which are different in many 
aspects - chemical composition, curing conditions 
and a - and yet, they all seem to fit a reasonable 
linear relationship. Combining the two curves will 
yield a relation between total shrinkage and the 
volume of pores smaller than 300 A (Fig. 5b). It 
is interesting to compare this plot with that of 
shrinkage versus total porosity where no distinct 
correlation can be observed (Fig. 5a).

Shrinkage-Microstructure Relationships

The data presented in Figs. 4 and 5 indicate 
that differences in shrinkage behavior can be 
accounted for by differences in pore structure. 
However, it should be noted that there is still 
considerable scatter in the data which suggests 
that, although pore structure parameters have con
siderable influence on shrinkage, other parameters 
must be taken into account. For example, the size 
distribution of the micropores and mesopores and 
the degree of silicate polymerization of the C-S-H 
component are thought to be important. In view of 
the complexity of the cement paste structure and 
the uncertainty with regards to its detailed chemical 
composition and microstructure, it is extremely 
difficult to develop a quantitative model taking all 
these factors into account. However, in a separate 
set of experiments (6) an attempt was made to define 
some of these parameters and derive an empirical 
relation which would correlate with shrinkage better 
than the simple relations discussed above. Three 
parameters are considered in this analysis.

(1) The pore volume and pore size distribution 
of the mesopores are considered. The cumulative pore 
volume was best expressed using a weighted function 
which considers the relative importance of the pores 
in the size distribution with regard to their induced 
stress that will be generated during drying:

V*  = EV^D.) • F(D.) (1)



Fig. 3. Mercury porosimetry curves of pastes of C3S, 
jö-CgS and ordinary portland cement

Micropore Volume, (<25A),%Vol.

Mesopore Volume, (25-3OOA), % Vol.

Fig. 4. (a) GD shrinkage vs. microporosity of 
hardened pastes, (b) CD shrinkage vs. mesoporosity 
of hardened pastes. (Best-fit straight line shown 
in each case.)

Fig. 5. (a) Total drying shrinkage vs. total pore 
volume, and microporosity. (Best-fit straight line 
shown.) (b) Total drying shrinkage vs. total 
mesoporosity.

where: V*  is the effective cumulative pore volume; 
V-j is the pore volume at the corresponding pore 
diameter D; F(D-j) is the weighted function, which 
was taken as 300/D-j; 300 Ä being taken as the upper 
size limit of the mesopores. A better fit of the 
experimental data was obtained if V*  is calculated 
using Ng adsorption data rather than MIP data.

(2) Water measured surface area, SfHgO) was 
chosen as a parameter representing the effect of 
microporosity.

(3) The nonvolatile content (N) was used as an 
estimate for the degree of silicate polymerization 
of the C-S-H (4) and it represents its stableness 
and ability to resist the shrinkage stresses.

On the basis of an empirical approach it was 
found that a good linear relationship (correlation 
factor of 0.97) could be obtained (Fig. 6) between 
shrinkage and an effective Structure factor (Z) as 
defined in Eq. 2.

V*  • S(H,O) 
Z = —(2)

This empirical relationship indicates that if various 
physical and chemical parameters are considered at 
the same time it is possible to account for differ
ences in shrinkage in a wide variety of micro
structures. For example a high degree of silicate 
polymerization [C3S cured at 65°C (5)] is associated 
with a reduction in shrinkage, while an increase in 
mesoporosity [C3S + CaC12 (5,8)] or SjHgO) tends to 
enhance shrinkage. Z depends only on the proper
ties of the C-S-H component and the pore component. 
Thus, as a first estimate it can be assumed that the 
"CH component", or the residual unhydrated material 
has little ability to resist shrinkage stresses.



Fig. 6. Total drying shrinkage of C3S and B-C2S pastes vs. the effective structure factor, Z (Best fit 
straight line shown.)

It should be noted that the quantities used to 
calculate Z are determined on reference pastes. 
Since it has been observed (4) that changes in pore 
distribution and silicate polymerization occur during 
shrinkage experiments, Z will change with the history 
of the paste. A reduction in V*  and an increase in 
N are observed on drying, resulting in a lower Z and 
hence lower shrinkage on second drying. Such 
behavior is well documented in the literature (9,10).

It should also be noted that three of the points 
calculated for OPC show considerable deviation from 
the best-fit line (which was determined from data for 
pastes of the calcium silicate pastes only). As can 
be seen in Table 1, OPC pastes have much lower values 
of N than C3S pastes of comparable degrees of hydra
tion. It is likely that in the case of OPC the N 
values may not provide a good assessment of silicate 
polymerization, because it is well known that C-S-H 
can undergo isomorphous replacement of Si4+ by Al3"1" 
or s6+, and that a substituted C-S-H will be formed 
in OPC pastes. Lentz (11) has shown that Al-O-Si 
bonds are readily cleaved by TMS derivatization and 
that the silicate network in aluminosilicates is 
disrupted where aluminum is substituted. For ■' 
example, sodalite derivatizes as an orthosilicate and 
natrolite as a linear trisilicate, which correspond 
to the arrangements of silica tetrahedra as deter
mined by x-ray diffraction. Also, Rio.(12) observed 
that C-S-H formed from C3S in the presence of gypsum 
had a lower degree of silicate polymerization than 
C-S-H formed in the absence of sulfate ions. It is 
noteworthy that whereas monomeric silicate (SiO.4-) 
in hydrated C3S pastes can be wholly attributable to 
unhydrated C3S (13,14) considerable SIO44' is 
observed in OPC pastes that are completely hydrated

*Wt percent of total silicate in hydrated fraction.

TABLE I
Comparison of Polysilicate Contents 
OPC Pastes Hydrated at 25°C (values

(N) of C3S and
of a given in

parentheses).

Nominal a C3S OPC

40% 14*(42) 4 (37)
50% 24 (55) 4 (48)
60% - 6 (60)
70% 20 (68) -
80% 22 (78) 9 (80)
85% 23 (88) 12 (85)

Creep-Microstructure Relationships

The influence of microstructure on creep strains 
has not been studied in the same detail as shrinkage. 
Initial results indicate (1) that creep and shrinkage 
arise from different structural changes and that the 
two processes are fundamentally different. For 
example, the pore component does not influence basic 
creep, which is to be expected since moisture loss 
does not occur. However, as in the case of shrinkage, 
the degree of silicate polymerization is an important 
parameter in determining creep behavior. Both creep 
and shrinkage are reduced when the C-S-H component 
has a higher polysilicate (N) content; (determined 
at 96% rh) as has been observed also by Parrott 
(18-20).

An interesting observation in the present, 
studies was the increase in S(N2) (Table 2) that was 
observed in several different systems, e.g.., C3S, 
CgS and OPC, but occurs only in wel1-hydrated systems.



____________________ TABLE II_____________________
Ng Surface Area of Well-Hydrated C3S and OPC Pastes 

Treated for Basic Creep and Shrinkage.

C3S* OPC#

Control 18.1 13.6
Shrinkage 16.3 13.3
Basic Creep 32.5 39.1

*Hydrated for 90 days. #Hydrated for 150 days

What is the cause of this incf-ease cannot be deter
mined with certainty but it has been suggested (1) 
that it is the result of an internal dilation in the 
C-S-H component. This dilation will oppose the bulk 
creep strain and hence reduce its value. It appears 
that internal dilation can only occur in a stable 
C-S-H component with a high'polysilicate content; in 
the less stable C-S-H component of young pastes, 
internal dilation is reduced or may even become nega
tive due to the large differential movement that can 
take place between C-S-H particles and which con
tribute to the measured creep of the bulk specimen. 
The precise response of the C-S-H component to stress 
influences the extent to which further polymerization 
can occur on subsequent, or concomitant, drying.
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Rheologie et hydratation du ciment sous ^influence des 
facteurs exterieurs

Rheology and hydration of cement at outer influence

I.B.  ZACEDATELEV, Docteur es Sciences, chef de laboratoire, Teploproekte,
B.D. TRINKER, candidat es sciences, chef de laboratoire, Teploproekte, et
Yu.S. TCHERKINSKY, docteur es sciences, chef de laboratoire NIL PCMMTP, Moscou, U.R.S.S.

RESUME : Les processus räels d'hydratation du ciment et de formation de la structure de la 
pierre de ciment se caract6risent par leur ddpendance des facteurs extdrieurs, ces processus 
pouvant suivre leur cours dans des conditions non-stationnaires de temperature, ddshydrata- 
tion partielle et humidification räpet£es du systfeme durcissant.
On a etudid, pour la premifere fois, la viscosite des suspensions de ciment ä 1'aide de la- 
rheocin6tique. La construction des courbes rheocindtiques pour les temperatures 293-353“K 
et la determination des constantes de Vitesse ont permis d'obtenir des equations d'Arrhenius. 
Ces equations permettent de caractdriser la nature du processus de changement de viscosite 
selon I'dnergie d1activation, ainsi que I'intensitd de 1'effet thermique sur ce processus.
Les proprietds rhdologiques de la pate de ciment durcissante du ddbut de la prise jusqu'ä la 
fin de la prise ont ete determindes ä 1'aide d'un plastomfetre selon la valeur de contrainte 
limite de cisaillement. Il est montrd que I'emploi du plastomfetre conique permet d'dvaluer 
les temps de prise bien fondds physiquement, contrairement ä ce qu'on obtient ä 1'aide de 
1'aiguille de Vicat. A 1'aide des courbes plastomdtriques on peut juger du processus de for
mation de structure, y compris des phdnomdnes anormaux, tels que la fausse prise.
L'utilisation d'une famille de plastogrammes obtenues expdrimentalement dans des conditions 
isothermes permet de construire des courbes plastomdtriques pour des rdgimes thermiques non- 
stationnaires. ■
On a propose, en vue de prddire les caractdristiques cindtiques du processus d'hydratation du 
ciment sous I'influence des facteurs extdrieurs, une mdthode de recherche et une construction 
de dispositif pour ddterminer la cindtique de ddgagement calorifique dans des conditions d'd- 
change extdrieur de chaleur et de masse.

SUMMARY: Distinctive feature of real processes of cement hydration and cement stone struc
ture formation is dependence of these factors on outer influence. At this time cement 
hydration and structure formation process may proceed at conditions of nostatlonary tem
perature regime, partial dewatering and repeated moistening of setting system. Rheokine'tic 
method was used for the first time at Investigation of viscosity of cement suspensions. 
Plotting of rheokinetic curves at temperature 293-353°K and determination of velocity 
constants permitted to obtain equations for description of rheokinetic processes including 
Arrhenius' equations. Such equations give possibility to characterize nature of process of 
change of viscosity depending on value, of activation power and also Intensity of thermal 
influence on this process.
Rheological properties of hardening paste up to complete setting are determined by plasto- 
metric method depending on value of limit shear stress. It is showed that usage of conical 
plastometer for determination of setting time permits to obtain physically well-founded 
values as distinet from applied test method by Vicat device. Plastometric curves permit to 
evaluate course of structure formation process Including anomalous phenomena such as false 
setting.
Usage of system of plaatograms obtained experimentally for isothermal conditions permits to 
plot by graphic method the plastometrlcal curves for nonstationary temperature regimes.
Method and construction of device for determination of kinetics of heat liberation at 
conditions of outer heat and mass change is suggested for prediction of kinetic characte
ristics of cement hydration process at conditions of• outer influence.



(1)

que I*Equation  (1) con-

Kr - 5,16 • 103 exp (- (3)

de vue technologique, pent 
des Equations physiques

oil K est la constants de vitesse d'accroisse- 
ment de TieeositS.

Par construction, d’aprßs les donates 
experimentelles, des equations cinfetiques

en coordonn6es normales (Oyg-'ü), semi-lo- 
garithmiques fractionnaires '( ), il es^ possible de determiner
l'ordre du processus (nul, premier ou se
cond, respectivement) et de calculer la 
rh6oein6tique de vitesse d'accroissement de 
viscosite. La determination des valeurs des 
constantes rh6ocin6tiques (Kr) pour tempe
ratures diff6rentes permet d*employer  
1’equation d*Arrhenius  pour le processus 
rh6ocin6tique sous forme

Kr - Aq exp (^r/ET) (2)
oil A» est le facteur pr6-exponentiel, 3r 
est I'energie d'activation du processus 
rh6ocin6tique. R ist la constante des gaz.

Selon le principe de la methode rh6ocin6- 
tique (1), si le syst&ne est soumis aux pro
cessus chimiques ou physico-chimiques, on 
peut, pour la description de la cin6tique 
de ces processus, employer les equations 
cin6tiques de dependance de la viscosite Bp6cifique (Py3) du temps Ct). Dans le 
plus simple chs on peut comparer 1'equation 
de viscosite d'Einstein avec 1'equation for
melle de la cinetique chimique et obtenir 
1'equation rh6ocinetique, par exemple, de 
premier ordre, sous forme diff6rentielle:

Bien entendu, on ne peut 6tudier a 
1'aide de rh6om6trle que le processus de formation de structure 5 1'etape initiale, 
quand I'accroissement de viscosite n'est dü 
pratiquement qu'a la formation de structure 
par coagulation. Mais cette 6tape, tree im
portante du point " ‘ ' ' '
etre decrite avec 
assez correctes.

Il est a noter _ . .tient la viscosite sp6cifique. Pour deter
miner I'energie d'activation du processus 
rh6ocin6tique des suspensions des ciments 
on peut employer la viscosite.

Et, enfin, quand i la concentration de 
la suspension de ciment, les essais ont d6- 
montr6 que des dependences satlsfaisantes 
peuvent 6tre obtenues quand le rapport eau- 
ciment est de 0,4 & 0,6.

Des courbes rh6ocin6tiques ont. 6t6 obte
nues pour les temperatures 303, 313, 323, 
333, 353°K, et 1'on a calcuie les valeurs 
de Kr correspondantes. L'equation experi
mentale d'Arrhenius pour les suspensions 
de ciment a la forme suivantei

L'6quation (3) permet de calculer le pro
cessus de formation de structure du Systeme 
simuie ciment-eau, y compris avec des Con
stituante secondaires, pour des diff6rentes temperatures. Elie est d'interBt, pulsque 
I'energie d'activation relativement basse . 
indique que 1'lnteraction des particules de 
la suspension de ciment conduisante a 1'ac- 
croissement de viscosite est bien faible, 
ce qui caracterise notamment la formation 
de structure par coagulation. . -

L'evaluation des propri6t6s du ciment ä 
base des caract6ristiques rh6ologiques, 
c'est ä dire mechanico-structurales, permet 
de determiner les valeurs des periodes de 
formation et de durclssement de la struc
ture, done, des temps de prise de la p&te de ciment (2,3).

On a etudie les caract6ristiques rh6olo- 
giques de la p&te de ciment en comparaison ■ 
avec les caract&ristiques standardes.

Pour mesurer la contrainte limite de ci- 
saillement on a adopte la m&thode de plasto- 
metre conique. ParallSlement on a d&terminfe 
les temps de prise avec 1'aiguille de Vicat 
a 1'aide de 1'instrument APSS (GOST 310-60). 
La cinfetique d'accroissement de la r&sistance plastique (Pm) de la p&te de ciment est re- 
pr&sent&e sur fig. 1.

Pig. 1. Variations de r&sistance pla
stique de la p&te de ciment ä consistanoe 
ordinaire: 1 - sans adjuvants; 2 - 
0,2% CD ; 3 - 0,2% CD + 1% KaMOp; 4 - 
0,1% CD + 2% CaC12; 5 - sans adjuvants; 
6 - 0,2% CD ; 7 - 0,2% CD ♦ 1% KaEOz; 
8 - effet de prise "fausse"; 1,2,3,4,8 - 298°K; 5,6,7 - 333°K



la premiSre pfirlode (3-4h) continue du 
d6but de g&ehage juaqu'a la premiere in
flexion de la oourbe et se earact6rise par 
formation d'une structure coagulante rfirer- 
sible. La rfisistance plaatique de la p&te 
accroit tree lentement et attaint a la fin 
de cette pferiode 0,025-0,2 MPa.‘

La deuxiSme pferiode se trouve dans 1'In
tervalle entre la premiere et la deuxieme inflexions des courbes (616vation des 
courbes sur la plastogramme). La transition 
de structure coagulante a structure coagu
lant e-cristalline au cours de la deuxieme 
pfiriode se produit dans 3-5h apres g&chage. 
La resistance plastique de p&te attaint a 
la fin de cette pferiode 0,1-0,5 XPa.

Le dfebut de la troisifeme pferiode ae ca- 
ractferise par formation de structure cri- 
stalline-coagulante. Dans cette pferiode la 
rfeslstance du systfeme "clment-eau" accroit 
en avalanche, les courbes fetant presque pa
ralleles & 1'axe d'ordonnfees. La vitesse 
d'accroissement de resistance est de 0,6-0,8 
MPa/h-

Comme il a fetfe dfemontrfe par les experi
ments, en gfenferal les courbes plastomfetriques 
sont d'un caractdre hyperbolique et peuvent 
fetre decrites par 1’equation gfenferale sui- 
vante:

' M)

oü Pa est la rfesistance plastique; est 
le temps; A, B, C sont des coefficients de
pendants du type de ciment et des consti
tuents secondaires.

L'felfevation de tempferature de durcisse- 
ment de la p&te de ciment ou 1* introduction 
des constituants secondaires conduisent A 
la diminution de durfee de la premiere et de 
la deuxieme pferiodes, et, dans des cas par— 
ticuliers, A la disparition de toutes les 
deux pferiodes ou seulement de la deuxiSme 
pferiode. La cinfetique de formation de struc
ture du ciment portland A prise "fausse" 
est earactferisfee par la courbe 8 (fig. 1).

Les temps de dfebut et de fin de durcisse- 
ment de la p&te de ciment obtenus avec 
I*aiguille  de Vicat coincident, dans I’es- 
»sentiel, avec les caractferistiques obtenues 
A 1'aide du plastometre conique. La premiere 
inflexion des courbes correspond au moment 
initial de la prise de la p&te de ciment, 
la deuxifeme correspond A la fin de la prise 
(ou elles different d'eux A 10-20 min). 
Le remplacement de 1* aiguille de Vicat par 
le plastomfetre conique et la construction 
des courbes plastomfetriques permettent d'ef- 
fectuer le contrfele permanent du processus 
de formation de structure de la p&te de ci
ment, ce qui est de grande importance, sur- 
tout dans des conditions d’actions extfe- 
rieurs thermiques, chimiques et mfecaniques 
sur le systfeme "clment-eau" durcisaant.

Ja prfedictlon du processus de formation 
de structure dans des conditions non-sta- 
t'.nnnaires de tempferature peut Stre effec- 

tufee sur la base des rfesultats d'fetude de 
la rfesistance plastique effectufee pour de 
diffferents rfegimea isothermes. Une famine 
de plastogrammes isothermes pour un certain 
type de Systeme durcissant (p&te de ciment, 
mortler de ciment) peut fetre dfeflni comme 
champ plastomfetrique isotherme. Il a fetfe 
possible d'employer la mfethode de construc
tion graphique, sur ce champ, de variation 
successive de Pe en fonction de tempferature.

Les valeurs de Pm obtenues par expferi- 
ments, ainsi cue celles calculfees, dans des 
conditions d'elfevation uniforme de tempfera
ture sont reprfesentfees sur fig. 2.

Pig. 2. Variations de rfesistance pla
stique du mortler au stade d'felfevation de 
tempferature a vitesse suivante: 1 - 3O°/h; 
2 - 15°/h; 3 - 10°/h; e,a,m - donnfees expfe- 
rimentales; o,a,o - donnfees calculfees

En vue de dfeterminer le caractere de ci
nfetique d'hydratation et de formation de 
structure du ciment dans des syst&mes rfeels 
sous 1* influence de divers facteurs extfe- 
rieurs, on a adoptfe la mfethode expferimen- 
tale de mesurage de chaleur d'hydratation 
dans le calorimetre diffferentiel. Contralre- 
ment aux mfethodes blen connues, le matferiau 
a fetudier a fetfe soumis au chauffage et re- 
froldissement supplfementaires programmfes, 
ce qui a permis d'effectuer des recherches 
aussi dans lea rfegimes thermiques non-sta- 
tionnaires (4). Pour fetudier la cinfetique 
d'hydratation dans les conditions d'fechange 



de masse avec le milieu ambiant, on a mis 
au point de spSciales m6thodes et construc
tions de vases calorimfetriques (5)»

Il est d6montr6 par les rfesultats d'expfe- 
riments que 1‘influence sur le taux d'hydra
tation du ciment et sur la rfesistance de la 
pierre de ciment de 1'eau evaporfee est asses 
faible quand sa quantitfe ne depasse pas 10% 
de 1'eau de g&chage. Quand 1'fevaporation 
attaint 20 et 30% de 1'eau de g&chage le 
dfegagement calorifique abaisse lea premiers 
trois jours a 18 et 25% et la rfesistance re
lative abaisse en mfeme temps 5 59 et 61% 
respectivement.

Les rfesultats d'fetude de 1'influence de 
conservation prfealable ont montrfe que, si 
1'fevaporation atteint, par exemple, 20% 
d'eau de g&chage immfediatement apres g&- 
ehageK ainsi qu'aprfes conservation pendant 
8 et 16h avant 1'evaporation, les courbes 
de cinfetique de dfegagement calorifique 
coincident.

Les rfesultats de recherche de structure 
de pierre de ciment durcissante dans les conditions d'fevaporation de 10 a 30% d'eau 
de g&chage ont montrfe une teneur felfevfee en pores intermfediaires a rayon 1o3...lO*JL  en 
comparaison aux conditions standardes de 
durcissement.

Pour prfedire la chaleur d'hydratation du 
ciment a la dfeshydratatlon partielle (a B) 
on peut poser le dfegagement calorifique 
(Qab) au moment fegal au dfegagement ca
lorifique spfecifique sans pertes d'humidltfe 
(Qo) au moment

(5)

oü, seien S.Ä. Chifrine,

1 - 0,01 a B, (6)

alors Q&b - Qo (7)

Les processus d'hydratation dans les 
conditions rfeelles peuvent contenir pas 
seulement la dfeshydratatlon partielle du 
systems durcissant, male aussi 1'humidifica
tion rfepfetfee. La slngularitfe du processus 
d'hydratation dans ces rfegimes est illu- 
strfee par 1'lntensltfe de dfegagement*calori 
fique (fig. 3). Le rfegime d'humidification 
du ciment durcissant aprfes la dfeshydrata
tlon partielle emmSne a 1'intencificatlon 
du dfegagement calorifique au moment initial, 
mals ensuite 1'lntensitfe du processus d'hy
dratation s'abaisse par comparaison avec 
des fechantlllons ayant durci dans les con
ditions standardes.

L*humidification  rfepfetfee emmfene a 1'ac- 
crolssement de rfesistance de la pierre de 
ciment, pourtant cet effet est en rapport 
Inverse avec la durfee des processus d 
d'fechange de masse. Ainsi, quand la durfee 
de conservation prfealable est 6h, 1'humldl-

Pig. 3- Intensitfe de dfegagement calori
fique dans des conditions non-stationnalres 
d'humidltfe: 1 - conservation normale; 2 - 
T^e36.= I6h, aB = 20%, dfebut d'humidification = 2h apres 1'fevaporation; 3 - comme 
2, male dfebut - 6h apres 1'fevaporation;
4 - comme 2, mais sans humidification;5 -^npedfe. • 6h; aB - 30%; dfebut d'humidifi
cation = 2h apres 1'fevaporation; 6 - comme 
5, mais sans humidification.

fication rfepfetfee aprfes 1'fevaporation emmene 
a 1'accrolssement de rfesistance a 50% en 
comparaison au rfegime sans humidification, 
tandis qu'aprfes Ibh de conservation cet 
effet n'a atteint que 8%.

L*  efficacitfe d'humidification rfepfetfee 
pour 1 Evaluation des caractferistiques ci- 
nfeti^ques d'fechange de chaleur abaisse aussi 
au fur et a mesure qu'augments la pferiode 
entre la fin d'fevaporation et le debut d'hu
midification rfepfetfee.

Conclusions
L'fetude de viscositfe des suspensions de 

ciment a 1'aide de la mfethode rhfeoclnfetique 
permet d'obtenir des caractferistiques rheo- 
logiques fondamentales et de comprendre la 
nature des interactions dfelicates qui sont 
au fond de la formation de structure a dif- 
fferentes tempferatures.

Pour contrfeler la qualitfe du .ciment, 11 
est avantageux de remplacer 1Evaluation 
des temps de prise avec 1'instrument de 
Vicat par la dfetermination de rfesistance 
plastique avec le plastom&tre conique.

Les rfesultats d'fetudes des processus 
d'hydratation du ciment quand 11 y a 
1 Echange de masse avec le milieu ambiant 
permettent d'approcher le phfenomene de la 
rfesistance "critique" du ciment durcissant 
(la rfesistance critique est la valeur de la 
rfesistance initiale apr&s 1'obtentlon de



laquelle Vfevaporation de l'eau llbre ne 
produit auoun effet sur la resistance du 
claent). '
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Le retrait autogene de la päte de ciment durcissante
Autogenous shrinkage of the hardening cement paste
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RESUME : Get article traits du retrait autogene de la päte de ciment Portland durcissante, en liaison avec les 
phenarenes de fissuratian precoce du beton. Il exists deux methodes de mesure de la deformation spontanes d'une 
pate de ciment. La methode unidimensionnelle (= iresure de la distance entre deux plots ancres dans 11eprouvette) 
semble en pratique mieux adaptee que la methode volurretrique (= mesure d'un volume de liquide deplace par I1 eprou
vette ).
La deformation spontanes d'une päte de ciment Portland, rresuree dans 1'essai unidimensionnel, fait apparaitre 
trois phases successives : un prettier retrait, un gonflement et un second retrait ou retrait de durcissement.
Il existe une correlation experimentale entre la fissuration precoce des betons et la Vitesse maximale de second 
retrait ; ceci justifie une etude approfcndie du mecanisrre du retrait de durcissement.
Le retrait de durcissement est proportionnel ä la chaleur d'hydratation, ä partir d'un certain terrps d'hydratation. 
On considere que cette relation est perturbee au debut du durcissement par la superposition du phenanene de gon- 
flerrent. On a egalement constate la prcportionnalite entre la contraction Le Chatelier (= variation du volume 
absolu de l'eau et du ciment) et le degagarent de chaleur, ä partir de quelques heures d'hydratation. Le pheno
irene de contraction Le Chatelier intervioit dans le mecanisme du retrait de durcissenent. En effet, il provoque 
une autodessiccation de la päte de ciment, et done un retrait semblable au retrait de dessiccation, 1'eau partant 
nonplus vers 1'exterieur, mais "vers 1'interidur" de 1'eprouvette. On a constate, sur un ciment donne, que 1'ordre 
de grandeur du retrait d'autodessiccation est semblable ä celui du retrait de durcissement. Dans 1'etat actuel 
de nos connaissances, 1'hypothese de 1'autodessiccation est Jugee süffisante pour expliquer le phenanene du re
trait de durcissement. "

SURNARY : This paper deals with the autogenous shrinkage of the hydrating Portland cement paste, in connection 
with the phenarenon of the early cracking of concrete. There are two measurement methods of the cement paste 
autogenous straining. The unidimensional method (= measurement of the distance between two studs sunk into the 
test-bar)proves better, in practice, than the volumetric method (= measurement of the volume of liquid displaced 
by the cement paste sample).
The autogenous strain of a Portland ceirent paste, recorded in the unidimensional test, is splitted into three 
stages = a first shrinkage, a swelling and a second shrinkage or hardening shrinkage.
The hardening shrinkage maximum rate is experimentally correlated to the early cracking of concrete ; for this 
reason, an extensive research on the hardening shrinkage is needed.
The hardening shrinkage is proportional to the hydration heat, fron a certain hydration time onwards. It is thought 
that this proportionality is disturbed in the beginning of hardening by the superposition of the swelling pheno
menon. The chemical shrinkage (Le Chatelier shrinkage) (= absolute volume change of water plus ceirent) is also 
proportional to the heat evolution , fron a few hydration hours onwards. The chemical shrinkage operates in the 
hardening shrinkage mechanism. As a matter of fact, it induces an autodessication of the cement paste, and con
sequently a shrinkage similar to the dessication shrinkage , the water evolving "inwards" the sample instead of 
outwards. It was noticed, with a given cement, that the autodessication shrinkage reaches the same magnitude as 
the hardening shrinkage . In the present state of knowledge, it is found that the autodessication hypothesis is 
adequate to explain the hardening shrinkage phenomenon. ■



L1etude du retrait autogene de la päte de ciment 
durcissante a une importance certaine pour la com
prehension des phenomenes de fissuration precoce des 
betons. Des recherches sur le retrait autogene sont 
nenees au Laboratoire Central des Fonts & Chaussees 
depuis 1964. Nous presentons ici une Synthese rapide 
de ces recherches, avec les resultats les plus re
cents .

I - Le retrait de durcissement et sa mesure simpli-
fiee
1- La mesure de la detoimation autogene

II existe deux methodes de mesure. La preniere, sou- 
vent utilisee, consiste ä mesurer un volume de liqui
de deplace (1, 2, 3, 4, 5, 6). L'eprouvette est iso
lee du liquide par une membrane souple. La deuxieme 
methode consiste ä faire des mesures unidimensionnel- 
les = on suit le deplacement d'un capteur ancre dans 
1'echantillon (7, 8, 9). Ces deux methodes sont peu 
süres dans les premieres heures d'hydratation. Dans 
la nethode volumetrique, des phenctnenes de ressuage 
et de compression de l'eprouvette par la membrane 
peuvent changer la nature de la mesure (10). Dans la 
methode unidimensionnelle, les frottements perturbent 
1'essai jusqu'au moment de la prise.

D'apres la forme typique des. courbes de deformation 
de pates de ciment Portland dans 1'essai unidimension- 
nel (fig. 1), on distingue trois phases successives 
de deformation que I1on peut appeler a) prenier re
trait, b) gonflement, c) second retrait ou retrait 
de durcisseirent.

X: Valeur maximale du premier retrait 
/: valeur maximale du gonltement 

valeur maximale du second retrait 
p; vltesse maximale de second retrait

fjgj Deformation d une pile de ciment dans lessal unldlmenslonnet

a) le premier retrait ccrrmence 1 ä 3 heures apres le 
HBlaxageet dure 2^4 heures, il coincide done appro- 
ximativement avec la prise et constitue une part inte
grante du retrait plastique. Le premier retrait reste 
assez faible par rapport au retrait plastique d'une 
eprouvette exposee ä une atmosphere non saturee, e'est 
pourquoi 1‘etude du premier retrait autogene ne pa
ra! t pas revetir une grande inportance pratique.
b) le gonflement n'apparait generalenent pas dans 
1'essai volumetrique. Metis il est probable que dans 
un tel essai, il est masque par des phencmenes de 
reabsorption d'eau de ressuage et de carpression par
la membrane de la päte encore faiblenent coherente (10).. 
C'est pourquoi nous pensons que 1'essai unidimension- 
nel est seul representatif des d^forrrations dans les 
heures qui suivent la prise.

La duree et 1'amplitude du gonflement varient beaucoup 
suivant les ciments, meme ä 1'interieur d'une meme clas- 
se de resistance. Pour certain ciment riche en C3A et 
sous-dose en gypse, il peut n’y avoir aucun gonflement, 
ä peine un ralentissement momentane du retrait. Pour 
un dosage en gypse un peu plus eleve, le gonflement ne 
dure qu'une heure ou deux et peut echapper ä 1'obser
vation tant que les deformations ne sont pas enregis- 
trees. Cependant, pour de nembreux ciments, la periods 
de gonflement dure entre 10 et 20 heures et le gonfle
ment maximal est de 1'ordre de 4 lO-^ (pour E/C = 0,27). 
Le gonflement depend de la quantity de chaux libre 
restant non hydratee ä la fin de prise : il angmente 
fortement avec la terrperature (11). L' influence du do
sage en eau reste ä preciser.
c) second retrait : Il se manifeste apres .la fin de pri
se : ä deformations egales, les contraintes en jeu sont 
done beaucoup plus fortes pour le second retrait que 
pour le premier. La valeur maximale de second retrait 
peut atteindre 1,5 10-’ (en ), ceci dans des con
ditions isothernes et, eviderment, en 1'absence d1eva
poration. Il faut plusieurs jours, parfois 7 et plus, 
pour atteindre cette valeur maximale. Le second retrait 
depend du rapport E/C . Il diminue lorsque E/C aug
mente, pour s'annuler pratiquement ä E/C > 0,35.
Lorsque les essais sont faits sans precautions particu- 
lieres, une deformation d'origine thermique (resultant 
de 1'echauffement de l'eprouvette en cours d'hydratation) 
se superpose aux deformations precedentes. Cette defor
mation depend beaucoup, evidenment, des conditions d'es
sais et, notanment, de la taille des eprouvettes. Sou- 
vent, sur des eprouvettes prismatiques de 7.7.28 an, 
un retrait thermique se superpose pendant quelques heu
res au second retrait ; la vitesse de refroidissement 
de l'eprouvette est alors de 0,5 ä 1°C par heure en 
sorte que les vitesses de retrait thermique et de second 
retrait peuvent etre du mere ordre. Corme il a ete dit 
plus haut, il est preferable de separer les deux effets ; 
pour maintenir constante au degre pres la terrperature • 
interne de l'eprouvette, on peut :

. reduire la taille de l'eprouvette (exerrple : cylin- 
dre de 2 cm de diametre, 16 cm de' hauteur, iroule en 
laiton),

. noyer un circuit de refroidissement par air dans 
1'eprouvette au moment du coulage (9).

2 - Fissuration et retrait de durcissement 
La vitesse maximale de second retrait varie considera- 
blement suivant les ciments, märe ä 1'interieur d'une 
meme classe de resistance (fig. 2). Four E/c = 0,27, 
les valeurs s'etalent de 0,2 ä 7 10~ä par heure ; il 
semble que, en gros, plus le gonflement dure longtsmps, 
plus la vitesse maximale de second retrait est. faible ; 
cette vitesse augmente quand le rapport eau/ciment dimi
nue (12). Il a ete avanc6 que (9) le risque de fis
suration precoce apres prise etait d'autant plus grand 
que la vitessb maximale de second retrait etait plus 
elevee. Cette hypothese a ete emise aprbs constatation 
d'une correlation experirrentale entre les deux pheno- ' 
menes. Cette fissuration de second retrait se superpese- 
rait ä la fissuraticn par retrait thermique, doit le 
mecanisme, propose par Springenschnidt (13), est le 
suivant : au cours de la montee en tenperature, sous 
1'effet de la chaleur d'hydratation, le beton est mis 
en carpression et subit une deformation plastique. Lors 
de la descente en tenperature, les contraintes de can
pression s'annulent pour une temperature tp stperieure’- 
ä la tenperature ambiante tg, car du fait du vieillisse- 
ment du materiau, il y a eu diminution de la longeur 
d'equilibre de l'eprouvette (longueur pour laquelle les 
contraintes appliqu/es sont nulles). La tenperature di- 
minuant encore, le beton est mis en traction. La fissu-



ration est d'autant plus irrportante que la difference 
ti - to est plus elevee. 

de gonflement (I'enfoncement du plot sous I'effet de 
la pression du capteur perturbe 1'essai sirrplifie jus- 
qu’a cet instant). '

fig,2 Deformation de la Rite de clment ®u premier age 
pour differente ciment».

3 - Masure simplifiee du retrait de durcisserent 
Etant donne I'interet de la mesure de la vitesse maxi
male de second retrait pour la determination du risque 
de fissuration, un essai sinplifie de second retrait 
a ete mis au point au L.C.P.C. afin de disposer d'une 
mesure de routine (12). Dans cet essai, la mesure de 
deformation est faite verticalement sur des eprouvettes 
cylindriques (L = 160 nrn, 0 = 20 irm) contenues dans 
des monies en laiton (figure 3)

II - Le retrait de durcissanent et la cinetigue de 
11hvdratation
1 - Deformation isotherme apres prise et degage

ment de chaleur
On a etudie la deformation en fonction du degaganent 
de chaleur pour divers ciments et des rapports E/C de 
I'ordre de 0,25. Les cunents utilises etaient des me
langes de clinker et de qypse ä differents dosages 
(3 clinkers et 4 dosages par clinker). On constate que 
les courbes deviennent lineaires et paralleles entre 
elles ä partir d'un certain tarps (48 heures par exan- 
ple) pour deux des clinkers utilises et quel que soit 
le dosage en gypse (9).
Lorsque le gonflement est inexistant, la courbe est li- 
neaire sur toute son etendue. A partir de cette obser- 
vaticn, on a propose une methode graphique pour sepa- 
rer les phenccnenes de gonflement et de retrait (9). 
Le gonflement et le retrait sont supposes etre deux 
phencmenes independants qui se superposent, le gonfle
ment predominant en debut d'hydratation, le retrait ' 
1'arportant ensuite. On propose de considerer le retrait 
cortne caracterise par une relation lineaire entre cha
leur et deformation, le gonflement s'obtient alors par 
difference (figure4 ).

fig. 4 Separation graphlqu* du relrait R et" du gonflement G

flfl. 3 Mesure simplifiee 
du second retralt

les essais de repetabilite dans un meme laboratoire 
et de reproductibilite inter-laboratoires font appa- 
raitre des coefficients de variation respectivement de 
8 % (sur 15 essais) et 13 % (sur 6 laboratoires). Ch 
obtient le meme resultat dans 1'essai sinplifie (fig.3) 
et 1'essai de recherche (fig. l)a partir du maximin

2 - Contraction Le Chatelier et degaqement de 
chaleur

La contraction Le Chatelier, qui est la diminution du 
volume total (volume de 1'eau + volume du ciment) au 
cours de 1'hydratation, est un phencmene different du 
retrait de durcissement. Le retrait de durcissement est 
une variation de volume apparent, inferieure de plus 
d'un ordre de grandeur ä la contraction Le Chatelier, 
qui est une variation de volume absolu. Nous verrons 
(au § III) que la contraction Le Chatelier joue un 
role inportant dans le mecanisme du retrait de durcis- 
sement. ,
Powers a montre (14) 1'existence d'une relation lineai
re entre la contraction Le Chatelier et le degagement 
de chaleur. Cette relation 6tait etablie ä partir de 
7 jours d'hydratation. Nous avens pu verifier que cette 
relation reste valable ä partir de quelques heures ä 
1'aide d'un appareil permettant 1'enregistrement auto- 
matique de la contraction Le Chatelier (15).
Nous avens trouve le coefficient de prcportionnalite 
suivant (voir aussi figure 5), valable pour differents 
CPA = iA jr- '

Q : degagement de chaleur1 en cal/g ciment anhydreinitial 
Ei : contraction L.C. en ntn3/g " " " 



les experiences de Powers donnent en accord avec 
nos resultats. :

< ^04r 
dt at at

.. - — vltesse de degegement de chaleuf 

vltesse de contraction Le Chateller

fig.5 Examples de comparalson des courbes de digagement 

de chaleur et de contraction Le Chateller.

Nous avons constate une divergence dans les premieres 
teures d'hydratation, oil la contraction Le Chateller 
est proportionnellement beaucotp plus importante 
que le degagement de chaleur. Cette difference pour- 
rait provenir de la contraction du volume du liquide 
interstitial de la päte lors du passage en solution 
d'ions electropositifs came Ca^dl y a electrostric
tion de l'eau au voisinage de I1ion, I'ordre de gran
deur de la contraction qui en resulte peut etre assez 
inportant = .la dissolution de 0,5 cm3 de Ca (OH) 2 dans 
1000 cm3 d'eau donne environ 999,5 cm3 de solti^ion, 
soit une contraction d'environ 1 °/oo(15)).

3 - Contraction Le Chateller et autodessiemtinn 
La contraction Le Chateller, lorsqu'elle se produit 
dans une eprouvette de päte de ciment conservee en 
enpechant tout ^change d'eau avec le milieu, se tra- 
duit par I1apparition de vides gazeux ä 1'Interieur 
de 1'eprouvette. Il en resulte une diminution de la 
pression partielle de vapeur d'eau en equilibre avec 
la päte de ciment, e'est-a-dire une autodessiccation.' 
Si 1’isotherme de 1'eprouvette ätait une courbe unique, 
la diminution de la pression partielle P/Po serait 
donnee par cette courbe en y reportant la parte de 
poids äquivalente en volume ä la contraction Le 
Chateller. En realite, on a un phenomene d'hysteresis 
dans les courbes de desorption-adsorption (16) et 
tous les points ccrrpris entre les deux courbes extre
mes sont des points "d"equilibre".

Dans le cas de 1'autodessicoation,on se situe ä une 
pression de vapeur conprise entre les limites etablies 
par ces 2 courbes. L'autodessiccatzcn peut etre obser- 
vee directement par mesure de I'hygrcmetrie dans une 
enceinte fermee contenant une päte de ciment durcis- 
sante (17, 18). On constate que I'hygrometrie d'equi
libre peut descendre.jusqu'ä environ 75 % lorsque le 
rapport E/C est suffisanment bas (de I'ordre de 0,25).

Ill - Retrait autogene par autodessicrat i on
Une explication du mecanisme de retrait de dur- 

cissement a ete proposee depuis longtemps (19, 20). 
Elie consists en ceci : I'hydratation engendre une 
autodessiccationet done un retrait analogue au retrait 
de dessiccation, 1 'eau partant non plus vers I'exterieur 
reais "vers 1'Interieur" de 1'eprouvette. Nous allons 
studier ici le probläne de la verification quantitative 
de cette hypothese.

1 - Les methodes de mesure du retrait d'auto- 
dessiccation .

L'Hermite et coll. (21) ont procede ä une estimation 
quantitative du retrait d'autodessiccationet 1'ont com
pare au retrait de durcissement. Leur methode etait 
la suivante : des pätes de ciment (E/C = 0,25) etaient 
conservees sous eau puis exposees ä 50 % d'humidite 
relative ä diverses echeances (2 j, 8 j, 30 j, 90 j, 
180 j) avec mesures de la deformation, du poids et de 
la quantite d'eau non evaporable. Des eprouvettes etaient 
aussi conservees dans le mercure, ce qui constitue un 
mode de conservation du type protege. La courbe de re
trait dans le mercure a ete portee en fonction de la 
quantite d'eau absorbee interieurement (= quantite d'eau 
correspondant en volume ä la contraction Le Chateller). 
Les auteurs ont trouve que cette courbe appartenait 
ä la famille des courbes de retrait de dessiccation 
(retrait - quantite d'eau evaporeela differents ages 
(elles sont toutes ä peu pres semblables). Ils en ont 
deduit que le retrait de durcissement resultait bien 
de 1'autodessircation.

La methode de L'Hermite presente des inconvenients : 
la structure d'une päte de ciment n'evolue pas de la 
meme fagon selon le mode de conservation, il n'est pas 
certain que le retrait d'evaporation soit le meme pour 
une eprouvette conservee sous eau ou protegee. Il est 
aussi difficile de raisonner sur une courbe globale 
de retrait sous mercure, pxiisque le phenomene de gon- 
flement se superpose au retrait de durcissonent en de
but d'hydratation.

Nous avons utilise une methode differente pour 1'esti
mation du retrait d'autodessiccation : nous avons mesu
re des pontes, ou plutöt des petites variations ä par- 
tir d'un instant t considere. On peut ainsi travailler 
sur des eprouvettes de retrait de dessiccation et de 
durcissement qui ont la meme structure ä 1'instant t 
et qui n'evoluent pratiquement pas en cours d'essai. 
Nous avons evalue sur des eprouvettes de päte de ciment 
de manes rapports E/C et ä un instant donne :
- la vltesse de contraction Le Chateller Pj = <

la contraction etant exprimee en perte en
poids equivalaite au volume de la contraction Le 
Chateller. (On a utilise un appareil enregistrant , 
en continu la contraction sur des eprouvettes d'en
viron 1 an3 avec une precision d'environ !/„,).

- le taux de retrait de dessiccation p- = •
2 ä(^)

Il s'agit de la pente ä 1'origine de la courbe 
retrait-perte en poids mesuree sur une eprouvette
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anserveeen enpechant tout echange d'eau avec le 
milieu jusqu'au monent de I'essai et de forme 
cylindrique 0=3,5an-L = lO an. La precision 
de cet essai est mauvaise, eile est estimee ä 30 %.

J(AL)
- la Vitesse du retrait de durcissement pj = 

mesuree ä 1'aide de I'essai sinplifie Jt 
de second retrait.

En faisant 1'Hypothese tres sinplificatrice (voir dis
cussion sur 1'isotherme, § II -3) que la contraction
Le Chatelier provoque une diminution de la pression 
partielle d'equilibre egale ä la diminution provoquee 
par 1'evaporation d'une masse d'eau equivalente sur 
une eprouvette de meme structure, nous obtenons la 
vitesse du retrait d'autodessiccation P4 ä 1'ins
tant considere

= P1XP2

Si pg et p4 sont du meme ordre de grandeur, nous 
pourrons en deduire que 1'autodessiccation explique
une part importante du retrait de durcissement.

2 - Resultats
Nous avons procede aux essals deceits plus haut 
sur un ciment du type CPA (analyse chimique, tableau 
1) et pour un rapport E/C = 0,25 

tableau 1

Si02 AI2O3 Fe203 CaO MgO S02 Ti02 Na20 K20
21,02 5,40 2,20 63,24 0,89 3,15 0,32 0,10 0,38 %

insoluble
2,27 %

pour t = 48 h moyenne 6 essais.-p. = 0,16.10”^ h
1 _o

moyenne 4 essais;p2 = 1,7.10 
moyenne 4 essaisipg = 0,24.10~^ h

-5 -1 P4 = Pl X p2 =0,27.10 h

Nous constatons que P3 et P4 sont du meme ordre 
de grandeur: Nous avons verifie ce resultat pour 
des tarps superieurs ä 48 h, mais avec une precision 
de plus en plus mauvaise, les vitesses pg et P3 
devenant de plus en plus faibles.
Ce resultat confirme, pour le ciment choisi, que 
1'Hypothese du retrait par autodessiccation semble 
süffisante pour expliquer le retrait de durcissement. 
Mais cette conclusion devra etre verifiee pour d'au- 
tres types de ciment. On ne peut egalement exclure 
1'Hypothese que d'autres mecanismes, d'un ordre de 
grandeur inferieur ,ou egal, puissent se superposer 
au retrait d'autodessiacation, etant donnee la mauvai
se precision des essais. Le retrait de carbonatation 
nous foumit un exemple d'un tel mecanisme (le re
trait provient d'une dissolution de 1'hydroxyde de 
calcium sous 1'effet des contraintes de retrait de 
dessiccation, avec reprecipitaticn du carbonate de 
calcium dans les zones de faibles contraintes (22).

OONCLUSION :
Les principaux elements auxquels nous sernnes parvenus 
sont les suivants :
1) la fissuration precoce des betons est en relation 

avec le retrait de durcissement (ou retrait auto
gene apres prise). Il existe un appareil simple 

permettant de mesurer la vitesse maximale de ce re
trait de durcissement et done d'evaluer le risque de 
fissuration precoce.

2) le retrait autogene apres prise, conrne la contrac
tion Le Chatelier, est proportionnel au degagement 
de chaleur.

3) la contraction Le Chatelier avant prise parait 
liee ä des phencmenes de dissolution. i

4) 1' autodessiccation resultant de la contraction
Le Chatelier semble expliquer une part inportante du 
retrait de durcissement.
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Influence of Phase Composition of Portland Cements 
on the Resultant Properties of their Pastes Processed 

by Steam Curing
Influence de la composition du cimentsur les caracteristiques despates 

durcies et chauffees
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F. VAVRIN, Professor, Technical University, Brno, and
J. CERNA, RNDr, Research Institute of Building Materials, Brno, Tchecoslovaquie.

RESUME : Des pates ont ete preparees avec dix sortes de ciment portland et chauffees ä la va
peur ä 80°. Ces ciments avaient des surfaces speciflques tres volsines, et des courbes gra- 
nulometrlques semblables.

On a constate que les caracteristiques physiques et mecaniques des pates durcies dependaient 
principalement' de la teneur en alite, tandis que la bellte et le C^A n'avaient qu'une influen
ce secondaire.

Les differences de resistance de ces pates, de composition de phases et de granulometrie ana
logues peuvent etre imputees a des solutions solides differentes dans l'ali-te et ä des struc
tures internes differentes de celle-cl, blen qu'aucune difference significative n'ait pu etre 
decelee dans les dimensions des cristaux du clinker. '

La microstructure de ces pätes differe peu de celles traltees ä la temperature normale (25°); 
la difference provient essentiellement de la formation, dans les premieres, de cristaux de to- 
bermorite en forme d'aiguilles, mais dont la cristallisation est imparfaite.

SUMMARY : The pastes prepared from 10 types of portland cements were subjected to steam 
curing at 80°C. The cements were characterized by very close specific surface values 
and not too different granulometries.
It was found that the main influence onto the physical and mechanical properties of the 
hardened pastes is exerted by the alite contents, whereas belite and C_A, respectively 
are characterized by practically secondary effect.
Differences in the strengths of cement pastes showing similar phase and granulometric 
composition can be attributed to the character of solid solutions in the alite and to the 
internal structure of the latter, since no significant differences have been found in the 
dimensions of the crystals of this main clinker component.
The microstructure of the pastes ig somewhat different from the samples that have been 
treated at normal temperatures (25°C), mainly due to the formation of rod-shaped part
icles of "crystalically imperfectly developed tobermorite" . •



INTRODUCTION
In the course of previous experimental 
work (1,2) carried out at the Research In
stitute of Building Materials in Brno there 
were found certain differences in the 
microstructure of cement pastes treated 
at normal room temperature and by steam 
curing. It appeared expedient to study this 
phenomenon in greater detail and above all 
to determine the relationship between the 
phase composition of the cements and the 
physical and chemical properties of the 
pastes prepared from them.foT actual work 
there were employed 10 types of commercial 
clinkers ground -in a programmable manner 
with 5% gypsum rock in such a way that 
their specif ic-, surface approached the value 
of 3500 cm .g- (Blaine) . The pastes pre
pared from these cements (W/C = 0,32) were 
processed after 1 hour rest by steam.curing 
at 80 C with an isothermal holding period 
of 2, 4, 8 and 24 hours, 3 and 7 days.
After density and strength determination 
the phase composition of the pastes, in- 1 
eluding porosity was ascertained, and their 
microstructure was studied. As can readily 
be seen from the results of this work as 
well as from recent papers (3-8), the hydra
tion mechanism as well as the mutual rela
tions between the degree of hydration and 
the properties of the cement pastes have 
not yet been clarified in a satisfactory 
manner and are therefore the subject of stu
dies in quite a number of research estab
lishments .
ANALYSIS OF RESULTS OBTAINED
The enclosed table I shows the phase com
position of the clinkers studied with the 
aid of the light microscopic analysis.

TABLE I
Clin
ker 
desig
nation

Contents if determined component(%)

C3S o ro
 co C3A cca„f6 x y free 

CaO 2

AR 59,2 23,1 11,9 5,8 traces 100,0
BB 69,1 13,2 6,2 6,9 3,6 99,0
CI 57,5 26,5 14,3 1,1 0,4 99,8
HR' 73,5 9,8 8,8 6,2 1,7 100,0
HS 59,9 22 ,2 10,3 6,1 1,5 100,0
KD 60,6 16,8 10,0 6,7 5,1 99,2
MA 65 ,0 15,2 4,4 15,3 t races 99,9
ME 74,0 9,1 ’ 8,6 8,1 0,2 100,0
ML+/ 72,2 12,4 4., 5 7,8 2 ,1 99,0
MO"1"/ 69;6 8,6 14,8 4,5 1,2 98,7

+/ In the clinker there was also identified 
a certain quantity of <x -C2S which could not, 
however, be expressed in per cents as the 
differentiation from the belite mass was 
rather difficult. .
On the prepared cements there was carried 
out a granulometric analysis with the aid 

of a Coulter Counter instrument; the re
sults are summarized in Table II.

TABLE II
Design. 
of ' 
cement

Measured interval in ,um (%)
<4,5 4,6

11 ,5
11,6
23,0

23,1
36,5

36' 6
58,0 >58,0

AR 8,1 22,5 24,1 19,7 21,1 95,5
BB 3,3 22,8 29,8 19,1 16,5 91,5 .
CI 9,7 21,2 23,5 16,9 22,0 93,3
HR 2,5 23,8 30,0 22,3 18,1 96,7
HS 9,2 25,2 24,8 20,0 18,9 98,1
KD 6,1 24,4 26,9 19,3 17,4 94,1
MA 7,9 24,0 22,1 18,0 20,7 92,7
ME 4,3 17,0 20,5' 15,8 22,6 80,2
ML 8,1 20,1 19,1 17,3 23,3 87,9
MO 8,3 21,1 22,6 20,2 22,7 94,9

The highest quantity of the finest fraction 
(<11,5,urn) is exhibited by the HS cement, 
whereas^the sample ME is characterized by 
the lowest contents of this fraction.
The contents of alite, belite and C_A in 
the treated pastes were determined Dy X-ray 
diffraction methods. It was found that 
after a 7 day hydration more than one third 
of the alite remains in its original unhy
drated state. An exception are the cements 
ML and MO, where the residual contents repre
sent less than one third of the original 
quantity. In all the samples after a 7 day 
treatment there was identified more than 
one half of still unreacted belite contents. 
With the exception of MO sample, 1-3% C-A 
could be identified even after the longest 
treatment.
The resultant compression strength values 
are given in Table III.

In order to give more instructive infor
mation the early (2 h) and final strength 
(7 d) values are plotted in Figs. 1 and 2,

TABLE III
Compres. 
strenght 
values« 
(N .mm" )

2 h 4 h 8 h 24 h • 3 d 7 d

AR 32,0 49,8 52,8 60,0 81,5 82,6
BB 34,5 60,2 76,6 86,4 95,7 107,6
CI 26 ,4 50,8 65,6 85,8 90,7 92,6
HR 43,1 67,3 78,7 91,0 102,5 110,5
HS 27,8 44,1 51,1 58,6 68,8 •80,9 "
KD 37,5 51,8 74,4 93,2 95,4 103,1
MA 24,1 41,0 66,4 72,9 100,4 101,1
ME 27,9 60,1 71,7 83,5 95,5 ’101,0

ML 24,8 52,4 80,5 99,1 111,7 113,6
MO 20,2 57,2 75,8 95,1 102,3 105,3



together with the indication of cements 
phase composition.

Fig. 1 - Compression strength of cement 
pastes after 2 hour treatment.

It follows explicitly from the above data 
that the major influence onto the attained • 
strengths is exerted by alite. The rela
tively low early strength value (2 h) for 
the ME paste (27,9 N»mm) is caused by 
almost 20% the >58,0.urn fraction amounting 
almost to 20%. In the'case of ML and MO 
samples, which are also characterized by a 
marked alite content, the relatively low 
early strengths are caused by a higher total 
porosity in comparison with the remaining 
pastes during the first hydration stages. 
Only the sample KD is characterized by a 
relatively_gronounced early strength 
(43,1 N .mm" ) which is out of proportion 
with regard to the present alite quantity 
(60,6 %).
Cement pastes samples CI, AR and HS which 
contain the highest quantities of belite 
(26,5 - 22,2 %) exhibit the lowest compres
sion strength values after 7 days of treat
ment .
Also the increased C,A content did not posi
tively influence the^attained early strengths, 
as could perhaps have been assumed.
As has been shown experimentally, the dif
ferences in the size of the alite particles 
have not been substantial enough to in
fluence the strength differences of the 
tested pastes in apparently principal man
ner .
Thus the main cause seems to be in the cha
racter of the contained solid solutions 
and in the internal structure of. the alite 
itself .
The microstructure of the steam cured pas
tes (80°C) differs from those treated at 
room temperature (25°C) mainly by the 
fact that there is also formed the C-S-H-gel 
in the form of isometric particles which are 
mutually linked with the formation of the 
rod-shaped "crystalically imperfectly de
veloped tobermoritic phase", in which in 
some cases there can seen the indication "of

Fig. 2 - Compression strength of cement 
pastes after 7 day treatment.

zoning original formations (Fig.3).

Fig. 3- Paste of MA cement (7 days, 8O°C).

Typical portlandite crystals are often mu
tually intergrown, as a consequence of their 
formation in different periods of time or 
growth at different rate which can positi
vely influence the strength of the cement 
paste (Fig . 4).

The "Type I" C-S-H-gel according to Diamond
(4) which forms a fibrous structure, could 
be identified only sporadically, and the 
same applies to crystals which should, in 
accordance w^th their morphology, corre
spond to C^ASH-^2, but belong to portlandite. 
A very frequent case of microstructure is 
the phenomenon when needle-shaped C-S-H-gel 
particles of very small dimensions inter
grow the tabular portlandite crystals 
(Fig. 5)'.



Fig. 4- Paste of MO cement (24 h, 80°C) .

Fig. 5 - Paste of HS cement (24 h, 8O°C).

CONCLUSION
Pastes from 10 cement types of approximately 
same specific surface were treated for the 
various periods of time at 80°C and it was 
found that the major influence onto the phy
sical and mechanical properties is exerted 
by alite contents whereas bellte and C,A, 
respectively exhibit only an unpronounced 
effect. The resultant differences in the 
strengths of samples having a close phase 
composition and a not too different gra
nulometry are not caused by the difference 
in the dimensions of alite crystals, but are 
apparently related to the character of the 
contained solid solutions as well as the 
actual structural arrangement of this major 
clinker component.
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Calculations of Strength Development from the 
Coumpound Composition of Portland Cement

Calcul du developpement de la resistance des ciments portland ä partir de 
leur composition

Sandor POPOVICS, Department of Civil Engineering, Drexel University, Philadelphia, Pennsylvania 19104,
U.S.A.

RESUME : On a compare quatre methodes de calcul de la resistance des ciments portland, en 
fonction de leur age, de leur finesse de. broyage et de leur composition chimique : 
le modele llneaire 
le modele exponentiel 
le modele du second degre complet 
le modele du second degre partiel
Un exemple numerique illustre 1'application de ces methodes. Les equations •v, 10 et 11, ain- 
si que les formules derivees de I'equation 12, dans le modele exponentiel, constituent des 
nouveaute s.
Le modele exponentiel fournit une preuve indirecte de i'action du C^A comme catalyseur de 
11 hydratation des silicates de chaux.

SUMMARY : The paper compares methods of calculation for the strength development of portland 
cement in terms of age, fineness and compound composition. The following four methods are 
investigated : 
the linear methods •
the exponential formulas 
the complete formula of second degree 
the trunkated formula of second degree.

A numerical example illustrates the application of the methods. Eqs. 4, 10 and 11 and the 
derivation of Eq. 12 from the exponential cement model are new.

The exponential cement model also provides indirect evidence that the C^A acts as a catalyst 
in the hydration of the calcium silicates.



The paper compares several old and new methods 
of calculation for the strength development of port
land cements in standard mortars of ASTM C 109 type. 
The independent variables are: compound composition, 
age at testing, and fineness. Equations 10)and 11) 
and the derivation of Eq. 12) from the exponential 
cement model have not been published before.

This paper is the continuation of the papers the 
writer presented at the IV. and V. International 
Symposia on the Chemistry of Cement.

The Linear Cement Models

The mathematical form of the first such model 
is, as follows:

f = Strength = aCCjS) + b(C2S) + c(C3A) +

+ d(C4AF) 1)

where the symbols in parentheses represent the cal
culated (Bogue) percentages by weight of the com
pounds, and a, b, c, and d are empirical coefficients 
(parameters). A set of the coefficients for Eq. 1) 
are presented in Table 1. These are valid for stand
ard Ottawa-sand mortars of ASTM C- 109 and C 190 types.

Strengths calculated by Eq. 1) and the pertinent 
parameters of Table 1 for Cement No. 24 of 
Connerman's (1) are shown In Figure 1 along with the 
experimental values. The composition of this cement 
is:

CjS = 41%; C2S = 37%; C3A = 7%; C4AF = 12%.

Several attempts have been made to Improve the 
linear model. Blaine and his co-workers introduced a 
large number of additional variables. (2) Their for
mulas for portland cements in Ottawa-sand mortars of 
ASTM C 109 type are as follows:

f = -2029 + 18.19C3S + 224.7S03 + 349.1 ^0 -

- 168.8 Loss - 228.2 Insol + 0.5509Ss -

- 16.82 Air " 2a)

f = -2950 + 41.51C3S + 22.05C.jA + 432.5 S03 +

+ 327.3 K20 - 249.9 Loss + 0.7573Ss -

- 49.55 Air 2b)

f? = -4131 + 56.16C3S + 90.45C3A + 378.1SO.j +

+ 592.8 K20 - 39.24 MgO - 68.66 Loss +

+ 1.07 Sg - 59.99 Air 2c)

f28 = 1075 + 42.08C3S + 53.03C3A + 23.60C4AF +

+ 0.5729S - 95.61 Air 2d)* s
f365 = 6518 - 103.4C3A - 687.7 Na20 + 0.4345Sg-

- 100.2 Air 2e)

f1825 = 5331 + 16125C2S " 85-z2C3A " 1091^2° ~

- 107.9Mg0 + 0.5375Sg - 507.8 Insol -

- 106.5 Air 2f)

f,,,_ = 7833 + 18.77 C,S - 161.5 C A - 71.0C4AF -

- 1578Na20 - 723 Insol + 0.2496 Sg

- 122.2 Air 2g)

where

TABLE I - Coefficients for Eq. 1) (1)

Curing of specimens: in moist room at normal temperature up to 28 days, then in water.

The conversion factor from psi to MPa is 0.0069.

Coefficients , psi

Age 1 d 3 d 7 d 28 d 3 m 1 y 2 y

Compound^. 2-in. Plastic Mortar Cubes, 1 :2.75 Mix by Weight for Compressive Strength

C3S 8.5 27.4 40.0 48.8 55.7 61.8 70.7
c2s 0.3 -1.1 -5.1 19.1 62.9 80.6 82.2
C3A 11.3 24.1 58.4 100.1 56.4 5.6 -12.5
c4af -6.5 -9.8 -0.2 30.8 39.7 39.6 27.2

1:3 Standard Ottawa Sand Briquets for Tensile Strength

C3S 2.1 3.6 4.6 5.0 4.7 4.6 4.9
C2s 0.3 0.8 1.3 3.8 6.1 6.4 6.1
c3a 4.6 6.3 7.1 7.1 4.4 2.1 0.9
c4af 0.4 3.7 3.5 4.0 4.0 2.6 2.2



f = standard compressive strength of mortar at 
the age of t days, psi,

CjS, C2S,.C3Ä and C^AF = calculated (Bogue) a
mounts of the four ce- 

’ ment compounds, percent
by weight,

SO3, K2O, Na20, and MgO = sulfate, potassium, 
sodium and magnesium 
contents, respectively, 
percent by weight,

Loss - loss on ignition, percent by weight,

S = fineness of cement by the air-permeability 
3 (Blaine) method, cmz/g.

Air = air content of the fresh mortar, percent.

The conversion factor from psi to MPa is 0.0069.

Using again Cement No. 24 from Gonnerman's in
vestigation with the estimated values of Air = 1%, 
S03 = 1.8%, K20 = 0.4%, Na20 = 0.6%, MgO = 2.8%, 
Loss =• 0%, Insol = 0.2%,. and Ss = 2700 cm2/g, the 
strength values calculated by Eqs. 2a) through 2f) . 
are presented in Figure 1.

In another effort, Alexander presented a sim
plified two-component linear model (3) for the cube 
strengths of 2.75 standard Ottawa-sand mortars under 
wet curing:

f3 = - 1477 + 24.64 C3S +40.43 C3A + 0.484Ss 3a) 

f? - - 1245 + 41.16 C3S + 78.84 C.jA + 0.355Ss 3b) 

f28 = 286 + 27.25 C.jS + 146.96 C^A + 0.384Sg 3c)

where the symbolds are identical with the symbols of 
Eqs. 2a) through 2g).

The conversion factor from psi to MPa is again 
0.0069. Strength values calculated by Eqs. 3a) ' 
through 3c) for Cement No. 24 are presented in Figure
1.

The Direct Exponential Model

Another approach is the following formula for 
the calculation of compressive and tensile strengths 
of standard, non-air-entrained mortars of ASTM C 
109 and C 190 types:

f - f 1 - pe blt - (1 - p)e b2t _ 
It r90 . 90bi M „^-SOb,

1 - pe ■L - (1 - p)e <•
4)

where

f ■ estimated mortar strength at the age of t 
days, psi

fgg - strength parameter representing the mortar 
at the age of 90 days.

■ For the standard compressive strength of
■ 'non-air entraining cements in Ottawa-sand mor

tars:
f90 " 5500Ss/So (psl) 5)

Figure 1. Comparison of compressive strengths estim- ■ 
ated for the same cement. The specimens were 2-111. 
(5-cm) cubes of 1 : 2.75 Ottawa-sand mortar made with 
Cement No. 24 from the series of Gonnerman’s. (1) 
Lines represent values calculated by formulas as mark
ed; points represent experimental values by Gonner- 
man. The cement composition is: C,S = 41%; C-S = 
37%; C3A = 7%; and C4AF =12%

For the compressive strength of the same 
cements and mortars as above but when the cur
ing takes place in moist air instead of water:

f9Q = 5900Sg/So (psi) 6)

For the tensile strength of standard bri
quette but with moist-air curing:

fg0 = 580 (psi) 7)

t = age of the specimen at testing, days,

p = computed C3S content of the portland cement, 
percent/100,

rate parameters which are indepen
dent of the strength, age, and C3S 
and C2S contents, but may be a func
tion of the temperature, C3A con
tent, fineness and any other factor 
that influences the course of hy
dration (minor constitutents, gyp
sum content, admixtures, water
cement ratio, curing and testing 
methods, etc.), 1/day.

For the compressive strengths' of 
Ottawa-sand mortar cubes made, 
cured and tested according to ASTM 
C 109, the following b parameters 
ard valid:

b1 - 0.2Sg/So (1 day) 8)

b2 - 0.005C3A Ss/So (1 day) 9)

For the tensile strength of. Ottawa
sand briquettes according to ASTM

b^ and b2 =



C 190, the following b parameters 
are valid: '

b1 = 0.80Ss/So (1 day)

b2 - 0.02C3A Sg/So (1 day)

S and S = Specific surface of the cement in 
s ° question, and that of a typical Type 

I cement, respectively. In the case 
of Kliegar's LTS cements (4) S was 
usually taken for Type III cements 
as 2600 Cii2/g (Wagner), and for the 
other cement types as 1800 cm2/g 
(Wagner). So was usually taken as 
1800 cm2/g (Wagner).

The conversion factor from psi to MPa is 0.0069. 
Strength values calculated by Eq. 4) with Eqs. 6), 
8) and 9) for cement No. 24 are shown again in Fi
gure 1.

Eq. 4) is an advanced form of the earlier ex
ponential cement model for relative strengths. (5)

Eq. 4) can also be used to estimate the strength 
at any age from the experimentally obtained strength 
of the mortar- in question at a given age. - For in
stance, the strength at any age can be estimated from 
the measured 3-day strength if t = 3 is substituted 
for 90 in

where the 
Eq. 4).

Values calculated by Eq. 10) with Eqs. 8) and 
9) from the 3-day compressive strength of the Ottawa
sand mortar cubes made with Gonnerman's Cement No. 
24 are also shown in'Figure 1.

A considerable amount of evidence has been pub
lished to show that the exponential cement model Is 
well supported by experimental data. (6) - (9) 
It is highly unlikely that such a good fit could have 
been obtained without a fundamental similarity be
tween the hardening process represented by this model, 
and the actual process. Therefore, it seems safe to 
say that the C3A acts as a catalyst on the hydration 
of the calcium silicates, as indicated by the struc
ture of the model. (10)

Note that both Eq. 4) and Eq. 10) are also 
suitable for the estimation of concrete strengths. 
This, however, is the topic of another paper.

the formula:

10)
1 - pe

as the symbols forsymbol are the same

. -3b2- p)e z

f 1 - pe blt - (1 - p)e b2t 
f3 , _ „„-3bl _ (1 - 

Quadratic Models

If one expands the exponential terms in Eq. 4) 
into the well-known series, and omits the terms of 
higher degrees, the following formula of second de
gree is obtained:

f - g + h'c3s + IC-jS X C3A + jC3A + kSs 11) 

where g, h, 1, j and k are experimental parameters 
that are independent of the compound composition of 
the cement but may be affected by any. factor that 

influences the strength development. Reliable best
fit values for these parameters are not available at 
this time.

If one assumes that the term of JCgA is negli
gible, then Eq; 11) provides the formulas recommended 
by Alexander (3):

f3 = - 1248 + 22.32 C3S(1 + 0.030 GjA)

+ 0.468Ss 12a)

f? = - 772 + 34.20 C3S(1 + 0.043 C3A)

+ O.329Ss 12b)

f2g = 1129 + 15.36 C3S(1 + 0.181 C3A)

+ 0.325S 12c)s
where the symbols and the limits of validity are the 
same as those for Eqs. 2a) through 2g). The"conver
sion factor from psi to MPa is 0.0069.

Using again Cement No. 24 from Gonnerman's in
vestigation, the strength values calculated by Eqs. 
12a) through 12c) are practically the same for this 
cement as those by Eqs. 3a) through 3c) shown in 
Figure 1. "

Conclusion

All the presented formulas are suitable for the 
estimation of the strength developing capacity of 
portland cements, although none of them is completely 
satisfactory. The reason for this is that none of 
the formulas includes all the factors that affect the 
strength development of a cement. Nevertheless, it . 
appears that the exponential model, that is Eq. 4), 
is perhaps the most promising partly because it 
is more in accordance with accepted concepts of ce
ment chemistry than the other models, and partly 
because it contains only two parameters. ■ 
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The Distribution of Evaporable water in hardened 
cement paste (h.c.p)

La distribution de i'eau evaporable dans les pates dur ci es de cim ent

S. SABRI and , -
J. M. ILLSTON, Division of Civil Engineering. The Hatfield Polytechnic, Hatfield, Herts, U.K.

RESUME : Nous avons etudie la repartition de I'eau evaporable dans les pates de ciment dur- 
cies, en utilisant une methode thermogravimetrique semi-isotherme et une methode derlvee de 
la thermogravimetrie.

Ces mesures permettent de distinguer deux sortes d'eau evaporable. Les variations des quanti- 
tes d'eau de chaque Sorte ont ete determinees experimentalement, en fonction des durees d'hy- 
dratation, de 1'humidite relative ambiante, de la temperature et du rapport eau/ciment. Nous 
en avons conclu que I'eau evaporable dans les pates de ciment durcies n'est pas due unique- 
ment ä I'eau physiquement adsorbee, mais aussi ä I'eau de combinalson de certains hydrates, 
instables quand la teneur en eau interne de la pate varie;

SUMMARY: The distribution of evaporable water in h.c.p. was studied using a simultaneous semi-isothermal 
method of thermogravimetry and derivative thermogravimetry. •

The measurements .allow quantitative differentiation between two different types of evaporable water in h.c.p. 
The variations in the amount of each type in response to changes in curing period, relative humidity, 
temperature and water-cement ratio were determined experimentally. .

It is concluded that the evaporable water in h.c.p. is not present solely as physically adsorbed water but 
also as a structural component of some hydrates that are not stable with regard to changes in moisture 
content. .



INTBODUCTIOIJ '

Knowledge of the distribution of evaporable water 
in h.c.p. is essential for a realistic 
interpretation of sorption and length change 
measurements. A series of measuring methods are 
reported in the literature by means of which 
attempts are made to establish criteria to 
distinguish between the different types of water 
in h.c.p. None of these methods, however, 
succeeds in separating quantitatively the different 
classes of evaporable water present in h.c.p.

In the following, such a method of determining the 
distribution of water in h.c.p. is demonstrated, 
using a semi-isothermal thermogravimetrie method.

EXPERIMENTAL "

Specimen Preparation:

A type I cement was mixed at a water cement ratio 
(W/c) of 0.47, cast as hollow cylindrical tubes of 
wall thickness 1 mm, external diameter J2 mm, and 
length 100 mm, in specially designed perspex 
moulds (l), stored at 20°C for one day in 100% R.H 
chamber, demoulded and then cured at 20°C in 
deionized water until tested.

The samples used for the determination of the 
distribution of evaporable water by the semi
isothermal TG/DTG method were broken pieces taken 
from the 1 mm tubes. The initial weight of the 
sample was always between 10 and 12 mg. i
Essentially similar results were obtained using 
samples in a powder fora. Powdered samples were 
not used, however, to avoid additional carbonation 
occurring during conditioning, grinding and placing 
in the furnace.

Apparatus and Experimental Conditions:

A TG 750-theraobalance (Stanton Redcroft, London, 
UK) was used with NJO JUV-preamplifier and N42 
Derivative unit (Linseis Messegerate GmbH, Self,
W. Germany). The TG, DTG and temperature curves 
were recorded simultaneously on a Linseis multi-pen 
recorder.

All semi-isothermal TG/DTG^experiments were carried 
out at a heating rate of 5°C/niin, chart speed 
100 mm/b. and in a dynamic atmosphere of COg free air 
of constant water vapour pressure equa^ tg the 
saturation vapour pressure of water at 20cC, at a 
rate of 25 ml/min. This relatively high water 
vapour pressure was chosen because it is thought 
to delay the start of the desorption of that part 
of evaporable water that is more ti^itly bound to 
the solid and consequently facilitates the 
separation of the peaks.

The Semi-isothermal Thermogravimetrie Procedure:

The features of the semi-isothermal technique used 
in this study are essentially the same as those used 
by El-Jazairi and Illston in reference (2). As th6 
rate of weight change reaches a maximum (at a peak) 
and starts to decrease, the temperature programmer 
is switched from dynamic heating to the isothermal 
condition for JO minutes. At the end of the JO 
minutes isotherm the temperature programmer is 
again switched to dynamic heating until the next 
peak is reached.

Fig. 1: Typical semi-isothermal TG/DTG curves for 
a saturated sample of h.c.p.
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Fig. (1) shows typical semi-isothermal TG/DTG curves 
for a saturated h.o.-p. sample hydrated for only one 
day. The semi-isothermal TG/DTC -lethod allows the 
separation of TWO main peaks on the BTC curve in the 
temperature range 20° to 100°0. The two types of 
water corresponding to the lower and the higher 
temperature peaks are designated water type "A" and 
water type "Brt respectively. and W_ are 
defined as the weight of water type "A" and the 
weight of water type "B" per unit weight of dry 
paste respectively.

For samples cured £or one day only, the first peak 
occurs at about 47 C and the second peak occurs at 
78 0. The temperature of each peak increases with 
the curing period up to 28 days, after which they 
remain constant at about 54° and 90°C for peak "A" 
and peak "B" respectively.

HESULTS

Effect of Curing Period:

The amount of water type "A" was found to be 
practically constant all through the curing period 
from 1 day up to 2 years. The amount of water 
type "B" on the other hand increases steadily with 
the curing period. A plot of the experimental 
values of W^ against W is shown in Fig. (2), it 
gives a straight line of the form 
WB = .023 + .276 Wn ................. (1)
where W is the non evaporable water per unit weight 
of ignited paste. Equation (1) can be used to 
determine the amount of water type MB" in saturated 
samples by measuring W alone. This helps to 
determine any changes “that might occur during 
drying or heating in the amount of water type "B" 
relative to its originally saturated state without 
the complicating factors arising from continued 
hydration during relative humidity or temperature 
changes.

Fig. 2: Wg vs Wn plot for saturated h.c.p.

Effect of Drying and Wetting:

In order.to determine how each type of evaporable 
water in h.c.p. changes with relative humidity, 
semi-isothermal TG/DTG experiments were performed 
on samples conditioned to different levels of E.H. 
The samples were initially crtred for 28 days in 
water before conditioning. To correct for any 
additional hydration that occurs during 

conditioning at high levels of H.H, the quantity 
is used instead of W_ to plot the correct

isotherm'of water type "B". WBq is the amount of 
water type "B" that should have been present in the 
sample if it was■continuously kept in water as 
calculated from the value of W of partially dried 
sample, using equation (1).

Fig. 3: Adsorption - desorption isotherm of

Fig. 4: Adsorption - desorption isotherm of 
water type "B".



The isotherms of water type "A" and water type "B" 
are shown in Fig. (?) and Fig. (4) respectively, 
where it can be seen that:

1. Water type "A" is present at all relative 
humidities and its amount decreases as relative 
himifli ty decreases.
2. The isotherm of water type "A" is reversible 
in the lower humidity range, a hysteresis loop is 
present at high humidities and closes at about 35% 
R.H.
?. Most of water type "B" is lost below 11% R.H.
4. Even at the highest relative humidity used 
(namely 9$> R.H) some of water type "B" is lost from 
the sample.
5. Between 100 and 11% R.H a minimum is observed 
in the amount of water type "B" retained by the 
sample.
6. On adsorption, Wg increases throughout the full 
humidity range.
A large hysteresis loop is observed at all levels of 
R.H, and the difference is particularly large at 
11% R.H.

Perhaps the most important result with regard to the 
effect of drying on the distribution of evaporable 
water in h.c.p. is that a definite increase in Wy 
occurs due to drying on rewetting. The increase in 
W_ (of the order of about 20%) due to a drying cycle 
to 11% R.H and back to saturation is about twice the 
increase due to drying to 44 or to C% R.H.

Effect of Temperature:

Heating in the dry condition has very little effect 
on the distribution of evaporable water in h.c.p. as 
measured by the semi-isothermal TG/DTG method. 
Heating in water, however, produces a substantial 
decrease in W_; especially at temperatures higher 
than about ' "°45OC. '

Effect of W/C Ratio:

Semi-isothermal TG/DTG runs were performed on 
saturated fully hydrated samples of h.c.p. made with 
different W/C ratios. The amount of water type "A" 
per unit non-evaporable water increases with w/C 
ratio, while the amount of water type "B" per unit 
non-evaporable water appears to be constant for 
samples made with low W/C ratio. For samples made 
with W/C ratios hi^ier than about 0.4, yß/"n 
decreases with W/C ratio. ’

DISCUSSION;

The adsorption-desorption isotherm of water type "A" 
shows the characteristics of physically adsorbed 
water. Water type "A" must include both capillary 
and gel water according to the classification of 
Powers and Brownyard (3) since about 49% of the 
evaporable water present in samples made with W/C 
ratio of 0.23 (which according to Powers contains 
no capillary pores) is present as water of type"A".

The sorption isotherm of water type "B" shows a 
hysteresis loop extending over the low relative 
humidity range, which is a feature of crystals in 
which water is withdrawn from the structure.

Water type "B" is probably due to the dehydration of 
one or more of the hydrates in h.c.p. that are not 
stable with relative humidity such as C-S-H gel and 
ettringite.

Water in ettringite can contribute only to water 
type "B" that forms during the first day of 
hydration. The rest of water type "B", which ah 
Fig. (3) indicates, increases linearly with Wn, 
would therefore be due to the dehydration of the 
C-S-H component of the paste.

A practical implication of the identification of 
water type "A" as physically adsorbed water, is that 
the surface area covered by water type "A" can be 
determined by applying the BET equation to its 
isotherm, without the complications arising from 
the loss and gain of the hydrate water type "B".

It is interesting to note that if we assume that 
water type "B" in C-S-H gel is present as a mono
layer of water adsorbed between two surfaces and 
calculate the surface area covered by water type . 
"B", the value of the total surface area covered by 
both types of water in saturated samples is about 
680 nr/gm of dry paste. This value is in close 
agreement with the value of 660 m^/gm of dry paste 
reported by Winslow and Diamond (4) for saturated 
samples using low-angle X-ray scattering method. 
Moreover, heating at 105uC in water reduces the 
surface area of saturated samples irreversibly by 
about 50% and also reduces irreversibly the amount 
of water type "B" by about 50%. This suggests that 
water type "B" is probably present in C-S-H gel as 
a monolayer of water separating the basic structural 
units composing the gel particles.

The increase in Wg on rewetting after drying suggests 
that drying causes neighbouring structural units 
that are partially or totally separated by water 
type "A" in the initially saturated state to approach 
each other creating, irreversibly, more spaces of 
type "B".

CONCLUSIONS:

The semi-isothermal TG/DTG method described above is 
a useful method for studying the properties and the 
distribution of evaporable water in h.c.p.

Evaporable water in h.c.p. can be divided into two 
types. The first type includes the water present 
in the pores of the paste as well as the physically 
adsorbed water on the free surfaces of the solid, 
and the second type is regarded as a structural 
component of -some hydrates that are not stable with 
regard to changes in moisture content such as C-S-H 
gel and ettringite.
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Effect of cement kind on chemical and drying shrinkage
Influence du type de cimentsur le retrait chimique et hydraulique .

V. DORKIN, Docent, All Union Polytechnical Institute (WZPI) Moscow, and 
Yu. ZAITSEV, Professor, All-Union Polytechnical Institute (ZWPI) Moscow, U.R.S.S.

RESUME : On a etudie separement le retralt chimique et hydraulique sur des eprouvettes en 
pate de ciments portlands ayant des teneurs differentes en CjS, C2S, C3A.

Les deformations chimiques et hydrauliques ont ete mesurees en fonction du temps. On a cons 
täte que les retraits chimique et hydraulique dependalent essentiellement de la mineralogie 
du ciment et du rapport E/C. ' '

SUMMAJÜ: Separately chemical and drying shrinkage of hardened cement paste on various 
portland cements (with different content of CjS, C2S and CjA) has been studied.
Chemical and drying shrinkage strain values as function of time are given. It is shown 
that both chemical and drying shrinkage strain depends significantly on the mineralogical 
composition of cement. Effect of w/c ratio on chemical and drying shrinkage strain is ana
lysed.



IHTHOIUCTION .
Shrinkage of hardened cement paste and 
concrete can be considered as consisting 
of 5 components: drying shrinkage, che
mical shrinkage and carbonisation shrin
kage (1,2). Chemical shrinkage seems to 
be one of the most fundamental properties 
of hardened cement paste, because it is 
connected only with hydration process and 
does not depend on the environment effects 
as the drying and carbonisation shrinkage 
do. Nevertheless chemical shrinkage is 
significantly less investigated as compa
red to drying shrinkage. In this study 
chemical shrinkage of hardened cement 
paste made on different cements was inves
tigated. At the same time drying shrinka
ge of companion specimens was studied too.

MATEklALS
Table 1 shows the composition of cements 
used in this study. '
Cement paste with three fixed water/ce- 
ment ratio (0.26; O.28i 0.30) was com
pacted in hermetic cylindrical moulds 
with the following size; diameter 
d = 40 mm, height h = IbO mm. Specimens 
were cured at 20 + 0.5°C for a period of 
18 hours (cements No. 1-4) or 2 hours 
(cement type No. 5). Shrinkage of the ce
ment paste at an earlier age (i.e. plas
tic shrinkage) was not investigated be
cause the chemical shrinkage does not 
contribute significantly to the plastic 
shrinkage (5,4).

APPARATUS
Chemical shrinkage was investigated on 
completely cealed specimens, which were 
immersed into toluol. Toluol is liquid 
having nearly the same density as water 
and is practically dissoluble in it. Use 
of liquid insulation allowed to combine 
the container for specimen and the support 
for measurement of specimen strain. Con
tainer was made from quartz to eliminate 
probable deformation Induced by tempera
ture changes.
Drying shrinkage was investigated on un
sealed specimens in quartz supports, by 
70+2% r.h. and 20 + 0.5°C in special 
climatic chambers. "" ■

RESULTS
Typical results of tests - chemical 
shrinkage strain ch and drying-shrinkage 
strain ^r are shown in Fig. 1.
As can be seen from Fig. 1, chemical 
shrinkage strain are equal to 20-50% of 
drying shrinkage strain. Character of che
mical shrinkage curves differs signifi
cantly from that of drying shrinkage our- 

Fig. 1. Chemical and drying shrinkage as a 
function of time -

ves - the former always have an ascending 
part (dilatation of cement paste), the 
latter as a rule (with the,exception of 
the cement No. 5) have it hot. The effect 
of mineralogical composition of cement 
on shrinkage strain of both kinds is shown 
in Fig. 2, where related strain values
ch/ ch*  dr/ dr*  are given; St ■
and drr are values of ch and dr respec
tively at the end of the test, i.e. by 
t = 6?2 h.
It can be seen from Fig. 2, that for dry
ing shrinkage the mineralogical composi
tion effects rather the absolute values of 
strain than the character of shrinkage cur
ves; for chemical shrinkage, on the cont
rary, both the absolute strain values and 
the character of shrinkage curves (espe
cially at the beginning of the test) are 
significantly affected by mineralogical . 
composition of cement. ■
In an effort to find out quantitative con
nections between mineralogical composition 
of cement and shrinkage strain we have con
sidered oh - and *dr  - values as func
tions of the content of C^A - see Fig. 5. •
Reasons to choose the C^A - content as a 
parameter were the following. On the one ' 
hand the presence of the C5A accelerates 
hydration of CiS (5)» which can accelerate 
shrinkage process too. On the other hand



AI2O5 = 45.2%, CaO = 42.45%, SIO2 = 9.77%, S = 1.25%; gipsuto 
is used to regulate the hardening of cement paste.

TABLE I

No. Material
' Composition, %

C^S C2S C^A o4af

1. Low alumina portland cement 66 15 4 15
2. Low alumina portland cement 56 21 4 15
5« Middle alumina portland cement 57 14 6 15
4. High alumina portland cement
5. Alumina gipseous cement*̂

60 12 8 14
— - - -

the content of CxA varied in our cements in 
a relatively wide range as compared to other 
components of cement. It was assumed that 
oh = 0 at the moment of maximal dilatation 
of cement paste . As can be seen from 
Fig. 5 both chemical and drying shrlncage 
strain increases nearly linearly with the 
Increasing of the CjA content. Similar re
sults for only drying shrinkage of two 
kinds of cement were obtained in (6,7) by 
CxA content equal to 0.1% and 12%. Water 
cement ratio effects the shrinkage strain 
slightly. Nevertheless it is obvious that 
this effect is different for drying and 
chemical shrinkage: the more is W/c the 
more is drying shrinkage and the less is 
chemical shrinkage strain.

CONCLUSIONS
Chemical shrinkage strain are equal to 
20-50% of drying shrinkage strain. Both 
chemical and drying shrinkage strain de
pends significantly on the mineralogical 
composition of cement. Both chemical end 
drying shrinkage strain increases nearly 
linearly with the increasing of the CxA 
content. Effect of W/c ratio is different 
for drying and chemical shrinkage: drying 
shrinkage strain increases and chemical 
shrinkage strain decreases with the Increa
sing of W/c ratio.

4. F.H. WITTMANN (1976), On the Action of 
Capillary Pressure in Fresh Concrete. 
Cem. Conor. Kes., vol. 6, No. 1,
pp. 49-56.
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and Portland Cement. Proc. 5th Int. 
Symp. on Chemistry of Cement, Tokio, 
parts I-IV, pp. 248-249«

6. M. VENAUT (1968), Influence du ciment 
sur le retrait hydraulique apres prise. 
Int. Coll, on the Shrinkage of Hydrau
lic Concretes. Madrid, II.

7. G.P. TOGNON  (1968), Le retrait d’hydra, 
tation du ciment en relation a certai- 
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Fig. 3. Chemical and drying shrinkage 
strain at the end of the test as a func
tion of CjA content

Fig. 2. Related chemical and drying shrin
kage strain as a function of time



Ageing and Drying of Tricalcium Silicate Pastes
Vieillissement etsechage des pates de silicate tricaicique

N.B. MILESTONE, Scientist, Chemistry Division, Department Scientific and Industrial Research, Petone, 
New Zealand.

SUMMARY

Trimethylsilylation has been used to study changes in the silicate phase composition upon 
ageingand drying of tricalcium silicate pastes dried at varying relative humidities from 75%rh 
to 11% rh. Drying is shown to have a pronounced effect on the distribution of the silicate 
phases in the C-S-H gel.

Drying pastes to 33% rh or less causes irreversible changes in the distribution of silicate 
phases in the gel. Monosilicate is not present and the amount of polysilicate increases as 
drying is increased. No increase in polysilicate with time is noted.

For pastes dried to 53% or 75% rh, monosilicate is present in the gel but the amount decreases 
with time (half-life of approximately one and a half weeks). The amount of polysilicate in 
the gel increases with time without any increase in the degree of hydration indicating an 
ageing effect.

The ageing effect is considered to be a silicate condensation reaction and could explain the 
age dependent changes in creep and shrinkage of pastes and surface area changes noted by other 
workers. ’

RESUME : On a utilise du trimethylsilyl pour etudier les variations de la composition des pha
ses silicatees, au cours du vieillissement du sechage de pates de silicate tricaicique soumi
ses ä des atmospheres dessechantes, ayant des humidites relatives variant de 75 % ä 11 %.
On a observe que le sechage a un effet prononce sur la distribution des phases de silicate 
dans le gel de C-S-H.

Les pätes dessechees ä 33 % d'humidite relative, ou moins, subissent des variations irreversi
bles de cette distribution du silicate dans le gel. Le monosilicate disparalt et la proportion 
de polysilicate augmente avec le sechage. Cette proportion de polysilicate n'augmente pas avec 
le temps. , ,
Dans les pätes dessechees entre 53 % et 75 % d'humidite relative, le monosilicate est present 
dans le gel, mais sa proportion diminue avec le temps (diminution approximative de moitie en 
une semalne et deml). La proportion de polysilicate dans le gel augmente avec le temps, sans 
que I'on observe d1accroissement de 11hydratation ou du vieillissement. ' .

Le vieillissement semble du ä une polymerisation, ce qui peut expliquer les variations avec 
l'äge du retrait et du fluage des pätes et de leur surface specifique, signalees par d'autres 
chercheurs.



INTRODUCTION
Changes in some of the properties of cement 
and calcium silicate pastes that cannot be 
accounted for by changes in degree of 
hydration (a) or porosity have been noted by 
several workers. These changes may be 
accounted for by an ageing or maturing pro
cess, occurring in the microstructure of.,the 
CSH gel.
Parrott^" noted that creep was reduced in 
samples stored at high humidity and loaded 
at later ages as compared to samples with 
the same degree of hydration loaded at early 
ages. In later work^ he showed that heat 
treatment produced a similar effect.
Parrott attributed this effect to continued 
polymerization of the silicate in the CSH 
gel after hydration had ceased and using the 
method devised by Funk and Frydrych^, was 
able to show that increased polymerization 
occurred.2

4
Hunt et al reported that drying affected 
the measured values of surface areas. For 
pastes stored between 40 and 60% rh they 
found a time-dependent decrease in the sur
face area determined using ^2 and suggested 
this effect was due to some form of an age
ing mechanism.

Changes upon heating dried tobermorite gels 
were attributed to changes in silicate - 
polymerization by Collepardi et al^. Funk6, 
in his studies on the ageing of tobermorite 
gels, was able to measure an increase in the 
amount of polysilicate.

Changes in silicate pastes are normally con
sidered to occur in the C-S-H gel. The gel 
is amorphous and generally indirect methods 
must be used for study. These usually 
involve severe drying. Drying has been shown 
to affect the physical properties of 
amorphous C-S-H gel in cement paste. Irre
versible changes in basal spacings of C-S-Htj 
upon drying were noted by Gutteridge and 
Parrott

A new method, pioneered by Lentz® and per
fected by Tamas et allu for cement pastes 
gives a direct method of examining the 
chemical structure of silicates in a paste 
without the need for harsh drying. " 
Trimethylsilyl derivatives are formed which 
prevent further polymerization and permit 
analysis by gas-liquid chromatography (glc) 
and gel-permeation chromatography.

Workers at the University of Illinois^^"^^ 
applied several techniques, including those 
of silylation, to a series of pastes subject
ed to creep and shrinkage. They noted that 
differences in drying caused differences in 
the nonvolatile polysilicate component of the 
pastes^2'!®. Further work on the structural 
properties of the pastes^4 showed that the 
amount of polysilicate correlated with time 
suggesting a time dependent ageing process. 
The percentage polysilicate in the paste was 
also shown to increase with temperature^^ 
and it was found that pastes hydrated at 4°C 

contained monomer in the gel.

This paper describes a study of the changes 
in silicate structure of tricalcium silicate 
pastes dried to various relative humidities 
and the effects of storing these pastes at 
the different humidities.

EXPERIMENTAL
C3S pastes (w/s = 0.5) were mixed in vials 
under N2 and hydrated at 21°C. After hydra
tion the vials were opened and quickly hand
ground under a large inverted funnel through 
which dry nitrogen was flushed before being 
immediately equilibrated at relative humid
ities of 75%, 53%, 33% and 11% rh. Samples- 
for derivatization were taken at 24 hours, 
one week, four weeks and eight weeks. The 
degree of hydration was determined using non- 
evaporable water loss and checked by X-ray 
diffraction (XRD) for several samples..

Derivatization was carried out using the 
method of Tamas et al with the quantities 
of the reagents doubled to counter the 
effects of the extra water added in the 
samples conditioned at high rh's. Quantit
ative glc was carried out using the standard 
described by Milestone^6. Polymeric silicate 
(more than 6 Si-O linkages) was determined 
gravimetrically by heating the mixture of 
derivatives at 180° for 24 hours. The per
centage of oligosilicates (units of 3-6 Si-0 
linkages)was determined by difference and is 
subject to an error of ± 3% in actual value. 
Results are expressed as a percentage of 
total silica in the paste.

RESULTS
The amounts of the various silicate phases in 
C3S pastes derivatized after 24 hour equili
bration are shown in Table I and monomer and 
polysilicate percentages plotted in Figure 1.

Figures expressed as % total silica.
* Percentage of gel monomer

TABLE I

a Silicate 
Phase

Relative Humidity
75% 53% 33% 11%

Monomer (I) 64(15) *51 (6) 51 (6) 45 (0)
0.55 Dimer (II) 27 25 26 27

Polysilicate 3.0 3.6 5.0 6.0
Oligosilicate 6 20 18 22
Moncner (I) 40 (5) 36 (1) 35 (0) 35 (Ö)

0.65 Dimer ■(II) 46 48 45 46
Polysilicate 6.4 8.0 8.1 9.1
Oliqosilicate 8 8 12 10
Mononer (I) 29 (7) 26 (4) 27 (5) 23 (1)

0.78 Dimer (II) 60 58 48 54
Polysilicate 9.5 11 11.3 12.4
Oligosilicate 1 5 14 11
Mononer (I) 25(11) 23 (9) 2Ö (6) 19 (5)

0.86 Dimer (II) 55 58 54 55
Polysilicate 13.2 15.8 16.8 18.9
Oligosilicate 7 3 9 7



Fig 1. Silicate Phase Changes with Drying.

At the lower degrees of hydration, the amount 
of monomer present can largely be accounted 
for by unhydrated C3S present in pastes dried 
below 53% rh. At a = 0.78 and 0.86 only for 
the pastes dried at 33% rh or less can the 
percentage of monomer be related by to the 
content of unhydrated CjS. For pastes 
equilibrated at higher relative humidities 
the percentage of monomer is greater than can 
be accounted for by unhydrated C3S but as the 
pastes are dried the amount of monomer 
decreases until a constant value is obtained 
at 11% rh.

(See Fig 1)

Little systematic variation in percentage of 
dimer appears to occur as samples are syste
matically dried. However, there does appear 
to be an increase in oligosilicate on 
increased drying especially with a = 0.55 
but the error in oligosilicates is so large 
that no significant change is noted at 
a > 0.78.

The effects of storage at the various 
relative humidities on phase composition 
are shown in tables II-IV,' selected results 
are plotted in figure 2.

There is little change with time for any 
phase in pastes equilibrated at 11% rh. How
ever, for all pastes equilibrated at 33% rh 
or higher, there is an increase in poly
silicate with time. This is accompanied by 
a decrease in monomer content and a slight 
increase in dimer content with time.

Results obtained from cement pastes cured in 
the same manner were difficult to interpret .. 
and the results are not shown. Berger et al1 
suggested that foreign ions such as Al and S 
could cause an apparent reduction in poly
silicate by substituting in the silicate 
structure and the presence of these ions may 
complicate the changes observed for the 
cement pastes.

TABLE II

Relative
Humidity Phase

a = 0.65 ■
Time (Weeks)

80 1 4
Moncmer (I) 33 (Ö)* 36 (1) 34 (Ö) 35 (Ö)
Dimer (II) 46 46 46 48
Polysilicate 9.1 9.1 10 10
Oligosilicate 10 9 10 7
Moncmer (I) 35 (0) 33" (0) 33 (0) —
Dimer (II) 45 43 48 —
Polysilicate 8.1 8.6 8.5 9.1
Oligosilicate 12 15 10 —
Moncmer (I) 36 (1) 37 (2) 35 (0) 34
Dimer (II) 48 44 47 48
Polysilicate 8.0 7.0 13.0 10.1
Oligosilicate 8 12 5 8
Monomer (I) 40 (5) 38 (3) 36 (1) 35
Dimer (II) 46 44 44 45
Polysilicate 6.4 9.1 10; 8 12.1
Oligosilicate 8 9 9 8
Figures expressed as % total silica 
* Percentage of gel moncmer

Figures expressed as % total silica 
* Percentage of gel monomer

TABLE III

Relative
Humidity Phase

a = 0.78 
Time (Weeks)

80 1 4
Moncmer (I) 23 (1)* 2Ö (0) 21 (0) 24 (2)
Dimer (II) 54 57 52 55
Polysilicate 12.4 12.5 11.8 12.7
Oligosilicate 11 10 15 8
Monomer (I) 27 (5) 25 (3) 19 (3) 23 (1)

33% Dimer (II) 48 45 45 50
Polysilicate 11.3 11.4 14.9 15.2
Oligosilicate 17 19 21 12
Monomer (I) 26 (4) 24 (2) 21 (Ö) 22 (Ö)'
Diner (II) 58 45 ■* 55 5753% Polysilicate 10.8 10.8 13.8 17.8
Oligosilicate 5 20 10 13
Moncmer (l) 23 (7) 27 (5) 21 (Ö) 21 (Ö)
Diner (II) 60 59 64 59
Polysilicate 9.5 10.9 12.9 14.9
Oligosilicate 1 3 1 5

Figures eiqiressed as % total silica
* Percentage of gel monomer "

TABLE IV

Relative
Htmidity Phase

a = 0.86 
Time (weeks)

120 2 8
Moncmer (I) 19 (5) 17 (3) 18 (4) 17 (3)
Dimer (II) 55 56 53 5311% Polysilicate 18.9 15.4 17.6 17.9
Oligosilicate 7 12 11 12
Moncmer (I) 20 (6) 19 17 19 (5)
Dimer (II) 54 56 60 5433% Polysilicate 16.8 17.8 17.3 . 18.1
Oligosilicate 9 7 6 9
Moncmer (I) 23 (9) 19 17 17 (3)
Dimer (II) 58 57 60 58

«j3% Polysilicate 15.8 16.3 17.3 17.4
Oligosilicate 4 8 6 8
Moncmer (I) 25 (11)' 2Ö 15 15 (1)
Dimer (II) 55 55 59 56
Polysilicate 13.2 15.2 17.1 17.8
Oligosilicate 6 10 9 9



Fig 2. Effect of Silicate Composition on Ageing.

DISCUSSION
The phase composition changes as hydration 
proceeded were similar to those reported by 
other workers9There is a decrease 
in monomer content with a subsequent increase 
in dimer fallowed more slowly by an increase 
in polysilicate content. Small amounts of 
oligosilicates are present, especially those 
due to linear trimer and cyclic tetramer. 
After an initial increase in the amount of 
these species, there is a decrease to a low 
constant value as hydration proceeds.

The most marked changes occurring in the 
paste on drying are the decrease in monomer 
content, together with the general increase 
in polysilicate content. (Fig 1) There 
is little systematic change in the amount of 
dimer present on drying pastes at all values 
of a. A slight increase in the amount of 
oligosilicates occurs upon drying but this 
is pronounced for a = 0.55. An initial 
increase in the amount of trimer was noted 
by Sarkar and Roy1' in cement pastes that .„ 
had been vacuum dried. Dent Glasser et al1 
showed that all the monomer present in their 
samples could be accounted for by unhydrated 
CgS in the pastes. However, their pastes 
were vacuum dried. Monomer contents for the 
pastes dried to 11 % rh in this study also 
closely relate to the amount of unreacted 
CjS. For the less severely dried pastes 
more monomer is present than can be accounted 
for by unreacted CgS and it is thus clear 
that some monomer must be present in the 
C-S-H gel. x

19 Rothbaum and Rohde postulated that in 
silica polymerization in dilute solutions, 
the monomer preferentially reacted with 
polymeric silica units rather than another 
monomer unit, since the amount of dimers and 
higher species in solution was low. A 
similar reaction could explain the lack of 

large dimer increase upon drying, together 
with the slight increase in oligosilicates 
and the large increase in polysilicate. In 
the sample with a = 0.55, there is very 
little polymer present before drying and so 
condensation of monomer with dimer and 
oligosilicates occurs giving the large 
oligosilicate increase rather than a high 
polysilicate increase.

There is little change with time of the pro
portions of the silicate phases for pastes 
dried at 11% rh. (Tables II-TV). After the 
increase caused by drying no further ageing 
takes place. It has been noted that pro
cesses such as creep do not occur in well 
dried pastes29 and irreversible changes occur 
upon drying OSH(I)8.

For a > 0.65 the changes upon ageing are 
significant. Polysilicate increases with 
time, especially in pastes equilibrated at 
75% and 53% rh, with a consequent reduction 
in monomer (See Fig 2). The gel monomer 
(obtained by subtracting the silica due to 
unhydrated 0,3 and shown by the figures in 
brackets in tables I-IV) decreases with an 
approximate half-life of l^ weeks.

For the pastes with a = 0.65 and 0.86 the 
results plotted in Fig 2 show that the great
est changes occur when the pastes are 
equilibrated at 75% rh. The time-dependent 
monomer decrease has almost reached zero 
after 8 weeks for a = 0.65 and 10 weeks for 
a === 0.86 but the amount of polysilicate 
continues to increase with time. Thus age
ing is not associated solely with the loss 
of gel monomer but there must be continued 
contribution from the dimer and oligo
silicates. The values of a in pastes ' 
equilibrated at 75% rh were analysed by XRD. 
Non-evaporable water analyses repeated at 



the end of the experiment showed a slight 
decrease but XRD showed no significant , 
change in a.. The decrease in non-evaporable 
water could be expected if a continued 
polymerization reaction occurred since some 
will escape as evaporable water.

When Bentur et al^ found evidence for 
monomer in the gel at 4°C, the amount was 
pronounced only at low values of a and in 
young pastes, and decreased with time as 
the polysilicate was formed. They postulated 
that in the process monomer-» dimer 4 poly
silicate, the rate determining step was that 
of dimer to polysilicate. However this was 
based on results obtained from pastes 
derivatized after 11% rh drying. It is 
clear that drying can give a false picture 
of the relative proportions of the various 
phases. Thus the rate constant for step 2 
may not be very much less than that for 
st p 1 which would mean that in the young 
saturated paste a considerable proportion 
of gel still exists as monomer. When a 
young paste is dried the capillary forces 
would force the silicate units closer 
together, especially those of the monomer 
which are likely to exist in solution, 
creating a condition where polymerization is 
likely to occur.

In an aged, but not dried, paste all the gel 
monomer will have reacted, although the poly
silicate formed may be of a different 
nature. In the results discussed by Bentur 
et al^-3, drying caused large increases in 
polysilicate content of pastes with a = 0.42 
but the changes were not marked in pastes 
with a = 0.68. However, in this case the 
pastes had been stored for some time and so 
could not be considered young.

It is possible that some monomer is formed 
during the derivatizing process but this 
amount is likejy to be small. Derivatization 
trials with 14A tobermorite and xonotolite 
show that crystalline hydrous polysilicates 
derivatize as 97-98% of polymer^l. Further 
after four weeks of * ageing*  at 75% rh the 
pastes show little more monomer than expected 
from unhydrated material.

The above results show that monomeric 
silicate exists in the C-S-H gel of fresh 
silicate pastes. It has not been detected 

.previously because pastes have been severely 
dried.

CONCLUSIONS

When an immature silicate paste is dried, 
there is an increase in the amount of poly
silicate present in the paste together with 
a decrease in the amount of monomer. For 
pastes dried at rh's higher than 33% monomer 
is present in the gel.

An ageing process occurs in pastes equilbrated 
at rh's greater than 33% rh with the greatest 

change occurring at 75% rh. Polysilicate 
content increases with time and the gel, 
monomer content decreases with a half-life 
of approximately Vs weeks.

These processes can be explained by a process 
of silicate polymerization where further 
Si-O-Si bonds are formed on drying or ageing.
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On the effect of preventing drying shrinkage cracks of 
expansive cement concrete

Action preventive contre les fissures et retrait du ciment expansif dans ies 
betons

J. ISOGAI, Senior Research Chemist
S. N AKA YA, Civil Engineer,
H. NISHIMURA, Research Chemist, Denki Kagaku Kogyo Co., Ltd., R and D Department of Omi-Plant, 

Japon.

SUMMARY : In the field of civil and architectural engineering in Japan, the usefulness 
of the calcium sulfoaluminate expansive admixture has come to gain a wide public acceptance.
In the case of concrete using the calcium sulfoaluminate expansive admixture, the amount of 
the free shrinkage due to drying in the nonrestraint state is less than ordinary concrete, and 
also the extensibility of concrete is greatly increased by expansion.
In the studies, preventive effects on the drying shrinkage cracks by the reduction of drying 
shrinkage and the increase of extensibility were elucidated chemically.
And, it was made clear that the extensibility of expansive cement concrete increases in 
proportion to the amount of capillary pores formed by expansion, and also the amount of drying 
shrinkage decreases in proportion to the amount of Ettringite formed in capillary pores.

RESUME : Au Japon, 1'emploi, en genie civil et dans le batiment, d'additions produisant ■ du 
sulfoaluminate de calcium expansif, connait un certain developpement.
Dans les betons utilisant de telles additions, le retrait non contrarie, du au sechage, est 
plus fälble que celui des betons ordinaires, et leür expansion en est bien augmentee.

Des etudes ont permis d'elucider les phenomenes chimiques qui, dans ces betons, diminuent les 
rlsques de fissuration de retrait, par reduction de ce retrait et augmentation de 1'expansion.
Il a ete clairement etabli que I'expansion de ces betons croissait proportionnellement au volu
me des pores capillalres crees par I'expansion, et que le retrait hygrometrlque dlmlnuait pro
portionnellement ä la quantlte d'ettringite formee dans ces pores. "

re



1. INTRODUCTION ,
In the field of civil and architectural engi
neering in Japan, expansive admixture of 
calcium sulfoaluminate type, which are being 
used in quantities with a purpose of reducing 
drying shrinkage cracks or of introducing 
chemical prestress, have gained a wide public 
acceptance because of its usefulness'1 .
The concrete using the cal.cium sulfoaluminate 
expansive admixture is characterized by less 
free shrinkage amount on drying in a nonres
trained state than ordinary concrete and also 
a remarkable increase in the extensibility 
of concrete by expansion.
In the studies, with an intention of elucid
ating chemically the aforesaid characteristic 
properties of the concrete using the calcium 
sulfoaluminate expansive admixture, 
experiments with the following three subjects 
were carried out: '
1) the elucidation of hydration process for 
cement paste, 2) the elucidation of expansion 
phenomenon for cement mortar, and 3) the 
elucidation of preventive effect on drying 
shrinkage cracks for concrete and the quanti
tative grasping of its preventive effect.

2. EXPERIMENTS
The results of chemical analyses for the 
calcium sulfoaluminate expansive admixture 
and the normal portland cement used in the 
experiments are given in Table 1.

TABLE I
ig*  
loss

in
sol Si02 a12^ CaO MgO so3

P.C. 0.8 0.1 21.9 5.1 3.0 64.2 1.2 2.1

C»S.A . 1*2 0.6 2.9 11 *( 0.5 52.8 1.0 29.5

■The main mineral composition of the expansive 
admixture includes 15.7% C.A-S, 13.0% C1?A7, 
16.9% free-CaO, 52.6% CaSO^J and the rest?
2-1  PASTE EXPERIMENTS FOR ELUCIDATING 

HYDRATION PROCESS .
With an object of making clear the hydration 
process of normal portland cement paste 
which is added the calcium sulfoaluminate 
expansive admixture ( hereinafter referred to 
as CSA expansive admixture ). a cement caste 
of a water-cement ratio of 0.40 was prepared 
by using a 11% CSA expansive admixture-mixed 
normal portland cement. And, expansion due 
to hydration in the early period were 
measured by a Le Chatelier simplified expan
sion tester and then hydration process was 
investigated in detail by using X-ray diffra
ction, a differential thermal balance, and a 
scanning electron microscope. ■ ,
2-2 MORTAR EXPERIMENT FOR ELUCIDATING 

EXPANSION PHENOMENON :
In the experiments, with a purpose of inves
tigating the change in the fine pore struc
ture of hardened mortar with the hydration 
and expansion of expansive cement, a cement 

mortar of. a cement-sand ratio of 1 : 2 and a 
water-cement ratio of 0.45 was prepared by 
using 0,7, 11, and 15% CSA expansive • 
admixture-mixed 'normal portland cement. 
Using a scanning electron microscope, the 
shapes of Ettringite and calcium hydroxide, 
which are causative of expansion, were 
observed and also by a mercury porosimeter, 
the variation in the fine structure of hard
ened mortar was investigated.
2-3 CONCRETE EXPERIMENTS FOR MAKING CLEAR 

PREVENTIVE EFFECT ON CRACKS DUE TO 
DRYING SHRINKAGE

Table 2 shows'the mix proportion of concrete 
and also Fig. 1 illustrates concrete sped- . 
mens for crack development. .
In the experiments, with a purpose of quan
titatively making clear the effect of reducing 
drying shrinkage and the effect of preventing 
cracking for the case where a CSA expansive 
admixture-mixed ordinary portland cement 
concrete (hereinafter referred to as expansive 
concrete) was cured under water at 20°C for a 
definite, period and then dried at 20°C,' 60%RH, 
an examination- was made of a relation between 
the fine structure of hydrate in paste portion 
of concrete and its mechanical characteris- ' 
tics.

Flg-.l-rDimension of the test pieces for 
evaluating shrinkage cracks and free, 
expansion—shrinkage of concretes»

3. EXPERIMENTAL RESULTS AND CONSIDERATIONS
3-1  ELUCIDATION OF HYDRATION PROCESS OF 

PASTE 1 ' ■

The early expansion developing curve of paste, 
obtained by a Le Chatelier simplified expand 
sion tester, is shown in Fig. 2, and also thei 
result on the powder X-ray diffraction for 
hardened cement paste is given in Fig. 3 and
4. ■ ■



Pig,2-Early expansion developing curves of 
paste by a Le Chatelier Simplified expansion 
tester.
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Pig.3—X-ray diffraction intensity of 
Ettringite produced at each age.

Pig.4-X-ray diffraction intensity of Ca(0Hk 
produced at each age. ■
The crystalline Ettringite, which is consi
dered to be one of the causes of expansion of 
the CSA expansive admixture," reaches a satur
ation at the age of approx.
16 hours regardless of curing conditions, 
after which no change was observed in the 
Ettringite. The fact gives a ground that 
expansion amount is not necessarily related 
to the amount of formation of Ettringite, 
similarly to the case with long ages. The 
early expansion developing curve as shown in 
Fig. 2 indicates that the crystalline Ettrin
gite does not take part in the expansion 
development of hardened cement paste. '
The result on the dehydration curve of 
Ettringite obtained by a differential thermal

Age(days) '
Pig.5-Helative weight loss curves of . 
Ettringite measured by differential thermal 
balance. . . ■
The result shews chat it is related to the 
early expansion developing curve shown in 
Fig. 2, showing the presence of noncrystall
ine Ettringite such that powder X-ray 
diffraction fail to detect. . -
And, crystalline Ca(0H)„, as shown in Fig. 4, 
which is formed by.the hydration of free-CaO, 
seems to somewhat relate to the expansion of 
cement paste. ■ .
In consequence, it was made clear from an 
investigation into the hydration process of 
hardened CSA expansive cement paste under 
varying curing conditions that the hardened 
cement paste expanded in proportion to the 
amount of formation of noncrystalline Ettri
ngite and the amount of formation of crysta- - 
Hine CaCOHjg. ■
3-2 ELUCIDATION OF EXPANSION PHENOMENON OF 

M0RTARJj ' . '
Since the hydration process of the CSA 
expansive cement was made clear from basic . 
experiments with .cement paste, an investiga-> 
tion was made on how the constitutional 
structure of hardened cement mortar is 
changed by expansion due to hydration. 
The result on the observation of the fine 
structure of hardened cement mortar by a 
scanning electron microscope is given in Fig, 
6, and also the result on the measurements 
of expansion is given in Fig. 7. "
In the case of normal portland cement mortar 
the hexagonal calcium hydroxide crystals and 
ca'lcium silicate hydrate crystals.were merely 
observed. And, in the case of a 7% CSA-added ' 
mortar of less expansibility, comparatively 
large needle-like.crystal suspected to be . 
formed in voids by a through solution reac
tion was observed, but fine Ettringite, 
considered to be-formed by a topochemical 
reaction was not almost observed. For a 11% 
CSA-added mortar which.shows optimum expan
sion amount, two forms of Ettringites were ■ 
recognized and also Ca(0H)„ crystals were 
observed. And, for a 15% CSA-added mortar . 
which shows great expansion amount, great 
amounts of fine Ettringite were observed, 
indicating that the fine Ettringite crystals 
have a close relevance to .expansion. 
Fig. 8 shows the. pore size distribution of 



capillary pores obtained by a mercury porosi
meter in terms of the fine structure of 
hardened mortar.

Fig.7-Hatio of free expansion of expansive 
cement mortars.

CSA T$> >TP.V. 0.030cmJ.

Fig.S-Pore size distributions of expansive 
cement mortars cured in water for Zff days 
at 2(fc . .
From Fig. 8, it was proved that the fine 
structure of hardened expansive cement mortar 

is greatly increased its capillary pores of 
a fine pore radius of 75 to 1400 A by expan
sion. In other words, the expansion phenome
non due to hydration of hardened cement 
mortar Is proved to accompany an increase In 
capillary pores within a specific range.
3-3  ELUCIDATION OF PREVENTIVE EFFECTS ON 

CRACKS DUE TO DRYING SHRINKAGE FOR 
CONCRETE2!)

As a result of basic experiments with cement 
mortar, the fine pores of the hardened CSA- 
mixed cement mortar are made clear to be 
increased within a specific range as a result 
of expansion due to hydration.
Thus, experiments on the development of 
cracks for concrete were made with an inten
tion of making clear preventive effects on 
the drying shrinkage cracks of the CSA 
expansive admixture having such an expansion 
characteristic.
In Fig. 9, the amount of free shrinkage 
accompanying the drying of nonrestrained 
test specimens is given. The amount of- 
drying shrinkage of the CSA concrete is lu 
to 30% less than the ordinary concrete, and 
particularly lowest in case where water 
curing was made for approx. 7 days in the 
early period.
Fig. 10 gives the change in the amount of 
shrinkage accompanying the drying of restra
ined specimens for crack development.
Cracks developedat the shrinkage of 100 x 
10~ to 200 x 10 for the ordinary concrete, 
whereas for the CSA concrete, no cracks 
developed even atfithe shrinkage of 400 x 
10-° to 500 x 10 .In short, the CSA 
concrete has a greater extensibility than 
the ordinary concrete, indicating that cracks

Pig.9-The change of the strain due to dry
ing shrinkage of nonrestrained test pieces.

Age(days)
Fig.lO-The change of the strain due to dry
ing shrinkage of restrained test pieces. 



Although little difference in mechanical 
properties between the CSA concrete and the 
ordinary concrete was recognized, the time 
when cracks develop in the restrained test 
specimens was entirely different, as shown in 
Fig. 10.
In the case of the CSA concrete, it is made 
known that the extensibility is increased by 
expansion arising from the formation of fine 
Ettringite caused by a topochemical reaction 
and the growth of crystals from Ca(0H)„ gel 
formed by the hydration of free-CaO. The fine 
voids formed by expansion, consisting of . 
independent fine voids of a pore radius of 
75 to 1400 X, disperse and absorb the drying 
shrinkage stress. From a point of view of 
mechanics, creep increases and an effect of 
relaxing internal stress (drying shrinkage 
stress) resulting from drying is produced, 
whereby suppressing the development of. cracks 
When being placed in a dried state, compara
tively large Ettringite crystals are formed 
by a through solution reaction, where no 
expansion takes place and the constitution 
of hardened concrete is made denser, result
ing in an effect of reducing the drying 
shrinkage amount of concrete.
In the case of the CSA concrete, the age at 
which cracks develop is greatly delayed as 
compared with the case with ordinary concrete. 
However, the fact can be noticed only from 
the observation of cracking, but not by 
predicti-on.
Thus, the prediction of the drying shrinkage 
cracking resistance of the'CSA concrete was 
tried by using the values of early expansion 
characteristics and strength characteristics 
and the following equation was proposed. '

Kcr =% x ^c /^f (1)
Where Ker is index of drying shrinkage crack 
durability, is max. restrained expansion 
rate, is max. free expansion rate, and 0^c 
is compressive strength at the time of max. 
expansion. .
As understood from the equation(l), the' 
greater the value of Ker, the greater is 
cracking resistance. .
In this report, the equation(l) is a mere 
proposal. Further investigations on relations 
between data obtained at experimental room 
and the data obtained from actual structures 
will be made and then more accurate experi
mental equation will be given.

4. CONCLUSION
In order to elucidate effects on the drying 
shrinkage cracks of.concrete using a calcium 
sulfoaluminate expansive admixture, experi
ments with (1) the elucidation of the hydra
tion process of cement paste, (2) the eluci- • 
dation of the expansion phenomenon of cement 
mortar, and (3) the development of cracks of 
concrete were carried out and obtained the • 
following results: '
1) The causative"factors of expansion of the 
CSA expansive, admixture are the formation 
reaction of fine noncrustalline Ettringite 
and the growth of crystals from Ca(0H)„ gel.
2) Expansion due to hydration greatly Incre
ases capillary voids of a pore radius of 75 

to 1400 Ä in expansive cement mortar'.
3) The extensibility of expansive concrete 
becomes greater in proportion to the incre- 
m'ent of capillary voids by expansion arising 
from the formation of needle-like fine 
Ettringite by a topochemical reaction during 
the early period of hardening and also the 
growth of crystals from Ca(0H)? gel formed 
by the hydration of free-CaO.
4) Xhe free shrinkage amount of expansive 
concrete becomes smaller in proportion to 
the amount of formation of comparatively 
large Ettringite by a through solution 
reaction in the capillary voids, whereby the 
constitution of hardened concrete is made 
denser.
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The evolution of the structure of cement paste 
investigated by radiometric emanation method

L 'evolution de la structure de la päte du ciment etudiee par !a methode
- radiometrique d'emanation

V. BALEK, M.Sc. Ph.D., Nuclear Research Institute, Rez, Czechoslovakia,
V. SATAVA, Prof., D.Sc., Institute of Chemical Technology, Prague, Czechoslovaquia,
J. DOHNALEK, M.Sc., Ph.D., Building Research Institute, Technical University, Prague, CSSR.

RESUME : La methode radiometrique d'emanation (MRE), fondee sur la mesure des gaz inertes 
radioactifs. echappes des echantillons, donne la possibilite d'obtenir des informations sur 
la grandeur de la surface interne et sur les changements du coefficient de diffusion de ces 
gaz dans les systemes etudies. On deceit un mode d'application original de la MRE ä I'etude 
de 1'hydratation de la päte du ciment. On a pu observer, d'une fajon continue, les change
ments de structure au cours de tout le processus etudle, dans des conditions choisies d'humi- 
dite et de temperature. ■
Une comparaison des resultats de la MRE avec les methodes en usage habituel demontre que la 
MRE livre de nouveaux aspects sur le mecanisme de la formation de la pierre du ciment; on pour- 
rait I'appliquer par exemple ä la determination de la quantite optimum de gypse comme additif 
pour 1e reg läge de la prise du clinker du ciment portland. On a aussi demontre les avantages. 
de la mesure en continu de la vitesse d'emanation et des changements de structure de la pier
re du ciment au cours du sechage et de la deshydratatlon. Les resultats ont conflrme 1'hypo- 
these du caractere reversible de la structure de la pierre du ciment.

L'avantage de 1'appareil MRE, produit commercial de Netzsch, consiste dans la possibilite de ■ 
la mesure automatique dans un regime programme. Du point de vue de la securite du travail 
avec les radioisotopes en question, en utilisant des concentrations en traces, un laboratoire 
chimlque blen equipe peut effectuer ces mesures. La methode radiometrique d'emanation peut de- 
venir un instrument nouveau pour I'etude de 1'hydratation de la pate du ciment et de 1'lnflu- 
ence des differents facteurs. ■

SUMMARY : The radiometric emanation method (REM) based on the measurement of radioactive 
inert gases released from the samples studied gives the possibility of obtaining informa
tion on the size of the inner surface area and on the changes of the diffusion coefficient 
of these gases in the investigated systems. In this paper an original kind of application 
of REM in the investigation of the hydration of cement paste is described. By means of REM 
it was possible to study the changes of structure during the whole hydration process inve
stigated continuously and under the conditions of the required humidity and temperature.
From the comparison of the results found by REM with those obtained by commonly used methods 
it follows tnat REM affords new insights into the evolution of the structure of a cement 
stone; it might be applied e.g, to the determination of the optimum amount of gypsum added 
to the regulation of the setting of Portland cement clinker. The advantages of the conti
nuous measurement of emanation rate were further shown on the investigation of the changes 
of structure of the Portland cement stone during drying and rehydration. The results corro
borated the view of reversible character of the structure changes of a cement gel.
The advantage of the REM apparatus, produced commercially by Messrs,NETZSCH, consists in 
the possibility of automatic measurement in a programmed regime. Even a well equipped che
mical laboratory complies with the requirements of safe work with radioisotopes in question 
in the given trace concentration. The radiometric emanation method possesses all precondi
tions for becoming a new tool for the investigation of the hydration of cement paste and 
of the influence of various factors on this process.



INTRODUCTION
The study of processes occuring after the 
mixing of cement with water usually consists 
in stopping the process after chosen time 
intervals and investigating the morphology 
and nature of phases present in the system. 
On the basis of the data obtained the hypo
thesis explaining the mechanism of the 
whole process is searched for. This discon
tinuous technique brings a number of expe
rimental and interpretation difficulties.
The aim of this contribution is to show 
certain possibilities of studying the hy
dration and the setting of cement paste 
given by the radiometric emanation method 
(REM) which makes it possible to follow 
continuously the changes of structure in 
the system investigated.

PRINCIPLE OF THE RADIOMETRIC EMANATION 
METHOD
The radiometric emanation method (REM) is 
based on the measurement .of radioactive 
inert gases, e.g. of radon, released from 
the material investigated. Before the mea
surement, it is usually necessary to in
corporate the radioactive gas-into the ma
terial under study, in other words to label 
the material with a radioactive isotope. 
This labelling can be'achieved by a number 
of methods (1), e.g. by the incorporation 
of trace amounts of thorium or radium iso
topes into the sample. These Isotopes re
present a constant source of the radioacti
ve emanation-radon. The atoms of radon 
22ORn can be produced for example by the 
decay of thorium 228Th emitting alpha ra
diation
228t. 224„ 220Dn ££ ,, ,Th -» Ra —*•  Rn —*■  /I/

The inert gas does not react with the mate
rial under study and it is released from 
this material as a result of both the re
coil energy - which every atom gains when 
formed by the decay of radium - and the 
diffusion to the surface of the sample. 
The radioactivity of gas makes possible 
its detection in trace amounts, causing 
thus the high sensitivity of the method. 
In practice, the rate of the release of 
the radioactive inert gas from the sample 
is measured which is denoted as the emana
tion rate. The relation valid (1) for the 
emanation rate E of a grain or of a set of 
isolated grains of a solid is
E = S [k + (D/A )1/2](2 /2/

where S - is the specific surface area of 
the solid, k - is a constant independent 
of temperature, D - is the diffusion coef
ficient of radon in the material investi
gated, A - is the decay constant of radon, 
p - is the density of the solid.

Heice, by measuring the rate of the radon 
release we can obtain an information on the 
changes of diffusion coefficient of radon 
in the material investigated and the chan

ges of the boundary area between solid and 
liquid phases which occur during microstruc
tural transformations in the system investi
gated.

EXPERIMENTAL
Materials used
Portland cement PC 400 (specific surface 
area 0.86 m2g-l) ,
ground Portland cement clinker (specific 
surface area 1.90 m2g“l) 
precipitated gypsum, R.G. (specific surface 
area 3.0 m2g-I . .
The phase composition of ground Portland 
cement clinker was as follows:
C3S - 69.7 %, C2S - 11.0 %, C3A - 8.2 %, 
C4AF - 6.4 %, free CaO 1.29 %.

Preparation of labelled samples
The procedure applied to the radioactive 
labelling of investigated materials consis
ted in the impregnation of the original . 
feed materials with a solution containing . 
trace amounts of parent radionuclides of 
the inert gas. Carrier-free parent radio
nuclides present in the impregnation solu
tion are practically immediately adsorbed 
on the surface of the sample and as a re
sult of the recoil of radium or radon during 
the radioactive decay of. the parent nuclides 
in question they penetrate into the bulk of 
the material into the depth of approxima-1 
tely 1 /urn. In the samples of cement pastes 
produceo from PC 400 the labelling occured 
at the beginning of hydration by the adsorp
tion of 228Th and 224Ra nuclides from the 
mixing water. Ground Portland cement clinker 
or gypsum were labelled at least one week 
before the mixing with water. The labelling 
of cement clinker was performed by its im
pregnation in acetone solution with trace 
amounts of 228Th and 224Ra> labelled 
gypsum was prepared by the hydration of 
plaster with an aqueous solution contain
ing trace amounts of 228Th and 224Ra rac|io_ 
nuclides. , '
The activity of the samples of aqueous 
suspensions of binding materials was equal 
to 5xl03 — 5xl05 Bq at the mass of 2 g.

Equipment for REM measurements
The REM measuring equipment is shown sche
matically in Fig. 1. It consists of follow
ing parts: the carrier gas circuit, the mea
suring cell into which the sample is placed, 
the system of detection and registration of 
radioactive gas released from the sample, ' 
the chamber with the detector of alpha acti
vity, connected with the counts-rate meter, 
and the equipment keeping the sample at the 
required experimental conditions (tempera
ture, humidity, chemical composition of the 
gas medium). The1 data of the counts-rate 
meter are presented digitally and registe
red by a recorder or a printer with a per- , 
forated tape output. , '



Tig. 1 - The scheme of the apparatus for 
radiometric emanation method: 1 - the car
rier gas supply, 2 - flow-stabilizer and 
flow-meter of the carrier gas, 3 - equip
ment for the regulation of humidity and 
chemical composition of the carrier gas,
4 - measuring cell with the sample,
5 - temperature controller of the measuring 
cell, 6 - chamber for radioactivity detec
tion, 7 - flow-meter for the carrier gas,
8 - counts-rate meter, 9 - digital voltmeter, 
10 - printer, 11 - recorder

This equipment, which is a part of a series 
of equipments for simultaneous thermal ana
lysis OTA-TG-ETA produced by Messrs,NETZSCH
(3) allows to perform the measurements under 
various conditions maintained automatically 
according to the given program (temperature, 
humidity, flow-rate of carrier gas, gas pres
sure) .
The measurement was carried out as follows. 
The vessel containing the sample of paste 
was placed instantly after the mixing of 
the binder with water into the measuring 
cell, Air, used as a carrier gas, passed in 
the immediate proximity of the sample and 
carried the released atoms of radon into 
the measuring chamber. The constant flow 
rate (0,7 ml s-i), temperature (20 -2 °C) 
and relative humidity (95 ^3 %) of the car
rier gas were secured after passing through 
the measuring chamber the radioactive emana
tion was carried into the ventilation of the 
chemical laboratory. When the sensitivity 
of the structure of cement stone to the hu
midity changes of medium was investigated, 
the measurement was carried out in a gas 
(air) medium with the relative humidity of 
65 -3 % with the aim to achieve the drying 
of the sample.

Further parameters measured
Besides REM the time dependence of other 
physical quantities which can characterize 
the course of processes taking place in the 
cement paste on hydration was investigated. 
Specific surface area (S) 
was determined by the method of Nelsen and 
Eggertsen (2), 
Porosity (PS) and distribu
tion of the size of pores in the range 
from 7,5 nm to 7500 nm were measured by the 

method of mercury porosimetry (apparatus 
produced by Carlo Erba, type AG 65). 
Penetration resistance 
(R) was determined as the ratio of the 
strength needed for the penetration of 
a cylindrical indentor into the setting 
cement paste to the cross-sectional surface 
of this indentor (4), 
Ultrasonic longitudinal wave 
propagation rate (v[_) was 
determined by means of the apparatus RECO 
(GDR) with the transducer with natural 
frequency. 
The beginning und the period of 
setting, and/or the end of setting 
of cement paste were established by the 
standard Vicat test.
The time course of hydration reaction was 
followed continuously by conducti- 
v i t y calorimetry (5),

RESULTS AND DISCUSSION

I. THE EVOLUTION OF STRUCTURE OF CEMENT 
PASTE DURING SETTING

Fig. 2 shows the time dependence of the 
rate of radon release from two samples of 
cement pastes prepared from the labelled 
PC 400 with the cement-water ratio w/c = 
= 0.28 (Sample I) and w/c = 0.55 (sample II) 
From the comparison of the curve I in Fig.2 
with the time dependence of the change of 
penetration resistance (R) (Fig. 3, curve 1) 
and with the rate of ultrasonic wave propa
gation (v(_) (Fig. 3, curve 2) it is evident 
that the increase of the emanation rate of 
the sample of cement paste corresponds to 
the time dependence of (R) and (vl) and the 
beginning of the increase of the emanation 
rate E corresponds quite exactly to the be
ginning of setting determined by the Vicat 
test (see the hatched region in Fig. 3).

Fig. 2 - Time dependence of the emanation 
rate E of the samples of cement paste with 
the w/c = 0,28 (curve I) and w/c = 0,55 
(curve II)
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Fig. 3 - Time dependence of the measured 
physical parameters characterizing the hy
dration of the sample I (see curve I in 
Fig. 2): 
penetration resistance (R) - curve 1; 
ultrasonic wave propagation rate (V|_) - 
curve 2; specific surface area (S) - curve 
3,and.capillary porosity (PS) - curve 4.

The increase of the emanation rate in Fig*.  
2 is caused evidently by the increase of 
the specific surface area of the solid 
phase brought about by the rising amounts 
of hydration products,the specific surface 
area of which is by several orders of magni
tude higher than the specific surface area 
of the original cement grains (6). The cor
rectness of this explanation is proved also 
by the time course of the specific surface 
area shown in Fig. 3, curve 3. The decrease 
of the capillary porosity in the course of 
the process (curve 4 in Fig. 3) does not 
’.imit the curve of the emanation rate. The
refore, it can be supposed that the .capilla
ry porosity in the measured range of the 
pores (size from 7.5 nm to 7500 nm) does not 
influence the diffusion coefficient of radon 
in the material investigated.

Also the investigation of the structure of ■ 
pores-of the samples I and II led to the 
same conclusion. After 12 hours'setting the 
volume ratio of capillary pores in the sam
ple II was approximately 2x higher than in 
the sample I, while the emanation rate of 
both samples is about the same (see Fig. 2). 
Thus it seems that the structure of gel hy
dration products is independent of the values 
of w/c ratios of the studied samples I and
II. The plateau which appears on the curve 
of the emanation rate in the iegion of the 
end of setting (independent of the w/c ratio, 
of the samples) corresponds also to the cour
se of the specific surface area of the solid 
phase and it is probably caused by the de
crease of the surface area of the sample. 
This effect can be ascribed most probably 
to the transition of ettringite to C4ASH13 
which takes place after the consumption of 
gypsum in the reacting system.
The following monotonous increase of the 
emanation rate is caused by the increase of 
the surface area of the hydration products 
of C3S and C3A building the cement gel.
As a further evidence of applicability of 
radiometric emanation method are shown the 
results of the investigation of the influence 
of gypsum admixture on the initial period of 
hydration of ground Portland cement clinker. 
The time dependence of the emanation rate of 
the suspension of ground clinker with the 
admixture of 0, 2, 4, and 6 % of gypsum 
together with the corresponding dependence 
of changes of penetration resistance are 
shown in Fig. 4. The specific surface area 
of clinker was chosen higher, in order to 
show the processes.taking place in the sus-

Fig. 4 - Time dependences of emanation rate 
(E), (curves A,B,C,D) and^of^penetration 
resistance (R), (curves A', B'‘,c', O') of the 
samples of ground Portland cement clinker 
with the admixture of O - 6% of-gypsum: 
curves A,AZ- sample withouth gypsum, 
2 %, C,C - 4 %, D,D'- 6 % admixture of 
gypsum. In all samples the clinker was la
belled with radioisotopes.



The increase of the emanation rate of the 
suspension of the ground clinker without 
gypsum (Fig. 4, curve A) is caused by hydra
tion of C3A which results in instantaneous 
hardening (Fig. 4, curve a'). Even if the 
amount of the reacted C3A in this initial 
period is relatively low (7), it can be jud
ged from the pronounced effects on the ema
nation curves A,A' that the product causing 
the hardening has a large surface area. Fur
ther increase of emanation rate accompanied 
with the increase of penetration resistance 
occuring after a certain incubation period, 
can be ascribed to the increase of specific ’ 
surface caused by the hydration products of 
C3S, C2S and of remaining C3A.
The moderate decrease of emanation rate 
during the incubation period"is probably the 
result of recrystallization of hydrated 
calcium aluminates giving most probably 
C4AH13, The changes of penetration resistan
ce are less pronounced in this period.
The hydration of ground cement clinker in 
the presence of gypsum is also demonstrated 
by the increase of emanation rate (Fig. 4, 
curve B) which takes place, however, with 
a certain delay. It can be supposed that it 
corresponds to the formation of ettringite 
with a high specific surface area. From 1 he 
curve B' in Fig. 4 it car. be seen that this 
process is also accompanied with the increase 
of penetration resistance. However, if the 
system contains a higher amount of gypsum 
(cur-ve c' in Fig. 4) the increase of pene
tration resistance of the sample is lower, 
goes through a maximum and decreases again.
Ficm the course of the emanation rate (curve 
C in Fig. 4) it can be concluded that ettrin
gite formed recrystallizes, its surface area 
decreases and also its binding abilities go 
down (see curve C, Fig. 4).
At an even higher content of gypsum the ef
fect on the curve of emanation rate is less 
pronounceo (see Fig. 4, curve ’D) and the 
effect on the curve of penetration resistan
ce disappears completely (Fig«4, curve D ). 
As the amount of the ettringite formed in 
all the samples studied is the same (the 
degree of CgA hydration is independent of 
the presence of gypsum (7)) and because the 
emanation rate of the sample represented by 
the curve D, Fig. 4,increases only insigni
ficantly, we have to suppose that relative
ly large particles of ettringite with a low 
surface area are formed in this case. The 
low number of the large particles of ettrin
gite is incapable" of forming a continuous • 
structure which would result in hardening 
of the system investigated (curve D'Fig.4).
The evidence that the measured emanation ra
te provides an information on the character 
of structure of newly formed phases mainly, 
characterized by large surface area, is de
monstrated by the REM curves in Fig. 5. 
From this figure it follows that the cha
racter of REM curves is practically identi
cal regardless of the fact which of the 
both solid phases (gypsum or ground cement 
clinker) is labelled with a radionuclide.

Fig. 5 - Time dependences of emanation rate 
(E) of samples of water suspension of Port-, 
land cement clinker with the admixture of 
2 % of gypsum (curve 1 and 2) and 4 % of 
gypsum (curve 3 and 4). In the samples both 
cement clinker (curve 1 and 3) and gypsum 
(curve 2 and 4) were labelled with radioiso
topes.

Fig. 6 - Time dependences of the release of 
hydration heat (curve 1), emanation rate 
(curve 2) and penetration resistance (curve 
3) of the sample of a water suspension of 
Portland cement clinker with 2 % of gypsum. 
For REM measurements in the preparation of 
the sample gypsum labelled with radioisoto
pes. was used. "

Fig. 6 shows the curves obtained by three 
different methods during the investigation 
of the setting binder suspension. Each of 
these curves reflects the course of hydra
tion processes from a different point of 
view. While the calorimetry (curve 1) provi 
des an information only on the achieved 
degree of transformation of all hydration 
reactions, the other two methods (curve 2 
and 3) give the picture of the structure



of the investigated system which occur as 
a result of the hydration reactions; these 
structure changes determine the plasticity 
of tinder suspensions and therefore are most 
important from the practical point of view. 
The radiometric emanation method could be 
applied to the determination of the optimum 
amount of gypsum added to the Portland ce
ment clinker, similarly as the calorimetric 
method (8). Such an amount of admixtured 
gypsum could be considered as optimum that 
just brings about the disappearence of the 
effect caused by the formation and recry
stallization of ettringite (see Fig» 4). 
The advantage consists again in the comple
tely continuous and fully automated measu
rement of emanation release rate.

II. CONTINUOUS INVESTIGATION OF THE SENSITI
VITY OF CEMENT GEL STRUCTURE TO THE CHAN
GES OF HUMIDITY

In the region of cement paste setting the 
emanation rate is controlled first of all by 
the increase of the surface area of hydra
tion products. In the following stages of 
the process, when the hydration reaction is 
controlled by the diffusion of water to the 
non-hydrated cement grains, the change of 
surface area with time is low and a less pro
nounced rise of emanation rate gradually 
takes place.
However, it became evident that the pronoun
ced changes of emanation rate occur when the 
cement stone is kept in the gas medium with 
the various water vapour pressure. Fig. 7 
shows the dependence of-emanation rate E of 
the sample of cement stone after 14 days of 
hydration, on the time of keeping in the air 
medium with a various water vapour pressure.
The samples were gradually put into air atmo
sphere with 95 ^3 % humidity and then measu
red in a stream of air with 65 ±3 % humidity. 
The saturation of the samples with water 
during their storage in air with 95 ±3 % hu
midity results in the increase of emanation 
rate, while the drying in the course of mea
surement causes its rapid decrease. From the 
data obtained it also follows that with the 
increasing time of saturation the relative 
rise of emanation rate gradually decreases 
though its absolute values keep increasing.
Simultaneously, it was verified that on 
keeping the sample in the air with high re
lative numidity the mass of the samples rose 
as a result of saturation of the samples 
with water; during the measurement, which 
was carried out in the air with a lower re
lative humidity the mass of samples usually 
decreased. ■ . - '
The changes of the emanation rate observed 
cannot be caused by the changes of specific' 
surface area which in the time period of the 
emanation rate measurement changes only in
significantly; thus beeing the result of the 
changes of radon diffusion rate in the sys
tem investigated. The changes of the diffu
sion coefficient are raised by structure 
transformations in the cement gel. The sen
sitivity of ._REM._ts„ the effects. described is .

Fig. 7 - Time dependence of the emanation 
rate E of the sample of Portland cement 

. stone (w/c = 0.28, time of sample aging 
14 days) on the time of storage in the air 
medium with various water vapour pressure, 
x-axis = time of storage /min/ of the sam
ple in the air medium of 95 ^3 % humidity, 
y-axis = time of storage /min/ of the sam
ple in_the air medium with .65 ±3 % humidity, 
z-axis = emanation rate E of the sample 
/imp s-!/. .

probably given by the fact that the size of 
gel pores is comparable with the diameter 
of the diffusing radon atoms /d = 0.42 nm/; 
the changes of size of gel pores are there
fore clearly expressed’ on the emanation rate 
curve. • •
A possible direct influence of water molecu
les on the values of the emanation rate of 
the cement stone samples was eliminated by 
following experiments. A sample of hydrated 
plaster was measured using the same, proce
dure as for the cement stone. The structure 
of plaster has (contrary to that of cement 
stone) the character or a rigid skeleton ’ 
which does not undergo structure changes 
caused by drying the sample or its satura
ting with water. With this sample the .effects 
on the REM curve shown in Fig. 7 did not 
appear. The emanation rate values of the 
hardened plaster paste saturated with water 
and of the same sample after its drying were 
practically identical.
The presented results of emanation release 
rate measurements of the hardened cement 
stone suggest that during the water satura
tion of the sample as well as during its 
drying the continuous changes of its diffu
sion coefficient take place. If we accept 
the hypothesis about the layer arrangement 
of the C-S-H gel, the results can corrobo
rate the views supposing that the layers of 
the dried C-S-H gel are not permanently 



drawn together and that the action of water 
can cause their drawing away as a-result of 
penetrating of water into the gel pores (9).

CONCLUSIONS

The potentialities of the application of the 
radiometric emanation method to the investi
gation of hydration and setting of the ce
ment paste were shown. REM not only comple
ments the commonly used experimental methods 
but also provides new views on the processes 
taking place during the evolution of cement 
stone structure.
The advantage of REM consists in the possi
bility of the continuous investigation of 
the changes of structure during the whole 
duration of the process of setting of the 
cement paste namely under the conditions of 
required humidity, temperature and chemical 
composition of the gas medium around the 
sample. This gives the possibility to inve
stigate the ways of influencing the process 
of setting e.g. by temperature or admixtures, 
under the conditions interesting from the 
point of view ot both science and technology.
We have shown the possibility of continuous 
investigation ot the changes of cement stone 
structure on drying and rehydration or the 
sample, not necessitating any additional in
terference with the measured samples which 
would cause undesirable changes in the 
structure of the sample studied.
Radiometric emanation method possesses all 
preconditions for becoming a new source of 
information on the evolution of structure 
of binding systems.
By parallel measurement of two released ra
dioactive gases, REM makes possible to dis
cern also the role of surface area and dif
fusion in the emanation release rate of the 
sample measured. This can give more complete 
information on the structure evolution of 
the systems investigated.
The commercially produced apparatus for ra
diometric emanation measurements by NETZSCH 
(F.R.G.) is fully automated and a well 
equipped chemical laboratory is suited,com
plying with the requirements of the safety 
of work with radioactive isotopes in the 
trace concentration, when the REM apparatus 
have to be employed."
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Interaction of cement minerals with water
Interaction des composants du ciment avec i'eau

P.F. RUMYANTSEV, Doctor, Institute of Silicate Chemistry of the Academy of Sciences of the USSR, 
Leningrad, U.R.S.S.

RESUME : Le durcissement des ciments est lie aux processus d'interaction chimique entre les 
composants solides du ciment et un liquide. De tels processus peuvent aussi se produire au 
cours de la cuisson du clinker.
Jusqu'ici on avait etabll que 11 interaction chimique entre les mineraux solides du ciment et 
les liquides, dans les systemes de ciments, se produisait non pas regulierement sur toute la 
surface des grains, mats sur des zones separees, done localement.
Pour representer le processus'chimique qui se produit, on a etabll les equations suivantes :

V = £ e-" RY W = Wn [1 - e.‘kt ] V = ü n.e.S
u u

L1ut11isatlon de ces formules permet d'obtenir de nouvelles informations scientifiques sur la 
vitesse et le mecanisme du durcissement du ciment, et sur le processus de cuisson du clinker. 
Elie permet aussi d'etablir un modele mathematique pour 1'automatisation des techniques de fa
brication du ciment. "

SUMMARY : Hardening of cemente is related with the processes of chemical interaction be
tween solid cement minerals and a liquid. Such processes can also take place during the 
burning of cement clinker.
It has been established hitherto that the chemical interaction between solid minerals and 
liquids in cement systems proceed not uniformly throughout the surface of the minerals 
but on its separate parts » i.e. locally.
To describe the chemical processes which proceed by the indicated mechanism, the following 
equations can be used:

V - . e ~ B/RI ; V - Wo [l - exp(-ktn)] . V - —®

The use of these formulas permits to obtain new scientific information about the rate and 
the mechanism of hardening of cements, of the burning of clinker as well as to create the 
mathematical model for the automatization of technological processes in cement iriductry.



(1)
The use of the given forsula peimitted to 
determine the effective activation energies 
of the processes studied and to conclude 
which of the stages plays the determining 
role in each process.
In several cases the change in value of the 

The processes of chemical interaction be
tween solids and liquids are widely spread 
in nature and technique. They are realized 
during the hardening of cements and burning 
of clinker, and being heterogeneous in their 
nature they proceed according to the schemet 

solid A + liquid B = solid C.
If one assumes that A, B, C can be repre
sented by several components, then it be
comes apparent that the study of these pro
cesses is a complicated and difficult task. 
The latter may explain a considerable lag 
in the development of theoretical concep
tions and in the establishment of kinetic 
regularities of such processes as compared 
to homogeneous.
For the last two decades several comprehen
sive monographs of basic importance have 
been published on kinetics of homophase 
processes /1-4/, whereas the publications 
on kinetics of heterogeneous process are of 
less important, private character /?/. -
No universal methods of the determination of 
the rates of such processes exist.
In recent years we carried out investiga
tions on the kinetics of interaction be - 
tween cement minerals and liquids at high 
and room temperatures. Some common results 
of these studies are reported in the pre
sent communication.
The chemical interaction of solid cement 
minerals with a liquid proceeds in three 
stages;
1. Chemical interaction between the parti
cles of solid substance and the liquid at 
the phase Interface.•
2. Diffusion of the decomposition products 
of solid substance or of the interaction 
products between solid and liquid into the 
bulk of the liquid.
3*  The formation of new liquid and solid 
phases in solution up to the crystallization 
of the solid phase.
All these stages first proceed consecutively 
and then simultaneously. The rate of the 
process will be determined on the whole by 
the stage with a lower rate. Taking account 
of this fact and introducing the parameter 
characterizing the surface area of the solid 
body peimitted to use the kinetic equations 
which were earlier derived for simple pro
cesses.
To describe the temperature dependence of 
the rate, the well-known experimental Arrhe
nius equation was used, the parameter taking 
into consideration the surface area having 
been introduced as a constituent member of 
the pre-exponential multiplier: 

a - E/BT
V - F .e

effective activation energy with increasing 
temperature was established what permitted 
to reveal the new character of interaction 
and to fix temperatures at which these pro
cesses proceed. The reasons of non-constan- 
cy of the effective activation energies 
were changes in the chemical composition of 
the liquid phase or the appearance of the 
film of new formations on the surface of the 
primary solid sample.
The experimental data on the isotheimal 
processes were successfully analyzed with 
the aid of the well-known Kholmogorov-Ero
feev equation

W = Wo [l - exp(-ktn)] (2)

The analysis of the above given formulas 
peimitted to find that for the burning of 
cement clinker the dissolution is the limiting factor, whereas for the hydration ■' 
process of calcium aluminates and for the 
interaction of alumina and silica with 
phosphoric acid it is the diffusion.
The first stage, namely the interaction on 
the phase interface is a less studied stage 
being of the greatest interest from the 
view-point of the kinetics of heterophase 
processes. .
The chemical interaction on the solid-li
quid interface is a topochemical process 
whose mechanism can be represented as fol
lows /6-8/.
On the active surface of the mineral parti
cles the polar molecules or ions are ad
sorbed what results in the formation of a 
polymolecular layer in which the orienta
tion of dipoles leads to the appearance of 
the interphase jump of potential, therefore 
the dissolution of the particles is accom
panied by intense diffusion flows of new 
formations.
The orientation of polar molecules is most 
expressed in the adsorption layer near the 
interface and it decreases with increasing 
distance from the surface forming chains 
which intergrow deep into the liquid layer.
Thus the diffusion flows during dissolution 
are polarizing factors. ■
The oriented polarization of polar groups 
Orders and determines, tinder conditions of 
crowdness, the controlled character of gel 
formation and crystallization. However, this concept requires precision as it is based on 
the more or less uniform activity of the 
total surface and suggests the presence of 
the uniform front of interaction. Under 
real conditions the deviation from the me
chanism spoken of is observed in most cases. 
Thus, for example, during the dissolution 
of cement minerals the dispersion of the 
initial particles takes place in the liquid 
phase of clinker; during the hydration of 
calcium aluminates figures of etching are 
clearly observed; during the hydration pro
cess of calcium aluminates and interaction 
of single crystals of alumina and silica 
with phosphoric acid the new formations ap



pear only at the separate parts of the sur
face and only later when these parts in - . 
crease and. merge the solid, layer is formed.
Thus, the dissolution proceeds more prefe
rably din the reactive parts or in the ac - 
tive centers which play an essential role 
during the dissolution of solid materials 
(like the case of their decomposition).
By "active centers" we mean atoms located 
in the crystal lattice defects emerging on 
the surface. Such atoms possesss the lowest 
coordination in the lattice as compared to 
the other atoms on the surface, and there
fore they are most reactive. The form and 
the area of such parts are determined by 
the surface defects. . ■
The migration of atoms located in the lat
tice defects from the crystal to the liquid 
causes in turn the formation of new reactive 
parts the role of which is played by atoms 
which were formerly connected with the ones 
that passed into solution.
To explain the formation of new reactive . 
parts by analogy with Garner /9/, we suggest 
the model of local branched chains. Recently 
it became clear that the group of topoche
mical reactions can be divided Into two sub
groups. In one of them the chain branched 
reaction proceeds only on the surface, 
large parts (centers) being formed in the 
point of branching. In the second sub-group 
the chains are not limited by the points on 
the outer crystal surface but penetrate ■ " 
also into the depth thus causing the crack
ing of crystals. In the first case when the 
supersaturated solution (with respect to the 
other interaction products) has been formed, 
the layer of solid new formations may ap - 
pear.
The results of many works confirm the appli
cability of the mechanism under discussion.
Thus, studies on the dissolution of clinker 
minerals in the liquid phase showed the pre
sence of topochemical dissolution referred 
to the second sub-group. The branching of 
the chains into the depth of the crystal 
can proceed along the lines and planes of 
dislocation or along the mosaic planes. A 
visual example of such a mechanism is the 
dissolution of sugar in water or in tea.
Crystal defects are widely spread in cement 
minerals and, as shown in the works of Butt 
and Timashev /10, 11/, they influence con
siderably the physico-chemical properties, 
the activity during the interaction with 
water included. '
Studies on the hydration of calcium alumi
nates performed on single-crystal samples ■ 
led to establish the first type of local . 
chain branched reactions with the formation 
of the film of calcium hydroaluminates 
which slows down considerably the interac
tion process between the initial solid sam
ple and water. ’
Consequently, the earlier suggested scheme 
which describes the uniform front of inter
action between the particles of liquid and 

solid bodies on the surface of the latter 
and the diffusion of the interaction pro
ducts into the deeper layers of the liquid 
should be corrected with taking into consi
deration the occurrence of local active 
parts on the surface. It is obvious that the 
front of interaction will not be uniform. 
It will have the form of semispheres what 
should cause a strong deviation from the 
diffusion mechanism adopted in the first 
scheme into the direction of its complexity. 
The latter can also be due to the fact that 
in some cases the appearance of the film 
formed of the liquid-solid interaction pro
ducts takes place on the surface of the so
lid sample.
For such a mechanism, from Eq.(1), the num
ber of acts of chemical interaction on the 
unit surface per unit time is equal to one 
fourth of the product of the average rate of 
the molecule motion, u, by the number of 
particles (molecules) of the liquid per 
1 cm , n, and by the probability of reaction 
in collision,f , :

(3)
The rate of the solid-liquid reaction can be 
described as the product of V (from formula(3))  by the full value of theBsolid body 
surface, S, divided by the volume of reac
tive system, 1> $  -*

The value of the average rate of the parti
cles (molecules) motion in these two for
mulas is determined following the formula

’8kTj 1/2 
^m/ (4)

and the reaction probability in collision 
according to the formula

E - ns6 g p e -B/BT (5)

Here n is the number of active parts per 
unit surface; is the area of one active 
part; p is the probability of orientation 
or the steric factor; n 6 is the total area of the active parts per 1 cm2 of the 
surface.
Thus, the rate appears to be proportional 
to the number of reactive particles, and 
the value , o 

can be regarded as the effective constant 
of the first order value for reaction of the 
particles with the surface.
It should be noted in this case that the 
value of n is the concentration of-particles (the number of particles per 1 cm ") near 
the surface. If the reaction proceeds very 
rapidly, then as a result of consumption of 
the particles near the surface the concent



ration of them will be lowered and the non
uniform distribution of particles will take 
place in the system*  The rate of reaction 
will also depend on the rate of diffusion 
of particles towards the surface*  But in 
those cases when the film of new formations 
appears on the surface of the solid body 
(which was already mentioned), the reaction 
rate will depend on the rate of diffusion 
of particles through the film*
Bow turn again our attention to formula (4)*  
By substituting the values of U and £ , one 
obtains the unfolded equation of the form

, 1 A /O — A ——E/RT8kT ) 1/2 ns^ s p 8 S
JTm J 4 U (6)

By uniting the constant values into one va
lue, we obtain the Arrhenius equation in the 
form which was used by us earlier for a stu
dy of the dissolution of clinker minerals:

V - S A e -B/HT (7)

The given mathematical method shows, firstly, 
the correct use of Arrhenius equation for 
the analysis of our experimental results, 
and secondly, it discovers the meaning of 
the pre-exponential multiplier for the case 
of heterogeneous processes*
COBSLUSIOH ■
The use of the fundamental kinetic equations 
for a study of the mechanism and of the rate 
of interaction between cement minerals and 
a liquid permits.to gain new information of 
great scientific importance which can be 
applied in mathematical modelling of the 
automatization processes of cement technolo
gy*
Further development of investigations in 
this field should be made using new methods 
and directed toward the more profound study 
of the elementary acts of chemical interac
tion, especially on the surface of cement 
minerals*
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Estimating strength from cement composition
Prevision des resistances ä partir de la composition du ciment

LP. ALDRIDGE, Scientist, Chemistry Division, DSIR, Private Bag, Petone, New Zealand. ■■

SUMMARY : Simple equations have been found which predict the compressive strength at 3, 7, 28, 
91 and 365 days from the Bogue compositions of CgS,. C3S+C2S, C3A and specific surface. The 
equations were determined using multiple regression analysis of data from 114 cements. The 
standard deviations of the calculated compressive strengths range from 2.8 to 3.6 and the ■ 
square of the multiple regression coefficients ranges from 0.73 to 0.86.

The equations are empirical equations as the coefficients could not be used to predict the ■ 
individual component effect. While the equations are shown to fit the strengths of concretes 
produced from New Zealand cements they should be used with caution by workers wishing to apply' 
them to other cements. ' ■ ■

The major factors influencing compressive strength were shown to be the Bogue composition and 
the specific surface of the cements. Minor oxides had a small effect on the compressive ■ 
strength. " ,

RESUME : Des formules mathematiques simples ont ete etablies, permettant de prevoir la resis
tance ä la compression•des ciments ä 3, 7, 28, 91 et 365 jours, en fonction de leur surface 
specifique et de leur composition, selon Bogue, en C_S, C.S + et C,A. Ces formules ont ete 
etablies au moyen de nombreux calculs statistiques de regression portant sur les resultats ex- 
perimentaux de 114 ciments. L'ecart type des valeurs ainsi calculees varie entre 2,8 et 3,6,^ 
et les coefficients de correlation entre 0,73 et 0,86.

Ces formules sont emplriques; aussi ne dolvent ellqs pas etre utilisees pour apprecier 1'actlon 
de l'un des composants du ciment. Bien que ces formules aient montre une bonne correlation *
avec la resistance des betons confectionnes avec des ciments de Nouvelle Zelande, elles doi- 
vent etre utilisees avec precaution pour etre appliquees ä d'autres ciments. '

Les facteurs les plus Importants, qui determinent la resistance ä la compression, sont la 
composition selon Bogue et la surface specifique des clme.nts. Les oxydes mineurs ont un effet 
reduit sur cette resistance ä la compression. .



INTRODUCTION '

Despite the efforts of a number of workers 
the relationship between cement composition 
and the compressive strength is still not 
fully understood. Alexander (1) reviewed 
the attempts of some authors to relate 
strength to the composition and specific 
surface of cements, ye used empirical 
equations, derived by multiple regression 
analysis, to relate the 3, 7, and 28 day 
compressive strength of cement pastes to the 
specific surface and the Bogue CjS and C,A 
composition.

There were indications from earlier work 
carried out by the author (2) that the 
compressive strength of concretes made from 
New Zealand cements gave better fits than 
Alexander's samples (1). In this study 
simple equations were generated to predict 
the compressive strengths at ages up to one 
year. The effects of additional variables 
on the regression equations were studied.

EXPERIMENTAL

Materials

The 114 cements studied were from a series 
of samples which had been taken at monthly

I intervals over a five year period from five 
cement works (A-E) and for which chemical 
analyses were available. The compressive 
strengths at 3, 7, 28, 91 and 365 days were 
determined using the New Zealand Standard 
(NZS 3122:1974) method which uses 100 x 200 mm 
concrete cylinders and a water cement ratio 

" of 0.50. Coefficients of variation of the 
strengths have been found by repeated within- 
laboratory testing to be less than 2.5%. The 
specific surface was measured using the air 
permeability method. Bogue compositions 
were calculated after subtacting the free 
lime from the CaO content and assuming that 
all the manganese was present in the ferrite 
phase. Ranges of the Bogue compositions, 
the amount of the minor oxides, the specific 
surface, free lime, insoluble residue and 
compressive strength are shown in Table I.

Multiple Regression Analysis

The methods and limitations of multiple 
regression analysis are well known (3,4). 
In this study R denotes the multiple correla
tion coefficient and gives the fraction of 
the total variation about the mean compres
sive strength explained by the regression 
equation, s denotes the standard error 
estimate, an estimate of the standard devi
ation of the calculated compressive strength 
derived from the regression equation, and r 
denotes a correlation coefficient between 

“two variables. The computer program (SHARE 
Library Number 360D-13.6.008) used in this 
study has been described (3).

A number of problems in regressions involving 
cement composition were identified by 
Alexander (1). Some variables were highly 

correlated with each other; these were C-jS 
with C2S (r=0.9) and C3A with C4AF(r=0.8). 
Furthermore the sum of the variables 
C,S,C2S, C3A and C4AF is a constant and so 
these four variables are not independant.

A number of preliminary fits were carried 
out to determine which variables to include 
in the regression equations.. It was then 
decided to use the variables in the initial 
equations which would be expected from 
cement chemistry to be the most influential. 
The variable C4AF was not included in the 
regression equations and instead of C2S the 
variable (C3S + C2S) or the sum of the 
silicate phases was used. CoS was not 
highly correlated to (C3S + C2S) as r=0.35. 
Equations 1, 2, 3, 4 and 5 were fitted by 
multiple regression to all samples and also 
those from individual works : and the values 
of R2 obtained are shown in Table II. If 
the additional variables gave a significant 
increase to the degree of fit (determined by 
an F test at the 5% level) then this is 
indicated by an asterisk in Table II.

CS = bQ + C3S + b2 C3A + b3 Sp-S 1
CS = bg + b-L C3s + b2 C3A + b3 SO3 + b4 Sp-S 2 
CS = b0 + bx C3S + b2 (C3S-tC2S) + b3

+ b^ Sp—S 3
CS = bQ + bj^ C3S + b2 (C3S4C2S) + b3 C3A

+ b4 SO3 + b5 Sp-S 4
CS = b0 + C3S + b2 (C3S4C2S) + b3 CjA

+ b4 SO3 + b5 TiO2 + b6 MgO + b? Na^
+ bo K-O + bo MioO, + b. n fr-1 O Z 3 Z j XU
+ b^^ IR + b^2 Sp-S + b^3 P2O5 5

where CS is the compressive strength, bg to 
b33 are empirical coefficients, Sp-S is the 
specific surface, IR is the insoluble 
residue and fr-1 is the free lime.

RESULTS AND DISCUSSION

The results from Table II show that regression 
equation 3 gave significantly better fits 
than equation 1 when fitting strengths from 
all of the cements. Equation 5 which 
included the extra variables, free lime, the 
minor oxides and insoluble residue gave a 
more significant fit (at the 5% level) than 
equation 3 for all the compressive strengths 
except that at 7 days. It was not possible 
to determine which of the additional vari
ables gave by itself a significant improve
ment to the fit. Mallow's Cp statistic (3), 
gave many alternative choices between combin
ations of variables and none of these combin
ations were duplicated at different ages of 
the compressive strength. •

It is recommended that equation 3 be used for 
predicting the compressive strength of New ' 
Zealand cements. (See Table III). Although 
equation 5 gave a statistically better fit ' 
the maximum increase of R2 (0.04) does not 
warrant the trouble of including the addition
al terms. It is possible that the co-



TABLE I
2

Range of composition of samples from cement works A - E (%) with specific surface (M /kg) and 
compressive strength of concrete (MPa)

TABLE II

Overall A B C D E

C3S 32 - 73 46 - 72 55 -■ 68 54 - 73 39 - 55 32 -■ 61
c3s + c2s 68 - 82 78 - 82 74 - 78 74 - 79 68 - 74 72 -■ 79
C3A 4-11 5 - 11 6 -■ 9 4 - 9 5 - 7 4 -• 11
TiO2 .08 - .46 .15 - .22 .15 - .46 ’ .12 - .39 .08 - .32 .17 -■ .27
MgO .45 - 5.3 .66 - 1.20 1.2 - 2.1 .45 - 1.6 4.2 - 5.3 .47' -■ 4.0
so3 1.0 -3.1 1.4 - 2.8 1.9 - 2.9 1. 9 - 2.6 1.0 - 2.4 1.6 -■ 3.1
Na2O .11 - 1.0 .11 - .25 .20 - .31 .20 - .31 .7 - 1.0 .16 - .28
k2o .04 - .67 .15 - .38 .31 - .47 .21 - .67 .04 - .22 .23 - .51
MI^Os 0 - 1.4 .06 - .15 .03 - .11 .10 - 1.4 0 - 0.08 .01 - .04

P2°5 .02 - .28 .10 - .22 .06 - .16 .09 - .28 .10 - .14 .02 - .24
IR .01 - .88 .02 - .33 .01 - .30 .02 - .35 .05 - .88 .01 - .07
fr-1 .18 - 3.1 .44 - 2.4 .50 - 2.4 .18 - 1.6 1.3 - 3.1 .53 - 1.3
Sp-S 280 - 550 310 - 490 300 - 487 290 - 390 300 - 385 280 - 550

Compressive Strengths

3 day 10 - 40 16 - 39 21 - 33 15 - 29 10 ■- 19 10 - 40
7 day 15 - 55 28 — 55 33 - 46 26 - 44 19 - 33 15 - 54

28 day 33 - 68 49 — 68 48 - 59 43 - 60 33 - 45 33 - 66
91 day 44 - 72 59 — 72 55 - 68 52 - 66 43 - 55 53 - 70

365 day 50 - 78 63 - 78 58 - 70 56 - 70 50 - 61 60 - 73
No of cements 114 20 14 34 14 32
IR = insoluble residue, fr-1 = free! lime

2R after fitting equations 1-5
Compressive strength
(days) 3 7 28 91 365
Equation All Cements

1 .84 .84 .62 .33 .20
2 .85 .84 .62 .34 .22
3 .86* .86* .78* .76* .74*
4 .87 .86 .78 .76 .74
5 .88* .88 .82* .81* .78*

Cement from Works A
1 .92 .87 .68 .52 .22+

2 .94 .88 .69 .54 •24 * * * 28 +
3 .95 .88 .70 .53 •22+
4 .96 .88 .71 .54 .25

Cement from Works B
1 .77 .66 .49+ .53 .43*

2 .76 .71 .60 .53 .44
4 .89 . .92 .73 .70 .72

Cement from Works c
4 .32 + .29 •15+ •29+ .40+

5 ■ 56+ ■ 54+ .47+ .64+ •70 .
Cement from Works D

1 .28+ .77 .60 ■ 50+ .38+

2 .68 .79 .75 .75 .68
4 .69 .79 .76 .77 .69

Cementst from Works E
1 .94 .94 .79 .67 .65
2 .94 .94 .80 .68 .67
3 .95 .95 .80 .67 .66
4 .95 •95 .80 .68 .68
* Denotes that the R is significantly improved

efficients of equation 3 in Table III could 
apply to the compressive strengths of con
cretes made from any Portland cements. The 
equations have been derived from New Zealand 
cements and workers using other cements
should not use these equations before test
ing them on cements whose composition, 
specific surface and compressive strength is 
known.

Cements from different works did not give ' 
the same coefficients in the regression 
equations. Table IV gives the coefficients 
when equation 1 was fitted to the 3, 7 and 
28 day compressive strengths of cements from 
all the works, works A, works E, and works A 
and E. Coefficients are seen to vary con
siderably. The coefficients of the regres
sion equations cannot be used therefore with 
any confidence to predict the effect on com
pressive strength of individual components.

+ Denotes that the regression is not significant

Regression equation 3
TABLE III

bo bl b2 b3 b4 R s

3 day -55 .34 .36 .64 .073 .857 2.8
7 day -68 .53 .48 1.11 .079 .857 3.6

28 day -83 .32 1.2 1.14 .049 .776 3.7
91 day -82 .57 1.6 .52 .038 .757 3.2
365 day -69 -.08 1.6 .42 .034 .733 2.9



TABLE IV

Coefficients of regression equation 1

Cement
Works ®

bl b2 , b3
R* 2 3

s

All

3 day

-30 . ''9 .64 .073 .84 2.9
A -47 .86 1.74 .032 .92 2.4
E -26 .32 .58 .072 .93 2.5
A & E -29 .46 1.72 .072 .92 2.6

All
7 day
-34 .58 1.12 .078 .84 3.8

A -32 1.09 .98 .087 .87 3.4
E -33 .57 1.10 .079 .94 3.2
A & E -34 .71 .75 .071 .91 3.5

All

28 day

2.5 .45 1.14 .045 .61 4.9
A 35 .64 -.87 -.018 .68 3.1
E 9.1 .45 .22 .050 .78 4.0
A & E12.1 .50 .22 .038 .73 4.1

The values of the standard deviations of the 
calculated compressive strength, s, are high
er than the standard deviations of the 
observed compressive strength sQ. For 3 day 
compressive strength s = 2.8 MPa and s lies 
between 0.4 and 1.0 MPa while for the 365 
day strength s = 2.9 MPa and so lies between
1.6 and 1.9 MPa. Furthermore the standard 
deviations of the compressive strength cal
culated by the method of error estimation 
from near neighbours (3) by the computer 
program was approximately the same as s 
suggesting that the fitting procedure could 
not be taken any further with the present 
variables.

2 -
The high values of R obtained when equation
3 was fitted implies that the compressive 
strength of concrete for New Zealand cements 
is largely dependent on the composition and 
specific surface of the cement. The fit 
attained is surprising considering the 
errors of accuracy in the Bogue compositions
(6). The percentage of variance not explain
ed when equation 5 was fitted to all of the 
cements varied between 12 and 22% (calculated 
from R2 values in Table II). This unexplain
ed variance could be due either to the un
reliability of the Bogue compositions, or to 
factors other than the Bogue compositions, 
the minor oxides and the specific surface. 
In an earlier paper (2) it was shown that 
better composition estimates gave no improve
ment to the degree of fit of equation 1 and 
therefore it can be concluded that it is the " 
additional factors which are significant in 
modifying compressive strength. The nature 
and role of these other factors has been 
reviewed by Chatterjee (5) and examples of 
these factors are the crystal size of the 
alite, defects present in the alite crystals 
and impurities present in alite.

CONCLUSIONS

A simple equation has been generated which 
predicts the compressive strength of concrete 
at 3, 7, 28, 91 and 365 days.

Eighty percent of the variance is explained 
by the regression equations and the standard 
deviation of the calculated compressive 
strength is about 3 MPa.
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The Effect of Cement Composition on the Cracking 
Resistance

L 'influence de la composition du cimentsur la resistance a la fissuration

Z. TSILOSANI, D.Eng. Professor, Head of Department,
G. DALAKISHVILI, M.Eng. Engineer, Institute of Structural Mechanics and Seismic Stability, As.Sc.GSSR. 

and .
S. KAKICHASHVILI, M.Sc. Head of Department, Institute of Cybernetics, Ac.Sc.GSSR.

RESUME : Sont exposes les resultats d'etude sur la resistance ä la fissuration au cours du 
durcissement de mortier de ciment-sable fabrique a partir de six differents types de ciments. 
La naissance des fissures a ete etudiee ä l'aide de 11 Interferometrie holographique permet- 
tant de fixer 1'apparition des fissures avant que cela soit possible par d'autres methodes. 
Sont egalement decrits les dispositifs permettant d'evaluer la resistance ä la fissuration 
au cas ou le retrait du beton et la charge mecanique agissent en meme temps. En plus, il a 
ete note que cette methode rapprochait les resultats d'essais du beton en laboratoire de ceux 
obtenus au cours d1 exploitation de la structure en beton.
La perlode entre le debut de 1'observation et le moment de detection des fissures sur les 
echantillons est prise pour la mesure de resistance ä la fissuration, et I'on a effectue la 
comparaison des proprietes des ciments ayant differentes compositions mineralogiques et dif
ferentes teneurs en constituants non-calcines.

Les auteurs proposent d'utlliser cette methode d'interferometrie holographique pour determi
ner la grandeur d'extensibilite limite du ciment durci et du beton. "

SUMMARY; The results of studies of the cracking resistance of a hardened cement-sand so
lution prepared of 6 different kinds of cement are presented. Cracking is studied using the 
method of holography interferometry which enables to detect cracks at earlier stages than 
it van be done with other methods. Devices used to evaluate the cracking resistance in 
case of a combined action of shrinkage and mechanical load are described. The laboratory 
conditions for testing concrete are shown to be close to those in a real structure. 
Assuming the time elapsing from the beginning of observation of specimen to the moment of 
detection of a crack, as a measure of the cracking resistance, cements of different mineral 
compositions.and different contents of unbaked components are compared.
The authors suggest to apply the method of holography interferometry to evaluate the ultima
te extensibility of cement stone and concrete, ,



The problem of crack formation in concre
te and reinforced concrete units has long 
long become a matter of concern of engi — 
neers and researchers. Cracks result in the 
decrease of the supporting power and duar- 
bility ef units deterioration of their ser
vice characteristics, not to mention the 
appearance of the structure. 
Cracks are caused by various reasons-ex- 
ternal mechanical loads or strains induced 
by the irregularity of settlement of sup
ports, shrinkage and thermal strains of 
concrete, etc. On the other hand, resistan
ce of concrete and reinforced concrete to 
cracking also depends on a number of fao - 
tors, the most important among them being 
a tendency of concrete to an intensive de
velopment of the shrinkage strain and creep 
of cocnrete and its ultimate tensile stren
gth, "
The great variety of factors causing crac
king as well as those contributing to the 
cracking resistance of concrete makes it 
difficult to predict the degree of danger. 
This has evidently given rise to the great 
number of methods created for evaluation of 
the cracking resistance of concrete. Hence 
seem to emerge different interpretations of 
the idea of the "cracking resistance of con 
-Crete", 
In attempt has been made (l) to classify 
the so far suggested methods of evaluation 
of the cracking resist^nna of cocnrete. 
These are indirect and direct methods and 
those based on mdelling a concrete struc
ture, The indirect methods of evaluation 
of the cracking resistance consist in the 
accounting for the degree of tightness of 
the cement stone shrinkage strain by the 
counter-action of a coarse filling(with 
non-reinforced concrete) and reinforcement 
( with reinforced concrete).- The cracking 
resistance is calculated using coeffi - 
cients, the latter being derived from the 
concrete specifications; the ultimate ten
sile strength and the ultimate compressive 
strengrh, the ultimate extensibily, the 
elastic modulus, the shrinkage strain

value, the coefficient of internal frlc - 
tion,the intensity of external mass-exchan
ge and internal moisture transfer and others 
Some investigators suggest to deduce the 
cracking resistance from the mineral compo
sition of cement and other factors.
It should bs pointed out that the a.m. 
indirect methods require the knowledge of 
some characteristics which are not defined 
during standard conventional tests of con
crete; for instance, the ultimate extensi
bility of concrete is not always evaluated 
and even the method of its evaluation is 
not unique, every investigator using diffe
rent experimental means and experience, and 
the literature providing rather different 
values of the ultimate extensibility of 
concrete. Also the value of loose and, 
especially, tight settlement of concrete is 
not always available. 
The methods of evaluation of cracking re
sistance based on modelling a concrete 
structure are doubtlessly interesting,al- 
tough most of them are within the sphere of 
laboratory research or are too simplified 
and can provide results not reasonable enough 
practically.
The suggested direct methods of evaluation 
of the cracking resistance and, in particu
lar, the method of the ring(2), which is 
widely used in laboratory, is quite simple, 
but it enables to evaluate the resistance 
to cracking resulting from shrinkage only; 
while our point of interest is the rests - 
tanoe to cracking resulting from shrinkage 
and external mechanical loads.This will 
hying the laboratory conditions closer to 
the field where the elements of construc
tions are subjected to the forces of shrin
kage as well as forces developing from 
the proper weight and external mechanical 
load. The effect of the simultaneous forces 
of shrinkage and external mechanical load is 
not a more sum of the effects of these two 
forces(3). While studying the mineral compo
sition" of cement regarding the cracking re
sistance, we used a special device which 
enabled to evaluate the cracking rests -



tanoe under the effects of shrinkage and ex
ternal load. The method ef Holography Inter
ferometry was used to observe the process of 
emergence and development of Cracks (4).Ho
lography has become a widely used metins of 
checking Important parts of machines,airc
raft, etc. In building it has been used but 
seldom, in particular, in testing concrete 
and reinforced concrete.However, a number 
of advantages of the holography methods over 
the conventional ones, and a common tenden
cy to lower the prices of testing devices 
on the whole, rose interest to them in re
searchers and engineers. Thus, when the me
thod of holography interferometry is used to 
test strain, it does not require any special 
surface characteristics(roughness.moisture), 
or the size of tensometers, not to mention, 
the complieated procedure of sticking and 
wiring the letter, the whole picture of the 
strain over the surface under observajrion 
being obtained easily, which is not the ca
se when the method of electrotensometry is 
used. Holography interferometry has also 
advantages over other optical methods,such 
as the method of photoelasticity,as it does 
not require any optically sensitive material 
which often fails to imitate closely the ac
tual characteristics of concrete and reinfo
rced concrete(5) .

r ■ TABLE I
deme
nt

Kind of cement Kind and amount of 
unburnt component

I. Portland cement 
low heat output 
and low alkaline 
content

Diatomite, 15%

2. Portland cement W ■ • •
3. Portland cement Addition, 15%
4. Portland cement Blast furnace gra

nulated slag,15% '
5. Slag Portland 

cement
Blast furnace gra
nulated slag,5Q%

6. Puzzolanic Port
land cement

Pumice, 35%

Below the test results of 6 kinds of cement
with different mineral compositions . are

given (Tables I and 2). Specimen of cement
sand mixtute (maximum grain size of the fil
ling -5ms), 4'x 4 x 16 cm, were made, rein
forced with two..steel rods of 3 mm diameter.
The cement -to-filling and water-to-cement 
rations in the samples were the same. The 
samples were kept in water to avoid craking 
due to heat and water treatment. The sam
ples were loaded by means of a special de
vice (Fig. I). The applied force was 0.7 of 
the load causing observable cracks. It was 
defined through short - run tests of twin 

samples. •'

TABLE II
Ce- 
meni 
Ho

Mineral
■ '

composition
3 rout 
of
nor
mal 
iiok-
ness
%

Stren 
gth 
S/mm^

C33 C2S, C3a c4af
TT 45.0 32.0 4.5 15.0 26.0 42.0

2. 60.0 17.0 4.2 15.0 23.0 50.8
3. 58.0 19.0 4.0 16.0 27.5 51.5

4. 56.1 15.5 9.4 15.7 25.0 50.2
5. 56.5 15.0 9.7 15.95 26.5 41.0
6. 37.2 35.3. 14.8 9.55 32.7 39.7

To take the interferogram the loaded sam
ples were laid on a special rack.(Fig.2) . 
The holograms were taken by a single
mode He—He .. laser (6328A wave length) of 
50 mW . power, using the method of double 
exposition and a two-beam scheme. The in
tervals between expositions had been de
fined previously, the time ef each exposure 
was 1 minute.

Figs. 3-6 present a part of the interferog
rams. The specimen numbers correspond to 
the cement numbers given in Table 2. The 
first interferogram (Fig.3) has rare broad 
transversal Interference bands which in
dicate a weak development of strain along 
the longitudinal axis of the samples.

' The first specimen has a surface crack 
which as the subsequent interferogms



provedoes not develop any more.

71g.2. TMe rack with, the specimen

For 14 hours following the loading of 
the specimen, the interference bands grew 
denser(Fig, 4), indicating an intensified 
proceed of strain of the stretched side of 
the specimen, which resulted from a combin
ed effect of shrinkage and erternal load.
After 16 post-loading hours cracks appea
red in 4 specimen in the following order:
6,3,1 and 4. After 18 hours (Plg.5) was 
seen in specimen 5, while after 20 hours 
(Fig, 6) in sample 5. ' .
bracking could be observed in the shape of 
the interference bands. While th*  enteTH«! 
under study was intact, the interference 

bands were free of breaks and never ' 
crossed. As soon as cracks formed, orien
tation of the bands either changed, or 
they crossed or broke up.

Fig, 3.An interferogram of the specimen 
■ 2 hours after the loading. The 
numbers of the same as corres
pond to the numbers of the ce
ment types in the Tables.

Fig. 4, An interferogram of the specimen 
14 hours after the loading

Proceeding from the existing direct methods 
of.evaluation of the cracking resistance,let 
us assume the time elapsing from loading a 
specimen to crack formation (i,e., the time 
when the typical breaks of tie interference 
bands appear on the interferogram) as its 
measure. Then the kinds of cement under 



study can be wlasslfied In the following 
way. The beat crack-resistant kind is Por
tland-cement without any active mineral ad
dition (cement Ko.l). Even a negligible 
amount 6f addition (as low as 15% of the 
cement weight) reduces the cracking resis
tance quite significantly (cement No 3),

Fig, 5, In interferogram of the 
apecimen 18 hours after the 
loading. "

Fig. 6. in interferogram of the speci-^ 
men 20 hours after the loading

The lowest crack resistance was displayed 
by puexolan Portland cement (cement No 6). 
It should be also noted that'the mineral 
composition of clinker did not seem . to 
affect the cracking resistance value of 
cement as active mineral additions did.

It could be thus concluded that changes in 
the character of the interference bands pro
vide information on cracking much earlier 
than it can be observed visually of even 
though a 24 x magnifying glass, is the 
interferogram enables to evaluate also the 
strain value of an object, the method of 
holography interference can be recommended 
to find the values of ultimate extensibili
ty of concrete, although it will require 
finding the length of the extended section 
as the basic value in evaluating the strain

CONCLUSIONS
The described method of comparative evalua
tion of the cracking resistance of cement 
stone and concrete employs the method.of ho
lography interferometry. It has been sugges
ted to evaluate the cracking resistance un
der a combined action of shrinkage and ex
ternal mechanical load. A special device 
has been designed to prove the idea;
The method of holography interferometry en
sures detection of a crack at an earlier 
stage of its development than other existing 
methods (visual observation of the specimen, 
application of tensometers, the ultrasound). 
Thus a better accuracy of'evaluation of the 
ultimate extensibility of concrete is made 
possible.
Comparison of the cracking resistance test 
results for 6 kinds of cement has demonst
rated that the cracking resistance depends 
predominantly on the active mineral addi
tions in cement. The role of the mineral 
composition of cement seemed insignificant 
as compared with the role of additions.
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La structure de pierre de ciment de nouveaux types de 
beton

A structure of the cement stone of the new types of concrete

K. GORIAINOV, Professeur, Chef de Chaire de Materiaux Thermo-isolants et Ceramique,
A. STCHASTNII, Docteur es Sciences, U.R.S.S.

RESUME : Cette communication expose les resultats d' observations faites au microscope electro- 
nlque sur la structure fine des clments hydrates', notamment dans des betons ä granulats de 
laitler. Le grossissement du microscope electronlque varlalt de 211 ä 46.800.
Les eprouvettes de ciment etalent moulees; certalnes etalent comprimees. sous une pression de 
200 MPA. Leur resistance ä la compression attelgnalt 70 MPA. '
Des eprouvettes de beton ont ete comprimees ä la pression de 5 MPA (Rc = 90 MPA).
On a etudle des eprouvettes de pätesde ciment, impregnees apres durcissement jusqu'ä satura
tion, par des suspensions de ciment. ,
On a constate une disposition bien homogene des cristaux d'hydrates; dans les betons ä grgnu- 
lats de'laitler on a observe des fils crlstallins d'un dlametre comprls entre 300 et 600 A, et 
d'une longueur de 0,3 ä 0,4 microns.
On a constate que 1'impregnation, par une suspension de ciment, diminuait la porosite et la 
permeabillte des eprouvettes.

SUMMABT: The report gives the results of the study or the microstructure of the cement 
stone and concretes on the slag fillers.
There have been used an electron microscope with a resolving power from 211 till 46800.
The samples of the cement stone made under the pressure of 200 MPA and without it have 
been investigated. Compression strength of the samples He reached 70 MPA. .
Tnere have been also studied the samples from the concrete saturated with the cement, 
suspension.
The homogeneity of disposition of the new particles have been concrete consists of crystal 
filaments of diameter 300-600 A° and length 0,3-0,4'MKM.
There was also proved that saturation with the cement suspension increases waterproofness 
of the concrete. .



On a effectuS des 6tudes de la structure' 
du mortier de ciment moul6e (pressSe) et 
du beton de laitier clans les huts de 
fabrication des betons ä haute resistance 
avec une structure homogdne.
On a fait aussi des Studes d*impregnation  
de beton par solution colloidale (suspen
sion de ciment et d*eau)  pour augmentation 
de resistance d la compression et d’imper- 
meabilite ä I’eau.
On a 6tudi6 1* influence de temps de dur- 
cissement sur la structure de dlfferents 
types de beton au moyen de micrographie. 
La micrographie est faite avec orientation 
sur un et deux points de surface.
La caract6ristique de pierre de ciment est 
fixe dans le tabl.I.

Tableau I
~1 ' !

!
— Mode de traitement

„ !Rap-!,_!Dure issementSa!port!^^1Slpendant 12 h Traitement
!E/C I dans les con-1 thermique

! ditions nor- avec t°80
! !males

1 0,28 6330 12 —
2 0,28 6330 . 12 4
3 0,28 6330 12 4
4 0,28 12660 12 —
5 0,1x- 6330 12 6

La micrographie a fixe le premier stade 
d’hydratation aprds 12 heures de durcisse- 
ment dans les conditions normales (des.1-2), 
On a pu voir les particules de dimension 
de 1 MKM ä 25 MKM. On a pu aussi fixer la 
structure de stratification de Ca(0H)2 et 
C-S-H. On a pu observer les pores de 
dimension de 20 MKM en forme d*etoile  et 
parall616pipdde rectangle.

On a fait le pressage de 200 MPA/cm 
pendant la fabrication de päte de 
ciment avec E/0 = 0,15 - 0,1

Des.2

Aprds le traitement thermique pendant 
4 heures on peut voir les particules lamel- 
laires de dimension et de configuration 
differentes. Sur ces particules sont vus 
les agr6gats ronds de fS 0,6-0,8 MKM. 
(des.3d) ainsi que les fibres (des.4). 
Sur les surfaces lisses de particules sent 
observäes les pores de dimension de 500 a 
4000 A0.

Des.3



Des.4

La quantity des agregats roads est augmen
tfee sur les feprouvettes pressfees (des.5a).
La mlcrographie a Indiqufe que la micro
structure de bfetons de laltier se presente 
les fils cristalliques de 6 300-600 A° et 
de longueur 0,3-0,5 MKM (des.6).
L’espace entre les fils est remplie par 
les masses gfelifiantes.

Des. 5 

Des. 6

La composition! dfe bfetons de laitier fetait 
suivante: "3*50.  kgs de ciment,et 1700 kgs 
de laitier granule pour 1 m* 5 de bfeton. Le 
rapport 5^0 est fegale de 0,6. ‘
Les feprouvettes sont compactfees par vibra
tion et pressage. Rc de bfeton est fegale 
de 92-93 MPA.
On a effecfufe les fetudes de macroporositfe 
de pierre Se "ciment imprfegnfee par suspen
sion de ciment et d’eau sous pression.
K.Goriainov et R.LorfetoVier.ont felaborfei la. 
mfethodologie de mesure de macroporositfe 
de pierre de ciment. -
On a fait des essals de deux sortes d’fep- 
rouvettes: les feprouvettes fetuvfees’ sous 
I’aption de t°80 et celles-cl linprfegnfees 
de la suspension de ciment et d’eau. On a 
prfeparfe la suspension par le mfelange de 
2 parties d’eau et 1 partie de ciment.
Les caractferistiques essentielles de matfe- 
riaux en question sont indiqufees dans.le 
tabl.II. ■

_______ Tableau II '  
Masse volumtoue! I Resistance
de mat.kg/nr ! MPA id. la com-
AprfesiDans !Dans 283?s!pression 
l’-etu!28 jrs Ide durcis!MPA/kgs
vage ide dur- isement iDans 28jrsi_e4_P _u 

icisse- ! !de durcis-fvetTes
iment!! sement

2078 2058 14,6 0,075 non-im- 
prfeg- 
nees

2150 2180 20,8 0,965 imprfeg- 
n^es

On a mesurfe les pores de dimension de 10 MKM 
d quelques millimetres. On a fait le calcul 
de pores sur la surface de 2 x 2 cm.
Les rfesultats des essais sont fixfes dans 
le tabl.HI. ■

Tableau III
Hs de 
rectangle

.Eprouvette non
imp '

JSprouvette 
impr6gn&e

1 25,1 ' 13,4
2 23,6 ' 16,1
3 10,7 "12,5
4 20,4 ■ 15,9

moyenne •' 20% 15%

Les dimensions de pores de 75 MKM d 5 mm 
prfedominent dans le plan de quantitfe les 
petites macropores de dimension 123-250 MKM. 
La superficie intferieure de pores d’feprou- 
vettes imprfegnfees & fetfe couverte de couche 
de suspension de ciment durcis d’fepaisseur 
de 50-75 MKM. Ce phfenomdne change les pro- 
prifetfes d’feprouvettes imprfegnfees. .



La structure d'Sprouvettes impr6gn6es est 
plus homogene que celle-ci d'eprouvettes 
non-iinpr6gn6es.
Les Sprouvettes impr6gn6es ont la plus 
haute Impenn6abilit6 que celles-ci non- 
Impr6gn6es (0,05 MPA pour les 6prouvettes 
non-iinpr6gii6es, 0,2-0,3 MPA pour les 
6prouvettes impr6gn6es).

CONCLUSIONS

1. L'essais de structure de plerre de 
ciment montre que non-homogeneity ohserves 
de produits d’hydratation de ciment depend 
de degrds d’agrandissement.
2. On a dScouvert aussi que la saturation 
de pierre de ciment augments la impSimSabi- 
lite ä 1’eau et diminu sa porositS.

TITRES dr; DESSINS 

1. Micrographie d microscope de halayage 
de x;Eprouvette de pierre de ciment a E/C 
de 0,23 sans pression dans 12 h de durcis- 
sement dans les conditions normales.
2. Micrographie ä. microscope de balayge de 
!•Eprouvette de pierre de ciment A E/C de 
0,28 sans pression dans 12 h de durcisse- 
ment.et 4 h de traitefcent thermique sous 
1’action de t°80. i
3-4.  Micrographie 5 microscope de balayage . 
de 1’Eprouvette de pierre de ciment d E/C 
de 0,28 sans pression dans 12 h de durcis- 
sement et 4 h de traitement thermique sous 
1 action de t°80.*
5. Micrographie A microscope de balayage 
de 1’Eprouvette de pierre de ciment d E/C 
de 0,1 sous pression spEcifique de 200 MPA 
dans 12 h de durcissement dans les condi
tions normales et 4 h de traitement ther
mique sous 1’action de t°70. .
6. BEton de laitier pressE (augmentation en 
12660).



Structure and composition of compounds in some fully 
hydrated cement pastes

Structure et composition de certaines pates de ciment totalement hydratees

I A.E. MOORE, Materials Research Department, Cement and Concrete Association, Slough U.K.

RESUME : S'il est broye jusqu'a moins de 10pm, le clinker de ciment peut etre totalement hy
drate dans un delai de^60 ä 90 jours. A cette finesse, les micro-cylindres (50 mm2 de section 
transversale) peuvent etre presses ä sec pour une porosite de 60 % et un rapport d1 Hydratation’ 
eau/ciment de 0.5. Ils atteignent une resistance ä la compression d'environ 70 MPa apres 28 
jours ä 20°C et peuvent done etre consideres comme une päte de beton.

Une etude aux rayons X revele la formation des phases suivantes : portlandite, C-S-H, AFt et 
AFm. La phase C-S-H presente environ quatre reflexions.hkO mats aucune 001. La phase AFt pre
sente un mode ettringite, y compris la diffraction 101, qui la distingue de la thaumasite. La 
phase AFm presente une ou deux reflexions hkO, y compris celle ä 2.86 - 2.87 et une 001 ou 
plus. '
L'etude au microscope electronique ne peut determiner que les elements de poids atomique de 
11 et plus; l'analyse des hydrates doit done etre basee sur des proportions.

Les quatre phases contiennent les cinq elements Ca, Si, Al, Fe et S, bien que Al et S ne ■ 
soient pas toujours presents dans la phase portlandite. Les plus petites concentrations d'ato- 
mes etrangers se trouvent dans cette derniere -Ca(OH).,- soit environ 0.3 d'atomes Si et 0.05 
d'atomes Fe par 10 Ca. Les autres phases demontrent une difference de composition considerable, 
aussi bien entre les differents echantillons que dans chaque echantillon. Les quantites tota
les d'atomes etrangers sont plus grandes qu'on ne pensait possible precedemment. Le rapport 
C/S varie en C-S-H entre 1.25 et 4.0, et le total AL+Fe+S varie de 0.1 ä 0.9 du Si. La phase 
AFt contient du Si et du Fe, bien qu'il y ait moins de Fe que de Si et le rapport Al:(Si+Fe) 
est environ 2:1. La phase AFm contient plutot plus de Fe et moins.de Si que la phase AFt. S 
est toujours insuffisant (en partie. en raison de la perte dans le microscope electronique) 
dans la phase AFt aussi bien que dans la.phase AFm. ■

Le rapport Fe/(A1+Fe) est toujours inferieur dans les phases AFt et AFm et plus eleve dans la 
phase C-S-H que dans le clinker anhydre.

SUMMARY: Cement clinker, if ground to less than 10 pm, can be fully hydrated in 60-90 days. At this fineness 
micro-cylinders (50 mm2 cross-sectional area) can be dry-pressed to 60% porosity, giving O.5 water/cement ratio 
on hydration. These reach a compressive strength of about 70 MPa after 28 days at 20°C, and may therefore be 
regarded as being representative of paste in concrete.

Analysis by X-ray diffraction shows the compounds formed to be portlandite, C-S-H, AFt and AFm phases. The 
C-S-H shows about four hkO reflections but no OOl. The AFt shows an ettringite pattern including the 101 • ■ 
diffraction that distinguishes it from thaumasite. The AFm phase shows one or two hkO reflections including ’
that at 2.86 - 2.8? and one or more OOl.

Analytical electron microscopy can only .determine elements with atomic number equal to or greater than 11,. and 
analyses of hydrate phases must therefore be based on ratios. - .

All four phases contain the five elements Ca, Si, Al, Fe and S although Al and S are sometimes absent from 
portlandite. The latter - Ca(CH)g - shows the smallest concentrations of foreign atoms about 0.3 Si and O.O5 
Fe atoms per lOCa. The other phases show considerable variation in composition both between different samples 
and within each sample. The total levels of foreign atoms are larger than has previously been considered 
likely. The C/S ratio varies in C-S-H between 1.25 and 4.0, and the total AL+Fe+S varies from 0.1 to 0.9 of the 
Si. The AFt phase contains both Si and Fe, though less Fe than Si, with Al:(Si+Fe) about 2:1. The AFm phase 
contains rather more Fe and less Si than does the AFt. S is always deficient (only in part due to loss in the 
electron microscope) in both AFt and AFm. '

The ratio Fe/(A1+Fe) is always lower in the AFt and AFm phases and higher in the C-S-H than in the anhydrous 
clinker. ■ ■ ‘



INTRODUCTION
Lawrence (1) has shown that there is a sharp change . 
in aqueous phase composition during cement hydration 
when the (SC^ ) ion is no longer available; (Ca ) 
decreases while (OH ) and the alkali metals increase; 
SiOz also increases though it remains very low. It 
is well known that alumino-ferrite trisulphate (AFt) 
phase forms before SO4 depletion and monosulphate 
types (AFm) thereafter, but it seemed possible that 
different C-S-H compositions might form during these 
regimes. In order to approximate the early and late 
hydration situations, samples were made with cement 
clinker or with excess gypsum added.
In addition, the XRD pattern of C-S-HX is 
notoriously, disordered, and it was hoped that, at 
full hydration it might be easier to resolve in the 
absence of lines from the anhydrous phases. Cement 
of normal fineness does not hydrate completely at 
normal water-cement (w/c) ratios in times up to 100 
years, and even at w/c = 5 or more may require ten 
years to react completely. However, if the cement 
is ground so that no particles are larger than 10 pm, 
an OPC will hydrate completely in about two months. 
If the ground cement is dry-pressed into small right 
cylinders (2) the porosity attainable is about 60%; 
this gives a w/c of about 0.5 when hydrated by 
evacuating the cylinders and allowing water to 
replace the vacuum. Thus a fully hydrated paste may 
be obtained at w/c similar to those used in practice. 
Another advantage of this technique is that flash 
set problems do not occur, and the samples may be 
made from ground clinker without added gypsum.

Experimental

Three clinkers, chosen to cover a wide range of 
chemical and compound composition, (A,B and C in 
Table I) were ground in an agate swing-mill to a 
specific surface of about 1400 m2/kg, (this gives an 
average particle size of 5“6 pm)» Clinkers B and C 
were also combined with gypsum (laboratory grade) in 
weight ratio 9$1« Specimens were prepared by 
compressing the dry powder into right cylinders of 
50 mm2 cross section with about 60% porosity; these 
were put in a vacuum desiccator kept at 20°C, 
evacuated for at least j hr and then water at 20°C 
was allowed to replace the vacuum. The cylinders 
were kept in water at 20°C until testing; two being 
tested for compressive strength at each age:- 1,2,4, 
8,16,32 and 64 days.

The crushed cylinders from A,B and C were stored in 
methanol, but when it was found that AFt phase is 
rendered X-ray amorphous by 8 days of this treatment, 
samples from BG and CG were stored in iso-propyl 
alcohol, or taken straight from water.

X-ray diffraction photographs were taken (on a Nonius 
Guinier camera) as soon as possible after crushing, 
and XRD traces (on a Philips vertical-circle 
diffractometer) of the samples at maximum hydration.

Samples were prepared for analytical electron 
microscopy by grinding and dispersing ultrasonically 
in iso-propyl alcohol, and then taking up a drop of 
.the liquid on a carbon-coated grid. The Kratos CORA

x Cement chemical nomenclature
C = CaO, S = SiOz , A = Al2 , F + Fez 0^ , M = MgO, 
H = H20, S = SOj

Analytical Electron Microscope allows particles in 
the sample to be examined in transmission and by 
electron diffraction, and to be analysed for elements 
of atomic number ^>11 by energy-dispersive analysis 
of X-rays emitted from the back of the sample. Thus 
compositions which contain H,O,N or C cannot be 
analysed completely and analysis must be based upon 
ratios of elements.

Chemical and XRD analysis of clinkers

TABLE I

A B c •

SiOz 21.7 24.22 20.76
FezO, 1.89 6.65 1.99
AlzO, 4.45 3.61 5.26
CaO 66.40 61.31 66.30
MgO 2.36 0.82 1.90
SOj 0.50 0.61 1.02
Naz 0 1.20 0.13 0.15
KzO 0.22 0.30 1.35
P2O5 0.12 0.18 0.03
TiQz 0.43 0.22 0.30 ,
Mnz Oj 0.06 0.09 0.06
Loss on Ign. 0.59 1.96 O.96

99.92 100. 10 100.08
Insoluble
residue 0.41 - 0.26
Free CaO 1.24 0.06 0.19
Potential
compound
composition
C5S 69 29 74
C2S 10 48 3.6
C, A 8.5 0 10.6
Ct, AF 6 17 6
Cz F 1

Composition
by QXDA
Alite ■ 32 24 78
Belite 3(CzS) 56 6
Ferrite 4 16.5 6
C?A 8 0 8

Identification of phases in the electron microscope

Calcium hydroxide was easily identified by its thin 
hexagonal plates and strong hexagonal diffraction 
pattern. AFt phases were prismatic and showed no 
diffraction pattern; they bubbled vigorously in the 
electron beam and probably decomposed even before 
counting could begin. Lachowski et al (3) showed 
that the AEM analysis even of natural ettringite was 
deficient in sulphur, and to some extent in calcium, 
by comparison with the classical chemical analysis, 
but that synthetic calcium aluminate monosulphate was 
much more stable: they found S/Ca = 0.23, 
(Theoretical 0.25). '

AFm phases could sometimes be recognised as uniform 
thin plates, and sometimes gave one 'or two diffraction 
spots, but were generally not distinguishable from 
C-S-H, by morphology or electron diffraction.

C-S-H never gave diffraction patterns, and both AFm 
and C-S-H often'showed damage after analysis.



Results
Strength Development (Table II)

Clinkers A and C developed strength very rapidly and 
were virtually completely hydrated at 16 days; 
addition of gypsum to C accelerated hydration 
slightly and increased strength by about 30%« 
Clinker B did not reach full hydration (even at 128 
days) but showed about 30% more strength than 
clinkers A and C at 64 days; gypsum addition 
accelerated the reaction considerably and increased 
strength by about 25%» but hydration was still not 
complete at 64 days.
Both microscopy (in reflected light) and XRD 
confirmed the presence of small amounts of belite 
and Fss in the B and BG samples at 64 days, and the 
absence of anhydrous phases in A, C and CG at 64 
days was confirmed by XRD. 

Strength development of micro-cylinders

TABLE II
Crushing Strength (MPa)

Age A B C BG CG
1 ■ — 38.0 - 9.4 45.6
2 52.4 0.9 — 28.4 63.3
4 65.5 4.6 52.7 39.4 70.1
8 — 15.7 62.5 44.6 81.6

16 69.2 27.6 63.9 63.5 83.6
32 69.6 73-4 64.7 93.4 82.1
64 71.1 85.8 64.0 109.7 88.3

X-ray Diffraction

As expected AFt phases were absent from A,B and C£ 
AFm phases showed 001 reflections at 8.1 and 7*6  A, 
which for pure materials would indicate carbonation; 
(normal care was taken to avoid COg contamination 
during preparation, using COg-free water for 
hydration etc., but the cylinders were exposed, damp, 
during compression testing). These lines are both 
present, though weaker, in the XRD traces from CG and that at §«1X, also weak, in BG. A fairly sharp 
line at 2.87A is probably also due to an AFm (hkO) 
reflection, but there was no similarly shape line at 
1.66A. -

Table III lists broad reflections which were either 
probably or possibly due to C-S-H. Those which 
appear only in samples B and C are likely to be due 
to AFm phases, while those which appear at similar 
intensity in B and BG, C and CG are more likely to 
be due to C-S-H. The filmst two lines listed are 
overlapped by strong ettringite lines, so it is 
impossible to tell whether they are present in BG 
and CG. The reflections at 4.03 and 2.015A could 
thus be 002 and 004 for the 8.1X AFm phase, though 
the 2.015 arefrather more alike in intensity than 
the 8.1A.
The reflections at 1.82 and 1.66Ä have a half peak 
widthoof*  2 degrees 29 (i.e. 1.84 — 1.8oX and 1.674 - 
1.654a) and could be said to indicate C-S-H I but 
none of the other lines make a convincing case for 
this, and the presence of a wide halo from 3»2 - 
2.7X does not help the identification. In the light 
of the results to be reported from the analytical 
electron microscopy this is perhaps not surprising. 
The line at 2.275A is wholly unaccounted for; it 
has not been previously recorded for a C-S-H, but

it is present in all four diffraction patterns, at 
V- to the intensity of the line at 1.88X.

TABLE II
B BG C CG Assigned to
4.4 Ett. 4.4 Ett. *>
4.03 Ett. 4.03 Ett. AFm ?
3.035 3.035 3.035 3.035 C-S-H or 

calcite
2.54 • 2.54 «. AFm ?
2.45 — 2.45 — AFm ?
2.275 2.275 2.275 2.275 C-S-H ?
2.015 2.015 2.015 2.015 AFm ?
1.82 1.82 1.82 1.82 C-S-H
1.66 1.66 1.66 1.66 C-S-H + AFm ?

Broad X-ray reflections, possibly or probably due 
to C-S-H

Analytical Electron Microscopy

All particles were analysed for any elements present 
between atomic number 11 (sodium) and 30 (zinc).
Ca, Si, Fe, Al and S appeared in the great majority 
of analyses with Mg, Na or K in many, and Cl, Ti or 
Mn and occasionally Zn in a few.*

It was found convenient to convert all counts to 
atom ratios (not molar) with a base of 10 Ca. This 
showed that most particles could be grouped into 
Si 2-10, (Al+Fe)<2, or (Al+Fe) 2-10, Si<2, or 
nearly pure Ca (i.e. calcium hydroxide). But a few 
particles with high Mg (1 - 2.5) fell outside this 
scheme. By assuming that Mg replaces Ca and re
calculating to a base of 10 (Ca+Mg) these particles 
fell within the high Si, low (Al+Fe) field i.e. 
C-S-H, and all further calculations were made to this 
ratio.
Of the high (Al+Fe) particles, none showed sulphar 
content as high as the 5-0 required for ettringite 
and few even the 2.5 required for monosulphate. 
Lachowski et al (3) finally assigned the fields 
shown in Fig.l on the basis of morphology and

Fig.l - Composition zones for hydrate phases 
as atom ratios to 10(Ca+Mg) with particles from B 
and BG plotted.



diffraction pattern, with AFm and AFt distinguished 
by S-<1#5 and S>1.5 respectively»
The fields are defined ast-
C-S-H 2.5 < Si <10, (Al+Fe)<2
CH Si<1.0, (Al+Fe)<O»4, S ^0.4
AFt Si<2.5, (Al+Fe+Si)>'3, (Al+Fe)<6.0 S^l»5
AFm Si<2.5, 4.5<(Al+Fe)<10, S<1.5

Particles from samples B and BG only are shown 
plotted in Fig.l to avoid confusion.

C-S-H

Table IV shows mean and S.D. or range for the six 
major elements in C-S-H particles from all five 
samples, calculated as atom ratios to 10(Ca+Mg), 
together with £,Al + Fe, Z.A1 + Fe + Si and zAl + Fe 
+ Si + S, and the ratio Fe/(A1+Fe). The variability 
is very large; this was also shown by Gard et al (4) 
for C3 S pastes and is much greater than experimental 
error. However, the mean composition appears to be 
Si*  5, (Al+Fe) -*•!  and S, if available, up to 1, this 
corresponds to a Ca/Si ratio of 2, but a Ca/Si 
equivalent more like 1.5• The only significant 
difference between the without and with-gypsum 
samples is that in sulphur content between B and BG. 

C-S-H Compositions Atom ratios to 10(Ca + Mg)

TABLE IV
Sample A B BG C CG

No. of 
analyses 16 4 8 12 20
Ca 9.5 9.8 9.9 9.8 9.6
S.D. 0.69 0.13 0.09 0.26 0.64
Si 5.5 5.8 4.8 5.5 4.3
S.D. 1.75 1.04 1.41 1.16 1.23
Al 0.7 0.5 0.4 0.7 0.7
S.D. 0.31 0.02 0.13 0.26 0.42
Fe 0.3 0.6 0.6 0.2 0.2
S.D. 0.18 0.16 0.25 0.14 0.10
S 0.3 0.2 0.9 0.3 0.6
Range 0.1 1.0 0.3 1.8 1.3 1.7
Mg 0.5 0.2 0.1 0.3 0.4
Range 0.0-* 1.7 0.3 0.2 0.7 2.9
Al+Fe 1.0 1.1 1.0 1.0 0.9
Al+Fe+Si 6.4 6.9 5.8 6.5 5.2
Al+Fe+Si+S 6.6 7.1 6.7 6.8 5.8
Fe/(A1+Fe) 0.31 0.60 0.57 0.24 0.24
S.D. 0.08 0.12 0.08 0.08 0.07

Several other parameters change consistently with 
gypsum addition, but with this variability and sample 
size these changes are not significant, although they 
may indicate trends»

There is some indication that mean Si content 
decreases as S increases, but this is not born out in 
individual results» However, the individual results 
for BG and CG do show significant positive 
correlations between S and (Al+Fe). (Both 
significant at 0.001 level; Fe/S in BG and Al/S in 
CG also both significant at .001 with a slightly 
lower r) • The author suggests that this might be due

to maintenance of charge balance (RgO^ + SO5 = 3 SiQg) 
but Taylor (5) considers this unlikely in such a 
disordered structure.

The parameter with the lowest coefficient of 
variation is Fe/(A1+Fe) and this is clearly 
correlated with the same ratio for the anhydrous 
starting materials, which is 0.21, 0.54 and 0.19 for 
A, B and C respectively.

Calcium hydroxide

This phase is the easiest to recognise in the 
electron microscope and, as the electron diffraction 
pattern survives the analysis, there is every reason 
to expect the analysis to be accurate. Of 18 
particles analysed, all contained Si (mean 0.34 atoms 
/10 Ca), none contained Mg, 14 contained Fe (mean 
0.05), while only 4 contained Al, and 9, mainly from 
BG and CG contained S (mean 0.06).

It seems possible that this small amount of Fe, taken 
up in preference to Al even in the low Fe/(A1+Fe) 
samples, may be Fe++ which has survived the 
clinkering process in the reduced state.

AFt and AFm phases

Mean compositions for the same six elements are 
given in Table V for the samples in which these 
phases occurred. Samples BG and CG were expected

Compositions of AFm and AFt phases 
Atom ratios to 10(Ca+Mg) 

TABLE' V ‘
AFm AFt .

A B BG C CG BG CG
N 5 8 1 2 2 5 9

Ca 10.00X 9-7 10.0 9.9. 10.0 10.0 9.8
S.D. 0.04 O.32 0.04 0.35
Al 5.1 2.7 2.9 4.0 5.6 2.6 2.4
S.D. 0.09 0.72 0.74 0.78
Fe 1.0 2.4 1.9 0.7 0.2 0.5 0.3
S.D. 0.68 0.74 0.37 0.2
Si 1.1 1.3 1.2 1.3 0.2 0.7 0.9
S.D. 0.91 0.77 .0.19 0.7
s 0.5 0.4 0.9 0.5 0.6 2.5 2.6
S.D. 0.15 0.09 0.87 0.75
Mg 0.0 0.3 0.0 0.2 0.0 0.0 0.1
Range 0.0> 0.09x 0.88 0.31 0.05 0.44
Al+Fe 6.1 5.0 4.8 4.7 5.8 3.1 2.7
Al+Fe+Si 7.2 6.4 6.0 6.0 6.0 3.8 3.7
Al+Fe+Si+S 7.7 6.7 6.9 6.5 6.6 6.3 6.2
Fe/(Al+Fe) 0.16 0.47 0.39 0.14 0.04 0.18 0.13
S.D. 0.08 0.14 0.15 0.10

to contain AFt rather than AFm and only a very few 
AFm were found; but there is no explanation for the 
difficulty experienced in finding AFm in C.

The AFm phase is only distantly related to 
monosulphate; it contains substantial amounts of Si. 
and much less S then theoretical; furthermore the 
(Al+Fe)/10 Ca is in many cases greater than the 5 

xSingle value for MgO s 0.09, others 0.0



required to fill the octahedral site, and the excess 
must be accommodated in interlayer sites together 
presumably with CH" and CO^ anions, and a silicate 
ion of unknown constitution.

The AFt phase is neither ettringite nor iron- 
ettringite; it contains considerable Si and certainly 
less S (even allowing for loss in the electron 
microscope) than theoretical, Lachowski et al (3) 
showed that the most satisfactory way to describe the 
data was to assume that (Ca+Mg+K) occupy Ca sites, 
and (Al+Fe+Si) the octahedral sites, even though it 
has been shown that Si can occupy the channel sites. 
Because of the possible loss of Ca during the analysis 
they considered that attempts at further refinement 
are unjustified. • -

A most interesting point is the low Fe content in AFt 
from both BG and CG; the maximum Fe/(A1+Fe) in BG 
was only 0.39 compared with 0.54 in the anhydrous 
clinker. It has always been assumed that, if . 
available, Fe would enter the ettringite structure 
almost as easily as Al, and in this clinker there is 
no question of it being unavailable as there is 
virtually a single interstitial phase of composition 
C4A.3* F.6 6 • ' .

Unidentified phases

Two types of particles were not assignable to any of 
the compositions discussed above. Some were probably 
composite, with an analysis lying between AFm and 
C-S-H zones. • •

Another phase was clearly losing Ca during analysis. 
This was detected in samples A, B, BG and CG.. When 
calculated as ratios to 10 Si, the analyses were • 
fairly consistent:- '
Al 0.25 - 1.0, S 0.1 - 0.55, Fe 0.2 - 0.5, (Al+Fe+S) 
«1.6.

and by extrapolating back to the start of the analysis 
for one case, where three sequential counts were 
taken, Ca/Si about 2. Lachowski et al (3) found that 
gyrolite, a hydrothennally-produced calcium silicate 
hydrate (CgS^Hs) also loses Ca during analysis, but 
there is no other resemblance to these particles.

DISCUSSION '

Table VI shows Fe/(A1+Fe) for the anhydrous starting 
materials and for the hydrate phases formed from them, 
together with S.D. where available. Tested as 
follows, the ratios differ significantly, in BG 
between C-S-H and AFt at .001, in CG between C-S-H . 
and AFt at .01, in A between C-S-H and AFm at .01. 
This disproportionality is more likely to be due to 
rejection of Fe by the AFt and AFm phases rather than 
to preferential take-up of Fe by the C-S-H. The 
C-S-H structure is so disordered that it probably acts 
simply as a sink for Fe, the very small amount taken 
up by the CH being insufficient to affect the • 
balance.

The levels of cross-contamination found in this work 
are somewhat greater than those found by 
Lachowski et al (3) for normally ground cements at 
ages to 28 days, as might be expected, but probably 
give a not unrealistic picture of the levels,to be 
expected after long hydration times in real concrete 
with thermal and humidity variations to assist ionic 
migration.

TABLE VI

A B BG 1 c CG

Anhydrous 
clinker 0.21 0.54 0.54 0.19 0.19

C-S-H 0.31 0.60 0.57 0.24 0.24
S.D. 0.08 0.12 0.08 0.08 0.07
AFt ' 0.18 0.13
S.D. 0.15 0.10

AFm 0.16 0.4? 0.39 0.14 0.04 ■
S.D. 0.08 0.14 - - -

Fe/(A1 + Fe) for anhydrous clinkers and hydrated 
phases.

The XRD and analytical results tend to support 
Taylor’s most recent (6) views on the structure of 
C-S-H. The few broad C-S-H spacings are consistent 
with "small fragments of•Ca - 0 layers, perhaps some 
tens of X large and only rarely parallel to each •
other"•

If Al, Fe and S were substituting for Si in a long 
chain polymer, then at the (Al+Fe+S) levels which 
have been found, Si chains would rarely exceed 3 
units long, and marked differences in polymerisation 
would be found between Cj S pastes and cement pastes. 
This is not the case and hence supports Taylor’s 
view that silica "polymersation does not give rise 
to long chains but to small, roughly equidimensional 
.clusters".

The author further suggests that the (Al+Fe+S), if 
they are not substituting for Si or affecting silica 
polymerisation, may be acting as nuclei for the 
growth of AFt or AFm phases and hence promoting 
intergrowth and bonding of hydrate phases.

CONCLUSIONS *

The C-S-H in fully hydrated cement pastes is 
extremely variable in composition, Ca/Si varying from 
1.25 to 4.0; with Al, Fe and S each up to of the 
calcium, and (Al+Fe+S) from 0,1 to 0.9 of the Si.
The structure probably does not contain either 
layers or chains of silicate ions, but "roughly 
equidimensional clusters". .

The AFm phase is equally variable in composition, 
and probably only slightly more ordered structurally, 
having some evidence of plate morphology and layer 
structure. It contains considerable Si, more than it 
does S, which is well below theoretical, and takes up 
a lower Fe/(A1+Fe) than is available from the "
clinker. • '

The AFt phase gives a complete ettringite XRD 
pattern, but is defective in both Al and S; there 
is considerable Si present and rather less Fe; some 
Si is certainly in octahedral sites but some may 
also be in channel sites.

The calcium hydroxide contains about 3 Si atoms and 
0.5 Fe atoms per 100 Ca,.and is well crystallised 
with thin hexagonal plate morphology.

" /
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Influence of fly-ash on the rheology of cement pastes
L 'influence de la cendre volante sur la rheologie des pates de ciment

Ya. IVANOV, Ph.D. Head of Department of Rheology, and
S. ZACHARIEVA, Eng. Central Laboratory of Physico-Chemical Mechanics, Bulgarian Academy of 

Sciences, Sofia, Bulgary. .

RESUME : Les pates de ciment, comme materiaux inorganiques, ont des comportements rheologi- 
ques extremement complexes et differents. Ce comportement est le resultat de la composition 
polymineralogique du ciment et de son processus d1hydratation. La cendre volante prend une 
part de plus en plus grande dans la production du ciment. Elie influence aussl Ulen les pro
cessus d1hydratation, le durclssement du ciment et ses proprietes mecanlques, que le compor
tement rheologlque des pates de ciment.

Cette communication analyse des resultats experimentaux concernant 1'Influence de la propor
tion de cendre volante dans le ciment, de sa composition chimique et de sa surface specifi- 
que sur les proprietes rheologiques de la pate. On montre que la cendre volante provoque un 
comportement non-Newtonien remarquable de la pate. Les caracterlstiques rheologiques des pa
tes augmentent avec 11 augmentation de la cendre volante dans le ciment. L'incorporation de 
cendre volante au ciment entraine des modifications importantes de la cohesion et du frotte- 
ment interne de la pate.

. )

SUMMARY: Cement pastes as inorganic materials demonstrate an extremely complex and diverse rheological 
behaviour. This is due to the polymineral composition of cement and the process of hydration, progressing in 
time. Fly-ash finds more and more application in cement production. It Influences the process of hydration 
and cement hardening, physico-mechanical properties as well as the rheological properties and behaviour of 
cement pastes. i

In this contribution the influence of quantity, dispersity and chemical composition of fly-ash on the .
rheological properties of cement pastes is analysed. It is shown that the fly-ash induces a noticeable non
Newtonian behaviour in the pastes. The rheological characteristics Increase with increasing fly-ash content. 
A marked change in cohesion and internal friction is observed in the case of fly-ash/cement pastes-mlxtures.



1. INTRODUCTION

The properties of fresh concrete are of great 
importance to building technology. Knowledge of 
these extremely complex and diverse properties Is 
conductive to the correct determination of mix 
proportion, the manner of transportation and placing 
of concrete mixtures. Cement paste is a constituent 
of concrete. In order to obtain a deeper under
standing of the properties of fress concrete it is 
necessary to understand those of cement pastes.
It was shown in previously published rheological 
measurements [1,2,3] that the hydraulic admixtures 
like trass and slag changed to a marked degree the 
rheological characteristics of paste. This paper 
contains an experimental study of cement pastes 
with fly-ash.

The interest in the rheological properties of 
fly-ash cement pastes is due to the increasing 
use of them in the cement industry. Its influence 
on the process of hydration, of cement hardening, 
as well as on the physico-mechanical properties 
of the cement and concrete, were widely studies 
and discussed. The flow behaviour of cement pastes 
with fly-ash has not been studied in the past.
The reasons for this lack of attention are probably 
the difficulty in preparing the samples, and the 
poor reproducibility of the fly-ash composition and 
properties.

2. RHEOLOGICAL CHARACTER OF CEMENT PASTES

Numerious investigations have shown that cement 
pastes are structured, disperse systems. They are 
on the boundary between solids and liquids on the 
"rheological'tree" of M-Reiner. The Rheological 
vehaviour of very highly concentrated (with low 
water/cement ratio) pastes can be approximated by 
coulomb/s equation [4,5]:

t = o tg a + C (1)

In this case the yield stress is proportional to 
the applied shear stress and the tangent of the 
angle of internal friction. The deformation is 
manifested by the shifting of layers in the contact 
zone. The system is a discontinuous medium whose 
shear resistance resumbles the character of dry 
friction. The rheological properties of such pastes 
were shown in [4]. .

The flow behaviour of fluid and plastic cement " 
pastes obeys Bingham's equation:

, dvTo + n dt (2)

It is a case when a volumetric deformation takes 
place without interruption of continuity. The 
resistance to the deformation has a pure viscous 
character and depends on the deformation rate.

Most of the pastes, however, are between these 
boundary cases. In several conditions they possess 
both properties Inherent to the materials with 
viscoplastic flow, and those with dry friction.

It has previously been shown that the rheological 
properties of these systems can be characterized 
by the following characteristics: viscosity, 
cohesion, interal friction and yeild value [4,5],

3. EXPERIMENTAL RESULTS AND DISCUSSION

The rheological characteristics were obtained:
(a) for the liquid pastes from a specially con
structed measuring device with kungled surfaces 
on a coaxial cylinder rotational viscometer.
Thus, slip phenomena was eliminated, and a steady 
shear takes place in the substance medium. The 
flow curves of cement pastes with different water/ 
cement ratios and fly-ash concentrations are seen 
in Figs. 1-3;
(b) for the very concentrated cement, pastes by 
means ef the method discribed in [4,5,6],

Table 1 shows the chemical composition of used 
fly-ash as well as its dispersity (specific surface). 
Their chemical activity was 36 and 63 cm2 gr“l.
In both cases normal portland cement with S = 3400 
cm2 gr-! was used.

3.1 INFLUENCE OF FLY-ASH ON THE RHEOLOGICAL 
BEHAVIOUR AND PROPERTIES OF CEMENT PASTES

Fig. 1 illustrates how the flow curves change with 
an increase of fly-ash in cement pastes. These 
curves, as well as the curves in Fig. 2 and Fig. 3 
(for constant fly-ash content but different con
centration of pastes), show that the pastes have 
non-Newtonian flow. So, they correspond to the 
Bingham model in the general outline. However, 
these exist some peculiarities in the rheological 
behaviour of the pastes which must be noted. In 
the case of lower fly-ash disperisty (No. 1) with 
incsreasing fly-ash content, the plastic flow 
becomes more significant (curves 1-4 in Fig. 1). 
Pastes with higher dispersity of fly-ash (No. 2) 
demonstrate the flow behaviour which seems like 
pseudo plastic rather than real plastic (curves 
1-4). Both pastes have a Bingham yeild value and, 
at higher shear rates, the stress increas'es nearly 
linearly with the rate of shear. Therefore, a 
structural (apparent or Binghamian) viscosity may 
be calculated from the slop of the curve. The 
same peculiarities can be observed in the case of 
a constant cement/fly-ash ratio with a change of 
paste cencentration - water/cement ratios (Fig. 2 
and Fig. 3). From these data it is seen that the 
pastes with high fly-ash content as well as with 
high concentrations (low water/cement ratios) are 
both characterized by a marked increase of T at 
low and hij>h values of D. Calculations indicate , 
an approximate dependence on the square of the con
centration. Hence there is a good agreement to the 
theory [8]. It must be pointed out that the rise of • 
t depends also on the dispersity of fly-ash. It 
indicates that the flow of pastes in the flocculated 
and flocculent state (as classified by Powers in 
[7]) has to be considered separately for each case.

Table 2 illustrates how to (yield value) varies 
with the fly-ash content for a range of water/cement 
ratios of cement pastes. The results show that for 
the same concentration of the pastes t0 rises 
exponentially with increasing fly-ash. This rise 
also depends on the water/cement ratios and the



dispersity.of the fly-ash.

Table 3, Table 4 and Table 5 show respectively 
how no (maximal Newtonian), n (structural), and 
T) (minimal Newtonian) viscosities vary with the 
content of fly-ash for different water/cemertt 
ratios of pastes. The comparison of these exper
imental results with those of To indicates the 
same relation of each of them with studied factors 
(fly-ash content, water/cement ratios, and dis
persity of admixture). From the structural (n) 
and minimal Newtonian (nm) viscosities data (Table 
4 and Table 5), as well as the previous figures, 
it is seen that these pastes have lower resistance 
to the flow after the apparent yield (or yield 
value) than those of cement with trass [12], At 
the same time they demonstrate a higher resistance 
to the flow than those of cement with slag [1,2], 
The viscosity of all the systems can be represented 
by the modified money equation [10],

Experimental results obtained with very highly 
concentrated cement indicate that its pastes obey 
Coulomb's equation. Some of the results are shown 
in Fig. 4 and Fig. 5. The date from Fig. 4 
illustrates how C and K = tg a varies with change 
of fly-ash content. It is seen that for several 
concentrations of pastes (water/cement ratio), as 
well as dispersity of fly-ash, C passes through 
the max value (curve C' for water/cement = 0.3). 
then the quantity of water is different, notwith
standing that it corresponds to the "normal thick
ness" of pastes (measured in accordance with the 
standards in force for the cement), with an 
Increase of fly-ash the rise of C was observed. ' 
Internal friction (K = tg a) indicates a decrease 
in both these cases. '

Fig. 5 Illustrates how C and K vary with the 
change of fly-ash content for a range of concen
trations (water/cement ratios), besides those 
corresponding to the "normal thickness" of pastes. 
The change of these characteristics corresponds 
to the relations noted in [4], The difference is 
only in the speed of the change, and in the values 
of C and K. Tested pastes with fly-ash have a 
lower speed of change and bigger values for 
C = f(w) and K = f(w) than those shown in [4],

4. CONCLUSION ■

The experimental investigations Indicate that 
fly-ash has a marked Influence on the rheological 
behaviour and on the flow properties of cement 
pastes. The systems are plastic- or pseudo 
plastic-like flow which becomes significant for 
high fly-ash content. They show Bingham yield 
stresses. The study of very highly concentrated 
cement pastes with fly-ash shows the behaviour . 
which can be characterized by the existence of C 
and K. The latter change with an Increase of • 
fly-ash in pastes, as well as an Increase of 
concentration of the pastes. The reason for 
their change- is not clearly understood yet. It 
may be related to the dense particle packing and 
to their surface characteristics, which became 
very Important in the highly concentrated pastes.

TABLE 1. Chemical composition and dispersity of 
used fly-ash.

Values

fly-ash No.

1 2

Sl°2 % 61.0 60.2

A12°3 % 21.4 - 23.0

Fe2°3 % • 6.8 . 6.0

CaO % 2.0 2.1

MgO Z 1.0 1.5

S03 Z 3.0 2.3
2 -1S cm gr 4650 ■ 5150

TABLE 2. Effect of concentration and dispersity 
of fly-ash on t0 (N/m^) of cement pastes

fly
ash 
No.

cement 
fly-ash 
ratio (Z)

water/ce lent ratio

0.45 0.55 0.65 0.70

1 100 : 0 46 13 . 6.2 4.5
80 : 20 . 58 18 8 6.5
65 :-35 77 35 11 9.5

• 50 : 50 185 66 20 16.0
35 : 65 238 89 48 32.0
0 : 100 160 70 34 26.0

2 80 : 20 77 35 10 8
65 : 35 150 63.5 37 19
50 : 50 254 80 48 30

• 35 : 65 — 124 64 ■ 47
0 : 100 - 248 ' 110 89



TABLE 3. Change of no (Ns/m2) of cement pastes 
depending on the concentration and 
dispersity of fly-ash

fly
ash
30.

cement 
fly-ash 
ratio (%)

water/cement ratio

0.45 o'. 55 0.65 0.70

1 100 : 0 8.28 3.05 2.07 1.14
80 : 20 17.52 5.17 2.22 1.81
65 : 35 28.59 11.99 3.41 3.00
50 : 50 45.20 19.36 5.74 4.91
35 : 65 L17.58 36.88 16.14 11.28
0 : 100 65.94 23.05 9.68 5.43

2 80 : 20 23.05 8.54 2.48 2.07
65 : 35 50.30 19.36 9.31 4.05
50 : 50 87.61 27.66 10.40 6.62
35 : 65 — — 20.75 13.06
0 : 100 - 81.99 32.28 22.35

TABLE 4. Influence of concentration and dispersity 
of fly-ash on n (IO--*- Ns/m2) of cement 
pastes

fly
ash 
No.

cement 
fly-ash 
ratio 0)

water/cement ratio

0.45 0.55 0.65 0.70

1 100 : 0 3.1 1,10 0.4 0.29
80 : 20 5.5 1.61 0.63 0.44
65 : 35 7.1 2.56 0.96 0.73
50 : 50 14.0 4.90 1.72 1.27
35 : 65 18.4 7.51 3.52 2.62
0 : 100 32.1 9.05 3.07 2.19

2 80 : 20 7.10 3.18 0.83 0.59
65 : 35 11.39 5.36 2.68 1.52
50 : 50 16.06 7.93 3.72 2.30
35 : 65 18.11 9.91 5.64 3.70
0 : 100 32.60 19.07 9.15 7.34

TABLE 5. Effect of concentration and dispersity 
of fly-ash on hm (10~2 Ns/m2) of cement 
pastes

fly
ash
no.

cement 
fly-ash 
ratio (%)

water/cement ratio

0.45 0.55 0.65 0.70

1 100 : 0 . 10 4 2 1
80 : 20 34 12 3.8 2
65 : 35 46 16 6 4.2
50 : 50 75 31 10.4 7
35 : 65 96 41 20 13.2
0 : 100 203 68 18.8 12.5

2 80 : 20 47 23 6 4.2
65 : 35 75 34.5 18 9
50 : 50 86 45 25.5 16.8
35 : 65 95 57 33 21.5
0 : 100 - 84 60 44

Fig. 1 - Influence of the fly-ash contents (A%) 
in the cement on the flow of the paste 
(pastes with fly-ash No. 1 are indicated 
as 1 5, and those with No. 2 as 
1' .5').



■ Fig. 2 - Flow curves for the cement pastes with 
fly-ash No. 1 (cement: fly-ash ratio = 
65 : 352).

Fig. 3 - Flow curves for the cement paste with 
fly-ash No. 2 (cement: fly-ash = 65 : 352).

Fig. 4 - Influence of fly-ash contents in the cement 
on C and K (for n see text).

W(H20) 7.
Fig. 5 - Change of C and K with fly-ash content in 

cement and water/cement.
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L'effet des proprietes physico-chimiques du ciment sur •
la structure et la resistance du ciment hydrate i

The Effect of Physico-Chemical Properties of Cement on Structure and
Strength of Cement Stone i
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• I
I

RESUME : (-'article presente une description quantitative des phases principales de formation 
de la structure et du developpement de la resistance du ciment hydrate : la dissolution du 
liant, la nucleation, la formation de structures coagulantes et cristallines. L'article montre 
aussl le mecanisme de la soudure des crlstaux. " ,
Les prlncipaux facteurs structurels et mecaniques qui influencent la resistance du ciment hy
drate sont aussl examines dans cet article.
Les auteurs proposent une description du mecanisme de rupture, une methode de prevision des 
resistances et les moyens d'optimlser la structure.
Les auteurs montrent aussi qu'une correlation considerable existe entre la structure du ciment 
hydrate et sa resistance ulterieure et que ces facteurs sont predetermines par la composition 
mlneralogique et la structure geometrique du liant original.

SUMMARY: The paper quantitatively describes the main stages of structure formation and 
strength development of cement stone: dissolution of binder, nucleation, formation of 
coagulational and crystalline structures. The mechanism of crystal intergrowth is also 
shown.

Tne basic structural and mechanical factors influencing the strength of resulting cement 
etone are examined.

The description of failure mechanism is proposed, the strength of cement stone is estima
ted and means of its structure optimisation are shown.

The authors demonstrate that cement stone structure and its strength are to a considerable 
extent interrelated and predetermined by mineralogy and geometric structure of the initial 
binder.



Une description quantitative^de formation 
des systemes disperses peut etre realisee 
a base mathematique qui fqurni une descrip- 
tion^de la structure geometrique de ces 
systemes.
En absence des forces de liaison entre les 
particules et une distribution aleatoire 
des particules en volume, le Systeme peut 
etre caracterise par six parametres pri- 
maires: Ilm.- porosite, Vm. - volume. 
Sm.- superficie,. Nm.- nombre des parti- 
cules dans 1* unite de volume; CL , h. - 
valeurs moyennes des dimensions des parti- 
cules^et la distance qui lee separe.- Cea 
parametres' sent lies entre eux par quatre 
equations:

E Sm= "-iXt , _S^= Nm.,1
RYm.” m-j HmCL, J

ou m3 - sont les,modules de dis
persion du Systeme, qui reflechit 1'in
fluence de la forme des particules et la 
distribution d'accord aux dimensions /I/. 
Pour des confirgurations et distributions 
concretes on peut les obtenir par des cal- 
cules; pour, les systemes polidisperses ce
sera: , , .m _ l(ity)UMV) _ 8(L-M.V)3 it
.1-------Sv------- ifT' m'L----- yT----iT.ts)

ou V - est le parametre de forme des par
ticules qui est egal a la relation entre
la dimension longitudinale et transversale;
Yl- moments de distribution de i-tieme 
puissance (pour un Systeme monodisperse 
ces seront Y1_= T2.*  Yj = 1 )•
A la base des parametres primaires (1) on 
peut calculer les parametres secondaires; 
il en resultent pour les nombres 3.^, , et 
1'aire des contacts dans 1'unite 
d'aire,et les aires des contacts dans 
1'unite de volume p ts> les relations sui- 
vantes: 14

= 3
P w = V 1 k * m ,

1. 13 Y
01 i(LtiV) ’ 
Ff’-yis„Xn

(3)

(4)
Apres le gachage le Systeme du liant se 
dissoud au cours de hydratation^et par 
consequence la dimension caracteristique 
et la quantite des particulres diminuent. 
En consideration de cette circonstance on 
introduit le fonction du temps "t »qui. re
presents la degree de hydratation du liant
8 ( 8e £0, On peut, demontrer

/I/ que les parametres du Systeme dissol
vent du liant (indiex x) se modifient en 
forme suivante: . „ '• 1**Yx=^xo(i-6), Sxo(i-e)”\ 
. cl,.- 0-xo (1- e)1^ n x." N« l£- e) J < 5)

OU Yxo, 3«.a«, Nlo - eont leB va~
leurs des parametres au commencement du pro
cessus; K- degree,dependant de la £onction 
de distribution des particules selon les 
dimensions (pour un Systeme,monodisperse 
It «0,pour une distribution equilibree 
K-0,25). Si xo - represents la consomma- 
tion du liant pour unite de volume de

pate (gr./cm^), 3OX_ superficie specifique 
du liant (gr./cm2) tx. _ deneite (gr./cm3) 
alores si =0, g =0 on aura: . ’

, Sxo-x-eSo^, "I
CLx. =: ITtl:15/Sox.yaL ’ — ^0 x. S°X,J

Dans les systemes sans recristallisation 
la quantite des cristaux du hydrate de for
mation nouyelle (index y), qui est egal a 
la quantite des germes cristallins au debut 
du processus, ne se change pas /2/ et le 
processus de croissance dans un systems 
monomineral est caracterise pour des rela- . 
tions suivantes: '

yi =Vsi6, Sj = 8 y* X. ,„x
ol. = Nj = Nat = c<Hvi±, J

dont Val , SV£, *0,4,  Nsi. - representent les 
valeurs des parametres au moment quand le 
processus ae termine.

Si est le coefficient d'agrandissement 
du volume au moment de transformation du 
liant an hydrate, 5ho- la quantite des 
germes du hydrate dans 1'unite de superfi- 
cie du liant (cm-^^alors au moment quand 
le processus de hydratation est fini (6 ==1) 
nous aurons v iy3

S8t-m13TnN,t, 1

Comme 1'indiquent,les equations (7) et (8) 
la structure geometrique du hydrate est de
termines par la stzucture geometrique ori
ginelle du,liant ( 3t.o , Sex, ) et sa compo
sition mineralogique m.-u,

Les systemes des equations ci-dessus sont 
valides non seulement pour des Hants mo- 
nomineraux, mais pour des ciments aussi, 
bien que les parametres dans ce cas ont un 
caractere integral.

Si on connait la quantite specifique des 
germes, il est possible de calculer les 
parametres de structure du hydrate (7),en 
vole de developpement. L'evaluatiqn theo- 
rique de la valeur est realisee en forme 
suivante. Suppqsons que •Jx est la vitesse 
de venue du materiau dissoud dans la solu
tion (selon la theorie de Nernst-Chukarev) 
comme consequence de la dissolution de la 
phase originale, Vo et - sont les vitesses 
de formation des germes du,hydrate etleur 
croissance suivante (d'apres Volmer) et les 
corrections de Polak /2/. Dans ce cas

iTx.- K» (=L - =l) , (9)

. <1»
dont Kx, Ko, Ky - sont les constants de 
vitesse des processus correspondents 
(cm./s.); JL, d-w - degre actuel de eursa- 
turation de la solution et sursaturation



sur la Buperficie des particules du liant, 
vp- S' — energie conventionelle d’ar- 

raohement d’une molecule. S',, - parametre du 
reseau cristallin (cm), gr - energie speci- 
fique superficielle de la phase solide du 
liant dans la solution,, O, < y-\. < 2 - coef
ficient de la inhomogeneite physico-chimique 
i2J. .
Considerons la dimension caracteristique 
des germea d’apres Thompson

En applicant la condition d'equilibre dy- 
namique de venue de la substance dissol- 
vante et sa deviation^pour formation des 
germes du hydrate apres le moment de ter
mination de la germination, on peut obtenir 
le rapport de gbQ des parametres du Systeme

\Kx. * .2^. (13)
ou Vi.- est le coefficient, compte tenu de 
la configuration du germe. "
Admettant cue 'ill. =0,15...5, <JLo= —oln.— 1»1» 
•^/k, =10-5...10-4,^q'=2..,3, % =0,2...
1, <Po = (7...10)10-8cnl, 1 m =3.,,8, «!„.-3,2 
on revolt J

... i-ion cm.-1: (14)

Au course des recherches directes nous 
avons obtenue pour le gypse le valeur
SEo*  1 male pour^le gel du ciment

durci, calcule d'accord a la superficie 
specifique a:o«1013clI1-2^u^ corresponde as- 
sez bien a cette gamme.
Les cristaux du hydrate sont les particules 
colloidaleSi qui dans la solution propre 
sont entourees d'un champ de force S’ (h.), 
I'intensite duquel est determinee par dee 
forces d'attraction,de van-der-Vaals et 
par des forces de repulsion d'origine di
verses /3/. Deriaguine,Landau,Overbeck et 
Fervey,ont indiques que a une distance de
terminee entre les particules h-t( L =1,2,
3)les  valeurs (c =l,2,3)=0; par conse
quence .les energies potentielles du Systeme

( L=1,2,3) touchent a ses valeurs 
extremales. A la distance h^et on a

•e-t le Systeme est en equi-
libre et Be forment des structures de coa
gulation proches et lointaines. En outre, 
a une distance h.,. on trouve une barriere 
energetique "Et.nuMc.sen traversant cette bar
riere les particules peuvent passer de la 
distance h,a a la distance (dans ce cas 

h-t < h-4 < h.j )•
Cette traversee joue un role, tree Important 
dans le durciSBement du Systeme,parce qu'une 
structure cristalline peut etre formee seu- 
lement a une distance de h.t et moins.

Les principes de coagulation des systemes 
collqidau^ decouverts par Deriaguine et al. 
ont ete developpes par les auteurs. Comme 
consequence d'une fluctuation de distance 
h^ou hades zones d'ameubilissement et de 
consolidation se forment dans le volume 
du Systeme et, sous certains conditions. 

ces zones se transforment dans des pores et 
des agregats stables (fig.1).Il y a une 
certain relation entre le,potential chimique 
du liquid au,dedans d'agregat M (h.), en 
dehors d'agregat ja. (00 ) et la pression du 
fractionnement <g> ( h, ) $
' JA (00) -^(h.) =5, »(h) , (15)

ou - est.le volume,d'un mole. Si CUc -., 
est le diametre d’agregatH - la porosite 
interne d',agregat, 6*  - 1 ^energie d’inter
face "agregat-milieu exterieur", on peut 
determiner 1'energie de formation adimen- 
sionelle d'un agregat lLk.

n ?- cp 2.-6"u,K. =----— K "Tr" + 317n • (16)

Fig.l -,Schema de formation des pores et 
dee agregats.

sys- 
jus-

(17) 
du -

La Btabilite de ces agregats, d'apres Gibbs 
et Volmer, demande que =0,
ce que,donne, apres des calculs simples,(eq. 
16) 1'energie de formation et lee dimensions 
des agregats stables:
U - 165,7 H 6-3 • OL- =

3 Ki 1 S' *
Realisons une_consolidation imaginaire 
Systeme colloidal jusqu'une distance 
entre les particules, puis separons le 
terne en deux et coulissons lee parties  
que la distance h.(, ; nous pourrons observer 
glors la formation d'interface, qui peut 
etre expreesee pour la formule suivante;

1 n 6*  = J%> cWu . (18)

Ainsi en conditions egales 6* -Cfh.) et alors 
CL-*.  = ou*.(h,)  .Pour definir la valeur moyen- 
ne de dimension du agregat, nous consider- 
ons que la distribution des agregats selon 
leur dimensions, pars analogies avec les 
oeuvres de Volmer /7/, euivit une loi ex
ponentielle :

cL N K. = N Km. e-1** cLu-k. , (19)

OU Nk^.- corresponde au total des agregats. 
Puis nous considerons que autour.de h.t(L= 
l,3)la pression change d'accord a la loi " 
lineaire:

9>. J - *Vk 1 <20)

Alors pour,le diametre moyen d'agregat,et 
la quantite des particules dans un agregat 
nous aurons:  </.. u '-7 • duitTV11! /3

Si le. volume minimal_d.'un agregat corres
pond a n.K-6,alors > 6 represente les

o



conditions de formation des agregate. En 
vertu de (22) ces conditions auront la 
forme suivante:, » -.rt/»0 h-txT .2L11 >a 4. (23)

» -,r 3^,ärr n*-  zojx”ou V -la densite (concentration de vo- - 
lume),, CL - dimension^des particules dans 
un agregat. La porosite interne est .egal ä

n " bf mot • h.j54)
Si nous aurons m.cu » h, «alors II =*  ^m.cu.
Dans ce cas nous reg^vrons de la formule 
(23) la formule suivante:

n k-T (25)
■1 0* Ki. x A-**

A mesure que progreese le processus de . 
Hydratation, le diametre des oristaux du 
hydrate (L augments, tandis que la concen
tration C de la solution diminue; mais la 
pression du fractionnement augments aussi. 
Ce pourquoi nous avons une perte totale de 
la capacite de formation d'une structure 
de^coagulation dans le Systeme. Ce fait a 
ete prouve en forme experimentale par Se- 
galova et Rebinder /4/ et la „formule (25) 
confirms ce fait en forme theorique.
Chuklne et al./5/ dans css etudes on mesu- 
res la resistance des contacts et ont eta- 
blis, qu'il y a deux types des contacts, 
dont la valeur de resistanceAdiffere pour 
deux ordres de grandeur et meme plus. Les 
contacts plus faibles etaient formes par 
coagulation, tandis que les plus resistants 
etaient du type de cristallisation. La „ 
preuve thermodynamlque de la „pqssibilite 
de formation des contacts a ete dpnne dans 
nos etudes /6/. Le mecanisme de formation 
dee contacts dans ce cas est connecte avec 
une migration bidimensionnelle des mole
cules dans la couche mobile d'adsorption. 
Les molecules individuelles ou en paires 
de la couche mobile d'adsorption diffusent 
dans 1'espace libre entre les particules. 
Alors ces molecules d'un cristal peuvent 
se reunir avec les molecules du cristal op
pose. Ainsi se forment des ponts estables, 
qui se transforment posteriorement en con
tacts cristallins.

Pig.2 - Schema de formation d'un contact 
cristallin.
Les calculs thermodynamiques /6/ confirment 
que la formation des ponts des contacts 
d'accord a la fig.2a est possible sous la 
condition, que la dimension de 1'espace ne 

soit pas en exces de la valeur-
+ 1(26)

La longueur du bord d'un germe stable sera 
egal a (a2 - le bord du germe bidimensionel)

ou =----—------- (27)

Quand l„les conditions d'assemblage 
deviennent defavorableg: ce fait indique, ' 
que 1'assemblage peut etre accomplie d'un 
fagon satisfaisant geulement entre des cri- 
staux pures et de meme composition chimique.

La condensation de la phase solide dans un 
espace cuneiforms entre les particules 
(fig.2b) procede en forme automatique, 
toutefois que 1'angle B soit moins d'une 
valeur critique ^ <. it (1-yt) .

En somme,la rigidite du ciment durci de
pends du gel du ciment, qui est un conglo- 
merat des cristaux, joint dans les points 
du contact. La caracteristique principals 
qualitative du gel est le haut degre de he- 
terogeneite „mecanique e^ structurelle. Il 
est qxprtsse par la h^terpgeneite „des ca- 
racteristiques de resistance des elements 
structurels„et",d'autre part, par 1'inhomo- 
geneite en etat de tension. La dispersion 
des valeurs de resistance est la conse
quence de la difference de dimension des 
cristaux /7-9/. Les dimensions typiques 
des cristaux des hydrates baeiques (dia - 
metre des cristaux filiformes et acicu- 
laires , epaisseur dee cristaux en 
forme des plaques) varient dans des bornes 
assez etendue: de 5.1O_',..2.1O“^cm. pour 
des cristaux des hydrosilicates de calcium 
et jusque 10_4cm. et plus pour des cris
taux de hydrosulfoaluminate et hydroxyde 
de calcium.
L*influence  de dimension cL sur la resi
stance Rc„ pour des cristaux hydrates du 
ciment a ete etablie par Boutte et Timachev 
et al./0/. Dane cette etude nous proposons 
la relation suivante /9/ pour description 
de la fonction R,e=J(dl) , qui est en rapport 
avec les resultats des essais:

_ .(28)
ou Rm. - est la resistance theorique dans 
la phase de cristallisation, cLw -' la di
mension d'un cristal "parfait1', - le 
taux de reduction de la resistance avec la 
croissance du dimension de cL .L'hetero
gene! te dans la distribution des tensions 
dans les contacts et dans les cristaux a 
comme base la difference dans la direction 
des cristaux d'un agregat, 1'inconstance 
des rapports entre les„aires des contacts 
et les cristaux des elements structurels 
et d'autres imperfections.
Considerons la rupture des cristaux d'un 
agregat aux contacts resistants. Sans 
prendre en consideration la deformation



des contacts et considerant la Constance 
du module de Young, on peut dire, qu'avec 
des tensions uniformes nous aurons des 
sollicitat^dns egale dans des cristaux 
ayant la meme direction. En ce cas une 
charge exterieure detruit les cristaux 
faibles, ävec uneeredistribution de la 
charge entre les elements plus resistants. 
Dans cet etat intermgdiaire la charge sur 
l’unite d’aire peut etre expressee par 
l'equation: <L

K= y3 , (29)
ou T(cL) est la fonction de distribution 
des cristaux d'accord.aux dimensions, - 
dimension du cristal le plus grand, reste 
intact (d.^, 4 d <> cLo). '

Une croissance de la charge exterieure et 
Stabilisation d'etat sont possibles seule- 
ment jusqu'un certain stade. A une certaine 
charge la stabilisation devient impossible 
et ce processus se transforme dans une 
avalanche destructive, qui a pour conse
quence une destruction totale de tous les 
elements de la structure. Ce^niveau de 
charge critique corresponds a la resis
tance du systems cristallin K«, la va- 
Jeur de cette resistancexpeut etre regue 
a I'aide d'analyse (29) ä extremum de cL . 
Pour une distribution reguliere ffd,)» 
et avec cL0>d.wnous aurons »
Re,-y3K„V„(4./4J d-; , ("--if1 (30> 

La formula (30) est juste si cLo 4 cL^s d.^, 
Fl > 1. .En absgnce des ces conditions 

la resistance peut etre exprimee par la 
relation " • , . , .n,RM-y3RmV».(<t*/(U). (31)

Pour une distribution reguliere et d,o 4 d*  
et sous la condition que , cL*4  clc^ 4 dm. 
la resistance corresponde ä la formule (30) 
Si la demiere condition n'est pas remplie.
on aura:
Res “ % R jdnTd.^” ( 32 )

Des calculs pareils peuvent etre realises 
pour d'autres fonctions de distribution nor
male aussi.
Une evaluation quantitative de la resis
tance d'un gel du ciment durci par le corps 
cristallin, pour glusieurs fonctions de dis
tribution, a donnee des valeurs de resis
tance a la rupture de 80 a 200 MPa (dans 
ce cas les valeurs de repere des parametres 
de la structure "V"™ aO.T-L*.  R »t-loMPa; d» = 5.10-6..ao-5^7 -cL ’ ~ 5.10-7...
10-"cm, rt = 1,2....1,6). m
Une analyse des formules obtenues indique, 
que la vole principale d'accroissement de 
resistance dee structures.cristallines, 
ayant des contacts bien deve^oppes,est un 
acroissement de la dispersite des cris
taux.

Si les contacts sont faibles et ont une 
aire limitee, la destruction de la soudure 
aura lieu a travers des contacts. Le meca- 
nisme de destruction et la resistance de 
la structure dans ce cas seront defini par 
la surcharge des contacts, en relation.aux 
cristaux correspondants et 1’inhomogeneite 
de 1'etat de tension dans les contactst Si 
la resistance du contact de phase est egae 
a Rm,la condition intermediaire de la 
structure sous une charge sera defini par 
l'equation: Sm

n-VsR„v„^r(il) di,, (33) 
dont *f(h)  est la fonction de distribution 
de la phase cristalline sur des aires rela
tives .
Une analyse d'equation (33) ä extremum de 
pour une distribution uniforme simple 

^.donne des formulesxsui- 
vantes de resistance d'une soudure ä tra
vers des contacts:

L !L
R-CS= ----r POVt-t, k <_ *)>»/ (34)

Res= Ys l)0 fxrw-v ^?’|’^,«S4j41.(35)

Calcul de la resistance d'une soudure a 
travers des contacts pour plusieurs fonc
tions caracteristiquesx T(>j) dans le gamme 
de changement des parametres 0,1 4 hm.4L, 
O> 1 4 ^e/1) m.4 0. 5" donne une valeur de resistance a la rupture de 25 a 150 MPa.
Le durcissement de la structure dans la 
zone des contacts peut etre obtenu en aug
mentant la quantite des contacts par deve- 
loppement d'aire des contacts et consolida
tion de la phase de contacts et aussi par 
egalisatiqn des aires relatives des con
tacts. L'etat de tension dans les contacts 
en dernier cas sera uniforme et la force , 
portante .des tous les contacts sera" epuisee 
simultanement, avec une effectivite maxi
male.

Le second facteur d'influence sur la.resi
stance du ciment durci est la porosite. 
Mais dans ce cas la resistance du ciment 
durci . ne doit pas etre relationee avec 
la porosite capillaire, mais avec la con
centration des produits de hydratation, 
e'est-a-dire le facteur "gel-espace" $ 
Cette relation se doit au fait, que la su- 
perficie de destruction du ciment durci se 
forme a travers de la structure du gel du 
ciment et par des pores capillaires, lais- 
sant lee inclusions dures des particules 
du clinker nonhydrate intacts.
La formation de la structure du ciment dur
ci dans ce niveau se realise par une "cou
ture " des flocules de la masse cristalline " 
hydratee. L’aire des contacts entree lee flo
cules du gel dans la superficie de de
struction peut etre expressee par la for
mule (4)

J,1*1 = (36)



Si la structure est uniforme et les mailles . 
dee goree individuellesAont le meme type 
geometrique, ayant la meme charge,alore la 
reeistance de la structure sera egal a 

K Cum. = K ts $ . , (37)
Une structure reel est inhomogene et ce fait 
est confirme par une distribution des com- 
pacites locales f (facteur x $ ), qui
conduit a une tension-inhomogene et une sur
charge des certains microvolumes ayant des 
valeurs petits J1 . Le mecanisme de des
truction d'une structure pareille est eche- 
lonne et lie a une destruction anticipee 
des cellules surchargees /10/;l'e'tat in- 
termediaire d» Systeme sera expresse par 
1'equation

K = Rc4 -Lf
dont est
des compacites

(38) 
la fonction de distribution 

_ locales p0 & P 4 Pm.
aceptant que la gamme de changement du pa-
rametre f est f = J p f (j>) dp .
Pour une distribution^locale uniforme la 
formule de resistance du materiau poreux
aura la forme suivante: »

P . - RILcuum. - -R-cs . (39)
Cette formule est justifiee%si p« sVsfn,, 
Faut de remplir cette derniere condition 
alors Heim. " Rc$Po .Une evaluation 
quantitative de la formule (39) et des for- 
mules correspondantes aux autre fonctions 
caracteristiques aussi, y compris la 
loi de distribution normale, indique que 
ces- formules peuvent etre approximees pour 
la relation, qui s’approche a la formule de 
Powers

B. cum. = R c$ $ 1
(40)

dont s =2,5...3,5, dependant de f(p) 
Les calculs ont montres, que les pertes 
de resistance du ciment durci, ,conime con
sequence de la inhqmogeneite mecanique et 
structurelle sont egales a50...100, mais 
comme consequence de la porosite capil- 
laire - a 3...10.

CONCLUSIONS: La structure et la resistance 
des Hants hydrates de la pierre a ciment 
sont predeterminees par la mineralogie et 
la structure du ciment. Les etats princi- 
paux de la formation de la structure sont 
la germination et la formation des struc
tures co^gulantes et cristallines. La,re
sistance du ciment durci est determinee 
par la resistance des crietaiix indivi- 
duels des hydrates, lies aux points des 
contacts et par la porosite aussi. Cette 
resistance est relativement faible a 
cause de 1’inhomogeneite des structures 
geometriques et,mineralogiques. Abase 
des formules theoretiques proposees par 
les auteurs,,on peut faire des previsions 
des proprietes du ciment durci.
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Scanning Electron Microscopic Observations of 
Cracking in Portland Cement Paste

Observations des fissures de pates de ciment au microscope electronique

Sidney DAIMOND, Purdue University, and . •
Sidney MINDESS, University of British Columbia, U.S.A.

SUMMARY:
A device has been designed and constructed to permit observation of cracking of specimens loaded 

within the stage of a scanning electron microscope. The specimen configuration is that of the "compact 
tension" specimens used in plane strain measurements of fracture toughness. Preliminary observations on 
portland cement pastes indicate that the cracks are long, narrow, approximately parallel-sided, mostly un
branched except near the tip, and only approximately straight. Close observation indicates that the cracks 
occur as assemblages of relatively short straight segments set at small angles to each other. The effects 
of successive displacements of the loading device viewed at the same place along the crack are complex.

RESUME: ' . . . ' .
Un apporeilloge o congu et construit pour permettre I'observation de la fissuration sous charge d’Schantil- 
lons, ä I'intSrieur d'un microscope Electronique. La configuration des Echantillons est du type "ä contrainte 
concentrEe", utilisE dans la mesure des dEformations planes avec ruptures fragiles. Les premieres observations 
des pates de ciment ont montrS que les fissures sont longues, Etroites, approximativement paralleles aux bords, 
le plus souvent non ramifiEes, sauf prEs des extrEmitEs, et d peu prEs droites. Des observations plus poussEes 
ont montrE que ces fissures se prEsentent sous la forme d’une suite de segments droits, relativement courts,et 
faisant entre eux de petits angles. L'effet de dEplacements successifs de I'appareil de chargement, observE du 
meme point le long d'une fissure, est complexe.
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INTRODUCTION ■

The nature of the origin and development of cracks in 
hardened portland cement pastes, as well as in mortars 
and concretes, is of continuing concern. Cracking 
obviously results in damage and failure of specimens ' 
in strength testing, and the propagation of cracks 
under mechanical loading has been the subject of much 
investigation and theoretical development. With 
cement and concrete materials, crack development and 
propagation at stresses far below those required to 
induce structural failure are common occurrences. 
Such cracks, arising as a result of freezing, excess
ive shrinkage, or attack through environmental agen- ■ 
cies, contribute significantly to concrete durability 
problems by rendering access to the interior of ex
posed concrete structural members relatively easy.

Despite the importance of the cracking problem in 
concrete, understanding of how real cementitious 
materials behave in terms of crack initiation and 
propagation is meagre. Efforts to apply the concepts 
of linear elastic fracture mechanics, notably success
ful in dealing with relatively homogenous, non
particulate materials like steel, havenot been 
particularly successful. In part this may be due to 
the paucity of observational information on the way 
in which small cracks first originate and then propa
gate through cement paste and mortar matrices. Ob
servations at a level fine enough to be meaningful 
in this context have not heretofore been pursued with 
any degree of consistency in the cement field.

In the present work, we describe and illustrate 
preliminary results obtained with a device specially ' 
constructed to permit close observation and photo- . 
micrographic recording of cracks generated within the 
scanning electron microscope’ (SEM). The work report
ed here is confined to cement’ paste; results obtained 
by similar means on mortar specimens will be sub
mitted for publication elsewhere.

INSTRUMENTATION . '

The device used here is specially designed to be 
accommodated within the specimen stage area of the 
ISI Super III-A scanning electron microscope in use 
in the laboratory of the first-named author at 
Purdue University. Details of the device and its 
functioning will be published elsewhere (1).

The specimen configuration is essentially that of the 
compact tension specimen described in ASTM E 399-78, 
Plane Strain Fracture Toughness of Metallic Materials 
(2), except that the present specimens are slightly 
narrower. A dimensioned drawing is provided as 
Fig. 1. The specimen may be described as a rectangu
lar solid with a 13-mm long narrow (0.7 mm) notch_ • 
cast in one end. Steel posts 3 mm in diameter are 
cast on either side of the notch. In operation 
circular steel bearings are placed over the posts 
and a wedging device is advanced by electric motor 
so as to spread the posts apart and induce tensile 
stresses concentrated at the root of the notch. A 
drawing of the loading assemblage is given as Fig. 2. 
The geometry is defined in such a fashion as to 
permit calculation of the stress intensity factor at 
the root of the notch. The entire assemblage is 
mounted in the specimen stage of the SEM. In . ' 
operation the area at the root of the notch is locat
ed and held under observation while the motor is 
activated to advance the wedge until cracking just

Fig. 1. Configuration and Dimensions of Cement 
Paste Compact Tension Specimens.

occurs. The motor is immediately shut off, and the 
extent and details of the crack produced are observed 
and microphotographs made. When this process is . 
completed the motor is again actuated for an arbitrary 
period and the crack extended; then the drive is , 
turned off and the enhanced crack configuration again 
documented. This process is repeated several times 
until the crack propagates completely across the 
specimen and failure occurs. 1 ' ,

Fig. 2. Configuration of Wedge-Loading Device

Wedges of various wedge angles have been used, 
including 3°, 4^°, and the 6° angle shown in Fig. 2.

SPECIMEN PREPARATION . . •

The portland cement pastes used in this study were 
prepared from ordinary (ASTM Type I) portland cements 
and were cast into specially-designed molds machined 
so as to provide the configuration shown in Fig. 1.
The casting process was assisted by vibration. After 
casting the specimens were sealed within the molds 
for 24 hours, then demolded, and cured under saturat
ed limewater for various periods.

In preparing the specimens for the SEM it was found 
undesirable to attempt to evacuate the relatively 
thick specimens to permit application of a conductive 
coating. It was found that "specimens that had been 



air cured for some time could be examined in the SEM 
without benefit of such coatings, at least at the 
relatively modest magnifications required to document 
the crack geometry. While some loss of water undoubt
edly occurs for such specimens within the SEM, this 
seems neither to interfere with SEM observation nor 
to contribute visibly to cracking or extension of 
cracks formed by the mechanical loading device. It 
was found that application of a layer of silver dag 
("silver paint") on the vertical end of the specimen 
away from the notch, which contacts a metal plate in 
the specimen holding device,is sufficient to provide 
proper electrical grounding for the specimen, and 
charging effects were not a problem. The SEM was 
operated at 5 KeV and at 15 KeV at various times, 
without much difference in results being observed.
RESULTS ' -

The appearance of the area at the root of the cast
in-place notch of a typical cement paste specimen 
mounted in the SEM before application of the wedge 
loading is shown in Fig. 3. This specimen was cast 
at w:c 0.5, cured for approximately 24 hours in the 
mold, for an additional period of two weeks in 
saturated limewater, and then exposed to laboratory 
ambient air for several weeks before examination. ■

Fig. 3. Area At the Root of the Cast Notch Before 
Loading. Original Magnification 30x.

The appearance of the same area after application of 
the initial loading just sufficient to produce 
cracking is shown as Fig. 4.

As a result of the wedge-loading action a long, 
relatively narrow crack is generated. In this 
specimen the crack width near the root of the notch 
was approximately 30 urn, and it extended to a 
detectable distance of approximately 10 mm away from 
the notch; that is, the aspect ratio of the in
itially formed crack was well over 300. The width 
of this crack gradually diminishes in the direction 
of propagation, approaching a minimum clear detected 
width of about 3 ym near the end. This is commen
surate with the sizes of the smaller hydrated cement 
and cement grains, and the definition of the crack is 
lost in the general discontinuity of the cement paste.

Fig. 4. Crack Produced in Specimen as a Result of 
Initial Application of Wedge Loading. 
Original Magnification 30 x.

Fig. 5. Detailed View of Portion of Crack Shown in 
Fig. 4. Original Magnification lOOx.

As indicated in Fig. 5, the crack is not quite 
straight and parallel sided, as is assumed in many 
fracture mechanics treatments, but rather is shown 
to be an assemblage in a zig-zag pattern of short 
segments, each of the order of 60 ym or so in length. 
There are a few individual hydrated cement grains 
visible at the surface in Fig. 5 that have not 
completely separated from either side, apparently 
bridging over short segments of the crack; however 
with these few exceptions, the crack depicted in 
Fig. 4 seems continuous.

This is not quite true for the regions beyond that 
shown in Fig. 4. At two or three places near the 
tip of the crack where the crack has narrowed sig
nificantly, the trace of the crack at the surface 
appears to terminate, and a seemingly parallel 
crack displaced from it occurs and continues onward. 
In two cases a short intermediate segment extending 
back toward the notch and the segment extending 
forward toward the tip can be observed. An il
lustration of such an area is shown as Fig. 6. The 
trend of the crack direction in this area has 



wandered to the left from the general upper left to 
lower right orientation. It should be specifically 
understood that only the surface of the specimen can 
be observed, and it is possible that the underlying 
crack within the specimen may be continuous despite 
the interruptions shown by the trace on the surface.

Fig. 6. Illustration of Apparent Discontinuity in 
Trace of Crack at Surface. Notch is Upward 
And to the Left. Original Magnification 
300x.

The observations so far illustrated may be summarized 
as indicating that mechanically-induced cracks in 
cement paste specimens of this type are basically 
long, narrow, parallel-sided, and unbranched in 
character. However, when examined closely and at 
enlarged magnifications it appears that these 
descriptors are only approximately true.

The question arises as to how such cracks compare 
with the crack pattern produced by drying shrinkage 
rather than mechanical loading, for specimens of the 
same configuration. An answer is provided in Fig. 7, 
which shows the general crack pattern produced in a 
specimen of the same type, age, and w:c ratio as 
previously examined, which has been exposed to a 
105° C. temperature drying oven for half an hour 
and then evacuated in a sputter coating device prior 
to examination in the SEM. No mechanical loading has 
been applied.

It is seen that the drying shrinkage crack originates 
at the root of the precast notch in the same general 
area as a mechanical loading crack and is in some 
respects similar to it. The outstanding obvious 
difference is that the drying shrinkage crack pattern 
in Fig. 7 is repeatedly branched, branching oc
curring at Intervals of about 2.5 mm. It is apparent 
that the stress distribution arising from shrinkage 
is very much different from that designed to be in
duced in the specimen by the mechanical loading system.

The gold-palladium conductive coating applied to this 
specimen permits examination of the crack in greater 
detail than is possible otherwise. Fig. 8 shows the 
area immediately surrounding the point of inter
section of the second branch crack from the root of 
the notch tn the lower center part of Fig. 7, at an 
enlarged scale. The crack width here is approximately 
20 urn. The distinctly particulate character of the 
hardened cement paste is quite apparent. Individual 
grains being clearly detected. Examination down the

Fig. 7. Cement Paste Specimen Showing Shrinkage 
Crack Pattern Arising From Partial Oven 
Magnification 9x.

Fig. 8. Higher-Magnification View of the Area Sur
rounding the Second Shrinkage Crack Branch 
in Fig. 7 Above. Original Magnification 
500x.

crack disclosed that, as expected, the Crack is 
approximately, but not perfectly parallel sided.

As has been mentioned previously, with the present 
apparatus it is possible to extend the initially- 
formed crack several times before failure occurs. 
Distinctive areas of the crack may thus be re
examined after successive displacements to form a 
better picture of the crack extension process.

An example of the type of comparison that is possible 
is provided in Fig. 9. Fig. 9A on the left is the 
appearance of the initial crack as it emanated from 
the notch in the first comparatively heavy loading 
of a w:c 0.5 cement paste specimen cured in lime
water for approximately two weeks and subsequently 
in air for a like period. Fig. 9B on the right is 
the same area taken at the same magnification after 
the crack has been extended and widened by additional 
displacement of the wedge.



Fig. 9. Comparison Between Appearance of Initial 
Crack (A, left) and Widened Crack (B, right) 
at Point of Initiation At Precast Notch. 
Original Magnification 27x.-

The crack in this region is widened from approximate
ly 60 pm to approximately 180 pm.- The additional 
displacement produces an apparent straightening 
effect on the appearance of the crack.

A further effect is illustrated in Fig. 10. While it 
is usually the case that the crack starts off in a 
direction normal to the end of the notch, there is 
usually a certain amount of wander from this di
rection, as can be seen in the lower part of Figs. 9A 
and 9B. This tendency is accentuated with increasing 
distance from the notch. In segments not trending 
in the predominant crack direction the displacements 
produced by the extension of the crack are complex. 
As is particularly apparent in Fig. 10B, the crack 
sides are no longer parallel in such segments, and 
the three-dimensional geometry of the crack may be 
other than that inferred from its trace at the
surface of the specimen. This is despite the fact 
that the specimen geometry is designed to insure 
cracking under plane strain conditions.

Fig. 10. Comparison Between Appearance of Initial 
Crack (A, left) and Widened Crack (B, right) 
In Area Where Crack Direction Has Wandered 
From The Designed Direction. Original 
Magnification 135x.

The region depicted in Fig. 10 is more than half way 
from the notch to the end of the specimen; the cracks 
here are narrower than those depicted in Fig. 9. At 
the widest part in Fig. 10A the crack is only about 
30 urn wide; at the narrow zone just below the sharp 
jog near the center of the figure it is only about 
7 pm wide. In contrast, after the crack extension, 
the widest part of the crack is almost 150 pm across.

The particular crack depicted in Fig. 10 has not 
branched between the root and the area depicted. 
The first visible branch was found several mm beyond 
this point, and its appearance at the first stage is 
shown in Fig. 11A, on the left. The notch is in the 
upward direction. It appears that continuation of 
the smooth flow of crack extension would have been 
along the right hand branch, but that for some 
reason a left-hand branch intersecting the smooth 
path at a sharp angle was also produced. As can be 
seen in Fig.. 11B on the right, on further crack 
extension, the left hand branch is clearly active 
and dominant, and the right hand branch is entirely 
unaffected by the crack extension process. This 
observation seems to hold good generally where 
branching is found; one branch is "adtive" and widens 
under the crack extension process, while the other 
is inactive and unaffected.

Fig. 11. Detail of Crack Extension Effects at Point 
of Branching Showing That Only One Branch 
Is "Active" in Crack Extension: A, (left) 
is Initial Crack, B (right) is Crack After 
Extension by Additional Wedge Displacement 
Original Magnification 135x.

It has been mentioned previously that the initially 
formed cracks are difficult to trace to their tips, 
since they narrow and become indefinite as their 
width approaches that of the general run of cement 
paste grains. Generally some branching is found 
before the crack peters out completely. Fig. 12A 
provides an illustration of such a zone, near but 

1 definitely not at the tip of the initially formed 
crack. The effect of additional crack extension 
on such a zone is seen in Fig. 12B, on the right. 
While only a single crack is primarily active, and 
the side branches are unaffected, there seems to be 
a splitting action leaving the hinge configuration 
evident in the center of Fig. 12B.

A number of mortar specimens have also been examined 
by the method reported here. These examinations 
suggest that cracking in mortars is considerably more



Fig. 12. Detail of Branched Area Near Original Crack 
Tip: A (left) is Initial Crack, B (right) 
is Same Area After Crack Extension. 
Original Magnification 135x.
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complex than cracking in cement pastes, due to the 
larger scale disturbances associated with the sand 
grains. The cracks bend at larger angles, branching 
is much more frequent, and a far less straight- • 
forward pattern results.

CONCLUSIONS

The present work indicates that cracks in cement 
paste induced by a carefully defined mechanical load
ing system designed to produce plane strain con
ditions' tend to be approximately straight and to run 
in the defined direction. However, they actually 
consist of a linked series of short segments that 
zig-zag back and forth around the direction of 
propagation. The cracks are unbranched except for a 
very few side branches produced far from the Initiat
ing point. Where such branching occurs only one 
branch is mechanically active, as indicated by repeat 
observations after further crack extension. The 
cracks are approximately, but not completely parallel 
sided, and narrow somewhat toward the tip. The tip 
area Itself cannot be observed with confidence with 
the present experimental setup.

The influence of variations in such cement paste 
parameters as w:c ratio, degree of hydration, 
presence of admixtures, etc. on the nature of the 
cracks developed remain to be established, but are 
expected to be minor.
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' Analysis on fluidity of cement paste and mortar
Recherches sur la fluidite de la päte et du mortier de ciment

S. NAGATAKI, Dr. Associate Professor, Dept, of Civil Eng. Faculty of Eng., Tokyo Institute of Technology, 
and

S. KAWANO, Researcher, Tunnel Section, Public Works Research Institute, Ministry of Construction, 
Japan.

RESUME : Recemment, on a fait beaucoup d'etudes sur la fluidite de la päte et du mortier de 
ciment, dues ä 1'augmentation de I'emploi de ces derniers dans les materiaux d'injection tels 
qge le beton prepakt et le mortier liquide.
Dans les anciennes recherches, on avait 1'habitude de considerer, au point de vue rheologique, 
la päte de ciment et le mortier frais, comme des corps de Bingham. Ce texte suggere que de 
tels fluides soient plutot consideres comme des corps visqueux ayant des reactions chimiques 
et ui.e hysteresis des eontraintes. Le comportement thixotropique semble affecter la fluidite 
considerablement. La rationalite de la suggestion ci-dessus est confirmee par les resultats 
des experiences faites avec et sans emploi de plastifiants ordinaire ou super, au moyen de 
divers appareils tels que les viscosimetres a rotation ou ä tubes, et des appareils d'essai 
destines specialement aux betons prepakts.

SUMMARY : In recent years, with the Increase In use of cement paste and cement mortar in 
grouting materials such as prepacked concrete and grouted mortar, there have been many studies 
on the fluidity of cement paste and mortar.

Whereas It was customary to regard fresh cement paste and mortar as Bingham bodies In the 
analysis on their fluidities In past researches, this report suggests that such fluids should 
rather be considered as structural viscous bodies possessing chemical reactions where the 
hysteresis of strain and thixotropic behavior are seemed to greatly affect fluidity. The 
rationality of the above proposition Is substantiated with results obtained from experiments 
with and without the use of ordinary or super-plasticizers, by means of various apparatus such 
as the rotation viscometer, the tubular viscometer and testing apparatus specially designed 
for prepacked concretes.



FOREWORD .

Attempts have been made from a fairly' long 
time ago to analyze the fluidity of still 
unhardened (hereafter called fresh)' mortar - 
by rheological techniques, but the greater 
part of these research works assumed fresh 
mortar and concrete to be Bingham bodies try
ing to Judge their fluidities using the two 
rheological quantities of shearing yield 
value and "Coefficient of plasticviscosity. 
However1, there are various problems about 
clarifying the fluidity of actual fresh mortar 
and concrete by this method, and even before 
that, it is difficult to measure shearing 
yield values and coefficients of plastic- ' 
viscosity themselves. The reasons for this 
are cited as being the existence of slippage 
at the sample boundary plane and the thixo
tropy of cement paste in measurement with the 
rotation viscometer, and it may be said that 
practically no research has been done to . 
analyze these phenomena. In addition, it . 
appears difficult to clarify the special 
fluidities of fresh mortar and concrete using 
superplasticizers with the above method. .

In view of the above, experiments and obser
vations were made in the present study 
considering it necessary to start out with 
examinations of the real natures of the 
fluidity characteristics of cement paste' and 
mortar in their fresh states returning to the 
very basis, and to grasp by all means.the true 
picture of fluidity. In the analysis of flow 
characteristics - in this study, it was con
sidered that the factor making fluidity 
■complex is the viscosity structure of cement ' 
paste, and a comparison study was made with 
the thinking on structurally viscous fluiditi
es of suspension systems (1). As a result, 
it was concluded that cement paste possesses 
a reactive property, and it is more rational 
to handle it as a structurally viscous fluid 
highly influenced by hysteresis 'of strain. 1

■ OUTLINE. OF EXPERIMENTS

Materials Used . .
The materials used in the experiments were ■ 
ordinary portland cement manufactured by Nihon 
Cement Co. (Saitama Plant), Fuji River sand 
of F.M. of I.96 cut by a 1.2 mm sieve, 
Pozzollth No. 5L (25% solution) as a normal 
type of water-reducing admixture, and Mighty 
150 as a superplasticizer. , .
Mix Proportions ■ f- ■
From the necessity of .measuring fluidity, 
consistency of the degree of grout mortar for- 
so-called prepacked concrete was made the 
standard. The particulars are sand-cement 
ratios of 0, 0.5 and 1.0, water-cement ratios 
varied between 0.30 and 0-55, with Pozzollth. 
added 0.25% by weight of cement, and Mighty 
between 0 to 0.75% by weight of cement, all 
of the mixes being such that fluidities could 
be measured with the apparatus described below 
within the limits that they would not segre
gate. . ' .
Mixing ■

After preparing the temperatures of the 
various materials so.that temperature, as .' 
mixed would be in the range of 20±2°Ci sand 
and cement were dry-mixed for 2 minutes, and 
after introduction of the other materials, 
full mixing was done for 3 minutes. Follow
ing this, the mix was left standing for 5 
minutes to eliminate the influence of false 
setting, and measurements were made after 
further mixing for 1 minute." . •
Measurements by Rotation Viscometer
The rotation viscometer was a coaxial
cylinder, outer cylinder-rotation type, with 
the outer cylinder of diameter 160mm by 180mm . 
and inner cylinder of"diameter 100mm by 120mm 
for sample thickness of 30mm, and the speed . 
of the outer cylinder was 0 to lOOrpm,

In order to measure the angular velocity ■ 
distribution in the radial direction of' 
samples, reference points were provided'at 
the circular frame.at radii of 55, 65 and 75 
■mm. Then, the movements of reference points 
and the outer cylinder during fluidity measure
ments were filmed by 16 mm camera, and this 
film was examined by a motion analyzer (2). .
The shear rate at the various points inside . 
the rotation viscometer were obtained by the 
equation below according to the deviation . ' 
angle £2 between reference points.

YA = 2 £2/{1 - 2 )

where ■ " ' . ■
R^ : inner reference point radius
Ro : outer reference point radius

Measurements were made causing the outer ■ 
cylinder revolutions to. go from 0 to 30'rpm 
and back, with measurements on two round ' 
trips. The apparent shear rate in these ' 
cases, was about 2.0 sec-1 at maximum.
Measurements by Tublar Viscometer ■
With a tubular viscometer, it is possible 
for measurements to be made of a shear rate 
range of about 5 sec“1 to about 100-400 sec~-4. 
The fluidity curve was obtained in the form 
of apparent fluidity curve by the equations 
below from the flows inside the tube and 
differences in head. ...

. 4V ■
YA . Ro . ■ '

where
: apparent shear stress (g/cmz) 

Ya : apparent shear rate (1/sec) 
Ro . : tube diameter (cm) " 
L : tube length (cm)
H ' : head difference (cm) •

' p : mortar density (g/cm3)
V ■: average flow velocity- (cm/sec)

RESULTS OF .EXPERIMENTS . . . . .

Fig'. 1 is an example of a fluidity curve 
obtained from the range of diameter from 



55mm to 65mm thought to be uninfluenced by 
wall surfaces inside a rotation viscometer. 
As indicated in the figure, both fresh cement 
paste and mortar clearly show shear rate 
thinning flows. However, on looking at the 
decreasing speed or down curves, in contrast 
to the increasing speed or up curves, the 
apparent viscosity afterglow either in
creases or decreases. According to the 
classifications by Ish-Shalome (3), plain 
fresh cement paste presents anti-thixotropy 
in the initial stage after mixing where 
apparent viscosity is increased by flow, goes 
through a stage of non-thlxotropy with elapse 
of time, and then moves on to thixotropy where 
apparent viscosity is Increased by flow. On 
applying these classifications to all of the . 
tasted fresh pastes and mortars at the initial 
stage after mixing, all mixes plain and using 
the ordinary water-reducing admixture showed 
antl-thixotropy, but mixes containing the 
superplasticizer 0.5% or more by weight of 
cement showed thixotropy in spite of it being 
the initial stage after mixing*  Generally, 
when a superplasticizer is added 0.5% or more 
by weight of cement, it is said cement parti
cles are almost completely dispersed into 
primary particles with flocks not formed, and 
consequently, it is surmised that the thixo
tropic character seen at the initial stage 
after mixing Is greatly Influenced by whether 
or not there are flocks.

Fig. 1 - Consistency curves by couette type 
rotation viscometer

Next, examples of fluidity curves obtained by 
tubular viscometer at a higher range of slip 
velocity are shown In Fig. 2. The fluidity 
curves of fresh pastes and mortars Indicating 
thixotropy show approximately linear behaviors 
in this range. As for those which indicated 
antl-thixotropy, they show shear rate 
thinning flow In this range also, and it 
is surmised that the structure of the interior 
of the paste Is continuing to change even in 

the high shear rate range. (It may be 
considered that viscosity actually Is chang
ing In the direction of tube length due to 
thixotropic behavior, but here. In order to 
qualitatively grasp the fluidity of mortars, 
the average fluidity curves for the tube 
lengths were determined.)

Fig. 2 - Consistency 
viscometer

curves by tubular

Fig. .3 - Distribution of rate of shear in a 
container of rotation viscometer

Fig. 3 shows the results of shear rate dis
tributions In the radial directions of 
samples In the rotation viscometer followed 
by time Intervals in accordance with rotation 
speed variations. This graph Is of a nature 
that if a sample of uniform viscosity, the 
various measuring points when connected will 



Indicate a straight line. However, as shown 
in the figure, the tendency seen with actual 
fresh paste is that for the fresh paste at the 
left which demonstrated anti-thlxotropy, it 
Is indicated that the sample became extremely 
fluidized In the vicinity of the inner cylin
der with Increase In the angular velocity of 
rotation viscometer, and moreover, the shapes 
of the curves up and down are more or leös 
the same. Past research works handle this ■ 
phenomenon as slippage of the sample at the 
wall surface, but the sample Is clearly 
extremely fluidized In observations during 
measurements, and It Is felt necessary to 
analyze this phenomenon considering it as an 
element of the fluidity characteristics of 
cement mortar rather than as being due to 
slippage. When such a property Is defined as 
"concentration of shear rate," this phenomenon 
of concentration of shear rate Is thought to 
be a property contradictory at first glance 
to the property of antl-thlxotropy of apparent 
viscosity due to flow.

On the other hand, with the fresh paste shown 
at the right which demonstrated thixotropy, 
although there Is a tendency In this case also 
for shear rate to be concentrated at the ■ 
vicinity of the Inner cylinder at the start 
of revolution of the rotation viscometer,, with 
Increase In speed, the Increase In shear rate 
near the Inner cylinder hits a celling, and 
the portion at which shear rate Increases 
gradually moves toward the outside (defined 
as "dispersion of shear rate").' And at 
the down curve the variation In the shear

KEAN GRADIENT OF PRESSURE (g/cnf)

Fig. 4 - Consistency curves by model apparatus 

rate becomes roughly uniform so that the 
curves up and down are completely different, 
but especially with the down curve It Is 
Indicated that the tendency is similar to 
that of a sample having a so-called uniform 
viscosity.

CONSIDERATIONS ’

In systematizing the various flows of these 
fresh cement pastes demonstrating antl- 
thlxotropy and thixotropy and arranging and 
considering them. It appears.to be rational 
for explanations to be made thinking of a 
viscosity structure Introducing the reactivity 
of cement also In the concept of fluidity of 
a suspension system the viscosity of which is 
determined by the structural variations of 
flocks, in other words, agglomerated bodies. 
Thereupon, the viscosity structure in.cement 
paste is considered divided into the two 
parts below.

Firstly, one is caused by flocks and Is defined 
here as "primary structure." Flocks during 
flow show a stable agglomerated state In 
accordance with shear rate, and because of 
this, a primary structure generally shows an 
equilibrium flow curve. Consequently, In 
these experiments. It may be considered that 
this curve configuration Indicates shear rate 
thinning flow. . '

The other viscosity structure Is one that Is 
considered to be due to causes such as 
gelation of leached components of .cement, 
defined here as "secondary structure." The 
secondary structure Is considered not to have 
an equilibrium flow curve. Is destroyed with 
flow, and Is indicated only by a hysteresis 
flow curve. In general, since relatively 
great energy is required for destruction or 
formation of a primary structure, and for
mation and growth of a flock require collision 
between primary particles or flocks, it Is 
considered that In case an equilibrium 
structure is possessed at a high shear rate, 
formation the structure is accelerated more 
when flowing at low shear rate rather than 
when standing still. ’

In contrast. It appears the secondary 
structure Is readily destroyed, and Is swiftly 
reformed after stoppage of flow, and within 
the scope of these experiments, formation ■ 
seemed to occur~ln several seconds to several ' 
tens of seconds. The strength of the seconda
ry structure appears to be influenced by con
centration of cement paste, sand-cement ratio, 
and water reducing admixture. However, in 
any event, it is thought the behavior of a 
secondary structure Is that of a elastic one 
against Impact stress or low stress, above 
which the behavior Is viscous with there being 
a character of destruction with. Increase In 
strain.

Considering that the differences of thixotropy 
and antl-thlxotropy appearing during ineasure- 
ment of flow of fresh mortar, or the phenomena 
of‘concentration and dispersion of shear rate; 
of samples In rotation viscometers were ' 



produced as a result of the primary and secon
dary viscosity structures being tangled with 
each other, the.following explanations may 
be made.

Firstly, when a superplastic.izer is added in 
large amount, and when cpnsidering that cement 
is dispersed into primary particles and flocks 
do not exist in the cement paste, a primary 
structure will not exist, and the viscosity 
structure will be a secondary structure only. 
Therefore, fresh paste and mortar of such 
mix proportions indicate thixotropy with 
secondary structure, the phenomenon of dis
persion of shear rate is .produced.

On the other hand, in case of existence of • 
flocks as with plain paste and mortar, the two 
viscosity structures, of primary and secondary 
will exist together. In such case, the 
primary structure in the paste during mixing 
or agitation approaches equilibrium at a high 
shear rate, and with stopping of the mixer, 
the secondary structure is rapidly formed 
ahead of the primary structure, and the 
primary structure is maintained at equilibrium 
in a high shear rate range; '(This phenomenon 
will be called "memory of preceding shear 
rate.") ' ' ■

In measurements by natation viscometer, since 
the shear rate itself is lower than the shear 
rate the mortar was subjected to during agi
tation, after the secondary structure has 
been destroyed formation of the primary 
structure is accelerated and anti-thixotropy 
is produced. In this case, however, inside 
the sample in the rotation viscometer, the 
secondary structure-is first destroyed in the 
vicinity of the inner cylinder at the start 
of rotation and this part is fluidized with 
low viscosity memorized in the high shear rate, 
there will be concentration of shear rate 
produced due to the influence of the secon
dary structure in farther outside. In the 
down part, formation of a primary structure 
is seen in the vicinity of the inner cylinder, 
and perhaps due to this in two continuous 
round-trip measurements there was a tendency 
for concentration of shear rate to be al
leviated the second time compared with the 
first.

The secondary structure in the cement paste 
gradually becomes stronger with time through 
hydration, and as according to Ish-Shalome, . 
paste that had shown anti-thixotropy will come 
to show thixotropy, and it is thought later 
the- difference of primary and secondary dis
appears to proceed toward setting.

As described above, whereas'analyses of 
fluidities of fresh mortar and concrete had 
been made in the past assuming Bingham bodies, 
the present study has carried out examinations 
providing fairly bold'hypotheses in order to 
be able make explanations including the 
peculiar phenomena recognized when super
plasticizers are used in analyzing fluidities 
of fresh mortar and.concrete. Admittedly, ■ 
there has been a fair amount of heavy
handedness in explaining the phenomena grasp

ing the fluidities of fresh mortar and 
concrete as is. However, within the scope 
of the experiments conducted in this study, 
it is felt that by separating the viscosity 
structure of cement paste into primary and 
secondary structures it has been possible to 
adequately explain at least qualitatively 
the flow properties of fresh paste and mortar.

However, it was not possible to distinctly 
grasp the influence of sand particles in the 
present experiments, where especially, in 
case of high sand-cement ratio, there will 
be the Influence of interlocking of sand . 
particles. As others, there will be the 
influence of air bubbles, and so long as a 
viscosity structure itself is physico
chemical, the variation in the condition due 
to the Influence of temperature will be a 
very important factor. In regard to these, 
while endeavoring further to make it possible 
to quantitatively grasp the viscosity . 
structure, it is thought necessary to carry 
out further analyses on the influences of 
the above factors.

SUMMARIZATION

The results obtained in this study may be 
summarized as follows:

1) The flow^ of. cement paste and mortar in 
fresh states are not simply Bingham flows, 
but basically are shear rate thinning flows.

2) When a superplasticizer is added approx-? 
imately 0.5% or more by weight of cement, 
fresh paste and mortar show thixotropy. ■ • 
Following this, they show flows close to ' 
Newtonian flows. Ordinary fresh pastes and 
mortars other than the above show anti
thixotropy, and have a tendency of becoming 
extremely fluidized at the boundary plane of 
the rotation viscometer during flow.

3) Two forms are conceivable regarding the 
viscosity structure in cement paste. One is 
flocculation of cement particles, and the '. 
other is gelation of the paste as a whole. 
The former is viscosity structure similar to 
the flpw of a suspended system, while the 
latter is"one which is simply thixotropic, 
but in.a cement paste the two influence each 
other, and make the flow of cement paste 
extremely complex through the structural form, 
hysteresis of strain, and time-dependent 
change, etc., due to reaction.
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Prehydratation superficielle des ciments et son 
influence sur le processus de durcissement

Surface pre-hydration of cements and its influence on hardening process

Y.S. MALININE, Docteur es Sciences Techniques,
V.P. RIAZINE, Candidat es Sciences Techniques,
LS. BATOUTINA, Ingenieur,
N.D. KLICHANIS, Ingenieur,
B.E. YOUDOVITCH, Candidat es Sciences Techniques, NIITzement, Moscou, U.R.S.S.

RESUME : Il est propose un nouveau procede d1 Intensification du processus de durcissement 
du ciment, par un pre-traltement a'l'air humide epure de COj. Ceci provoque la formation sur 
tous les grains non encore hydrates de ciment, d'enveloppes hydratees semi-permeables; en don- 
nant ä ces enveloppes une epaisseur optimale, on accelere 1'hydratatlon ulterieure du ciment.

On a etabli que pour tous les ciments fraichement broyes, ce traitement, poursuivi pendant un 
temps optimal, variable suivan.t le type du ciment, ameliorait les resistances, les proprietes 
rheologiques et la durabilite. Cette prehydratation superficielle des ciments modifie la com
position et la structure des hydrates formes au cours de 11 Hydratation ulterieure.

On a montre qu'll exlstait des differences sensibles dans la composition de ces derniers hy
drates, selon que le pretraitement ä l'air humide s'effectuait en presence ou en absence de 
C02- . , , ...
Ce procede : traitement du ciment par prehydratation en atmosphere humide debarrassee de CO-, 
peut etre recommande pour accroltre 1'activite du ciment. ** '

SUMMABI i A novel technique for intensifying the cement hardening process by pre-treating 
it with C02-free high-humidity air is proposed. The technique provides for creating semi
permeable shells of new formations having optimum th-tdoiess around the particles of the 
unhydrated cement. These shells accelerate the process of hydration of the cement. "
It has been established that treatment of all freshly-' ground cements by the above method 
at an optimum time which differs with each cement grade, improves the cement strength, 
plasticity and life characteristics.
Surface pre-hydration of cements and their component clinker minerals changes phase compo
sition and structure of the hydration products at further hardening. The considerable dif
ferences in the phase composition of new formations are shown in the case of surface hydra
tion with high-humidity air in the presence and absence of atmospheric COg. ■
The method of surface pre-hydration in a high-humidity air free from CO- may be recommen
ded for increasing activity of cement.



Les processus se ddroulant lors du stockage 
du ciment dans 1* atmosphere humide conti
nuant a attirer notre attention malgrS 1* ex
perience presque sdculaire de leur etude. 
On sait que l'hydratation superficielle 
dans 1* atmosphere humide entraine habituel- 
lenent le ralentissement de la prise et la 
diminution de l’hydraulicite du ciment. 
Toutefois, les exceptions, qui ne sont pas 
rares, ä cette rägle generale conduisent ä 
la nScessite de nouvelles Stüdes. Ainsi, au
IV-ieme  Congräs sur la chimie du ciment
U.C. Hansen (1) fit la communication sur 
l’apparition d’une fausse prise due ä l’ac-*  
tion sur le ciment de ltair humide ; il ex- 
pliqua ce ph6nomdne par 1* “ulceration" de 
la surface des particules, augmentant la 
surface specifique de reaction lors de 1’in
teraction ulterieure avec de l'eau. J. Ge
bauer (2) aboutit d la conclusion que dans 
ce cas c’est C,S qui est active avant tout, 
mais d’autres dhercheurs sont d'avis que 
1'activation des aluminates exerce une plus 
grande influence (5)» Fut egalement notes 
la desactivation de C,A lors du stockage du 
ciment ä l'air humide5ou lors du broyage du 
ciment en presence d'humidite dans le broy- 
eur (4, 5). Cette contradiction est liee au 
niveau de la teneur du ciment en camposes 
alcalins et d la composition des aluminates. 
Selon (5), une fausse prise est due en par- 
ticulier a la presence dans les aluminates 
de C1;Jlr7. Dans un de nos travaux nous avons 
montre 'la disposition des ciments cotnpre- 
nant NCLA, pour le mottage et la fausse 
prise (b.57), L'hydratation superficielle 
peut avoir lieu ä 1'air compldtement sec, 
car une quantite d'eau introduite dans le 
broyeur pour le refroidissement ou avec le 
laitier granule est süffisante pour provo- 
quer cette hydratation ; lors du stockage 
du ciment dans le silo la temperature 61e- 
v6e conduit d l'hydratation de C,A par 1'eau 
de cristallisation provenant du 5gypse (8). 
Ce phdnomene s' observe dgalement en cas de 
broyage fin du ciment, 0,8 et C^A dtant sou- 
mis eux aussi d l'hydratation superficielle 
(5, 6). Ceci est du dvidemment a la forma
tion de liaisons de valence Libres saturdes 
en eau adsorbee.
Le role du gaz carbonique atmosphdrique 
presente un interet tout particulier. Les 
difficultes d'ordre linguistique sont 6vi- 
demment la cause de ce que 1'observation 
importante de B. Beke (9) sur 1'adsorption 
de C02 par le ciment broyd est peu connue. 
Ceci ^temoigne d’une grande activitd du gas 
carbonique en tant qu'agent capable de pren
dre part d la saturation des centres actifs 
de la surface du ciment. En meme temps, 
dans les ciments finement broyds on peut 
observer souvent, surtout lorsqu'il y a 
beaucoup de vapeur dans les broyeurs, des 
grains de carbonates (10), ce qui tdmoigne 
d'une importance considdrable de cette in
teraction rapide. Toutefois, on se repre
sents le plus souvent la carbonisation com
me un processus lent, ce qui est vrai pour 
les bdtons mais ne 1'est gudre pour l'hydra
tation superficielle du ciment dans le mi
lieu air-vapeur.

En partant de ces considdrations, deux 
d'entre nous ont about! d 1’hypothdse que 
1'dlimination de C0p de 1'atmosphdre, lors 
de l'hydratation superficielle du ciment, 
pourrait prdvenir la saturation des centres 
actifs avec formation de CaCO, inerte et 
accdldrer l'hydratation du ciment grace d 
la decouverte d'une nouvelle surface pour 
1'interaction ulterieure. Dds les premieres 
experiences cette hypothdse fut confirmde
(11).  Dans cette communication on donne les 
rdsultats d'dtudes plus ddtailldes de ce 
probldme.
MATERIAUX DE DEPART. Dans nos expdriences 
nous avons utilise des constituants de 
clinker synthetisds par cuisson et des • 
clinkers industriels de composition diffd- 
rente (Tableau I) broyds avec et sans gypse 
dans le 'broyeur d'essais jusqu'd obtenir- 
une surface spdcifique de $000 d 3500 cm^/g 
(d’aprds la mdthode de permdabilitd d 1'air)

*) 50 % de NCqAj.

TABLEAU" I

Composition des clinkers industriels, 
% en masse .

nOB Pertes 
ä la 
calci
nation

805 Na20 KgO c5s c2s C,A 3 c4af

1 0,15 0,78 0,08 0,73 49 30 3 14
2 0,68 0,30 0,14 0,35 52 25 1 16
3 0,88 0,26 0,29 0,30 58 19 5*) 15
4 0,17 0,35 0,15 0,22 58 21 7 13
5 0,05 0,44 0,20 0,30 60 17 7 14
6 0,51 0,20 0,12 0,22 67 11 3 17

METHODOLOGIE DES ETUDES. Les constituants 
de clinker et les ciments dtaient soumis d 
la conservation dans 1'atmosphdre d'air 
humide avec et sans CO-, dans des conditions 
statiques (exsiccateurs) et dynamiques 
(succion d travers la couche) pour simuler 
respectivement la conservation dans les 
sacs et les silos d la tempdrature normale 
du milieu. Aprds la fin de la prdhydrata- 
tion de durde ddterminde, ces matdriaux 
dtaient dtudids par les mdthodes de 1'ana- 
lyse thermique diffdrentielle, de 1'analy- 
se aux reyons X et par la mdthode dlectro-. 
nique microscopique et utilisds pour la 
preparation des dprouvettes afin de ddce- 
ler 1'influence des conditions de la prd- 
hydratation superficielle sur la structure 
d'hydratation ; ensuite la structure de 
leurs fragments dtait dtudide par les md
thodes susmentionndes. Ces dchantillons 
dtaient conservds, dans les rdgimes habi
tue Is, ä l'air humide A CO- et dans 1'eau. . 
Pour tenir compte de la tempdrature du mi
lieu on a procedd aux expdriences dans 
deux cimenteries. Des silos industriels 
(un silo ä cheque cimenterie) dtaient prd- 



alablement equipts d’un Systeme d’dpuraticn 
de l’air utilise pour l’a^rage contre CO- 
atmosphSrique. L'efficacite de l'epuratiün 
6tait eantrolSe par titrage d'une solution 
alcallne barbotöe par le gas. On a 6tudi6 
les Schantillons moyens du ciment stockt 
pendant des durSes differentes dans les si
los amönagös et les silos ordinaires a6res 
par l’air avec CO-, par les methodes de 
1’analyse physico-chimique et controie leur 
hydraulicite. Quelques resultats obtenus 
sont donnes plus bas.
BESüLTATS DES EXPERIENCES. ADSORPTION DE 
L’EAU EN PRESENCE ET EN L*ABSENCE  DE C0-. Sur la figure 1 sont represent6es les 2 
donnees sur la sorption pond6rale de l’hu- 
midite par les mineraux et ciments en pre
sence et en 1’absence de CO-, de l’air dont 
1’humid!t6 relative est de lOO Les don
nees obtenues temoignent que la serie d'ac- 
tivite des mineraux quant ä 1’absorption de 
l’humidite sans CO- : NC-A, > C,A > C,S>C.AF  > J3 - C-S, est enöbon accord 5avec 
les resultats des nouvelles etudes sur 
l’absorption des agents tensio-actifs ä 
partir des solutions benzeniquss (12) et 
de la phase de vapeur (20) et traduit c'xxic 
l’actlvite relative et la concentration 
des microzones de reaction sur la surface 
des min6raux. La serie d'activite pour 
l’absorption d'humidite en presence de C0- se presents sous une autre forme : NC-A->^

C4AP > C4AE > C^A > CjS > ß - c2s. ö 5 
Une analyse plus d6tailiee d’un 6chantillon 
d’alumoferrite utilise dans ces experiences 
a montre que dans ce dernier il y a des 
marques de decomposition reductrice avec 
la formation eventuelle des microzones de

Cependant cecl n’influalt pas sur I’activi- 
t6 du mineral en l’absence de CO-. La presence de CO- augmente en general^la quanti- 
te d’humidite absorbse par les mineraux, de 
sorte qu’on ne pent pas parier de 1’"intoxi
cation" des zones de reaction actives en 
presence de CO-, c’est pourquoi on prefers 
le terms ds "saturation". La vitesse et Is 
dsgr6 d*absorption  de l’humidite par les 
ciments est en scmme en bon accord avec 
les donnAes pour les minAraux, ccmpte tenu 
d’une canposition en phases diffArente des 
ciments. Ceci n'est pas Atonnant : dans 
les conditions de 1’experience on a exclu 
1’effet d’Acran exercA sur un mineral dans 
le ciment par un autre et si 1'humidltA du 
milieu Atait de 100 %, les differences con- 
nues dans le sutmicrorelief de la surface 
des minAraux sAparAs n’avaient pas d’impor
tance (10) ; pour une pression relative 
plus basse de la vapeur d’eau, ces diffe
rences conduisaient ä une adsorption prA- 
doninante de 1’humiditA sur C^S (du milieu 
dont l’humidite relative est inferieurs A 
70 %) en ccmparaison de C-A dans le travail
(3).  Ce fait explique Agalement les donnAes 
de Gebauer (2) sur 1’activation de 1’alite.
Il faut tout spAcialement souligner une 
activitA superficielle 61ev6e du ciment 
contenant NC-A. qui dApassait tons les au- tres en ce qui^concerne la vitesse et la

Temps d’hydratation 
superficielle, jours

Fig. ia

Temps d’hydratation 
superficielle, jours

Fig.Jb

Fig. 1 - CinAtique de la sorption de la vapeur d’eau par a) les constituents de clin
ker et b) les ciments. a) 1-; 2-; 4-;51 - C,S ; C-S ; C,A ; C.AE1; NC-A, - cdur- 
bes d’absorption d^humidltA sans° ''CO- ;
lot 20; Jo» *o»  5o - idem, en presence de 
CO- atmosphArique. b) 1-; 2» ; 3»; 41; 51$ 
.6. - courbes d’absorption d’numiaite par 
les ciments de 1 A 6 sans CO- ; 1--; 2-; 3o$4-;  5-; 6- - idem, en prAsence deCO-^atmö- 
sphAirque?



quantitd d*humidity  absorb6e, surtout en 
presence de CO2. D’autre part, 11 est bien 
connu que NCqAt prSeente une activity moin- dre que C,A ölors de l’lqrdratation dans le 
milieu aqueux (14). Pour expliquer cette 
contradiction, on peut Svidennnent s'adres- 
ser aux idöes d6velopp6es dans le travail 
(15) oü NCqAt est considers comme un sgrs- 
teme complexe comprenant les microzones des 
oxydes de Na et de Ca libres ainsi que de

Il va de soi que la diminution de 
soiuDilit6 de la chaux grace aux ions Na 
dans la phase liquide, qui limits 1’activi
ty hydraulique de NCRA,, est remplac6e par 1* intensification deöl'*adsorption  de ILO et 
de C0_ atmosph6rlques sur la surface cönte- 
nant Na+. L1activity de C12A7 s’explique partiellement par la prysyfice sur sa sur
face d’yiectrons libres (14).
Come il fallait s’y attendre, les ytudes 
de la composition en phases des hydrates 
superficiels fomys montryrent la formation 
de CaCO, et des carbo-aluminates ou de leurs 
solutions solides avec ferro-aluminatea 
lors de l’hydratation de (LS, C2S et de 
CaA, Cm AP respectivement, sous 111 ’action de CO2 de^l’air. Les autres produits d’iydra- 
tation superficielle etaient identiques 
dans les deux milieux, mais il y avait les 
distinctions principales quantitatives et 
structurales suivantes. Lors de la pryhy- 
dratation dans le milieu avec C02, il se fonne sur la surface des particufes de ci- 
ments et de C,S des quantitys importantes 
de Ca(OH)2 cristallin fixy nettenent par 
toutes les mythodes physico-chimiques, alors 
que les hydrosilicates de calcium formes 
ne sont repörables, meme dix jours durant, 
ni par mythode petrographique ni aux rayors
X. Lors de la prehydratation dans le milieu 
sans CO2, il se forme principalement Ca(0H)2 
amorphe et on peut fixer les hydrosilicates 
de Ca bien qu’en petite quantity. Par con- 
syquent, en prysence d’humidity CO2 sature 
les microzones actives de la surface des 
constituents de clinker et en accyidre, 
lors de l’hydratation superficielle, la 
destruction du ryseau cristallin en con- 
tribuant A la separation des complexes cal- 
cio-oxygynya au profit de la couche externe 
des particules. Il faut prendre en considy- 
ration que les centres actifs dans les mi
crozones de ryaction de la surface de tons 
les constituants de clinker ne sont repry- 
sentys que par les ions Ca et 0 (18). En 
detachant les .ions Ca et 0, le go? contribue 
A la formation dans la couche externe des 
particules de centres de cristallisation 
tout faits - germes en Ca(0H)2 cristallin 
moins soluble dans l’eau lors de l’hydrata
tion ultyrieure que Ca(0H)2 amorphe. On 
peut supposer que les hydrosilicates qui 
apparaissent aprds la pryhydratation dans 
le milieu prive de C02 peuvent 6galement 
servir de centres de cristallisation pour 
C-S-H (H) lors de l’hydratation "aqueuse" 
ultyrieure. On en vient ainsi A la conclu
sion que la prysence de COp dans 1’air peut 
conduire A 1’augmentation le la teneur en 
portlandite lors de l’hydratation ultyrieu
re du ciment, et 1’effet utile de la pry
hydratation du ciment par l'air humide 11- 

bre de CO2 (11) est du A la diminution de 
la teneur relative en portlandite et A 
1’augmentation de la part des hydrosilica
tes de calcium.
ACTIVITE D’EXDBATAHON DE CjS ET DES CIMENTS 
APBES LA PBEBXDRAIATION SUPERFICIELLE DANS 
DEUX MILIEUX. En rysumant bridvement les 
ryeultats des expyriences, notons que le 
traitement de C,S et des ciments par 1’air humide au cours7de 1 A 10 Jours en prysence 
de OOo atmosphArique entraxne une perte 
consiuyrable de I’tydraulicite de 20 A 70 % 
A mesure que le temps de traitement crolt. 
Par centre, en 1’absence de CO2, 1’activity 
de CxS et des ciments augments (tableau II). 
Dans ce cas 1’optimum de temps de traite
ment est de 5 A 7 jours. Le gain de rAsis- 
tance est de 20 a 50 % de la rAsistance des ychantillons t^moins (et m§me beaucoup plus 
si 1'on tient compte de la diminution d’ac
tivity en prAsence de C0„). Le traitement ultArieur dans ce milieu^diminue la rAsis- 
tance tant dans les conditions statiques 
que dynamiques. Les expAriences industriel
les ont confixmA le fait que 1’absorption 
de CO2 A partir de 1’air d’aAration peut 
etre appliquAe en pratique pour augmenter 1’activity du ciment (voir tableau II). 
Dans ce cas le temps de conservation ulty
rieure dans le silo du ciment traite n’est 
pas limity.

TABLEAU II
Rapport entre la rAsistance de CLS et
des cimentB etla dur^e de durclssement.kgf/an2

MatAriau Traite- 5 7 28
ment jours jours jours

C,S T 205 271 4C5
5 I 281 364 552

II 180 266 311
Ciment
n°2 (voir
tabl. I) T 150 240 300

I 235 310 378
II 140 200 265

Ciment
n°2* T 97 196 347(302**)

I 136 222 412(410**)
II — —

Ciment
n°4 T 197 316 486

I 226 559 567
II 1?8 265 326

Ciment
n°4* T 197 320 505(597**)

I 226 567 515(515*?)
II —

Note : T - Achantlllon tAmoin. I - prAhy- 
dratation superficielle par l’air humide 
sans CO2. H - idea, en prAsence de CO2 atmospherique. •) Ciments industriels aArAs 
dans les conditions industrielles et essayAs 



d'apres GOST 310-60# **)  Apres la conser
vation de 6 mois.
Il est etabli egalement que cet effet ne 
cgncerne pas settlement I’acorolssement de 
resistance, car apres le traitement ^e be- 
soiq en eap diminue et la maniabilite des 
materiaipt a base de ce ciment se trquv.e 
ynelioree. Lors de,son stockage ulterieur 
a I’air, I’activite ne diminue pas au cours 
de 6 moitj. Nous exp^iquons ce fait par un 
effet d’ecran exerce sur les particules par 
une couche comprenant C-S-H (II) dont la 
carbonisation, comme il est connu de (19), 
eat de trots ordres de grandeur plus lente 
que celle de la portlandite.
ETUDE DE LA COMPOSITION EN PHASES DES PRO- 
DUITS D’HYDRATATION ET DE LA STRUCTURE 
D•HYDRATATION DE C3S ET DES CIMENTS PRE
HYDRATES PANS DEUX MILIEUX. On a mis a l»e- 
tude les echantillons de C3S et de cimentq 
durcis sans prehydratation et apres la pre- 
hydratation dans deux milieux : aveq COo et 
sans CO2. Comme on supposait, les resultats 
de 1•analyse thermique differentielle et 
de 1’analyse aux rayons X avaient permis de 
fixer apres 3, 7, 28 jours de durcisBement 
lfaccroissement dq teneur en portlandite 
dans une serie d’echantillons II> T > I 
tqnt,dans,038 que dans lea ciments hydra
tes etudies. Il est difficile de faire une 
evaluation quantitative sure de la teneur 
en hydrosilicates, c’est pourquoi on a pre
fers, 1’etude de la submicrostructure par 
la methode electronique microscopique, ce 
qui a permis d’obtenir certpines preuves 
d’une cristallisation complete et nette 
d’hydroqilicatqs de Ca dans les echantil
lons prehydrates.en 1’absence de COj.
Dans 1’immediat nous nous proposons de pu- 
bliqr les donnees obtenues pour lea autrea 
mineraux et cimenta. On y obaerve dea,dif
ferences notables dans la teneur dea echan
tillons eri carboaluminates et en C~AHg 

ainsi qu’une formation'anomqle du gel 
d’hydroxyde de Al. Cqs differences qxercent 
une influence considerable sur la resistan
ce du mqteriau, Font semble-t-il exception 
lea materiaux a agregats carbonates, car on 
sait que la formation des carboalumina
tea dans lea zones de transition a un effet 
positif (19).
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Structure and thermal creep of cement paste
Structure et fluage thermique de la pate de ciment

L.J.  PARROTT, Dr, Cement and Concrete Association, Slough, U.K.

SUMMARY : The effects of temperature history upon the creep of concrete must be considered if analyses of the 
stresses in engineering structures are to be realistic. Recent studies indicate that the creep behaviour of 
concrete subjected to variable temperatures is largely controlled by the cement paste matrix. An important 
feature of the creep of cement paste is that heating prior to loading reduces creep while virgin heating after 
loading greatly increases creep. The objectives of the present work are to identify changes in cement paste 
that cause or correlate with this particular creep behaviour, so that reliable advice concerning the prediction 
and control Of thermal creep can be provided. Heating a mature, saturated cement paste from 20°C to 60°C was 
found to have little effect upon the bound water content as determined by theimogravimetry. Quantitative 
X-ray diffraction results also indicated that continued hydration of the cement minerals was not significant. 
Changes in silicate structure due to heating were observed and in particular an increase in polysilicate 
formation was noted. Some changes in sorption behaviour were also observed. The measured creep rates 
correlated closely with changes in polysilicate formation for a variety of conditions which included heating 
prior to loading and heating after loading. The results are considered in terms of a simple hypothesis in which 
the creep rate increased when a load-bearing part of the cement paste structure suffered a phase change. Thus 
heating prior to loading limited the potential for further phase change and consequently reduced creep whilst 
virgin heating after loading produced a large phase change and a substantial increase in creep.

RESUME : Les effets de la temperature sur le fluage du beton doivent etre pris en consideration si I’on veut ■ 
que les analyses de contraintes dans les ouvrages. de gdhie civil soient valables. De rdcentes e'tudes indiquent 
que le fluage du b£ton soumis A des temperatures variables est largement controle 'par le comportement de la 
pstte de ciment. Une caracteristique importante du fluage de la päte de ciment reside dans le fait que son 
chauffage avant mise en charge reduit considerablement le fluage alors que son chauffage uniquement apres mise ei 
charge I’augmente conside'rablement. Le but des travaux actuels est de determiner quels changements se 
produisant dans la pSte de ciment provoquent ce comportement directement ou indirectement afin que des conseils 
plus judicieux puissent etre offerts a lfegard de la. prediction et du contrÖle du fluage thermique. Le 
chauffage d’une pate de ciment saturee ayant atteint niaturation, de 20°C a 60°C, s’avera avoir peu d’effet sur 
la teneur en eau latente ddterminee par thermogravimetrie. Les resultats d,une radiodiffraction quantitative . 
indiquArent egalement que 1’Hydratation permanente des mineraux du ciment n’etait pas significative. Des 
changements furent observes dans la structure des silicates; une augmentation des polysilicates fut en 
particulier notee. Des changements d’absorption furent egalement observes. Les taux de fluage mesures etaient 
etroitement lies aux changements observes dans la formation de polysilicates dans diverses conditions y compris 
le chauffage avant mise en charge et apres mise en charge. Les resultats permettent d’emettre le simple 
Hypothese selon laquelle le taux de fluage augments lorsqu’une partie portante de l’ouvrage en p'äte de ciment 
subit un changement de phase. Ainsi, le chauffage de la p'äte avant la mise en-charge limits les 
possibilites d’autres changements de phase et reduit done le fluage alors qu’un chauffage uniquenient apres la mise 
en charge entraine un changement de phase important et par consequent une augmentation considerable du fluage.



INTRODUCTION

An earlier repdrt showed that the creep of cement 
paste was very sensitive to temperature history and 
that heating of even a mature cement paste after 
Loading increased creep considerably (1). This 
increase was not associated with continued hydration 
of the cement as assessed by quantitative X-ray 
diffraction measurements or thermogravimetry (2). 
There were indications that the pore structure of the 
paste was modified during heating (2) and this may 
have influenced the creep behaviour*  Changes in the 
silicate structure of the paste were also observed 
and these changes and their relationship with the 
measured creep are the main subject of the present 
paper*

EXPERIMENTAL
The creep experiments have already been reported in 
detail (1) so only the main features of the 
experiments will be described here*  12 x 12 x 110 mm 
prisms of saturated, hardened cement paste (water/ 
cement ratio = 0*47  by weight) were loaded at ages of 
28 or 189 days and creep strains were measured at 
20°C*  The temperature of certain prisms was raised ' 
from 20°C to 60°C (8°C/hour) at ages of 42 or 203 
days and the resultant increase in creep was observed*  
Control samples of the cement paste were crushed and 
ground to a fine powder (particle size <0*3  mm) at 
preselected intervals throughout the creep test*  
Immediately after grinding, the powder was used for 
analysis of the silicate structure of the cement 
paste. The method (3) involved dissolving the 
powdered cement paste in methanolic hydrochloric acid 
to yield a silicic acid and then complexing the 
silicic*  acid with ammonium molybdate*  The formation 
of the resulting, yellow coloured molybdosilicic 
acid complex was monitored continuously with the aid 
of a spectrophotometer*  The rate of formation of 
the molybdosilicic acid complex was slower the higher 
the degree of condensation of the original silicic 
acid. With suitable analysis of the reaction 
curve (3) the silicate structure of a cement paste 
could be determined in terms of:

a) Proportion of silicate present as monomer
b) ii ii n it ii dimer
c) n n n 11 11 polymer
d) Complexing reaction rate constant for 

polysilicate, which is related to its degree 
of condensation

e) S^oo, the amount of silica unreacted after 
300 seconds of complexing.
This is a parameter that is approximately 
proportional to the product of the proportion 
of polysilicate and its average degree of 
condensation (3)»

RESULTS AND DISCUSSION

The creep results shown in Figure 1 clearly illustrate 
the large increases in creep that are associated with 
heating after loading*  Figure 1 also shows the 
development of S3 00 with age at 20°C and after 
heating tu 60°C: it can be observed that there is a 
striking similarity to the creep curves. One aim of 
this study was to check the hypothesis that a phase 
change in a load-bearing part of the cement paste 
structure would increase creep because of the local 
increase in compliance associated with the molecular 
rearrangement*  The changes in creep after heatimg

Fig. 1 Development of creep strain and a
measure of polysilicate formation, with age and 
temperature.

Change in
Fig*  2 Change in creep versus corresponding change 
in polysilicate as indicated by Sjoo.



are plotted in Figure 2 against the corresponding 
estimates of the changes in Sj00. Figure 2 also 
contains data pertaining to creep and polysilicate 
development at 20°C, It can be seen that although 
there is some dispersion of the results, for 
different temperature histories the measured creep 
is fairly closely related to concurrent changes of 
the polysilicate and may thus be regarded as 
consistent with the hypothesis above. It should be 
noted, however, that the initial creep measured at 
20°C during the two weeks after loading develops 
very rapidly and does not correlate with S^oo. It 
seems from creep recovery tests that the initial 
creep is associated with the development of a small 
recoverable component of creep while the creep that 
correlates with polysilicate development is mainly 
irrecoverable. The mainly irrecoverable nature of 
the creep associated with heating would be expected 
from the hypothesis above and is consistent with 
earlier work (4) which demonstrated that heating 
prior to loading reduced the irrecoverable component 
of creep but not, to any great extent, the 
recoverable component.

The nature of polysilicate formation was studied 
using the analytical technique outlined in 
reference 3*  At 20°C hydration of the Portland 
cement involved very little change in the 
proportion of polysilicate between ages of 28 and 
220 days and the increase in Sj Oo could be 
attributed mainly to an increase in the degree of 
condensation of the polysilicate. However, heating 
at 60°C increased both the proportion of 
polysilicate and its degree of condensation. The 
increase in proportion of polysilicate after the 
start of heating was accompanied by a decrease of 
similar magnitude in the proportion of dimer. 
Heating to 60°C at an age of 203 days did not 
cause any significant change in the proportion of 
monomer. This was consistent with the observed 
constancy of the alite and belite concentrations 
and of the bound water content (2) under the same 
conditions, if it was assumed that monosilicate 
derived from the anhydrous cement. Such an 
assumption seems reasonable on the basis of the 
CjS hydration studies of Dent Glasser et al (5)« 
Thus it appears that at 60°C polysilicate is formed 
at the expense of disilicate hydrates while at 20°C 
polysilicate development involved conversion of 
existing polysilicate to a more highly condensed 
form. This difference in behaviour at the two 
temperatures may be partly responsible for the 
dispersion ‘of the results in Figure 2« *

The present study has some bearing upon the 
prediction and control of creep in concrete 
structures, particularly where the concrete is 
likely to be heated. It appears from Figure 2 that 
the components of creep strain that were termed 
flow and transitional thermal creep by Illston and 
Sanders (6) may be similar in nature. It may 
therefore be profitable to relate the sum of these 
components (i.e. the total irrecoverable creep) to 
a function that embodies the relationship between 
temperature history and polysilicate development. 
A further corollary of the present study is that a 
major part of creep seems to be related to changes 
in the main hydration products of Portland cement, 
the calcium silicate hydrates. Thus control of 
creep is unlikely to be affected by controlled 
selection of the aggregate or the cement. The most 
effective means of minimising creep at the present 

time is to heat the concrete before loading; 
however this may not completely eliminate 
transitional thermal creep (1).

Relationships between the creep and microstructure 
of calcium silicate hydrates (CSH) have recently 
been examined by workers at the University of 
Illinois (?)• Their results showed that basic creep 
(i.e. creep without drying) was associated with an 
increase in surface area measured by nitrogen 
although the surface area measured by water and the 
silicate structure were unaffected by sustained 
loading. The data were interpreted in terms of new 
surface being exposed to nitrogen as a result of 
micro-shearing or relative sliding of CSH 
crystallites. Distortion and buckling of the thin 
crystallites under sustained load could presumably 
cause an increase in surface available to nitrogen 
also. This second possibility can explain the high 
creep strains that were observed in the present 
study after the creep prisms had been heated:- 
Redistribution of water in the micropores of cement 
paste occurs after heating but published data (8) 
and the present results on unloaded prisms indicate 
that equilibrium is achieved very rapidly (i.e. a 
few hours) conpared with the development of 
transitional thermal creep. Indeed close examination 
of initial transitional thermal creep strains 
indicates that during the first 10 hours after 
heating only 10% of the additional creep developed. 
Thus enhanced*micro-shearing  of water between 
crystallites was not thought to be a dominant 
process for creep at 60°C. However internal 
rearrangement of silica at 60°C could enhance 
distortion of the crystallites under sustained load 
and the rate of creep would then be related to the 
rate of polysilicate development, as indicated in 
Figure 2.

On a more general level it should be noted that the 
concept of creep being related to a phase change is 
not confined to the effects of silicate structure 
changes. Greenwood and Johnson (4) accounted for the 
increase in creep of metals during heating by a 
thermally induced structural transition. Also 
reanalysis of some earlier work by the author (10) 
indicates that carbonation can induce internal 
changes.in cement paste that enhance creep. The 
effect is illustrated in Figure 3 and can be

Weight gain due to carbonation (%)
Fig.3 Increase in creep versus weight gain for 
carbonating cement paste 



explained by a mechanism similar to the one proposed 
by Powers (11) for carbonation shrinkage: creep is 
increased due to chemical erosion of the load-bearing 
cement hydrates*  There is also evidence to suggest 
that with very early ages of loading (i.e. less than 
7 days) creep is enhanced by simultaneous hydration 
of the cement (12),

The present work is in its infancy and before any 
mathematical models of creep can be reliably 
developed further experimental data on creep and 
changes in structure are required. In the author’s 
laboratory a study of the relationship between 
creep and the physical and chemical structure of 
hydrated C; S is in progress. The study will include 
a close examination of pore structure changes for a 
range of load and temperature histories.

CONCLUSION

The experimental results relating to creep, physical 
structure and chemical structure of a saturated 
cement paste suggested that long-term creep at 20°C 
and the increase in creep after the temperature of 
the loaded prism was raised to 60°C were closely 
related to the development of polysilicate in the 
cement hydrates.
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The effect of the water reducer addition on the 
rheological properties of cement pastes .

L 'influence de /'addition de fluidifiants sur le comportement rheoiogique de
- pates de ciment ■■ ' '

R. LAPASIN, Istituto di Chimica Applicata e Industriale, Universita di Trieste, ,
V. LONGO, Istituto di Chimica Applicata e Industriale, Universita di Trieste,
S. RAJGEU, Istituto di Scienza delle Costruzioni, Universita di Trieste, Italie. '

RESUME : On a etudie 1'influence de 1'addition de trols fluidifiants ä base de lignosulfonates 
et d'un superplastiflant ä base de resines de melamine sur le comportement rheoiogique de pa
tes de ciment.. ' - . .
Les essais experimentaux effectues ont permis de determiner, pour differentes vitesses de de
formation, la contralnte de cisaillement maximale, la clnetique de destruction et la contrain- 
tedecisaillementd'equillbre. . . ,
On a observe la presence, pour chaque fluidifiant examine, d'une concentration critique relati- 
vement aux divers aspects consideres : la dependance du temps, la contralnte de cisaillement 
d'equilibre et maximale, le comportement thixotropique. En ce qui concerne le comportement en 
fonction du temps (du type partiellement thixotropique), on a trouve que la fonction de trans
fect T-t peut etre. decrite par deux modeles, pour des valeurs de differentes, et que le 
type de fonction de transfert ne depend pas de la nature et de la concentration du fluidifiant, 
tandis que son amplitude est affectee par la concentration en fluidifiant. La concentration . 
atteint une valeur critique au minimum de 1'amplitude. L'etude des valeurs d'equilibre et ma
ximales montre que, lorsque la concentration du fluidifiant augmente, la viscosite d'equilibre 
diminue, tandis que la viscosite maximale atteint un minimum et ensuite augmente dans le cas 
des lignosulfonates et reste presque 'nvariable dans le cas du superplastifiant. Le comporte
ment thixotropique a ete caracterlse par des grandeurs slgnificatives, en partlculier par. un 
parametre structurel; le parametre de distance d , evalue sur la base d'essais effectues pre- 
cedemment■sur des pates sans additifs pour differents rapports eau/ciment et SSB. La destruc
tion thixotropique maximale a lieu ä la concentration critique,. L'etude de 1'influence des ad
ditifs sur le parametre d a montre que 1'adsorption superficielle ne suffit pas ä expliquer 
entierement 1'action des fluidifiants ä base de lignosulfonates. . ■

SUMMARY : In the present work the influence of the addition of three lignosulphonate-based wa
ter reducers and of a melamine resin-based superplasticizer on the rheological behavior of 
cement pastes is evaluated. ■ . - .
The experimental tests permitted the determination, at different shear rates, of maximum shear 
stress, breakdown kinetics and equilibrium shear stress. . ■ '•
It was observed that,■for each water reducer tested, there is a critical concentration rela
tive to the various aspects considered: time-dependence, equilibrium and maximum shear 
stresses, thixotropic behavior. As regards the time-dependent behavior (part.ially thixotropic 
type), it was found that the transient T~t can be described by two models, for different y and 
that the type of transient is unaffected by the type and concentration of the water reducer, 
while "its amplitude is dependent on the water reducer concentration. The concentration reaches 
its critical value, when the amplitude is at a minimum. An examination of equilibrium and max 
imum values shows that, as the wafer reducer concentration increases, equilibrium viscosity de 
creases, while maximum viscosity reaches a minimum, beyond which it Increases for.the lignosul
phonates and remains nearly constant for the superplasticizer. The thixotropic behavior was ■ 
characterized through significant quantities, among which a structural parameter, the distance, 
parameter d as derived from previous tqsts on pastes without additives at different water/ce- • 
ment ratio and SSB. The maximum thixotropic breakdown is reached near the critical concentra
tion. The study of the influence of additives on the parameter d showed that the action of 
lignosulphonates-based water reducers cannot by fully accounted for by surface adsorption.



INTRODUCTION
The characteristics of a hardened cement 
paste such as compressive strenght, compact
edness, impermeability, dimensional stabil
ity etc. improve with decreasing water con
tent, upon which the workability of _the 
fresh paste, necessary for a correct place 
ability, is inversely dependent. The water 
content of the mix must be properly select
ed to realize a compromise between the char 
acteristics of the paste in the hardened 
and in the fresh state.
When it is necessary to obtain mixes with 
both high fluidity and excellent mechanical 
properties, water reducing admixtures, are 
added to the cement pastes.
In fact, when treated with water, reducers, 
cement pastes undergo significant changes 
in rheological behaviour. Their viscosity 
decreases in the fresh state, while the 
characteristics of the pastes do not change 
appreciably in the hardened state.
So, it is possible to improve the work
ability of a mix at a given water content 
and to reduce the water content of a mix 
without modifying its workability.
The viscosity reduction can derive from 
the adsorption of water reducers onto ce
ment particles and/or hydration products. 
The adsorption determines the breakage of 
inter particles links and the resulting 
dispersion of the particles (1-6). The dis
persing effect can be connected with vari
ations of zeta potential, and solid-liquid 
affinity, and/or steric hindrance action(7). 
Besides, admixtures can exert a physical ac 
tion by lowering the surface tension of dis 
perding medium (1, 8-9). The addition of 
water reducers can result in a strong reduc 
tion of the rate of hydration process so 
that part of the hydration water remains 
free and can contribute to the fluidity of 
paste (10-11). The mode of action and effec 
tiveness in improving the rheological prop
erties of a paste depend on the chemical 
composition of the additive. Some admixtures 
which provide a particularly good dispersion 
of the cement agglomerates and are known as 
"superplasticizers" are based essentially 
on sulphonated naphtalene formaldehyde pol
ymers or sulphonated melamine-formaldehyde 
polymers.
Studies carried out on different products 
have made it possible to locate optimum 
concentrations of water reducers in corre
spondence of which maximum viscosity reduc
tion is attained (3-4). For superplastici
zers, the viscosity reduction does not 
change appreciably beyond the optimum con
centration. Therefore the effectiveness and 
the optimum concentration of a water re
ducing admixture has to be evaluated chief
ly from the results of rheological measure
ments .
Many studies have been carried out on the 
rheological behavior of cement pastes, but 
many problems are still open, concerning 
the preparation of specimens, the character 

istics of the measuring instruments and the 
experimental procedures.
In the present work, the variations of 
shear- and time-dependent properties of 
cement pastes with the addition of differ
ent types of water reducing admixtures and 
different concentrations of a same water 
reducing admixture were investigated with 
the aim to evaluate their effectiveness and 
to determine their optimum concentrations 
with respect to the properties considered.
For a global estimation of optimality from 
the technological point of view, a number 
of additional tests will be needed, to 
check that there are no adverse side ef
fects, that the mechanical behavior in the 
hardened state is good, and, in the rheo
logical field, the workability loss with 
time is negligible.

MATERIALS AND EXPERIMENTAL PROCEDURE
All the pastes were prepared from Portland 
Cement 425(density d = 3060 Kg/m3, specific 
surface Sg = 1.105 m^/cm3 (equivalent to 
Blaine surface area SSB = 361 m^/Kg), over
size screening residue: 1.2 on 90u and 2.9 
on 63u) and tap water (hardness 20°F, pH 
7.5) .
The added water reducers were:
Fl, .25 t 2% refered to cement weight
F2, .10 t 2Z refered to cement weight
F3, ,1O f 2Z refered to cement weight
F4, .25 t 4% refered to cement weight
Fl, F2, F3 belong to the class of lignosul
phonates, while F4 is a superplasticizer 
based on melamine resins.
The cement volume fraction 4 is .449 (equiy 
alent to water/cement ratio w/c = .4), in 
some checking tests .483 (equivalent to 
w/c = .35).
Each mix was prepared first by hand with a 
spatula and then mixed in a vanomixer, at 
two speeds, according to the following stir 
ring time sequence (as specified for the 
mixing of standard mortar specimens) : 30s 
at vi, 30s at v2, 90s at rest, 60s at v2
(Vi = 36.65 rad/s, v2 = 45.03 rad/s).
The rheological measurements were carried 
out at 25°C, with the rotating coaxial cyl
inder viscometer Rotovisko Haake 1, using 
the measuring heads Mk 50 and 500 and the 
device MV III with smooth cylinders (cup 
diameter 42 mm, bob diameter 30.4 mm, bob 
height 60 mm). .
The measurable shear stress range is 15 t 
510 Pa.
Several experimental approaches have been 
proposed for the rheological characteriza
tion of cement pastes. They differ in the 
instruments and methods employed, so that 
the results obtained often differ too. The ' 
majority of the approaches are based on 
the use of coaxial cylinders viscometers, 
with smooth or serrated surfaces, with 
large or small clearance. The most frequen
tly used method is the hysteresis cycle and 
either the up-curve" or the down-curve is 



taken as the representative flow curve. 
Both curves, depend upon the shear acceler
ation and the maximum shear rate reached in 
the cycle, and therefore they cannot charac 
terize uniquely the rheological behavior of 
a material.
In this work the rheological tests were 
performed at constant shear rates by using 
a new fresh sample for each shear rate. In 
this manner it was possible to determine, 
at different shear rates, the maximum shear 
stress, the breakdown kinetics and the equi 
librium shear stress and from these values 
to draw the equilibrium flow curve.

RESULTS AND DISCUSSION
Transient behavior
When subjected to shear, cement pastes under 
go a breakdown of their structure, which is 
not rebuilt in rest conditions. Fig. 1 gives 
an example of the partially thixotropic 
breakdown of the pastes, as it appears from 
the transient shear stress T-tlme t obtain 
ed at constant shear rate y.

Fig. 1 - Typical transient behavior at 
constant shear rate

At low shear rates, the transients T-t can 
be described satisfactorily by the model I:

t = Te + C exp(-Bt) QiJ

. C = Tmax " Te M

and, at higher shear rates, by the model II:
e + C1 expC-B^) + C2 exp(-B2t) QlJ

C1 + C2 = Tmax ~ Te L43

Similar transients have been determined by 
Tattersall (12) in a study of the influence 
of various technological parameters on the 
time dependent behavior of pastes. 
Tattersall states that different transient 
types can be noticed only by using coaxial 
cylinders with smooth surfaces.
Tne concentration and the type of water re
ducer do not substantially affect the type 
of transient. The transient amplitude 
(measured by C or C. + C2) is larger at 
higher shear rates. The water reducer con

centration influences the transient ampli
tude more than the breakdown kinetics, and 
a concentration can be found at which the 
transient amplitude reaches its minimum 
value. .
Equilibrium and maximum shear stresses
As regards the equilibrium flow curves, it 
is impossible to find, among the models pro 
posed (13-16), a single one suitable for 
all the pastes examined. In fact the pro
gressive addition of water reducer influ
ences the shape of the curves, as Fig. 2 
shows.

rate for cement pastes containing F2 
(» = .449; c = 0 (e), .1 (•) , .3 (D) , .5 (■) 
1 (□), 1.5 (a))

Thus, the effect of the water reducer addi
tion on the equilibrium behavior can be 
examined by comparing the viscosity values 
ne at the various shear rates. Fig. 3 shows 
how viscosity decreases with increasing con 
centration of the water reducer. The maxi-" 
mum viscosity reduction amounts to 601! for



The initial stress overshoots t determin
ed at the various shear rates ana the corre
sponding viscosity nm_ define the rheologi
cal behavior of the structure initially pres 
ent in the material at rest. Fig. 4 shows 
how the progressive addition of water reduc
er determines the pronounced shifting of 
Tmax curves towards the y axis.

Fig. 4 - Maximum shear stress vs. shear rate 
for cement pastes containing F2 
(4 = .449; c = 0 (•), .1 (o) , .3 (a), .5 (■) ,

Fig. 5 - Maximum viscosity vs. Fl concentra-' 
tion 1
(♦ = ,449; y = 216 s 1 (•), 108 s 1 (a), 
36 s"1 (■))

By plotting n versus the concentration 
of water reducer c, as in Fig. 5, it can 
be noted that there exists a critical con
centration c at which n ax reaches its min
imum value. The criticalc*  is about .5 for
Fl, F2 and F3, and the corresponding reduc
tion of n is about 65*70  per cent. For 
F4, the c!P??ical concentration c is about
2.5 with a n reduction of aboSt 85 per 
cent. ax
For concentrations higher than c , n in
creases with addition of water rSducerxfor 
Fl, F2 and F3, while n remains nearly 
constant for F4. It issnown in Fig. 6 which 
reports the n values relative to the high 
est shear rat§a£ested. A similar comparison 
is impossible at lower shear rates owing to 
the too low viscosity values for F4.

Fig. 7 - Maximum viscosity vs. Fl concentra
tion . . ■
("» = .483; y = 216 s 1 (•) , 108 s' (a), 
36 s~1 (■)) •

Similar results are obtained at a cement vol 
ume fraction of .483 for both equilibrium . 
and maximum data. The viscosity -reduction is 
less marked, as it can be seen in Fig. 7. '



Thixotropic behavior
A comparison between the equilibrium and 
maximum values of shear stress shows the 
marked effect of the waller reducer addition 
on the apmplitude of the thixotropic behav
ior. The variation of amplitude with shear 
rate can be described, according to Lin (17), 
by the parameter

Fig. 8 - Parameter X vs. shear rate at dif
ferent F3 concentrations
(» = .449; c = 0 (O), .3 (A), .5 (A), .75 (ED)

As shown in Fig. 8, X increases as y in
creases. At any shear rate, the minimum val
ue of X is reached near the critical concen
tration c .c
For a comparison between different systems, 
it is more convenient to consider the area 
A comprised between the curves r - y and 
Tmax ~ Y in the Y range considered (13)- 
The breakdown area A can be interpreted as 
a measure of the density of power expended 
to break part of the interparticle links ini 
tially present in the structure at rest and- 
to pass to an equilibrium structure.
The plots of A vs. water reducer concentra
tion clearly indicate that the amount of 
thixotropic behavior is reduced to its min
imum value near the critical concentration 
c . Fig. 9 reports the plot A vs. c relative 
tö F3.
For F4 it was impossible to determine the - 
values of the breakdown area A at the high
est water reducer .concentration, because the 
viscosity values corresponding to the lowest 
shear rates were"too low to be experimen
tally determined.
In a previous paper (18), the breakdown area 
A has been correlated with a distance param
eter d, defined by:

. _ 1 - 4 1___ wZjc rt-id ~ 4 S - SSB *-  -*
s

through the relationship:
A = D exp (-fd) Q73

Fig. 9 - Breakdown area A vs. F3 concentra
tion (4 = .449)

where D = 1.24-1O6 J-m~3's~1 and f = 51 kg-m2 
From the value of the breakdown area it is 
possible to determine, through eq. ^7J , an 
equivalent distance parameter, and hence to 
individuate the water/cement ratio of the 
pastes without water reducer having an equiy 
alent time dependent behavior.

Table I -
water 

reducer 
type

c c w/c (W/C)eq. % w/c (w/c)eq.

Fl .5 .40 .50 .5 .35 .38
F2 .5 .40 .47 .5 .35 .40
F3 .5 .40 .51 .5 .35 .40
F4 2.5 .35 .48

Table I reports examples of such an equiva
lence for the optimum water reducer concen
trations . The comparison of the equivalent 
w/c ratios clearly shows the effectiveness 
of the superplasticizer F4.
It is interesting to compare the results ob
tained for different systems having differ
ent 4 and water reducer concentration on the 
basis of the d/doratio (where d and do are 
the distance parameters of the systems with 
and without water reducer, respectively) and 
of a concentration parameter k, defined by:

k = M
where c is the surface concentration of wa
ter reducer

cs
c pc 

Ss C93
Thus, it is possible to give a generalized 
representation of all the results relative 
to a given water reducer, for all the' reduc
ers belonging to the class of lignosulphon
ates .



Fig. IO - Ratio d/d» vs. concentration param 
eter k for F2 (4 = .449 (W , .483 ®)

Fig. 10 shows that the maximum increase of 
the distance parameter (and, correspondingly, 
the maximum reduction in the thixotropic be
havior of the pastes) is reached in the vi
cinity of a well-defined k value, namely k,. 
If csc and C are the c value and the con
centration o? water reducer (expressed in 
g/m^), corresponding to the maximum increase 
of d/do# respectively, it follows that: '

C = k Sc »2 = k • (So»)4 Qiy 
c c s . c s

The condition of maximum reduction is obtain 
ed for a surface concentration c ,' propor
tional to the cement volume fraction *.  If 
the mode of action of the water reducer (li
gnosulphonate) should derive only from the ■ 
adsorption of water reducer on the surface 
of the cement particles,:the above mentioned 
condition- wolud be reached for a well defin
ed value c , independent of the cement vol
ume fraction ». The optimum concentration of 
the water reducer C is proportional to the 
product of the tota£ surface of the cement 
particles and the total cement volume (see 
eq. [ll}). Therefore, the mechanism through 
.which a water reducer acts cannot be explain 
ed merely through its adsorption on -the ce
ment- particles. The results of the rheologi 
cal tests appear to agree with those of the 
chemical and microscopical analyses reported 
in the literature (19). ■ ■ '

CONCLUSIONS
The transients T-t can be described satisfac 
torily by two models, for different y- The 
concentration and the type of water reducer 
do not substantially affect the type of tran 
sient, while its amplitude is dependent on 
the water reducer concentration. A concentra 
tion can be found at which the transient am
plitude reaches its minimum, value. "
As the water reducer concentration increases. 

n decreases, while n.reaches a minimum 
vllue beyond which it increases for the. 
lignosulphonates and remains nearly constant 
for the superplasticizer.
The thixotropic behavior is characterized 
through significant quantities, as the Lin 
parameter, the breakdown arba and the dis
tance parameter. The maximum thixotropic 
breackdown is reached near a critical concen 
tration. The study of the influence of a con 
centration parameter on the distance param
eter shows that the action of lignosulphon- 

"ates-based water reducers cannot be fully 
explained by surface adsorption.
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Sorption of N2 and n-C4H10 on hydrated cements
Etude porometrique de ciments hydrates par adsorption de N2 etden- 

C.H,,

C.D.  LAWRENCE, Materials Research Department, Cement and Concrete Association, Slouqh, and 
F.G.R. GIMBLETT, and
K.S.W. SING, School of Chemistry, Brunel University, Uxbridge, U.K.

RESUME : L1observat ion porometrique revele un affaissement de la microstructure des ciments 
hydrates, au cours d'un sechage normal. En comparant des pätes soumises ä differents sechages 
isothermes, on a constate que des micropores presents dans les pätes rapidement sechees et 
conservees ä temperature ambiante etaient absents dans les pätes lentement dessechees.
Des analyses as, utilisant la silice TK 800 comme etalon, ont donne des resultats semblables 
avec l'azote ä -196°C et avec du butane ä 1°C. Pour les pätes rapidement sechees et conser
vees ä temperature ambiante, les diagrammes as s1 inflechissent au-dessus d'une pression re
lative de 0,4, ce qui indique, ä la fois, la presence de mesopores en forme de fissures, et 
1'absence de condensat capillaire pendant 1'adsorption. Le condensat capillaire est present, 
au cours de l'adsorption de N2 ou de 'n-c4H1Q Par des Pates lentement dessechees, ou par des 
pätes traitees ä 1'autoclave.

SUMMARY : Sorption data give evidence for a partial microstructural collapse in hydrated cements during 
normal drying. From a comparison of a large number of isotherms, it is deduced that micropores are present 
in rapidly dried pastes that have been cured at room temperature, but are possibly absent from slowly dried 
systems. analyses, using silica TK 800 as a reference, are similar for nitrogen at -196°C and butane at 
1°C: on rapidly dried pastes cured at room temperature, the *X" S plots are curved above a relative pressure of 
0.4, indicating both the presence of slit-shaped mesopores and the absence of capillary condensate during 
adsorption. Capillary condensate is present during Nj or n-C^Hm adsorption on slowly dried pastes, or on 
autoclaved systems.



INTRODUCTION -
Variations in the method and rate of drying result in 
microstructural changes which complicate the inter
pretation of sorption isotherms on hydrated cements. 
Reported investigations have usually employed a single 
standardised preparation procedure, thus avoiding 
this difficulty, but in so doing have failed to detect 
a basic characteristic of these systems (1,2). Un
certainty in the qualitative interpretation of data 
arises because reference isotherms are not available 
on materials closely related to hydrated cements. To 
circumvent these difficulties, approximately 350 Nj 
isotherms have been determined on 60 specimens, 
making it possible to eliminate random discrepancies 
and arrive at well-founded data for the different 
preparation procedures; an initial analysis is 
carried out by comparing the shapes of Ng isotherms 
within this set of data.
Experimental
Hardened cement pastes and hydrated suspensions were 
prepared at room temperature from commercial cements 
and from laboratory cements made in the CaO-SiQg- 
A^O^-FezOs system (Table I identifies the systems 
discussed in this report). Some cement/water mixes 
were hydrated for limited periods at 190°C in an 
autoclave or laboratory bomb, but most systems were 
stored under water at room temperature for most of 
their cure. At the beginning of the study, samples 
were generally dried by evacuation at room temperature 
for extended periods through a trap cooled at -79°U 
(d-dried) then stored dry until a final outgassing at 
room temperature through a trap cooled with liquid 
nitrogen, immediately before determining the sorption 
isotherm. Most of the isotherms subsequently obtained 
were on freshly crushed hydrated systems placed in the 
sorption apparatus while still saturated with water, 
and dried by direct outgassing through a trap cooled 
with liquid nitrogen.*  Solvent replacement procedures 
(3,4) were adopted towards the end of the study as a 
means of removing some of the free water, before out
gassing.
The quantity of nitrogen sorbed at -196°C was 
determined in a conventional volumetric apparatus (5)» 
and a gravimetric procedure was employed to obtain 
butane isotherms at 1°C, Two microbalances (C.I. 
Electronics Ltd, Mk2C) were incorporated in the butane 
system, so allowing two samples to be examined at the 
same time; butane gas was admitted from a cylinder 
of Instrument Grade n-butane (99»5^ purity) and • 
withdrawn by a rotary pump via two solenoid valves 
which were operated by a Data General Nova 2 computer,

TABLE I
Specimen Cement w/c age Compressive 

strength 
MNm-2

OPC1/-5/1O81 OPC-l .5 1081 58
SRPC1/. 18/505 SRPC-l .18 505 • 273
OPC2/1O/475O OPC-2 10 4750 —
C2S1/.5/2267 belite-1 .5 2267 39
OPCI/. 5/2500 OPC-l .5 2500 48
C3S2/.O8/2297 alite-2 .08 2297 438
C3S1/.47/42 C3S-1 .47 42 -
C3S3/.4/415 alite-4 .40 415 113

Controlling the pressure of butane to preset points 
throughout the isotherm. Weight changes were 
recorded at 100 mg full scale sensitivity to 0.01 mg,

and pressures were recorded to 0.0001 atmospheres by 
means of a pressure transducer (Druck Ltd, PDCR60, 
1 bar). '
Na Sorption Data .
The shapes of nitrogen adsorption isotherms on 
hydrated cements conform to Type 2 in Brunauer* s 
classification, and show Type B or D hysteresis I^oops 
between adsorption and desorption branches in 
de Boer’s classification which close or almost close 
at relative pressure 0.45. Wide ranges of isotherm 
shape have been obtained in the present study*  To 
analyse the cause of this variability, the data have 
been divided into groups of similarly shaped 
isotherms, after normalising at relative pressure 0.4, 
treating the lower and upper pressure regions 
independently. The number of separate sorption runs 
in each group varies between 10 and 60; 
representative isotherms have been drawn through each 
group. Data on hydrated cements in the lower 
relative pressure region are illustrated in Figure 1A 
by isotherms B to I which show a trend to a flatter 
shape; the corresponding isotherm for silica TK 800,

REDUCED 
SORBED 
VOLUME

REDUCED 
SORBED 
VOLUME

RELATIVE PRESSURE

Fig. 1 - Representative Ng isotherms on hydrated 
cements normalised at a relative pressure 0.4: 1A,
low pressure; IB, high pressure



a well-documented hydrous oxide (6), is isotherm A. 
Sorption data at higher relative pressures are treated 
similarly and are illustrated in Figure IB by 
representative isotherms 1 to 5$ they show a trend 
to steeper rates of Ng uptake; the corresponding 
data for silica TK 800 is isotherm 8. A positive 
correlation is indicated between these two groups, 
suggesting that it may not be permissible to interpret 
the lower and upper regions of isotherms independently.

When samples are directly outgassed from the 
saturated state, the nitrogen sorption data at low 
relative pressures can be represented by isotherms 
B,F,G, or H; these same isotherms are found with 
d-dried samples and with samples dried at 100°C; 
they have relatively sharp knees. When organic 
solvents are employed to displace free water, 
nitrogen sorption data can be represented by 
isotherms C, E or I at low relative pressures; these 
isotherms have relatively rounded knees. At higher 
pressures, drying by direct outgassing usually 
results in isotherms 2 or 3, while drying at 100°C or 
d-drying leads to isotherm 4 for porous pastes and to 
isotherm 5 dense pastes. After displacement of 
free water with methanol, specimens usually yield Nz 
sorption data approximating to isotherms 1 or 2. At 
low relative pressures nitrogen sorption data on 
autoclaved specimens may usually be represented by 
isotherm H, and these data are unaffected by pre
treatment with methanol. Soaking a d-dried specimen 
in methanol causes sorption data to change from 
isotherm G to isotherm I. The additional effect on 
isotherm shape of prolonging pretreatment with 
methanol is negligible for paste specimens, but Na 
isotherms on suspension hydrated cement become 
steeper with increasing period in methanol. • -

For the specimens examined, BET surface areas lie 
between 0.4 and 183•3 m2 9“1, on the basis of out
gassed sample weights; BET 'C*  constants for 
hydrated cements lie about a mean of 82 with a 
standard deviation for the population of 42. ■ 

TABLE II
Specimen Drying 

procedure
n2 bet 
surface 
n^/g

Butane uptake 
at P/P° =.4 

g/g
5RPC1/.5/347
0PC1/.5/1O81

direct outgas 
d-dried +

89.6' .0134

badly stored — .0040
OPCI/ .5/1081 d-dried 82.5 .0194
OPC1/.5/2500 ■ methanol 119.9 .0258
-3S3/.4/415 100 dried - .0245
03s1/.47/1 direct outgas 8.3 .0019
:3S1/.47/7 methanol 106.2 .0190
03s 1/. 47/28, methanol 138.3 .0277
03s1/.47/42 methanol 1 139.8 .0210
03S1/.47/42/2H methanol 113.4 .0259
03S1/.47/42/4H methanol 128.6 .0336
0PC2/1O/475O methanol 183.1 .0355
silica TK 800 direct outgas 155.1 .0325

Outgassing of saturated samples directly produces 
larger surface1areas than either d-drying or drying 
at 100°C; also dry storage causes a significant 
reduction in surface. Drying by displacing free 
water with methanol usually results in a substantial 
increase in surface; BET ’C1 constants are 
significantly reduced by pretreatment with methanol,

e.g. they are reduced on average from 106 to 59 in 
the case of dense pastes.

The surface areas of paste specimens 0PC1/.5/1081 and 
SRPC1/.18/505 are increased after 15 day’s soaking in 
methanol but are not further changed by prolonging 
the period in methanol; BET ’0’ constants are also 
unchanged by prolonging the soaking in methanol. In 
contrast the suspension hydrate OPC2/1O/475O at first 
continues to increase in surface area with increasing 
time in methanol, but at 330 days the surface area 
falls unexpectedly after an accidental halt to 
agitation of the methanol suspension, then increases 
again at 38O days when agitation has recommenced; 
during this halt the suspension settles and forms a 
dense sediment which gives a reduced surface area of 
about 1/3 the previous value,

n-CijHiQ Results

A limited number of butane sorption isotherms are 
available at the present time, however it seems • 
possible to state that isotherm shapes on hydrated 
cements are modified by the method of sample 
preparation adopted. As the isotherms exhibit very 
shallow knees, an analysis of this region of the 
isotherms is not feasible; differences in the shapes 
of hysteresis loops at moderate and high relative 
pressures are clearly visible and examples of three 
these isotherms are illustrated in Figures 2 to jt. 
The desorption isotherms for samples pretreated with 
methanol have a relatively acute approach to the 
ordinate at P/P°=l, in contrast to the asymptotic 
approach of nitrogen isotherms, suggesting that a 
definite mesopore volume is defined by butane but not 
by nitrogen. The weights of butane sorbing onio 
samples at relative pressure 0.4 are compared to 
nitrogen BET surface areas in Table II: a general 
correspondence between these values is apparent 
though some exceptions may be genuine; a detailed 
analysis may be possible when more data are " 
available.

RELRTIVE PRESSURE

Fig. 2 - Butane isotherm on hydrated cement paste 
0PC1/.5/1081 d-dried and badly stored.



Fig.3 ■ Butane isotherm on hydrated alite cement 
paste C3S3/-4/415 dried at 1OO°C»

DISCUSSION

The nitrogen sorption results seem to provide 
evidence for a collapse of pore structure^ leading to 
loss of free surface during drying under normal 
conditions that may be prevented, at least partially, 
by pretreatment with methanol. The evidence from 
pretreatment of d-dried specimens with methanol 
suggests that methanol does neot readily open up pores 
that have already collapsed, though the behaviour of 
the-suspension hydrate specimen shows that slow 
expansion of some microstructures can take place in 
methanol. The erratic changes in surface area of 
the suspension hydrated cement suggests that its 
morphology is one that allows close packing of . 
particles when agitation ceases, so forming loose 
aggregations which can exclude nitrogen from a 
substantial fraction*of  their surface after removal 
of methanol. The obvious model for these hydrate 
particles is a platelet. When saturated cement 
specimens, cured at room temperature, are treated 
with methanol, usually both the quantities of 
nitrogen sorbed (or the BET surface areas) and the 
shapes of isotherms at low relative pressures are 
changed. The results for different specimens after 
pretreatment with methanol arei-

(a) 0PC2/IO/475O» a large change in isotherm shape 
plus an erratic change in surface area, depending on 1 
the degree of agitation.
(b) OPC1/.5/1O81; some change in isotherm shape 
plus a large increase in surface area..
(c) C2S1/.5/22675 some change in isotherm shape 
plus an initial increase in surface area followed by 
a reduction to the surface area of the untreated ' 
sanpl e.
(d) (XCl/-5/2500; a change in isotherm shape but 
no change in surface area.
(e) SRPC1/.18/505; a change in isotherm shape plus 
a large increase in surface area.
(f) OJPC1/.5/1O81 (d-dried); a large change in 
isotherm shape but no change in surface area.

Fig. 4 - Butane isotherm on hydrated CjS paste 
C3S1/.47/42/4H dried by presoaking in methanol.

A change in isotherm shape is thus universally 
obtained when samples are pretreated with methanol 
but the quantity of nitrogen sorbed is not always 
increased. A possible explanation is that the 
chemical nature of the solid surfaces is modified 
to different extents for the different specimens by 
chemisorption of methanol: sorption isotherms of 
certain alcohols on hardened cement pastes provide 
evidence for this chemisorption (8); the reduction 
in Na BET ’C*  constants after pretreatment with 
methanol may also be considered evidence for this 
effect.

Nitrogen is physically sorbed onto solid surfaces at 
-196°C, but changes in the chemical nature of 
surfaces can somewhat influence the data since the 
nitrogen molecule contains an electrical quadrupole 
which interacts with any charged species in the 
surfaces (?)• For butane and other aliphatic 
hydrocarbons, electrical quadrupoles and dipoles are 
absent so their sorption data are less sensitive to 
the chemical nature of the surface. If it is 
provisionally assumed that pretreatment with methanol 
results in an energetically more uniform surface 
chemistry for the outgassed specimens, then patterns 
of nitrogen sorption that reflect physical structure 
may be revealed among these treated specimens. 
Experimentally all methanol soaked room temperature 
cured paste specimens produce low relative pressure 
sorption data represented by isotherms C or E, with 
the exception of the very dense specimens C3S2/.O8/ 
2297 which gives isotherm I; suspension hydrate 
OPC2/10/4750 yields isotherm G and d-dried 0PC1/.5/ 
1081, isotherm I; autoclaved pastes yield isotherm 
H. From these results normal density pastes may be 
provisionally assigned the largest volume of micro-*  
pores since these, pastes give isotherms with most 
pronounced knees, the presence of micropores 
resulting in enhanced sorption in this region of 
the isotherm. From considerations of Ns isotherm 
shapes and the degree of crystallinity shown in 
Stereoscan pictures, autoclaved pastes may Obntain a 
negligible volume of micropores. .

The shapes of isotherms in the higher relative 
pressure region, where multilayer adsorption and 



capillary condensation can occur, are probably less 
influenced by specific interactions between nitrogen 
molecules and solid surfaces: experimentally 
isotherms on silica TK 800 are similar in shape to 
isotherms 2 or 3 on hydrated cements, in the relative 
pressure interval 0,4 to 0.75« Those hydrated 
cements yielding isotherms 4 or 5 show enhanced rates 
of uptake of nitrogen compared to non-porous silica, 
thus capillary condensation is probably taking place 
during adsorption« Hydrated cement specimens giving 
nitrogen sorption data represented by isotherms 1, 2 
and 3 have similar or reduced rates of uptake 
compared to non-porous silica; several possible 
explanations may be given for this behaviourj-

(i) Specimens may be non-porous or only contain very 
large diameter mesopores (isotherms may then be 
expected to be identical to the TK 800 standard)«
(ii) Specimens may contain slit-shaped pores that 
fill with liquid nitrogen at high relative pressures 
only when multilayers of nitrogen molecules adsorbing 
on the flat opposing faces of the slits eventually 
touch, as the relative pressure rises.
(iii) Micropore filling takes place in specimens at 
lower relative pressures, resulting in higher sorbed 
volumes at relative pressures below 0.4 than are 
required by simple multilayer sorption on the open 
surface remaining at P/P°=0.4.

Examination of the data shows that all rapidly dried 
pastes produce sorption data that may be represented 
by isotherms 1, 2 or 3» Since the discussion of low 
relative pressure isotherms given above has suggested 
that micropores are present in these specimens, 
explanation (iii) is the most likely.

A standard method of elucidating microstructures 
from sorption isotherms is the construction of.Xs 
plots (7)• The normalised isotherms are plotted 
against those of a non-porous reference material of 
similar chemical constitution: a straight line plot 
along the diagonal is obtained when the shape of the 
hydrated cement isotherm is identical to that of the 
reference« Deviations above this diagonal at higher 

Fig. 5 - Nitrogen *XS plot on hydrated belite cement Fig. 7 Butane Xs plot on hydrated C^S paste 
paste C2S1/.5/2267 directly outgassed while C3S1/,47/42 dried by presoaking in methanol, 
saturated.

relative pressures are generally interpreted as 
capillary condensation while deviations below this 
diagonal may be interpreted to indicate the presence 
of slit-shaped mesopores or the presence of micro
pores. Examples of plots are shown in Figures 5 
to 7 using silica TK 800 as the reference.
Capillary condensation occurs during adsorption in:-

(a) Autoclaved specimens
(b) Specimens dried at 100°C
(c) Dense d-dried paste specimens
(d) Some d-dried porous paste specimens

REDUCED SORPTION ON SILICA TK800

Fig.6 - ButaneiKg on hydrated alite cement paste 
C3S3/.4/415 dried at 100°C.



A downard deviation of the t)t"s plots occurs in the 
case of isotherms on?-

(e) Room temperature cured specimens that dr-  
outgassed directly from the saturated state in 
the sorption apparatus (with the exception of 
the suspension hydrate)

*

(f) Room temperature cured specimens that are pre
treated with methanol (with the exception of 
the suspension hydrate)

(g) Most porous d-dried specimens.

In agreement with the contention that methanol 
pretreatment prevents collapse of microporest paste 
samples pretreated with methanol show increased 
downward deviations in their ocs plots compared to 
those on the corresponding untreated pastes. The 
ÖC s plots for butane isotherms show a general 
similarity to those for nitrogen isotherms: because 
of the less specific nature of the interaction 
between the butane molecule and solid surfaces, the 
interpretation of butane £s p^ots, especially at 
low relative pressures, can be more certain - 
deviations above the diagonal at relative pressures 
below 0.4 provide additional evidence for the 
presence of micropores. The fact thatxs plots 
continue to deviate from the diagonal line at ‘ 
relative pressures above 0.4 suggests that a slit
shaped mesopore model is appropriate. A rigid slit
shaped pore model has been adopted for clay mineral 
compacts that yield nitrogen isotherms with the • 
characteristics of isotherms 1, 2 and 3 (9)> but 
if the hydration products are flexible lamillae, 
slit-shaped pores may be expected to form between 
them that are able to swell to limited extents as 
gas is condensed; unlike a rigid structure, the 
filling of pore space could be complete below the 
limiting pressure for capillary condensation (at 
P/P°s:0.45) (10) and still account for the sorption 
data. *

CONCLUSIONS

The structure of hydrated cement pastes cured at 
room temperature and rapidly dried, appears to 
be dominated by platy particles or lamellae that 
form slit—shaped mesopores and micropores. Small 
pores develop if these lamellae are allowed to 
collapse together, for example during slow drying, 
that behave as hollow cylinders or spheres in which 
Nz or n-C^Hio condenses during adsorption.
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Reglage de la formation de la structure et des 
proprietes du ciment

Control of structure formation and properties of cement

I.F.  PONOMAREV, Directeur de I'lnstitut, .
LA. KRYJANOVSKAIA, Candidat es Sciences Techniques,
A.G. KHOLODNYI, Candidat es Sciences Techniques, Institut "Youjguiprotzement", U.R.S.S.

RESUME : On a etudie le mode de reglage, dans de larges limites, des proprietes du ciment par 
introduction dans sa composition de diverses quantltes d'un compose cristallise sulfoalumino- 
siliceux. On a montre que lots du broyage du melange des trots constltuants (clinker-portland, 
gypse et cristallise), on peut obtenir, par la seule variation du rapport entre constltuants, 
un ciment portland tres resistant et des ciments expansifs, dont le temps de prise pe-ut varier 
des valeurs ordinaires Jusqu'aux valeurs tres petites, de 5 ä 8 minutes.
A I'aide d'un ensemble de methodes d'etude physico-chimiques. (radiographle, spectroscopic in
frarouge, derivatographie, microscopie electronique), on a mesure les variations en quantite . 
des hydrosilicates, des hydrosulfoaluminates et de 1'hydroxyde de calcium qui se forment lots 
du durcissement des ciments ä teneur differente en compose sulfoaluminosl1iceux et on a montre 
que ces variations conditionnent les differentes proprietes techniques des ciments.

SUHMaBY: A method of controlling cement propertiee within a wide range hae been investi
gated. The method resides in introduction of different amounts of a crystallizing compo
nent of sulfoalumosilicate composition into the cement. It is proved that when crushing 
a three-component charge of conventional portland cement clinker, gypsum and crystalli
zing component, il will suffice to vary relationship of the components for obtaining 
high-strength portland cement and expanding cements the setting periods of which may 
be varied from regular to very short ones (5 to 8 min).
A complex of physical and chemical methods of investigations has been used (radiography, 
IRS, derivatography, electronic microscopy) to determine variations of the amounts of 
hydrosilicates, hydrosulfoaluminates and calcium hydroxide formed at hardening of cements 
with different content of the sulfoalumosilicate component and it has been shown that • 
these variations dictate different technical properties of cements.
Introduction of the sulfoalumosilicate component into cement considerably increases 
hcmogeneity of .the cement structure thus increasing cement strength.



Pour produire des cimentp de types epeciaux 
on met habituellement en jeu lee divere 
proc6d&F technologiques qui Introduisent dee 
restrictions indesirables a tons les stades 
de production, a partir du choix des ma- 
tieres brutes pour la cuisson du clinker 
jusqu,aux paramdtres de broyage du cimenf. 
Afin de simplifier le processus technolo- 
gique on a mis au point le mode de reglage 
des preprintss du ciment au stade de son 
broyage par introduction des constituents 
de cristallisation speciaux dont la compo
sition peut 8tre assez variee. Dans ce tra
vail on donne les resultats des reeherehes 
sur 1’utilisation du constituent de cristal- 
lisation sulfoalumosiliceux.
La composition en phases du produit sulfo- 
alumosiliceux (ou PSAS) est trds complexe. ■ 
D’aprds les donnees des analyses p6trogra- 
phiques, aux rayons X, Slectrono-inicTOsco- 
piques, spectroscopiques aux rayons infrarotw 
ges *),  lee composes siliceux PEAS se ca- 
racterieent par la presence de couches 
(SigOt)- ä structure perturbee et du com
plexe absorbS, qui font preuve de I'activitS 
elev6e lots de I’interaction avec la solu
tion aqueuse du ciment durcissant. La pre
sence dans la composition de PSAS de compo
ses solubles dans I'eau qui alimentent la 
phase liquide de la pierre de ciment dui>- 
cissante en ions Al^*,  Ca2+ et S0£“ est aus- 
si une particularity de ce produit.

•) Les recherches fetaient effectuSes avec 
participation de V.F.Gribko, L.N.Skrynnik,
O.M.Vodovosova, T.T.Chtchetkina, A.A.Laza
reva.

L’fetude des propriStes des ciments, conte- 
nant une quantity differente de PSAS et du 
gypse, a permis d’ytablir qu’avec accroisse- 
ment de la teneur en ces additions le temps 
de prise devient plus court et I'expansion 
du ciment augments, tandis que lee indices 
de rysistance commencent par croftre pour 
diminuer ensuite. Ceci rend possible, en 
faisant varier le rapport entre le clinker
portland, PSAS et le (jypse, 1‘yiaboration 
du ciment portland tree rysistant et des ci
ments expansifs ä prise diffyrente, en uti- 
lisant le m&me clinker pour la production 
de ces ciments spyciaux a destination dif
ferente.
L'etude des processus d'hydx-atation et de 
durcissement des ciments contenant les dif
fyrente s quantites du produit sulfoalumosi- 
liceux et du gypse etait effectuee avec 
utilisation de la microscopie electronique, 
de la spectroscopic infrarouge, de la ra
diographic quantitative, de la dyrivatogra- 
phie, de 1’analyse chimique des solutions 
aqueuses de la pierre de ciment durcissant. 
A titre de comparaison on a etudie ygale- 
ment le ciment portland ordinaire. L’analy
se de la composition de la solution aqueuse 
des ychantillons de ciment durci montre que 
le durcissement des ciments avec PSAS a 
lieu en confonnity avec les lois caracty- 
ristiques du ciment portland ordinaire. On 
peut voir nettement 1’interliaison entre la 

concentration de CaO et de RgO dans la so
lution. Il est ytabli que la chimisorption 
des ions de mytaux alcalins par les Consti
tuante PSAS amorphises en forme de gel en- 
tratne la diminution de la concentration de 
RgO et I’accroissement de la teneur en CaO 
dans la solution, ce qui provoque I’augmen- 
tation dans la composition des ciments avec 
addition PSAS de la quantity de 1‘ettringite 
(gräce a la diminution de sa solubility) et 
du gel hydrosiliceux (vu I’adsorption plus 
intense de CaO ä partir de la phase liquide 
par les Constituante PSAS). Une concentra
tion accrue de Al2^3 et SiOg dans la solu
tion aqueuse des ciments contenant PSAS con-, 
finne egalement le fait que 1* addition prend 
une part active dans les processus d’hydra
te ti on.
Selon les donnyes de 1* analyse aux rayons X, 
de la spectroscopie infrarouge et de la dy~ 
rivatographie, les ciments durcissants ayant 
une teneur differente en PSAS se caractyri- 
sent par une composition des phases simi- 
laire des hydrates et une succession analo
gue de leur formation au cours du durcisse
ment. Le premier des hydrates (4 an d’hydra- 
tation) qui apparatt toujours dans la pierre 
de ciment-est 1’ettringite (reflexions ä 
9,8; 5,6 A sur les radiogrammes, ba^des 
d’absorption de 1130 cm"1, 3450 cm-1 sur les 
spectres infrarouges, endoeffet avec le mi
nimum ä 14O°C sur les derivatogrammes); en
suite on fixe la formation de Ca(0H)2 (re
flexions a 4,9 ; 2,6 A; 500 ä 540°C) et 
d’hydrosilicates de calcium (bande d*absorp 
tion de 970 ä 980 cm--*-  sur le spectre infra- 
rpuge, endoeffet dans 1’Intervalle de 160 
ä 180°C sur les dyrivatogrammes). Un trait 
distinctif des spectres infrarouges des ci
ments avec PSAS est 1’elargissement des ban
ds s d*absorption  dans le domains de 970 ä 
980 cm"1 avec accroissement de la quantity 
de PSAS dans le ciment, ce qui tymoigne de 
1* augmentation de la quantity des hydrosi
licates de calcium amorphises dans la compo
sition des hydrates. ■
La caracteristique qualitative des ciments 
analys6s temoigne done du fait que les hy
drates de ciment durci sont principalement 
reprysentes par 1’ettringite, les hydrosili
cates et 1‘hydroxyde de calcium. La quanti
ty de ces phases dans les ciments analysys, 
dyterminee a 1'aide de la radiographie et 
de la dyrivatographie, est donnee dans le 
tableau ci-dessous. Dans ce tableau les ci
ments sont disposSs dans 1’ordre d’accrois- 
sement de leur teneur en PSAS.
Le degry d’hydratation de 1•alite•etait d6- 
termine de faqon radiographique d’aprys 
1’intensite de ryflexion a 1,76 A seion la 
mythode proposye par M.E.Jmodikova, V.I.Kor- 
riyev (1) et la quantity de 1’ettringite. 
d’apres 1‘intensity de ryflexion ä 9,8 1 sa
lon Kh.G.Smoltchik (2). La quantity de 
Ca(0H)2 ytait dyterminye d’aprds les dyriva- 
togrammes. Les donnyes obtenues t&noignent 
de I’accroissement de la teneur des ychan
tillons en ettringite avec augmentation de 
la quantity de PSAS dans le ciment. La plus 
grande diffyrence dans la teneur en ettrin-



Tableau

HfepultatF der dSteiminationp quantita
tive p de 6 hydratee de ciment durci

type du 
ciment

temp? 
d’hyd
rata
tion

Quantite, % De-
de 
1’et- 
trin-

de 
I’eau 
du gel

de 
Ca(0H)2

gre 
d’hy
dra-

gite tti**  
tion 
de 
1’ali-
te,%

4 mn *■ ■ 6
5 h 6

Ciment 12 h 5,0 3,7 1,1 30
port- 1 d 6,2 5,6 2,2 32
land 3 d 5,0 7,3 2,4 66

7 d 5,0 9,1 3,3 70
28 j 4,8 10,8 3,4 70

. 4 mn ■ ■ 6
Ciment 3 h 6,2 1,17 19
a haute 12 h 7,0 -3,8 0,8 38
rSsiF- 1 d 6,2 6,3 1,1 44
tance 3 d 6,8 7,1 2,4 58

7 d 7,0 7,8 2,6 63
28 j 5,5 10,7 3,3 71

4 mn 5,5 1,8 * 16
Ciment 3 h 10,0 3,8 25
expan- 12 h ' 9,8 6,2 0,7 40
t-if 1 d 9,0 7,3 0,7 45

3 d 7,5 8,0 1,1 56
7 d 10,0 12,2 1,9 69
28 j 10,7 16,2 — 78

4 mn 5,9 1,7 Ml
Ciment 3 h 15,5 3,'1 W 4
expan- 12 h 12,5 5,2 — 27
eif a 1 d 11,0 7,0 w 30
pri ee 3 d 10,2 13,2 ■ 32
rapide 7 d 7,5 14,0 0,6 57

28 d 9,4 15,4 — 65

gite eat obeervSe aux ptader prScocep de 
durcipaement (jupqu’a 5 jourp). L’hydroxyde 
de calcium criatallin entre en quantity ma
ximale dana la compopition dep echantillone 
du ciment portland. Avec augmentation de la 
part de PEAS dan? le ciment, la concentra
tion de Ca(OH)j danp la pierre de ciment 
diminue. Ce phenomene ept dti evidemment ä 
la variation du degre d’hydratation de 
1* alite, a 1* interaction de la chaux avec 
1’additicn PSAS, ä la fonnation de Ca(OH)o 
aoua fome de gel. Le degrS d’hydratation6 
maximal de 1* alite ept obpervS danp le ci
ment expaneif; un accroiapement ult6rieur 
de la teneur en addition PSAS conduit au 
ralentippement de I’hydratation de I’alite, 
ce gui eat dtt evidemment au blocage de pee 
graine par une quantite complementaire de 
l,hydrogel qtii ee forme a partir de PSAS.
H eat Stabil que la etructure de la pierre 
de ciment avec addition PSAS ee dietingue 
de la etructure dep Schantillone en ciment 

portland par une plup grande homogSneitS. 
Lee facteure contribuant A I’accroippement 
du degrS d’homogenSitS pont: 1) diepopition 
uniforme dee particulee finement dieperpeep 
de PSAS danp le volume dee Schantillone du 
ciment; 2) formation FimultanSe ä partir 
dee particulee de PSAS de 1’ettringite et 
dee hydroeilicatep de,calcium qui ee trouv- 
ent en contact etroit; 3) reduction de la 
quantitS et de la dimeneion dee criptaux 
de Ca(0H)2. Le deuxiSme facteur eet le plue 
important pami lee facteure enumSrSe d'ao- 
croiaeement du degrS d’homogSnSitS de la 
etructure du ciment durci. La figure 1 don
ne differente? Variante? de dippoeition mu- 
tuelle dee hydroeilicatep de calcium et de 
1’ettringite.
La etructure du ciment-portland durci aana^ 
addition PSAS ee caractSriee par ce qu’apree 
7 jour? de durciaeement lee crietaux d’et
tringite eont enchevfitrS? avec lee hydroei- 
licatee de calcium fibreux (fig.1a). Aux 
ptadee euivante de durcieeement (28 jour?) 
lee rSgione de la structure, fonnSe par 
1’ettringite et lee hydroailicatee de cal
cium fibreux, ee trouvent en contact avec 
dee agglomSratione eerrSep dep particulee 
le plus finement dipperpeee du gel hydroei- 
liceux (fig.lb). -
Comme on le voit sur le de Fain, les agglo
merations perrSes d’hydroeilicatea de cal
cium ne eont pas en contact avec toua les 
crietaux d’ettringite male seulement avec 
ceux qui ae trouvent diapoeSe a la pSriphS- 
rie de la region formSe par 1’ettringite et 
dee hydroFili cates de calcium fibreux. Dan? 
le ciment avec addition PSAS (fig.1c,d), 
lore de 1’interaction avec la solution 
aqueuae de la pierre durciseante, le? par- 
ticules de PSAS donnent, canme on le voit 
sur la photo, 1’ettringite et lee hydroei- 
licatee de calcium le plus finement dipper
see, qui eont Stroitement enchevStrSs 1’un 
avec 1’autre. Il est indeniable que cep re
gions de la structure ee caractSrisent par 
une plus grande homogeneity que lep contacts 
entre la etructure compacte d’hydrosilica- 
tes et la etructure plus meuble d’hydrosi- 
licates et d’hydrosulfoaluminatef du ciment 
portland durci.
En 6valuant lee differences entre la struc
ture de la pierre de ciment portland ordi
naire et celle de ciment avec addition PSAS 
il convient done de souligner qu’en 1’absen- 
ce d'addition la ptructure de la pierre de 
ciment pe qaract6ripe par la presence des 
regions s6paT6ee de la pierre formeep par 
lee agglomerations perreeF des particulee 
d’hydroeilicates et les crietaux prismati- ' 
quee d’ettringite. Dane les ciment? avec 
addition PSAS, gräce a la formation des 
crietaux d’ettringite et d’hydrosilicatef 
de calcium finement dieperpee a partir de 
la m8me phase initiale - particulee de 
PSAS - la dispopition ppatiale des hydrates 
ytant conpervee, a la place dee particulee 
de depart il ee forme une structure plus ' 
homoglne de la pierre de ciment. La diffe
rence entre les structuree de types dScritF 
de la pierre de ciment ept sch6matlp6e sur 
la figure 2.



Fig.I.DiFpOFition mutuelle des cristaux d’ettringite et des hydro'ailicates de calcium 
dans la structure de la pierre de ciment. a - ciment portland ordinaire apres 7 jours 
de durcissement; b - idem apres 28 jours; c - ciment avec addition F&AS apres 7 jours 
de•durcissement; d - idem apres 28 jours. t
1 - ettringite; 2 - hydrosilicates de calcium fibreux; 5 - agglomerations serries des 
hydrosilicates de calcium finement disperses; 4 - particules de PSAS; 8000x.

En comparant les resultats obtenus lors de 
l’analyse de la formation de gel du ciment 
durci avec les donnees de la determination 
quantitative des hydrates on aboutit a la 
conclusion suivante: I’accroissement de la 
resistance du ciment avec addition PSAS aux 
diff£rents stades de durcissement (jusqu’ä 
7 jours) s'explique par I*augmentation  de la 
quantite de 1’ettringite et une structure 
plus homogene de la pierre. L’accroissement 
de la resistance des 6chantillons de ce ci
ment aprSs 28 jours de durcissement, lorsque 
la quantite des hydrates y est ä peu prds au 
niveau du ciment portland ordinaire, s'ex
plique par une structure plus homogene de 
la pierre de ciment.
Comme le montrent les etudes, 1’expansion 
du ciment durcissant avec addition PSAS a 
lieu pour la teneur en ettringite de 8 ä 
9%. On sait (3,4) qu’une teneur considera-. 
ble de la pierre durcissante en ettringite 
est une condition näcessaire mais non pas 
süffisante pour 1'expansion. L'expansion 
peut apparaltre seulement dans le cas oü. 
la croissance des cristaux d’ettringite a 
lieu au stade de formation des contacts de 
cristallisation dans la structure qui pend
ent le systeme coherentet d&teminent un 
certain niveau de resistance mecanique.

Dans les ciments analyses avec addition 
PSAS, 1’enveloppement des cristaux d’et
tringite par les particules d’hydrogel, qui 
cree le niveau requis de resistance de la 
structure foimee, est un des facteurs con- 
tribuant ä l’expansion..
La non-coincidenee dans le temps de la fin 
de l’expansion du ciment durci (3 jours) et 
l’obtention d'une quantite maximale de 1’et- 
ringite (dans les limites de 12 h) s’expli- 
quent par ce que l’expansion continue grSce 
ä la recristallisation et a la croissance 
des cristaux d’ettringite sans variation 
ou m8me avec diminution de leur quantite 
totale (Fig.3).
En m8me temps cette croissance des cristaux 
grSce a laquelle l’expansion ne cesse pas 
ne determine pas par elle-m8me la cin6tique 
de l’expansion. Ainsi, lors du durcissement 
du ciment expansif et du cimen t expansif 
ä prise rapide la croissance des cristaux 
d’ettringite a lieu avec une vitesse diff6-. 
rente, et la cin6tique de l’expansion de 
ces ciments est pratiquement identique.
La cinStique de l’expansion depend essenti- 
ellement de la quantity du gel d’hydrosi
licate, de la valeur de I’adhSsion du gel 
d’hydrosilicate aux cristaux d’ettringite



Fig.2. Bepr^yentation echematique dee atructuiea de la pierre de ciment a) sans PSAS, 
b) avec PSAS. 1 - re step dee graine initiaux du ciment; 2 - rSgione de la structure com
pacte eecondaire d'hyrosilicatee; 5 - ettringite; 4 - hydrosilicates de calcium fibreux;
5 - particules de PSA£ restantes; 6 - regions de la structure compacte et secondaire 
d’hyrosilicatee entre cristaux d,ettringite.

et du degrS d’homogeneity de la structure 
du ciment durci. Ces facteurs ont des va
lours proches pour lee deux ciments expan- 
sifs etudiee.
Sur la base des recherches effectuees, on 
peut done conclure que 1* addition FSAC agit 
sur des aspects differente du processus de 
durcieeement du ciment portland. Le plus 
important eet.que 1’addition est une source 
des nouvelles formations d’hydrosilicates 
et d’hydrosulfoaluminates. Ceci conduit ä 
une variation notable de la fonnation de 
structure. Les cristaux d’ettringite appa- 
raissent pres dee particules de depart de 
PSAS se trouvent en contact Stroit avec les 
agglomStations serrees des particules fine- 
ment dispersSee d’hydrosilicates de calcium. 
Quant au ciment Portland ordinaire, lenom- 
brede ces contacts y est petit grace ä la 
fonnation des rSgions de pristaux d'ettrin
gite isolSes du teste de la structure.
Cette diffSrence de principe dans la fonna
tion de gel avec les variations de quantity 
des hydrates de ciment durci fait que la - 
m8me addition peut communiquer au ciment des 
propriytSs diffSrentes.
Il est expSrimentalement etabli que la dura
bility de la'pierre de ciment avec PSAS ne 
cede pas a celle du ciment portland. Ceci 
est liS a la composition des hydrates carac- 
teristique du ciment portland et a leur dis
position qui est dans la structure du ciment 
dur ci plus unifome que dans le ciment port
land et qui exclue le danger de contraintes 
internes.

COTS^IOKS
On a StudiS le mode de rSglage dans de lar
ges Limites des propriStSs du ciment en in- 
troduisant lore du broyage du clinker-port- . 
land les diverses quantitSs du constituant

Fig.?. Variation de dimension des cristaux. 
d'ettringite dans la pierre de ciment avec 
le,durcissement —*—▲— — ciment portland 
tree resistant,—■—— ciment expanaif, 
—•—•— - ciment expansif a prise rapide.

de cristall!sation sulfoalumosiliceux. Ce
ci permet d’Slaborer sur la. base d’un seul 
clinker des ciments spSciaux ä destination 
diffSrente: ciment portland trSs rSsistant 
et ciments expansifs dont le temps de prise 
peut 8tre rSglS dans de larges Limites. , 
A 1’aide d’un ensemble de mSthodes d’Studes 
physico-chimiques on a Stabil qu'a la base 
de ce mode de rSglage des propriStSs du ci-- 
ment se trouvent les variations de quanti
tSs dee hydrosulfoaluminatee, de 1’hydro
xyde et des hydrosilicates de calcium, qui



se forment au coura du durqigsement, et 
l’accroissement de l’homogeneite de'la 
structure du ciment durci en presence d*ad-  
dition sulfoalumosiliceuse.
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Influence de la composition chimique des 
lignosulfonates sur l'hydratation et la plastification des 

ciments
Influence of chemical structure of lignosulfonates on hydration and 

plastification of cements
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RESUME : On a etabli 1* augmentation et la diminution pespectivement des effets plastifiant 
et entraineyr d’air des lignosulfonates dans les systemes ciment-eau lorsque la masse mole- 
culaire croit jusqu’a 14 0Q0 - 16 000, I’optimum d’apres le critere de plastification.. 
L’accroissement de 1’entrainement d’air est o^tenu par diminution dq ^a masse moleculaire 
et du rapport molaire des groupes sulfo- et methoxyles. On peut accelerer l’hydratation 
des ciments avec lignosulfonates et augmenter 1’effet plastifiant de ces dernie^s en in- 
troduisant dans la partie liophobe de leurs molecules les groupes polaires amines et en 
augmentant le pourcentage de Iq fraction molaire des groupes hydroxyles. Bn,choisissant 
uy ^ignosulfonate de masse moleculaire et de composition fonctionnelle donnees et le pro
cede de modification de sa structure,<on peut obtenir un plastificateur pour ciment, aux 
effets plastifiant et entraineur d’air requis, qui ne ralentit pratiquement pas l’hydra
tation et le durcissement du ciment. •

SUMMARY : Increase and decrease of plastifying and air-entraining effects respectively of 
lignosulfonates in cement-water systems at increase of molecular weight to 14 000 - 16 000 
(optimum as regards the plastification criterion) have been established. Increase of air
entraining is achieved by decreasing molecular weight and the molar ratio or sulfo and 
methoxy groups. Acceleration of hydration of cements with lignosulfonates and intensifica
tion of the plastifying effect of the latter are due to introduction of amino-containing 
polar groups into lyophobic part of their molecules and by increasing content of molar 
fraction of hydroxy groups.
By selecting lignosulfonates with preset molecular weight and functional composition, as 
well as the method of modifying of its structure it is possible to obtain a plastifier 
for cement with the required plastifying and air-entraining action which practically does 
not decelerate hydration oY*  hardening of cement. "



INTBODUCTION. Vu l’effet technique et 6co- 
notaique ob term grace ä 1*  introduction dans 
les ciments et batons des plastifiants^ le 
volume de leur application dans l'indus- 

, trie des matSriaux de construction pour le 
r&glage des propriStds techniques et de 
construction et la diminution de la con- 
saamation de ciment ainsi que pour l'ac- 
croissement de la longövite des pieces en b6ton et en bdton armd, croft constamment» 
En taut que ressources de matteres premie
res pour la production industrielle en 
grande sdrie de ces additions, on utilise 
largement les lignosulfonates techniques 
(LSI).
Un grand nombre de travaux est consacrd d 
I*6tude  du probl&ne de I'influence des ca- 
ractöristiques du ciment, de la ccoposi- 
tion du mortier et du beton, des regimes 
de m6langeage, de compactage et de durcis- 
sement sur l*efficacitd  de 1* action des 
1ST. On a pretd beaucoup meins d'attention 
ä la döpendance entre les propri6t6s chi- 
miques et physlco-cliimiques des lignosul
fonates et leur qualitd en tant.que plasti- 
fiant (1).
L'heterogdneite de la lignine naturelie. 
les particularitäs des processus de deli
gnification du bois ainsi que de la trans
formation biöchimique et de la concentra
tion par evaporation des lessives d6teimi- 
nent une composition chimique diffärente 
des lignosulfonates, en particuller leur polydispersitd. Des donndes disponibles (2) 
tdmoignent de la dependance qui exists 
entre les propridtds consistantes et rhdo- 
logiques des systdmes de ciment et 1'ac
tion dispersante des lignosulfonates qui 
est determinde principalement par leur mas
se moldculaire (MM) et la composition fonc- 
tionnelle.
Dans la prdsente communication on envisage 
I'influence qu'exercent les lignosulfona
tes de MM et de composition fonctionnelle 
diffdrentes sur 1'hydratation et la plas- 
tification du ciment.
MATERIAUX ET TECHNIQUE D'ETUDES. Des li
gnosulfonates de sodium purs furent obte- 
nus ä partir des 1ST, le produit marchand 
obtenn par transformation biöchimique de 
la lessive sulfitique provenant de la 
cuisson du bois ä base de Na ou ä base mix
te de Ca-Na. L'dlimination des hydrocarbu- 
res et le fractionneeent dtaient rdalisds 
par des mdthodes fonddes sur la capacitd 
des lignosulfonates de former des comple
xes (3, 4). La destruction d'un complexe 
fomd dtait rdalisde par la solution alca- 
line. Bn dliminant les cations des ligno
sulfonates contenant un excds d'alcali, on 
a obtenu des acides lignosulfoniques A par
tir desquels, par substitution au cation 
d'hordrogdne d'autres cations de valence 
diffdrente, on a obtenu des lignosulfona
tes (IS) de sodium, d'ammonium, de calcium 
et de fer. La distribution des masses mo- Idculaires (DMM) des IS est dtablie sur 
des colonnes chrcmatographiques remplies 
de gel Sefadex G-75(5)« De calcul des MM 
dtait effectud d'aprds les gel-chrcmato- 

grammes des IS dans le dirndticrlsulfoxyde d'aprds la mdthode (6).
On a obtenu un grand nombre de fractions 
dont les fractions extremes dtaient utili- 
sdes dans les expdriences en tant que frac
tions macromoldculaire (EMM) et bas-moldcu- 
laire (EBM).
Pour expliquer I'influence du rapport des 
groupes hydrophiles et hydrophobes dans 
les IS, on a ddtermind la teneur en groupes mdthoxyles (OCä) et sulf oxy les (SOzH) d'a- 
prds la mdthode (7) • Pour ddterminer la te
neur en groupes acides, y ccmpris les grou
pes sulfoxy les et carboxyles, ainsi qu'en 
hydroxydes phdnoliques, on a utilisd la 
mdthode de conductimdtrie ä haute frdquen- 
ce.
On rdduisait la quantite de groupes hydro
xy les dana la moldcule de LS par leur "fer- 
meture", c.-d-d. par la formation des dthers 
avec le sulfate de dimdthyle. La teneur to
tale en groupes hydroxyles dtait ddterminde 
par la methode d'acetylation dans des micro-ampules scelldes. /
En plus de 1ST et de fractions certaine ae IS, on a utilisd, dans les expdriences*,  
des dchantillons de lignosulfonates techni
ques modifids (ISTM) et de fractions maero- 
moldculaire (EMMM) et bas-moldculaire modi- 
fides (FBMM) de IS obtenues par le traite- 
ment des IST et des fractions correspon- 
dantes de IS par les amines et leurs dd- ■ 
rivda.
Dans les expdriences on a utilisd le clin
ker de composition chimico-mindralogique 
suivante (% en masse) : pertes ä la calci
nation = 1,47, SiOo = 21>66, AlpO^ = 4,61, 
FeoOz = 4,89, CaO = 65,22, MgO = 1,46, 8O5 i 0,15, B20 = 0,44, CaOllbre = 0,32, 
CjS = 61, C2S = 15, CjA = 5, C4AF = 15« 
Les plastifiants dtudids dtaient intro- 
duits dans la composition du ciment lore de son broyage ou avec l'eau de gächage 
lors de la preparation du mortier. Les ci
ments dtaient elabords par broyage, dans 
un moulin d'essais A deux chambres, jus- qu'A S = 3000 ± 100 cm2/g. L'action plas- 
tifiante des agents tensio-actifs dtait 
dvalude d'aprds l'dtalement du cone stan
dard sur la table vibrante (d'aprds GOST 
310.4—76, annexe 1), ainsi cpe d'aprds la 
valeur de viscositd de la pate A structure 
non ddtruite avec le rapport E/0 = 0,50, 
en qualitd de capteur de viscositd on a 
utilisd un viscosimdtre rotatif "Rdotest 
2".
Pour dvaluer I'influence des plastifiants 
sur la clndtique et le degrd d'hydratation 
du ciment. on a dtudid la composition de la phase liquide de la pate, et les dchan
tillons durcis dtaient soumis A 1'analyse 
thermique diffdrentielle et A 1'analyse 
aux rayons X.
La teneur en air du mortier dtait dvalude 
par la mdthode de compression et les in- ' 
dices de rdsistance, d'aprds GOST 310.4-76 
lors du durcissement nonnal et de 1'dtuva- 
gd. "



BEOTLTATS DES EXPERIENCES. L'efficacitS 
d* action des IS, qui se distinguent par leur MM et la composition fonctionnelle, 
Stait ccmparöe pour un effet plastifiant 
egal s’expriiaant par un accroissement de 
15 ä 2$ % de la plaaticit6du mortier et 
par une diminution de 1,5 <13 fois de la 
viscositd de la structure pratiquement non ddtruite de la päte de ciment ( n0). la 
quantity de IS ndcessaire pour ootenir cet 
effet dtait de 0,10 ä 0,1? % •) (fig. 1). 
L,au@nentation de la quantit6.de plasti
fiant jusqu,ä 0,30-0,50 % s’accompagnait 
d'un accroissement de plasticit6 du mortier de 1,5 ä 2 fois et d'une diminution 
de la-grandeur de 8 ä 10 fois. Paral- 
lölement, la limite conventionnelle de la 
fluidit6 et la contrainte de cisaillement 
limite de la*päte  de ciment se trouvaient 
diminu6es. Les donndes obtenues tänolguent 
que les EMM des IS se caractdrisent par 
une action plastiflante plus 61ev6e en com- 
paralson des FBM dans l'lntervalle de do
sage de 0,10 ä 0,20 %. Les MM des frac
tions de IS avec action plastiflante maxi- 

• male se trouvaient dans les limites de 
10 000 ä 15 000. L’extension des limites 
sup6rieure et inf6rieure conduisait en 
rögle g6n6rale ä la diminution de 1’effet 
de plastification. Toutefols, lorsque la 
quantit6 d* agent tensio-actif s’61äve jus- 
qu'ä 0,50 %, l’action plastiflante de FBM 
augnente beaucoup plus que pour IHM. L*ef 
fet plastifiant le plus 61ev6 6tait obser- 
v6 lorsqu’on utilisait IS d* ammonium.
La capacit6 d*  en train «nent d'air de IS, in- 
döpendamment du cation, augmentait avec la 
diminution de MM. On observait 1*  effet ma
ximal d1entrain em ent d'air lots de 1'intro
duction de FBM de IS d*  ammonium et surtout 
de sodium. L* augmentation dans la mol6cule 
de^IS des groupes hydrophiles, tout d'abord 
grace ä 1'augmentation de la quantity d'hy- 
droxyles phenoliques et des groupes eulfo- 
niques, de mene que leur modification par 
les amines et leurs d6riv6s, contribue au 
renforcement de l’action plastiflante et 
ä la diminution de 1'effet d'entrain em ent 
d'air ccmpl6mentaire des IS.
D'apr6s les donn6es de 1'analyse thexmique 
diff6rentielle, de l'analyse aux rayons I 
et la cinStique de la variation de compo
sition de la phase liquide, 1’introduction 
de 0,10 d 0,17 % de plastifiants 6tudi6s 
ne conduit pas ä un ralentissement notable de l'hydratation du ciment (Tableau I). En 
font exception seulement FBM de sodium et 
FBM de fer. II faut noter qu'un ralentis
sement plus considSrable des processus 
d’tydratation 6tait observd lors de l'in- 
troduction de FBM.

•) Ici et dans le texte suivant la quanti- 
t6 de IS est calculöe pour le corps sec en 
% de la masse du ciment. ■

Quantite d'agent tensio-actif %

Quantite d'agent tensio-actif% .

Fig. 1 - Action plastiflante des IS.
1 - IST, 2 - FMM de Ha, 3 - EMM de HH^, 
4 - EMM de Ca, 5 - EMM de Fe, 6 - FEM de 
Ha, 7 - FBM de HHa, 8 - FBM de Oa, 9 - 
FBM de Fe, 10 - EMMM de Ha, 11 — FBMM de Na

Avec l'augnentation de la quantit6 d*agents  
tensio-actifs jusqu'ä 0,30-0,50 %, on ob
servait le ralentissement des processus d'hydratation du ayatöme ind6pendamment de 
MM : l'aire de 1'effet de ddshydratatlon 
des iydrosulfoaluminates sur les thermo
grammes diminuait, ce qui tänoignait de la 
diminutimi de la quantltA d'6ttringite et



du degrö d'hydratation ; ä cot6 de la forae 
cristalline de Ca(0H)2 (480 °C) 6tait fix6 
l’effet Stendu de l’hydrosyde de calcium 
amorphe (420 ä 450 *01.  Le degrö d’hydrata- 
tion da ciment avec agent tenaio-actif dimi- 
nuait de 20 d 40 %. PBM de IS de sodium ma
nifeste la plus forte action ralentissante« 
On ohservalt une influence positive des IS 
sur les processus d'hydratation aprSs le , 
traitement par les amines et leurs d6riv6s.

IABIEAU I
Influence des IS sur le degrS 
d'hydratation du ciment

Dynomination
Degrd d'hydratation d'aprds 

CgS * '
de 1'addition 1 jour 28 jours

Quantity d'addition, %
0,15 0,50 0,15 0,50

Sans agents 
tensio-actifs 58 58 82 82
1ST 57 24 81 74
EMM de Na 54 22 85 77
EMM de NH^ 59 27 80 76
EMM de Oa 58 50 . 81 74
EMM de Fe 58 51 78 74
EBM de Na 50 19 82 71
EBM de NE^ 40 24 82 77
FBI de Ca 54 22 80 76
FBM de Fe 28 21 77 72
EMMM de Na 59 52 85 80
FEM de Na 54 28 82 78

L'action ralentissante sur l'hydratation dn 
ciment des hydrates de carbone et des aci- 
des organiques, entrant dans la composition 
de l'dchantlllon dtudid des 1ST en quantity 
de 8,5 %, ne devenait asses perceptible que 
lots de 1'introduction des 1ST en quantity 
de 0,50 Toutefois 11 faut noter que les 
1ST epur4a d'hydrates de carbone, surtout 
leurs MM, dimlnualent sensiblement, dans 
ncmbre de cas, le temps de prise du ciment.
Les donn6es obtenues sur la resistance des 
dchantillons (Tableau II) montrdrent qu'in- 
döpendamment de la quantity de surfactifs, 
les MM etaient plus■efficaces que les KBM 
en cas de traltement ä la chaleur humide. 
Lors du durcissement normal des dchantll- 
lons, surtout lorsqu'on introduit des quan- 
tites eiev6es de plastifiant, 1'effet des 
IS ddpend faiblement de MM. L'accroissement 
de la quantite de groupes hydroryles et la 
modification des IS inddpendamment de leur MM entratndrent 1'augmentation des indices 
de resistance dn ciment.
DISCTSSIOH DES RESULTATS. Les differences 
not6es plus haut en ce qui concerne 1'effi- 
cacite de 1'action des IS de MM diff6rente 
s'axpliquent par leur pouvoir d'adsorption

TABLEAU II

Dynomination 
des additions 
et leur quan
tity, %

Entrai- 
nement 
d'alr 
compla
in entai— 
re, %

Ryslstance Limite 
A la compression, 
MPa, des dchantil- 
lons d'aprds
GOST 
510.4-76

GOST 
510-60

de durcis
sement 
normal

ytuvds

5 
jours

28 
jours ; 1 jour

Sans surfactifs 
1ST 0,18 
EMM de Na 0,10 
EMM de NH^ 0,10 
EMM de Ca 0,17 
EMM de Fe 0,17 
FEM de Na 0,15 
FEM de NH^ 0,12 
FBM de Ca 0,15 
FBM de Fe 0,15 
EMMM de Na 0,10 
FBMM de Na 0,08

5?o 
2,4 
2,2 
1,6 
0,8 
5,8 
5,2
2,2 
I'6 
1,2 
2,6

21,5 
21,1 
25,4
25,7
25,2 
21,0 
19,2
24,2
21,9 
18,7 
24,6
22,9

40,4 
41,2 
45,4 
42,1
44,0 
45,6 
59,5 
45,1
59,7 
41,0 
46,5 
44,5

20,8
16,5
19,0
20,5
18,4
18,5
15,7
18,5
18,0
16,5
22,2
17,4

different sur la surface des particules du 
ciment et de ses nouvelles formations hy
dratees. On salt que, les autres conditions 
etant 6gales, le pouvoir d*adsorption  des 
IS crolt avec leur MM (1). L'effet disper- 
slf des IS dans les systemes de ciment au
gmente avec 1'augmentation de leurs MM 
jusqu'd une limits ädterminde, aprds quol 
11 commence A diminuer (2). Ceci eat en 
accord avec nos donnSes sur une action 
plastifiante plus 61ev6e des EMM en compa- 
raison dee EM.
Selon l'hypothdse falte dans (8), 1'action 
plastifiante des agents tensio-actifs dans 
les systdmes ciment-eau pent etre expli- quie par la formation des systdmes de fai- 
bles H-lialsons, due ä 1* interaction de 
1'eau avec les centres dlectrondgatifa de 
la partie lyophobe des molecules du sur- • 
factif. Les autres effets sent secondaires. 
Cctnme le montrent les spectres infrarouges, 
de "fortes" H-liaiaona se forment dans la 
couche potentielle remplie d'eau prös de 
la surface des particules dn ciment (9). 
Pour prdvenir leur formation, 11 faut re- 
couvrir cette couche par la partie lyopho
be d'une molecule du surfactif. C'est pour- 
quoi 1'action plastifiante des agents tensio-actifs doit croitre avec la longueur 
de la partie lyophobe jusqu'd. ce qu'elle 
atteigne 1'dpaisseur critique de 'a ccuche 
potentielle, i.e. avec I'augnent&tion de. 
leurs MM. En effet, les MM dei IS en quan
tity (0,10 & 0,15 %)« assurent le recou- 
vrement des centres actifs de la surface, 
sent plus efficaces que les EBM dont la 
quantity doit etre eenslblesnent plus gran



de pour atteindre le meme but. Toutefois, 
lots de !•introduction d'une quantity 61e- 
v6e de surfactif ce qui fait qu‘un grand 
nombre de molecules restent non adsorbSes, 
la capacity du surfactif de diminuer la 
tension superficielle, A la limite phase 
liguide-air, deviant un facteur important. 
Grace ä la solubility plus 61ev6e, cette 
capacity crolt plus fortement pour lea 
EBM, ce qui est peut-etre la cause d'un 
renforcement sensible de leur action plas- 
tifiante lots de 1* introduction du surfactif en quantity A peu prös Agale ou supi- 
rieure a 0,50 %.
Outre une longueur correspondante de la 
partie lyophobe de la molecule du surfac
tif, la plastification nycesaite le bloca
ge des fortes H-liaisons des moiycules 
d’eau par les systAmes ("icebergs") de 
"faibles" H-liaisons. C’est pourquoi I'ef- fet de plastification doit croltre lors- 
qu'on introduit dans la partie lyophobe 
des molecules, des groupes polaires ren- 
forqant l*yiectron6gativity  de leurs cen
tres actifs. Ceci explique 1* augmentation 
de 1'effet plastifiant lors de la substi
tution au cation d’ammonium du cation de 
sodium et de la modification des lignosul
fonates par les amines et leurs ddrivds. 
La valeur de 1’effet depend alors de la 
structure du groupe aminy joint et se d6- 
termine principalement par la density yiec- 
tronique sur I’atome d’azote.
Lors de 1’introduction des agents tensio- actifs hydrosolubles, 1’effet d’entratne- 
ment d’air ccmpl&nentaire s’explique par 
la ryduction de la tension superficielle 
sur 1’interface solution du surfactif-air, 
qui dypend de la concentration des moiycu
les du surfactif restant dans la solution 
apr6s son adsorption.' C’est pour cette 
raison que les FEM de IS,"qui. possddent 
un pouvoir adsorbent rdduit en comparaison 
des EMM, se caractyrisent par une action 
d’entralnement d’air et moussante plus 
yievAe. Ces effets augmentent avec 1’ac- 
croissement de la concentration des 1ST 
dans la solution, la diminution de MM et 
du degrA de sulfonation des IS (2). Les 
1ST A base d’ammonium possAdent le plus 
rand pouvoir moussant tandis que les 1ST 

base de sodium se caractyrisent, mane 
aux faibles concentrations, par une grande stability de la mousse (10). Ces deraiers 
possAdent ygalement une action d'entralne
ment d’air plus yievAe par rapport aux IS de calcium et de fer. La modification des 
IS conduit A 1'accroissement de leur MM et 
respectivement A la diminution de leur pouvoir d*  entralnement d’air et de leur pou
voir moussant.
L'influence des lignosulfonates sur les 
indices de rAsistance du ciment dypend de 
leur action ralentissante sur les proces
sus d’Hydratation du ciment et du pouvoir 
d’entralnement d’air des IS, le premier 
facteur exercant une influence plus sensi
ble sur la resistance du ciment au cours 
du durcissement nomal et le second, lors 
du traitement A la chaleur humide. Il con- 

vient aussi de noter 1’importance de I’AIA- 
vation du pouvoir plastifiant des IS, ce . qui pexmet d’obtenir le meme effet plasti- 
fiant avec une quantity moindre d’addition 
et, done, d’affaiblir les facteurs ndga- 
tifs influant sur la- rAsistance du ciment.

CCMCISSION
L’analyse des donnAes obtenues tAmoigne de 
la nAcessitA d’aborder de manidre diffAren- 
cielle le problAme d’Alaboration des addi
tions sur la base des 1ST en fonction de 
leur destination. On a Atabli qu’il est 
possible d’obtenir un plastifiant pour le 
ciment A base des IS, qui auralt une ac
tion plastifiante et d’entralnement d’air 
requise et qui ne ralentirait pratiquement 
pas 1'Hydratation et le durcissement du 
ciment.
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Testing methods for the set of pastes and mortars
Methodes de determination de !a prise des pates et morders
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RESUME : Des mesures de la prise des pates et mortiers de clment ont ete faites par diffe
rentes methodes et comparees entre elles. La prise des pates est determinee par un essai de 
penetration, notamment par I'aigullle de Vicat. Sous certaines conditions et en choisissant 
convenablement le corps de penetration, on peut caracteriser de fagon qualitative 1'influence 
de certains facteurs sur I'evolution de 1'hydratation. Les facteurs pris en compte ont ete : 
le rapport E/C, la temperature et le dosage en adjuvant.
Les essais de prise sur mortiers normalises-sont plus proches des exigences de la pratique. 
Ainsi des changements, en fonction du temps, du comportement plastique, peuvent etre deceles 
par le "flow test". La fausse prise, le raidissement premature et d'autres irregularites du 
processus de prise peuvent etre ainsi determines quantitativement, ainsi que 1'action des ad
juvants. Des exemples montrent que les resultats obtenus sur les pates se transposent dlffici- 
lement aux mortiers, alors que les resultats obtenus sur mortiers et sur betbns sont compara
bles.

SUMMARY: Measurement data of cement pastes and mortars are compared. The set of pastes is 
tested with the penetration method e.g. according to Vicat. Under special conditions and 
selecting a suitable penetration body it is possible to record qualitatively certain influences 
on the process of hydration, namely the water/cement ratio, the temperature and adding quantity 
of chemical admixtures for concrete. More suitable for the requirements in practical use are 
set tests on standardized mortars. Thereby the temporal change of the plastic behaviour is to 
be determined by the flow test. False set, premature stiffening and other irregularities in 
the process of setting as well as the action of admixtures, can be recorded quantitavely. By 
examples it is shown, that test results of set for pastes are only comparable to a certain 
extend to those of mortars,■ whereas mortar and concrete react comparable with each other.



INTRODUCTION ■

The setting of cement pastes and mortars is 
being tested according to the penetration test 
of Vicat (1) since the beginning of the 19th 
century. Originally this.,was done to distin
guish qualitatively between the fast setting 

■ within a few hours and the slow setting within 
any length of time. The development of cement 
and concrete technology during the last 
decades has made it necessary to get more 
exact knowledge of the.setting process. As 
far as the Vicat test was used quantitatively 
it has been overestimated in many cases with 
regard to the certainty and the importance of 
the measurements. On the-other hand there is' 
no other method for cement pastes that gives 
us any reliable data-comparatively as little 
expended energy as this test.

Besides insufficient attention is paid to the 
differences of changes in consistency of mor-. 
ta.rs and concretes referred to the setting of 
cement and those of pastes.

SETTING OF CEMENT PASTES

The needle penetration method of Vicat may 
provide reasonable set test values for nor
mally setting cements. Prerequisite is always 
keeping precisely the same conditions and a 
careful test procedure (2). The fixings of 
this point by international standards are not 
sufficient.

The penetration depth of the needle, plotted 
versus time, shows a more or less steep . 
s-like shape as a rule (figure 1 top). This 
shape of the curve does not even change if a 
cement tends to "false set" or "premature 
stiffening". However, if irregularities of 
setting become stronger the penetration depth 
values may vary erratically so that only a . 
fitting curve leads to a result. In figure 1 
bottom the setting of a paste containing a 
retarder admixture is plotted. Apparently 
this admixture has promoted the formation of 
spacially limited portions, stiffening starts 
from these. In former studies this effect 
sometimes is mentioned as "insular formation". 
It causes an irregular penetration of the 
slim Vicat needle. It shall be remembered 
here that the volume displaced by the Vicat 
needle is a very small one indeed, but the 

' needle regarded as a pressure foot causes 
the considerable compressive stress of 
3 N/mm2.

The above mentioned irregularities of the 
test values do not occur if a conical pene- 
tratnr instead of the needle is used because 
its penetration volume is larger. McCormick 
and Cowgill (3) had already pointed to the 
greater precision of the test working with a 
cone, two Inches in base diameter, to deter
mine the water'content of mortars. The -
slender cone proposed by us makes it possible 
for example to find out the "false set” and 
the "premature stiffening" or the stiffening 
secondary effect due to some concrete admix
tures. The curves for instance drawn in 
figure 2 are based on numerous measurements 

with a conical penetrator the diameter of 
which is 1 mm at the bottom and 9 mm at the 
height of 40 mm respectively. Using this cone 
one cannot measure the setting time as defined 
in the standards, but it makes perceptible 
such properties of cements that influence 
directly the consistency changes dependent on 
time.

Fig. 1 - Vicat test on cement pastes. Pene
tration depth versus time.

Fig. 2 - Modified Vicat test on cement pastes. 
Penetration depth of a conical penetrator 
versus time.

The regulations for setting time determina
tion laid down in cement standards do not 
make much sense. This is because they are 
based on penetration depth values lying 
within the respective flat sections of the 
s-like curve. That means of course that the 
spread of the values is very large. For the 
determination of setting times it is more 
suitable to elect a point out of the steep 
curve path, e.g. at the penetration depth of 
20 mm. In most cases the spread will be re- 



dticed to - 5 minutes. In this way the influ
ence of the water/cement-ratio can be deter
mined on a large scale (fig. 3). In these 
experiments two ordinary portland cements 
Z 45 F of nearly equal fineness were used. 
It is significant that small variations of 
the w/c-ratio produce large changes of set-

W/C-RATIO

Fig. 3 - Influence of the w/c-ratio on the 
setting time of cement pastes for two 
different cements "A" and "B".

Figure 4 shows the influence of the dosage 
rate of a retarding admixture on the setting 
time of a portland cement. The amount of time 
in which the needle reached only 20 mm pene
tration depth was defined as the setting time 
in this case too. Initial or final setting 
time values as defined by standards could not 
be determined at all or with sufficient pre
cision for most of the mixtures. With a cer
tain quantity of admixture depending on the 
w/c-ratio slow-setting is reverted to quick
setting rather abruptly. The importance of 
these measurements with regard to practical 
use will be referred to later.

SETTING OF MORATRS AND CONCRETES

The purpose of determining the setting times 
of cements is, with regard to practical ap
plication, to point out the length of time 
during which mortars and concretes are work
able. It has been proven, however, that the 
stiffening-behaviour of cements in pastes is

Fig. 4 - Setting time of cement pastes versus 
quantity of retarder admixture.

different from that in mortars or concretes. 
But it is a disadvantage that stiffening tests 
on concretes are very laborious. Furthermore 
most of the methods for testing the consist
ency of concretes fail in accuracy, or their 
applicability is limited (4). Particularly 
the penetration tests on concretes hardly 
indicate any useful results.

During the last years we made numerous meas
urings of the time-dependent consistency 
changes of concretes using the German stand
ard flow table. The flow development in time 
has been mentioned on other studies referring 
to the influences of some admixtures, partic
ularly of plasticizers (5, 6). But the extent 
of these investigations is not adequate to 
evaluate the workability in principle. Work
ing with this background, investigations with 
the aid of flow tests on standardized mortars 
adduced satisfactory results (7). Provided 
with a suitable test procedure, it is possible 
to even quantitatively recognize factors of 
influence on the stiffening behaviour.

The flow of mortars is determined by the flow 
table apparatus standardized in DIN 18 555 
(similar to that in ASTM C 230-68). The ■ 
conical mold for the mortar has a basic di
ameter of 10 cm. The table is to be dropped 
through a height of 10 mm once per second 
and the flow is the resulting diameter of the 
mortar mass after a certain number of drops.

In order to precisely determine the stiffening 
the flow value should originally be on a high 
level, and test mortars initially should have 
a good flow capability. This may be affected 
by the cement content, the water/cement-ratio, 
and the number of drops. Originating with the 
standard mortar specified for testing cements, 
a small increase of cement content proved to 
be "favorable. The investigations described 
subsequently were carried out with mortars of 
mix proportion 1 : 2,7 by weight. If the 
water/cement-ratio is varied within a reason



able range, flow values correspond directly 
and linearly, even after some hours after 
mixing and additionally affected by admix
tures (figure 5).

Q40 Q45 050 055

Fig. 5 - Flow of mortars with and without 
admixture at different hydration times 
versus water/cement-ratio.

Figure 6 shows the flow correlating to the 
number of drops while different w/c-ratlos 
are given. With growing numbers of drops 
flow values increase a little underpropor- 
tionally. For further investigations the 
w/c-ratio was fixed at 0,50 and the number 
of drops at 20. Under these conditions most 
of the cements produce initial flows of 
about 20 cm.

NUMBER OF DROPS

Fig. 6 - Flow of mortars with different 
w/c-ratios versus number of drops.

The hydration process leads to the stiffening 
of the mortar and to a continuous decrease of 
the flow depending on time. The values of 
normal setting cements generally fall into 
the hatched area of figure 7. But otherwise 
this test method makes it possible to de
finitely recognize setting irregularities 
such as false set or premature stiffening. 
False set always leads to a slight increase 
of flow values during the initial time period. 
On the other hand premature stiffening can be 
recognized by a remarkable steep fall of the 
curve within the first hour after mixing.

Fig. 7 - Flow of modified standard mortar 
versus time.

In many cases of practical use concrete ad
mixtures are added to affect consistency or 
stiffening. The mode of action of these 
reagents, such as plasticizing, retarding, 
accelerating, may be determined with suf
ficient accuracy by the proposed test method. 
Fere also the modified standard mortar with 
increased cement content and the w/c-ratio 
0,50 stood the test. During the first hours ' 
measurements of flow should be performed in 
30 min intervals at the most. When testing 
admixtures of accelerating or stiffening 
effect, time intervals should be shortened (8).

This way for example many setting retarders 
were tested. With respect to numerous dif
ferent cements it could be proven that re
tarding effects, i,e. to preserve a certain 
consistency, did not occur before 2,5- 4 
hours after mixing, while within the initial 
period a conspicuous stiffening of the mortar 
was observed. Figure 8 shows flow curves of 
mortars with various quantities of retarder 



admixtures in comparison to non-retarded 
mortars, using three different w/c-ratios.

Fig. 8.- Effect of a retarder on the flow of 
mortars. The hatched area covers the values 
for different admixture quantities.

The admixture's influence on the consistency 
within the first half hour is evident. It 
should be mentioned that the non-retarded 
mortar tended to false set due to the chosen 
cement. During the next 2 hours all retarded 
mortars show nearly the same stiffening be
haviour as those without admixtures. Only 
later the retarded mortars stiffen slowly as 
compared to the normal set of the non-retarded 
mortars. This behaviour seems to be inde
pendent of the water/cement-ratio. Merely the 
premature stiffening effect becomes stronger 
with the decrease of w/c-ratio and the in
crease of dosage. Other retarders, those 
without plasticizing effect, also led to flow 
development in time that differed from that 
of admixture-free mortars not before 2,5-4 
hours.

Figure 9 answers the question regarding the 
influence of the dosage that was already 
mentioned. Immediately after mixing, the re
tarder used here plasticizes the mortar more 
and more with increasing addition, as is well 

known of lignosulphonates. But the early 
stiffening effect grows at the same rate. 
Therefore after one hour all the mortars have 
the same flow independent of the dosage of 
retarder. Further stiffening is affected dif
ferently only by very small additions, but 
exceeding a certain quantity the dosage does 
not induce any differences in stiffening be
haviour. All measured values are covered by 
the hatched area in the graph, i.e. in spite 
of increasing admixture quantities the setting 
of the mortars is retarded equally. This re
sult appears to be in contradiction to the 
values determined by needle penetration tests 
on pastes of the same cement and retarder 
(see fig. 4). There is no reversion to 
quick-setting of the mortars. It must be con
cluded that with respect to the workability 
of mortars and concretes the needle test is 
unsuitable and may even cause an erroneous 
rating of consistency behaviour. Results of 
tests on the setting of cement pastes cannot 
be transferred to the consistency development 
in time of mortars and concretes. On the 
other hand it was previously deduced that 
flow values of modified standard mortars 
determined by the proposed method correlate 
very well at any time to those of comparable 
standardized concretes (7).

However, the Vicat needle test may point to 
discontinuities of the hydration process with 
certain addition quantities. For example the 
mortars with high retarder content being of 
good workability even after six hours failed 
in strength development. Finally they crumbled 
if stored under water. In this case the 
striking reversion in set observed in the 
tests on pastes indicates problems with the 
hardening process rather than trouble with 
the workability.

CONCLUSIONS

With regard to tests on the set of pastes 
three conclusions result from the investi
gations and interpretations of many references 
as well: 1st, the traditional Vicat test 
should be improved by recording continuously 
the determined values of penetration depth 
versus time and by redefinition of the 
setting time on the basis of a medium pene
tration depth; 2nd, results of penetration 
tests on pastes should not be the only crite
rion for the setting of mortars and concretes; 
better results will be obtained using a 
conical penetrator; 3rd, the needle" test is 
suitable to detect qualitatively certain 
effects on the hydration process.

Setting tests on mortars require an acceptable 
expenditure of work. Under certain conditions 
the results correspond to those obtained by 
tests on concretes. Based on satisfactory 
experiences on a large scale, a method of 
setting test is proposed using a standardized 
mortar with increased cement content. Normal 
setting, false set, and premature stiffening 
respectively may be determined by this method.

Furthermore effects of admixtures on the



QUANTITY OF RETARDER---- —

Fig. 9 - Flow of modified standard mortar 
versus quantity of retarder admixture at 
different hydration times.

consistency or the stiffening may be charac
terized even quantitatively. However, it must 
be pointed out that a favorable workability 
of mortars or concretes, particularly of 
those containing admixtures, does not neces
sarily guarantee favorable hardening and 
strength development. '
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Influence des sulfates sur les comportements 
rheologiques des pates de ciment et sur leur evolution
Influence of sulfates on the rheological behavior of cement pastes and on 

their evolution '

J.P. BOMBLED, C.E.R.I.L.H., France

RESUME
Les sulfates jouent un role important non seulement en fabrication des Hants mais encore et surtout lors 

de leur utilisation dans les mecanismes rheologiques et d'hydratation ainsi que pour la durabilite.
Pour chercher a comprendre leur action sur le plan rheologique a l'etat frais et sur les evolutions precoces 

(prise, raidissements) ou ulterieurs (resistances, variations dimensionnelles) on a Studie d'une part diffSrents 
sulfates calciques (gypse, plätre, anhydrite naturel, phosphogypse) et d'autre part un certain nombre de sulfates 
non calciques (Li, Na> Mg, Al, K, Mn, Fe, Cu, Zn, Ba, Pb, NHn) ; les essais ont porte sur deux clinkers de teneur 
differente en C3A (3 et 14 %). ,

Comma les cinetiques et les equilibres de dissolution regissent en grande part tous les phenomenes initiaux, 
1'etude a debute par I'examen de la solubilite et de la vitesse de dissolution ainsi que les facteurs qui I’influ- 
encent (temperature, finesse, ions communs); y compris la repercussion du moment d'incorporation du sulfate 
(au broyeur, dans le clinker broye, dans 1'eau, dans le malaxeur).

Il ressort des essais que la rheologie des pates de ciment fraiches resulte de la conjonction de 1'effet de 
floculation et de l'action retardatrice sur l'hydratation precoce des aluminates : selon la composition mir.eralo- 
gique du clinker et la qinetique de dissolution, 1'incorporation d'un sulfate peut se traduire, soit par une 
fluidification (apparente), soit*  par une rigidification.

L'.evolution dans les premieres heures (periods de raise en oeuvre) montre aussi que, suivant la quantite de 
sulfate disponible ou non consommee, on peut voir l'action fluidifiante ou rigidifiante suivie soit par un effet 
retardateur soit par un effet'accelSrateur sur la phase silicate.

D'une faqon generale, les activites observees dans presque tous les cas se classent ä peu pres dans 1'ordre 
des vitesses de dissolution. •

Les consequences sur les proprietes des pates durcies confirment ce qui est dejä bien connu dans ce doiraine.

SUMMARY
The sulfates play an important role, not only in the fabrication of binding materials, but also and chiefly 

in their use in rheological and hydration mechanisms, and for the durability.
Different calcium sulfates (gypsum, plaster of Paris, natural anhydrite, phosphogypsum) and cn the other 

hand sulfates of other metals (Li, Na, Mg, Al, K, Mn, Fe, Cu, Zn, Ba, Pb, NHa) were studied in order to attempt 
an understanding of their action on the rheological field at fresh state and upon early (set, stiffening) or 
further (strength, dimensional variations) evolutions ; the tests were made on two clinkers with different C3A- 
contents (3 and 14 %). .

As dissolution kinetics and equilibriums govern in a large extent all initial phenomena, the research began 
with the examination of the solubility and speed of dissolution as well as factors which influence on it (tempe
rature, fineness, common ions), including the effect of the point of time of the incorporation of the sulfate 
(into the mill, into the ground clinker, into the water, into the mixer)., ‘ .

The tests show that the rheology of fresh.cement pastes results from the conjunction of the effect of floc
culation and of the retarding action upon the early hydration of the aluminates : according to the mineralogical 
composition of the clinker and to the dissolution kinetics, the incorporation of a sulfate determines either 
a seeming fluidization or a stiffening. • '

The evolution during the first hours (pouring period) shows also that according to the disposable or uncon
sumed quantity of sulfates, the fluidizing or stiffening action can be followed either by an extended retarding 
effect or an accelerating effect on the silicate phase. •

Generally, the activities observed in almost all the cases are classed approximately in the same order as 
the dissolution speeds.

The consequences on the properties of hardened pastes confirm what is already well known in that field.



1. INTRODUCTION '
Les sulfates et notanunent les sulfates calciques 

peuvent jouer un role soit en fabrication (mineralisa- 
teurs, fabrication combinee clinker-SO^Hj), soit comme 
composants de Hants (sursulfates, expansifs,.., ), 
soit comme adjuvant modifiant la rheologie et les vi- 
tesses d1Hydratation (acceleration des silicates et 
du laitier, retardement des aluminates,...) ; lesions 
sulfates interviennent•aussi dans les problemes de 
durabilite (attaques d’eaux agressives par exemple).

Ajoutons que le souci de protection de I'environ- 
nement et de valorisation de dechets industriels rend 
disponibles des quantites considerables de sulfates 
de calcium "chimiques" (phosphogypse par exemple) dont 
1* incorporation dans les ciments est envisagSe. " 
. Il en results qu'une. meilleure connaissance des 
mecanismes d1action des divers sulfates sur le compor- 
tement rheologique ä I1Stat frais et sur 1* evolution 
ulterieure (prise, raidissements,durcissement, varia
tions dimensionnelles) revet un interet capital.

• = 1,3 10-5 " Ca(0H)2 ). ■

2. GENERALITES
2.1 Floculation ’ ’

A partir du contact eau-ciment, dans la sequence 
des phenomenes (mouillage, floculation, penetration, 
hydrolyse, dissolution', solvatation,. Hydratation, dif
fusion, sursaturation et precipitation) c'est en par- 
ticulier la floculation qui conditionne le comporte- 
ment rheologique de la pate fraiche ; neanmoins, il 
ne faut pas oublier que les premieres liaisons dues ä 
1'Hydratation precoce peuvent aussi empieter sur la 
periöde de mise en oeuvre (Stat frais).

Nous avbns montre depuis longtemps [1] que i’etat 
de floculation des pates de ciment depend de la nature 
des mineraux (potentiel de surface et homogeneite de 
repartition des charges) et de la nature (valence, 
dimension) des ions compensateurs provenant des ele
ments dissous oU des adjuvants (epaisseur de la double 
couche de Gouy, quantite d'eau "bloquee").

Il ressort de nos etudes anterieures que la flo
culation est en grande partie responsable du compor- 
tement visco-plastique Binghamien des pates de ciment 
fralches (cohesion, thixotropie,...) et ipso facto de 
la cohesion de la pate interstitielle des betons, 
grandeur qui est une des composantes de la plasticite 
des betons frais [2],
2.2 Dissolution

Comme pour les mineraux du clinker,les conditions 
du passage en solution des sulfates (et surtout leur 
vitesse) est I'SlSment capital pour comprendre les 
mecanismes rheologiques precoces qui nous Interessent. 
Mais il faut aussi tenir compte du phenomene tres im
portant de solvatation (du ä 1'interaction des ions 
avec les molecules du solvant), c'est-a-dire la fixa
tion autour des ions d'un essaim considerable de mole
cules d’eau, ce qui modifie la mobilite, la diffusion, 
la quantite d’eau libre, etc...

Rappelons que 1’equilibre ionique des solutions 
est regi par la loi de dilution d'OSTWALD:

Produit de solubilite: Kp» : C" (1)
vir i-“

(pour fixer les idees, ä 18/25 °C : 
Kps : 2,5 10-5 pour S03Ca.2H20

L’evolution, dans les premiers instants, sera la 
conjonction des cinetiques de dissolution des elements 
tres rapidement solubles (C3A, sulfates, elements alca- 
lins, grains "colloidaux") en resume : '

La solubility des sulfates calciques dSpendra :
- de leur taux d’hydratation (et eventuellement des 

conditions de deshydratation ; cf paragraphs 3),
- de la temperature, la solubilite decroit pour les 
dissolutions exothermiques et pour les corps formant 
des hydrates (ce qui est le cas), figure. 1 (a) ,

- de la consequence de la loi de dilution par la pre
sence d'autres ions, communs (Ca++, SO4 des clinkers) 
ou non (hydroxyle OH- par exemple), figure 1 (b).

La vitesse de dissolution dependra de la surface 
en contact (figure 2), de la constitution du sulfate 
(figure 3) et dans une certaine mesure de 1'agitation 
et de 1'ordre d.’incorporation, on peut noter sur la 
figure 2 qu'au-delä de 'v 3000 cm^/g, la surface speci- 
fique du gypse joue peu, la dissolution est quasi 
instantanee.

Fig 1 . Solubilite des sulfates calciques .

2.3 Corollaire
Le comportetnent rheologique ä I’etat frais sera 

le rSsultat de la conjugaison de plusieurs processus 
plus ou moins echelonnes dans le temps : . •' '

-les gros anions (SOq—, 0H~) viennent. prSfSren- 
tiellement se fixer sur les grains electroposltifs. 
des aluminates et modifier l’6quilibre electrocinetique 
des interactions intergranulaires (liaisons de flocula
tion).

.- par ses ions.Ca++, le sulfate de calcium joue 
le role de reducteur de solubility a 1'egard du C3A et 
par consequent retarde 1'apparition de liaisons d’hydna- 
tation precoces [3] et [4],

- 1’affinite des sulfates et des aluminates con
duit aussi ä la formation de sulfo-aluminates qui con- 
somment les ions SO^ dont 11epuisement permet ä nou
veau, a terme, la reprise de la dissolution et de 1’hy- 
dratation du C3A avec le raidissement concomitant.



- enfin comme anions forts (donnant des sels cal- 
ciques plus solubles que les silicates de Ca), s'ils 
ne sont pas epuises les ions SO4 contribuent ä 
accSlerer l'hydratation de C3S d'oü denouvelles liai
sons prenant le relai dans les premieres heures pendant 
11 evolution rheologique.
3. MATERIAUX UTILISES
3.1 Clinkers (Tableau I)

Deux clinkers, de teneurs en C3A differentes, et 
broyes ä deux finesses ont et6 selectionnes.

Tableau I
Analy

C3S
ftracfio 

C9S

neraiog 
X ' % 
C-tA CdAF

Teneu 

so3

en elements m

K2O |Na2O

ineurs

MgO

< % ' Aire massique 
Blame

‘A’ 77 1 5 3,2 4,3 043
0,2S_|_0,13 

1-038 *;
086 040 t 3600

n 4600

■ß’ 62 18 1 4 5 044 1.1 0 | 028 
^ = 138 *; 104 1.25 ,1 3600

c 4600
• forme cubique * • ortnorhombique

3.2 Sulfates (Tableau II)
Quatre sulfates de Ca, 

ete broyes ä deux finesses.
parmi lesquels deux ont 
ont ete choisis.

Tableau II

Sulfates 
(provenances) Mmeraux

Deter 
p f

mmatK
503

)ns chi
Na2O 
k2O

mques
MgO

Aire massique

(cm2/g )
gypse 

(Vaux/Seme)
SCUCa.aHsO 
+ quartz et calCtte 22.0 4 3,3 0,10 abs

ID 3800
-2i 5500

Anhydrite nature! 
(Thionville )

SOaCs 
contient aussidu gypse 5.1 54,1 0.20 0 60

11)3500

<2)7200
Platre 

( Prolabo )
SOdCa.O.SHaO 
♦ anhydrite 7.9 502 003 0,60 2700

Phosphogypse 
neutralise epure 

( Douvr.n '

presque entierement 
forme de semi hydrate 5.6 . 53,5 abs 0.40 6900

• Impurete majeure soluble . Pa Os 8 mg I

Pour les sulfates non calciques on a choisi : Li, 
Na, Mg, Al, K, NH4, Mn, Fe, Cu, Zn, Ba et Pb. 
La Figure 3 illustre les vitesses de dissolution.

Fig 3 . Vitesse de dissolution des ditferents sulfates • 
(eau dishiiee 20°C)

Ce qu'il faut retenir de la Figure 3, c’est que 
les sulfates calciques ont une solubilite intermediaire 
entre des substances quasiment insolubles (SOuBa, SO^Pb) 
et la plupart des autres sulfates choisis et, par ail- 
leurs, I'extreme rapidite de la plupart des dissolu
tions (a> 80 ä 90 %de la saturation apres 10 secondes) ; 
notons que 1'anhydrite naturel est presque aussi solu
ble que le gypse mais sa vitesse de dissolution est 
plus lente.
4. MOMENT D’INCORPORATION DU GYPSE

Dans la suite des essais, pour des raisons prati
ques, les sulfates seront honjogeneises a sec dans le 
clinker broye ; comme les equilibres de solubilite sont 
lies au passage en solution d'autres elements trSs 
solubles provenant du clinker, il etait utile de con- 
naitre 1'influence du moment d'incorporation du sulfate. 
Dans ces conditions, 5 melanges ont ete etudies avec 
5 % en poids du gypse Gl. .

gypse et clinker broyes ensemble,
gyPse et clinker melanges ä 1'etat de poudre, 

~© gypse mele ä l'eau de gächage, 
~@ gypse introduit au debut du malaxage (1 min apres 

le mouillage du clinker), 
gypse incorpore en fin de malaxage (1 min avant 
la fin d'un malaxage de 5 min).
Le Tableau III resume quelques uns des principaux 

resultats.

. Chrker Bl 14- C3A 1400 cm1, 3
• mesures au viscosimeire a cyhndres coax aux E C 0 ao

• «essa s en sale oure a o asricte egaie ■ 2000 Pa ■ i enfra ie E C ’

Tableau ID

Grandeurs mesurees Moment ’ incorporation Clinker 

sulfatea b C d e
Seuil de cisadlement f de la 
pate iraiche*  (Pa) 54 72 55 92 155 210

D^but de prise Vicat (mm) 100 60 
10260'

55 75 
•026?*

1 30 115

Resistance en compression 
6 28 jOurs (MPa ) 111 110 95 985 8 1 79

Retrait a 1 air a 28 jours 
SO X HR ( pm m )

1630 19t0 2000 2000 2090 5060

Rc ä 2 et 28 j _—♦ : N<e<cetd<a<b 
retrait ä 28 j _—* : a<b<cetd<e<N 
f (exigence en eau inverse) et prise cf. fig 4 et 5.

Notons que dans le cas du broyage simultane, les 
finesses respectives sont certainement en raison in
verse des broyabilites et sont par consequent diffe
rentes de celles des Tableaux I et II.

Le renflement caracteristique de la courbe de la 
päte sans gypse (fig. 5) et les effets fluidifiant 
initial et accel^rateur ultSrieur seront explicites 
au chapitre 6 (figure IN). -



5. RHEOLOGIE DE LA PATE INTERSTITIELLE DE CIMENT FRAICHE '————————
Toutes les mesures ont ete faites au viscosimetre 

ä cylindres coaxiaux CERILH [5] ; la figure 6 montre 
les differents aspects possibles des rhSogratnmes enre- 
gistres et les divers comportements rhSologiques ob
servables . .

La grandeur la plus significative-de ces fluides 
Binghamiens (ou pseudo) etant leur seuil de cisaille- 
ment, c'est celui-'ci qui sera etudie (les mesures ont 
toutes ete effectuees 5 min apres la fin du malaxage).
5.1 Influence de la teneur,en C3A

Nous avons montre, dans une etude precedents [1], 
que, dans l'eau pure, les aluminates sont initialement 
deflocules et disperses ; en revanche, ils forment 
tres rapidement des liaisons en fonction des condi-■ 
tions spatiales (serrage et teneur en eau) : le compor- 
tement des pates de ciment sera done la combinaison 
de ces deux effets contradictoires (figure 7).

Par consequent, les corps qui prSsentent en meme 
temps une action floculante et un effet retardateur 
du C3A, comme c'est le cas generalement pour les sul
fates, conduiront ä un comportement different selon 
la teneur en C3A du clinker. .

• Sur la figure 8 qui illustre la conclusion pre
cedents dans le cas des clinkers "A" et "B", on peut 
faire les observations suivantes :
- E represents ,1a difference d'exigence en eau ä

caractefistique rheolbgique egals (pour 2teneurs 
en C3A),

- J meme signification que figure 7,
- F effet floculant (rigidifiant),

- - R action retardatrice initiale sur le C3A dans les 
premiers moments (fluidification apparente).

On peut noter que 1'influence de la finesse de 
mouture se repercute moins sensiblement sur‘le clinker 
ä faible teneur en C3A.
5.2 Action des sulfates calciques

L'incorporation de sulfates conjugue les deux 
effets indiques ci-dessus et conduit ä une courbe de 
principe analogue presentee figure 9 et confirmee par 
les nombreux resultats qui ont perniis de construire 
la figure 10.

Fig 9 . Schema de Taction des sulfates calciques*-.

________________ Teneur en sulfate 
Fig 10 - Resultats . des essais ramenes a seuil de 

cisaillement initial fo egal.. '



Ces courbes font toutefois ressortir tres nette- 
ment l'effet limite de la floculation dans le cas du 
clinker pauvre en -CgA.

D'une fagon generale, il apparait que 1'action 
des Sulfates calciques, aussi bien floculante que 
retardatrice, s’echelonne ä peu pres dans le rapport 
de leur vitesse de dissolution (sauf pour l'action 
retardatrice duphosphogypse ä cause de ses impuretes 
solubles). .

La figure 11 illustre l'effet d'agglomeration 
des grains et 1'influence d'un sulfate.

loot 41 -a',s

Fig 11 - Sedimentometne . Floculation

5.3 Action des sulfates non calciques
L'action fluidifiante (apparente ou retardatrice) 

ou les raidissements observes sont resumes sur la 
figure 12.

Fig 12. Influence des sulfates non calciques .

6. EVOLUTION RHEOLOGIQUE DE LA PATE DE CIMENT 
PENDANT LES PREMIERES HEURES

6.1 Moyen d'etude
L'evolution du seuil de cisaillement a 6te suivie 

ä l'aide du rheographe, mis au point au CERILH [6] et 
[7], lequel permet des mesures depuis la fin du mala- 
xage jusqu’au-delä de la fin de prise VICAT et four- 
nit un certain nontbre de grandeurs (figure 13).

debut depnse_yicat_10^

raidissemenf Fig 13 - Type de courbes et 
■grandeurs obtenues a 1‘aide 
du Rheographe BOMBLED

fo Seuil de cisaillement initial
Ouree de mise enceuvre sans 
modification notable des resistances 
au cisaillement (penode dormante ) 

er Caractänse la vitesse de pnse

3fiTaux de raidissement premature 

tg Temps de debut de pnse VICAT

Seuil de cisaillement tlogf) 
(Pal

_hnde pnse VICAT __

i Temps (log)

A td ft mm

La figure montre que des raidissements precoces 
peuvent ne pas etre decelables avec les moyens habituels 
trop peu sensibles et que seule une methode comme celle- 
ci peut y parvenir.

Neanmoins, meme s'ils ne sont pas mesurables faci- 
lement, ces raidissements pendant la periode de mise en 
oeuvre sont toujours redhibitoires pour la mar.iabilite 
et ce doit etre, par consequent, le domaine de choix 
des etudes rheologiques.
6.2 Action des sulfates calciques

Le renflement caracteristique des raidissements 
est systematique pour les pätes de clinker broye non 
gypsees. La figure 14 montre plusieurs cas possibles 
de l'action d'une addition.

Pa Seuil de cisaillement Uog)

Fig 14 . Action du gypse par example .

L'effet(s)devrait plutöt se produire s'il reste 
suffisamment de sulfate "Libre", c’est-ä-dire : soit 
pour une forte teneur en sulfate, soit pour une’faible 
teneur en aluminate, ou encore une vitesse de dissolu
tion lente (anhydrite naturel, broyage grossier, cha- 
leur).



. Les essais ont porte, comme pour la viscosime- 
trie, sur les 2 'clinkers, les 2 finesses de mouture 
et les 4 sulfates ä trois teneurs ; les figures 15 et 
16, sSlectionnees parmi les resultats, confirment bien 
le schema precedent.

6.3 Action de sulfates non calciques ,
Les resultats obtenus sont resumes pour le clin

ker BI . sur la figure 17 ci-apres ; on peut diviser 
les modes d'action en trois categories :
- les cations accelerateurs (Li, Na, K), -
- les ions colmateurs tres retardateurs et generale

' ment fluidifiants (Pb, Ba),
- les substances gelifiant l'eau interstitielle, pro- 
voquant un raidissement notable (Al, Zn, Fe). '

Fig 17 .Evolution de la prise pour les sulfates non calciques .

7. ACTION DES DIFFERENTS SULFATES ETUDIES SUR LES 
PROPRIETES DES PATES DURCIES

La figure 18 illustre les resultats obtenus pour 
les resistances en compression en päte pure ä 1 et 28 
jours avec les deux clinkers, pour les sulfates de Ca 
et avec le clinker BI seulement pour les non calciques,

- Rc.tMPa)
Clinker At(3*C3Al
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Fig 18 -Resistances en compression .
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La figure 19 donne un aperqu des variations dimen- 
sionnelles pour les memes materiaux.

On sait que la t.eneur en sulfate doit etre modulee 
a la composition mineralogique du clinker, ä sa teneur 
en elements rapidement solubles (C3A, alcalins) et ä 
la finesse de mouture ainsi qu'a la vitesse de disso
lution du sulfate ; il exists generalement ä chaque 
age un optimum donnant les resistances maximales et le 
retrait minimal. ' ■
' Parmi les non calciques, les sulfates de Cu et de 
Pb semblent donner des resistances comparables ä celles 
des sulfates de Ca (en particulier, le sei de Pb qui 
allonge notablement les temps de prise mais accroit 
sensiblement les resistances ä 1 et 28 jours), en 
revanche les retraits sont toujours plus Sieves.

8. CONCLUSION .
L'action des sulfates sur les clinkers est multi

ple : floculants, reducteurs de solubilite des alumi- 
' nates, colmateurs, accelerateurs des silicates.

Le seuil de cisaillement des pates fraiches de 
ciment Portland est le resultat des liaisons de flocu- 
lation et d'hydratation precoce : les sulfates augmen
tent les premieres et diminuent les secondes en fonc- 
tion de la teneur en C3A (et de la solubilite et de la 
teneur en sulfate) ; il peut y avoir predominance de 
I'un ou de 1'autre effet (de meme pour 1'exigence en 
eau ä cohesion egale). L'evolution de,la prise etaye 
ces observations et y ajoute 1'acceleration eventuelle 
des silicates par le sulfate non consomme par les alu- • 
minates. L*action  sur les pätes durcies confirme la ■ 
necessite des sulfates calciques pour de bonnes perfor
mances des ciments. .
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Effect of mix rheology, admixtures and salts upon 
physical and mechanical properties of hardened 

cement pastes
Action combinee des adjuvants et des additions de seisur les proprietes 

physiques et mecaniques des pates de ciment durcies

B.E. SCHEETZ, Research Associate,
E.L  WHITE, Research Associate,
D. WOLFE-CONFER, Senior Research Technician, and
D.M.  ROY, Professor, Materials Research Laboratory, The Pennsylvania State University, University Park, 

Pennsylvania 16802, U.S.A.

SUMMARY: The interrelationships!between the rheological properties of ordinary cement slurries and viscous pastes 
and the mechanical and physical properties of their hardened composites have been investigated. The cement slur
ries, made from an ASTM Type I and an API Class C cement, were modified by addition of two superplasticizing admix
tures, a sulfonated melamine formaldehyde condensate (A14) and a sulfonated naphthalene formaldehyde condensate (A3). 
The interactions between the admixtures and brines are important since these composites may be exposed to brines at 
elevated temperatures (geothermal applications) and to bedded evaporite deposits (in a possible nuclear waste dis- 1 
posal site).

Rheological properties of cement slurries were measured at different shear rates to explore properties related to 
pumpability in the mixes. The shear stress for both the Type I and the Class C cement slurries was found to de
crease with increasing superplasticizer concentration and with increasing salt content at a 1% admixture concentra
tion. However, the rheological properties of both cement pastes were very erratic below 15 wt/o NaCl. In the 
presence of 25 wt/o NaCl, the fluidities of the pastes were 2 to 3 times greater at $1% superplasticizer concentra
tions but changed rapidly in contact with additional amounts of either superplasticizer.

The setting times for the Type I cement slurries systematically increased with increased admixture concentrations; 
however, the Class C cement had the opposite trend. The possible reason for these behaviors are discussed. The 
bulk densities for all specimens were measured and variations'with curing time, admixture content, and nature of 
mixing waters were discussed.

The microhardness measurement was utilized as a criterion to determine the strength of a specimen. Generally, the 
hardness increased with increasing curing time. Variation in hardness values for samples prepared from various 
cements and mixing water (with or without additives) were also discussed. A very distinct difference in hardness 
between the samples prepared with deionized water and admixture and saturated sodium chloride and admixture exists. 
The deionized water prepared samples were fully 40% stronger than the salt-admixture prepared samples.

^e^re^ations entrejes proprietes rheologiques de barbotines de ciments ordinaires ainsi que de pates visqueuses 
et les proprietes mecaniques et physiques de leurs composes durcis ont^ete etudiees. Les barbotines de ciment, ■ 
preparees a partir de ciments' ASTM type I et API Classe^C, furent modifiees par I'ajout de deux adjuvants super- 
plastifiants, un condense sulphone de formaldehyde de melamine (A14) et un condense sulphone de formaldehyde de 
naphtalene (A3). Les interactions egtre les adjuvants et les saumures sont Importantes vu que ces composites, 
peyvent 6tre exposes ä des,saumures a des temperatures elevees (applications geothermales) ainsi qu'ä des depots 
d'evaporite (dans un site eventuel de stockage de dechets radioactifs). ■

Les proprietes rheologiques des barbotines de ciment furent mesurees a differentes v-itesses de cisaillement afin 
d'explorer les proprietes en rapport avec 1'aptitude au pompage des melanges. La force de cissaillement pour ' 
les pätes du Type I et de la Classe C diminue lorsque la concentration de superplastifiant augumente ainsi qu' 
avec une augmentation du taux de sei lorsque Ton utilise 1% d'adjuvants. Toutefois, les proprietes rheologiques 
des deux pates de ciment deviennent erratiques lorsque Ton utilise moi ns de 15% (en poids) de NaCl.1 En. 
presence de 25% (en poids) de NaCl, les fluidites des pates sont 2 ä 3 fois superieures pour des concentrations 
de superplastifiants £ 1%, mais changent rapidement au contact d'ajouts supplemental res d'un des duex 
superplastifiants. ' ' ■

Le temps de prise des pates de ciment du Type I est systematiquement alonge lorsque Ton,augmente la concentration 
des adjuvants contrairement au ciment de la Classe C. Les raisons possibles pour ces phenomenes sont exposees. 
Les densites de tous echantillons furent mesurees et leurs variations avec le temps de prise, le taux d'adjuvants 
et la nature des eaux de mixage sont rapportees. ■ . .
La microdurete fut utilisee comme critere pour determiner la resistance d'un echantillon., En,general., la . 
microdurete'augmente avec le temps de prise. La variation de la durete d'echantillons prepares ä partir de , 
differents ciments eteaux de mixage (avec on sans additifs) est aussi rapportee. Il existe une difference tres 
nette entre la durete d'echantillons prepares avec de Teau "de-ionisee et des adjuvants et,cell,e d'echantillons 
prepares avec de Teau saturee enchlorurede sodium et des adjuvants. Les echantillons prepares avec de Teau 
de-ionisee sont 40% plus resistants que ceux prepares avec Teau saturee en NaCl.



INTRODUCTION

Effective sealing of penetrations into a nuclear waste 
repository (1), or. through rock,strata made for the 
purpose of extracting geothermal energy (2,3) will de
mand the development of cementitious composite materials 
for closure of the holes, or for cementing of the cas
ings. The composites will heed to possess long-term 
stability (4) coupled with ease of emplacement. Fun
damental to the geothermal applications is the exposure 
of these cementitious composites to mineral-laden 
brines at elevated temperatures (2,3); while, for the 
nuclear waste disposal application, the most . 
conceptually-advanced repository in the U.S. (5) is 
designed for siting in bedded evaporite deposits. The 
research results presented here were carried out to 
address certain intrinsic materials performance and 
property questions, dictated by the requirements of 
potentially important applications of cementitious ma
terials where they will perform in the presence-of 
halide phases: •

(1) Effects upon the chemical and physical prope
rties of such composites prepared with superplasti
cizing admixture and salt combinations: Are there 
potential interactions that would affect the integrity 
of the composites?

(2) Effects of alkali halides and superplasticizers 
upon the rheological properties of "pumpable" cementi
tious slurries: Because cement formulations for down
hole emplacement are usually designed to be pumped 
under turbulent flow conditions (large Reynold's num
bers) it is necessary to determine any such effects.

(3) Interactions of halides with the superplasti
cizers, that will affect the "pumpability" of the 
slurries: Do any significant changes occur with time? 
The purpose of the following experiments was therefore 
to address the questions of potential interaction be
tween halide phases present in the expected geological 
environment and the cementitious mixes that might be 
emplaced in the geomedia-.

EXPERIMENTAL

Ordinary commercial cements were used in these studies 
as much as possible, modified by chemical additions to 
achieve additional desirable chemical and physical 
properties. The cements used included an ASTM Type I 
and an API Class C. Table 1 gives chemical analyses 
of these cements. Three commercial superplasticizers, 
one sulfonated melamine formaldehyde condensate (A14), 
and one sulfonated naphthalene formaldehyde condensate 
(A3), were employed in the studies.

All cement preparations were conducted following ASTM 
C305 procedures;' samples were mixed with either de-, 
ionized water, or sodium chloride saturated solutions 
and maintained at a w/c of 0.3, compacted into poly
ethylene molds on a vibrating table for 60 seconds, 
and cured for 24 hours at greater than 90% relative 
humidity (1). The molds were then removed, and the 
samples were cured under selected fluids, saturated 
Ca(0H)2 or saturated NaCl, contained in sealed glass 
jars at room temperature and 60°C." The nomenclature 
used is as follows:

cement . . . mixing . % ' . curing . curing
type " • ' water ' admixture " water " temp.

I 0.3 NaCl*  1 Ca(0H)z RT 
I 0.3 DW 0 NaCl ■ 60.

*The concentration of NaCl in the solution is not in 
eluded as solid in the designated water:solid ratio; 
DW = deionized water.

Table 1.
Chemical composition 

(major constituents) of 
Type I and Class C cements

Type I 
(1-5)

Class C 
(C-2)

Si02 20.82 21.2
Al203 5.24 2.7
Fe203 2.90 5.1
CaO 62.88 65.4
MgO 3.20 0.8
S03 2.88 2.5
C02 ND ND

Compressive strength (ASTM C109), microhardness 
(Vickerls), density (1), water and gas permeability
(6),  bond strength, phase composition by x-ray dif
fraction, setting times (ASTM C191), and rheological 
properties (7) were determined to aid in the inter
pretation of potential interactions.

RESULTS AND DISCUSSION

These experiments were designed to Investigate various 
properties of cementitious materials relevant to their 
placement and performance in contact with salt- 
saturated environments. Initial experiments were de
signed to compare the effects of deionized mixing 
■water vs. saturated NaCl mixing water; the effect of 
the interaction of a fixed concentration (1%) of a 
superplasticizer with NaCl added to the mixing water; 
the effect of the type of curing water [sat. Ca(0H)2 
or sat. NaCl], and in a limited number of tests the 
effects of curing at elevated temperatures.

X-ray Diffraction Phase Determination. Very little 
difference in the resultant hydration products could 
be recognized between the samples that were prepared 
with and without an admixture. The phases identified 
by x-ray diffraction (XRD) were portlandite [Ca(0H)2], 
ß-C2S, C3S*  and the calcium chloroaluminate hydrate " 
"Friedel's salt" (8). Also recognized in these dif- 
fractograms were a large amorphous contribution to the 
x-ray diffraction pattern centered at -b25°29, and the 
contribution of a phase that possesses intense low " 
angle diffuse background which usually left the chart, 
beginning in the range of from 6 to 10Ä. Table 2 is a 
suirmary of the recognized phases. The present" XRD . 
data were obtained for qualitative phase identifica
tion; the references therefore necessarily reflect 
only trends of the reactions.

fNomenclature In order: w/c ratio, mixing water, curing water, curing

• Table 2.
Phases Identified 

by x-ray diffraction

curing 
time 

(days)

admixture (A3)*

0% 11

0.3 fiaCl-Ca(OH)2-RTf 7 P B C lb P B C lb
28 F B C P B C
56 F B k P B C k

0.3 NaCl-NaCl-RT 7 P B C 1b P B C lb
28 F B C k P B C ka
56 P B C a P B C ka

0.3 DW-Ca(0H)2-RT 7 P B C lb P B C
28 F B C a p B c a
56 P B C p B C

0.3 DW-NaCl-RT 7 P B C lb p B c lb
28 F B C k p B c k
56 P B p B c

temperature.
P • portlandite, B = B-C2S; C * C3S; lb ■ low angle background; k « 
Friedel's salt (SCaO-AljOj-CaClj-lOHjO); _= 60°C cured sample; a « 
amorphous background; A3* • sulfonated naphthalene formaldehyde con
densate.

♦Cement abbreviations: C = CaO, S = Si02, A = Al203, 
F = Fe203.



Bulk Density. Bulk density is a routinely measured con
trol property which, when all other factors are equal, 
confirms reproducibility of sample preparation (i.e., 
replicates should agree within a high degree of pre
cision). It is also a useful measurement for indicating 
trends. Therefore, such densities were measured for 
each sample in this series of experiments, as mass per 
unit volume, after removal from the curing solution, 
saturated, surface dry (see Table 3). "

The relative comparisons are as follows: (1) Witlf the 
exception of two compositions which showed significant 
departures, a specimen of a particular composition was 
found to maintain its density (within ±1.5 percent), 
not changing with curing time (8 of 12 were within ±1 
percent). (2) The admixture-containing samples as a 
group showed the lowest overall variation as a function 
of time. (3) The de-ionized water preparations showed 
less variation than the salt-saturated mixing water 
specimens. (4) Within the deionized mixing water group, 
samples prepared with admixtures at a single age were 
essentially identical. ■

It should be noted that the specimens made with satur
ated NaCl mixing water actually contain considerably 
higher total solids content. Thus it had been expected 
that this group of samples would possess considerably 
higher densities. In fact, only a single sample set 
(that with both NaCl mixing and curing water, no ad
mixture, and cured at room temperature) showed con
siderably higher densities than other comparable sam
ples. Thus, the salt-saturated samples departed 
significantly from expected ideal behavior.

Microhardness. Following earlier work (9) which 
showed that a relationship exists between microhardness 
and porosity for certain familie's of cement-like ma
terials, a relation between microhardness and bulk den
sity was also established (10,11), which is Indirectly

See Table 3, page VI-175

Table 4. Microhardness vs. curing time 
for sodium chloride treated Type I pastes

* time fweeks 1____
1 4 8

1-0.3 NaCl-0-Ca(0H)2-RT 3A 41.5 53.0 63.8
1-0.3 NaCl-l-Ca(0H)2-RT 1A 36.3* 50.7* 50.3*
1-0.3 NaCl-0-Ca(0H)2-60 3A‘ 49.0 63.0 55.2
1-0.3 NaC1-0-NaCl-RT 3B 44.8 50.5 77.0
1-0.3 NaCl-l-NaCl-RT IB 36.8* 45.3* 52.9*
1-0.3 NaCl-0-NaCl-60 3B' 53.0 60.0 51.4

1-0.3 DW-0-Ca(0H)2-RT 4A 59.8 59.1 66.7
1-0.3 DW-l-Ca(0H)2-RT 2A 57.1* 69.4* 63.9*
1-0.3 DW-0-Ca(0H)2-60 4A' 59.1 81.0 81.8
1-0.3 DW-O-NaCl-RT 4B 55.5 62.6 66.7
1-0.3 DW-l-NaCl-RT 2B 54.1* 63.9* 67.3*
1-0.3 DW-0-NaCl-60 4B' 52.4 66.4 58.7

*with admixture

related to strength. The microhardness of every sam
ple was determined using the Vicker's technique (10); 
data are given in Table 4. The general trend found 
for all samples was an increase in hardness with in
creasing curing time. The hardness increase ranged 
from 10% to 70% in some instances with the average in
crease approximating 30%. The reference neat paste 
(without admixture or NaCl) cured at 60°C showed the 
most rapid Increase in hardness and also possessed the 
greatest hardness. Generally the samples prepared 
with deionized water and Type I cement were harder ' 
than those prepared with salt. All of the samples 
using deionized mixing water produced harder products 
than those samples prepared with salt mixing water. 
The former samples generally maintained their 
strength with respect to the latter samples as a func
tion of time. A very distinct difference in hardness 
exists between the admixture-containing samples pre
pared with deionized water and those prepared with 
saturated sodium chloride. The samples prepared with 
deionized water are fully 40% stronger than the salt- ■ 
admixture prepared samples.

Permeability. One of the most effective predictive 
measures of the potential for mass transport through 
a particular medium is its permeability (6). If a 
cementitious material is going to be an effective bar
rier to the transfer of fluids and their contents, it 
must possess a permeability less than or equal to that 
of the surrounding rock. The permeability measure
ments recorded in this experimental sequence were all 
made with nitrogen, using the Klinkenberg extrapola
tion to infinite pressure, giving an approximate liquid 
permeability. The values obtained for the entire 
specimen set, range from about 0.1 microdarcy to tens 
of microdarcies. No obvious trend is apparent in 
these data as a function of the admixture's presence. . 
All those samples prepared with deionized water ap
pear to have permeabilities that are less than or 
equal to the values obtained for the saturated sodium 
chloride mixing water samples. The data are reported 
elsewhere (12). .

OVERVIEW OF PHYSICAL PROPERTIES

Microhardness measurements showed a general increase 
with curing time, which would be indicative of gen
erally increased strength. The samples prepared with 
deionized water were generally superior to those pre
pared with saturated salt solutions. This gives rise 
to a suggestion that optimized cementing composi
tions possibly may not involve preparation with sat
urated salt solutions. On the other hand, samples 
prepared with deionized water and cured in a 20% salt 
solution were generally equal to or superior to any 
of the former samples.

Further, it is realized also that microhardness of 
the present samples cannot be expected to follow a 
strictly linear relationship with bulk density for 
two reasons: (1) The salt-saturated samples cannot 
be compared strictly with ordinary silicate cement ■ 
samples because of major compositional difference. 
NaCl intrinsically has a lower hardness than sili
cates; although its addition serves to increase den
sity of the composites, it does little to Increase 
the hardness. (2) The density of samples containing 
only bound (non-evaporable) water would be the more 
appropriate property for correlation with mi'crohard- 
ness, rather than the saturated bulk density, which 
includes a component of non-structural water. The 
latter adds little to the strength. Therefore, the 
above correlation, while showing trends, does not 



constitute a quantitative relationship. It will be 
important to find whether there are correlations with 
dry (110°C) density, and to further characterize the 
cement composites' mechanical properties.

Although general trends can be ascertained that sug
gest that the sodium chloride based formulations do 
not form as good a composite as similar formulations 
without the salt, there was no specific evidence of 
superplasticizer-salt interactions.

Rheological Properties. The questions addressing the 
potential influence upon the setting times and rheo
logical properties, which affect pumpability do in
directly suggest that interactions occur.

Literature references (13,14) state that in the pres
ence of brines no adverse effects occurred between the 
saline mixing waters and commercial oil well cementing 
admixtures. Both of the above references, however, 
failed to identify the general class of admixtures or 
to provide any specific details, of the nature of any 
experimentation that was conducted.

All viscosity measurements were made on a Brookfield 
Model 5X HBT. Other measurements in the laboratory 
have been carried out with a Haake Rotovisco instru
ment (7), and calibrations using standard Newtonian 
liquids have shown agreements in calculated viscosi
ties from the two instruments to within 3-6% (15). 
The Brookfield instrument was chosen for the current • 
studies for convenience, as well as for the instru
ment's ability to permit measurement of mortars as 
well as pastes. The torques at 8 different shear 
rates were determined in successive order from the 
largest to the smallest (measurement duration 1 min.), 
followed by a 1 minute rest, then determined with 
successively larger shear rates. The total time 
required for the measurement after mixing was approxi
mately 17 minutes.

Figures 1 and 2 contain data sets for the instrument 
reading given in millivolts, which is proportional to 
rheological shear stress, versus added sodium chloride 
solids in weight percent. The data are graphically 
presented for one rotor speed (10 rpm), which is pro
portional to shear rate; this represents an intermed
iate value of the 8 rates determined. Thg data in 
Figure 1 suggest a nearly monotonically decreasing 
shear stress with increasing salt content (at 1% 
concentration: wt admixture solids/weight cements, of 
both the sulfonated naphthalene and melamine formalde
hyde condensate superplasticizers). The Type I-cement 
alone undergoes somewhat more erratic behavior but 
with roughly the same trend. The Class C cement in 
Figure 2 behaves in a similar fashion with a monoton
ically decreasing shear stress with increased salt 
concentrations. The exception to this is the mixture 
of Class C cement with the sulfonated naphthalene 
superplasticizer (A3) which is.approximately a factor 
of 3 more fluid than the remaining 2 samples. In both 
sets of experimental data, erratic behavior occurs in 
the rheological properties of the pastes'below 15 wt/o 
NaCl.

Typical of the rheological properties with varying 
superplasticizer concentrations are the data presented 
in Figure 3, where the shear stresses with increasing 
superplasticizer concentration generally appear to 
decrease monotonically. However, in the presence of 
25 wt/o sodium chloride, the pastes typically are a 
factor of 2 to 3 more fluid at low superplasticizer ■ 
concentrations (less than or equal-to 1%) but rapidly

Figure 1. 
in mixing

5 IO 15 20 25 30 35
wt/o No Cl 

Viscometric response of paste 
water.

vs. % NaCl

Figure 2. Viscometric response of paste vs. % NaCl in 
mixing water. •

Figure 3. Viscometric response of a Type I (1-5) ce
ment paste to different concentrations of admixtures 
'and NaCl.

change in their, fluidity in contact with larger con
centrations of either superplasticizer. .

Setting Times, Extensive measurements were made of 
setting times of the variety-of pastes (1,16). Ini
tial measurements performed on the neat cement Type I 
(1-5) pastes with increasing admixture concentrations



Figure 4. Effects on initial setting time of Type I 
cement of varying amounts of water-reducing agents 
in the presence of 25 wt/o NaCL

Figure 5. Effects on initial setting time of Class C 
cement of varying amounts of water-reducing agents in 
the presence of 25 wt/o NaCl. .

indicated a systematic increase in setting times with 
increasing admixture content. Variations due to the 
chemical type of admixture were observed especially at 
the large concentration levels (Figure 4). The Class 
C (C-2) cement, however, exhibited the opposite trend 
of setting faster with increased admixture concentra
tions with very erratic results occurring for the 
chemically different admixtures at concentrations ' 
above 1 wt/o (Figure 5).

The explanation for these observations may lie in a 
combination of the physical properties of the indivi
dual grinds for each cement, and its chemistry. The 
chemical compositions given in Table 1 show both a 
lower alumina (and resultant lower C3A) and slightly 
lower SOg content in cement C-2; and C-2 has a 
slightly higher specific surface area.

The setting times of the Type I (1-5) cement (Figure
4) in the presence of 25 wt/o NaCl generally indicate 
a trend toward the retardation of setting with in
creased admixture concentrations. The sulfonated 
naphthalene formaldehyde condensate A3 behaves erra
tically, acting as an accelerator at low concentration, 
and as a retarder at higher concentrations. The Class 
C (C-2) cement exhibited a trend of acceleration of 
the setting with increased admixture concentrations.

In the four data sets presented, the sulfonated mela
mine formaldehyde condensate for the most part behaves 
in a more nearly predictable manner than the sulfo
nated naphthalene but the Class C (C-2) cement responds 
in a more predictable manner than the Type I.

Additional experiments with 1% admixture and varying 
salt concentrations up to saturation further substan
tiate these observations (16). "

CONCLUSIONS

Phase characterization of cement pastes prepared with 
various combinations of ingredients (including presence 
or absence): mixing water, admixture, curing water; 
and curing temperature was made. The calcium chloro
aluminate hydrate, Friedel's salt, was characteristic 
of many specimens which either included NaCl in their 
mix or curing solution. Physical properties studies 
of the products of cement pastes prepared with,super
plasticizers in the presence of sodium chloride sug
gest that the cured products typically are less pre
dictable and often inferior to those of the analogue 
formulations prepared without the presence of sodium ■ 
chloride. E.g., these are typified by similar per
meability values but with a larger, more erratic 
scatter in the measured values for the salt-containing 
samples.

Investigations of the rheological properties of these 
pastes in the presence of sodium chloride are more 
revealing experiments. The data presented herein 
suggest that potential interactions do exist between 
the superplasticizers (irrespective of the formulation 
or type of admixture) and salt to produce erratic 
behaviors. Fortunately, the erratic behavior appears 
to be limited to low salt concentrations (at low 
superplasticizer levels) or at relatively high super
plasticizer concentrations at more nearly typical 
working salt-concentrations. This trend, fortunately, 
will minimize their erratic behavior for certain 
applications: during emplacement of a.slurry the mix 
most likely will become enriched in salt as it is 
pumped into an evaporite formation. Data in Figures 2 
and 3 would suggest that this circumstance will have 
little effect upon the rheological properties as 
compared to the impossible circumstance in which the 
concentration of admixture increased. ■ -

When designing cementitious mixes for geothermal ce
menting, there would appear to be little''advantage, 
and possible disadvantage, to including salts in the 
initial mixes (2,3). For plugging applications in 
evaporites, factors involved with the individual 
situation would have to be considered. From the 
present data, either salt-containing mixes or non
salt-containing ones apparently could-be emplaced; but 
other factors relating to longevity would also have to 
be considered for their final evaluation (4).
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Table 3. Bulk density of sodium chloride treated samples versus curing time

admixture

1 week ■ 4 weeks 8 weeks

without with without -with without with

I-0.3NaCl-0-Ca(0H)2-RT 3A 1.94 1.91 1.94
I-0.3NaCl-l-Ca(0H)2-RT 1A 1.88 1.85 1.88
I-0.3NaCl-0-Ca(0H)2-60 3A" 1.87 1.88 1.87
I-0.3NaCl-0-NaCl-RT 3B 2.07 1.95 2.02
I-0.3NaCl-l-NaCl-RT IB 1.93 1.87 1.88
I-0.3NaCl-0-NaCl-60 3B" 1.94 1.96 1.90

I-0.3DW-0-Ca(OH)2-RT 4A 1.89 1.88 1.90
I-0.3DW-l-Ca(0H)2-RT 2A 1.90 1.90 1.91
I-0.3DW-0-Ca(OH)2-60 4A" 1.86 1.90 1.89
I-0.3DW-0-NaCl-RT 4B 1.94 1.91 . 1.91
I-0.3DW-l-NaCl-RT 2B 1.91 1.90 1.91
I-0.3DW-0-NaCl-60 4B" 1.92 2.00 1.93

Average (kg/dm3) 1.93+07 1.91+0.04 1.92±0.05
1.91+0.02 1.88±0.02 1.90±0.02



Influence of structure on fracture mechanism of 
hardened cement paste

L 'influence de la structure sur !e mecanisme de rupture des pates de ciment 
. durcies ■

Yu. ZAITSEV, Professor, All-Union Polytechnical Institute (WZPI) Moscow, U.S.S.R.

RESUME : On a etudie 1'lnfluence de la structure poreuse des pates de ciment durcies sur le 
mecanisme de leur rupture et sur leur resistance mecanique. On en a deduit un modele mathe- 
matlque du processus. Ce modele tient compte de la distribution differente des pores dans la 
pate de ciment. On a analyse le developpement de la rupture par la methode de Monte-Carlo.

SUMMAKY: Influence of porous structure of hardened cement paste on its fracture mechanism 
and mechanical strength is investigated. A mathematical model of fracture process is deve
loped. The model takes into account different distribution of size of pores in a sample of 
hardened cement paste. Using Monte-Carlo method crack propagation is analyzed.



■ INTHODUCTION . . '
Many contributions devoted to deformation 
and fracture of hardened cement paste, 
mortar and concrete are to be found in the 
literature (1-5). Most attemps, however, 
are mainly based on phenomenological 
approach and do not analyze theoretically 
the basic l»ws of fracture process.
In ah effort to fill this gap we have made 
attempt to give a theoretical description 
of cracit propagation and fracture process 
in a porous and viscoelastic material such 
as hardened cement paste. .

DEVELOPMENT OF INITIAL OKACKS *
Let iis examine the process of crack propa
gation in the porous material under uni
axial compesslon. The simplest element to 
be Investigated in an idealized structure 
of a porous material is a cylindrical hole 
in a homogeneous and isotropic plate. For 
a short time loading it is possible to ne
glect the phenomenon of creep and to assu
me that the large mass of the material 
outside the zone adjacent to the crack 
acts elasticly. The stress distribution 
around a cylindrical hole is well known 
(Fig. 1). Methods of fracture mechanise make 
it.possible to define the relation between 
a value of the external load q(q 0) and 
length.of a crack at the lines of maximum 
tensile stress. This relation is given by 
the following expression (4): . .

■- IilEt J O+aV (k-b„\q-V5r^" V (WJ^ (

where E is. elastic' moduli and If is the 
effective surface energy density of harde
ned cement paste. Experimentally estimated 
values of are given in (5).

SIMULATION OF CBAOK PROPAGATION IN 
HABDKTED CEMENT-PASTE
Expression given above can be applied as 
long as the crack length 1 is small as com
pared to the distance of. individual pores, 
i.e. as long as the interaction between 
two mutual approaching cracks is negligible. 
Therefore the propagation of two interfe
ring cracks (Fig. 2) and.finally the crack 
propagation in a material with pores dist
ributed at random (Fig. J,a) has been stu
died. In this model which is fairly close 
to a realistic porous structure of harde
ned cement paste. The random, pore distribu
tion was generated by a digital computer. 
The results obtained by one computer rea
lization of Monte Carlo method are shown . 
in fig. 3,b,c. Mathematical basic for such 
calculation uses the methods of fracture 
mechanise and was described in (4). The 
sum of the length of all individual cracks 

as a function of the applied load has been 
calculated. Each time two pores become con-, 
nested by merging of two growing oracks 
there is -a sudden increase in the total 
orack length until a critical value is 
reached when the cracks propagate without 
any increase of external stress.
Simulation of crack propagation described 
above makes it possible to estimate the 
effect of pore size distribution on the 
fracture mechanism, mechanical strength 
and strain behavior of hardened cement 
paste. It was found.that with the increa
sing mean size of pores by the constant 
quantity of pores, the ultimate load will 
decrease. ■
With tfye increasing maximum size .of pores by “the constant mean size and the con
stant quantity of pores', the' ultimate load 
will decrease too. The main.results are shown in fig. 4. It was also found that 
with the increasing mean and (or) maxi
mum size of pores by the" constant quantity 
of pores, or with the increasing number 
of pores of constant size, the probability 
of a splitting mode of fracture (as shown 
in fig. 5,c) will decrease and the proba
bility of shear mode of fracture will in
crease. At the latter case an inclined 
crack crossing the areas mostly weakend 
with pores will propagate (fig. 5,d).

CONCLUSION .
A new and basic approach to simulate crack 
propagation in hardened cement paste has 
been described. Simulated crack patterns 
agree reasonably well with experimental 
findings. Therefore it seems that a solid 
basic for further investigation has been 
provided. •
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-Pig. 2. Development of cracks near two neighboring pores is completed by the coalescing of 
the cracks and the formation of one crack (dottet line) pnsaing through the two
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Fig. ), Simulated oraok propagation in a two-dimensional model of hardened cement pastes 
a - unloaded model; b,c - two different stages (middle and final) of orack propagation; 
o - the final stage of crack propagation in a model of another structure (great number of 
pO”88)



Fig. 4. ßelated ultimate load q/og as a ' 
funotion of the related radius or pores 
s/inl 1 - effect of change of the mean ' 
radius of pores by the constant quantity 
of poresI 2 - effect of change of the ma- 
xitnua radius of pores by the constant mean 
radius and the constant quantity of pores .



Capillary pore structure and permeability of hardened 
cement paste

Structure des pores capillaires et permeabilite despates durcies de ciment '

B.K. NYAME and Dr. J.M. ILLSTON, Division of Civil Engineering, . ’
The Hatfield Polytechnic, Hatfield, Herts, U.K.

RESUME.: La relationentre la permeabilite ä I'etat sature, la poroslte et la distribution . 
des pores dans les pates de ciment durcies, a ete etudlee par la methode de porometrie au 
mercure et sechage ä 105°C, pour des valeurs variees, du rapport eau/ciment, et des durees 
d1hydratation. .

On a tro’uve que la relation entre la permeabilite et la poroslte, en fonctlon du rapport eau/ 
ciment varialt avec la duree de 11hydratation. Un maximum a ete observe dans la courbe de 
distribution des pores; ce maximum est relie etroltement et uniquement a la permeabilite, in- 
dependamment de la duree de 1'hydratation et du rapport eau/ciment.

SUMMAHTe- The relationships between saturate! permeability, porosities and the pore size distributions of ' 
hardened cement paste as influenced by water/cement ratios and times of hydration were studied by the 
techniques of mercury pqrosimetry and drying at 105°C« .

It was found that the permeability - porosity relationship for hardened cement paste of different water/cement 
ratios is not the same for different times of hydration» A marlmum continuous pore size was identified from 
the pore size distributions which closely and uniquely relates to permeability irrespective of time of 
hydration or water/cement ratio of the pastes. ■ ■



INTRODUCTION:
It is known that the permeability of hardened <
cement paste is mainly dependent on the capillary 
pore volume (t) Studies of,the pore size 
distributions of hardened-cement paste (2,3,4) 
generally indicate the existence of a threshold 
diameter, which is interpreted to correspond to the 
•minimum geometrically continuous*  pore size in 
hardened cement paste. The present work was 
performed to enable a closer study to be made of the 
relationship between the permeability of hardened 
cement paste and its porosity and pore size 
distributions with the particular purpose of 
finding the significance of the threshold diameter 
in relation to permeability.

EXPERIMENTATION:
Ordinary Portland cement (D25) with composition 
CjS; 64%, CpS; 13%, C3A? 6.8%, C4AF; 7.3%, CaS04; 
3.6% was mixed with distilled water at w/c ratios 
in the range 0.23 to 1.00, and hydrated continuously 
in water for periods up to 20 months. Truncated 
conical shaped samples of between 10 - 20mm thick 
were used for the steady state permeability tests. 
The steady state permeability method used is 
described elsewhere (5); it basically involves the 
use of silicone rubber sealing jacket cut to fit 
tightly to the sides of the specimens prior to 
mounting in high pressure permeameters. The 
conical shape of the specimens aids the formation 
of a seal between the silicone rubber jacket and 
the specimen. Steady state flows were measured 
with cathetometers bymonitoring the changes in 
level of the water meniscus in outflow capillary 
tubes.
The total porosity, from the saturated and surface 
dry condition, was-estimated from the water 
contents determined by drying at 105°C. The pore 
size distributions were determined by mercury 
intrusion porosimetry (Carlo Erba Series 200 model) 
for the samples at the conclusion of the steady 
state permeability-measurements. The pore radius 
was calculated using equation 1 for cylindrical 
pores, a contact angle of 140° and a surface 
tension of mercury of 0.48N/m2 being assumed.

r = 75,000 (1)
P

where r = pore radius (a)
P = applied pressure (kg/cm^)

The differential pore size distributions were 
evaluated from equal volume divisions of the 
penetrated pore volume and equation 2.

dv - P dv (2) 
dlogr 2.303 dp

1 where v = intruded pore volume (cm^/g)
The maximum continuous pore radius, Tqo, was 
defined to correspond to the pore radius at which 
dv/dp has a maximum value.

RESULTS:
Fig. 1 « shows the effects of hydration on 
permeability for pastes of water/cement ratios 
0.23, 0.47, 0.71 and 1.00. The permeability values 
represent the mean values obtained from between 3 to 
8 samples, and typically the coefficients of 
variation for permeability at each w/c ratio were in 
excess of 50%.

Fig.1.- Effects of hydration on permeability of 
hardened cement pastes of different water/cement 
ratios.

The pore size distributions for the age at 28 days 
are given in Figs. 2a and 2b, again showing the " 
differences between the four water/cement ratios.
The values of the maximum continuous pore radius, as 
previously defined are identified on Fig. 2b "and 
located on the cumulative pore size distributions of 
Fig. 2a.

Fig.2a: Effect of water/cement ratio on the 
cumulative pore size distributions of hardened 
cement pastes hydrated in water for 28 days.



Fig. 2D: Effect on water/cement ratio on the 
differential pore size distributions of hardened 
cement pastes hydrated in water for 28 days-.

Fig.3. shows the variation in the maximum continuous 
pore size with w/c ratios and time of hydration, and 
it can be seen that, except at the highest w/c ratio, 
Too reduces to a steady-state value after 28 days of 
hydration.

Fig.3i Effect of water/cement ratio and time of 
hydration on the ”»ti’ mum continuous pore radius of 
hardened cement paste. '

The results are summarised in Figs. 4 and 5 which 
show the multivalued nature of the relationship 
between permeability and total porosity, which 
contrasts with the unified relationship of 
permeability to the maximum continuous pore 
radius. ■

Fig.4» The relationships between total porosity 
and saturated permeability of hardened cement 
paste; -



'■Fig. 5: The relationship between the maxi mum continuous pore radius and saturated permeability of hardened 
cement paste. <

The relationship between -the maximum continuous 
pore radius and permeability of hardened cement 
paste was found by linear regression to be 

3-284.K = 1.684 r^ x 10~22 (?)

with a correlation coefficient of 0.9576 where
K = permeability (V^)
r0D= maxi mum continuous pore radius (a) 

The constants for the relationship between total 
porosity, £ , and permeability, K,- fitted.to the 
equation of the form

K (t) = Ko(t). £ (4)
are given in Table 1.
Table 1: Constants of regression for the relationship 

between total porosity and permeability of 
hardened cement paste. •*

rime of 
hydration 
(days)

K0(t) 

n/s

b(t) Correlation
Coefficient

3 4.19 10/ 16.18" 0.8811
7 3.00 10~7 12.98 0,8323
28 1.57 10"10 9.02 0.7031
lOmonth 2’.25, IO-11 0.9378
20month 3.88 10“10 ' 7.95 0.9661

DISCUSSION:

It is often considered that, as a first approximation 
permeability and porosity of hep are uniquely 
related. Fig.4. clearly demonstrates that this is 
reasonably true only for different water/cement 
ratios at a given time of wet curing; it does not 
hold when the changes in porosity are caused by 
continuing hydration. In other words, the changes 
in pore structure resulting from hydration are very 
different from those resulting from different 
water/cement ratios. The reduction in permeability 
accompanying hydration is shown in Fig. 1, which also 
indicates that there may be a reversal of this trend 
if wet curing is prolonged. It is noticeable that 
Figs, 1 and 3 exhibit similar patterns, so that 
permeability and the maximum continuous pore radius 
are apparently related. That thia is indeed so, 
is evident from Fig. 5.

The general shapes of the differential pore size 
distributions (Fig. 2b) include a maximum peak 
towards the upper end of the range "of pore styes, and 
it follows that the radius corresponding to "this peak 
is representative of a considerable proportion of 
the pore volume, Winslow and Diamond^ visualised 
the penetration of mercury at the upper end of the 
pore size spectrum to be analogous to flow through 
the Inain continuous channels of a river system 
whilst the penetration below the peaks correspond to 
flow through local side channels. Since the larger 
pores are likely to offer the least resistance to 
water flow, it is not unreasonable to deduce that the 
majority of the flow will occur in the volume " -
represented by the peak radius i.e. by the marl mum 
continuous pore radius. The reasonable correlation 
of Fig. 5, certainly supports this view, and it may



be further concluded also that the considerable 
proportion of small pores carry very little of the 
permeating water.

The c hanges in the maximum continuous pore radius 
with water/cement ratio and hydration (Fig. 3.) 
suggest that it is representative of the spaces 
between cement grains, which become partially 
filled with the advance of hydration products. * 
While no geometrical description is possible, it is 
of interest that, with the exception of the 1.00 
water/cement ratio, the partial filling appears to 
cease at 28 days, thus implying that hydration 
after this time consists of a densification of 
existing structures rather than the deposition of 
new material within the maximum continuous pore 
channels between adjacent grains.

The authors are indebted to Science Research Council 
of the U.K. for financial support.
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CONCLUSIONS;
(1) Total porosity of hardened cement paste is 
not uniquely related to permeability but depends 
on whether the change in porosity derives from 
differences in water/cement ratio or-times of 
hydration.
(2) The maximum continuous pore radius, as 
defined here, is related to permeability and is 
representative of the size of pore in which the 
water flows.
ACKNOWLEDGEMENTS:



Influence des resines de synthese fluidifiantes sur la 
rheologie et la deformation des pätes de ciment avant 

et en cours de prise
Influence of fluidifying synthetic resins on the rheology and deformation of 

cement pastes before and during the setting

A.M. PAILLERE, Docteur es Sciences, Chef de Section "Produits Nouveaux" au Departement des Betons 
et Metaux, Laboratoire Central des Fonts et Chaussees, Paris, et

Ph. BRIQUET, Ingenieur E.C.S., Chef de groupe "Adjuvants et additifs" ä la Section des Produits 
Nouveaux, L.C.P.C. Paris, France.

RESUME : La difference de conportement entre les rSsines de synthSse tensioactives et les lignosulfonates est 
surtout mise en Evidence en etudiant 1’action de ces produits lorsqu’ils sent introduits au cours de la prise 
du ciment.

Leur effet ddfloculant devient tres narque par rapport aux plastifiants rdducteurs d'eau ä base de lignosulfo
nate dans le cas des el6rrents de diarrStre infSrieur ä 20 p. Cette dgfloculaticn agit sur le corrportement rh6o- 
logigue du beton et sur l'hydratation du ciment.

Les dßfontiations en cours d'Hydratation de la pate senblent etre sensiblement modifiSes par le naphtalSne sul
fonate lorsque ce produit est introduit dans l'eau de gächage, c'est-ä-dire dans des conditions ne correspon- 
dant pas ä son effet optimum.

Ceci se traduit sur beton par un temps de fissuration plus avancS.

SUMMARY : The difference about the behaviour between synthetic tensioactive resins and lignosulfonates is par
ticularly shown up by studying the action of these products »hen put during the setting of cement.

Their defloculating effect becomes very pronounced with regard to water-reducing plasticizers countaining li
gnosulfonates in caseof particules below 20 micrometers. This defloculaticn influences the rheological beha
viour of ooncrete and the hydratation of canent.

The defarmations in process of hydratation of the paste seem to be appreciably modified by naphtalene sulfonate 
vhen this product is introduced in batch water i.e. in its not optimum use.

So, the cracking tine of ooncrete takes place sooner.



INTRCDUCTICN

Les exigences croissantes des techniques et des chan
tiers, les ouvrages d'art ä,ferraillage souvent tres 
dense, ont eu pour consequence, au cours des demiSres 
annSes, d'estimer que, pour certaines realisations, 
les adjuvants "classiques" n'etaient plus adaptes.
Pour repondre aux besoins des utilisateurs, on a vu 
apparaitte des produits ä formule chimique tres elabo- 
r§e qui, en apportant des ameliorations notables ä 
certaines caracteristiques du beton, permettent 
d'Slargir les domaines'd'ernploi de celui-ci. C'est le 
cas tout particulierement des rösines de synttese qui 
sont ä la base de la ccmposition d'une nouvelle fa-, 
mille de produits ayant une'action particuliöre sur la 
maniabilite ou fluidity des mortiers et betons hydrau- 
liques. Des la ccmmercialisation de ces produits qui 
ont re;u des appellations diverses, telles que "super- 
plastifiants", "superfluidifiants" ou "fluidifiants", 
il s'est pos§ la question de savoir s'ils consti- 
tuaient une nouvelle famille par rapport aux plasti- 
fiants"clas.siques“ et si leur node d'action etait dif
ferent. ■
Du point de vue chimique, ce sont des solutions 
aqueuses ä pH neutre de melamine formaldehyde ou de 
diriaphtyl-mSthane sulfonate de sodium ou de calcium. 
Leur action fluidifiante, qualifiee par certains de 
spectaculaire, est tr§s variable et assujettie ä de 
rranhreux parametres. Les recherches et experimenta
tions sur chantier ont montre qu'elle ne se produit 
de fagon incontestable que lorsque les produits sont 
introduits apr&s confection des mortiers ou batons 
hydrauliques, de pr6f6rence juste avant leur mise en 
oeuVre (1). MSlangds ä l'eau de gSchage, c'est-ä-dire 
utilises au moment de la fabrication du beton, les 
rdsines de synth&se agissent de fa^cn analogue aux 
lignosulfonates ou autres produits tensioactifs qui 
constituent les plastifiants.

Influence des rSsines de synth&se sur la rheologie 
des pätes de ciment .

La differenciation entre les deux families d'adjuvants 
(plastifiants et.fluidifiants), basee sur le oomporte- 
nent rheologique du b&ton final, a 6t6 miseen Eviden
ce sur päte de ciment en mesurant sa visoositS ä 
l'aide du visoosim&tre ä cylindres coaxiaux type 
CERILH (2)(3).

En effet, tel qu'il apparaft dans les figures la et 
lb, 1"introduction de lignosulfonate (produit n° 3) 
ou de r&sines de synth&se (produits n° 1 et n° 2) au 
moment de la confection de la päte, n'entrafne, du 
point de vue de la visoositS, aucune difference carac- 
t&risant chacune des families chimiques. Eh revanche, 
introduits en differe, c'est-ä-dire 30-60-120 minutes 
apr&s fabrication de la päte de ciment, les fluidi
fiants ccnduiseit ä des viscositEs oorprises entre 
0,4 et 1,6 Poises et ceci 2h apr&s fabrication. Qiant 
au plastifiant, il n'amäliore plus de fagon notable, 
ä partlr d'une heure la viscositä de la päte qui de- 
vient mäne supSrieure ä celle du tSmoin quand le plas
tifiant est introduit 2h apräs confection.

Afin d'approfondir ces rfisultats marquant la diffä- 
rence d'action entre les diverses families chimiques 
d'adjuvants, nous avons effectuS des nesures de vis- 
cositfi des pätes, dans lesquelles les produits,dont 
la canposition chimique variable est donnEe dans le . 
tableau n° I, Etaient introduits en difffirä jusqu'ä 
3h apr&s confection.

Nature dümique des adjuvants utilises

Fig. 1 : ViscositE des pätes de ciment 
adjuvantEes en fonction du te-rps d'attente 

et de leur nature chimique.

Code Extrait Sec Nature Chimique
U) .

N® 1 20 RSsine mSlamlne fomald^hyde sulfonate de sodian

N* 2 40 DinaphtylmSthare sulfonate de calcium (poids nol6-
culalre 500)

N* 3 39 Lignosulfcnate de sodiun + ester ptosphorique

N* 4 16 Lignosulfonate de sodium ♦ traces de naphtal6ne
sulfonate

N* 5 27 DinaphtylmSthane sulfonate de sodium (65 %) lignosul
fonate de sodiun (35 %) * -

N* 6 35 Lignosulfonate de calcivm

N* 7 30 Lignosulfonate de sodixm + alkylphenol oxyethylenfi

N* 8 40 NaphtalSne foxmaldehyde sulfonate de sodiun (poids
mol6culaire 2000)

N° 9 30 (Gluconate de calcian * alkylaryl sulfonate .

Les essais effectuEs confirment les rfisultats prEcE
dents et la mesure de la viscositfi ä 3h montre que le 
classenent, du point de vue rhEologique, s'effeotue 
de fagon trSs nette en fonction de la nature chimique 
des produits (Figure 2).

Viscosit» des adjuvants introduits en diFfere en fonction du temps



Viennent en tete, du paint de vue pouvoir fluidi- 
fiant, avec des viscosites ä 3h de la päte, can-, 
prises entre 2 et 2,6 poises :

- la resine naphtalene sulfonique de poids molecu- 
laire 2000 (n° 8),

- la resine melamine (N° 1).

Ensuite on trouve avec des viscosites plus elevees 
(3,8 ä 4 P) :

- le naphtalene sulfonate ä poids rroleculaire ~ 500 
(n° 2),

- le melange 65 % naphtalene sulfonate ä poids mole- 
culaire 500 et 35 % de lignosulfonate (N° 5).

Avec une viscoslte de la päte de 4,5P?le produit 
n° 4 (riche en lignosulfonates avec de tres faibles 
proportions de naphtalene sulfonate) se place tres 
pres des produits n° 3 et 6 (plastifiants classiques 
ä käse de lignosulfonate).

Le produit n° 9, const!tue de gluöonate de calcium 
conduit ä la päte la plus visqueuse (6 toises) .

II apparaft ainsi que 1'introduction en differs des 
fluidifiants est bien le node d'utilisation optimum 
de ces produits. Leur action devient dans ce cas 
tres marquee et iE se distinguent tres nettanent des 
plastifiants. La mesure de la viscosite des pätes 
adjuvantees serble perrrettre de classer les produits 
suivant leur efficacite et leur nature chimlque.

touvoir defloculant des resines de syntheses .

L'abaissement du seuil de cisaillenent des pates de 
ciment constatä avec les fluidifiants est relie au 
pouvoir defloculant des produits. De nccforeuses re- 
cherches ent ete effectuees sur les proprietes de- 
floculantes des conposes tensioactifs (4) (5).

L'effet plastifiant et retardateur des ligno
sulf onates a äte explique en partie par 1 'etat 
defloculä des grains de ciment en presence de ces 
produits. Nous avons done recherche s'il existait 
une difference significative entre le pouvoir deflo
culant des resines de Synthese et les lignosulfo
nates et si cette caracteristique n'etait pas selec
tive vis-ä-vis de la granularite des grains de ci
ment.

L" etude de 1'aptitude ä la däfloculation ou disper
sion des grains de ciment dans l'eau a done et§ me- 
pge sur les produits caractärisant diacune des fa
milies d'adjuvants (fluidifiante et plastifianis) sur 
un ciment brut et sur les trois coupes granulcmä- 
triques suivantes :

- ultrafines (0/10 .p) conprenant 98 % d'elä-
ments > 5 p, •

- fines moyennes (0/20 ji) conprenant 78 % d'älSments
conpris entre 5 et 20 p, '

- gros elements (0/100 ji) conprenant 80 % d'elements
conpris entre 20 et 80 p. •

La distinction entre les fluidifiants et les plasti
fiants ätant trSs nette du point de vue de la vis- 
cositä, dans le cas de 1'introduction du produit 
differe aprSs confection de la päte, nous avons re- 
chercnä si ce phänemäne se refletait de meme dans 
la defloculation des grains de ciment.■

Les essais ont done ,6t6 realises sur chaque produit 
du tableau n° I, introduits, d'une part dans l'eau 
de dispersion du ciment, et d'autre part avec un 
temps d'attente apräs le melange eau-ciment variant 
entre 5 minutes et 2h 30.

Le traeä des courbes granulonätriques des ciments a 
et§ reoonstituä ä partir des mesures de defloculation 
effectuees ä l'aide du sSdimentcmStre Prot et de la 
pipette d'Andreasen.

Les mesures de defloculation des grains avec les adju
vants, melanges ä l'eau avant dispersion du ciment, 
ne laissent pas apparaitre de difference significa
tive de cemportement entre les diverses compositions 
chimiques des produits (Fig. 3).

COURBES GRANULOMETRIQUES

Reconstitutes ä partir des grains de ciment deflocults

L'Stat de floculation des grains de diametre ccttpris 
entre 0 et 45 y est total dans le cas du ciment seul: 
aucun grain infärieur ä 45 p n'a 6t6 mesurS. les 616- 
rnents fins se sont groupäs en dormant de gros grains. 
La granularitä se trouve de ce falt carpl6tanent modi- 
fiee, tout semble se passer corrme si le cirrent 6tait 
constituä de grains de dimensions carprises entre 45 
et 100p. .

En revanche 1'addition de lignosulfonate ou de r6sines 
de Synthese conduit ä une dispersion meilleure des 
616ments fins qui se trouvent partiellenent individua- 
lis6s. Cette dispersion est sensiblenent la meme quel- 
que soit le produit utilise. ■

Lorsque 1'emploi de 1'adjuvant a lieu en diff6r6, 
(Fig. 4) on constate que la defloculation des grains 
0/20 p,obtenue avec les r6sines de synthAse (N° 2-1 
5 - 8),est plus 61ev6e que dans 1* experience pr6c6- 
dente. Ceci est fortonent marqu6 dans le cas du rxaph- 
tal&ie sulfonate ccrrmercialis6 en tant que fluidifiant 
(produit n° 2). Par centre, les produits ä base de 
lignosulfonate en fortes proportions (3-4-6) d6- 
floculent moins bien que lorsqu'ils sent introduits 
dans l'eau de gächage.

Une 6tude plus approfondle par coupe granulcmätrique 
confirme que la dispersion des grains de ciment obte- 
nue avec les räsines mälamine et naphtalSne sulfonate 
est sup6rieure ä celle des lignosulfonates dans le 
cas des ultrafines et fines moyennes, c'est-ä-dire 
pour les grains conpris entre O et 25 u (Fig. 5a, 5b, 
5c).. . . ■



F’9U™ COURSES GRANULOMETRiQUES

Reconstitutes ä oartir des grains de ciment dtHocults

Ainsi la floculatian des ultrafines (grains de O ä 
10 )i), qui est de 82 % pour le tänoin sans produit 
et de 73 % pour le lignosulf onate, passe ä 36 % et 
30 % pour la rösine melamine et le naphtalSne sulfo
nate respectivenent.
COURBES GRANULOMETRiQUES Reconstitutes 6 portir des grains 

detlocults (adjuvants introduits aprts 2h30)

Dans le cas des fines moyennes (5/25 ji), cn oonstate 
que les oourbes granulonStriques dbtenues avec les 
suspensions de ciment oontenant du naphtalSne sulfo
nate. et de la rSsine mSlamine sont träs proches (ou 
confordues) jusqu'ä la granulan6trie de 8 ji, de celle 
dSterminBeau laser. Pour 1O y, la floculation est 
d’envircn 20 ä 15 % pour les r6sines de synthSse et 
de 25 % pour le lignosulfonate.

Pour les grains supSrieurs ä 40 y, la diff&rencia- 
tion n'est pas significative (Fig. 5d) » ^es granula- 
rit6s obtenues avec les differents produits Stant 
sensiblement les mtess. .

D’une fagon gengrale cn peut dire que les fluidi- 
fiants dispersent plus efficacemfcnt que les plasti- 
fiants les Slänents fins du ciment, c'est-ä-dire les 
grains entre 0 et 20 y. Qi remarque de irSne que la 
floculation des grains, due ä 1'absence de produit 
tensloactifs, conduit ä des oourbes grandkxrßtriques 
tSmoin totalsnent aitfSrentes des ccxirLes reelles 
obtenues par laser. Par contre, les tensloactifs en 
g6n6ral permettent d'obtenir des dispersions granu- 
laires dans l'eau conduisant 3 des oourbes granulo- 
mStriques ayant meme allure g@n6rale que celle d6- 

terminee au laser. Ibutefois, quel que soit le pno- 
duit, la defloculation des elements fins n’est pas 
totale et il subsists toujours un pourcentage varia
ble de grains agglcm6r6s. Ceci entrafne un plus fort 
pourcentage de grains de dimensions superieures que 
celui existant rSellement dans le ciment.

Si l'efficacite, du point de vue de ,1a defloculation 
des grains, est systematiquement plus inportante dans 
le cas des fluidifiants, eile est variable suivant le 
produit et le monent auquel il a ete introduit 
le milieu eau-ciment. La figure 6 nontre 
1'Evolution de 1'aptitude 3 la dSfloculation des 
grains de ciment de 20 que possedent les principaux 
fluidifiants et plastifiants en fonction du tarps au
quel ils sent introduits.

Fines moyennes . Gros grains

0 10 20 ID <0 SO 00 . 0 10 20 10 10 SO ■ SO
Ainsi 1'utilisation optimale, du point de vue de la 
defloculation, de la resine mglamine (N° 1) se place ■ 
apr§s un tenps d'attente compris entre 60 et 120 mi
nutes apres dispersion du ciment dans 1'eau. Le con- 
portement du naphtalene sulfonate ä poids molSculaire 
Sa 500 (n° 2) ainsi que du mSlange 65 % de naphtalene 
sulfonate et 35 % de lignosulfonate (n° 5) semble 
moins pointu que la rSsine melamine. Toutefois, I'ef- 
ficacitS de ces deux produits, est plus acoentuee 
vers 120 minutes pour le n° 5 et 150 minutes pour le 
n° 2. ■ - .

Le naphtalene sulfonate ä plus haut poids molSculaire 
(n" 8) paresente un pouvoir de defloculation assez 
constant entre 15 et 20 minutes pour diminuer rapide- 
ment apr§s.

Les lignosulfonates (n° 4 et 6) possAdent un maximum 
d'aptitude ä la d6floculation entre 5 et 60 minutes.

Pour cheque fluidifiant, l’efficacite du point de vue 
de 1'amelioration des proprietis rheologiques des 
mortiers et des betons sera fonction, en plus de sa 
canposition chimique, d'une part du moment auquel 
il sera introduit dans le melange eau-granulats- 
ciroents, et d'autre part de la granularity du ciment 
lui-mäne. ' .

Dans le cas d'un ciment riche en 616nents fins, les 
fluidifiants, et tout particuli6rerrent le naphtalene 
sulfonate du meme type que celui du produit n° 2, pr6- ' 
sentent une etticacitd tr6s marquSe. Cette efficacitS 
diminuera ou s'attSnuera d'autant plus que la mouture 
du ciment sera plus grossiSre.Pour certaines granula- 
ritSs et temps d'introducticn, il n'y aura pas de



difference sensible entre un lignosulfonate et une

Toutefois, ces qualites defloculantes et fluidifiantes 
des produits, liees ä la granularite des grains de ci- 
ment, ne sauraient etre dissociees de la nature chi- 
mique des constituants preponderants dans les frac
tions granulaires etudiees (Tableau II).

TAHr.EAU II
Analyse chimique des differentes fractions granulaires 

' (CPA 55)

Ultra 
fines

Fines 
Moyennes

Gros 
grains

Ciment CPA 55 
non fracticnne

Chaux libre 1,25 1,04 0,25 0,59
Ca SO4 31,48 9,69 2,78 5,10
Ca SO4 2H2O 39,82 12,26 3,53 6,45
C4 AF 4,92 5,83 6,32 6,08
C3 A 9,06 12,79 12,58 12,71
C3 S 64,82 66,62 45,21 63,43

La fixation prefSrentielle du fluidiant par le C^A a 
et§ montrSe au cours de recherches anterieures ( 6). 
Cependant, oanpte-tenu que ces fractions' granulaires 
d'ultrafines et fines mqyennes ont relativement la 
m&ne teneur en C^A que le ciment, mais sont par cen
tre surdosees enoS0^ (ou en gypse : Ca SO. 2H-0), il 
serrble bien qu'il y ait ainsi une adsorption pr6f6ren- 
ti^lle des resines de synthese sur le gypse. Cette 
adsorphion pr6f6rentielle, liee 3 des families de pro
duits (structures globulaires pour le naphtalSne sul
fonate et filandreuse pour le lignosulfonate par exem- 
ple), conduit 3 une configuration du film de produit 
fix§ sur les grains de ciment plus epaisse dans le 
cas de la rSsine rrelamlne et du naphtalSne sulfonate 
(Fig. 6a) que dans le cas des lignosulfonates (fig.6b)

La separation entre les grains est done favorisSe et 
la defloculation esc,de ce fait, plus marqude.

Deformations de la päte de ciment en cours d‘Hydrata
tion ■

Canpte-tenu de ces rSsultats, il 6tait permis de pen- 
ser que la presence de fluidifiant dans une pate de 
ciment en cours d'Hydratation dev-ait se traduire par 
un carportement different de celle-ci. En effet, 
I'Stude des courbes de deformation aux jeunes 5ges des 
pdtes de ciment en fonction du tenps, avec et sans 
adjuvants, 3 I'aide de I'appareil de mesure du second 
retrait ( 7) fait apparaitre, lorsque les adjuvants 
sont introduits dans l'eau de gächage, qu'il existe 
une difference trds nette dans 1'allure de la partie 
"gonflerMit" des courbes de deformation des pätes de

ciment nontenant du naphtalSne sulfonate, par rapport 
aux pates ccntenant des produits 3 fort pourcentage 
en lignosulfonates (Fig. 7). - .

La prSsence de naphtalSne sulfonate entraine systema- 
tiquement un gonflement de la pfite en cours d'Hydra
tation, tr&s supSrieur 3 celui de la pdte temoin ou 
adjuvantSe avec d'autres produits. Toutefois, les vi- 
tesses maximales de second retrait ne se diffecient 
pas significativanent d'une famille chimique 3 une 
autre.

Fia: 7 iNFUENCE 0E LA NATURE CHIMIOUE CE L'ADJUWNT
SUR LES COURBES RETRA1T-OOMFLEMENT DES BATES DE GHENT

Ce gonflement trSs SlevS, qui se produit entre 7h et 
65H aprSs gSchage de la pate de ciment dans I'eau ad-: 
juvantSe de naphtalSne sulfonate, ne se produit plus



lorsque ce produit est introduit eri dlffere (lh apres 
confection dans l'exemple präsent). Au ccntraire, il 
sariblerait que,dans ce cas, le gonflement mesure, 
bien qu'inferieur ä celui du temoin,soit plus impor
tant dans le cas des lignosulfonates.

Ce piiencm6ne de gonflement eleve de la päte de ciment 
en cours d'Hydratation se repercute sur la fissura- 
tion du beton. Ainsi 1'etude comparative faite au 
banc de fissuration L.C.P.C. (8) entre des betons 
avec et sans lignosulfonate et naphtalene sulfonate 
montre que ce dernier, melange ä l'eau de gächage, 
entraine une fissuration du beton legerement retar- 
dee par rapport au tSmoin mais nettement plus rapide 
par rapport au lignosulfonate (Tableau III). ’

TABLEAU III

BSton t&noin

Age du beton au moment de 
la fissuration

Produit introduit 
dans l'eau de gä
chage

Produit introduit 
lh aprSs confec
tion du bdton

20h ' -

Beton+lignosul- 
fonates 73h 44H

Beton+naphtaläne 
sulfonate 32h 72h

A 1'inctar des constatations faites sur les courbes 
de gonflement des pates de ciment, ce canportement 
est inverse lorsque le naphtalene sulfonate est in- 
troduit Ih apr6s confection du beton. Dans ce cas, 
la fissuration est retardee alors qu'elle devient 
plus präcoce (ccmparativanent) avec le beton adjuvan
te au lignosulfonate.

Par ailleurs, les courbes des contraintes engendrees 
par les deformations en fonction du tarps, enregis- 
trees des la raise en place du beton dans le banc de 
fissuration, ent des allures totalement differentes 
dans I'un ou 1'autre cas. _

Les contraintes engendrees par le retrait du beton 
dans lequel le naphtalSne a StS introduit dans l'eau 
de gächage sont enregistrees ä partir de 21h et en
trainent rapidement la fissuration (32h). Alors que 
dans 1'autre cas, elles ne se developpent qu'533hf 
c'est-ä-dire apres la fissuration intervenue dans 
le bäton rräcSdent. Le rapport des vitesses de re
trait respectives est de 2,13.

C01CLUSI0N

Cette Sri ide a permis de cemer le mode d'action des 
räsines de synthese fluidifiantes (melamine et naphta
lene sulfonate) et de les differencier des tensioac- 
tifs[ligrxDsulfonates, etc...) employes habituellement 
en tant que plastifiants.

Il est apparu ainsi que l'efficacltä de ces produits 
est ätroitenent liäe au manent de leur introduction 
dans le melange eau-ciment-granulats. D'une fa^on 
genSrale, et quelle que soit la nature chimique, les 
resines de synthese utilisees en diffdre (30 minutes 
et plus apräs fabrication des mälanges hydrauliques) 
presentent un effet fluidiant tres älevä, les dämar- 

quant nettement des lignosulfonates.

En revanche, il n'existe pas de differentiation signi
ficative entre les divers adjuvants lorsqu'ils sont 
introduits dans l'eau de gächage.

Cette fluidification est reliee ä une defloculation 
notable des grains de ciment de diametre ^20 p.

le pouvoir defloculant des resines de synthdse depend 
aussi du moment d'introduction du produit et senble 
lie ä une adsorption preferentielle sur les grains de 
gypse et de CgA du ciment Portland.

Une particularite des fluidifiants ä base du naphta
lSne sulfonate est qu'ils entrainent une augmentation 
inportante du gonflement des pätes de ciment en cours 
d'Hydratation lorsqu'ils sont utilises dans l'eau de 
gächage, c'est-ä-dire au minimum de leur performance. 
Ceci, j}' est pas sans influence sur la fissuration du 
beton qui se trouve etre acceleree dans ce cas et pour 
cette famille chimique de produits.

Le coTtportement ä la fissuration d'un beton additionne 
de naphtalSne sulfonate peut etre done ccrrpletement 
different suivant le mode d'introduction du produit. 
Ceci peut revetir une grande importance dans le cas 
des constructions en beton.
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Effect on micro-additives on properties of concretes
Influence des micro-additifs sur les proprietes des betons

LN. POPOV, Dr. Sc. All-Union Polytechnical Institute (WZPI), Moscow, U.R.S.S.

RESUME : Le processus de durcissement du beton de clment et de formation de sa structure et 
de ses proprietes depend non seulement du clment portland utilise pour sa fabrication, mais 
aussi des micro-additifs disperses dans le ciment# Les micro-additifs sont introduits dans 
le cim'ent portland au broyage du clinker de ciment avec des roches ou des dechets industriels. 
Ils peuvent aussi etre introduits dans le beton, lors de son malaxage, sous forme d'ayent 
dispersif, ou bien sous forme de fraction des agregats. Il ne faut pas considerer le micro- 
additif comme un adjuvant inerte. L'examen de la structure et des proprietes des betons de 
ciment ä agregats fins a mis en evidence que les micro-additifs ameliorent la granulometric 
generale du beton, ce qui garantit une certaine diminution de la consommation du ciment. 
Les betons a agregats fins avec addition de mlcro-addltif ont une structure dense et ont les 
memes grandeurs de resistance et de deformabiIite que celles des betons ordinaires.

SUMMASYs Process of hardening of concrete and formation of its structure and properties de
pends not only on the portland cement but also on the disperse additivs — microaggregatee 
Mioroaggregate can be inserted into Portland cement composition together with rock products 
or waste products' of the industry during grinding of cement clinker»
Microaggregate is a disperse fraction of aggregate and can be inserted also into concrete 
mixture together with its other component. .
Microaggregate cannot be considered as an inert additiv. Investigation of the structure and 
properties of fine-corned cement conretes has been showed that the addition of microaggre
gate improves the general granulometric composition of aggregate and allows to decrease 
cement content in concrete. At the same time fine-corned concretes with added microaggregate 
have the same strength- and strain-properties as common plain concretes.



INTHOrüCTIOH
Hardened cement paste is'a three-phase 
system (solid phase - water - air) and has 
a capillar—porous structure. It consists 
of clincer particles not fully hydrated; 
gel, including gel pores; cristalls of oal- 
cumoxydhydrat etc.; and also capillar pores 
and air voids (1). Hardened cement paste 
can be considered as "microconcrete“. Clin
cer particles have not only higher strength 
as compared to cement gel, but also httgh 
bond strength with gel. Thus "microconcrete" 
can be considered as a composition mate
rial, reinforced with clincer particles 
(2).
Structure and strength of hardened cement 
paste depends significantly on the fine
ness of pulverizing and granulometrical 
composition of Portland cement (3,4).
In some investigations it was found that 
mostly active part of cement consists of 
the fraction 5-20 mom; the fraction 20
40 mcm can also be considered as an active. 
On the other hand the fraction 40-60 mcm 
and more coarse particles play a role of 
micro-aggregate. It is found that these 
particles have a positive effect on the 
structure and properties of hardened ce
ment paste. It can be assumed that use of 
special mioroaggregate can also lead to a 
positive effect.
As such microaggregate can be used rock 
materials and disperse waste product of 
the industry (ash, slays, etc.) (5).
Mioroaggregate can be inserted into Port
land cement composition together with rook 
products or waste products during grinding 
of cement clinker. Mioroaggregate can be 
also inserted into concrete mixture to
gether with other components (6). 
Microaggregate cannot be considered as an 
inert additiv. Using different experimen
tal methods (chemical, physico-chemical 
etc.) it is possible to appraise the acti
vity of microaggregate of a given kind and 
to analyse its effect on structure and 
strength of hardened cement paste (?)•
It can be supposed (analogously to common 
plain concrete) that the weakest link in 
the structure of hardened cement parte is 
the interface between microaggregate par
ticles and matrix.
Thus the density and strength of the inter
face effects significantly the strength 
and strain behaviour of cement concretes.

MICKOSCOPIGAL INVESTIGATION OF- THE 
INTERFACE MICROAGGHEGATE-MATRIX
Fine-corned concrete with aggregate con
sisting of waste product from the mining 
industry - oreless particles of quartzit, 
both sand—like and with 5 - 20 mm dimen
sions is a relatively new kind of concrete. 
These materials can be used as aggregates 
for fine-corned concrete. This kind of con

crete will be widely used for manufacturing 
of thin-walled and other reinforced con- • 
crete structures.
Fine-corned concrete has higher homoge
neity, higher tensile strength, higher wa
ter resistance and higher dynamic strength 
as compared to common plain concrete (8). 
Waiste products contains disnerse partic
les ( <100 mcm) which can be considered as 
microaggregate. ■
We have investigated interface between 
these particles and matrix (hardened ce
ment parte) with the help of electron micro
scope UEMV-100 K. This investigation was ‘ 
based on the replie method and used speci
mens of hardened cement parte at the diffe
rent age (from some days to 3 months).

Fig. 1. Electron micrograph of hardened 
cement paste with microaggregate particles 
at the age of 90 d.

From Fig.'l it can be seen than microaggre
gate formed particles have dense contacts 
with hardened cement paste. Boundaries are 
"smeared", which indicate on the chemical 
reaction between quarzit particles and 
hydration products of Portland cement (9). 
On the investigated areas of specimen 
practically no pores, cracks or wolds was 
observed. It confirms a positive influence 
of microaggregate on the structure of har
dened cement paste.

INVESTIGATION OF MICROHARDNESS OF THE 
INTERFACE MICROAGGREGATE-MATRIX
Microhardness was investigated with .the 
help of miorohardness measuring apparatus 
PMT-3. It was found that microhardness of 
the interface between microaggregate and 
matrix was higher than the microhardness at 
matrix, but a little lower than for inter
face between quartz particles and matrix - 
see Fig. 2.
It was also found that at the age of 30 d 
the maximal depth of the interface layer 
between mioroaggregate particles and matrix 
is equal to 2O-’5O mcm.
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Fig. 2e Microbardness of mioroaggregate 
particles hardened cement paste (0); of 
the interface between matrix and qaartzit 
(1); of the interface between matrix and 
quartz (2): • - experimental data» 
* - interpolated values of microhardness.

COMPKESblON tiTHEKGTH OF HARDENED CEMEMT 
PASTE CONCRETE WITH MICHOAGGREGATE
It was found, that by the replacement of 
10%; 20% and 30% from clinker to the respec
tive quantity of microaggregate the strength 
of hardened cement paste at the age of 28 d 
decreases (by 7, 14 and 20% respectively). 
On the other hand, the coefficient of use 
of cllncer was found to be higher as compa
red to the hardened cement paste on the pu
re Portland cement. The coefficient of use 
of clincer was found to be much higher for 
concrete made with addition of microaggre
gate (6).
We have also investigated strength and 
strain behavior of fine-corned concrete, 
made with aggregate consisting of waist 
product of mining industry (fine sand and 
oreless particles 5-20 mm). Disperoe waist 
product of mining industry (ferro-quartzlt) 
was also used as microaggregate instead of 
25% of common sand.
The investigation has showed that micro
aggregate improved the general granulomet
ric composition of aggregate. It was pos
sible to get fine-corned concrete with the 
cubic strength of 44, 55 and 67 N/mm^ at 
the age of 28d by cement expense 300, 400 
and 500 kg/m5 respectively..This values are 
approximately by 10% higher as compared to 
the strength of common concrete with aggre
gate of crushed granite. •
It was also found that the fine-corned con- 
crede described above has lower (or equal) 
shrinkage and creep strains as compared to 
the common concrete with aggregate of crus
hed granite.

The results described above have been 
used for design and manufacture of rein
forced concrete slabs for industrial 
buildings in the USSR.

CONCLUSIONS
Mioroaggregate inserted into concrete 
mixture improved its general granulomet
ric composition. Microaggregate■cannot 
be considered as an inert additiv. Par
ticles of microaggregate have dense con
tacts with the hardened cement paste. 
Fine-corned concrete with aggregate of 
waste products of mining industry with 
addition of microaggregate have approxi
mately the same strength and strain pro
perties as the common concrete with aggre
gate of crushed granite.
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Conceptual and mathematical models for tricalcium 
silicate hydration

Modeles qualitatifs et quantitatifs pour /'Hydratation du silicate tricalcique

James M. POMMERSHEIM, James R. CLIFTON, Geoffrey FROHNSDORFF, U.S.A. ■

SUMMARY : Based on conceptual models for the stages In the hydration of tricalcium silicate, 
a mathematical model was formulated and solved using analytical techniques and the computer. 
The separate resistances in the mathematical model correspond to the phenomenological stages 
of the conceptual models. The mathematical model accounts for both diffusion through growing, 
interpenetrating spherical product layers and chemical reaction at the hydrate-cement interfa
ce, as expressed by a dimensionless modulus proportional to the ratio of the diffusion rate to 
the reaction rate. ,
Low values of the modulus indicate that chemical reaction rate controls the hydration process . 
while high values Indicate that hydrate diffusion is the controlling mechanism. The model 
assumes quasi - steady-state growth but allows for the depletion of water from solution as hy
dration proceeds. Model input allows for different particle sizes, water to cement ratios; 
and initial temperatures, while model output predicts the degree of hydration, the porosity 
and the overall structure of the hydration products, all as functions of time. Comparison of 
model output with available degree of hydration data gave a reasonable fit between the model 
and the data, with physically realistic values found for model constants.

RESUME : En se basant sur des modeles qualitatifs de 11 hydratation du silicate tricalcique, 
un modele mathematique a ete Imagine, puis calcule grace ä des analyses techniques et en uti- 
lisant un ordinateur. Les resistances indiquees par le modele mathematique correspondent aux 
phases phenomenologique des modeles qualitatifs. Le modele mathematique tient #compte ä la 
fols, de la diffusion ä travers la structure, et de la reaction chimique ä I1interface eau- 
ciment; 11 depend d'un facteur sans dimension, proportionnel au .rapport de la vitesse de dif
fusion ä la vitesse de reaction. ' ■
Les basses valeurs de ce facteur correspondent au cas oil le processus d*hydratation est com- 
mande par la vitesse de la reaction, alors que ses hautes valeurs correspondant au cas oü ce 
processus est commande par la vitesse de diffusion. Ce modele permet de representer la crois- 
sancfi dans un etat quasi stable; mals 11 permet aussi de representer ce qui se passe quand on 
vide I'qau qui Servait a. 1'hydratation. Le modele est valable pour diverses granulometries et 
divers rapports E/C; 11 indique en fonction du temps et de la temperature initiale, le degre 
d1hydratation, la porosite et la structure interne des produits de 1'hydratation. En compa- 
rant les resultats du modele et ceux de 1'experimentation, on constate un accord raisonnable, 
pourvu que les constantes physiques du modele soient bien choisies. '



Introduction

To develdp an improved method for predicting the per
formance and durability of cement and concrete, the 
mathematical modeling of the hydration of portland 
cement and dependent phenomena has been undertaken [1]. 
Because tricalcium silicate (C^S)*  is the major con
stituent of portland cement, and since it, along with 
dicalcium silicate, is principally responsible for 
the strength development of cement, the hydration of 
CjS was mathematically modeled. The model allows 
prediction of the degree of hydration and the amounts 
of reactants consumed and hydration products formed. 
The major details of this model are outlined in this 
paper.

* Conventional cement chemistry nomenclature is used 
here:

C » CaO, ■ S - SiO2, H - Hz0.

In a recent review article [2] the mathematical 
modeling of cement systems, including C^S, has been 
summarized. The mathematical model developed by Kondo 
and Ueda [31, although similar in some respects to 
that developed here, is less comprehensive. Their ' 
model is based upon an analogous three layer system 
which takes into account the disappearance of the 
middle layer. However, it does not allow for resist
ance due to the hydration reaction itself and, in 
addition, the model was found to be improperly 
derived. Further, Kondo and Ueda did not test their 
model against the hydration data presented in the same 
paper [3]. •_

Development of the Model

The mathematical model was developed based upon gen
erally accepted conceptual models [3, 4, 5] which 
describe the principal stages in CjS hydration (refer 
to table 1). '

In developing the model it was presumed that the 
system of hydrating particles remains isothermal and 
that their hydration rate is not dependent on their 
position within the system. In addition, CoS parti
cles were presumed to be uniform in size ano spherical 
as were the hydrate layers forming around the 
particles.

Basically the problem is conceived as involving dif
fusion of chemical reactant species (water and ions) 

through ever-thickening spherical layers of precip
itated porous products co the interface between the 
CjS core and the innermost hydrate layer [3], dissol
ution of ions from the CgS and their hydration near 
this interface, diffusion of soluble product ions back 
out through deposited hydrate layers, and precipita
tion of insoluble products. Insoluble species precip
itate as separate C-S-H hydrate layers (so-called 
inner and outer hydrate) both within and on the out
side of the growing hydrated particles. A middle 
product (or barrier) layer is postulated as forming 
between the inner and outer hydrate layers at very 
early times and then disappearing (3]. It acts as a 
barrier to the diffusion of water into the particle 
and/or the diffusion of ions away from the particle. 
The middle product layer may be an impermeable solid 
which dissolves (or becomes more permeable) with time 
[3], or it may consist of a diffuse layer of adsorbed 
calcium ions contributing to an electrical double 
layer around the particle [4]. Its disappearance may 
mark the end of the induction period and the beginning 
of the acceleratory period [3-7].

Most growth of calcium hydroxide crystals occurs in 
the bulk solution between particles. It is postulated 
that the growth of calcium hydroxide and the outer 
hydrate layers decreases the (intergranular) porosity 
and results in restricted or hindered diffusion of 
chemical species to the particle surface. ■

Figure 1 is a schematic representation of a single 
spherical hydrating C^S grain shown sometime before 
the acceleratory period has been completed [71. 
Both inner and outer hydrate layers are shown along 
with the middle product layer. Inner hydrate is pre
sumed to form only within the original boundary 
(radius R) of the C^S grain. The hydrate layers con
sist of two different (C-S-H) gels that are formed 
in different .stoichiometric amounts, b-, but in con
stant proportion to one another. The hydrates can 
have different C/S ratios. Dimensions shown in 
Figure 1 include R, the original radius of the par- ' 
tide; rp the radius of the unhydrated solid C^S 
core; r0, the outside (particle) radius; and x, the 
thickness of the barrier layer. Concentrations of 
species in solution (between grains) are denoted as 
Co- .

Considering the system to be the pores of the particle 
depicted in Figure 1, and assuming spherical particle 
symmetry with no internal production or consumption 
of chemical species and constant diffusivity D, a mass 
balance for the pore liquid for each species yields:



D . r 3 r2 ac , _ ac 
r2 * 1 3r ar J 3t (1)

o
The concentrations C will vary with both radial posi
tion r and time t. Equation (1) will be valid for each 
chemical species in the hydrate layers surrounding the 
particles. It will apply to the pores of the inner 
and outer hydrates as well as those of the middle 
layer. In each region equation (1) is subjected to 
two boundary conditions and one initial condition. 
The initial condition for the model presumes uniform 
concentrations at time zero. Boundary conditions are 
prescribed at the interfaces between regions. There 
is equality of component fluxes at r - R and r = 
R + x. At the outside of the particle, where 
diffusivities are much greater than within the 
hydrating mass, concentrations are taken equal to the 
concentrations present in the bulk liquid.

At the unhydrated core (r*r-)  the boundary condition 
equates the flux of the diffusing reactant species 
N to the surface rate of chemical reaction R, so 
that:

- N - - D — - ar R - k c <2)

Equation (2) describes a first order irreversible 
reaction with reaction velocity constant k. If the 
temperature is constant, k will also be constant.

To obtain an expression for the degree of hydration 
a, a mass balance is made at the hydrating interface:

P lEi - D (12) 
dt ar (3)

where a is the moles of water reacted per mole of CqS 
consumed and p is the solid molar density of C^S. In 
this development a single chemical reaction is pre
sumed whose overall stoichiometry is presented in 
Figure 1. a, b and c are stoichiometric coefficients. 
Equation (3) equates, on a surface area basis, the 
moles of solid C^S which dissolve to the moles of 
water which react with the C^S at the particle core.

Application of the given boundary and interface cond
itions to equation (1) yields the following differen
tial equation: :

- ££. -fl * 1 _i ) + ii£ 
t äy2 y Dx R

Resist-. Reaction/Diffusion Middle Layer 
ances ' in Inner Hydrate Diffusion

t 1 - — ) y2 dy (4)
Do ro ' '

Diffusion in 
. Outer Hydrate

where: ' n 2
t is the characteristic time, aR p

" ' . . C°Di
y is the reduced radius, r^/R

Dx is the diffusivity through the middle layer

D^ is the diffusivity through the inner hydrate 
layer .

Do is the diffusivity through the outer hydrate 
layer •

m is kR/D^ (reaction-diffusion modulus)

The development of equation (4) presumes that the 
thickness of the barrier layer x remains much less 
than the particle size R and also presumes that the 
growth of the precipitate layers is quite slow so 
that quasi-steady state can be assumed. This assump
tion has been tested mathematically using available 
hydration data [3] and found to be reasonable. The • 
solution of the equation with its one initial condi
tion (y - 1 at t - 0) will predict the radius of the 
unhydrated core r, as a function of time. It will 
also predict the degree pf hydration a since:

a = 1-y3 (5) .

Hydration Sub-models

To solve equation (4) separate geometric and mass ' 
transfer sub-models have been developed for the geo
metric ratio ro/R, the diffusivity ratios Dx/D£ and 
Dq/Dp and the middle layer thickness x.

The sub-model for the geometric ratio rQ/R was 
developed by accounting for the volume of the outer 
hydrate formed at a given degree of hydration. The 
sub-model for the barrier layer thickness was derived 
allowing the barrier layer to disappear at a rate pro
portional to the product of its surface area and the 
liquid concentration gradient between the surface of 
the barrier layer and the bulk solution.

D/D., the ratio of diffusivities of the barrier layer 
to the inner hydrate, was set constant, while Dy/Op 
the ratio of diffusivities of the outer to the inner 
hydrate was expressed as a power function of solution
porosity [8). As the porosity of the solution , 
decreased, this ratio became much less corresponding 
to increased diffusions!- resistance in the outer ' 
hydrate. Solution porosity was determined as a-func
tion of the degree of hydration by accounting for the. 
total volume of solid products which are formed.

Equation (4) is written in dimensionless form. Each 
term on the right side represents a separate resist
ance to diffusion. This includes resistances to reac
tion and diffusion in the inner hydrate, diffusion in 
the middle layer, and diffusion in the outer hydrate. 
The dimensionless time dt/t can be viewed as a measure 
of the sum of the times needed for the diffusing mole
cules to pass through each of the separate resistances. 
The resistance to diffusion in the outer hydrate is 
initially zero since rQ * R. As time proceeds and 
the particle radius r0 increases, the resistance to 
diffusion through the outer hydrate eventually becomes 
the dominant resistance. -

The first term in the right side of equation (4) 
represents the resistance to diffusion through the 
inner hydrate along Vith reaction at the interface 
between the inner hydrate and the unhydrated core. 
The modulus m (equal to k R/D^) is a dimensionless ' 
parameter which measures the relative importance of - 
reaction to diffusion. If the rate of hydration is 
high .(large k),' or the C^S particles are" large . .



(large R), or the diffusion coefficients are low 
(small Dp, m will be large and diffusion through 
the the inner hydrate will be the controlling resist
ance- Any one of high k, large R or small can 
make the modulus m significantly greater than unity. 
In this case, the controlling factor is the diffusion 
process since it will determine the overall rate of 
hydration. Diffusion will be more likely to control 
the process when the permeability or porosity of the 
inner hydrate is low, resulting in low values of Dp 
and when the temperature is high, resulting in higher 
values of k. Increases in temperature raise the reac
tion rate much more rapidly thanthe diffusion rate.

The analysis of the model as well as numerical solu
tions to the model to the model indicates that each 
resistance listed below equation (4) becomes 
dominant in turn. Thus, at early times (before forma
tion of any middle layer), the combined effects due 
to reaction and diffusion in the initially thin inner 
hydrate predominate. At later times (induction period 
and beginning of the acceleratory period) the resist
ance of the middle layer becomes dominant. At still 
later times, in the final period of hydration, the 
dominant resistance shifts to diffusion through the 
outer hydrate layers. The transition between 
periods is more or less abrupt depending on the 
specific values of model parameter sets. An advan
tageous feature of the model is its ability to give 
estimates of the relative values of the three 
resistances.

Model Output

The general mathematical model and the geometric and 
mass transfer submodels can be solved using numerical 
techniques and the computer. The following output 
variables can be obtained as a function of time:

(1) degree of hydration and hydration rate, a 
and da/dt, (2) core and particle radii, r^ and 
r , (3) amount of free and combined water,
(4) amount of calcium hydroxide formed (5) amount 
of C-S-H gel formed (6) intergranular porosity, 
and (7) rate controlling process.

To illustrate the application of the model consider 
Figure 2 which shows a plot of log (1-y) vs. log t/t. 
(1-y) is the radius fraction of hydration while t/t 
is a dimensionless hydration time. Experimental 
hydration data, indicated by circles, is shown from 
one hour to six months after mixing of CoS with water. 
This data, taken from Kondo and Ueda [3], was col
lected under controlled conditions and represents what 
is considered to be the best current available set of 
CgS hydration data. Particle sizes had a range 
from 2 to 5pm, the ratio of water to CjS was 1.0, and 
the temperature was 25°C.

The solid curve was taken from a computer output of 
the mathematical model. Known parameters were sub
stituted into the model and sub-models while unknown 
parameters were selected which gave a reasonable fit 
between the model and the data. In all cases param- 
eeters were chosen which had physically realistic 
values. For parameter sets which give reasonable 
fits to experimental data, sensitivity analyses were 
performed on each parameter to determine effects on 
the deviations between the measured and predicted 
variables. In addition, as parameters of particular 
interest, particle size, hydration temperature, and 
water to C^S ratio, were varied over" suitable ranges 

and their effects determined using the computer model. 
In addition, overall hydration curves have been deter
mined using the model for the hydration of particles 
exhibiting a range of particle sizes.

Recent conceptual models [8,9] consider the possibil
ity that a barrier layer may form just outside the 
core of the unhydrated particle with two additional 
hydrate layers located outside the barrier layer. 
The barrier layer is postulated to be a semi-solid 
having a low C/S ratio. The present model can be 
modified to treat this case. In this way the sensi
tivity of the model to the location of the barrier 
layer could be tested. The general mathematical 
model will be applied to the hydration of CjS and 
other simple cement systems. It is also planned to 
determine if the model can be used to predict the 
performance characteristics of portland cement.
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HYDRATING C3S + a H2O-!*bi (Gel)j + c Ca (OH),
Hydration reaction (r = q)

FIGURE 1
Schematic Representation of Hydrating CjS Grain

FIGURE 2 
tomparison between experimental data and model predictions



Repartition des differentes formes d'eau dans la 
structure des pätes pures des C3S et de ciment 

Portland
Distribution of different forms of water in the structure of pure slurries of 

' C3S and Portland Cement

R. SIERRA, Docteur es Sciences Physiques, Laboratoire Central des Fonts et Chaussees, Paris, France.

RESUME : En associant les mSthodes de la spectroscopie molßculaire (spectromStrie infrarouge, 
resonance magnötique nucläaire et mäthode di^lectrique de spectroscopie d'absorption hertzien- 
ne) avec les mdthodes d’analyse thermique, il a 6t6 possible d'ätablir la repartition des di
verses formes d'eau, moldculaire et hydroxylique, dans la structure des pätes de C3S ou de 
ciment Portland.

Cette repartition de l'eau est faite tant sur le plan de la localisation que du mode de liair , 
son des molecules d'eau et "des hydroxyles. Elle permet ainsi de completer le schema de l'unite 
structurale du C-S-H. En outre, eile möntre que l'eau des micropores n'est pas une eau simple- 
ment adsorbäe mais une eau structures, done rigidifiäe, par liaison hydrogäne.

SUMMARY : By associating the methods of molecular spectroscopy (infrared spectrometry, nuclear 
magnetic resonance and.the dielectric method of hertzian absorption spectroscopy) with thermal 
analysis methods, it was possible to establish the distribution of the different forms of 
water (molecular and hydroxylic) in the structure of slurries of C3S or portland cement.

This distribution of water is done both from the viewpoint of location as well as from that ■ 
of the bonding of the molecules.of water and hydroxyls. It thus makes it possible to complete 
the diagram of the structural unity of C-S-H. In addition, it.shows that the water in the 
micropores is not simply adsorbed water but one which is structured and, hence, rigidified by 
hydrogen bonding. ' ■
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I. INTRODUCTION ‘
La p9te de ciment durcie est un corps cohe
rent poreux. Sa matrice solide est consti
tute par les produits d1hydratation du ci
ment initial dont I'agencement determine la 
porosltt. L'extrSme division des produits 
d1hydratation fait/Que la taille des vides 
est esseptiellement du domaine des micropo
res.

L'eau, toujours presente dans une päte dur
cie est rtpartie ä la fois dans les micropo
res et dans la structure des hydrates, Dans 
les microporesses pro-prittts varient sui- 
vant les paramttres gtorndtriques, physico- 
chimiques et structuraux de la matrice soli
de. On distingue en general : l'eau litre, 
l'eau de sorption (chimisorbte ou physisorbte) 
l'eau combines qui peut Stre soit moltculai- 
re (cas de l'eau de cristallisation ou d'en- 
clathration) , soit hydroxylique. Dans la tex
ture de la päte, l'eau est essentiellement 
une eau de sorption, l'eau litre n'existant 
que dans les macropores et les cavitts.

Les methodes de spectroscopie moieculaire 
sont les plus adaptdes-ä 1'etude de l'eau ad- 

,,'sorbee. Nous les avons appliqudes aux pätes 
de ciment durcies en les associant avec 
1'analyse thertnogravimetrique type Mac Bain 
qui permet de faire le bilan du contenu en 
eau. Par 1'interpretation des rdsultats obte- 
nus, nous avons essayd d'dtablir un schdma 
textural. Pour des raisons dvidentes de sim
plification, nous avons axd 1'investigation 
sur les pätes de C3S.

II. TECHNIQUES EXPERIMENTALES

Fig 1 - Courbes d'analyse thermogravimdtrique isobare 
de deux dchantillons de gel C-S-H.

Bien qu'il existe une certaine imprecision 
sur le rapport molaire eau sur silice done 
sur H, on voit qu'il existe trois dtats d'hy
dratation. Le premier etat correspond au sd- 
chage D ; il n'y a pas d'eau de sorption. Le 
second, "dtat I", est tel qu'approximativement 
une demi-mole d'eau teste fixee par "mole" de 
silicate. Le troisidme, "etat 2", est tel 
qu'une mole d'eau environ s'est ajoutde ä la 
mole silicatee, par rapport ä I'dtat prdeddent.

2) Spectrometrie infrarouge

La spectromdtrie infrarouge permet de distin- 
guer aisdment l'eau hydroxylique de l'eau jno- 
leculaire. Dans certains cas, eile peut ren- 
seigner sur la localisation, 1'orientation et 
mäme 1'environnement des molecules d'eau, 
lorsque celles-ci sont adsorbdes.

1) Thermoqravimetrie en atmosphere contrfliee 
(ä la thermobalance type Mac Bain).

Le tableau I et la figure 1 resument les re
sultats obtenus pour un hydrosilicate calci- 
que du type C-S-H(I) et pour un gel de C-S-H 
extrait d'une päte durcie.

d’hydr^tativn Condition» de deallocation C-S-H (1) Gel C-S-H

2 Apree * i tenperature aebiante 
en atinoephere eaturante CI,S2 5 "2.42 C1,7S 8 "2.5s

1

Sous 14 corn de vapiur d'eau : 
palier entre 40 et ?0eC CI,7S S **1,59

Suua % 10*  torr de vapeur d'eau 
palter antra 20 at 40eC CI.S2 S d|,S4

—J

Aprea deaaiccation equivalent# 
a »«chage D. («»S.IO"’ torr). Cl.52 S “l.QZ C1.75 Sl,ll

Tableau 1 - Determination des etats d'hydratation d'un 
gel de C-S-H et de C-S-H(I) par thermogravimdtrie sous 
vapeur d'eau.

Nous avons plus particuliärement examine la 
reponse donnde dans la gamme spectrale 2500
4000 cm-1 , en opdrant avec la resolution ma
ximale du spectromfetre Leitz III G, soit 300 
traits par millimetre.

Le spectre präsente figure 2 correspond ä un 
gel de C-S-H extrait d'une päte durcie et sd- 
che sous vide primaire. Il consiste en un 
dnorme massif dissymdtrique dont 1'importance , 
tant en absorbance qu'en largeur spectrale 
(3700 ä 2500 cm-1) indique le grand nombre 
d'hydroxyles mis en Jeu et surtout 1'importan- 
te dispersion des frequences de vibration de

Fig.2 - Spectre d'absorption infrarouge d'un gel C-S-H 
extrait d'une päte durcie ; domaine des vibrations de 
valence des hydroxyles. "



valence des liaisons 0-H, La partie comprise 
entre 3400 et 2500 cm-1, restant stable aprös 
chauffage prolong^ ou aprös deutdriation, cor
respond ä des vibrations d'hydroxyles inter
nes ( association de tdtrafcdres Si0’_ par liai
son H. Entre 3600 et 3400 cm-1 on a les vi
brations correspondant aux liaisons H des 
hydroxyles superficiels. .

3) Resonance maqndtique nucldaire

La resonance magndtique des spins protoniques 
appliqude ä I'dtude de 1'eau dans les argi- 
les, gels de silice, zdolites, etc... a donnd 
des rdsultats intdressants, notamment en ce 
qui concerne la mobilitd et parfois la loca
lisation des moldcules d'eau dans la couche 
adsorbde. "

Nous avons utilisd la technique ä large ban
de. Celle-ci s'avdre ndcessaire chaque fois 
que I'on a affaire ä des structures geldes, 
ce qui est le cas des couches d'eau au con
tact du solide. ■

Les mesures faites ä la temperature de 21 °C, 
sont rdcapituldes dans le tableau II. Les rd- 
sultats, donnds en largeur de rales et en 
temps de relaxation transversale Tz'sont dd- 
duits de 11enregistrement de la ddrivde pre
miere de la courbe d'absorption.

EchjntÜLan
Catjctdrivtiquei de rusonance 

(largeura de raiea 6H en oersted et Tg' 
calcule en mcroiecondee).

Detignatioa d’hydra-

1 .
1 2 3 •

AM Tj AH T2 AH t2

A 

1

5 "l.ll 

dpree luchag«! D

14- C|,71 5 H2,2B 

dpree * p/pQ 0,71
1 i 2 O.ISg 440

Ne

^0,67 n.|03 1,03 67

C *
id. eprei ♦ avec 
vapeur D?O 1 
p/p0 • 0,84 •

i 1 2 0,13 530 ‘ ^0,56 M24 0,99 67

0 id. tel quel 
Cl,75' S "2,5» 2 0,12» 

A 0,13 551 A 530 - - • • —

e Pate C3S ♦ D2O
E/L - 3

l A 2 O,125 451 T t *0.95 68

4) Spectroscopic hertzienne d'absorotion 
didlectrique .

Cette dtude, ddcrite par ailleurs (2) nous a 
permis d1apprdhender le comportement didlec- 
trique de l'eau adsorbde sur les pätes de 
C-S-H et de ciment durcies en procddant par 
analogic avec le comportement sur les. gels 
de silice.

L'absorption qui se produit ä la frequence de 
1 kHz dans le domaine de■temperature 140-^ 
175° K ressort d'une polarisation dipolaire 
du type Debye de l'eau adsorbde. Nous avons 
mis en evidence que ce domaine dtait en rda- 
litd constitud de deux bandes. La premidre 
B se situant vers 14O-.15O° K se caractdrise 
par une dnergie libre d'activation de 1'or- 
dre de 0,37 eV. Elle ne se manifeste que pour 
de trfes faibles valeurs du taux de recouvre- 
ment moldculaire (6 < 1 ou 2). Elie rdsulte- 
rait d'un mdcanisme d' orientation des mole
cules d'eau, aprds rupture pour chacune . 
d'elles de la liaison hydrogdne qu'elle pos- 
sdde avec le site d'adsorption hydroxylique 
du produit. La seconde bande Bo se produit ä 
plus haute tempdrature (160-175° K) et ndces- 
site une dnergie libre d'activation de 0,58 
eV. Elie serait due d un mdcanisme de polari
sation par orientation de molecules d'eau 
avec rupture pour chacune d'elles, des deux 
liaisons hydrogfene qui la relient ä deux si
tes hydroxyliques voisins.

III. PROPOSITION DE REPARTITION DES DIVERSES 
FORMES D'EAU

1) Eau dans la structure du gel C-S-H

Il est maintenant bien dtabli que la particu- 
le dldmentaire de gel de C-S-H est une lamel
le constitude selon Kantro et al (3) de deux 
ou trois feuillets (fig.3).

(WCoO+UiOj- 
2CoO---------

2 502
2 CoO-------------

OJZCoO+ISQj-

-OTZCoO+lSOj 
-2 CoO ' 
>-l M CoO + lSiOj 
-2 CoO

—---------— 1-138 CoO *2  SiOj
-- ----------------------2 CoO
------- '-0-77 CoO-HSiOi 
£=2-1-72------ '
SiOj

Tableau II - Rdsultats de rdsonance magndtique 
nucldaire.

Dans une etude combinant A.T.D., R.M.N. large 
bande et R.M.N. ä dcho de spin, Englert et 
Wittman(l) ont propose les attributions sui- 
vantes : 0,2 oe pour l'eau des.macropores • 
(r^ > 10-5 cm), 0,3 oe pour l'eau des micro
pores et 0,6 oe pour celle des espaces inter- 
foliaires. Compte tenu de I'acquis des mdtho- 
des d1 investigations prdcddemment examindes, 
nous proposons : que le premier signal,4H=0,1 
ä 0,2 oe corresponde ä l'eau multicouche des 
micropores ; que le secondcorresponde ä l'eau 
adsorbde en premiere couche monomoldculaire 
et le troisiäme ä une eau interfeuillet (dont 
les protons ne sont pas dchangeables par les 
deutdrons). ■

Fig. 3 - Noddies de la structure du C-S-H 
(a- d deux feuillets ; b - d trois feuillets).

Nos rdsultats de mesure de surface spdcifique 
(227 m2.g-1 ) et de composition chimique
(Cj S H^ 25 ) sont compatibles avecle no
ddle d trois feuillets pour lequel les va
leurs thdoriques correspondantes sont 
252 m2. g-1 et C1>72 S Hy .

Nous ddfinissons une unitd structurale comme 
dtant le motif atomique de la lamelie. Elie ' 
comprend trois pseudo-mailles (ou motif ato
mique du feuillet) dont les paramdtres ont 
dtd ‘dtablis par Megaw et.Kelsey (4). Par 
pseudo-maille, il y a deux "moldcujes C SH 
et sa section basale est de 20,35 A2. '



a) eau h^droxylique
Nous avons mont'rö qu'aprfes sSchage D, seule 
l'eau hydroxylique subsiste (I.R., R.M.N.). 
La thermogravimStrie ä la balance Mac Bain 
permet de pr^ciser qu'il^y a deux molecules 
d'eau hydroxylique par pseudo-maille (cas de 
1* Schantillon dont la maille contient deux 
"molScules" S ).

Ces hydroxyles, d'aprfes la spectromötrie in- 
frarouqe sont en partie internes (vibration 
de valence vers 3650 cm-1 et en partie exter
nes (silanols litres' vibrant vers 3700 cm-1). 
Ils peuvent 6tre port^s, 'soit par des atomes 
Si, soit par des atomes Ca (notamment par les 
ions Ca2+ fixäs sur la surface pour compenser 
1161ectron£gativit6 de la surface). Or, par 
section basale, ils ne peuvent 6tre plus de 
deux. Il n'y a qu'un t6trafedie et demi de 
SiOj” par couche dans la maille. De toute 
manlire,' ils ne peuvent se lier au maximum 
qu'ä deux molecules d'eau (au premier niveau) 
puisque I'aire d1 encorobrement moldculaire de 
celle-ci est de 11,4 A2 .

b) eau interfeuillet .

La thermogravim6trie ä la balance Mac Bain 
nous a indiqud que, pour une hygromdtrie com
prise entre le vide donn6 par le silica-gel 
(soit environ 10~2 torrs) et 80 %, la pseudo- 
maille contientune molecule d'eau suppldmen- 
taire. Cette eau ne peut 6tre qu' interfeuil
let. La R.M.N. rdvfele en effet une eau mol6- 
culaire de faible degr6 de liberty donnant un 
signal vers 1 oe et uh temps de correlation 
de 5.10-7 s rad-1 . La mdthode didlectrique 
montre que jusqu'ä Ö = 1, il n'y a pas d'ab
sorption dipolaire Debye.

2) Eau dans les pores

Il s'agit plus prdcisSment de 1'eau adsorbde 
ä la surface des lamellesi •

Lorsque la pression relative est de 1'ordre 
de 0,8, on a d'aprbs les r6sultats de la 
thermogravimdtrie isobare, l'6tat 2 dJhydra- 
tation ; la "moldcule de C-S-H" ou demi-pseu- 
do-maille contient 2,5 molecules d'eau globa
le. L'unitö structurale qui comprend trois de 
ces pseudo-mailles renferme done une quinzai- 
ne de molecules d'eau dont six sous forme hy
droxylique et quatre dans les espaces interfo- 
liaires. Il raste done en moyenne cinq mole
cules fixdes sur les deux faces basales de la 
lamelie. L'eau des faces laterales est n6gli- 
geable, 1'epaisseur etant de la trentaine 
d'angströms par rapport ä des longueur et 
largeur de 1'ordre de plusieurs microns.

La spectro-infrarouge et la R.M.N. mettent en 
evidence la presence d'une eau moieculaire re- 
lativement lie? ; la premiere par la manifes
tation des vibrations d'hydroxyles lies par 
pont d'hydrogfene (entre 3400 et 3600 cm-1) ; 
la seconds par un signal de largeur de raie 
d'environ 0,6 oe.

La methode dieiectrique donne une bande d'ab
sorption Ba lorsque 6 est compris entre 1 ef 
2 ä 3. Les molecules d'eau concern6es.

qu'elles soient fixdes sur un hydroxyls iso- 
16 attenant au support ou qu'elles soient 
li6es ä d'autres molecules d'eau, ne peuvent 
se r6orienter sous 1'effet du champ que si 
leur liaison "se fait par un seul pont H.

Nous sommes maintenant en mesure de donner 
une representation de l'eau fix6e 4 la surfa
ce des lamelies. Compte tenu de ce qu'il ne 
peut y avoir plus de deux molecules d'eau par 
section basale, lea raisons etant les mSmes 
que pour l'eau interfeuillet, nous pouvons 
envisager deux schemas (fig.4). Ceux-ci dif
ferent avec le plus ou moina grand rapproche
ment des silanols superficiels : A correspond 
ä des silanols adjacents, B ä des silanols 
isol6s. Le bilan du contenu en eau joint ä la 
figure permet de se rendre compte que les va
lours du taux de recouvrement 6 et de teneur 
en eau y (rapportee 4 la demi-pseudo-maille) 
concordent avec les determinations experimen
tales.

A I B

Cont«*nu en eolucules d'uau eolon
Schema * Schema D n4eulc»te explrieentiu)

: Eau dan» l'unltd »trucluralo
- Bau aou» forme hydroxylique K<w 6 6

• Eau interfeuillet "j * *
- Eau globale ex terne "e 6 4

Total «T 16 14 environ 15 ♦

a Eau monocouch» sxxr face»
externe» t * 4

* Taux de recouvrement
- 8 apparent mi»ne 8 e 2-

E 4 4

- 8-*  relaxation B 2 2 2
- Happor^gau eur »lllce

s
16- 2,65

It
14» 3,J4 
T

2.5

Fig. 4 - Schema (a) et bilan (b) de repartition de 
l'eau pour une lamelie de C-S-H de composition
C. S H- - (estimation du contenu correspondant ä 
uAe ^aillS’ "’de section basale de 1'ordre de 20,35 A2'*

Il ressort db cette discussion que pour 
p/p0 = 0,8, l'eau ext6rieure aux lamelles est 
une eau adsorb6e en premiere-couche dont les 
molecules sont dlspos6es suivant les schemas 
A et B en fonction de la densite hydroxylique 
superficielle.

L'eau adsorb6e au-delä de la premiere couche 
n'a pas 6t6 sp6cialement 6tudi6e. Elie est
6galement li6e mais d'une fagon nettement 
plus ISche que la pr6c6dente, et ce, d'autant
plus que 1'on s'61oigne de la surface du so
lide . 
miet 
bande

C'est eile qui est ä 1'origine du pre
signal R.M.N. (4H«0,13 oe) et de la
Be d'absorption dieiectrique.



IV. SCHEMA TEXTURAL PROPOSE

Pour des raisons exposSes par ailleurs (2), 
nous avons retenu comma module de texture ce- 
lui propose par Feldman et Sereda (5) et que 
nous reprdsentons figure 5. 

Fig. 5 : Module de texturation du gel C-S-H
A - soudures ou liaisons interparticulaires 
B - feuillets de C-S-H
X - eau interfeuillet
0 - eau adsorbde.

deux niveaux medians sont remplis, on a une 
structuration telle que toutes les molecules 
d'eau sont doublement lides par pont H, d'oü 
une absorption du type By (U = 0,58 eV).

Fig. 6 - Repräsentation de la disposition des moldcu
les d'eau adsorbdes
A - moddle proposd pour I'eau B - module d'Hair et 
des espaces interlamellaires Hertl pour I'eau ad- 
dans le gel C-S-H. sorbde dans les pores

du gel de silice.

Nous allons examind plus particulidrement les 
formes de liaison de I'eau dans les espaces 
vides de la texture.

1) Micropores interlamellaires

Les micropores qui reprdsentent une part trbs 
importante du volume total et par suite de la 
surface totale des vides de la päte, ont un 
rayon hydraulique moyen. de I’ordre de 5 Ao , 
alors que les pores dits "plus gros" ont un 
rayon moyen de 1'ordre de 10 A (6).-

A un rayon hydraulique de 5 A correspond un 
espacement interlamellaire de 10 A . Dans de 
tels espaces, I'eau soumise aux effets des 
champs de forces des surfaces qui se font vis- 
ä-vis’est en quelque sorte polarisde dans tou
ts son dpaisseur et par suite präsente une 
structuration. Le schdma de la figure 6A donne 
un exemple de la fagon dont les molecules 
d'eau sont lides et de ce'fait agencies dans 
un micropore d'une dizaine d'angströms. Rappe- 
lons que I'dpaisseur moyenne d'une monocouche 
d'eau ddfinie statistiquement lots d'une phy
sisorption est de 1'ordre de 2,5 A, soit le . 
diambtre de la moldcule. Ce schema nous a 6t6 
inspird par celui que Hair et Hertl (7) ont 
proposd pour I'eau adsorbde sur un gel de sili- 
ce et soumise aux effets d'une seule surface 
du solide (un gel de silice a de relativement 
gros pores (fig. 6B). La validity du schema 
se trouve justifide par les rdsultats de I'd- 
tude didlectrique. Le recouvrement de cheque 
surface se fait de telle sorte que pour la ' 
quantitd d'eau correspondant ä une monocouche 
physique, les moldcules d'eau sont ndcessaire- 
ment disposdes en deux niveaux. Tant que les 
deux seconds niveaux ne sont pas remplis, les 
moldcules donnent, sous 1'effet du champ al- 
ternatif, une bands d'absorption Debye dipo- 
laire du B0( correspondant ä une dnergie libre 
d'activation U de 0,37 eV, ce qui traduit 
1'existence de liaison H simple. Lorsque les

2) espaces interfoliaires

L'eau de ces espaces est considdrde comme par
tie intdgraqte du schdma structural de C-S-H. 
Par consdquent, eile apporte une contribution 
ä la cohesion intrinsfeque de la lamelie, en 
liant les trois feuillets qui la composent.

La nature.de cette liaison peut dtre prdcisde 
par I'dtude didlectrique. En effet, lorsque 
le taux de recouvrement est dgal ou infdrieur 
ä 1 il n'y a pas d'absorption de relaxation. 
D'aprbs la figure 4, il n'y a au plus pour 
6=1 que deux moldcules d'eau par section 
basale logdes dans les espaces interfoliaires. 
Cette eau qui ne se manifeste dans la mesure 
didlectrique ni ä U = 0,37 eV, ni ä 0,58 eV 
doit dtre encore plus fortement lide. Nous 
suggdrons, en nous inspirant du modfele retenu 
par Mamy pour la montmorillonite (8) que che
que moldcule d'eau soit triplement lide, done 
comme dans la glace (fig. 7).

Fig.7 - Repräsentation de la disposition des moldcules 
d'eau adsorbdes : • ' '
A - module proposd pour I'eau B -meddle de Mamy pour 
des espaces interfoliaires I'eau des espaces in
dans le gel C-S-H. terfoliaires dans la

’ montmorillonite. .



V. CONCLUSION

L1 association des methodes de spectromdtrie 
mol6culaire nous a permis d'une part, de 
rSpartir les differentes formes d'eau dans 
la structure et la texture d'une pfite durcie 
de C3S et/ou de ciment, d'autre par,t d'ap- 
prdcier les energies de liaison des molecu
les d'eau, soit entre elles, soit avec la 
matrice solide. Nous avons ainsi montre que 
I'eau des micropores interlamellaires pre
sente une structuration rdsultant de liai
sons H et que celle des espaces interfoliai- 
res est rigidifi6e comme la glace. Il paraft 
done certain que ces deux formes d'eau con- 
tribuent pour une certaine part ä la cohe
sion des pätes de ciment et ce, sur la base 
de liaisons hydrogfene.
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Pore size distribution and permeability of hardened 
cement pastes

Distribution de la Taille des pores et permeabilite des pates de ciments 
durcies

P.K. MEHTA and D. MANMOHAN, Universite de Californie, Berkeley, U.S.A.

SUMMARY: Portland cement pastes hydrated with different water-cement ratios from 0.3 to 0.9 were investigated 
at 28 days, 90 days, and 1 year for pore size distribution and permeability. The pore size analyses were 
carried out by mercury intrusion technique, and the permeability was determined from flow of water under pressure 
in thin specimens of hardened cement pastes. ,

A correlation was found between the permeability of cement paste and the volume of pores greater than 1320 A dia
meter. Irrespective of the age of hydration and water-cement ratio, as long as a specimen of hardened paste did 
not contain pores greater than 1320 A, its permeability remained insignificantly low.

RESUME: Des pates de ciment h^dratdes 3 differents rapports eau/ciment (de 0,3 ä 0,9J ont ete etudiees ä 28 
jours, 90 jours et 1 an guant a leur distribution de la taille des pores et leur permeabilite. Les mesures de 
la taille des pores ont ete effectuees par la technique de penetration du mercure et la permeabilite a ete 
determinee ä partir d'un ecoulement d'eau sous pression dans des echantillons minces de pates de ciment durcies.

Une correlation a ete trouvee entre la permeabilite de la pate de ciment et le volume des pores de diametre 
superieur a 1320 A. Independamment du temps d'hydratation et du^rapport^eau/ciyent et aussi longtemps que^ 
1'echantillon de la pate de ciment ne contenait pas de pores superieurs ä 1320 A, sa permeabilite est restee 
insignifiante.



INTRODUCTION

It is generally known that durability of concrete 
exposed to aggressive agueous environments is greatly 
affected by the permeability of the hardened cement 
paste which is the binder in concrete. Powers (1) 
reported the influence of water-cement ratio on por
osity and permeability of portland-cement pastes, 
however, there is little information in published 
literature on the relationship between pore-size dis
tribution and permeability. In this paper, the 
results of an investigation on determination of this 
relationship are described.

PROCEDURE

A commercial ordinary portland cement with the follow
ing potential composition was used for this investi
gation: 63% CsS, 17% CjS, 6% CgA, and 7% CuAF. Using
0.3,  0.4, 0.5, 0.6, 0.7, 0.8, or 0.9 water-cement 
ratio by weight, cement pastes were molded in plastic 
vials into 25 by 38 mm cylindrical specimens. Spec
ial technigues reported in detail elsewhere (2) were 
adopted to prevent bleeding and air entrainment. At 
24 hours, the specimens were demolded and stored in 
lime water until ready for testing at 28 days, 90 days 
and 1 year.

For measurement of pore size distribution, 3-4 g 
pieces were cut from the cylindrical specimens. 
Hydration was stopped with an acetone wash, and the 
remaining pore water was removed by drying the speci
mens to constant weight at 70°C under vacuum for 24 
hours. Data on bulk density and total porosity was 
also obtained from these specimens. In addition, 
degree of hydration was determined on 100°C-dried 
specimens by igniting them at 900°C. The pore size 
analysis was carried out by a commercial mercury 
intrusion apparatus capable of recording pore dia
meters down to 45 A. Permeability was determined by 
applying D'Arcy's equation to the flow rate of water 
through cylindrical specimens of 25 mm diameter and
7.5 + 0.5 mm thickness. The water pressures applied 
ranged from 1.4 MPa for the high water-cement ratio 
specimens, to 10.3 MPa for water-cement ratios 0.6 
and less. Reproducibility of the data was ensured by 
duplicate or when necessary by triplicate tests.

RESULTS AND DISCUSSION

The results from the tests on permeability, bulk den
sity, total pore volume and degree of hydration are 
shown in Table 1. The results show that for water
cement ratios of 0.3 and 0.4, with increasing hydra- ' 
tion, the bulk density increased significantly with 
corresponding reduction in total pore volume. However, 
in the 0.5-0.9 water-cement ratio range, the bulk den
sity as well as the total porosity remained essenti
ally unchanged between 90 days and 1 year. The pastes 
made with 0.6, 0.7, 0.8 and 0.9 water-cement ratios 
were about two-third hydrated at 28 days, three-fourth 
at 90 days, and about 80 percent at 1 year. Corres
pondingly, there were significant changes in the 
physical characteristics of the pastes between 28 and 
90 days curing period, but only insignificant changes 
were observed between 90 days and 1 year. Since simi
lar degrees of hydration at given periods were 
recorded for the pastes made with water-cement ratios 
0.6 and above, the pore size distribution data for 
these pastes only is used below for discussion pur
poses.

Table 1 Characteristics of cement pastes made with varying 
water-cement ratios

water-cement
age

btlk density, 
q/CC

total pore 
volurie

degree of 
hydration, 

percent

permeability. 
X10~^ ctn/sec

0.3 28 days 1.89 n. a 54.59 1
90 days 1.88 0.117 57.34 0.6

1 year 1.94 0.130 64.68 0.4

0.4 28 days 1.65 n .A . 61.93 2.0
90 days 1.70 0.196 64.68 1.0

1 year 1.75 0.184 71.56 1.0

0.5 28 days 1 50 0.295 64.22 3
90 days 1.57 0.253 71.10 3

1 year 1.57 0.247 75.23 1

0.6 28 days 1.26 0 417 64.22 23
90 days 1.33 0.363 73.85 3

1 year 1.33 0.362 77.06 2

0.7 28 days 1.18 0.470 64.22 220
90 days 1.2» 0.414 75.23 18

1 year 1.24 0.409 79.82 14

0.8 28 days 1.09 0.531 65.14 963
90 days 1.12 0.501 75.23 77

1 year 1.12 0.503 79.82 45

O.9 28 days " 0.91 0.713 66.06 4100
90 days 0.99 0.622 75.23 175

1 year 0.99 0.619 79.82 76

*n.a. » not available

EFFECT OF WATER-CEMENT RATIO ON PORE SIZE DISTRIBUTION

The pore size distributions for all the 28-day pastes 
are compared in Fig. 1. From the plots it can be 
concluded that with increasing water-cement ratios, 
the cumulative volume of pores at any given diameter 
and the threshold diameter increased significantly. 
The threshold diameter is the diameter of the largest 
pore present at which mercury begins to penetrate 
into the pores of the specimens.

fig. 1 ‘me effect of varying vater-to-cmnt ratio 
on pore atu distributloM, 28 days.

From Fig. 1, two distinct slopes are apparent in the 
0.6, 0.7, 0.8 and 0.9 water-cement ratio plots, the o 
breakpoint being 1320 A; and in the range 45 to 1320A 
the plots appear to be parallel to each other. The 
data for the above specimens was then replotted in o 
Fig. 2 after subtracting the volume of pores > 1320 A 
from the total mercury-intrusion pore volume.



Fig. 2 The pore size distribution of < 1320 A 
pores in 0.6-0.9 water-to-cement ratio 
specimens, 28 days. _

Surprisingly, itowas found that a single curve could 
fit the 1320-45 A pore size distribution data of the 
28-day old cement pastes made with 4 different water
cement ratios (Fig. 2). This shows that in hardened 
cement pastes, the increase in total porosity result
ing from increasing water-cement ratios manifests 
itself in the form of large pores only. In this 
study, the large pores are defined as those which were 
intruded by mercury at or below 9.0 MPa applied pres
sure, i.e., the pores greater than 1320 A diameter. 
It is possible that this breakpoint at which the small 
pores end and the large pores begin (the pores repre
senting the unfilled void spaces between clusters of 
the hydration products) is influenced by the materials 
and the methods used in this investigation. However, 
the present investigators are convinced that for the 
purposes of understanding and control of the engineer
ing properties of hardened cement pastes, an arbitrary 
breakpoint value, for instance at about 1000 Ä or 0.1 
pm, between the large or macro pores and small pores 
would be useful. It may be noted that the small pores 
envisaged here include the gel pores (6-16 Ä) of 
Powers (1) and the meso pores of Brunauer et al (3).

EFFECT OF AGE OF HYDRATION ON PORE SIZE DISTRIBUTION

The pore size distribution plots for the 0.9 and 0.7 
water-cement ratio pastes at the three ages of hydra
tion, namely, 28 days, 90 days, and 1 year, are shown 
in Figs. 3 and 4. The plots in Figs. 3 and 4 are 
typical of the plots obtained for the other water
cement ratio pastes. In general, with increasrfig age 
of hydration there was reduction in the threshold 
diameter, and the cumulative volume of pores at any 
given diameter. It was observed that the pore size 
distributions were not uniformly affected by increas
ing age of hydration. This is probably because as 
long as there are sufficient void spaces in a hydrat
ing cement system, viz pores > 1320 A, then following 
the path of least resistance the hydration products 
tend to fill these voids first, thus causing little or 
no change in the 1320-45 A range. This phenomenon is 
associated with a significant decrease in the thresh
old diameter but only0insignificant decrease in the 
volume of pores > 45 $. Once the larger spaces, in 
this instance > 1320 A are filled, further hydration 
appears to effect the entire pore size distribution.

Fig. 3 The fiore size distributions, 0.9 water-to-cement

Fig. 4 The pore size distributions, 0.7 
water-to-cement ratio.

For example, with increased hydration, the 0.9 water
cement ratio paste (Fig. 3), which had a large volume 
of pores > 1320 A present at all test ages, showed 
major changes in threshold diameter but little change 
in the total volume of pores > 45 A. However, in the 
0.7 water-cement ratio paste (Fig. 4) for which most 
pores > 1320 A were filled between 28 and 90 days, 
there was correspondingly a large decrease both in 
the threshold diameter and the volume of pores > 45 A. 
Once the > 1320 Ä pores were filled, the pore size 
distributions changed uniformly with further hydra
tion between 90 days and 1 year.

RELATIONSHIP BETWEEN PERMEABILITY AND POROSITY

From the data in Table 1 it is concluded that the 
experimentally determined values of the permeability 
coefficient (Ki) are in general agreement with 
Powers (1). For instance, at any age, the perme
ability coefficient increased exponentially with 
increase in water-cement ratio or total pore volume 
of the cement pastes. Also generally, the perme
ability coefficient decreased exponentially with 
increasing age or degree of hydration.

However, it is also concluded from the data that a 
knowledge of the total volume of pores is not suffi
cient to accurately predict the permeability of a 
cement paste. For example, the permeability coeffi
cient for the 1-year old 0.8 water-cement ratio paste 
was found to be much lower than the 28-day old 0.7 



water-cement ratio paste in spite of the fact that 
the former had a greater total pore volume. On exam
ining the pore size distribution and permeability data 
it is apparent that large pores, viz > 1320 A, played 
a more important role in determining the permeability 
than the smaller pores. In the case under discussion, 
the large pores in the 0.8 water-cement ratio paste 
were filled at 1 year, whereas in the 0.7 water-cement 
ratio paste at 28 days, a substantial volume of these 
pores was still present. This shows that in order to 
develop a more reliable relationship between pore 
structure and permeability of a hardened cement paste, 
it would be better to take into consideration several 
parameters from the pore size distribution, rather 
than depend on the total porosity alone.

PREDICTING PERMEABILITY FROM PORE SIZE DISTRIBUTION

Using certain parameters from the pore size distri
bution data as Independent variables and the perme
ability coefficient as the dependent variable, a 
multiple regression analysis was carried out for 
setting up a mathematical model from which perme
ability could be predicted. The pore size distribu
tion was arbitrarily divided into volume of pores 
>1320 A, and volume of pores in the 290-1320 A range. 
Dividing these volumes by the total mercury intrusion 
porosity, the effect of pore volume in the 45-290 A 
range was taken into consideration. These normalized 
values of pore volumes in the > 1320 A and 290-1320 A 
range were designated as Vi and Vz, respectively. 
Threshold diameter (TD), the largest pore diameter at 
which the flow of mercury is established in the speci
men, was visualized as another important parameter 
influencing the permeability of a cement'oaste. 
Finally, the modified total porosity (MTP), which is 
equal to total pore volume divided by the degree of 
hydration, was another parameter used in this study. 
The modified total pore volume was found more useful 
to the model than the unmodified pore volume, because 
reduction of large pores which affected permeability 
greatly is a function of the degree of hydration. It 
should be noted that three of the four independent 
variables proposed here are available from the pore 
size distribution analysis, and the modified total 
porosity is obtained from the experimental data on 
total porosity and degree of hydration.

lablc II Input data for the computer pronran

Mater-Cement
Ratio

Age InK) V1 V2 TD MTP

Ö.3 90 days -0.51 0.000 0.735 6ÜÖ 0.267
1 year -0.92 0.000 0.719 560 0.200

0.4 90 days 0.00 0.000 0.609 760 0.302
1 year 0.00 0.000 0.559 760 0.256

0.5 28 days 1.099 0.000 0.628 1000 0.466
90 days 1.099 0.000 0.632 860 0.356

1 year 0 00 0.000 0.548 720 0.329

0.6 28 days 3.135 0.189 0.552 2200 0.652
90 days 1.099 0.000 0.653 1150 0.497
I year 0.693 0.000 0.618 1100 0.470

0.7 28 days 5.394 0.278 0.481 4600 0.734
90 days 2.890 0.029 0 676 1400 0.552

1 year 2.639 0.000 0.662 1250 0.536

0.8 20 days 6.870 0.385 0.440 7800 0.817
90 days 4.344 0.250 0.523 3500 0.668

1 year 3.807 0.051 0.633 1550 0.629

0,9 28 days 8.319 0.442 0.404 14000 1.080
90 days 5.165 0.300 0.500 4000 0.829

1 year 4.331 0.234 0.503 2600 0.774

Plots of permeability coefficient against each one of 
the independent variables suggested the exponential 
relationship of the type:

Ki - exp(aV! + bV2 + cMTP + dTD + e) 

where a.b.c.d, and e are constants. Therefore, the 
permeability values were converted to their natural 
logarithm (In Ki) before input into the computer for 
the multiple regression analysis. The analysis was 
carried out using the canned program SPSS (Statisti
cal Package for Social Sciences). The input data for 
this program is shown in Table II. The results gave 
the following values of the constants for determining 
the coefficient of permeability of a specimen, with a 
known mercury intrusion pore size distribution and a 
known degree of hydration:

Ki = exp(3'.84Vi+0.20V2+0.56xlO"6TD+8.09MTP-2.53) (1)-

The accuracy of prediction of permeability by this 
equation, as reflected by the statistical r2 value, 
was found to be 95 percent. In other words, in the 
present study 95 percent of the variation in the 
permeability results could be taken care of by the 
independent variables Vi, Vz, TD, and MTP. Thus, the 
model for predicting permeability of hardened cement 
pastes can be used with a good degree of accuracy. 
Calculations show that on average, the predicted 
value of the permeability coefficient will deviate 
from the actual value by 0.61 cm/sec only.

The relationship between permeability and Vi, perme
ability and MTP, and permeability and TD were also 
investigated separately. The significant effect of 
> 1320Ä pores on permeability is evident from the 
plot in Fig. 5 which shows an exponential increase in 
In Kt with increasing Vj. Straight line relation
ships, also shown in Fig. 5, were found when In Ki 
was plotted against either MTP or In TD. The corres
ponding mathematical expressions for these relation
ships are

In Ki = 2.85 In TD - 18.51 (ii)

In K, = 10.91 MTP - 3.38 (iii)

The coefficients of determination calculated for 
equations (11) and (iii) are 0.96 and 0.94, respec
tively. These coefficients are a measure of the 
accuracy of the .fit for the experimental data; and 
for a perfect linear fit the value is 1.

CONCLUSIONS

Investigations on the pore size distribution and per
meability of portland cement pastes hydrated with 0.3 
to 0.9 water-cement ratios showed that the pastes 
made with 0.6 to 0.9 water-cement ratios contained 
substantial volume of large pores, i.e., pores > 
1320 A diameter. In these high water-cement ratio 
pastes, the pore size distribution at 28 days was e 
found to remain essentially the same in the 45-1320 A 
range, because with the increasing water-cement ratio 
the increased porosity manifested itself in > 1320 A 
pores.

Since the large pores were found to have a greater 
influence on permeability than small pores, it is 
concluded that the pore size distribution data, 
rather than total porosity, provides better opportun
ity for developing accurate correlations with perme
ability. It is also concluded that permeability can 
be computed from a mathematical model which uses 
input from the pore size distribution data.



Fig. 5 Relationship Between V.|, MTP, TD and Permeability
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Liaison päte de ciment Portland - Granulats naturels
Bond between Portland cement paste and native aggregates
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RESUME : L a liaison päte granulat entre des ciments riche et pauvre en C^A etdes granulats 
naturels, quartz et calcaire, a ete etudiee en mesurant son interaction sur les resistances 
en flexion et en compression de mortiers d'un type special, et en determinant le nombre de 
granulats casses ä la rupture.

Des essais comp I ementa i res avec le calcaire ont mis en evidence L'influence de la forme des 
granulats et de leur rugosite de surface sur les proprietes mecaniques de ces mortiers.

Des observations en microscopie electronique a balayage ont permis de suivre, en fonctiori , 
de I'echeance, le deplacement des surfaces de moindre resistance par rapport ä I'interface 
päte-granulat . '

In the case of limestone, 
texture of the aggregates

supplementary tests showed the influence of the shape and surface 
on the mechanical properties of mortars. '

ement paste -aggregate bond was studied by measuring tensile and compressi- 
special type mortars which allowed to determine the number of aggregates 

on shear. Two industrial Portland cements, respectively C^A - 
two native aggregates, quartz and limestone, were used for the

SUMMARY : The c 
ve strengths of 
fractured during the flexi 
poor and C,A - rich, and 
study.

Scanning electron microscopy investigations allowed to follow the shift versus time, of the 
lower strength surfaces from the cement paste - aggregate boundary. .



L'etude des liaisons entre granulats et pate de ciment a fait 
l'objet de nombreux travaux et tous les auteurs s'accordent 
ä considerer que ces liaisons jouent un role preponderant 
dans I'acquifeition des proprietes mecaniques des betons. Le 
developpement des caracteristiques de ce materiau hetero
gene est lie ä de tres nombreux parametres et si les proble- 
mes attaches au choix^ds granulats ou des Hants et a leurs 
conditions de mise en oeuvre ont ete depuis longtemps etu- 
dies, I'examen des mecanismes de liaison entre la pate de 
ciment et les granulats n'a ete aborde que beaucoup plus 
recemment.
C'est ainsi que FARRAN (1), I'un des premiers ä envisager 
de maniere systematique l'etude des mecanismes de liaison 
et ä en souligner les divers types, a montre que I'adheren- 
ce n'est pas simplement due ä la forme et ä I'etat de surface 
des grains, mais que la nature mineralogique des granulats 
et celle des hydrates qui se f.orment a leur contact jouent 
un role preponderant. Ces resultats soulignent le caractere 
heterogene du materiau etudie, Cette idee, reprise par 
MASO (2), conduit ä envisager I'existence autour des granu
lats', d'une aureole de cohesion variable, plus faible que 
celle de la masse du liant. Des mesures de microdurete (3) 
et la mise en evidence, au niveau de la zone de transition 
de variations de composition de la pate (4), confirment cette 
hypothese.
Beaucoup d'autres travaux ont ete poursuivis selon diverses 
voies, s'attachant ä preciser les types de liaison (5) et 
leurs mecanismes de formation, mettant notamment en evi
dence ('influence des reactions entre le calcaire et les pha
ses alumineuses des Hants sue la formation de liaisons de 
type epitaxique dues ä la presence des hydrates formes et ä 
la nature mineralogique des granulats (6 ä 10).
D'autres etudes ont permis de prSciser la morphologic de la 
zone de contact (11, 12, 13), soulignant soil I'enrichisse- 
ment en portlandite de la couche de contact (14, 15, 16), 
soil les caracteristiques physiques de I'aureole de transi
tion, notamment les variations d'epaisseur et de porosite 
qui expliquent I'existence d'une zone de moindre cohesion 
(17, 18).
Enfin, certains travaux ne considerent que les caracteris
tiques mecaniques des liaisons päte/granulats et precisent 
les conditions de developpement des microfissures dans le 
beton (19, 20). Malgre I'abondance des resultats d6ja ac
quis, il a semble utile de preciser les relations entre les 
types de liaisons päte/granulats et les proprietes mecani
ques des betons. On entend par types de liaison ceux qui 
peuvent etre definis par des parametres faciles a apprehen- 
der et aisement mesurables ä une echelle relativement gros- 
siere, tels que la presence de composes chimiques definis 
ä ('interface granulats/lipnts ou la nature, la forme, I'etat 
de rugosite de la surface des granulats. Cette approche ne 
prejuge done nullement de la nature exacte, mecanique, 
physique ou chimique de la liaison.
Nous presentons les principaux resultats de nos'essais des
tines ä preciser ('importance des differents types de liai
sons precedemment definies. Les examens ont et6 faits d'une 
part a I'echelle macroscopique, au niveau des performances 
et de ('aspect des ruptures ; d'autre part, ä I'echelle mi- 
croscopique, par ('observation au microscope electronique 
ä balayage.
METHODES EXPERIMENTALES
Pour faciliter les observations, nous avons utilise des mor- 
tiers 1/1 ä 1/1,5 de granulats monodimensionnels (entre 4 
et 5 mm de diametre). Nous avons adopte un E/C ponderal 
voisin de 0,30 qui conduit ä une bonne aptitude ä la mise en 
place, sans segregation des granulats.
Les eprouvettes 4 x 4 x 16 cm ont ete conservees a 20°C, 

■ pendant 24 heures en salle humide puis sous eau jusqu'aux 

echeances de 2 - 7 - 28 et 90 jours. Nods avons alors me- 
sure les resistances a la flexion et ä la compression, et 
determine par comptage la proportion de granulats casses 
sur la surface de rupture par flexion.
Tous les echantillons, aux echeances de 7 et 90 jours, ont 
ete examines au microscope electronique ä balayage. Pour 
cette etude, les restes d'eprouvettes, apres mesure des 
resistances, ont ete fractures au marteau, et les surfaces 
de fracture fraiches ainsi degagees ont ete Immediatement 
mises sous vide et metallisees pour eviter toute Hydrata
tion et carbonatation ulterieures. Le fait de preparer les 
echantillons par fracture au marteau cree des contraintes, 
et entraine la formation de fissures qui n'existaient pas 
initialement dans I'eprouvette de mortier. Mais ceci n'est 
pas en faif un inconvenient car ces fissures provoquees 
passent par les surfaces de moindre resistance et nous ren- 
seignent sur leur cheminement au voisinage des granulats.
Outre ces examens sur fractures, des sections polies ont 
ete executees ä I'echeance de 2 jours pour observer au mi
croscope optique la repartition, entre les granulats, des 
grains de ciment en fonction de leur taille.
RESULTATS MACROSCOP IQUES
Deux series d'essais ont ete realisees : I'une, avec deux 
granulats roules et deux ciments differents pour etudier 
I'eventualite des liaisons physicochimiques et leur role sur 
les resistances ; I'autre avec un seul ciment et un seul type 
de granulat diversement traits, pour tester I'influence de 
sa forme et de son etat de surface sur les proprietes meca
niques.
Premiere serie d'essais
Des mortiers 1/1 au E/C = 0,30 ont ete realises avec deux 
ciments Portland du type CPA 400, I'un riche en C,A : 
13 I'autre pauvre en C^A : 3 %.
Nous avons utilise du calcaire dur roule tres pur (type ur- 
gonien provenant d'alluvions fluvio-glaciaires würmiennes 
de la region d'Auberive en Royan - (sere, de resistance a 
la penetration 2100 MPa) et du quartz roule tres pur (gise- 
ment de sable kaolinique de la region de Barbieres - 
Dr6me).
Nous recherchions, en employant des granulats roules, ä 
minimiser les accrochages mecaniques lies a leur forme et 
ä leur etat de surface. En coalite, nous avohs pu constater 
par observation au microscope electronique ä balayage, que 
I'un et I'autre de ces granulats presentent une mSme rugo- ' 
site de surface, importante au niveau du micron. De ce 
fait, des accrochages mecaniques sont possibles avec la 
pate, lies ä cet etat de surface, mais du m§me ordre de 
grandeur avec les deux series de granulats.
Les resultats (tableau I) font apparaitre globalement un 
pourcentage de granulats casses tres faible, m@me a 90 j.

TABLEAU I

cieent

S granulats

2 jours 90 jours

Flexion 
MPa

% granulats 
cassis

flexion
MPa

X granulats 
cassis

calcaire 5,4 3 9,1 22
3XC3A

quartz 5,8 5 9,1 18

calcaire 8,0 13 9,3 14
13 X CjA

quartz 7,9 9 8,7 15



Pour une meme echeance, les resistances ä la flexion sont ' 
independantes du granulat : el les ne font que refleter la 
meilleu're resistance initiale du ciment riche en C^A. 
Cependant, a I'echeance de 90 jours, et avec le ciment ri
che en C^A, la diffraction X nous a revele, au contact du 
seul granulat calcaire, la presence de monocarboaluminate 
de calcium hydrate : C,A, CC, 12 H. II existe done bien 
une reaction chimique dans ce cas, mais qui ne parait pas 
entrainer une amelioration significative de la resistance du 
mortier correspondant".
Elie ne parait pas non plus favoriser I'adherence pate
granulat puisque, pour une echeance donnee, les pourcen- 
tages de granulats casses par la rupture ne sont pas sign!— 
ficativement differents.
Ces resultats permettent de conclure, puisque les granu
lats ont des possibilites d'accrochage mecanique voisines 
(meme rugosite - meme forme roulee) les reactions physico- 
chimiques qui se produisent avec la pate n'influencent pas 
I'accrochage, tout au moins aux echeances examinees.
Deuxieme serie d'essais
Le fait de n'observer qu'un pourcentage de granulats casses 
relativement faible doit pouvoir s'expliquer par I'util isation 
de produits roules. C'est pourquoi nous avons realise une 
autre serie d'essais, avec un seul ciment CPA 400 de te- 
neur moyenne en C^A : 7 % et un seul granulat calcaire, de ■ 

meme origine que precedemment, mais de formes et d'etats 
db surface varies. Ces granulats ont ete :
- polls par usure dans un broyeur sans boulet avec de I'alu-
mine comme abrasif pour obtenir des formes arrondies et de 
faibles rugosites de surface ce qui entraine peu d'accricha- 
ges mecaniques .
- concasses ce qui donne des formes anguleuses et des rjgo- 
sites de surface plus grandes d'ou de bons accrochages me
caniques (voir fig. 1 - 2)
- attaques par une solution d'acide chlorhydrique diluee ce 
qui permet d'obtenir des formes et des rugosites de surface
-intermediaires entre les granulats polls et les granulate con
casses.
Les mortiers 1/1,5 ont ete gaches au E/C de 0,28.
Comme precedemment, les conditions de preparation des 

' mortiers etant identiques, toute difference entre les resul — 
tats obtenus ne pourra provenir que de difference au-niveau 
de I'adherence päte-granulat. Globalement, on observe 
(Tableau I I) qu'en fonction de I'echeance le % granulats cas
ses et les resistances en compression et fiexion augmentent 
regulierement avec les granulats concasses. Alors qu'avec 
les granulats polis le % granulats casses est faible et n'evo- 
lue pas, la resistance ä la compression n'augmente que fai- 
blement et la resistance ä la flexion presque pas du tout.
Avec les granulats attaques ä I'acide, les resultats sont in-

FIGURE 1 - Fortes - (a) Granulats polis, (b)Granulats concasses

FIGURE 2 Aspect de la surface - (a) Granulats polis, (b) Granulats concassds 5 Ua



termediaires, plus proches de ceux obtenus avec les granu
lats polls.

TABLEAU II ■'

avec 
granulats ’EchSances en jours 2 7 28 90

polls

% Granulats cassis

Flexion MPa

Compression MPa

Conpression/Flexion

7

7,5

46,6

5,2

17

8,0

61,4

7,7

11

7,9

73,4

9,3

11

8,3

76,8

9,3

attaquSs 
ä 

Pacide

% Granulats casses

Flexion MPa

Compression MPa •

Compression/Flexion

28

7,9

51,9

6,6

32

8,5

61,5

7,2

33

8,1

75,7

9,3

27

8,6

77,9

9,1

concasses

% Granulats cassis

Flexion MPa

Compression MPa

Cotipression/Flexion

39

8,2

55,4

6,8

52

9,8

68,9

7,0

57

10,7

81,4

7,6

62

11,3

94,1

8,3

Nous avons ports les resultats de compression et flexion 
en fonctioadu % granulats casses (Figure 3). On remarque 
que la resistance ä la compression depend de I'ech6ance, 
done de la resistance de la pate, et aussi du % granulats 
casses lorsque celui-ci augments, la resistance propre des 
granulats participant alors ä la resistance du mortier. Ce 
nombre de granulats casses depend lui-meme de la qualite 
de I'adherence päte-granulat. On volt que la resistance a 
la compression depend de la resistance de la pate et de 
l'adherence päte-granulat. La resistance a la flexion, par 
contre, paralt dependre principalement du % de granulats 
casses, et moins de I'evolution de la resistance de la pSte. 
Les resultats se regroupent sur une courbe d'allure expo
nentielle qui met en evidence I'interet d'obtenir, par une 
bonne adherence pate-granulat, un % granulats casses ele
ve. La resistance ä la flexion apprait,donc, proportionnel- 
lement, plus liee ä la qualite de I'adherence päte-granulat 
que la resistance a la compression d'ou une diminution du 
rapport compression/flexion lorsque ('adherence päte- 
granulat s'ameliore.
A partie de la meme variety de granulats calcaires durs et 
en ne faisant varier que leurs formes et leurs etats de sur
face, nous avons pu obtenir, ä 90 jours : une adherence ' 
mediocre (polls) ne conduisant qu'ä 11 % de granulats cas
ses ä la fracture et une tres bonne adherence (concasses) 
entrainant 62 % de granulats casses ä la fracture avec une 
amelioration de 17,3 MPa en compression et 3,0 MPa en 
flexion. Ceci montre bien I'importance de la corttFibution 
des accrochages mecaniques ä l'adherence päte-granulat.
RESULTATS MICROSCOP IQUES
L'examen ä 2 jours des sections polies en microscopie opti- 
que fait apparaitre dans tous les cas un enrichissement en 
fines particules de ciment autour des granulats. On a la un 
effet semblable ä celui de la peau du beton : les gros grains 
de ciment ne peuvent pas etre au contact du granulat, car, 
meme s'il y a contact en quelques points, il y aura toujours 
de la place entre eux et le granulat pour des grains plus 
fins. Mais il peut aussi se produire, en plus, un effet d'at
traction electrostatique sur les particules fines.
?et enrichissement en fines particules explique I'hydrata-
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FIGURE 3 : Granulats polls o , attaques acids e , concassSs -#■ .

tion, un peu plus rapide au contact des granulats qu'au coeur 
de la pate, observes en diffraction X.
L'examen au microscope ä balayage ä 7 jours et 90 jours des 
fractures des mortiers dans lesquels on a fait varier respec- 
tivement le ciment (un riche en C^A, un pauvre en C,A), la 
nature des granulats (un calcaire, un quartz) et l'etät de 
surface des granulats (calcaire poll, concasse, et attaque 
par HCI dilue) permet de degager les conclusions suivantes:
1) il y a enrichissement en CafOH^ au contact des granulats 
dans tous les cas et aux 2 echeanceS consid6rees. Get enri
chissement en Ca(OH)j peut s'expliquer par I'augmentation 
locale du E/C due au mouillage des granulats, favorisant la 
precipitation de gros cristaux de CafOH^- Mais on n'obser- 
ve pas d'orientation preferentialle de ces cristaux de chaux 
que la fracture fait apparaitre stratifies par'clivage (fig. 4),
2) il n'y a pas de difference decelable de comportement ä
I'interface päte-granulat entre les 2 ciments pour un meme 
granulat, ni entre les 2 granulats pour un mSme ciment.
3) statistiquement, I'accrochage de la pate de ciment sur le 
granulat, se fait aussi bien avec Ca(OH), qu'avec le CSH 
(fig. 5).
4) dans tous les cas, les surfaces de moindre resistance 
s'eloignent de l'interface päte-granulat quand l'ächeance



FIG, 4 : Precipitation de Ca(OH) 2 aupres des granulate ,5 p. , . £1^5 : Accrochage de CH et CSH sur les granulate

FIGURE 6 : Echeance 7 jours - (a) Granulats polis, (b) Granulats concasses, G = Granulat



augment© ; mais, a une echeance donnee, il y a une influen
ce significative de la rugosite et de la forme des granulats 
sur la distance entre la surface de moindre resistance et 
I'interface pate-granulat : celle-ci augment© progressive- 
ment quand on passe des granulats polls (de forme arrondie 
et lisse) * granulats attaques ä HCl dilue (de forme arron
die mais un peu rugueux) * granulats concasses (anguleux 
et tres rugueux) (fig. 6, 7)-.
Ce dernier point peut s'expliquer ainsi : quand un mortier 
subit un choc, s'il n'y a pas du tout d'adherence entre le 
granulat et la pate, la fissure suivra I'interface pate
granulat. Par centre, des qu'il commence ä y avoir adhe
rence pate-granulat, il y a competition (au niveau de la re
sistance globale) entre une ligne de rupture longue suivant 
1^ contour du granulat, et une ligne droite, plus courte, 
dans la päte, et ceci entraine, aussi bien I'eloignement sta- 
tistique dans le temps de la surface de rupture par rapport 
ä I'interface pate-granulat que son eloignement en fonction 
de la rugosite.
CONCLUSION
L'utili'sation de mortiers de granulats monodimensionnels et 
la determination des resistances de ces mortiers avec eva
luation du pourcentage de granulats casses a la rupture en 
flexion, se sent averees une methode tres riche pour ©va
luer I'adherence pate-granulat et son interaction sur les 
proprietes mecaniques. La microscopie electronique ä bala- 
yage a permis de completer ces resultats par observation 
direct© de I'interface pate-granulat.
Bien que I'on ait confirme I'existence de reactions chimi- 
ques entre le calcaire et le C,A du ciment, nos essais ont 
montre qu'au meins jusqu'ä 9u jours et pour les granulats 
etudies, les accrochages mecaniques lies a la rugosite et 
surtout ä la forme des granulats sont preponderants pour 
I'adherence.
Une amelioration dans I'adherence influe directement sur 
les resistances en flexion et dans une moindre part sur les 
resistances en compression.
On a confirme la precipitation preferentielle de CH aupres 
des granulats. Mais surtout on a mis en evidence I'existen
ce d'une surface de moindre resistance qui est § I'interface 
pate-granulat aux courtes echeances, et qui s'eloigne en
suite dans la pate et ce d'autant plus que les granulats sont 
rugueux et anguleux. Cette surface de moindre resistance 
parait etre I'equivalent des zones de transition souvent si- 
gnalees, et nous pensons que les recherches futures de- 
vraient porter sur les moyens les plus judicieux ä utilise© 
(granulats speciaux ou synthetiques, traitement de surface 
de granulats traditionnels) pour diminuer la faiblesse de 
cette zone.
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Approche analytique de la dedolomitisation des 
granulats dans le beton durci

Analytic approach of dedolomitization of ag regates in concrete
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RESUME : La dedolomitisation est susceptible d’affecter les betons confectionnes ä partir de 
calcaires dolomitiques. Ce ph6nom6ne est rdgi par le couple de reactions de double decompo
sition : CaMg(COg) 2 + 2NaOH -*•  Ca^COg+Mg+(0H) a+NaaCOg, puis : NaaCOg + Ca(0H)2■» Ca^COg + ZNaOH, oü 
1'hydroxyde alcalin est regSndrS tant que le bdton contient de la portlandite. Il s’agit done 
en fait d'une catalyse homogene.

En raison de la nature des oxydes mis en cause, la detection de la dedolomitisation n'est pas 
possible par analyse chimique. Seule 11 investigation minSralogique fine est en mesure de le 
faire.

D'une part, la thermogravimStrie en atmosphere inerte permet le dosage de la portlandite 
(Ca(0H)2) et de la brucite (Mg(0H)2). D'autre part, 1'association du dosage pr6cis de CO2 
avec 1* analyse thermique differentielle sous anhydride^carbonique permet la determination si- 
multanSe de la dolomite (CaMg(C0g)2) et de la calcite (CaCOg).

L'introduction de ces donnees dans I'analyse mindralogique d'un b6ton durci contenant des gra
nulats dolomitiques permet de mettre en evidence une eventuelle dedolomitisation et d'en con- 
naltre le degre d*avancement .

SUMMARY : Dedolomitization might affect concretes made up from aolomitic limestones. This phe
nomenon is governed by following reaction pair of double decomposition :
CaMg(COg) 2 + 2NaOH + Ca+COg+Mg+ (OH) z+NazCOg, then : NazCOg+CaCOH) 2 + Ca(.C0g+ ZNaHO, where alkali 
is regenerated as long as concrete contains portlandite. Thus,-it is in fact an homogeneous 
catalysis. '

Because of the nature of the oxides involved, it is not possible to detect the dedolomitiza
tion by means of a chemical analysis but this can be attained by a detailed mineralogical 
investigation.

On one hand, thermogravimetry in inert atmosphere allows to determine the proportions of 
portlandite and brucite, on the other hand, the combination between the precice determination 
of the proportions of CO2 and the differential thermal analysis in a carbon dioxide medium 
makes it possible to simultaneously determine the dolomite (CaMg(COg)z) and the calcite 
(CaCOg) •

With help of these data, the mineralogical analysis of hardened concrete containing dolomitic 
aggregates allows for an eventual dedolomitization to be detected and thus for its progress 
to be known.



La dolomite est le nom du mineral constitu- 
tif des dolomies ; sur le plan chimique il 
s'agit du carbonate double de calcium et de 
magnesium de formule CaMg(C0g)2.

On rencontre communSmönt la dolomite en as
sociation avec la calcite dans les marnes et 
certains calcaires appeles pour cette raison 
"calcaires dolomitiques" lesquels sont sou- 
vent assez durs.Ceci explique qu'en France 
dans le Midi M6diterraneen oü ils sont abon- 
dants, ces derniers aient 6t§ frSquemment 
utilises dans la construction et employes 
sans precaution particulidre pour la confec
tion des mortiers et batons. ■

La dolomite est difficilement attaquge par 
l'acide chlorhydrique ä froid (1) et sa so- 
lubilite dans 1'eau pure est 16g§rement in- 
fSrieure ä celle de la calcite, par contre 
au sein du bdton fortement basique la pre
sence d'alcalis libres peut declencher un 
cycle dit de dedolomitisation (2) caract6ri- 
sd par la chaine de reactions :

(K) (K2)
CaMg(C03)2 + 2NaOH ■*  CaCO3 + Mg^OH)2 + Na2C03 

dolomite calcite + brucite +

(Kz)
Na2CO3 

carbonate 
alcalin

(K) 
+ Ca(0H)2 * CaCO3 + 2NaOH

+ portlandite -» calcite +

Il s'agit d'une catalyse homogene que 1'on 
peut 6crire :

CaMg(C03)2 + Ca((H)2 ■*  2CaCO3 + Mg^0H)2
dolomite + portlandite ->• calcite ♦ brucite

oü 1'alcali libre, catalyseur est perp6tuel- 
lement r6g6ner6, done une faible proportion 
de celui-ci dans le beton est parfaitement 
capable de provoquer la dedolomitisation 
jusqu'ä carbonatation complete de la portlan
dite, pouvant entrainer la d6coh6sion du 
liant. ■

La nature des oxydes mis en cause dans cette 
reaction CaO.MgO, Na2O ou K20, C02, qui ap- 
partiennent tous ä la fois au ciment et aux 
granulats du beton ne permet pas de mettre 
en evidence par voie chimique une eventuelle 
dedolomitisation. Seule une investigation 
min6ralogique fine est en mesure de determi
ner si celle-ci a effectivement eu lieu.

Sur le plan min6ralogique la chaine de reac
tions fait intervenir quatre mineraux : do
lomite, portlandite, calcite et brucite, 
dont les trois premiers'sont initialement 
presents dans le bSton.

En raison de la solubilitd tres faible de 
la brucite, le ph6nom6ne est ndeessairement 
lid ä la prdsence de ce mineral detectable 
par diffractom6trie des rayons X ; mais cet
te presence n'est pas süffisante, en effet 
la brucite observde peut dans certains cas 

provenir de 1'action proIongee d'eaux conte
nant de la magnesie meme en faible quantitB. 
Ceci est particuliBrement vrai pour les be
tons de fondation.

En petrographic, on peut distinguer la dolo
mite de la calcite par coloration spBcifique
(3) et observer une eventuelle epigenie. Mais 
si cette technique s'applique fort bien aux 
roches compactes, sa transposition au beton 
se heurte ä la presence de la pate de ciment.

En fin de compte, la dedolomitisation ne peut 
6tre raise en.evidence et surtout quantifiBe 
avec certitude qu'ä 1'aide d'un bilan minera- 
logique complet du matBriau.

Tout d'abord, gräce ä "I'analyse allBgBe"
(4) , il faut Btablir la composition que de- 
vait avoir le bBton lors de sa raise en place, 
y compris la composition approchBe du ciment. 
Ensuite, ä l'aide des mBthodes spBcifiques ä 
I'analyse minBralogique (5), il est nBcessai- 
re de determiner les teneurs respectives, 
actuellement prBsentes des quatre minBraux 
mis en cause par la reaction. Enfin le calcul 
du bilan minBralogique rBel et sa comparaison 
avec la composition initiale doit permettre de 
rendre compte du phBnomene par le transfert 
d'une partie de la dolomite et de la portlan
dite vers la calcite et la brucite. La compa
raison en question repose essentiellement sur 
le dosage prBcis de ces quatre minBraux dans 
le beton.

En raison de sa sensibilitB trop faible, la 
diffractomBtrie des rayons X ne peut pas @tre 
raise ä contribution pour doser directement 
ces minBraux alors qu'elle est d'un grand se- 
cours pour les identifier. Par ailleurs, 
ceux-ci ont leurs anions en commun deux a 
deux, OH- et C03~.

Les mBthodes thermiques choisies pour effec- 
tuer les dosages font intervenir la dissocia
tion en utilisant les departs d'eau ou d'an
hydride carbonique. Mais dans les conditions 
opBratoires, certaines recombinaisons ont 
lieu et il est important d'en tenir compte. 
Il en rBsulte que les dosages des quatre mi
neraux sont liBs.

DOSAGE DE LA BRUCITE ET DE LA PORTLANDITE

En thermogravimBtrie, sous atmosphere inerte, 
avec une vi'tesse de montBe en tempBrature 
relativement lente (60 °C par heure), les pa- 
liers de dBshydratation de la brucite et de 
la portlandite sont sBparBs et bien dBfinis, 
300 °C ä 330 °C pour la brucite et 360 °C ä 
450 °C pour la portlandite.

En consBquence, le dosage de ces deux espBces 
minBrales ä partir de leur eau de constitu
tion ne prBsente pas de difficultB, des ve
rifications ayant etB faites pour avoir la 
certitude que dans le cas d'un bBton de ci
ment portland aucune decomposition d'alumi
nate ne vient se superposer aux effets ther
miques precedents.



. ThermogravimStrie d'un bSton
Fig- 1 - dolomitique.

La courbe (figure 1) montre le thermogramme 
d'un beton dolomitique auquel 2 I environ de 
brucite a 8t6 ajoutSe pour bien montrer la 
separation des deux paliers de 
dgshydratation.

DOSAGE DE LA DOLOMITE ET DE LA CALCITE

La determination simultanSe des teneurs en 
calcite et en dolomite est plus dSlicate car, 
d'une part la dolomite est un carbonate dou
ble et d'autre part la calcite provient de 
diffSrentes origines. C'est pourquoi le do
sage de ces deux mineraux est effectu6 par 
une combinaison de 1'analyse thermique dif
ferentielle sous atmosphere COz et du-dosage 
chimique de 1'anhydride carbonique.

Plusieurs methodes- ont 6t6 publi6es pour de
terminer d'une fagon precise la teneur en 
C02 d'origine minerale d'un beton (5), (6). 
Elles sont toutes ponderales mais fondamen- 
talement differentes. Aussi semble-t-il op
portun de rappeler le principe de celle qui 
parait donner le meilleur r6sultat et dont 
la normalisation a 6t6 propos6e (7).

Le materiau est attaque ä chaud par une so
lution d'acide ortophosphorique, en presence 
d'acBtate de cuivre destinB ä fixer l'hydro- 
g6ne sulfurB eventuellement forme. L'anhydri
de carbonique libBrB par cette attaque est 
entrainB par un gaz vecteur inerte, sBchB 
puis recueilli sur un absorbant spicifique 
et pes6.

En analyse thermique differentielle, le ther
mogramme d'un b6ton dolomitique rBalisB sous 
atmosphere C02 avec enregistrement At-temps, 
prBsente les differences suivantes par rap
port ä celui obtenu dans l’air (figure 2).

- Disparition du pic endothermique ä 480 °C 
du ä la dBshydratation de la portlandite : 
ce mineral se carbonate.

- Dans la zone de temperature 700 °C-1000 °C 
remplacement du pic multiple par deux pics 
endothermiques bien distincts : le premier 
vers 770 °C correspond ä la decarbonatation 
de la partie magnBsienne de la dolomite.
Le second vers 925 °C est dü ä la dissocia
tion de la partie calcique de la dolomite et 
de diffBrents carbonates de calcium-(calcite 
des granulats et de carbonatation du ciment 
ainsi que le carbonate, forme en cours d'es
sai ä partir de la portlandite).

Les aires de ces deux pics de dBcarbonatation 
sont proportionnelles aux teneurs en COz ■ 
116 ä MgO et ä CaO, leur utilisation permet 
done en tenant compte des recombinaisons et 
de la teneur en COz "total" de doser simul- 
tanBment la calcite et la dolomite presentes 
dans 1'Bchantillon. La Justification'complS- 
te de ces dosages sortirait du cadre de la 
prBsente communication (8).

La mBthodologie suivante a 6t6 retenue pour 
la realisation du dosage des quatre minBraux 
impliques dans la dedolomitisation :

1) Determiner par thermogravimBtrie en atmos
phere inerte les teneurs en brucite et en 
portlandite ä partir de leur eau de consti
tution.



Analyse thermique differentielle 
d'un b6ton dolomitique.

2) Determiner lateneur en anhydride carboni- 
que-d'origine minerale seien le processus d6- 
crit prScedemment (7).

3) Soumettre la beton ä 1'analyse thermique 
differentielle en atmosphdre COz et mesurer 
les aires des deux pics de dScarbonatation.

4) Calculer les teneurs en calcite et en do
lomite ä partir de ces 616ments (8). Dans les 
calculs la teneur en C02 "total" ä prendre en 
compte est la somme : C02 d'origine minSrale 
plus C02 correspondant ä la carbonatation de 
la portlandite pendant l'essai.

5) DSduire de la teneur en calcite ainsi cal- 
cul6e, la teneur en carbonate de calcium cor
respondant ä la carbonatation de la portlan
dite. Il est alors possible d'effectuer les 
calculs de transferts mindraux qui permettent 
de conclure ä 1'existence d'une dedolomiti
sation.

Il faut enfin remarquer que la nature meme 
du cycle de reactions mis en jeu limite, en 
Pabsence d'apport alcalin par le milieu ex- 
tSrieur, la transformation,ä la quantity de 
dolomite correspondant ä la carbonatation de 
la totalite de la portlandite prSsente.
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CONCLUSION

Les ddveloppements qui prdcSdent ont montrS 
que 1'on pouvait quantifier une dedolomitisa
tion eventuelle ä partir des bilans min6ra- 
logiques. Ceci gräce a la determination pre
cise des teneurs en calcite, dolomite, port
landite et brucite d'un beton dolomitique.

A l'heure actuelle aucune dedolomitisation 
n'a pu etre mise en Svidence avec certitude 
dans les 6chantillons que nous avons exami
nes, ce qui ne signifie pas que le ph6nomene 
en question n'ait pas lieu dans les betons. 
Par ailleurs, la cinBtique de cette reaction 
est tr8s lente.



Cement paste-quartz bond in autoclaved concretes
Adherence ciment-quartz dans les betons autoclaves
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Italy,

M. PEZZUOLI, B.Ch. Italcementi, Laboratorio Chimico Centrale, Bergamo, Italy.

RESUME : En employant des granulats de quartz, les betons autoclaves peuvent attelndre des re
sistances superieures a 150 N/mm2. Cette resistance elevee doit etre partlellement attrlbuee 
ä des reactions qul se produisent ä 1'interface pate de ciment-quartz. Les observations au MEB 
ont indique que dans ces betons l'adherence du quartz ä la pate de ciment est plus forte que 
la cohesion de la pate de ciment meme. L'analyse ä la microsonde electronique a montre que la 
zone intermediaire entre le quartz et la pate de ciment devient plus riche en calcium et plus 
pauvre en siliclum en s'eloignant du granulat.

Les mesures de microdurete ont montre que la couche intermediaire est plus dure (et a done une 
resistance mecanique plus elevee) que la masse de la pate.

Les surfaces de quartz polies autoclavees dans de I'eau additlonnee f]e ciment ont ete profon
dement corrodees et couvertes de cristaux fibreux de tobermorite 11 A.

Sur la base des resultats experlmentaux, on peut supposer que la forte liaison a I'interface 
granulat-päte depend de ,
- 1'interconnexion mecanique de la pate de ciment avec la surface corrodee du quartz,
- 1'accolement epltaxlque des cristaux de tobermorite sur ceux de quartz.

SUMMARY: By using quartz aggregates, autoclaved concretes can attain compressive strengths over 150 N/mm2. This 
high strength must be partially attributed to reactions occurring at the cement paste-quartz interface. SEM ob
servations indicated that in these concretes the adhesion of the quartz to the cement paste is stronger than 
the cohesion of the cement paste itself. Electron microprobe analysis showed that the.intermediate zone between 
quartz and cement paste becomes richer in calcium and poorer in silicon by moving away from the aggregate.
Microhardness indentations showed that the intermediate layer is harder (and therefore it has higher mechanical 
strength) than the bulk paste.

Polished quartz surfaces autoclaved in mother cement liquor appeared to be deeply corroded and covered’with fi
brous crystals of 11 A tobermorite. '
Based on the experimental evidence, it can be assumed that the strong bond at the aggregate-paste interface de
pends on '
- the mechanical interlock of the cement paste with the corroded quartz surface
- the epitaxis intergrowth of the tobermorite crystals on the quartz ones.



1.INTRODUCTION
It has recently been proved that autoclaved concretes 
whose mechanical compressive strengths attain 180 N/ 
mm2 or anyhow exceed 150 N/nm2 can be obtained. An 
important aspect of these results lies in the fact 
that they can be made by usual materials and procedu 
res. The only concern consists in selecting the mate 
rials and the working modes (1). -
Compared with identical concretes cured under ordina 
ry conditions, these concretes have quadruple compres 
sive strength, triple modulus of rupture and splitt“ 
ing tensile strength and nearly double modulus of e
lasticity (2). '
Other peculiar characteristics are the almost linear 
trend of the curve e= s (<r) and the conchoidal fractu 
re which passes through both the mortar and the ag “ 
gregate grgins and does not follow the boundaries of 
the grains, as it occurs in ordinary concretes.
It must be noticed that these results without prece
dent were obtained by using quartz'aggregates whereas 
the outcome was less brilliant with other materials: 
for instance strength was less than the half by uti
lizing calcareous aggregates (3).
If the apparent ductility of ordinary concrete under 
short-term loading, shown by the curving shape of the 
stress-strain curve, represents the cumulative ef
fects of progressive microcracking (4), the almost 
rectilinear trend of .the curve e=e (o) found for ve
ry high strength concretes (1) proves that in this ca^ 
semicrocracks only form immediately before failure.
All these facts lead to think that the exceptional me 
chanical characteristics of these autoclaved concre
tes must be attributed not only to the known improve 
ment in strength of the cement paste (cement+silica 
powder) (5) but also and chiefly to the paste-aggre
gate bond.
In the present paper the particular conditions occur 
ring at the aggregate-cement paste interface are exa 
mined and the experimental results explaining the ex 
ceptional mechanical characteristics of this new co£ 
crete are shown..

2. EXPERIMENTAL

To determine the causes of the strong bond between ce 
ment paste and aggregate owing to the hydrothermal 
treatment, the alterations suffered by the quartz sur 
face when it comes into contact with cement paste or 
cement mother liquor were examined.
2.1 The initial tests were carried out on mortar oj 
bes made as shown in table I. '

Table I - Composition of the steam cured mortars

(Rapid hardening portland 
Binder <cement

50 g

[ground silica 20 g

Crushed quartzite (fract. 0-2 mm) 120 g
(fract. 2-3 nm) 20 g

Water 30 g

Superplasticizer (25 wt.% solution) 1.5 g

The binder consisted of a homogeneous mix of 50 weight 
parts of a rapid hardening portland cement and 20 
parts of silica powder ground to a Blaine specific 
surface of 4500_cm2/g. The aggregate was a quartz 
sand (5102 = 98%) having a continuous particle size 
distribution already used in previous works (1). It 
was deprived of the coarser fractions to facilitate 
the microscopic study of the autoclaved material.
A superplasticizer was used to reduce the water/bin- 
der ratio and thus to improve the compactness of the 
mortars. .
After mixing, the samples were Introduced into 17.3x 
17.3x17.3 mm metal cubic moulds, compacted on a joljt 
ing table and prestored at 20°C and 100% R.H. for
5-8  hours.
Afterwards the cubes were removed from the moulds, 
introduced into a small laboratory autoclave and sub 
jected to a double steam curing: 5 hours at atmosphe 
ric pressure at 70°C and 15 hours under pressure aT 
190°C.
A heating rate of 0.7°C/min. and a cooling rate of 
about 1.0°C/min. were maintained in all the preparat 
ions. -
The X-ray diffraction analysis of the autoclaved ma
terial showed the presence of quartz and 11 Ä tober- 
morite, typical product of the hydrothermal react
ions between cement and quartz (6)(7)(8) as well as 
lime and quartz (9)(10)(ll).
After curing, the cubes were crushed and the obtain 
ed fragments, after metalization with Au, were examT 
ned under the scanning electron microscope.
Figures 1 and 2 show that the fracture surface con-

FIG. 1 - Broken surface of autoclaved concrete- 
S.E.I. 1000 X

cerns both the quartz aggregate (upside ) and 
the cement paste. By examining the two figures it is 
also possible to notice that the contact between ce
ment paste and aggregate is continuous and intact as 
well as that the fracture lines do not coincide with 
the cement paste-quartz interface.
This means that the steam curing yields a stronger 
quartz-cement paste bond than the cohesion of the ce 
ment paste itself. This results is opposite', to what 
found for concretes cured at ordinary temperature, 
where the fracture almost always occurs along the 
boundaries of the aggregate (4)(12)(13).



FIG. 2 - Detail of the preceding micrography - 
S.E.I. 6000 X '

The alterations suffered by the quartz surface becajj 
se of the combined action of cement and steam curing 
were observed on a quartz fragment ground, polished 
and covered with the paste of the binder. ■
After the aforesaid curing cycle, the fragment was 
sectioned perpendicularly to the polished surface in 
order to examine the quartz-cement paste interface. 
One of the obtained sections was polished and metalj. 
zed with Be.
Figures 3, 4 and 5, taken by the scanning electro n 
microscope, show that the boundary between quartz and 
cement paste is no longer sharp and rectilinear but 
appears to be more or less modified.

FIG. 3 - Polished surface of autoclaved concrete - 
S.E.I. 1000 X

This is the evidence that a chemical reaction has al_ 
tered the interface.
A confirmation of this change is given by the elec - 
tron microprobe analysis of the contact zone quartz
cement paste: by passing from the first to the se
cond, a decrease in the Si content and an increase 
in the Ca one is observed, as figures 6 and 7 show.

FIG. 4 - Preceding surface. Distribution.image.of-si- 
licon - SiKo 1000 X

FIG. 5 - Preceding surface. Distribution image of cal 
ci urn - CaKa 1000 X

FIG. 6 - Polished surface of autoclaved concrete - 
Line profile of silicon (SiK ) 

S.E.I. 2000 X °

The trend of the two concentration curves:Shows that a 
layer about 5 thick, having progressively varying 
composition, is in contact with quartz. These data 
seem to prove that AITKEN and TAYLOR'S (8) hypothesis



is right. These Authors assume that, around the 
quartz grains, there is probably a zoning of calcium 
silicate hydrate characterized by a low C/S ratio 
near the quartz grains and by a higher ratio a little

FIG. 7 - Preceding surface. Line profile of calcium 
(CaKa). S.E.I. 2000 X

The different composition of the intermediate layer 
with respect to the cement paste affects its mechani, 
cal properties.In fact its mean microhardness has 
appeared to be twice that of the paste and 1/6 of 
that of quartz. It is reminded that the intermediate 
layer of ordinarily cured concretes is, on the con
trary, weaker and has a microhardness half that of 
the paste (14).
Because of the extremely small sizes of the crystals 
forming the intermediate layer and the cement paste, 
the microhardness indentation has simultaneously cori^ 
cerned many crystals and therefore the obtained va
lues are the result of an integration. This conside
ration is not valid for the quartz aggregate grains 
which are composed of 4x10 ftm crystals and for 
which the indentation (diagonal ~6.5 /xm) can have 
only concerned one or some contiguous crystals.
The mechanical strength of cement pastes can be caj_ 
culated by determining the corresponding microhard - 
ness (15)(16) but, for the purposes of this work, it 
is sufficient to state that the higher microhardness 
of the intermediate layer also means higher mechani
cal strength than that of the bulk paste.
To show the changes caused by the hydrothermal treat 
ment to the surface of the aggregate, a fragment o7 
quartz was ground, polished, maintained in diluted 
HC1 (1:10) for 30 minutes and finally washed with di 
stilled water. The paste of the binder was appli eel 
on the polished surface and the whole was steam cur
ed by following the above mentioned working modes.
After the thermal treatment the paste was removed, 
partly mechanically and partly by diluted HC1 (1:10) 
and, after metalization with Au,the quartz surface 
was re-examined under the scanning microscope. As fi^ 
gure 8 shows, the quartz surface appears to be irre
gularly but clearly corroded.

2.2 Since quartz is very likely to be attacked by 
the mixing water rather than the cement, a fragment 
of quartz having a ground and polished surface was 
steam cured in cement mother liquor. The mother li
quor was prepared by shaking one part of rapid harde^ 

ning portland cement with 10 parts of CO? free dis
tilled water for 30 minutes and then by filtering it.

FIG. 8 - Surface of quartz polished, covered with ce 
ment paste, autoclaved and washed with HOT 
1:10. S.E.I. 3000 X

After autoclaving, the fragment was washed with wa
ter, vacuum dried, metalized with Au and observed un 
der the scanning electron microscope. As figure ? 
shows, the polished surface appears to be covered 
with a layer of fibrous entangled crystals, obvious
ly produced by the reaction between quartz and mo
ther liquor.

FIG. 9 - 11 Ä tobermorite developed on a quartz sur
face polished and autoclaved in cement mo
ther liquor. S.E.I. 3000 X

The solubilization of these newly formed crystals by 
diluted HC1 (1:10) has evidenced the quartz surface 
which has appeared corroded (see figure 10). The 
appearance of the surface also indicates that the 
quartz crystals have underwent a different attack de 
pending on their orientation.
The product formed on the quartz surface was not e
nough to be easily examined and studied. For this rea^ 
son, that is to increase the yield of the reactionj 
steam curing was repeated by replacing the quartz 
fragment with an equal amount of quartz sand having 
the same origin but a surface higher by about 100 ti 
mes.



FIG. 10 - Preceding surface after washing with HC1 
1:10- S.E.I. 1000 X

The quartz grains autoclaved in the cement liquor we
re washed before with distilled water and then with 
ethanol. Afterwards they were vacuum dried at room 
temperature.
The autoclaved material was subjected to X-ray dif 
fraction analysis and it showed to be only formed o7 
quartz and 11 Ä tobermorite.

The tobermorite fibres covering the aggregate were 
solubilized by cold diluted HC1 (1:10) and analyzed 
by atomic absorption. Different preparations gave a 
C/S ratio equal to 0.90 on the average.
The hydrothermal reaction is accompanied by a decrea 
se in the pH and the CaO content of the contact solu 
tion.

3. DISCUSSION

In the steam cured very high strength concretes (com 
pressive strength >150 N/mm^) the cracked surfaces 
show that the cement paste-quartz bond is stronger 
than the tensile strength of the cement paste.
The examination under the electron microscope showed 
that an intermediate layer having different composit 
ion from that of the cement paste forms in contact 
with the quartz aggregate. In fact the C/S ratio 
the more increases the farther the interface.

2
This layer has a microhardness (~10 N/mm ) which is 
twice that of the cement paste.
Microhardness is usually measured on individual cry
stals and therefore its high values do not necessari
ly involve a high mechanical strength of the bulk nra 
terial.
Nevertheless when the fineness of the structure is 
such that each indentation involves many crystals,the 
microhardness is indicative of the mechanical charac 
teristics of the bulk material. This condition occurs 
in the cement paste and it was proved that microhard 
ness is representative of its compressive streng tK 
and its modjlus of elasticity (15)(16).
Therefore the higher microhardness of the intermedia 
te layer with respect to the paste, found in the pre 
sent work, corresponds to a higher mechanical strength". 
This fact can be related to the different C/S ratio. 

As for the strong bond existing at the aggregate-pa
ste interface, it can be observed that the intermedia 
te layer is deeply embedded in the grains of the ag
gregate because of the corrosion suffered by quartz. 
This fact positively affects the bond but such a fac 
tor is probably secondary and the strong adhesion beT 
ween cement paste and quartz must mainly be attribut
ed to the overlap and the epitaxis intergrowth of the 
tobermorite crystals on the quartz ones. The process 
of epi taxis intergrowth is not a mere absorption cau
sed by London-van der Waals1 forces but a real cry
stal lochemi cal reaction involving the lattices of the 
two phases as though a two-dimensional chemical com
pound were formed by the action of chemical valences 
(17).
This explanation is strengthened by the fact that 
the mechanical strengths of these steam cured concre
tes do not decrease as the ambient moisture increas
es (18), as on the contrary it is noticed in ordinary 
concretes (19) and in cement pastes (20)(21).
This decrease is due to the disjoining action of wat 
er when it penetrates among the particles forming the 
cement paste or between cement and aggregate and 
which is able to considerably reduce van der Uaals's 
force (22).
Since in the epitaxis intergrowth the distance bet
ween the two crystalline phases is of the order of 
magnitude of the lattice distances, no phase, liquid 
or gaseous, can penetrate into the interface between 
the two phases (23).
Therefore the material subjected to the compressive 
test must not show a different strength depending on 
whether the environment is wet or dry.
Other factors can have favoured an epi taxis over
growth of tobermorite on quartz. For example, epitax 
is is favoured by the temperature rise (17) and this 
can explain the fact that the strong quartz - cement 
paste bond does not occur at ordinary temperature.
Also the differences of composition noticed for the 
cement paste, richer in silica at the interface with 
the aggregate, can have facilitated the epi taxis o
vergrowth of tobermorite on quartz by an increased a^ 
nalogy of their crystal lattices.

4. CONCLUSIONS

By autoclaving concretes containing quartz aggrega
tes, compressive strengths over 150 N/mm2 are obtain 
ed. This result is partly related to the fact thaT 
the aggregate-cement paste bond is, in this case, 
stronger than the cohesion of the paste itself. This 
can be attributed to both a deeper embedding of the 
hydration products in the quartz grains corroded by 
the contact solution and the epitaxis intergrowth of 
11 Ä tobermorite crystals on the quartz ones.
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Etude du contact zinc - Pate de ciment Portland
Study of the contact zone between zinc and Portland cement paste
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RESUME : On etudie d’abord le comportement electrochimique du zinc dans des solutions simulant le milieu päte de 
ciment Portland, puis les constituents formes a 1'interface zine-pate de ciment Portland.

En immergeant des eprouvettes de zinc dans des solutions saturees de chaux, on decele la formation sur la surface 
du metal d'un composS complexe et insoluble d'hydroxyzincate de calcium. Les mesures electrochimiques ont montre 
que ce compose passivait le zinc.

Apres ces experiences effectuees en solution de simulation on a etudie, par diffractometrie X, la nature des 
constituants hydrates de la päte de ciment durcissant au contact d’une eprouvette de zinc. On a pu mettre en evi
dence 1'existence d'ettringite et d'hydroxyzincate de calcium dans la zone de päte proche du metal ; par centre, 
on ne decele pas de portlandite dans les premiers jours suivant la prise. L'observation des surfaces de rupture 
entre le zinc et la päte de CPA a ete faite au microscope optique puis au microscope Slectronique ä balayage.
Nous avons ainsi pu determiner la limite de la zone d'influence du zinc dans la päte et son evolution en fonction 
du temps.

SUMMARY,: We studied firstly the electrochemical behaviour of zinc immersed in the solution representing the 
fresh Portland cement paste. Then, we observed the constituents formed at the interface between zinc and Portland 
cement paste.
By immersing the zinc specimens in the saturated lime solution, we found the formation of an insoluble composite 
of calcium hydroxyzincate. The electrochemical measurements showed that this composite formed the passive zinc.

We also studied the hydrated constituents setting up at the contact between cement past^f and zinc by the X-ray 
diffraction analysis. The results showed that the existance of ettringite and calcium hydroxyzincate occurred in 
the zone of cement paste nearly to the metal. On the other hand, we have not found portlandite in this zone during 
the first days after setting.

The breaking surface between zinc and Portland cement paste was also observed by the optical microscope and the 
scanning electron microscope. Consequently, we can determine the boundary of the influence zone of zinc in the 
cement paste and its evolution in the function of time.



Pour obtenii1 une protection des armatures d'acier 
noyees dans un bSton soumis a des milieux agressifs, 
on a parfois recours ä la galvanisation. Cependant, 
le comportement du zinc au contact d'un beton n'est 
pas encore totalement Sclairci (la 7).

Nous avons procede d’une part a 1'etude du compor
tement electrochimique du zinc dans des solutions si
mulant le milieu pate de ciment Portland, et d'autre 
part ä 1'analyse par diffractometrie X des cons
tituants formes dans la zone de contact zinc-päte de 
ciment Portland.

ETUDE ELECTROCHIMIQUE

Le comportement electrochimique de materiaux metal- 
liques au contact de beton a d6j£ ete aborde en uti- 
lisant des solutions de simulation approchees, le 
plus souvent des solutions saturees de chaux. Ces 
etudes ont apporte des renseignements int6ressants 
sur les produits de corrosion formes en milieu ba- 
sique, mats ce dernier est different du milieu com
plexe cree par la päte de ciment Portland. Par la 
suite, des travaux effectues par P. LONGUET et COLL
(6) ont permis d'extraire et d'analyser le liquide 
interstitiel existant ä l'interieur d'un beton.

Nous avons tout d’abord entrepris 1'etude electro
chimique du comportement du zinc dans des solutions 
de simulation tenant compte du milieu reel afin de 
voir quelle etait 1'influence des divers composants 
de cette solution sur le metal. Nous avons utilise 
des solutions saturees de chaux, des solutions alca- 
lines, et enfin des solutions mixtes chaux-alcalins.
Dans des solutions saturees de chaux, nous avons mis 
en evidence la formation, sur la surface du zinc, 
d’une couche passive constituee par un compose com
plexe insoluble d'hydroxyzincate de calcium 
Ca Znp (OHjg, 2 HjO. Nous avons pu constater que ce 
compose jouait un role protecteur vis-ä-vis de cer
tains agents agressifs, plus particulierement des 
ions chlorures ( 7 ).

Dans des solutions alcalines, le zinc est fortement 
attaque avec formation de zincates solubles.

Enfin, nous avons realise des essais dans des solu
tions mixtes chaux-alcalins, de faqon ä approcher la 
composition du milieu interstitiel reel de la pate 
de ciment. Cette etude a montre le role particulier 
de la chaux qui contribue ä former 1'hydroxyzincate 
de calcium. Pour des concentrations faibles en potasse 
la couche d'hydroxyzincate recouvre totalement la sur
face du zinc. Pour des concentrations plus fortes, on 
observe une attaque parfois importante due ä un m6ca- 
nisme de corrosion par micropiles galvaniques ; de 
1'oxyde de zinc se forme au detriment de 1'hydroxy
zincate de calcium passif. La presence d'oxyde de zinc 
n'est decelable que pour de fortes teneurs en alcalins

Apres ces experiences effectuees en solution de simu
lation nous avons 6tudi6, par diffractometrie X, la 
nature des constituants hydrates formes par une päte 
de ciment Portland durcissant au contact du zinc.

PREPARATION DES ECHANTILLONS

Les eprouvettes de zinc se presentent sous forme de 
cylindres dont une section plane (1 cm^) a etä polie 
sur papier abrasif jusqu'au grain 1200.

La teneur en zinc des echantillons utilises est de 
99 %.

Apres polissage, les cylindres de zinc sont soumis aux 
ultra-sons, rinces ä 1'alcool, puis seches. Une päte 
de ciment CPA 55 R dont le rapport E/C est 6gal ä 0,29 
est coulee sur la section polie. Tous les echantillons 
sont conserves dans une ambiance ä 20° C et 100 % d'hu 
midite relative.
METHODE D'ETUDE

Apres demoulage, on rompt mecahiquement 1'eprouvette 
mixte. On analyse, par diffractometrie X, les sections 
de rupture cöte päte.

L'epaisseur de la pellicule adherente au metal est 
determinee par microscopie optique. Ensuite, on observe 
les surfaces de rupture au microscope ä balayage. Puis 
on Studie des sections de päte de ciment paralleles A 
la surface de rupture. Pour celä, on enleve des.cou
ches de päte de ciment par abrasion et on determine la 
quantite recueillie par double pesee afin d'en deduire 
I'Spaisseur de la couche detachee (8).

Chaque nouvelle section obtenue est examinee par dif
fractometrie X. On peut ainsi dresser la carte des 
constituants presents depuis la surface du metal jus
qu'au coeur de la päte de ciment.
CONSTITUANTS DANS LA ZONE DE CONTACT
Nous avons etudie des eprouvettes mixtes ä differents 
äges. Les resultats sont presentes d’une maniere. sche- 
matique dans la figure 1. 1

A un jour, le diagramme X effectue sur la face de rup
ture cote zinc montre la presence d'hydroxyzincate de 
calcium et, en quantity beaucoup plus faible, d'oxyde 
de zinc et d'ettringite. La portlandite n'apparait pas. 
De nombreux grains de ciment anhydre restent accroches 
sur le metal (raies de diffraction de C3S). L'obser
vation au microscope ä balayage nous permet de voir 
que 1'hydroxyzincate de calcium recouvre deja en grande 
partie la surface du. zinc.

Sur la face de rupture cote ciment, on ne decele pas de 
portlandite par diffraction X, et le diagramme obtenu 
traduit une faible hydratation de la päte. Par abra
sions successives parallelement ä la surface de rup
ture, les raies de diffraction X de la portlandite 
n'apparaissent qu'a une distance de lOOj) du contact 
et augmentent au fur et ä mesure que 1'on s'en eloigne1. 
L'ettringite est presente däs le contact, mais en fai-, 
ble quantite. On note 1'absence d'hydroxyzincate de , 
calcium sur cette face. La rupture s'est done produite- 
ä la limite de la zone constituee essentiellement par ! 
1'hydroxyzincate de calcium. Ce compose se forme par 1 
action de la chaux stir 1'oxyde de zinc, ce qui expliqiap 
1'absence de portlandite dans les 100 premiers microns, 
de la päte. 1 *
A deux jours, la rupture de 1* eprouvette mixte se pro- 
duit en laissant, comme präcedemment, une fine pellj.- 
ciile adherente sur la surface du metal et quelques 
amas de grains de ciment.
Cote zinc, le diagramme de diffraction X indique la 
presence des memes composes qu'ä un jour ; on note 
que 1'hydroxyzincate de calcium et 1'ettringite appa- 
raissent en quantite un peu plus importante;



FIGURE 1 - "Evolution de la zone de contact en fonction du temps" 
Notations utilisees : HZ = hydroxyzincate de calcium P = portlandite

E = ettringite Z - oxyde de zinc
Intensity du pic principal de diffraction du compose : TF s tres importante 

~ ~ F = importante

Absence du_compos6 : 0

Limite du domaine d'existence du compos® : — e

type de rupture

facile

facile

moyenne

difficile

difficile

tr6s difficile

M = moyenne 
f = faible 
tf = tres faible



Au microscope ä balayage, on observe que 1'hydroxyzin
cate est le premier dSpöt sur le zinc, la päte de ci- 
ment la recouvrant par endroits (figure 2)

FIGURE 2 : "Surface de 
contact de

rupture cote zinc apres un 
2 jours" -(x 2000)-

Cote päte, il apparait un peu de portlandite. Le dia- . 
gramme obtenu sur cette face de rupture montre que 
l'hydratation de la päte est retardäe par la presence 
du zinc : les raies de C3S sont plus importantes qu'au 
coeur de la päte.

A quatre jours, les resultats sont tres differents. Au 
voisinage du contact, l'hydratation du ciment s'est 
acceleree : 1'intensity des raies du C3S est analogue 
a celle obtenue au coeur d'une päte de ciment de meme 
äge.

degres 6 Ka Cu

L * hydroxy zincate de calcium se trouve en quantite no
table de part et d'autre de la rupture. Sur la face 
de rupture cote zinc, nous n'avons que les raies prin- 
cipales de 1'hydroxyzincate, alors que toutes les raies 
apparaissent sur la face ciment (figures 3 et 1). Sur 
cette derniere, on remarque que la portlandite se 
trouve encore en quantite plus faible que dans le coeur 
de la päte. Par centre, la formation de 1'ettringite 
n'est pas influences par la presence du zinc ; eile 
presente une cristallisation analogue ä celle observes 
au contact de supports inertes.

A quinze jours, la separation mecanique entre le cy- 
lindre de metal et la päte est tres difficile. 
La mesure de 1'epaisseur.de la pellicule adherents au 
microscope optique donne des resultats variables selon 
la zone observee, en moyenne *t  u .

FIGURE 3 : "Enregistrement diffractometrique de la 
surface de rupture cot6 zinc apres un 
contact de 4 jours"



solution de simulation.

FIGURE 4 : "Enregistrement diffractometrique de la 
surface de rupture cote ciment apres un 
contact de 4 jours.

La rupture se fait dans la couche d1hydroxyzincate de 
calcium puisqu'il apparalt sur les diagrammes de 
rayons X de chaque surface de rupture. Ceci est con
firme par 1'Observation au microscope ä balayage qui 
montre des fractures sur les cristaux d'hydroxyzincate, 
la couche d'hydroxyzincate recouvre la quasi-totalite 
de la surface du zinc (figure 5). Par abrasions suc- 
cessives et analyses par diffractometrie X, on decele 
la presence d'hydroxyzincate jusqu'a une distance de 
IOjj du zinc.

A un mois de durcissefnent, on ne note plus d' evolu
tion quant aux constituants presents sur les surfaces 
de rupture.
Au contact de la pate de ciment Portland, 1'oxyde de 
zinc se trouve en quantite tres faible, parfois, il 
n'est meme pas deceit. Ceci confirme les resultats 
ipbtenus par les essais electrochimiques effectues en

FIGURE 5 : "Surface de rupture cote zinc - Cristaux 
obtenus ä 15 Jours" -(x 1500)-

CONCLUSION

L'etude du contact entre le zinc et les pates de ci
* ment Portland confirme les resultats obtenus en solu

tion de simulation : 1'hydroxyzincate de calcium forme, 
ä partir de la chaux, une couche continue et protec
trice sur le zinc.
De plus, la methode employee nous a permis de suivre 
1'evolution des constituants dans la zone de rupture. 
Nous avons tout d'abord note qu'au contact du zinc, 
l'hydratation de la päte de ciment Portland est re- 
tardSe pendant les quatre premiers jours suivant la 
confection des eprouvettes mixtes. Nous avons 
d'ailleurs obtenu des resistances mecaniques faibles. 
Par la suite, 1'accrochage entre la pate de ciment et 
la surface polie du zinc est efficace ; il est ainsi 
frequent d'obtenir des amas de pate de ciment restant 
accroches sur la surface metallique.
L'hydroxyzincate de calcium se forme des le premier 
jour suivant le gächage. Le role essentiel de la chaux 
dans la formation de ce compose est mis en evidence par 
le fait qu'on ne decele pas de portlandite dans la ' 
zone de päte proche du mStal. La composition de cette 
zone evolue jusqu'a 1'obtention d'une couche d'hydro
xyzincate recouvrant la quasi-totalite de la surface 
du zinc. Une fois la formation de 1'hydroxyzincate de 
calcium achevee, l'hydratation de la päte se poursuit 
normalement.
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Electrochimie des pätes de ciment
Electrochemistry of cement pastes

V.l. BABOUCHK1NE, Professeur, Docteur es Sciences Techniques, VODGEO,
A.S. KOCHMAI, Ingenieur,
O.P. MTCHEDLOV-PETROSSIAN, Professeur, Docteur es Sciences, Techniques, KhICI, U.R.S.S.

BBSUME : L,hydratatlon et le durcisseiaent des pates de ciment engendrent des processus Alee" 
trochimiques dont la specificity est conditionn6e par les proprietys semi-conductrices des miniraux du clinker, la presence de dSfauts structuraux et de lacungs chargees. L*interface  
des phases solide et liquide d'un liant en vole d’hydratation pent etre assimilS A un sys~ time de couches bipolaires en interaction. Le ph6nomdne d'hydratation du ciment s’accompagne 
d'une separation volum6trique de charges et de I*apparition  de forces pond6romotrices, ce 
qui est une des raisons possibles de la manifestation de proprietya liantes.
Il est etabli de fagon experimentale 1* existence d’une sensible difference de potentials en" 
tre les phases dans le systdme "liant-eau" engenärde par une distribution desequilibree de 
charges, du type Donnan, et des courants de diffusion.
On montre que toutes les pätes de ciment en vole de durcissement possddent une haute activi
ty eiectrochimique. Par suite la phase liquide contenue dans les micropores du gel"ciment se 
trouve dans un etat particulier et ne s'identifie pas & la phase liquide ddgagde.
La ddtermination des potentials de diffusion et dlectrocindtiques des pätes de ciment permet 
de ddcrire de fagon jadicleuse le phduorndne de durcissement surtout d sea ddbuts.

SUMMABT : Hydration and hardening of cement pastes are accompanied by electrochemical proces
ses the peculiarities of which are dictated by semiconductor properties of clinker minerals, 
presence of structural defects and charged vacancies. The boundary between the solid and li
quid phases of the binder being hydrated may be considered as a system of interacting double 
electric layers. The cement hydration process involves spatial separation of-charges and ap
pearance of pondermotive forces which is one of the possible reasons for manifestations of 
the binding properties.
It has been found out experimentally that the binder-water system comprises considerable 
inter-phase difference of potentials stemming from unbalanced distribution of Donnan type 
charges and diffusion flows. .
It has been shown that hardening cement pastes feature high electrochemical activity. 
Therefore, the liquid phase contained in micropores of cement gel is in a particular state 
and does not correspond to the liquid pase liberated.
Determination of diffusion and electrokinetic potentials of cement pastes provides for ra
tional description of the hardening processes, especially at the initial stages thereof.



La pate de ciaent qui dureit constltue un 
systdne colloid.o-cr^stallin d4s6quilibr4 
hetörogdne. Aprds gachage sur 1’interface 
des phases solide et liquide se forme une 
charge Slectrostatique et une couche bipo- 
laire (CB)^que cette charge conditionne. 
Dans les pates de ciment eont ainsi amorcAs 
des ph4nomines dlectrochimioues qui jouent 
un role important dans le mecanisme commun 
dg durcissement. C'est la raison de l'int6- 
ret creissant pour I'Slectrochlmie des 11“ 
ants. Toutefois nos id6es en ce domaine ont 
un caractdre fragmentaire et se rapportent 
pour I'essentlgl aux propridt^s Slectroci- 
ndtlques des pates de ciment (1, 2, 3).
Dana les pates de ciment s'amorcent des ph6- 
nomdnea A^ectrochimiques dSjLA observes dans 
les colloides, les suspensoides et les corps 
caplllairo-poreux, mala la specificity du systdme "clment-eau" engendre des phincmienes 
particullers. Cette specificity est due d. 
la structure des substances liantes de de
part, A leur m6tastabllity par rapport A 
I'eau et la nature exothermique de 1*  hydra- 
tatlon. '
Il est etabll que les mlndraux du clinker - 
portland possAdent des propriytAs de semi- 
conducteurs (5). Cela slgnifie que Iq dis
tribution de la charge de la CB du cote de 
la phase solide n'est pas locallsAe A la 
surface mals pAndtre dans le volume. L1 exis
tence de dAfauts structuraux et de lacunes 
chargAes conditionne la rAactivitA des mlnA- 
raux du clinker. Quant aux ImpuretAs on pent 
leur imputer la variation du mode de conduc™ 
tlbilitA d'un quelconque des mlnAraux du 
clinker et I'accroissement de concentration 
de dAfauts structuraux. Une grande concen
tration de dAfauts A la surface de I'alite 
accrolt brusquement son pouvoir absorbant. Des Atudes ont montrA qu'A la surface de 
C‘,S se rencontre des centres actifs oü s'ef- 
fectue le transfert d1Alectrona aux molA- 
cules absorbAes avec formations d'ions char
gAs nAgativeoent (6).
Le dAplaceeent de CB. sur I1 Interface "minA- 
ral de clinker-eau* 1 dans le volume des pha
ses liquide et solide assure un caractAre 
volumAtrlque aux phAncmAnes superflciels 
pendant l'hydratatlon des Hants. Des forces 
pondAromotrices sont ainsi engendrAes aux- 
quelles on peut attrlbuer I1action A grande 
distance observAe des formations hydratAes. 
Lea grandeurs mesurables pouvant caractAri- 
ser la CB est sa capacity et sonj>otentiel 
AlectroclnAtique t, ; Dans lea pates de ci
ment le potentlel t, est de nature complexe, 
car les diffArentes composantes des systAmes 
AtudiAe varlent en grandeur et par le slgne 
de leur charge superficlelle. Les Atudes 
rAalisAes ont montrA que les mlnAraux du 
clinker CiS, C.S et les produits de leur 
hydratatlon rappelant le tobemorlte, ont 
une charge superficlelle nAgative. CtA, 
C»AFAet les produits de leur hydratatlon, de meme que le gjpse, I'ettringite, CalOHjg 
•nt au contraire une charge superficlelle 
positive dans 1g milieu aqueux. Le potentlel
5 total des pates de ciment est nAgatif et 

conserve cette polaritA durant tout le pro

cessus de durcissement ne variant qu'en 
grandeur absolue. .
Les particularltAs de structure de la CB 
dans le systAme "liant*eau"  se manifestent 
le plus nettement dans le.cas de CxS. Selon 
les concAptions modernes il se produit au 
dAbut une absorption de molAcules d'eau A 
la surface de I'alite et une dissolution 
congruente avec formation d'un hydrosilicate primaire du type CjS » nH9O. Sons 1'effet de 
pAnAtration du champ de molAcules de H-0 
adsorbAes A travers la surface C,S, les 
groupements siloxanes =S1 - 0 -''SIS se 
polarisent,et,en se rompant partiellemegt, 
forment les groupements silanols 5§ -OH*.  
L'hydrosilicate C?S.nH_O joue le role de pel
licula ge gel semipermeable et dAsAquillbri 
qui empeche le contact direct de I'alite 
avec I'eau. La vitesse d'hydratatlon chutant, 
on passe A la pAriode dite "d*induction".  
Durant cette periods l'hydrosilicate 
CxS»nHyO est mAtastable par rapport A I'eau, 
8*hydr61yse  rapidement en formant des pel” 
licules en hydrosilicates secondaires avec 
CaO - 
giQ-< 3. Ces processus provoquent la satura
tion et la sursaturation de la phase liquide 
par rapport A Ca(0H)2.
Il se produit sur les groupements5 Si - 0 H+ 
une adsorption orientAe des molAculeg po- 
laires de I'eau. En remplissant le role de 
lents Atats^de surface, les groupements 
9 SI - 0 H constituent un. ecran pour le volume du semiconducteur -C^S, le champ de 
molAcules de H20 adsorbAes n'agissant que 
sur la partie diffuse de la CB en phase li
quide. A la surface des hydrosilicates se
condaires il peut alors s'amorcer une absorption partielle de co-ions OH- de sorte 
que la concentration maximale de centre- „ ions Ca2* se produit avant cells d'ions OH .
Cette hypothAse permet d'expliquer pourquoi 
avec l'hydratatlon de C,S 11 se forme A la ■ 
fin de la pAriode d'induction un excAs 
d'ions Ca2*  perturbant 1'AlectroneutralitA 
de la phase liquide (7). La figure 1 montre 
la formation de la CB lors de l'hydratatlon 
du CxS en conformity avec le modAle du pro
cessus dAcrit.
Evidemment 11 se forme dans ce cas un sys
tAme de CB en interaction. la premiAre CB . 
(interne) se forme sur 1'interface de C,S et du gel d'hydrosilicate qui passe par-7 
trois stades de dAveloppement et contient 
des quantitAs variables de H^O et de concentrations d'ions Ca2*  et OH” en Atat de sa
turation et de sursaturation. La seconds CB 
(externe) se forme sur 1'interface du gel 
d'hydrosilicate et de la phase liquide 
libre.
Au cours du processus d'hydratation on volt 
de nouvelles interfaces entre les phases 
solide et liquide, tandis que les porteurs 
de charge de la substance de dApart se trou” 
vant au dAbut dans la phase solide prAs de 
1'interface s'en Aloignent en profondeur de 
1'Apaisseur de la couche de nouvelles for
mations hydratAes. Les ions OH” Atant absor“ 
bAs de faqon sAlective par le gel d'hydro- 



silicate et lee contre-ions Ca2* de eigne 
oppoe4 repousaAa par I1interface qui se d6” 
place, il se forme dans les phases solide 
et liquide des charges Tolumetriques de 
eigne opposd. II se produit une diffSrencia- 
tion de chargee qui dure tant que la diffe
rence de potentials amorcde entre les pha
ses solide et liquide ne soit compensSe par 
la difference des potentials 61ectrochi- 
miques entre les ions correspondants des 
deux phasese

Fig.1. Structure de la couche bipolaire dans le systdme "CjS - HgO"

fdrence de potentiels entre les pha
ses solide et liquide de la suspension de clment (courbe I) et de la pate de ciment 
(courbe II) en fonction du temps d'hydrata- 
tion (T ). Dans.les deux cas il ast possible 
d'dtablir les memes regular!t6s»

Pig.2. Variation de la difference de poten
tiels entre les phases I) dans les suspensions de cinent,

II) dans les pates de ciment

Avec 1'acquisition d'une certaine grandeur 
a'J un flux de diffusion Slectrique d'ions 
peut se mettre A traverser la pellicule de 
gel et, partant, la phase liquide se trouve 
suraaturee en ions CeP^i qui sont partiellement 
retenus par les hydrosilicates. Il se forme ainsi un gel stable (tertiaire) d'hydrosi
licate de calcium A teneur 61ev6e en^ehaux mats en maintenant le rapport GaO* , *.

sid2
Le flux de diffusion dlectrlque 416ve for- 
tement la permSabllltd de la pAllicule de 
gel. La pAriode d'induction s'achdve et 
une hydratatlon intense du liant s'amorce.
On a 6tudi4 la difference de potentiels en
tre les phases solidq et liquide dans les 
suspensions et les pates en vole d'hydra
tatlon. Le rapport eawciment des suspen
sions du liant etait de 5.0. La difference 
de potentiels dtait mesuree entre deux 
electrodes en chlorargent placdes respecti- 
vement dans le prdcipite et au-dessus de la 
solution de la suspension. Le potential 
d'asyadtrle des electrodes ne ddpasgant pas 
0,5 mV. Le rapport eau-eiment des pates 
etait de 0,5. Dans ce cas la difference des 
potentiels etait mesuree au coura du fil- 
trage sous pression de la phase liquide, 1'une des electrodes en chlorargent contac
tant avec la pate de ciment et 1'autre avec 
la solution separde. La grandeur de la pres
sion de r6glne etait 146 MPa.
La figure 2 nontre la variation de la dif- 

Au ddbut de 1'hydratatlon de la suspension 
durant 4 A 5 minutes, la grandeur A V et- 
telnt rapidement 15 mV. Ensuite, A 7 s*ao-  
eroit lentement durant 14 heures, phdno- 
mdne s'expliquant par la differenciation 
des charges. La diminution subsdquente de 
la grandeur A 7 est, vraisemblablement, 
due au flux de diffusion Alectrlque A tra
vers le gel de ciment. La seoonde hausse de 
A 7 est Agalement en rapport avec la dif

ferenciation des charges engendrde par la 
formation du gel au cours de 1'Intense hy
dratatlon. Simultanement 11 se produit un. 
dAveloppement de la structure de la suspen- 
slonAdu liant. Au ddbut de 1'hydratatlon de la pate de ciment (6 A 8 mln) la grandeur
4 7 monte A 160 mV. Ensuite en une heure 
A7 saccroit  jpsqu'A 250 mV. Vraisembla

blement, c'est du A la separation des char
ges durant la periods d'induction. A la fin 
de la pAriode d'Induction le flux de dif
fusion Alectrique provoque la diminution de A7 • La seoonde elevation de A7, comma • 
precedemment, est en rapport avec la diffe
renciation des charges engendrAe par la 
formation ultdrieure du gel. En meme tgmpe 
s'amorce le processus de prise de la pate 
de ciment en vole de durcissanent. A la fin 
de prise, aprAs 5,5 heures de durclssement, lelevatlon  de a 7 se relentlt fortement.

*

*
La dlff6renclatlon des charges n'est pas la 
seule cause de 1'apparition de la differen
ce de potentielg entre les phases solide et 
liquids de la pate ou de la suspension de 
ciment. L'autre raison de 1'engendrement de 
A 7 est la distribution irrAgullAre d'ions 
entre la phase liquide eomposant les micel
les colloidales du gel de ciment et la ” 



phaae liquide libre. Cette distribution es*  
propre ä tons les systdmes colloidaux et 
aboutit en conditions d’Aquilibre, 4 1* appa
rition du potentiel de Donnan

D = ZJf ln 3*  CD

oü a. est I'aetivitS du i-4ae ion dans la 
solution libreI a, - I'activltS du i-dne 
ion dans la solution 116e| B - la constants 
de gaz parfaits*  P - le nonbre de Paraday; 
Zt - la charge du i-idme ion (conpte tenu de son eigne).
Cependant le gel de ciment de la pate qui 
durcit se trouve dans un 4tat qui est loin 
de l'Squilibre thermodynanique. Aussi fl*«"  
le cas 4tudi6 ne peut-on parier que du po
tentiel du type Donnan (£D) mais .dans des 
conditions de d4s4quilibre et transitoires. 
La difference entre Vy et Eq a un caractdre 
de principe et la grandeur,£n ne peut etre 
calculSe aur la base de 1*  equation (1).
Outre la grandeur £ D 11 faut tenlr conpte 
des potentiels 116sraux flux de diffusion 
dans les microcapillaires» On salt que le 
gel de cinent est traversd par de nonbreux 
nicrocapillalres dont le rayon est de l1 or
dne de l'6paisseur de la OB. Dans ces capil- 
laires la phase liquide est sounise * une for 
forte action des surfaces charg6es. Ceci a 
des effets sur de nonbreuses proprl6t6s phy- 
sico-chiniques de la solution, en particu” 
Iler sur la viscositd. la permittivit6, la 
force ionique. Sous 1'effet de la charge su*  
perficielle I'actlvitA des ions de la phase 
liquide et leur nobilit6 se nodlfient. Le 
nonbre de transfert de co-ions dlninue done, 
tandis que celui de contre-ions augnente.il 
en r6sulte des courants de diffusion alnsi 
qu'tm phdnonine de conductibilitd superfi- 
clelle dont 11 faut tenlr conpte au cours 
de la d6temination de la grandeur du poten
tiel t, d'aprAs les nesures 61ectrocin4- 
tiques. -
Alnsi done la dlff6rence entre les potentiels 
des phases solide et liquide se d6temlne 
dans le gel de cinent par le potentiel du type Donnan (S-) et le potentiel de diffu
sion / d. La sonne de ces potentiels doit 
etre consid6r6e coene le potentiel de la 
nenbrane du gel de cinent : ^B= £p 
L’apparition du potentiel de diffusion au 
cours du durclssenent de la pate de cinent 
a 6t6 6tudl6 dansAla chaine electrochimique 

pate de
Ag.AgCltXDl- = cinent KC1 = 0,01 AgCl,
- 0,02 1 ■ 2 Ag
od n. et n- sent les nolalitds des solutions 
de KQ1; B/5 6tant le rapport eau-cinent dans 
la pate. •_
La figure 3 nontre la variation de la gran
deur 'f . en (onction du teips de durcisse- nent deQla pate de cinent (courbe I). La na
ture de la courbe *1  A* tteoigne q$e la pate de cinent, d6jäod6s le d6but de ga- 
chage nodifie sensiblenent le nonbre de 
tran8fert.de co-ions et de contre-ions, 
c*eat-A-dire  possdde une activitd dlectro- 

ehinique narqude. Le nonbre de transferts 
peut etre calculd d'aprds la fornule connue

Vd .

oil eat le nonbre de transferts du cation; 
et fg - les coefficierits'd'activitd des 

solutions EDI.

Fig.3. Caractdristiques dlectrochlniques 
dfis processus de durclssenent de la 
pate de cinent .I) par rapport au potentiel de diffusion 

II) par^rapport au potentiel electro-
■ cinetlque ■

Apr4s le choix des nolalltds le nonbre de 
transferts d'ions K*(tj^)  dans la solution 
Ubre dquivaut 4 0,49. Deux ninutes aprds ' 
gachage t^, attaint 0,53 (point "a"), A t 
dtant dgal 4 856. Üne heute et deni aprds le 
ddbut du durclssenent (point "b") *̂=0,58,  
tandis que At« 19%. Ensuite les nonbres 
de transferts varient brusquenent et au 
point "c" correspondant 4 3,5 heures de dur- 
cissenent ^=0,85, tandis que At = 73%. 
La pdriode de durclssenent entre les points 
"b" et "e" correspond dv^dennent 4 celle de 
I'dpaississenent de la pate de cinent par 
coagulation et fomation de nonbreux nicro- pores alnsi que du fait de 1'anorqage du d6- 
veloppenent de la structure. Aprds 8 teures 
de.durclssenent ty. attaint dans la pate 
0,88 et At 79% (point "d"). Par la suite

• la grandeur tZ*  connence 4 dininuer gt ap
rds un duroissenent de 18 jours la pate ac
? alert une valeur stable dgale 4 0,56
4 t=14%). La chute de A t est une indica

tion de I'affaiblissement de I'activitd 61ec- 
trochlnique aprds la transformation de la 
pate en pierre de cinent. La raison en peut 
etre la variation de la structure de la CB 
epnne celle du rayon des porea> Aussi 



pour one description ecopldje des phdnomdnes 
dlectrochimiques dans les pates de ciment 
faut-il Studier la variation du potentiel € 
au cours du durcisaement. Si 1'on introduit 
une correction A la conductiMlitd superfi^ 
cielle, la grandeur sera inddpendante du 
rayon des capillaires et des pores.
La figure 3 reprdsente la variation de la 
grandeur du potentiel € en fqnction du ' 
temps de durcissement de la pate de ciment (courbe II). Au ddbut de durcissement le po_ 
tentiel t, atteint-24 mV (point "k”), en
suite, durant environ une teure, 11 diminue en valeur absolue jusqu'A -12 mV (point 
La diminution du potentiel est due A la 
saturation dlectrolytique de la phase liqui
de du fait d’intenses processus d'hydrata- 
tion. Ensuite, durant la pdriode d*induction  
on assists A la formation de la pellicule de 
gel qui absorbe de faqon spdcifique les co
ions de la solution. De ce fait la concentra
tion de la charge dlectrostatique superfi- 
cielle augments. Ces deux processus abou- 
tissent A la compression de la partis dif
fusive de la CB et, partant, A la diminu
tion du potentiel .
D’un autre cotd la diffdrenciation volumd- 
trique des charges et la diminution de la 
concentration d’ions dans la phase liquide 
par cristallisation conduit A une forte 
augnentation de Ta grandeur < (Intervalle 
m - n). L’apparition de cöurants de dif
fusion et la poursuite de 1’hydratation de 
particules originaires du liant relentis- 
sent la croissance du potentiel f, puis 
1’obligent A diminuer (intervalles n - o 
et o - p). Le ddveloppement de structures 
cristallines du liant en vole de durcisse
ment et le rearrangement des ions dans la 
OB par absorption selective provoquent de 
nouveau I’Alevation de la grandeur $ 
(Intervalle p - q).
La confrontation des courbes 'fd "Vlt) 
et i = t, (U montre que malgrA une dif
ference apparente elles caractdrisent de 
fapon univoque le processus de durcissement. 
C’est ainsi qu’A la pAriode d’accrolsgement 
de 1’activite Alectrochimique de la pate 
de ciment correspond une rapide augmentation 
du potentiel t, > Le ralentissement de 1* ac
tivity Alectrochimique s'accompagne de celul 
de la grandeur { . La diminution du poten
tial s’amorce durant la pdriode de la 
bqlsse d*activity  Alectrochlmique de la 
pate.
Habituellement la coagulation de particules 
hydratAes du liant est rellAe A la diminu
tion de la grandeur du potentiel t,. Mais 
pour les systd^es lyophiles auxquels appar- 
tiennent les pates, cette Interdependence n’est pas obllgatolre. De surerolt les ex- ' 
pAriences montrent que 1« dAveloppement de 
la structure primaire IrrAversible dans 
les pates de ciment dAbute au cours de 1’AlA- 
vation du potentiel • §elon nous la coagu
lation et la prise des pates de ciment est 
due A 1’action des forces pondArozaotrlces 
apparelssent avec la diffArenciation volumA- 
trique des charges. L’effet de diffArencia- 
tion des charges au cours de I’hydratation 

des ciments peut etre considArA comme une 
des causes de 1’apparition de proprlAtAs 11- 
antes. Si 1’on admet que I’Anergle de diffA
renciation des charges est foornie par la 
chaleur d’hydratation 11 devlent alors clalr 
pourquol tous les Hants Interagissent avec 
1’eau de fagon exothermlque.
CONCLUSIONS
L’analyse thAorlque ainsi que des ^tudes 
expArimentgles ont montrA que la pate de ci
ment doit etre considArA comme on systdme 
Alectrochlmique particuller. L’interface des 
phases solide et liquide d’un liant qui 
a’hydrate est constltuA par un ensemble de 
couches blpolaires en interactiqn. Les 
forces pondAromotricesi developpees au cours 
de la sAparation volumAtrfque des charges 
peuvent etre 1'une des raisons de la manifes
tation des proprlAtAs Uantes.
Cette hypothAse eat conflrmAe par 1’existen
ce d’une diffArence importante de potentiels 
entre les phases au cours de la dAcantatlon 
des suspensions de liant et le filtrage sous 
ppession de la phase liquide A partlr des 
pates de ciment. La diffArence de potentiels 
entre les phasesAdans le systdme "liant - 
eau" est loin d’etre un artifice, eile est 
due A une distribution desequilibre, des charges du type Donnan et d’une importante acti
vity Alectrochimique des suspensions et des 
pates de ciment.
Dans des systdmes colloidaux AquilibrAs la 
diffArence entre les potentiels chimiques 
des phases liAe et libre se compen.se par la 
pression oamotique. La diffArence je poten
tiels chimique entre les ions de meme eigne 
llAs et diffusant librement se compense par 
la pression osmotique et la diffArence en
tre les phases des potentiels Alectriques. 
Dans le systdme dAsequilibre "liant - eau" 
par contre la compensation ne s’Atqblit pas 
et la pression osmotique atteint meme 19 A 
54 MPa (4)• La scission provoquAe par cette 
pression aboutlt A la dAfonnation et A la 
rupture de nouvelles formations de gel ainsi 
qu’A la dilatation sensible du liant en cas 
de cohAsion du systdme.
La diffArence de potentiels entre les phases 
solide et liquide doit etre prise en campte 
au cours des Atudes des processus d’hydrata
tion et de durcissement. II faut souligner 
tout particulidrement que la mesure des pa- 
ramdtres tels le pH, la concentration active 
d'ions, la conductivity Alectrique, gtc. 
doit etre falte directement sur la rate de ciment et non pas sur la phase liquide ex- 
traite de cette dernidre (8). ,
Le dAveloppement de connaissances sur„les 
processus electrochimiques dans les pates 
de ciment, sur leug nature et leurs parti- 
cularitAs peuvent etre utilisdes de faqon 
efficace dans le but de modification orien- tde des proprlAtAs des Hants. Cela concerne 
en premier lieu le choix d'adjuvants chi- • 
miques et d'aetions AlectromagnAtiquea ex
ternes A des fins de rAglage des delals de 
p$ise et des conditions de durcissement des 
pates de ciment.
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Some aspects and a new method of evaluating the 
sulphate resistance of cements

Quelques considerations sur la resistance des ciments a i'action des 
sulfates ; nouvelle methode de mesure de cette resistance

M. REVAY, Ph.D. Senior Sei. Officer, Central Research and Design Institute for Silicate Industry, Budapest, 
Hungary; and

R. KOVACS, Ph. D., Deputy Head of Sei. Department, Central Research and Design Institute for silicate 
Industry, Budapest, Hungary.

RESUME : Les causes des variations de la resistance ä I'action des sulfates de divers ciments 
ont ete etudiees, en examinant leurs compositions de phase et leurs textures; on a tente d'en 
deduire une explication precise du mecanisme de la corrosion par les sulfates.
Au cours de ces recherches (en utilisant et en ameliorant les methodes actuelles, bien con- 
nues, d'appreciation de la resistance aux sulfates) une methode plus sensible, relativement 
rapide, fiable, en bonne concordance avec i'expression pratique et susceptible d'une norma
lisation Internationale a ete elaboree, pour apprecier la resistance des ciments a I'action 
des sulfates.

SUMMARY: The causes of the different sulphate resistance of various types of cements were 
interpreted using phase composition and texture investigations and an attempt was made to 
find a more accurate explanation of the sulphate corrosion mechanism.
In the course of the research - using and further developing the elements of some well known 
methods of investigating the sulphate resistan ce - a more sensitive, relatively rapid, 
reliable method well conforming the practical experience and being suitable for internatio
nal standardization was elaborated for the investigation and evaluation of the sulphate 
resitance of cements.
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ITTTRODUCTION
The predominant part of subsoil waters in 
Hungary have high sulphate concentration. 
That is why the study of the causes bring
ing about sulphate corrosion, the factors 
influencing the sulphate resistance of ce
ments and the methods of its testing are of 
great importance for us. In the following 
besides the discussion of some theoretical 
problems a short summary of our recent work 
made in this field is given.

VOLUMETRIC CHANGES AND SULPHATE CORROSION
As it is known the volume of the compounds 
formed during the hardening of a cement
water mix is smaller than the total volume 
of the cement and water /I,2/. Thus after 
the solid structure has been developed a 
cement stone of considerable porosity is 
formed which usually shows some shrinkage 
later on.
The frequently observed swelling phenomenon 
cannot thus be understood in the first 
moment since in the porous cement stone 
there are always eneough free room for the 
new formations. There is no doubt that the 
expansion is caused by processes accompany
ing the volumetric increase of the solid 
phase but although hydratation is also of 
similar nature it does not cause expansion. 
According to some authors /3,4,5/ expansion 
takes place when the crystalline pressure 
of the new compounds formed during topo
chemical processes affects the solid struc
ture, while others/6,7/ deny the possibili
ty of such processes.
As it is known, sulphate corrosion is caused 
by the expanding effect of the sulphate- 
containing secondary hydrate compounds for
med due to the sulphate ion penetration 
from subsoil waters into the cement stone 
/3,4,5,6/.
As a fact, the higher quantity of the Al20, 
content of the cement is bound in the fornr 
of C.A the stronger tendency to sulphate 
corrosion can be observed /9,10/. Calcium- 
-aluminate-sulphate-hydfates, however, may 
develop also from other Al20_-containing 
phases so it is not quite clear why C,A-less 
ferro-Portland cements are more sulphate 
resistant than ordinary cement containing 
practically the same amount of A12O,. The 
"protecting effect" of the iron hydroxide 
gel suggested by some authors does not ex
plain the smaller sulphate sensibility of 
the AlgO, being present in the vitreous 
phase fnJthe calcium aluminates of lower 
lime saturation /e.g.C-2A7/ and in hydrau
lic admixtures /2,3»8/, as well as the 
better sulphate resistance of high alumina
te cements, containing little FegOj /ll/. 
Our experiments were devoted-to find ans
wers to the above questions.

INVESTIGATIONS ON THE MECHANISM OF SULPHATE 
CORROSION "
In our experiments 20x20x80 mm cement paste 
specimens were prepared from cements of 

quite different sulphate resistance with a 
water/cement ratio of 0,26. One f,art of them 
was stored in water while the other part 
transferred for storage into a 4,4% NaoS0, 
solution after two weeks. Strength tests 3f 
these specimens were carried out at ages 
from 1 to 365 days whereafter their pieces 
were subjected to various physical-chemical 
investigations.
The results of strength-test^s proved the ex*  
ponential relationship ^eTween porosity and 
strength stated by many authors /12,13,14/ 
to be valid for the cements stored in water 
but not for those stored in sulphate solu
tion. This shows that for the latter ones 
the strength is determined not by their poro 
sity but by micro- and macrocrackings. An ” 
explanation is attempted on the base of stru 
ctural investigations. “
Pig.l shows some typical X-ray diffractog-

Fig.l - X-ray patterns of various type ce
ments after curing 14 days in water and 
further on in sulphate solution 
a/ Portland cement; b/ moderate sulphate . 
resistant and c/ sulphate resistant cement 
Eeettringite; M ■ monosulphate; G = gypsum! 
F - ferrite phase; P ■ portlandite •

It can be observed that in Ferrari-type ce
ments the intensity of the calcium-alumina- 
te-ferrite peaks is quite remarkable even 
after storing in sulphate solution for a 
relatively long time. This indicates that 
the dissolution rate of the Al20™ content , 
of the cement is considerably fess than that 
of the cements containing alumina mostly in1 
C^A phase. Concentration relations in this 



case enable the A1?O, content of the cement 
to practically crystallize in the form of 
primary oalcium-alumlnate-sulphate-hydrates. 
This process keeps going on even with sul
phate ions penetrating from outside.If a 
large amount of C-jA is, however, present, 
the initial aluminium-ion concentration will 
be higher and the amount of the dissolving 
sulphate is not sufficient to form from the 
dissolved ions exclusively sulphate contain
ing hydrate compounds so a certain amount 
of primary calcium aluminate hydrates also 
precipitates beside them. The latter, upon 
the effect of the sulphate solution penet
rating from outside convert into secondary 
calcium-alumlnate-sulphate-hydrates. Textu
ral investigations give information on the 
mechanism of their formation.
These results are illustrated by pore size 
distribution diagrams of some typical pro

Fig. 2 - Pore size distribution curves of a 
Portland cement after curing in water for 
a/ 1 day; b/ 28 days; c/ 1 year

On the differential pore size distribution 
curves of the cements stored in water two 
peaks of pore size frequency can be iden
tified the position of which is shifted to
wards smaller pore diameters with the prog
ress of the hydration.The phenomenon can be 
so interpreted that the location of the peak 
corresponding to the larger pore radii rep
resents the average distance between the 

individual cement particles which decreases 
with the new formations precipitating up on 
them as upon nucleation bases. The peak cor 
responding to the smaller pore radius rep-“ 
resents the distance between the particles 
of the new formations and also decreases 
with the progress of the hydration accom
panied with their growth.
Upon the effect of sulphate solution the 
change in the pore structure of various 
cements shows significant differences de
pending on their sulphate resistence/Pig.3/.

Fig.3 - Pore size distribution curves of 
various type cements after curing 14 days 
in water and further on in sulphate solu
tion 
a/ Portland cement; b/ Portland blastfuma-i 
ce slag cement; c/ sulphate resistant cement

I
On the pore size distribution curves of the 
most sulphate resistant /Ferrari-type/ ce
ments the peak corresponding to the larger 
pore radius decreases considerably while 
that one belonging to the pores of smaller 
diameters broadens remarkably. This pheno
menon - although less definitely - can be t 
observed for heterogeneous cements, too. At 
the same time it cannot at all be seen in 
the case of cements containing C^A.
This shows that in cements of higher sulpha 
te resistance the primary sulphate hydrates 
due to the change in the concentration re
lations and to the more free migration of 
ions, are formed in larger pores thus inc=- 
reasing the density. In less sulphate resis 
tant cements, however, the dominant part or 
the secondary sulphate hydrates are formed 
in the smaller pores among the previously , 

Ldeveloped hydrate compounds. As far ar these 



smaller pores contain oversaturated, solu
tions the process due to the hindered dif
fusion takes place much more localizedly 
/a "quasi topochemical process"/. This cau
ses expansion and cracking while the pores 
of large size are preserved, so in case of 
Ferrari type cements the formation of secon 
dary sulphate hydrates is hindered by.the 
slower dissolution of AlgO- while for he
terogeneous cements - by the lower con
centration of calcium ions.
These regularities, however, bear only of 
tendencious character and due to differen
ces in production technologies there are 
significant variations even in the sulphate 
resistance of identical type cements. There 
fore the solution prescribing the appli- "*  
cation of certain type cements at places 
of sulphate corrosion danger cannot be re
garded as safe. It would be necessary to 
determine the effective sulphate resistan
ce of the cements by testing. That is why 
we have dealt id"!-de tail with the problems 
of testing the sulphate resistance of ce
ments too.

ELABORATION OF A NEW METHOD FOR TESTING THE 
SULPHATE RESISTANCE OF CEMENTS .
The numerous known testing methods may, on 
the base of qualifying parameters, be clas
sified into three groups. These are methods 
based on: ■
- chemical analysis
- the measurement of changes in the length 
of specimens /with supplementary gypsum 
addition or without it/ .

- the measurement of the changes in the 
strength of specimens

The most important methods were controlled 
by laboratory experiments. The results are 
summarized in the following:

The methods based on chemical-_analysiis 
may at most be only infonnätory."" *"  ~

The methods testing the decrease_in 
st^ren^th are on the one hand™very Time-con- 
Kuming”/although the modification - eleva
tion of the temperature of the sulphate 
solution - suggested by Mehta and Gjorv/8/ 
may help in this/, on the other hand the 
opposite /porosity-decreasing and expanding/ 
effects of the volume growth of the solid 
phases make, in.the initial one-two months, 
the results uncertain.

Among the methods based on measuring the 
expansion the main shortcoming"©? The me
Thods using gypsum-overdosage is that they 
under estimate the sulphate-resistance of . 
the cements containing hydraulic admixtures. 
Moreover, these methods characterize rather 
the tendency of the cement to gypsum expan-t 
sion than its sulphate resistance. '
By methods without gypsum-overdosage even 
after a relatively long time cannot be ach^ 
eved such big variations in the expansion 
of the different type cements that would 
enable a reliable evaluation. For these 
reasons we attempted to elaborate a more 
rapid and more sensible method.
In this work we started from the following 
considerations: '

-,the new method should fit well to the - 
standard prescriptions of the physico- 
mechanical testing of cements;

- the size of the specimens should not be 
too small in order to diminish the stan
dard deviation of results but it should 
have the largest possible surface-volume 
ratio and a porous structure in order to 
secure the better sulphate.effect;

- the sulphate resistance of the cement
should be evaluated through the expan
sion value. ■ -

In developing the new method we set out 
from the Locher-method /15/ since it con
tained some elements of the above require
ments. /The essence of it is that test spe
cimens of 10x40x160 mm size made of.stan
dard cement mortar are at first stored in 
water for 14 days and then transferred into 
a 4,4% sulphate solution, the sulphate re
sistance being estimated on the base of the 
expansion measured at the age of 56 days./ 
With the intention to accelerate the method 
and to improve its sensitivity we applied '
- steam-curing for the pre-hardening of > 

the specimens and
- standard sand of incomplete granulometry 
for preparing the specimens in order to 
increase their porosity.

Concerning steam-curing a worry may rise 
that compared with hardening at normal tem
perature in this case a cement stone of dif 
ferent phase composition and texture may "*  
form, that may influence the sulphate cor
rosion, too. On the other hand, however, it 
should be taken into account that a large 
amount of steam-cured concrete is also being 
exposed to sulphate effect and to determine 
their corrosion resistance just such a me
thod is expected to give adequate results.
The phase composition investigations proved', 
in agreement with other authors /L7,18/ that 
regarding the composition of the hydrate 
phases formed there is no significant dif
ference •between the two ways of hardening.
Further, the textural investigations /Fig.4/ 
proved that among the steam-curing parame
ters /75; 85; 95^ and 2; 4 and 24 hours/ 
the curing at 85°C for 2 hours ensures a 
pore structure most similar to that develo
ped at normal temperature /see curves a/ ■ 
and b/ in Fig.2/.
Fig.5 shows the influence of the hardening 
parameters upon the sulphate expansion of a 
cement. It can be seen that by a properly 
choosen steam curing /85 C, 2 hours/ the 
absolute value of expansion can be.conside
rably increased"as compared to that" after 
a two-week pre-hardehing' at normal tempera
ture. This makes the evaluation easier and 
improves the reliability of the testing me
thod. • ■
The density of the specimens was decreased 
in such a way that - preserving the 1:3 co
me nt /sand ratio - the fine fraction of the 
three ones of.sand was omitted. .■
Results here not cited show that incomplete 
granulometry itself does not cause a-signi
ficant change if the pre-hardening takes



Pig.4 - Pore size distribution curves of a

Pig.5 - Sulphate expansion of Portland cement specimens cured in water for 14 days/1/ 
and steam-cured for 24 hours at 75°C /2/, 
2 hours /3/ and 4 hours /4/ at 85°C 

place at normal temperature. At the same 
time its simultaneous application together 
with pre-hardening by steam-curing results 
in a manifold increase of the expansion 
value.
Fig.6 proves that the sequence of sulphate

Pig.6 - Sulphate expansion of various type 
cements by the new method 
1 - Portland cement; 2 - Portland biasfur
nace slag cement; 3 - Portland fly ash ce
ment; 4 - moderate sulphate resistant cement 5 and 6 - sulphate resistant cements ' 
resistance of various cements as tested by 
the new method is in good agreement with 
the practical experience and the results 
got by the Locher method, the difference 
being in the much higher expansion values 
of the Individual cements considerably ex
ceeding the error limit of the measurement. 
Reproducibility tests were conducted in our 
institute as well as by some home and fo
reign institutions. The reassuring results 
made it possible to publish the method in the "Technical Prescriptions" / organi
cally fitted into the Hungarian Standard 
series for cement testing. ■
Concerning the sulphate resistance of the 
main Hungarian cement types on the base of 



Fig.6 It can be stateci that as it was expec 
ted, the most sulphate resistant one is the 
Ferrari type cement not containing C-A and 
the less resistant the pure Portland-’cement 
of high C^A content.
It is noteworthy from the point of effecti
ve covering the demands on sulphate resis
tant cements that the expansion practically 
does not increase remarkably up to an AM 
value of about 1,2 on the one hand and that 
the sulphate resistance of heterogeneous 
cements, including fly ash cements, is also 
considerable on the other.
However, as it has been pointed out, relia
ble meeting the requirements in sulphate re 
sistant cements is only possible on the “ 
base of factual testing. This became prac
ticable due to the relative rapidity /28 
days/ of the suggested new method.
On the base of the experiences and results 
got thus far a prescription was elaborated 
in which the selection of cements applicab 
le in subsoil waters of different sulphate 
concentration is based up on the chemical 
and physical composition /aluminate module, 
CoA-ccntent/ of the cement but upon the 
sulphate expansion determined by our method.

Fig.7 - Diagram for the determination of the 
applicability of cements in sulphate con
taining waters of various concentration ba
sed on their expansion as tested by the new 
method
Pig.7 shows the permissible sulphate ion 
concentrations as a function of the 28 days 
swelling value.
Thia solution gives the possibility to ex
clude the cements of although appropriate 
chemical composition but of poor sulphate 
resistance /due to some production techno
logical causes/ and to utilize the cements

having a less advantageous chemical composi
tion but showing better sulphate resistance 
as determined by our method. Such a practice 
enables the more secure and more economic 
covering the demands on sulphate resistant 
cements.
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Effects of Raw Materials and Addition of Alkali on the 
Hydrothermal Reaction in Quartz and Lime System

Influence des matieres premieres et d'une addition d'alcali sur la reaction 
hydrothermique entre quartz et chaux
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RESUME : Cette etude concerne la Synthese de cristaux aciculaires ou fibreux d'hydrates et de 
silicates de calcium par le traitement hydrothermique d'un ensemble quartz-chaux. Dans cette 
synthese, il est neceissaire de diriger la solubilite et la vitesse de dissolution des matieres 
premieres.
L'etude a ete executes ä 15OOC-21OOC, employant CaCOj, CafOHJj, et SiOj comme matieres premie
res et des alcalis comme additifs.
La solubilite et la vitesse de dissolution de la chaux ont diminue quand on a employe CaCO^ et 
Ca(0H)2 avec des additifs alcalins.
■Rar centre, la solubilite et la vitesse de dissolution de SiO- ont augmente avec I'addition 
d'alcalis. Ces additifs alcalins ont aussi affecte la stabilite des hydrates.
Dans le Systeme Ca(OH)2 - SiO2 - NaOH, un cristal aciculaire de pectlite a ete forme. Dans le 
Systeme Ca(OH)., - SiO2 - KOH; la tobermorite est devenue stable en augmentant la concentra
tion en KOH, meme ä temperature elevee, et la proportion molaire Ca/Si des matieres premieres 
s'est etendue. On a obtenu des cristaux de tobermorite longs et fibreux de 200 pm de longueur 
dans le Systeme CaCO - SiO2 - KOH; et on a observe un cristal aciculaire non identifie, mats 
semblable ä un zeolite dans le Systeme CaCO^ - SiO2 - KjCO^.

SUMMARY : This study concerned with the synthesis of needle or fibrous crystals of calcium 
silicate hydrates by hydrothermal reaction. In the synthesis of these fibrous crystalsk it is 
very necessary to control the solubility and the rate of solution of raw materials. The study 
was carried out at 150e-210°C using CaC03, Ca(0H)2 and SiO2 as raw materials and alkalis as 
additives. *
The solubility and rate of solution of lime when using CaC03 and Ca(OH)2 with alkaline 
additives decreased.
On the other hand the solubility and rate of solution of SiO2 increased by the addition of 
alkalis. Alkaline additives also affected the stability of hydrates.
In the system Ca(0H)2 - SiO2 - NaOH, needle crystal of pectlite was formed. In the system 
Ca(0H)2 - SiO2 - KOH, tobermorite became stable with the increase of KOH concentration at 
higher temperatures and wider Ca/Si molar ratio of raw materials. Very long fibrous 
tobermorite of about 200 pm in length was obtained in the system CaCQj - Si02 - KOH and also 
unidentified but zeolite-like needle crystal was observed in the system CaCO3 - SiO2 - K2CO3.



INTRODUCTION

Asbestos have long been used as the alkali 
resistive fiber in many building materials, 
but it is going to be difficult to use a 
large quantity because of the shortage of 
resources and injuary to human body. It will 
be nessesary to develop the new alkali re
sistive fiber instead of asbestos. Tobermo- 
rite and xonotolite are the tipical fibrous 
or needle hydrates obtained from hydrothermal 
reaction in the system of silica and lime, 
and have been studied from the view points of 
phase equiribium, crystal chemistry and kinet
ics of reaction (1, 2, 3, 4, 5). It is nec
essary to control the solubility and the rate 
of dissolution of raw materials, in order to 
synthesyse these fibrous crystals.
It is effective to use the additives to 
control the solubility of raw materials. ‘ 
The effects of aluminum ion have recently 
been clearifed (2, 4, 5, 7, 8, 9). There 
were also lots of studies on the effects of 
alkalis (6, 10, 11, 12, 13). But the role of 
those additives has not been discussed pre
cisely. In addition to these studies, pro
ducts and reaction rate were investigated by 
using the various kind of silica and lime 
materials (2, 14, 15). But there were very 
few studies using CaCOg as raw materials 
because of the very low solubility.
In the present study, the effect of various 
alkalis on the hydrothermal reactions in the 
Ca(OH)2 or CaCOj-SiC^-I^O system, and the 
reactivity of CaCOß were systematically 
studied. And the synthesis of needle or 
fibrous crystals was attempt in the above 
hydrothermal system.

EXPERIMENTAL PROCEDURES

Quartz, with the particle .diameters of 6-10pm 
and 10-20pm, Ca(OH)2 and CaCO3 were used as 
the raw materials. LiOH, NaOH, KOH, K2CO3 
and Na2CO3 solutions were used as the alkali 
resorces. l-4g of raw mixes, with the Ca/Si 
ratio of 0.6-1.2, and water or alkali solu
tions were thoroughly mixed to having the 
w/c ratio between 10 and 40. Then they were 
processed at 150-210°C, for 1-10 days in the 
60ml autoclave rotated at 25rpm. The products 
were dried at 110°C and examined by X-RD, SEM, 
TG-DTÄ and so on. .
The solubility of SiO2, Ca(OH)2 an^ CaCO3 was 
measured by colorimetric and atomic absorption.

RESULTS AND DISCUSSION

Ca(0H)2 - SiO2 - alkali system

Unreacted Ca(OH)2 and SiO2 were not detected 
by X-RD, in the alkali free system when 
processed at 180°C and 210eC for 3-10 days.
Tobermorite was produced ät c/s = 0.8, and 
xonotolite at c/S = 1.0, 1.2. These results 
agreed with the Kondo(2) and Taylor(1).

(1) Ca(OH)2 - SiO2 - NaOH, Na2CO3 system 
Pectolite was produced in 1 N NaOH at 180°C 
or 0.15 N NaOH at 210°C. The range of pecto
lite formation was agreed with the results of 
Blakman(12) and Nelson(13). Pectolite was 
formed as needle crystals simillar to xonoto
lite with maximum length 150pm. The pectolite 
crystal seemed to grow larger than that of 
xonotliteX The same results were obtained • 
when Na2CO3 was used instead of NaOH.

(2) Ca(OH)2 - SiO2 - KOH, K2CO3 system
The results in this system were very different 
from the Na containing system, and tobermo
rite or xonotlite were obtained.. Fig.l shows 
the products after 3-10 days reaction in the 
presence of KOH. The unreacted Ca(OH)2 and 
SiO2 were also not detected by X-RD. The 
conditions of the formation of tobermorite 
and xonotlite did not differ from alkali free 
system when KOH concentration was lower than
0.3  N. But at heigh KOH concentration, the 
formation of tobermorite was extended to the 
range of higher c/s and higher temperature. 
These tobermorite had the lath shape and grew 
larger than those in alkali free system, as 
shown in Fig.2

TEMP.
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1.0 (xIxlA (xIxlA Pure water

□ S0.3N
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Fig. 1 - Reaction products of the Ca(OH)2- 
SiOj - KOH system after treated for 3-10 days

alkali free IN KOH

Fig. 2 - The SEM photographs of the tobermorite 
c/s =0.8, 180*0,  5 days



X-BD pattern had more sharp peak, and the 
peak of (400, 008) separated to (400) and 
(008). These results suggested that KOH 
Increased the crystalinity of tobermorite and 
retarded the transformation to xonotlite.
Fig.3 shows the change in the values of 
d(hlfi), (220), (400), (008) of tobermorite 
with the concentration of KOH.

KOH concentration repetition of extraction 
(Times)

Fig. 3 - Changes in the d(h.k.l) of the 
tobermorite with concentration of KOH; 180°C, 
3 days, and Changes in the d(h.k.l) of the 
tobermorite obtained at 1 N KOH, with the 
washed with water.

The peak near the 2.80A separated into 2 
peakes, and the values of d(400) became 
larger, the values of d(008) became smaller. 
The values d(002) and (0010) became smaller 
too. However the other values did not change 
largely. Accordingly, K+ ions seemed to 
exist in the interlayer spaces of the tobermo
rite. The values of d(008) did not change 
with concentration of KOH, suggesting the 
limited amount of K+ ions, which could enter 
between tobermorite layers.
The values of d(008) became larger, when the 
tobermorite was washed with distild water, 
and (400) peak and (008) peak lj>ecame nearly 
one peak as shown in Fig.3. K+ ions were 
liberated into the washed water. It was 
suggested that the K+ ions exsisted in the 
interlayer spaces of the tobermorite were 
loosely bounded and easily dissolved.

(3) Ca(OH)2 - S1O2 - mixed alkali system

Fig.4 (a) shows the products obtained by 
reaction at 180°C for 3 days, in the mixed 
alkali solutions. The total alkali concent
ration was 1 N, and c/s and w/s were 0.8 and
20. Tobermorite and pectolite coexisted at 
the condition of KOH : NaOH = 0.2 : 0.8, 
K2CO3 : NajCOj =0.2 : 0.8. At the heigher 
concentration of KOH or K2CO3, tobermorite 
was the only product. Pectolite was produced 
as increasing the Na+ ion concentration with
out effected from the KOH.

T; tobermorite
A; AB; needle crystal
X; not reacted

Fig. 4 - Reaction products of the Ca(OH)2, 
CaCOg - mixed alkali solution system, c/s = 
0.8. concentration of alkali 1 N, 180°C, 3 
days.

(4) Ca(OH)2 - SiO2 - LiOH system

The reaction with LiOH was very different. 
Considarable amounts of unreacted Ca(OH)2 
and Si02 were observed, and Li2SiO3 was 
obtained as the products and no hydrate was 
detected by X-RD. Fig.5, shows the S.E.M. 
microphotograph of the sample treated at 180 
°C for 3 days.

Fig. 5 - Reaction products of the Ca(OH)2 ~ 
Si02 - LiO2 system; c/s =0.8, IN LiOH, 180 
°C, 3 days.



The prasmatic or polyhedronic crystals of 
Li2SiO3 were observed, but lath or fibrous 
crystals did not exist in the samples. Lots 
of quartz particles were covered with small 
dense products which seemed to retard the 
reaction.

3-2 CaCOg - SiOg - Alkali system

No products was obtained; in the systems of 
CaCOg - Si02 and CaC03 - KOH, at 180°C for 5 
days.

(1) CaCOg - SiOg -KOH system

The experiments were carried out in 0.5 N - 
2 N KOH solution at 150-210°C for 3-10 days. 
The unreacted or unsoluble SiOg was not detect
ed, but unreacted CaCOg was observed in the 
all experiments. The only products was the 
tobermorite except the case of 0.5 N KOH, 
where the gel products were obtained. These 
tobermorite crystals had the same character 
as the products in Ca(OH)g - SiOg - KOH system. 
Fig.6 shows the change in the morphology of 
the products. The morphology of the tobermo- 
rote changed from lath to fibrous crystal 
with the processing time.

Fig. 6 - Change in the morphology of the 
products in the CaCOg - SiOg - KOH system; 
c/s = 0.8, IN KOH, ISO’C.

Fig.7 shows the long fibrous tobermorite with 
the length of 200pm. The mix with c/s = 0.8 
was treated in 2 N KOH solution at 180 °C for 
10 days.

Fig. 7 - SEM photograph of the long fibrous 
tobermorite; c/s = 0.8, 2 N KOH, 180°C, 10 
days.

Fig.8 shows the changes in the amounts of 
reacted CaCOg with the concentration of KOH. 
The amounts of reacted CaCOg were measured- 
from weight loss by T.G. The reaction rate 
of CaCOg increased with the increasing KOH 
concentration. About 80% of the CaCOg was 
reacted at the 2 N KOH within 3 days, but 
reaction did not proceed over 85% even after 
10 days. It seemed to be difficult to react 
untill the CaCOj was completly consumed.

Fig. 8 - Changes in the amounts of reacted 
CaCOg with the concentration of KOH; c/s 
= 0.8, 180oC, 3 days.

Fig.9 shows the change in SiOg and CaO con
centration of solution with the processing 
time, in the system CaCOg - SiOg - KOH. The 
methods of measurement was mentioned in the 
previous paper (16). The concentration of, 
SiOn was about 2g/l at 6hr of proceeding time 
and did not change largely as the time pro
ceeded. This concentration was much larger 



than that 'tase without alkali. On the other 
hand, the concentration of CaO increased 
slowly as the time proceeded, and kept almost 
constant at about 0.3mg/l after 3 days, which 
was extreme'ly smaller than the Si02 concent
ration.

Fig. 9 - Changes in Si02 and CaO concent
ration of the solution in the CaCO^ - Si02 
- KOH system with the processing time, c/s 
= 0.8, 180°C, 3 days.

Tobermorite grew surrounding the CaCO3 
particles and detected by X-RD after Ihr. 
The crystalization of tobermorite was more 
rapid than the case of Ca(OH)2 - SiO2 - KOH 
system. <*.-  C2SH or C-S-H grew the SiO^ 
particles in the Ca(OH)2 - SiO^ - KOH, in 
which concentration of CaO was larger than 
that of SiO2 at early stages. The reaction 
products should grow surrounding the particles 
having relatively smaller solubility. These 
results suggest the reaction mechanisms of 
this system should be as follows. At first, 
SiO2 was dissolved by KOH, and the concent
ration of SiO2 increased. Then SiOj Reacted 
with CaCOß producting the tobermorite around 
the CaCOg particles. The reaction began 
retarded when product layer became thick.

No reaction product was observed in the system 
of CaCO3 - SiO2 - Na2CO3 at 150oC-210°C

Fig. 10 - SEM photograph of the needle 
crystal produced in the CaCO3 - SiO2 - 
K2CO3 system; c/s = 0.8. 2 N K2CO3 180°C,
3 days.

(3) . CaCO3 - SiO2 - mix alkali system

Fig.3 (b) shows the products obtained by the 
reaction of the mixture of 1 N alkali at 180°C 
for 3 days. Where, A is the needle crystal 
above mentioned, AB is the needle cristal 
had the slitly different X ray pattern, which 
could not be identified whether it was con
sisted only one crystal or mixture of two 
crystals. Tobermorite and these needle cry
stals were not produced together at the same 
time, and no crystal but gel material was 
observed at the condition of KOH : K2CO3 = 
0.5 : 0.5. Comparing the results of Ca(0H)2 
and CaCO3 system, tobermorite and pectlite 
were produced when either alkali or calucium 
resorces was the carbonate, however needle 
crystals were only produced when both alkali 
and calcium resorces were carbonate and the 
solution had to include K+ ions.
The precise reaction mechanism could not be 
discussed by these results but the role of 
CO3 was very significant and interesting, in 
spite of CO3 was not included in both the 
products as tobermorite and the needle 
crystals.

(2) CaCO3 - SiO2 - K2CO3 system

The reaction was carried out at 150-210°C 
for 3-5 days, with c/s = 0.5-1.0, w/s = 20 
and 1-4 N K2CO3. Needle shaped crystals are 
shown in Fig.9. CaCO3 but no SiO2 was 
observed in all samples. The crystal sizes 
were about 50-200 pm in length. From the 
results of the D.T.A, T.G, IR, X-RD and 
chemical analysis, the chemical composition 
of this crystal was found to be K2O-2CaO- 
lOSiC^-SHnO. And it was dehydrated with 2 
steps at 195-380eC. This was supposed to be 
a new compound which sould be similar to some 
kind of zeolites such as rhodesite [KNaCa2 
(H2Sig)5H2O] or mountenite [KNaCa2(HSigO2> 
5H2O].

CONCLUSION

The hydrothermal reactions in Ca(OH)2 - SiO2 
and CaCO3 - SiO2 system were studied.at 150-- 
210eC using various kind of alkali solutions. 
Pectolite was produced, in the Ca(OH)2 - Si02 
system at 180°C with 1 N NaOH or Na2CO3, or 
at 210°C. When the concentration of NaOH or 
Na2CO3 was higher than 0.1 N. The pectolite 
was needle or fibrous crystal with maximum 
length of 150pm. . Tobermorite and xonotolite 
were produced in the Ca(0H)2 - SiO2 system 
treated with KOH or K2CO3.. Tobermorite became 
stable with increase of KOH or KjCO;} concent
ration at high temperature and wide c/s ratio 
of raw materials. No hydroration product but 



Li2SiO3 was obtained in the presence of LiOH.
The tobermorite obtained in the presence of 
KOH or K2CO3 contained K+ ions in the 
interlayer space. X-RD pattern of (400) and 
(008) peakes separated. The interlayer dis
tance was 11.15A which was slightly smaller 
than that of usual tobermorite, and easily 
shifted to usual distance by dissolving the 
K+ ions from the interlayer site when samples 
were washed with water.' The thermal analysis 
suggested that it was anomalous type.
No reaction was observed without alkali, in 
the CaCOj - SiO^ - system, but about 80% of 
CaCO3 reacted within 3 days in the presence 
of 1 N KOH. The same products in the case of 
the Ca(ÖH)j system were obtained withNaOH, 
KOH and LiOH, which were pectolite, tobermo
rite and xonotorite, and,L12SiO3 respectively. 
These hydrates seemed to be grown longer . 
compaired with Ca(OH)^ system. The long 
fibrous tobermorite with the length of 200/im 
was obtained in the presence of 1 N KOH. In 
this system the solubility of CaCO3 and SiO2 
were about 0.3 mg/1 and 2g/l respectively. 
A new compound of needle shaped crystal the 
chemical composition of K2O-2CaO-10SiO2*6H2O  
was obtained in the presence of K2CO3. The 
long needle crystal with 150pm with length 
was obtained. This needle crystals were 
obtained only when both of alkali and 
Calcium resorces were carbonate, and the 
solution had to include the K*  ions.
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Volume Instability of Porous Solids : Part I
Instabilite en volume de solides poreux
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RESUME : (.'adsorption de NO,Na en solution aqueuse fait sublr ä un verre poreux de silice sa- 
ture d'eau une variation de^longueur de 27 x 10*  . L*echantlllon  a sub! une variation irre
versible de longueur de 50 x 10 5AS,/Jl. L'isotherme ressemble beaucoup ä celle obtenue pour 
1'adsorption de la vapeur d'eau par le verre sec et presente une hysteresis sur i'ensetnble 
des concentrations. L'expanslon de 325 x 10 ‘Al/S, a ete trouve, lors de 1'attaque du verre 
poreux par NaOH 0.2 N; et un changement de longueur de 125 x 10 Mfi a eu lieu durant la 
dissolution en ClH 1.0 N d'un echantlllon de ciment hydrate (e/c = 0.6).
Lorsqu'on a lessive la chaux d'une-päte de ciment (e/c = 0.6) avec du glycol d'ethylene, on a 
observe une variation de 120 x 10* ’a1/8, . Ces resultats introduisent une donnee addltlonnelle 
qui pourrait expliquer le processus de deterioration des solides poreux exposes a certains 
prodults chimlques, par exemple 1'attaque par le sulfate et par 1'eau de mer, et la reaction 
alcall-agregat.

SUMMARY: A 27 x 10 fractional length change occurred in a water-saturated porous silica glass on adsorption 
of NaNOj from aqueous solution. The specimen suffered a 50 x 10*  Ai|Jl irreversible length change after deter
mination of the extension adsorption isotherm. The isotherm greatly resembles that obtained on water vapour 
adsorption by dry glass, and exhibits marked hysteresis in all concentration regions. An expansion of 
325 x 10"5 AI I £ was found while porous glass was under attack from 0.2 N NaOH; and 125 x 10"^ A£|l length change 
occurred during the dissolution in 1.0 N HC£ of a 0.5 W/C hydrated cement specimen. On leaching lime from 
0.6-W/C cement paste with ethylene glycol, 120 x 10'5 A£|£ was observed. These results introduce an additional 
factor that may explain the deterioration process of porous solids exposed to some chemicals, for example, in 
alkali aggregate reaction, sulfate attack and seawater attack.



INTRODUCTION

Mechanical breakdown is the most common and most 
important form of concrete deterioration usually 
associated with volume change. Several causes of 
volume change are known. Thermal expansion does not 
normally result in damage, but under certain con
ditions, as when large temperature gradients are 
created, it can be disruptive. Stresses, usually non
uniform in nature, are created by secondary effects 
of the temperature change, including change in 
moisture content and phase change.

By far the largest group of causes of excessive vol
ume instability in concrete comprises phenomena in
volving chemical reactions. These may involve inter
action of one or more constituents of the concrete, 
or some component or components of the concrete and a 
substance originating from the environment. Hydration 
during setting and alkali aggregate reaction are 
examples of the former; sulfate attack, carbonation, 
seawater attack, and corrosion of the reinforcing 
steel belong to the latter category. In character
izing these expansions Calleja (1) employs the terms 
intrinsic and extrinsic, depending on the type of 
reaction.

Examination of the pertinent literature makes it clear 
that the mechanism of expansion is far from understood, 
although the causal relation between volume instabi
lity and the chemical processes is well established. A 
review of alkali aggregate reaction by Diamond (2) 
clearly indicates that no consensus concerning the 
mechanism of expansion exists. Similarly, as dis
cussed by Hansen (3), several explanations have been 
put forward with regard to sulfate attack. Mather too 
has stated (4) that in spite of extensive studies 
fundamental aspects of the sulfate attack on cement 
are poorly understood, including the relation between 
the physical properties of the material surrounding 
the newly formed hydrated sulfate and the amount of 
expansion, and the effect of restraint on expansion. 
Further work to elucidate the mechanism of expansion 
of hydrated cement paste due to chemical attack is 
warranted and desirable.

The present contribution deals with the dimensional 
changes of water-saturated porous solid in response to 
change in concentration of non-aggressive aqueous 
NaNO solution with which it is in contact. In add
ition, length changes have been observed during 
leaching and dissolution.

EXPERIMENTAL .

Dimensional changes were measured in a stainless steel 
cell (Fig.l). The 28 by 6 mm specimen (c) was clamped 
to the base (b) and connected to the transformer core 
(g) through a floating jaw (d) and extension rod (f). 
The' Trans-tek #240 .000 linear variable differential 
transformer (h) was housed in a double-walled section 
of the cell so that temperature could be maintained to 
±O.OS°C with the aid of a Colora thermostated circula
ting pump.

The transformer, which has a ±1.27 mm working range 
with ±0.5% linearity, was supplied with 6 V de from a 
Hewlett Packard Model 6102 power source (stability 
better than 0.01%).

Corning glass code 7930, porous 96% silica glass 
specimens were purified by continuous heating in air 

to 400“C. To restore the hydroxyl groups on the 
surface, specimens were stored for five days in 
simmering distilled water. Cement specimens were cut 
from a 31 mm diameter cylinder that had been cured in 
lime water for two years. The specimens, when placed 
in the cell, were fully saturated with water and care 
was taken to maintain this condition during the 
transfer procedure. After attainment of constant 
length (fluctuation less than ±0.5 x 10"® A2.|2. in 
24 h) water was replaced by the appropriate solution 
through the filling tube (e) with the aid of a 
syringe.
RESULTS ~ ‘

I. Length changes of the porous 96% silica glass 
(immersed in aqueous NaNOj solution) in response to 
a change in solute concentration are shown in Fig.2. 
The reference length, i.e., the origin of the plot, 
is the equilibrium state of the glass fully saturated 
with water. Its length is approximately 200 x IO-5 
AJZ,15. longer than in the dry state. Each point indi
cates constancy of dimensions attained in 14 days, m 
the average. The run, not yet complete, has lasted 
254 days.

The shape of the adsorption branch of the isotherm 
resembles the well-known extension isotherm of the 
porous glass-water system (5,6), shown in Fig.3.

Fig.l - Schematic diagram of extensometer. 
For explanation see text.



Fig.2 - Extension isotherm of the porous 96% silica 
glass - aqueous NaNOj solution system.

Fig.3 - Extension isotherm of the porous 96% silica 
glass-water system.

At low concentrations the curve for the NaNOj-glass 
system rises rapidly to 27 x 10~5 Atlt; at concentra
tions higher than 1 mole/i. it decreases slightly, but monotonously, reaching 21 x IO* 5 AJl|l at 5 molar 
concentration. This is the only major difference

from the water extension isotherm (Fig.3), which 
undergoes a large expansion of approximately '
100 x 10* 5 Ai IH in the final stages of saturation 
(i.e. between points C and D).

Amberg and McIntosh (5) attribute the expansion bet
ween C and D (Fig.3) to flattening of the menisci, 
increasing spreading force of the adsorbed film in 
filled pores, and further adsorption in wide channels. 
Because no menisci are present in adsorption from 
solution, no expansion at high concentrations is to 
be expected in the present experiments. Its absence 
supports the meniscus flattening hypothesis postulated 
for the vapour adsorption method.

The desorption branch of the NaNOj-t^O-glass system 
differs from that of the water-glass system in at 
least two major aspects: there is no contraction on 
diminishing saturation, and the volume changes are 
not reversible in any concentration region. Most 
significantly, hysteresis and continous expansion were 
observed on decreasing concentrations.

II. The dimensional changes observed during dissolu
tion of porous glass in 0.2 N NaOH are shown in Fig.4. 
The 5 mm thick glass disintegrated in 82 h. Except 
for the last 3 min, the sample expanded continuously. 
The total fractional expansion was 326 x IO-5 AJ1|1. 
Feldman and Sereda (7) reported expansion at a rapid 
but decreasing rate on treating porous silica glass 
with alkali, but their experiment was not carried to 
complete dissolution. The present findings appear to 
be consistent with the results obtained on leaching 
of sodium borosilicate glasses with sulfuric acid. 
Krasikov et al (8) found 0.16 to 0.2% expansion on 
complete leaching of 2 mm thick glass specimens. The 
observed 0.326% ultimate increase in length on dis
solution of glass, though very substantial, is merely 
a fraction of that obtained in other similar experi
ments (to be reported elsewhere). The magnitude of 
expansion depends on several factors, but the weight 
of the extension rod and transformer core assembly in 
the present experimental arrangement is considered to 
have decreased it.

Fig.4 - Length changes of a porous 96% silica glass 
immersed in 0.2 N aqueous NaOH, as- a function of time.



III. On immersion of a water-saturated hydrated 
cement paste specimen in aqueous 1.0 N HCÄ solution, 
monotonous expansion was observed until nearly comp
lete disintegration. The dimensional change versus 
time of contact plot (Fig.5) is very similar to that 
of Fig.4, although there are some differences. The 
magnitude of the expansion is about one third that of 
the glass-NaOH system. The curve is slightly convex 
rather than somewhat concave, as in the previous case, 
and the dissolution occurred after 10.6 instead of 
82 h of contact time. -

Fig.5 - Length changes of a hydrated cement paste 
specimen (W:C = 0.5), immersed in 1.0 N aqueous 
HCJl, as a function of time.

IV. Calcium hydroxide can.be leached from portland 
cement paste with ethylene-glycol (9). The concomi
tant length changes associated with leaching a water- 
saturated hydrated neat cement specimen (if :C = 0.6) 
are shown as a function of time in Fig.6.
An over-all expansion of 110 x 10"5 with 
respect to the fully water-saturated state, took 
place after approximately 800 h of leaching at room 
temperature.

An unusual feature of the curve^is the fairly sub
stantial contraction, -26 x 10 A2.| JL, recorded in
the first 5 h following replacement of water with 
ethylene glycol.

Very recently. Midgley (10) reported that ethylene 
glycol leached out the free lime in cement paste and 
also attacked the calcium bearing phases. These 
findings have to be kept in mind when considering the 
implications of the present results.

DISCUSSION

Although expansion of active carbon on adsorption, 
from solution was observed by Pawlow (11) over 50 
years ago, it appears that a detailed extension

isotherm has not been reported until now and its 
existence was not really expected. It is surprising 
that on immersion in NaNOj solution the glass speci
men expanded 25 x 10“^ units beyond the length 
it reached on complete saturation with water (Fig.2). 
This expansion is about half as much as that which 
takes place when dry glass becomes 80% saturated with 
water (see Fig.3, sections A to C). .

The relatively large effect of an inorganic salt on 
dimensions is even more significant in view of the 
well-documented phenomenon of salt rejection (12,13). 
In fact, the adsorption isotherm for water on porous 
silica glass containing various amounts of NaCJl 
strongly suggests that salt is excluded from the 
first monolayer (13,14). The length changes observed 
in the present work seem to be due to concentration 
changes of the liquid held in the centre of the capi
llaries, separated by at least one water layer from 
the glass surface. Further marked decrease in length 
as the NaNOj concentration increased beyond 1 mole/1, 
may be caused by decrease in adsorption in the vici
nity of the surface, as has been reported by Mukerjee 
and Anavil for the ionic surfactants-porous glass 
system (14).

The pronounced hysteresis of the NaNOj-glass isotherm 
(Fig.2) indicates that on traversing the concentra
tion region that extends from pure water to saturated 
solution, length changes were probably caused by more 
than a mere change in the concentration, or by the 
structure of the ionic double layer on the surface.
The length in pure water is greater by approximately 
50 x 10"S AAIÄ. after the run. This is a preliminary
value only, subject to change when equilibrium will 
have been reached. The possibility that irreversible
change was caused by corrosion of the substrate must
also be considered.

Fig.6 - Length changes ef a hydrated cement paste 
specimen (WiC = 0.6), immersed in ethylene glycol, 
as a function of time.



The similarity of curves obtained on the dissolution 
of porous glass in NaOH and hydrated cement paste in 
HCÄ in the first instance, and on leaching of porous 
glass in acid and cement paste in ethylene glycol in 
the second, suggests that the reported results are of 
general validity. For the purpose of this discussion, 
this hypothesis will be accepted and some very brief 
comments concerning the implications for hydrated 
cement will be made.

The very large expansion during complete dissolution 
is an important factor with regard to an explanation 
of the mechanism of volume expansion due to chemical 
attack. Osmotic pressure, crystallization pressure, 
and mechanical pressure exerted by the volume require
ment of the reaction product, which is greater than 
the space available, plus gel formation followed by 
water adsorption have all been suggested as causes of 
volume expansion of cement on chemical attack. It is 
fair to say, however, that none of these theories is 
entirely satisfactory.

In searching for understanding of the causes of 
volume instability of porous solids under chemical 
attack the solid matrix itself has not been con- ' 
sidered responsible for volume change, but was assu
med to expand passively in response to an internal 
pressure generated in the void space (e.g. crystalli
zation or osmotic pressure). The present results, 
although preliminary, clearly indicate that changes 
occurring on the surface - whether sorption of inert 
ions or dissolution of either a constituent of a non- 
homogeneous matrix or a portion of the entire solid - 
result in expansion of a magnitude that induces 
cracking. It appears that such alteration of the 
surface energy is sufficient for the disjoining pres
sure to become dominant. If correct, this assumption 
offers a simple, credible and unified explanation of 
a number of deterioration processes leading to exces
sive volume instability and cracking.
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Studies on unsoundness of clinker with below 3.5 
percent MgO content .

Etudes sur ie manque de sohdite d'un clinker d'une teneur en MgO 1
inferieure a 3,5 pour cent

S.K. CHOPRA, K.C. NARANG, S.P. GHOSH and '
K.M. SHARMA, Cement Research Institute of India, New Delhi, India. ' '

*¥1 EFl'eff'-'tjti’’ll y alt differents points de vue sur les llmltes adndsslbles de teneur. en M O 
M^anda^^commeX-c^a Par les specifications Internationales sur le clment9
Portland ordinaire est oe 6 pour dent. Par allleurs, les chercheurs sont generalement d'accord 
sur le falt que les clinkers ayant une teneur en MO de 3,5 pour cent ou moins ne manqueront 
pas de soLldite. Cependant, dans certains cas exceptlonnels,.les clinkers ayant une teneur en 
**_0 inferieure a 3,5 pour cent ont manifeste un manque de solidlte, et la presente communica- , 
tion rend compte des recherches sur les causes du manque de solidlte de ces clinkers. Des etu
des sur des clinkers de laboratolre, speclalement prepares et ayant une teneur en M 0 de moins 
de 3,5 pour cent ont montre qu'en plus de la finesse du melange cru, du clment defiSitff et 
des conditions de refroidissement, plusleurs autres pa.rametres tels que la teneur en C.A,- la 
morphplogle et la microstructure des phases du clinker jouent un role important dans 1’expan- 
slon autoclave des clments. La correlation entre le manque de solidlte des clinkers, c'est a 
dire 1'expanslon autoclave, et leurs proprletes mineraloglques mlcrostructurelles et autres 
proprletes, physlco-chlmlques a fait 1'objet d'une etude. Certaines directives pour prevoir le 
caractere peu solide du clinker sur la base des proprletes physico-chlmlques et mineraloglques 
des clinkers sont aussi proposees. ' 

snew^T I Although there arc different opinions aUout the permissible limits of KgC content in cements, 
the maxinum which is permitted, in some of the world standard specifications on ordinary portland cement 
is 6 percent. Also, there is general agreement amongst, the researchers that clinkers having KgO content 
of 3.5 percent or less will not be unsound. However, ift certain exceptional cases clinkers having KgO 
content below 3.5 percent have shown unsoundness ipid this paper reports the investigations on the causes 
of unsoundness in such clinkers. Studies on specially prepared laboratory clinkers with less than
3.5 percent KgO content have indicated that in addition to the fineness of the raw mix, final cement and 
the conditions of cooling, several other parameters, aijch as C.A content, morphology and micro structure 
of clinker phases also play a significant role in I causing autoclave expansion in cements. The inter
relations "between unsoundness of clinkers i«ej auioclavp expansion, and their inineraloeical, micro—

* structural and other physico-chemical characteristics hkve been studied« Certain guidelines for
gtjng unsound character of clinker on the' basis of1 phy si co—chemical and minoralosical properties of 

clinkers have also been su^'-sted.



IMTHOUUCriON. _ .
' Wille 4t ie gen etiells, UhdersxoadCi ,Z, 3 ) that 

trhe eaxticlaVe expansion in clinkers with MgO con
tent higher than 5% suddenly jumps to higher 
values, a paradoxical situation prevails as some 
clinkers with higher MgO content ( ^5%)are ob
served to be sound and on the other hand clinkers 
with MgO content much below this level show un
soundness ( ^0.8%.autoclave expansion). Number of 
reports ( 2,3,4) have appeared dealing'with unsound
ness of high magnesia ( ^5.0%) clinkprs but a few 
deal ( 5,6,7) with problems facing some of the 
plants where at times clinkers with lower MgO 
content show autoclave unsoundness. This cannot be 
straightaway explained either on the basis of levs). 
;of MgO content, S03 or alkali content which gene
rally are of the same magnitude or even C’ A content ,whi:ch on. the aiferagR. rang"ea-'..bet"wee.n . 5 anetJ.12 per

in W*  Indinn: clinkers^
Studies pn .'tiOTtre t:otnrterrtal clinkers and 

hpecialiy prepared laboratory clinkers were there
fore taken up to examine the unsound behaviour in 
low MgO clinkers and to determine the relative 1 
importance of different factors responsible for 
autoclave unsoundness. Based on these studies , a 
hypothesis which could explain the causes of 
unsoundness in low MgO clinkers ,is proposed. 
jExperimentei The occurance of expansive constitu
ents and their physical state is directly governed 
by the properties of raw materials, raw mix fine
ness, burning and cooling schedule etc(8). While 
the influence of these parameters is knowh for the 
Manufacture of high MgO clinkers, experiments were 
designed to study their influence in the manufacture 
Bf lower MgO content clinkers. Raw mixes with 
Collowing potential phase composition were planned 
and studied in 2 series of experiments I C 5 *7x^45  
andRJSS percentj C A RJ 7-JBÄ, lO-^f*  and 14-15 
percent; MgO'jyo.2, 1, 3 and 4 •percent.
peri es 1 Raw mixes with three different levels of 
fineness i.e. 1^351 on 72 mesh sieve and 10% on 170 
piesh,sieve were prepared and their potential phase 
composition varied in terms of MgU contentt land 
, 3)6) and C^A level ( 7-15%). The mixes were fired 
^n a laboratory kiln at 1450*0  and cooled under 
normal ambient conditions.

■ Series 21 Raw mixes with different potential phase ■ 
composition were fired at 1450*0  for same reten
tion,time end subjected to two different cooling 
rates: . .
a) Clinker removed from furnace at 14500  and 
iCOoled to ambient temperature (rapid cooling)}

*

b) Clinker cooled in the furnace at the rate .of
B-10*  C/min. upto 1100*0  and cooled in air to ambient 
temperature (slow cooling) .
Clinkers obtained for series 1 and 2 were examined 
using standard analytical,kRO and microscopic , 
techniques.’ Cements prepared from these clinkers • 
(with optimum SO^ content and fineness 3000 cm£/g) 
were studied for their expension and strength 
characteristics. The autoclaved cement pastes were 
examined by XRB, IR spectroscopy, electron and op
tical microscopy for determining the nature of 
autoclaved products. '
Series 31 Mineralogical .physical 8- microstructure 
properties of two unsoundcommercial clinkers with 
MgO content below 5 percent were also examined. 
Cements were prepared et various fineness levels 
(2250-5000 csr/g) to investigate the influence of

fineness of cement on autoclave expansion "in these 
two clinkers. - '
Results and Discussions 
Series 1: Effect of fineness of raw mix: In addition 
to the mineralogical composition .the reactivity 
of the raw mix components is known (8) to be signi^ 
ficantly influenced by homogeneity and fineness.lt 
is reported that not more than 0.5 percent of silica 
particles above 0.2mm size and 5 percent calcite ' 
particles above 0.15mm size should generally be 
present in high LSF (0.95) mixes. For raw mixes of 
lower LSF v alue, relativ ely higher proportions of 
coarse particles can, however, be tolerated- The 
rate of reaction is greatly affected by grain size 
which inturn affects the formation and distribu
tion of alite, belite and minor phases in them. 
.For our studies raw mixes with LSF 0.89-0.95*"'  
have been used as shown in Table it

table 1: Properties of Raw Mixes
R aw 
Mix 
\lo.

HM AM L5F SM Clinker 
No .

1 1.96 1.S5 0.90 1 .84 1,2 and 3
? 1 .89 1 .10 0.91 1 .58 4,5 and 6
3 2 .06 . .Ax58, 0.89 ?:8’. . 7 and B
4 2.02 2.44 0.93 1 .81 24
5 1.99 1 .46 0.90 2.08 28
6 1.90 1 .74 0.91 1.50 30
7 2.08 3.0 0.91 2.33 32
8 2.16 1 .48 _ 0.95 2.44 33
9 2.17 2.23 0.95 • 2.50 34

Results in Table 2A show that mineral compo-. 
sition ofclinkers in series 1 appears to be 
close to tjfypotential,' phase composition except 
for clinker 3 end 6 which have been prepared from 
raw mixes' with 10% residue on 170 mesh sieve. 
Clinker 3 and 6 have alscehown a tendency to dust 
on cooling and storage due to conversion to C^S 
phase. Free lime content of all the clinkers was 
found to be low and as a result all tie clinkers 
passed the LesbatSlfetr expansion test (expansion 
^10m). ‘

(bptlcal microscopic studies also show that 
except, .clinker 3 and 6, all other clinkers in the 
series have well developed alite and belite grains, 
alite being predominantly in hexagonal shape and 
almost free from belite inclusions. Inter
granular alite and belite essembelage, is also 
rire. The'interstitial phase occurs as ground 
mats preferably around C^S grains. Presence of 
pdiitilaae crystals in clinkers with MgO content' 

•w1% tartly ghqerved. 8. wherever observed 
occassiorially" varies in 2-6/ULsize range. In 
clinkers with MgO content#*,  3% the size of peri
clase ie of the order of 4-12ytt» lines for 
major phases do' not show any significant shift , 
.thus indicating that formation of normal phase*  ' 
has Occured in clinkers of series 1.

Results in Table 2B show good development of 
strength of cements made from clinkers of series 
1 which are also affected by change in raw mix • 
fineness*  Cement 3 "and 6 which show over ell poor 
strength are also the cements observed to be poor



Table 2A t Effect of fineness of raw mix on clinker composition and autoclave expansion - Series 1

Ra w Residue on Free lime Pha se composition of the clinkers Autocl we
mix 72/1 70 mesh c ontent C3S C2S C3A c4af MgO expans.’.on
No % of clinker %
1 1 o.io 55.23 13.22 10.1 8 18.57 1.16 0.02
1 3 2.39 45.63 20.48 10.30 18.42 1 .25 0.03
1 10(170 mesh) 1.35 5.25 59.31 14.88 17.99 1 .16 0.1 1
2 1 0.30 42.25 22.81 8.06 23.41 1.10 o.io
2 3 1.86 47.92 17.50 7.82 22.16 1.24 0.15
2 10( 1 70 mesh ) 2.50 10.21 55.63 10.80 21 .28 0.90 0.1 2
3 1 0.06 30.24 46.63 7.67 11.86 2.76 * 0.18
3 3 0 .24 28.63 47.96 7.56 11.86 2.99 0.22
4 1 Nil 41.58 28.76 9.55 1 5.41 2.97 0.04
4 3 0.66 41 .1 5 29.32 9.91 15.43 2.93 0.19

Table 2 B: Physical characteristics of cements »ade from clinkers of Series 1

Clinker 
No

1» residue on 
72 meeh/1 70 
mesh sieve

Setting 
time ( min)

L ec hati.ier 
Expa nsion 

mm

Auto clave
Expansion

%

. Compressive strength 
Kg/cmZ

1ST FST 3 day 7 day ' 28 day
1 1 143 182 1.5 0.02 400 611 697
1 3 165 193 1 .5 0.03 443 50 5 675
1 10(170 mesh) 163 198 1.0 0.11 149 152 286
2 1 140 190 1.0 0.10 353 429 502
2 3 173 225 0.5 0.15 328 498 581
2 1 0(1 70 mesh) 1 35 180 0.5 0.1 2 168 238 389
3 1 168 218 1.5 0.18 22 3 298 512
3 3 160 205 1.0 0.42 268 358 518
4 1 «■ — 1 .0 0.04 317 368 me
4 3 - - 1.0 0.19 213 341 546

not been affected directly and all the cements are
observed to be Bound in autoclave test.
Seriea 2 : Role of C-A, MgO content in clinkers 

and effect of cooling rates;
From the results in Table 3A it can be observed 
that'neither the level of C.A nor the cooling 
rate of clinkers with anB below MgO content 
is dacieive for soundness of clinkers as both the 
rapid and the slowly cooled clinkers are observed 
to be sound. Lechatelisr expansion of all the 
clinkers was found to be below 2mm eliminating , 
thereby the effect of free lime and 50^ contribu
tions to autoclave expansion. The effect of 
content becomes however, apparent for clinkers 
with MgO level about Ä in Utich case the 
autoclave expansion increases suddenly for slowly 
cooled clinkers with high C^A content. While 
jclinkers with about 7% CZ and 3% MgO levels are 
observed to b e sound, clinkers with 15% C^A and 
3% MgO become unsound in autoclave test. These 
results lead to conclusions that rapidly cooled 
clinkers allow high MgO content compared to 
islowly cooled clinkers and this tolerance of MgO 
|in slowly cooled clinkers decreases with increas
ing C^A content. This is further supported by 
the data in Table 3A, as the slowly cooled cl in
ik ers with MgO content 4% are observed to be 
kinsound st ell levels of ( > 7%) even when 
C-S content is maintained ae high as 56%. A 
direct application of these results in India 
could be that, in plants where cooling rotes sre 
[likely to be rather slow end MgO content in row 
Imateriale relatively higher, a lower alumina

modulus of raw mix may be designed in oroer to 
obtain sound clinkers. , _

The data in Table 3B show that among the 
three parameters i.e. C^A, MgO and rate of cooling 
the last has sore significant effect on strength I 
characteristics. Slowly cooled clinkers show 
invariably poor strength development. Comparati
vely lower strengths of slowly cooled clinkers is: 
more significant at 28.daysage., The drop in 
strength is also affected by CA 
it is high in clinkers, the drop in strength is 
ma ximum.

Microstructure of sound and unsound clinkers:
Rapidly cooled clinkers with upto 4 percent 

MgO and 15 percent CjA content show good granulo- 
metery and are characterised by idioblastic C-S 
and C-S greir.c in separate clusters. Sizes of 
C-S grains range from 4—IQA for smaller grains 
and 40—BOv^C for larger grains. Prismatic elonga
ted grains of C-S are predominant (Fig 1 and 2). 
C-S grains range between 4-1 6/< for smaller and 
4u-75^t for larger grain. Ferrite and aluminates
phase is evenly distributed between both C-S and 
C-S. MgO inclusions are fairly uniform and vary 
in size range between 12-167*  in C-S and 4-12y<t 
in CjS, on average being >10^*  in size. '

Slowly cooled clink ere are distinctly poorer 
in granule notary, have relatively more and larger 
inclusions specially of MgO greine. Cluster for
mation, large crystal growth and instability of 
phases appear to be the am in features of these 
clinkers. CjS greine are larger 40-1207*  and



Table 3A: Effect of Cß^/MqQ content and cooling rate on clinker cha rec t erist ic s Series 2

Clinker
Mo

F ree 
CaO

Compound composition Lechatelier 
expa nsion

% autoclave 
exoansionC3S c2s C4AF MgO

Rap it 
cool

/ 
ing

Slow 
cooling

Rapid 
coolii

/ 
19

51o w 
cooling

4 0.30 42.25 22.81 8.06 23.41 1 .10 1 .50 0.0 3
7 1.50 30.24 46.6-3 7.67 11.86 2.76 ' 1.50 / 1.0 0.1 8 / 0.23

33 ' 1 . 06 56.56 20.00 7.11 1 0 .00 4.05 2.00 / 2.0 0.1 3 / 6.33
28 0.50 42.98 32.85 9.55 12.86 0.19 1 .00 / - t.a -* 0.05 / 0.05
2 2. 39 45.63 20.48 l0.30 18.42 1 .25 1.50 0.03

34 0.42 56.83 1 9.36 1 1.20 7.69 4.06 1.00 / 1.5 o.io / 8.60
30 0.68 39 .26 30.27 1 3.33 1 5.02 0.17 0.50 / 1.0 0.0b / 0.18
32 0.06 38.42 37.42 14.87 7.11 0.92 1.00 / 1 .5 0.03 / 0.20
24 0.66 41 .15 39.32 15.43 9.91 2.93 1 .00 / 1 .0 0.19 / 6.50

Table 3 0: Effect of C^/MgO and Cooling conditions on Clinker characteristics Series 2

blinker 
No

Cooling 
rate

Compressive strength (Kg/cm2) Lee hatel ier 
Expansion

Autocl’ve
‘ Expansion

%3 days 7 day s 28 days

28 Rap id 304 39 3 550 1.00 0.05
Slow 315 36 3 470 1 .00 0.1 2

30 Rapid 200 318 496 0.50 0.06
Slow 217 296 440 1 .00 0.10

32 Rapid 255 335 472 1 .00 0.03
Slow 205 279 358 1.50 0.20

24 Rapid 21 3 341 546 1 .00 0.19
Slow ' 221 279 314 1 .00 6.50

34 Rapid 315 410 486 1 .00 o.io
Slow 325 368 4 32 1.50 8.60

33 Rapid — 2.00 0.13
Slow 354 467 50 3 2.00 6.33

have less defined boundaries. Periclase grains 
vary in 5—25/t size range, C2S' grains are also 
relatively larger ( SS-SQ/*)  and mostly irregular 
in shape, NgO inclusions are present frequently 
in liquid phase as periclase crystals ranging 
in size from 20^.25^ (Figs 3 and 4 ‘ '

Fror» all the above results it appears that 
sudden increase in autoclave expansion of slowly 
cooled clinkers may be due to differential rate 
of hydration of alite/belite and periclase 
crystals. In rapidly cooled clinkers which are 
characterised by small grains of alite as also of 
periclase, the strength development appear to be 
faster due to hydration of alite &■ the structure 
of e erne nt paste can accomodate the expansion of 
periclase which itself is finely and uniformly 
divided, Qn the other hand in slowly cooled 
clinkers, the larger grains of alite/belite 
app^r to hydrate rather slowly and hence show •• 
poor strength devriLopntent*  The structure of 
cement paste in this case appears to be unable to 
contain the expansicn due to periclase hydration 
which is als» not uniformly distributed. This 
hypothesis also seems to be supported by the 
results in Table 4 which shows that periclase 
quantity alone can not explain the unsound 
behaviour of slowly coded clinkers. Results of 
IR spectroscopy, electron micrascopy (Fig 5 ) 
and XRD studies on autoclaved products of 
various clinkers also support the observations, 
Fi^ 6 shows a clear brucite peak st 3700 cmT , 
the intensity of which increases with larger 
MgG and CtA content in clinkers*  XRO studies of ^utoclaverf products also show similar pattem.

Fig,t Optical microphotogreph of rapidly cooled 
drinker (Clinker 24), ■

Fig,2 Optical microphotogreph of rapidly cooled 
blinker (Clinker 34),



Fig.3 Optical miciophotogxaph of slowly cooled 
clinker (Clinker 24),

Fig.4 Optical microphotograph of slowly cooled 
clinker (Clinker 34).

Table 4: Free MgO content of clinkers Series 2
Clinker Cool mg Free MqO

r Jo rate Chemical XR1)
32 Rapid Nil 0.50

Slow Nil 0.50
24 Rapid 1.03 0.80

Slow 1.B8 1 .64
33 Rapid 2.53 2.94

* Slow 3.03 3.53
34 Rapid 2.49 2.60

Slow 2.90 3.40

Series 3: Effect of fineness of cement on 
unsoundness

Table 5 shows the physicochemical and mineral 
characteristics of two commercial clinkers with 
MgO content lower than the permissible limit of 6^1. 
Various studies including XRU and optical micro
scopy investigations show that these clinkers 
are characterised by low free lime, high large 
size alite, high periclase content and very poor 
granulometery (Fig. 7) Autoclave expansion of 
cements of normal fineness ( 3000 cm^/g) is obser
ved to be very high. The data also shows that the 
autoclave expansion of these clinkers can be redu
ced significantly by increasing fineness, so much 
so that one of the clinker becomes sound (40.8% 
expansion) (Fig.8). Refiring of these clinkers 
followed by rapid cooling also renders the clinkers 
sound. In general the two clinkers show ctBrec- 
teristics of slowly cooled clinkers.

(a) (b)

. «wo urn i»«" »»«ÄHteeieirt

Fig 6s IR spectra of autoclaved cement pastes of 
unsound clinkers.

Fig 5: Scanning Electron microphotographsof 
autoclaved cement paste of (a) sound and (b) 
unsound clinkers. _

Table 5 Characteristics of Commercial unsound clinkers

Cl inker
Mo

phase composition Le chstslier/Autoclave Expansion at fineness level (cn^/ilC3S C2S CjA C4AF MgO Free 
lime 2250 2500 2750 3000 3500 4000 5000

21 68.30 10.10 7.68 8.54 4.52 0.35 , 0.90/ 
9.85

- 1.00/
9.50

- 1.00/
9.05

1 .00/ 
5.92

22 59.89 14.49 9.29 9.03 4.92 0.02 1.00/ 
7.06

1.00/ 
7.66

1.00/
7.42

1.00/
4.24

1.00/ 
1.39

1.00/ 
0.24



Fig 7. Optical microphotograph of unsound 
commercial clinker (Clinker 22)

Fig 8« Effect of fineness of cement on autoclave 
expansion (Clinker 22).

-CO NCLU5I0N5
Amongst the Different facton responsible for 

the manifestation of autoclave unsoundness in low 
MgO clinkers, content, rate of cooling and 
granulometry of clinkers have been found to be the 
more important parameters. Unsound clinkers pre
pared in the laboratory were found to be character 
ised by unevenly distributed larger than usual 
alite and periclase crystals inSpite of total MgO 
content being less than 4%. These clinkers are 
also characterised by relatively poorer strength 
development when conpared with souni clinkers. 
The sudden jump in autoclave expansion may be 
explained on the basis of hydration characteristics 
of various phases in particular the alite and 
periclase grains. Alite particles being larger 
and more ordered in slowly clinkers, appear to 
hydrate slowly and result in poor'strength deve
lopment under autoclave conditions which is not 
sufficient to contain the expansipn due to hydra
tion of periclase and thus resulting in failure 
in the soundness test (autoclave expansion 0.8)6). 
On the other hand Small size and disordered alite 
in rapidly cooled clinkers hydrates rapidly to 
develop good strength to contain the periclase 
expansion a nd may accomodate expansion, even when 
MgO content in clinkers is upto the maximum 
permissible limit (6%).

The occasional unsoundness in commercial 
clinkers with MgO content below permissible limit ' 
can also be ascribed due to these reasons in " 
additon to the presence of large size periclase 
crystals in such clinkers. However, in such 
cases fineness of the ground cement also becomes 
an overriding parameter because it reduces the 
size of both the alite and periclase grains as is 
evident from the fact that one of the clinkers 
becomes sound when ground to a particular fineness. 
For situations in plants where such occurrence is 
likely, either the rate of cooling or the raw mix 
properties should be adjusted so as to achieve a 
microstructure in clinkers which allows the 
formation of small sized alite grains only, , 
alternatively in clinkers where micro structure 
of the desired granulometry ie not obtained, 
grinding the clinkers to higher fineness could be 
adopted as an effective measure to obtain sound 
c emen t.
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Mechanisms and Kinetics on Neutralization of Concrete 
in Sea Water

Mecanisme et cinetique de la neutralisation des betons dans I'eau de mer

T. AKIBA, Senior Research Chemist,
K. MINEGISHI, Dr. Eng., Chief Research Chemist, and
G. SUDOH, Dr. Eng., Manager of Research Department, Chichibu Cement Co., Ltd, Japan.

ion. In consideration of the magnitude of the f value, the above rate equations seem 
reasonable and applicable to the practice. .

SUMMARY : Concrete structure in sea water suffer attack owing to the chemical reaction 
between cement components, either unhydrated or hydrated, and dissolved salts. Studies were 
made on mechanisms of sea water attack, mainly in relation to kinetics on neutralization of 
hardened concrete.
The rate of neutralization can be expressed as L2=k (t-t.) in the first approximation,where 
L is the neutralized depth, k the neutralization rate constant experimentally obtained, 
t the time of immersion, and et± the induction period. The above equation suggests that the 
rate determing process of neutralization in sea water is diffusion process.
Chemical reaction by sea water attack is assumed to occur at a boundary which corresponds 
to the neutralized-depth. Thus, we can apply the following equation:

k 2D64C _ - Kt ~ Co? ~ rKe
The rate constant of neutralization is calculated in consideration of the material transfer 
of Cl " 
to be

RESUME : En eau de mer, les ouvrages en beton sont soumls a des attaques dues ä des reactions 
chlmiques entre les constituents, hydrates ou non, de leur clment et des seis dlssous dans 
I'eau de mer. Des etudes ont ete entreprises sur le mecanisme de cette attaque de I’eau de mer, 
prlnclpalement sur la cinetique de la neutralisation du beton durcl.

En premiere approximation, la vitesse de la neutralisation peut etre representee par la formu
le : L2 = k (t-tj) oil L est la profondeur neutralisee, ke une constante qul est determlnee 
experimenta?ement, t le temps d'immersion, et tj le "temps de latence".
Cette equation suggere que le processus de neutralisation du beton dans I'eau de mer est un 
phenomene de diffraction.
La limlte de la zone attelnte par la reaction chimique de I'attaque par I'eau de mer corres
pond a la profondeur neutralisee. Nous pouvons alors appliquer 1'equation sulvante :

La constante de la vitesse de neutralisation est calculee en fonctlon de la diffusion des ions 
Ct . Compte tenu de 1'importance de la valeur f, les equations ci-dessus sont applicables, 
ralsonnablement, dans la pratique.



INTRODUCTION
• Studies on the durability of cement 

mortar and concrete in sea water have been 
made mainly in connection with the resistiv
ity of cement hydrates and corrosion of rein
forcing steel. Sea water attack which seems 
to be unavoidable on hardened cement is reg
arded as an example of the reaction of poro
us solid with gas or liquid which diffuses 
into the former.
One of the authors (1)(2) has studied the 
rate of neutralization of cement mortar in 
relation to the carbonation mechanisms, and 
found a relationship between the rate and 
the pore structure.
In a similar way, studies were made on sea 
water attack to make clear the mechanisms 
and kinetics. In this experiment, the degree 
of sea water attack, penetration rate of Cl 
ion, neutralized depth and pore size distri
bution of concrete were measured and the 
rate of neutralization due to sea water att
ack were discussed.
SEA WATER ATTACK AND NEUTRALIZATION

There are many causes affecting the 
durability of concrete in sea water, such as 
the chemical action of dissolved salts, the 
crystallization of salts within the concrete 
under condition of alternate wetting and 
drying, the frost action, the mechanical 
attrition and impact by waves, the bacterial 
oxidation and the corrosion of reinforcement 
embeded in it.
It is considered that the stability of conc
rete depend on three facters: denseness, 
cement content and chemical resistance of 
the cement hydrates to sea water.
Many investigations on sea water attack of 
hardened cement studied by tricalcium alumi
nate and lime content in relation to the ex
pansive crystallization of ettringite due to 
the presence of sulfate, however recently 
some studies (3)(4) have been made on the 
influence of Cl ion on cement products. ’ 
R. Kondo et al. (5) have studied the rate of 
diffusion of various ions in cement paste 
and showed the importance of the rate of ne
utralization on hardened cement in relation 
to the corrosion of reinforcing steel.
Neutralization of concrete is important phe
nomenon not only on resistivity of cement 
hydrates but on the corrosion of reinforcing 
steel. The corrosion rate indicated is prop
ortional to the diffusion of oxygen on steel 
surface in the presence of the corrosive 

medium. The final result of the corrosion 
process is the formation of a.thick rust 
layer which exerts sufficient tensile forces 
within the concrete to crack and cause spal
ling of the concrete cover.
In an alkaline solution, such as the calcium 
hydroxide solution in set cement, a protect
ive oxide film forms over the steel. The 
stability of the film depends on the mainte
nance of certain minimum pH value, 10.5(6).
Thus the rate of neutralization should be 
taken into account. In the later part of 
this paper, it will be discussed in relation 
to pore structure.
EXPERIMENTAL

To examine the durability of concrete 
in sea water, long time soaking test was 
started at 1973, and five years test was 
carried out. In this report, studies were 
made on the mechanisms of sea water action 
mainly in connection with the neutralization 
In this experiment, ordinary portland cement 
(0), moderate heat portland cement(M) and 
sulfate resisting cement(S) as shown.in 
Table I were used in comparison, and the mix 
properties of concrete are given in Table |(. 
The size of the specimens molded is $15X30 
cm. After being cured in water for 7 days, 
the specimens were soaked in sea water at 
tidal zone or the place in which tidal acti
on was excluded for selected times of expos
ure. Chemical composition and some properti
es of the sea water are shown in Table III .
After the compressive strength measurement, 
each exposed specimen was cut perpendicular 
to the length with a diamond cutter and the 
penetration depth of Cl ions was determined 
with colorimrtric method (7), then the neut
ralization depth was determined with 1% 
phenolphtalein solution.
Some of the sea water attacked specimens 
were, sliced perpendicular to the direction 
of penetration. And samples of surface part 
and inner part were crushed for such tests 
as the quantification test by X-ray diffrac
tion, chemical analysis containning water 
soluble Cl ion and IR.
The pore size distribution of mortar parts 
separated from several specimens were also 
measured with a mercury pressure porosimet
er.

RESULTS

Table | Chemical analysis of cement used

Composition (%) 
ig-loss insol SIÖ2 AlzOs Fez03 CcO MgO SOs

Ordinary porrland cement (0) 0.7 22.2 5.2 3.1 64.7 0.9 1.8
Moderate heat (M) 0 7 q 3 23.3 4.3 3.7 64.0 0.9 Z2

portland cement " •
Sulfate resisting cement (S) 0.6 tr. 22.3 2.8 5.1 64.8 0.9 1.7



Mix properties of moderate heat portland cement(Ml) are similar to SI. '

Table II Mix prepertiee of concrete

Slump 
(cm)

Air 
Content 
(%) (%)

S/Q 
(%)

Unit 
Water

weight (kW) 
Cement Sand Gravel

0 1 Ordinary portland cement 50 38.5 150 300 715 1162
0 2 8 45 65 40.8 151 232 781 1152
S I Sulfate resisting cement 50 39.7 148 296 744 1146
s 2 65 42.0 149 229 810 1133

Table HI Chemical composition and some 
■ properties of the sea water

Specific Composition (mg/i)
PH gravity Na Kt*  Ca Mg*  Cl" S04 

7.9 1.021 94% 365 370 1400 17047 2481

Degree of Sea Water Attack
* The writers (8) reported on the chemic

al resistivity of cements in sulfate soluti
ons and artificial sea water, and found a 
relationship between the amount of C.A and 
detrioration. In this experiment, the diffe
rence in cements on compressive strength 
measurement seem to have no signifficant

26e
Fig. 1 X-ray diffraction intensity

Fig. 1 shows the x-ray diffraction intensity 
of ordinary portland cement concrete soaked 
at tidal zone in relation to the depth in 
specimens and the soaking time.
The amount of calcium hydroxide decreases 
in the surface layer after 3 years immersion, 
and gradually decreases in inner parts.
Hydrated chloroaluminate (Fridel*s  salt) is 
found at the 7 cm depth on the 3years soak
ing specimen, and decreases in later stage.
In the case of the investigation about the 
low C-.A content cements, similar results to 
the CPcement as illustrated in Fig. 1 are 
obtained. ■
The exact consideration in relation to sea 
water action will be discussed separately.

of the ordinary portland cement concrete 
' (01)
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Fig. 2 Pore size distribution of 
speoieens'exposed for 1 year 

■— : showing the ascending 
---  :■ showing the descending 

showing the C.P.V. •

Pore Size Distribution
The determination of pore size distri

bution is useful in consideration of the . 
mechanism of sea water attack on set cement.
The pore size distribution of 0 and S cement 
concrete immersed for 1 year at tidal zone 
are shown in Fig. 2.
The measurement of pore size distribution by 
mercury pressure porosimeter based on the 
model of cylindrical pores, but hysteresis 
in mercury porosimetry is due to the existe
nce of the ink-bottle pores. Such a pore 
consists of a big cavity connected with the 
remaining pore system by a narrow neck.
In this experiment, the Beverberi method (9) 
which utilizing the difference between the 
ascending and descending branches of the 
curve for evaluating the broad and narrow 
part of the pores independently, was applied 
on hardened cement.
One of the authors (2) has studied the thro
ugh pore size distribution determined by ba
ck diffusion and applied to the rate of neu
tralization by carbonation reaction.
In Fig. 2, T.P.V. shows the total accessible 
pore volume calculated by ascending branch 
and Betention means the volume of mercury by 
descending way. C.P.V. shows the cylindrical 
pore volume which seems to be comparable 
with the through pore.

Pore Radii

Fig. 3 Pore size distribution of 
specimens exposed for 5 years



In the case of the determination of micro 
through pore under 0.1 pm diameter, the mea
surement by mercury porosimeter is superior 
to gas diffusion determination on account of 
the reason that the latter can not determine 
the pore size distribution of micro through 
pore under 0.1 pm diameter.
The pore size distribution of specimens cur
ed for 5 years are illustrated in Fig. 3 . 
By the reaction of sea water attack, the 
pore structure of hardened cement is affect
ed and the great difference is the increase 
of large accessible pores which seems to be 
due to the leaching of calcium hydroxide.
The increase in 0 cement is slightly greater 
than in S cement.
Penetration Rate of Cl Ions

The penetration of calcium chloride 
were studied in connection with de-icing 
agents in cement, and it was found that the 
phenomenon was governed by diffusion process
(7) . We studied the rate in relation to the 
rate of neutralization and the corrosion of 
steel.
The penetrated depth of Cl ions in concrete 
are shown in Big. 4 . The linear plot of 
depth as a function of JT supports the rate 
determing process is diffusion. The value 
of diffusion coefficient of 01, 02, SI and 
S2 are 2.2, 3.5, 2.5 and 9.2x10~8 cm2/sec 
respectively. These values are about thous
and times smaller than the diffusion coeff
icient of chloride ion in water as mention
ed in other papers (5)(7).-
The chemical reaction of chloride with hyd
rates and the interaction between the surf
ace and diffusing ions could be responsible 
for the decrease in the diffusion coeffici
ent of chloride. The reason that the value 
of S cement is greater than other cements 
also could be considered in view of above 
mentioned and the difference of C.P.V..

Fig. 4 Relationship between penetrated 
depth of chloride and time

In this experiment, the corrosion of steel 
embeded in 5 cm depth was not observed even 
at 5 years test.
Neutralization Rate of Concrete

The neutralization rate of the specime
ns are illustrated in Big. 5 .
The rate of neutralization can be expressed 
as L= ktt-tj), in the first approximation 
where L is the neutralized depth, t is time, 
tj is induction period and k is a constant. 
Therefore the value k shows the ease of neu
tralization. '
The difference in cements seems to have no 
signifficant effect. The water-cement ratio 
shows the greatest effect. The values of the 
rate constant of each specimens are compared 
in Table IV. -
In this experiment, the difference in expos
ed places was not observed.

Big. 5 Relationship between neutrali
zed depth and time

DISCUSSION ON THE RATE OF NEUTRALIZATION 
Induction Period in Neutralization 

Neutralization does not occur immeadi- 
ately even on the surface which is in dire
ct contact with sea water. The length of 
the induction period varies with the water
cement ratio of specimen, and in the case 
of W/C= 0.65 and 0.5 , the length of the 
induction period are 1 year and 2 years 
respectively. These differences occur depe
nding chiefly on their pore structure and 
the rate of chemical reaction of pore surf
ace between cement hydrates and sea 'Water 
components.
Rate Equation on Neutralization

The rate of neutralization of various 



specimens are shown in Fig« 5 . In the first 
approximation, the rate can be expressed by 
the equation,

L2 = k ( t-t,) (1)
where e 1
L is the neutralized depth 
t is the soaking time 
t, is the induction period 

is the neutralization rate constant exp- 
e erimentally obtained

The equation suggests that the rate determi
ng process is diffusion, because this type 
of equation can be derived when the rate of 
reaction controlled by diffusion as shown 
in the former study (1).
Nevertheless the boundary between the two 
parts, neutralized and unneutralized, can 
not be clearly distinguished, the chemical 
reaction by sea'water attack is assumed to 
obcuh at.the boundary, and the concentration 
of chloride in solution is zero at the boun
dary. Thus, we can apply the following equa
tion,

. _ 2D^C _ f.jr (2)Kt - C.J " r Ke 1 '
where
D is the diffusion constant of Cl c (1.763X10*̂ Vs) 
4C is the difference of concentration of Cl (4.8 xl0-z*mql/  cm-5)

E, is the porosity of the specimenCcnr/cnr) 
C<,is the amount of free calcium hydroxide 

(msl/g mortar) 
f is the density of the mortar(g/ciir)
k. is the theoretical neutralization rate 

constant 
f is the tortuosity

Bate Constant of Neutralization
The rate constant of neutralization is 

calculated in consideration of the material 
tranfer of Cl ions, and the calculated valu
es for specimen 01, 02, SI and S2 are shown 
in Table iV. .
As for the value oft, C.P.V.(£c) were adop
ted. The amount of calcium hydroxide assumed 
the reactant Is calculated based on the res
ult that the cement paste contains 0.2$g 
calcium hydroxide on ignited sample. The 
value Is multiplied by 2 because of the 
molar ratio correction.

Table IV Bate constant and tortuosity

01 02 SI S2
Co?

Cc 

f

3.16XIÖ’
0.0024
2.lx|^
I.3XIC?
6.1

2.42xfd
0jD093.

-9 4.8x10 
65x|(?
14

3.08xf^
0.0065
2.lx|^
3ßxlÖ®
16

238x|”d
0.0104
4.8x|(?
7.4x1 Ö®
15

In consideration of the magnitude of the f 
value which is empirically expected to be 
in the order of 10, the equation seems to 
be applicable to the neutralization of 
hardened cement in sea water.
CONCLUSION

In this, report, the rate of neutraliz
ation of concrete in sea water was studied 
in relation to the pore structure, and it 
is found that the equation(l) and (2) seem 
to be applicable in practice.
The rate constant of neutralization in sea 
water is 2—5xl0““cmVs and it is interest
ing that the value is simillar to the rate 
constant of neutralizationhy carbonation 
measured by Hamada; 4.3*10 ”-'emVs (10).
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Orientation des hydrates au contact des granulats
Orientation of hydration products near aggregate surfaces

J. GRANDER Professeur,
J.P. OLLIVI ER, Maitre-Assistant
I.N.S.A.,  Departement de Genie Civil . Universite Paul Sabatier, Toulouse, France.

RESUME : La croissance orientee des cristaux de Portlandite dans 1'aureole de transition qui entoure les granulats 
du beton y favorise la propagation des fissures et influe sur les resistances mecaniques. Nous avons etudie I'o- 
rientation des cristaux de Ca (0H)2 dans la päte de ciment Portland durcissant centre differents supports (quartz, 
calcaires, polyethylene). Nous avons realise des enregistrements diffractometriques X sur des sections de päte 
paralleles ä 1'interface päte-support, et trace sur les courbes I = f(log d). I est un indice d'orientation qui 
prend une valeur sup6rieure ä 1 lorsque le cristal est Oriente et d la distance entre le plan d'analyse et 1'in
terface päte-support. Jusqu'ä une distance dg du support appel6e limite d'orientation, I est supärieur ä 1 et
I = f(log d) est represente par une droite. Äu-delä de do, on n'observe plus d'orientation preferentielle.

Parmi les parametres etudies, nous montrons que la limite d'orientation des cristaux de Portlandite däpend de la
quantity d'eau de gächage : d0 augmente avec E/C.

La pente de la droite I = f(log d) |d <doj depend, parmi les paramätres etudies :

- de la nature du support ; •
- de l'äge des eprouvettes ;
- de l'hygrometrie de conservation. '

Cette pente caracterise 1'aptitude des granulats ä orienter les cristaux de Portlandite et la croissance de cet 
hydrate sur les germes däjä existant.

SUMMARY : The oriented growth of Portlandite crystals in the interfacial zone around aggregates, allowing the 
evolution of hair-cracks, influences the mechanical resistance. In this paper, we study the orientation of 
Ca (0H)2 crystals in Portland cement paste hardening with different aggregates (quartz, polyethylene, limestone). 
Successive sections of cement paste parallel to the contact interface are studied by X-ray diffraction. The cur
ves I = f(log d) are then plotted ; where I is an orientation index which is greater than 1 when the crystal is 
oriented, d is the distance between the contact Interface and the analysed section. It is obvious that I is 
greater than 1 at the distance up to d0, so-called the limit of orientation, and I = f(log d) is represented by 
the straight lines. Beyond the distance d0, the Portlandite crystals have no particular orientation.

Among parameters studied, it is shown that the orientation limit of Portlandite crystals depends on the amount 
of mixing water : d0 increased with E/C ; the slope of curves I = f(log d), for(d <d0), depend on :

- the nature of aggregate ;
- the curing time ;
- the humidity of conservation.

This slope characterizes the aptitude of aggregates for the orientation of Portlandite crystals and the growth of 
this hydrate from the nucleus.



Dans un beton la croissance des cristaux de Portlandi
te ä l'int6rieur de I'aureole de transition qui entou- 
re les granulats joue un r61e important dans la mesu- 
re notamment oü la formation de couches cristallines 
orientees favorise la propagation des fissures et con- 
tribue ä diminuer les resistances mecaniques. Nous 
avons montre, dans une autre communication ä ce Con- 
gr6s International de la Chimie des Ciments (1), qu'il 
etait possible de caractSriser cette orientation en 
determinant par diffractometrie X, la variation de 
I'ordre cristallin et la limite d0 de la zone Orien
tes dans la pate, cette valeur d0 pouvant 6tre consi- 
deree du point de vue de 1'orientation comme la limi
te d'influence du granulat dans la päte.

Nous rappelons brievement le processus experimental 
mis au point ä cette fin. Des eprouvettes cylindri- 
ques sont confectionnees dans des moules en matiere 
plastique de la maniSre suivante : le granulat cylin- 
drique de diametre 2 cm est poli sur une face, 1'etat 
de surface final etant obtenu avec du diamant de fi
nesse 5um.D6s la fin du polissage, la päte de ciment 
est coulee sur cette face. Le ciment utilise est du 
ciment Portland CPA 55 R (Norme N F P 15 - 301) dont 

■les caracteristiques sont donnees dans le tableau I.
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Tableau I : Caracteristiques du ciment utilise 
(CPA 55 R) .

Les 6prouvettes sont conservees dans l'air ä 
20°C + 0,2°C et ä humiditS relative contrölee. Aprös 
durcissement, les collages sont rompus et Torienta- 
tion de la Portlandite dans la zone de contact c0t6 
päte est analysee en fonction de la distance d, plan 
d'analyse-face du granulat, par diffractometrie X.

Dans ce travail, nous appliquons cette methode ä I'a- 
nalyse d'un certain nombre de paramStres susceptibles 
de modifier la croissance des cristaux de Portlandi
te : la nature du granulat, la quantity d'eau de gä- 
chage, la duree et I'humidite relative de conserva
tion. Au cours de ces essais, nous n'avons modifiS 
ni la nature du ciment, ni la temperature de cure.

I - RESULTATS EXPERIMENTAUX

Dans cette derniere partie, nous exposons 1'influence 
des differents paramätres Studies sur les courbes 
I = f(log d), en particulier sur la limite d'orienta
tion do et sur la pente de la droite obtenue pour 
d < do. Nous analyserons la signification de ces 
grandeurs et leur variation dans une seconde partie.

1.1 - Influence de la nature du granulat

Les parametres constants ont les valeurs suivantes :

- E/C de gächage = 0,29 11 ant : CPA 55 R ;

- conservation ä 20°C et 100 % d'humiditS relative ;

- duree de conservation = 1 jour ;

Les granulats utilises sont :

- marbre de Mosset, grosseur moyenne ~ 2 mm ;

- marbre de Calacata, grosseur moyenne des grains^ 
40pm ;

- quartz de Montredon Labessonie ;

- polyethylene.

Avec ces granulats, la rupture se produit dans la pä
te, l'äpaisseur de la pellicule adherant sur le sup
port, generalement quelques micrometres, est mesuräe 
par microscopie optique. L'orientation de la Portlan
dite, caractäris6e par son indice I - rapport du quo
tient de 1'intensity des raies (001) et (101) ä la 
valeur 0,74 caractSristique de la desorientation sta- 
tistique - varie dans la päte en fonction de la dis
tance d ä 1* interface sei on les courbes de la figure L

Les diff6rentes courbes I = f(log d) correspondant 
aux divers granulats convergent toutes vers le point 
(log 40pm, 11. Les cristaux de Portlandite restent 
done orientäs’sur une distance de 40pm, comptSe ä 
partir de 1'interface, ceci, quelquesoit le granulat 
utilise. Par contre, les pentes des courbes varient 
selon la nature des supports, ces derniers ayant done 
une propension differente ä orienter les cristaux de 
Portlandite. " '

CÖte support, 11 est encore possible de determiner 
1'Indice d'orientation des cristaux de Portlandite 
par diffractometrie X, les valeurs trouvOes sont tr6s 
Bleväes (souvent supOrieures ä 50). Comme nous le



FIGURE 1 : Influence de la nature des granulats

montrons par ailleurs (1), celles-ci ne peuvent pas 
6tre portfies sur la courbe I = f(log d), nSanmoins, 
ce resultat permet de confirmer que dans le vol si nage 
immediat des granulats, les cristaux de CH crolssent 
avec leur axe [001] perpendiculaire ä I'interface.

1.2 - Influence du rapport E/C de gächage

Les eprouvettes sont prgparees avec du marbre de 
Calacata et conserv6es 3 jours ä 20°C et 100 % d'hu- 
midite relative.

Les courbes I = f(log d) obtenues avec differentes 
valeurs de1 E/C de gächage sont representSes ä la fi
gure 2. Les limites dg d*orientation  de la Portlandite 
augmentent avec la quantity d'eau de gächage. Les pen
tes des droites I = f(log d) |d<do] restent identi- 
ques pour un granulat et un ciment donnSs.

1.3 - Influence de la dur6e de conservation

Des eprouvettes analogues aux präcBdentes sont confec- 
tionnees avec une päte E/C = 0,29 et des eprouvettes 
de marbre de Calacata. Conserväes i 100 % d'humidite 
.relative, elles sont rompues ä diffBrents äges.

Les courbes de la figure 3 representent la variation 
de 1'indice I en fonction de log d : au cours du 
vieillissement des eprouvettes, la limite d'orienta
tion d0 des cristaux de Portlandite n'est pas modi- 
fiee : par centre, la pente des droites
I = f(log d) (d < d0) augmente avec l'äge. En outre, 
pour des durees de conservation supärieures ä deux 
mois, la methode d'analyse ne permet pas de däceler 
de modification de cette pente.

L'ordre des pentes des droites I = f(log d) {d < d0| 
observe 4 1 jour avec differents granulats (marbre 1 
de Mosset, marbre de Calacata, quartz, polyethylene) 
est conserve au cours du vieillissement des eprou
vettes . ■

1.4 - Influence de I'humidltB relative du milieu de 
conservation

Des pätes de ciment gächäes avec E/C = 0,29 sont cou
lees sur des granulats de quartz et conservBes 8 jours 
dans des atmospheres ä 50, 75 et 100 % d'humidite re
lative.

Les courbes I = f(log d) sont tracees aprds rupture



FISURE 2

MARBRE DE CALACATA CPA 55 R

: Influence du E/C de gächage



des gprouvettes. Les droites obtenues (figure 4) con
vergent toutes vers le point (log 40pm, 1] , la li
mite d'orientation d0 n'est done pas influencee par 
1'hygrometrie de 1'ambiance de conservation ; par 
contre, la pente des droites I = f(log d)( d < d0] 
augmente avec l'humidite relative. 1 u*

II - ANALYSE DES RESULTATS

Avant de proposer une analyse de ces courbes, 11 est 
utile de remarquer que l'indice d'orientation ne re
presente pas la quantite de Portlandite et de noter 
que des resultats analogues ä ceux presentes sont 
obtenus lorsque les parametres fixes varient : les 
valeurs absolues de d0 et de la pente des courbes 
peuvent alors 6tre modifiees mais les sens de varia
tion observes restent analogues ä ceux indiques pre- 
cedemment.

Les courbes I = f(log d) permettent de caracteriser 
1'orientation des cristaux de Portlandite dans la 
päte de ciment ä la distance d du granulat. En-degä 
de la limite d'orientation d0, l'indice I varie et 
les modes de germination et de croissance des cris
taux sont tels que I = f(log d) est une droite. La 
pente de cette droite peut traduire deux phdnomenes :

- 1'aptitude des granulats ä orienter les germes de 
Portlandite ä leur contact ;

- la croissance en cours d'hydratation des cristaux 
de Portlandite sur ceux dejä existant.

Les resultats de la figure 1 montrent que la tai lie 
des grains et la nature minSralogique des granulats 
influencent 1'orientation des cristaux de Portlandite 
formds ä leur voisinage dans la päte de ciment ; eile 
augmente lorsque les grains du support sont plus pe
tits et quand sa surface est plus reactive. II est 
peut-etre possible d'expliquer ces resultats par le 
fait que la germination des cristaux d'hydrates se 
produit en priority sur les defauts de la structure 
du support, en particulier sur les joints de grains. 
Par contre, lorsque le granulat reagit avec la päte , 
de ciment, la formation des couches orientdes de 
Portlandite est perturbee par la liberaiton d'ions 
et la constitution de composes intermSdiaires qui en 
resultent. La nature des granulats n'affecte pas la 
limite d'orientation d , celle-ci n'etant fonction, 
parmi les parametres etudigs, que de la quantite 
d’eau de gächage.

La durde de conservation ne modifie pas Vordre des 
pentes observe sur la figure 1 (marbre de Mosset, 
marbre de Calacata, quartz, polyethylene). Ainsi, si 
si I'1 on admet que, pour un äge et une päte donnes, la 
quantite de Portlandite ä une distance d quelconque 
du granulat est la märne, quelquesoit la nature de 
celui-ci, les resultats que nous avons obtenus expli
quent, en partie, les bonnes proprietes mecaniques 
des betons de granulats calcaires (2) : la propagation 
des fissures ä travers les cristaux de Portlandite y 
serait rendue plus difficile du fait de leur orienta
tion plus faible.



Les autres courbes correspondent ä des modifications 
de l'etat d'hydratation de la p3te. Lorsque cette hy
dratation est plus avancöe du fait de 1'augmentation 
de 1'hygrometrie ou de la durSe de conservation, la 
pente de la droite I = f(log d) { d < d0|augmente. 
Ainsi, ä une distance de l'interface inferieure ä d0, 
1'orientation des cristaux de Portlandite augmente 
avec le degre d'hydratation. Ce resultat pourrait 
s'expliquer par le mode de croissance des cristaux 
sur des germes d6jä existant. A cet Sgard, des-essais 
complementaires en microscopie 61ectronique ä balaya- 
ge ont montrS qu'au voisinage du marbre, la croissan
ce de la Portlandite 6tait de type dendritique selon 
des directions [u, v, oj (.figure 5), ce qui entrafne 
un renforcement de 1'orientation existant aux premiers 
äges.

Ill - CONCLUSION

Nous avons montre que la pente de la droite
I = f(log d) | d -c dol et la limite d'orientation dq, 
traduisent de maniferd notable des differences de cris- 
tallisation de la Portlandite dans l'auröole de tran
sition. Cette technique peut done ätre utile ä l'6tude 
de 1'influence des diffdrents parametres de composi
tion et de eure sur le comportement mecanique des be
tens et, par vole de consequence, aider 5 indiquer 
dans quel sens 11 conviendrait d'agir sur les const!- 
tuants et les conditions d'hydratation pour amdliorer 
la liaison pSte de ciment-granulat.
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Effect of pozzolanic reactions on the mechanical 
properties of glass fiber reinforced cement

Les effets des reactions pouzzolaniques sur les proprietes mecaniques de 
ciment arme de fibres de verres

S. OHSAWA, Officier de Technique, et
R. KONDO, Dr. Professeur,
Dept. Inorg. Matieres, Faculte de Technologie Institut de Technologie de Tokyo, Japon.

RESUME ■: Pour dimlnuer 11alcalinite de la matrice ciment, dans le ciment arme aux fibres de- 
verre et reduire ses degradations, on ajoute au ciment portland diverses sortes de pouzzola- 
nes et de laitler. Des eprouvettes ont ete confectionnees avec des ciments comportant de tels 
ajouts, et des fibres de verre resistant aux alcalis, ou fibres de verre du type E. Apres 
conservation humide, on a examine la corrosion des fibres de verre de ces eprouvettes, et me- 
sure la reduction de leurs proprietes mecaniques.
Les resultats ont montre que, meme avec les verres resistant aux alcalis, les resistances 
mecaniques des eprouvettes diminuaient avec le temps. Mais la corrosion des verres resistant 
aux alcalis est seulement superficielle, et eile provoque une augmentation de l'adherence des 
fibres ä la matrice. Ce phenomene peut etre attrlbue au fait que les hydrates du ciment per 
netrent ä I'interieur des bottes de fibres. Le resultat est cependant une augmentation de la 
fragilite.
En remplagant une partie du ciment par un zeolite, du metakaolin ou du verre de silice, on 
dimlnue la corrosion des fibres. En somme, les pouzzolanes, qui ont une grande affinite 
pour la chaux, sont efficaces pour reduire cette corrosion.

SUMMARY : For the purposes of decreasing the alkalinity of cement matrix in glass fiber rein
forced cement and to minimize the degradation of mechanical properties of the composite, vari
ous kinds of pozzolanic materials or slag are added to portland cement. The composites 
consisted of the above materials, cement and alkali-resistant glass fibers or E-glass fibers 
are prepared and cured. The corrosion of glass fibers is compared and the changes of mechani
cal properties of composites are determined. ■
The results show that even alkali-resistant glass fiber is used, the strength of the composites 
decreases with passage of curing time. As alkali—resistant glass fiber is corroded only 
slightly and sticks with matrix so tightly, the reverse effect of cement to the reinforcing 
fiber is considered. . This phenomenon must be attributed to the packing of cement hydrates 
into the bundle of fibers resulting in increasing the brittleness.
Replacing a part of portland cement by either zeolite, metakaoliri or silica glass, the corro
sion of glass fibers effectively decreases. On the whole, the pozzolanic material which has 
high reactivity with Ca(0H)2, is effective for decreasing the corrosion of glass fibers. ;



INTRODUCTION MATERIALS AND EXPERIMENTAL METHOD

As a representative of ordinary glass fibers, 
E-glass fiber is easily deteriorated with 
time in high alkali environment as in hardened 
portland cement. In order to prevent this 
phenomenon, plastic coating etc. have been 
attempted on the glass fibers. Still, there 
is insufficient success reported. At present, 
the following methods are considered to be 
the solution:
1. To produce the excellent alkali-resistant 

glass fibers.
2. To make the cement matrix lower in alkali 

content.
Concerning the first method, it is well known 
that ZrO2 is effective in increasing alkali 
resistance. Majumdar and Ryder (1), on the 
basis of data obtained by Bacon and Raggon (2), 
confirmed that the glass in Na2O-SiO2-ZrC>2 
system was excellent in alkali resistance. 
These glass fibers are called "Cem-FIL" and 
commercially available nowadays. The effec
tiveness of ZrC>2 on the alkali resistance has 
been confirmed by several scientists (3,4, 5).
Concerning the second method, it is believed 
that the alkalinity of cement matrix can be 
lowered by substituting a part of portland 
cement with pozzolan. Addition of pozzolans 
is also favorable for energy saving in cement 
production, and reducing of heat liberation 
in the hydration of cement.
In connection with pozzolan, Massazza (6) pub
lished a general report. Costa and Massazza
(7) showed that the hydration of Italian poz
zolan slowed down at a certain stage, and 
about 70% of pozzolan still remained at 90 
days. Majumdar (8) reported that the decrease 
in strength of glass fiber reinforced cement 
could be improved by adding fly ash. However, 
the reactivity of fly ash was found to be un
expectedly small by Kondo and'Ohsawa (9).
As mentioned above, Italian pozzolan is not 
always highly reactive like fly ash. Further, 
as suggested by the authors (9), Italian poz
zolans contain considerable alkali, which is 
released gradually during hydration.
The first purpose of this study is to, find 
the pozzolanic materials which are effective 
for preventing the corrosion of glass fibers. 
The second purpose is to clarify the possi
bility of preventing the decrease of strength 
of glass fiber reinforced cement by protecting 
the glass fibers from corrosion.
Excellent quality pozzolanic materials such 
as hakudo (porous opal), opal, zeolite etc. 
are produced in Japan. Therefore, by substi
tuting a part of portland cement with such 
materials, the corrosion of glass fibers is 
expected to be prevented.

Glass Fibers, Cement and Pozzolanic Materials

The physical properties, chemical composition 
and density of the glass fibers used are ' 
tabulated in Table 1 and 2. The glass fibers 
are chopped E-glass fibers and chopped alkali 
-resistant glass fiber "Cem-FIL".
Ordinary portland cement is used, and Italian 
pozzolans (Segni, Bacoli, Baia and Sacrofano), 
opal, hakudo (porous opal), zeolite (clino
ptilolite) , metakaolin, fly ash, silica gel 
and silica glass are used as substituting ma
terials. In addition, granulated blast-fur
nace slag (called "slag" for simplification) 
having latent hydraulic property is also used. 
The chemical composition of these materials 
is tabulated in Table 3. The nature and 
sources of these materials, except the opal 
used in this experiment (from Satsuma-Ioojima) 
were previously noted elsewhere by the au
thors (9). ,
Italian pozzolans, opal, zeolite and silica 
gel are ground, sieved and only those finer 
than 88pm are used. Hakudo, metakaolin, 
silica glass and slag are originally finer 
than this size. The particle size distribu
tion, Blaine fineness and density of these 
materials are shown in Fig. 1.

Preparation and Curing of Specimens

Before using, pozzolanic materials and slag 
are kept at 35°C, 100% RH until saturated. 
However, the moisture absorption of the mate
rials used is less than 5 wt% except that of 
silica gel which is about 30 wt%. Therefore, 
the moisture content of each material is not 
taken into consideration.
According to the composition, the specimens 
used in this experiment are divided into 
three groups. ,

1. 100 wt% portland cement, and 70 wt% port
land cement + 30 wt% pozzolanic material 
(or slag) dried at 105°C

2. Specimen 1+5 wt% E-glass fibers
3. Specimen 1+5 wt% Cem-FIL

The size of the specimen is 2x2x8cm and water 
to solid ratio is 0.4.
Since the "fluidity of the cement paste con-

Table 1 - Physical properties of glass fibers

Cem-FIL
Fiber length(mm) 12 . 12
Diameter of
fiber filament(pm)
Number of filaments 
in a strand 408 204
Tensile strength(kg/mm2) 352 255
Young's modulus’(kg/mm2) .7380 7140

Table 2 - Chemical composition and density of glass fibers (wt%)

• Si02 ZrO2 AI2O3 FeaOg b2°3 CaO MgO Na2O K2O Density
E-glass fiber 54.Ö — 13.9 0.1 11.0 17. j 3.4 0.13 0.03 2.54
Cem-FIL 61.4 16.8 0.77 0.06 0.002 5.28 0.02 14.4 0.62 2.64



Table 3 - Chemical composition of portland cement, pozzolanic materials and slag (wt%)

SiO2 AI2O3 Fe2O3 CaO MgO Na2O K2O SO3 Others
Portland cement 22.5 5.0 3.1 64.6 1.2 0.42 0.58 2.0 it 0.7Segni 45.10 19.23 10.02 9.78 4.48 0.76 6.17 0.19 IL 4.23Bacoli 53.59 18.03 4.41 8.19 1.13 3.12 7.92 0.47 IL 3.41Baia 55.36 22.07 3.03 3.16 1.31 3.82 6.23 tr. IL 4.62Sacrofano . 87.61 3.60 0.40 0.39 0.07 tr. tr. 0.99 IL 7.08Opal 96
Hakudo 94.1 2.8 0.4 0.2 0.2 TiO2 1.2 'Zeolite 68.0 10.1 1.4 2.1 0.5 3.4 +H2O 9.7, -H20 4.0Georgia kaolin 45.42 38.79 0.31 0.35 0.13 0.02 TiO2 1.53, IL 13.79Fly ash 50.30 24.73 6.26 7.07 2.31 1.24 0.64 B2O3 0.25Silica gel 99 '
Silica glass 99.5 0.3 0.05 0.01 0.01
Slag 34.13 16.25 tr. 41.52 4.82 fMnO 0.50, P2O5 tr..

LFe 0.68, FeO 0.87, S 1.02
taining slag and fly ash is remarkable, 50 wt% 
of sand (standard quartz sand for cement test
ing) has to be added. In this series of ex
periment, 5 wt% of glass fibers is added to 
the mixture of cement, fly ash (or slag) and 
sand.
After mixing by automatic cement mixer, the 
slurry of the mixture is molded into a rectan
gular specimen and cured at 35°C, 100% RH for 
24 h. Then it is removed from the mold, and 
subjected to different curings as follows:
1. Directly cured at 80°C, 100% RH for 24 h.
2. Specimen, after having been treated as in

1, is subjected to further curing at 35eC, 
100% RH for 3 months. .

3. Same as 2 but curing time is 6 months.
4. Directly cured at 35°C,100% RH for 4 weeks.
5. Directly cured at 35°C,100%RH for 3 months.
6. Directly cured at 35°C,100%RH for 6 months.

For the specimens without glass fibers and for 
those with E-glass fibers, all the above cur
ings are performed, and for those with Cem- 
FIL, the curings of 1, 3, 4 and 6 are per
formed. Further, for the specimens containing 
Sacrofano, only those curings of 1, 3, 4 and 
6 are performed on the specimens without glass 
fibers and with Cem-FIL, and the specimens 
with E-glass fibers are not made due to lack 
of the quantity of Sacrofano.

Measurement of Strength

After a certain period of curing, bending and 
compressive strengths of the specimens are 
measured. Then, the hydration of specimens 
is stopped by D-dry method (10).

Diameter (^m) Diameter (/4m) Diameter (/rm)
* f: Blaine fineness (cm^/g) Portland cement 

ds density;(g/cm3) f:317O d:3.16
Fig. 1 - Particle size distribution, fineness 
and density of the materials used.

Observation by SEM
f

The degree of corrosion of glass fibers is 
observed by scanning electron microscope (SEM).' 
The hydrates stuck around the fibers are re
moved by washing the specimen in 2N HC1 for 
a few minutes. •

RESULTS 

Determination of Free CaO and Free Alkali

The amount of free CaO of the specimens with
out glass fibers is determined by using glyc
erol and ethyl alcohol as the solvent (11).
The determination of free alkali is as follows 
: the specimen without fibers is ground, 
sieved and the particles between 44 and 88 pm 
in diameter are collected. 0.5 g of these 
particles is put in a beaker and 50 ml of de
ionized water is addedi The suspension is 
stirred for 30 min. at room temperature to 
let the alkali dissolve, and then filtered. 
The filtrate is analyzed by flame emission 
Spectrophotometer. —-------- - -

■Free CaO and Free Alkali

The relation between free CaO and curing time 
is shown in Fig. 2. For convenience, the 
amount of free CaO is calculated on ignited 
basis and per unit weight of cement. In both 
curings, the specimens with either metakaolin, 
silica gel, zeolite, silica glass or Sacrofa
no contain small amount of free CaO. The au-< 
thors studied pozzolanic reactivity thermody-. 
namically, and metakaolin was proved to have 
an excellent reactivity (9). '
The amount of free"alkali is tabulated in ■ 
Table 4. The amount of free Na and K shows 
the similar tendency depending on the added



pozzolan. However, there is no relation be
tween the amount of free alkali and the tend
ency in corrosion of glass fibers.

25i----------------- 25i---------- :---------

0 3m 35°C, 6m O35'°c, JS’C, 35^C,
24h. after after 4w 3m 6m 

80oC,24he0°C,24h
Curing temperature and time

1. Portland cement 7. Opal
2. Slag 8. Hakudo
3. Segni 9. Silica glass
4. Baia 10. Sacrofano
5. Fly ash
6. Bacoli

11. Zeolite
12. Silica gel
13. Metakaolin

Fig. 2 - Relation between the amount of free 
CaO and curing time.

Fig. 3 - Scanning electron micrographs of the surfaces of extracted glass fibers.* 
•E-glass fibers except (a> which is Cem-FIL;
cured at 35eC for 6 m after curing at 80’C for 24 h except (b) 
which is cured at 35°C for [3 m after curing at 80°C for 24 h.

Table 4 - Free alkali in the specimen 
cured at 35°C for 6 months (wt%)

' Na K
Portland cement 0.17 0.27
Segni 0.16 0.65
Bacoli 0.31 0.69
Baia 0.34 0.66
Sacrofano 0.03 0.04
Opal 0.03 0.02
Hakudo 0.04 0.04
Zeolite 0.52 0.39
Metakaolin 0.10 0.14
Fly ash 0.20 0.26
Silica gel 0.02 0.01
Silica glass 0.12 0.18
Slag 0.15 0.23

Observation by SEM

Fig. 3 (a) shows Cem-FIL in the specimen of 
portland cement only, cured under the condi
tion 3 mentioned above. Although this is the 
most severe curing condition against glass fi
bers, remarkable corrosion can not be seen. 
The effectiveness of preventing the corrosion 
iis shown in comparison with each other in Fig.

3. ‘"By the micrographs, the degree of corro
sion of glass fibers can be arranged in the j 
following order: portland cement=Segni=Bacoli( 
=Baia—slag-KDpal=fly ash—silica gel-«hakudo~» 
silica glass-«metakaolin-zeolite.  In the sped 
imens containing a little amount" of free CaO,!

*

i.e.,  those with highly reactive pozzolanic 
materials, the corrosion of glass fibers is 
decreased. .



DISCUSSION

Bending Strength

The reinforcement of hardened cement with fi
bers is effective especially for tensile 
strength. It is difficult to discuss directly 
on the results of bending strength of the 
specimens containing fibers since the strength 
varies with time. Majumdar "(8) used the fol
lowing .equation, and Clifton and Frohnsdorff
(12) introduced the original reference of the 
equation:

<TC = n0TllöfVf + <JmVm -------- 1 '
where, ac. Of and am are the strength for the 
composite, fiber and matrix respectively; Vf 
is the volume fraction of the fiber and Vm is 
the volume fraction of the matrix; and n0 and 
Tii are efficiency factors for the orientation 
and effective length of the fibers, respec
tively. '
The authors incorporate the strength decreasing 
parameter K of the matrix due to pores into 
equation 1, then, it is as follows:

cTc = non1afvf + Kamvm —— 2 1
By using equation 2, the strength charged by 
glass fibers can be shown as follows:

„ _ _ — KCJmVni «noniaf--£-—--------- -------- 3

n0 and m can not be estimated, but these val
ues are constant independent of curing time. 
Therefore, the effectiveness of reinforcement 
of fibers in composite can be clarified by 
estimating rrohiOf. In general, mixture rule 
deals with tensile strength, but it is postu
lated in this study that bending strength is 
nearly proportional to tensile strength.
K is estimated by postulating that the first 
term of equation 2 is 0 in the specimen of 
Portland cement only, cured under above con
dition 3, which is the most severe condition 
and E-glass fibers are supposed to be com
pletely corroded. Substituting the values, 
ac=115, am=178, Vm=0.968 into equation 2, K 
equals 0.667. This value is used for all the 
calculations. The relation between noTii<7f 
and curing time is shown in Fig. 4. The re
sults of the specimens with Italian pozzolans 
are omitted since they are remarkably corroded.

Fig. 4 - Relation between hohl^f and curing 
time. '

The following aspects can be clarified from
Fig. 4. '

1. Comparing the specimens cured at 80°C for 
24 h and those cured at 35°C for 4 w, the 
strength of fibers in former one is lower.

2. In the specimens directly cured at 80°C 
for 24 h at first, the strength at 3 m 
increases except those with metakaolin or 
fly ash, while, those cured at 35°C, the 
strength at 6 m increases except that of 
portland cement.

3. The fibers in the specimen with metakaoliif 
shows considerably high strength initially 
but deteriorate with time and at 6 m, the 
strength is almost the same as the others.

Considering the results by SEM and the value, 
HohiUf, the above result 1 may be attributed 
to the higher corrosion of E-glass fibers in 
the specimen cured at 80°C for 24 h. The re
sult 2 may be attributed to the increase in 
effectiveness of reinforcement, caused by the 
sticking of glass fibers with matrix. And . ■ 
the increase in effectiveness of reinforce
ment must-be greater than the decrease of 
strength caused by the corrosion of E-glass 
fibers. Further the hydration proceeds, the 
tight sticking results in increasing the. . 
brittleness of the structure, and thus,-the. 
effectiveness of reinforcement is decreased.
Grimer and Ali (13) indicated that the 
strength of the composites made from E-glass 
fibers and low alkaline matrices such as 
super sulphated or alumina cements decreased 
at long curing ages. Cohen and Diamond (14) 
found that the strength of AR-glass .fibers 
removed from cast composite retained the same 
level of strength as they had at initial 
stages. According to Nair (15), the effec
tiveness of the fibers decreased by the pack
ing of cement hydrates into the bundles of 
fiber strands.
The result 3 seems to be attributed to the 
decrease of reinforcement of E-glass fibers 
since the packing may be remarkable in the 
specimen with metakaolin which is very fine 
and excellent in reactivity. As seen in Fig. 
3, the corrosion of E-glass fibers is compar
atively slight in the specimen with meta
kaolin.
Table 5 shows noni<if of the specimens rein
forced with" Cem-FIL. The values at 6 m are 
smaller than those at 4 w.

Table 5 - hohiOf of the specimens 
reinforced with Cem-FIL .

" noniaf 
35oC,4w

(xiöa) 
35oC,6m

Portland cement 5.72 2.45
Segni 6.97 3.09
Opal 10.25 5.07
Zeolite 8.91 5.70
Metakaolin 12.94 10.83
Fly.ash 6.52 6.03

As shown in Fig. 3, Cem-FIL is corroded only 
slightly and sticks with matrix so tightly, 
the reverse effect of cement to the reinr 
forcing fiber is considered. This phenomenon! 
must be attributed to the packing of cement 
hydrates into the bundle of fibers resulting 
in increasing the brittleness.



Relation between Compressive Strength and the 
Amount of free CaO

The effect of reinforcement of fibers is small 
against compressive strength, and strength is 
rather decreased due to pores included with 
fibers at preparation of specimens. The fol
lowing correlation can be given between the 
ratio of compressive strengths of the speci
mens with fibers to that without fibers and 
the amount of free CaO.

Sc ■= a - b InL .
Sc and Sm are compressive strengths of the 
specimen with and without fibers respectively; 
L is the amount of free CaO per unit weight. 
of matrix; and a and’b are constants. The 
relation between Sc/Sm and the amount of free 
CaO is shown in Fig. 5. -

(wtt)

the

Free CaO (wt*)
(a) Specimens with E-glass fiber

Fig. 5 - Relation between Sc/Sm and 
amount of free CaO.

Free CaO
(b) Specimens with Cem-FIL

Free CaO (wt*)

Free CaO (wt%)

The following results are obtained from Fig. 
5: .
1. The lower the amount of free CaO, the ' 

higher the value Sc/Sm.
2. Sc/Sm is higher in the specimens with 

Cem-FIL than that with E-glass fibers.
3. Sc/Sm is higher at short curing time ■ 

than that at long curing time.
Compressive strength can be considered to be 
a kind of shear strength. • Therefore, compres
sive strength is decreased if the effective
ness of reinforcement of fibers is decreased. 
The phenomena 1, 2 and 3 can be considered to 
be attributed to the corrosion of glass fibers, 
"packing" and "tight sticking" mentioned above.
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Bond strength in very high strength concrete
■ L adherence dans le beton a tres haute resistance

G.P. TOGNON, Chem. Eng., Italcementi S.p.A. - Laboratorio Chimico Centrale - Bergamo (Italy),
P. URSELLA, Chem. Eng., Italcementi S.p.A. - Laboratorio Chimico Centrale - Bergamo (Italy), ' 
G. COPPETTI, Chem. Eng., Italcementi S.p.A. - Laboratorio Chimico Centrale - Bergamo (Italy).

SUMMARY: The exceptional mechanical properties of autoclaved concretes (VHSC, compr. strength >150 N/mm2)are at
tributed to a strong chemical bond between cement matrix and aggregate. This bond and consequently the mechani - 
cal and elastic properties of these concretes decrease if the quartzy aggregates are substituted for others par
tially or not reactive with the hydrolysis lime of cement.
By using quartz, jasper, granite, basalt and limestone, autoclaved concretes and, as a comparison, normally cur
ed concretes were made. The carried out tests show that the ratios of the mechanical strengths of the autoclaved 
concretes to those of the corresponding normally cured ones are a function of the aggregate reactivity and, 1 n 
particular, of its quartz content. These ratios range between 1.18 for limestone and 2.29 for quartz.
The type of aggregate and the thermal treatment do not cause considerable variations in the moduli of elasticity 
of concrete, but they strongly modify the stress-strain curves. ■
The inelastic phenomena, such as the local plasticization and microcracking, appear the more intense the stronger 
the bond at the interface. Subsequent loading and unloading cycles applied to normally cured concretes give simi 
lar a - e curves, independent of the aggregate and characterized by large hysteresis areas. On the contrary the 
same cycles applied to autoclaved concretes produce a drastic reduction in these areas. This decrease appears to 
be particularly marked in the concrete containing quartz aggregates, which indicates the formation of astrongag 
gregate-cement matrix bond. ~ 
The comparison of the elastic yields (ratios of the areas under the loading and unloading curves) of the auto - 
claved concretes further confirms the importance of this bond. In fact a rapid decrease in the elastic yield oc 
curs in concretes containing not reactive aggregates for stresses over 60%, whereas this yield is nearly con
stant and very high (90%) up to failure in concretes containing quartz aggregates.

RESUME: Les caracteristiques mfecaniques exceptionnelles des batons autoclaves (VHSC, resistance ä la compres. > 
150 N/mm2) sont attributes ä la presence d'une forte liaison chimique entre matrice en ciment et agregat. Cette 
liaison, et done les caracteristiques mecaniques et elastiques des betons, diminuent en remplagant les agrtgats 
quartzeux par d'autres partiellement ou pas du tout reactifs avec la chaux d'hydrolyse du ciment.
En employant quartz, jaspe, granite, basalte et calcaire, on a prepare des betons autoclaves et, par comparaison, 
des betons durcis dans des conditions normales. Les essais effectues ont mis en evidence que les rapports entre 
les resistances mecaniques des bttons autoclaves et celles des correspondants betons non autoclaves sont fonc - 
tion de la rBactivite de 1'agregat et, en particulier, de sa teneur en quartz. Ces rapports sont compris entre 
1.18 pour le calcaire et 2.29 pour le quartz. - ■
Le type d'agregat et le traitement thermique n'entrainent pas de variations considerables des modules d'eiastici^ 
t6 du beton, mais ils modifient nettement les courbes contrainte-deformation. ,
Les ph6nomenes non elastiques, tels que la plasticisation locale et la microfissuration, se manifestent d'une in 
tensite d'autant plus basse que 1'adherence ä 1' interface est plus forte. Des cycles successifs de charge men! 
et de dBchargement applies aux betons durcis dans des conditions normales ont donne des courbes a-e pareilles, 
independantes du type d'agregat et caracterisBes par des aires d'.hysteresis larges. Au contraire les memes cy - 
des applies aux betons autoclaves ont cause une reduction drastique de ces aires. Cette reduction a et6 particu 
liBrement marquee pour le beton contenant des agrBgats quartzeux, ce qui indique la formation d'une forte liai - 
son entre agregat et matrice en ciment.
La comparaison des rendements elastiques (rapport entre les aires au-dessous des courbes de chargement et de de
chargement) des betons autoclaves a ulterieurement confirme 1‘importance de cette liaison. En effet, pour des con 
traintes super!eures ä 60% de la charge maximale dans les betons contenant des agrBgats non reactifs, il y a une 
diminution rapide du rendement alors que dans les betons contenant des agrBgats quartzeux, ce rendement est pre
sque constant et tres 61ev6 (90%) jusqu'a la rupture. .



1. INTRODUCTION
The mechanical strength and the inelastic deformation 
of concretes under load are affected by the composite 
nature of the material and particularly by the matrix 
-aggregate interface, the latter being the weakest 
point of the concrete (1)(2)(3)(4)(5).
The mechanical properties of very high strength con - 
cretes (VHSC, compr. strength >150 N/mm2)(6) and 
their elastic behaviour are not justifiable if a sub
stantial Improvement in the interface bond is not re
cognized. The strengthening of such a bond, which, ap
pears as a "weld bead" between cement matrix and silj_ 
ceous aggregate, was already pointed out in a pre - 
vious paper (7) and justified by electron microscope 
observations and microhardness measurements (8).
In order to verify the relationship between interface 
bond and elastic and mechanical properties of VHSCma
de with quartzy aggregates, the effects' caused by the 
substitution of quartz for aggregates having diffe - 
rent nature were evaluated in the present work.

2. EXPERIMENTAL
2.1 The materials used for the tests were:
a) Aggregates •
The concretes were made with five different aggrega - 
tes, all excellent for the preparation of ordinary con^ 
cretes which, owing to the different chemical composT 
tion, showed different capabilities of fixing the hy
drolysis lime of cement in autoclave. ,
Table I showsthe five aggregates together with the re
spective total and quartzy SiOg content and their me
chanical properties measured on 50 mm diam., 100 mm 
high cylindrical specimens.
The same table givestheir “reactivity" with respect to 
cement, expressed as mechanical strength of autoclav
ed specimens consisting of 55 parts of 525 Ptl cement 
and 45 parts of aggregate ground to a Blaine specific 
surface of 4500 cm2/g.

Mixing water: 26t
Curing cycle: presteaeing 16 h at 20*C 

autoclaving 10 h at 190oC

Table I: Properties of the aggregates

Aggregate
Compressive 

strength 
N/m2

Modulus of 
elasticity 

w/«™2

Poisson's 
ratio

Total 
S102 

S

Quartzy 
S102 

%
Reactivity

H/™2

Barzana quartz n.d. 72150 0.05 95.9 86.2 152.5
Jasper * n.d. 76500 0.11 85.1 54.4 109.5
Granite 226 33600 0.09 72.9 30.8 82
Limestone 174 58500 0.17 0.4 0.3 55
Basalt 334 103500 0.24 43.6 1.1 53
Cement paste - - - - - 80

The aggregates, divided into four fractions, had a max 
imum diameter of about 8 mm. •
b) Binder ■
A mixture of high strength and rapid hardening port - 
land cement (525 class) and quartz ground to the same 
fineness as the cement was used.
c) Water •
The w/b ratio was maintained rather low owing to the 
use of a superplasticizer assuring a good workability 
of the mix. , .
d) Superplasticizer
A naphthalene sulphonate formaldehyde condensate (25 

wt % solution) was used.
The concretes were made according to the proportions 
and the working modes already used (6) and summariz
ed in Tables II and III. 
Concretes cured under normal conditions (T = 20eC,R.
H. = 100%) were made as a comparison; in this case 
the binder was only cement.

TABLE II: Composition of concretes

Concretes cured 
at ZO’C, R.H.1001

Components of 
the mixture

Autoclaved 
concretes ■

Binder
55° | 500 kg/B3 525 Ptl cement 

Ground silica
2to| 610 k9/-3

1650 kg/m3

Aggregate
fract. 0-1.5 mm 20%

1.5-3 mm 35%
3-6 mm 20%
6-8 mm 25%

1550 kg/m3

2.5 wt. < of 
the binder

Superplasticizer 
naphthalene sulphonate 
formaldehyde condensate 
(25 wt.% solution)

2.5 wt. % of 
the binder

0.42 Water/binder ratio 0.35-

TABLE III: Thermal treatment

Presteaming
Low pressure steam curing 
Rate of temperature rise 
High pressure steam curing 
Rate of temperature rise

about 17 h at 20°C 
8 h at 60°C 
0.7’C/min 
24 h at 190“C 
0.7°C/min

2.2 Testing modes
The concretes were cast into prismatic moulds and.af 
ter autoclaving or a 21 day curing, they were core? 
to obtain 70 irm diam., 200 ran high cylinders. These 
leveled and ground up to a flatness allowance lower 
than 25 pm, were used to determine the- compressive 
strength, the elastic properties and the strain ene£ 
gy ratios. ' - 
The strains were measured by eight resistance strain 
gauges having a 30 inn gauge length: four of them we
re directed to the load and four were orthogonal to 
it. The detection system was a data logger arranged 
so as to give.the deformation values with a sensiti
vity of l*10 -6 or 0.1-IO-6 and the stress values with 
a sensitivity of 0.01 N/mm2.
The data were taken every 60 min up to 90t95% of the 
maximum load and afterwards every 10 sec.'The test - 
Ing machine operated at constant increase of load e
qual to 2-10-6/sec.
The strain energies were measured by using the same 
working modes, except that the transducers were in
ductive instead of resistive. The samples were sub - 
mitted to a series of 5 or 6 loading and unloading c^ 
ties; after each cycle, the load was increased by a
bout 1/5 of the maximum strength of the specimen. By 
repeating the sequence of the cycles on several spe
cimens, one per each cycle, significant differences 
in the hysteresis loop did not appear.



3. RESULTS

The values of mechanical strength are shown in Table
IV. The secant moduli of elasticity and Poisson's ra 
ties, given in Table V, were determined for stresses 
ranging between 2 and 22 N/mm2.

TABLE IV: Compressive strength (N/mm2) of normally 
cured and autoclaved concretes

(70 mm diam., 200mm high cylindrical specimens)

Concretes with 
aggregates of

Normally cured
Autoclaved28 days 60 days

Limestone 68 75 _ 88.5
Basalt 82.5 91.5 117
Granite 72.5 86.5 141.5
Jasper ■ 69.5 71.5 148
Quartz 72.5 78 179

TABLE V: Secant modulus of elasticity and Poisson's 
ratio

o
Stresses between 2 and 22 N/mm

Concretes with 
aggregates of

E(N/meZ) Poisson's ratios (u)

normally autoclaved normally 
cured

autoclaved

Limestone 38650 34540 0.270 0.235
Basalt 42050 47270 0.220 0.230
Granite . 24680 28210 0.170 0.160
Jasper 35510 39620 0.170 0.168
Quartz 37790 45050 0.171 0.137

Ina second series of tests, the samples were de - 
formed up to and beyond the maximum-load, by determin, 
ing the values of az, ez towards the load axis ano 
the circumferential strain e8 . It was possible to 
plot the ez = ez (az), eg = e9 (az) curves and those 
of the derivative variables u(a,) = 52. e AY. (oz)= 
= l=zl -2 |e0| • ez V Z
The az = o(ez) curves were Interpolated by a parabo 
la passing through the origin (for 10 or more de - 
grees of freedom, the determination index >-0.999)
(9)(10).  .
The values of the coefficients "b" and "c" of the iji 
terpolating parabolas are shown In Table VI (for ein 
N/mm2).
Table VII gives the values of the critical loads, ex
pressed as percentage of the maximum load: o*  rele - 
vant to the load at which the curve u(az) deviates 
from the rectilinear trend and a" corresponding to 
the load at which AV/V (oz) reaches the maximum va
lue.
Based on the loading and unloading o-e curves, the 
strain energy was determined by integrating the area 
under the curves themselves; the ratio of the strain 
energy during unloading to the one during loading was 
defined as "elastic yield".
Table VIII shows the values of the elastic yields for 
loads as percentage of the maximum load.
4. DISCUSSION
- The ratio of the mechanical strength of autoclaved 
concretes to the one of the corresponding concretes

TABLE VI: Coefficients b and c of the interpolating 
parabolas a= be + ceZ

Concretes with 
aggregates of b " c

Normally cured 
Limestone 0.040142X106 -6.58974X106

Basalt 0.048158 -7.76454
Granite 0.031212 -3.50825
Jasper 0.041999 -6.56471
Quartz 0.040494 -6.29148

Autoclaved 
Limestone 0.043246X106 -5.54026x106

Basalt 0.060456 -7.93733
Granite 0.034894 -1.57885
Jasper 0.041718 -1.42230
Quartz 0.051007 -2.37339

TABLE VII: Critical loads expressed as percentage of 
the maximum load

Concretes with 
aggregates of a1 % a" %

Normally cured 
Limestone 76.83 96.17
Basalt 74.02 92.19
Granite 76.51 88.77
Jasper 77.13 95.97
Quartz 72.86 94.57

Autoclaved •

Limestone 80.68 94.90
Basalt 82.87 94.78 ,
Granite 85.00 91.94

Jasper 78.69 93.97
Quartz 89.23 z97.69

normally cured for 60 days varies versus the aggrega 
te. The values of 1.18 and 1.28, obtained by usi ng 
limestone and basalt respectively, indicate that au
toclaving does not improve strengths considerably. 
On the contrary, different results are obtained with 
granite, jasper and quartz whose ratios increase to
1.64,  2.07 and 2.29.
As previously pointed out (6), it is the quartz con
tent of the aggregate that has a determining effect 
on the strength Increase. '
- The thermal treatment in autoclave does not invol- 
vd appreciable variations in the secant moduli of e
lasticity (Young's modulus): the latter increase by 
about 10-20X, except for concretes containing lime
stone. This result is in agreement with the fact that 
the modulus of elasticity of the matrix, made up of 
the finest part of the concrete, rises by about 30% 
after autoclaving.



TABLE VIII: Elastic yield versus load (in % with re
spect to the maximum strength of the sam 
Pie)

Concretes with 
aggregates of 20 40 60 80 90 100

Normally cured 
Limestone 96 90 79 65 58 45.
Basalt 93 85 77 66 58 45

Granite 82 77 70 61 54 45
Jasper 96 92 85 75 69 55
Quartz 93 86 77 67 61 50

Autoclaved 
Limestone 97 94 92 88 86 n.d.

Basalt 97 96 93 87 83 n.d.

Granite 87 87 87 84 83 n.d.
Jasper 98 97 96 94 92 n.d.

Quartz 97 97 96 94 93 n.d.

- On the contrary the stress-strain curves, determin^ 
ed up to cracking and represented by the interpolat
ing parabola, depend on both the autoclaving and the 
aggregate.
This deviation from the ideal elastic trend (recti 11^ 
near) was related, by different Authors (11)(12), to 
the formation of microcracks and local phenomena of 
plasticization.
The results of Table VI show that the values of the 
coefficient "c" for the concretes with quartz, grani_ 
te and jasper reduce, after autoclaving, by about 
one third of the corresponding values of normally cur 
ed concretes. For the concrete with calcareous and" 
basaltic aggregates, the thermal treatment does not 
involve considerable variations of "c".
By assuming that the matrix,notwithstanding the diffe^ 
rent nature of the fine part of the aggregates, can 
be considered substantially the same for all the ty
pes of concrete, the variations of "c" must be attri^ 
buted to the reaction between silica of the aggrega
tes and lime of the matrix. Therefore it must be 
thought that the inelastic phenomena, such as the lo 
cal plasticization and microcracking, proceed witE 
much lower intensity versus the applied load when 
the reaction at the interface occurs.
- By examining the values of o' and o" shown in Table 
VII, it can be noted an obvious difference between 
autoclaved and normally cured concretes as regards 
the first critical load corresponding to the beginn
ing of the microcracking indicated by the increase in 
Poisson's ratio (2)(13). On the contrary, no signifi 
cant difference is observed for the second critic a T 
load. This should lead to suppose that once cracking 
has begun, even if for higher loads, the percent load 
of the initial increase of the concrete volume (maxi 
mum value of aV/V), is about equal for autoclavedanE 
normally cured concretes.
- To catch the difference in the elastic behavi our 
of the different concretes, it is useful to repre - 
sent their a-e curves in Subsequent loading and un
loading cycles (14).Figures (la) and (lb) relevant 
to two concretes cured under normal conditions, con
taining basalt and quartz aggregates respectively. 

show substantially analogous curves. After autoclav
ing, the behaviour of the concretes themselves is m£ 
difiedi the hysteresis areas undergo a considerable 
reduction, as shown in figures (2a) and (2b); this 
decrease appears to be particularly marked in the 
quartz concrete owing to the formation of an aggrega, 
te-cement matrix bond.

FIGURE la: a-e curves in subsequent loading and un
loading cycles for normally cured concre
te containing basalt aggregate

te containing quartz aggregate

FIGURE 2a: a-e curves in.subsequent loading and un
loading cycles for autoclaved concrete coji 
taining basalt aggregate

The comparison among the behaviours is more signifi
cant if the values of the elastic yield, given in Ta 
ble VIII, are examined. All the autoclaved concretes, 
for stresses up to 50% of the applied load, have a
bout the same elastic yield; for higher stresses,the 
elastic yield is nearly constant and very high up to 
about failure in concretes containing quartzy aggre
gates (quartz and jasper), whereas a rapid decrease 
occurs in concretes with not reactive aggregates. In 



fact 90% is exceeded for stresses of 90% of the maxi 
mum load. As regards the same concretes cured unde? 
normal conditions, 90% of the elastic yield is obtai 
nedbynot exceeding 20t40% of the maximum load. ~

FIGURE 2b: a-e curves in subsequent loading and un 
. loading cycles for autoclaved concrete con

taining quartz aggregate

The foregoing is pointed out by the curves shown in 
Fig. 3 concerning the elastic yield of the concrete 
containing not reactive aggregates (basalt) and of 
the one with highly reactive aggregates (quartz).The 
difference, in the two behaviours for loads over 60% 
is an index of the increase in the load at which cra^ 
eking begins, owing to the formation of an interfa
ce bond having higher strength.

FIGURE 3: Elastic yield versus percentage of maximum 
load for autoclaved concretes containing ba_ 
salt and quartz aggregate

5. CONCLUSIONS
Since it was possible to obtain a significant gain in 
strength in a VHSC by transforming it from binary sy

stem, typical of an ordinary concrete, to an almost 
homogeneous product, the main phenomena of this con
version due to the silica-lime reaction at the inter 
face were investigated.
Actually the VHSC containing reactive aggregates show, 
when the "weld bead" has formed, only a slight devia
tion, under load from the theoretical linear trend (e 
lastic trend). Moreover the elastic yields, relate!! 
to the formation of cracks at the interface (the wea^ 
kest point of concrete), strongly increase, that i s’ 
they shift towards higher percent values of the maxi^ 
mum load.
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Some problems of the chemistry of adhesion. Cement 
hardening and the strength of cement stone

Adherence aux granulats, durcissement et resistance de la pate de ciment 
durcie

M.M. SYCHEV, Leningrad Lensoviet Technological Institute, Leningrad, U.S.S.R.,
L.B.  SVATOVSKAYA, Leningrad Institute of Railway Engineers, Leningrad, U.S.S.R.

RESUME : En prenant pour base les transferts, entre atomes, de leurs electrons peripherIques, 
on a elabore un modele chlmlque, qul permet l'etude de l'adherence du ciment aux granulats; 
11 petmet aussi d'examiner les aspects chimiques de la cohesion des pates de ciment durcies, 
et de la resistance des mortiers.

SÜ4MAHY: The role of phenomena connected with electron transfer, the chemical model, of co
hesion and adhesion contacts, are presented and the chemical aspects of cement adhesion are 
considered and the nature of cement stone strength is discussed.



So»« problems connected with the chemistry 
of cement pastes and mortars condensation in
cluding the problems ot hydration mechanism 
are dealt with. ■
Initial Hydration Stages connected with the 
Transfer of charges— electrons, protons. One 
of the stages of cementing phase formation 
is the breaking of the bonds -O-ca-O- in ce
ment minerals which are partly polarised, 
nevertheless they cannot be broken by the 
water polar molecules and are most probably 
broken by protonation (1,2). The bonds of 
-O-type are broken only in the alkali medium as a result of cam lex-format ion with OH**  
groups Increasing silicon coordination num
ber to five or six (3). The protons concen
tration Is not great in water, it is deter
mined by the degree of water dissociation. 
The authors think, however, that the supp
lier of protons in water may also be disso
ciative adsorption, i.e. the dissociation of 
water molecules on the active centres of so
lid phase surface, rhe adsorption on the ac
tive centres is accompanied by partial tran
sfer of electron density according to the 
link: active centre - adsorbed molecule. The 
process of charge transfer, therefore, may 
be influenced from outside by introducing 
corresponding substances - activators. Acti
vators may be substances with electron-donor 
or acceptor properties, these are oxidizing 
or reducing agents. Their influence will be 
felt at the stage of donor-acceptor element 
of hydration mechanism of cement minerals 
and of hardening kinetics. Experiments made 
by the authors showed (4,5) that the acti
vators introduced into cement paste In the 
amounts of U.5 — 3^ produce great effect 
upon the kinetics of hydration and hardening, 
substances containing free and easily excited electrons such as d-10 metals (cu, Zn), 
p-metals with high quantum number n (Pb), 
simple and complex slightly soluble semicon
ductors (B, Sl20, Sb2S-) i.e. electron do
nors inhibit tne hydration and hardening processes often reducing early strength (24 . 
hours) to zero. While electron acceptors 
d <i-8 metals, substances containing elements 
with high and mean oxidation degrees (inor
ganic oxidizing agents), lead to the acce
leration of hydration and to a considerable 
growth of early strength.
Physico-chemical Investigations showed that 
the inhibition of hydration and hardening 
due to substances which are electron-donors 
takes place as a result of stopping or in
hibiting the hydration of silicate cement 
component while the aluminate component is 
often hydrated in a usual manner. In the 
contact of cement minerals with an electro
lyte into which an oxidizing or reducing 
agent is Introduced the change of oxidation
reduction potential of the solution leads 
to the change of electrostatic potential in 
the interface as a result of which the In
terchange of charges may take place through 
the interface boundary - the injection of 
electrons or holes (i.e. the mineral surfa
ce will lose some of its electrons) that 
will affect the concentration of aotive

centers.
The process of deactivation in introducing 
powdered copper which loses its.electron 
according to the schedule;2 cu - 2 e = 2 cu+  (1)*
is reduced to the transfer of an electron 
onto the surface of silicate minerals pro
bably according to the system of H-bonds;

as a result of this process the proton loses 
its activity and for some time it does not 
decompose the silicate. But the electron may 
happen to reach an active centre of the si
licate and to attenuate it.
Atoms of oxygen concentrating positive charges (holes) around themselves are likely to 
be taken for active centres. The result of 
this electron effect is the retardation of 
hydration and hardening decreasing the 
amount of combined water, the absence in the 
X-ray patterns and derivatopatterns of Ca(OH) effects. Activation process should 
in this case be concerned with the Increase 
of active centres concentration due to the 
transfer of electrons from the surface of 
the clinker minerals to an acceptor and due 
to the increase of holes concentration. Be - 
sides, the acceleration of the proton trans
fer according to scheme 2 by H-bonds may al
so lead to activation. And, indeed, In the 
presence of d 2-6 metals (acceptors) and al
so of certain oxidizing agents the Increase 
of combined water amounts takes place along 
with the growth of early strength as well as 
the increase of the intensity of ca(OH)9 ef
fects. ‘
Cement Paste condensation. The reaction of 
powder and mixing liquid leads to the increa
se of 8/1 relation developing with time (selfdrying of the system), to the increase 
of solid phase surface at tneoexpence hydra
te generation up to 100-500 m/gr and to 
warming up due to hydration heat. The inter
grain condensation beside these processes is 
connected with the interaction of the.liquid 
with the surface of cementing phases and the 
filler, the Initial action of which is the 
process of netting and the formation of hyd
rogen and donor-acceptor bonds. At the early 
stages of hardening up to 50% of mater is 
bound by the surface forces according to the 
MME data which results in the structurized 
state of the greater part of the liquid for 
which quasisolid properties are characteris
tic. So, the Initial strength of the stone 
during setting is partly determined by the 
cohesion properties of water inte rlayers en
veloping solid particles . '
Continuous combination of water into hydra
tes and the inner suction (drawing off) 
lead to the reduction of water Interlayers 
among solid particles. In the outcome the 
water molecules from aqueous interlayers are 
transformed Into surface hydrate phases - 
the components of hardening structure:
\ J?



The fact that the grains may be linked by 
surface hydrates is due to bridge water mo
lecules being a liquid phase component and a 
cementing phase structural component simul
taneously, the saturated solutions of crys
talline hydrates being relative in composi
tion to their crystal structure.
Warming up of the system due to the hydrati
on heat, metastability of the amorphous hyd
ro-silicate phases, local pH change contri
bute to the proceeding of polycondensation
processes:

At
= S1-0H+0H-S1= 3- = S i-O-S i = 

ApH ' + HgO

and to the formation of strong contacts 
owing to the bonds = ai-O-S 1= playing
considerable part in forming the strength of cement stone, 50% of the strength being con
nected with the contacts of polycondensati
on nature.
Chemistry of cement Stone strength, 1'he authors showed (6,7) the existance of corre
lation between crystallochemical, energy and 
thermodynamical characteristics of the pha-t 
sea of new lormations and ehe strength of 
cement stone. Lafuma considered oement stone 
strength to be determined by hydrogen bonds. 
Calculations =>howed (8), however, that the
activation energy of bonds breaking up in 
the destruction of cement stone is 26 k.
cal/^ol®» supports vhe conception of one 
of the authors (.9) that the donor-acceptor 
bonds of the type: = Qa_ Q/H = oon-*
tribute to the strength properties as well
as the bonds lormed on the basis of poly
condensation processes (10). According to 
(11), the activation energy of bonds break
ing up in the destruction of cement stone dehydrated at 400°C (when up to 50-60% 
strength is lost) is equ al to 95 k.cal/mole 
This values is equal to the bond energy, 
which corresponds to the contacts of poly-
condensationn nature.
The experiments made by the authors (12) 
showed that the early strength of cement 
stone is connected with the amount of com- ■ 
bined water by power relation ff*  kc" » 
where n is the exponent that is greater than 1 and it may reach the values equal to 
2 or even 3. It supports the necessity to 
form at the early stages of hardening the 
phases with large quantities of crystal wa
ter of complex compound type or double 
salts (13) which are the carriers of cement 
stone early strength in quick-hardene ce
ments such as hydro-halogen-sulpho-alumina- 
te and sulpho-ferrite cements«
Chemical Aspects of Cement Stone Adhesion. 
It should bee taken into consideration in 
the analysis of chemical aspects of cement 
adhesion that the surface of the filler, 
binding agent (a binder) and cementing pha
ses are presented by oxygen, calcium, sili
con and aluminium, aluminium and silicon 
atoms appearing on the surface being hydro— 
xylable («A1 - OH = si - OH). In the harde

ning cement dispersion one may distinguish, 
the following types of contacts; a) a secti
on of a binder particle surface - a part of 
the surface of cementing phase particle (adhesion contact), b) the contact of"the sec
tions of cementing phase particle surfaces 
between themselves, ouch a contact may be 
both of cohesion character (two particles of 
hydrosilicates( and an adhesion one (hydro 
silicate particle - ca(0H)? crystal), c).a section of cementing phase^surface — a sec
tion of the filler surface (an adhesion 
contact), d) the section of a cementing pha
se particle - the surface of cementing part (a brick or a concrete one) - an adhesion 
contact. ■
The inundation of the initial adhesion con
tacts is wetting connected with the formati
on of hydrogen bonds with surface hydrogen 
atoms which occupy a great pert of the sur
face, being of larger size. Hydrogen bonds 
play a great role in forming the initial 
strength of torkret-compositions connected 
with the quasisolid properties of boundary 
water films linking solid phase particles. 
The cohesion properties of such films are 
also connected with hydrogen bonds. Adhesion 
contacts, however, are stronger because they 
are formed due too hydrogen bonds polarized 
by surface atoms. Besides, they introduce 
stronger donor-acceptor bonds into the 
strength of adhesion contacts

= Ca — O^H""

ion exchange processes play a certain part 
in forming adhesion contacts with the fil
ler surface.
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Nouvelle methode d'etude des interfaces ciment- 
granulats

New method for the study of cement-aggregate\interfaces

J. GRANDET, Professeur,
J.P. OLLIVIER, MaTtre-Assistant,
I.N.S.A.,  Departement de Genie Civil - Universite Paul Sabatier - Toulouse, France.

RESUME : Un granulat modifie dans son voisinage la cristallisation des hydrates d'une päte de ciment. On dScrit 
une technique d'Stude permettant de mettre en evidence 1'orientation de cristaux d'hydrates dans la zone proche 
du granulat.

Des enregistrements diffractonetriques X sont realises sur des sections de pätes de ciment- paralleles ä 1'inter
face päte-granulat et de plus en plus eloignees de celle-ci. L'etude est effectuee sur une zone d'environ 100 
autour des granulats. L'orientation des cristaux, notamment de Portlandite, est mesur6e ä partir des intensites 
des rales caracteristiques de differentes families de plans cristallographiques. On definit un indice d'orienta
tion independant de la puissance delivree par le tube de rayons X, ainsi que de la quantity de cristaux d'hydrates 
presents dans le volume de päte analyse.

Les diffSrentes sections de pätes etudiees sont obtenues par abrasion. Il est possible de räaliser des analyses 
sur des sections distantes entre elles d'environ 1 ym. On montre que cette technique ne modifie pas, ä 1'echelle 
des mesures effectuees, 1'organisation geometrique des hydrates dans la zone analysee. Cette mSthode permet de 
determiner la variation de 1'indice d'orientation des cristaux ä partir de 1'interface päte-granulat et de delimi
ter la zone d'influence du granulat dans la päte de ciment.

SUMMARY : The crystallisation of hydration products around aggregates is not of the same manner as occured in the 
bulk portland cement paste. The orientation of hydrated crystals in the contact zone is studied with a new method.

Different sections parallel to the cement paste-aggregate interface are observed by XED technic. These investiga
tions were done around aggregates up to 100 urn thick. The orientation of crystals. Portlandite for example, is 
measured from the intensity ratio of diffraction peak caracteristies. We defined an orientation index which is. 
independant of the power delivered by X ray tube and the quantity of hydrate crystals contained in the volume 
of analysed paste.

The different sections of studied pastes are obtained by the abrasion. The distance between two successive sec
tions is about 1 urn. We found that the geometrical arrangement of crystals in the analysed zone is not destroyed 
during the preparation of specimens. It is then possible to study the variation of the orientation index in the. 
interfacial zone and to define the influence zone of aggregate in the cement paste.



Dans un beton de ciment Portland, la päte forme autour 
des granulats une aureole de transition (1) dans la- 
quelle la cristallisation des hydrates est differente 
de celle existant dans une päte pure. Cette aureole 
est le point faible des betons car il s'agit d'une zo
ne de moindre cohesion dans laquelle se propagent les 
fissures. Plusieurs auteurs ont signals que dans cette 
zone, la Portlandite (CH) se formait en grande quantite 
relativement au reste de la päte et cristallisait en 
couches orientees, Taxe [001] etant perpendiculaire 
au support (2,3). Ce type de croissance etant Svidem- 
ment favorable ä la propagation des fissures par cli- 
vage des cristaux, nous avons mis au point une mäthode 
permettant d'etudier, suivant des plans paralleles au 
support, 1'orientation des cristaux de Portlandite 
dans la zone constituant Taureole.

La diffractometrie X sur echantilions en masse est une 
technique bien adaptee ä ce problSme car la .variation 
de Torientation des plans reticulaires d'une espece 
cristalline se traduit par une modification des inten- 
sites relatives des raies observes sur le diagramme 
de diffraction.

REALISATION DES EPROUVETTES D'ESSAIS

Il n'est pas facile d'etudier dans un bäton, la crois
sance cristalline des hydrates au voisinage d'un gra
nulat de forme quelconque ; aussi, nous avons choisi 
un module simple, constituä d'une eprouvette mixte 
granulat-päte de ciment. •

Le granulat se presente sous forme d'un cylindre de 
2 cm de diamätre (la hauteur du faisceau X etant de 
1 cm, on evite ainsi Tinfluence des parois laterales).

La päte de ciment Portland est couläq contre une sec
tion plane du granulat dont le polissage a ete effec- 
tue avec differents abrasifs jusqu'ä une granulometrie 
de 5 pm, de maniere ä obtenir un etat de surface per
mettant d'une part la localisation de 1'interface 
apres confection des eprouvettes et, d'autre part, la 
realisation dans la päte, de tranches successives de 
quelques micrometres d'epaisseur paralleles au support.

Les eprouvettes, placees dans leur moule en matiere 
plastique (0 2 cm), sont conservees dans des atmosphe
res contrölees ä 20°C + 0,2°C et sous differentes hu
mid! tes relatives. Au moment choisi pour son observa
tion, l'äprouvette est demoulee, puis rompue. Avec 
les granulats utilises (quartz, marbre, polyethylene) 
et le mode de conservation choisi, la rupture se pro- 
duit dans la päte selon un plan parallele au support 
et ä une distance tres faible de ce dernier.

Pour chaque essai, la section polie du granulat est 
Observäe au microscope optique (x 625), afin de mesu- 
rer Tepaisseur de la pellicule de päte adherente. 
On constate qu'elle est formee d'un tapis continu de 
Cristaux presentant quelques asperites. Du fait de 
celles-ci et compte tenu de la profondeur de champ du 
microscope optique, 1'incertitude sur la mesure de 
T,epaisseur de la pellicule peut ätre estimee alum. 

REALISATION DES SECTIONS DROITES SUCCESSIVES PARALLE
LES AU PLAN DE L'INTERFACE

L'etude de la variation de 1'orientation des cristaux 
de Portlandite dans la päte de ciment ä partir de la 
face de contact necessite la realisation de sections 
droites successives et paralleles au plan du granulat. 
Nous avons procede par abrasion. On peut penser a 
priori que cette technique risque de modifier Tarran- 
gement des cristaux ; nous etudierons ce probl erne 
dans la suite de ce travail. La face plane de päte de 
ciment revelSe par la rupture de TSprouvette mixte 
est polie ä sec sur un disque d'abrasif de grain 
22 pm. Le disque est place dans un recipient en ma- 
tiäre plastique de maniere ä recueillir tous les pro- 
duits d'abrasion dont la masse est ensuite mesurSe 
par double pesee au l/10eme de mg.

Pour connaltre Tepaisseur de päte enlevee , nous a
vons suppose, en premiere approximation, que la masse 
volumique des constituants de Taureole etait identi- 
que ä celle du reste de la päte. Nous avons done d§- 
terminS, par pesee hydrostatique, les masses volumi- 
ques d'ächantillons temoins couläs et conserves dans 
les mfimes conditions que les pätes des eprouvettes 
mixtes.

ENREGISTREMENTS DIFFRACTOMETRIQUES

L'orientation d'un constituant cristallin peut 8tre 
caractärisee au moyen d'un couple de raies de diffrac
tion : celles-ci doivent appartenir ä deux families 
de plans differentes, le plan d'orientation du crista! 
Studie faisant partie de Tune d'elles. En outre, il 
faut Sviter le choix de rales perturbSes par un autre 
constituant.

Ainsi, pour caracteriser Torientation des cristaux 
de Portlandite dont le plan (001) - d = 4,90 A - a 
tendance ä croltre parallelement au support (ce qui 
se verifie en faisant diffracter la pellicule adhe- 
rant sur le support), nous avons choisi la rale de 
diffraction correspondant ä ce plan, ainsi que celle 
indexee (101) -d = 2,628 Ä - qui n'est que peu per- 
turbee par la rale du silicate tricalcique situSe 
ä 2,59 A.

Les diagrarmes ont ete realises au moyen d'un gonio- 
metre equips d'un tube avec anticathode de cuivre. 
Une fois le couple de plans reticulaires choisi, nous 
avons mesure, sur Tenregistrement diffractoniätrique 
de la face etudiSe, les intensites des pics correspon
dant par rapport au fond continu et calcuie leur rap
port

•R- 
I(101J

Nous avons opere de meme, figure 1, sur le diagramme 
de poudre d'une päte de ciment Portland - E/C = 0,29 - 
ägee de 1 jour. Le rapport Ro = y°oi) trouve, est
egal ici ä 0,74, valeur donnee paries fiches ASTM 
pour ces raies de la Portlandite*.

« De meme que certains auteurs (4,5), nous avons par- 
fois constate de ISgSres variations de ce rapport. 
Toutefois, Timprecision commise en mesurant les hau
teurs de pics au lieu de leur surface nous autorise 
ä utiliser la valeur habituelle 0,74.



FIGURE 1 : Mesure de I'intensite des raies du diagramme de diffraction

DEFINITION D'UN INDICE D'ORIENTATION

Pour quantifier 1‘orientation observee sur le diagram
me, nous definissons 1'indice d'orientation :

R 
1=------------

Ro

Dans le cas des cristaux de Portlandite, 1'indice 
vaut :

1(000/1(101)

0,74

Cet indice est independant de la puissance delivree 
par le tube de rayons X, ainsi que de la quantity 
d'hydrates form6s dans le volume analyse. Il ne carac- 
te-ise pas uniquement 1'orientation des cristaux de 
la face apparente de I'eprouvette car le faisceau 
diifracte int6gre 1'orientation des cristaux situes 
en arriSre de cette face, dans la masse de 1'echantil- 
lon oü le rayonnement incident penetre. La penetration 
du faisceau suit la loi 1 = i0 exp(-p/>x) 
dans laquelle 1 est I'intensitS transmise ä travers 
l'epaisseur x d'un matöriau de masse volumique p et 
de coefficient d'absorption massique u ; io etant 
1'intensity incidente. La penetration du faisceau 
est independante, pour une longueur d'onde du fais
ceau X donnee, des conditions d'analyse.

Ainsi, nous voyons que 1'indice I ne reprSsente pas 
1'orientation des cristaux de la seule face apparen
te mais integre les orientations de tous les cristaux 
du volume analyse. Compte tenu de la loi de variation 
exponentielle, un plan intervient d'autant plus dans 
I'intensite recueillie qu'il se trouve plus proche de 
la surface apparente.

L'analyse diffractometrique, cöte support, de la pel- 
licule de ciment adherant sur le granulat apr6s rup
ture permet 6galement de d&finir un indice d'orienta
tion. Sa valeur numerique est superieure a celle ob- 
tenue par 1'analyse de la surface cöte päte de ciment 
alors que 1'orientation statistique des cristaux si
tues sur les deux faces revelees par la rupture est 
vraisemblablement la möme. En fait, les. valeurs de 
ces deux indices ne peuvent pas ötre figales car la 
mesure du premier intSgre, vers le support, une fine 
pellicule de cristaux trös Orientes, alors que dans 
la determination du second, ce sont des cristaux 
moihs Orientes, situes vers le coeur de la päte de 
ciment, qui participent ä I'intensite diffractee.

REPRESENTATION GRAPHIQUE

Apres mesures de l'epaisseur de la pellicule adherant 
sur le support,de la masse prelevee par abrasion et 
de la masse volumique de la päte, il est possible de 



sltuer la face apparente de 1'6chantillon par rapport 
au support ; soit d cette distance.

Les 1ntensit6s des rales de diffraction d'un consti- 
tuant, ainsi que la valeur I de I'indice d'orienta
tion, varient avec d. A titre d'exemple, la figure 2 
reprSsente cette evolution pour un contact quartz- 
päte de ciment (E/C = 0,29) conserve 7 mois ä 20°C 
en atmosphere saturee.

(001) 
r

(101)

dzlmm- I

H---- 1----- 1----- 1------1—
25 20 15 10 5

OEGRES0 KG Cu

(101) 
P

25 20 15 10 5

DEGRES9 KG Cu

FIGURE 2 : Evolution du diagramme de diffraction 
d'une section de la p3te avec d, distance 
au granulat

Si Ton construit, en coordonnöes semi-logarithmiques 
la courbe I = f(log d), on constate qu'elle est for- 
mBe de deux demi-droites (cf. la figure 3, relative 
au contact 6tudi6 figure 2). La forme de cette cour
be permet de dBfinir d0, limite d'orientation des 
cristaux de Portlandite dans la päte de ciment. En- 
degä de cette limite, 1'orientation des cristaux de 
Portlandite crolt lorsque Ton s'approche du granu
lat ; au-delä, eile est totalement dBsorientBe. La 
pente de la droite I = f(log d) { d < d0} est une 
autre caractBristique de ces courbes dont nous mon- 
trons par ailleurs (6) qu'elle reprBsente 1* aptitude 
du granulat ä orienter les cristaux de Portlandite 
ainsi que 1e mode de croissance de cet hydrate dans 
I'aurBole de transition.

FIGURE 3 : Variation de I'indice d'orientation I de la 
Portlandite en fonction de la distance d 
au granulat

ANALYSE DE LA METHODE D'ETUDE

Nous avons montrfi que cette mfithode permet de carac- 
tBriser les variations de 1'orientation des cristaux 
de Portlandite au voisinage d'un granulat. Afin de 
s'assurer que ce rBsultat n'Btait pas dO ä 1'abrasion 
mBcanique, nous avons effectuB des mesures analogues * 
sur un Bchantillon dont les faces successives Btaient 
obtenues par amincissement ionique. Dans 1'appareil- 
lage utilisB (EDWARDS IBMA2) 1'Bprouvette de p3te est 
bombardBesur toute sa section par 13 faisceaux d'ions. 
argon, ce qui realise un dBcapage uniforme. Avec ce 
procBdB d'amincissement trfis lent (environ 0,5p m par 
heure), 1'arrangement des cristaux n'est pas modifiB 
et les courbes d'orientation I * f(log d) sont analo
gues 3 celles obtenues par abrasion. D'autres essais 
effectufis suivant notre mBthode (7) ont, en outre.



montr6 que le polissage m6canique d'une päte pure ne 
cr6ait pas d'orientation prSfSrentlelle des cristaux 
de Portlandite.

Cette mSthode d‘etude, dont nous avons pu constater 
la fidellte, permet done de caract6riser la variation 
de Fomentation des cristaux de Portlandite dans une 
pate de ciment Portland situBe au voisinage d'un gra
nulat et de delimiter la zone d"Influence de celul-ci. 
Cette mBthode peut Bgalement 6tre utilisee pour 6tu- 
dier Torientation d'autres hydrates des Hants hy- 
drauliques dans le cas oü 11s cristallisent en quan- 
tite süffisante,les aluminates de calcium hydrates 
des ciments alumineux, par exemple. ■

BIBLIOGRAPHIE

(1) PERRIN B. (1974) "Observation en microscopie elec
tron! que des caracteres morphologiques de la liai
son päte de ciment durci-matBriaux associBs" 
These (Francais)

(2) BARNES B. 0., DIAMOND S., DOLCH W. L. (1978) 
"The contact zone between Portland .cement paste 
and glass “aggregate" surfaces". Cement and Con

, crete Research, vol. 9, 233 (Anglais)

(3) AL KHALAF M. N., PAGE C. L. (1979) "Steel-mortar
■ Interfaces : microstructural features and mode of 

failure". Cement and Concrete Research, vol. 9, 
197 (Anglais)

(4) SIERRA R. (1974) "Contribution ä 1'etude de 1'Hy
dratation des silicates calciques hydrauliques". 
Rapport de recherche n® 39, L. C. P. C. (Frangais)

(5) GRUDEMO A. (1977) "Strength-structure relation
ships of cement paste materials". C. B. I. Report
6-77  (Anglais)

(6) GRANDET J., OLLIVIER J. P. (1980) "Orientation
' des hydrates au contact des granulats". Septi&ne

• CongrBs International de la Chimie des Ciments 
Paris (Frangais) ■

(7) GALLIAS J. L. (1979) “Analyse et rBglage du fonc- 
tionnement du diffractomBtre de rayons X.,Appli
cation ä Vinfluence du polissage des Bchantilions 
en masse sur les diagrammes de diffraction".
D. E. A. de G6nie Civil - I. N. S. A. Toulouse . 
(Frangais).



Effects of interface reaction between blast furnace 
slag and cement paste on the physical properties of 

concrete
Effets de la reaction d'interface entre le iaitier de haut-fourneau et ia pate 

de ciment sur les proprietes physiques du beton

S. NAGATAKI, Dr. Associate Professor, Dept, of Civil Eng. Faculty of Eng. Tokyo, Institute of Technology 
and

M. TAKADA, Researcher, Central Research Lab., Nisso Master Builders Co., Japon.

RESUME : Dans les dernieres annees, ä cause du manque d'agregats fins de bonne quallte et de 
l'economle des ressources, on a tente d'utlllser le Iaitier granule de haut fourneau comme 
agregat fin du beton. Pourtant, selon les resultats des experiences de laboratoire, on a trou- 
ve que si le beton contenant le Iaitier de haut fourneau est garde en atmosphere seche, 11 au
ra tendance ä perdre peu a peu sa resistance, apres une perlode d'a peu pres 6 mols. De plus, 
on a trouve que, dans les memes conditions, le retrait par dessechement est plus petit que 
dans le cas ou on a employe des agregats ordinaires, tandls que la valeur du fluage est ä peu 
pres la meme. On pense que cela est du ä la reaction d'Interface entre le Iaitier de haut 
fourneau et la pate de ciment; par consequent, des recherches ont ete faites sur les substan
ces formees en surface au moyen de SEM et ERMA. Les resultats montrent que, par dessechement, 
des fissures se forment sur cette surface et les fissures determlnent largement les proprietes 
physiques du beton garde en atmosphere seche.

SUMMARY : In recent years, in view of a shortage of good quality fine aggregates and saving of 
resources, attempts have been made in the application of granular blast furnace slag as fine 
aggregate in concrete. However, according to results from experiments in the laboratory, it 
is found that if the concrete having blast furnace slag as fine aggregate were to be kept 
under dry atmosphere, then there will be a tendency for the strength to fall after the age of 
approximately 6 months. Also, it is found that under similar dry atmospheric condition, drying 
shrinkage is smaller than when ordinary fine aggregate is used but the amount of creep is 
approximately the same. The reason is assumed to be due to the interface reaction between the 
blast furnace slag and the cement paste and investigations were therefore made on the substances 
formed on the boundary surface by means of SEM and EPMA. Results indicated that upon drying, 
cracks develop on this surface and the existence of such cracks determines greatly the physical 
properties of concretes kept under dry atmosphere.



FOREWORD

In recent years, because of the shortage of 
good-quality fine aggregates brought about as 
river aggregates have become depleted, and 
with the objective of effective utilization 
of blast furnace slag being produced in ex
cessive quantity as a by-product, research 
and development for application of blast, 
furnace slag sand (hereafter abbreviated as 
slag sand) as fine aggregate for concrete 
have been actively going on in the steel 
industry to begin with and in the Japan ' 
Society of Civil Engineers, the Architectural 
Institute of Japan and the construction 
industry, and progress has been made to a 
point that a proposal for standards for using 
slag sand has been prepared based on the 
results'of these research works.

However, it was only 5 or 6 years ago that 
work was started on the applicability of slag 
sand at the various research institutions, 
and therefore, it cannot be said that confir
mation of macroscopic characters such as . 
mechanical properties and durability at long
term age of concrete using slag sand, and 
evaluation of the potential hydraulicity of 
slag sand are adequate.

In view of the above, the study reported here 
was. made on the Influence on the physical 
properties of concrete, particularly, long
term soundness, of the existence of a 
hydration.reaction layer produced through the 
potential hydraulicity of slag sand. Paren
thetically, the bond mechanism and micro 
structure at the interface between slag sand 
and cement paste were observed by scanning 
electron microscope, and the correlations 
with macroscopic properties .such as strength, 
modulus of elasticity and volume change 
properties of mortar at long-term age are 
discussed.

OUTLINE OF EXPERIMENTS •

Materials Used and Mix proportions

The cement used was ordinary portland cement, 
the results of physical tests thereof being 
as shown in Table 1. The fine aggregates 
were'the 2 varieties of slag sand (A, B) as 
shown in Table 2 and a river sand used for 
comparison purposes.

In the mix proportions of mortar used for the 
experiments, water-cement ratios were of the 
three levels of 0.40, 0.50 and 0.65, flow 
values were maintained constant at 190±5mm in 
all cases, and the fine aggregate quantities 
satisfying these conditions were obtained by 
preliminary tests. The unit contents for the 
various mix proportions are given in Table 3-

Strength Tests and Length Change Tests

The respective tests were performed on speci
mens kept under the curing conditions 
indicated in Table M. The specimen dimensions 
were 10 dia.x20cm ht. for strength tests, 10x 
10x50cm for drying shrinkage_±es±s »„.while. 

creep test specimens were uniaxially re
strained specimens of the kind shown in Fig. 
1, the cross section being 10x10cm and length 
40cm. Measurements of drying shrinkage of 
creep specimens were made following the dial 
gauge method according to JIS A 1124.

Scanning Electron Microscope (SEM) 
Examinations

SEM examination specimens were taken breaking 
specimens which had been used for length 
change tests. The sizes of specimens were 
about 0.5cm in length, 0.5cm in width and 0.3 
cm in thickness, and those specimens happen
ing to contain numerous particles of sand not 
more than 1 mm in size were selected and used 
for examinations.

Table 1. Test results of cement

SPECIFIC
GRAVITY

BLAINE
(cnfrg)

SETTING 
(h-m) FLOW 

(mm)

COMP.STRENGTH(kg/cm2)

INI. FIN. 3(day) 7 28

3.15 3,220 2-18 3-35 254 121 214 404

Table 2. Physical properties of fine 
aggregates

FINE
AGGREGATE

SPECIFIC 
GRAVITY

ABSORPTION 
(% BY WT.)

FINESS 
MODULUS

RIVER 
SAND 2.62 1.81 2.84

GRANULATED A 2.67 3.82 2.65

SLAG SAND B 2.68’ 1.05 2.55

(UNIT:kg/m3)
Table 3- Mix proportions of mortar

fine 
AGGREGATES

W/C=65% 50% 40%
w C S W C s w C S

RIVER SAND 276 425 1550 266 531 1488 264 660 1386
SLAG SAND A 295 459 1498 287 573 1420 282 706 1320
SLAG SAND B 329 506 1366 312 623 1309 304 760 1216

(Note) water-curing : 20°C 
dry-curing : 20*C, 50ZRH

Table 4. Curing conditions

Curing condition

N- 7 dry-curing for 2 years, 
after water-curing for 7 days.

N-28 dry-ouring for 2 years, 
after water-curing for 28 days.

N-91 dry-curing for 2 years, 
after water-curing for 91 days.

N water-curing for 2 years

Fig, 1. Creep „test- specimen



INTERFACE REACTION BETWEEN SLAG SAND AND 
CEMENT PASTE

Hydration Reaction of Slag Sand

Photo. 1 Is from SEM examination of slag sand 
(A) mortar continuously cured In water for 2 
years. This photomicrograph clearly shows 
that a hydration reaction layer Is produced 
between slag sand and. cement paste during 
long-time curing in water, and moreover, that 
the hydration reaction layer has grown to a 
thickness of about 3p.

Photos^ 2-4 are of slag sand (B) mortar cured 
in water for 7, 28 and 91 days, respectively, 
and then dried in air. for 2 years under the 
conditions of 20°C, 5056 RH. Since these 
were dried for a long period after curing In 
water the conditions are different from the 
result shown in Photo. 1, and these photo
micrographs show that with mortar cured In 
water for short periods (N-7, N-28), the 
hydration layer is thin (about 0.3-1.Op) and 
of porous constitution, but as the period of 
curing in water becomes long (N-91), the 
hydration reaction layer is of denser and 
thicker constitution (about 2p).

The thickness of the hydration reaction layer 
of granulated slag, according to the method 
of Kondo and Osawa1' (quantification of un
hydrated granulated slag in cement using the 
methanol salicylate method), is about 0.5p at 
the age of 7 days, but retardation of reaction 
is said to begin occurring when the thickness 
of the reaction layer becomes O.35-0.50p. 
However, the results of examination by SEM as 
shown in Photos. 2-4 appear to indicate that 
the hydration reaction layer surrounds the 
unhydrated part of slag sand along the 
interface between slag sand and cement paste 
and fills the gap with the cement paste in 
the form of gradual growth with Increased age 
of curing in water.

An example of river sand mortar is shown in 
Photo. 5 for comparison, and quite naturally, 
in spite of the outer sides of particles 
being covered by crystals of Ca(0H)2, there 
is no reaction layer to be seen at all inside 
river sand.

Influence of Drying on Hydration Reaction 
Layer

Photos. 2-4 Indicate the forms of hydration 
layers in case of drying under fairly severe 
conditions for a long period of time, but ‘as 
can be seen in Photos. 2 and 3, the hydrated, 
payers of slag sand are fairly coarse 
compared with the case of continuous curing 
in water, and along with something gap-like 
recognized, there are microcracks (about 
O.lp) existing along the interface between 
hydrated layer and cement paste.

Regarding the widths of these microcracks, 
when taking into account problems in exami
nation techniques such as that examination 
specimens were prepared breaking beam 
specimens, or that specimens were.dehydrated 

because of the high-vacuum conditions when 
making SEM examinations, it cannot be simply 
concluded that such crack widths are produced 
only due to air-drying. However, as a result 
of SEM examinations of replica films prepared 
by the single-stage replica method in order 
to differentiate from cracks produced due to 
being maintained in a condition of high 
vacuum, when curing in water was continued 
formation of cracks was not seen, but in case 
of dry-curing, .microcracks were formed along 
the interface, while with river sand mortar 
observed in a state of high-vacuum as shown 
in Photo. 5 such microcracks were not recog
nized, and so it is thought the abovementioned 
cracks were unmistakenly formed at the 
interfaces during the long-term drying 
process.

It should be noted though, that at the present 
stage it is not clear whether the cause is 
brittleness of the hydration reaction layer 
produced on slag sand due to drying, or slight 
tensile stresses produced from drying where ' 
bond between the hydration reaction layer 
and cement paste was weak. ■

Photo. 1. Slag sand(A) Photo. 2. Slag sand(B) 
N (W/C=5O56) N-7 (W/C=40!t)

Photo. 3- Slag sand(B) Photo. 4. Slag sand(BO 
N-28 (W/C=4O56) N-91 (W/C-4O5t;)



PHYSICAL PROPERTIES OF CONCRETE

Mechanical Properties

Regarding the mechanical properties of 
concrete using slag sand, as already described 
in detail in many research reports, when 
continuously molst-cured over a long perlo'd 
of time, the characteristic is for strength 
to gradually increase, and it has been 
confirmed that this strength is equal to that 
when good-quality river sand has beep used. 
However, these experimental results were 
obtained under conditions favorable to slag 
sand, in effect, in a moist state where the 
potential hydrauliclty can be readily brought 
out, whereas It has been reported that when . 
dried for a long period of time there is a 
tendency for compressive strength and static 
modulus of elasticity to be greatly inferior 
compared with concrete using river sand1' .. 
It is thought such a characteristic of the 
macroscopic properties suggests that there are 
close relationships with the microscopic and 
the- physical properties of concrete. There
fore, In this study, the properties of 
strength variations accompanying drying were 
compared by coefficient of brittleness 
considered to be the index of existence of . 
microcracks■ first: produced in concrete. .

Fig. 2 and 3 show the results of strength 
tests of mortar using the slag sands A and B 
and the river sand indicated in Table 2 by 
the relations between compressive strength 
(oc) and coefficient of brittleness (ac/at). 
Fig. 2 gives the results after curing in water 
and Fig. 3 -those after dry-curing under the 
conditions shown in Table 4. After water
curing (before drying), the strength proper
ties of slag sand mortar show a trend more or • 
less similar to those of river sand mortar. 
However, after dry-curing for 2 years (after 
drying), the coefficient of brittleness 
becomes fairly high compared with river sand 
mortar as shown In Fig. 3, and it is clearly 
indicated that reduction In tensile strength 
due to drying is especially prominent,*

Fig. 4 gives the result of measurements of# 
dynamic modulus of elasticity, also an Index 
sensitively Indicating the existence of micro
cracks in concrete, and as it clear in this 
graph it Is recognizable-that deterioration 
in quality due to drying is greater than for ■
river sand mortar.
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Fig. 3. The relations between ac and ac/at 
(after drying)
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Fig. 4. The relations between compressive- 

strength and dynamic modulus of 
. elasticity

Volume Change Properties Under Water-Curing , 
Conditions ’

The formation of hydration reaction products 
of slag sand, as confirmed by SEM examination] 
is that of growth toward the Interior 
of the particle with the original shape of thje 
particle Intact. Accordingly, if the reactloh 
were to progress continuously over a long terfn 
taking this form, it Is thought there Is no ‘ 
possibility for expansion and cräcking of 
concrete due to reaction products of slag sanjd 
or for breakage of particles accompanying ' 
progress in reaction.

Fig. 5 indicates an example of expansive - 
strain of slag sand mortar in moist conditioni- 
(20°C, in water) in relation to age cured in 
water.■ According to this graph, regarding the 
expansive strain of slag sand itortar, although 
there is a slight difference in trend compare^ 
With river sand mortar such that expansion 
appears at an early stage, it is not a 
Significant difference, and it may be said • 
that soundness is roughly equal to that of 



river sand.

Fig. 6 Indicates the creep properties 
similarly under water-curing conditions, the 
relation between specific creep and age after 
loading, when Ipadlng was done after standard 
curing for 28 days followed by continued 
curing In water. The specific creep of slag 
sand mortar is larger than that of river sand 
mortar and the difference gradually Increases 
with increased age after loading. The reason 
for this Is thought to be that slag sand 
mortar requires a higher unit paste content 
to obtain the same flow as river sand mortar, 
and compared by specific creep/unlt ctement 
content also, since the' value for slag sand 
mortar is still larger, it is thought the 
plasticity of the hydrated layer produced at 
the slag sand influences the creep properties 
of slag sand mortar.

■Fig. 5. Expansive strain of slag sand mortar 
(in water)

Fig. 6. The creep properties under water
curing conditions

yplume Change Properties Under Dry-Curing

Fig. 7 shows the volume change properties at 
drying age of 6 months In terms of the j
Relation between drying shrinkage and specific 
creep. There ,1s a tendency recognized where 
J.n spite of slag sand mortar having drying ■ 
shrinkage smaller than for river sand mortar,, 
jLts specific creep is equal or larger.

tn general, the drying shrinkage of concrete 
Using slag sand is said to be smaller than 
in the case of using river sand, and the ‘ 
pauses of this are thought to be the latent 
-tiydraullcity of slag sand, the finely-divided^ 

powder effect, and water retention. However, 
in order to comprehensively explain such ’ 
phenomena as the results in Fig. 3 and Fig.
7, in effect, that strength reduction due to 
drying is prominent, and that drying 
shrinkage Is small but specific creep is of 
about the same degree as river sand mortar. 
It was thought reasonable to consider them 
assuming that microcracks are formed In the 
Interior of slag sand mortar.

Fig. 7. The relations between drying shrinkage 
’ and specific creep

AFTERWORD

As a result of examination of the relationship 
between the microscopic form of hydration 
reaction layers produced In slag sand and the 
macroscopic properties of slag sand mortar, 
it was confirmed that the various properties 
of slag sand mortar may be aptly explained by 
the Interface reaction between slag sand and 
cement paste.

However, there are still many points remain
ing unclarified about hydration of blast 
furnace slag, and regarding also the hydration 
reaction layer produced at the surface of slag 
sand observed In the present study, the 
reaction mechanism, the process of reaction 
layer formation, and crystallization of 
hydrates are -completely unexplained. There
fore, It is necessary for further close 
Investigations to be made of the hydrate 
structure of the hydration reaction layer and 
the characteristics bf the hydrates, and their 
relationships with the macroscopic characters 
Indicated by mortar and concrete to be 
examined.
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L influence des procedes de fabrication des clinkers sur 
la resistance des ciments ä Taction des eaux sulfatees

Influence of the manufacturing processes ofclinkers on the cement 
resistance to sulphate waters action

M. NADU, Ingenieur docteur, Chercheur scientifique principal, Institut de Recherches Hydrotechniques 
(I.C.H.), Bucarest, Roumanie.

RESUMEt On presente une etude comparative de laboratoire concernant le degr£ de corrosion 
par le.ä eaux sulfatees^d^eprouvettes de moBtier confeotionnees avec plusieurs ciments.
Les clinkers des differeftts ciments : "

'-'sont caract£ris6s par diverses teneurs potentielles des principaux constituents, 
notamment C^S , A et CtiAT;

- proviennent de cimenteries equipees d•installations different entr’elles par la 
vole de fabrication (humide ou demi-seche) 'et par le regime thermique de cuisson et de 
refroidissement.
L'analyse des resultats prouve que :

la structure reelle et lä resistance des ciments ä 1'action des eaux sulfatiques 
s'avSrent parfois plus sensiblement influencees par certains paramitres de fabrication 
qtte par la composition potentielle des clinkers ;

- parmi ces paramitres, ceux qui concernent le regime de cuisson et le regime de 
refroidissement du clinker (dans la zone finale du four et dans lerefroidisseur), sont 
partiouliirement importants.

SUMMARY : A comparative laboratory investigation on the sulphate waters corrosion degree 
of mortar test is presented. The cement clinkers :

— are characterized by'various' potential contents of the main constituents ; CjS, 
A and C^AF ;

- come from cement plants equipped with installations differing by the manufacturing 
process (wet or semi-dry) and by the thermal burning and cooling conditions .

The results analysis prouves that :
-'the real structure'and the resistence of the cements to the action of sulphate 

waters are sometimes more sensitive to the influence of certain manufacturing parameters 
than to the potential phase composition of the clinkers $

- between those parameters, the clinker burning and cooling conditions in the final 
zone of the kiln and in the cooler are particularly important.



notations et abreviatlons uttllsees i 
CtA^C^S öii V' ' 8" tefieüt reelle"des const!~3 9 tuantsreapectifs ou du verre
CXA, C,S on V iteneur calculee pour le clin- ker“trempe A jartir de 145oADahl/ly)
O,A, BTaF, ÖxS, C-S i teneur potentielle en 9 s C3A5etc 2
CPA: ciment Portland artificiel
A ; C^AF + CjA ou C^AE*
A' i C^AF + gCjA ou C^ÄF + 2C^I

EjJ^et T : symboles pour les cioenterlers 
E,T,,X,Y,Zt symboles pour les fours et pour 

les ensembles d •echäntillons des 
olinkers(ou des-einents obtenus 
d’eux)

Kni coefficient de stabil!te,apr£s n mois 
de Conservation des eprouvettes dand la solution agressive,calcul8. 
par la relation :
K - —22. 0£t R (et R )n*  R nsK ney. ne # ■
sont les resistances moyennes des 
eprouvettes oonservees en solution 
agressive (et .en eau)

KnE ou KnX eto,$ ^n P°ur ^es clients 
de l'ensemble B (ou X) etc.

in.s.: "migration selective" ou deshömo^8- 
neisation de la p^ase liquide du 
clinker

M : intens!te presomptive de la m.s.
Mp ou IL- etc,: M moyenne pour les ciments ■*"  de Üensemble E (ou X) etc.
Qar. ; consommation sp8ciflque de combustible 

du four (Kcal/Kg clinker)
R : Vitesse presomptive de refroidissement 

du clinker
Rf: R & la zone aval du four
Rfj ou RfT etc.: Rf moyenne pour les clin

kers de l’ensemble B ou X etc.
R : R ou refroidisseur
RrB*  ou RfX 1 moXenne Pour les clinkers 

de l'ensemble E (ou X) etc.
Introduction ' 
Daas 168 laboratoires de l'ICH de Bncarest 
on utilise depuis 2o ans ufte methode directe 
propos8e par Kind/2/f pour determiner la 
resistance des ciments & 1'action des eaux 
sülfatees. Normalisee en RöumanietBur la 
base des avantages qu'elle presente /3a/, 
cette methode consists■. ä suivre le oompor— 
tement en solution agressive de petites 
gprouvettes prismatiques de mortier. Le 
critere quantitatif pour 1'appreciation de 
1'agressivitS d'une solution sur le ciment

situations par- 
procedes de. fa
ta resistance

donne, est exprime par la valeur Kn. Des 
differences de o,l sur les de deux 
ciments compares s'avdrent signifieative— 
me nt differentes de.zero,si le mode op4ra- 
toire normalise (standard roumain STAS '2633
74) est soigneusement suivi.l'eau agressive 
utilises pour les recherches presentees, 
o'est une solution satur£e de CaSO^.äHgO, 
done pas trop riche en ions SOq“(15oo mg/dm^.. 
proche des eaux seleniteuses naturelies. 
Les exigences des normes pour les CPA re
sistants aux eaux sulfatees contiennent des 
restrictions pour les terieurs potentielles 
des phases du clinker.il s'agit des restric
tions pour les phases alumlnoferritiques 
qui peuvent Stre conques biunivoquement 
s'il s'agit d'A, de C^A, de C^AF, de A ou 
de A? sur un graphique Paf(A) et des restric
tions pour les silicates.On peat remarquer . 
que les exigences valables en divers pays 
different,souvent,moins au fond qu'au moda- 
lites formmelles de symboliser les restric
tions (Fig.l).Le support scientifique prin
cipal de ces normes,e'est le comportement 
specifique aux sulfatea des ciments A cons- 
tituants purs, bien que maintes traväux 
expLiquent que ces ciments sont exempts de 
la presence des constituants mineurs,des 
solutions solides et des particulalites 
structurelles des clinkers industriels: 
1'hydratation des ciments industrials riches 
eh CqAF^ conduisent A des solutions solides 
resistants aux eaux sulfatiques(Cirilli et 
Malquori): cf.A Carlson, la formation des . 
hydrogranates stables A ces eaux est 
possible A des temperatures usuelles etc. 
(cf,r8f./3b/. ’
On va" exe mplifter pour des 
ticuliAres,!'influence des 
brication deS clinkers sur 
sulfatique des ciments.
Proo8d8s de fabricaklun laleurs 
La'plupärfdes CimehtS 8tUdi<S Sont prepa
res par mouture de laboratoire.en condition^ 
comparables de clinkers Industriels' dont le 
tableau 1 precise bri6vement les procedes d«f 
fabrication.il faut exdepter one serie de



Points mot feibtes :
M-{A-22]n[^A-3}
L-{A.$}n[CaA-3j
K-^-z^n^A-sj _

H^.A.jn{A-5jn[C1A*0j

Pays Standard '
Conditions techniques

ttwr te$phoeses quiContiennenfAetF 
^fomane admissible $ur fediagranvne) Pour tea siUcotes

Poumanie S1ÄS10H-TB 0BM6
PDA TGLmw-62 OßKH —
PFA D)N116*-18 OBLH —
UPSS 6087ia266-HS 00N6 ^<.50%
USA «STMeeo-a* ODtE

Ahi'eviafiöns utilises:

rigore It JExlgenoes des neraes peur lea CPA rSsistaats aux eaax sulfatiee 1 "5^1 0

Ciaen- 
terle

Pour et 
refrel- 
dlsseur

Hombre 
d’Aohan- 
tlllons

Type de clinker ProcAdA de fabrication des 
clinkers analysAes

. ^sp 
Keal/Kg

B B 18 Ferre- 
portland 
A/P<1,38

Vole demi-sAcbe, four kIiepol", 
03.2 x 32m,refroldlsaeur retatlf leee

" 1p 1 p 2e Vele humide, four 03 x tiöa, 
refroldlsaeur planAtalre zw 1600

T X 2
Pertland
A/P-2,16

Vele humide, four 02.7 x 2.9 x 5*a,  " 
refreidiaseur rotatif 'v 2eee

T "X 2 Vole humide, fear 03 x 88a, 
refreidiaseur planAtalre . rv 16ee

T z ■ 2 Vele humide, four 04 x 3»6 x 15ea, refreldlaaeur A grille ' ~135o

15 oiaeats aluaineferritlq.ues (ferrepert- 
land) <i<i previenaent de ceapeaanta pars 
•jmtetisAs et meulus ea laberateire par 
Velloa /4/ et deat le tableaa II priaeate 
la oeapeaitien et lea valeura K*.  D'aatrea 
deaaAea r^aalteati

- da tableau III,eu l*ea  oeapare la ya- 
riatlea de aeapealtioa et I’iacldenoe de 
oette varlatlea aur lea K^.peur treis enaee- 
blea de oiaeat ferrepertlaadi ceax a censti- 
tuaata purs et aeux preveaas dee 18 olin
kers B et des 2e ollakera P |

' - du tableaa IV peur exeaplifier I*Isol 
de aae de la diffireaolatlea des eeapeaitieas 
peteatlelles et rieles aur et aur X^1 

i - da tableau V peur la oeapeaitien poten
tielles et les des 6 CPA aeraals X,T et 
Z. La aianltaaditi de ohaqae Aohaatllleaage 
;a <t*  aaaarde.
A aeter qaet (1) les deaaAes experiaeatales 
des tableaux II,III et IV seat oeaplAaen- 
talrea a oellee d’aae oeaaualoatlen aatA-

rieure /3b/i (1,1) herals les echaatlllens 
du four X qul contäuneat de la chaux llbre 
(a-i,8 %),la prAseace du C llbre a'a pas 
AtA sigaalAe*

lehan- 
tlllea

TAHT.mn ii
Teaeur "®2®"

18 
24

TF

25
6
28 
s 
T5 
2e 
25 
3»
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TABLEAU III
Caracteristiques 

analysees (
(notations usuelles) 1 

d

Echantillons de c i m e n t .
15), fabriquess en 
aboratoire ä partir 
e constituents purs

(18),des clinkers 
produits par la 
cimenterie E

(2o),des clinkers 
produits par la 
cimenterie P’

VariatioxtsdeS teneors des principaux Constituante :

% C-,S 
D

teneurs reelles 
35 et 5o

teneurs
29 ... 56

_potentielles
49...65

%- C3A' 1,A et 8 1 ... 6 o... 9

-% 'C^AJ? 12...29 16...24 12...21

(CqAE » 2C5A) 16...37 23...28 22...33

Incidences sur Les yaleurs'K„
e significativeHausse % OyAP pour memes 

% 0^8 et " % C3A
Baisse' jüsqu *6,  
Kg = °

Pas d’influenc

Hausse-Ä oLs pour memes 
% C3A et C^AP

Baisse jusqu'ä 
K6 £ 0,54 • ' Pas d'influence significative

Hausse'% CXA pour SSmes 
CjS et? % C^AF

- Baisse jusqa?A
Kg e 0

Baisse jusqu’A 
' ^2 = 0

Baisse'jusqu'A'K-2=: 
= 0,9 (et exceptio- 
aellement pour 
C,A > 7 jusqu'ä 
3 ^2= 0,75)

Ec
ha

n-
 

ti
ll

on
 n

c

Ci
me

nt
e

ri
e ■ ^75/ ' C.o n s t i„.t u t i o n Interpretation des 

resultats
(Ob a nett les implies- 

tie ns par —)

Potentielle ‘Oalculee*'' . ReeleAAV

cxs D
c2ä 5 CtS —5— S2s V C,S 5 V CZA 3

75^

76

89 .

74

y i 

p.

0,87 "T3" ~2T 3,6 iy,3 ^29" "^7 ^T" ?> Ö773 1 caa^'STÄ 1 1 11
1 1 1

o;88 55 21 3.9 ib;7 47 2o 31 56 v5 3,5 o,7o ‘ O^LJ^ 

. lC,S=CiS<CZi "I~*i  ö A *~* i A 
i 3 -3- 3 | iS*  lx | | _

hv~ STÄ+cTÄFiVi i A Ji i i
1 5 • 1 Ifa * 1 IM
„ C3A«B^Ä ! ,

-o;9c 61 .16 3.7 16,'o 54 15 27 55 v22 0 lio2

1J26 5ö 26 7.0 13,0 46 23 47 v2o. <1 l,o8

xjD'aprds Dahl xx)Resultee d‘observations microsoopiques

Oimen— 
terie

Sour Composition, 
potentielle

Premier echantillonaRe -
T X

C5S=6o CjA-13

C2ß«a9 04ap=6

5^2=0,47

I I'' 1^2=0,67
-T- 2' K12=o,69

Deuxidme echantillonage '
T" X

05S«62 CjA-13

:c2s=a7 o4ap=6

Kq - 0
T - ' T Kq = 0,3

- Z' ^2=0,78

Analyse des fesultats
LeS preSomptlöns baSSes sur les paramdtres 
technologiques du tableau 1 et les donnees 
experimentales sent comparees au tableau VI 
Pour le mieux comprendre s^avdre utile un 
court rappel de quelques publications te
nant de la technologic ohimique de la fabri 
cation des clinkers.
Theorie de la m.s.D’aprSs Ti|eiu qui a 

etudi^i le phenonäne, 11 s?agit d'une mi
gration de la phase liquide, du noyau vers 
la p£riph£rie du granule; eile est selec
tive par ce que M est plus Intense pour 
P et C que pour A et S,Implications; 11 



y a plus de C,A ä l'interieur qu'ä la Peri
pherie, d’ou I’on volt I'effet negatif de 
la- in. s. sur la resistance sulfatique des 
ciments. Titeiu a remarquS aussi que M 
est en haussei (i) pour les crus qui de- 
veloppent une phase liquide abondante et 
fluidej (1,1) au cas d'une flamme ferme . 
(d’une zone courte de <.iinkerisation)/5/, 
A partir du tableau I on peut presumer se— 
Ion le critere (1,1) les inegalites 1 et 
(tableau VI),

Sur le refroidissement du clinker, Il y 
a deux etapes ou Hinfluence la struc- 
ture-et-les.proprietes des clinkers, 
notamment les Kn: (i) pendant la soli
dification de la phase liquide, (i,i)apr8s 
solidification par transformations poly
morphes des silicates.
L'etape Li) a lieu dans la zone aval da 
four et (s'il y a encore de phase liquide 
dans les granules sortis du four),dans le 
refroidisseur. h propos de 1'influence de 
R(soit R ou/et Rf) sur les K ,on admet: 
(j) qu’aS fur et a mesure d'une hausse de 
R, la teneur en C,A devient plus petite 
que'celle de C,A au compte des alumina
tes de basicite reduite, des solutions 
solides ou du verre; (jj) que le C,A est 
plus sensible aux sulfates que lea^autres 
formes des aluminates de calcium;(jjj) que, 
finalement une hausse de R implique une 
hausse des K- Comme on verra, cette 
theorie resta valable, meme pour les ci
ments pauvres en C,A (& rapport A/F<1,58) 
bien qu'il est vrai que pour .des tels clin
kers, la trempe^ rapide conduit ä moins de
C.S  que le 6,S, ä une mauvaise cristalisa- 
tfon de 1'alite et done a des ciments A 
proprietes techniques generales moins 
favorables /6-}o/e

"Tableau vT
No- Presomptions basee sur les 

paramAtres technologiques
, Conclusion 
des essais

1 - ~^nE KnP' Cf.tableau
IV et /3b/;

KnE<KnF’
2 BfE<* RfI‘,-*' KnE ^nP*

3 BrE^'BrF'^*" KnE KnF

4 M!C> Mr> KnZ Cf.tableau"

Vi

KnX^KnI^KnZ

5 BfX>BfX>HfirKnX> XnY KnZ

6 RrX<BrY<Br^'KnX<' Knl KnZ

Interpretatieni XxceptA les inegalltAs 5, 
les prAsemptiens basees sur les parametres 
technologiques concordent aux conclusions 
des essais.

Au point de vue des paramdtres thermiques 
des installations du tableau I,on peqt 
admetre • theoriquement t •
- que R^ depend essentiellement du debit- 
d'air eecondaire, done pour un mAme exces 
d’air on aura une fonction croissants R^ » 
fC^Sp)« cette implication s’av^re prati- 
quement importante on peut preSumer les 
inegalites 2 et 5 (tableau VI). S'il y a 
encore de phase liquide dans le clinker 
sort! du four, des inegalites analogues 
sur les Rr so nt egaleinent possibles $
— que pouir des raisons thermiques (trans-
fert de chaleur, etancheite de joints four- 
refroidisseur), les Rr baiasent en ordre 
suivant des types de refroidisseur : A 
grille, planetaire, rotatif /ll/. On peut 
done presumer valables les inegalites 3 et 
6 (tableau VI). "
1'etape (i.i) a lieu generalement au 
refroidisseur. Lee phases solidifiees su- 
bissent au cas des petites R lea transfor
mations: C, S-»*̂C„S  + C A 125o°C et 
pC-S-^-VC'S A. 6^oOC...La derniAre( accom— 
pagnee par* 1 pulverisation) ne s'est pas 
produit pour aucun des clinkers-etudies, 
§uant A la premiAre (si eile n'est pas 
evitee par une hausse de R quand le C,S 
reste en Atat de surfusioh), on peut 5 
1'identifier par la presence de la chaux 
litre, dont 1'influence negative sur les 
Kn est connue /6,7/ ■
C'est une nouvelle raison de considerer 
valable 1'inegalite 6 (tableau VI). " .
L'examen de resultats conduit aux remarques; 
suivantes : 1 
a) Les exigences des normes pour les CPA 
sulfatoresistants sont justifiAes par les 
recherchea presentees;
- totaleme nt au cas des essais sur const!- 
tuants purs'; les valeurs KQ baissent sen- 
siblement (jusqu'A zero) si la composition 
des clinkesA C^A^-0 est en dehors des 
Unites de la figure 1. Les rAsultats du 
tableau II concordent tant aux normes 
qu'aux conclusions des travaux classiques;
- en moindre mesure et seulement par rapport •
au’C^A au cas de6'6ssais sur clinkers indusr- 
triels.Les autres caracteristiques n’inflnsa- 
cent pas significativement les KQ, mAme ! 
s’ils sonten dehors des exigences normal!*
sAds.(tableaux III,IV et /3b/), 



b) II y a des diffirences essentielles de 
sensibilite aux sulfates des clinkers ferro.-, 
portland produits par les cimenteries E et

Du A un cumul de causes,les valeurs KQ 
s'av^rent plus grandes et meins influencees 
par les variations de compos!tion(notamment 
pour le C^A) pour les eiments de la serie 
par rapport a ceux de la s^rie E.Les inci
dences du specifique du cru(structure,teneur 
en alcalis etc),de la faqon dont chaque ci- 
menterie et chaque cuisseur conduit le pro
cessus, ainsi que dlautree facteurs.sont evi- 
demment possibles,Mais toute une serie d 'ex
plications, liees aux caracteristiques des 
precedes de fabrication des clinkers,&apa- 
bles d'impliquer des differenciations du 
traxtement thermique de cüisson et de re— 
froidissement,restent irrefutables• 
c^'incidence des paramStres technologiques 
sur les Kn des CPA provenus des clinkers 
(produits par les fours X,Y et Z) de la ci- 
menterie T est evidente.Lea different 
sensible ment des et earsentiellement des 
K^, malgre que les compositions potentiel
les des clinkers X,Y et Z sent les memes. 
Des clinkers egalement riches en O^A peuvent 
donduire A des CPA trAs sensibles aux sul
fates (potir les echantillons X),mais aussi 
A des CPA de resistance sulfatique relative
merit elevee (pour les echantillons Z).
d) Pour les cimenteries E et F',toutes les 
previsions basees sur les paramAtres teebno- 
logiques envisages(valeurs et B^) pa- 

• raissent expliquer,en mSme sens,les valeurs 
differentes pour les Kn(les inegalltAs 1,2 
et 3 du tableau VI).Mais,pour la cimenterie 
I,seals les paramA tres M et oonduisent A 
des previsions similaires aux conclusions ‘ 
des essais(les inAgalites 4 et 6).Quant aux 
valeurs prAsumAes' pour e1  Rfg»l ine-* *
galite 5 conduit A une fausse prAvision.Pour 
le ca8 deB fours de la cimenterie T,les im- 
plieationd sur la resistance sulfatique de 
la relation Rf"f(QSp),(implications assea 
desobligeantes"pour les actuals efforts 
d'Aconomie de combustible)se prouvent 
exemptes d'importance pratique.

Conclusions
Le trattement thArmique dans la fabrication 
du clinker (c'est-A-dire le carectere du - 
chauffage et la Vitesse de refroidissement), 
peut affecter,plus qu'on puisse croire, 
favorablement ou defavorablement,la resis
tance aux sulfates du ciment obtenu. ' .
Les chemins d'obtenir des CPA resistants aux 
eaux sulfatAeS, doivent etre cherches,non 
seulement A partir de la composition et de 
la reactivitA des crus,de la qualite de di- 
riger le processus de ouisson.etc. ' 
Il y a des cimenterie qui,en fonction de la 
conception des installations thermiques dis
ponibles ,peuvent realiser du ciment A resis
tance sulfatique satisfaisante.A partir de 
crus de composition normale.Les examples 
donnes prouvent I'oportunite d'une etude sys- 
tematique de 1'influence des divers types de 
fours,de refroidlsseurs et de procedes de 
fabrication sur la resistance sulfatique des 
clments, "
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Effect of Chloride penetration on the properties of 
hardened cement pastes . .

Effet de la penetration des chlorures sur les proprietes des pates de ciment 
durcies

H.G.  MIDGLEY and J.M. ILLSTON, Division of Civil Engineering, The Hatfield Polytechnic, Hatfield, Herts,
U.K.

RESUME : Les effets des Ions de chlorures ayant penetre dans la pate durcle du ciment ont ete 
etudies.par DIG, QXRD, analyse chimlque et la porosimetrie. On en a deduit que plus la propor
tion de E/C est elevee, plus la penetration des Ions de chlorure est profonde; la concentration 
en ions Cl suit une lol determlnee, en fonction de la profondeur de la penetration. Les chlo- 
rures reagissent avec les aluminates de chaux du ciment pour former un chloro-alumlnate comple
Xe i.Es" CaCl^ 12 H-0. Tout le chlorure present n'est pas fixe dans ce complexe; une partle res
te llbfe. La quantite de chlorure fixe ne depend pas de la teneur en C,A du clinker, puls des 
hydrates des aluminates de chaux coexistent avec le chloro-alumlnate. La penetration du chlore 
altere les pores; plus la concentration en chlorures est elevee et plus petlts sont les pores 
attaques.

SHMMÄHY: The effects of chloride ions penetrating hardened cement pastes (hep) have been investigated by 
DTG, QXRD, chemical analysis and mercury intrusion poroslmetry. It has. been found that the hitler the 
w/c ratio- the greater the penetration of chloride ions; the concentration with depth of penetration follows 
a power relationship. Chloride reacts with the calcium aluminates in the cement to form the complex 
chloroaluminate C_A CaCl- I^O. Not all the chloride present is bound up in the mineral some is left as 
free chloride. ^The quantity of bound chloride found does not depend on the amount of C_A in the 
unhydrated cement since calcium aluminate hydrates occur in the hep with the chloroaluminate. Chloride 
penetration alters the pores in the hep, the greater the chloride concentration the smaller the 
pores formed at the expense of the slightly larger ones.



nmiaDucTiONs ,

Chloride ions present for example in sea water can 
penetrate hardened cement pastes (hep) with either 
deleterious effects due to reaction with the 
calcium aluminates in the cement, or beneficial, 
effects due to changes in the form of hydration of 
calcium silicates.

To investigate these effects hep's of 0.2J, 0.47 
and 0.71 w/c ratio using an ordinary Portland 
cement were prepared as cylinders 70™n> hi^i x 
25mm diem. They were moist cured for 24 hours; 
demoulded and placed in water at 20°C for 1 month. 
The cylinders were then protected on the long side 
and at one end by tightly fitting rubber sheaths. 
The protected cylinders were placed in 5 conditions, 
maintained at 20°C;
(a) Water(w)(Ca(0H)2 solution produced by keeping 

hep in the .water).
(b) Sodium chloride solution JOg/litre (s) 

(equivalent to sea water concentration) and 
sodium chloride solution 150g/Litre (5s) 
(equivalent to 5 x sea water concentration).

After 6 months the cylinders were removed from the 
solutions, demoulded from the sheaths and split 
into 5 equal mini cylinders. Each mini cylinder 
was examined by the following techniques: 
Derivative Thermogravimetry (DTG);
Semi isothermal Derivative Thermogravimetry (SiDTG); 
Quantitative X-ray diffraction (QXBD);
chemical analysis for chlorides and pore size 
distribution and porosity by mercury intrusion 
porosimetry.

RESULTS

The total chloride penetration was found to obey 
a power relationship, Table 1, where it can be seen 
that there was only a slight penetration in the 
specimens made with a w/o ratio of 0.23; the 
values of chloride as wt% were for the top 14mm 
0.26 for s and O.46 for 5s. For the 0-47 w/c ratio 
specimen there was more penetration to a greater 
degree; the wt% chloride for s was 0.55 and for 
5s 0.90. The 0.71 w/c ratio specimens had about 
the same depth of penetration but there was a 
greater concentration at the top 1.12% for s and 
2.43 % for 5s conditions; roughly twice for the 
higher w/o ratio.

The chloride ions which penetrate the hep may 
react with the calcitun aluminates to form the 
complex calcium chloroaluminate SCaO.AlgO-.CaClj. 12^0; or react with the calcium silicates to 
form complex chloride bearing calcium silicate 
hydrates (C-S-H); or they may remain as free 
chloride ions in the fine capillaries.

Table 1

Penetration of chloride ions into hep at 6 months.
c = kd m
c = concentration of chloride ion wt%
d = distance into hep in mm
k = constant reflecting depths of penetration
m = slope of relationship mo = k + m.ln d
r = correlation coefficient of linear regression.

Mark k £ 22

Chloride wt% in
bottom 
14mm

top 
14Tnm

0.23/s 17.3 -0.08 0.82 0.00 0.26
0.23/5S 22.4 -0.10 0.73 0.00 0.46

0.47/s 27.6 -0.68" 0.99 0.03 0.55
0. 47/5s 27.6 -O.42 0.85 0.02 0.90

0.71/s 27.6 -O.-75 0.85 0.10 1.13
0.71/58 27.6 -0.65 0.83 0.14 2.43

QXRD determination of the calcium chloroaluminate 
hydrate shows that there is a considerable 
proportion of the chloride ions not locked up the 
crystalline salt but must be present in the C-S-H. 
or as free ions.

The general mineralogy of the hep as determined by 
DTG, SiDTG and QXHD shows that chloride 
penetration into the hep has little effect on the 
quantities of calcium aluminate hydrates; the 
calcium sulphoaluminate hydrates or calcium 
hydroxide present. The chloroaluminate hydrate 
does not appear to be formed at the expense of the 
other calcitun aluminate hydrates and so must be 
formed by reaction with the anhydrous aluminates 
in the unhydrated cement present.

Ho detectable increase in the quantity of C-S-H 
with chloride penetration was found for specimens 
made with w/c ratios of 0.23 and 0.47; bdt with 
the hep of w/c ratio 0.71 a detectable increase 
in C-S-H was found for the specimen stored in 
sodium chloride solutions.

The results of the porosity and pore size 
distribution as measured by mercury intrusion 
porosimetry are given in Table 2. From thia data 
it can be seen that specimens made with a w/c 
ratio of 0.23 have a large maxima of pores at 
56OA pore radius with smaller maxima.



Table 2
3 z 3 zPorosity cm /g; Pore volume cm /g; at selected, pore radii for hop.

Pore value at - X

Marie Porosity 560 400 335 270 230

0.23/w 0.058 0.0029 0.0168 0.0087 0.0049 0.0027
0.23/s 0.058 0.0025 0.0167 0.0101 0.0056 0.0035
O.23/5S 0.058 0.0005 0.0035 0.0119 0.0124 0.0030

0.47/w 0.122 0.0671 0.0147 0.0098 0.0136 0.0109
0.47/s 0.146 0.0006 0.0043 0.0195 0.0176 0.0122

' O.47/5S 0.132 0.0000 0.0032 0.0156 0.0136 0.0130

0.71/w 0.265 0.0098 0.0261 0.0185 0.0243 0.0191
0.71/s 0.278 0.0201 0.0329 0.0193 0.0249 0.0215
0.71/58 0.221 0.0037 0.0221 0.0281 0.0233 0.0162

at 400 and 355^ pore radii. With exposure to 
NaCl solutions (l50g/l) the largest'maxima 
shifts to 4Oo2 pore radius, and there is an 
increase in the pore volumes at 335 and 270X 
pore radii.
For the hep made with a w/c ratio of 0.47 the pore 
volumes at 56O and 4001 pore radii are rou^ily 
equal in water storage; with exposure to sodium 
chloride solutions the absolute pore volume at 5608 decreases, as does that at 4008 but to a 
small degree while the pore volume of pores of 
radii 335 and 2708 increase.

With hep made with a w/o ratio of 0.71 the 
pore volume of pores of 4OOA pore radius reduce 
in the presence of chloride ions, pore volume 
of pores of 3358 radius increases sli^itly, but 
no change in the pore volume of pores of 22o8 
radius could be detected.

GENERAL CONCLUSIONS
(1) Chloride ions penetrate hop, the greater the 

w/c ratio the greater the amount of penetration

(2) At the highest w/c ratio used, (0.71), more 
C-S-H is produced in the presence of sodium 
chloride.

(3) Chloride ions react with the calcium 
aluminate (3CaO.A12O_) of the unhydrated 
cement to form 3
3CaO.AlgO^.CaClg.12H20, 
but not all chloride ions present so react.

(4) Chloride ion penetration into hep alters 
the pore size distribution, the greater 
the chloride present the smaller the 
pores formed.



' Resistance du beton aux attaques physico-chimiques
Resistance of concrete to physico-chemical attack

M. REGOURD, H. HORNAIN, P. LEVY, B. MORTUREUX, C.E.R.I.L.H., France

RESUME
La resistance du beton aux attaques physico-chimiques depend d'un grand nombre de parametres dont certains . 

ont 6te consideres separement : composition chimique et mineralogique du ciment (teneur en CgA, nature de la 
phase ferritique, teneur en laitier et en pouzzolanes), composition du beton (nature mineralogique des granulats), 
milieu de conservation (eau de mer artificielle, mer Mediterraneet Ocean Atlantique, solutions de MgSOi^), trai— 
tement pr6alable (carbonatation).

Les mecanismes de degradations oht ete relies ä lfevolution de la microstructure du materiau , ä 1'aide du 
microscope electronique ä balayage (NEB), de la microsonde electronique de Castaing, de la diffraction des rayonsX 
(DKX). Les examens ont et6 completes par des mesures de gonflement et de resistances mecaniques.

SUMMARY
The resistance of concrete to physico-chemical attack depends on a large number of parameters of which certain 

were considered separately : the chemical and mineralogical composition of the cement (CgA content, nature of the 
ferrite phase, slag and pozzoläna content), composition of the concrete (mineralogic nature of the aggregates), , 
area of conservation (artificial sea water, Mediterranean Sea, Atlantic Ocean, MgSOtf solutions), pre-treatment 
(carbonation).

The degradation mechanism has been related to the evolution of the microstructure of the material by means 
of Scanning Electron Microscope, Electron Probe Microanalysis and X-ray Diffraction. The examinations were comple
ted by measurements of swelling and mechanical resistances. ‘



Bien compose et correctement mis en oeuvre , le 
beton est genSralement stable vis-ä-vis des agents 
agressifs courants. Toutefois, tous les facteurs con- 
ditionnant la perennite d'un ouvrage en beton n'etant 
pas toujours maitrises, il importe de prendre un cer
tain nombre de precautions destinees ä prevenir les 
degradations ulterieures. Le mecanisme de ces degrada
tions fait intervenir de nombreux parametres en rela
tion avec les caracteristiques du ciment et du beton, 
la nature de l'agent agressif, les conditions d'expo
sition. Nous considererons ici quelques uns des fac
teurs qui conditionnent la resistance chimique du 
ciment vis-ä-vis des sulfates et de l'eau de mer, et 
dans le cas de la reaction alcalis-granulats.
1. RESISTANCE CHIMIQUE DES PIMENTS VIS-A-VIS DES 

SULFATES ET DE L'EAU DE MER
1.1 Mecanisme d'attaque

Deux phenomenes physico-chimiques principaux 
entrent en jeu :
- (1) Expansion et fissuration par formation tres loca-
lisee d'ettringite. Les contraintes sont dues ä une 
ettringite "naissante" mal cristallisee (fig. 1). Les 
"cristaux bien forpi6s n*apparaissent qu'apres fissura
tion quand ils disposent de l’espace n6cessaire ä leur 
croissance. ' .
- (2) Dissolution de Ca(0H)2 et des C?SH  qui devien- 
nent plus poreux (fig. 2).,

*

Selon P.K. MEHTA, le gonflement de l'ettringite serait 
du ä une adsorption d'eau [1,2).

En eau de mer, la cristallisation de chloro
aluminates C3A.CaC12.10H20 ralentit l'attaque du ciment. 
Dans les solutions contenant des ions Mg2+ (eaude mer, 
MgSOu), l'echange Mg2+ * Ca2+ conduit ä la formation 
de Mg(0H)2 et de C-S-H oü la chaux peut etre remplacee

progressivement par le magnesium pour donner des 
(C,M)-S-H ainsi que le montre 1* analyse des silicates 
hydrates de la zone superficielle d'une eprouvette de 
pate pure de CPA ayant sejoume 3 mois en eau de mer 
(tableau I). ■

Tableau I - Analyse ä la microsonde de Castaing des 
C-S-H dans un CPA conserve 3 mois en eau de mer.

Zone superficielle Zone interne
CaO 18,2 37,5
Si02 • 29,2 27,1
MgO 22,4 0,7
AI2O3 2.3 2,8
Cl 4, 3,6 ~ 4,6
SO3 -v 1,5 0,6
c/s 0,7 ■1.5
C+M/S 1.8 1.5

Les chloro-aluminates et les sulfo-aluminates ne 
sont pas stables ä long terme dans l'eau de mer et les 
solutions chargees en sulfates. Dans une solution ä5% 
de MgSOn, ils donnent naissance au gypse (fig. 3). En 
eau de men, le chloro-aluminate se transforme en et
tringite (fig. U) qui peut disparaltre ä son tour de 
Sorte que dans les zones fortement alterees de betons 
anciens on ne retrouve parfois que CaCOs et des 
M S H [3].

L'hydrotalcite Mg2A12CO3(OH)i6l|H20 en plaquettes 
hexagonales (fig. 5) a pu etre mise en evidence dans 
certains produits, notamment dans un mortier de ciment 
alumineux conserve en eau de mer depuis 1920.

Fig. 1 - Ettringite expansive.

Eig. 4 t Transformation chloro- 
aluminate-ettringite eneau demer.

Fig. 2 - C-S-H .alveolaire.

Fig. 5 - Hydrotalcite

Fig. 3 7 Transformation chloro- 
aluminate-gypse dans MgSOi*.

Eig. 6 - Thaumasite.



L'alteration des mortiers riches en chaux pent 
etre en relation avec la formation de thaumasite CaCOg 
CaSi03CaS0415H20 qui resulte souvent de la transforma
tion d1ettringite avec laquelle eile coexiste, par fixa
tion de CC>2 et Si02 [U]. Ce mineral a et6 observe dans 
diffSrents ouvrages maritimes oü il correspondait ä un 
stade avance de degradation (fig. 6).
1.2 Influence de la composition mineralogique du 

ciment.
La composition potentielle de Bogue ne donne sou

vent que des valeurs indicatives differentes de celles 
plus exactes mesurees par diffraction des rayons X 
(Tableau II).
1.2.1 T'eneur_en_C3A : C3A est le mineral determinant 
dans le processus dexpansion,  mais d'autres facteurs 
peuvent interferer tels que le taux de gypse, la com
position de la phase ferritique, etc ... Le tableau II 
regroupe les resultats obtenus sur 12 ciments dont 
7 CPA. Apres deux ans de conservation, en immersion 
totale, en eau de mer naturelle, en laboratoire les 
eprouvettes 2 x2 xl6 cm de mortier ISO confectionnees 
ä partir des CPA ä faible teneur en C3A ont des gonfle- 
ments faibles. Toutefois, les ciments 6 et 8 contenant 
respectivement 9,5 et 6 % de C3A ont un comportement 
mediocre : le CPA n° 6 est surgypse ; le CPA n° 8 con- 
tient une phase ferritique reactive plus alumineuse 
que C4AF (Tableau IV).

*

Une deuxiSme serie d'essais a ete effectuSe sur 
12 clinkers synthetises en laboratoire ou I'on a fait 
varier les teneurs en C3S, C2S, C3A et C2(A,F). 
A partir de ces clinkers broyes" ä 3500 cm2.g-l et 
gypses ont ete confectionnes des prismes 2 x2xl6 cm 
de mortier ISO conserves en eau de mer artificielle 
pendant 4 ans. Les resultats sont rassemhles dans le 
tableau III et illustres par la figure 7. Les ciments 
ä teneur en C3A superieure ä 10 % ont et6 detruits.

Tableau III - Composition mineralogique et gonflements 
apres 4 ans en eau de mer des 12 clinkers synthetiques.

N° c3a C4AF c3s c2s Gonglements 
en um.m"-’"

13 < 1 21 65 11 1685
14 < 1 23 52 23 1740
15 < 1 22 35 34 1980
16 6,5 16,5 60 10 1740
17 4 18 53 18 1940
18 5 16 38 36 1750
19 10 13,5 60 12 2130
20 8 14 54 16 2060
21 8 15 40 25 1880
22 13 8 57 16 detruite
23 14 8 47 22 -id-
24 13 9 39 32 -id-

Fig. 7 - Gonflements en fonction de la teneur en C3S et C3A

Tableau II - Composition mineralogique, finesse et gonflements en eau de mer apres 2 ans.

N° ettype de ciment CPA 
1

CPA 
2

CPA 
3

CPA 
4

CPA 
5

CPA 
6

CPA 
7

CPA 
8

CPAL 
9

CPF 
10

CPF 
11

CLK 
12

Co
mp
os
it
io
n 

mi
ne
ra
lo
gi
qu
e

BO
GU
E CqS

C2S
c3a 

C2(A,F)

69,2
17,7
*♦»1
3,9

50,5
26,2
1.6

13,6

55,5
15,7
9.3
9,9

35,8
31,8
11,8
7,6

60,1
12,2
7,4
7,1

49,4
21,6
7,6
7,3

45,6
21,3
14,0
8,4

56,3
15,0
10,0
10,0

CPA 7 
+ 

Laitier 
20 %

CPA 7 
+ 

Laitier 
30 %

CPA 8 
+ 

Laitier 
30 %

CPA 4 
+ 

Laitier 
80 %

DR
X

C3S
C2S
C3A 

C2(A,F)

68
17
5
2.5

57
22
2.5

11

58
19
3
12,5

54
18
11
6

60
15
8,5
5

55
18
9,5
5,5

49
20
18
5,5

54
18
6

12

40
15
13,5
5

38
11
11,5
3

40
12
4
7

n.d.

SOg(dosage chimique) 1,87 2,33 2,51 3,25 3,41 4,46 2,93 2,1.6 2,50 3,80 3,17 3,3'0
Finesse Blaine 

(cm2.g-1 ) 3300 3100 2140 2670 3920 3300 3300 2890 2900 3350 2880 3320

Gonfle- 
ments
Um.m

ÄTLANTIQUE 400 550 600 950 3400 6000 1600 2250 2400 2150 1700 400

MEDITERRANEE 600 500 900 1550 1025 4100 1100 800 1350 1250 1200 600

1.2.2 Teneur en phase ferritique : Tous les essais 
indiquent que les ciments ä forte teneur en CqAF sont 
stables dans I'eau de mer. La cristallisation "menagee" 
dettringite  ä partir de la solution n'est pas expan
sive. Toutefois les compositions se rapprochant de 
C5A2F se comportent" moins bien [5]. C'est le cas du 
ciment n° 8qui, malgre sa faible teneur en C3A (6 %), 
se degrade. Ce CPA contient 12 %dune  phase ferritique 
plus riche en chaux et en alumine que Ci|AF (tableau IV).

*

*
Tableau IV - Analyse ä la microsonde de la phase 

ferritique du ciment n° 8.

. MgO A12O3 Si02 CaO FesOg A/F C/A +F

3,5 20,8 **,1 51,7 19,8 1,64 2,81



1.2.3 Teneurven_silicate_tricalcijue : La resistance 
chimique des ciments 5""teneur""elevee en C3A est d’au- 
tant moins bonne que leur teneur en C3S est plus ele
vee. C'est le cas des ciments 22, 23 et 24 contenant 
13 % de C3A et respectivement 57, 47 et 39% de CqS 
(tableau III et fig. 7). L’influence de C3S est moins 
nette dans les ciments oil C3A est inferieur ä 10 % .
1.2.4 Teneur_en_SOg : Des essais de laboratoire ont 
montre qu'il existe un gypsage optimal qui depend de 
la composition mineralogique et de la finesse du 
ciment. Les ciments fins ä granulometrie resserree, 
gypses ä I1optimum, ont un comportement ameliore dans 
I'eau de men. L'amelioration esten relation d'une 
part avec leur plus grande compacite et leur taux 
d'hydratation plus elevSe et-d'autre part avec la pre
sence d'une plus grande quantitS de C3A disponible 
rapidement pour former de 1'ettringite primaire non 
expansive. Les proportions d'alumine restant pour une 
cristallisation ulterieure d'ettringite expansive sent 
reduites.,
1.3 Influence des ajouts sur la resistance des ciments 

vis-a-vis de I'eau de men et des sulfates.
1.3.1 Teneur en laitier : Tous les ciments contenant 
au moins 60 % de laitier sont stables. En dega de 
cette valeur,1 la tenue du ciment depend de la composi
tion du clinker et de celle du laitier [6]. La bonne 
resistance chimique des ciments de laitier est due ä 
leur teneur en chaux plus faible que celle des CPA et 
ä la nature des hydrates formes dont la composition, 
la concentration, la distribution et la texture sont 
differentes. Ca(0H)2 est moins abondant ; les C S H 
sont plus riches en AljOß et MgO mais moins riches en 
CaO (tableau V).

Tableau V - Composition des C-S-H au contact des 
grains de clinker dans un CPA et dans un CLK (micro
sonde de Castaing).

CPA - (3 mots) CLK - (3 mois)
eau douce eau de mer eau douce eau de mer

c/s 1,8 1,8 1,5 1,5
A12°3 3,1 2,4 8,0 . 6»°
MgO 'V 1,0 4, 1,0 n«d. -u 5,0

Les examens et analyses au microscope electroni- 
que ä balayage montrent que les C-S-H formes sont com
pacts et que leur composition demeure relativement 
proche de celle du laitier anhydre (fig. 8). Les quan- 
tites d*  ettringite et de chloro-aluminates formes dans 
les ciments au laitier conserves en eau de mer sont 
generalement plus importantes que dans les CPA.

Mais la cinetique et le mode de cristallisation 
sont differents : 1'ettringite apparait par un pro
cessus relativement lent de passage en solution et de 
cristallisation. La distribution des cristaux est plus 
diffuse. Ils sont plus courts, plus fins, souvent in- 
timement melanges aux C-S-H et peu visibles enfracto- 
graphie au MEB dans les echantillons compacts. „

Les ciments n° 1 a 12 decrits dans le Tableau II 
font 1*  ob jet d'une etude ä long terme dans le cadre 
de la COPLA (Commission Permanente des Liants Hydrau- 
liques et Adjuvants) en collaboration avec les Labo- 
ratoires maritimes et le Laboratoire Central des . - 
Fonts et Chaussees.

Fig. 8 - Texture et composition des C-S-H au contact ' 
d'un grain de laitier dans un CLK.

1.3.2 - Teneur en pouzzolanes : Cinq pouzzolanes dont 
Les caracteristiques generales sont rassemblees dans 
le tableau VI ont ete testees en eau de mer artifi- 
cielle» [7]- -

Tableau VI - Caracteristiques des pouzzolanes.

Pouzzolane Type
Finesse 

2 -1 cm .g
Fixation de CaO 

Unites 
arbitraires

Tuff Zeolithe 5600 100 ä 21 jours
Trass Zeolithe 7000 93 M

Phlegreenne Verre 50 % 2900 47 M
Volvic Verre 20 % 4300 39 M

Cendre vol. Verre 90 % 5000 30 M

Cinq CPAZ (20 % pouzzolane) ont ete confectionnSs 
avec un meme ciment de composition : 60 % C3S ; 15 %C2S- 
8,5% C3A ; 5%C4AF ; 3,4% S03 ; 2 % MgO ; 1,5% CaO 
libre. Deux series de prismes 2 x 2 x16 cm de mortiers 
ISO conserves prealablement 28 jours en atmosphere 
humide ont 6te immergees 1'une dans I'eau douce, 1'autre 
dans I'eau de mer artificielle. Les resistances en com
pression et les gonflements,apres 2 ans en eau de mer, 
sont donnes respectivement sur la fig. 9 et dans le 
tableau VII.

Fig. 9 - Resistances en compression des CPAZ conserves 
2 ans en eau de mer artificielle.

D,'apres ces resultats on observe que : le CPA 
demeure assez stable apres 2 ans ; le trass, tres reac- 
tif, donne de bons resultats ; les cendres volantes, 
qui ne commencent ä reagir que tardivement, ont un bon 
comportement ; la pouzzolane phlegrSenne de granulome
trie grossiere a des resistances faibles mais sensible- 
ment constantes ; le tuff, tres reactif, donne des 
resultats satisfaisants en eau douce mais moins 



bons en eau dei mer oü, des 3 mois, le gonflement est 
superieur ä celui des autres ciments ; la pouzzolane 
Volvic reagit lentement et dans les conditions de 
l'essai son influence n'est pas tres favorable.

Tableau VII - Gonflements des CPAZ en pm.m

3 mois 6 mois 1 an 2 ans

CPA . * 470 750 1130 1340
Tuff 630 " 1030 1220 1560

Trass 470 840 1160 1440 '
Phlegreenne 380 470 750 1090

Volvic 440 690 1130 1410
Cendre vol. 340 720 810 1130

Les analyses par DRX des mortiers conserves en 
eau de mer revelent la presence d*ettringite  et de 
chloro-aluminates. Mais les differences essentielles 
portent sur I'intensite des raies de Ca(0H)2 dont la 
diminution n'est pas due uniquement ä 1'effet pouzzo- 
lanique comme le montre la comparaison avec les enre- 
gistrements effectues sur les memes echantillons en 
eau douce. Ainsi dans le CPAZ au tuff, la dissolution 
de la chaux est maximale [fig. 10 (a) et 10 (b)].

Fig. 10 - Enregistrements diffractometriques du CPAZ 
au tuff conserve 2 ans en eau douce (a) et. 
en eau de mer (b). ■

Le CPAZ ä la pouzzolane phl6greenne est peu alte
re. De meme le ciment au trass renferme encore des 
quantit6s appreciables de Ca(0H)2. Le ciment aux cen- 
dres contient, ä deux ans, beaucoup d'ettringite et de 
chloro-aluminates ;la dissolution de la chaux y parait 
importante. L'alteration de ce ciment se traduit par 
une chute importante des resistances en flexion. 
Le CPAZ ä la pouzzolane de Volvic, peu reactive, con
tient beaucoup d*ettringite  dont les raies sont 4 ä 
5 fois plus intenses que. dans le CPA temoin ou le 
CPAZ au trass.

Les resultats obtenus montrent que la tenue des 
CPAZ en eau de mer depend de leur composition chimique 
et minSralogique, de leur reactivite, de leur finesse 
et vraisemblablement de la composition du clinker de 
base (teneur en C3A). Leur stability n'est pastoujours 
en relation avec 1'effet pouzzolanique, comme le mon- . 
tre 1'exemple du tuff tr8s reactif, mais donnant un 
comportement mediocre en eau de mer.

1.4 Influence du mode conservation
Le tableau II indique que 1'eau de la Mediterranee 

est moins agressive que 1'eau de 1'Atlantique.
L*  immersion alternee, jointe aux variations clima- 

tiques (gel, ensoleillement), est parfois plus preju- 
diciable au beton que 1'immersion totale. L'abaissement 
de la temperature accroit le gonflement des CPA ; mais 
1'addition de laitier ameliore le comportement du ei*  
ment ainsi que le montre la fig. 11 relative ä des 
essais de laboratoire sur prismes 4x4x16 cm conser
ves 1 an en eau de mer artificielle.

Fig. 11 - Gonflement en fonction de la teneur en " 
laitier et de la temperature en immersion 
totale»

La carbonatation naturelle ou artificielle des 
betons renforce leur resistance aux sulfates [8, 9). 
Des essais effectues sur mortier ISO confectionnes ä 
partir de 3 ciments A, B, C renfermant respectivement 
15, 9, 5 % de C3A, conserves dans une solution de 5 % 
de MgSOii, ont montre qu'un traitement prealable sous 
CO2 annulait le gonflement des 3 ciments (fig. 12) et 
diminuait fortement. la penetration des ions CV 
(tableau VIII). '

Fig. 12 - Gonflements dans MgSO^ des mortiers 
carbonates (immersion totale), et non' 
carbonatSs.

Tableau VIII - Dosage potentiömetrique de Cl**' 
(10 jours dans 1'eau de mer).

Conservation prealable

60j C02 60j H20

» 0 —■ 2 ranCiment ä ou.—.
11 % de C3A " ^"1™• 0 i| — 6 nun

0,110
0,089 '
0,005

0,380 
"0,361 
0,291



2. INFLUENCE DE LA NATURE MINERALOGIQUE DES GRANULATS
La presence dans le beton de granulats feldspa- 

thiques et micaces (schistes, gneiss, granites) pent 
etre ä L'origine de degradations ä la suite de reac
tions du type alcalis-silicates, qui conduisent ä la 
formation de gels expansifs contenant SiQj, CaO, Na20, 
K20, HjO. Les gels se forment au contact du granulat 
et parfois sur le granulat entre les lits micaces. 
La composition moyenne suivante a ete observee : 
CaO = 16 % ; Si02 = 53 % ; KjO = 3 % ; Na20 = 6 % . 
Les gels sont associes ä des cristaux en plaquettes, 
plus ou moins efflorescents, deposes sur les granulats 
[fig. 13 (a) et 13 (b)]. Il s'agit de silicates de 
calcium et de potassium du type tobermorite dont la 
teneur en K est d'autant plus elevee qu'on avance vers 
1’intSrieur du granulat. On observe que 1'ettringite 
et la thaumasite sont frequemment associees aux degra
dations dues aux reactions alcalis-silicates.

(a) (b)
Fig. 13 - Texture et composition du gel (a) et 

des cristaux (b) en contact avec le granulat

3. CONCLUSIONS
- L’expansion des betons dans les eaux sulfatees est 
due ä la formation "dettringite  naissante" mal 
cristallisee.

*

- Pourvu qu'ils soient correctement gyps6s et qu’ils 
ne contiennent pas d'autres phases reactives, les 
ciments ou CgA ne depasse pas 10 % sont stables en eau 
de mer.
- Les ciments ä forte teneur en CqAF sont stables. 
Mais le comportement est moins bon dans le cas des 
solutions solides proches de CgAjF.
- Une grande finesse combinee ä un gypsage optimal 
arneliore la tenue aux sulfates.
- L'addition de laitier est favorable. Les C-S-H sont 
plus compacts et de composition moins riche'en chaux 
et plus riche en AI2O3 et MgO que celle des CPA.

- L'effet des pouzzolanes, generalement favorable, ne 
depend pas seulement de leur activite pouzzolanique.
- La carbonatation renforce la resistance chimique des 
ciments.
- La presence de granulats feldspathiques ou micaces
peut entrainer des degradations du type alcalis-- ' 
reaction independamment de la teneur propre en alcalins 
du ciment. •
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Fly Ash and Alkali Aggregate reaction
Les cendres volantes et I'alcali-reaction des agregats

W. GUTT, P.J.‘ NIXON, M.E. GAZE, Grande-Bretagne.

RESUME : On etudie les reactions qui se produisent dans le Systeme eau, C^A, Ca(OH),, 
K-SO. avec et sans addition de cendres volantes. On confirme le role des sulfates alcalins 
neutres, qui augmentent la teneur en hydroxyde des solutions des pores de ciment; on montre 
que la presence de cendres volantes accroit le taux de reaction aux premiers ages de durcis- 
sement. On discute les resultats experimentaux par rapport au mecanisme par lequel les cen
dres volantes peuvent reduire la dilatation due ä I'alcali-reaction des agregats (ARA). La 
question de savoir si les cendres volantes peuvent avoir en pratique une influence sur la neu
tralisation de I'ARA reste un sujet discutable.

SUMMARY : The reactions occurring in the system water, C_A, Ca(OH)-, K-SO^ with and without 
the addition of fly ash have been studied. The role of neutral alkali sulphates in increasing 
the hydroxyl content of cement pore solutions has been confirmed and the presence of flyash 
has been shown to increase the rate of reaction at early ages. The experimental results are 
discussed in relation to the mechanism by which flyash can reduce expansion due to alkali 
aggregate reaction. Whether flyashes can be relied upon to counteract AAR in practice, remains 
an issue which is controversial.



INTRODUCTION _

Soon after Stanton discovered that alkali aggregate 
reactivity (AAR) was the cause of damage to concrete 
in the USA(l) he found that such damage could be 
alleviated by adding finely ground reactive 
material to the concrete mix. Since then it has 
been claimed that a wide variety of natural and 
artificial pozzolanas and materials such as granu
lated blastfurnace slags with latent hydraulic, pro
perties can mitigate damage due to AAR. A series of 
eleven flyashes from different British power 
stations have been investigated at BRE for their 
effectiveness in preventing deleterious expansion 
due to AAR using the ASTM test (C441) which employs 
pyrex glass as the standard reactive aggregate. All 
the ashes tested reduced expansion and there were 
only small differences between the effectiveness of 
the different ashes. The differences that were 
found between ashes did not correlate with the 
alkali content of the ash and the best correlation 
was found with some measure of the pozzolanic acti
vity of the ash, in particular with the results of 
the Lea test(2). The results of this investigation 
will be published in more detail.

In order to gain a more basic understanding of the 
mechanism by which flyashes can reduce expansion due 
to AAR a series of experiments have been started to 
examine the composition of solutions in contact with 
fly ash/Porti and cement mixtures. As a preliminary 
step the reaction by which the alkalinity of the pore 
solution in Portland cement concrete is enhanced in 
the presence of alkali metal salts and the effect 
of flyash on this reaction has been investigated.

In Portland cement clinker the alkali metals occur 
preferentially in a potassium-sodium sulphate solid 
solution and in this form they are most readily 
soluble. Diamond(3) has proposed that enhanced 
hydroxyl ion concentrations in the pore solution of 
hydrated cement come about when the sulphate ions 
react with the calcium aluminates in the cement, 
precipitating ettringite. This enables the dissolu
tion of more calcium hydroxide (produced by the 
hydration of the calcium silicates) thus preserving 
the solution equilibria of a saturated solution of 
calcium hydroxide. In fact for this to happen 
calcium ions in the solution must also be involved 
in the reaction. A possible reaction sequence would 
therefore be:

+ 2. _Ca(OH)a * Ca + 2 (OH) 
' 2+ 2-4Ca0.Al203.19H20 + 3Ca + 3S0«, + 13H,0 ♦

3Ca0.Alä09.3CaS0*.31H a0+ + Ca(OH)2

The final result would be precipitation of ettringite 
and a pore solution richer in alkali hydroxides.

As a first step in the investigation we have there-, 
fore examined the reactions taking place between tri
calcium aluminate, potassium sulphate and a saturated 
lime solution and the effect that the presence of 
flyash has on these reactions.

EXPERIMENTAL
In the first series of reactions approximately ti.5 g 

of laboratory prepared tricalcium aluminate was 
reacted in a sealed plastic flask with 75 ml of 
water, 25 ml of 0.4N KaSOt, and about 1 g of freshly 
ignited CaO. The quantity of CaO was judged ■ 
sufficient to provide an excess over that required 
for reaction. The contents of the flask were stirred 
with a magnetic stirrer and the reaction was carried 
out at room temperature. After the designated 
reaction period the solid material was separated from 
the solution by centrifuging and the solution was ' 
transferred to a 200 ml volumetric flask, The solids 
were washed once with distilled water, re-centrifuged 
and the washings transferred to the volumetric flask 
which was then made up to 200 ml with distilled 
water. 25 ml aliquots of this solution were used for 
the determination of:

(a) total alkalinity by titration against N/20 HC1
(b) calcium by titration against EDTA
(cl sulphate gravimetrically by precipitation as 

BaSO»

The separated solids and portions of the diluted sol
utions were evaporated to dryness and examined by 
X-ray powder diffraction using a Guinier Focussing 
camera.

The second series of reactions was carried out 
similarly but with the inclusion of 5 g of flyash. 
The ash used had the following characteristics;

total alkali metals - 3.35 wtZ as equivalent NajO

available alkali metal - 1.58 wtZ as equivalent Na20 
(determined according to ASW C3J1)

pozzolanic activity according to Lea test(2) - a 
strength difference of 17.6 MN/m1 for a mix contain
ing 30Z ash. This classifies it among the more 
pozzolanic flyashes.

RESULTS

The results of the chemical analyses of the solutions 
from the two series of reactions are given'in Table 1 
and the phases identified by X-ray powder diffraction 
in the residues after evaporation of the reaction 
solutions and in the solids separated by centrifuging 
are listed in Table 2.

The rhpmical analytical results for both series show 
the removal of calcium and sulphate ions from solu
tion. The.precipitate is shown by the X-ray 
diffraction results to be calcium sulpho-aluminate 
hydrate, both 'high' and ’low*  sulphate forms being 
detected. The solution becomes effectively one of 
potassium and hydroxyl ions with increased alkalinity 
compared with the initial calcium hydroxide solution.

In the presence of flyash however the reaction pro
ceeds very much more quickly, going to completion by 
7 days whereas without the flyash the reaction is not 
complete at 28 days. In the solution containing fly
ash there is a slight reduction in alkalinity at 28 1
days and also a slight rise in the sulphate,content, 
of the solution although the calcium level in solution 
has continued to fall.

discussion
The results obtained for the solution containing CsA, 
Ca(0H)2 and KaSO. support Diamonds proposal(3) ’



TABLE 1

Mix Be action 
period

Composition of 25 ml aliquots of reaction solution
Z of 
KaSO*  

reacted(b)
Total alkalinity

(ml of N/20 HCL rei

Alkalinity from 
Reaction(a) 

uired to neutralist

CaO 
(mg/25 ml) 

>)

2
SO» - 

(mg/25 ml)

CsA/KaSOe/CaCOH), 7 days 25.5 12.5 18.3 28.0 53
14 days 23.35 16.0 10.3 18.55 69
28 days 26.3 20.1 8.6 ' 7.3 88

C3A/K2S0<,/Ca(0H)2 1} hours 19.6 2.3 24.3 — 9(c)
+ flyash 1 day 20.05 7.0 18.3 43.7 27

7 days 26.9 24.95 3.05 nd 100
14 days 26.55 24.7 2.5 nd 100
28 days 23.85 23.7 0.2 3.0 95

nd - not detected
(a) - total alkalinity less the calculated OH from residual CaO
(b) - calculated from the residual S0<. in solution -except (c)

which was calculated from the alkalinity

TABLE 2

Mix Reaction 
period

Phases detected by X-ray powder diffraction

Residue after evaporation _ , . . _ .
of solution to dryness 801138 8eParated by centrifuging

CaA/KaS0»/Ca(0H) 2 7 days
14 days
28 days

K so Ca(0H)a, CaCOa,
KaCa(CO,)a strong ettringite

some ’low sulphate (a)

C9A/K2S0»/Ca(0H)2 
* flyash '

11 hour

1 day

7 day

14 day

28 day

KaSO», Ca(OH)2 Ca(0H)2, some ’low sulphate’(a)

KaSO», Ca(0H)a weaker Ca(0H)a, ’low sulphate’(a'
trace ettringite

KaCOaljHaO, KaCa(C02)a ( mainly ettringite 
jtrace Ca(0H)2

K2Ca(C0a)a '

KaCa(C0»)a ■ ■

(a) the low sulphate form of calcium sulpho-aluminate hydrate



regarding.the mechanism whereby neutral alkali sul
phates can increase the hydroxyl content of a cement 
pore solution. It has been shown that removal of 
sulphate ions from solution is coupled with the 
appearance in the solid precipitate of ettringite 
and/or the ’low sulphate*  form of calcium sulpho
aluminate and at the same time the alkalinity of the 
solution is raised above that of a saturated Ca(OH)2 
solution and is finally almost completely converted 
to a KOH solution. Similar observations have been 
made by Lawrence(4).

When flyash is added to the reactants the same 
removal of calcium and sulphate ions from solution 
accompanied by an increase in the alkalinity of the 
solution is observed but the rate of reaction is 
greatly accelerated and the reaction is complete 
within 7 days. A similar acceleration in the rate of 
removal of calcium hydroxide from a paste of C3A, 
Ca(OH)i and gypsum when natural pozzolanas were 
present has been noted by Collepardi et al(5). They 
consented that the rate of reaction was too rapid to 
be accounted for by the usual lime-pozzolana 
reaction. In the reaction observed here there is 
evidence of the effect of the lime-pozzolana reac
tion continuing to reduce the lime in solution after 
all the sulphate has been precipitated as calcium 
sulpho-aluminate but in this initial period the main 
reaction seems to be the same as in the system . 
without flyash.

The reactions occurring at early ages are of parti
cular importance in seeking an explanation for the 
action of pozzolanas in reducing the expansion due 
to alkali aggregate reaction as in the experiments 
carried out at BEE in which pyrex has been used as 
the reactive aggregate in mortar bars with a high 
alkali content, the effectiveness or otherwise of 
the pozzolana is clearly apparent by the time of the 
14 day measurement. It is therefore reasonable to 
look for explanations in the results described above.

The most obvious explanation for .the action of 
pozzolanas in reducing expansion due to AAR is that 
they reduce the alkalinity of the pore solution by 
removing the free lime which is the primary source of 
hydroxyl ions. However the results reported here 
show that on the contrary, at these early ages the 
alkalinity of the pore solution is enhanced in the 
presence of flyash. Alternatively then it could be 
that the rapid increase in alkalinity in the flyash 
system induces reaction at such an early age that the 
cement matrix is soft enough to accommodate it and 
that all available alkalis or reactive aggregate is 
consumed in this early reaction.

The other relevant feature of the results is the very 
rapid removal of the calcium from solution by pre
cipitation as calcium sulpho-aluminate. This 
depletion of calcium (and possibly the release of 
alkali metal ions from the flyash} means that the gel 
produced by attack of the alkaline solution on the 
siliceous aggregate has a relatively much higher 
alkali metal to calcium ratio. Vivian has sbowiC6} 
that if the ratio of -alkali to reactive material is 
very high the expansion, is reduced and has suggested 
that this is because a gel with a high alkali to , 
silica ratio is fluid and does not produce expansive 
pressure whereas Krogh(7) has investigated synthetic 
gels and found that gels with a high percentage of 
calcium are rigid and non-expansive. It can there- 

i fore be postulated that gels with a, high alkali/low 

calcium content may be too fluid to cause expansion. 
Although there is as yet no direct experimental 
evidence for this, Chatterjl(8) has demonstrated that 
the conplete removal of free Ca(OH)a suppresses 
alkali-silica reaction even when excess alkali metal 
salt, including hydroxide, is present in the structure.

There must always be some doubt about the extent to 
which the rates of reaction found in these very 
dilute solutions relate to those in a cement paste. 
Lawrence(4), however, has studied the rates of com
bination of sulphate and release of alkali in 
cement-water systems with water/cement ratios 
varying from 0.5 to 50 and has found that they were 
independent of the water/cement ratio provided a 
saturated lime solution could be formed very quickly 
by the cement.

CONCLUSIONS

Studies of the reactions occurring in the system 
water, CaA, Ca(0H)3, KiSO*  confirm the role of 
neutral alkali sulphates in increasing the hydroxyl 
content of a cement pore solution. Similar reactions 
have been found in the presence of flyash but the 
rate of reaction is very much greater. No reduction 
in alkalinity at early ages due to the presence of 
flyash has been found but there is much more complete 
removal of calcium from solution.

These observations suggest that the action of pozzo
lanas in reducing expansion due to AAR may either 
be due to an acceleration of the rate of reaction 
so that it takes place while the cement matrix is 
still soft or to the rapid and complete removal of 
calcium ions- from solution and the consequent effect 
on the properties of the gel.

Whether flyashes can be relied upon to counteract 
AAR in practice remains an issue of seme controversy 
requiring further research.
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, Importance et conditions d'une etude et d'une 
evaluation rationnelle de la durabilite et de la securite ä 

long terme du beton dans les eaux agressives
Importance and conditions of rational study and design of the durability 

and long-term safety of concrete in aggressive waters

O. VALENTA, Ingenieur-Docteur, Prague, Tchecoslovaquie.

RESUME •: L'etude de la^securite et de 1'economie des constructions en beton, soumises ä des 
eaux 'agressives, doit etre basee sur une methode rationnelle nouvelle, et sur des notions 
sclentlfiques de caractere quantitatlf.

Dans le monde entier, les methodes actuellement utilisees sont emplrlques et Imprecises; de 
plus elles ne se pretent pas ä une approche rationnelle de 1'effet a long terme des diverses 
amblances. La prevision quantlfiee ä long terme, de 1'action du milieu ambiant dolt etre fal
te, en tenant compte de la durabilite recherchee et de 1'evolutlon de I'ambiance.

Une solution rationnelle doit etre fondee sur le choix des materlaux du beton, sur la techno
logie de fabrication et le controle du beton, sur la cinetlque du mouillage et sur les reac
tions chimlques d'attaque du ciment. Elie doit tenir compte notamment des recherches de base 
sur la cinetlque de ces reactions chimlques, en fonctlon de la nature du ciment.

SUMMAHTt Safe and economic design of concrete structures in aggressive waters must be based 
on the new rational method and scientific notions of quantitative character.
Empiric and inaccurate methods used by the standards of the whole World do not provide the 
possibility of such a rational acces to the complex question of the long-term effect of any, 
liquid environment. "
Quantification of the long-term effect of environment in the period of required durability 
on the base of objective prognosis for the environment development.
Conditions of rational solution baaed, op. complex access and regulation of effectt choice 
of materials (cement). technology:and Control of concrete, kinetics of its wetting, of the 
proper chemical reactions and of concrete’structure deterioration.
Need of systematic scientific and basic research and of quantitative kinetics of the main . 
chemical reactions with cement of different-character. Importance and application of 
functional models.
New requironents on hydrogeological investigation and acquaintance of basic properties of 
concrete mainly of the pore-system in relation to the water and to its chemical effect on 
concrete and its components including the reinforcement. Claims on the research and testing 
of concrete and its components.
Requirements of the world practice, research and the conception of the theme VII of the 
Congress 1980.



1. IHTHOIXJCTION ' .
Lea queationa de la durability des ouvrages 
d'art en g6n6ral et du b6ton et dea con- 
atruetlons en bdton en partlculier aont de- 
venuea dans tout le monde täcbniquement d6- 
velopp6 par principe une question de la 
quality et de l'yconomie de longue terme. 
II a'agit des questiona de caractSre acien- 
tifique, technique et^yconomique qui ont 
une ryiatlon ytroite a l'optimalisation de 
la solution complexe baa6e sur#la minimali- 
sation des dypensea totales« d'investement, 
d'ezploitation, d'entretien, de protection 
et de la liquidation.
On ae trouve ausai dans le stade de la re- 
sponsability morale dea ouvrages qui doi- 
vent servir aussi aux g6nerationa futures 
et on se trouve inyvitablement devant la 
nyceaaity de revaloriser les criterea in- 
corectes de l'yconomie de court terme, des 
ypargnes momentanyes surtout dans les d6- 
penses d'investement au pryiudice des possi- 
bilitda de dyveloppement future et de la 
durability des ouvrages de gänie civil et . ■ 
dea dypenses de maintenance yievys liyes 
aux yxigences eleviea sur la maintenance 
par le travail manual et qualifii.
Malgre que les questions de la durability 
du biton et d'autres matyriaux poreaux, 
non-mytalllques ne sont pas encore compiy- 
tement risolues surtout pour 1'action com- 
blnie dea conditions ryelles et par rapport 
ä la cinytique quantitative de la dityrio— 
ration — 11 eat nycessaire de rysoudre dans cet ytat des notions incompl^tes dans tout 
le monde - avec sArety et ratlonnellement 
le choix dea matyriaux, la■technologie 
propre du byton et d'autres matyriaux ainsi 
que les travaux de conctruction, du point 
de vue de la durability dyfinie et exigie par le maftre de 1'oeuvre dans les condi
tions spycifiques de long terme du milieu 
hydrogyologique, climatique et d'exploita
tion.
2. LES METHODES UTILISEES JUSQJ'A PRESEHT
POUH LA. SOLUTION DE LA SECURITE A LONff 
TERME ET DE LA DURABILITE DES OUTRAGES 
DE GENIE CIVIL SUR LA BASE DES RECOMMANDA- 
TIOHS ET DES DIRECTIVES
L'analyse des normea valables dans diffA- 
rents pays techniquement d6velopp6s montre 
leur insuffiaances quant a 1'application 
A la' solution rationnelle, objective et 
quantitative des questiona de la durability 
spycifiAe du bAton dans un milieu agresif 
en gAnAral et aous 1'action des eaux agre- 
ssives en partlculier.
Le besoin d'assurer la sAcuritA des parols 
des tunnels du Metro de Prague pour la pA
riode de 100 ana a introdult dans la solu
tion sclentifique et technique le facteur dAclsif de 1'action A long terme du milieu 
sur lea matAriaux et lea constructionsi le 
temps dAflni. Aäcune norme dans tout le 
monde he Aonne paa la solution objective . 

et d'un dimenaionement des ouvrages Souter
rains comma nurs des tunnels. II Atait alors 
nAcessaire de chercher, de formaler et d'ap- 
pliquer une solution, une mAthode nouvel|e 
et convenable sur la base de 1'effet quan- 
tifiA de 1'action de long terme du milieu 
des eaux agresslvea souterraines. .
De 1'autre o6tA, mAme les propriAtAs du bA
ton et de son syatAme poreux dAcisives pour 
la rAaction des eaux agreasives avec le bAton, la permAabilltA. 1'AlAvation capillai- 
re et la surface interne" ouverte n'Atalent 
paa juaqu"A pr Asent 1 * obje t,dJune quanti- . 
fication compAtente et de 1'expression en 
unit As mesurables et contrdlables. La per- 
mAabilitA du bAton et d'autres matAriaux 
poreux en eat le facteur le plus important 
une fols exprimA par le coefficient de per- 
mAabilitA k en cm/sec. Malheureusement, 
lea essais normalisAs dans diffArents pays 
ne offrent paa du tout, malgrA son importan
ce pour 1'Avaluation quantitative de 1'effet 
des eaux agreasives sur la structure et lea 
propriAtAs du bAton dans une pAriode dAfi- ■ 
nie et par suite sur la durabilitA des bA
tons. Le coefficient de permAabilltA seul, 
proprement dAterminA par une mAthode conve— 
nable est 1'indicateur quantitatif de la 
permAabilltA des matAriaux poreux comma bAton. Ceci conduit A la revendication catA- 
gorique de la dAtermination et du controls 
du coefficient de la permAabilltA k cm/sec 
par un essais convenable, non seulement pour 
le bAton mats aussi pour le terrain ambiant.
Les norraes existantes ne foumissaient au- 
cun guide dans ce sens ni pour les essais 
propres ni du point de vue de la nAcessitA 
d'une expression quantitative de la permAa- 
bilitA du bAton. La. connaissance de ce 
coefficient eat nAcessaire non seulement 
pour le bAton seal mats aussi pour lea ma
tAriaux ambiants (le terrain), qui dAcident de 1'accea des eaux agreasives vers le sur
face de la construction en bAton et joue le rdle dAclsif dans la cinAtique de la dA- 
tArioration du bAton. oul aprAs tout est la 
rAsultante de la cinAtique rAsuitante de 
1'Acoulement des eaux agreasives dans le 
milieu ambiant et dans le bAton ainsi que 
de la cinAtique des rAactions agressives 
des eaux souterraines avec les compoaants 
du bAton surtout avec le ciment.
Pour la dAtermination rapide et sure dii 
coefficient de la permAabilltA k cm/sec 
du bAton et d'autres matAriaux porexix - 
nouvelle mAthode introdulte et vArifiAe par 
1'auteur et basA sur la cinAtique de 1'Ac^u- 
lement non-stacionnaire a travers le■Systeme poreux est recommandA comae la base de 1'A—' 
tude thAorique et expAriaental de la ein A- ’ 
tique de la dytArioration des matAriaux 
par les eaux agressives. .
Les normes existants de tout le monde ne 
connaissent pas en gAnAral cette mAthode 
objective de la solution quantitative de 1'effet de longue durAe du milieu agrAslf, 
liquide sur le bAton et n'offront pas meme 
les bases nAcessalres pour une solution lo- 
gique, quantitative et objective de la 



durability et de la a6eurit6 ä long terse 
dee ouvragee de g6nie soutarrain « Meme par 
leur conception g6n6rale ellea aont in
süffisantes et non-convenables pour une 
solution 6conomiquement important.
3. LES COHDITIONS ET LE CADRE D'UNE 
SOUJTIOH RATIONELLE, OBJECTIVE ET SgJANTI- 
TATIVE DE LA SECURITE A LONG TERME ET DE 
LA DURABILITE DES CONSTRUCTIONS EN BETON- 
DANS DES EAUX AQIRSSIVES
Una solution objective et sure de la secu
rity a long terms et de'la durability des 
constructions<en byton dans le milieu - 
agressif de n'importe quel caractere et 
intensity^est possible seulement sur la base de 1'effet quantitatif de longue 
durde des agents du milieu sur le materiel 
de construction et sur la construction 

" dans la periods planifi6e ou exigäe de 
1'exploitation de la construction. L'effet 
du milieu natural est donnA par l ensemble 
des effets des agents differents s6par6- ■ 
ment et en combinaisons, que I'on peut dA- 
finir par 1'analyse du milieu et par la 
cinAtique de la teneur (concentration) des agents diffArents. ^La condition d'une 
solution avec succes consiste dans 1'acces 
complexe a la question compliquAe 4 rAsou- 
dre et dans les solutionsconvenables de tous les Atapes partielles de 1'action des 
eaux souterraines sur le bAton.
La condition principals y est dans la 
connaissance des conditions rAelles du 
milieu des eaux souterraines qui vont exei>- 
cer une action sur le bAton et sur la con
struction en bAton pendant une longue pA
riode surtout^du point de vue hydrogAolo- 
gique et de 1'Acoulement des eaux souter- 
raines une fois 1'ouvrage terminA.
L'Atude hydrologique du chantier futur doit 
alors a'occuper de ces stades importantst 
a) nature et Atat de long terme des eaux souterraines avant 1'ouverture des travaux, 
les travaux de terrassement, bj importanta stades transitoires pendant 
1’exAcution des travaux, # ,
c) long terms conditions de 1 Acoulement 
des eaux souterraines dans les conditions 
nouvelles modifiAes et de leur variations 
quant ä leur caractere - ce qui reprAsente 
le stade le plus important pour la durabi
lity d'un ouvrage concret*  Ceci souligne 

■ 1'importance d'un pronostic scientifique 
et objectif des conditions hydrogAologiques 

- de 1 'ouvrage terminA pendant son exploits— 
: tion de long terme.
’ Le facteur principal des exigences sur la 
solution technique et Aconomique de. la sA

’ curitA a long terme d'une ouvrage eat reprA- 
* sentA par 1'action propre a long terme de 
1'eau agressive souttrraine sur le bAton et 
1'ouvrage en bAton, ses parties importantes 

: et sur eon ensemble - la cinAtique de la 
: dAtArioration progressive proprement dite 
et son effet intAgrA dans la pAriode de la 
durability exigAe de 1'ouvrage Tr. Et de 

cet effet intAgrA rAsultent tons les mesu- 
res logiques et objectives qui doivent 
assurer la durability exigAe de 1'ouvrage 
et que 1 on peut diviser en ces groupesi
a) amAnagement convenable de 1'ambiance - 
aqueuse de 1 ouvrage et de la construction 
conduisant a la rAduction de l'effet nocif 
sur le bAton et 1'ouvrage y compris le 
traitement des eaux;
b) la technologie du bAton proprement dite
basAe sur le choix des matAriaux convene— 
bles et sur la permAabilitA rAduite du 
bAton; . "
c) protection superficielle du bAton contre 
le contact excessif avec 1'eau.
Ce travail prAtentieux doit faire 1'objet 
principal de 1 Atude approfondie et des 
travaux propres du projet d'exAcution dans 
le stade de la prAparation des travaux.
La solution rAussite de cette question doit 
etre assurAe aussi par une collaboration 
Atroite avec la recherche qualifiAe et ses 
travailleurs d'une part et avec les orga
nisations de 1'investigation du sol et du 
milieu agressif de la construction d'autre 
part.
Quant ä la recherche propre de la technolo
gie du bAton durable on doit affronter 
toute une sArie des questions nouvelles 
jusqu a psAsent npn-rAsolus, surtout de la 
cinetique des preces physiques et chimiques 
accompagnant la dAtArioration progressive ' 
du bAton avec perte de ses propriAtAs fon
damentales et importantes; permAabilitA, rAsistance mAcanique et 1'homogAnAitA.
Trois mAthodes existent pour la solution 
de la cinAtique propre de la dAtArioration 
du bAton; . ■
a) Atude thAorigue de la cinAtique quanti
tative des proces et rAactiona chimiques se trouvant 4 la base 1'action de la dAtArio
ration progressive da bAton et de ses com- 
posantes par lea eaux souterraines. De cet 
Atude peuvent sortir les guides pour la 
mise en oeuvre du bAton et son traitement 
par les moyens convenables du caractere 
physique et chimiques. .
b) Atude expArimentale sur les modeles fon- 
ctionnels en bAton (Fig. 1) ■
c) long teime observation scientifique de 
1 effet quantitatif du milieu sur le bAton 
et ses propriAtAs.
Dans I'intArSt de la solution accAlerAa 
et objective de ces questions insistantes et importantes de la sAourltA 4 long terme, 
de 1'Aconomie et de la durabilitA des ouvra4 
ges en bAton soutarrains, il eat nAcessaire 
de profiter des avantages et des succes de 
chacune d'eaux. En mArne temps il faut se rendre compte que 1'observation 4 long 
terme des ouvrages choisis a un caractere 
plutot verifioatif que thAorique malgrA le 
fait qu'elle Axige un controle complex des 
matAriaux, de la technologie et des pro
priAtAs du bAton pendant la mise en oeuvre 
des ouvrages choisis pour une telle



observation scientifique. C'est une tacbe 
tr6a prdtentieuse mAee pour la cooperation 
internationale effectude dans le cadre 
des commissions spöclales techniques comma 
cello de la RILEM - CDG,

Fig*  1 — Modele fonctionnel de l'ötude 
et de contrdle de 1'effet des eaux 
souterraines - agressives sur le beton»
L* 6tude de cette commission a effectu6 la 
classification internationale quant a 
1'Importance des differents agents . 
agresaifs du milieu pour les constructions 
en beton avec ce räsultat:

' 1. corrosion de 1'armature
2» les sulfates, ■
5» gel et mouillage alterne et les acides.
Il est doomage que ce r6sultat d'une - 
enquete internationale ne fut pas respecte dans le choix et la formulation des th&mes 
concernant la sdcurite de long terme et la 
durabilite des constructions en beton.



Alkali Aggregate Reaction with Opaline Sandstone
La reaction alcaline des agregats avec du gres opalin

Dennis LENZNER and Udo LUDWIG, Institut für Gesteinshüttenkunde, RWTH Aachen, R.F.A.

RESUME : Les resultats de quelques recherches en laboratoire sur 1'alcali reaction des agre
gats (RAA) dans le beton sont exposes.
Il est demontre que la reactivite dangereuse de l'agregat est inversement proportionnelle ä 
sa poroslte.
Le developpement de la degradation est mieux determine par la mesure du gonflement en combi- 
nalson avec la mesure de la frequence de resonance que par la mesure du seul gonflement. ■
L'humidite atmospherique minimale necessaire pour le developpement de la RAA est determinee 
ä 85 % hr. Au-dessus de cette limite, la vitesse de la reaction est proportionnelle ä l'hu
midite. ' ■
Une acceleration de la RAA, par exemple par une elevation de la temperature, par une augmenta
tion de l'humidite ou par un fin broyage des agregats reactifs, reduit la degradation finale.
Un conditionnement a sec initial du beton augmente la degradation par la RAA. Avec des grains 
gros (plus de 0,5 mm de diametre), seules des experiences de longue duree donnent des resul
tats certains.

SUMMARY: The results of some laboratory investigations on the concrete damaging al kali-aggregate reaction (AAR) 
with opaline sandstone are reported;
It is shown that the damaging reactivity of the aggregate is inversely proportional to its porosity. The develop
ment of the damage is better detected by measurement of the expansion together with resonance frequency pieasure- 
ment than by the observation of the expansion alone.
The minimum atmospheric humidity needed for a progressing AAR is discovered to be 85 % rh. Above this limit, 
the reaction rate is proportional to the humidity. 1
An acceleration of the damaging AAR, i.e. through raised temperature, high humidity, or fine crushing of the 
reactive aggregate reduces the final damage.
Initial dry storage of the concrete increases the damage due to the AAR. , ,
With coarse, reactive aggregate (more than 0.5 mm in diameter) only long-'-therm tests give reliable results.



INTRODUCTION
The alkali-aggregate reaction (AAR) may cause consi
derable damage to concrete which contains soluble 
silica within its aggregate. By the reaction between 
the alkalies solved in the pore solution and the 
reactive aggregate components, locally osmotic pres
sures are built up if sufficient humidity is avail
able, which may exceed the strength of the concrete. 
Part of the then generated cracks are microscopical
ly small. They cause an extension and a loosening 
of the structure which can. be measured through 
macroscopic extension and decrease of strength.
In the following some results of research on the 
influence of different parameters on the AAR are 
presented. Some of these tests have been running 
for more than four years.

EXPERIMENTAL
To determine the dangerous alkali reactivity of an 
aggregate, mortar bar tests show the most reliable 
resul ts.
The mortar used in the following experiments is made 
with a Portland cement (PZ 45 F) with an alkali con
tent of 0.9 wt-% Na20 equivalent.
In contrast to other published investigations, no 
special cement-rich mix is used, but the mortar is 
composed and prepared according to the German stand
ard DIN 1164, which means the composition of cement-: 
aggregate : water beeing 1:3: 0.5. The aggregate 
is standard sand. The opaline sandstone is crushed 
to a grain size of 0.09 to 0.5 mm and is added in 
amounts of 4 wt^-X of the aggregate as replacement of 
the corresponding sand fraction. With this mortar in 
any case six prismatic specimens of the dimensions 
1 x 4 x 16 cm are made. For the extension measure
ment the bars are equipped with gauge points to fit 
into a comparator. After 24 h of humid storage, the 
specimens are demolded. They are stored in slightly 
evacuated desiccators above water.
To determine the progressing damage due to the AAR 
at .different intervals mass, length change and re
sonance frequency ?re measured. The comparator is 
equipped with a dial gauge with a resolution of 
0.01 mm. The zero measurement is performed after the 
demolding of the specimens.
The resonance frequency is measured with the EG-meter 
according to Kottas (1). Together with the density 
and the length of the specimen, the resonance fre
quency yields Young's modulus, which is proportional 
to the square of the resonance frequency. In all the 
reported tests, the length change and the change of 
the bulk density are small compared to the change of 
the resonance frequency. Therefore an increase of 
the resonance frequency indicates an increase of 
Young's modulus which means a consolidation of the 
structure whereas a decrease of the resonance fre
quency suggests a weakening of the specimen.

REACTIVE AGGREGATE
Throughout all tests opaline sandstone from Schleswig- 
Holstein was used as reactive aggregate. The modifi
cations of the reactive aggregate in Schleswig-Hol
stein are described by Niemeyer (2).
Sixty percent of the opaline sandstone which was at 
the authors' disposal looked grey-white, the rest

grey-green. First investigations revealed consider
able differences in its mineralogical composition 
and its porosity.

See figure 1
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Fig. 1 X-ray deflection pattern of opaline sand
stone with different bulk densities

The x-ray deflection pattern shows that the material 
with bulk densities of more than 2.1 g/cmj only con
tains quartz and calcite. The less dense material 
contains cristobalite and only small amounts of 
quartz and calcite. Therefore the aggregate was as
sorted according to its colour and its bulk density. 
Table 1 shows the porosity, the specific surface 
area, and the calcite content of the different frac
tions which was measured thermogravimetrically.

Tab. 1 Properties of opaline sandstone

bulk 
density 

g/cm3
density 
g/cm3

porosity 
vol-%

sp. sur
face area 

m2/g

calcite 
content 
wt-X

1.13 2.53 55.3 15.1 8.5
grey- 1.47 2.62 45.8 20.5 30
4)ite 1.87 2.57 27.2 10.1 35

2.34 2.74 15.0 1.9 ' 96.6

1.20 2.84 57.8 35.3 2
1.37 2.75 50.2 34.8 6

grey- 1.70 2.61 34.9 26.1 2
green 1.91. 2.44 21.7 30.7 2.8

2.05 2.38 13.9 18.0 7.7
2.60 2.72 4.4 4.2 55.7

Ludwig and Bauer (3) have already reported, that the 
porous opaline sandstone causes no damage. The tests 
were extended to lower porosities. Fig. 2 shows the 
expansion and the resonance frequencies of the speci
mens containing different fractions of the opaline 
sandstone. The least porous reactive aggregate causes 
the most severe damage. ' ' 1



Fig. 2 Expansion and resonance frequency of mortar 
bars containing opaline sandstone with 
different bulk densities

The material with a bulk density of £.6 g/cm^ does 
not contain opal, which shows cristobalite structure 
In the x-ray analysis (see Fig. 1), and is not reac
tive. The tests show that opaline sandstone with, a 
porosity of 50 vol-% or more does not cause damage 
within the test period of nearly 500 days when reac
ting with the cement alkalies. The osmotic pressures 
are then degenerated within the pore space of the ag
gregate and not transmitted to the concrete structure. 
At lower porosities the damage is inversly proportion
al to the porosity the lower limit being determined 
by the mineralogical composition.

MINIMUM HUMIDITY
For the AAR to proceed, the concrete must contain free 
water. The diffusion processes which lead to the AAR 
presuppose a pore liquid in the concrete. On the other 
hand, the osmotic pressures result from the imbibi
tion of water by the reaction products. In order to 
determine the minimum atmospheric humidity required 
for the AAR, one series of specimens at a time was 
cured at different humidities. The opaline sandstone 
in these tests has a bulk density of 1.9 g/cm3.

To adjust the atmospheric humidity, sulphuric acid of 
different concentrations is used. In the first in
stance, the humidities are adjusted to about'40 X rh, 
60 X rh, 80 X rh, 90 X rh and more than 95 X rh.

Fig. 3 Expansion and resonance frequency of mortar 
bars stored at different relative humidities,

The specimens stored above water already expand clear
ly within 15 days and after about 100 days, they 
reach their final expansion of 2.8 mm/m. At the lower 
humidity of 90 % rh the AAR cannot be observed be
fore about 50 days. The expansion increases more 
slowly due to the lower water supply. The reduction 
of the resonance frequency, however, is more pro
nounced than that of the specimens stored above 
water. The specimens stored at humidities of 80 X rh 
and less only show drying shrinkage. Therefore, after 
42 days, the specimens are rearranged from 60 % rh 
and 40 % rh to more than 95 % rh and 95 % rh. Then 
these specimens expand rapidly and their resonance 
frequency decreases accordingly. Again, the specimens! 
stored above water expand faster and reach their 
final expansion earlier than those stored at the 
lower humidity of 95 % rh. The former reach their 
final expansion of 6 mm/m after about 200 days. This 
value is about twice as much as the expansion reached1 
by the specimens which were stored above water from 
the beginning of the test.

The specimens rearranged from 40 % rh to 95 % rh ex
pand more slowly but the reduction of their resonance 
frequency and therewith their structural damage is 
more severe. They do not reach their final expansion 
until after 900 days.

The results show that a reduced moisture availability! 
does not diminish the damage due to the AAR but only 
delays" it. Because of the longer reaction period, the 
concrete damages are more severe at the lower humidi
ty. furthermore, a high humidity is necessary for the 
rehealing process. This is an additional reason for 
the greater damage at the lower humidity. The same 
holds true for the specimens stored at 90 X rh. They

1 expand very slowly. After 360 days their expansion 
amounts to only 1.6 mm/m. This expansion,, however, 
is accompanied by a marked decrease in the resonance

■ frequency.



The storage at 80 % rh does not cause an expansion 
or a decrease in the resonance frequency within the 
period of 360 days. Therefore, in order to determine 
the minimum humidity needed for the AAR, the speci
mens stored initially at 80 % rh and 90 % rh are re
arranged to about 85 % rh after 360 days.

Thereafter, the specimens formerly stored at 80 % rh 
do not show effects of the AAR up to 1000 days. The 
rearrangement from 90 % rh to 85 1» rh results in a 
delay in the expansion reaction. After a dormant 
period of about 200 days, the specimens expand a 
little. This inferior expansion is accompanied by a 
distinct decrease in the resonance frequency, a clear 
indication of the recommencing AAR.
The results show that for a damaging AAR a minimum 
humidity of about 85 % rh is needed.

RESIDUAL HAZARD
After a test period of 1000 days all specimens were 
rearranged to the high humidity of more than 95 % rh 
in order to determine the residual reaction potential 
of the reactive aggregate. To accelerate the reac
tion, two specimens from each series were stored at 
40°C. The specimens which had been stored above 
water before show no reaction. Their content of opal
ine sandstone has reacted completely.'

Fig. 4 Residual hazard after 1000 days storage 
at different humidities

The specimens which have been stored near the min
imum humidity expand after the rearrangement by up 
to 9 mm/m. This expansion is more than the expansion 

of the specimens which were rearranged to the high 
humidity at earlier ages. The higher temperature 
causes an acceleration of the reaction. This accel-' 
eration, however, reduces the final damage as de
tected in other test series (4). .

The decrease in the resonance frequency of the spe
cimens formerly stored at 80 % rh is stronger than 
that of the specimens rearranged from 90 % rh. The 
structure of the latter, at the time of the rearran
gement, is damaged to such an extent that the reac
tion intensified by the high humidity hardly causes 
new microcracks. The expansion is achieved by the 
widening of the existing cracks. This has no effect 
on the natural frequency. On the other hand, the 
structure of 80 % rh-specimens is at the time of the 
rearrangement practically undamaged. The osmotic pres
sure due to the AAR causes the generation of micro
cracks and this is indicated by the decrease in the ' 
resonance frequency.

The results show that an aging of concrete in a dry 
atmosphere markedly increases the risk of damage 
through the AAR. The explanation is that fresh con
crete can yield to swelling pressures through plas
tic deformation. Thereby part of the pressure is can
celled. But the rigid structure of older concrete 
does not allow plastic deformations. Therefore more 
cracks are formed and the damage is more severe. '

GRAIN SIZE OF THE REACTIVE AGGREGATE
Another example of a delayed reaction's causing more 
damage than a fast reaction is provided by the in
vestigation of the influence of the grain size" of 
the reactive aggregate on the AAR., ' 
Four test series with the granulometric fractions 
0,09 - 0.5 mm; 0.5 - 1 mm; 1 - 3.15 mm; 3.15 - 5 mm 
of the opaline sandstone were prepared.

Fig. 5 Expansion and resonance frequency of mortar 
bars containing opaline sandstone of dif- 

‘ ferent grain sizes

The specimens containing the finest reactive aggre
gate (0.09 - 0.5 mm) attain their ultimate expansion 
after a period of about 100 days humid storage. 
Then their resonance frequency Increases continuously[ 



The structure reheals as the first reaction products 
solidify through the reaction with lime and thus 
cement the cracks.

The specimens containing the fraction 0.5 - 1 mm ex
ceed the expansion of the former after 225 days and 
reach their final expansion only after more than 
900 days. This slow expansion is accompanied by a 
continuous decrease in the resonance frequency. The 
frequency does not indicate the beginning of the re
healing process until after more than 800 days.

The mqrtar bars containing the coarser reactive ag
gregate fractions expand more slowly but after 
1200 days the expansion of the specimens containing 
the fraction 1 - 3.15 mm exceed the expansion of the 
bars with the finest fraction. The decrease in the 
resonance frequency of the specimens with the coarse 
fractions after 1000 days clearly indicates the pro
gress of the damage due to the AAR.

Another result of these tests is that investigations 
over limited periods of one or two years may in 
some cases only give limited information about the 
parameters influencing the AAR.
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Resistance of hardened cement mortar to magnesium 
chloride solution

Resistance d'un mortier au ciment durci ä une solution de chiorure de 
magnesium

Y. SUZUKAWA, Dr. Central Research Laboratory, Ube Industries, Ltd. Japan. .

RESUME : Des echantillons de mortier faits avec divers types de ciment commercial ont ete 
immerges dans des solutions contenant 1, 4,et 25 g, de MgC^/l pendant un an.

Les resultats de I'essal ont montre que le ciment Portland de laltler de haut fourneau, avec 
une teneur elevee en laltler a une bonne reslstivlte, comme nous I'avons decrlt precedemment 
dans notre rapport. Aucune relation n'a ete observee entre la diminution de la resistance du 
mortier et la teneur en C^A du ciment Portland. ■

La deterioration du mortier de ciment durcl est prInolpalement due a une augmentation de la 
porosite du mortier produite par la dissolution de CafOH)^. "

SUMMARY : Mortar specimens made with various-types of commercial cement were immersed in solutions containing
1, 4, and 25 g. MgCl^/1.’ up to 1 year. " ' ■ -

Test results showed that portland blast-furnace slag, cement with a higher content of slag has a good resis
tivity as reported previously. No relationships were observed between the decrease in mortar strength and
the C^A content of portland cement

The deterioration of hardened cement mortar is due mainly to an increase in" the porocity of mortar caused by 
the dissolution of CafOH^.



Four types of portland cement, i.e., ordinary (1) 
moderate heat of hydration (2), high early strength 
(3), and sulfate resistant (4), portland blast
furnace slag cement (5), and portland fly-ash cement 
(6) were used. Chemical compositions and Blaine 
specific surface are shown in (Table I).

TABLE I

Sample 
No.

Loss on 
ignition

Insoluble 
residue

SiOg H2°3 Fe2°3 CaO MgO S03 Free 
CaO

Sp. surface 
sq<cnie per g»

1 0.7 0.4 21.4 5.7 3.4 63.9 1.4 2.1 0.5 32502 0.7 0.4 23.1 4.3 4.0 63.5 1.5 2.0 0.1 32503 0.9 0.8 20.4 5.0 2.7 65.3 1.3 2.6 1.1 42704 0.5 0.4 22.4 3.1 4.7 64.8 1.3 2.1 0.1 3700
5 0.1 0.3 28.2 12.5 1.6 ■ 50.0 3.2 2.2 0.2 36306 1.1 . 22.8 17.2 4.9 2.7 48.4 1.1 1.5 0.4 3090

EXPERIMENT AND RESULTS

Mix proportion of cement : sand : water of the mor
tar "used is 1 ; 2 : 0.65. Size of specimen for com
pressive strength test is 4 x 4 x 16 cm. and that 
for expansion test is 1 x 1 x 11.25 inch.

After molding, these specimens were cured in moist 
closet for 1 day and then cured in water for 6 days. 
After this period, they were cured in water or in 
Mgdg solution at 20°C until the time of test. The 
concentration of MgClg solution used is 1, 4, and 25 
g. MgClg per litre, respectively..

At the ages of 1, 4, 13, 26, and 52 weeks, mortar 
strength and expansion were measured. After strength 
test, mortar specimens were cut from the surface at 
an interval of 5 mm. into four parts with equal 
thickness. These cutting specimens were subjected to 
chemical and X-ray analyses and electron microscopic 
observation. Total pore volume and pore size dis
tribution were also measured.

Compressive strength ratio of mortars cured in solu
tion containing 25 g. Mgdg/l. and those cured in 
water up to the age of 52 weeks is shown in (Table 
II). . . ■

Within the scope of this experiment, no relations 
were observed between the decrease in compressive 
strength ratio and the content of C^A in portland 
.cement.

TABLE II ,

Compressive strength ratio
Sample
No. Curing period in weeks

4 ' 26 52 -

1 ■ 84 64 ' 47
2 . 87 63 58
3 91 67 62
4 88 65 53

5 104 100 94
6 95 65 63

In the expansion of mortar cured in Mgd- solution, 
portland fly-ash cement mortar showed a little 
higher value, but the other cement mortars showed 
approximately the same value as compared with the 
expansion of-corresponding specimens cured in 
water.

The surface of mortar specimens immersed in Mgdg 
solution was covered'with a white colour film, 
consisting mainly of Mg(0H)g as reported by 
Kalousek and Benton (1), and the formation -of C,A» 
Cadg • lOHgO was also found. '

Riedel . (2) has already reported that in solution 
cbntalnlng a large amount of Mgdg, magnesium 
oxychloride Mg2(0H),d»4H20 Is formed. In the pre
sent experiment up to' the concentration of 25 g, 
MgCl, per litre, however, no formation of this com
pound was found. '



ThS ■äB®uS6edfl i?ase#-‘8dlti'bl6'!:G3.Pit>ti of each cutting 
'BpeciiietiS'-af hasdeadd ^oeaent aer'tar 25 g.
MgClg 'pe'f'Mtre solution is shown in (Figure 1).

0-5 5-10 10-B 15-20 0-5 5-10 10-15 15-20
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Fig. 1 — Amount of water-soluble Cl ion

, The results showed that in portland and portland 
fly-ash cement mortar the penetration of Cl ion 
reaches already up to the centre portion at the age 
of 26 weeks and in portland blast-furnace slag 
cement mortar the penetration occurs up to 10-15 mm. 
from the surface at the age of 52 weeks.

'Total pore volume was measured with sample crushed 
into a size of 5-1.2 mm. by using the mercury poroci- 
meter. These values of specimens cured in water and 
of those cured in 25 g. MgClVl. solution are shown 
in (Figure 2).

Figure 2 showed that only a slight difference is ob
served at the age of 4 weeks. However, at the age of 
52 weeks, the value showed a large difference with 
the exception of portland blast-furnace slag cement 

,mortar.

Based ,on the results obtained in Table II and Figure 
2, the decrease in compressive strength ratio is re- 
jlated intimately to the increase in total pore 
volume.

Fig. 2 - Total pore volume

CONCLUSION -

The deteriration of hardened cement mortar in MgCl, 
solution is due mainly to an increase in the poro- 
city of mortar caused by the dissolution of Ca(OH)-. 
This dissolution is expressed by the following 
chemical equation:

Ca(OH)2 + MgCl2 = Mg(OH)2+ CaCLj. -

No relations were observed between the decrease in 
mortar strength in MgCl2 solution and the C-A con
tent of portland cement. 5
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RESUME : Cette etude est basee sur le fait qu'une relation importante peut exister entre, 
d une part la structure et la morphologie de la zone interfaciale entre la pate de ciment et 
les agregats et, d autre part, la formation et la propagation de microfissures. Les eprouvet- 
tes ont ete preparees a 27, 60 et 90°C sous des pressions de 0,1, 6,9 et 68,9 MPa. La morpho
logie et le mode de fracture le long de la zone Interfaciale du ciment Portland et des cail- 
loux dependent de la reactivlte des agregats ainsi que du taux d1hydratatlon de la pate de ci
ment.
Une region formee de deux couches apparait dans la zone interfaciale entre les agregats non 
reactlfs et la pate du ciment. La morphologie interfaciale est caracterlsee par un film mince 
de C-H (C-S-H) a partir duquel des particules de C-H-S semblent croltre. En plus des particu- 
les de C-H-S, des cristaux de plus grande taille de Ca(OH)- semblent rattacher la zone inter
faciale ä la pate et, par consequent, les agregats ä la pate. Lorsque le taux d'hydratatlon 
augmente, une plus grande quantite de päte est fixee ä la zone interfaciale. Des examens tous 
les 6 mois montrent que la zone interfaciale conserve une structure formee de 2 couches.
Contralrement ä la region ä 2 couches formee sur un agregat non reactlf et cöntrairement aussi 
a ce qui a ete publie Sur les surfaces reactives, nous avons trouve 4 couches interfaciales sur 
des surfaces reactives. La surface reactive des agregats est d.'une maniere typique recouverte 
d ' une couche de S-C-K-H a partir de laquelle des particules de 5-C-K-H semblent croitre. Ces 
deux couches forment la Zone I. Les particules S-C-K-H de la Zone I sent recouvertes d'un se
cond film de C-S-H (C-H) contenant relativement plus de calcium que de silicium et pas d'alca- 
11s. Ici encore les particules de C-H-S semblent croitre ä partir de cette couche, rattachant 
ainsi la zone interfaciale a la pate de ciment.
Des groupes independants de fissures dues au retrait sont observes dans les Zones I et II. . 
Toutefois, ces fissures sont beaucoup plus nombreuses dans la Zone I (S-C-K-H). La fracture se 
propage typiquement en marches ä travers chaque couche de la zone interfaciale.
Des pressions elevees furent utllisees pour augmenter les contacts entre la pate et la surface 
des cailloux et furent aussi combinees avec une temperature elevee pour accroltre la vitesse 
d1 hydratatlon. La rugoslte du gravier n'a pas d'effet majeur sur la structure de base de 1'in- 
terface.

ABSTRACT: The present investigation was based on the likelihood that an important relationship might exist be
tween the structure and morphology of the cemept paste/aggregate (wall rock), interfacial region and the initia
tion and propagation of microcracks. Curing conditions included temperatures of 27, 60, and 90°C and pressures of 
0.1, 6.9, and 68.9 MPa. The morphology and mode of fracture at the interfacial region formed between portland 
cement and rock were both dependent on reactivity of the aggregate and degree of hydration of the cement paste. A 
two layered zone developed in the interfacial region between non-reactive aggregates and portland cement paste. 
The interfacial morphology is characterized by a thin film of C-H (C-S-H) from which C-S-H particles appear to be 
growing. In addition to C-S-H particles, larger crystals of Ca(OH)2 appear to attach the interfacial region to 
the bulk paste and thereby the aggregate to the bulk paste. As the degree of hydration increased, more bulk paste 
became attached to the interfacial region. Where the interfacial region was exposed in six month runs it still 
appeared as a two layer zone.

In contrast to the two-layered region formed on an unreactive aggregate and previously reported on reactive surf
aces, four interfacial layers were characteristically present on reactive surfaces. The reactive aggregate surf
ace was typically overlain by a S-C-K-H film from which S-C-K-H particles appeared to be growing. These two 
layers make up Zone I. S-C-K-H particles on Zone I were attached to an overlying second film containing rela
tively more calcium than silicon and no alkali, C-S-H (C-H) film. Again, C-S-H particles appeared to be growing 
from this film and attaching the Interfacial region to the bulk paste. Independent sets of shrinkage cracks^were 
observed in both Zones I and II. However, they were much more abundant in Zone I (S-C-K-H Zone). Fracture typi
cally took place in a step-like manner across each layer of the interfacial region.

The effect of elevated pressures was to increase the contact between paste and rock surface and, when combined 
with elevated temperature, to increase also the hydration rate. Surface roughness of the rock resulted in no 
major effect upon the basic structure of the interface.



INTRODUCTION

The present investigation is based on the likelihood 
that an important relationship exists between the 
structure and morphology of the interfacial region 
formed at a cement paste/aggregate (wall rock) con
tact, and the initiation and propagation of microcracks. 
The characteristics of this region may be responsible 
for eventual failure through decreased strength and/or 
permeability. Previously, little attempt has been 
made to relate microstructure to microcracking or to 
evaluate them in terms of measurable physical proper
ties (1-3). Characterization of the morphology of the 
interfacial region formed between portland cement and 
various substrates is particularly important if cement 
or concrete is to be used as a containment material for 
potentially harmful substances, such as radioactive 
waste stored in mined underground repositories. The 
type of interfacial morphology developed on specific 
rocks is a means of classifying them as reactive or 
nonreactive. Accurate characterization of the inter
facial region also may be a method of early detection 
of reactive materials. Data concerning the morphology 
of the interfacial region are presented here; the rela
tion between cement/rock interfacial regions and per
meability and bond strength are discussed elsewhere 
(4,5). '

EXPERIMENTAL PROCEDURE

Curing conditions chosen for this study included tem
peratures of 27, 60 and 90°C and pressures of 0.1, 6.9, 
and 68.9 MPa. Experiments conducted at ambient tem
perature, 0.1 MPa, were carried out in temperature- 
controlled, constant-humidity chambers; higher pres
sure runs were made in stainless steel autoclaves. 
Temperatures below 100°C were regulated in a water bath. 
Mineral oil was used as the heat-transfer medium in 
longer term runs. Curing times of relatively short dura
tion (most of which were less than three days) were in
tended to study the interfacial morphology as a function 
of temperture and pressure with little or no cement/ 
aggregate interaction. Longer term experiments, up to 
six months, were also conducted to determine the nature 
and extent of the aggregate/cement reaction.

Pastes were prepared according to ASTM procedure C305 
using a low alkali portland type I cement. Low-alkali 
cement was chosen to prevent extensive rapid reaction 
from masking the interfacial morphologies and time
dependent characteristics. A w/c ratio of 0.40 was 
used. Chemical analysis of the cement is as follows:

Portland Type I Cement

CaO = 64.99 MgO = 2.09
SiO2 = 21.00 S03 = 2.61
Al203 = 5.22 Na2O = 0.08
Fe203 = 2.90 K20 = 0.74

"Aggregates" (rock slices) used included: Tuscarora 
quartzite, 95% quartz with a silica cement; a silt
stone member of the Juniata formation containing ap
proximately 25-30% matrix of illite and about 65% 
quartz; the Valentine limestone, 99.9% calcium car
bonate; Beltane opal from Sonoma county, California, 
containing cristobalite and minor amounts of tri
dymite and alunite. •

These rocks were slabbed, cored, and cut into discs 
,19.1 mm in diameter and 6.4 mm thick. One face was 
grournt to 600 grit;-the-other^ left as sawn;—Rock-

samples were stored at room temperature and 100% rela
tive humidity according to ASTM procedure C227.

The cement paste/rock disc samples were cast in poly
ethylene molds and set for 12 hours at 25°C and greater 
than 95% relative humidity. The specimens were then 
cured for 1, 3, 7, and 28 days. Three- and six-month 
runs also were made. Some high-temperature, high- 
pressure experiments were also conducted in which set
ting and curing conditions were identical. Sample geo
metry is illustrated in Figure 1.

After samples were removed from the autoclaves, the 
cement cylinders were cut longitudinally and placed 
in liquid nitrogen for 15 minutes. The samples were 
then freeze-dried on a cold-plate vacuum desiccator for 
48 hours to stop further hydration and to remove free 
water. One longitudinal half of the sample was frac
tured, along the interface and the complementary halves 
(paste and aggregate) were gold coated. In some cases, 
the other longitudinal half of the sample was used to' 
make polished sections perpendicular to the interface. 
All samples were stored over magnesium perchlorate 
until viewed under a Scanning Electron Microscope with 
energy dispersive x-ray analysis.

RESULTS .

In preliminary experiments, samples were set at 25, 60, 
and-90°C and 100% relative humidity for 12 and 24 ■ 
hours. The result of increasing setting time and"tem
perature was to increase the degree of hydration. How
ever, the basic structure of the interfacial region re
mained relatively unchanged after the setting period- 
(even for the opaline aggregate).

Figure 2 shows the morphology of the interfacial region 
formed on a Valentine limestone surface. The sample 
was cured for 24 hours at 60°C and 0.1 MPa pressure. 
This morphology is representative of the interfacial



regions formed with other types of rock when samples 
were subjected to similar curing conditions. In all 
cases, fracture occurred through void spaces between 
hydrating cement grains and through voids formed be
tween the hydration of shells of partially hydrated 
cement grains and their unhydrated cores. The rock 
portion of the fractured surface appears coated with 
fine acicular C-S-H gel and hexagonal Ca(0H)2 crystals 
ranging in size up to about 20 pm. In addition, 
numerous partially hydrated cement grains are attached 
to the rock surface.

The paste half of the sample appears as partially hy
drated cement grains covered with fine C-S-H gel grow
ing perpendicular to the grain surfaces and hexagonal 
Ca(0H)2 crystals growing in some of the pore spaces.

Figure 3 shows the morphology of the interfacial 
region formed on a similar limestone surface in a 
sample cured for three days at 60°C and 0.1 MPa pres
sure. The structure formed after three days is similar 
to that, formed after 24 hours. However, fewer partial
ly hydrated cement grains are attached to the rock 
surface and, therefore, the layer of C-S-H gel is more 
clearly exposed. Ca(0H)2 crystals are still attached 
to the rock surface and in some places are coated with 
patches of acicular C-S-H gel. .

The paste half of the sample is more hydrated after 
three days. Patches of well-crystallized equant 
hydrogarnets were also observed and are more common at 
the higher temperatures. Hexagonal Ca(0H)2 crystals 
were found tn pores and between hydrating cement 
grains.

Energy dispersive x-ray (EDX) analyses of the C-S-H 
gel formed during the first day of hydration indicated 
that the average S1:Ca ratio increased slightly with 
increasing temperature. Qualitative compositional an
alysis of the calcium hydroxide within a given sample 
indicated a compositional range from almost pure . 
Ca(OH)2 to appreciable amounts of Si, Al, and S. In 
places, large Ca(0H)2 crystals were observed engulfing 
smaller Ca(0H)2 grains and partially "hydrated cement 
.grains. The solubility of lime in water at 90°C is 
approximately 1/2 the solubility at 25eC. As tempera
ture was increased from 25<’C to the curing temperature, 
calcium apparently precipitated out of solution and 
grew to form these large Ca(0H)2 crystals.

Secondary deposits of Ca(0H)2 resembling small closely 
spaced platelets have been reported filling open spaces 
near the Interface after about three days for samples 
cured at 25°C (1-3). This structure was not typical of 
the Interfacial regions formed at higher temperatures 
and "pressures. However, it was observed lining voids 
presumably formed by air bubbles trapped in the cement.

One effect of pressure on the morphology of the inter
. facial region is to increase the contact between the 
cement and rock. Figure 4 shows the interfacial region 
developed after curing for three days at 90°C and 68.9 
MPa. This figure shows the paste half of the sample 
taken from the unpolished side of the Tuscarora quartz
ite. After three days, most of the C-S-H gel and 
Ca(0H)2 formed at the Interface are attached to the 
paste. The C-S-H paste forms a blanket-like texture 
made up of Interlocking rosette structures.

Figure 5 again shows the paste half of the sample; the 
other half is polished quartzite. The sample was cured 
for seven days at 90°C and 68.9 MPa. The medium-gray, 
smooth-textured-erea in-the center of the figure is a--

portion of the Ca(0H)2 film which was deposited on the 
rock surface shortly after it came in contact with the 
paste. When the sample was fractured, part of the 
thin lime film remained attached to the rock, and 
part to the bulk cement. ■

Figure 6 shows the aggregate half of a sample cured 
for seven days at 90°C and 68.9 MPa. The aggregate 
in this case was unpolished Juniata siltstone. Hexa
gonal Ca(0H)2 crystals, dense C-S-H gel, and partially 
hydrated clinker grains are attached to the siltstone 
surface and masks the interfacial morphology after 
only seven days curing. This was also the case for 
limestone and quartzite aggregates.

Samples containing Valentine limestone, Tuscarora 
quartzite and Juniata siltstone, when cured for periods 
of up to 28 days, showed continued hydration. When 
samples were broken, fracture occurred through the 
bulk paste above the interface. Most of the hydration 
products formed during these studies thus remained at
tached to the bulk paste. It was therefore difficult 
to detect changes in and/or characterize the inter
facial morphologies of these three relatively non
reactive rock types.

An entirely different type of interfacial morphology 
was detected in samples containing opaline aggregates 
cured seven days to six months at 27°, 60° and 90°C 
over the entire pressure range studied. (Three-day 
samples showed morphologies similar to those pre
viously discussed.) Fracture was observed to take 
place typically in layered steps from the aggregate 
surface upwards through the interfacial region and 
then the bulk cement paste. The interfacial region 
between the reactive opaline rock and the low alkali 
Type I cement was characterized by two zones each of 
which was made up of a thin film on which semicrys
talline or gel particles appeared to be growing. 
Figure 7 is an SEM stereo image of the two-zoned 
interfacial region developed on a reactive opaline 
rock. The opaline substrate is exposed in the upper 
left of the image. It is overlain by a thin film, 
from which particles appear to be growing. Interfacial 
Zone 1. Shrinkage cracks were most likely induced in 
the desiccation necessary for SEM/EDX analysis. An 
enlargement of the gel particles in Zone I is" shown in 
Figure 8. .

Zone II is seen in Figure 7 overlying the particles on 
Zone I. Interfacial Zone II is also characterized by 
a film on which particles appear to be growing. 
Figure 9 is an enlarged view of Zone II which typi
cally consists of a porous film covered with C-S-H gel 
particles. •

An EDX-qualitative chemical analysis from area A, 
Figure 7, is plotted in Figure 10a. Zone I has a 
silica-rich potassium-calcium composition. Compara
tive analyses of the film versus the particles in this 
Interfacial zone indicated a slightly higher Si:Ca 
ratio for the film. A chemical analysis of Zone II is, 
shown.in Figure 10b and can be seen to contain a 
relatively higher Ca:S1 ratio and no potassium, in 
contrast to the analyses of Zone I.

Bulk cement paste is shown in Figure 7 in the lower 
right comer and also in the left corner of Figure 9. 
It appears to be attached to the Interfacial region of 
the C-S-H gel particles growing on the film in Zone
II. •



Figure 2. Morphology of interfacial region formed be
tween paste and Valentine limestone cured 24h at 60°C 
and 0.1 MPa is characterized by C-S-H gel particles, 
partially hydrated clinker, and hexagonal (Ca)OH2 crys
tal attached to the rock surfaces.

Figure 3. Interfacial-region formed between 'paste and 
Valentine limestone cured for 3d at 60°C and 0.1 MPa is 
characterized by an increase in the amount of C-S-H gel 
particles and a decrease in partially hydrated clinker 
attached to the rock surface. - -

Figure 4. Intergrowth of C-S-H gel particles attached 
to the complementary paste half of the fractured sam
ple is characteristic of the interfacial region formed 
between type I cement and unpolished Tuscarora quartz
ite surface, cured 3d at 90°C and 68.9 MPa.

Figures. A thin patchy film of Ca(OH)2 is also cha
racteristic of the interfacial region formed between 
type I cement and a polished Tuscarora quartzite 
surface cured 3d at 90°C, 68.9 MPa. The thin Ca(OH)2 
film is shown attached to the bulk paste by inter
locking C-S-H particles.

Figure 6. Hexagonal Ca(OH) crystals, dense C-S-H 
gel and partially hydrated clinker grains are attached 
to the Juniata siltstone surface after 7d curing at 
90°C and 68.9 MPa.

Discussion aud conclusions

The morphology and mode of fracture through the inter
facial region formed between portland cement paste and 
rock are both dependent on the reactivity of the ag
gregate (solubility in a high-pH solution caused by 
hydrolysis of uncombined free water in cement pastes 
to produce hydroxyl ions) and the degree of hydration 
of the cement paste (sodium and potassium are re
leased into solution by the formation of ettringite 
which ties up sulfate ions previously combined with 
al kali es). The net effect of reactive rocks used as 
aggregates in portland cement has been termed 
al kali-aggregate reaction. In this study the degree 
of cement hydration was found to increase with in
creasing time and temperatures up to 90°C. Aggregates 
were classified as reactive and unreactive based on 
morphologies developed in the interfacial region 
after curing for six months. Valentine limestone 
(99.0% calcium carbonate), Tuscarora quartzite (95% 
quartz plus silica cement), and Juniata siltstone (25
30% illite matrix plus 65% quartz) were found to be 
non-reactive^ Beltane-opal was.-reactive^-
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Figure 8. Magnification of S-C-K-H gel particles from 
Interfacial Zone I.

Figure 10. (a) Energy dispersive x-ray analysis of 
S-C-K-H gel particles within area A, Figure 7.
(b) Energy dispersive x-ray analysis of C-S-H gel par
ticles within area B, Figure 7.

Figure 9. Magnification of C-S-H porous film and 
C-S-H gel particles making up-Interfacial Zone II.

Figure 11 is a schematic diagram of the characteristic 
two-layer zone developed in the interfacial region be
tween a non-reactive aggregate and portland cement 
paste. The interfacial morphology is characterized 
by a thin film of C-H (C-S-H) from which C-S-H par
ticles appear to be growing. In addition to C-S-H 
particles, larger crystals of Ca(0H)2 appear to at
tach the. interfacial region to the bulk paste and 
thereby the aggregate to the bulk paste. As the de
gree of hydration increased, more bulk paste became 
attached to the interfacial region, making further 
characterization of the aggregate-film contact dif- r 
ficult. Where the interfacial region was exposed in . 
six-month runs it still appeared as a two-layer zone.

A schematic diagram of-the morphology of-the inter-’
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Figure 11. Schematic diagram of the interfacial re
gion formed between a non-reactive silica substrate and 
Type I cement paste. ■ "
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Figure 12. Schematic diagram of the interfacial region 
formed between a reactive silica substrate and Type I 
cement paste.

four Interfacial layers characteristically were present 
on reactive surfaces. The reactive aggregate surface, 
was typically overlain by a S-C-K-H film from which 
S-C-K-H particles appeared to be growing. These two 
layers make up Zone I. S-C-K-H particles on Zone I were 
attached to an overlying second film containing rela
tively more calcium than silicon and no alkali, C-S-H 
(C-H) film. Again, C-S-H particles appeared to be ■ 
growing from this film and attaching the Interfacial 
region to the bulk paste. Independent sets of shrink
age cracks were observed in both Zones I and II. How
ever, they were much more abundant in Zone I (S-C-K-H 
Zone). Fracture typically took place in a step-like 
manner across each layer of the interfacial region.

The effect of elevated pressures was to increase the 
contact between paste and rock surface, and, when com
bined with elevated temperature, to increase also the • 
hydration rate. Surface roughness of the rock resulted 
in no major effect upon the basic structure of the 
interface.
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facial region which developed on a reactive aggregate 
surface 1s shown In Figure 12. In contrast to the 
two-layered region formed on an unreactive aggregate 
and previously reported on reactive surfaces (1-3,6), .



Interface phenomena and durability of concrete
Phenomenes ä /'interface et durabilite du beton
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S. CANGIANO, Chem. Eng. Italcementi S.p.A. - Laboratorio Chimico Centrale - Bergamo - Italy.

RESUME : En operant sur des eprouvettes de sortier de ciment cylindriques, coulees autour 
d’un cylindre coaxial en calcaire ou eniquartz, on a confirm^ 1'existence d'une porosite 
partlculiere (rayons compris entre 150 et 300 Ä) ä 1'interface du sortier et de la pierre; 
eile semble due ä des discontinuites dans les liaisons.
Apres autoclavage, cette porosite, dejä reduite dans les eprouvettes ä noyau calcaire apres 
une cure normale, semble disparaltre complfetement, notamment dans les eprouvettes ä noyau de 
quartz. Des mesures conductimetriques ont, en outre, montre que cette zone interfaciale etait 
particulierement permeable ä NaCl. La profondeur de la penetration du NaCl dans cette zone 
depend etroitement de la dimension des pores.
L'addition d'un entraineur d'air augmente cette permeabilite a 20°$ 1'augmentation est plus 
importante avec le noyau calcaire qu'avec le noyau quartzeux, par suite probablement de I'ac- 
croissement des discontinuites de liaison du fait des bulles d'air. Toutefois, des eprouvet
tes comportant un entraineur d'air, et soumises ä des cycles de gel/degel ont montre que 
1'augmentation de la permeabilite de la zone Interfaciale 6tait plus faible que celle produi- 
te, dans les memes conditions, sur des eprouvettes sans entraineur d'air.

SUMMARY: By testing cement mortar specimens with a cylindrical limestone or quartz inclusion in the centre, the 
existence of a peculiar porosity (radii between 150 and 300 Ä) was confirmed at the mortar-aggregate interface, 
attributable to bond discontinuities. After autoclaving, such a porosity, already reduced in normally cured spe 
cimens with calcareous inclusion, appears to be almost suppressed especially In specimens with quartz inclusion. 
Moreover conductimetric measurements showed that the interface, compared with the mortar, is the site of a pre
ferential penetration of a NaCl solution. The magnitude of this penetration must be related to the volume of po 
res there existing. '
The addition of an air-entraining admixture is liable for an increase in the interface penetration at 20°C. This 
increase is more marked in the specimens with calcareous aggregate because of the greater extent of the bond discoji 
tinuities due to the formation of bubbles at the interface. Nevertheless the lower interface penetration obser
ved after freeze/thaw cycles in air-entrained specimens compared with the plain ones proved that the air-entraj. 
ning admixture restrains the frost action also at the interface.



1. INTRODUCTION
As known, the contact zone between cement matrix and 
aggregate plays an important role in the development 
of the mechanical strength of concrete, especially 
of the very high strength one (1, 2).
For some types of aggregates, having suitable chemi
cal and mineralogical composition, a crystallochemi- 
cal interaction is added to the interface interact - 
ion of physical type (3, 4). The former can be due to 
an epi taxis intergrowth between carbonated portlandi_ 
te crystals and calcareous aggregates in concretes 
cured at ordinary temperature (3) and between quartz 
aggregate and tobermorite 11 Ä in autoclaved mortars
(5).-  ■
The discontinuities always present at the aggregate
matrix interface, which would appear already reduced 
in the case of epi taxis with calcareous aggregate 
(3), ought to be almost absent owing to the hydrother
mal lime-silica reaction. In fact, in this case, the 
formation of a "weld bead" was observed around the a£ 
gregate (1). .
It is reasonable to think that the durability of con^ 
crete is affected by the type of interaction (physi
cal and crystallochemical), as was found for the me
chanical strength. In fact the interface layer can be 
more permeable to water o'" saline solutions than the 
matrix or the aggregate itself.
The purpose of this work is to prove the existence of 
a higher permeability in the interface zone due to a 
peculiar porosity and to verify whether the substan
tial strengthening of the interface bond, observed in 
very high strength concretes (2, 5), yields a decrea 
se in permeability, so improving the durability o7 
concrete to freeze/thaw cycles.

2. EXPERIMENTAL •
The materials used in the different tests are:
- very high strength portland cement (class 525)
- quartz containing 86.2% quartz silica
- limestone containing 99.4% CaCOg
- binder obtained-by mixing the cement and the quartz 

ground to a Blaine specific surface of 4500 cm2/g 
at the 1 : 1.66 ratio respectively.

Two types of mortar were prepared by using these ma
terials; an ordinary one, with cement, for specimens 
to be water-cured at 20°C, and another with binder 
for specimens to be autoclaved. The composition of 
the two mortars is shown in Table I.

Besides these, mortars containing an air-entrai.n i ng 
:adm.ixture (saponified VINSOL resin) in the rate of 2%, 
of the binder were made. The air content in the fresh

TABLE I: Composition of mortars

Materials and mix.ratios
Cement 
mortar 

%

Binder 
mortar 

%
525 Ptl cement (C) 45.8 28.6
Ground silica 
(4500 cm2/g) (S) - 17.2
Quartz (fract. Ot 0.83 mm) 54.2 54.2
W/C ratio 0.4 -

W/C + S ratio - 0.4
C/Sand ratio 1 : 1.8 - •
C + S/Sand ratio - 1 : 1.18

mixes was about 8%. .
The adopted curing conditions are given in Table II.

TABLE II: Curing conditions

Normal Autoclaved

Inmerslon in water 
at20°C for 28 days

Presteaming - about 17 h at 20°C
Low pressure steam curing 8 h at 60®C
Rate of temperature rise 0.7eC/min.
High pressure steam curing 24 h at 190eC
Rate of temperature rise 0.7eC/mtn,

2.1 Determination of the porosity in the interface ,
. zone

To determine the porosity and the pore distribution 
in the interface zone, porosimetric measurements we
re carried out by a mercury porosimeter in the range 
of the pore radii between 75 and 75 000 Ä (6).
The measurements were performed on the specimens in^ 
dicated in the first column of Table III. The speci
mens 5 to 8 consisted of.a cylindrical calcareous or 
quartz core surrounded by a ring of binder paste.

TABLE III: Porosimetric values concerning the indivi_ 
dual materials, the specimens an'*  ""he in

' terface zone

Miterials
Measured volueeiCalculated volume Volume of the 

Interface pores 
(«3/9) 
(e-b)

of pores

(a)

of ports 
(ob3/9 > 

(b)

1) Lleestone (cylinders: h» 15 !• B we) 0.0070 -
2) Quarts (cylinders: h-15 t-B M) 0.0022 • -
3) Homeliy cured tinder paste 0.0737 • •
*) Autoclaved binder paste . 0.0072 • -
5) Roreal ly cured binder paste ♦ Heestona 0.0346 0.0252 0.0094
6) Autoclaved binder pastt ♦ Hoes tone 0.0098 0.0071 0.0027
7) Nonwlly cured binder pa$u*quartz 0.0463 0.0360 0.0103
B) Autoclaved binder paste ♦ quart* 0.0061 0.0047 0.0014

The section of the specimens is shown in the detail 
of figure 2. .
The second column of Table III shows the pore volume 
determined experimentally in the different specimens. 
The third column lists the porosity values calcula
ted from the-porosity values of the individual compo 
nents (aggregate and binder paste), their weighted 
ratio considered.
The difference between the measured and the calcula
ted porosimetric values is reasonably attributable 
to the porosity of the Interface zone.
Table III allows the following observations: in the 
normal curing, the interface porosity of the specimen 
with calcareous inclusion is lower, even if slightly, 
than the one of the specimen with quartz aggregate; 
the difference reverses when the specimens are auto
claved. ■
Autoclaving reduces the porosity drastically,.namely: 
by about seven times in the specimens with quartz in 
elusion and by about.three times in the ones with caT 
careous inclusion. "

The pore size distribution in the interface zone of 
the normally cured specimens is shown in figure 1.
As can be seen, there is a peak in the pore range bet 
ween 150 A and 300 Ä; the peak is more marked an<l shift 



ed to wider radii for the specimen containing quartz. 
Since these peaks are not present in the binder paste 
and in the aggregate, it is reasonable to attribute 
them to discontinuities in the interface zone.

FIG. 1: Pore size distribution of normally cured spe 
cimens (20°C - fog room) ~

On the contrary, this peak lacks in the autoclaved 
specimens. Here the two curves take a conti nuous 
trend which decreases as the radius increases. More
over, especially in the above-mentioned range, they 
show a more marked porosity in the sample containing 
the calcareous inclusion than the one of the sample 
with quartz inclusion.

FIG. 2: Pore size distribution of autoclaved speci
mens

The presence of a certain porosity at the paste-quartz 
inclusion interface was confirmed experimentally as 

follows. Some specimens having the shape shown in the 
detail of figure 2 were subjected to mercury penetra 
tion at increasing pressures. After each treatment? 
the paste was detached from the quartz cylinder by ac 
cording to the tensile splitting test. ~ 
This procedure led to determine the pressure values 
at which the mercury begins and ends the penetration 
at the interface.

FIG. 3: Autoclaved specimen with quartz incl us ion 
split after mercury penetration at 250 atm

Figure 3 shows that, at 250 atm pressure necessary 
for filling the pores having r 2: 300 Ä, the contact 
surfaces of the two components (binder paste and ag
gregate) are not yet blackened by the metal. This 
means that the penetration of mercury has not yet oc 
curred. The figure also shows pieces of mortar stiIT 
strongly bonded to the aggregate core.
On the contrary, at 400 atm pressure (porerälSO Ä), 
the mercury penetrated the specimen.

FIG. 4: Autoclaved specimen with quartz inclusion 
split after mercury penetration at 400 atm

As figure 4 shows, the penetration occurred mainly at 
the interface. In fact the mercury blackens the sur
faces in contact with the quartz core and the binder 
paste, but it does not concern the real mass of the 
binder paste. This fact confirms that the interface 
porosity, also by autoclaving, is located in a wider 
range of radii (150-300 Ä) than the one of the bin
der.

2.2 Permeability of the interface and the cementiti
ous matrix

To evaluate the permeability of the interface layer 
and the mortar,measurements of electrical"conductivi 
ty were carried out on special specimens subjected" 
to penetration of a NaCl solution.
The electrical conductivity of the hardened and wet 



cement pastes was recently (7) described by a model 
consisting of an equivalent circuit composed of four 
parallel resistances. In this model, the total con
ductance of the system is given by the sum of the fol_ 
lowing conductances:
yo = inherent conductance of the paste
yad = conductance of the adsorbed water films
yelk = conductance depending on the electrokin e ti c 

processes
yely = electrolytic conductance.
By considering this model,- the Authors tried to mai£ 
tain the effect of the three first terms constant by 
always operating in alternating current, at the same 
frequency and with equal “cells" for all the speci
mens. Under these conditions, the differences of con 
ductivity among the different specimens were only aT 
tributable to the term yely which depends on the a
mount and the number of ionic species participati ng 
in the electrolytic conduction..
The conduct!metric tests were carried out on mortar 
prisms (10x10x4 cm) whose upper part was provided 
with a cylindrical cavity (0 = 5 cm, h = 2 cm) suita
ble for accomodating a 3% NaCl solution (figure 5).

FIG. 5: Specimen and arrangement of conductime t ri c 
cells for penetration tests

Before casting the mortar, an aggregate cylinder (0 
= 2.2 cm, h = 2 cm) was placed in the centre of a sui 
tably shaped mould. Moreover, a measurement "cell“7 
represented in the detail of the same figure 5, con
sisting of two platinum electrodes (5x5 mm) 0.8 mm 
distant from each other and between which a cement pa 
ste (w/c = 0.5) was previously cast, was careful ly 
introduced into the mould at the distance of 3.5 mm 
from the aggregate inclusion and at the depth of 1 cm. 
Another cell (interface cell) adherent to the aggre
gate cylinder was placed at the same depth as the pre 
vious one. Its construction was carried out as fol
lows. The first electrode was drawn on the cylinder 
by a silver colloidal suspension and immediately co
vered by a thin layer of cement paste (w/c = 0.5) who 
se thickness was determined by weighing. The secoriä 
electrode was drawn on this paste again by the silver 
suspension. The conductimetric tests were performed 
continuously at 20°C and during freeze/thaw cy c Ies 
by working with a conductimeter having a 1 kHz opera1 
ting frequency, judged as optimum for conductimetric 
tests on cement pastes (8) under a 200 mV tension.

2.2.1 ?ermeability_at_20°C

As for the normally cured specimens, the Increase in 
conductivity was always indicated at first by the 
cell at the interface and then by the one embedded 
in the mortar. Indeed, the latter did show no signi
ficant conductimetric signal since the specimen cracjc 
ed at varying times but anyhow subsequent to those 
of appearance of the signal at the interface.

TABLE IV: Times of appearance of the conductimetric 
signal at the interface

Type of specimen Hours from the beginning 
of the permeation

Ordinary mortar+calcareous 
inclusion 4
Ordinary air-entrained mor- 
tar+calcareous inclusion 2.5
Ordinary mortar+quartz in
clusion 1
Ordinary air-entrained mor
tar+quartz inclusion 0.5 '

Table IV shows the times of appearance of the conduc 
timetric signal at the interface. They were measured"

FIG. 6: Conductivity curves at the interface (A) and 
in the mortar (B) of autoclaved specimens sto
red at 20oC and 50% R.H.

Figure 6 gives the conductivity trend measured on ajj 
toclaved specimens. These did never show cracking b£ 
cause of their high strength.
The recorded data show that, for all the specimens, 
the conductimetric signal appears before at the in
terface than in the mortar and, at least in the first 
48 hours, it takes ever-increasing values at the in
terface compared with those of the mortar. Obviously 
this means that the interface zone constitutes a pre 
ferential way to permeation. ■ “
The permeation in the mortar is affected, owing to 
the side diffusion, by the rapidity of its occurren
ce at the interface. In fact more rapid increases in 
conductivity were noticed in the mortar of the specif 
mens whose interface revealed a quicker permeation.
The normally cured specimens (Table IV) with quartz 
Inclusion showed more rapid permeations at the inter 
face than those of specimens with calcareous i ncl a 



sion.
The autoclaving of the specimens containing quartz ag 
gregate strongly reduces the permeability and causes 
a considerable delay in the appearance of the conduc- 
timetric signal compared with what observed in the nor 
mally cured specimens (see figure 6). - 
On the contrary the same behaviour is not recorded for 
the specimens with calcareous aggregate. In this case 
the autoclaving, compared with the normal curing, does 
not involve a substantial decrease in permeability.
In all cases, the addition of air-entraining admixtu
re causes the appearance of the conductimetric signal 
in advance and therefore it Increases the perraeabili-

2.2.2 Permeabi 1 i ty duri ng freeze/thaw_cycl es

TEMPERATURE CO

Figure 7 shows the conductivity values measured during 
freeze/thaw cycles in the air (cooling or heating ra
te: 5°C/h - storage at extreme temperatures (+20°, 
-20°): 4 h) in the interface zone and in the mortar of 
autoclaved specimens.

FIG. 7: Conductivity curves at the interface (A) and 
in the mortar (B) of autoclaved specimens sub
jected to freeze/thaw cycles

It was not possible to work on the normally cured spe 
cimens because of the aforesaid phenomenon of crack
ing. The curves are affected by the effect ofthether 
mal alternances on the conductivity and the permeat
ion. Both phenomena are progressively reduced by a de 
crease in temperature until they are partially block
ed.
At about -8°C, a rapid drop in conductivity is obser
ved when the water begins freezing in the pores of 
the paste placed between the electrodes of the two 
cells.
Figure 7 shows that, similarly to what occurs in the 
case of the permeation at 20°C, the specimens with cal_ 
careous inclusion have a higher interface conductivi
ty than the one of the specimens with quartz 1 nc 1 u- 
sion. '
The addition of air-entraining admixture causes a de
crease in permeation at the Interface for both types 
of specimens, that is an opposite behaviour to the o
ne occurring at 20°C.
The comparison of the curves of figures 6 and 7 evi
dences that, at the end of the cycles, the interface 
shows higher conductivity values than those attained 
in the same period of time by the analogous speci, 
mens stored at 20°C, except for the air-entrained one 
with calcareous inclusion.
On the contrary an appreciable increase in conductive 
ty is measured in the mortar only after the 3rd cycle.

3. DISCUSSION
The normal curing gives the specimens with calcareous 
inclusion a lower interface porosity by 10? than 'the 
one of specimens with quartz inclusion. Thisfactmust 
be related to the formation of an epitaxial-type addi 
tional bond at the mortar-limestone interface (3). “ 
The considerable reduction in the Interface porosity 
occurring in the autoclaved specimens with quartz ag
gregate must be attributed to the existence of wi de 
surfaces of lime-silica reaction. On the other hand 
the presence of a residual interface porosity confirms 
that not all the surface of the aggregate is involved, 
by the reaction.
The reduction in the interface porosity also observed 
in the autoclaved specimens with calcareous aggrega
te, even if less marked than in other specimens,is 11 
kely due to the fact that the reaction products between 
ground silica and hydrolysis lime covering the aggre
gate (9) partially fill the discontinuities at the in 
terface. Actually these discontinuities are still visi
ble under the electron microscope (1).
The autoclaved plain specimens with calcareous aggre
gate show a considerably higher permeability attheiji 
terface than the one of specimens with quartz inclu
sion, even if the respective interface porosities are 
of the same order of magnitude (0.0027 and0.0014cm3/ 
/g). This is related to the fact that the NaCl solu
tion by exerting its disjoining action (3, 10), - can 
penetrate only the zones where there is no epitaxis 
Intergrowth. In the case of calcareous inclusion, the 
interface bond mainly occurs by physical cohesion whe 
reas wider and broader interaction zones of crystall? 
chemical type form on the quartz one.
Microscopic observations showed that the autoclaved 
and normally cured air-entrained specimens with calca 
reous inclusion have a higher concentration of bub
bles at the interface than the one found at the quartz 
-mortar interface (figures 8 and 9).

FIG. 8: Air bubbles present in the mortar1(upper left 
side) and at the calcareous Inclusion-mortar 
interface - 1(7 X

This explains the insignificant difference of permea
bility between air-entrained and plain specimens when



the inclusion is quartzy and the considerable diffe
rence when the inclusion is calcareous.

FIG. 9: Air bubbles present in the mortar (leftside) 
and lacking at the quartz inclusion-mortar 
interface - 10 X

The bubbles at the interface form discontinu 111 es 
and determine a higher permeation at 20°C but, in ca^ 
se of freezing, they act as pressure compensa t i o n 
chambers. In this way they prevent or anyhow retard 
the disaggregating action of frost (figure 7).

4. CONCLUSIONS .
The layer at the interface constitutes a zone of hi
gher porosity liable for the experimentally observed 
preferential permeation.
The obtained results, besides confirming the hypothe 
sis about the higher sensibility to frost of the in
terface zone, indicate that the bond strengthening o 
wing to the lime-silica reaction involves an appre
ciable reduction in the permeability of this zone 
when the specimens are subjected to freeze/thaw cy
cles. Nevertheless this permeability is always higher 
than the one observed in the mortar.
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ALLOCUTION 
DE M. R. POITRA T 

President du Svndicat National des Fabricants de Ciments et de Chaux 
President du 7e Congres International de la Chimie et Ciments 

Nous sommes particulierement heureux d'ac
cueillir en France le 7eme Congres Interna
tional de la Chimie des Ciments. 

Au nom de l'Industrie Cimentiere Fran9aise 
et en man nom personnel, il m'est agreable 
d'exprimer a l'ensemble des congressistes 
mes souha its cordiaux de bienvenue a Paris, 
et tout particulierement a ceux d'entre 
vous qui sont dans notre capitale pour la 
premiere fois. 

Les plus hautes autorites fran9aises ant 
marque l'interet qu'elles portaient a cette 
manifestation. Le Chef de l'Etat, M. Va ler y 
Giscard d'Estaing,lui a accorde son Haut 
Patronage, et le Comite d'Hcrnneur qui a ete 
constitue a re9u l'adhesion de : 

- M. Raymond Barre, Premier Ministre, 

- M. Jean-Fran9ois Poncet, Ministre des 
Affaires Etrangeres, 

- M. Michel d'Ornano, Ministre de l'En vi
ronnement et du Cadre de Vie, 

- Mme Alice Saunier-Seite, Ministre des 
Universites, 

- M. Joel Le Theule, Ministre des Transports 

- M. Jean-Fran9ois Deniau, Minist~e du Com-
merce Exterieur, 

et de M. Pierre Aigrain, Secretaire d'Etat 
aupres du Premier Ministre - Charge de la 
Recherche. 

M. Andre Giraud, Ministre de l'Indust rie, 
nous a fait, pour sa part, le grand honneur 
d'accepter de prendre la parole au cours de 
la presente seance inaugurale. Nous aurons 
le plaisir de l'accueillir dans un instant. 

Et nous avons aussi la joie d'avoir parmi 
nous deux des plus eminentes personnalites 
du monde scientif ique 

- le Professeur Andre Guinier, Membre de 
l'Academie des Sciences, qui, dans les 
laboratoires de la Faculte des Sciences 
d'Orsay,a su communiquer sa foi a de nom
breux chercheurs; 

- le Professeur Henti L~fuma; eleve et col
laborateur d'Henry Le Chatelier, dont il 
a maintenu la presence permanente et vi
vante parmi nous en poursuivant au CERILH, 
Centre de Recherches de l'Industrie Ci
mentiere fran9aise, les travaux de l'emi
nent savant qui avait ete son maitre . 

Je suis sur d'etre l'interpr ete de l'ensem
ble des congressistes en exprimant aux Pro
fesseurs Guinier et Lafuma la profonde re
connaissance de l'industrie cimentiere mon
diale. 

0 

0 0 

Six annees se sont ecoulees depuis le prece
dent Congres qui s'etait tenu a Moscou; six 
annees qui n'ont pas efface l'excellent souve 
nir qu'en ant garde les participants. 

Six annees qui ont ete marquees par de profon 
des evolutions dans la quasi totalite des 
secteurs industriels du monde, et notamment 
dans ceux dont les activites exigent d'impor
tantes quantites d'energie. C ' est pourquoi 
nous avons souhaite que l'organisation de cet
te nouvelle rencontre puisse benefic ier des 
travaux realises dans le monde ent ier. 

Un Comite Scientifique International a ete 
constitue dans cet esprit, auquel ant ete 
appeles a participer les plus eminents specia
list es internationaux. 

Preside par M. Fran9ois Le Bel, ce Comite 
s'est attache, depuis quatre annees, a choi
sir et definir de fa9on precise les questions 
a e t ·ud i er. 

Deux de ses membres nous ant malheureusement 
quittes au cours de ces travaux : le Profes
seur Kondo et le Docteur Peter. 
Je m'incline ici devant leur memoire. 

0 

0 0 

L'activite de l'industrie cimentiere a connu, 
entre les annees qui ont suiv i la seconde 
guerre mondiale et 1973, un rythme de pro
gression continu, de l'ordre de 6 a 7 % par 
an en moyenne. 

De 102 millions de tonnes en 1948, la pro
duction du monde passait a 314 millions de 
tonnes en 1960, 589 millions de tonnes en 
1970 et 717 millions de tonnes en 1973. 

Apres 1973, cette evolution a subi les 
a-coups economiques nes de la crise de l'e
nergie; ainsi, le taux de croissance moyen 
des cinq dernieres annees s'est etabli a 3 % 
et la production de 1979, avec 860 millions 
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de tonnes, n'est que de 20 % superieure a 
·celle de 1973. 

Mais cette moyenne recouvre des situations 
fort diverses allant de la stagnation, voire 
de la recession dans certains grands pays 
producteurs, a un developpement considerable 
dans d'autres pays. 

0 

0 0 

Ainsi done, cette crise de l'energie a pro
fondement marque la periode qui s'est ecou
lee entre le Congres de Moscou et notre pre
sente Assemblee. Le rencherissement du fuel
oil lourd et celui, bien qu'a un degre moin
dre, des autres sources d'energie, ant bien 
evidemment incite les cimentiers a porter 
leurs efforts sur l'adoption de dispositions 
permettant de reduire leur consommation en 
combustible. Dans taus les pays, la recher
che s'est orientee sur les moyens d'economi
ser l'energie en general et les produits pe
troliers en particulier. 

En premier lieu, s'est engage un mouvement 
general de reconversion vers le procede de 
fabrication par voie seche, qui permet une 
economie de thermie a la tonne de ciment 
appreciable. 

Dans la meme optique, est apparu l'interet 
d'une utilisation plus large de constituants 
secondaires dans la composition du ciment. 
En effet, pendant une longue periode, le 
probleme du cout de l'energie ne se presen
tait pas avec l'acuite actuelle; les usines 
etaient con9ues essentiellement pour la pro
duction de ciments Port~and purs et l'on se 
preoccupait peu de les adapter a l'utilisa
tion d'ajouts reactifs. Il faut cependant 
souligner que quelques pays, dont la France, 
produisent depuis des decennies des ciments 
contenant du laitier de haut-fourneau, des 
pouzzolanes, OU des cendres volantes de cen
trales thermiques et l'emploi de ces ajouts, 
dans des proportions definies par les normes, 
permet a la fois d'obtenir des produits dont 
les qualites specifiques les rendent souvent 
preferables aux ciments purs tout en reali
sant des economies appreciables d'energie. 
L'experience ainsi acquise a conduit d'au
tres pays a etudier la possibilite d'avoir 
recours aux types d'ajouts dont ils peuvent 
disposer, dans des conditions economiques 
acceptables. Une . extension de cette utilisa
tion se manifeste et il est permis de penser 
que cette tendance se developpera dans un 
tres proche avenir. 

Enfin, un grand effort a ete amorce pour di
minuer la consommation de produits petroliern 
en substituant le charbon au fuel-oil lourd. 
Cette recouversion au charbon est particulie
rement indiquee en cimenterie, notre indus
trie ayant la rare faculte de pouvoir utili
ser des charbons de qualite secondaire a for
te teneur en cendres, sans que cette utili
sation pose, dans le domaine de la chimie des 
ciments, - de problemes autres que ceux de la 
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composition du cru, qui peuvent etre resolus 
sans grandes difficultes. 

0 

0 0 

Cette obligation devant laquelle l'industrie 
cimentiere s'est trouvee de consacrer une 
attention particuliere aux problemes de 
l'energie ne l'a pas empechee de se preoccu
per parallelement, au cours des six dernie
res annees, de l'amelior~tion de la qualite 
de ses produits les resistances mecaniques 
exigees par les ouvrages modernes, en beton 
precontraint notamment, les resistances Chi
miques aux ambiances agressives dues a l'eau 
de mer OU a certaines pollutions, Ont fait 
l'objet d'etudes approfondies. 

Ce 7eme Congres va montrer que d'importants 
progres ant ete realises dans le domaine de 
l'utilisation des constituants secondaires, 
ainsi que dans celui de la qualite depuis le 
Congres de Moscou. Il montrera egalement que 
les chercheurs, face a la rapidite de l'evo
lution des conditions economiques, se sont 
attaches a degager les conclusions les plus 
utiles aux applications technologiques et a 
reduire ainsi le temps de reponse de la re
cherche que nous connaissions jusqu'alors. 

Dix-neuf rapports principaux, pres de trois 
cents communications individuelles, les ex
poses et les conclusions de quatre seminai
res specialises ant fait ou feront l'objet 
de publications qui constituent incontesta
blement les meilleures references des con
naissances actuelles en matiere de recherche 
sur nos produits. 

Nous presenterons dans un instant, sous la 
forme <l'un diaporama et d'un divertissement 
un bref rappel de l'histoire du ciment et de 
la construction. Les Congres de la Chimie 
des Ciments s'inscrivent dans cette histoire. 
Et le Septieme du nom qui s'ouvre aujourdih~ 
montrera que notre industrie, bien que tra
ditionnelle par ses origines, est capable 
d'une adaptation rapide et efficace aux si
tuations nouvelles. 

Je vais passer maintenant la parole a 
M. Raymond Peltier, Ingenieur General des 
Pants et Chaussees, Secretaire General au 
Congres, qui vous donnera des informations 
precises sur le deroulement de cette mani
festation qu'il a eu la lourde charge d'or
ganiser avec le concours du CERILH. 

Mais auparavant, et en terminant, laissez
moi vous exprimer tous les voeux que je for
me pour le plein SUCCeS de VOS travaux, me 
rejouir des echanges de vues benefiques 
qu'ils vont permettre de realiser et vous 
faire part de ma conviction que ce septieme 
Congres International de la Chimie des Ci
ments constituera une date importante pour 
une meilleure connaissance scientif ique des 
produits que nous fabriquons, cette connais
sance etant la condition necessaire du pro
gres economique ainsi que du developpement 
de l'industrie cimentiere mondiale. 
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DI SCOURS 
DE M. A. GIRAUD 

Ministre de /'/ndustrie 

Monsieur le President, Mesdames, Messieurs, 

Permettez-moi tout d'abord de dire combien je suis 

heureux de me trouver parmi vous et de souhaiter la 

bienvenue aux nombreux congressistes etrangers, issus 

d'une cinquantaine de pays, que nous accueillons au

jourd'hui pour le 7eme Congres International de la 

Chimie des Ciments. 

Par une sorte de coincidence, vos congres se tiennent 

dans des annees portant des millesimes qui retierinent 

l'attention : 1968, 1974, 1980. La conjonction de ces 

reunions avec des evenements OU sont posees, de fa-

9on plus aigue, des questions economiques et des ques

tions de societe qui engagent l'avenir des nations, · 

semble faite pour illustrer que les scientif iques sont 

pris desormais, eux aussi, dans les urgences, que de 

leurs trouvailles depend la solution de problemes ma

jeurs, et que leurs recherches repondent a des atten

tes intenses, meme si elles sont quelquefois confuses. 

Cela est vrai, permettez-moi de le souligner, tout 

autant dans des industries de base que dans des in

dustries de pointe . . Les progres eblouissants de l'e

lectronique ou de la biologie, qui profitent d'ail

leurs aussi aux industries de materiaux de construc

tion, pourraient par instants faire perdre de vue 

qu'il reste un grand nombre de besoins fondamentaux 

et simples, exigeants en energie et incompressibles. 

Ces consommations fondamentales ne meritent pas mains 

d'attention que les autres; elles aussi determinent 

les formes de notre civilisation et participent a 
nos reussites comme a nos echecs. Elles sont en ou

tre, pour les pays moins pourvus, parmi celles dont 

la satisfaction est la plus pressante. 

Les Themes du Congres : 

Les themes que vous avez retenus poµr le Congres 

sont d'une grande diversite; ils se regroupent cepen

dant autour de deux preoccupations centrales qui mon-

trent bien la continuite de la volonte d'adaptation 

de ces industries 

- Comment obtenir une meilleure qualite des ciments, 

c'est a dire obtenir des ciments plus resistants, 

plus reguliers, done plus sGrs, ~ais aussi mieux 

adaptes a leur emploi, 

- Comment economiser au maximum l'energie necessaire 

a leur fabrication. 

A - La qualite 

Sur le premier point, nous constatons l'importance du 

progres technologique et l'interdependance des diffe

rentes branches d'un systeme technique; ainsi, par 

exemple, grace a la puissance des moyens d'investi

gation modernes, dont le pouvoir separateur en par

ticulier s'amelio re toujours et avoisine maintenant 

quelquefois la dizaine d'angstroms, la connaissance 

et la maitrise de la structure des materiaux comple-

xes que sont les ciments peut progresser comme pro

gresse aussi celle des mecanismes de formation de 

leurs produits d'hydratation dans .des ambiances agres-

sives. 

Le fabricant pourra ainsi mener sa fabrication de fa-

9on a obtenir les meilleures caracteristiques de son 

produit pour un usage determine. 

De meme, au Stade de la fabrication du beton, la 

liaison granulats-pate de ciment a fait l'objet de 

recherches particulieres, qui ont conduit a la cons

tatation que les cristaux qui se forment au contact 

des granulats sont differents de ceux qui se forment 

dans la pate de ciment. one meilleure connaissance 

de cette zone intermediaire devrait permettre d'en 

renforcer la liaison granulat-ciment. 

Prolongeant la recherche afin de mieux maitriser les 

elements qui determinent les qualites du ciment, on 

trouve l'effort d'optimisation de la gestion de la 

qualite. C'est naturellement le reole des normes. 

Les nouvelles normes fran9aises de ciment, en~rees 
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en vigueur en 1979, garantissent a l'utilisateur des 

produits mieux definis, plus reguliers et mi eux con

troles. Elles se definissent essentie llement par re

ference aux performances, c'est a dire a ce qui est 

l e plus directement utile a la mise en oeuvre du pro

duit, plutot que par reference a la composition , la

quel l e est lai ssee plutot a la disposit ion du fabri-

cant pour obtenir les performances prescrites. 

Cet effort de modernisation des norme s ne se limite 

pas a la France , mais s 'insere dans un mouvement plus 

vas te, a l'echelo n europeen. 

B - Les economies d 'energie . 

Le deuxieme theme que vous abordez de fa9on pre feren

tielle est d'une importance manifestement cruciale. 

La crise energetique a frappe de plein fouet l'indus-

trie cimentiere, grosse consommatrice. 

J ' ai deja aborde ce theme par le b i ais des norm2s; en 

effet , la transformation des normes a permis des eco

nomies d'energie considerables , grace a l'adjonction 

de produits secondaires. C'est un champ ou la recher

che fran9aise est bien avancee ; OU chaque point 

d ' ajout de ces const i tuants secondaires permet une 

economie de combustible de l' ord re de 1 %. En gene

ral il est possible d ' aller jusqu'a 30 % de produits 

secondaires , et pour certains usages meme davantage. 

L ' adjonction de produits secondaires au clinker peut 

permettre de regler des problemes d ' ut ilisation de 

sous- produits industri els ; plusieurs pays ant pris, 

de longue da te, l 'habitude d 'utiliser le laitier de 

haut- fourneau; l'usage des cendres volantes de cen

trales thermique s ,moins ancien, tend a se repandre. 

A cote de cette evo lution recente et fortement liee 

a l a recherche, citons parm i les choix qui, sur le 

plan i ndustr iel, contribuent a reduire la consomma

tion energetique, le fait que l e procede de fabrica

tion par vo ie seche tend, partout OU cela est possibl~ 

a remplacer les anc ien s procedes par voie humide. 

En France, dans l'ensemble, les efforts realises per

mettent d'economiser deja presque 400.000 tonnes de 

fuel annuelles. Et le Gouvernement fran9ais, pour sa 

part, a tenu a encourager l'industrie dans ce sens 

par des aides financieres. 

Enfin, l'industrie du ciment s'oriente vers des sour

ces d'energie bon marche : bitumes l ourds et produits 

petroliers difficilement valorisables, et plus encore: 

charbon . 
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Si vous me permettez de citer encore le cas de la 

France, l'industrie cimentiere yest une des premie

res, sinon la seule a et re deja bien engagee dans 

cette vo ie, et elle peut esperer que ce combustible 

representera 75 % de sa consommation d'energie en 

1985. 

Si l e recours au charbon ne pose pas aux fabricants 

de ciment de prob l eme. majeur, il impose un effort 

d'organisation des approvisionnements, qui n'est 

d'ailleurs que la premiere etape d'un retour general 

au charbon dans l'industrie. Il me plait de souligner 

que l'industrie cimentiere y fait oeuvre de progres. 

D'autres voies encore pourront conduire sans doute a 

des economies d'energie : ainsi par exemple l'amelio

ration des echanges de chaleur dans les fours, la re

duction et la recuperation des pertes thermiques, la 

fabrication de clinker a plus faible temperature, et 

la reduction de la consommation d'energie au niveau 

du broyage. 

Je parlais, en commen9ant, des dates significatives 

de vos congres ... On pourrait presque tracer un paral

lele entre ces dates et les themes choisis : 

1968 est une annee OU est devenue visible a tous 

l'emergence de la revendication de la qualite de la 

vie , qui commence par la qualite des produits et la 

limitation des nuisances. Ces preoccupations ne nous 

ont plus quittes, et les progres accomplis ont ete 

considerables. 

1974 est pour chacun l'annee ou le monde a commence 

a prendre conscience de la necessite de realiser une 

croissance plus sobre en energie, et de trouver des 

alternatives au petrole. Ici encore, ces preoccupa

tions nous sont demeurees, et a vous aussi dans la 

profession cimentiere elle~ sont restees un grand sou 

ci . 
Mais quel sera le theme qui poindra en 1980 ? Je ne 

me hasarderai pas a en formuler un sur le plan gene

ral, mais je prends le risque d'en proposer un pour 

les cimenteries. Si nous reflechissons bien, et si 

nous nous demandons ou se trouve l'avenir du ciment, 

il apparait que ce n'est pas principalement dans les 

pays industrialises avances. Meme si, aujourd'hui en 

France, quelques mesures sont prises pour soutenir la 

conjoncture dans le batiment, il est clair que ni en 

France, ni dans l'ensemble du monde industrialise, ne 

se trouvera rien de comparable aux immenses besoins 



des pays en voie de developpement et a demographie 

a croissance rapide. 

Que peut-on envisager afin de faciliter la satisfac

tion de ces besoins ? Je suis persuade qu'une orien

tation d'une partie des recherches vers le developpe

ment de technologies specifiques, qui tiennent compte 

des gisements, des conditions industrielles, de la 

necessite de disposer d'unites de production plus pe

tites et plus qispersees dans certains cas, bref de 

l'ensemble des differentes caracteristiques rencon

trees dans les pays en vo ie de developpement pourrait 

etre un facteur important pour permettre a ces pays 

de se donner rapidement les infrastructures et le 

pare immobilier qui leur sont necessaires. 

L'importance de ces differents themes n'echappera a 
personne; aussi concluerai-je, si vous me le permet 

tez, Mesdames et Messieurs, en souhaitant aux con

gressistes - j'espere que ce n'est pas contradic

toire - a la fois un agreable sejour dans notre ca

pi tale et des discussions et des reflexions qui se

ront fertiles, j'en suis sGr, pour l'ensemble de 

l'humanite. 
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Seance de cloture - 4 Juillet 1980 

CONCLUSIONS DU CONGRES 
PARM. F. LE BEL 

President du Comite Scientifique du Congres 

Apres ces journees passionnantes (le qualifi

catif n'est pas trop fort), des devoirs m'at

tendent l'un est facile et agreable : vous 

remercier toutes et tous; l'autre, plus dif

ficile et probablement tres incomplet ; eta

blir u n bilan; bilan qui, heureusement, ne 

peut etre encore que tres provisoire. 

Si la raison majeure du succes de ces jour

nees a ete vo tre presence v ivante, leurs 

fruits sont l'apport extraordinaire que 

vous avez fait a l'industrie cimentiere mon

diale par les textes mis a sa disposition. 

Ils sont tres nombreux : !'ensemble des rap

ports principaux, !'ensem ble des communica

tions, et enf in celui des rapports generaux 

et le s conc lusions des tables rondes, ainsi 

que vos interventions dans le s discussions 

concernant les th emes de ce Congres. 

Sa preparation materielle a ete elaboree 

avec beaucoup de minutie, par un Secretariat 

General intelligent et actif, anime par 

mon ami R<lymond PELTIER, Ingenieur General 

des Ponts et Chaussees, que je tiens a re

mercier tout specialement, sans oublier 

Mme J. CARDEY, sa fidele collaboratrice, 

pour son role obscur, mais determinant. 

L'aide efficace et bienveillante de notre 

Syndicat National des Fabricants de Ciments 

et de Chaux doit etre mise en vedette, car 

sans elle rien n'etait possible. Je tiens 

done a remercier tout particulierement son 

President, M. Raymond POITRAT, et son Dele

gue General, M. Gilbert DENOIX, aupres des

quels nous avons toujours trouve un patrona

ge efficace, une grande comprehension, et 

enfin des fonds qui, helas, sont toujours 

delicats a trouver. 
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ta preparation intellectuelle de ce Congres 

doit etre egalement evoquee, car elle fut 

originale quant a sa conception et efficace 

quant a se~ resultats. 

Originale, car elle a ete con9ue et organi

see par un groupe de travail international 

qui, benevolement, avec passion et serieux, 

a choisi les themes, les a precises, fai

sant appel, pour en parler, aux sommites in

ternationales les plus competentes que vous 

avez pu entendre pendant ce Congres. 

Je tiens done a remercier devant vous tous 

les membres de ce Comite Scientif ique Interna

tional pour leur collaboration amicale et ef

f icace durant plus de deux ans a la prepara

tion intellectuelle du Congres. 

Je me plais a souligner egalement !'assistan

ce scientifique de haut niveau que nous ont 

apportee les Universites fran9aises, les 

chercheurs du C.E.R.I.L.H. et ceux des Socie

tes cimentieres et des Services Officiels 

fran9ais. 

Q~_Qll~~-l~!~ll~~!~~l· 

L'amelioration de nos. connaissances sur les 

clinkers industriels ou de laboratoires et 

sur leurs composants est indispensable, car 

!'evolution des technologies de fabrication 

est permanente avec ses retombees sur les 

specificites des produits fabriques meme si 

les matieres premieres, c'est a dire les en

trees du systeme, ne changent pas. Par exem

ple, au cours des dix dernieres annees, 

chauffe avec un mazout riche en soufre, four 

avec echangeurs verticaux a cyclones, de-



poussierage rigoureux des fours, recyclage 

des poussieres, sont des raisons suffisantes 

pour concentrer des elements mine~rs tant et 

si bien que la composition potentielle des 

clinkers correspondants s'en est trouvee mo

difiee.; ceci pour le plus grand bien de cer

tains utilisateurs (des sulfates alcalins, 

done des ciments rapides), pour le plus 

grand dommage de certains autres (concentra

tion par recyclage du thallium. 

Ce qui prouve d'ailleurs que le controle mi

nutieux de ce que l'on produit ne doit echap

per ni aux producteurs, ni aux consommateurs; 

ce mot "contr6le", pris au sens anglo-saxon 

du terme, implique done recherches et labo-

ratoires, car il vaut mieux prevoir que su

bir. C'est la une partie des missions prati

ques de nos congres, qui doivent chercher 

les messages issus de la recherche, suscep

tibles d'etre appliquees dans l'industrie a 

delai aussi bref que possible. 

Aussi comment etablir un bilan de ce Congres? 

C'est l'affaire de taus les congressistes, 

car je pense que chacun y a trouve de quoi 

rassasier provisoirement sa faim de savoir 

et exciter son desir d'en savoir plus. 

Je rappellerai ici que les recommandations 

faites a l'intention des redacteurs de commu-

nications precisaient que les travaux pre

sentes a notre Congres devaient : 

1. autant que possible . concerner des produi~ 

industriels, sans exclure toutefois les 

preparations en laboratoire; 

2. etre orientes dans des directions favora-

bles aux economies d'energie. 

Nous pensons que ces recommandations ant ete 

bien per9ues, car les retombees pratiques de 

ce Congres sont nombreuses et nous montrent 

que la recherche de base, orientee, peut de

baucher sur le marche plus rapidement qu'on 

pouvait le penser. Cela est un encouragement 

solide pour les chercheurs, car, dans bien 

des cas, leur efficacite est liee aux dialo

gues fructueux qu'ils peuvent nouer avec les 

exploitants et les utilisateurs. 

Le nombre des communications ecrites a ete 

eleve 290 pour le congres, 130 pour les 

seminaires, plus 155 posters. 

Le nombre des participants aussi, si on le 

compare aux congres precedents 

Tokyo : 572 - Moscou 708 - et Paris 880 

Les rapports principaux 19 

Les rapports generaux 

Toute cette nourriture intellectuelle est 

den~e et diversifiee; l'assimiler complete

ment demandera une longue reflexion, done du 

temps, c'est a dire une periode dormante, a 

l'issue de laquelle les fruits essentiels de 

ce Congres cristalliseront; bilan et vues 

sur l'avenir suivront. 

Quelques faits saillants m'ont particuliere-

ment f rappe c'est un peu de la peche a la 

ligne que je fais ici; ce ne sera done pas 

un examen complet. Vous m'en excuserez sans 

doute, et les poissons seront presentes trap 

en vrac peut-etre, d'autant que je suis avant 

tout industriel et ingenieur, tente par la 

science certes, car son pouvoir d'attraction 

est devenu irresistible du jour ou les cher

cheurs sont devenus des pedagogues. 

Le sujet du Theme 1 est une innovation dans 

un tel Congres, qui s'interessait jadis plus 

aux structures et proprietes des clinkers 

qu'a la philosophie de leur genese. 

Or l'evolution des moyens de production, 

pour obtenir des produits reguliers, nous a 

conduits a etudier les correlations multi-

ples qui existent entre matieres premieres 

'et produits finis, et, de ce fait, a pre

determiner avec une grande precision les 

conditions requises pour fabriquer, de fa9on 

tres reguli~re, des produits specifiques de

termines : choix des matieres premieres et 

leur traitement, c'est a dire choix optimal 

des procedes. 
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Les recherches sur ces correlations ont 

alors une portee scientifique et industrielle 

qui depasse le stade de la curiosite scienti

fique. 

Les notions de reactivite des mineraux natu

rels ou artif iciels se sont precisees dans 

les esprits du fait de l'in vent i on et de la 

mise au point de nouveaux equipements de la

boratoire; ils permettent de juger des struc

tures moleculaire s, des structures cristalli-

nes, et, ainsi, de definir des criteres de 

choix, dont les retombees dans l'art de 

l'ingenierie cimentiere sont tres importan-

tes. 

Si le seminaire sur les economies d'energie 

nous a - perm is de mieux connaltre ce qui se 

passe dans le domaine des technologies ac

tuelles de fabrication , des idees interes

santes sur leurs pro longements ont ete pro 

posees . 

D'un point de vue plus fondamental, en se 

basant sur des theories de ia migration io

n ique en milieu fondu, deux resultats impor

tants ont retenu notre attention : 

- la fabricati on du silicate tricalcique 

chlore avec inclusion d'aluminium et de 

magnesium (bain fondu de CaC1
2 

a 1000/1100~ 
mineral plus reactif que le silicate tri

calcique bien connu; 

- la fabrication du B C~S s~lfate dans un 

bain fondu me semble tres importante et 

ouvre peut-etre de nouvelles voies pour 

l'utilisation rationnelle des energies 

degradees. 

Dans les seances concernant les themes 2, 3, 

4, un accord presque general est apparu sur 

les phenomenes de prise; en particulier, ce 

lui de la mise en solution de la silice et 

de sa migration dans le milieu aqueux, ex

pliquant que la formation du silicate mono

calcique hydrate CSH ne se forme pas seule

ment de fa9on topochimique, mais aussi dans 

le bain grace a cette diffusion ionique. 

C'est un fait tres important, et les hypo-
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theses presentees pour analyser ce ~henome

ne de prise et l'expliquer sont beaucoup 

plus homogenes que dans le passe. 

Une foule de resultats ont ete ~xposes sur 

la qualite des ciments, en fonction de leurs 

dosages en clinker, en laitier et en pouzzo

lanes. Les structures propres de ces ele

ments se precisent chaque jour davantage, 

ainsi que leurs reactivites. Aussi les me

langes de ces elements broyes ensemble OU 

separement, a des dosages differents, don

nent ils toute une palette de produits 

hydrauliques dont les themes 5 et 6 ont mis 

en valeur les proprietes, grace a un arsenal 

de methodes d'essais tres diverses; ces ~e

thodes d'essais interessent plus p~rtic~lie

rement les phenomenes de rheologie des pates 

de ciment, leur mode de durcissement, l'evo

lution de la porosite au cours de la forma~ 

tion du squelette, les raisons des resistan

ces et le role fondamental joue par l'eau 

liee. 

L'etude de la porosite en particulier nous a 

montre que granulometrie des pores structu

raux et granulometrie des pores capillaires 

ont une incidence fondamentale sur les resis-

tances a la traction des pates durcies et sur 

leur resistance aux eaux agressives. 

Je me permettrai de citer a cet egard l'in

teret des etudes sur les ciments de laitier, 

qui nous ont montre que, dans les pates dur

cies, la repartition granulometrique des po

res capillaires est plus reguliere que dans 

celle des ciments Portland purs, et que c'est 

probablement une des ~xplications de leurs 

meilleures resistances a la traction et re-

sistances aux eaux agressives. 

Le theme 7 est venu cloturer ce Congres; et 

la aussi, ce theme 7 est un peu une nouveau

te comme le theme 1, car nous avons pense 

que si les pates de ciment sont interessantes 

a etudier, leur role dans les betons l'est 

aussi; le ciment est principalement fait 

pour le beton, et de son bon emploi depend 

grandement la qualite de la construction. 



Nous mentionnerons en particulier les tres 

interessantes etudes presentees sur les liai

sons pates-agregats, sur les migrations ioni

ques dans la pate pendant la prise, sur la 

quaiite de la structure de contact et la de

couve~te des echanges d'ions entre pate et 

agregat; tout cela est prometteur et demande 

reflexion neanmoins, car grande resistance 

et fragilite sont souvent correlatives; or 

si le beton, materiau composite par excellen

ce, doit resister a de nom breuses sollicita

tions sans faillir, il doit aussi avoir une 

certaine aptitude a la deformation. 

J'ai eu l e plaisir de constater que l'ensem

b le des rapports rediges a l'occasion de ce 

Congres forme vra iment une chaine continue, 

du theme r au theme 7, dont les retombees 

pratiques sont, comme nous venons de le vo ir, 

tres importantes; des lacunes restent a com-

bler , bien entendu; heureusement e ll es se-

ront en partie ies raisons d'etre du prochain 

Congres auquel nou s souhaitons deja bonne 

chance. 

~Q.!!.~1:~.§.i.<2.!!. : 

Je vous l'ai dit; tout ce la n'est qu'un sur-

vol tres rapide et peut-etre peu significatif. 

La matiere est en effet tres dense; il nous 

faut done digerer ce qui a ete ecrit OU dit. 

Pour essayer de faire une bonne synthese des 

apports de ce Congres, si ce n'est pas abuser 

de la gentillesse de nos Presidents de themes, 

je leur demanderai de resumer en quelques pa

ges , pour la fin de l'annee, le bilan de leur 

intervention et de celles de leurs co llabora-

teurs, que je remercie tous bien v i vement 

pour la qualite tres exceptionnelle de leurs 

prestations . Elles rejoignaient, bien que 

quelquefois apparemment lointaines, nos preoc· . 

cupations communes au service des pates de 

c iment, des mortiers et des betons, qui peu

vent etre resumees en une phrase d'un de nos 

amis bien connu : 

"Il est important de prendre en consideration 

le fait que la morphol og ie, la po r osite, la 

densite et la composition chimique sont des 

facteurs interdependants, qui determinent 

les caracteristiques des ~esistances." 

0 

0 0 

Avant determiner, j'aimer~is aborder rapide

ment avec vous quelques donnees sur l'avenir 

de l'Industrie Cimentiere, dont les retom

bees sur les programmes de recherche ne sont 

pas negligeables, loin de l a . 

Par que lques exemples, on peut imaginer 

l'ech el le des econom ies d'energie et des in

vestissements que represente une po litiqu e 

raisonnable des ajouts. 

Les previsions des Nations Unies nous disent 

que de 1980 a l'An 2000, c'est a dire en 20 

ans, la production cimentiere dans le monde 

va croitre de 850 MT (195 kg par habitant) a 

1 500 MT (238 kg par habitant), c'est a dire 

s'accroitre de 650 MT. 

Taux de croissance 2,88 % par an; c'est a 

dire que le nombre des usin~s necessaires a 

assurer ce surcroit de production exige par 

le marche en 2000 pourrait etre de 650 usi

nes de 1 MT / an, ce qui correspond done a la 

creat i on annuelle de 33 us in es de 1 MT/an. 

Chaque annee, de 1980 a 2000, ces cimenteries 

s'implanteront dans des pays les p lus divers 

dans tous les domaines, dont les stades de de

veloppement sont differents; il s'agira done 

d'usines adaptees a chaque marche et a chaque 

conteste (dont le contexte geologique), a la 

cadence figurative de mise en route suivante 

1 usine de 1 MT/an tous les 10 jours 

et cela pendant 20 ans. 

Estimation du montant ~~~~~!de l'investisse

ment pour 1 T de production an°nuelle de CPA: 

1 000 F 

1 000 x 33 M = 33 milliards de francs 

Consommation supplementaire ~~~~~!!~ de fuel 

correspondante 

33 x 100.000 T . = 3,3 MT de fuel. 

Realiser ce programme pose des cas de cons

cience graves; il ne s'agit pas de construi

re des usines en serie, car celles-ci sont 

dons la generalite des cas mal adaptees aux 
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contextes locaux; helas, nous constatons 

qu'il en est souvent ainsi. Pourquoi ? 

L'experience prouve qu'en general le proble

me est mal pose, ou insuffisamment precise; 

en particulier, les etudes prealables ne sont 

pas poussees aussi loin que l'ontrecommande 

no s am i s d u th e:n e I . P a r a i 11 e u r s , 1 e s 1 e c; o ns 

apportees par les themes II, III et IV de

vraient ouvrir les yeux des responsables sur 

les economies d'investissement et d'energie, 

realisables par une ~onne connaissance des 

ressources geologiques de leurs pays. 

L'experience prouve que la nature a ete ge

nereuse et qu'aucun pays n'est depourvu de 

cette manne. Un enorme effort de formation 

universitaire appliquee doit etre done en

trepr is. voi l a un programme passionnant pour 

les cherc~eurs qui doivent devenir bons pe

dagogues, et le sont en fait, comme nous 

l'avons vu ces jours-ci. 

Nous venoni de parler du programme de cons 

truction de 33 usines de 1 MT / an de ciment 

Portland 

L'experience prouve que, dans bien des cas, 

meme avec des ajouts peu reactifs, un bon 

clinker peut supporter 30 % d'ajouts regu

liers, et ce d'autant qu'ils sont broyes 

separement a une granulometrie appropriee. 

Il en resulterait une economie annuelle 

d' investissement de 10 usines de fabrication 

de clink e r, done de 10 millions de tonnes de 

clinker. Soit, en se basant sur un coGt de 

construct i on de 600 f rs par tonne de clinker 

fabriquee annuellement, pour un cout de 

1000 frs par tonne de ciment CPA produite, 

une economie annuelle de : 

600 x 10 M. = 6 milliards de francs 

L'economie annuelle supplementaire de fuel 

serait de 0,1 x 10 M = 1 million de tonnes 

de fuel ou d'equivalent fuel. 

Il est interessant de constater qu'au prix 

de 1000 frs la tonne de ble, cela correspon

drait au prix de 6 millions de tonnes de 

ble, ce qui permettrait de nourrir, en pain, 

l'excedent annuel de la population du monde. 
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Une autre constatation en l'An 2000, la 

production mondiale de ciment sera tres pro

bablement de 1 .500 MT; ajoutons a ce tonnage 

(en supposant que les clinkers seront de bon

ne qualite et le broyage bien controle) 5 % 

d'ajouts, reactifs OU non, broyes tres fine

ment; les ciments correspondants ne se por

teront pas plus mal, et souvent mieux; cela 

est certain pour les CPA. 

Ce tonnage d'ajouts sera de 75 MT. Il per

mettrait done d'arreter pendant deux ans les 

investissements-lignes de production de clin

ker 

Economies 600 x 75 MT 

Economies de fuel ~ 

75 x 100.000 

45 milliards de frs 

7,5 M~ d'equiva

lent fuel. 

Ne trouvez-vous pas que cela en vaut la pei-

ne 

Une autre constatation : 

E~ l'An 2000, la quantite de carbone envoyee 

dans l'atmosphere sous forme de co2 sera 

(en designant le clinker par K ) 

300 kg co2 par tonne de clinker 

100 kg de c par T de K(part de co
3

Ca) 

70 kg de c par T de K(part de f ue 1) 
-------

170 kg de c par T de K, c'est a dire 

0,17 T 

1.500 MT ciment 1.000 MT de K -+- 0,17Txl000 M 

= 170 MT de ~ par an 

Cette estimation peut donner des idees, nous 

le verrons plus tard. 

Je serais heureux que nations, investisseurs 

et bureaux d'engineering soient conscients 

de ces gains possibles. L'adaptation des 

technologies aux conditions locales devient 

une necessite certes, mais encore faut-il 

bien connaitre les buts poursuivis dans l'u-



tilisation des produits hydrauliques. Une 

connaissance de plus en plus approfondie de 

leurs comportements est done une autre ne

cessite et, dans ce sens, nos Congres et 

ceux qui suivront ont rempli et rempliront 

leurs missions. 

Pour conclure, je m'aventurerai dans un do-

maine un peu plus prospectif et qui tient 

peut-etre du reve sait on jamais ? 

Les combustibles fossiles sont la propriete 

d ' un certain nombre de nations, mais d'au

tres nations en sont completement depourvues, 

ou le seront avant la fin du siecle. Cela 

pose, pour ces dernieres, un desequilibre 

dans leur balance des paiements, soluble 

quelquefois au prix de lourds sacrifices; 

s'ils deviennent insupportables, il leur 

faudra trouver d'autres solutions. 

Si nous examinons des maintenant, en France 

par exemple, les prix de l'energie electri

que, nous arrivons aux resultats suivants, 

rapportes au kwh produit en usine : 

,, , 

Q!ig_ine Nucleaire Fuel Charbon 

Investissement 6,70 4,44 5,16 

Exploitation 2,55 2,52 2,85 

Combustible 4,27 26,56 14,28 

Total partiel 13,52 33,52 22,29 

Majoration pour 

desulfuration 2,80 2,50 

Total 13, 52 36,32 24,79 
--··-

c'est a dire qu'a court terme 

le kwh-fuel coGtera 3 fois plus cher que le 

kwh nucleaire, 

le kwh-charbon coGtera 2 fois plus cher que 

le kwh nucleaire. 

Nous savons deja que les reserves de la Fran

ce en energies fossiles seront rapidement 

n~glig~ables, et que d'autre part nos reser

ves en uranium naturel sont evaluees a 

100.000 T I c'est a dire l'equivalent en 

energie electrique des reserves de petrole 

de la mer du Nord; mais utilisees dans les 

surgenerateurs, elles representent trois 

fois les reserves de l'Arabie Saoudite; elles 

representent done un atout energetique puis

sant, qu' il serait peut-etre temps de tester 

dans le cadre de notre industrie (en l'An 

2000, 50 % de l'energie electrique sera d'o

rigine hydraulique et nucleaire). 

Pour le broyage des ajouts, pas de probleme, 

bien entendu, mais dans celui des c linkers 

c'est une autre histoire. Quelles voies choi-

sir ? 

1. La fusion dans le four electrique ? 

Des essais ont permis de realiser des 

clinkers fondus tres reactifs, apres trem

pe tres energique (les cristaux de c3s 
sont tres petits). 

Mais le bilan est mauvais du fait de la 

mauvaise recuperation de la chaleur sensi-

ble des clinkers. 

Le frittage serait-il possible par cette 

voie ? Pourquoi pas. 

2. Chauffe avec l'hydrogene (fournie par 

l'electrolyse ou decomposition catalyti 

que de l'eau dans les piles atomiques) 

Combustion de cet hydrogene dans l'air ou 

dans l'oxygene 

Evidemment, la mise au point d'une telle 

combustion de l'hydrogene pose cies proble

mes, mais il s ne sont pas insolubles. 

Nous y revi e ndr o ns in fine. 

3. Fabrication du c
2
s s a 700°, en utilisant 

de l'energie degradee disponible; par 

exemple, la combustion hydrogene oxygene, 

qui permettrait de fabriquer le c3s et 

l'energie degradee pourrait etre utilisee 

pour ce c
2
s s dont on nous a montre que la 

reactivite est assez voisine du c3s a con

dition d'en fabriquer dans certaines condi

tions . 

4. Activation des produits d'addition par 

broyage· separe. 

On pourrait multiplier les exemples; ils 

sont faciles a trouver. Mais les etudes 

correspondant a ces souhaits demanderont 

des efforts financiers importants ~!-~~ 

l~-~~!!~~l~~· Cela en vaut la peine, 
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d'autant gue du reve a la realite le che 

min est court guelguefois . 

Enfin, l'utilisation de l'h yd rogene comme 

carburant pose des problemes ; on en parle 

suff is amment dans la presse pour gue je ne 

re vienne pas sur le sujet. 

Mais il est un produit gui pourrait etre in-

teressant c'est le gaz carbonigue pur, 

C0
2

pur , porteur eventuel d ' hydrogene, pour 

legu el MOBIL a pris recemment un brevet. 

En presence d ' un catalyseur adeguat, on peut 

passer du C0
2 

au methanol OU plus directement 

aux carbures d ' hydrogene , gui, par polymeri 

sation , peuvent redonner des produits voi -

sins de l ' essence du commerce. 

Le probleme est done d'obtenir du co
2 

pur. 

L ' industrie cimentiere en sera it elle capa

b l e ? P ou rquoi pas ? Si les matieres pre

mieres sent , d ' une part du calcaire pur, 

d ' autre part de la silice pure; t out cela 
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broye finement bien entendu. 

La fabrication de C
3

S OU de C
2

S 8 degage, Si 

la combustion hydrogene-oxygene est b ien re

g lee, uniguement du co2. 

Les c i mentiers seraient done capables, aans 

des conditions a preciser, de fabriguer un 

co
2
pur, donnant ainsi une nouvelle voie de 

fabrication d'un combustible utilisable dans 

les futures automobiles. 

Tout cela n'est gu'un schema, mais pourquoi 

pas ? Le carbone es t encore abondant sur no-

tre glpbe, mais pas pour tous les pays, et, 

a terme, a guel prix. Et guelles autres con

ditions pour ceux gui n'en ant pas ? 

Alers pourguoi ne pas reflechir a cette vo ie? 

Je m'arrete done la; peut - et re parmi vous 

existe-t - il le chercheur gui nous dira si 

cette voie est fiable, mais surtout economi-

gue . Merci. 
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ALLOCUTION 
DE M. R. POITRA T 

President du Syndicat National des Fabricants de Ciments et de Chaux 
President du l8 Congres International de la Chimie des Ciments 

M. LE BEL vient de nous donner des chif 
fres qui situent bien la place occupee par 
l'industrie cimentiere a l'echelon mondial. 

Personnellement je ne vo us en donnerai 
. qU I Un• JI ai eSSaye de preVOir a quelle epO
que la production cimentiere mondiale attein
drait le milliard de tonnes. Eh bien, tres 
v raisemblablement, ce chiffre sera atteint 
en 1986, date de notre prochain Congres. 
Une image vous permettra de vo us represen
ter ce qu'est un milliard de tonnes de ci
me nt. Si nous les chargions sur des bateaux 
de 100.000 tonnes et que nous mettions ces 
bateaux les uns derriere les autres, le con
voi ainsi forme s'etendrait sur deux mille 
kilometres. 

De toutes les industries lourdes, l'indus
trie cimentiere est sans conteste la plus 
developpee sur n otre planete. Le calcaire 
et l'argile se rencontrent pratiquement par
tout et il est peu de pays qui ne possedent 
de cimenteries OU n'aient oes projets pour 
en implanter. C'est dire la neces s ite impe
rieuse de la recherche en ce domaine et, 
par la, toute l'importance de no s rencon
tres. 

Aussi, en ouvrant Lundi dernier, ce 7eme 
Congres International de la Chimie des Ci
ments, c'est avec beaucoup de conviction 
que je SOUhaitais un plein SUCCeS a VOS tra
vaux, conscient que j'etais de la somme de 
reflexion et d'experience dont ils allaient 
etre l'aboutissement. 

Apres ce que vient de dire M. Le Bel, j'ai 
la profonde satisfaction de constater que ce 
souhait a ete vraiment exauce. Non seulement 
les inscriptions au Congres ont depasse nos 
previsions, puisque 54 nations ont ete ici 
representees par pres d'un millier de con
gressistes, mais la frequentation aux sean
ces a ete exceptionnelle aussi bien pour les 
reunions de travail plenieres tenues dans 
Cette Salle, que pour les seminaires du pre 
mier jour ou les posters qui ont connu toute 
la semaine une grande affluence. 

Par ailleurs, l'exposition a ete aussi tres 
frequentee. Je me suis entretenu avec bon 
nombre d'exposants et j'ai recueilli chaque 
fois le meme echo, chacun s'estimant satis
fait de l'attention que vous avez portre aux 
materiel~ exposes. 

Sans doute, le soin apporte a la preparation 
de ce Congres n'est pas etranger a sa reussi
te. Le Comite Scientifique International 
qu'a preside M. LE BEL a effectue un excel
lent travail et je suis heur eux de le feli
citer en votre nom auJourd'hui . 

Nous avons tenu a ce que vous receviez avant 
le Congres les rapports principaux et vous 
avons distribue le premier jour deux tomes 
de communications. Cec i represente, vous 
vous en doutez, une documentation considera
ble dont il f audra beaucoup de temps avant 
d'epuiser la richesse. Vos bagages vont s'en 
tr ouver quelque peu alourdis, je le c rains, 
mais vous n'attacherez surement qu'une impor
tance mineure a cet ~ nconvenient. 

Il a fallu collationner et traduire pres de 
trois cents communications, relancer les re 
tardataires de fa9on a ce que toutes ces com 
munications so ient pretes en meme temps, au 
moment voulu. Tout cela n'a pas ete facile, 
mais seul le resultat comptait e t il es t la. 

Je suis sur d'etre vo tre interprete en remer
ciant M. Raymond Peltier, Secretaire General 
du Congres, qui n'a menage ni son temps, ni 
sa peine pour mener a bien cette tache consi 
derable. Il a ete seconde avec ardeur dans 
cet accomplissement par l'equipe du CERILH, 
tout particulierement par son President, 
M. Charreton, et son Directeur General, 
M. Meric, ce dernier camulant sa participa
tion a la realisation du Congres et sa mis
sion de President de theme. Et personne n'a 
non plus garde d'oublier, dans tout ceci, 
le role de Mme Cardey qui, depuis deux ans, 
est la veritable cheville ouvriere de l'or
ganisation de cette semaine de rencontre. 

Le role des organisateurs n'est d'ailleurs 
pas termine. Vous sa ve z que nous avons enco
re un document a vous faire parvenir; il 
s'agit des actes les plus importants de cet
te semaine de travail, et en particulier des 
rapports generaux et des comptes rendus des 
seminaires. 

Vous allez done recevoir, dans un delai rai
sonnable, un quatrieme volume, qui viendra 
ainsi completer votre documentation. Je ne 
doute pas que vous ayez ainsi a disposition 
dans votre bibliotheque une veritable mine 
de references, dont VOUS Saurez tirer le 
plus grand profit. 
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Lundi dernier, je vous avais egalement sou
haite, dans mon allocution inaugurale, la 
bienvenue a Paris, et j'av~is exprime le 
desir que ce Congres soit une occasion fruc
tueuse de rencontres et d'echanges de vues. 

C'est a vous qu'il appartient de dire si 
cet objectif a ete atteint. 

Nous avons fait de notre mieux pour vous 
donner un aper9u de notre capitale. Il etait 
bien evidemment impossible, en si peu de 
soirees, de faire davantage; nous avons op
te pour le maximum de diversite dans notre 
choix, en esperant vous donner le desir de 
revenir a Paris. 

Le precedent Congres a eu lieu a Moscou en 
1974, preside par M. Boldyrev. Il a rencon
tre le succes que l'on sait et je tiens en
core a dire a M. Boldyrev combien taus les 
participants ont goute leur sejour dans sa 
capitale. 

Le prochain Congres aura lieu en 1986 dans 
un lieu qui vou~ sera indique tout a l'heure 
par celui-la meme qui nous y invitera. 

Devant le progres de vos recherches et le 
nombre toujours croissant des resultats dans 
des domaines diversifies, la question a ete 
posee de savoir si l'intervalle de six an
nees entre nos rencontres n'etait pas un peu 
trap important. En fait, je pense difficile 
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de changer nos traditions a cet egard, comp
te tenu des delais necessaires a la prepara
tion d'une telle reunion. 

Il faut, en effet, laisser aux chercheurs, 
aux professeurs et aux savants le temps ne
cessa ire pour mener a bien leurs travaux, 
et nous avons vu, tout au long de ces jour
nees que dans le domaine du ciment plusieurs 
mois, et parfois plusieurs annees, etaient 
necessaires po~r tirer des conclusions de 
certaines experiences. Une suggestion a ete 
faite qui meritera sans doute d'etre etudiee 
et approfondie. Il s'agirait de la creation 
d'un noyau permanent qui se reunirait entre 
les Congres, a la fois pour faire le point 
des dernieres decouvertes et preparer les 
prochaines rencontres. Il y a la une idee 
a creuser. 

0 

0 0 

J'arreterai ici mon propos, mais avant de 
donner la parole a M. de Assis Basilio qui 
a une communication importante a vous faire, 
je voudrais vous remercier tout d'abord en 
mon nom personnel pour le tres grand plaisir 
que j'ai pris a vous rencontrer au cours de 
cette semaine, et au nom de l'industrie ci
mentiere fran9aise pour etre venus si nom
breux et vous etre montres si attentifs a 
ce Congres. 
Si vous emportez le sentiment d'en avoir 
retire un enrichissement a la fois sur le 
plan scientifique, sur le plan culturel, et 
sur celui de l'amitie, ce sera pour nous la 
meilleure recompense. 
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ALLOCUTION 
DEM. DE ASSIS BASILIO 

President de /'Association Bresilienne du Cirnent Portland 

Monsieur le President, 
Mesdames, Messieurs, 

M. POITRAT a cree un~suspense~en parlant de 

notre prochain Congres - le huitieme - sans 

en indiquer le lieu, mais en passant la pa

role au delegue du Bresil. 

Je dois vous dire que depuis deux ou trois 

ans, au cours des reunions du Comite Scien

tifique International du Congres, nous 

avons, a plusieurs reprises, evoque .cette 

question. Et sans que l'on sache tres bien 

comment cela s'est produit, un beau jour le 

Bresil a ete pressenti pour organiser ce 

huitieme Congres. 

L'Industrie cimentiere bresilienne et 

M. le Ministre d'Etat de l'Industrie et du 

Commerce du Gouvernement bresilien ont don-

ne leur accord. Nous sommes conscients de 

la grande responsabilite que nous prenons, 

mais nous nous sentons en mesure de l'assu

mer. Aussi, je propose a votre Assemblee de 

choisir le Bresil comme lieu du Berne Con

gres International de la Chimie des Ciments 

(vifs applaudissements dans toute la salle) 

Je vous remercie de votre approbation. 

Je vous signale que s'il fait ~arfois tr e s 

chaud dans le nord et le centre du Bresil, 

a cette epoque de l'annee, qui pour nous 

correspond a l'hiver, il ne fait pas plus 

chaud a Rio et a S~o Paulo qu'a Paris ac

tuellement. 

Sao Paulo est le centre industriel du Bre-

sil; c'est une tres grande ville, environ 

douze millions d'habitants, extremement ac-

tive, mais ou se posent malheureusement par

fois des problemes de pollution atmospheri

que. 

Par contre, Rio dispose de kilometres de 

plage et beneficie d'un air marin tres pur 

et d'un ensoleillement agreable; en outre, 

il y a a Rio une vie nocturne qui incite a 

la detente. 

L'apport technique des Congres Internationaux 

de la Chimie des Ciments est toujours tres 

marquant. Les sessions au cours desquelles 

sont examines et discutes les problemes les 

plus aigus qui se posent aux cimentiers, 

aboutissent generalement a des conclusions 

d'une grande importance pratique, par leurs 

consequences sur la technologie des ciments 

et des betons. Je citerai par exemple le pro

bleme de l'hydratation de l'aluminate trical

cique, sur lequel s'etaient deja penches les 

Congres precedents, et sur lequel notre pre

sent Congres a apporte une grande clarte. 

Nous esperons que le Berne Congres sera dans 

la ligne de ce 7eme Congres, et nous apporte

ra de nouveaux progres. Nous avons demande a 

tous ceux qui ont participe a l'organisation, 

si reussie, de ce 7eme .congres, en particu

lier a MM. PELTIER, LE BEL et POITRAT, de 

nous aider de leurs conseils, dans la prepa

ration du Berne Congres. 

Nous esperons pouvoir compter sur votre par

ticipation a tous, en l9B6, au Bresil. Nous 

esperons aussi voir arriver les jeunes gene

rations de techniciens, qui auront la charge 

de poursuivre les recherches sur le ciment, 

ce materiau si largement utilise, mais qui, 

malgre tous nos efforts, ne nous a pas encore 

devoile tous ses secrets. 

Merci encore a tous; et je vous donne rendez

vous en 19B6, au Bresil, pour notre Berne 

Cong res. 
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ALLOCUTION 
DEM. A.S. BOLDYREV 

Vice-Ministre de l'lndustrie des Materiaux de Construction de /'U.R.S.S. 

Mesdames, Messieurs, 

Je pense que nous avons taus bien fait de 

tenir ce congres en France, et a Paris. Le 

ciment en profitera surement. 

Le congres de Paris laissera une trace pro

fonde dans l'esprit des specialistes et aura 

une grande importance pour les praticiens. 

Ce congres a ete plus representatif que les 

precedents puisqu'il a attire les plus 

grands specialistes de 55 pays du monde, 

s'occupant de taus les aspects des problemes 

complexes d'obtention de clinkers de ciments 

Portlands et d'utilisation rationnelle des 

ciments dans les betons. 

Nous avons entendu des exposes tres interes-

sants, donnant un eclairage nouveau aux ques

tions de la chimie et de la technologie des 

ciments. 

Il est aussi tres important que ce congres 

se soit fait l'echo de questions vitales, 

dont depend le developpement a venir de 

l'industrie cimentiere : on _ ya discute des 

possibilites d'economiser l'energie et d'u

tiliser des sous-produits et des dechets in

dustr iels. 

On a examine avec soin les questions d'utili

sation des laitiers, des cendres, des ajouts 

hydrauliques naturels pour fabriquer des ci

ments composes, qui jouent un role important 

dans la diminution des depenses energetiques. 

Une grande attention a ete portee aux ciments 

speciaux. On a aborde sous un jour nouveau 

les problemes theoriques, l'hydratation des 

ciments et les nouvelles methodes d'intensi

fication du durcissement et d'amelioration 

des caracteristiques de resistance mecanique 
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par emploi d'adjuvants. 

Le systeme des rapports principaux, des se

minaires, des affiches commentees et des com

munications ecrites, ainsi qu'un large echan

ge de vues, ont permis aux participants du 

congre~ de prendre connaissance d'une quan

tite enorme d'informations. 

Je pense que les participants seront d'ac

cord avec moi pour dire que l'organisation 

de ce congres a ete admirable, que l'hospi

talite fran9aise s'y est manifestee de fa-

9on authentique par le soin dont taus les 

participants ont ete entoures, par l'orga

nisation d'une bonne detente, qui leur a 

permis de decouvrir les curiosites de Paris. 

Ce congres aura eu une grande importance 

scientifique. 

Permettez-moi d'exprimer au nom de taus, 

les remerciements des participants a MM. POr 

TRAT, LE BEL, MERIC, PELTIER et a taus ceux 

qui les ont aides dans l'organisation irre

prochable du congres. 

0 

0 0 

Permettez moi de transmettre egalement au 

President du congres la lettre que l'un des 

plus vieux specialistes du monde des ciments, 

eleve et traducteur russe de Henry LE CHATE

LIER, pere de la chimie des ciments, a ecri-

te: je veux parler du Professeur I.F. PONO

MAREV, aujourd'hui age de 98 ans. 

0 

0 0 



Permettez-moi enfin de souhaiter a tous les 

participants de ce congres une bonne sante, 

beaucoup de bonheur, et un travail fructueux 

pour le developpement de la science des ci

ments et la preparation du prochain congres . 

Je vous remercie. 

Lettre de M. I . F . PONOMAREV, Professeur a 
l'Institut Polytechnique de Novocherkask 

iuRSS) au~ participants du 7eme Congres In

ternational de la Chimie des Ciments, a Pa-

ris. 

"Chers participants au Congres, 

"Recevez mes cordiales salutations et · mes 

"voeux de succes pour les travaux de ce Con

· "gres de portee mondiale. 

"Ce Congres a lieu a Paris, ou Henry Le Cha

"telier a fait ses travaux de recherche 

"scientifique et a ecrit son remarquable ou

"vrage "La silice et les silicates"* 

"Je lui ai toujours-
1
ete tres reconnaissant 

"de m'avoir a~torise a imprimer la traduc-

" tion russe de cet ouvrage et de m'avoir 

"fait parvenir en plus sa photographie, ain

"si que des corrections et des complements, 

"qui n'ont ete publies que dans l'edition 

"russe. 

"Recevez les amicales s a lutations d'un v ieux 

"specialiste des silicates". 

I.F. PONOMARE V 
P r o f e ·s s e u r 

faite a Novocherkask (URSS) 
le 25 Juin 198 0 

* Paru en 1914, chez Hermann, 5 74 pages. 
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THEME I 
Influence des matieres premieres des combustibles et des procedes 

de fabrication sur la structure et les proprietes des clinkers 
par R. BUCCHI et J.-P. MERIC 

Quatre rapports principaux (de MM. BUCCHI, 
SPRUNG , TIMASHEV et MER I C) et pres de soi
xante communications origina l es de diff e 
ronts Auteuts constituent une mise a jour 
tres complete des connaissances sur les 
di~f8rents sujets de ce t h e me. 

Les principaux sujets traites sont les sui
vants 

1 . - La reactivite des crus . 
2 .- La physico-chimie de l a phase li quide . 
3 . - L'influence des additions et des com-

poses min eu rs sur les react i ons de 
clinkerisa tion. 

4.- La str u ct ur e du clinkEr en fonction des 
pdrametres de fabrication. 

:; . - L ,J ni 8 can i q u e de 1 d f ragmentation et son 
applicati on aux broyeurs industriels. 

G. - La broyauilit8 du clinker et des consti
Lu d nts secondaires . 

1 . - LA REAC TIVIT E DES CRUS 

Oe ux granoeurs distinctes rendent compte de 
la muni8re dont le cr u se transforme en 
clinker l'aptitud e a la cuisson et l a 
r0activit8 . Cette transformatio n est carad
t 1] r is f3 e par p 1usj_e1.1 rs par a m e t res 

a ~ui est l e degre de combinaison 
de la chaux dans le s com pos es 
formes, 

Ca Of qui est le ~ourcentage de Cao 
libre, 

t l .a temp 8 rat u r e , 

e le temps. 

L ' apti tud e a la c uisson est e n genera l re-
p r P. s e n t 1~ e d a n s u n e s p a c e fi t r o i s d i m e n s i o n s 
par la fonction reliant a a t et 8 OU par 
l a fonction reliant CaO a t et 8 . D~ cette 
r e pr 8 sentat ion on peut ~eduire les relation s 
8ntre deux variables, la trois±eme restant 
constant e . Ce s ll if fer e n t e-s re 1 at ions p erm et -
tent de quantifier l'aptitude a la cuisson 
d 'u n cr u. 

La r 8ac tivite, par ai ll eurs, est d e finie 
com me r a vitesse d'une reaction o u d'un e n
semble de re~::t i ons a un e temperature - donnee. 
Dans le cas d'un cru de ci ment er ie, on mesu
re so uvent l a reactivit e moyenne apparente 
de l a cuisson . 

Il se r eve le que ni la mesure de l'aptitude 
a la c uis son ainsi qu'elle v ient ~·§tre de
finie, ni celle de la reacti v ite moyenne, ne 
sont adaptees a la caracterisation c omplete 
d'un cr u. Cette caracterisation complete 
pourrait sans doute §tre approchee par l'e
tude de trois valeurs de reactivite moyenne 
dans trois inter va lles de temperature : 

L'>t
1 

soo 0 c - 100"0°c 

1000°c 

1300°C 

1300°C 

1450 °C 

Ces troii intervalles sont suggeres par 
l'identific atio n des differentes reactions 
qui pr ecede nt ou accompagnent la c linkeri
sation. 

L' aptitude a la cuisson depend de la satu
ration en cha u x et de la reactivite de~ ma
tieres. La reactivite des matieres, c'est
a-dire la vitesse a laquelle elles se com
binent, est fonction de SM , TM, -' de la dimen-

•s i o n des gr a i n s , de 1 e u r n a tu re m'i n er a 1 o -
gique et de l e ur e tat d'activite au moment 
oG elles e n trent en combinaisbn. Ce dernier 
point est capital pour expliquer la diff e 
rence de reactivite d'une m§me matiere lors
qu ' elle se trouve dans des crus differents. 
L'explication de ces effets est fondee s ur 
les lois de la diffusion so li de, notamm e nt 
sur les relations entre les ~oe fficients de 
diffu s ion sol i de et l'energie d 'ac ti~ation 
de la matiere . Cette energie d ' activat i on 
depend el l e-m§me des defauts . de str uctur e 
des solides .. en presence. D'autres pararrie
tres, notamment ceux de la phase liq u id e 
co mm e la viscosite , la mobili te ionique et 
l a ten sio n superf icielle jouent ega lement 
un role essentie l. 

U. LUDWIG et S.E . IBRAHIM ont etab li une 
relation entre l'aptitude a la cuisson mesu
ree en termes de durees n ecessa ires a dif
ferentes temperatures pour atteindre 
CaOf ~ 2% et cer tains de ces p ~ra metres 
(figure 1). 

r. 3oo 2 2 - 2] 00126 (1360-tl 
Bc,t = lo,o• LHE +0,0•3 <Kst lll-·90 l _0114 SA · _ e' 
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r = 0,9• 

Bc,1 = Aptitude ~ I a cuisson cote ul~e ~ t • c. 
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P. GOMA a etabli une fonction qui prend en 
consideration meme la presence et la teneur 
de quelques composes mineurs. 

S. CHROMY a mis en evidence l'importance de 
la granulometrie du calcaire et du quartz 
pour l'aptitude a la cuisson. 

2.- LA PHYSICO-CHIMIE DE LA PHASE LIQUIDE 

Le rapport de V.V. TIMASHEV presente une 
theorie unitaire des proprietes de la 
phase liquide et de la cinetique de forma
tion de CS en s'appuyant sur des connais
sances ob~enues par les chercheurs russes. 
Une communiGation supplementaire particu
lierement remarquable sur la cristallogenese 
dans les microzones des grains de clinker 
eit apportee par V.V. TIMASHEV en collabo
ration avec A.P. OSSOKINE et E.N. POTAPOVA. 

Le milieu fondu est l'intermediaire gr~De 
auquel l'alite peut se former. La tempera
ture a laquelle la phase liquide se forme, 
ses proprietes physico-chimiques et la quan
ti te formee determinent la cinetique de dis
solution des grains de CaO et de belite en 
fonction de leur dimension et de leur etat 
d'activation, ainsi que la cinetique de 
diffusion de Ca 2 +, 0 2 - et SixOyz_ vers les 
zones de naissance et de croissance des 
cristaux d'alite. Les trois parametres ci
t§s controlent done la micro et la macro
structure du clinker. 

Le milieu fondu presente un caractere forte
ment ionique. Il est compose essentiellement 
d'ions Ca 2 + 0 2

- Si0 4
4

- et de deux groupes 
MeOx d'ions amphoteres Al et Fe 3 + : il 
s'agit d'abord d'ions t~raedriques Me0 4

5
-

ou le metal est fortement lie a l'oxygene 
et presentant un caractere acide et ensuite 
d'ions octaedriques Meo 9 ~ presentant un 
caractere basique, faci~ement dissociables 
en Me 3 - et 60 2 - et par consequent plus mo
biles que les ions tetraedriques. Les pro
prietes du bain sont done differentes selon . 
le deplacement de l'equilibre acide-base 

Me0 4
5 -~ Me 3 + + 40 2 -

Ce deplacement est fonction de la nature et 
de la concentration des ions de composes 
mineurs. Ces proprietes peuvent etre tra
duites par trois parametres principaux la 
viscosite, les coefficients de diffusion et 
la tension superficielle. 

En principe, la viscosite n diminue lorsque 
le potentiel ionique Z/a (et l'energie de 
liaison Me-0) des elements dans le bain 
augmente. Ainsi s'expliquent l'action defa
vorable de K1 + et Na 1 + et ceile favorable 
de F 1 -, Cl 1 -, Ti 4 +, S 6 +, P 5 +, Mg 2 +. 

La presence simultanee d'elements differents 
ne permet pas de cumuler les effets lorsque 
ceux-ci s'exercent dans le meme sens, mais 
elle peut compenser partiellement des effets 
opposes ; ainsi les sulfates alcalins redui-
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sent la viscosite qui, par ailleurs, augmen-
te brusquement lorsque [K 2 0] [Na 2 o] > [S03]. 
Il est a noter que Mg 2 + compense K1 + et 
Na 1 +. Les effets simultanes des quatre ele
ments les plus frequents dans les crus 
(K 1 +, Na 1 +, S 6 +, Mg 2 +l sont representes par 
les courbes d'isoviscosite de la figure 2. 

MgO 

Courbes d' isov;scosit~ 

( 'l en Pa. s) a 14 SO ° C 

du bain de 57°/o Ca 0; 

7,5 °10 si 0 2 ; 22,6°/0 Al 2 0,.; 

12,9°/0 Fe 2 0, pour des 

additioM de MgO+ 5 0
3 

+ · 

(K,Na) 2 0. 

d 'apr~s V. V. 

TIMASHEV. 

Les ordres de grandeur des coefficients de 
diffusion D sont 

Ca 

Al, Fe 

Si 

10- 9 m2 /s 

1D- 10 m2 /s 

1D- 11 m2 /s 

Les dimensions des lacunes dans le bain de 
l'ordre de 1.1A ~ustifient l'hypothese sui
vant l~que1le Ca+, Al 3 +, Fe 3 + (rayon ioni
que 1 Al diffusent par trous, tandis que les 
ions plus grands Si0 4

4
-, Al0 4

5
-, Fe04 5

- dif
fusent plus lentement par deplacement. 

Les grandeurs n et D agissent-sur la vitesse 
I de dissolution par diffusion de Cao et de 
c 2s (figure 3), ainsi que sur la vitesse de 
formation de c 3s. 

On suppose qu'il existe deux mecanismes pour 
cette formation en raison de l'apparition 
de phenomenes de liquidation. Dans les zones 
belitiques (acidesl du bain, ce sont Ic S et 
Dca2+ qui cGntr6lent le processus. En 2 

consequence, les cristaux d'alite croissent 
sur les cristaux de belite pour se substi
tuer a eux. Dans les zones les plus basiques 
(surtout en presence de K1 + et Na 1 +l Ic s 
est plus eleve et le processus est con- 2 

tr6le par Icao dans CB cas, la belite SB 

corrode en se dissolvant dans le bain. 
L'alite precipite de maniere homogene et 
des Vides SB forment a la place des grains 
de chaux. 
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La cristallisation et l'agglomeration des 
particules, c'est-a-dire la granulation du 
clinker, sont essentiellement influencees 
par la quantite de masse fondue, par sa 
viscosite et par sa tension superficielle o 
(B.S. ALBATS et Coll.). v.v. TI MASHEV de
montre que la fonction reliant la dimension 
moyenne des grains de clinker a la tension 
superficielle est lineaire (figure 4). 
Cette relation est verifiee sur les instal
lations industrielles et elle donne un 
moyen d'action sur la granularite du clinker 
en faisant varier la quantite et les pro 
pr~etes de la phase liquide. 
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3.- L'INFLUENCE DES ADDITIONS ET DES COMPOSES 
MINEURS SUR LES REAC TIONS DE CLINKERI
SATIDN 

R.BUCCHI a examine onze elements mineurs 
dans 141 crus industriels. Les plus fre
quents sont, par ordre de concentration 
MgO, K20, SD3, Na2D, TiD2· 

En ce qui concerns les alcalis, on vient de 
voir que lorsqu'ils sont en exces stoechio
metrique par rapport a S03, ils degradent 
les proprietes de la phase liquids. En ou
tre, ils creent, comme l'a montre SPRUNG, 
des circulations nuisibles dans le four et 
des anomalies dans la prise du ciment. Sou
vent les alcalis semblent done indesirables. 

MgO presents de nombreux aspects positifs 
qui sont souvent meconnus. En effet, il 
s'agit d'un mineralisateur et d'un fondant 
efficace qui peut §tre admis a des concen
trations superieures a celles qui sont an
noncees, a condition cependant qu'il soit 
finement cristallise et bien disperse dans 
la masse fondue. Ces ~onditions sont d'au
tant mieux remplies que le cru est finement 
broye et qu'il contient du so 3 et des f luo
rures (Y .V. NIKIFOROV et R.A. ZOSOULIA). On 
retrouve ainsi le role benefique des sul
fates, role qui est cependant conteste par 
les travaux de N.H. CHRISTENSEN et V. JOHAN
SEN ; W.A. KLEMM et I. JAWED. 

Les resultats concernant Ti0 2 (0. KNDFEL, 
1977-1979) concluent a un role positif. 

Le role des fluorures deja connu a ete re
examine. F 1

- favorise la dissociation de 
Caco 3 d'une ' maniere plus ou mains marquee 
selon le cation associe a l'ion F-(figure 
S.N. GHOSH). Dans le systems C-A-F-S, F 1 -

etend le domains d'existence du C3S a des 
intervalles de composition plus grands. Il 
elargit le domains de phase primaire des 
solutions solides de c12 A7 , mais il res
treint celui du c3 A (A.K. SARKAR et R.M~ 

SMART). Il augments de 2 a 2,5 fois la 
vitesse de formation de l'alite par l'in
termediaire d'un accroissement de la phase 
liquids et des vitesses de diffusion 
(N.H. CHR ISTENSEN et V. JOHANSEN). Plusieurs 
travaux ont compare l'efficacite de l'ion 
SiF5 2

- et de l'ion F-, mais sans conclure 
de maniere indiscutsble. L'action de F 1 -

est renforcee par la presence de MgO et de 
so 3 , surtout du ~oint de vue de la cineti
qua de clinkerisetion, de la structure du 
clinker et des resistances mecaniques qui 
sont plus elevees m§me a des echeances bre
ves, notamment lorsque TM~ 1,5 ainsi que 
W.A. KLEMM et I. JAWED le montrent. 

L'ion c1 1
- ameliore les proprietes de la 

phase liquids et comme l'ion F 1 -, il est 
un fondant et un mineralisateur efficace. 
Le chlore presente un certain nombre d'in
convenients qui proviennent du caractere 
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volatil des chlorures alcalins et du fait 
que sa concentration dans le clinker at
teint des niveaux tres faibles (0,01%). 
c1 1 - catalyse la formation de 2C2S.CaCD3 
(spurrite) et provoque des croOtages, des 
collages, des anneaux, soit dans le four, 
soit dans le prechauffeur. S. SPRUNG fixe 
a 150 ppm la concentration en chlore dans 
un cru au-dela de laquelle, si K2 D est 
superieur a 2%, il est necessaire de by
passer les fumees des fours avec prechauf
feur a suspension. R. BUCCHI constate, 
qu'en dessous d'une concentr~tion de 
50 ppm, le fonctionnement du four est dans 
taus les cas regulier pour ce type de four. 
Le remade a ces incon ven ients du chlore, 
preconise par H.M. SYLLA (1974), est de 
bloquer c1- en chloro-apatite a l'aide de 
phosphate, ce qui a ete confirme par 
M. KOVACS et K. BENYEI. 0,8% de P 2 D5 dans 
le cru reduit la formation de spurrite, 
mais son elimination complete ne se fait 
que vers 1,5%. Cette teneur en P2 o5 peut 
etre dangereuse pour la qualite du produit, 
meme si V. V 'IKOV et Coll. (1967) conside
rent qu'elle est tout a fait tolerable dans 
les clinkers ayant une saturation en chaux 
basse. 

4.- LA STRUCTURE OU CLINKER EN FONCTION DES 
PARAMETRES DE FABRICATION 

Les mineraux du clinker sont des solutions 
solides hors d'equilibre contenant des im
puretes dans les differentes phases. L'ac
tivite hydraulique plus OU mains elevee 
provient essentiellement des defauts et 
distorsions du reseau provoques par les 
substitutions isomorphes, soit homo, soit 
heterovalentes, ainsi que par le refroi
dissement. La structure fine des phases est 
responsable de la concentration et de la 
repartition des impuretes qu'elles contien
nent : grossierement, l'alite peut en con
tenir 4%, la belite 6%, l'aluminoferrite 
jusqu'a 10% et l'aluminate jusqu'a 13% 
(A.I. BOIKOVAJ. 
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Dans un rapport tres important, P. GOURDIN, 
E. DEMDULIAN, F. HAWTHORN et C. VERNET ant 
etudie, par une approche statistique, les 
relations entre l'alite, le C3A, les resis
tances mecaniques, les especes mineralogi
ques du cru, les composes mineurs et le 
procede de fabrication de 60 clinkers in
dustriels. Ils ant trouve des formes d'a
lite tres diverses 

Mib 47% des cas 

MIIb 35% des cas 

R 18% des cas 

Le C3A est cubique dans 48% des cas et ra
rement tetragonal (8%) dans 43% des cas 
les deux formes coexistent simultanement. 

L'association d'alite R avec du C3A cubique 
est frequente dans les crus quartzeux pau
vres en MgO et en a~calis mais presentant 
un exces de S03 sur K20. Les resistances de 
ces clinkers a 7 et a 28 jours sont supe
rieures a la moyenne. 

Les clinkers provenant de crus"illitiques" 
riches en magnesie et en alcalis non satures 
par les sulfates, alcalis qui sont par con 
sequent disponibles pour entrer dans les 
reseaux de C3S et de c3 A, contiennent le 
plus frequemment une alite Mib et un c3 A 
tetragonal. En outre, si les teneurs en 
Na20 sont elevee s, on constate egalement 
la presence de c3 A cubique. On constate 
que l'alite R n'est jamais associee avec 
le C3A tetragonal. 

Les clinkers contenant de l'alite MIIb et 
de l'aluminate cubique (ou cubique ou te
tragonal) donnent les resistances les plus 
elevees, tandis que les clinkers contenant 
de l'alite Mib ant des resistances infe
rieures a la moyenne. 

Les relations entre composition, conditions 
de cuisson, structure microscopique et 
resistances mecanique~ sont di~cute3s dans 
trois communications celles de Y. ONO, 
de S. TAKAGI et A. KAWASHIMA et de B.V. 
VDLCONSKI et Coll .. La figure 6 donne 
l'equation de Y. ONO pour l' eva luation de 
la resistance en fonction des parametres 
geometriques et optiques du clinker. 

5.- LA MECANIQUE DE LA FRAGMENTATION ET 
SON APPLICATIDN AUX BRDYEURS INDUSTRIELS 

Le rendement energetique de la fragmenta
tion par rapport a l'energie de surface 
liberee est tres faible, de l'ordre de 1%. 

Si on rapporte le rendement du broyage a 
l'energie de fissuration, c'est-a-dire a 
l'energie necessaire au deplacement d'une 
fissure, on trouve encore des chiffres 
tres modestes inferieurs a 10%. 
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On peut comparer les rendements des dif
ferents modes de broyage entre eux. On 
constate alors que ces rendements se 
situent dans un intervalle dont les extre
mes sont dans un rapport dix. 

Les pertes energetiques analysees par 
J . P. MERIC dans son rapport sont de quatre 
types 

celles dues aux deformations plas
tiques qui entrainent ~ne dissipa 
tion energetique dans la matiere 
me me 
l'energie elastique excedentaire 
communiquee au materiau pour la 
propagation de la fissure 
les pertes dues au manque de selec
tivite des corps brdyants qui com
muniquent a la matiere plus d'ener
gie qu'il n'est necessaire pour 
creer le champ de contraintes (ce 
qui se traduit par des reagglomera
tions) 
les pertes mecaniques. 

H. HORNAIN et M. ~EGOURD commun iquent des 
mesures de l'energie specifique de fissu
ration du clinker YF comprises entre 12 et 
22 J.m- 2

, ce qui signifie que l'energie 
theoriquement necessaire pour lib erer une 
surface de 3500 cm 2 /g est de 1.65 kWh/t, 
alors que celle des broyeurs industriels 
est de l'ordre de 40 kWh/t. Le rendement 
pa~ rapport a l'energie de fissuration qui 
est ainsi mis en evidence est de 4%. 

En comparant les differents modes de frag
mentation, on constate que l ' ecrasement lent 
est tres selectif et presente les re n dements 
les plus eleves. Il est realise dans les 
broyeurs a meules, mais d'une maniere impar
faite seulement. 

La percussion par masse tombante est le mode 
de broyage le mains selectif, etant donne 
que les corps broyants attaquent taus les 
grains, les plus fins comme les plus gros, 
a v ec une energie egale. Le rendement dimi
nue tres rapidement lorsque la finesse aug
mente. Cette diminution peut §tre freinee 
par deux remedes l'utilisation de corps 
broyants de petite dimension (mini pebsl 
OU des separateurs a air qui eliminent les 
grains les plus fins. 

La projection de matiere sur une enclume 
pourra donner naissance a une troisieme 
g e n e r a"t i 0 n d e b r 0 y e u r s t r e s s e 1 e c t i f s a v e c 
un rendement ameliore, a condition que l'on 
sache maitriser les problemes technologiques 
poses par l'utilisation de ciments a spectre 
granulometrique etroit. Une revue tres 
claire de ce probleme est presehtee par 
Y. LE JEAN. La figure 7 illustre la selec
tivite du broyeur a projection. 

100 

BO 

~ 60 
Br.~ bou lets in dustrie l 

c 
40 0 

Vl 
Vl 
0 o._ 

20 

d ~pr~s Y. LE J EA N 
0 

2,5 10 _20 4 0 BO 160 

Diam~tre, ¢ (µ ml 

A premiere vue , il se~ble que des progres 
considerables peuvent §tre faits dans le 
domaine du broyage du cru et du ciment car 
les outils actue l s ont des rendements me
diocres et reagglvmerent les grains. 

Dans le cas du cru, cette conclusion est 
indiscutable puisque, comme l'a montre R. 
BUCCHI, la reactivite du cru est plus ele
vee lorsque le spectre granulometrique est 
resserre. 
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Dans le cas du clinker, on arri v e a la meme 
conclusion en ce qui concerne la reacti v it e 
vis-a-vis de l'eau. Un spectre granulome
trique etroit conduit a d'e xc ell e nt e s pe r 
formances hydrauliques mesur e es sur eprou
v ettes normalisees. Cependant, l'influence 
d'un tel spectre sur la rheologie es t ne
gati v e·. 5li l 'on considere la .qualit e du 
beton, qui resulte a la fois des proprietes 
rheologiques et hydrauliques, le bilan est 
loin d'etre indiscutablement positif, mais 
il pourra s'ameliorer lorsque l'on saura 
encadrer le spectre granulometrique du 
clinker par des complements fins et gros
siers inertes qui amelioreront le co mporte
ment rheologique tout en conservant les 
bonnes propri e tes hydrauliques. 

La poss i bi 1 it e .de preparer des c i men ts . con -
sistant en fractions presque monogranulaires 
de matiere acti v e (clinker ou laitierl et 
d~ particules inertes ayant une granulo~e
trie complemeniaire pour un remplissage opti
mal reste un des themes fondamentau x de la 
science du broyage. avec un double objectif 
l' e conomie d'energie de broyage, l'economie 
de clinker pour une meme qualite du beton. 

6.- LA BROYABILITE OU CLINKER ET DES CONSTI
TUANTS SECONDAIRES 

Les clinkers les plus fa c iles a brayer sont 
ceu x dont la concentration en microfissures 
est la plus ele v ee. L'etat de fissuration 
depend a son tour de la structure, de la 
composition minerale et de la vitesse de 
refroidissement du cli n ker. Le module 
d'elasticite et le coefficient de dilata
tion thermique permetten t d'e x pliquer la 
bonne broyabilite de c3s et la ~auvaise 
broyabilit e de c2s (H. HDRNAIN et M. REGOURO). 
O'autre part, I.F. PETERSEN montre que les 
clinkers industriels sont d'autant plus 
broyables que l'aire des pores par unite de 
v olume est plus elevee (figure 8). Celle-Ci 
dep~nd a son t our de la finesse des cristau x 
et de la quantite de phase liquide ( figure 
g) • 

Pour la preparation de ciments composes, il 
apparait que la regle de broye~ separeme~t 
les composants, que l'on applique si le 
composant le mains actif du point de v ue 
hydraulique est aussi l 'e plus difficile a 
brayer, soit. a reviser a la lumi e re de re
sultats presentes par OPOCZKY et T.K. 
MRAKDVICS. Le bon choi x entre broyage simul
tane et broyage separe doit, en effet, tenir 
compte, non seulement de la broyabilite des 
composants, mais aussi de leur tendance a 
la reagglomeration (indice d'uniformite de 
la di~tribution de ROSIN RAMMLER) de l~urs 
proportions respectives et du type de cir
cuit de broyage, ouvert ou ferme, utilise. 
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W. KUROOWSKI et Z. WELISZEK rappellent que 
le broyeur a ciment, dont la fonction pre
miere est de liberer des surfaces nouvelles, 
est egalement un reacteur chimique alimente 



par l'energie de broyage presque entierement 
degradee en chaleur qui Vient s'ajouter a 
la chaleur propre du clinker. 

Les reactions qui se deroulent dans le 
broyeur conduisent a la formation de semi
hydrate, de syngenite, d'ettringite. Elles 
dependent du type de broyeur et ~e son re~ 

gime de fonctionnement. Les auteurs etablis
sent ainsi que la syngenite peut se former 
a partir de K2S04 et de sulfate de calcium 
hydrate OU semi-bydrate a condition que la 
te~erature s'ele ve au-dessus de 75°C et 
que la tension de v apeur d'eau passe un 
certain seuil ( figure 10). 
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CONC LUSION 

Sur ce dernier sujet, nous terminons cette 
presentation, malheureusement trop rapide, 
des progres les plus recents dans la con
naissance des transformations physico
chimiques inter vena nt dans la fabrication 
du cl inker et du ciment. 

L'objectif qui est poursuivi par tous les 
laboratoires qui travaillent sur ces sujets 
est double 

d'abord maitriser les transformations 
Chimiques pour faire face a la tres 
grande variabilite des matieres pre-
mieres il s'agit en effet pour le 
cimentier de passer d'une matiere crue, 
particulierB et souvent heterogene, a 
un prod~it regulier parfaitement defini 
et adapte au marche ; 

ensuite choisir parmi les transforma
tions qui sont possibles celles qui 
exigent la depense d'energie la plus 
faible. 

En raison de ces deux contraintes, souvent 
contradictoires, l'on aboutit a des precedes 
de plus en plus complexes, difficiles a 
regler et a stabiliser, qui vont exiger, de 
la partdes constructeurs et des exploitants, 
une analyse approfondie des phenomenes 
physico-chimiques. 

Les communications presentees a ce Congres 
demontrent que cette analyse progresse ra
pidement, grace a la collaboration tres 
etroite des scientifiques et des industriels. 

IRES~MES DES DEBATS DE LA TABLE RONDE! 

U. LUDWIG 
Institut fur Gesteinshuttenkunde, RWTH Aachen 

Remarks on the burnability of cement raw 
materials. 

I would li~e to give only a short summary 
here specially of the latest resu lts of our 
working groups on the burnability of indus
trial raw mix for the production of Portland 
cement c 1 inker. 

Together with G. Ruckensteiner and S.E. 
Ibrahim we found that increasing values for 
the standard lime and for the heterogeneous 
coarse material, > 90 and > 20 µm, respecti
vely, lead to an increase and i~creasing va
lues for the mo}ten fraction at sintering 
temperature to a decrease in the time needed 
for well burned clinker under otherwise 
constant conditions. 

Wilh respect to the kiln feed we have not 
bsen able to decide up to now whether 
granules or nodules on the one hand or pow
dered material on the other give the best 
~alues for burnability, or whether they have 
any influence at all. The cause is the for
mation of active states during dehydration 
and decarbonization at meal-like feed, and 
from these results the formation of meal 
granules and adhesive~ on the rotating la
boratory burning equipment. So, we did not 
succed in direct burning of meal · feed. But 
we are of the opiriion that these active 
states of the mea~ during heating up are 
the primary cause of the formation of adhe
sives and meal rings in the kiln and the 
pre-heater system. Their stabilization by 
alkalies and others is a secondary effect 
but of no less importance. 

According to the burning temperature it is 
of little practical interest that A. Wolter 

43 



refined the lowest temperature of c 3s form~ 

tion to 1264°C instead of 1250°C. Of greater 
importance for the cement production is the 
stable formation of alites already at 1200°C 
and their unstable formation above 1160°C. 
From our work with additional additives in 
amounts of 0.5 wt.-% to alite only fluorine 
leads tp a further lowering of the alite 
formation temperature to 1100°C. Finally, 
fluorine-alite is already formed at 925°C. 
From these results one can conclude that 
the formation of Portland cement clinker 
should be possible for below 1360°C. Beside$ 
we know from the work with O. Burger that 
the low temperature alites and alinites have 
sufficient hydraulic properties. - Our re 
vision on 0. Philipp's work with several 
raw meals together with H. Barnas showed 
only in some cases a more rapid lime combi
nation by using a high heating rate. - F. 
Bayer found in his experimental work that 
rapid heating, slow cooling up to 1250~C 
and rapid cooling again afterwards result 
in best mortar strength (DIN 1164). 

F rom the above-mentioned great influence of 
the coarse and heterogeneous particles of 
the raw mix one can conclude that cement 
manufacturers should try to improve the 
grindability of the raw mix and the effec
tiveness of the $Bparator by the use of 
surfac@ active substances. H . Glock found a 
marked lowering of coarse particles > 90 and 
> 25 µm diameter, with the help of such 
substances. 

A more extensive summary of our work on the 
influences on burnability of Portland cement 
raw mixes will be published shortly. I am 
indebted to C.A. Mulhern for his revision of 
the English text. 

H. BRAUN 
Holderbank Gestion et Conseils S.A.-Suisse 

Comportement des melanges crus a la cuisson 

Le comportement a la cuisson d'une matiere 
premiere ne SB refere pas seulement a l'ap
titude a la cuisson, mais comprend taus les 
facteurs d'une importance technique lors de 
la cuisson, soit l'aptitude a la cuisson, la 
formation du croutage, la vo latilite (des 
alcalis, du soufre et du chlore), la forma
tion de la poussiere et la granulometrie du 
clinker. 

Les facteurs les plus importants inf luen9ant 
l'aptitude a la cuisson sont la saturation 
en chaux, le module silicique et la quantite 
des grains de quartz et de ca lcite au-dessus 
d'un certain diametre critique des grains. 
Base sur un tres grand nombre d ' essais, nous 
avons etabli un modele mathematique des ef
fets exerces par ces facteurs sur l'aptitude 
a la cuisson de tout melange cru a ciment, 
modele qui permet d'optimaliser la prepara
tion et la cuisson du cru. 
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Le comportement du cru a la cuisson aux tem
peratures inferieures e~t auss~ important. 
O'un echauffement trap lent de quelques crus 
resulte une diminution de la reactivite de 
la matiere cuite. 

Pour caracteriser 
et la volatilite, 
tests speciaux. 

la formation du croutage 
nous avons developpe des 

La performance d'un ciment Portland peut 
etre attribuee jusqu'a environ 90% a la chi
mie du clinker correspondant. Parmi les fac
teurs chimiq ues ce ' so nt notamment les sulfa
tes d'alcalis qui influencent surtout le 
developpement de l'hydratation. La perfor
mance d'un ciment n'est souvent pas celle 
qui pourrait etre attendue sur la base des 
proprietes du clinker, parce que non seule
ment le clinker, mais egalement le broyage 
et le stockage influencent sensiblement les 
prDprietes du ciment. 

A. BOIKOVA 
Institute of Silicate Chemistry of the USSR 
Academy of Sciences, Leningrad 

Remarks on ~linite 

Alinite, a high-basic Al-Cl-calcium silicate 
differs strongly from alite in composition, 
structure and properties. 

The peculiarity of alinite is that aluminium 
and chlorine, together with the main elements 
Ca, Si and 0, participate in the formation 
of a specific structure arrangement in the 
form of mixed anionic network consisting of 
oxygen and chlorine atoms (1, 2). 

Based on the structural analysis the authors 
propose the idealized formula of alinite as 
ca 11 rsi 0 . 75 A1 0 . 25 J 4 o18 c1 the tetragonal 
cell contains two formula units. 

However, under rea l synthesis conditions th e 
alinite single crystal~ obtained by the 
authors always contained Mg and Fe. 

The X-ray diffraction pattern of alinite is 
different from either of well-known patterns 
of triclinic (T 1 , T11 , T111 J, monoclinic 
(M 1 , M11 , M111 J and rhombohedral alites. 

The presence of chlorine in the structure 
provides the lower formation temperature of 
this mineral compared to alite (1000-1100°C 
instead of 1400-1500°CJ. 

Alinite is highly . reactiv~ with water and 
'shows high long term strength. 

Although alinite is the main constituent of 
alinite clinker (a clinker of the low-tempe
rature synthesis), the problem of alinite 
cannot solve the clinker problem as a whole 
due to a number of reasons. 



The mineralogical phase composition of ali
nite clinker is rather complex, and the in
fluence of other phases on the properties 
of clinker (and cement) should be noticeable. 

Howe ver , 
between 
known. 

the character of interrelation 
these phases and chlorine is un-

Some other facts are also unknown such as 
the real composition of phases in the ali
nite clinker, isomorphic impurities in them, 
the distribution of impurities of the raw 
mixture (mainly of chlorine) among these 
phases. 

Due to imperfect homogenization of the ini
tial raw mixture and to the non -eq uilibrium 
conditions of the annealing of clinker the 
satisfactory combining of chlorine by the 
cl inker constituents may hardly be attained. 

Apparently in this case one should not ex
clude the possibility of obtaining the ali
nite analogs with more "quiet" elements in 
structure than chlor ine. 

It is also important to know the thermal 
stability of alinite and of the o ther phases 
of al ini te clinker. 

The study of the interaction process of ali
ni te, the other phases and the alinite ce 
ment with water is of greatest practical 
and scientific significance. The main 
prob l em of this trend is the beha v iour of 
chlorine during the hydration, in particular 
the probability of its entering into the 
structure of hydrates. 

The composition, structure and properties 
of hydrates containing cnlorine are also of 
great in te rest. 

The problems mentioned are only part of the 
scientific tasks to be solved in the course 
of produ st ion and investigation of the 
alinite clinker . 
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Polymorphisme de l'alite et du CA. Statisti
ques. Remarques complementaires.

3 

La question du polymorphisme des composes du 
clinker est complexe puisque l'alite est soit 
triclinique, soit monoclinique ou trigonale 
et que le c3 A peut 8tre cubique, orthorhombi
que ou monoc linique. Le Sem inair e A a montre 
que la forme tetragonale du c3 A n'existe pas, 
ce qui simplifiera un peu ces remarques. 

Notre contributio n a ce Congres a ete de mon
trer que l'alite des clinkers industriels 
est, le plus souvent, monoclinique et que 
l'alite trigonale fait plut6t figure d'ex
ception puisque nous ne l'avons rencontree 
que 11_ fois sur 60 clinkers exa~ines. Le c 3 A 
est cubique (29 clinkers) ou orthorhombique 
(5 clinkers) ou sous les deux formes simul
tanement (26 clinkers). 

Nous voyons done que 

l'alite trigonale est plut6t une exception; 
l'alite monoclinique (Mr et Mrrl est tres 
frequents ; 
l'alite triclinique est absents, sauf dans 
un echantillon exceptionnel, ayant sejour
ne longtemps dans le four rotatif et decrit 
dans une autre communication. 

Nous ajouterons que l'alite trigonale est 
toujours associee au c3 A cubique dans nos 
clinkers industriels. 

On peut alors se poser deux questions : pour
quoi vo it-on telle ou tel l e forme dans les 
clinkers industriels ? et quelle est la for
ms la plus favorable aux meilleures resis
tances a la compression des ciments portland 
correspondants ? 

Pour repondre a ces questions nous avons dres
se des Tables de Fr equence des formes allo
tropiques observees dans le s clinkers en face 
des principales caracteristiques des melanges 
crus, des clinkers et des ciments portland 
correspondants. Nous sommes arrives au x trois 
conclusions suivantes 

1.- Parmi les ciments ~ortland qui develop
pent les plus hautes resistances a la compres
~ion se trouvent ceux dont l'alite est de 
forme trigonale e~ le c3 A de forme cubique. 

2.- L'alite trigonale et le c3A cubique se 
vo ient plus frequemment dans les clinkers ou 
S03 est en exces par rapport a K2 0, apres 
formation de K2so 4 . 
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3.- Les clinkers dans lesquel s so 3 est en 
exces par rapport a K2 0 proviennent des 
melanges crus dont la silice est sous forme 
de quartz et de kaolin ite, c'est-a-dire sans 
composes alcalins et clinkerises avec du 
fuel-oil ordinaire, a 4% de soufre. 

De ces .conclusions, ·on peut supposer que 
l'alite trigonale renferme plus de so 3 dans 
sa structure et mains de MgO, K20 et P2 o5 que l'alite monoclinique. Cette supposition, 
a partir de 60 clinkers industrials, confir
merait les analyses que Mme REGOURD a pre
sentees a Copenhague en 1972 et a Moscou en 
1974, selo~ lesquelles "l~alite trigonale 
contient mains de MgO et plus de so 3 que 
l'alite monoclinique". Ainsi comprenons
nous l'importance pratique du polymorphisme 
de l'alite et du c3 A. 

H.W. POLLITT 
Blue Circle Technical, England 

1.- Reactivity of raw mix predicted by its 
physico-chemical properties. 

There can be no question that the reactivity 
of the individual species present in raw 
material depends on the size, shape and 
perfection or imperf ect ion of the crystal 
forms in which they appear, with special 
reference to their purity and the regularity 
of the lattice structure and the fine struc
ture of the boundary surfaces. In other 
words the ~attice energy, occurrence of 
defects, minor const ituents and surface 
energy are all as important as Prof. BUCCHI 
has indicated in his Summary Paper on this 
theme. Also important are the presen ce of 
reducing compounds and the homogeneity of 
the ground and blended raw materials both 
of which can materially influence the tempe
rature/time/atmosphere regime required in 
the kiln, i.e. what we call the combinabi
lity. 

The question is directed at our ability to 
predict. Immediat ely, the difference in 
viewpoints of the academic ' irnd the industrial 
scientist becomes apparent. Of course both 
can agree that any means of accurate predic
tion of necessary process parameters m~st be 
va luable in principle. But in practice it is 
also necessa~y that the procedures leading 
to a prediction should represent an economy 
in lime and cost over the already existing 
methods of measuring combinability. In my 
view, the procedures for determining on a 
representative scale, as distinct from on a 
few individually prepared crystal~, the lat
tice energy, defect occurrence and surface 
energy for the range of materials present in 
one raw mi x would be far more time~consuming 
and expensive than is the relatively simple 
combinability test. It could be argued that 
after the acquisition of sufficient data in 
an early phase the balance would eventually 
swing in favour of the predictive method. 

46 

This would be more l{kely if the range of 
raw materials of interest were restricted. 
Unfort~nately, as Prof. BUCCHI has pointed 
out, cement has to be made where there is a 
market for it and we have to use the mate
rials that lie within economic reach. Those 
of us whose interests are worldwide are 
constantly encountering new forms of the 
necessary minerals. For a predictive method 
to be universal in application, the inves
tigative early phase would in fact prove to 
be extensive and expensive. 

Apart from the case of works with a limited 
range of mineral and crystal forms, where 
there should be little difficulty anyway in 
understanding combinability, I believe that 
the most useful approach is tp continue with 
intelligent performance, and interpretation, 
of combinability tests resor.ting to more 
refined methods of study only when unus ual 
aspects of the materials are revealed by 
those tests ; in other words what we are 
already doing. 

2.- Influence of grinding on cement proper
ties. 

It is well known and has been stated by 
Or. MERIC and others that alite and c

3
A are 

more brittle than belite and the ferrite 
phase. In principle therefore it would not 
be surprising to find more alite and C3A in 
the finer fractions and more belite and 
ferrite in the coarser fractions of clinker 
in cement. This simple principle can however 
be modified, for example, according to the 
method of preparation of the raw meal and 
the burning and cooling regimes. These fac
tors influence- the sizes of the unground 
crystals and indeed their brittleness. 
Rapidly cooled celite, e.g., may cont ain 
little or no crystalline ferrite owing to 
its glassy form. Another important factor 
is the overall clinker composition with 
especial reference to silica ratio and liquid 
content. The whole field of possibilities 
is obviously enormous. But taking the simple 
principle alread y stated as a centre line 
of thought, it is broadl y true that the 
lower the silica ratio and therefore the 
higher the liquid content the less obvious 
are the signs of segregation of the four 
phases conver&ely the higher the silica 
ratio the more obvious will be those signs 
of segregation. But of course in real clin
kers the impurity of all the phases can again 
modify the picture. 

Heterogeneity at random is bound to occur in 
'clinker nodules unless the distances between 
unlike particles in the decarbonated nodules 
a~e small and closely grouped about their 
mean. This is why fine grinding and effi
cient bl~nding o~ the· raw meal are ~ ital for 
fuel economy and clinker quality. Radial 
heterogenei~y in a nodule can arise in two 
principal ways. First, as Or. SPRUNG has 
said in answering M. VON EUW, if the coal 



in a coal-fired kiln is not ground finely 
enough then quite apart from the important 
effects on flame characteristics, the molten 
ash will fall in the burning and decarbona
ting zones primarily. In cases where the raw 
material has already nodulised this means 
that the centre of the nodule is overlimed 
and the surface of the nodule is underlimed 
because the Works Chemist has provided in 
the raw meal an excess of lime intended to 
react with the acidic coal ash. There are 
many beautiful photomicrographs of such ' 
clinker showing belite concentrations round 
the surface and free lime in the interior of 
the nodule. Similar effects can occur as a 
result of coatings. clinker rings and other 
anomalous · de~osits breaking away. 

The second form of radial heterogeneity 
arises in the very hard burning of high si
lica ratio materials. The c linker nodules 
tend to be friable and t o be surrounded by 
a sugary depos i t of alite crys tals alone. 
The extent to which this is due to kiln and / 
or cooler conditions va ri es . 

lcoNCLUSIONS RESUMEES SUR LE THEME rl 
!PAR LES PRESIDENTS! 

1.- Dans les six annees qui se sont ecoulees 
depuis le Congres de Moscou on a vu apparai
tre d'importantes et remarquables contribu
tions a la connaissance des proprietes et des 
mecanismes physicochimiques qui interv iennent 
dans la fabrication du ciment. Les principaux 
domaines couverts par ces contributions sont 
les suivants 

la reactivite des crus et de leurs com
posan"'.:s, 
la cinetique de la diffusion solide
so lide et solide-liquide, 
la micro et macrostructure du clinker, 
et enfin, la mecanique et mecanoc~imie 
du broyage. 

Line attention toute particuliere a ete appor
tee au role d'echange de la phase fondue et 
plus particulierement a l'influen ce de sa 
composition, notamm~nt en elements mineurs, 
sur les principau x param et res qui la carac~ 
terisent. 

Bien que taus les aspects de ces problemes ne 
soient pas encore eclaircis, l'etat actuel 
des progres realises est tel qu'il est pos-
sible d'esperer des retombees rapides sur la 
technologie et done sur l'industrie ou des 
changements decisifs sont a attendre. 

2.- Les discussions de la table ronde ant 
demontre que la cuisson en four rotatif, 
outre qu'elle presente un bilan thermique 
imparfait, ne permet pas de conserver aux 
solides originals ou au x neoformations qui 
pro v iennent du cru un ni ve au ele~e d'acti
v ite susceptible de favoriser la vitesse de 
combinaison. Le sejour prolonge des matieres 
a des temperatures inferieures a celles 
d'apparition de la masse fondue alors que 
la d ec arbonatation est deja accomplie, con
tribue au "vieillissement" des matieres et 
favorise l' evo lution des structures vers des 
etats stables peu reactifs. Il en resulte 
une diminution des v itesses de toutes les 
reactions de diffusion qui SB produisent 
avant ou apres l'apparition de la phase li
quide. 

Il est a prevoir que dans un proche avenir, 
on as~istera a des tentati v es sans doute 
nombreuses pour modifier le processus qui se 
deroule dans "l'intervalle mart" entre 
1000 ° et 1300°C environ ; il s'agira d'utili
ser event~ellement des types d'installations 
differents de ceux actuellement connus. 

3.- Un autre domaine dans lequel il faut 
s'attendre a des progres techniques d'une 
importance non negligeable est celui du 
broyage. 

Les procedes de comminution fine par projec
tion constituent un espoir concret d'u~e 
grande portee : ses possibilites sont loin 
d'a vo ir ete entierement explo~ees. Ce type 
de broyeur porte les materiaux a un ni ve au 
de reactivite tres e l eve , mais ce ni veau est 
tel que les proprietes rheologiques des ci
ments s'en trouvent perturbees par des reac
tions de surface trap precoces. Ce probleme 
devra etre maitrise avant d'envisager son 
utilisation pour le broyage du ciment et il 
s'agit la d'un objectif pour les recherches 
des annees a ve nir. 

Le broyage du cru pourra egalement etre ame
lior e par l'utilisation du broyeur a projec
tion car il est possible que la tres grande 
reactivite des materiaux prepar e s dans ce 
type de broyeur puisse permettre d'elaborer 
des crus de cimenterie ayant des cinetiques 
de cuisson nettement plus elevees que celles 
qui sont couramment obtenues par des broya
ges dans les broyeurs 'a boulets OU a meules. 
Dans ce cas les effets secondaires sur la 
.rheologie des produits ne presenteront pas 
la meme gene que pour le ciment. 

La selectivite du broyage par projection per
mettra de concevoir des ciments composes par
ti cu lierement performants. Dans ce cas, le 
but ne se limite pas seulement a l'economie 
derivant du remplacement d'une partie du 
clinker par des constituants ayant un contenu 
energetique plus bas, mais s'etend au con-
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traire a un objectif plus ambitieux qui est 
la realisation de ciments reconstitues a 
partir de fractions granulometriques defi
nies, ces ciments permettant de confectiqn
ner des betons presentant des proprietes 
rheologiques adequates pour des rapports 
E/C ~aibles. 

4.- Il est impossible de ne pas evoquer 
pour terminer les composes mineurs du clin
ker. L'influence qu'ils exercent sur les 
equilibres de phase, sur la cinetique des 
reactions, sur les proprietes du clinker, 
ainsi que sur la regularite du fonctionne
ment du four, est, depuis longtemps, l'objet 
de recherches actives et approfondies. Ce 
chapitre de la recherche cimentiere est 
cependant loin d ' etre termine. Il reste 
l'un des domaines d'investigation les plus 
prometteurs, surtout lorsqu'il s'agit de la 
possibilite d'obtenir des types d ~ alit~ 

stables a plus basse temp e rature OU des ty
pes de belite plus actifs hydrauliquement 
que ceux qui sont actuelleme~t fabriqu e s. 
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THEME II 
Hydration of Pure Portland Cements 

by r.W. LOCHER 

1. Synopsis 

There are 2 pri ncipal rep orts and 51 basic 
repor t s on Theme II "Hydrati o n of Pure Port
land cements". The first principal report 
by J. Skaln y and J.F. You ng deals with the 
c ourse o f cement hydration, the second prin
cipal report by H.F.W. Taylor and D.M. Ro y 
provides a general view of the composition 
and structure of the c ompounds which f orm i n 
c eme n t hydration and can occur as constitu
e n ts o f . harde n ed ceme n t paste. The 51 basi c 
rep orts c a n be div ided i n t o 7 fie l ds a s 
s hown i n table 1 . 

Ta ble 1: Classificat i on o f the basic repor t s 
o f Theme II 

Theme JI: J-ly_drof/on 0[_12.ure Portland Cements 
Basic Rwzorts 

A Theory' of l./ydration 8 

8 Methods of Jnvestigation Lf 

c Jn/fial Reacf/ons 18 

D Effring/fe z 
E l-lydrafion of Sil/cates 18 

F Effect of Admixtures 9 

(} Compounds in l./ardened Cement Paste Lf 

51 

This classification shows that more than 3 / 4 
of the basic reports are concerned with the 
fields of "initial reactions", " hydration of 
calcium silicates" and "effect of admix
tures ". 

It is the task of the general report to pre
sent a summary of the principal and basic 
reports. On the basis of the congress con
tributions this report will attempt to de
scribe in particular the processes in hydra
tion which, in our opinion, are of special 
importance regarding the practical aspects 
of setting and hardening of cement. If the 
opinion of our institute is particularly 
stressed it should be understood as a stim
ulus for the discussion wh i ch will follow. 

2. Summary of the course of reaction 

A large number of investigations have shown 
that the course of cement hydration can be 
divided into 3 stages. The most important 
connexions are illustrated in figure 1. In 
both diagrams the division of the abscissa 
shows the duration of hydration; on the left 
of the ordinate the content of nonhydrated 
tricalcium aluminate (top) and tricalcium 
silicate (bottom) and on the right the con
tent o f non-evaporable water (top ) and new
ly-formed calcium hydr oxide (bott om) are 
shown. 
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Figure 1: Hydration of tficalcium aluminate 
and tricalcium silicate in Port
land cement 

The course of the 4 curves illustrates that 
the initial reaction which starts i mmediate 
ly after the mixing of the cement stops aft
er 15 minutes at the latest. The dormant 
period, which lasts for a few hours, fo llows 
ahd practically no or only a very weak c h em
ical reaction occur&. Then the actual cement 
hydration starts in which the hydrat i on prod-
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ucts are f6rmed which are es~ential for the 
hardening. 

Tricalcium aluminate and calcium sulfate ad
ded f or control of setting are primarily in
volved in the initial reaction. In the first 
minutes after mixing the tricalcium silicate 
mainly only releases calcium hydroxide to 
the solution. Certain initial reactions can 
also be expected from calcium aluminate fer
rite and dicalcium silicate but the extent 
of the reaction is very low. 

3, Reaction of tricalcium aluminate with 
calcium sulfate 

The amount Df tricalcium aluminate involved 
in the initial reaction does not depend on 
the addition of calcium sulfate. This is 
shown by studies of the course of hydration 
of ground cement clinker with and without 
the addition of gypsum. The results are 
shown in figure 2. 

~~~ 
Minutes I-lours Days 

Time of llydration, log-Scale 

Figure 2: Hydration of tricalcium aluminate 
in ground Portland cement clinker 
with and without addition o f gyp
sum 

It shows that the reduction in the content 
of tricalcium aluminate as a result of hy
dration ist practically the same with and 
without the addition of gypsum. The addi
tion of gypsum thus influences neither the 
quantity of tricalcium aluminate, which 
reacts in the first minutes after the mix
ing of the cement, nor the start and end of 
the dormant period. The retarding effect of 
the calcium sulfate on the setting is thus 
not due to the inhibition of a chemical re
action. 

The calcium sulfate does, however, have a 
very important influence on the type of re
action products occuring in the first min
utes and the structure formed by them. These 
processes can be followed by studies with 
the scanning electron microscope. Without 
the addition of calcium sulfate relatively 
large crystals of tabular calcium aluminate 
hydrate form which are responsible f6r the 
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rapid setting as they produce a rigid struc
ture shortly after mixing ( figure 3). 

Figure 3: Structure of paste fr om ground 
Portland cement clinker without 
addition of gypsum 30 minutes 
after mixing 

With the addition of calcium sulfate ettring
ite forms in the shape of very small parti
cles on the surface of the cement grains 
(figu~e 4) which are so fine-grain~d that 
they cannot produce a rigid structure. 

Figure 4 : Structure of paste fr om ground 
Portland cement clinker with ad
dition of gypsum 30 minutes after 
mixing 

The orderly retarded setting of the cement 
paste starts during the dormant period as a 
consequence of a recrystallization of the et
tringi. te in wh~ch the small crysta.ls are dis
solved and the larger crystals grow so that 
they can bridge over the space between the 
grains of cement and produce a rigid struc-
ture (figure 5). · 

Only that prop6rtion of tricalcium aluminate 
which goes into solution in the first minutes 
of hydration until the start of the dormant 
period is involved in these reactions. The 
amount varies f~om cement to cement a0d is 



b~tween 0.3 and 2.0 percent by weight in re
lation to the total clinker. 

Figure 5: Structure of paste from ground 
Portland cement clinker with ad
dition of gypsum 4 hours after 
mixing 

It does not only depend on the total amount 
of tricalcium aluminate but to a greater de
gree on other influences too. It increases, 
for example, if the.cement clinker is burned 
and slowly cooled in a reducing atmosphere. 
It grows with decreasing grain size and de~ 
creasing width of grain size distribµtion. 
Also it is greater the higher the tempera
ture during hydration of the cement. On the 
other hand, this amount of tricalcium alumi
nate involved in the initial reaction with 
calcium sulfate can ~hange during the grind
ing and storage of the cement. A more or 
less large share of the tricalcium.aluminate 
available for the initial reaction can react 
with water vapour without the participation 
of calcium sulfate and 6an form very fine
grained calcium aluminate hydrate on the sur
face of the tricalcium aluminate which only 
reacts very slowly wi~h sulfate. Consequent
ly the amount of tricalcium aluminate, which 
can react immediately after the mixing of the 
cement with the added calcium sulfate, de
creases. Such prehydration must be expected 
if water is improperly injected into the ce
ment mill, if the cement is stored outside, 
or if cement is stored in a silo and the gyp
sum still contained in the cement after 
grinding dehydrates slowly at an increased 
temperature. 

The greatest possible retardation of setting 
occurs when the share of tricalcium aluminate 
which goes into solution in the first minutes 
after the mixing of the cement, i.e. before 
the start of the dormant period, is combined 
on the surface of the cement grains complete
ly as fine-grained ettringite. 

If the sulfate supply in the solution is not 
sufficient to bind the amount of tricalcium 
~l~m~nate going into solution during the 
initial reaction as ettringite, monosulfate 
and/or calcium aluminate hydrate also occur, 

besides e'ttringite, in the- shape of large 
tabular crystals (figure 6) which cause 
quick setting. · 

Figure 6: Structure of Portland cement paste 
with a sulfate supply which is too 
low 

If the sulfate supply in the solution during 
the initial reaction is too great e·.g. as a 
result of too high a content of hemyhydrate, . 
so-called secondary gypsum (figure 7) is 
formed, apart from ettringite, and also ge n
erates solidification. If the secondary 
gypsum forms very quickly and if the amount 
is so small that it can be consumed before 
the start of the dormant period by reaction 
with the tricalcium aluminate still going 
into solution at this time, so-called false 
setting occurs. 

Figure 7: Structure of Portland cement paste 
with a sulfate supply which is too 
high 
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If the amount of secondary gypsum is so great 
that it cannot be consumed before the start 
of the dormant period the early solidifica
tion remains, so the formation of secondary 
gypsum causes quick setting. 

For the greatest possible retardation of set
ting it is thus necessary t o adjust the sul
fate supply in the solution to the amount of 
tricalcium aluminate going int o solution du
ring the initial reaction. If the amount of 
tricalcium aluminate is low the addition of 
gypsum is sufficient for this, but if it is 
relatively high the cement should contain 
hemihydrate which goes into solution much 
faster and in greater quantities thin the 
gypsum. To retard setting it has thus prov
ed useful to · add a mixture of gypsum and na
tural anhydrite whose proportion o f gypsum 
must be adjusted t o the reactivity o f the 
tricalcium aluminate and to grind the cement 
a t a temperature ~hat the gypsum is complete
ly dehydrated t o hemihydrate. The propor
tio n of natural anhydrite which goes into 
solution more slowly serves to maintain a 
certain sulfate supply for a time after the 
e nd of the dormant period as it promotes 
further hydration reactions. 

Dehydratio n o f the g ypsum in grinding also 
has the advantage that during the subsequent 
st orage i n the silo the formati on o f coating 
is avoided and the cement properties remain 
constant. Coating on the wall o f the silo 
is usually due t o the fact that the water 
contained in the gypsum escapes at a high 
temperature, diffuses to the c o lder silo 
wall, c o nc entrates there and causes chemi
cal reacti o ns which lead t o solidification. 

As a result o f t he prehydration described a
bove part o f the wa ter expelled fr om the 
g ypsum reduc e s the amount of tricalcium alu
minate available f or the initial reacti o n 
with sulfate. On the other hand, the sul
fate content o f the solution increases, as 
the hemihydrate forming during the dehydra
tion of the gypsum goes into solution more 
quickly and in greater amounts. The result 
can be false or quick setting, usuall y ac
celeration o f the setting. For this reason 
it is advisable, as far as po ssible, no t to 
take any water int o the cement silo , espe
cially not with the gypsum, if high tempe
ratures cannot be avoided in the sil o . The 
storage temperature which can cause these 
reactions to occur is the lower the longer 
the cement remains in the silo. For 6-day 
storage it is approximately 60 to 70 C. 

4. Hydration of calcium silicates 

The amount of tricalcium silicate reacting 
in the first minutes after mixing is in the 
order of 1 % (figure 8). Little is known of 
the influences on the extent of this reac
tion. Various results suggest that just as 
in the case of tricalcium aluminate, the 
chemical compbsition, the crystal structure 
and its degree of disorder are of importance. 
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The start and end of the dormant period 
are different with tricalcium silicate and 
tricalcium aluminate. The addition of cal
cium sulfate has no effect on the dormant 
period of the tricalcium aluminate; in the 
case of tricalcium silicate the dormant pe
riod is shorten~d by the calcium sulfate. 
This means that the calcium sulfate still 
contained in the ,olution after the dormant 
period acceler2 ~~ ~ the hydration of trical
cium silicate ~ad as a result increases the 
initial strength. 
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Figure 8: Hydration of tricalcium silicate 
in ground Portland cement clinker 
with and without addition of gyp
sum 

The dormant period of the tricalcium sili
cate in the cement is approximately 4 hours 
with hydrati o n under normal temperature con
ditions. It can practically not be reduced 
by _finer grinding of the cement. This means 
that the hardening of the cement only starts 
after this time and that a certain initial 
strength can be expected at the earliest on
ly after approximately 6 hours. If greater 
strengths are desired earlier the hydration 
products of other compounds must be used, 
e.g. calcium aluminate hydrates and / or mono
sulfate or similar compounds as with regu
lated set cement or jet cement. 

A certain initial reaction can also be ex
pected for dicalcium silicate. The dormant 
period occuring afterwards is much longer 
than with tricalcium silicate. Thus for the 
development of the initial strength only the 
hydration of the tricalcium silicate is im
portant. It practically does not start un- . 
til after the dormant period when the reac
tion between tricalcium aluminate and calci
um sulfate responsible for setting has been 
concluded, i.e. when the first structure of 
ettringite and maybe monosulfate or second
ary gypsum has formed which ~s rigid but has 
relatively large pores and whose strengt·h is 
thus very low. The hydration products of 
the tricalcium silicate gradually fill these 



Dores. Als the degree of filling increases, 
the strength also grows. In order to achieve 
a high degree of filling with a low degree 
of hydration of the tricalcium silicate, the 
first structure should have as few pores as 
possible. This happens if before the dor
mant period only very fine-grained ettringite 
and no large crystals of mGnosulfate or sec
ondary gypsum have formed, i.e. if during 
the initial reaction the sulfate supply in 
the solution was adjuste~ to the reactivity 
of the tricalcium aluminate. But even in 
the caseof ideal adjustment differences in 
the packing density of the initial structure 
may occur and it can be assumed that the 
pore space increases with increasing ettring
ite content, i.e. with increasing reactivi
ty of the tricalcium aluminate. Also the 
shape of the ettringite is important which 
depends on the composition of the solution, 
especially on its alkali content. 

The hydration products which produce the 
first structure form relatively quickly du
ring the initial reaction before the dormant 
period. The tendency to form a more or less 
rigid very porous first structure is thus 
particularly great during the inital reac
tion. For this reason it is advisable du
ring this time to mix the cement paste, mor
tar or concrete very intensely. The first 
structure then forms during the dormant pe
riod because of recrystallization processes 
which are much slower so that a first struc
ture with fewer pores can form. 

Various research results and observations 
show that the hydration products of trical
cium silicate and dicalcium silicate can on
ly fill the pores which were previously fill
ed with water. This would mean that the hy
dration of calcium silicates is also a pro
cess which at least partly runs via the so
lution. The conclusion for the practice of 
cement application results from the fact 
that during the initial hardening even a 
short drying out of the concrete should be 
avoided as with rewetting under normal pres
sure the water cannot penetrate all pores 
afterwards. As a result these pores can no 

, longer be filled with hydration products. 

5. Effect of admixtur~ 

Even small additions of inorganic or organic 
compounds can greatly change the course of 
the hydration reaction. Studies by W. 
Richartz with a large number of different 
substances have shown that 3 groups can be 
distinguished according to the effect on the 
initial reaction and the le~gth of the dor
mant period. This is illustrated in figure 

1· 
In the first group are substances which 
shorten the dormant period of the tricalcium 
silicate. They promote the reaction of the 
tricalcium aluminate during the initial re
action, but do not influence the initial 
reaction of the tricalcium silicate and the 
dormant period of the tricalcium aluminate. 
According to studies made so far, only chlo-

rides : formates and thiocyanides have this 
effect. 
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Figure 9: Effect of admixtures on hydration 
of tricalcium aluminate and tri
calc ium silicate in Portland ce
ment 

As a result of the increased reaction of tri
calcium aluminate at the start of hydration 
more ettringite is formed as long as the sul
fate supply in the solution is sufficient; 
otherwise more monosulfate or other alumina
t e compounds are formed. As a result of the 
shortened dormant period of the tricalcium 
silicate hardening also starts more quickly. 

The substances in the second group do not af
fect the reaction of tricalcium aluminate 
and tricalcium silicate during the initial 
reaction but increase the dormant period of 
both compounds. In this group are, for ex
ample, phosphates, tartrates and citrates 
soluble in water. The result of the l~nger 
dormant period of the tricalcium silicate is 
that hardening starts much later. As the 
reaction of tricalcium aluminate does not 
change before the start of the dormant pe
riod the amount of ettringite formed during 
the initial reaction remains the same. Set
ting is retarded all the same, however. 
Studies carried out with the scanning elec
tron microscope have shown that the ~dmix
tures of this group greatly change the crys
tallization behaviour of the ettringite. In
stead of needle-shaped, very thin crystals, 
the ettringite forms in the shape of short 
columns with larger diameters which grow 
very little also during the dormant period. 
It can be assumed that the change in the et
tringite crystallization causes the retard
ing effect in the setting. 

The substances in the third group increase 
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the amount of tricalcium aluminate which re
acts at the beginning of hydration but do 
not change the dormant period of the trical
cium aluminate, do, however, increase the 
dormant period of the tricalcium silicate. 
In this group are, for example, sugar, tri
ethanolamine and zinc oxide. 

With normal composition of the cement clink
er, tne increased amount of tricalcium alumi
nate reaction during the initial reaction re
sults in quick setting, which is generally 
caused by the formation of monosulfate be
sjdes ettringite. Due to the increased dor
mant period of the tricalcium silicate, 
strength also develops much later. 

The effect of all additions depends to a 
great extent on the amount added. The typi
cal effect of each addition can only be seen 
when certain minimum concentrations are ex
ceeded. This is particularly important, for 
example, for triethanolamine which only .in
hibits hardening if its concentration, re
lated to cement, is more than 0.1 %. With 
concentrations of 0.02 to 0.05 %, when used 
as a grinding aid, changes in the setting and 
hardening are not yet to be expected. 

The type of effect is also to· a great degree 
dependent on temperature.- The initial reac
tion of tricalcium ~luminate is not changed, 
for ex8mp1e, by citric acid at a temperaBure 
of 20 C but is greatly i ncreased at 35 C. 

The effect of additions is also greatly in
fluenced by the solution behaviour of the 
calcium sulfate. Citric acid and citrates 
retard, for example, to a large degree the 
dissolution and rehydration of the hemihy
drate. As a result the supply o f sulfate 
during the initial reaction decreases. This 
can either be an advantage or disadvantage 
depending on the reactivity of the tricalci
um aluminate in the cement. 

The effects of the additions described so 
far · were chemical processes. The additions 
change the amount of the substances involved 
in the chemi~al reactions and as a result 
influence the type and amount of the reac
tion products and their crystallization be
haviour. It is, however, possible that sur
face effects are also involved which promote 
the dispersion of the cement particles in 
the mixing water solution. In the case of 
plasticizers, particularly of super-plastic
izBrs, we assume these effects to prevail or 
to be the sole effect. 
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Discussion on the Irincipal Iaper 

of SKALNY and YOUNG 

by Irof. H.N.STEIN 
Laboratory for Colloid Science 
Vakgroep Elektrochemie 
University of Technology 
EINDHOVEN, THE NETHERLANDS 

~3:_A_H_Y._D_R_AT_I_O_N __ F_A_C_T_S_U_N_EX_PL_A_I_N_E_D_B_Y_T_HE_S_K_ALNY_ 

MECHANISM : 

C A hydration is a complicated process, as well 
appearJ from the mechanism proposed by Dr SKALNY ·and 
Dr YOUNG, and I feel somewhat guilty in having to 
drawn the attention of the audience to some facts 
which cannot easily be understood on the basis of 
this mechanism, indicating that the truth must be 
more complicated still. 

1. - Addition of Ca(OH) 2 crystals to a C~A + water 
paste does not accelerate the hydration of c3~, as 
should be expected on th"e basis of SKALNY' s mechanism 
but rather retards it (1). This is explained by SKALNY. 
and YOUNG through poisoning of the Ca(OH)2 crystals 
in their function as nuclei, silicate ions being 
regarded as a poison in this respect (2). It remains 
unexplained, however, why this poisoning is more pro
nounced in the presence of added Ca(OH) 2 than in its 
absence 5 Ca(OH)2 cannot ~e expected to increase the 
silicate ion concentration. 

2. - Congruent dissolution of c3S1 is found, when 
precautions are taken against precipitation of cal
cium silicate hydrates from the solution. The most 
thorough investigation in this respect is by KOHLS
SCHUTTER (3), who achieved freedom from precipitation 
of C-S-H by working either in very dilute suspensions, 
or by leading a stream of water through a thin 
c

3
s bed. 

It might be argued that these data are not indi
c~tive on c3A hydration in pastes, because of the 
different water/ c3A ratio. However, it should be 
~ote~ that congruent dissolution of c3s is also found 
in dilute suspensions in which an important parameter, 
viz. the pH, has been adjusted such as to resemble 
paste conditions in early hydration stages (e.g., 
pH = 11. 75 or 12) (4). This is not accounted for by the 
SKALNY mechanism, where, without any interaction with 
other c3~ par~icles, prefer~nti~l leaching of ca2+ ' 
and OH- ions into the solution is postulated from the 
startof the hydration onwards. 

Both phenomena are consistent, however, with the 
formation of a first, strongly retarding hydrate, and 
its conversion into a second, less retarding one ; 
the conversion being stimulated by low initial [ca2+] 
~nd [oH-] . It should be noted that this hypothesis 
also provides for a natural explanation of the acce
lerating effect of amorphous silica on c3s hydration 
( 5). 

It is not necessary that the first hydrate has 
a composition C3SHn, although it would be natural to 
expect that it has a higher C/S ratio than the second, 
less retarding hydrate. Neither it is surprising that 
the first hydrat~ cannot be seen by electron micros
copy (5), since it may originate through penetration 
of water into the C3S. 
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INTERVENTION 

DU Professeur O.P. }fTCHEDLOV-PETROSSIAN 

Je voudrais exprimer ma satisfaction a propos de 
ce qu'un des fondateurs de la cristallochimie 
moderne du ciment, le Professeur Ta;·lor ,qui .enf j;i, 
apres une discussion de 20 annees, a suggere l'idee 
que les processus de base relatif s au durcissement 
de la pierre de ciment sont detennines, dans les 
conditions normales par les pMnomenes evoluant 
au stade colloidale et formant la porosite. La 
cristallochimie joue ici un role secondaire. . 
En ce qui concerne la discussion des participants 
de la table ronde au sujet de la nature des forces 
conditionnant la prise, il convient de dire qu'il n'y 
a qu'a considerer la caracteristique energetique 
(thermodynamique et thermochimique) du processus de 
prise de ciment portland pour cornprendre clairement 
que tous les processus determinant la prise se 
deroulent pendant la periode de l'hydratation active 
des aluminates. 

Les etudes ef f ectuees par le Prof esseur Roy et le 
Professeur Sereda ont montre que les phases de 
silicate sont egalement soumises a la prise sous 
l'influence de temperature et depression. Cependant, 
ce fait n'a aucun rapport avec la prise des ciments 
portland habituels. 
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I would like to express satisfaction that 
Prof. Taylor," one of the founders of modern cement 
crystal chemistry,at last after our 20-year 
discussion has said that the main processes of 
cement stone hardening under normal conditions are 
determined by the f enomena taking place during 
colloid phase and forming porosity. Crystal 
chemistry acts here a secondary part. As to the 
argument between the participants of the discussion 
on the nature of the forces motivating hardening, 
it might be well to point out that one should anly 
look upon energetic (thermodynamic and thermochemi
cal) characteristic of portland cement hardening 
process to clear yp that all the processes determining 
hardening proceed in the period of aluminates active 
hydration. 

Prof. Roy and Prof. Serada have showed that silicate 
phases also harden on exposure to temperature and 
pressure, but this has no relation to the hardening 
of ordinary portland cements. 



CONCLUSIONS DE LA TABLE RONDE 

par le lrofesseur I. BARRET 

Ce theme etait divise en deux sous-themes et 
8 questions essentielles appartenant a ces 
sous-themes ant ete abordees : 

sujet n° 1 : 
Un resume des resultats du Seminaire sur 
l'aluminate tricalcique est fait par Mme RE
GOURD d'ou il ressort en premier lieu, en ce 
qui concerne les phenomenes aux interfaces 
c

3
A/ eau et c

3
A/ solution de chaux, qu'a la 

suite de la communication de P. BARRET et 
D. BERTRANDIE, la &issolution congruente de 
C

3
A peut etre admise, ce qui, d'apres H.N. 

STEIN n'est pas incompatible avec les va
leurs positives du potentiel ~ qu'il a ob
servees sur les hydrates hexagonaux et cubi
ques se formant durant l'hydratation de C A 
et qui correspondent a un~ e x traction pre~ 
ferentielle des ion? aluminates favorisee 
par l'adjonction de NaOH. La plupart des 
contributions soulignent l'idee que dans la 
phase liquide, les concentrations locales 
tout pres de C A different des concentra
tions loin de C

3
A et que ces concentrations 

locales jouent un grand role dans la forma
tion des hydrates et sur la vitesse d'hydra
tation de c

3
A. 

L ' in f 1 u enc e -d e N a 
2 

0 s u r 1 a v i t e s s e d ' h yd r a t a -
tion de c

3
A reste controversee. En fait, 

deux questions se posent : 

1 0) 

2 0) 

Na 2 0 retarde-t-il OU accelere-t-il l'hy
dratation de c

3
A ? 

Na 2 o en solution solide avec C A agit-il 
de la meme fa 9 an qu'une quantiEe equiva-
1ente de NaOH ajoutee separement ? La 
~lupart des publications concluaient a 
un retard par Na

2
o certaines, comme cel

les de BUTT j a une acceleration. 

Les communications au Congres ne mettent 
pas fin a ce desaccord puisqu'elles se 
partagent en nombre a peu pres egal en
tre les deux theses. Les opinions sent 
divisees egalement en ce qui concerne 
la reponse a donner a la seconde ques-
t ion et de nouvelles experiences de
vront etre imaginees. 

Les avis sent egalement partages pour 
attribuer le role retardateur a l'hy
dratati•on de CA en. presence de gypse, . 
soit a la couc5e d'ettringite elle-meme 
(communications de GHORALE, HEINZ, 
LUDWIG, MESKENDAHL et WOLTER), soit a 
une couche de c 4 AH

13 
(CHATTERJI) s'in

terposant entre la couche d'ettringite 
et C 

3
A. 

Dans les discussions ant ete evoquees 
les differentes possibilites de forma
tion de l'ettringite, plus au mains 
amorphe auteur des grains de C A et 
cristallisee a plus grande disfance, 
les interactions entre C A et C s pour 
donner des silicoaluminaEes. 3 

D'apres ODLER, l'adsorption de sulfate sur 
C-S-H empecherait l'ettringite de se former. 
B. COTTIN souligne le role retardateur de 
c

3
A au cours de l'hydratation de C S dans le 

developpement des resistances. 3 

Sujet n° 2 
Apres le rapport general expose par F.W. LO
CHER, la discussion porte sur le processus 
d'hydratation du ciment Portland dans la pe
riode initiale et particulierement sur le 
point de sa v oir si la prise est la consequen~ 
ce, comme le pense F.W. LOCHER, de la pre
sence dans le ciment Portland, d'aluminate 
tricalcique et de gypse, et s'explique par 
la constitution d'une structure rigide a ba
se de gros cristaux. Un defaut de gypse en
trainerait la prise rapide par formation de 
gros cristaux tabulaires d'aluminates de cal
cium hydrates peu de temps apres le melange 
avec l'eau. Une proportion convenable de gyp
se, se combinant exactement sous ~orme de 
fines particules d'ettringite avec l'alumina
te tricalcique dissous durant les premieres 
minutes donnerait la prise retardee, s'ex
pliquant par la recristallisation · en gros 
cristaux, pendant la periode dormante des 
particules d'ettringite initiales incapable~ 
en raison de leur finesse, de donner une 
structure rigide. 

L'attribution de la prise uniquement a la 
presence d'aluminate tricalcique et de gyp
se est controversee notamment par F. YOUNG, 
qui pense que c

3
s contro~e la prise plus que 

c
3

A, mais que celui-ci est implique dans la 
fausse prise. B. COTTIN demande comment 
alors expliquer,si la prise est due a la re
cristallisation de l'ettringite, le mecanis
me de la prise de c

3
s pur et parfois des 

clinkers non gypses, ainsi que celle des ci
ments fortement surgypses dans laquelle l'hy
dratation de C

3
A peut etre bloqu~e pendant 

des semaines ·, 

D'autres questions vent dans le meme sens. 
La formation des hydro-silicates des la pe
r iode initiale et pendant la periode dorman
te doit done etre impliquee dans la prise, 
mais il est certain qu'il doit etre tenu 

57 



compte non seulement de la chimie des hydra
tes, mais aussi de la structure. 

Sujet n° 3 : 
La discussion engagee sur la "periode dor
mante" revele l'existence , de deux concep
tions differentes. La premiere, qui est cel
le de F.W. LOCHER et qui est partagee par 
TAYLOR et par de nombreux auteurs t~ls que 
DE JONC, STEIN, STEVELS, ODLER et DORR, 
TADROS et col., DOUBLE, BIRCHHALL, JENNINGS 
et PRATT, DENT-GLASSER et beaucoup d'autres, 
admet un veritable arret de la reaction. 
Cet arret est attribue a la constitution, 
dans la periode initiale, de . barrieres de 
diverses natures laissant seulement diffu
ser les ions ca2+ et OH~ mais non les ions 
silicates aq aq 

couche protectrice d'hydrate primaire, mem~ 
brane s~mi-permkable developpant une pres
sion osmotique, couche semi-fluides d'ions 
silicates riches en protons et de molecules 
d'eau. Dans cette conception, la nucleation 
de C-H et de C-S-H n'intervient pas pendant 
la "periode dormante"; c'est pourquoi cette 
periode est aussi appelee "periode d'induc
tion"; la nucleation de C-H et de C-S-H n'a 
lieu qu'au debut de la periode suivante dite 
de post-induction ou d'acceleration. 

La seconde conception ' soutenue par P. BARRET 
a partir des experiences faites par ses col
laborateurs en cooperation avec la Societe 
LAFARGE, et partagee notamment par c. VERNET 
et col. suppose un processus continu depuis 
l'instant initial du melange, les diverses 
periodes ci-dessus decrites n'etant que le 
resultat d'une autoregulation du systeme 
ferme, sous l'influence des facteurs cineti
ques dont les valeurs locales dependant de 
sa propre evolution. 

Ce processus se decompose en une etape in
ter fac iale liquide-solide d'hydroxylation 
par protonation des ions o2- et sio4- qui 

4 
deviennent des sites superficiels a mesure 
yu'ils sont decouverts par ceux qui, deja 
hydroxyles, passent en ~elution. Cette etape 
mobilise pratiquement toute l'eau qui entre
ra dans la composition des hydrates C-H· et 
C-S-H. Les concentrations ioniques locales 
resultent · de l'apport congruent des ions 
Ca2+, OH- et silicates en regime etabli, 
de leur diffusion et de leur consommation 
par precipitation au-dela d'une certaine sur
satur~tion. La sursaturation la plus elevee 
est atteinte au voisinage imroediat de l'in
terface c

3
s-solution qui est un lieu privile

gie de nucleation, toujours accessible aux 
molecules d'eau auxqueUesle depot de C-S-H 
n'oppose pas une barriere etanche. La compo
sition et l'etat de condensation de la sili
ce dans ces C-S-H depend a une temperature 
donnee de la concentration de. la chaux et de 
la silice dans la phase liquide, independam
ment du role eventuel d'impuretes. 

Dans cette conception, la Kperiode dormante" 
n'est une periode d'inductiori que pour l'hy-
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droxyde de calcium puisque le C-S-H se forme 
depuis la periode initiale. La quantite de 
C-S-H ayant precipite a l'instant t est 
etroitement correlee a la quafttite de chaux 
accumulee dans la pase liquide car (3 - a) 
moles de chaux passent en solution lorsqu~ a 
moles de C-S-H de rapport molaire C/S = a 
( a < 3) precipitent. 

Sujet n° 4 
F.W. LOCHER amene precisement la discussion 
sur les causes de la periode d'induction : 
recouvrement protecteur~ membrane semi-per
meable, zone frontiere semi-fluide et sur les 
facteurs qui contr6lent la nucleation a la 
fin de la periode d'induction. 

L'effet ralentisseur d'une concentration ele
vee dans la phase liquiQe indep~ndamment de 
toute barriere est illustre par P. BARRET 
en presentant des courbes de taux d'hydrata
tion en fonction du temps etablies comparati
vement a l'aide d'une suspension de c3s agite 
soit dans l'eau, soit dans une solution de 
chaux sursaturee (35.lo-3 mole.kg- 1 ) dans le 
meme rapport 1/s = 10. 

Alers que le taux d'hyd~atation croit regu
lierement dans le premier cas depuis l'instant 
initial, il demeure presque nul dans le se
cond cas pendant la meme duree (4 heures). Le 
decalage dans les deux taux d'hydratation se 
conserve par la suite. Mme DELLA ROY et J. 
SKALNY objectent que la situation est diffe
rente dans une pate o~ le rapport 1/s ~ l et 
dans une suspension de rapport 1/s = 10. 

Ainsi pour <lifferents rapports 1/s, 0n o~tim
drait differents types de c-s-H. Dans un mi
lieu dilue, il ne se formerait pas de C-S-H 
de type I comme avec c

3
s en pate, mais du 

C-S-H· du type II (en n1d d'abeilles) 

Bien qu'en outre, dans une pate, le milieu 
soit stagnant, il est remarquable que la du
ree de la "periode d'induction" ne varie que 
de 4 a 6 heures et que la concentration ma
ximale atteinte par la chaux ( "' 36 .10-3 
mole.kg-1) reste la meme lorsque le rapport 
1/s passe de 0,5 a 10. 

Cela parait indiquer que les facteurs cineti
ques jouant un role essentiel dependent peu 
des masses des phases en presence et l'on 
pense tout naturellement que de tels facteurs 
sont les concentrations ioniques en solution, 
etant entendu que la realisation des concen
trations locales des diverses especes depend 
du rapport 1/s et du fait que le milieu est 
agite ou stagnant. 

Sujet n° 5 
La dissolution de c

3
s est elle toujours in

congruente ? 
C'est la question posee a F. YOUNG par Mme 
REGOURD. Les partisans de l'incongruence de 
la dissolution de c

3
s prennent comme argu-



ments les mesures de potenf iel ~ qui dans 
les suspensions est trouve > 0, ce qui est 
interprete comme un indice du passage prefe
renbiel des ions ca 2 + en solution et de leur 
adsorption a la peripherie des grains. Le 
passage selectif des ions Ca 2 + et OH- dans la 
phase liquide est s9uvent considere 'comme 
l'eff_gt de la presence a la , peripherie de.~ 
grains d'une couche protectrice a proprietes 
semi-permeables, comme on l'a vu plus haut 
dans le cas des pates. Mais F. YOUNG estime 
que dans les conditions utilisees par P~ BAR
RET et col., de flux rapid~ de solvant a tra
vers une couche de c

3
s, la dissolution est 

probablement congruente. 

Sujet n° 6 
La discussion vient sur l'effet des sulfates 
alcalins sur c

3
s. 

J. SKALNY soul1gne leur e!fet accelerateur 
sur l'hydratation de c

3
s, dQ probablement 

a leur influence sur la solubilite de 
Ca(OH)

2
. D'apres Mme REGOURD, les sulfates 

alcalins augmentent la reactivite des alumi
nates plutot en agissant sur la reaction 
entre sulfate de calcium et C A qu'en aug-
m en tan t 1 a r e a c t i v i t e pr op r e ~ e C 3A' . Pou r 
F.W. LOCHER, la presence de sulfates alca
lins dans le clinker entra1ne la formation 
d'une solution d'hydroxydes alcalins a pH 
eleve susceptible de provoquer une modifica
tion des premiers hydrates et done de la re
sistance finale. J. SKALNY exprime son ac
cord sur le fait que la resistance finale de
pend des premiers hydrates produits. 

Les questions posees par les intervenants 
ant ete generalement des invitations a pre
ciser certains points restes obscurs ou sans 
reponses dans les problemes discutes. Par 
exemple, il est demande par M. BAILEY si le 
panel est d'accord sur le fait que la mi- · 
croscopie electronique montre la formation 
de C-S-H durant la "periode dormante" lors
que la concentration en ions silicates dans 
la solution est faible; M. BENSTED demande 
si ce n'est pas une simplification de di~
cuter de la sursatuiation des ions ca 2 + et 
OH- pendant la periode . dormante et de ne pas 
parler des autres cations et anions surement 
impliques. Pour M. STEIN, le mecanisme d'hy
dratation de c 3 s presente par J. SKALNY et 
F. YOUNG se heurte a d@~x objections ~ la 
dissolutio~ congruente initiale de c 3 s quand 
la precipitation a partir de la solution 
n'intervient pas et le role retardateur, plu
tot qu'accelerateur de Ca(OH) 2 . 

D'autres questions tendent a faire preciser 
certains details des mecanismes proposes 
par F.W. LOCHER sur l'influence de propor
tions relatives plus ou mains importantes de 
C 3A et de gyps~. Par exemple, M. WALL deman
de si une plus grande difference dans le 
temps de prise entre le ciment. Portland or
dinaire et les "sulphate resisting cements" 
ne devrait pas etre attendue, tandis que 
M. HELMUTH s'interroge sur la cause du re
tard a l'hydratation de c

3
A puisqu'il s'ob

serve avec ou sans la presence de gypse ? 

Le Professeur FIERENS fait remarquer que 
l'influence des defauts dans les solides n'a 
pas ~te assez rappelee dans les discussions 
et cite a ce propos les observations par 
S.E.M. rapportees dans la publication de 
D. MENETRIER, D.K. Mc NAMARA, I. JAWED et 
J. SKALNY sur les premieres secondes de con
tact entre B c

2
s e~ l'~au, valables egale

ment pour c3s et mettant en evidence une dis
solution preferentielle aux joints de grains 
ainsi qu'une distribution non uniforme des 
produits d'hydratation a la peripherie des 
grains. 

Sujet n° 1 : 
La discussion s'engage sur le probleme des 
structures et des degres de cristallinite. 
D'apres F.H.W . TAYLOR, le degre de cristal
linite du C-S-H est tres faible. Alors que 
l'idee majeure de F.D. TAMAS est que la re
sistance des ciments est liee au degre de 
condensation des ions silicates dans le 
C-S-H, TAYLOR, qui est d'accord sur le fait 
que les ions silicates subissent une polyme
risation au cours du temps, ne voit aucun 
lien entre la resistance des ciments· et le 
degre de polymerisation. Pour lui, 1•organi
sation des C-S-H repose sur celle de la chaux 
plus que sur celle de la silice. Ce serait 
les feuillets Ca-0 qui commanderaient· la mor
phologie. La question actuellement sans repon
se certaine est celle de savoir si la polyme
risation donne des chaines de silicates. 
D'apres BERNAL, c'est l'enchevetrement des ma
teriaux qui confere la resistance. 

F.H . W. TAYLOR est d'accord avec F.W. LOCHER 
sur le point que la structure des C-S-H ini
tiaux influe sur la forme finale des hydrates 
produits et pense que les hydrates qui s~ fo~ 

ment tard dans l'evolution sont de type mor
phologique III dans la nomenclature de DIA
MOND (grains formes de particules a peu pres 
equidimensionnelles dans toutes les direc
tions). 

Sujet n° 2 
Mme M. REGOURD revi ·ent sur les conclusions du 
Seminaire sur c

3
A pour souligner l'influence 

des adjuvants sur l'hydratation de CA et no
tamment le retard provoque sur celle~ci par 
le lignosulfonate de calcium. Il appara1t 
clairement, a la suite de la communication 
de V.S. RAMACHANDRAN que ce retard est du a 
l'adsorption sur CA du lignosulfonate qui 
s'adsorbe egalemen~ sur les aluminates hydra
tes hexagonaux. Cependant, pour F . MASSAZZA 
qui a etudie l'hydratation de melanges de 
c 3 A et de gypse en presence de lignosulfona
te de sodium et de condensat de naphtalene 
SU l f 0 n e et de f 0 rm al de h y•d e d an S 1 e b U t d I e -
claircir les causes de l'action fluidisante 
e x ercee par ces substances sur les pates de 
ciment, c

3
A non encore hydrate n'adsorbe pas 

ces adjuvants. Ce sont les sulfoaluminates 
hydrates qui absorbent des quantites conside-
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rables de c~s adjuvants et cela ~ause de~ mo
difications morphologiques dans les cristaux 
d'ettringite qui apparaissent sous forme de 
petites aiguilles au lieu de gros cristaux 
fibreux. Cette morphologie differente pour
rait expliquer, au mains partiellement, !'ac
tion exercee par ces superfluidifiants sur 
la rheologie des pates de ciment . En outre, 
ce feutre microcristallin sur !es grains de 
c~A emp~cherait son hydratation. 

D'autre part, le changement de signe du po
tentiel ~ qui passe de + a - en presence de 
ii~nosulfonate et de carbonate de sodium ciu 
d'un adjuvant a base de polymere de naphta
lene sulfone, pourrait, d'apres !es experien
ces de M. COLLEPARDI contribuer a la fluidi
sation. 
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D'autres modes d'action sent evoques, notam
ment la formatjon de complexes en solution, 
par certaind des intervenarits. 

En conclusion generale, il apparatt que de 
nombreux progres ont ete accomplis grace a 
la mise en oeuvre de methodes experimenta
les nouvelles : ESCA, AUGER, S.E.M. et 
T.E.M.S.C.A.N., trimethylsilylation, chroma
tographie en couche mince, spectrometrie de 
masse et grace a une meilleure utilisation 
des moyens analytiques plus traditionnels. 
Cependant, il faudra encore du temps pour 
que !es nouvelles donnees soient prises en 
compte dans !es interpretations et leur per
mettent de triompher des nombreuses idees 
precon9ues, qui retardent le progres dans 
!es conn~issances et leurs possibilites d'ap
plication a la technologie du ciment. 



CONCLUDING REMARKS 

by F. W. LOCHER 

The panel descussion and general discussion 
dealt with the subjects of 
1. I nitial reactions 1 
2. Hydration of calcium silicates and 
3. Influence of admixtures. 

The s ummary below contains the main conclu 
sions which can be drawn from the contribu 
tions to the congress and the discussion. 

1. INITIAL REACTIONS 

I n the first minute~ after mixing, the share 
of tricalcium silicate, dicalcium silicate, 
tricalcium aluminate and ca lcium aluminate 
ferrite decreases slightly by 1 % due to re 
action with water. This is followed by the 
induction period which lasts for several 
hours during which the share of the 4 clinker 
compounds is not further reduced or is only 
reduced very slightly. After the i nduction 
period, which can vary i n length for the 4 
clinker compounds, the hydration reactions 
occ u1· in which compounds essential for harden 
ing form, in particular calcium silicate hy 
drates. 

Bastally two reaction mechanisms are consid 
ered the cause of the induction period: 
1) Blocking of the surface mechanisms of the 

cement constituents and 
2) Hindrance ·of the crystallization of the 

hydration products. 

A blocking of the surface may be caused by 
various ions or molecules accumulating from 
the pore solution, by the development of a 
less permeable cover o f metastable hydration 
products or by the 2~issolving of certain 
elements, e.g.· Ca , resulting in a less re
active surface layer richer in Si0

2
. 

A hindrance of crystallization may occu1· if 
at first a certain oversaturation in calcium 
hydroxide has to be attained so that the nu
cleus of crystallization with a critical size, 
necessary f or the rapid formation of the hy
dration products, can form. 

T~e cause of setting appears to be the forma
tion. of a more or less rigid network of hy
d~ation products which deve l op during the 
first reaction before the induction period. 
The agglomeration of the cement particles and 
of the first hydration products as a result 

o f surface forces probably also play a major 
role here. 

Hydration products which are involved in the 
formation of the first network are primarily 
calcium aluminate hydrates and/or calcium 
aluminate sulphate hydrates . Calcium silicate 
hydrates may also be involved in Portland 
cement ; in past~s of pure tricalcium silicate 
they are the only cause of setting. 

A large number of studies have shown that the 
setting of Portland cement depends to a large 
degree on the reaction between tricalcium 
aluminate and sulphate . The share of trical 
cium aluminate which dissolves directly aft~ 
the cement is mixed until the beginning of 
the induction period , · reacts with the sul 
phate from the alkali sulphate of the clinker 
and from the calcium sulphate which is con
tained in the cement in the form of admixed 
gypsum, hemihydrate , soluble anhydrite and/ 
or natural anhydrite. Depending on the share 
of quantities in the solution , ettringite, 
monosulphate, calcium aluminate hydrate and/ 
or gypsum then forms . The greatest possible 
retardation always occurs when the share of 
tricalcium aluminate dissolved before the 
beginning of the ~nduction period is bound 
solely as ettringite. 

It is generally assumed that the retardati on 
of the setting by the admixture of calcium 
sulphate is due to a corresponding retarda 
tion of the chemical reaction . This is in 
contrast , however, to the findi ng that the 
calcium sulphate admixture does not retard 
the hydration of the tricalcium aluminate 
and tricalcium silicate in the period impor 
tant for setting . This would mean that it is 
not pimarily the quantity of newly -formed 
hydration products which are importa nt for 
setting but their tendency .to form a rigid 
structure as a result of recrystallization . 
Here the aggbmeration of the cement particles 
as a result of surface forces could play a 
decisive role. The calcium sulphate admixed 
as a set retarder, would thus preven~ the 
share of tricalcium aluminate dissolved at 
the beginning of hydration and maybe also 
the share of calcium aluminate ferrite, 
crystallizing as coarse - grained , structure
forming calcium aluminate hydrate but it 
would settle as a th i n cover of fine - grained 
ettringite on the surface . of the cement par 
ticles. The cause of setting would then be 
the slow formation of a structure of recrys
tallized ettringit e . On the other hand , it is 
also possible that the calcium silicate hy
drate is involved in the formation of the 
first structure which is very important for 
setting. At the time, however, at which set
ting normally begins, the quantity is much 
lower than that of the other hydration pro 
ducts. It is thus improbable that in the case 
of Portland cement the formation of calcium 
silicate hydrate controls the setting. 
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2. HYDi\ATION OF THE CALCIUM SILICATES 

In the hydratio n of the calcium silicates, 
calcium silicate hydrate occurs as a reac 
tion product to which the hardened cement 
paste owes its strength i n particular. De
spite extensive research it is not yet pos 
sible to give a generally ac-cepted descrip
tion of the formation of the calcium si l i 
cate hydrate, its chemica l composition and 
its structure. 

During the initial reaction before the in
duction period a small share of the calcium 
silicat e s are dissolved either congruent l y 
if calcium and silicate ions go into solution 
in the same q~antities in which they are o 
riginally contained in the silicates or in
congruently if more calcium ions are dis 
solved. 

The calcium silicate hyd rat e which occurs as 
a reaction product does not have a uniform 
composition ; the ratio of Ca0/Sio

2 
varies 

in the rang e of between approx. 1.5 and 3.0 . 
It may c ontain larger quantities of foreign 
substances, in particular alumini um, iron, al
kalies and sulphate. 

During hydration the silicic icid polymer 
izes . The degree of polymerization appears 
to be greater the slower the calcium sili 
cates hydrate . 

The arrangement of the calcium and silicate 
ions in the calcium silicate hydrate is clos
e r to the amorphous state than to the regular 
a rrangement in a crystal lattice. There does 
not appear to be any connexion between the 
degree of crystallinity and the mechanical 
properties of hardened cement paste . 
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3 . INFLUENCE OF. AQMIXTURES 

Admixtures o f fo r eign sub~tances solu ble in 
water can retard or accelerate the h ydr at i on 
of the cement compou nds , can influence the 
change of hydration products already formed 
or can alter the zeta- potential , i.e. the 
surface charge of the solid particles and 
their agglome r ation behaviour. Chlorid~ s , ni
trates and nitrites accelerate hardening be 
cause they increase the initial r eaction of 
the tricalcium silicate and tricalcium a lu
minate and reduce the induction period o f 
both cons titue nt s . Compounds of heavy metals 
soluble in water, e . g . zinc , lead and copper, 
increase the induct i on period of the t rical 
cium sil i cate and thus retard hardening. As, 
on the other hand, they i ncrease the initial 
reaction o f the tricalcium alum i nate , they 
increase the amount of ettringi te formed at 
the beginning. The result may be a rapid 
start of setting and a higher heat of hydpa
t i on . Glucose and lignosulphonate can have a 
similar effect. 

The effect 9f all admixt ure s depends largely 
on the amount added. I t also depends on 
whether and to what degree the admixtures 
influence the so luti~n behaviour of the ca l
cium su lphate and Ca ~ ion concentration of 
the solution . 

Surface - active admixtures reduce , in partic 
ular , the viscosity of the ceme nt paste but 
do not greatly change the sett ing and hard
ening. Without admixtures , agg l omerates form 
in the cement paste short ly after mixing as 
the so lid particles attract each other under 
the effect of surface forces. As a result 
the viscos it y of the cement paste increases. 
This process is increased by sulphate ions 
in the mix i ng water so lution. Surface- active 
substances, e.g . melamine compounds, reduce 
the viscosity greatly as they change the sur
face charge of the particles and thus reduce 
the tendency to agglomerate. 



- THEME Ill 
Structure des laitiers et hydratation des ciments de laitier 

par M. VON EUW 

Messieurs les Presidents, 
Mesdames, 

Messieurs, 

1. PREAMB ULE. 

Mes eminents collegue s du Ccinite Scientifique 
ont eu l'extreme indulgence de me confier la Pre
sidence du Theme con.sacre aux laitiers et ciments 
de laitier • .Je les en remercie et je souhaite ne pas 
les decevoir par ce trop bref expose. 

Les travaux presentes ace 7eme Congres Inter
national de la Chimie des Ciments s:.>nt soumis a 3 
directives emises par le Comite Scientifique : 

- presenter essentiellement un caractere scien
tifique et non pas technologique. 

- concerner des produits elabores industrielle
ment, sans toutefois exclure des preparations 
en laboratoire. 

- orienter les recherches dans des directions 
favorables aux economies d'energie. 

30 communications, 3 rapports principaux et 8 
posters preseiltes par 13 pays rendent compte des 
resultats obtenus depuis le Cong res de Moscou dans 
les etudesvisant a relier les phenomenes d'hydrau
licite a la structure des laitiers. Le fait que les 
travaux exposes concernent des laitiers ou scories 
industriels aboutit a une diversite d 1informations 
que j'ai essaye de mettre a profit pour etablir le 
lien i_ndispensable entre composition-structure et 
reactivite. En permettant de mieux comprendre 
les phenomenes en jeu, tant dans l'elaboration que 
dans 11utilisation de ces sous-produits industriels, 
une contribution importante est apportee a 11objec
tif general des economies d 1energie. 

Cette preoccupation de valoriser des sous
produits d 1origines diverses en les faisant entrer 
dans la production des liants, soit dans la Cimen
terie, soit en dehors de cette Industrie, conduit a 
distinguer, d'une part, 11origine des produits, d'au
tre ·part, leurs modes d1 a~tivation, 

Ahn d'etablir une certaine coherence entre les 
communications, je traiterai d'abord des laitiers 
de haut-fourneau et des ciments correspondants, 
Les problemes poses par les laitiers d 1acierie et 
les scories de metaux non ferreux seront discutes 

ensuite. 

2, LAITIERS DE HAUT FOURNEAU. 

2.1. CARACTERISATION. 

Les methodes utilisees se rapportent a 
!'analyse chimique, a la structure et a l'hydrata

tion. 

2. 1. 1, Methodes chimiques. 

Parmi les diverses methodes rete 
nues pour caracteriser les laitiers, l'analyse chi
mique est certainement la plus courante,, Il existe 
deux possibilites d'utiliser les resultats de !'ana
lyse elementaire, soit le calcul d1 indices OU .modu
les, soit le calcul de la composition mineralogique 
potentielle. 

Les auteurs qui utilisent les indices 
chimiques relient la reactivite des laitiers a leur 
basicite. Les nombreuses formules adoptees expri
ment le rapport ponderal OU molaire de S elements 
basique s aux elements acide s; certaine s tiennent 
compte du role. amphotere de l 1alumine. 

SMOLCZYK dans son rapport prin
cipal, apres avoir fait une etuCle critique de ces in
dices etablit une regression multiple entre les te
neur s des constituants et le s resistances, Il preci
se cependant que les coefficients dependent beau
coup du clinker utilise. 

La critique que nous pouvons faire 
a l'emploi des indices est que ceux-ci definissent 
des limites, mais ne permettent pas d 1etablir une 
relation reelle. Ceci d'autant plus qu'elles ne pren
nent en compte qu 1une partie de la composition, 
C'est pourquoi les calculs de correlation multiple 
appliques aux laitiers par SMOLCZYK donnent de 
~eilleurs resultats. . .. / ... 
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D~MOULIAN ajoute aux proposi
tions de SMOLCZYK la prise en compte d 1autres 
elements de l 'analy·se tels que _Cl, Ti, F, S, ainsi 
que la somme des mineraux dos.ee par microscopie 
optique. 

Les correlations multiples de 
SMOLCZYK et celles de DEMOULIAN montrent 
que !'appreciation de 11hydraulicite par les nom
breux modules chimiques habituels ne concernant 
que les elements majeurs sont insuffisants. Ceux 
qui placent l'alumine au denominateur comme for
mateur de reseau d.onnent de mains bans resultats 
que ceux qui l'introduisent au numerateur comme 
modificateur de reseau; c 1est probablement la rai
son qui a fait choisir le rapport Al

2
o

3 
pour se!ec-

Si02 

tionner les laitiers hydrauliques en URSS, ainsi que 
l 1avait relate SA TARINE au Cong res de Moscou. 

Le role de MnO a ete traite en 
tant qu 1element mineur respectivement par SMOL
CZYK et DEMOULIAN, mais certains laitiers en 
renferment des proportions importantes, ainsi que 
le signale TANEJA. Cet auteur a etudie des laitiers 
indiens renfermant 3 a 7 % de MnO, et il a verifie 
que le s c~ments metallurgique s correspondants font 
preuve d 1une bonne hydraulicite. Un tel resultat 
pourrait paraitre infirmer la regle classique selon 
laquelle MnO a une influence negative sur la valeur 
hydraulique des laitiers. En fait SOLACOLU avait 
montre dans une etude publiee en 1964 que le role 
de MnO pouvait etre soit negatif, soit neutre, soit 
positif selon la basicite du laitier. A !'examen il 
apparait que le laitier de ROURKELA, qui a ete 
etudie par TANEJA, se place dans la categorie peu 
basique definie par SOLACOLU. Ceci explique que 
malgre son taux elev.e de MnO, les resistances du 
ciment soient conformes aux nor.mes indiennes. 

Une autre fa<son d'utiliser l'analy
se elementaire est le calcul de la composition mine
ralogique potentielle proposee par GOURDIN et intro
duite par DEMOULIAN dans ses correlations multi
ples. 

Les mineraux qui cristallisent 
lors de la devitrification complete des laitiers dans 
le systeme Si0

2
, Al

2 
o

3
, CaO, MgO ont une struc-

2 -
ture a base de chaines Si03 ' OU de doubles tetrae-

dres Si
2
o 6

-, ou encore de tetraedres simples 
· 7 

Si0
4
-. Les auteurs ont observe une relation entre 

les honnes resistances developpees par certains 

laitiers et les structures a base de tetraedres sim
ples dan~ les mineraux de la composition poten
tielle. 
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2.1.2. Methodes basees sur la structure, 

Si la composition chimique joue un 
role essentiel dans la valeur hydraulique des lai
tiers, leur structure est non moins preponderante. 
On sait depuis longtemps que 11etat vitreux est in 
dispensable, mais des precisions viennent d'etre 
apportees quant aux methodes basees sur la struc
ture. 

FIERENS par la mesure de 11exo
emission electronique a pu apprecier les defauts de 
surface agissant comme centres de formation des 
germes de sels hydrates. L'auteur a mis les taux 
d'exoemission en correlation avec les resistances 
en compression de microeprouvette s de laitier ga 7 
chees a la soude. 

HAWTHORN a relie les resistances 
ISO de ciments a haute teneur en laitier aux dimen
sions des heterogeneites du verre mesurees par 
diffusion centrale des rayons X. 

SMOLCZYK examine la repartition 
des mineraux par microscopie optique; il en deduit 
que les germes cristallins bien disperses dans la 
masse vitreuse, ant une influence favorable a l'hy
,draulicite. 

Mme REGOURD a recristallise par 
chauffage a 850 ° 7 laitiers de compositions differen
tes. Elle a con state que la reactivite est fonction du 
taux de gehlenite dans la melilite. 11 s'agit la d 1une 
methode rapide d 1appreciation de l'hydraulcite qu'il 
est d 1ailleurs possible de recouper par le cal cul en 
utilisant !'analyse chimique. 

DRON montre que .les taux de disso
lution en milieu sodique de la silice, de 11alumine et 
de la chaux, sont en relation directe avec la basici
te et la teneur en alumine du laitier; ceci est en 
accord avec les resultats d'HAWTHORN operant 
sur les memes laitiers, et se trouve d'ailleurs il
lustre par ceux des essais mecaniques ISO. 

2. 1. 3, Methodes basees sur l'hydratation 
du laitier. 

A priori, il semble logique de vou
loir relier le taux d'hydratation aux resistances me
caniques mesurees sur eprouvettes. 

Mme REGOURD travaiUant sur des 
pates pures de ciment CHF, preparees a partir des 
laitiers retenus par DRON et HAWTHORN, trouve 
une bonne r~lation entre le taux de laitier hydrate 
et les resistances mecaniques. 

De meme, elle trouve une bonne re
lation avec la chaleur d'hydratation, et elle conclut 
avec E, GAUTIER et leur s collaborateur s, que dans 
la comparaison de la reactivite des laitiers, la calo 
rimetrie se revele etre une methode tre s sensible • 

. . . / ... 



DAIMON preconise de son cote la 
determination du degre d'hydratation par l'extrac
tion selective des phases, 

En definitive, quels que soie nt 
les procedes d'appreciation de 11hydraulicite, tous 
doivent se referer aux resultats donnes par les 
mesures de resistances mecaniques, et ces essais 
.sont effectues sur des melang~s laitier / clinker. 

Malheureusement, les resultats 
obtenus ne sont pas seulement fonction de la quali
te du laitier, mais de celle du clinker, du taux de 
gypsage et de la finesse des constituants ainsi que 
de l' echeance retenue. 

2, 2, STRUCTURE ET REACTIVITE DES 
LAI TIERS, 

2. 2 . 1. SMOLCZYK reprend dans s on rap
port principal la theorie de ZACHARIASEN selon 
laquelle le verre de laitier est un reseau a trois 
dimensions, plus ou moins deforme. Le silicium y 
forme des tetraedres Siot- plus ou moins polyme
rises. Les charges negatives de ces groupes anio
niques (Tetraedres, doubles tetraedres, chaines) 
sont compensees par les charges positiv es des ca
tions. Ces cations, dont le rayon ionique est plus 
grand que celui du silicium, sont situes dans les 
cavites OU ils jouent le role de modificateur du re
seau. Le degre de polymerisation des tetraedres 

Si0
4

- est alors d 1autant plus petit que la part des 
catiins modificateurs est plus grande a l'interieur 
du reseau. 11 en re sulte pour le verre correspon
dant une plus grande instabilite, done une plus 
grande reactivite chimique. 

L'ion Caz+ avec la coordinance 6 est le 
modificateur 'de reseau responsable en majeure 
partie de l'activite du laitier, ce qui explique l ' usa
ge de l'indi.ce Ca0 / Si0

2
• L'aluminium et le magne

sium, apparaissent dans le reseau des laitiers 
avec les coordinances 4 et 6 soit comme formateurs, 
soit comme modificateurs. Ceci explique la place. 
qui leur est donnee dans certains indices d'hydrau
licite. 

2, 2, 2. ROIAK considere que les differen
ces existant entre les cations dans le reseau, cons
tituent un facteur essentiel de l 1activite du laitier, 
Selon cet auteur les depenses en energie de rupture 
de la liaison Me - 0 doivent en effet varier avec la 
position du cation, 11 y a creation de conditions fa
vorables au pas sage du cation en solution aqueuse 
si l'energie cinetique des molecules d'eau et l 1ener
gie de liaison Me - 0, affaiblie dans le milieu 
aqueux, sont du meme ordre, · 

De telles conditions sont realisee s 
avec un ·optimum de cations modificateurs dont le 
passage en solution perturbe 11 electro- neutralite 
locale, 

Approfondis sant sa theorie reliant 
l'hydraulicite a la structure, ROIAK fait apparai
tre par resonnance paramagnetique electronique la 
presence de centres paramagnetiques sur les tetra
edre s Si0

4 
de la structure vitreuse, alors qu'ils 

sont absents des structures cristallines. 

Cet auteur explique que le debut du 
processus d 1hydratation est la dissolution du liant, 
mais que ce processus se poursuit par la polyme
risation des radicaux hydrates. Ce phenomene de 
polymerisation contribue a ,la formation de parti
cule s gelifiantes qui adsorbent a leur surface les 
cations deja passes en solution, d 1ou la formation 
des hydrosilicates des metaux correspondants. 

ROIAK demontre de cette maniere 
qu1 il existe entre la partie non hydratee du laitier 
vitreux et les hydrosilicates de calcium, une cou
che intermediaire gelifiante de faible basicite, 

2, 2. 3. DRON dans sa communication, pro
pose une theorie statistique de la structure. 11 as
simile la structure du verre de laitier a celle d'un 
liquide constitue de silicates fondus et il fait res
sortir que la longueur des elements de la structure 
des silicates fondus n 1est pas uniforme comme 
dans un cristal : elle est distribuee suiva~t une pro
gression geometrique. La longueur et la ramifica
tion de ce s elements, qui dependent de la quantite 
d 1ions modificateurs de reseau, conditionnent la 
reactivite. 

z. z. 4. 11 faut ajouter a cela que certains 
elements mineurs, tels que Na et K, par leur role 
modificateur de reseau ameliorent la reactivite du 
laitier tel que l'ont montre DEMOULIAN et ses col
laborateurs, ainsi que SMOLCZYK. 

2, 2, 5, On peut par ailleurs mettre en evi
dence dans les laitiers industriels, 11existence de 
microheterogeneites correspondant a un degre supe
rieur d'organisation locale, A la suite d 1autres 
chercheurs, c'est ce qu'ont vu egalement HAWTHORN 
et ses collaborateurs par des etudes de diffusion 
centrale aux ·rayons X. Ces auteurs ont montre ex
perimentalement que les diametres de

0
s microhete

rogeneites, compris entre 300 et 900A, sont une 
resultante de la composition chimique et de l 1li.is
toire thermiqre du laitier. 

L'hydraulicite des laitiers varie 
pour les cas etudies par HAWTHORN en sens in
verse du diametre des microheterogeneites. 

Ces experiences pourraient etre in
terpretees en se rapprochant des theories de 
SOLACOLU et BUSCH relatees par SATARINE au 
Congres de Moscou, 

Par ailleurs, on observe dans la 
plupart des laitier s des cristallisations visibles au 
microscope optique, ... / ... 
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DEMOUL IAN et ses collabora
teurs ont identifie les differentes especes cristalli
nes presentes en utilisant la- diffraction des rayons 
x, l'examen au microscope electronique a balayage, 
puis, la. microsonde de Castaing. 

Ces cristaux sont de la merwinite 
et de la. melilite, La presence de ces mineraux in
fluence favorablement la reactivite hydraulique des 
laitiers, Les auteurs ont dose, selon les cas exa
mines, de 0 a 30 % de cristaux, 11 semble qu 1il 
existe un optimum de cristallisation qui est fonc
tion de la composition pour chaque type de laitier, 
Cet optimum est lie en particulier a la composition 
et au traitement therrnique du laitier, 

On peut etre tente d 1expliquer le 
role positif d'une cristallisatio_n partielle, par la 
modification de la composition chimique du verre 
dans un .:; ens favorable a sa reactivite, Ainsi la 
cristallisation de la merwinite enrichit le verre en 
alumine et elements mineur s, 

2, 2, 6, Dans une autre optiqueROPER a 
etudie la morphologie de 8 laitiers d 1origines di
ver 'ses obtenus avec de.s procedes de trempe diffe
rents, tels que la trempe a l 1eau, la trempe a l'air 
et le bouletage, ROPER observe que selon le mode 
de refroidissement les grains de laitiers sont cons
titues de verres heterogenes et de particules aci
culaires. 11 explique que pattant d 1un laitier fondu 
d'une composition globalement basique, les hetero
geneites dues au mode de refroidissement peuvent 
entrafner la separation de particules aciculaires 
plus OU moins developpees et de composition acide, 

2,2, 7, Enfin, uneparticularite interessan
te de la texture des laitiers a ete etudiee par 
COURTAULT, COURTAULT s 1interesse aux gaz 
dis sous et aux gaz occlus, 11 a analyse les gaz 
occlus apres extraction par broyage sous vide et 
il a constate qqe !'aptitude au broyage et la reacti
vite des laitiers sont ameliorees par 11existence de 
ces gaz occlus , 

2, 3, HYDRATATION nu LAITIER. 

2, 3, 1, Les travaux recents communiques 
au Congres relancent la discussion de deux theories 
en complement des explications developpees par 
ROIAK dans son analyse de la structure et de la re
activite des laitiers vitreux: la reaction dissolution
diffusion-cristallisation appelee par certains 11 trans
solution11, et la r~action topochimique, 

2, 3 , 2, Reaction 11 trans-solution11 , 

DRON interprete la solubilisation 
initiale du laitier comme le passage selectif en so
lution_ d'entites structurales analogues a celles de la 
rankinite et de l'aluminate monocalcique , 
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Les ions Ca et les ions aluminates 
et silicates en solution s'accumulent jusqu1a sursa
turation et precipitation sous forme de C S H et 
d'aluminates hydrates, 

VERNET considere a la fois les 
comportements simultanes du clinker et du laitier 
mis ensemble en presence d 1eau, 11 a etudie pour 
cela 16 ciments a fortes teneurs en laitier et les a 
compares au Portland fait avec le meme clinker, 

L'auteur analyse en continu l 1evolu
tion des concentrations ioniques dans des suspen
sions de rapport eau = 4, 11 resulte de c.ette 

ciment 
etude que le laitier et le clinker se dis solvent simul
tanement, mais a des vitesses differentes, Le clin
ker agit sur la vitesse de dissolution du laitier, et 
reciproquement la consommation de chaux par le 
laitier augmente la vitesse de dissolution de l'alite, 

L'auteur designe ces interactions 
sous 11appellation de 11 couplages chimiques". 11 
trouve une similitude dans le s actions reciproques 
des chaleurs degagees par les reactions d 1hydrata
tion, et p~r analogie il les nomme "couplages ther
miques11, 

VERNET par ses experiences mon
tre la simultaneite des pies de flux thermiques et 
des variations de concentration des ions en solution, 

Lrexamen des courbes cie concentra
tion ionique fait apparaftre pour tous les ciments de 
laitier 11existence de quatre periodes au cours de 
11 hydrata ti on, 

11 faut en retenir que des la premie -
re periode le laitier participe a la saturation de la 
solution en meme temps que le clinker; et ceci est 
une notion nouvelle que !'auteur prouve en se basant 
sur les differences de concentration ionique en re
lation avec les differents laitiers et le clinker co-r
respondant, 

Mme REGOURD confirme la parti
cipation precoce du laitier aux reactions d'hydrata
tion en s 1appuyant sur les resultats de me sure de 
la chaleur d 1hydratation et sur !'identification au 
microscope a balayage et par diffraction des rayons 
X des mineraux hydrates formes : en effet, l'abon
dance de 11ettringite n 1est justifiee que par la consom
mation de 11alumine du laitier. Les travaux de Mme 
REGOURD et ceux de VERNET, par des voies dif-

,ferentes, viennent a l'appui des conceptions de 
ROIAK sur la structure des laitiers grace auxquelles 
!'auteur explique l'hydraulicite par la reaction de 
dis solution-diffusion-cristalli sation, 

... / ... 



2~ 3. 3, Reaction topochimique, 

~ien que Mme REGOURD et VER
NET demontrent asse·z clairement par leurs expe
riences que l 1hydratation s 1 effectue par dissolution 
et cristallisation, cette conception n 1est pas parta
gee par to us le s chercheur s, Ainsi, ABO EL ENE IN 
ecrit que les grains de laitier reagissent topochimi
quement avec la solution d'hydroxyde de calcium, 
et DRON, de son cote, n 1exclut pas la possibilite 
de reactions pouzzolanique et topochimique a par
tir du squelette laisse par 11attaque hydrolytique 
prealable. 

DAIMON expos ant se s propre s t:ta -
vaux et ceux de KONDO dans son rapport principal 
suppose que le laitier s,'hydrate topochimiquement 
et il met d'ailleurs l'accent sur l'inhibition de la 
reaction d 1hydratation par la formation de couches 
d'hydrate s faiblement permeable s enrobant le s 
grains, Cette inhibition lui apparait tres ra}')ide 
avec les activants alcalins, 

De toute fa<;on, la discussion re ste 
ouverte sur le principe meme du processus d 1hydra
tati:on, lequel d 1ailleurs n 1est pas propre aux lai
tiers, Heureusement, 1a plupart des chercheur s 
s•accordent sur la nature des hydrates forme~. 

2. 3. 4. Hydrates formes, 

Les travaux de Mme REGOURD, de 
TEOREANU, de SER SALE, de ABO EL ENE IN, de 
VERNET, et leurs collaborateurs, montrent taus 
la formation de C S H, de portlandite, d 1 ettringite 
et de monosulfoaluminate, 

Cependant, TEOREANU etudiant le 
systeme laitier - chaux - gypse - eau, trouve qu 1il 
se forme transitoirement de la gehlenite hydratee 
c

2 
SA H qui se transforme a long terme en hydro

grenat. J ce sujet, DRON precise que la gehlenite 
hydratee ne peut se former qu'apres la disparition 
de la chaux. 

VERNET, lui, pense avoir trouve 
un sulfuroaluminate de calcium hydrate, ou une solu
tion solide de CaS dans l'aluminate et qui seraient . 
analogues au monosulfoaluminate, 11 a revele la for
mation probable de ce nouvel hydrate dans son etude 
de la cinetique d'hydratation des ciments a fortes 
teneurs en laitier. 

Enfin, MASCOLO a prepare par 
synthese des hydroxydes doubles de Mg et Al et les 
produits carbonates correspondants. 11 pense que la 
resistance aux sulfates s 1explique par la formation 
preferentielle de ces produits carbonates. 

2. 3. 5. Chaleur d 1hydratation, 

La chaleur d 1hydratation ou plutot 
la chaleur degagee a une ecl}eance donnee est liee a 
la fois a l'enthalpie de cha.cune des reactions et a la 
cinetique de l'hydratation. 

A ce sujet, les conceptions de 
"couplages chimiques" et de "couplages thermi
ques11 enoncees par VERNET et ses collaborateurs, 
selon lesquelles le clinker et le laitier ont des in
teractions aboutissant al 'augrnentation des taux de 
reaction de chacun de ces constituants, trouve une 
confirmation dans les travaux de TOTANI. Nous 
comprenons en effet du travail de TOT ANI que la 
chaleur d 1hydratation de l'alite ou du clinker est 
augmentee dans les ciments au laitier du fait de 
Ilinteraction des constituants, 

2, 4. MODES D'ACTIVATION CHIMIQUE. 

Nous avons vu que pour etre effectives, 
les reactions d'hydratation exigent que le laitier 
soit rnaintenu dans un milieu a pH suffisant quel 
que soit le processus, dissolution - precipitation 
ou topochimique, 

2, 4, 1. Activations non calciques, 

Selon les utilisations plusieurs 
modes d 1activation sont proposes, autres que l'ac
tivation: calcique : VOINOVITCH a etudie et preco
nise l'emploi des metasilicates de sodium; il a 
defini le dosage en fonchon de la temperature; il 
a mis au point un liant qu 1 il nomme silicociment, 
lequel est constitue de laitier broye additionne 
eventuellement de gypse naturel OU chimique et de 
filler calcaire, 

VOINOVITCH precise que des tra
vaux similaires effectues par des chercheurs Sovie
tiques et Polonais ont abouti a des resultats analo
gues, 

SATARINE parvient a preparer des 
betons armes a plus hautes performances mecani
ques que les betons de Portland en ajoutant un acti
vant polymineral sulfoalumino-siliceux. Cette ac
tion qui se manifeste sur les resistances a tous les 
~ges est conservee dans le cas d'un traitement ther
mique humide. Selon l'auteur, ces hautes perfor
mances sont dues a la formation precoce d'une car
casse d 1ettringite remplie d 1hydrosilicates de cal
cium, SATARINE insiste sur la densite de la struc
ture favorisee ·par la naissance ulterieure de gels 
de boehmite et de gypsite. 

2. 4, 2. Activation sulfo-calcique par le 
clinker et le gypse, 

Bien sG.r, Pactivant le plus etudie 
et le plus employe a ce jour re ste le clinker de 
portland, La plupart des auteur s etudiant l'hydrata
tion des laitiers utilisent des melanges laitier/ 
clinker, 

SMOLCZYK dans son etude deja 
citee sur les correlations entre composition et re
sistances, consta_tait une forte influence de la nature 
du clinker clans le ca s de ciments a 60 et 75 % de 

laitier. , , • /. •• 
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HAWTHORN lui, a eu pour objec
tif de preciser le role du type de clinker avec les 
trois laitiers deja cites utilise~ au dosage de 80 °/o. 

Une experimentation portant sur 
7 ·clinkers couvrant un large eventail de composi
tipn mineralogique a montre que : 

1. L 1influence de la qualite du 
clinker n'es:t pas importante avant 2 jours, 

2, De meilleures performances 
sont obtenues a 28 jours avec les clinkers riches 
en alite et en c

3
A tetragonal, 

3 0 L'accroissement de resistances 
jusqu'a un an est essentiellement fonction de la fi
nesse du laitier, 

L 1etude a aussi montre que le gyp
sage optimal est fonction de la finesse du laitier, 
du temps de reaction et de la teneur en c

3
A du clin

ker. 

Par ailleurs, le surgypsage d 1un 
ciment de laitier du type CLK a finesse peu poussee 
est tres prejudiciable aux resistances, 

Enfin, je rappellerai que DRON 
avait precise que la chaux et le gypse sont de veri
tables reactifs, alors que la soude ne joue qu'un 
role de catalyseur. 

2. 5. TRAITEMENTS THERMIC; UES. 

Mme REGOURD, GAUTIER et leurs colla
borateurs ont etudie l'influence de la temperature 
sur le s courbes de durcis sement de ciments CHF, 

A pres traitement thermique a 50 ° , le s dif
ferences entre 7 laitiers de diverses qualites sont 
pratiquement effacees, mais le niveau des resistan
ces atteint dans tous les cas, reste inferieur a ce
lui que l'on obtient a 20° 0 

En revanche, un traitement a 80 ° montre 
un comportement different tres favorable aux ci
ments les moins reactifs a 20 ° ' et tres defavorable 
aux ciments le s plus reactifs, 

Mme REGOURD a montre avec l ' aide du 
microscope electronique a balayage que dans le cas 
du CHF peu reactif a 20 °, un traitement a 80 ° abou
tit a un aspect normal des hyd,rates, alors que dans 
le cas du CHF reactif, ce meme traitement engen
dr.e des amas de monosulfoaluminates provoquant 
une texture heterogene, laquelle est peu favorable 
a la cohesion du mortier 0 

GOVOROV a voulu etudier le comporte
ment dans un traitement hydrothermal jusqu'a 285 ° 
de laiti~rs synthetiques pour une gamme de compo
sition tres large sortant du domaine habituel des 
laitiers siderurgiques. 
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GOVOROV rappelle que dans le traitement 
hydrothermal a 250 ° les laitiers dont la structure 
est faite de tetraedres isoles ou de groupements 
limites, c 1est-a-dire, les laitiers melilitiques, 
donnent des hydrogrenats, alors que ceux dont la 
structure est faite de chaines de tetraedres, don
nent de la tobermorite, Ces deux types d 1hydrates 
sont eux-memes constitue s comme les produits 
anhydres d 1origine, soit de tetraedres ou de grou
pements isoles, soit de chafues. 

L'auteur trouve que le passage en. solution 
de la silice est d ' autant plus retarde que la structu
re est compliquee, 

La chaux accelere aussi bien !e passage de 
la silice en solution que sa recombinaison en hydro
silicate de calcium; cela a pour effet d 1avancer le 
debut du durcissement, mais GOVOROV precise que 
l'addition optimale de CaO est limitee a une valeur 

de 0' 3 a 0' 8 °lo 0 

Cette etude trouve une application dans 
l'utilisation des coulis de laitiers pour puits de fo
rage profonds, 

HOOTON a etudie l ' autoclavage de laitiers 
bouletes en melanges ternaires avec du ciment 
portland et de la farine de silice, soit en pctte pure, 
soit en mortier. 11 a trouve que les resistances a 
la compression sont considerablement augmentees 
par l 1addition de farine de silice 0 

2. 6. CONTROLE DE LA COMPOSITION DES 
CIMENTS DE LAITIER. -

Nous venons de voir que les laitiers de 
haut-fourneau actives de diffe rente s maniere s peu
vent donner des ciments hydrauliques. Ces ciments 
se caracterisent par des performances mecaniques 
et Chimiques egales OU meme superieures a celles 
des portlands selon l'echeance consideree, 11 est 
cependant indispensable comme pour tousles types 
de ciments de garantir la regularite de leur qualite. 
Cette regularite depend a la fois de la reactivite . 
des constituants et de leurs proportions. 

La surveillance de ces proportions neces
site de disposer de methodes de contr6le rapides et 
precises, 

DEMOULIAN a apporte une contribution in
teres sante a la re solution de ce probleme en propo
sant la dissolution selective du clinker et du gypse 
dans une solution sodique de EDTA et de triethano 
lamine a pH= 11, 5 ~ 0, 1. Dans ces conditions, le 
laitier est insoluble et son dosage est obtenu direc
tement par filtration, 
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2. 7. UTILISATIONS DIVERSES DES LAITIERS 
ET SCORIES. 

Je voudrais rappeler 11utilisation des laitiers 
et scories comme matieres premieres dans la pre
paration des melanges crus pour ciment portland, ce 
qui conduit a une sensible economie d 1energie. 

Parmi les utilisations nouvelles des laitiers 
i1 faut enfin citer les etudes de BELETSKAIA et 
LOUGUININA ainsi que de KLUKHOVSKY pour la 
production de clinker d 1un type nouveau a base de 
laitier et d'additions alcaline s. 

Par ailleurs, une proposition originale est 
faite par SOULEIMENOV pour corriger les laitiers 
pa;r addition de poussiere s alcalines de cimenterie 
dans le laitier fondu au· moment de la granulation. 

3. AUTRES LAITIERS ET SCORIES. 

3. O. La periode actuelle d'economie amene les 
industriels du monde entier a valoriser les sous
produits de toutes origines, c 1est le cas pour les 
laitiers de metallurgies diverses, allant des laitiers 
d 1acieries aux laitiers de la metallurgie du zinc, 
du nickel, du cuivre, etc. 0 0 

Alors que les laitiers de hauts fourneaux se 
caracterisent par une hydraulicite latente, le s sco
rie s d'acieries ayant une composition chimique ri
che en chaux combinee, sont directement hydrauli
ques, les autres au contraire doivent etre activees. 

Les laitiers de tnetaux non ferreux ont par 
contre une structure tout a fait differente et se 
comportent le plus souvent comme des pouzzolanes, 

3, 1. SCORIES D 1ACIERIES, 

La plupart des scories d'acieries n 1avaient 
pa'S jusqu'a main tenant ete employees comme liants 
hydrauliques etant donne 1eur composition chi~ique 
non adaptee, Cette non-adaptation reside principale
ment clans l'insuffisance de silice et surtout d 1alumi
ne, ainsi que clans un large exces d 1 oxyde de fer, 
de chaux libre, et souvent de magne sie, 

GEORGES et SORENTINO ont etudie en rem
placement du spath fluor un nouveau fondant synthe -
tique designe CAMFL UX apportant les elements man
quant a la scorie et qu 1ils mettent en oeuvre clans le 
convertisseur B. 0, P au debut de 11affinage. 

Cette operation ameliore a la fois la compo
sition et l'homogeneite de la scorie. Elle rend cette 
derniere hydraulique et supprime le gonflement, 

Les auteurs ont etudie l'hydraulicite de la 
scorie amelioree en suivant la fixation de l'eau et 
le degagement de chaleur en fonction du temps. Ils 
en ont conclu que la valeur hydraulique de tels pro
duits est malgre tout insuffisante, et qu 1il est neces
saire de les additionner de ciment portland, comme 
pour les laitiers de haut-fourneau afin d 1obtenir des 

resistances convenable s. 

Cependant, il existe des laitiers d 1acieries 
dont la composition chimique est telle que la teneur 
en c3s en fait des produits directement hydrauliques, 

Ce sont des produits de ce type qui ont ete 
etudies par WANG Yu Ji. 

L' etude petrographique de cet auteur indi
que comme constituants:du c

3 
S en quantites varia

bles, du c
2

s, du c
2

F et des solutions solides de 
FeO et de MgO ainsi que de la chaux libre, 

L'auteur relie a la teneur en C S les resis
tances a 28 jours donnees par de tels la?tiers nor
malement gypses, mais il elimine ceux qui renfer
ment plus de 3 '1o de chaux libr e, etant donne le{ir 
fork tendance a l'expansion. 

LUC SHOUSEN etudie egalement les sco
ries d 1acieries et s 1attache particulierement a defi
nir 11 etat de la magne sie en vue de remedier au 
gonflement qu'elle provoque. 

LUO a travaille avec 6 scories d 1origiri= s 
differente s dont la teneur en magne sie varie de 6 a 
18, 

Cet auteur a montre que la :rr1i gne sie est 
inoffensive si elle est combinee a l'etat de composes 
silicates, ou si elle se trouve en solution solide 
avec FeO et MnO. 

L 1auteur precise que clans les scories re
ductrices MgO est a Petat de periclase et que les · 
ciments qui seraient fabriques avec de telles sco
ries seraient detruits a l'autoclavage. En revanche, 
il existe pour les scories oxydantes une teneur opti-
male en magnesie definie par le rapport MgO 

FeO + MnO 
lequel doit rester inferieur a 1, 

Pour eviter le gonflement LUO propose· 
d'utiliser par melange avec du clinker de portland 

· les scories OU MgO est combine a l'etat de silicates 
et il remedie a l 1 expansion des laitiers reducteur s 
riches en periclase en les additionnant, soit de s~l
fate de inagnes.ium, soit de laitier de haut fourneau 
grC\.nule, soit de rra tieres siliceuses telles que les 
cendres volantes, 11 propose egalement un traite
ment de carbonatation en l'absence de gypse. 

Par ailleurs, le prpbleme de 11hydratation 
de la magnesie a ete etudie par MASCOLO et . 
MARINO qui ont synthetise les hydroxydes doubles 

·de Mg et Al identifies clans les produits d'hydrata~ 
tion des laitiers de haut fourneau en presence de 
cha1Jlx, 

Ces auteurs ont montre que des laitiers a 
forte teneur en MgO ,sont capables de resister a 
l'attaque des sulfates parce que les tetraedres 
sof- penetrent difficilement clans la structure des 
hydroxyde s doubles, ... /. •• . 
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Ils constatent accessoirement une carbona
tation facile de ce s hydroxydes pour former un car
boaluminate de magnesium hydrate. Peut-etre peut
on trouver la une explication aux hons resultats ob.
tenus par LUO SHOU SUN dans son traitement de 
carbonatation pour annihiler l'expansion du peri
clase, 

3. 2. SCORIES DE METAUX NON FERREUX. 

CARLES GIBERGUES etudie les scories 
hydrauliques resultant de la fabrication du magne
sium. Ces scories se composent de deux parties 
distinctes, l 1 une pulverulente, composee de c2s 
gamma et d'aluminate c

12
A

7
, l'autre granulee, 

renfermant du c2 s~ dans une matrice vitreuse he
terogene; la granulation par trempe a l'eau de cette 
seconde partie de la scorie hydrate partiellement 
l'aluminate en c

3
AH

6
. 

La cinetique d 1hydratation est evidemment 
differente pour la scorie fusante et pour la scorie 
granulee, ce qui s'ex?lique partiellement par l'etat 
anhydre de l 'aluminate dans le premier cas et par 
sa prehydratation partielle dans le second cas. 

Le melange de ces scories donne d 1excel
lents resultats en technique routiere, mais prises 
separement elles peuvent trouver leur utilisation 
dans la prefabrication de materiaux manufactures. 

L 1auteur propose de produire des materiaux 
cellulaires en ajoutant aux scories fusantes de la 
poudre d'aluminium, et de fabriquer des elements 
tres resistants par autoclavage du laitier granule 
broye. 

Les auteurs qui ont etudie les scories de la 
metallurgie du cuivre et du nickel, s 1accordent a 
leur trouver une structure . et des proprietes pouz
zolaniques, 

BARAGANO s'attache . a montrer les qualites 
pouzzolaniques des scories de la me tallurgie du 
cuivre, 

Ces laitiers vitrifies et finement granules a 
11eau ont urie composition chimique pratiquement 
exempte de chaux, mais en revanche tre s riche en 
silicate ferreux detectable sous forme de cristaux 
de fayalite en aiguilles. 

Il est permis de penser que la presence de 
silice soluble resultant de la decomposition de la 
fayalite par la chaux, explique les resultats positifs 
obtenus par 11auteur dans tousles tests de pouzzola
nicite qu 1il a appliques. 

Il faut cependant remarquer- que ces scorie s 
utilisees sous forme de cirre nts a la pouzzolane par 
melange avec du portland reagissent plus lentement 
que les pouzzolanes naturelles, mais que les resis
tances obtenues a pres 60 jour s sont du meme ordre. 
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Par ailleur s, de tels produits re sistent 
excellemment aux attaques chimiques et aux epreu
ves clima tiques. 

Les scories de la metallurgie du nickel 
ont une composition et des proprietes pouzzolani
ques analogues a celles de la metallurgie du cuivre; 
c'est ainsi que LANEUVILLE, etudiant ces scories, 
aboutit dans ses recherches aux memes resultat.s 
que BARAGANO. Il precise que d 1autres auteurs, 
tel que THOMAS, ont egalement demontre le s pro
prietes pouzzolaniques des scories de la metallur
gie du plomb. 

Nous voyons done qu'il y a la des sources 
importantes de sous-produits utilisables en cimen
terie pour la preparation de ce s ciments particulie
rerrient apprecies pour leurs proprietes specifiques 
que sont les ciments pouzzolaniques. 

BOLDYREV met en valeur le s tonnages 
tres importants de residus industriels disponibles 
en U. R. s. S. et parmi ceux-ci des scories de ,me -
taux non ferreux, Les compositions chimiques de 
ces scories sont voisines de celles annoncees par 
BARAGANO d1 une part, et LANEUVILLE d1autre 
part, avec en particulier la presence de fayalite. 

BOLDYREV developpe des explications 
tre s approfondie s du proce ssus d 1hydratation de ce s 
scories. 11 ajoute que le verre alumino ferro sili
ceux de ces scories est responsable de leur compor
tement .pouzzolanique de la meme fa':;'.On que la silice 
active et le verre alumino-siliceux. 
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1. STRUCTURE ET REACTIVITE 

M. VON EUW : 

"J e souhai terai que nous discutions d' abord 
des recherches liant la structure et la reactivit e 
hydraulique. 

J'ai retenu des differents travaux sur la struc
ture des laitiers "dits vitreux" que le verre de lai
tier est constitue de tetraedres Sio4 plus ou moins 
polymerises. Le reseau est deforme par 1 1 insertion 
d'une certain nombre de cations dont le rayon est p1us 
grand que celui du silicium. 

Des 1932, ZACHARIASEN expliqua que les cations 
modificateurs de reseau conditionnent le degre de po
lumerisation. Il resulte de cette conception de la 
structure, que le nombre de tetraedres simples est 
d' autant plus grand que les cations modificateurs de 
reseau occupent plus de place ; en consequence' la 
reactivite chimique est elle-meme d'autant plus grande. 
Cette explication n'apparait pas suffisante. Elle est 
maintenant preci see par des travaux recent s . 11 

"M. le Professeur ROIAK a particulierement 
etudie la depolyrnerisation des ions complexes sili
cium-oxygene par les cations Aluminium et Magnesium. 
Prof. ENTINE voulez-vous nous apporter quelques in
formations sur les travaux de ROIAK ? " 

Prof. Z.B. ENTINE : 

- "Les travaux scientifiques russes et plus par
ticulierement ceux du Prof. ROIAK ont montre que 
1 1 oxygene joue un role determinant dans l' activite 
des laitiers fondus. Les ions modificateurs du reseau 
exercent leur action sur l'etat energetique de l 'oxy
gene, sur la polymerisation ou la depolymerisation 
des COmpleXeS iOnS-OXygene' CI eSt - a-di_re SUr 1 1 eta t 
vitreux. L'etat energetique des ions Al et Mg a aussi 
une grande influence. Il faut accroitre la tenetir en 
aluminium pour obtenir une bonne activite du laitier, 
liee au fait que Al prend une valence 6+ et contribue 
a la depolymerisation des ions dans le laitier. Cette 
Valence frt a ete COnfi_rmee par SpectrOSCOpie d I absorp
tion infrarouge et resonance paramagnetique electro
nique. Le magnesium j oue un role moins marque que 
celui du calcium. Il peut y avoir demixtion de la 
masse fondue en deux phases et cristallisation par
tielle. Ces deux phenomenes, demixtion et cristal
lisation partielle ont, a mon sens, une tres grande 
influence sur la reactivite et n'ont pas ete suffi
samment etudies car des laitiers ayant des composi
tions identiques peuvent avoir une reactivite dif
ferente. Ceci permet d'expliquer l'effet des elements 
mineurs Ti et Mn et l'heterogeneite qu'ils entrainent. 

- "M. DRON, en etudiant la reactivite du laitier 
granule, vous avez ete conduit a proposer une theorie 
statistique de la structure. Votre approche s'ecarte
t-elle en cela des conclusions de ROIAK ? 11 

M. R. DRON 

- "La conception du verre a laquelle je me refere 
part de la structure du verre de silice. Elle s'appa-
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rente a celle du cristal de quartz qui est forme de 
tetraedres Sio4 dont chaque sommet est commun a deux 
tetraedres. La !iaison SiO a un caractere covalent 
extremement marque, avec une hybrication sp3 qui de
termine les directions de valence a 109°28 1

, l'angle 
Si-0-Si etant a 180°. 

Dans 1e verre, les angles 0-Si-O restent proches 
de 109°, mais les ang1es Si-0-Si s'ecartent notable
ment et de fa<; on aleatoire de 180° de sorte qu' on 
cesse d 'avoir un r eseau au sens crista1 lographique 
du terme, avec repetition du motif par une operation 
de translation, mais on conserve un pseudo reseau. 

Un verre de silicate peut etre considere comme 
un verre de silice modi.fie. Il derive de celui-ci par 
une operation de coupure des ponts silicium-oxygene
silicium par suite de la reaction : 

Le reseau obtenu di ff ere du reseau primi tif a 
la fa~on d'un filet dont on aurait sectionne au 
hasard une partie des mail1es (Fig. l, Fig. 2). 

Fig. 1 - Pseudo reseau du verre de silice. 

Fig. 2 - Sectionnement du reseau par o2-
dans un verre de silicate 



Ma conception differe done un peu de celle de M. ROIAK, 
en ce sens que je considere que l'agent modificateur 
n'est pas le cation (ca2+ par exemple) mais l'anion 
o2- apporte par la chaux. Cet anion disparait en tant 
que tel dans la reaction de coupure des ponts. 

Les tetraedres, qui ini tialement etaient tous 
de meme nature puiSqU I ilS COmportaient tOUS, quatre 
oxygenes pontants, vont cons ti tuer maintenant cinq 
especes' differentes selon le nombre d' oxygenes pon
tants qu'ils auront conserve : 

Les especes X avec quatre oxygenes pontants oc
cupent des positions de croisement de chaines et les 
especes Y (trois) des positions de bifurcation de 
chaines. Les especes E (deux) sont des elements de 
chaines et les especes Z (un seul) des extremites de 
Chaine, 11 COnVient d I ajOUter a CeS quatre espeCeS 
l'espece S qui n'est autre que le tetraedre Sioj- iso
le. 

La statistique permet de denombrer ces especes 
moyennant certaines hypotheses simplificatrices. J'ai 
pu etendre par ce moyen ·le denombrement dans les sys
temes a moyenne teneur en silice que constituent les 
laitiers. 

Les agents formateurs du reseau sont bien entendu 
le silicium mais egalement l'aluminium qui, dans les 
milieux basiques, est toujours tetracoordonne. 11 
semble occuper dans le laitier preferentiellement les 
sites X (croisement de chaines). 

L' ion calcium se place a proximite des oxygenes 
porteurs de charges et· forme entre eux des ponts de 
nature electrova1ente, facilement detruits par l'eau. 

Le magnesium, auquel la plupart des auteurs font 
jouer un r5le semblable a celui du calcium, a un ca
ractere ionique moins marque et peut meme former, 
dans des composes cristallises comme 1 1 akermanite, 
des structures covalentes. Quoi qu'il en soit, le pont 
oxygene-magnesium-oxygene est moins facilement hydro
lyse que le pont oxygene-calcium-oxygene, de so rte 
que tout se passe comme si, partiellement du moins , 
le mc..gnesium jouait un r5le de formateur de reseau." 

M. VON EUW : 

llJ I ai retenU egalement que }a StrUCtUre. du 
verre n'est pas seul.ement .heterogene a l'echelle ato
mique, mais que plusieurs chercheurs ont observe dans 
la masse vitreuse des heterogeneites assimilables a 
des globules de verre non miscibles. 

D'autres auteurs se sont consacres a l'identifi
cation et au dosage des cristaux qui apparaissent en 
plus ou moins grandes proportions pendant la trempe 
du laitier. 

Enfin, les defauts qui existent a la surface du 
verre semblent constituer des centres de formation 
de germes lors de l'hydratation." 

- "M. le Professeur FIERENS que pensez-vous de 
ces aspects differents de la structure des laitiers ?" 

Prof. P. FIERENS : 

- "Les cristaux "parfaits" qui correspondent a 
un ordre structural tres rigoureux sont tres rares. 
A l'autre bout de.l'echelle, les verres "parfaits", 
caracterises par un desordre maximum, sont tout aussi 
peu·frequents. 

L'etat cristallin et l'etat vitreux reels pre
sentent un certain nombre de defauts de structure de 

divers types qui constituent souvent des centres 
actifs jouant un r5le preponderant dans la reactivite 
des solides. 

C' est la raison pour laquelle il est illusoire 
de batir une theorie de l' hydratation des ciments, 
des laitiers et des liants pouzzolaniques sans faire 
intervenir les defauts de structure. Ces defauts sont 
des lacune s, des interstitie1s , des dislocations, des 
joints de grains, des impuretes, etc ... 

Par exemple, dans le verre de laitier, des de
fauts peuvent se situer a l'interface des microhete
rogeneites qui ont ete identifiees sous forme de glo
bules vitreux nonmiscibles par HAWTHORN ou de micro
cristaux par DEMOULIAN, MORTUREUX, ROIAK et d'autres. 
Il me parait evident que l' accroissement de reacti
vite du laitier n' est pas du aux cristaux eux-memes 
mais Dien, je le repete, aux defauts apparaissant a 
l'interface avec le substrat vitreux. 

La thermoluminescence et l'exoemission electro
nique sont deux techniques qui permettent de caracte
riser lee; defauts de structure a la surface de s echan
tillons et notamment sur le plan energe tique. Ces de
fauts causent, dans le materiau , des elevations loca
les de l' energie libre qui entrainent la diminution 
de l'energie d'activation du processus d'hydratation. 
Les travaux effectues dans mon laboratoire sur ]'hy
dra ta ti on de la gehleni te, de lai tiers synthetiques 
et de laitiers industriels montrent que le mod e de 
trempe a une grande repercuss ion s ur ]es caracteris
tiques energetiques et entropiques des dHauts de 
l'etat vitreux. 

Neanmoins, si l' on veut tirer un enseignement 
pratique a propos de l'influence de la trempe sur le 
pouvoir hydrau1ique des laitiers, il ne faut pas 
separer ce parametre et le facteur relatif a la com
position chimique elementaire quantitative. Pour un 
lai tier de composition chimique donnee, deux mode s 
de trempe differents peuvent conduire a des reacti
vites variant de 1 a 270, alors que pour un laitier 
d'une autre composition, les deux modec; de trempe 
n' ont pratiquement aucune influence sur la vi tes se 
d'hydratation. Dans le second cas, il ne sert a rien 
de tenter d'ameliorer le pouvoir hydraulique du lai
tier en agissant sur le mode de trempe. Au contraire, 
dans le premier, une telle etude est tres benefique. 

Cette conclusion me parait avoir un grand inte
ret au niveau de la pratique industriellel' 

M. VON EUW : 

"J'ajouterai en ce qui concerne les microcris
taux doses par DEMOULIAN et egalement par MORTUREUX, 
que la merwini te apparait comme l' espece principal e: 

Je serais tente d'avancer.que la cristallisation 
de la merwini te aurai t pour consequence l' enrichis- · 
sement du verre en alumine et elements mineurs, ce 
qui est favorable a l'hydraulicite . 11 

- "M. DRON partagez-vous cette hypothese ?" 

M. R. DRON : 

- "J e partage cette hypothese. Si le milieu est 
enrichi en alumine, il a plus de chance de reagir car 
Al e~t l'element le plus fragile en milieu basique. 
Le magnesium est par contre renforce." 
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2. CARACTERISATION 

M. VON EUW : 

- "Les explications Je l 'hydraulici te par la struc
ture ne nous suffisent cependant pas. En effet, dans 
la pratique industrielle, nous avons besoin de carac
teriser les laitiers et pour cela diverses methodes 
sont en concurrence." 

"Dr SMOLCZYK, pouvez-vous nous dire comment 
vous utilisez les resultats de l'analyse elementaire, 
et surtout quelle importance vous donnez aux elements 
mineurs ?" 

Dr H.G. SMOLCZYK 

- "A lot of most complicated hydraulic formulas 
for granulated blast-furnace slag are not more pre
cise than very simple formulas of the type CaO/ Si02. 
If a precision of more then 90 % {r2 ) is demanded, 
then it is necessary to include some minor elements. 
We introduced only MnO, alkali and P205 in our formu
las with be st results. 

In the very interesting formulas of DEMOULIAN, 
GOURDIN, HAWTHORN and VERNET, all the minor elements 
are explicitly dealt with. This does not necessarily 
mean a contradict ion to °''Ur opinion. The amounts of 
Ti02, fluor, chloride and crystalline particles incur 
24 slags and their ran ge of variation have been far 
too small for statistical evaluations. We fully agree 
with the opinion of M. DEMOULIAN that the glass
content has some influence on the hydraulic proper
ties and that the chloride naturally has a very strong 
positive influence." 

M. VON EUW : 

"Mme REGOURD, · votre methode calorimetrique 
permet-elle de faciliter la selection des laitiers ?" 

Mme REGOURD : 

- "La calorimetrie a conduction est une methode 
sensible et rapide d~ns la comparaison de la reacti
vite des ciments.au laitier. Siles mesures sont ef
fectuees a 40 °C, temperature a laquelle les hydrates 
formes sont les memes que ceux qui apparaissent a 20 °C, 
un classement de di fferents laitiers peut etre connu 
avant la quinzieme heure d'hydratation. Les courbes 
de la Figure 1, relatives a des ciments de haut four
neau CHF ( 70 % de laitier), montrent que le maximum 
du flux de chaleur est nettement moins intense et 
decale dans le temps avec les CHF 2 et 3 qu'avec le 
CHF 1, plus encore avec les CHF 4 et 5. Par centre, 
li courbe du CHF 1 prouve la participation simultanee 
du laitier et du clinker portland aux premieres reac
tions d'hydratation : le pie le plus intense se place 
au meme moment pour les deux ciments et le rapport 
entre l'energie liberee parle CHF 1 et l'energie li
ber~e par le CPA est tres superieur a la proportion 
de clinker (28, 5 %) dans le ciment au laitier. 

Le meme classement des laitiers se retrouve dans 
la comparaison de l'evolution, en fonction du temps, 
des resistances mecaniques en compre9sion sur mortier 
ISO. La distinction est particulierement marquee a 
7 jours (Fig. 2) et plus nette, a la meme echeance, 
que lors de l'estimation du degre d'hydratation en 
pate pure par la methode de dissolution. Elle reste 
toutefois moins rapide que la calorimetrie." 
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Fig. 1 - Chaleur d I hydra ta ti on a 40 °C d .' un CPA 
et de cinq ciments de haut fourneau CHF. 

R9sistance en cpmpression 0 2o•c 

Fig. 2 - Evolution des resistances mecaniques en 
compression des mortiers ISO du CPA 

et des CHF 1, 2 et 3. 

M. VON El1W: 

- "Le regrette Prof. KONDO mesurait le degre 
d' hydratation par extraction selective des phases' 
M. le Professeur DAIMON souhaitez-vous nous parler 
de cette methode ?" 

Prof. M. DAIMON 

- "When I was asked to prepare a paper on the 
mechanism and the kinetics of hydration of slag, one 
question was how to measure the change and degree of 
slag hydration wlth hydration time. Obviously, we 
should find a suitable method for the quantitative 
analysis of slag in order to determine the degree of 
slag hydration and the selective method of dissolution 



by Prof. KONDO seems to me the only method which have 
enough accuracy for this purpose. in this method, hy
dration products are almost completely dissolved by 
organic acid solution while unhydrated slag remains 
undissolved (principal Paper 111.2.2). It is necessary 
to have several independent methods for such fonda
mental and important measurement. We know that the 
conduction calorimeter is very useful ~s mentionned 
before ~ut we cannot obtain the reaction rate itself. 
The determination of evaporable water, free lime, free 
gypsum and so on should also be performed to know the 
full picture of the slag hydration." 

Prof. P. FIERENS : 

- 11 La caracterisation des lai tiers, sur le plan 
de leur pouvoir hydraulique, parait pouvoir se faire 
en mesurent la vi tesse de progression du degre d 1 hy
dratation. En effet, la determination de 1 1 augmenta
tion du degre d 1hydratation en fonction du temps con
duit a un classement de differents ciments au laitier 
Conforme a la sequence correspondant aux resistances 
mecaniques respectives a des echeances donnees. 

C1 est ce qui ressort des travaux de Mme REGOURD 
et de ceux du Prof. DAIMON. C1 est egalement ce que 
j I ai pu observer moi-meme sur des echantillons d I un 
meme laitier trempes selon des modes differents, met
tant de plus en evidence le r6le joue par des defauts 
de structure caracterises par exoemission electro
ni que. 

Ces considerations .meritent cependant un commen
taire supplementaire montrant qu 1 il est necessaire 
de distinguer 1 1 USage qui peUt etre fai t d I Une part' 
de la mesure du degre d 1 hydratation et d 1 autre part, 
la determination de la vitesse de 1 1 augmentation de 
ce dernier dont il est question plus haut. 

S 1 il est evident que le degre d 1 hydratation d 1 un 
ciment de laitier est un.facteur important contribuant 
aux resistances mecaniques, il est essentiel de sou
ligner que ce n 1 est pas le seul. Mes travaux ont mon
tre q~e, pour quatre echantillons d 1 un meme laitier 
trempes selon des modes differents ' pour un meme 
degre d I hydratation, la resistance a la compression 
prenait les valeurs respectives de SO, 41, 35 et 29 
MPa. 

Ceci montre sans ambiguite qu 1 il n 1 y a pas de 
relation quantitative simple entre le degre d 1 hydra
tation et les resistances mecaniques et qu~a'c6te du 
degre d 1hydratation interviennent d 1 autres parametres, 
tels que la texture des hydrates qui depend notamment 
des conditions de formation et de croissance des cris
taux de ces produits et, en particulier, de la 
vitesse de cette derniere. 

Je crois que beaucoup de progres restent a ac
complir a ce ni veau' notainment par 1 1 etude dynamique 
des microstructures des pates en cours de durcisse
ment en relation, d 1une part, avec les conditions 
presidant a la croissance des cristaux d 1hydrates 
formes et, d 1 autre part, avec le developpement des 
proprietes mecaniques et des caracteristiques rheolo
giques. 

Enfin, il y a tout lieu de croire que les obser
vations faites dans mon laboratoire apropos de l 1 hy
dratation de. laitiers industriels' pourraient etre 
etendues aux ciments de laitier et aux ciments port
land .11 

3. MECANISME DE L'HYDRATATION 

M. VON EllW : 

-
11 Nous avons vu que la structure et la composi-

tion chimique conditionnent la reactivite des lai
tiers. J 1 aimerai que 1 1 on discute maintenant du meca
nisme de 1 1 hydratation. 

Est-on arrive a concilier la theorie de 
LE CHATELIER et celle presentee au Congres de Londres 
en 1952 par HANSEN sur la reaction topochimique ? Je 
ne connais pas 1 1 opinion des chercheurs chinois ; 
M. LUO SHOUSUN, comment comprend-on en Chine le meca
nisme de l 1hydratation des ciments de laitier ? 11 

M. LUO SHOUSUN : 

"We have studied the effect of magnesia in 
steel slags, so we have not done much work on slag 
hydration and we do not have <inyth.ing tocomrr.ent." 

Prof. Z.B. ENTINE - (a la demande de M. VON EUW, point 
de vue des chercheurs russes) : 

- "Le point de vue du Prof. ROIAK est relatif 
a 1 1 influence des valences 6 par rapport a 1 1 oxyg~ne 
sur la reaction d 1 hydrat.ation des laitiers. 11 y a 
dans le verre un accroissement des liaisons de type 
ionique et une diminution des liaisons de type cova
lent. Les ions modificateurs pas sent en solution et 
sont remplaces par des ions qui, de valence 4, pren
nent la coordination 6. Les liaisons Si-0 sont affai
b1ies et ces radicaux passent en solution. Les ions 
hydrates calcium s I eloignent de la zone d I influence 
des grains de 1aitier alors que lesions hydrates 
siliciques res tent dans cette zone d 1 influence. Les 
ions Al et Mg ont une position intermediaire. 

Dans 1a seconde etape du processus d 1 hydratation, 
il y a interaction entre 1 es elements basiques au 
voisinage des grains de laitier et les elements sili
ciques, avec formation de gel d 1 hydrosilicate et 
d 1 aluminates hydrates. Dans la mesure ou 1a brucite 
n 1 a pas ete mise en evidence, on peut considerer que 
Mg entre egalement dans la compo sition des hydrosili
cates et aluminates hydrates. Les neoformations cons
tituent une couche qui enveloppe les grains anhydres 
mais est separee des grains eux-memes par des elements 
dont la basicite est inferieure a celle des elements 
entrant dans les neoformations. 

Cette interpretation du Prof. ROIAK est vraisem
blablement correcte dans son ensemble mais certains 
elements de detail ne sont pas admis par tous les 
specialistes. 11 

Intervention du Prof. M. SCHULTZ 

- ''J e voudrais vous faire part des idees des 
specialistes des verres en ce qui concerne les lai
tiers. La structure du verre peut etre envisagee du 
point de vue de la structure de phase et du point d~ 
Vue du probleme du voisinage. L1 experimentation per
met de se faire une idee de la structure de phase, 
en particulier la demixtion et la cristallisation, 
mais les verriers sont actuellement tres concernes · 
par le probleme essentiel du voisinage immediat. Je 
suis d 1 accord avec le . Prof. ENTINE, mais dans les 
problemes oxydo-basiques, il faut surtout mettre 
1 1 accent SUr leS questions d I echangeS eleCtroniqUeS 
entre atomes .. Mes travaux ont montre que la formation 
des composes de coordination est essentielle dans les 
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problemes de structure des verres. Il faut done abso
lument aborder les echanges electroniques au niveau 
de A14+ et Mg4+. 11 

M. VON EUW 

- 11 Quelle est l' opinion de M. le Prof. DAIMON 
pour le Japon ?" 

Prof. M. DAIMON 

11 Before beginning our discussion, I think we 
have better to get agreement in the definition of the 
word topochemi_c;.9-k When I say topochemical reaction, 
I mean that the rea~tion product exists at the place 
where original unhydrate was, when it is observed by 
electron microscopy. Therefore, the pseudomorphic 
hydrate which is stated in the Principal Paper by 
Mme REGOURD, should be identical to the topochemical 
hydrate in this definition. The topochemical reaction 
can be dissolution and precipitation process if the 
precipitation takes place very close to the surface 
of the unhydrated grains and forms a product layer. 
Such a product layer surrounding the remaining unhy
drate tends to play a very important role in the 
kinetics of hydration especially when the transporta
tion of a certain species through this layer is the 
rate determining step in the whole hydration reaction. 
I am feeling that the discussion of hydrolytic reac
tion is going to show us the potential hydration 
reactivity of slag and we will be able to have a 
better understanding of practical reaction rate in 
the course of topochemical discussion but we know 
very well that we have so many things left to be 
solved yet. 11 • 

M. VON El1W : 

- "Mme REGOURD, votre Rapport principal traite 
des phenomenes d'hydratation et des hydrates formes. 
Nous serions tres interesses de connaitre votre 
avis : dissolution-cristallisation ou topochimic ? " 

Mme M. REGOURD : 

- "La reponse du Prof. ENTINE et celle du Prof. 
DAIMON effacent, ~e semble-t-il , les desaccords entre 
les partisan~ de la theorie topochimique et ceux de 
la theorie de la dissolution-cristallisation. Favora
ble a la theorie de LE CHATELIER, dissolution-diffu
sion-precipitation, je voudrais illustrer mon propos 
a 1 1 aide de deux microfractographies prises au micros
cope a balayage et qui figurent dans le Rapport prin
cipal III. 2,-·11. 

La premiere photo represente une lamelle porte
objet sur laquelle a ete deposee une goutte de sus
pension de laitier dans une solution normale de soude. 
Le grain de laitier est couvert de C-S-H et des cris
taux de gehlenite hydratee c2ASHg ont precipite loin 
du grain anhydre. Mais sur la la:melle elle-meme, nous 
observons clairement des silicates hydrates C-S-H. 
La presence de silice daris 1 1 nydrosilicate, loin du 
grain de laitier anhydre' peut etre consideree co;n
~e une preuve du processus ciissolution-diffusion-pre
cip:i.. tation. 

La seconde photo montre un grain de laitier dans 
une pate "de 90% lait:i.er + 10% gypse. Le grain de lai
tier est effectivement entoure d 1 une couche d'hydrate 
dont la formation pourrait etre interpretee comme le 
resultat d'une reaction topochimique. Mais, dans ce 
cas, les forces de liaison entre grain anhydre et 
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hydrate progressant vers le centre du grain devraient 
etre ~es liaisons fortes et le C-S-H ne devrait pas 
se detacher aussi facilement du grain anhydre. Par 
contre, ce C-S-H pseudomorphique me semble etre 
1 1 image du caractere limite de la diffusion des ions 
au travers de la solution dans la pate de ciment. 
L'hydrate insoluble precipite en grande partie la ou 
la sursaturation de la phase aqueuse inters ti ti'elle 
est la plus forte c 1 est-a-dire a proximite de la sur
face reactive du grain de laitier. Une autre fraction 
d'hydrate peut precipiter, loin du grain, dans des 
regions moins saturees et sa composition ne sera pas 
exactement la meme que celle du C-S-H forme a 1 1 inter
face grain anhydre-solution. Ces notions de distance 
de diffusion et precipitation ont ete clairement mises 
en evidence par M. VERNET dans une communication ace 
Congres grace aux observations simultanees de la 
phase solide et des analyses ioniques des solutions. 

Fig. 1 - Activation sodique : C-S-H sur le grain 
- de laitier et sur la lamelle porte-objet, 

cristaux de C2 ASHg 

Fig. 2 - Activation sulfatique : ettringite et 
C-S-H compact auteur du grain de laitier. 

La texture du C-S-H provenant de 1 1 hydratation 
du laitier est differente de celle formee a partir 
des silicates d~ ciment portland. Elle est plus dense 
et moins bien structuree elle apparait amorphe a 
l' observation microscopique (Fig. 2). Au voisinage 
immediat des grains anhydres, le C-S-H du laitier a 
une composition plus riche en alumine et en magnesie 
que le C-S-H du clinker. Les analyses a la microsonde 



electronique revelent un enrichissement tres net en 
Mg de la couche d 'hydrate entourant les grains de 
laitier (Fig. 21 (a), Communication principale III. 
2/ 21). La diffusion de Mg apparait done tres limitee. 
C' est un point particulier que le Prof. ENTINE a men
tionne et qui demande de nouvelles etudes approfondies 
bien que la presence de Mg(OH) 2 n'ait pas ete decelee. 

La faible porosite du C-S-H du laitier jou~ un 
role important dans la resistance chimique des ciments 
au lai tier' en s' opposant a la diffusion des ions 
agressifs tels que c1- et soj- co ntenus dans l' eau 
de mer (Fig. 21 (c), Communication principale III. 
2/21). 11 

M. VON EUW 

- "Les travaux communiques par M. VERNET semblent 
en effet bien faire une demonstration interessante 
de la theorie de la dissolution-cristallisation ap
plicable aux ciments de laitier. 

Ce chercheur pre&ente d'ailleurs un poster 
expliquant sa methode. Nous pourrions lui demander 
de nous resumer ses resultats. 11

· 

M. C. VERNET 

- "Nous avons applique les methodes developpees 
dans le poster a l' etude de nombreux ciments pour 
lesquels nous avons fait des observations simultanees 
des phases sol.ides et de la solution correspondante. 
Ges. observations nous conduisent a penser que le 
mecanisme de dissolution-cristallisation de LE GIATELIER 
s 'applique a 1 1 hydratation des ciments de lai tier' 
comme a celle des ciments port land. En effet, il 
existe une correspondance permanente entre la compo
sition ionique et les vitesses de reaction des phases 
sol.ides. Les concentrations resultent de la difference 
entre les flux ioniques de dissolutio.n et de precipi
tation : tant que cette difference n' est pas nulle, 
l'energie liberable (apres hydroxylation superficielle 
des anhydres) est utilisee a maintenir un certain 
taux de sursaturation, moteur de la cristallisation 
et de l'evolution du systeme vers l'equilibre thermo
dynamique, qui ne peut etre atteint que lorsque les 
anhydres ont disparu, et que la vitesse de precipita
tion tend vers zero. 

Cette sursaturation est illustree par la premie
re figure, ou l'on voit le trajet du point figuratif 
(F) des concentrations en chaux et silice, qui se de
place dans le diagramme chaux-silice eau pendant la 
lixiviation du ciment portland. Des les premieres mi
nutes, F parvient en Rl dans le domaine sursature qui 
se trouve au-dessus de la courbe (G - correspondant 
a l'equilibre du C-S-H). Le trajet Rl-R2 est de nature 
cinetique : c'est le resultat d'une competition entre 
la vitesse de dissolution et la vitesse de precipita
tion, qui est ici tres grande : en effet, ce trajet 
est voisin de la courbe (M - correspondant a la nuclea
tion rapide de C- S-H), etablie par D. MENETRIER. Mal
gre la dilution par l' eau de lixiviation, ce qui 
devrait produire une sous- saturation, le point F con
tinue ensuite un trajet voisin de la courbe G, mais 
toujours dans le domaine sursature. 

Voila bien une preuve experimentale de 1 1 exis 
tence d'un mecanisme de dissolution~precipitation. 
Mais ceci n'exclut aucunement l'intervention des phe
nomenes a l'interface reactionnelle, par exemple : 

· 1°) Au ~remier contact avec l'eau, la formation 
d'une couche hydroxylee, par chimisorption d'eau, ce 
qui est prevu par les calculs du Prof. BARRET, et 

observe par le Prof. FIERENS, qui a montre l'existence 
de 11 defauts 11 electroniques de la surface OU cette 
reaction est plus intense. 

2°) Des phenomenes de chimisorption d'ions cal
cium liberes par la dissolution et createurs de bar
rieres de potentiel. Ceci a ete observe par la mesure 
du potentiel i: et plus recemment ' par spectroscopie 
de photo-electrons (mesures de D. MENETRIER et de· 
M. REGOURD). 

OIAGRAMME D"EOUILIBRE OE C·M 

( Si07) mM1 
~ 'L 

Trajet du point fig u ra tif (FJ de la 
solution au mrs de 

l'hydratation 

0,5 

I Gl 

0,4 

Fig. 1 - Diagramme d'equilibre de ~-S-H. 

Le mecanisme de LE CHATELIER , qui implique une 
composition ionique commandee par des parametres cine
tiques , nous a amene a introduire deux concepts nou
veaux qui en sont la consequence : 

d'une part, le concept de coup12 ge entre 
phases, 

- d'autre part, le concept de distance de preci -
pitation. 

Le couplage entre phases permet d 1 analyser la 
11 personnalite 11 de chaque ciment, y compris celle des 
ciments de laitier, c~ que nous allons illustrer par 
la Figure 2. Ce diagramme simplifie montre l'evolution 
de 5 parametres durant 3 des 4 periodes de l 'hydrata-. 
tion d'un ciment a 75 % de laitier. Pendant la perio
de II ou "periode dormante", la solution se sursature 
en chaux. Comme l'a tres bien explique F. YOUNG, il 
y a de bonnes raisons experimentales de penser que 
la croissance de la portlandite est alors empechee 
par un empoisonnement (par la silice dissoute), jusqu' 
au temps t 2 , ou la sursaturation est telle que cette 
croissance peut s'effectuer. Il y a alors precipita~ 
tion de la portlandite, annoncee ici par la chute de 
conductance, au debut de la periode III ( courbe [ 1] ). 
Tout es les vi tesses . de reaction augmentmt alors : celle 
du laitier, dont la teneur diminue de maniere signi~ 
ficative (courbe [ 2] ), celle de c3s, qui augmente le 
flux thermique et celle de c3A (qui est ici une solu-
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tion -solide orthorhombique, riche en sodium et potas
sium et dont la vitesse est reperee par l'ion Na+ qui 
sert de traceur) (courbe [3] , en bas). 

La precipitation de la portlandite a done produit 
un couplage des reactions 

- par effet chimique (sur c
3
s ) en abaissant la 

teneur en chaux dissoute, 
- par un effet thermique (couplage C3S-C3A), 
- et par les deux ensemble ' ( effet thermique et 

chimique sur le laitier). 

En consequence, il se forme du C-S-H et de l'et
tringite, plus rapidement que pendant la periode pre
cedente. Ceci, d'une part consomme de l'eau libre et, 
d I autre part l Cree danS leS mOrtierS des StrUCtUreS 
liantes nouvelles, ce qui aboutit a une modification 
rheologique qui n'est autre que la prise. Il y a done 
coincidence tcmporelle entre la vitesse maximalc de 
formation de l 'ettringite et la periode de la prise, 
mais ce n'est pas une raison pour affirmer que l'et
tringite est la cause du phenom~ne : lcs vitesses de 
formation du C-S-H et de la portlandite passent ega
lement par un maximum durant cette periode. 

Au temps t 3 , la felative acceleration des reac
tions du c3A et du laitier conduit a la disparition 
du gypse, qui ne se produit, dans les melanges riches 
en lai tier, que par une participation du lai tier. 
Cette disparition est suivie d' une chute brutale de 
la teneur en so4-- de la solution : ceci produit la 
transformation de l'ettringite en monosulfoaluminate, 
au temps t4, signale par le minimum de conductance et 
par un deuxieme pie de flux thermique. Il y a, a 
nouveau, acceleration de toutes les reactions' dont 
celle dtl C3A et celle du laitier, qui atteint ici sa 
vitesse maximale. 

r 
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Figure 2 

·ctNEIIOUE DE L. HYDRATATION D. UN 
CIMENT DE LAITIER ( E /C = 4 ) 
1 t t ~ 

Na+ 

Periode II Ill .. IV 

Dans le cas des ciments finement broyes, ceci 
peut me\lle produire la dissolution de la portlandi te: 
la disparition du gypse a done entraine un couplage 
de toutes les reactions, y compris celles des hy
drates. 

Un autre exemple de couplage est donne dans le 
Tableau I qui montre la reaction du laitier des les 
premieres minutes : la consommation de la chaux libe
ree par le Clinker C7 varie en sens inverse de la 
basicite des laitiers (donnee par le rapport C/ S). 

Ciments 

Tableau I - Exemples de couplages 
chimiques laitier-clinker. 
(Periode I : t = 10 min) 

I C~inker C 7 et I 
ILaitier AILaitier BiLaitier cl c 7 

CPA 

I 
I 
I 

~~~--t~~~+--~~+-~~-+-~~I 

(Ca++)mM/L 14 6 17 I 
I 

====t====F====F===~==I ' 
C/S des I 
laitiers : I 1,33 1,24 1,18 

I 

Le deuxieme concept, concept de "distance de 
precipitation" l permet d I interpreter l danS le meca
nisme de LE CHATELIER, les variations dans le temps 
et dans 1 1 es pace de la microstructure des hydrates, 
variations particulierement importantes d'ans le cas 
des ciments de laitier. Notre etude experimentale de 
la cinetique de precipitation des C-S-H permet, en 
effet, de calculer la distance d parcourue par les 
ions silicate depuis l'interface de dissolution jusqu' 
au site de precipitation. Comme le montre la Figure 3, 
cette distance des ecarts (X0 - X) entre concentrations 

Figure 3 

VARIATION DE LA DISTANCE DE 
PRECIPITATION d AVEC LA CONCENTRATION Xd 

x0-x· 
d(pm) = k.lnx-x· 
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a l'interface et concentration a l'equilibre et 
(Xd - X), entre concentration a la distanced et con
centration a l'equilibre. Plus le taux de sursatura
tion est eleve et plus le gradient de diffusion a 
partir de 1 1 interface est Heve, plus la distance d 
devient faible. La Figure 4 montre que la majeure par
tie des C-S-H va se former a une distance tres f aible 
des grains' de 1 1 ordre de l' epaisseur de la couche 
de diffu~ion, mais que cependant une certaine propor
tion d I hydrates peUt Se former a Une distance pl US 
grande, la ou la solution est moins sursaturee : on 
peUt done SI attendre a des differences de Structure 
et de composition entre ces hydrates' formes a des 
vitesses differentes et dans des zones ou les concen
trations sont differentes. Et effectivement, la micro
structure des ciments de laitiers hydrates correspond 
bien a ce schema : on y observe divers types de G- S-·H, 
dont certains cristallisent a grande distance et vien
nent combler les pores : ceci donne aux ciments riches 
en laitier une faible porosite et ameliore leur resi~ 
tance en milieux agressifs. De la meme fa~on, le con
cept de distance de precipitation permet d'expliquer 
le mode de croissance particulier du C-S-H dans · les 
ciments portland OU le C

3
S. 

Figure 4 
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Ces deux concepts, couplage entre phases et dis
tance de precipitation, qui sont l'aboutissement d'un 
travail experimental, sur des ciments industriels, 
et non pas de considerations theoriques basees sur 
des interpretation de phenomenes pris isolement, per
mettent done de replacer le mecanisme de LE CHATEillR 
dans le contexte de toutes les observations connues, 
sans negliger les phenomenes de surface ou de dif
fu~ion qui l'accompagnent." 

4. PROPRIETES PARTICULIERES DES CIMENTS DE LAITIER 

M. VON EUW : 

- "Il est connu que les ciments de laitier pre
sentent l'avantage d'une faible chaleur d'hydratation 
et egalement la quali te d 'une grande resistance aux 
attaques chimiques. 

Une autre propriete specifique de ces ciments 
est leur tres grande resistance a la diffusion des 
chlorures. Cette propriete est probablement liee a 
la faible porosite des pites de ciments de laitier 
signalee par plusieurs auteurs dont SERSALE. 

Dr SMOLCZYK nous aimerions Yous entendre sur ce 
sujet." 

Dr H.G. SMOLCZYK : 

- "The high resistance of BFC against the dif
fusion of chlorides into the concrete is "State of 
Knowledge" meanwhile. Another wellknown fact is the 
very low permeability of BFCs . The reason for this 
advantageous effect of the blast-furnace slag is not 
a distinctly lower total porosity of the cement paste. 
The reason is the distinctly lower amount of bigger 
pores with ratio of > 300 A or > 1000 A which decrea
ses with increasing slag content. The result of this 
favourable pore-size distribution is an elevated 
resistance against the penetration of salt-solution 
and ions, for sure. 

However , this explanation is not sufficient. 
We meanwhile know that even the diffusion of sodium
chloride is a much more complicated reaction tr1an ti1e 
mere moving of the dissolved sa1 t through capillary 
pores. In our studies on concretes in 3 mol NaCl
solution, we compared the quantitative amounts of 
penetrated Na- and Cl-ions. It became evident that 
the molai ratio of chloride to sodium was 2 to 1 ins
tead of 1 to 1~ That means that a chemical reaction 
evidently did occur and hydroxil-ions had to move out 
of the concrete." 

5. LAITIERS D'ACIERIE 

M. VON EUW : 

- "Nous avons dis cute uniquement jusqu' ici des 
lai tiers de haut fourneau. 11 me para1 t juste et 
interessant d' aborder maintenant les recherches sur 
les laitiers d'acierie et ensuite sur les scories de 
metaux non ferreux. 

Plusieurs auteurs proposent de valoriser les pro
priete s hydrauliques des laitiers d'acierie. 

. WANG YU JI classe ces laitiers en fonction de 
leur teneur en c

3
s et CaO.libre . 

. GEORGES et SORRENTINO modifient la composition 
en cours d'affinage de la fonte pour donner aux sco
ries BOP des proprietes hydrauliques." 

" M. LUO SHOUSUN Yous ayez presente une bril
lante communication consacree aux laitiers d'acierie. 
Voulez-Yous, en particulier, nous faire part de vos 
conclusions sur l' influence de MgO ? Vous preconisez 
aussi un ajout de MgS04 pour eviter l'expansion du 
periclase. Comment expliquez-Yous cette action ?" 
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"The initial idea of using steel slag to make 
cement in China dates back to the early seventies. 
Today, the annual production of steel slag cement 
amounts to more than 100,000 tons not including the 
steel slag used directly as binder in the making of 
concrete products. The gypsum steel slag cement, made 
at the plant in Pekin, has a 28 day compressive 
strength of 44N/ mm2. The mortar brick which is made 
from this has a cement/ sand ratio of 1 to 3 and W/ C 
about 0.3. The slag cement concrete made with cement/ 
aggregate ratio of about 1 to 4 after carbonation 
treatment has a 28 day compressive strength of 20 to 
30 N/ mm2. Both the cement mortar and concrete speci
mens have proved to be sound after autoclaved tests. 
The present contribution deals mainly with the ·rela
tionship between the form and the content of magnesia 
(the used stee] slag from the open hearth and the 
electric furnace) and the long term durability or 
soundness of the cement made thereby. According to 
the author ' s investigation with optical microscope 
and actually diffraction· pattern studies, the steel 
slags were found to exist in three forms : firstly, 
in the form of combined states mainly as merwinite 
or monticellite, secondly, in the form of free state 
as periclase and thirdly, in the form of RO phase. 

The long term soundness of the steel slag cements 
as accesses from results of autoclave tests is rela
ted with a form or state of magnesia and the radical 
contained in the diverted oxide present as RO phase. 

The chemically combined magnesia has not, but 
the free apparently has harmful effect. The effect 
of magnesia in form of RO phase on soundness of cement 
is determined by the magnesia to ferrous oxide plus 
manganese oxide ratio. The cement is sound when the 
ratio is said to be less than 1, but it is often un
sound when the ratio exceeds 1. The long term sound
ness of the resulting steel slag from the electric 
furnace can be favorably improved by tbe addition of 
magnesium sulfate or a preparation of siliceous mate
rials or granulated blast-furnace slag and further 
by carbonization treatment." 

6. SCORIES DE METAUX NON FERREUX 

M. VON EUW 

- II Ces produits s I apparentent plus a des pouz
zolanes artificielles et je craindrais d'empieter sur 
le domaine du Theme IV. En effet, les travaux de 
LANEUVILLE sur les scories de nickel et ceux de 
BARAGANO sur les scories de cuivre sont bases sur les 
methodes d I essais des pouzzolanes. Ils meri teraient 
a mes yeux d'etre discutes par le Prof. MASSAZZA." 

- "Cependant, les scories de la metallurgie du 
magnesium, etudiees par CARLES-GIBERGUES sont douees 
de proprietes hydrauliques. Nous serions done heureux 
d'entendre M. CARLES- GIBERGUES". 

M. A. CARLES- GIBERGUES 

- "Le laitier de magnesium provient de l' Usine 
de Marignac qui produit du magnesium selon le procede 
Magnetherm. On reduit la dolomite, prealablement de
carbonatee, par du ferrosilicium additionne de bau
xite. Le magnesium se degage a l'etat de vapeur ; le 
four est alors ouvert puis retourne au-dessus d'une 
fosse pleine d'eau. On recueille ainsi un laitier 
granule, poreux, friable, de granulometrie comprise 
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entre 0,2 et 10 mm. Par ailleurs, une fraction moins 
importante du bain (le tiers environ) reste collee 
aux pa'rois du four elle se refroidit lentement a 
l'air et se delite en une poudre qui constitue le lai
tier fusant (surface specifique voisine de 1800 cm2. · 
g-1 ) . Ce laitier est tres different des laitiers de 
fonte . 

a) - Par sa composition chimique tout d'abord : 

L' examen du Tableau I montre qu'il est beaucoup 
plus basique que les laitiers de fonte Thomas fran~ais. 

Tableau I : Compositions chimiques 
moyennes des laitiers de : 

Magnesium Fonte Thomas 

Si02 25 31 - 36 

Al203 14 11 - 18 

Cao 54,2 42,2 - 45,4 

MgO 3,9 3,8 - 5 

i CaO/Si02 2,17 1,25- 1,45 

b) - Par sa composition mineralogique ensuite 

Le laitier fusant est presque entierement cris
tallise : a l'etat essentiellement de y-C2S et, en 
faibles quantites, sous forme de periclase et d'alu
;,1inate de calcium C1 2A7• Le laitier granule, pour sa 
part, est largement cristallise. La Figure 1, qui est 
une interpretation d'examens a la microsonde electro
nique montre que les cristaux, pour leur grande majo
ri te, sont de gros individus (30 a 80µm) de silicates 
bicalciques, a' et B, au sein d'une matiere intersti
tielle, vitreuse, heterogene. Cette derniere est glo-

balement caracterisee par un rapport molaire ~ : ~ 
proche de 2. La preponderance de l' aluminium sur le 
silicium (11 Al pour 2 Si) a amene, localement, des 
differenciations en petits cristaux d' aluminates de 
calcium directement hydrates, au cours de la trempe, 
en c3AH6. En outre, au contact des cristaux de c2s , 
on note des concentrations en magnesium, qui corres
pondent soit a du periclase, soit a de la forsterite 
(MzS). 

COMPORTEMENT AU CONTACT DE L'EAU 

. A \a difference des laitiers de fonte, les 2 
formes de ce laitier de magnesium, prises separement 
ou conjointement, manifestent des proprietes hydrau
liques sans qu'il y ait besoin de les activer. 

La fraction fusante reagit rapidement au contact de 
l'eau : les premiers composes hydrates sont decelables 
moins de 2 heures apres le gachage. L' aluminate 
c2AH8 est le produit initial de l'hydratation. Par 

. la suite, il disparait progressivement. A terme, la 
phase hydratee responsable du durcissement du laitier 
fusant gache avec de l' eau est un systeme ternaire 
dont le constituant principal c2ASH8 est associe a 2. 
aluminates de calcium hydrates : C4AH13 et C3AH6. 

Le laitier granule, meme broye a une finesse compara
ble a celle de la fraction fusante,est moins reactif : 
les premiers hydrates ne s'observent qu!a 1 jour. 11 
s'agit d'aluminate de calcium hydrates et de gehleni-



te hydra tee. A long terme c4Att13 ~evient preponde
rant et c2ASHs est, ici, minor1ta1re. La formation 
de C-S- H est probable, mais difficile a mettre en 
evidence. 

Figure 1 - Grain de laitier granule. 

~ Cristaux de C2 S 

- Cristau?< de periclase 

[/;:.=·:x.'! Cristaux de forsterite 

r==:J Verre inters ti ti el 

Les deux fractions etant associees, on.note l'appari
tion initiale de c2AH8. Mais son existenc.e est breve ; 
C4AH13 et C2ASH8 se developpent alors a meme vi tesse. 
La encore, la foramtion de C-S-H est probable. 

EMPLOI COMME LIANT; EN PATE PURE, DES 2 FORMES 
ASSOCIEES 

L' elaboration d' un liant optimal conduit done 
a associer .les deux fractions, apres un broyage prea
lable du laitier granule. Cette operation est econo
miquement possible dans un broyeur a barres comme le 
montre la . Figure 2 ou la broyabili te du lai tier de 
magnesium de Marignac se revHe bien superieure a 
celles de laitiers de fonte. 

Nous avons etudie le durcissement de pates .pures 
realisees a partir de melanges, en proportions varia
bles. Ces essais confirment bien la reaction mutuelle 
des 2 formes puisque, comme on peut le constater sur 
le Figure 3, le fuseau correspondant aux melanges est 
toujours largement au-dessus des courbes relatives 
aux deux constituants separes. 

CONCLUSIONS : PERSPECTIVES D'EMPLOIS 

En conclusion, un liant interessant peut etre 
obtenu en associant le lai tier fusant et le lai tier 
granule broye dans des proportions identiques a celles 
de leur production a savoir' respectivement' 1/ 3 et 
2/ 3. Ceci n'est .pas limitatif et l'on peut, par exem
ple, envisager 3 autres formes d'emplois. 

1) - Melange utilise, sans broyage de la phase granu
lee, en technique routiere. L' addition de 10 a 

15 % du melange optimum a une grave siliceuse a 
permis d' atteindre des resistances a la compression 
simple de 7,2 MPa. 

2) - Fabrication de materiaux cellulaires. En incor
porant 1 %0 de poudre d 'aluminium a un melange' on 
a obtenu des masses volumiques de 1 T/ m3 pour une re
sistance a la compression de 6 MPa et un coefficient 
de conductivite thermique A = 0,15 W.m-l.oc-1 . 

3) - Fabrication de materiaux autoclaves. L'autocla
vage du lai tier granule broye a deja conduit a des 
materiaux dont les resistances atteignent 78 MPa." 

Figure 2 - Broyabilite du laitier granule. 

Surfaces creees, 
en io3 m2 

Figure 3 - Resistance mecanique 
en fonction du temps. 
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20 

15 

Melanges ( 25 . 66 % 
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120 240 
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DISCUSSION 

by LOU ZONGHAN 

It was a great pleasure for us to read Mr. 

Daimon's paper on the ~echanism and kinetics 

of slag cement hydra~ion; we would like to 

say something. 

Our and other researchers'works in China 

proved, when only gypsum is added to the 

acid slag (don't be added any lime or clin

ker), it has no strength. With the same way, 

the synthesized c
2

AS or CAS 1 of slag glass 

will reach the same result too. That is to 

say, only gypsum can not activate the latent 

hydraulic property of slag. On the other 

hand, when a suitable amount of Ca(OH) 
2 

is 

added to slag, the slag cement produces 

strength to some extent, but it is still 

lower. Granulated blastfurnace slag is an 

unstable glassphase in the system Ca0-Al
2

o
3

-

S io2. The alkaline circumstance in aqueous 

solution created by lime or clinker, stimu

lates the activity of slag, brings about 

the partial disintegration of slag and 

formation of hydraulic calcium silicate. 

When the gypsum exists, ettringite will be 

formed too. The formation of ettringit€ de-

~ases the concentration of ions Ca++ 

and Alo; in solution, thus upsets the 

certain solid-liquid equilibrium established 

before, and promotes the alkaline stimula

tion. The fact that the essential function 

of gypsum to promote the reactivation of 

alkaline stimulation is ~enerally called 

"sulphate stimulation". Therefore, we think 

the alkaline stimulation as a prerequisite 

for the sulphate stimulatfon, and the sul

phate stimulation further promotes the al

kaline stimulation. The continuous activa-

tion of the latent hydraulic property of 
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slag is based on multiply repeated action 

of the above mentioned two stimulations. 

An important problem we should pay attention 

to is the alkality of supersulphate cement. 

If there were no suitable alkality in 

iiqQid phase, slag could not be activated 

and disintegrated~ Meanwhile, it is obvious 

from the phase diagrams of system Ca0-

Al2o3-H2o and cao-caso
4

-H
2

o that the 

solution of Caso
4

, especially of Al
2

o
3 

is 

seriously inhibitted in saturated solution 

or nearly saturated with Cao, this fact 

shows that the high alkality ghould restrict 

the formation of ettringite and exertion of 

latent hydraulic property of slag. 

Furthermore, the above mentioned conclusions 

were proved from measuring the reacted slag, 

the reacted Caso
4

, the combined water, the 

heat of hydration, and the strength in the 

mixture of slag, gypsum and various amount 

of lime. 

In fact, the sulphate stimulation develops 

fully in supersulphate slag cement with 

3-5 % clinker and excessive gypsum, whereas 

the alkaline stimulation plays an important 

role in slag ~ortland cement which consists 

of 40-60 % clinker and less gypsum. It is 

clear from above . expositi~ns that the two 

different kinds of slag cement bring out 

different conditions of hydration, in which 

hydrated products form in different circums

tances and offer different characteristics 

of properties, for example, ettringite would 

be different in quantity, growing rate, 

morphology, transformation, stability and 

expansion. 

Therefore, there are different requirements 

for the chemical composition of slag for two 

kinds of slag cement. The requirements for 

slag portland cement were mentioned in prin

cipal reports, as to supersulphate cement, 

because ettringite is formed m4Ch more 

during hydration and hardening, the suitable 

amount of Al
2

o
3
-content and CaO/A1

2
o

3 
ratio 

of slag is necessary. For the most kinds of 

slag in China, the relation between the 

strength of supersulphate cement and the 
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We believe, while the researches on mecha

nism of slag cemeht hydration and activation 

of latent hydraulic properties are being 

carried out deeply, a prospect to make fully 

effective use of slag in cement industry 

will appear before us. 
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CONCLUSIONS 

M. VON EUW : 

- " Mesdames et Messieurs, 

Au terme de cette matinee. , je voudrais tenter 
de tirer les conclusions de nos travaux. 

1. - Les laitiers de haut fourneau et les clin
kers de ciment portland sont generalement ass~cies 
en proportions variables pour cons ti tuer differents 
types de ciments. 

On attache couramment aux laitiers ainsi utili
ses le terme "d'ajout", c'est-a-dire qu'ils sont con
sideres comme des auxiliaires du clinker. Cette 
notion merite d'etre revisee si l'on en juge par les 
communications consacrees ~u mecanisme de l'hydrata
tion. Nous avons vu en .effet aue le laitier et le 
clinker agissent reciproquement ~ur leur propre cine
tique d'hydratation. 

En clair, ceci veut dire qu' il faut optimiser 
les melanges en choisissant, si l'on en ales moyens, 
les ''couples de constituants" avec chacun leur fines
se propre. La Cimenterie n' est-el le pas la plus apte 
a realiser ~ette operation ? 

2. - Nous pouvons grace aux recentes recherches, 
faire une-analyse de la structure : 

- le reseau plus OU moins depolymerise de tetrae
dres Si0

4
, 

- les heterogeneites decelee dans la masse du 
verre. 

- les cristaux ayant germe pendant le refroidis
sement, 

- et les defauts observables en surface, sont 
autant d'elements de la structure qui conditionnent 
la reactivite. 

3. - Si nous ajoutons a nos connaissances de la 
structure, les resultats des recherches sur la c1ne
tique de l' hydratation et sur l' identification des 
hydrates, nous crayons pouvoir comprendre le mecanis
me de l'hydratation. 

4. - Ces connaissances etant acquises, il reste 
a tirer le meilleur parti des proprietes specifiques 
de ces sous-produits mis a notre disposition par les 
diverses metallurgies. 

Les chercheurs ont consacre leurs efforts a ap
precier la reactivite des laitiers et a optimiser 
l'utilisation de leur potentiel hydraulique. 

Nous avons les moyens de mieux maitrise~ l'acti
vation par le clinker et le gypse ; d' autres modes 
d'activation, etrangers a l'lndustrie Cimentiere, ont 
ete imagines! 

Enfin, de tres recents travaux ont montre que 
le trai tement thermiqu.e des be tons de ciment de lai
tier doit etre adapte a chaque ciment, c'est-a-dire 
a Chaque COUple lai tier-Clinker J COmpte tenU d I Un 
optimum de gypsage. 

5. - Les chercheurs qui se sont penches sur les 
problemes poses par l'utilisation des laitiers et 
scories ont pleinement repondu aux objectifs fixes 
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pour notre Congres. Leurs travaux,·poursu1v1s tant 
dans le domaine de la structure que dans celui des 
phenomenes d'hydratation, constituent des recherches 
de base. Ces recherches ouvrent la voie a l'amelio
ration des produits existants et a la creation de 
produits nouveaux. 

Bien sur, les siderurgistes et les metallurgis
tes se soucient d' abord de la production du metal; 
il n' en reste pas moins que nous pouvons souhai ter 
et soutenir un effort de recherche et d' adaptation 
des precedes' afin de reduire cet aspect de "fa tali te~ 
applique aux laitiers et aux scories. 

Ces sous-produits meritent dans les circonstan
ces actuelles une attention particuliere si l' on 
veut beneficier de leur potentiel energetique. 
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THEME IV 
Structure of pozzalana and fly-ash and the hydration 

of pozzolanic and fly-ash cements 
by F. MASSAZZA 

1 . NATURE AND CONSTITUTION OF POZZOLANAS 
The classificatioh of pozzolanas is a · problem still o
pen as they are formed of materials very different from 
one another in chemical and mineralogical composition, 
structure and .origin. 
Actually most of these materials resemble typical Ita-
1 ian pozzolanas, which gave the name to the whole group 
only in the properties of reacting with lime and of 
hardening in the presence of water. 
The writer made a tentative classification, presented 
to the Congress of Moscow, which can constitute the ba 
se for an useful discussion even if it cannot be consT 
dered as perfect (1). Other criteria of classification 
are contained in Sersale's (2) principal paper and this 
points out the ditfficulty of grouping very different 
materials from one another in a general scheme. 
In this report the materi.als having pozzolanic beha
viour will be often called 11 pozzolana 11 in the above
mentioned meaning, that is without making any specific 
reference to the real pozzolanas of the Neapolitan and 
Latial regions. 
1.1 Natural pozzolanas 
The ·great difference in chemical and mi~eralogical com 
position and morphology of natu~al pozzolanas is poin-=
ted out in paper (3). It confirms that Rhine trass and 
Neapolitan tuff contain a small amount of vitreous pha 
se but they are rich in zeolitic phases. In the former 
chabazite prevails and analcime, feldspar and quartz 
(10-12%) are present. In the latter herschelite is the 
major component besides minor amounts of analcime and 
potassium feldspars. Flegrean (Naples) and Volvic (Puy 
-de- Dome) pozzolanas are very rich in glass (50 and 25% 
respectively). Of course these pozzolanas also contain 
many crystalline minerals such as, for the flegrean o
n~s, sanidine,.analcime, potassic zeolite, quartz, au
gite and dolomite and, for the Volvic one, abundant an 
desite, quartz, diopside · and magnetite. A high silica 
microcrystalline pozzolana (70.45% Si02) essentially 
con~ists of opal, traces of quartz and crystobalite,db 
lomite and phosphates . · -
A diatomite rich in (,.., 50%) and a gaize sample poor in 
(-1~% ) amorphous silica, used for a study on the hy
drat~on of pozz~l~na-contai .ning cements (4), containap 
preciable quantities of quartz and glauconite. The for 
mer contains also clayey minerals whereas the latter 1s 
particularly rich in calcite (-45%). 
1. 2 Artificial Pozzolanas 
1.2.1 Fly ashes from coal 
The chemical and mineralogical composition of coal a
shes is less varying than the one of natural pozzo 1 a
nas: generally ·silica ranges between 48 and 53%, alumi 
na betwee~ 23 and 28%, iron oxide between ?·and 10% 
where~s ~ime.does not exceed 3% (3)(5)(6)(7)(8).Quartz 
and sillimanite (5) .as well as mullite and magnetite 
(3) are ~resent bes~d~s the predominant vitreous phase. 
The c~emical composition can appreciably vary from the 
f~actio~ < 40 ,um to the one included between 40-80 ,um 
since, if the mineralogical composition is qualitative 
ly the same, the crystallized phases prevail in the fT 
nes (5). -
Fly ah~es can contain considerable amou~ts of cenosphe 
res which, because of their low apparent density can 
~e separated in disposal lagoons and used to produce 
insulating materials (9) . 
An often.neglected constituent of fly ashes is coal.If 
present in amounts higher than certain levels, it ma
kes fly ashes unusable since it stains the concrete and 

adsorbs the admixtures (7). In theory coal can be 
eliminated by sieving since it is generally concentra 
ted in the coarse fractions ( > 100 ,um), or rather by 
flotation and combustion. However all these procedu
res have a cost which limits their possibilities of 
aprlication. In the practice the only valid solution 
seems to build and to power plants giving fly ashes 
containing not more than 2-3% of residual coal (7). 

1.2 .2 Fly ashes from lignite or sub-bituminous coal 

The composition of fly ashes from lignite and sub-bi
tuminous coal is different from the one of coal in 
that they contain considerable amounts of free cal
cium oxide which can reach 28% (10). 
During combustion free lime forms instantaneously, as 
proved by the very sma 11 sizes of its crys ta 1 s wh i c h 
adhere to the surface of the vitreous particles (5) 
(17). 
The chemical composition of these materials is much mo 
re varying than the one of coal fly ashes (11), even 
within the same deposit, with variations in the sili
ca content also of 13% (12). Obviously this variabili 
ty has repercussions in the mineralogical composition, 
as can be noticed in table I . 
All these ashes contain considerable amounts of vi
treous material and different crystalline minerals. A 
mong these, quartz, mullite, hematite, magnetite, Calr, 
C2S (a,µ) anhydrite, C12A7, C2F and C3A besides tra 
ces of calcite, periclase and C4A3S were recognized.
The composition of the vitreous mass can be very dif 
ferent from the average one of the sample and the 
glass can .be even richer in alumina than silica (10). 
The composition of the vitreous particles and therefo 
re their refractive index can considerably vary ana 
this al lowed five types of glass ·to be distinghish e d 
(11). The three first types have refractive index es 
ranging between 1.620and1.640 (vitreous mel il ite),bet 
ween 1.670 and 1.720 (glasses perhaps of the system 
C-F-S since their colour varies from yellow to yello
wish brown), between 1 .720 and 1 .735 (brown or brown
ish black glasses rich in calcium); the two others a
re opaque and porous. Glasses of type 2 and 3 have a 
good hydraulicity because of their high calcium con
tent. 
Lignite ashes are richer in glasses of type 2 and 3 
thrtn t~e common coal fly ashes. 
1.2.3 Melted ashes 
In U.S.S.R. the new thermoelectric power plants produ 
ce co~l slags, at the liquid state, which are granula 
ted with water {5). Their chemical composition widely 
varies (Si02 35~65% , A1203 10-25%, Cao 1-50%, FeO up 
to 20~ ) and consequently not only the percentage of 
the vitreous phases but also their composition consi
derably change. 
'.he recog~ized crystalline phases, sometimes present 
in appreciable amounts, are mullite, gehlenite pseu
dowollastonite and µ-C2S. Of course the prese~ce of 
glass involves the absence of free lime. 
The hydraulic activity of these products increases as 
the Cao content rises but if the CaO+MgO ratio ex 
ceeds l,.slags tend to be Si02+A1 2o3 mainlj" 
crystalline and the hydraulic activity drops sharply. 
If however slag has a ~composition similar to the one 
of portland cement clinker, its crystallization gives 
ri~e to a mate~ial containing considerable amounts of 
alite and belite and having higher hydraulic proper-
ties (5). . 
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2. EVALUATION OF POZZOLANIC ACTIVITY 

The problem relevant to the determination of the pozzo 
lanic activity of a material was the object of tho
rough studies, clearly summarized in chapter 5 of Ser 
sale's (2) principal paper. -
Two reports were presented about the subject which has 
important technological implicattons . In the former it 
is shown that, if the standardization of the method is 
stricter, Chapelle's test can become more precise. By 
operating with different cements containing pozzolanas 
of different origin (natural, melted and fly ashes), a 
good correlation between amount of lime fixed by _pozzo 
lana and amount of vitreous phase determined by X-rays 
was found (13). 

TABLE I 

Reference 12 1 1 10 16 5 

Free Cao x 5-15% 28% x 7-20% 
Glass x x 34% x x 
Quartz x 5% x 
Mull ite x 
Hematite ' x 4% 
Magnetite x 4% 

PC2S x x 14% 

c3A x 
Cl2A7 - x 
c2F - x 
CaS04 - x 15% x x 

The decrease with time in the lime present in pastes 
consisting of one part of lime and four parts of pozzo 
lana can be taken as a measure of the pozzolanic acti-=
vity of the matertal. The lime dosage was carried out 
by X-ray 1iffraction analysis and it allowed the poz
zolanic activity of six studied natural and artificial 
materials to be clearly differentiated (3). The same 
study evidenced that the classification of pozzolan as 
based on the combined lime corresponds to the classifi 
cation according to the B. E.T. specific ·surface, so 
confirming the importance of this parameter on the ac
tivity of pozzolanas (3). 
Starting from the ascertainment that both chemical and 
mechanical methods are not able to give an exhaustive 
evaluation of the pozzolanicity of a material, a new 
method was proposed. By measuring the mortar strength 
and the combined lime, four quantities are defined:poz 
zolanic acti~ity, reactivity, efficiency and'relati ve 
pozzolanic efficiency. 
The overall synthetic characterization is expressed by 
the index of pozzolanic quality equal to the product 
of the "pozzolanic reactivity" by the "pozzolanic reac 
tive efficiency" (20). . -
Anyhow the review of the methods to ev-aluate pozzol a
nas has once more pointed out the absence of a simple 
general method valid for all the materials having poz 
zolanic behaviour (2) (18). -
This conclusion depends on that no general correlation 
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seems to exist between the mechanical strength of poz 
zolana containing- pastes and the different parameters 
whichs each time, are taken as a measure of the pozzo 
lanic activity (15). -

3. POZZOLANA-LIME MIXES 

3.1 Reaction between lime ~~~?ZZ~lana 
Sers a 1 e's ( 2) and Takemoto' s ( 18) pri nci pa 1 papers exa 
mine in detail the mechanism of the lime-pozzolana re 
action and the factors affecting the pozzolanic acti-=
vity . These factors are chemical composition, quanti
ty of active phases, structure, morphology, fineness, 
specific surface a.s.o~ 
As regards the compounds forming owing to the lime
pozzolana reaction, the previous results were confi'
med, that is most compounds are the same forming du
ring the hydration of portland cement. 
The contri bu ti on dea 1 i ng with this subject con c e r n 
both natural and artificial pozzolanas. Pozzola
nas consisting of lignite or sub-bituminous coal prac 
tically behave as an artificial mix of pozzolana ana 
lime since they are formed of vitreous particles ac
companied by smaller particles of free lime (4) (11). 
,Therefore these ashes have a good hydrau 1 i city in them 
selves. In the lime-pozzolana mixes the fixed lime in 
creases as the duration of the reaction prolongs ana, 
at least till 21 days, as the B.E.T. specific surface 
increases (3). Generally grinding improves the fine 
ness of fly ashes which, being formed of compact mi-=
crospheres, have a very 1 ow B. E.T. surface but it does 
not appreciably modify the one of natural pozzolanas. 
Zeolitic pozzolanas react with lime more rapidly than 
the ones having vitreous structure (3). 
The w/s ratio does not affect the mechanism of react
ion between the vitreous part of fly ashes and 1 i me 
but it only acts on the rate of the different react
ions (10). 
As for lignite fly ashes the pozzolanic reaction occurs 
naturally after the hydration of free calcium oxide. 
By mixing a calcareous lignite ash at w/s = 0.2, free 
lime decreases linearly as far as to disappear after 
about 180 days (10), whereas portlandite begins ap
pearing after four hours and ettringite after s e v-e n 
hours . The latter reaches its maximum after about 90 
days toqether with the disappearance of Caso4. Byope
ratingwith hig~erwateramounts (w/s=lO),free lime di 
sappears after 15 days, portlandite appears after a-=
bout one hour and ettringite after about one hour and 
a half ( 10). 
In a lignite ash containing ~3A the X-rays showed that 
ettringite starts forming before half an hour after 
the beginning of mixing . Plates of monosulphate hydra 
te (C4A'SH12) begin appearing after 4 hours (16).C-S-Ff 
gel, probably of type I, is visible under SEM after 
about 28 days. These gel particles are likely the pro 
duct of the pozzolanic reaction between glass and lF 
me. The delay in their formation also indicates the 
slowness of glass to begin the reaction (16). Also in 
other cases the formation of C-S-H and of other hydra 
tes, such as C2ASH3, occurs at longer ages, even by 
operating with diluted suspensions at w/s = 10 (10). 
~esides participating in the pozzolanic reactisn,free 
lime contained in lignite ashes activates, together 
with the often present CaS04, the hydration of glas
ses, C2S and other constituents (11). The activating 
action of free Cao seems to be proved by the fact that 
lignite ash, melted at 1,350 - 1 ,450°C and then quen
ched, looses its hy~raulicity since free lime is com
bined. Indeed ~t co~ld be maintained that the pozzola 
nic reaction cannot occur in the absence of free lime. 



Nevertheless~ it can be assumed that high calcium a
shes, similar in composition to metallurgical slags, 
are activated. by Ca(OH)2 and CaS02. 
Type I calcium silicate hydrate was also found in fly 
ashes from sub-bituminous coals . These products form 
by peeling off the outer surface of the ash particles 
which would be covered by a coating of calcium com
pounds (12). The final hydration products would be es 
sentially ettringite wrapped up by tobermoritegel (llT. 
The addition of sodium chloride accelerates the hydra
tion of free lime contained in lignite ashes, the for
mation of calcium aluminate hydrates and, through the 
pH decrease, the hydration of silicates. This fact is 
pointed out by the higher heat of hydration evolved by 
ashes in the presence of salt (11). 
The lime pozzolana reaction can be accelerated by steam 
curing (3) (5) (10). Interesting results giving a co~ 
tr'ibution to the interpretation of the variability in 
the Ca/Si ratio of C-S-H gel were obtained by compar
ing the reactions of a volcanic glass and a s i l i ca 
glass (Si02 99.97%) mixed with lime at different ra
tios (17) . . The tests were performedattemperatures ran 
ging between 70 and 100°C, for . reaction times betwee'i1 
2 and 120 days but at a constant water/solid ratio=20. 
As for the volcanic glass it was found that the ini 0 
tially formed C-S-H and C-S- H(I) transform into 10 A 
tobermorite after 20 days and subsequently into 11 K 
tobermorite. The microanalysi? showed that the former 
tobermorite has a higher Ca/Si ratio than the latter 
(about 1.15 compared with 0.93). The same occurs for 
the Ca/(Si+Al) ratio. On the contrary for the silica 
glass it was possible to observe ~he transformation of 
the initially formed CSH into 14 A tobermorite having 
a Ca/Si ratio included between 0.64 (microanalysis)and 
0.82 (chemical analysis). The addition of alumina to 
silica glass tends to decrease the basal spacing and, 
if the duration of the ~eaction prolongs, it tends to 
give Al-substituted 11 A tobermorite. 12 X tobermorite 
or tacharanite and 10 ~ tobermorite forin as intermedia 
te phases in the presence of alumina ; What obtainea 
suggests that each tobermorite having different basal 
spacing may be a well-crystallized form of C-S-H(I) of 
different Ca/Si ratio. 
As regards the morphology of the hydration products it 
was observed that, if the hydration products of ligni
te fly ashes are mostly fibrous after 28 days, · hexago
nal particles are not lacking (12) . These products rich 
in calcium form on the surface of the spherical ash 
particles and cause their mutual cementation (12) . At 
first the appearance of the vitreous spheres is unalte 
rated but after seven days the corrosion of their 
surface and their disaggregation are noticed (16). 

3.2 Physical and mechanical properties 

The presented contributions only consider~d the physi
cal and mechanical properties of sub-bituminous and li 
gnite ashes . These ashes are used because of self-=
hydraulic properties suitable to make mortars and con 
c~et~s (11) and gravel and ash mixes (10). -
Lignite fly ashes have a rather rapid set. In fact, de 
p~nding on the w/s ratio, set begins between 30 and 75 
minutes (10~ (11) and, in the presence of C3A, between 
15 and 45 minutes (16). Gypsum retards set as it does 
i~ cement (11). Below 25°C, a temperature decrease con 
siderably slows down the initial set. The effect is mo 
re marked at high w/s ratios (10) . 
The set of calcareous lignite ashes .mixed with water 
was · attributed at first to the formation of portlandi
te and then to ettringite (10), or directly to the lat 
ter (16). 

Excellent micrographs show that set is really due to 
ettringite needles protuding from the individual ash 
spheres, often perpendicularly, and acting as connect 
ion bridges ( 16) . -
Generally the presence of free calcium oxide makes the 
lignite·and sub-bituminous coal ashes unsound. The 
pastes, even if made with different w/s, ratios (0.166-
-0.30), .show the same typical behaviour: after an ini 
tial volumetric shrinkage the samples swell rapidly 
and considerably in times ranging between 10 and 40 
hours, depending on the water content. Initial shrin
kage is attributed to the volume decrease acc~mpanying 
the water-lime reaction whereas swelling, and therefo 
re cracking and disaggregation of the pastes, are a-= 
scribed to the formation and crystallization of et
tringite (10). 
However it is also reported that the use of lignite 
ashes containing up to 15% free lime causes no negati · 
ve effect on the soundness of mortars and concretes 
(11). Expansive ashes added in small amounts (3-5%)to 
coarse aggregates (e.g. road gravel) cause no unsound 
ness and give strengths over 15 N/mm2 to the mix. -
By mixing sub-bituminous coal ashes with wate~ in or 
der to attain the nighest density (12-20%), it is pos 
sible to obtain materials that, after 28 days' wet 
curing, have strengths ranging between 0.7 and 6.3 · 
N/mm2. 
Nevertheless these samples, immersed in water, disin
tegrate before two weeks (12). The great differences 
in strength and hardening rate of these samples must 
be attributed, more than to pozzolanic reactions ha
ving different rates, to the different content i~ 
promptly reactive calcium silicates and alumi nates 
( 12) . 
Opposite results were obtained with lignite ashes 
which, in spite of their free lime content, gave 
strength of 29.0 and 33.4 N/mm2 at 7 and 28 days. The 
se values increase to 33.4 and 44.8 N/mm2 respective-=
ly if gypsum is added or to 44 and 56.4 N/mm2 respec
tively by addition of NaCl (11) . 
To conclude, the available information about fly a
shes containing free lime is contradictory and insuf
ficient to preconize their use in the field of hyd~au 
lie binders. Therefore their knowledge needs to be 
deepened by studying their chemical and physical pro 
perties and their applicative characteristics. -

4. POZZOLANA-PORTLAND CEMENT MIXES 

4.1 Reactions in mixes containing cement and pozzola 
na 

In pozzolana-containing cements the hydration react
ions of clinker and pozzolana can ~e considered sepa
rately, even if to a certain extent they occur simul
taneously. In fact the pozzolanic reaction, which is 
anyhow slower than the hydration reRction of clinker~ 
can take place only after the hydrolysis of alite and 
belite has formed Ca(OH)2· 
As regards the pozzolanic reaction, since the compo
nents mainly involved are Si02, Al203, Fe2o3 and Cao, 
it is not surprising if the obtained products are the 
same forming during the hydration of clinker. The sub 
ject is exhaustively treated in the wide and documen-=
ted chap. 3 of Takemot0's principal paper (18), where 
the process andthemechanism of hydration of the. sy
stems formed by pozzolana with the clinker consti -
tuents and portland cement are examined. Here, · of 
course, the main points of the contributions dealing 
with this subject are recalled. 
X-rays showed that cements made with different pozzo~ 
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lanas give the same hydrated phases even if the quanti 
tative ratios can be different (4). The valueofB.E.T~ 
specific surface of the hydrated pastes depends on the 
nature of pozzolanas. In any case it is higher than 
the one of the control cement and it presents a maxi
mum value at 28 days' ;curing (4). Also the pore distri 
bu ti on depends on the type of pozzo 1 ana and the dura 
tion of curing (19). , 
At 7 days' hydration the pozzolanic reaction has alrea 
dy begun (20) even if the contribution given by the 
pozzolanic material to the hydraulic properties of cl in 
ker would occur only at relatively long ages: 6 months, 
1 year and longer (13). Nevertheless it was indicated 
that the reactions involving pozzolana begin already 
after 3 days (8), or even after 1 day (19), that is be 
fore the time reported by other Authors. -
A 1 ayer of C-S-H forms on the surface of the ash grains 
owing to the attack of the solution supersaturated 
with Ca(OH)2. This layer, which appears in the form of 
plates and discs, has a lower Ca/Si ratio than the fi 
brous C-S-H (outer and inner) forming on the clinker 
grains (20). 
Aluminate hydrates and ettringite, forming initial 1 y, 
transform afterwards into monosulphate and the solid 
solution C3A (CaS04, Ca(OH)2).H12 (4) (19). After one 
year, cements containing 20% of different types of poz 
zolana show the presence of ettringite, C4AH13, C-S-H 
and Ca(OH)z (4) (3). C-S-H forming on the ash and po~ 
zolana grains has a lower Ca/Si ratio than the cement 
paste (3). A~ long terms the ash-cement hydration pro
ducts have morphology similar to the one of type I and 
III calcium silicates (8). In any case the peculiar 
morphology depends on the clinker composition, the hy
draulic activity of ash, its fineness, itsquantityand 
the degree of hydration reached at a given time (20). 
The lower early strength of cements containing pozzola 
nic additions is attributed to the fact that the inter 
action products between the grains of pozzolana (burnt 
shale) and the solution supersaturated with Ca(OH)2 ap 
pear in the form of needle-shaped crystals which are 
not able to grow continuously in length and have few 
and weak points of contact. Another cause contributing 
to decrease early strengths lies in that the additions 
accelerate the hydrolysis of clinker silicates. This 
results in the formation of many and short filaments 
having few points of contact with one another. Subse 
quently these elements entangle forming a thick skele-=
ton and the cement paste increases in strength (20). 
Another factor contributing to retard the hardening of 
fly ash-containing cements is the slowing down of the 
C3A+C4AF hydration. In fact by adding fly ashes to 
C3A+C4AF separated from the clinker silicates bymaleic 
acid methanolic solution, it was seen that the hydrat
ion of the two compounds is much slower than the one 
observed when an equal amount of ground quartz is ad
ded. It was even noticed that fly ashes have a higher 
retarding effect than gypsum (8). Pozzolanas also de
crease the hydration rate of synthetic c3A but in the 
presence of CaS04.2H20 they cause an acceleration. In 
this case, the pozzolana accelerates the hydration of 
tricalcium aluminate since its grains offer the preci
pitation sites of the formed ettringite. The reaction 
rate of c3A _a 1 so depends on the nature of pozzo 1 a n a s 
(composition, specific surface, capacity of ion exchan 
ge) ( 19). 

4.2 Physical and mechanical properties 

4.2.1 Influence of the nature and the proportion of 
constituents 

Owing to the relative slowness with which the reaction 
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between clinker hydrolysis lime and pozzolana pro
ceeds, the pozzolana-containing cements generally ha
ve lo~er early strengths and higher ultimate strengths 
than control cements. 
In any case the strength of the pozzolana-containi n g 
cements depends on the nature of pozzolana (3)(8)(10) 
(13) and its content, at both short and long ages. Si 
milarly, the highest strength obtainable from an asn 
depends on the composition of clinker (21). 
The replacement of 10-35% portland cement with pozzo
lanas of different nature (9000 Blaine) yield, before 
28 days, a lower mechanical strength (in ISO mortar) 
than the portland cement ground to 3200 Blaine. Ti 11 
11 days and at 20°C the strength of mortars decreases 
proportionally to the increase in the ash content (22). 
This fact indicates that, till this age, ashes give 
no contribution to strengths. However after 28 days 
the strengths at 20°C decrease less than proportional 
ly to the ash content and this shows that the pozzola 
nic reaction has begun (22). -
Also the free calcium hydroxide content of the pastes 
justifies the mechanical behaviour of mortars. In fact 
Ca(OH) 2 is proportional to the clinker content till 11 
days' curing at 20°C but it is lower than the propor
tional value for longer times (or higher temperatures) 
(22). 
In a study extended to six different natural · and arti 
ficial pozzolanas it was noticed that a correlation 
between 1 ime fixed in pure pastes and comp r es s iv e 
strength in ISO mortars only exists between six months 
and one year (3). 
Tests carried out on mortars made with many cements 
containing pozzolanas of different origin showed that, 
as from 180 days, it is possible to correlate the in 
crease in the long term-strength with the amount or 
fixed lime measured by the modified Chapelle's test 
(13). 
Of course, if the pozzolana is added in excess, a part 
of it cannot find the lime which to react with. There 
fore the addition of 45% pozzolana justifies that the 
strengths of the blended cements were always lower 
than those of the control portland cement, till 300 
days ( 4). 
By replacing 20% of a portland cement with a fly ash, 
it was observed that in ISO mortars the strengths of 
the blended cement exceed those of the control cement 
after about 150 days' curing (6). However the overta
king moment also depends -on the composition of clin
ker since it was seen that mixes of clinker, contain
ing more than 8% C3A, and fly or melted ashes exceed 
the strengths of control cements already between 28 
and 90 days, depending on their preparation (13). 
The long term-strength increase as the ash content in 
creases (within certain limits) is explained not only 
by the well-known pozzolanic effect but also by the 
fact that ashes retard the C3A and C4AF hydration. 
This has, as a counter-effect, the possibility of in 
creasing the volume of calcium silicates (8). -
At the same w/c ratio, the ash content increase is ac 
companied by a slump increase of concretes (8) but it 
must be reminded that ground ashes demand more water 
than the original ones (5). 
Tests on concretes showed that the replacement of 15% 
portland cement with fly ashes increases strengths at 
both 3 days and 91 days' curing, whereas the substitu 
tion of 30% improves strengths only after about two
months. Higher contents always give lower strengths 
than the control sample (8). 
Chapter 4 of Takemoto's (18) principal paper summari
zes the works that, after the Moscow Congress~ were 
carried out to relate the mechanical strength of poz
zolana-contai~ing cements to many variabl~s. The 



strengths of ·pozzolanic cements depend , as the one of 
portland cements, on the texture of the hardened pa
stes, the composition of the hydrated phases, the ca
pillary and gel porosity, the shape of the gel pores, 
the pore size distribution and, of course, the nature 
of pozzolana. 

4.2.2 .Influen_ce of temnerature 

The temperature rise accelerates the hardening of po3_ 
zolana-containing cements as it does for portland ce
ments. At 80°C it was observed that only 1/25 of the ti 
me demanded operating at 20°C is necessary to reach a 
certain strength (3). At higher temperatures portland 
cements show a strength decrease whereas those contain 
ing 35% ashes indicate a sharp increase which reaches 
the maximum value at 28 days (22). 
Curing temperatures above 20°C (35-80°C) improve the 
strength of a cement containing 20% fly ashes more than 
it does for the control portland cement (6). Also by 
using steam curing, the .cements containing fine fract
ions ( < 40 ,um) of a fly ash show lower strengtt:is than 
those containing coarser fractfons (40-80 _,um) (5). 

4.2.3 Influence of fineness 

The addition of fly ashes to portland cement having 
the same fineness involves a 28 day strength decrease. 
A l~.rnger grinding time improves the com press iv e 
strength but increases .the energy consumption (7).From 
this standpoint .it would be suitable to mix portland .ce 
ment with already very fine ashes. -
Anyhow it must be considered that the grindability of 
ashes and pozzolanas is generally higher than clinker 
and therefore in the intergrinding the fine fractions 
are richer in ash and the coarse ones in clinker. Sin 
ce the latter is the constituent that more contributes 
to the shbrt and medium-term strengths, it is under
stood ·why the early strengths of blended cements are 
often lower than portland cement (6) (21). Therefore 
it is clear that the fineness of clinker needs to be 
increased in order to obviate this inconvenience (6). 
In fact the pregrinding of clinker, followed by an- i.!J. 
tergrinding, produce~ 10-20% ash cements having mecha
nical strengths practically equal to those of the con 
trol cement in the 1-90 day range and higher after 180 
days' curing (21). The optimum parameters of this ' pro 
cess, such as time and specific surface, depend on the 
quality of clinker and ash (21). 
To find the best conditions of grinding, as regards 
both mechanical strength and energy consumption, the 
grinding of fly ash-containing cements can be carried 
out according to different ways. With 15% fly ash, the 
best performances were obtained by intergrinding, whe 
reas with a content of 30% the best results were achie 
ved by separated grindi.ng {7). It is obvio·us that dif::
ferent results can be obtained by usingothermaterials 
but, as a general rule, this procedure allows the best 
grinding conditions to be chosen. In any case it was 
seen that at constant specific consumption (kwh/t),the 
short term-strengths improve if clinker is ground more 
finely whereas the 90 day strengths increase if ashes 
are ground longer. · 
Till 1-3 months cements containing the finest fract
ions of two fly ashes ( < 40 ,um) show lower strengths. 
than cements containing the coarser fractions (40 - 80 

,um), whereas subsequently this behaviour reverses. 
This fact is explained by observing that the fine fract 
ions have a much higher surface than the coarse ones. 
Therefore the annular volume filled with .the liquid 

phase forming around the ash grains at the begi nni n g 
of the hydration is on the whole higher. Subsequently 
when the pores are filled enough with the newly for
med compounds the strength of cements containing the 
finest fractions become higher (5). 

4.3 Heat of hydration 

The addition of pozzolana (or limestone) decreases the 
heat of hydration but accelerat~s the appearance of 
the maximum thermal effect. The latter action is at
tributed to the fact that· pozzolanas, since they ab
sorb lime from the solution, accelerate the ~vdration 
of clinker whereas limestone reacts, with considerable 
thermal effect, with C3A forming C3A.CaC03.12HzO. M~ 
reover, all the additions have a dispersing action, 
which facilitates the contact of water clinker. Simul 
taneously their grains act as crystallization nuclei 
during the early hydration (8). This acceleration of 
the hydration process is confirmed by the fact that a 
lite disappears more rapidly in the cements contain 
ing additions (4). 

4.4 Dosage of pozzolana in cements 

The dosage of the pozzolana contained in a blended ce 
ment constitutes a problem of increasing importance. 
An interesting attempt was made on this subject by u
sing the quantitative X-ray diffraction analysis (Q X 
DA) to determine the index of crystallinity of the 
pozzolanic addition, defined by the ratio: 

t1 x 100 

where: 

IItidi : total integrated diffracted intensity 
A - integrated diffracted intensity of "amorphous 

halo" 
The tests were limited to fly ashes, but also in this 
case acceptable results are obtained only when the 
ash used in calibration has an index of crystallinity 
similar to the one of the unknown mix (23). 

4. 5 Durability 

While it is generally accepted that the resistance to 
the chemical attack of pozzolana-containing cements is 
higher than portland cements, doubts arise on the abi 
lity of these cements to efficaciously protect the 
reinforcement. The pozzolanic reaction, as it fixes · 
lime, reduces the alkalinity and therefore it accele
rates the neutralization caused by carbon dioxide in 
the air. However, it is reported that in fly ash-con
taininq mortars not all lime is fixed and the remain
der is . anyhow sufficient to maintain a pH = 12.5 in 
the solution and therefore to assure a good protection 
to the reinforcement (22). 
The results of a 10 years' study on the influence of 
fly ashes on the neutralization of concrete, where the 
classical method of the colouring by phenolphthalein was 
used, are given in contribution (24). The test showed 
that, at the same workability, the depth of neutrali
zation decreases as the cement dosage becomes higher 
and increases as the ash content rises. The depth of 
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neutralization results to be proportional to the 
square root of the time , with a coefficient of propor 
tionality increasing with the w/c ratio . The depth or 
neutralization results to be inversely proportional 
to the 28 day strength, regardless of the addition of 
fly ashes. Anyhow the depth of neutraliZation of con 
cretes having strengths over 40 N/mm2 practi ca l l y 
tends to zero . It is lower for lOng cured concrete s 
and, very interesti ng fact , for the ones in the open . 
The mechanical strength of cement mortars containing 
pozzolana (45%) is higher than the one of the control 
portland cement if they were immersed for three years 
in solutions containing 2% Na2S04 and MgS04. It is 
lower if they have been water-cured for the same pe
riod of time. Indeed the strength of pozzolanic mor
tars cured in water or in the two solutions is the sa 
me (4) . 
To conclude this necessar i ly short review on pozzola
nas and pozzolanic cements it can be noticed that 
their use is growing and that about this matter stu
dies and research are spreading all over the world . 
This means on one hand that pozzolana containing-ce -
ments have excellent performances and on the other 
they offer economical advantages above all in connect 
ion with the energy saving that they allow . 
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ROUND TABLE 

F. Massazza (Italy) Chairman, K. Takemoto (Japan) and 
R. Sersale (Italy), principal reporters, Messrs. A.M. 
Dmitriev (USSR), R. Magnan (France), P. Longuet (Fran 
ce), J. Skalny (USA) participated in the round table 
on Theme IV . 
The round table examined · and discussed numerous sub
jects whose scientific and practical importances · was 
pointed out in the principal papers and the contribu
tions presented to the Congress . 
The conclusions reached can be shortly summarized as 
follows: 

a) Evaluation of the pozzolanic activity 

~he pozzolanic activity, even if it is the object 
of many studies, was.not yet a simple definition 
and its evaluation cannot be obtained through an 
only test. In fact none of the different experimen 
ted methods showed to have a general validity sin-=
ce each method generally tends to take, as an in
dex of the pozzolanic activity, a particular pro
perty which instead constitutes only one of the nu 
merous parameters characterizing a pozzolanic mate 
rial. As a consequence, the different methods give 
good r~sults if a certain family of materials, cha 
~acteri~ed by the constance of certain parameters-;
is considered whereas they fail w~en they are ex
tended to other materials. 

b) Structure and composition of pozzolanas and their 
reactivity 

The reactivity of natural and artificial pozzola
nas depends on many chemical, structural and mor
phological factors . All pozzolanas are characteri
z~d .by the presence of (vitreous, amorphous or zeo 
litic) phases rich in silica unstable in the pre-=- , 
sence of calcium hydroxide. The reactivity of the
se phases mainly depends on the chemical and mine
ralogical composition and the BET specific surface . 
In fact vitreous phases of different composi ti on 
and pozzolanic activity can be found in certain poz 
zolanas whereas in others the reactivity can be 
lowered by reducing their specific surface through 
thermal treatment and causing the vitreous phas e s 
to crystallize. 
In some countries, besides the traditional coal fly 
ashes, also basic fly ashes begin to be used . They 
result from the combustion on lignites and sub-bi
tuminous coal which can ·contatn up to 28% free li 
me and therefore be self-hardening. 
The negative consequences of the presence of not 
combined Cao in mortars and concrete were pointed 
out by different research. Nevertheless it was al
s·o reported that lignite ashes con ta i ni ng up to 15% 
Cao do not cause volume instability probably be
cause the CaO grains are very small and hydrate be 

fore the hardening process starts. The problem of 
the basic fly ashes, which is already important to 
day and will be still more in the future, demana:s 
other thorough studies to verify the fields and li 
mits of use of these materials. -

c) Relationship between chemical reactivity and mecha-
nica I strength · 

No do~bt that there is a relationship nature-reac
tivity-performances of pozzolanas. 
Nevertheless it is not yet possible to foresee 
their performances even if their nature or reacti
vity is known. In fact the former are conditioned 
by several factors, sometimes badly known . For ex 
ample by using a given pozzolana considerably dif-=
ferent performances can be obtained by mixing it 
with different clinkers. 

d) Difference between natural and artificial pozzola
nas 

The differences between natural and artificial poz 
zolanas are not deeper than those existing in eacn 
group. In this connettion it is sufficient to re
member the considerable differences findable among 
natural, vitreous and zeolitic pozzolanas . Themost 
homogeneous group is perhaps represented by coal 
fly ashes whose genesis and composition are very 
similar. 

e) Importance of pozzolanas in the energy saving 

The importance of pozzolanas in the energy saving 
is emphasized by the following data relevant to 
1979 . 
About 6 millions of tons of natural and artificial 
pozzolanas were used to make cements in USSR. Ita
ly used about 5 millions of tons of pozzolanas for 
the manufacture of about 15 millions of pozzolanic 
c~me~ts . In France, besides natural pozzolanas,one 
m1ll1on of tons of fly ashes was used to make dif
f~rent types of cement. These data are obviously par 
tial but give an idea of the importance that pozzo 
lanic materials have in the cement industry, ta-=
king into account that natural and artificial poz 
zolanas are largely used also in many other coun-=
tries. ·Considering that substituting ten tons of 
portland cement for as many of pozzolana involves 
a savinq of about orie ton of fuel, it is possible 
to have a clear idea of the amount of energy sav
ing allowed by the use of pozzolanas. 

f) Performances of cements containing pozzolanic ad
ditions 

As for the performances of pozzolana-containing ce 
ments, the fact that they are used all over the 
world is the best proof of their excellent charac-
teristics. · 
Some deficiencies in the performances observed in 
pozzolanic cements compared with portland cements 
can sometimes be attributed to unsuitable technolo 
gical cycles of production rather than to intrinslc: 
quality deficiencies of the former. 
As for durability and chemical attack resistance 
it is possible once more to refer to the ancient 
works, especially the ones built by the Romans 
with mortar and pozzolanic concretes, but also re 
cent studies indubitably prove the favourable act-=
ion exerted by pozzolanas. 
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ORAL CONTRIBUTIONS 

Mechanism of the pozzolanic reaction 

The study of the mechanism of reaction of pozzolana~ 
has recently been faced in a new light which could g.:!_ 
ve an important contribution to 'the knowledge of th~ 
se materials . · 
For this reason R. DRON was asked to present the re
sults obtained in the laboratory of Pon ts et Chaussees 
of which we give a short summary. 
"Les feldspaths, qui sont les constituants essentiels 
des pouzzolanes, appartiennent a la classe des tecto
si l icates. Leur structure cristalline resulte d'un a_c 
rangement de tetraedres Si4+(o2-)4 et Al3~(o 2 :)4 dans 
lequel chaque oxygene est commun a deux tetraedres et 
peut done etre considere c~mme n'a~par!enant 9ue pou~ 
moitie a un tetraedre donne. Les tetraedres s organ.:!_ 
sent en un edifice complexe qui laisse des cavites 
dans lesquelles se logent les cations alcalins et al~ 
calino-terreux. Les verres pouzzolaniques sont const.:!_ 
tues des memes tetraedres, ma is l 'arrangement de ceux 
-ci est desordonne. 

M§canisme d'attaque alcaline des pouzzolanes 
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Les silicates et les aluminates de calcium hydrates 
sont egalement forme~ d'un arran~ement de t~tr~edres~ 
mais ceux-ci sont independants, etant constitues d 
ions tels que Al04H4- et Si04H3-. Le passage de la 
phase anhydre, oO les tetraedres sont a oxigenes com 
muns aux phases hydratees oO ils sont independants se 
fait done necessairement par 1 'intermediaire d'une in 
dividualisation de ces entites sous une forme qui ne 
peut etre que ionique. . . -
Dans 1 'hypothese d'un mecanisme suivant le modele de 
Le Chatelier, on distinguera trois etapes 

a) L'etape d'attaque _ _ . _ . _ 
Considerons un assemblage tetraedrique a oxigenes com 
muns et interessons-nous a un tetraedre superficiel. 
Celui-ci peut comporter, a la difference des tetrae -
dres "profonds", un sommet libre, occupe par un ion 
OH- . Ce tetraedre peut etre decroche par une solution 
basique de la fa~on suivante: .4+ 
- un ion oH- est attire par 1 'ion central (Si ou 
A13+) de 1 'un des tetraedres supports. Il expuls: l'o! c 
ygene de liaison, provoquant le basculement du te!ra~ 
dre superficiel qui n'est plus lie que par une are t e 
autour de laquelle il peut pivoter, et qui prese n t e 
maintenant un exces de charge egal a -1, ce qui lui 
confere une forte affinite pour l 'eau (fig.) ; 
- le meme processus pourrait provoquer la rupture des 
liaisons residuelles, mais la presence d'une chargene 
gative excedentaire tend a eloigner les ions OH - -
L'hydrophilie du site ionigu: cree '.av~rise.une ~oup~ 
re par des molecules H?O liberant ainsi un ion tetra~ 
drique qui sera soit 1 ion Si04H3- soit l 'ionAl04H4-. 

b) L'etape de diffusion 
L'ion libere par l'attaque diffuse dans la solution, 
c'est-a-dire que sous l 'effet de l 'agitation therm i
que il s'eloigne progressivement de la surface origi
nel 1 e . 

c) L'etape de cristallisat~on d7~ hydrates _ 
La presence dans la solution d ion ca2+ provoque, a 
partir d'une _certaine concentration d'ions silicate et 
aluminate determinee par les produits de solubi 1 it e 
des hydrates, une instabilite thermodynamique qui en
traine lacristallisation. 
Elle conduit a la formation de composes hydrates dont 
la nafure est definie par l~s regles generales ~ui 
gouvernent le systeme CaO-A~20 3-Si02-HzO: . 
Dans la pratique courante ou des quantites import an
tes de ch aux sont util i sees, 1 es produi ts d 'hydra ta
tion soht 1 'aluminate tetracalcique hydrate et le si-
1 icate de calcium hydrate". 

Formation of tobermorites from pozzolanic materials 

The characterization of calcium silicate hydrates re
presents a .still open problem and was the object of 
many contributions presented to this Congress . One of 
these studies, involving the lime-pozzolana reaction, 
was summarized by N. Hara who, together with N. Inoue 
obtained different types of tobermorite charact~rizeg 
by diff~rent composition and basal planes (10 a, 11 A 
and 14 A) by starting from mixes containing lime with 
a natural pozzolana or a silica glass. 
The reactions were performed between 70 and l00°Cwith 
varying ratios of composition to processing duration. 
Depending on the starting material and the working 
conditions, tobermorites of different basal plane form. 
In any case the formation of tobermorite passes 
through the formation of CSH. 
Starting from volcanic glass, the initially formed 
CSH transforms into 1 O A tobermori te after 20 days and 
afterwards into 11 a tobermorite. Microanalysis show-



ed that the former has a Ca/Si ratio~ 1.5 and the 
latter ::::o.93. On the contrary starting from silica 
glass, CSH transforms into 14 ~ tobermorite with a 
Ca/Si ratio ranging between 0.64 (microanalysis) and 
0.82 (chemical analysis). 
The presence of aluminium tends to decrease the basal 
plane. 
The obtained results suggest that each tobermorite di f 
ferent ~asal distance is a well crystallized form oT 
CSH having different Ca/Si ratio. 

How to grind fly ash cements to obtain the best per
formance and the highest energy saving 

A communication particularly interesting for prac ti
cal purposes was summarized by H.C. Alsted Nielsen who 
considered the manufacture of fly ash-containing ce 
ments as regards both performances and energy consump 
ti on. · -
In particular the different grinding and mixing modes 
which can be industrially performed were analyzed.The 
choice of the process depends on the clinker/fly· ash 
ratio but also on the main objects that manufacturers 
want to obtain, that is low energy consumptionorhigh 
mechanical strengths. 
For instance, for cements containing up to 15% fly a
shes, intergrinding gives excellent results, but with 
higher contents the best results are attained by sepa 
rate grinding. -
This has the advantage of modifying the development of 
the cement strength according to the requirements of 
the market. In particular, by distributing the grind·
ing energy suitably between cli'nker (+ gypsum) and fly 
ashes, mechanical strengths at short ages can conside 
rably be improved . -
The Author only considered one type of fly ashes and 
one type of clinker, but the arguments and experi en
ces carried out have a general character and therefo
re they are susceptible of being used as a guide in 
the preparation of cements containing fly ashes and na 
tural pozzolanas . 

Influence of pozzolana on the early c3A hydration 

Some Authors mentioned in the synthesis of communicat 
ions that fly ashes and pozzolanas retard the hydrat-=
ion of C3A+C4AF separated from clinker silicates and 
synthetic C3A. Since Collepurdi found rheologicalcha~ 
ges besides retardation effects, he was asked to sum
marize his experiences. 
When c3A hydrates in the presence of pozzolanas, the 
heat evolution curves are quite lower (see fig.). The 
influence of pozzolanas is slight when C3A hydrates in 
the presence of lime and gypsum . Moreover, when a vol 
canic natural pozzolana (Segni) is substit~ted by a 
silica rich diatomaceous pozzolana (Sacrofano) the re 
tarding effect becomes more evident. This retarding 
effect would indicate that some adsorption of pozzola 
na on C3A surface can occur. The adsorption would be 
lower when both lime and gypsum are present, probably 
for the presence of "colloidal" ettringitecoatingthe 
C3A grains as stated by Metha (J. Am. Ceram . Soc.1973) 
and Collepardi et al . (Cem. Coner. Res. 1978). 
In the C3A sample containing both calcium hydroxide 
and the volcanic pozzolana a rheological change from 
a stiff paste to a flowing one is observed during 10-
30 min . of hydration, while the laminar crystals of 
hexa·gonal hydroaluminate (C2AH3 and C4AH13) are trans -
formed into the cubic crystals of C3AH5. . 

100 10 · 
C3A(SO) + Q (SO) 
C3f\(50) + Se(50) 
C3A(50) t SJ(50) 
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- Heat evoiutio~ curves fer c3A hydration in the presence 
of liir.c (CH), gypsum (CSH2). quiirtz (Q), Segr.i pozzulana (Se) or 
Sacrofano pozzc l an3 (Sa) . 

Generally the transformation from the hexagonal cry
stals into the cubic phase occurs after the setting of 
C3A paste. However, when this transformation, for so
me reasons, is anticipated and the system is still in 
a plastic state the stiff paste is changed into a flow 
ing one. The change in the morphological character oT 
the hydrated products is caused by the presence of 
both lime and the volcanic pozzolana but the mecha
nism is not yet known. A similar phenomenon was point 
ed out by Traetteberg and Grattan-Bellew (J . Am. Cer-:
Soc. 1975) on pure C3A paste~. However, in this case, 
the change in the morphology of hydroaluminates and 
then in the rheological properties was ascribed to 
high water/solid ratios and high temperatures - caused 
by large samples liberating remarkable heat of hydrat 
ion - as both these parameters favour the transformat · 
ion from hexagonal hydroaluminates into the cubic ph~ 
se. 

DISCUSSION 

Different participants asked questions most of which. 
received an immediate answer whereas others, for lack 
of time, were not examined during the session. Howe
ver all of them are presented here together with the 
relative short answers. 

J. BENSTEND's question 
There is some evidence in portland cement containing 
fly ash that alkali hydroxide rather than calcium hy
droxide is making the major ~ontribution to pozzolani 
city. It thus follows that chemical tests for pozzola 
nicity need to take full account of this possibility-:
What are the panel's views on the role of alkali hy-
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droxide as opposed to calcium hydroxide in determining 
pozzolanicity in such situation? 

Reponse de P. LONGUET 
Sur le plan des principes nous sommes d'accord avec 
Monsieur Bensted sur le role des alcalis dans le deve 
loppement de 1 'effet pouzzolanique, et sur 1' interet 
qu'il y aurait a en tenir compte~ pour definir un test 
chimique d'appreciation de 1 'activite pouzzolanique. 
La diff i culte serait sans doute de definir le milieu 
reactionnel convenable assurant une solubilite telle 
a 1 'hydroxyde de calcium que la concentration en ions 
ca2+ reste superieure a celle provenant de l'equili -
bre de solubilite des composes ,calciques hydrates su 
sceptibles de se former . Il y a la certainment une se 
ri e d' etudes qui sera i ent tres prof itab 1 es ·a une con-=
na i ssance plus complete de 1 ' effet pouzzolanique . 

Question de E. DEMOULIAN 
A quoi peut-on attribuer · le retard de prise des ci
ments qui contiennent des cendres volantes? 

Reponse de P. LONGUET 
Si ce retard n'est pas attribuable a la composition 
parficuliere de la cendre : par exemple des impuret es 
existant naturellement dans le charbon initial (1' ex 
emp 1 e ·du Zn ·a ete s i gna 1 e) soi t provenant de combus tT 
bles ajoutes au charbon au niveau du brOleur de la 
chaudiere (huiles usees renfermant des additifs tel le 
sulfure de molybdene . . . ) , la reponse n' est pas eviden 
te. Peut-etre faudrait-il verifier si les proprietes 
adsorbantes particulieres des cendres vol antes ne de
placent pas les equil i bres ioniques initiaux de la pha 
se aqueuse de la pate de ciment dans un sens compara-=-

. ble a 1 'addition d'un retardateur? 

Question ~e E. DEMOULIAN 
Influence de la reactivite chimique de la pouzzola n e 
sur la structure et la composition des hydrates for
mes . (Question au Panel). 

R. SERSALE_J; reply 
The chemical reactivity of pozzolanas does not seem to 
appreciably affect the structure and composition of 
the newly formed hydrates . 
In fact, starting from natural pozzolanas of diffe
rent eruptive areas, the principal products or iginat
ing after the reaction with lime and liable for the 
binding action are constantly: calcium silicate and te 
tracalcium ~luminate hydrates. -
In the light of the experimental research carried out 
so far , the determining role of the chemical reactivi 
ty of pozzolana is likely to be limited to a substan-=
tial influence on the formation kinetics of the newly 
formed phases . 

S. DIAMOND's question 
It has often been thought that reactivity of flyash or 
pozzolanic glasses may be related in part to the sta
te of strain in tRe glass , i s there any convenient me 
thod available to measure this? 
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R. SERSALE's reply 
Direct methods for evaluating the state of strain in 
incoherent glasses, like fly ashes or pozzolanas, pr~ 
bably cannot provide reliable results, even if, no 
doubt, strain favours reactivity . 
By means of phys i co-chemical techniques , such as eva- o 
luation of the heat of solution, dilatometr i c analy
sis, high sensitivity thermal differential analysis , 
a relative and indirect determination of the strain 
can often be obtained provided glassy samples have 
the same chemi ca 1 composition but different the rm a· 1 
hi story . 

U. LUDWIG's question 
What is your opinion about the maximum replacement of 
portland cement with pozzolana free of lime with re
spect to carbonation and : 
a) influence on ultimate strength 
b) influence on the carbonation rate 

F. MASSAZZA's reply 
a) I ta 1 i an pozzo 1 ani c cements usu a 11 y contain around 33% 
of pozzolana . Practically as much pozzolana is added 
as much is necessary to combine the hydrolysis lime 
of clinker (pozzolanicity test ISO R 863). Higher a
mounts of pozzo 1 ana wou 1 d not react and th e re f o r e 
would reduce mechanical strengths . In pozzolana-con
taining cements, all the other conditions being equal, 
the change in mechanical strengths as a function of 
pozzolana content shows a nearly linear decrease at 
short ages but presents· a maximum after about 28 days. 
The early and ultimate strengths of a pozzolanic ce
ment depend, of course, on the qua 1 i ty of pozzo 1 an a s 
(active phase content, their nature , BET specific sur 
face, a . s.o . ). -
b) Latest research by Longuet et al. (Rev.Mat.Constr. 
1973, Silicates Ind. 1976) and Diamond (Il Cemento 
1977) proved that the solution filling the pores of 
the cement paste is Qractically free of ca l cium hy
droxide (ca++< lo -3M) and essentially cons i sts of al 
kali hydroxides. -
Therefore the resistance to the carbonation of coricre 
te does not appear to be attributed to the presence 
or absence of calcium hydroxide in the pore solution, 
but it .must be sought in other factors such as, for 
instance, the permeability of co2 of the cement paste. 
Anyhow it must be reminded that appreciable amounts of 
free calcium hydroxide are always present in the pa~ 
stes of pozzolan i c cements, even when very active poz 
zolanas rich in silica (Si02 > 80%) and poor in lime 
(Cao <· 0.5%) are used. . 

G.K . MOIR's question 
I would like your reactions to the observation that 
not only need the pozzolana be assessed by strength 
test but that clinker rather than Ca(OH) 2 should be 
used as factors such as the avai l able alRali and sul
phate may influence reactivity. Further, perhaps the 
most important property of the pozzolana with regard 
to strength up to 28 days is the influence upon con
crete workability (rheology) and consequently w/c ra 
tio . 

Reponse de R. MAGNAN 
Il a ete note 'par differents auteurs que les connais
sances actuelles ne permettaient pas de relier les ca-



racteristiques chimiques d'l.lne pouzzolane etd'uncli..!!_ 
ker et la reactivite du melange. 
11 est done necessaire pour connaitre la qualite d'u
ne pouzzolane de faire des tests mecaniques en utili
sant les materiaux reels. C'·est-a-dire la pouzzola n e 
et 1 e c 1 inker contena nt ses e 1 ements seconda ires, s u 1 
fate, alcalis, etc .... 
Il est bon de distinguer deux types de reactivite. La 
reactivite chimique qui est la vitesse de reaction 
chimique avec l 'eau et la reactivite physicochimiq u e 
qui est la vitesse d'acquisition des r~sistanc:s m~c! 
niques. 11 est en effet possible d'avo1r une react1v2_ 
te chimique elevee par ~xemple en a~gmenta~t.la surf~ 
ce specifique des produ1ts sans avo1r de res1stanc es 
elevees, car la surface specifique elevee exigera pnur 
une theologie acceptable un E/C elev~ dont on connait 
ies effets nefastes. 
Une bonne pouzzolane correspond au meilleur compromis 
entre une reactivite chimique la plus elevee possible 
et une surface ou activite de surface vis a vis de 
l'eau, la plus faible possible. 

T. PATZIAS's question 
What happens to Al 203 of fly ash with low (or high) 
CaO content during the hydration of pozzolanic ce
ments to explain their improved sulphate resistance? 

F. MASSAZZA's reply 
A good portion of Al 20J of pozzo 1 anas and presumab 1 y 
also of fly ashes, enters the lattice of C-S-H . Once 
the best sulphate .resistance of the pozzolanic cement 
paste was simply attributed to the low Ca(OH)2 con
tent that made ettringite unstable. Today this fact 
is ascribed to a lower permeability of the cement pa
stes toward the So4-- ion. In its turn this higher i~ 
permeability is attributed to the presence of a higher 
amount of gel and to differences ·in its composition 
and structure. 

K. POPOVIC's question 
Since most pozzolana-containing cements demand more 
water for a same consistency and therefore a higherce 
ment dosage to obtain the ·same strength, is it possi.::.
ble to talk about energy saving? 

F. MASSAZZA's reply 
Considering that not all pozzolanic cements, and par
ticularly those containing fly ashes, demand more w~ 
ter than portland cements, it was found that by using 
Itali'an pozzolanic cements containing about 1/3 of n~ 
tural pozzolanas . it is necessary to increase the w/c 
ratio on the averag~ by 0.01-0.02 to have 'the same 
slump given by plain portland cements . This differen
ce is slight and therefore also the increase in the 
cement dosage required to have the same 28 day-strength 
is small. Needless to say that later on the strength 
-0f a pozzolanic cement will increase more than a port 
land one. -

E. RAASK's question 
I s~ould like to ask for opinion of ~ the Panel if it 
is further while to investigate further chemical me
thods of pozzolanic activity tests to supplement the 
accepted mechanical tests. 

Reponse de R. MAGNAN 
11 a ete reconnu par les differents auteurs que seuls 
les tests mecaniques permettent de mettre en evidence 
la qualite d'une pouzzolane et son activite . 
Les tests mecaniques ont l 'inconvenient d'etre lent s 
et sont done peu pratiques pour le controle cont i n u 
d'une fabrication industrielle. · 
Mais dans ce cas, s'agissant generalement d'un clin
ker defini et d'un materiau d'addition prealableme n t 
teste, il peut etre interessant de faire des tests.ch.:!_ 
miques qui donnent rapidement une mesure.de var1 a
tions eventuelles de la pouzzolane et qui permette n t 
ainsi de s'assurer de la regularite du produit. 
La methode chimique permet alors de diminuer le no~ 
bre de tests mecaniques ma is ne peut etre consider e e 
que comme une methode indicatrice. 

V. RAMACHANDRAN's question 
One of the important research problems should concern 
itself to activate the reaction between 1 ime and a po~ 
zolana for obtaining higher early strength development. 
Are there any new catalysts being investigated recen
tly? 

Reponse de p~ LONGUET 
11 est bien etabli que le developpement des caracter.:!_ 
stiques mecaniques lie a la presence de pouzzol an es 
dans un ciment est par nature un phenomene lent. Des 
resistances mecaniques elevees aux premiers ages avec 
un ciment pouzzolanique ne pourront done etre obte
nues qu'indirectement : 
- Soit en accelerant les reactions propres au clinker 
present en esperant compenser la baisse de resist~nce 
a long terme qui en resulte par 1 'effet pouzzolan1que 
lui-meme. 
- Soit en ajoutant un systeme donnant rapidement une 
resistance initiale (interet plus particulier pour le 
demoulage rapide). 
Des resultats interessants ont ete obtenus pa~ addi
tion de ciment alumineux (ciment fondu) ou d'alumina
te de sodium, mais a vrai dire il s'agit lad' effets 
differents de ceux attribues habituellement aux pro
duits accelerateurs dont 1 'action est plutot de natu
re catalytique. 

A. SAMARIN's question 
Is it possible to utilize brown coal fly-ash in con
crete? Our experience is that these ashes are high in 
maqnesia and alkalis, have little or no pozzolanic va 
lues and cause corrosion of reinforcing steel. -
Is it possible, in the opinion of the panel, to over
come these problems? 

Reponse de P. LONGUET 
La reponse est difficile puisque vous decrivez vous
meme vos cendres de 1 ignite avec des teneurs e 1 eve e s 
en magnesie et en alcalis, avec peu ou prou de pro
prietes pouzzolaniques et de plus apportant des ri
sques de corrosion des armatures (a cause de la pre
sence de teneurs elevees en sulfates vraisembla b 1 e -
ment). Tout au plus, si elles sont assez fines, pour
rait-on envisager leur addition comme charge plus pu 
moins inerte pour completer la courbe granulometrique 
du c iment et ame 1 i orer 1 es proprjetes rheo 1 o g i q u e s 
lors du gachage. Il conviendrait alors de verifier les 
points suivants: 
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-· Extinction complete de la chaux libre et de la ma
gnesie libre presentes dans les cendres. 
-Absence de quanti tes importantes ( l ou 2% au max i
mum). 
-Teneur en sels solubles compatibles avec l 'absence 
d'apparition d'efflorescences a la surface des betons 
realises. 
- Definition des raisons du risque de corrosion des 
armatures: concentration elevee en solfates (a compen 
ser par une addition moderee des cendres au cimentr; 
presence eventuelle de chlorures (a proscrire pour les 
ciments destines a la precontrainte). 

Question de W. SCHRAMLI 
Specifier le ciment aux cendres volantes selon sa per 
formance plutot que selon sa compositional 'inconve-=
nient que l 'aspect durabilite est neglige car il est 
difficile de la mesurer . 
Est-ce-qu'il est fait en France pour attribuer, dans 
le cadre des normes, a l 'aspect durabilite l 'importa~ 
ce qu'il merite? · 

Reponse de P. LONGUET 
Nous ne pensons pas que le fait de connaitre la compo 
sition d'un ciment aux cendres volantes puisse permet 
tr~ d'etablir la durabilite du beton correspondant. -
En France les normes definissent certes des performan 
ces mais indiquent aussi les limites superieures des 
teneurs en produits d' addition des differents liants 
hydrauliques. 
Votre question pose plutot le probleme de la defini
tion d'un beton de reference, a partir duquel des cri 
teres de durabi lite pourra i ent et re eff e ct i v em e n t 
mieux definis. 

Question de J. PUIG 
Comment pouvez vous utiliser les cendres a basse te
neur en Cao libre (10%) en les separant des autres, 
plus grosses, a forte teneur en CaO libre (20%)? Avec 
25% de cendres a l 0% de chaux l i bre, avez vous une bon 
ne stabilite de volume? A quel essai? L'aiguille ou 
l'autoclave? 

Reponse de M. DMITRIEV 
Les cendres ·sont directement separees en fractions 
aux centrales thermo-electriques oQ les cendres a di
spersion grossiere ayant une forte teneur en Cao li
bre se precipitent aux premiers champs du filtre elec 
trique horizontal, tandis que les cendres a basse te 
neur en Cao libre et a dispersion fine sont amenees 
dans le dernier champ de ce filtre. En cas d'utilisa
tion des cendres a fine dispersion, le ciment subit 
n'importe quels essais concernant la stabilite de vo 
lume. 
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B.S. RAUQUEKAR's question 
Regarding "Basic Flyashes", is it necessary to add "ac 
tive or ground silica", when manufacturing portland-=
pozzolana cement usinq basic flyashes? 
With such additions is it possible to have a better 
strength development? 

Reponse de M. DMITRIEV 
La fabrication du ciment pouzzolanique avec l 'utilisa 
tion-des fractions fines de la cendre basique n'exige 
pas d'additions de la silice active. 
Si l'on utilise les fractions grossieres de la cendre 
ayant une haute teneur en CaO libre, il est possible 
d'effectuer une certaine quantite d'additions conte
nant de la silice active. Les meilleurs resultats sont 
obtenus en cas de 15-25% de cendre, en fonction de sa 
dispersion. 

CONCLUSIONS 

The conclusions that can be drawn from the principal 
reports, the written and oral contributions as well as 
the discussions can be summarized as follows. 
The use of pozzolanic materials shows the follo\'1i n g 
advantages: 

- The production of cements that must not only be con 
sidered as substitutes of portland cements, but also 
as cements having some i-mpro~ve...d.charactei:i sties ,such 
as heat of hydration, shrinkage, creep, durability, 
etc. 

- The reduction in the energy consumption and the buil 
ding costs of the cement factories. In fact the pos 
sibility offered by the pozzolanic additions to in-=
crease the cement production without a correspond
ing heat consumption or plant enlargement is doubt 
less stimulating. -

- Finally pozzolanic cements allow the utilization of 
residues from other processings that, as fly ashes, 
constitute a serious ecologic problem still today. 

The number and the quality of the presented works.both 
those having an eminently scientific character and 
those with more practical purposes, are the most con 
vincing proof of the interest that subject "pozzolana" 
arises all over the world. 

To.conclude this general report the Chairman of Theme 
IV would .like to thank the principal reporters, the Au 
tho rs of the \'Jr it ten and oral communi cations and the 
participants in the round table and the discussionfor 
the valid contribution they gave to the success of 
this section. 



THEME V 
Ciments speciaux 

par F. de ASSIS BASILIO 

1. Le Comite Scientifique International a 
charge un representant de l'Amerique Latine 
de presider .le 5eme Theme du Congres, proba
blement en hommage aux specialistes de ce 
continent lointain, dont la pr0duction an
nuelle de ciment a atteint pres de 60 mil
lions de tonnes en 1978. 

Le Bresil, man pays, a produit d~ns les ~inq 
dernieres annees les tonnages suivants de 
ciments de toutes sortes 

1975 - 16.737.458 

1976 - 19.146.794 

1977 - 21.122.927 

1978 - 23.202.867 

1979 - 24.873.654 

Tableau 

Production de .ciment Portland en Amerique 
Latine, en 1978 : 
Chiffres en tonnes par annee 

Amerique Centrale 
Argentine 
Bolivie 
Bresil 
Colorribie 
Chili 
Equateur 
Mexique 
Paraguay 
Perou 
Uruguay 
Venezuela. 

Total: 

3.126.259 
6 . 3~6.129, 

257.008 
23.202.867 

4.140.000 
1.176.698 

976.060 
14 . 055.720 

166.777 
2.047.348 

683.300 
3.349.794 ------------

59:497.960 

source : Asociacion de Fabricantes de Cementa 
Portland - La industria argentina del cemen
ta Portland ~ anuario 19781 Buenos Aires, 
1979, p.39. 

.L'item relatif au Bresil fut obtenu par le 
Syndicat National de l'Industrie du Ciment, 
Rio de Janeiro. 

0 

0 0 

L'Industrie cimentiere au Bresil, comme 
d'~illeurs dan~ un grand nombre de pays 
d'Amerique Latine, a cree, en 1936, ~'Asso
ciation Bresilienne du Ciment Portland, a 
laquelle app~rtienn~nt toutes les cimente
r ies du pays (actuellement 57 us~nes), 

L'Association ~u Bresil pos~ede un Centre 
Technique· du ciment, situe a Sao Paulo, et 
de~ labor~toires d'essais et de recherches 
comprenant quatre departements : 
physico-chimie, 
chimie, 

beton et ciment (essais physiques) 
et sol-ciment. 

Le laboratoire a des techniciens, des inge
nieurs chimistes, des geologues et des inge
nieurs 'civils~ il travaille avec les equipe
ments normaux d'essais et de recherche 
(X~D, ATD, microscopie optiqu~, etc ... ) 

2. Le Theme 5 : Ciments speciaux, a ete divi
se en trois sous-themes 

sous-theme 5.1., dont le Rapporteur Princi
P~i~-M~-C~M~-GEORGE (U.K.)a presente un 
travail intitule "Ciments alumineux". Une 
s y n the s e de s A' e c e n t e s Pub 1 i c.a t i ans ( 1 9 1 4 -
19 7 9) . 

- ~~~~=!~~~~-2~~., dont le Rapporteur Princi
pal, M. w. KURDOWSKI (Pologne) a presente 
un travail intitule ~Ciments expansifs". 

- Sous-Theme 5.3.,dont le Rapporteur Princi
p~l~-M~-A~S~-BOLDYREV (URSS)a presente un 
rapport intitule "Autres ciments (ciments 
a haute teneur en c2s actif) et leurs uti
lisations". 

3. Le President du Theme 5 a re9u 41 commu
nications et 3 rapports principaux, qui trai
tent respectivement : 

- du sous-theme 5.1. Ciments alumineux : 
16 t~•Qauz qui proviennent des pays sui
vants : France (6 .), Royaume-Uni (3), Ita
lie, URSS, Roumanie, Inde, Hongrie, Chili 
et Espagne (1 chacun) 

du sous-theme 5.2. Ciments expansifs 
10 bra~aux qui pioviennent des pays sui
vants : Chine (2), France, URSS, Roumanie, 
Pologne, Japan, Bulgarie, Etats-Unis, et 
Egypte (1 chacun) 

- du sous-theme 5.3. Autres ciments 
19 travaux qui proviennent de :URSS (10), 
Japan (3), Bulgarie (2), France, Etats
Unis, R.F.A. et Tchecoslova_quie· (1 chacun) 

4. On peut y voir la preoccupation generale. 
d'orienter les recherches sur des bases 
scientifiques sans oublier 

a) i'economie du combustible dans la fabrica
tion de ciment, ·notamment en cherchant 
des nouveaux types de ciments a tempera
ture de clinkerisation inferieure a 1200° 
voire meme a des temperatures inferieures 
a 1000°C. 

b) l'utilisation des dechets ou sous-pro
duits in~ustriels. L'utilisation des 
laitiers et des cendres volantes est de
ja bien connue, mais il y a d'autres 
sous-produits qui meritent attention. 
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Ces deux directives furent traitees en de
tail dans presque taus les travaux proveAant 
de l'URSS, comme par exemple dans le Rapport 
Principal du sous-theme 5.3 de M. BOLDYREV, 
concernant l'utilisation des boues rouges 
(dechets de la fabrication de l'alumine a 
partir de la nep0eline) dans la fabrication 
du ciment, car cette boue peut contenir 
jusqu'a 80 % de B-c

2
s. 

5. On constate aussi qu'il existe un nombre 
croissant de nouveaux types de ciments alu
mineux, avec une teneur variable en alumina
tes, et des ciments alumineux associes aux 
ciments Portland avec ou sans ajouts. 

L'etude de l'influence sur l'hydratation et 
les proprietes des ciments alumineux des 
composes mineurs comme so

3
, Cl, Ba, Ti, Mn, 

et d'autres a ete presentee dans plusieurs 
travaux. 

Quelques travaux insistent . sur l'interet 
d'utiliser l'alunite ca

11 
(Si,Al)

4
o

18
c1 dans 

la fabrication des cimenEs expans1fs. 

6. Ce rapport general est divise en trois 
parties, correspondant chacune a un sous
theme. 

0 

0 0 

1.0 - Rapport principal 
"Ciments alumineux une synthese des 
recentes publications (1974-1979) 
C.M. GEORGE - U.K. 

1.1 - "Hydratation du ciment alumineux en 
presence d'agregat siliceux et calcai
re". 
L. CURSINO et A. NEGRO - Ital~e. 

1.2 - "Solubilite dans l'eau de CA et CAH
10 

partiellement deshydrate" 
P. BARRET et Ph. DUFOUR - Franc~ 

1.3 - "Composition en phases du clinker 
alumineux a teneur d'alumine elevee, 
en fonction de la temperature et du 
milieu gazeux de cuisson". 
T.V. KOUZNETSOVA, V.P . RIASINE, 
V.I. GOUSSEVA et V.A. VOROBIEV - URSS 

1.4 - "Ciments refractaires alumineux dans 
les pseudosystemes Ba0.Al 20d- Cao. 
Al

2
0

3
- Mg0.Al

2
0

3 
- Ba0.6AI 2 3 

-
Cao. 6Al 2o

3 
. 

I. TEOREANU et N. CIOCEA - Roumanie 

1.5 - "Courbes d'instabilite minimale dans 
une solutiori metastable de CA". 
P. BARRET et D. BERTRANDIE - France 
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1 . 6 - "Hydratation des melanges silicates
aluminates de calcium". 
B.F. COTIN - France 

1.7 - "Les causes chimiques des b~isses ou 
des limitations de resistance dans les 
structures en ciment alumineux" 
P. BH~SKARA RAO et V.N. VISWANATHAN 
- Inde -

1.8 - "Formation des clinkers des ciments 
alumineux des types CA et CA

2
; proprie

tes de ces ciments". 
J. TALABER and K. DOLEZSAI - Hongrie ~ 

1.9 - "Influence des conditions de synthese 
de l'alumine sur sa reactivite vis a 
vis de la chaux". 
B. GUILHOT, J.F. HUGO, A. MATHIEU et 
A. PETIT - France 

1.10- "Comportement , de divers phosphates 
avec des constitoants des ciments" 
P. BARRET, C. BENES, D. BERTRANDIE et 
J. MOISSET - France -

1.11- "La resistance chimique du beton de 
ciment alumineux" 
H.G. MIDGLEY - U.K. 

1.12- "La rela~ion entre la composition du 
clinker de . ciment et la capacite de 
recuperation du ciment alumirieux" 
H.G. MIDGLEY - U.K. 

1.13- "Microstructure et hydratation des ci
ments a haute teneur en alumine". 
P. KITTL, J.H.C. CASTRO, L.C. POMPEU -
Chili. 

1.14- "Calcul des compositions potentielles 
theoriquement possibles des ciments 
alumineux". 
J. ' CALLEJA - Espagne. 

l - Le rapport principal du sous-theme 5.1 
a fate presente par M. G. M. GEORGE, Directeur 
Technique de Lafarge Fondu International: 

Son rapport de 24 pages contient une synthe
se des recentes publications (1974-1979) 
presentees depuis le Congres de Moscou. Il a 
examine ainsi 103 publications recentes. ' 

Examinons les principales questions traitees 
par les auteurs des travaux presentes dans 
ce sous-theme 5.1. 



2. conversion (Transformation cristalline 
ae;-ci;e~ts alumineux hydrates). 

2.1 - Le rapporteur principal aborde cet
te question et meme prend position de la 
fai;:on suivante {p.2) 
"Les publications les plus importantes 
condernant les resistances a long terme 
et la £9.~2~£.§.i.9.~ montrent clairement que 
les ciments alumineux se transforment re
lativement vite (quelques mois OU annees) 
dans pratiquement toutes les conditions 
d'utilisatio~; done la propriete de dur
cissement rapide doit etre exploitee seu
lement en considerant les resistances 
apres £.9.~2~£~i.9.~' et en utilisant un fai
ble rapport eau / ciment". 
Et ii continue.: . "CAH 0 est ~'hyd~ate . 
principal forme a 20°C ou moins, a partir 
de CA; C AH predomine autour de 30°C et 
ces deux 2 hy9rates ' se transforment en . 
C AH , d'autant plus rapidement que la 
t~mpgrature est plus elevee {phenomene de 
£9..!:!.2~£.§.i.9..!:!.) " • . 

Si la situation se presente comme un fait 
inevitable, il y a cependant un certain 
nombre d'etudes pour trou v er une solution 
~e nature physique ou chimique qui puisse 
empe~her la conversion. 

2.2 - Les auteurs de la communication 1 .7 
affirment que "la conversion du ciment 
alumineux est un fait que l'on doit 
accepterw. Mais ils se pteoccupent ce~en
dant de trouver une solution pour eviter 
OU reduire cette conversion par l'additi on 
de · s -c 2 s. "En hydratant ensemble du CA et 
du B-c 2 s on obtient surtout du c

2
ASH

8 
(gehlenite hydratee ou _ str~tlingite)". 

Et ils arrivent a la conclusion : 
"Le succes de la technologie d'arret de 
la chute de resistance depend de l'optimi
sation dei proprietes et de la finesse de s 
aluminates et du B-C 23 de iai;:on a ne pas 
accumuler les aluminates de calcium hydra
tes" (p. 7). Malheureusement, il·s n 'ont 
presente de resultats d'essais de resis
tance a la compression que jusqu'a 85 
jours, mais sans reduction de resistance. 

MIDGLEY dans sa communication 1.12 presen
te des resultats de conversion et de recu
peration; on y voit que le ciment ayant 
le plus grand pourcentage de B-C S ~ la 
plus grande recuperation. 2 

Presque toutes les 14 communications ont 
traite, plus ou moins, de ce problerne de 
la conversion. 

2.3 - Dans la communication 1.1. presentee 
par CURSINO et NEGRO, les auteurs se rnon
trent plus optimistes quant a la possibi
lite d'eviter la conversion; ils preconi
sent a ·ce sujet l'addition d~ poudre 

calcaire broyee a environ 5000 crn2 / g au ci~ 
ment alumineux, dans la proportion 20 / 80. 
Ils ont realise plusieurs essais; les resul
tats des essais de resistance a . la compres
sion de beton, dose a 350 kg/m3 avec e/c=O~~ 
avec agregats calcaires (courbe F) 
avec e/c = 0,50 (courbe B), rnontrent que les 
resistances a la compression ont toujours 
augrnente jusqu'a 1800 jours. 

L'essai fait avec des agregats siliceux, 
mais avec un melange 25/75 de poudre calcai
re et de ciment alurnineux, et avec un e / c de 
0,51 a presente aussi des resultats de re
sistance a la compression toujours croiss~n~ 
jusqu'a 1800 jours (courbe II). Par contre, 
les effets de la conversion sont v isibles 
dans des essais faits sans poudre calcaire. 

Ces conclusions semblent completer ce qui se 
trouve dans le rapport principal (p.10) 
"En presence de caco

3
, le CAH

10 
est moins 

produit a toutes les temperatures; mais l'ap
parition de C

3
AH est aussi requite en fa

veur de l'appari~ion de mono-carbo-aluminate 
hydr~te c

3
A.Caco

3
.11H

2
o. On en conclut que 

la vitesse de conversion est plus basse en 
_presence de Caco 3 et que la formation de car
bo-aluminat~s .a la place ~e.c 3 AH 6 doi~ ~edui
re la porosite et done ameliorer la resistan
ce des betons de ciment alumineux". 

En effet, les auteurs du travail 1.1. ont 
fait des considerations theoriques en se ba
sant sur les reactions connues : 

";:,'equation (2) montre que c
3

AH
6 

et 2 AH
3 

oc
cupent ensemble 47,3 % de l'espace occupe 
par 3 CAH 10 avant sa transformation; il n'y 
a aucun doute que l'eau constituant 52,7 % 
du volume total est responsable de la poro
si te. Sur la base de l'equation (3), le soli
de occupe 66,5 % et l'eau 33,9 %. 

Pour completer cette etude, les auteurs ont 
determine, a l'aide d'un porosirnetre a rner
cure, la porosite de deux echantillons de 
rnortier apres 28 jours et 360 jours, l'un 
avec du sable siliceux, et l'autre du sable 
calcaire. Les resultats obtenus sont : 

siliceux 

calcaire 

28 jours 52,69 % 

28 jours 65,96 % 

360 jours 66,61% 

360 jours 38,36% 

"Ce qui montre une reduction de ia porosite 
du rnortier de 42 %". 
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2.4 - Avec le meme objectif, P.K.MEHTA 
avait presente au Congres de Tokyo un tra
vail sous le titre "Prevention de la perte 
de resistance des betons de ciments alumi
neux". Il a employe comme additif 5 % en 
poids du ciment, du c

4
A

3
s et a obtenu des 

resultats favorables sur un ciment alumi
neux d'origine americaine. 

KONDO cependant a aussi fait des essais 
avec le meme additif et n'a pas obtenu de 
resultats satisfaisants. 

Plusieurs travaux traitent de cette question: 

quels sont effectivement les composes qui se 
ferment dans la production industrielle du 
ciment alumineux et dans quelles conditions? 

Le rapporteur principal-du sous-theme 5.1 
fait un tour d'horizon sur les principales 
recherches faites depuis 1974, en commen9ant 
par les aluminates de calcium les plus im
por tants, C 

2
A , CA et CA 2 avec la relation 

C/ A decrois~an£e et les alumino-ferrites de 
calcium. 

Dans le travail 1.14 CALLEJA a considere 
comme possible la formation de ~A, c 12 A

7
, 

c
2
s, C

4
AF, _c

6
A

2
F et c

2
AS, d'apres des ci

ments alumineux produits en Espagne. 

Dans le tra v ail 1.3 de KUZNETSOVA, les au
teurs montrent que "la composition a teneur 
en alumine elevee depend de la temperature 
et du caractere du milieu gazeu~ (oxydant 
OU reducteur) de la cuisson, ainsi que de la 
presence d'impGretes ou d'additions de modi
ficateurs dans le melange cru". 

On voit bien l'enorme difficulte de prevoir, 
en partant de la composition chimique du 
clinker, sa composition potentielle, comme 
l'avait fait, il ya une cinquantaine d'an
nees, M. BOGUE, pour le calcul de la compo
sition potentielle du clinker Portland. 

C'est pourtant ce que M. CALLEJA a tente de 
faire en presentant dans son travail 1.14 
les equations, basees sur la stoechiometrie 
des reactions, pour des ciments alumineux 
correspondant a la composition suivante 

A entre 39 et 42 %; C de 37 a 42 %, F de 
9 ~ 18 %; S de 1,5 a 6 % et T de 1 a 2 %, 
qui correspond aux ciments alumineux d'Espa
gne. 

Il a admii trois systemes en vue de faire 
les calculs; en partant de la composition 
chimique du clinker alumineux, il a pu cal
culer une compositio~ potentielle qui, d'a
pres ses observations, serait en accord avec 
la composition . potentielle mesuree. 
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4.1. Les auteurs du travail 1.2 ant cher
che a eclaircir une question relative a la 
solubilite de la chaux et de l'alumine, du 
CAHlO d~s~ydrate , sous vide a des ~emperatu
res superieures a 100°C "la solution obte
nue laisse a son tour precipiter CAH

10
". 

C'est une etude assez complexe et qui doit 
aid~r a la comprehension de certaines ques
tions relatives a l'hydratation des ciments 
alumineux. 

4.2. Les auteurs ~u travail 1.5 ant fait 
une etude theorique minutieuse et sont ar
rives ~ des courbes sur le diagramme C-A-H 
de supersolubilite du gel d'alumine et du 
c

2
AH

8
, limitee par la courbe "d'instabili

te minimale" (p.6~ 

4.3. L'auteur du travail 1.6 a fait des 
etudes sur des melanges de ciment alumi~ 
neux (fondu) et ciment Portland, broyes 
sans gypse (voir le travail 3.11), en pro
portions variables. Il arrive a etablir la 
composition probable des hydrates pour les 
melanges etudies, dans le domaine du sys
teme c-A-H. 

4 . 4. Les auteurs du travail 3.13 ant etu
die au microscope electronique a balayage 
l'evolution de l'hydratation, pendant les 
premieres minutes apres l'addition de 
l'eau, des aluminates synthetises en labo
ratoire. 
Ils signalent, dans l'hydratation du C A 
vitrifie, un mecanisme de "defoliationi~?? 
et presentent l'explication probable de ce 
me can ism e ( p. 3) . 

Les travaux 1.8 et 1.9 donnent des rensei
gnements precieux sur les composes du clin
ker alumineux. 

5.1. Les auteurs du travail 1.8 ant presen
te une etude remarquable sur les condi
tions de formation du c

12
A

7
, CA et CA

2 
en 

fonction de la temperature d'apres des mi
nutieuses determinations faites par XRD. 
Une conclusion par exemple, le maximum de 
CA fut obtenu a la temperature de 1473° 
apres 2 heures de cuisson au four de labo
ratoire (p.4). 

5 . 2 . Les auteurs du travail 1.9 ant fait 
une recherche sur la clinkerisation, en 
laboratoire, de l'alumine et de caco 3 cal
cinees a 1310°C, 1330°C, 1380°C et 1450°C. 
Par XRD ils presentent au tableau 3 les va
riations des compositions du clinker obte- ' 
nu en CA

2
, CA et c

12
A

7
. 



6.1 - Les auteurs du travail 1.10 ont etu
die le ciment alumineux : SECAR 71 (conte
nant 70 % d'Al O additionne de sodium 

2 3 . h ' sous la forme ae (NaP0 3 ) 6 et de di ydroge-
nophosphate de sodium NaH 2 Po 4 . 

Comme conclusion "l'etude montre qu'a la 
tem~erature ambiante la prise "phosphate" 
s'effectu~ avant la prise hydraulique .... 
L'intensite de la prise hydraulique est 
alors affaiblie par rapport a celle du 
SEC AR 71 pu r''. 

6.2 - Le travail 1.4 etudie un ciment re
fractaire alumineux avec substitution to
tale ou partielle du Cao par BaO et MgO. 
Les auteurs ont fait de nombreuses recher
ches dans le pseudosysteme BA-CA-MA-BA 6 -
CA et arrivent a une composition sans Cao . 
ay~nt une resistahce a la compressio~ de 
400 da N/cm2 a 1 jour et 550 da N/cm2 a 7 
jours, et une refractairite de 1870°C. 

6.3 - Le travail 1.11 traite de la resis
tance chimique du ciment alumineux a l'eau 
de mer et aux eaux sulfatees. L'auteur at
tire l'attention sur l'hydrolise alcaline, 
c'est a dire celle due a l'action du so
dium et du potassium en presence de co2, 
et d'humidite, dans un beton assez permea
ble. 

0 

0 0 

2.0 - Rapport Principal "Ciments expansifs" . 
Rapporteur Principal : W. - KURDOWSKI -
Pologne. 

2.1 - "R&le d'une addition de Cao expansive 
dans les ciments expansifs". 
v. YAMASAKI, H. KAMTAKA and S.KOBAYA
SHI - Japan -

2.2 - "Ciment expanse d'alun et beton pre
contraint" 
WU CHUNG-WEI and WAUG YAN-SHENG -
People's Republic of China. 

2.3 - "Expansion du sulfo~aluminate en solu
tion sous saturee en CaO" 
XUE JUN-GAN, CHEN WEN-HAO and XU JI
ZHI - People's Republic of China -

2.4 - "Systeme aluminate de calcium-gypse
chaux-eau" 
A. BONIN et B. CARIOU - France -

2 . 5 - "La nature physico-chimique des auto
contraintes des ciments expansifs" 
L.V. NiKITINA, K.G. KRASSILNIKOV et 
A. LAPCHINA - URSS -

2.6 - "Sur le mecanisme de l'expansion des 
ciments expansifs" -
v. MALDOVAN et N. BUTUCESCU - Rouma
nie -

2.7 - "Ciment expanse ·compose d'un ciment 
normal et d'un ajout complexe". 
N.B. DJABAROV et Y.T. SIMEONOV -
Bulgarie -

2.8 - "Oxyde de magnesium, additif produc
teur d'autocontrainte dans la masse 
du beton", 
P.K. MEHTA, D. PIRTZ and G.J. KOMAN
DANT - USA -

2.9 - "Pites de clinker dilate, compresse 
apres hydratation". 
R.S. MICHAIL, S.A. ABO-EL-ENEIN et 
S. HANAFI - Egypte -

• 1. Le Rapporteur Principal du sous-theme 5.2 
est le Professeur KURDOWSKI, du Centre de 
Recherches de l'Industrie des Materiaux de 
Construction, en Pologne. Son rapport pre
sente une appreciation generale sur plu
sieurs ciments expansifs actuellement uti
lises dans la construction et sur ceux qui 
sont encore en phase d'etude et de recher
che. Son travail de 11 pages s'est appuye 
sur une bibliographie selectionnee de 59 
publications . 

Les ciments expansifs ont normalement deux 
emplois distincts : produire une expansion 
qui annule les effets du retrait, ou pro
duire une expansion du beton capable de 
conduire a la precontrainte des armatures. 

Dans le rapport principal ces deux emplois 
sont etudies, en indiquant, par exemple, 
qu'en URSS on fabrique des ciments expan
sifs capables de produire "un potentiel 
expansif (pressibn d'expansion) de 20 kg/ 
cm2, 40 kg/cm2 et 60 kg/cm2 respectivemen~~ 

Ces deux derniers sont destines a la pre
contrainte. 

Les ciments expansifs les plus utilises 
au monde sont examines dans le rapport 
principal. Les types K et M sont bien 
connus (1, p.l) ainsi que le M-S; mais on 
voit croitre l'interet pour d'autres types. 
de ciments, dont quelques uns sont signa
les dans le rapport principal dans les tra
vaux presentes: 

- les ciments SCT et SCN ont rete etudies 
par MICHAILOV ainsi que le ciment WEC. 
Le ciment SCT doit avoir une cure hydro
thermique suivie de cure a l'eau a la 
temperature normale il se produit pen-
dant la cure normale du monosulfoalumi
nate 3C

3
A.CS.H

12 
qui subit une evolution 

vers l'ettring1Ee (2, p.432). 

- des ciments expansifs, utilisant des ad
ditifs, largement utilises au Japan. 
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2. Nous allons attirer l'attention sur cer
tains aspects, en vue de faire une synthe
se des travaux presentes . 

L'ettringite est actuellement le compose 
expansif . le plus important, mais comment 
se forme-t-elle ? 

MEHTA, ~ite dans le rapport principal, a 
demontre, en se basant sur des observa
tions SEM, que"l'ettrin~ite se forme, en 
regle generale, par cristallisation dans 
une solution". Mais dans le rapport prin
cipal on trouve aussi que "independamment 
de l'hypothese de MEHTA, plusieurs auteurs 
continuent a considerer que l'e xpan sion 
peut etre causee par des transformations 
l oca les des phases anhydres en hydrates". 

En effet, dans le · tra v ail 2.5. de NIKITI
NA (p. 3), o n voit que "dans le cas ou la 
reaction de formation de l'ettringite se 
localise sur la surf ace des particules 
d'aluminates de calc ium, ces particules 
se regenerent peu a peu en un agregat po
lycr istallin et augmentent de volume comme 
un cristal unique. De telles part icules 
deviennent alors la source de deformations 
pour toute la structure dans s on ensemble" 

On vo it aussi, dans le travail 2.6. de 
MOLDOVAN (p. 4) que "l 'hydratation du c i
me nt E (expansif) en pate, est caracteri
see par l'apparition de produits d'hydra
tation du type ettring ite a la surface 
des grains anhydres", comme on peut le 
vo ir sur la microphoto (fig.2) de 30.000x. 

Mais il signale aussi que "dans le cas du 
ciment A (Portland), ce qui caracterise 
l'hydratation c'est l'apparition des pro
duits d'hydratation via la solution dans 
l'espace intergranulaire" et il conclut 
"la vraie cause de l'expansion c'est la 
format i on d ' et tr in git e a 1 a s u r f ·a c e des 
grains anhydres en presence d'une solu
tion saturee en Ca(OH)

2 
et en l'absence 

d'Al
2

o
3 

en solution". 

4. Pression d'expansion et pression de cris-
i~iiI;~iI;~~----------------------------
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Dans le rapport principal, on attire l'at
tention sur les trois niveau x de la pres
sion d' e xpansion adoptes en URSS (norme ?) 
soit 20 kg / cm2, 40 kg / cm2 et 60 kg / cm 2. 

On vo it que dans le travail 2.5 de NIKITI
NA (p.5}on s'est preoccup~ de mesurer la 
pression d'expansion et on a envisage deux 
methodes. La deuxi~me methode consiste a 
verif ier "la charge indispensable pour re
duire le volume du ciment durci a sa va
leu~ initiale. On determine ainsi l'effort 
qui se developpe au cours du durcissement 
de ces ciments (pression d'expansion)". 

Les auteurs du travail 2.6 MOLDOVAN et 
BUTUCESCU considerent que "des pressions 
de cristallisation locales determinent 
l'augmentation du vo lume du systeme defo~ 
mable". Une explication semblable a ete 
donnee dans la recherche de KROSILNIKOV 
presentee au Congres de Moscou. 

On voit cependant tres peu de donnees quan 
ti~atives au sujet de la pression de cris
tallisation et de son influence sur la 
pression d'expansion, depuis que la q llie s
tion a ete posee, par exemple, par KALOU
SEK et BENTON et a provoque une contesta
tion de LEVI BROWN (4, p.187 et 5 p.646) 
en 1970. 

5.1 - Les auteurs du travail 2.3 presen
tent des references de plusieurs cher
cheurs; certains considerent que la satu
ration en Cao de la phase liquide est in
dispensable pour avoir des ciment~ expan
sifs; d'autres affirment le contraire, 
c'est a dire qu'il faut a voir dans la pha
se liquide une solution sous-saturee en 
Cao. 

Les auteurs ont alors procede a une expe
rimentation rigoureuse, en compa~ant l'hy
dratation d'une pate d'aluminates de cal
cium pour auto-contrainte avec une sous
saturation en Cao dans la phase liquide, 
et un ciment alumineux du type M. en con
dition de saturation en Cao dans la phase 
liquide. Au tableau 3, ils presentent des 
resultats tres favorables a la condition 
de sous-saturation. Les auteurs ont une 
large e x perience de l'em~loi de ce type 
de ciment auto-contraint dans la fabri
cation d~ tuyaux en beton precontraint 
depuis 20 ans. 

5.2 - Les auteurs du tra v ail 2.4. trai-
tent de l'influence de la chaux dans 
l'hydratation d'un ciment expansif type 
M. Ils ont etudie le systeme c

4
A

3
S -

Gypse-chaux-eau, et les condition pour la 
formation du C

3
A.CS.H

12 
et du c

3
A.CS.H

32 
et la formation intermediaire de ces deux 
composes avec en plus du c

4
AH

13 
et de 

l'alumine (p.6). 

5.3 - Dans le travail 2.1. les auteurs 
ont etudie l 'effet de l'addition au ciment 
Portland de la chaux (3 % et 6 % de CaO), 
du sulfate_de chaux (3 % et 6 % de Caso

4
) 

et de C
4

A
3

S (2 % a 5 %) • L'addition de 3 % 
de CaO et 6 % de Caso

4 
a conduit a une ex

pansion convenable (courbe D de la fig. 2) 



6.1 - Le rapport principal traite de la 
fabrication d'un ciment obtenu par melan 
ge de clinker Portland, d'alumine activee 
entre 600°C et 800°C, e t de gypse; le pro
duit actif de ce ciment est l'ettrihgite. 

6.2 - Le travail 2.2 traite aussi d'un ci
ment expa~sif . obtenu par melange d'alumine 
naturelle (contenant 20 % a 50 % de 
K

2
so

4
.A l

2
(s0

4
) 

3
.4Al(OH)

3
) de clinker Port

land, d'anhydr1te et de cendres vo lantes 
ou de laitiers. 

Les auteurs ant utilise le p©rosimetre a 
mercure et ant confirme par des essais la 
cristallisation de l'ettringite dans les 
pores, apres sa formation dans la phase 
liquide. 

Ce ciment est employe pour la fabrication 
de tuyaux precontraints en beton, en Chi
ne ( env i ran 2000 km par an) . 

6.3 - Le tra vai l 2.8 presente un ciment 
ayant comme additif MgO, en envisageant 
l'emploi de ce ciment a la fabrication 
du beton expansif pour barrage. Les au
teurs montrent que la calcination de MgO 
a haute temperature conduit a un produit 
d'hydratat{on tres lent ou inerte. Par 
contre la calcination de MgO entre 900 et 
950°C, avec broyage pour obtenir des 
grains de 300 a 1180 µm,additionnes de 5 % 
de ciment Portland, peut donner un ci~ent 
expansif capable de neutraliser ' 1e retrait 
des betons des barrages. 

7 . 1 - Le tra vai l 2.9 presente une recher
che sur des pates de ciments expansifs 
soumis, apres hydratation, a une forte 
compression de 50 kg / cm2 jusqu'a 500 kg / 
cm2. 

Comme consequence, on observe une reduc
tion appreciable de la parasite. L'etude 
comporte des observations morphologiques 
sur la microstructure des hydrates. 

7.2 - Le travail 2.7 traite d'un additif 
complexe au ciment Portland ou aux lai
tiers, capable de produire des expansions 
de 0,1 % a 0,4 %. Le produit est brevete 
dans plusieurs pays. 

0 

0 0 
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3.0 - Rapport Principal "Autres ciments 
(ciments a haute teneur en c 2 s actif) 
et leurs utilisations". 
A.S. BOLDYREV - URSS -

3.1 - "Structure et proprietes des clinkers 
de ciment blanc" 
K. KARIBAYEV, K. BEKISHEV, D. ALDI YA
ROV et V. LYSENKO - URSS -

3.2 - "Proprietes des betons a tres faible 
degagement de chaleur" 
A. GOTO, A. MATSUBARA et K. NAKANO -
Japan -

3.3 - "Activation mecano-chimique du silica
te bicalcique technogene" 
V.I. AKOUNOV, A.M. DMITRIEV, S.D. MA
KACHEV, G.P. LITVINOV, V.I. JARKO, 
G.V. ZAVADSKI, B.E. YONDOVITCH - URSS. 

3.4 - "Possibilites de l'intensificati on des 
proprietes liantes des materiau x a la 
base du C S" 
P.I. BOJE~OV, B.A. GRIGORIEV et 
G. OVTCHARENCO - URSS -

3.5 - "Synthesis at about 750°C and proper
ties of a sulphated B-C S". 
H. STRUILLOU et M. ARN06LD - France -
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3.6 - "Utilisation du ciment sulfate dans le 
beton arme de fibres de verre" 
A. PACHTCHENKO, H. STARTCHEVSKAIA, 
V. SERBINE et L. KALITA - URSS -

3.7 - "Aspect cristallochimique du durcisse
ment des ciments po~r forages petro
liers". 
V.V. ILIOUSKHINE, V.S. BAKCHOUTOV, 
A.N. LIOUSSOV, M.K. NIKOLAEVA - URSS. 

3.8 - "Analyse de la composition granulome
trique des cirnents de forages petro
liers". 
V.S. BAKCHOUTOV, K.H. Al. VARDI, 
M.K . NIKOLAEVA - URSS -

3.9 - "High temperature cements with geo
thermal applications" 
C.A. LAUGTON, E.L. WHITE, M.W. GRUT
ZECK et D.M. ROY - USA -

3.10- High strength cement in the ~ Ca0-Al 2 o 
sio

2
-so 3 system and.its applicationsJ 

G. SUDOH, F. OHTA et H. HARADA - Japan 

3.11- "Inyestigations on fwo ~ecial cements" 
Y. EFES - R.F. ALEMAGNE 

3.12- "Structure et proprietes de l'alunite 
et du ciment d'alunite". 
B. NOUDELMAN, M. BIKBAOU, A. SVENTSIT
SKI et V. ILUKHINE - URSS -

3.13- "High strength slag-alkaline cements" 
V.D. GLUKHOVSKI, G.S. ROSTOVSKY et 
G.V. RUMYNA - URSS -

3.14- "Recherches sur les phases des ferrites 
de baryum dans la zone fortement basi
que du systeme BaO-Fe o . 
V. VALKOV, A. DENEVA ~t 3 D. STAVRAKEVA 
Bulgarie -

3.15- "Le ciment pour emploi aux temperatu
res basses". 
F. SKVARA et J. NOVOTNY - Tchecoslova
quie. 

3.16- " Property and application of thermo
setting cement". 
GUNJI SHIKAMI - Japan -

3.17- • "Methode de modification des caracte
ristiques des ciments au moyen des ad
juv;:tnts". 
Y.T~ SIMEONOV et N.B. DJABAROV - Bul
garie -

3.18- "Probleme de !'utilisation des sous
produits mineraux dans la .production 
des liants" 
~· BOJENOV et B. GRIGORIEV - URSS -
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I. M. A.S. BOLDYREV, du Ministere de l'Indus
trie des Materiaux de Construction de l'URSS, 
a presente son rapport principal, de 17 pagffi 
sous le titre "Autres ciments, ciments a hau
te teneur en c

2
s act if, et leu .rs utilisations" 

en s'appuyant sur une bibliographie selec
tionnee de 50 textes. 

2. Le sous-theme 5.3 peut etre commente d'une 
fa9on plus commode en le subdivisant en qua
tre parties 

a ) c i m e n ts a c~ 2 s a c .. t i _f 

ces ciments ant ete etudies daris le rap
port principal et dans les travaux 3.3., 
3.4, 3.5 et 3.6. 

b) ciments pour colmatage des puits petro
liers. 

les travaux 3.7, 3.8 et 3.9 se rattachent 
a ce type de ciment. 

c) ciments a haute resistance initiale 

3 travaux 3.10, 3.11 et 3.13, traitent 
des ciments a haute resistance initiale. 

d) autres ciments. 

3.1 - Le rapport principal montre l'inte
ret attache en URSS a !'utilisation, dans 
la fabrication du ciment, de produits tech
nogenes secondaires comme par exemple la 
boue rouge : dechet de la fabrication de 
l'alumine, en partant de la nepheline com
me matiere premiere, et qui existe en 
abondance. "Le precede fournit, a titr~ de 
sous-produit, un schlamm de nepheline a 
teneur en eau allant jusqu'a 50 %, la ma
tiere solide contenant 80 a 90 % de s-c2s" 
(p. 2). 

Dans.son rapport principal, !'auteur si
gnale aussi !'utilisation du "Schlarnm de 
cendres", des lignites bruns extraits dans 
la region de Moscou, dent la matiere soli
de est constituee de 70 a 75 ~ de s-c2s. 

Dans les deux cas, le schlamm est conside
re comme "un produit de depart tres effica
ce pour la fabrication du clinker et un · 
constituant du ciment portland". En utili
sant ce schlamm comme matiere premiere as
sociee au calcaire, trois usines produi
sent actuellement du ciment. "Dans toutes 
ces usines le rendement des fours rotatifs 
est de 30 % plus eleve, et la consommation 
unitaire de combustible de 20 a 25 % plus 
basse que dans les fours . du meme type lors 
de la cuissori des matieres premieres tra
ditionnelles" (p.9) 



Le rapport principal traite aussi du "Ciment 
Portland Belitique (CPB) renfermant plus de 
20 % de belite technogene". La somme de la 
belite, additif au clinker Portland, et de 
la belite du clinker donne la teneur totale 
en belite. 

L'experience a montre qu'avec 45 % de beli
te on obtient un ciment Portland belitique 
qui atteint des resis~ances a la compres
sion de l'ordre de 25 a 30 MPa a 28 jours 
et pres de 55 MPa a six mois (fig. 4). 

3.2 - Dans le meme but, les auteurs du tra
vail3. 3 on~ presente une etude sur !'activa
tion mecano-chimique du c2s tech~ogene, en. 
utilisant le broyage par percussion, par vi
bration et finalement par jet deja utilise 
en Russie. 

Un melange de 70 % de clinker portland avec 
30 % de Bet de r - C, S et 5 % de gypse a ' 
ete soumis a un broya~e par jet (equipement 
russe serie usu - 300) et "les resultats ob
tenus sent considerablement plus eleves que 
ceux obtenus, pour une meme composition, 
dans un broyeur a boulets~. Le taux de re
sistance obtenu "correspond au Portland or
dinaire (classe 400, Normes GOST 10178-76) 
ou bien au ciment t y pe 1 ASTMC - 150. 

3. 3 - Dans le travail presente par STRUIL
LOU et ARNOULD (3 . 5) on produit du"B-C

2
S 

sulfate" a partir d'un cru a 6 % de gypse 
et a spongolithe, en utilisant une phase 
nitreuse intermediaire. "L'evolution de la 
r e sistance dans le temps du B-C ? S sulfate 
est comparable a celle du C 3S ou du CPA 400. 
Elle est environ 10 a 15 fois plus rapide 
que celle du B-C

2
s pur, classique, non sul

fate. 

L'e x amen par diffraction RX du B-c
2

s · avec 
ou non la phase nitreuse intermediaire, mon
tre des pies dans le diffracbogramme, bien 
distincts. Les auteurs attirent !'attention 
sur le fait que les reactions de clinkerisa
tion s'effectuent en 20 minutes a la tempe
rature de 7~0°C (b~aucoup plus basse que 
celle de clinkerisation du a-c2s pur) 

3 . 4 - Des considerations theoriques sent 
presentees par les auteurs du travail 3.4 
sur !'activation chimique du B-C

2
s. 

4.1 - Dans son rapport principal, !'auteur 
signale (p.13) les experiences faites avec 
"un ciment de colmatage belitique technoge
ne et siliceux", qui a ete prepare a partir 
d'un melange d'un produit belitique techno
gene et d'un sable quartzeux dans un rapport 
de 70:30 a 30:70, et broye jusqu'a l'obten
tion d'une ' surface specifique de 2 a 4 mil
liers de cm2/g. "Ce ciment a bien durci 

sans qu'on ait recours a des activants tels 
que le ciment Portland ou le gypse, dans les 
essais realises" a des temperatures compri
ses entre 150 et 300°C et avec des pressions 
allant de 500 a 700 atm." 

4.2 - Les auteurs de !'excellent travail 3.7 
ont traite des "intensificateurs cristallo
chimiques de durcissement ICD". Dans certai
nes conditions, les liants additionnes de ces 
"intensificateurs" en solutions aqueuses sa
turees de chaux et d'acide silicique, en pro
portion de la 3 %'par rapport a la masse du 
ciment, accroissent leur resistance d'une va
leur allant jusqu'a 60 % (p.5). 

Ils ont aussi fait des recherches sur des ci
ments de colmatage expansif de grande expan
sion ' utilisant en tant que constituants des 
ICD et des oxydes de calcium et de magnesium 
cuits a des temperatures differentes avec du 
sable quartzeux. 

4.3 - L'importance de la granulometrie des 
ciments de colmatage est l'objectif princi
pal des auteurs du travail 3.8. Ils montrent 
par exemple que "l'augmentation,dans la pro
portion de 2 t 5 fois, de la teneur en frac
tions de 0-5 mm, conduit a un accroissement 
de 3 fois de la resistance du ciment CCAE-2 
(ciment expansif allege) durant les premiers 
jours". 

4 . 4 - Enfin, les auteurs du travail 3.9 ont 
presente une recherche, endore en cours, sur 
des ciments pour forages profonds. 

Ils ont examine plusieurs compositions possi
bles dans les de~x systemes Ca0-Alio 3-sio 2 -
H2o et Ca0-Mg0-Si02-H20. 

5.1 - Les auteurs du travail 3.10 ont fait 
des nombreuses recherches dans le systeme 
c~o-~1 2 o 3 -~io 2 -so 3 et finalemen~ ~ont arri
ves a un ciment ayant la composition poten
tielle suivante : c

4
A

3
S-54%; c 2 s~32%; c 4 AF-5 % et CaO-(liore) 9 %. Ce clinker fut 

ootenu a temperature de 1300°C et fut broye 
a 5500 cm2/g. Il est important d'observer 
que si la temperature de clinkeris~tion at
teint 1350°C, le c

4
A

3
S se decompose et donne 

C3 A. Ce ciment a presente les resistances 
suivantes dans un beton de 420 kg/m3 de ci
ment (en N/ mm2) : a 6h: 24,7 - a l jour:55,8; 
a 3 jours: 90,6 et a 28 jours : 96,8. 

5.2 - L'auteur du travail 3.11 presente un 
ciment super-rapide, obtenu par un melange 
de 82 % en poids de clinker Portland, et 18 % 
de ciment alumineux, avec des additifs et du 
gypse pour , le controle de la prise. Le melan
ge est broye a 5580 cm2/g. Ce ciment atteint 
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5 N/mm2 a 2 heures, selon l'essai normal 
(PIN 1164). 

Les essais sur cubes de 20 cm de cote de ce 
beton, selon la norme DIN 1048 ont donne, 
apres 2 heures, des resistances de 3 a 6,5 
N/mm2 (rapport e/c de 0,70 et 0,45) a 28 
jours, respectivement 30,2 et 46,6 N/mm2, et 
a 36Q jours une resistance 20 % plus elevee. 

Ce travail contient aussi l'etude d'un ciment 
pouzzolanique. 

5.3 - Les auteurs du travail 3.13 donnent des 
informations sur un ciment fabrique avec des 
laitiers de hauts-fourneaux, des laitiers 
el~ctrothermo-phosphoreux et d'autres types 
de laitiers metallurgiques, additionnes de 
produits basiques contenant des alcalis (so
dium, potassium, solutions de silicate de 
sodium) et de sous-produits industriels (fu
sion de soude-alcaline, de soude, metasilica
te d .e sodium, etc.). 

Ce ciment, en usage en Russie depuis 1960, 
donne des resistances a la compression(mesu
rees selon la norme GOST 310.4.76) de : 

a l jour 350 kg /c m2 

a 2 jours 550 kg/cm2 

a jours 750 kg /c m2 

et a 28 jours : 1000 a 1200 kg/cm2 

- travail 3.1. 
Dans cette communication, les auteurs expo
sent les resultats de recherches sur l'in
fluence des amino-alcools (mono et trietano
lamine) et de liquides silico-organiques 
(ethil OU methilsiliconate de sodium) SUr le 
processus de blanchiement des clinkers de ci
ment Portland blanc. 

Ils ont obtenu une amelioration sensible du 
coefficient de reflexion diffuse. 

6.2 - Ciment a tres faible chaleur d'hydra
tation-=-t~;;;il-3~2;.('---------------------

i;5-;~teurs ont fait des recherches en me-
1angeant un ciment de haute resistance ini
tiale et du laitier de hautTfourneau, et ont 
obtenu un ciment a degagement de 55 cal / g de 
chaleur a 28 jours. 

6.3 - Beton arme de fibres de verre - tra
v a i 1 3 ~6~---------------------------

L es auteurs ont fait des recherches sur un 
"ciment exempt de c

3
s et de c

3
A. Ses princi

paux constituants sont : le sulfo-aluminate 
de calcium 3(CA) .caso

4 
et le sulfosilicate 

de calcium 2(C
2

S)Caso
4

". Ce ciment, d'apres 
les auteurs, donne des resistances sembla
bles a celles du ciment Portland et assure 
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une meilleure durabilite quand il est employe 
dans le beton arme de fibres de verre. 

6.4 - fl~~~!-~~~lY~l!~ - travail 3.12. 
Les auteurs traitent d'un ciment brevete en 
URSS. L'alynite a la formule chimique 
ca 11 (si:Al) 4 o 18c1. Le c~~ent d'al~~ite est 
obEenu a partir des matieres premieres tra
d itionnelles, avec addition de chlorure de 
calcium. "L'alynite constitue 60-80 % de la 
masse du clinker". Les auteurs ont presente 
une etude tres poussee de la structure ato
mique de l'alynite. 

6.5 - ~~££!!~~-~~-~~£Y~~ - travail 3.14. 
Les auteurs ont presente les resultats d'une 
~ e ch e r c h: ~ u s y s t em e B a o - ~ e 2 o 3 . e t on t ch e r c he 
a caracteriser les composes sui va nts 
BF, B3F2, B5F2, B3F et B7F2 (B =Bao et 

F = Fe
2

o
3
). 

L'etude est minutieuse et les auteurs con
cluent que le B F ne doit pas se former et 
que le B

7
F

2 
a efe confirme pour la premiere 

fois dans cette etude. 

6.6 - f!~~~!_EQ~£-~~ElQ!_~~~-~~~Q~~-!~~E~£~
tures - travail 3.15 -
Les auteurs ont etudie un ciment Portland 
sans gypse, mais avec addition d'un derive 
de lignite et d'un carbonate alcalirr (K

2
co

3
) 

ou de bicarbonate. Le clinker est broye 
tres fin (de l'ord.re de 10.000 cm2/g). Les 
resistances obtenues a des temperatures de 
- 20°C et - 35°C sont de l'ordre de 23 et 
12 MPa a 28 jours. 

6.7 - Ciments thermo-durcissants (CTD) - Le 
travaii-3~i~-i~aii;-a~~~~ii-~~i-;st compose 
principalement de c

3
s, de CA et c

4
AF et 

Caso
4 

(anhydryte avec addition d'acide ci
trique pour controler le temps de prise). Ce 
ciment est utilise avec une cure a la tempe
rature de 80°C pendant 30 minutes a 2 heures. 
Il presente la propriete de ne pas attaquer 
les fibres alcalines de verre du beton arme 
avec ces fibres. 

6.8 - Adjuvants pour ciment - travail 3.17 -
Les aut;~~s-o;t-b~;;;i~-aa;s plusieurs pays 
un type d'adjuvant qui peut etre additionne 
au ciment, au malaxeur ou en fabrique. D'a
pres ces auteurs, on peut obtenir une resis~ 
tance a la compression plus elevee du ciment 
a l'essai normal OU dans le beton a 28 jours . 

6.9 -Q!lll~~!!Q~~~~-~Q~~=E£Q~~l!~-~!~~£~~~ 
~~~~-1~_E£Q~~£!!Q~-~~~-l!~~!~ - travail 3.18 
Les auteurs, comme le Rapporteur Principal, 
attachent une grande importance a l'utilisa
tion de sous-produits et de dechets indus
tr iels pour la fabrication des liants. 



DISCUSSION 

par T. V . KUZNETSOVA 

concernant la communication de 
J'. Calleja "Calcul des comi:ositions 
i:otentielles theoriquement possibles 
des ciments alumineux". 

Contrairement au ciment portland, il 
n'existe pas jusqu•a present de methodes 
fiabl s s pour calculer la composition mine
ralogique des ciments alumineux e :partir 
des resul tats ae 1 t analyse ch:Lmique. c I est 
pourquoi l'approche du professeur J.Calleja 
merite une tres grande attention et une 
haute appreciation. Ce-pendant nous voulons 
souligner les circonstances pouvant conduire 
aux erreurs dans les calculs: 
1.En cas des ciments alumineux fondus, il 

est necessaire de maint enir un certain 
regime de refroidissemect;, car le refroi
dissement rapide provoque la formation 
d'une phase·vitreuse qui modif ie la com
position reelle du clinker par rapport 
aux calculs. 

2.En cas de production du clinlcer des ci
rner1ts alum:i..neux par fri ttage, l' 6qui,lib:re 
de phase dans le four industriel est ob
tenu a grand-peine et depend considerable
rnent de la temperature et du milieu ga
zeux de cuisson, ains:L que cJe la presence 
d'impuretes dans les crus. Nos r echerches 
montrent que Si02 , MgO, Fe203 peuvent for-
mer les solutions solides avec c12A

7
, CA 

et CA 2 en quantite de 2-3%. 
Il est necessaire d'en tenir comnte lors 

des calcuis de la composition de phase du 
clinker. 

DISCUSSION 

far T.V_ KUZNETSOVA 

concernant la communication de 
U. Yamazaci, H. Kamiaka et S. Kobayschi 
"Role of exransive additive CaO in 
exransive cement". 

La pr~sence de la chaux dans les ciments 
expansifs influe, en effet, sur la forma
tion ae leurs proprietes (expansion, auto
contrainte, resistancel. Cependant, de no
tre point de vue, le role de Cao consiste 
en concentrations de la chaux dans le 
systeme qui modifie la cinetique et les 
conditions de formation d'ettringite de
terminant l' e:A.'"Dansion du ciment. Nos re
cherches montr~nt aue la cr istallisation de 
1 1ettr :ngite primc:.ire u nartir de le.: solu
tion sursaturee conduit l 1 1 etancheite ct 
.3. l'amelioration de la '.) ierre de ciment. 
La formation de l'ettr i ngite secondaire 
par suite de l'intera~ion de la solution 
diffusee contenant Ca et so4 par rapport 
aux alundnates hydrates de calcium, hydro
xyde d 'aluminium ou par r apport aux eris..!. 
taux d'ettringite mene a l'expr:ns ion de ,L a 
pjerre de ciment. 
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DISCUSSION 

par A.S . BOLDYREV 

I.Activation c~imique de 2CaO•Si02 
J e µ ense qu'avant de parler de l'activa

tion chimique du j.1-silicate bicalcique il 
f a ut dire quelques mots a propos de sa sta
bili sation. 

La tendance du C~S au pol;ymorphisme dans 
l a se :de ol •-f' o<..' -"JJ .... t et le changement 
d' activite d'hydratation du silicate bical
cique, lie a ce fait, ont dete rmine la pous
see 3. de nombr-euse 3 recherches concernant 
la stabilisation des formes de haute temne
r a ture du C S. Du noint de vue de l'utills3-
ti~n industrielle de certains dechets, la 
co nversion /b - 0 a une tres gr a nde ·impor
tar'.ce, car il n'existe pas jusqu'a present 
d 'une oninion commune relative a l'activi
te d'rydra t ation du'!"- c2so 

Les urincioes essentiels de stabilisa
tio n cris t allochimigue consistent en substi
tut ion isomorphe c ationigue et ~nion~q~e 
dans l a .structure du c2s. On pe u\t; utiliser 
en ouc:;l·i te des stabilisateurs de nombreux 
oxydes (K 2o, Na 2o, MgO, Bao, A1 2o3 , Cr 2o3 , 
P 2o

5
, etc ) • 

Dans ce ca s, on peut egalement utiliser 
des additions complexes comprenant les dif
ferents cations et anions. En principe, · 
l'activat i on du fa- c2s est obtenue a 

l' a ide de constituants add~tifs, plu~4~as io ue s aue ca2+ et olus acides que Si • 
·Dans -mon rapport"' c oncernant le theme Y 

j' a i cite les resu.ltats des experiments re
l at i fs A l a ~roduction d'un grand lot in
dustriel de ciment alumosilicate aux lai
tiers obtenus lors de la fonte bauxite. 
Le l a i tier se composai t de 0 -c 2s et d 'alu-
minates de calcium a f aible basicite ce qui 
a nermis d'obtenir le c jJllent dont l'activi
te. a ete de 250-400 kgf'/cm2. 

Il y a des donnee.s temoignant que le 
laitier friable obtenu lors de la produc
tion des ferro"'."alliages et se composant 
pour 70-80% de O 2Ca0 ·SiO 2 , en cas d' uti -
lisation d~ ses suspensions aqueuses a la 
temperature elevee, montre la prise avec 
du sable (30-50 %) et forme la pierre de 
ciment nossedant une haute thermost~bilite. 
Le t2CaOSi02 actif a ete obtenu a NIIciment - 1 
lors du broyage du ciment contenant 30% de 
d2CaOSi02 dans le broyeur a projection. 
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Cependa nt au niveau de nos connaissance 
d' a ujourd'hui il est plus preferable d'avoir 
affaire a fJ 2CaO•Si02 • 

II. Ciments de..,belite pour colmatage a 
..,base des pates nephelines 

Grace au developpement en U.R.s.s. de 
l'industrie du petrole et du gaz le besoin 
en ciments pour colmatage a augmente d'une 
maniere brusque. 

L'enf'oncement des forages jusqu'a 7-10 
M. metres a mene a l 1 elevation des tempera
tures atteignant 200°C et a l'aua:mentation 
de la pression jusqu'a 120 atmospheres te
chniques absolues •. 

Les eixgences pour la pierre de ciment 
concernant sa densite, etancheite a 11eau 
et, enf'in, sa resistance a la corrosion par 
1 1 eau mineralisee ont conside.rablement aug
mente. 

A present, l'U.R.s.s. produit environ 
de 3· millions de tonnes de ciments pour col -
matage ayant 8:·12 types differents satisfai
sant aux conditions sp8cifiques du colmatage 
thermostables, on a elabore et on utilise 
avec succes le ciment s!licuex de belite 
"BKC". Il compl.' end la pate nepheline 
C[j2CaO•Si02) et le sable quartzeux broye 
avec rapport de 3:1 ou 1:1. 

Les ciments ci-dessus sont caracterises 
par le retardement de la prise aux tempera
tures elevees' retardement du durc.issement 
initial, ainsi que par une haute thermosta
bilite et la stabilite de la composition. 
Ces c i ment s sont les meilleurs pour les fo-
rages e. haute temp~rature. ,. 

Pour les forages ultraprofonds, ou il est 
necessaire de monter ... le mortier de ciment 
presque jusqu'a la tete du f orage, en vue 
de separer la r angee de niveaux, on nous a 
oblige d'elaborer un cime nt specialement al
lege ayant un rapport eleve eau/ciment et 
des additions minerales actives, ainsi qu'ltle 
grande surface specifique. Pour les forages 
OU regnent les temperatures de 120-1so 0 c .on 
utilise le ciment comprenant 50-60 parties 
de pate nepheline, 25-30 parties de sable 
quartzeux et 10~15 parties d 1additions hyd
rauliques. 
III.Au su j et de la fabrication et de l'u

tilisation des ciments mixtes a base du 
ciment portland et du ciment alumineux 

On n'utilise pas les melanges de c iment 
portland et de ciment alumineux, car ils di
minuent brusquement la resistance et mont
rent le temps de prise minimum. 

·on a elabore en U.R.s.s. un ciment expan
sif (RPC) · se composant d.e clinker portland 
(60-65%), de cim.ent alumineux (5-7%), de 
gypse naturel (7-1afe) et d'additions hydrau-
liques (20-25.%). ' 

Les etudes du ciment ont montre que meme 
pendant les premieres heures d 1hydratation 
on observait la formation de l'hydrosulfo
aluminate de calcium ayant la foI'lD.e de tri~ 
sulfate qui determine l'activite et le deg
re d'expansion du ciment. 



1 DISCUSSION 

by LU CHUN-XUAN 

In China,red slime,a by-product consisting 

mainly of dicalcium silicate and formed in the 
manufacture of alumina,has been utilized in 

the cement industry for more than ten years. 

To date the red slime ·(dry basis) utilized 

amounts to 1.5 million tons.- More than 5 mil

lion tons of various kinds of cement made from 
red slime,such as ordinary portland cernent,oil 

well cement and red slime-sulfate cement have 

been m~nufactured. 
The chief constituents of the red slime 

Si(}~ A1203 Fe203 Cao 11/.igO K20+Na20 C3S C2S 

are as follows: 

iS-C2S C3ASxHy 
50-60 5-10 

FHn 
4-7 

CaC03 
2-10 

CT 

2-5 
The specific surfuce of the red slime is 

about 4200-5000 cm2/g. 1'he melting point is 
about 1250-127o•c. The viscosity of the molten 

mass is low and its fluidity fair. When the 

red slime is proportioned with a suitable 

amount of limestone residue,also an indust
rial by-product of the alumina works,the 
resultant raw slurry has good burnability in 

clinkering. 
Table I shows the chemical composition of 

the clinker made from the red slime and the 
physical properties of the cement. 

Table I 

C3A C4 LF sp surf setting comp str (N/mm<::) 

(cm2/g) ini fin 3d 7d 28d 

20.78 5.59 5.58 63.24 1.24 1.13 50.54 21.44 5.45 16.78 3115 2:50 4:41 37.3 47.9 61. 7 

Since the red slime is low in silica and 
high in iron oxide content,repeated experi
ments have been carried out on an industrial 
scale to produce clinkers of low silica and 
high iron oxide content. The silica moduli 

No. L.S. S.M. I.M. C3A+C4AF f..-CaO 

1 0.924 1.56 0.98 25.35 1.09 

2 0.942 l.~6 0.80 26.67 1.10 

3 0.929 "1:12 0.95 34.15 0.79 

4 0.888 1.43 0.84 26.47 0.75 

If a suitable rnineralizer is added to the 
raw slurry to produce thie . elinker·s shown 
in. 'fable II . , the free lime c :.mtent in the 
clinkers may drop down to about 0.5% even if 
the alkali content of the clinkers is as high 
as 2%. 

. The cement mad.-e from mweh elinkers has 
the following geed :f'eature-s ., that is , 

of the clinkers made are as low as 1.12-l. 56 

and the iron moduli are from 0.6 to 1.0. The 
physical properties of the cements m:ide from 
the clinkers are normal, as shown in 'fable II. 

'l'nble II 

sp ·?ilrf setting comp str (N/mm2) 
(cm<:::/g) lill :fin 3d 7d 28d 

3075 1:52 3.23 46.6 58.1 67.8 

3085 2:16 3:43 46.1 60.0 68.5 

3060 2:08 3:29 41.6 55.2 61.l 

3125 2:19 3;23 40.9 54.3 64.5 

lower heat of hydr8tion,better resistance to 

sulfate attack and frost action;and lower 
permeability as compared with ordinary 
portland cement. This cement has been. used 
with non-reactive aggregate in hydraulic 
structures and good results have been 

obtained. 
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Conclusion des ~changes de la table ronde 

par M. SOUSTELLE et B.F. COTTIN 

Ce theme etait divise en trois sous-themes et cinq 

questions essentielles appartenant a ces sous-themes 

ont ete abordees. 

Sous-theme V.I: Ciments alumineux 

Sujet n° 1 : A la suite de la communication de L. CUS

SINO et A.NEGRO sur .l' hydratation du ciment alumineux 

en presence d'agregats siliceux et calcaires, il est 

maintenant bien etabli qu'une reaction se deroule en

tre les aluminates hydrates et le carbonate de cal

cium pour former des carbo-aluminates. Cette reaction 

se deroule aux depens de la conversion de CAH
10 

en 

c
3

Ae
6

. Ce carbo-aluminate forme a une influence favo

rable sur la liaison pate-granulat, ce qui provoque 

une forte augmentation des resistances. 

Il est particulierement interessant que les auteurs 

prolongent leur experience qui a deja cinq ans, pour 

prouver que les resistances se maintiennent pour des 

echeances plus longues. Il est cependant etonnant que 

les resistances se degradent aussi vite que l'annon

cent les auteurs en presence des agregats siliceux, 

et il conviendrait d'examiner avec plus d'attention 

l'influence du rapport E/C dans les. deux cas, et par

ticulierement en presence de calcite. 

Taus les intervenants ant note 1 1 importance d'une 

bonne definition . de la temperature aussi bien au mo

ment de l'hydratation que pendant la conservation, 

car il y a une tres grosse influence de ce parametre 

sur les resultats obtenus. 

Deux problemes majeurs, auxquels aucune reponse n'est 

encore apportee, restent poses 

- Quelle est l'influence de la presence d'alcalins? 

- Quelle est la stabilite des carbo-aluminates en 

presence d'agents agressifs ? 

Sujet n° 2 : A la suite de la communication de J. CAL

LEJA sur le calcul de la composition potentielle des 
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ciments alumineux, la question est posee pour savoir 

si ce calcul extremement interessant de l'auteur est 

applicable dans taus les cas. 

Il est evident que prevoir les phases par l'utilisa

tion de formules analogues a celles de BOGUE est du 

plus haut interet pour le fabricant de ciments alu

mineux fondus. Malheureusement, alors que pour le 

ciment P~rtland les formules de BOGUE donnent une 

bonne approximation des phases en presence, le pro

bleme est plus difficilE;! dans le cas des ciments alu

mineux prepares par fusion. 

Parmi les causes de ces difficulte:s, on peut citer 

- le nombre de phases decelees {par diffraction X, 

microscopie ... ) est toujours superieur a celui au

torise par la regle de GIBBS (ecarts importants a 

l 'equilibre). 

- l'existence d'une partie vitreuse dans la masse du 

ciment, 

- l'importance des solutions solides. 

un gros progres apporte par le calcul du Professeur 

CALLEJA vient du fait qu'il tient compte d'une manie

re rigoureuse de certa!nes solutions solides et notam

ment des phases alumino-ferritesi mais il est certain 

que la generalisation de ces formules est limitee par 

les ecarts a l'equilibre, plus OU mains importants Se

lan les cas, et inevitables. 

sous-theme V.2 : Ciments expansifs. 

Sujet n° 1 Au sujet. de la communication de P.K.MEH-

TA, D. PIRTZ et G.J.KOMANDANT sur l'addition d'oxyde 

de magnesium pour la prod4ction de ciment expansif, 

il est tres clairement montre que le maximum de l'ex

pansion est obtenu par une temperature de calcination 

de 900°C avec des particules de dimensions comprises 

entre 380 et 1180 m. Mais il est evident que les re

sultats sont encore a l'echelle du laboratoir~ et 

bien que tres prometteurs, ils n'en sont pas encore 

au stade industriel, et en particulier, le comporte

ment des grandes masses n'a pas ete encor~ etudie. 

Sujet n° 2 : Les causes de la pression d'expansion 

des ciments expansifs : differentes causes de cette 

pression sont analysees par la table ronde. Sans qu'il 

soit possible de connaitre leurs p9ids respectifs, on 

releve : 

- les causes liees a la pression de cristallisation 

qui peut etre due, soit a la transformation en 

travail ~e la variation d'enthalpie libre de la 



transformation, soit a la presence d'une solution 

sursaturee dans des capillaires, ce qui l'empeche 

de precipiter, 

- les causes liees a la pression osmotique, 

- les causes liees au fait que l'ettringite formee 

est mal cristallisee et se presente sous forme de 

gel qui provoque le gonflement. 

sujet n° 3 : La formation de l'ettringite est elle 

favorisee par la sous ou la sursaturation en chaux 

Se forme-t-elle au contact des cristaux d'aluminate 

ou au contraire loin de ceux-ci dans la solution ? 

Le modele de B. COTTIN repond a l'ensemble de ces 

questions 

Des le melange du ciment avec l'eau, les differents 

types d'ions suivants passent en solution : 

- les . ions calcium issus du · C
3

A, des sulfates, de la 

chaux; 

- les ions sulfates, issus des sulfates de calcium, 

- Les ions aluminiques, issus du c
3

A. 

Les ions diffu~~nt, a partir de la surface des cons

tituants, de sorte que, en un point donne de la'so

lution, les concentrations augmentent a des vitesses 

et jusqu'a des niveaux, fonctions du lieu geographi

que OU point considere, de la reactivite des phases 

et de leurs proportions relatives. Le schema suivant 

represente les "fronts de dissolution" en fonction 

des temps croissants 1-2-3, dans un cas ou, pour 

simplifier le dessin, nous avons mis ensemble la 

chaux et le sulfate de calcium. 

CONCENTRATION 

CC Al 
3 

saturation de ............ -
cs+ C + c

3
s 

saturation de 
1· eltringite 

surface de C A 
\ , . . . 

preciprlatron de sur lace fictive 

de CS .. c ... c3 s ( ettringite 

La saturation par rapport a l'ettringite (l'hydrate 

le moins soluble du systeme C-A-S-H) sera done at

teinte en un point (M sur notre schema) ou cet hydra

te precipite. Ce point M se situe a une distance 

d'autant plus petite de la surface de c
3

A que la vi

tesse de passage en solution de c
3

A sera plus faible 

par rapport a celle des autres constituants. Lorsque 

le c
3

A est peu actif, et la chaux libre + semi hydra

te tres actifs et en grande quantite, la precipita

tion d'ettringite peut se produire tres pres de la 

surface de c
3
A : 

concentration 

{CA) 
3 
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Ceci repond a la deuxieme partie de la q:1estion. 

Pour la premi e re partie, il faut considerer que l'ap

port de chaux en solution par c
3

s et la chaux libre 

ecarte la stoechiometrie de tous les ions en solu-

tion de celle de l'ettringite, et diminue la solubi

lite de l'ettringite. Il en resulte un deplacement du 

point M vers la gauche, c'est a dire une precipita-

tion plus proche de la surface de c
3

A. La sous-satu

ration relative en chaux a l'effet inverse (addition 

de canplexants du calcium par exemple) . Ccmme le vo

lume, done la quantite d'ettringite formee est d'au

tant plus petit que le point M est plus proche de la 

surface de c
3
A, il est possible de conclure (et l'ex

perience le verifie) que la sursaturation en chaux 

induit une precipitation d'ettringite en moins gran

de quanti te, et probablement :noins bien er i:stallisee . 

La sous-saturation a evidemment l'effet inverse. 
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Sous-theme V.3 : Autres ciments 

Sujet n° 1 : Stabili.sation et activation du BC
2

s 

Les differentes interventions mettent en evidence 

qu'il est possible de preparer une phase sc2s qui · a 

des proprietes analogues a c
3
s, , mai& que cette phase 

doit etre stabilisee. Elle peut l'etre de trois ma-

nieres : 

- par la presence d'ions de metaux lourds dans le re

seau du silicate : ions trivalents (Cr, Fe, Al, B), 

ion tetravalent (Ti) , 

- par la presence d'anions divalents (S?
4

2-) ou tri

valents (phophates) en solution solide dans le re-

seau du silicate, 

- par la presence de cations alcalin~ dans le reseau 

du silicate. 

Dans les trois cas, on forme de veritables solutions 

sol ides. 

Examinons ces differents cas et les consequences 

qu'entralnent ces adjonctions d'ions au reseau du 

sc2s par l'intermediaire de la neutralite electrique: 

a) la presence de cations trivalents ou tetravalents 

en substitution d'ions calcium divalents dans un 

reseau a pour consequence, canme le montre le sche

ma, la presence de lacunes de calcium. Par exem

ple, pour deux ions trivalents on obtient une la

cune de calcium. 

Ca 
2+ [~ ! Ca 

2+ 
Ca 

2+ 

Sio
4 

4-
Sio

4 
4-

Si0
4 
4-

Sio
4 
4-

Cr 
3+ 

Ca 
2+ 

Cr 
3+ 

Ca 
2+ 

Schema 1 

Introduction de chrane dans un reseau SC 2~ 

b) la presence d'anions divalents ou trivalents en 

substitution d'ions silicates (tetravalents) a, 

canme le montre le schema 2, pour consequence la 

presence des manes ·lacunes de calcium (pour un 

ion sulfa_te, on obtient une lacune 

Ca 
2+ [ I Ca 

2+ 

Sioi
4

- so 2- . 4-

~+ 
Sio

4 
Ca

2 
Ca ca2+ 

Schema 2 

Introduction de so
4

2
- dans le SC

2
S 
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de calciun). 

Ca 2+ 

Si0
4 

4-

ca2+ 

c) la presence de cations alcalins monovalents de pe

tites dimensions, en insertion dans le reseau a 

pour consequence, comme le montre le schema 3, la 

presence des memes lacunes de calcium. 

Ca 2+ I I Ca 
2+ 

Ca 
2+ 

4- Sio
4

4-
+ 

Sio
4

4-4- Na 
SI04 ~ Si0

4 
2+ 2+ 2+ Na+ 2+ 

Ca Ca Ca Ca 

schema 3 

Introduction d'un alcalin en insertion dans SC
2

S 

Il semble done, en definitive, que !'element de base 

qui stabilise cette phase sc2s et qui sans doute 

l'active, soit la presence de lacunes de calcium dans 

le reseau. 

Pour introduire dans ce reseau ces differentes impu

retes qui induisent ces lacunes, il est clair qu'une 

methode qui passe par une ~base liquide et une co

precipi tation, est plus efficace qu'une methode de 

diffusion a l'etat solide. 



THEME VI 
Cement pastes · rheology and evolution of properties and structures 

by Professor S. DIAMOND 

I. INTRODUCTION 
This general report represents an effort to assess 
the large body of information submitted to the 
Congress related in various ways to the character
istics of cement pastes. A total of four principal 
papers and forty communications are included in this 
portion of the Congress activity . The topics covered 
are broken down into four general areas, loosely 
.relating to (a) rheological and other characteristics 
of fresh cement pastes, (b) the formation and 
evolution of struct~re in hardened cement paste, 
(c) the properties of mature cement paste, and (d) 
mathematical models attempting to describe structure 
or strength development . The topics are far from 
mutually exclusive and ~re not exactly coi~cide~t 
with the areas covered by the authors of the principal 
papers, but they serve as a convenient framework for 
review and analysis. 
It.s~ould be pointed out at the outset that the 
op1~1ons expressed in this general report are 
entirely the personal views of the writer and should 
be so regarded . The writer apologizes in advance 
for any statements which misconstrue the results or 
the ·interpretati ons of any of the contributors whose 
work is mentione9. · 
II. RHEOLOGICAL CHARACTERISTICS OF FRESH CEMENT PASTES 
Rheology of Plain Pastes and Concrete 
It is espe~ially . fitti~g to disc~ss the rheology of 
cement paste and concrete at an International C~ngress 
to be held i n Paris . The accomplishments of what 
might be loosely termed the French school of cement 
and concrete rheology certainly deserve special 
a~knowledgement, and the contributions of such 
worke~s as LeGrand, Bombled and other French 
colleagues are evident in the view provided in the 
principal paper of Helmuth (1) and in papers 
contributed to this portion of the Congress. 
Strictly speaking, this Congress is concerned with 
cement and cement paste rather than with concrete 
per se, but it is apparent that the rheological 
characteristics of fresh paste are of concern 
primarily because of the i r influence on the flow 
behavior and workability of concrete. It has· become 
recognized in recent years that most fresh mortars 
and concretes behave approximately as Bingham fluids, 
whose yield stress and plastic viscosity parameters 
are at least conditioned by the flow characteristics 
of the cement paste portion : Naturally, concrete 
flow behaviour also reflects particle interactions 
between aggregate grains, and the pattern of 
behavior may be modified by the effects of vibration 
used in placing the concrete. 
Despite efforts by various workers to put testing of 
flow behavior and "workability" of concrete on a 
rational basis, nearly all fresh concrete testing 
continues to be done by arbitrary empirical methods 
such as the slump, flow, Vebe, compaction factor and 
Vicat tests. ·In their contribution to this Congress 
Maultzsch and Meinhold (2) describe and report on 
certain proposed improvements in several of these 
tests, especial ly the mortar flow test . Such 
improvements may certainly prove to be helpful 9 but 
they do not reall y address the question of properly 
characterizing concrete and mortar in rheological terms·. 

Nost of the concern with rheological matters at this 
Congress is of course not with concrete but with 
cement paste. T\'JO .central questions appear to emerge: 
(1) How does one properly characterize and under
stand the rheological behavior of a given ce~ent 
paste, and 

(2) What are the changes in behavior that follow 
from changes in cement characteristics, or from 
incorporation of mineral or chemical admixtures, 
especially superplasticizers? 
Evaluation of the rheological characteristics of 
cement pastes may be easier than evaluation of 
concretes because of the reduced level of particle 
inte raction, but even so it is an extremely diffi
cult and demanding field . 
Rheological charat teristics of suspensions are. 
normally determined in terms of flow curves. For 
most substances the method of mixing does not 
seriously affect the flow behavior of the resulting 
suspension, nor does the suspension change character 
in response to ongoing chemical reactions while its 
flow behavior is being determined. Unfortunately, 
cement paste is uniquely sensitive to details of the 
mixing procedure for a variety of reasons, and 
hydration continuously modifies the f l ow character
istics of the paste, even through the apparent 
"dormant" period. Both of these features have been 
discussed in detail by Helmuth (1) . 
To a rea~onable first approximatio~, the flow 
characteristics of fresh cement paste are those of 
Bingham fluids . The behavior is quite obviously 
the result of the state of flocculation existing· in 
the suspensions, which for pastes not incorporating 
water-redacing or superplasticizing admixtures is 
practically complete . As an illustration , 
sedimentation data for "control" pastes reported in 
the communication by Palliere and Briquet (3) show 
no particles sedimenting at effective diameters 
below about 45 µm, alt individual particles below 
this size being bound in floes. In ordinary pastes 
of the usual range of water contents sufficient 
bonding develops between floes that some minimal 
level of shear stress (the Bingham yield stress) 
must be applied for continuous flow to be initiated . 
The flow units actively moving at low shear rates 
are quite obviously floes and not individual 
particles. However, if flow is maintained at 
higher rates by application of shear stresses 
substantially higher than the yield stress the 
floes tend to break down to smaller flow units and 
the suspension "thins" over some finite period to 
an equilibrium state characteristic of the particul
ar shear rate. The flowing paste then continues in 
this state while flow is maintained. If shearing 
slows or stops the suspension tends to recover its 
original state of flocculation . 
Two complem.entary descriptive parameters emerge from 
this picture. The primary parameter is the flow 
curve, in principle a plot of shear stress-shear 
rate points, each corresponding to an equilibrium 
state of the flowing suspension . Of secondary 
interest but of importance in special situations is 
a mathematical description of the rate of thinning 
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and of the rate of recovery of the · original structure 
at each shear rate. The two types of information 
together constitute an appropriate description of 
the flow characteristics of a given paste at a given 
time after mixing (or as close to a given time as 
the data can reasonably be acquired) . Not~ that the 
implication is that each measurement at a given 
shear rate is properly carried out on a separate 
batch of paste, with the times of mi xing of the 
batches appropriately staggered. 
A considerable amount of perhaps avoidable complicat
ion has entered the literature on cement paste rheol
ogy as a result of flow testing carried out on cert
ain modern coaxial cylinder viscometers . These are 
highly sophisticated, but in the writer's opinion 
highly inappropriate instruments for characterizing 
the flow behavior of cement pastes. Part of the 
problem is associated with the transient (or some
times permanent) inhomogeneity in the flow accross 
the gap, refe r red to by various workers in their 
communications to this Congress and elsewhere. The 
other feature is the interaction of the first with 
the way such instruments are operated. Rather than 
maintaining a constant shear rate and measuring 
torque (shear stress) over time until equilibration 
is established, in these instruments the shear rate 
is increased continuously according to a program 
selected by the investigator, and then decreased 
continuously to zero in a like t1me period. The 
torque or shear stress is measured continuously and 
"up" and "dovm" flow curves are produced automatic
ally. The paste is never in an equilibrated 
condition at any shear rate. In such flow curves 
hysteresis loops, i . e . displacements of the down
curve with respect to the upcurve, are commonly 
observed, and a rounding off toward the origin at 
low shear rates is a common feature. As indicated 
by Helmuth (1) these responses are conventionally 
described as "thi xotropic" or "antithixotropic" loops 
and pseudoplastic behavior, respectively. Much 
effort and attention has been expended in efforts to 
provide structural interpretations explaining these 
observations, even though "thixotropic" and 
"antithixotropic" behaviour can succeed each other in 
successive runs with the same paste. 

In their communication to this Congress, Nagataki 
and Kawano (4) suggest that these effects may be 
manifestations related to the development and break
down of a somewhat nebulous "secondary structure" 
r~lating to gel formation and distinct from the floe 
structure of the pre-existing paste. This is in 
contrast to the interpretation in terms of varying 
rate of breakdown and recovery of the floe structure 
as outlined by Helmuth (1). The present writer 
feels that these effects may have more to do with 
the properties of the different viscometers and 
shearing schedu l es selected by the investigators 
than with the flow behaviour of the cement pastes 
per se . In his view attempts to analyze such 
transient behavidr have not been particularly 
fruitful and are not likely to be so in the future. 

The flow curve determined as a succession of equili
brium states is for most cement pastes approximately 
that of a Bingham fluid, and as such is adequately 
characterizable in terms of the simple parameters of 
yield stress and plastic viscosity. This approach 
has been taken in most of the relevant contributions 
to this· congress, and the results stated are at 
least approximately comparable with each other. 
One should mention that, as indicated by Helmuth (1), 
pastes too stiff to be tested in conventional 
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viscometers may still be characterized in terms of 
yield stress in specially devised instruments 
generally called rheographs or plastometers. 
Values of yield stress usualiy record~d for cement 
pastes may range from a few Pa to several thousand 
Pa shortly after mixing, and of course these 
increase drastically with tne progressive stiffening 
that accompanies the approach to set. A number of 
equations relating yield stress to such factors as 
water:cement ratio and cement fineness have been 
cited by Helmuth (1). 
Values of plastic viscosity are most appropriately 
quoted in units of Pa-s, with some workers preferr- . 
ing to use mPa-s . (Pa-s · x 10- 3) since 1 mPa-s ,equals 
1 centipoise, the traditional unit of viscosity. 
Cement paste plastic viscosities are normally in 
the range of tens of Pa-s unless water reducers or 
superplasticizers have been incorporated, in which 
case they are much reduced. For comparison, water 
at room temperature has a (Newtonian) viscosity of 
0.001 Pa-s, glycerol 1 .7 Pa-s. 
As indicated by Helmuth (1) variations in the 
relative amounts of the different clinker components 
seem to produce only minor rheological effects, 
except possibly for augmented C3A contents . On the 
other hand, the amount and form of the calcium 
sulfate interground with the clinker may have 
profound influence on the rheological character
istics of the paste. A significant contribution to 
this Congress is the paper by Bombled (5) in which 
the rheo 1 ogi ca 1 influence of various forms of 
calcium and other sulfates are sorted out. The 
effect of the sulfate depends on its solubility, 
and equally important, on its rate of dissolution . 
In C3A-poor cement pastes, sulfate in solution 
remains in high concentration and acts as a strong 
flocculant , as a reducer of the solubility of 
calcium aluminates, and eventually as an accelerator 
of silicate hydration. · with high C3A content cements 
these effects are modified by rapid precipitation of 
the calcium aluminate sulfate hydrates and concomitant 
removal of sulfate from solution. 
Admixture Effects in Rheology 

The influence of mineral and especially of chemical 
admixtures on the rheology of fresh portland cement 
pastes may be profound, and a large proportion of 
the contributed Congress papers on rheology are 
concerned with this general subject. 

One mineral admixture extensively employed in many 
countries is flyash (pulverised fuel ash). The 
contribution by Ivanov and Zacharieva (6) is 
concerned with measurements of the influence of two 
specific flyashes on cement paste rheology; in fact, 
the rheology of a complete spectrum of mixes of the 
two components was examined. The flyash-bearing 
pastes were found to yield markedly higher yield 
stress values and somewhat higher plasti~ viscosities 
than did the reference cement pastes. 
The influence of water-reducing and superplasticizing 
chemical admixtures is naturally in the opposite 
direction. These substances function as dispersants, 
modifying the development of the usual floe structure, 
or resulting in the partial or even complete 
dispersion of pre-existing floes when added after 
the main mixing step . The result is a marked lower
ing of both the yield stress and the plastic 
viscosity, i.e. a fluidification of the paste. This 
translates in concrete practice to a reduced water 
requirement· for the maintenance of norma 1 workability 
characteristics of the concrete. 



Lignosulfonates have been used as water-reducing 
agents for many years. In the contribution of 
Tarnaroutski et al. (7) the influence of the molecul
ar weight of the lignosulfonate and of the content of 
various functional groups on the dispersing effect-
; venes s of 1ignosu1 fona tes a re explored . The tech-
i ca 11 y important influences of these variations in 
molecular structure on air entrainment and on set 
retardation are also described. 
The influence of the dosage rate of several different 
Jignosulfonate water reducers on the flow character
istics of fresh cement paste are described and 
analyzed in detail in the contribution of Lapasin 
et al. (8). It was found that the general type of 
transient or "breakdown" behavior between the initial 
state and the equilibrium state at a given shear rate 
is not affected by the dosage rate but the amplitude 
or relative extent 'of the breakdown effect is 
concentration dependent, and it goes through a 
minimum at some critical concentration. Initial 
viscosity values also s'how this effect, but equ_ilib
rium viscosity values decreased monatonically with 
concentration. The flow curves exhibit a rounding 
at low shear rates, and the authors have chosen not 
to discuss estimates of Bingham yield stresses. 
The rheological and the floe-dispersing effects of a 
number of lignosulfonate-related admixtures · 
(classified as "surfactants" by the authors) and of 
melamine- and napthalene- based superplasticizers 
were studied as functions of time of addition in an 
interesting contribution by Palliere and Briquet (3) . 
The state of dispersion attained in each instance was 
followed by measurement of the size distribution of 
settling particles or floes using a laser-based 
particle size measuring device, and comparison of this 
to the size distribution of the original cemenf. 
The superplasticizers were found to ·be more effective 
dispersants than the surfactants and were found to be 
even more effective when added after de t~ys of as 
much as 2~ hours after mixing . In some of the trials 
comp·1ete dispersion to primary particles was indicated. 
Further studies of the mechanism of dispersion were 
reported in a contribution by Collepardi et al. (9), 
who compared the effects produced by varing concen
trations of a sulfonated naphthalene-formaldehyde 
condensate based superplasticizer with those produced 
by its monomer. Small addition (ca . 0.5 percent by 
weight of cement) of the superplasticizer increased 
fluidity markedly, but additional dosage increments to 
three times this level had comparatively little 
incremental effect, despite increases in measured 
zeta potential accompanying these .additional dosage 
increments. It appears from this report that cement 
paste should be largely dispersed if a zeta potential 
of the order of -35 mV can be attained. Interestingly, 
it was found that the sulfonated naphthalene monomer 
was without effect. In agreement with the results of 
Palliere and Briquet (3) it was found that delayed 
addition of the superplasticizer increased its 
effectiveness, especially in the lower dosage range. 
A study of the combined effects of superplasticizer. 
and salt addition on the. rheol-0gical and other 
characteristics of cement paste was reported in the 
contribution bf Sheetz et al. (10) . Such a combin
ation might be found in salt-affected wells cemented 
with superplasticized portland or oil well cements. 
Increasing a salt content (up to as much as 35 wei~ht 
percent NaC~) was found to reduce the viscosity, but 
the effect was erratic at lower salt concentrations 
and varied with the type of cement used. 

In his principal paper Helmuth (1) briefly describes 
the results of experiments with cements in which 
gypsum is replaced by a mixture of a lignosulfonate 
and an alkali carbonate, the two together acting as 
a highly efficient dispersant and fluidifier . At 
high water contents pastes prepared in this manner 
are thin Newtonian or almost Newtonian fluid~. At 
low water contents (water:cement ratios as low as 
0.20) such pastes are peculiar in that they flow 
without measureable yield stress but only at relative
ly slow rates: attempts at application of high 
shear rates produce sudden quasi-dilatant stiffening 
in a manner not yet adequately described. Concretes 
formulated with such cements may be of considerable 
future interest (11). 

III. THE FORMATION AND EVOLUTION OF STRUCTURE IN 
HARDENED CEMENT PASTES 

Processes of Structure Formation 
Fresh cement paste inevitably becomes stiffer and 
stiffer, and at some point passes from a system of 
floes in concentrated suspension, to a porous 
viscoelastic skeletal solid capable of supporting 
applied stresses at least for the short times with
out significant deformations. This conversion 
constitutes set . The set paste continues to evolve 
toward a progres~ively more rigid porous solid which 
becomes, roughly speaking, elastic and brittle in 
character. In this section some of the details of 
this complex process of structure and strength 
development will be discussed, with consideration of 
the properties of the 'mature" paste left for the 
next portion of this report. 
What might be called the chemical aspects of this' 
process, that is , the hydration reactions per se 
and the chemical and "nanostructural" ch.aracteristics 
of the hydration products formed, are discussed in 
the General Report of Theme II by Locher (12), and 
in the principal papers of Skalny and Young (13) · and 
Taylor and Roy (14), respectively. There is naturally 
a considerable overlap to be expected between the 
"hydration" aspects and the "structure formation" 
aspects of the same basic process. 
The structure forming processes in hardening cement 
paste seem exceedingly difficult to characterize 
properly, in part perhaps because it is always harder 
to understand a rapidly changing physical system than 
a static one. There have ·been relatively few 
contributions. to this Congress dealing with the 
structure forming processes per se . However, 
considerable progress seems to have been reported on 
methods of altering these processes so as to produce 
superior products. 
The rheological behavfor of progressively hardening 
cement pastes almost to the time of set has been 
followed by a plastographic method by Zacedatelev 
et al. (15), who investigated the effects of varying 
temperatures and of changing water content. Equations 
were proposed to describe the stiffening process as 
influenced by these parameters. 
An extremely ingenious new method for indirectly 
following the change taking place as cement paste 
hardens is described in the contribution of Balek 
et al. (16). In this so-called "radiometric emission 
method" the cement is radiolabeled in such a way that 
radon gas is constantly produced within the cement 
grains. The gas is emitted from the specimen at a 
rate which depends on the diffusion coefficient for 
the gas within the particles, and their surface area. 
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The evolution of structure as cement paste sets and 
hardens causes changes in both these characteristics, 
which result in concommitant changes in the rate of 
emission of radon from the sample. Changes in the 
structure by Vicat needle determinations or by hydra
tion measurements are clearly mirrored by correspond
ing changes in the rate of emission of the gas during 
and after set. The interpretafion is somewhat 
complicated by the fact that the two governing 
parameters, diffusion rate and surface area, are 
changing in opposite directions as the setting and 
hydration responses proceed. 
The processes of structure formation in hardening 
cement paste may be followed by many different 
methods, as the foregoing suggest . However, it seems 
to the writer that perhaps the .most informative and 
satisfying, if non-quantitative, method available 
today is that of direct examination and description 
of progressive changes in microstructure as observed 
in scanning electron microscopy of specimens of 
progressively increasing age. 
As indicated by Sereda, Feldman, and Ramachandran 
in their principal paper (17), proper interpretation 
of such investigations depends on an appropriate 
selection of fields to be examined, since the 
structure changes at different ·rates in different 
parts of even the same specimen, and is never 
homogeneous. Nevertheless, these problems are not 
insuperable· and the writer is somewhat disappointed 
at the relative lack of consideration· of such results 
as are already in the literature in the principal 
paper s of both Sereda e t al . (17) and of Wittmann 
(18). The relative scarcity of new information of 
this type in the contributed papers on structure 
formation is a further disappointment. 
To partly remedy this lack, the writer offers the 
following generalized description of structure 
development in portland cement paste based on his 
own scanning microscope observations and those of 
others. The pastes concerned are ordinary portland 
cement pastes hydrated under the usual ambient 
conditions, and not influenced by admixtures. 
For such pastes, visible evidence of the earliest 
hydration can be seen as thin filmy bodies develop
ing on the surfaces of cement grains, at first being 
rather difficult to distinguish from small chips of 
ground clinker also often found adhering to such 
surfaces. Relatively few visible AFt (rod-shaped) 
par:.-ticles are seen in the first few hours. · .As 
hydration speeds up at the end of the dormant period 
it can be seen that a thin shell is developed ·around 
most of the clinker grains, and clusters of Type I 
(elongated) C-S-H gel particles and some AFt rods· ~ 
project outward radially from these "kernals". Thin 
films of calcium hydroxide become visible in the 
pore spaces .and around other particles, and in some 
areas Type II (reticulated network) C-S-H gel is 
observed. As time passes much additional C-S-H gel 
is produced, and it begins to be clear that a contin
uous skeleton is being formed by contacts between 
C-S-H grain~ and AFt rods projecting from adjacent 
cement grain kernals . These contacts become 
reinforced by additional deposits of hydration 

. product, often not of any particular shape. 
Hexagonal calcium hydroxide crystals appear , and 
these grow laterally and finally begin to get 
thicker, . in the process invading and engulfing 
previously deposited C-S-H gel. In occasional and 
usually isolated areas small clusters of thin 
hexagonal plates of AFm products are developed, 
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recognizable by a characteristic edge-to-face 
contact habit. "Hadley grains" start to appear for 
higher water:cement pastes; that is, apparent 
dissolution and removal of cement grain material 
takes place from within the shells formed earlier 
around the cement grains, leaving a zone of vacant 
space between the shall and the reduced cement 
grain within it. As hydration procedes further, 
general deposition of C-S-H gel hydration product 
seems-to take the form of masses of small and 
indefinite Type III C-S-H grains, and in some areas 
of infilling material without visible particle 
structure(at the magnifications available in the 
SEM) . It become progressively more difficult to 
pick out individual particles in man~ but not all 
areas. In some originally highly porous areas, 
separate and distinct hydration product particles 
of various types may continue to be distinguished 
indefinitely. The final "mature" cement paste is 
an amalgam of these features. Increases in strength 
may continue long after no further microstructural 
changes are visible, presumably due to continued 
infilling and tightening of the existing structure . 
Significant changes in the above pattern may be 
produced by admixtures of various kinds, by heat 
treatment with or without the use of steam, or by 
various other physical or chemical treatments that 
may be imposed . 
Bond Formation 
Among the topici discussed in the principal paper of 
Sereda et al. ( 17), there is extensive dis cuss ion 
of the nature of the bonds thought to be formed 
between individual cement hydration par~icles in the 
process of hardening , leading to the solid skeletal 
"xerogel" visualized by Wittmann (18). In following 
this discussion and others like it, it is not tlear 
to the writer what the "particles" involved are 
presumed to be. For example, it is uncertain from 
many of the arguments presented whether discussion 
postulates bonding between clearly defined 
individual particles coming into contact across 
gaps, such as the radial C-S-H Type I particles 
meeting across the gap between two separate 
kernels, i. e . cement grains, or whether the 
postulated bonding is within smaller structural 
units, perhaps thin sheets, within such particles. 
Also one wonders whether the term "bond" is really 
being used in a mechanical sense to merely connote 
adhesion or cohesion between two adjacent particles, 
or in the more precise chemical sense where electron 
transfer (or sharing) between closely spaced and 
precisely-oriented atoms is implied. Certainly one 
sees little indication of what atom is being bonded 
to what other atoms across what bond length and 
what bond energies are involved. Collepardi (19) is 
quoted by Sereda et al . (17) as suggesting that 
Si-0-Si bonds are formed across contacts of pre
existing C-S-H particles. This may be true, but the 
indirect evidence adduced for this conclusion is far 
from convincing . On the other hand, the picture 
of Ubelhack and Wittmann (20) also cited by Sereda 
et al . suggests that thin water films continue to 
separate adjacent "bonded" particles, and thus that 
the attractive forces involved are primarily long 
range polar forces ("van der Waa 1 s' forces") subject 
to modification with changes in local environmental 
conditions, especially RH. This would appear to be 
a completely opposite concept. 
In his contribution to the present Congress 
Chatterji (21) attempts to calculate the probability 



of formation of permanent chemical bonds across two 
intersecting C-S-H needles and concludes that such 
bonding is exceedingly unlikely. However, it seems 
to the writer that the arbitrary assumptions made in 
the calculations render the conclusion open to 
question. 
In their prin~ipal paper, Sereda et ?l· (17) also 
refer to the ideas of Rehbinder et al. (22) concern
ing the formation of so-called "crystallization 
contacts" across particles, as controlled by the 
level of supersaturation with respect to the 
substances ·involved. Certainly dissolution and 
recrystallization at contacts of such \-Jell-defined 
substances as calcium carbonate is well known to 
occur and to develop strong bonding in, for example; 

·carbonate rocks. If the writer's understanding of 
the concept of Rehbinder et al . is correct, the 
inference is that particles become bonded by the 
same kinds of specific, permanent chemical bonds 
that hold the atoms together within a single particle, 
and the recrystallization at contacts, once made, 
should be permanent. 
After considerable thought, the writer must admit 
that it appears to him that in the present state 
of knowledge, not very much reliable or even useful 
information concerning the bonds between particles 
has been adduced. 
Effects 6f Admixtures and Altered Conditions of 
Hyc!ration 
It has previously been ·mentioned that the development 
of structure in 'cement pastes can be modified 
considerably by application of admixtures or by 
altering the CODditions under which the structure 
formation is taking place. Specific influences of 
various admixtures, primarily dissolved chemicil\l 
admixtures, are extensively discussed in the 
principal paper of Sereda et al . (17). 
~ number of contributions to this Congress record 
the results of research in which various solid 
admixtures are used to influence the course of 
development of the cement paste structure. Changes 
induced by inclusion of special crystallizing 
components, so-called "crents", are described in 
the contribution of Dmitriev et aZ. (23) . These 
substances are blends of aluminum sulfates or 
hydroxysulfates v1ith silica gel, gypsum, and in some 
cases dehydroxylated kaolinite . Used in substantial 
proportions, ca . 10 percent of the cement, they are 
reported to enhance the early formation of ettringite 
(resulting in early strength gain), and subsequently 
to accelerate C3S hydration . Ponomarev et al . (24) 
illustrate the effects of such additions on the 
developing microstructure, and show how variations 
in content of such admixtures can result in develop
ment of a high-strength cement, an expansive cement, 
or a rapid-hardening expansive cement. 
The mode of action of a somewhat different solid 
admixture has been clearly documented in the 
interesting contri bu ti on of I soga i et aZ. ( 25) . 
The admixture used in this case was a blend of 
a~hydrite, free lime, c~A 3 S, and C12A,. The expan
sive effect produced is indicated as being the 
result of to~ochemical formation of very fine 
"non-crystalline ettringite" and of some extra 
Ca(OH)2, both produced over a period of several days 
after setting . The expansion was definitely not 
asso~iated with the large, well-formed ettringite 
particles developed early in the hydration process. 

The solid admixtures discussed above are highly 
reactive chemically. The influence of less reactive 
solid admixtures on the evolDtion of structure and 
strength may also be considerable. In their report 
Popov et aZ. (26) illustrate the influence of the 
inclusion of "microaggregate", mostly quartzitic 
ground rock particles, on the structure produced . 
A general homogenization and densification is 
reported. The writer would infer that such effects 
may be associated with modifications of the gross 
floe structure that normally develops in the fresh 
cement paste. 
Methods of modifying the evolution of structure by 
altering the conditions under which hydration is 
taking place or by post-hydration manipulations 
have been reported by various contributors. . The 
contribution of Gorianov and Stchastnii (27) 
illustrates the effects of pressing, hot-pressing, 
and of exposure to saturated cement pore solution. 
A somewhat more commercially viable method of alter
ing the development of structure is steam curing, 
and the contribution of Sauman et al . (28) reports 
on studies in which pastes of 10 d.ifferent cements, 
each well characterized chemically and granulo~ 
metrically, are steam cured for various periods . 
It appears that differences in the rate of strength 
development for the different cements is conditioned 
primarily by differences in alite content, and 
secondarily by variations in the character of the 
alite solid solutions. Variations in content of 
C2S or of C3A, and differences in alite grain size 
seem to be unimp~rtant. 

A somewhat novel method of influencing the develop
ment of structure and strength in cement paste by 
pretreating the cement \•1ith C02 - free high humidity 
air is described in the contribution of Malinine 
et al . (29). · Freshly ground cements so ~xposed are 
said to develop semipermeable shells of "prehydrat
ion product" v1hich accelerate the cement hydration 
process once water is added. Premature carbonation 
that would attend the use of moist air not specially 
purified was said to b~ counterproductive. 

IV. THE STRUCTURE OF HARDENED CEMENT PASTE 
Structure of the Solid 
Having examined (albei~ imperfectly) the processes 
of structure formation we now turn to a considerat
ion of the structure and properties of the "mature" 
material. There is no sharp dividing line 
separating paste still in process of formation from 
"mature" paste, but certainly 28-day old paste is 
mature for all practical purposes and for some 
purposes pastes at much earlier ages might well be 
so designated. 
The usual pattern in most modern material science 
developments is that one studies the structure of a 
material on the basis that one should be able to 
understand, predict, and modify its properties 
most efficiently after its structure is understood. 
This approach has been quite successful in 
metallurgy and in ceramics. To date it has not been 
followed very successfully with respect to · 
cementitious materials, perhaps because the structure 
is too complicated to be very vie ll understood. 
In his principal paper on this subject, Wittman (18) 
describes the structure of hardened cement paste as 
comprising a solid "xerogel", water, and pore space. 
In contrast with most other materials, the solid 
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part of cement paste is unusually and sensitively 
linked with the water component, in part because 
the solid is composed of hydrates, in part because 

physical characteristics of the solid are unusually 
sensitive to water content and even to changes in 
ambient RH. Details of the pore structures seem 
also intimately bound up to t~is sensitivity, and 
it is very difficult indeed to trace through the · 
interrelationships involved. 

The chemical and crystallographic characteristics 
of the several solid phase components normally 
present have been cogently summarized in the 
pri nci pal paper of Taylor and Roy ( 14). Hardened 
portland cement paste prepared under the usual 
ambient conditions is an assemblage of almost 
amorphous C-S-H gel of variable chemical composition 
and morphological type, of calcium hydroxide, of 
some AFt (red-shaped) and AFm (hexagonal platy) 

·calcium aluminate sulfate hydrates of variable 
compostion, and of whatever unhydrated cement remains. 
The C-S-H gel is usually considered to be the 
dominant component, so much so that some workers 
tend to lose sight of the existence of the other 
components when interpteting cement paste behavior. 
The nature of this C-S-H compqnent has been the 
subject of much investigation and considerable 
dispute for many years. The current status of ideas 
on its internal structure is expertly summarized by 
Taylor and Roy (14). The structure has only a small 
degree of order. The well-known Feldman and Sereda 
model rests primarily on interpretations of measured 
ch~nges in various characteristics (length change, 
stiffness, rate of helium penetration, and adsorp
tion-desorption responses) as functions -of RH, rather 
than with structural investigations by the classic 
tools of structure determination (x-ray diffraction, 
electron diffraction, infrared spectroscopy •. mass spec
troscopy, chemical analysis, etc.) This model is 
discussed at length in the principal paper of Sereda 
et al . (17). The so-called "Munich model" is not 
really a description of the structure of the C-S-H 
gel but a mathematical explanation of paste 
characteristics, based on thermodynamic calculations, 
water sorption isotherms, and experimental measure
ments of creep, shrinkage, strength, and other 
parameters, again primarily as functions or RH. 
This model is discussed briefly in the principal 
paper of Wittmann (18). 
Recently, the term "xerogel" has been introduced 
into the cement literature by Wittmann to describe 
the solid "skeletal" portion of hardened cement 
paste. In the classical colloid literature a xerogel 
is a dried gel retaining its original structure after 
the fluid phase has been removed. Its use to 
represent the skeletal structure of hardened cement 
paste is strictly speaking a departure from the 
?lder usage. One should also guard against the 
inference that the solid component is only a small 
volLvne fraction of the total colloidal system, as 
might be implied fro'm the adjective "skeletal" since 
the solids normally constitute 60 or 70 percent or 
more of the volume of mature pastes. 
Details of the chemical composition of individual 
particles of this solid as dispersed ultrasonically 
from specially-prepared hardened cement paste are 
reported in the contribution of Moore (30). The 
cement used was ground ot unusual fineness (all 
particles less than 10 µm), pressed into pellets, 
and hydrated by water drawn into the pellets by 
capillary action. Hydration carried out in this 
manner was found to be completed in about 3 months. 
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Individual particles were analyzed in an analytical 
electron microscope, using thin film calculations 
which avoid various corrections otherwise necessary. 
The many C-S-H gel particles examined showed a wide 
range in chemical composition, with Ca:Si ratio 
varying from 1 .25 to 4.0, and with At, Fe, and S 
collectively present within wide limits of 0.1 to 
0.9 atoms per atom of silicon. AFm and AFt particles 
contained large contents of Si, and Sand At were 
seriously deficient in them, specially in the AFm 
particles. These compositional range~ and variations 
from one particle to another particle are similar to 
those also reported by Lachowski et al. (31) for 
ordinary cement pastes of lesser maturity. 
The contri bu ti on of Mi tuzas et al. ( 32) is specific
al ly concerneq with the distribution of the silica 
among the components present in hardened pastes. 
These workers conclude, apparently from complexi
metric measurements, that a very considerable 
proportion of the silica in cement pastes is bound 
into unstable "complexes" with the ettringite and 
monosulfate phases, and that much less C-S-H gel is 
present than is normally assumed. 
Pore Structure 
Attempts at characterization of the pore structure 
constitute a surprisingly large portion of the 
experimental work that has been done on the structure 
of hardened cement paste. Of interest here are the 
volume, size distribution, and shape of the pores 
involved. These range in size over many orders of 
magnitude, the largest being of the order of 
millimeters, the smallest of nanometer?, or even, 
by some definitions, of the sizes of spaces left 
vacant by the removal of individual water molecules 
on drying. Much of the size range is amenable to 
investigation by mercury intrusion porosimetry: 
the finer pores are usually investigated by methods 
involving gas or vapor adsorption or desorption 
studies. An extensive review of the subject has 
been provided in the principal paper by Sereda et al. 
(17), and a brief treatment is given by Wittmann (18). 
As pointed out by these authors, no method is free 
from difficulties and uncertainties of interpretat
ion. 
A number of papers communicated to this Congress 
are concerned with pore size measurement and 
interpretation. The relationship between pore size 
distributions as measured for a spectrum of cement 
pastes of varying age and \'1ater:cement ratio and 
the corresponding saturated permeabilities measured 
for t~e s~me pastes is explored in an outstanding 
contribution by Nyame and Illston (33). A power 
function relationship of surprising precision was 
developed between a characteristic radius of the 
paste determinable from the mercury intrusion curve 
and the permeability. The radius involved is that 
of the maximum in the dv/d log r plot set up using 
divisions of equal volume intrusion, and is consider
ed to be representative of the effective size of the 
continuous pore system through which most of the 
water flows. The radius involved is near the upper 
end of the measured size distribution, and is 
analogous to the 11 breakthrough diameter" of Winslow 
and Diamond (34). 
An investigation of cement paste pore structure by 
mercury porosimetry was reported in the communicat
ion by Bozhinov and Borovski (35) and it was again 
confirmed that the water:cement ratio exercises the 
m~jor ~nfluence in ~etting the distribution of pore 
s~zes in the resulting paste. A modest supervening 



influence ascribable to cement fineness was also 
detected. 
At the other end of the pore size range, inferences 
about the status of micropores in hardened cement 
paste were drawn by Lawrence et al. (36) from an 
extensive series of nitrogen and butane adsorption 
isotherms on pastes that had been dried in several 
differ~nt ways. In this contribution it is suggest
ed that micropores available to nitrogen are present 
in rapidly dried pastes but not in slowly dried 
pastes. On the other hand, for the latter the 
isotherms are interpreted as suggesting the 
presence of slit-shaped mesopores that appear not 
to be present if the pastes are dried rapidly. 

The alteration of pore structure with 
drying condition inferred by Lawrence et al. is an 
illustration of the general pattern of reports of 
the instability of hardened cement paste structure, 
especially with respect to changes brought about by 
drying. These changes seem only partly reversible 
on rewetting. Much of this literature is discussed 
in the principal papers of Sereda et al. (17) and 
of Wittmann (18). Wittmann suggests that such 
changes necessarily involve a rearrangement in such 
a way that the surface area is reduced and the 
structure coarsened. Measurements of surface area 
by low-angle x-ray scattering reported some years 
ago by Winslow and Diamond (37) suggest that dried 
pas-tes indeed exhibit only about half the surface 
area of the same pastes before drying, but that 
immersion in water restored the original area. 
Permanent neduction in surface area was found to 
take place only if the pastes were heated in water. 
Structure, Creep, and Status of Water 
~eg~rdless of the permanence of .surface area changes, 
~t is well known that significant shrinkage occurs 
in ce~ent pastes on drying, and that some of the 
shrinkage so produced is not recoverable. Shrink
age o~so occurs in the normal sequence of hydration 
even in the absence of any drying effects, and cie 
must be careful to distinguish this so-called 
"autogenous" shrinkage from drying shrinkage. 
The separate magnitudes of the two phenomena have 
been studied by Dorkin and Zaitsev (38) in their 
contribution of this Congress, as functions of 
wate~:cement r~t~o for several cements of widely 
varying composition. Typically, autogeneous 
shrinkage was found to amount to about 30 percent 
of the magnitude of the drying shrinkage. Both were 
found to be larger in magnitude for pastes made from 
cem~nts with higher C3A contents, ·and autogenous 
shrinkage was found to decrease, rather than 
increase, with water:cement ratio. 

Explanations for some of these observations are 
forthcoming from the detailed study of autogenous 
shr~nkage by Buil and Baron (39). In this contri
bution the processes were clearly shown to involve 
a sequence of initi~l. (plastic) shrinkage starting 
a few hours after mixing, followed by an intermediate 
stage of expansion, and then a final stage of 
"har~ening shrinkage" after set. The latter was 
confined to l-0w water:cement ratio pastes (w:c 0.35 
and bel~w), ~nd it was considered to be caused by 
self-~esic~ation, the water being evolved inward to 
the interior of the specimen rather than 6utward 
to !he surrounding atmosphere as in drying 
shrinkage. 

Drying shrinkage is often coupled with creep, a 
related manifestation of the instability of cement 
paste. Both are generally thought to be conditioned 
partly by the pore structure of the paste, partly by 
the characteristics of its solid component. It 
appears that both shrinkage and creep may in turn 
affect the structure, leading to an extremely 
complex situation. Several of the contributions to 
this Congress provide some insight into this 
situation. 
The drying shrinkage behavior of a number of thin
wal led cylinder specimens of C2S, C3S, and cement 
paste was very carefully determined as the starting 
point for an interesting set of interpretations 
provided in thecontribution of Bentur et al. (40). 
These workers divide the observed drying shrinkage 
into "capillary" - and "gel" - related portions on 
the basis of shrinkage-weight loss curves. The 
magnitude of the former is related primarily to the 
content and size distribution of mesopores, i.e. 
pores in the range of 2.5 to 30 nm radius, which the 
authors consider to be active in developing 
capillary shrinkage stresses. The gel-related 
portion, attributed to drying-induced structura1 
changes in the C-S-H gel component, is related to 
the volume of micropores (of radius below 2.5 nm), 
to the surfa~e area, and to the silica polymerization 
status of the C-S-H gel. An overall effective 
shrinkage factor is developed which encompassed an 
empirical combination of the parameters mentioned, 
and this is shown to be a good linear predictor of 
total drying shrinkage. 
As an illustration of the instability effect, the 
contribution of Milestone (41) reports the measured 
effects of drying and of aging at intermediate RH 
values on the ~tate of polymerization of silica 
within the C-S-H gel of young C3 S pastes.- Drying 
(to 11 % RH) produces a decrease in monomer content 
an~ an increase in polysilicate content, the changes 
being completed rapidly. Equilibration at higher 
RH values was found to slowly produce changes in the 
same directions; Milestone especially noting 
gradual and progressive increases in polysilicate 
content at RH values of 75% and to a lesser extent, 
at 50%. Monomeric silica was shown to exist in 
the gel portion of fresh C-S-H pastes never exposed 
to lowered humidities. 
The changes found by Milestone to result from drying 
or from aging seem to be similar in character to 
those occurbing in young .cement pastes loaded in 
~reep at 20 c end t~en subjected to rapid temperature 
increase to 60 C while under load, as reported in 
!he inter~sting contribution of Pafrott (42). The 
increase in degree of polymerization·was parallel led 
by a rapid increase in .treep rate observed. The 
enhanced creer component stemming from the change is 
non-recoverable. Parrott indicates that previous 
work had indicated that heating of similar ~astes 
not under load had reduced, rather than increased 

·the non-recoverable creep component. Parrott 
concludes that the enhanced creep rate is due to a 
structural reorganization involving the enhanced 
silica polymerization. On the basis of the reasoning 
of Bentur et al. (40), one might expect paste with 
more highly polymerized C-S-H gel to exhibit 
reduced, rather than enhanced creep capacity, in 
view of the stiffening effect thought to be 
associated with a higher degree of polymerization. 
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The behavior of hardened portland cement paste is 
generally considered to be influenced not only by 
the structure of the solid and by the sjze distribut
ion and character of the pores present, but also by 
the varying status of the water present in the pores 
and within the solid components. Investigations into 
the status of cement paste water have been reported 
for many years. Unfortunately, it has proven to be 
exceedingly difficult to reach any sort of consensus, 
since the results seem to vary markedly with the 
method of study. 
In his principal paper (18) Wittmann cites a four
fold subdivision of water in cement paste into 
(a) bulk water in large pores, (b) water of reduced 
chemical potential in medium-sized pores, (c) 
"structured" water condensed into pores between 3 
and 10 nm in radius, and (d) adsorbed water on 
surfaces in layers not exceeding 2! monolayer thick
nesses. The distinctions were made on the basis of 
freezing behavior. 
In their interesting contribution to the present 
Congress, Sabri and Illston (43) report that a 
physical separation of two distinct types of water 
in cement pastes can be effected by a semi-iso
thermal mode of operation of TGA and differential 
TGA apparatus, in which heat increase is stopped 
once · a peak start to come off. ·They were able 
to consistently separate the water removal process 
into peaks coming off isothermally at between 47° 
and 54°c (depending on age of the pastes), and peaks 
coming off betv1een 78° and 90°c, again as a function 
of age. Measurements were made of specimens of 
various ages and water:cement ratios, and of 
specimens that had been conditioned to various RH 
values before the investigation. These workers 
conclude that water removed in the first peak 
("type A water") includes all of the pore water and 
the physically adsorbed water as well, and that water 
removed in the second peak ("type B water") is 
structural or hydration product water removed from 
C-S-H gel or other hydration products. · The amount 
of this "structural" v1ater is reduced on pre-exposure 
of saturated pastes to even slightly reduced RH 
conditions, e.g. 94% RH, but most of it is retained 
against drying at 11 % RH. 
A somewhat different type of study on the status of 
water in hardened cement paste is provided in the 
contribution of Sierra (44), who reports on measure
ments of IR, broad-band proton spin NMR, and 
dielectric behavior of C3S and portland cement 
pastes. The results are interpreted as indicating 
that water in the finest pores and on the surfaces 
is extensively hydrogen bonded, and a definite 
picture of the structural location of water molecules 
and the status of their hydrogen bonding to specific 
Si-0 sites in a postulated C-S-H gel structure was 
provided. In the opinion of the writer, and of 
Taylor and Roy (14),the gel structure postulated as 
the framework, which is the 2- or 3-layer tobermorite 
sheet structure of .Kantro, Brunauer, and Weise (45) 
is not likely to be an appropriate representation of 
the actual C-S-H gel structure. 
The writer would also suggest that several points be 
considered by those workers concerning themselves 
. with the status of water in hardened cement paste: 
(a) results from a number of laboratories in several 
countries indicate conclusively that at least the 
"water" i-n larger pores of cement paste that can be 
expressed by application of high .pressures is not 
water at all, but is rather a concentrated solution 
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of sodium and potassium hydroxides, and (b) 
ordinary "bulk" water is highly structured and at 
ordinary temperatures is extensively ·hydrogen 
bonded. What one must investigate is the change 
in structure brought about the local environment, 
both chemical and physical, of the various regions 
within the hardened cement paste. 

Crack Formation and Propagation 
The various properties and characteristics of 
hardened cement paste so far discussed are of 
considerable scientific interest. However, their 
practical importance rests on whatever bearing 
they may have on the engineering properties of 
cementitious materials~ Strength is clearly the 
engineering property of greatest interest in this 
connection . 
In the principal paper of Wittmann (18) strength in 
hardened cement paste is seen to be limited by crack 
formation; in the principal paper of Sereda et ai. 
(17) it is specifically linked to the pore structure. 
In the contribution by Zaitsev· (46), the influence 
of pore structure on crack formation and hence on 
strength in cement paste is explored in a Monte 
Carlo model of failure in compression. The model 
assumes a random distribution of pores of the 
appropriate sizes is present, and that as the 
system is loaded, cr?cks extend from the pores 
along the line normal to the direction of maximum 
tensile stress. As loading is increased,favorably 
located cracks from adjacent pores join together, 
each junction constituting a sudden increase in 

• crack length. This process is followed by computer 
simulation until a critical crack length is achieved 
and failure occurs without additional lriading. 
New methods allowing the study of actual development 
of cracks in real specimens are described in two 
contributions to this Congress. Tsilosani et ai. 
(47) describe a holographic interferometer method 
of depicting and studying the state of strain in 
concrete being subjected to simultaneous mechanical 
and shrinkage stresses. The onset of cracking is 
clearly depicted by modifications in the interfer
ence bands observed . Thus comparative cracking 
resistance and measured values to time-to-first
significant-cracking can be compil ed for concrete 
specimens made from various cements or exposed to 
various preliminary treatments. The results 
obtained suggest that even modest contents of 
mineral additions may lower the cracking resistance 
of concrete but that it is not greatly affected by 
variations in cement composition . 
The prospects for furthering an understanding of 
the microstructural basis for the cracking and 
fracture behavior of cement paste would seem to be 
enhanced by app 1 i cations of a device descri b.ed in 
the contribution of Diamond and Mindess (48). A 
compact tension fracture mechanics specimen arrange
ment has been constructed in such a way that it may 
be included and loaded within the specimen stage of 
a scanning electron microscope. Thus direct 
observation of the formation and propagation of 
cracks produced under controlled conditions can ~e 
attained within the scanning electron microscope . 
Preliminary microscopic observations relating to 
the geometry, branching characteristics, and 
displacements of cracks produced i.n cement pastes 
are reported . 



V. MATHEMATICAL MODELING OF CEMENT PASTE STRUCTURE 
AND STRENGTH DEVELOPMENT 

The development of mathematical models to des~ribe 
the evolution of the hydration processes and the 
development of strength in hardened cement paste and 
concrete seems not very well advanced. The discrep
ancy between the possibilities and the practical 
results so far attained is pointed out in the 
principal paper of Cheine (49), who considers that 
a lack of fundamental rigor exists in defining the 
important characteristics of the starting material~ 
and of the hydration products. This is explainable 
in view of the inherent complexity of cementitious 
systems as is obvious from the preceding sections 
of this report. 
Contributions in this area generally attempt to model 
either the hydrati6n processes in more or less 
chemical terms or else model strength development, 
usually emp1rically or by application of statistical 
or regression formalisms. 
"Chemical"-type treatments are provided in contri
butions by· Rumyantsev (50), and by Pommersheim et ai . 
( 51). 
The former provides a general mathematical treatment 
of solid-liquid reactions, with application both to 
high temperature clinker-melt reactions and to cement 
hydration; A rate process equation in which the 
surface area is subsumed in the pre-exponential term 
was suggested to expre-ss the temperature dependence 
of the processes, the Kholmogorov-Erofeev double 
exponential equation was suggested for fitting to 
isothermal processes, and an equation developed on 
the basis of local branched chain reactions was 
suggested instead of the usual treatment of solid 
liquid reactions preceding by slo.w diffusion t~rough 
a uniformly-increasing thickness of coating . 
A specific mathematical model for the hydration of 
uniformly-s·ized C3S particles was elegantly developed 
in the contribution of Pommersheim et ai. (51). This 
model assumes progressive development of both "inner" 
and "outer" hydration product layers, and the 
temporary development arid subsequent disappearance 
of a barrier layer between them. The essence of the 
model is contained in a dimensionless parameter 
expressing the ratio of the rate of diffusion 
through the expanding layer of hydrate to the rate 
of chemical reaction at the core-hydrate interface. 
Based on realistic inputs of particle size, ~ater: 
cement ratio , and temperature, the model is shown to 
predict reasonable values of the degree of hydration 
as a function of time, and to fit the experimental 
data of Kondo and Ueda (52) for the hydration of 
cl osely-sized C3S particles. 

An extensive mathematical treatment describing 
both hydration and strength development in hardened 
cement paste is provided in the contribution of 
P~lak and Babkov (53). I~ contrast to the paper 
d1 scussed previously, these authors apparently do not 
attempt to compare the mathematical formalism 
developed to actual data for either hydration or 
strength development processes. 
The remaining papers in this area are concerned 
exclusively with providing mathematical descriptions 
o! strength development, and with its variation under 
different conditions. 

The principal paper of Cheine (49) reports a highly 
sophisticated time-series analysis of the "activity", 

'Z- . e . the strength developing capacity of the product 
being produced by a particular slag-cement factory. 
Seasonal fluctuations are shown to occur, loosely 
correlated with variations in the C3S plus C2S 
content of the clinker, but the major factors 
influencing the strength developing capacity are 
said to be the specific proportions of slag, gypsum, 
and clinker, and the fineness of grinding. Equations 
relating strength at any age to the activity measured 
in tests at early ages are suggested. 
In other contributions, a generalized formula for the 
estimation of the strengths of concretes and of 
cement pastes is suggested by Vyrodov and Padalkina 
(54), a comparison of several equations for the 
calculation of expected strength from cement compound 
composition and fineness is provided by Popovics 
(55), and a set of regression equations relating 
strengths of concrete to calculated Bogue cement 
compositions for a range of New Zealand cements is 
provided by Aldridge (56) . 
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Intervention a la table ronde 

Jar C. LEGRAND 

Comme l'a souligne le Professeur DIAMOND dans 
son rapport general, de nombreus~s communica
tions de ce theme donnent des resultats de me
sures rheologiques, effectuees essentielle
ment a l'aide de viscosimetres coaxiaux. Les 
auteurs se servent bien entendu de ces resul
tats pour interpreter les phen0menes observes 
tout en reconnaissant, pour la plupart d'en~ 
tre eux, que ces resultats sont differents 
suivant l'appareil de mesure utilise. Il y a 
done la un probleme important et on est en 
droit de se demander quelle est la conf iance 
que l'on peut accorder a des mesures effec
tuees sur les pates de ciment dans de telles 
conditions. 

One premiere source d'erreur reside dans le 
non respect des hypotheses qui ont servi a 
etablir les formules donnant la contrainte et 
la vitesse de deformation. bn µeut rapidement 
citer quelques exemples : 
- le fluide doit etre homogene. Or, les me
sures sur les pates de ciment se poursuivent. 
parfois au-dela de dix minutes et des pheno
menes de sedimentation peuvent alors interve
nir de fa9on non negligeable et conduire a 
.des augmentations apparentes de viscosite 
qu'il ne faudrait pas alors attribuer a au-
tre chose; · 

- l'ecoulement doit etre laminaire. On voit 
trop souvent donner des interpretations abusi
ves a des rheogrammes qui changent d'allure 
pour des vitesses angulaires elevees, alors 
que, tout simplement l'installation d'un re
gime turbulent rend inapplicables les equa
tions classiques de l~ viscometrie; 

- il ne doit pas y avoir de mouvement relatif 
entre le milieu et les cylindres de l'appa
reil. Ceci est bien connu et je n'insisterai 
pas plus s~r les dangers qu'il ya a utiliser 
des cylindres lisses; 

- enfin, et ceci est capital, l'ecoulement 
do~t etre stable; cela signifie notamment que 
la vitesse de rotation du cylindre mobile 
doii etre Constante et egale a Celle d~ l'axe 
d'entrainement du systeme. La vitesse de de
form~tion du dynamom~tre mesurant le couple 
resistant doit done etre nulle. Nous savons 
tous que ceci n'est pas le cas avec les pa
tes de ciment qui presentent une structure 
floculee qui se detruit au fur et a mesure 
qu'elle est cisaillee, provoquant une thixo
tropie partielle. 

one deuxieme source d'erreur reside, en sup
posant que les hypotheses dont je viens de 
parler sont respectees, dans l'evaluation du 

·gradient de vitesse a partir des caracteris
tiques de l'appareillage, de la vitesse de 
rotation et du couple resistant mesure sur l'axe.· 

Ceci ne.pose pas de probleme particulier 
lorsque le corps etudie a un comportement li
neaire (ne·Wtonien OU binghamien). Par contre, 
de nombreuses diff icultes surgissent dans 
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les autres cas, notamfl'loent parce que la deter
mination du gr~dient de vitesse dans l'espace 
annulaire depend de la loi de comportement 
que l'on cherche justement a obtenir. Il 
existe heureusement des solutions plus ou 
mains precises et plus ou moiris lourdes ~ met
tre en oeuvre; je voudrais citer~ parmi les 
communications de ce theme, celle de NAGATAKI 
e~ KAWANO, qui ont etudie, par cinemographie 
direct~, la repartition des gradients de vi
tesse dans l'espace annulaire. 

En tout etat de cause, determiner ce gradient 
a l'aide des formules classiques, qui suppo
sent a priori le comportement lineaire pour 
trouver, en definitive, un comportement qui 
ne l'est pas, n'est pas une approximation, 
mais une erreur. 

Je voudrais maintenant revenir sur la destruc
tion de la structure par le cisaillement 
(structural breakdown) qui . conduit a des ef
fets de thixotropie partielle. Amon avis, 
avec un viscosimetre classique, deux choses 
seulement sont mesurables. D'une part, le 
~~~!!_~~-£!~~!!!~~~Q!_!~!!!al, c'est a ~Ire 
celui de la pate vierge de tout cisaillement, 
qui depend essentiellement des forces de liai
son intergranulaires, et, d'autre part, la 
~!~£~~!!~_!!~~!~ de la pate, une fois qu~-la 
stabilite de l'ecoulement est atteinte, c'est 
a dire apres la destruction de toutes les 
liaisons qui devaient etre detruites. Le rap
port de ces deux valeurs me parait etre une 
bonne caracteristique de la ' thixotropie du mi
l i e u . c e 11 e - c i e s t ' t 0 u t e f 0 i s ' i n comp 1 e t e 
puisqu'on ne prend en compte que l'etat ini
tial et l'etat final. Mais, comme je l'ai si
gnale tout a l'heure, les mesures intermediai
res ont peu de signification. J'ai deja mon
tre, il ya quelques annees {*) qu'il exis
tait un couplage important entre le milieu 
d'essai et l'appareil de mesure et que, sui
v~nt la vitesse de rotation et la rigidite du 
dynamometre, on pouvait trouver a une meme . 
pate plusieurs comportements rheologiques. 

Mais alors, comment faire pour obtenir des 
resultats significatifs ? 

Peut-etre faut il utiliser des viscosimetres 
travaillant non plus a vitesse d'entrainement 
constante, mais a contrainte imposee et tra
cer ainsi des courbes de fluage en vitesse de 
deformation. 

Peut-etre faut-il au contraire tracer des 
courbes de relaxation en contrainte a vitesse 
de deformation constante, en utilisant alors 
des dynamometres a la fois precis ~t tres ri
gides ? 

Le probleme n'est, a ma connaissance, mem~ 
pas aborde a l'heure actuelle et je souhai
tais le poser. Ce n'est, en definitive, qu'en 
trouvant de vraies caracteristiques mecani
ques qu'on arrive a mieux connaltre le com
portement rheologique des pates, et pas seu
lement d'ailleurs de ciment. 

(~)C. LEGRAND - Determination des caracteris
tiques rheologiques des corps viscoplastiques 
a thixotropie partielle - Cahiers du Groupe 

• Fran9ais de Rheologie - III - n° 2 (Avril 1973) 



Intervention 

1-ar Yu M. BAZHENOV 

L'application d~ modeles et de methodes ma
thematiques a la technologie des ciments et 
des betons implique de faire appel a des me
thodes d 'essais et 'des caracteristiques nou
velles des materiaux, car les methodes ·nor
malisees, traditionnelles, ne permettent pas 
de faire les calculs avec la precision ne
cessaire, compte tenu des possibilites des 
ordinateurs. 

En Union Sovietique, a l'Institut "Ecole 
des Travaux Publics de Moscou (MISI im 
Kujbysheva), on a ~labore une methode d'ap
preciation des proprietes des pates de ci~ 
ment dans la masse meme des betons, en te
nant compte de ce que le comportement d'une 
pate est alors different de celui d'une 
pate pure. Les proprietes des materiaux de
pendent notablement des granulats, de la 
composition du beton, et d'autres facteurs. 

·Par suite de !'influence des forces de sur
face, les grains du granulat diminuent no
tablement la maniabilite des betons frais 
ainsi que les delais de prise. 
Pour avoir la meme maniabilite que celle 
de la pate de ciment, on est conduit a aug
~enter le rapport eau/ciment des mortiers 
et des betohs. On peut apprecier !'influen
ce globale d'un granulat en utilisant un 
coefficient d'influence particulier, qui 
indique la quantite d'eau supplement'aire a 
ajouter pour le granulat, afin de ne pas 
modifier les proprietes du beton frais 
(sa maniabilite, les delais de prise, etc.) 

Par exemple, pour avoir un affaissement du 
cone sur table vibrante de 17 cm (170 mm), 
il faut, pour un ciment donne, que (e/c)c = 
0,3, tandis que pour un mortier 1:2, il 
faut que (e/c)T = 0,44. Le c?efficient , d'in
fluence du sab e sera alors egal en % a : 

K s 

(e/c)m - (e/c)c 

2 
100 7 % 

Les sables courants utilises dans la cons-
truction ontun coefficient K compris 
entre 4 et 11 % suivant leur Srosseur et 
les proprietes de leur surface. 

Pour determiner les coefficients d'influen
ce d'un sable K~ ou d'un gravillon K 
on fait des essa1s comparatifs sur une Sate 
de ciment, un mortier et un beton. 

Nous utilisons des mortiers 1:2 et des 
betons 1:2:3. La consistance d'une gachee 
correspond a la consistance normale de la 
pate de ciment. 

Si l'on connait les coefficients d'influence 
du granulat et si l'on sait comment les pro
prietes de la pate de ciment varient en fbnc
tion de divers facteurs, on peut prevoir les 
proprietes des mortiers et des betons avec 
une grande precisio~ de calcul. Pour cela 
on fait appel a une nouvelle notion, celle 
du rapport (eau/ciment) efficace ou effecti
ve, qui indique le comportement reel d'une 
pate de ciment dans un beton. 

Dans ce but, de la quantite totale d'eau on 
deduit la quantite necessaire pour compenser 
!'influence du granulat sur les propri~tes 
du beton frais 

e - K S - K G s 

c 

ou S et G sont les teneurs en sable et 
gravillons concasses respectivement. 

Ainsi, par exemple, pour une gachee de be
ton 1:2:4, ayant un rapport total de 
(eau/ciment) e/c = 0,6 Ks = 0 , 07 (7 %) et 
K

9 
= 0,02 (2 %), le rapport effieace deter

minant le comportement de la pate de ciment 
dans le beton sera 

(e/c)ef = 0,6 - 0,07.2 - 0,02,4 = 0,38 

Pour construire des modeles mathematiques 
definissant la rheologie des betons frais, 
compte tenu de la rheologie des pates de ci
ment, en plus des valeurs de (e/c) f' il 
faut connaitre la teneur en pate d~ ciment 
dans les betons. 

Les meilleurs resultats sont obtenus en in
troduisant la notion de teneur effective, 
qui ne tient pas compte de toute l'eau, 
mais seulement de celle qui determine le 
rapport eau/ciment efficace. 

[ i - (e/c)ef J 

ou c designe le dosage du ciment en kg. 
p la densite du ciment. 

On peut faire des essais comparatifs, de
terminer (e/c) f et p en utilisant des 
adjuvants OU e~ travaiifant a des regimes · 
technologiques de fabrication differents, 
afin d'en determiner l'efficacite. Ces ca
racteristiques permettent de prevoir avec 
suffisamment de precision le temps et les 
condit~ons de durcissement d'une pate de 
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ciment et d'un beton. Ces facteurs exercent 
une influence determinante sur la structu
ration ulterieure d'un beton et sur ses pro
prietes finales, 

La methode examinee ci-dessus a permis 
d'augmenter la precision des calculs faits 
avec l'aide d'ordinateurs. A l'avenir il 
nous f aut chercher de nouvelles methodes OU 

des methodes semblables permettant d'aug
menter la precision des calculs technolo
giques et economiques. 
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REVIEW and CONCLUSIONS 

by SIDNEY DIAMOND 

The activities/encompassed in Theme VI conststed 
of the following parts: 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Four principal papers prepared respectively by 
Helmuth, by Sereda, Feldman, and Ramachandran, 
by Wittmann, and by Cheine. 

A total of 39 contributed papers by authors from 
thirteen countries. 

A general report prepared and delivered by the 
undersigned. 

A total of 29 posters prepared by authors from 
seven countries. 

A Round Table discussion. 

A final session of questions for the Round Table 
members. 

In conformance with the general regulations of 
the Congress, the individual principal papers were not 
delivered by their authors but were summarized by the 
general reporter. 

The principal paper by Helmuth (VI-0) covered 
structure and rheology of fresh cement paste. Helmuth 
discussed certain characteristics of cement paste as 
a disperse particle-fluid system whose particles are 
flocculated unless an effective dispersant has been 
incorporated into the mix, and introduced a simplified 
model in which all the individual particles, of what
ever size, have water films of equal thickness sur
rounding them. The flow characteristcs of pastes in 
terms of Bingham parameters were elucidated, and 
complications of dilatant, pseudoplastic, thixotropic 
behavior were discussed. The changing behavior of 
pastes under repeated shear cycles were attributed to 
a balanc~ between thixotropic breakdown and recovery, 
and various cement and solution characteristics that 
modify flow behavior were reviewed. 

The principal paper by Sereda, Feldman, and 
Ramachandran (VI-1) provided a review of·a number of 
aspects of structure formation and development in 
hardened cement pastes, particularly those aspects in 
which major contributions had been made by the NRC 
Canada group. The paper was subdivided into several 
independent subsections, the first of which involved 

the formation and nature of bonds, bond strength, 
and bonding as related to material structure and 
behftvior. This was followed by a section on porosity 
and pore size distributions in hardened cement paste. 
A third section on physical factors controlling 
structure and strength development was followed by a 
final section on the influence of admixtures. 

The principal paper by Wittmann (VI-2) reviewed 
aspects of the characteristics and behavior of 
hardened cement.paste seen as a system comprising a 
solid skeletal structure with an intrinsic pore 
system, the latter usually containing water; the 
presence or absence of the water exerts a profound 
influence on the mechanical characteristics of the 
system. A survey of the commonly experienced mechani
cal behavior features of cement paste and their 
origins in the nature and microstructure of the 
system completed this review. 

The principal paper by Cheine (VI-3) comprised 
primarily a treatment of time variation in the 
strength-producing quality of the output of a par
ticular blended cement plant and an exposition of 
sophisticated mathematicaLprocedures for the analysis 
of such variation. 

The 39 contributed papers encompassed a wide 
variety of topics, but may be loosely grouped into 
(a) nine papers on the rheological and other 
characteristics of fresh cement paste, with many of 
them dealing with modifications produced by super
plasticizers and other admixtures, (b) ten papers 
dealing generally with the formation and evolution of 
structure in hardened cement pastes and the bonding 
developed therein, (c) fourteen papers relating to 
the structure and properties of hardened cement 
pastes: and finally, six papers on mathematical 
modeling of hydration and strength development. One 
of the most interesting contributions in this last 
area, a paper by Knudsen, was perhaps inappropriately 
assigned to Theme I and is found in that portion of 
the Contributions volume of the Proceedings. 

The general report, prepared and delivered by 
the undersigned, was an attempt to synthesize as 
much as possible of the important features of the 
principal reports and the principal papers. Because 
of the magnitude of the task and the restrictions on 
length of report and on time of delivery at the 
Congress, the general report was necessarily somewhat 
superficial in character. The writer hopes that the 
effort was useful to Congress participants and will 
be of help to later readers of the final Congress 
volume. 

The large set of posters exhibited at the Theme 
VI session of the Congress was something of a surprise 
to the writer, who did not have an opportunity to 
examine their contents prior to the Session. Abstracts 

,of these posters are available in the final volume of 
the Congress proceedings. 

In conformity with the established format of the 
Congress a Round Table panel was assembled to discuss 
and answer questions pertaining to this portion of 
the Congress activity. The panel was chaired by the 
undersigned and consisted of Messrs LeGrand (France), 
Helmuth (USA), Sereda (Canada), Ramachandran (Canada); 
Wittmann (Switzerland), Mchedlov-Petrossyan (USSR), 
Bombled (France), and Mindess (Canada). A portion of 
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the round table period was devoted to brief expositions 
by those of its members who were authors of principal 
papers of their most significant points and any chang
ed viewpoints since the principal papers were prepared. 
Several questions were then posed to the panel by the 
Chair, relating to specific topics of concern that 

· had arisen from prior discussions. The questions 
posed were in brief form: (1) Is~ there any experience, 
or consensus, on what sorts of shear rates might be 
expected to obtain in the usual run of concrete mixing 
practices, so that rheological tests might be carried 
out at such shear rates? (2) What, if anything, 
happens to the preexisting floe structure of fresh 
paste on setting and hardening? (3) Whether the 
usual colloidal concepts in general use are really 
appropriate to describe the behavior of the set syn
thetic cement paste or stone, and (4) Whether the 
brittle failure characteristics associated with high
strength concretes were a necessary and intrinsic 
feature of high strength portland cement systems, or 
whether one could expect modification of this some
times undesirable behavior as a result of future 
development? Time did not permit discussion of all 
these questions but the consensus suggested that it is 
not possible to define a definite range of shear rates 
for the concrete mixing operation, which varies 
enormously with equipment and circumstances, and that 
the floe structure of fresh cement paste is probably 
carried over intact to the hardened paste, and this 
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may have important consequences for the behavior of 
the latter. 

In a final session a relatively large number of 
questions from the floor were handed in for dis
cussion by the panel, but time permitted response to 
only a few of these. A number of Congress partici
pants requested time to make brief ad hoc presen
tations, but it was the painful duty of the under
signed to have to refuse all these requests as in
consistent with the format and time available for the 
session. He regrets this very much and hopes .that on 
future occasions sufficient time might be set aside 
for such vital and important communications. 

As a general conclusion, the undersigned is of 
the opinion that Theme VI of the Congress was ade
quately carried out and that the purposes of summa
rizing progress in the relevant areas since the Moscow 
Congress in 1974 were in general achieved, despite 
frustrations due to format and shortage of time. He 
would like to acknowledge with great thanks, the 
tremendous efforts of the Congress °"ganizers, the 
exceedingly fine facilities placed at the disposal 
of the Congress participants, and the excellent work 
of the simultaneous tran~litors who were crucial to -
the successful functioning of this multilingual 
assembly. 



THEME VII 
Interface reactions between cement and aggregate in concrete 

and mortar - bond strength and durability 
by G.M. IDORN 

SUMMARY: As introduction is discussed a contrast in the present cement and concrete situation: 
The cement manufacturing process has reached high industrial effici2ncy, and civil engineering 
has proven capable to match the social demands on ever increasing building and construction 
development, while application of chemical knowledge is too confined to stimulate the creation 
of contemporary concrete. processing technology methods and procedures. 

In this context the various aspects of adherence (bond) and durability are discussed on the 
basis of the contributions to the theme, and .selected information from elsewhere. 

The advantage is stipulated for appli~ation of thermodynamics and reaction-kinetic concepts in 
studies of the processing of concrete seen as an entirety from the stage of mixing, through 
placing, curing and performance until ultimate degradation. 

Consequently, cement-aggregate reactions and the creation and characteristics of adherence are 
discussed as primarily dependent upon conversion of "intrinsic" energy, while attack of saline 
waters is con's idered as promoted by ".intrusive" energy. The adherence between cement paste 
and reibforcement bars, fibre reinforcement and the effects of pozzolans are dealt with as 
special issu~s within this framework. 

Contributions on hydrothermally created bond-strength and morphology in cement mortars are 
treated as elements of future innovativ~ technology development. 

Ways and means are suggested for making concrete technology research effective as support to 
the civil-engineering development of concrete usages. 

RESUME:Comme introduction, est discute une contradiction dans la situation actuelle concer
nant le ciment et le beton: 
"Le procede de fabrication de ciment a atteint une efficacite industrielle elevee et l'art du 
g~nie civil s'est montre capable de repondre aux demandes sociales du developpement accelere 
dans le batiment et la construction, tandis. que l'application de la connaissance chimique est 
trop limitee pour stimuler la creation contemporaire des methodes et procedures technclo
giques". 

Dans ce contexte, est discute les aspects divers concernant l'adherence et la durabilite, ceci 
sur la base des contributions au theme et des informations d'ailleurs. 

L'avantage est invoque de l'utilisation des conceptes thermo-d~namiques et reaction-kinetiques 
dans les etudes de la fabrication du beton dans leur ensemble a partir de la phase de prepa
ration et le coulage, la maturation et performance jusqu'a la· degradation ultime. 

Par consequence, les reactions ciment-agregats et la creation d'adherence sont considerees 
comrne principalement dependante de la conversion d l'energie "intrinsique", tandis que l'at- ' 
taque des eaux salines est consideree comme cree.par la conversion de l'energie "intrusive". 
Dans ce cadre · est traite specialement les probl~mes d'adherence entre la p~te de ciment et les 
fers de renforcement, les ~ibres de renforcement et l'influence des pouzzolanes. 

Sont traitee a titre 'd'elements d'innovation technologique l'influence des conditions. hydro
thermiques aux l'adhesion et la morphologie des mortiers de ciment. 

Des methodes et procedures sont suggeree,s afin d I amelior:e:r l 'efficacite de la recherche dans 
la technologie de beton, comme appui a l''industrie des oeuvres de genie civil. 
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INTRODUCTION 

The preceding sessions of the 7th Interna
tional Congress on the Chemistry of Cement 
have demonstrated that cement manufacture 
now possesses remarkable abilities for ap
plying cement chemistry kno~ledge to match 
the increasing pressures from the depletion 
of the resources. Also the elabotate evo
lution of ordinary and special cement cha
racteristics based upon deliberate utiliza
tion of chemical knowledge has been con
vincingly illuminated, and has shown an im
pressive integration of independent and in
dustrial research, or, if so preferred: of 
non-mission, basic, and mission-orientated, 
applied research. 

Thus, cement manufacture with its storave 
tank qf cement chemistry knowledge is pre
pared to serve the needs for vastly in
creasing uses of cement during the forth
coming decades. 

Meanwhile, concrete construction design has 
pioneered energy conservation throughout 
the post-war period by enabling conside
rable increases of i mposed loads relative 
to dead loads of structures and buildings, 
and also by invention of system and modular 
building's design etc. Concrete construc
tion execution has concurrently created 
manage ment of large-scale, mechanized erec
tion operations to earlier unthinkable e x 
tents and rates of e xecution. This syner
getic civil engineering development of con
crete uses has now made cement a funda
mental primary material for the functions 
and further progress of all human societies. 

Therefore, there are obvious reasons why 
the present congress could have ~ad a con
cluding session to concentrate on the op
portunities for industrial research and de
velopment of cement using processes and 
products, by utilizing the available cement 
chemistry knowledge. And there are in fact 
incipient moves in this direction among 
the contributions to this session. 

However, the prevailing feature in actual 
cement using practice is not industrial 
inRovation, but rather that major construc
tions, for instance, in the energy pro
ducing and the infrastructure sectors, · are 
requested to be designed for higher levels 
of performance reliability than before, 
while concurrently repairs and replacements 
of deteriorated concrete are showing unac
ceptably increasing consumption of the 
ava~lable resources. 

With these trends outfolding: higher per
formance requirements confrontated with in
creasing deterioration, the established 
civil engineering concepts for the structu
ral utilization of concrete, relying on 
simple, empiric specimen-testing and on 
equally simplified measures of the capabi
lities of cements, do not suffice. They 
cannot~provide the specified initial and 
lasting performance qualities of structures 
and products, let alone stimulate to sig
nificant technology progress. 
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The civil engineer ing establishments are 
unable to change this situation, because 
this requires physico/chemical manipulations 
in concrete processing beyond the general 
acceptance systems. This is why it is ce
ment chemistry knowledge which is £acing 
great opportunities and obligations in up
dating of the technologies for cement uses . 

It is the aim of the present general report 
to assess the potential impact of cement 
chemistry in counteracting the actually 
growing concern about insufficient concrete 
durability. This is to be accomplished by 
analysing the delivered contributions and 
other recent acquisitions of relev ant know
ledge. In this conne ction the adherence 
(bond) between matrix and aggregates will 
be considered as having an important role. 

Whilst the attainable assessments from the 
analyses may prove to be incompatible with 
several rules and regulations in curre nt 
engineering practice , the backfire on ef
forts to develop concrete technology and 
its research is hoped to be considerable,and 
in particular with regard to the use of 
cement-chemistry knowledge in obedience of 
the conditions under which concrete is made 
and required to perform. 

SURVEY OF CONTRIBUTIONS 

During the Fourth International Symposium 
on the Chemistry of Cements in 1960 F ~ M. 
Lea (1) suggested the adherence between 
cement paste and aggregate as a subject 
worth of e xploratory research. Since then 
many studies in this field have appeared, 
among which the comprehensive survey by 
Alexander and Gilbert (2) is emphasized. 
The present principal paper (3) and the ad
hering contributi·ons (4), (5), (6), ( 8 ), 
(9) bring forward new concepts and me thods 
of investigations regarding the nature of _ 
adherence under various circumstances, 
while (10), (11), (12), (13) in particular 
deal with hydrothermal reaction ~onditions. 

The principal paper, (14), on the durability 
of concrete , is a comprehensive, critical 
review of the complex problems and accumu
lated knowledge in this field. 

The reaction kinetics of cement paste hydra
tion as influencinq the characteristics of 
concrete is discussed in (15) and (16). 

An expansive mechanism for porous solids , 
e.g. hardened cement paste, as a feature in 
concrete deterioration processes is suggest
ed in (17), while the importance of the 
pore-size distribution and its measurement 
is emphasized in (18). 

The "intrinsic" reactivity between cement 
paste and aggregates is treated in (19) and 
(20), which deal with alkali-silica reac
tions. These are also mentioned in (5), in 
relation to adherence, and in (25 - see 
below) in connection with studies of sea
water attack. Dedolomitization is discussed 
in (21), and the particular effects of poz
zolans upon the chemical resistance of 



glass fibre in cement paste are demonstra
ted in (22). 

The "intrusive" reactivity of aggressive 
solutions on concrete is discussed in (23), 
the practical basis of which is aggressive, 
sulphate bearing ground waters, which also 
is the background for the contribution (24). 

In more general, the aggressivity of sul
phates, though with emphasis on sea waters 
is discussed in (25), (26) and (27), in 
the latter emphasizing the influence of ' 
cement manufacture parameters on the C3A
content and sulphate resistance of cements. 

The special effects of chlorides are 
treated in (28) and (29). 

The discussion in (30) on the influence of 
the MgO-content on the quality of cements 
is an interesting example of the "chemical 
alertness" in research in a developing 
country, where exploitation of hitherto 
unknown raw materials must be important. 
Implicitly the paper also shows, however, 
that concrete technology research in the 
"old world" has not contributed sufficient 
information on the autoclave-test for MgO 
as a reliable model for the behaviour of 
concrete, which hardens under atmospheric 

. pressure at temperatures below l00°c. 

The above introduc:ed designations: "in
trinsic" and "intrusive" reactivity gives · 
a distinction between chemical reactions 
between the constituents - cement paste and 
aggregates - of concrete, and reactions by 
chemically aggressive solutions, primafi~y 
attacking cement paste while penetrating' !' 
into concrete from the environment. 

,,. - -l 

Admittedly, this is a crude d-istincti.on 
.which neglects two important things ·: · 

(1): Any of the chemical processes con
cerned involves heat transfer and humidity 
exchange, i.e. energy conversion in the 
entire system: concrete and environment. 

(2): Th~ reaction kinetics encompass the 
entire energy conversion in concrete from 
the commencement, i.e. setting and har
dening of the cement paste, until th~ ulti
mate stage of thermodynamic equilibrium of 
the reacting phases of the system is 
reached. 

When these two basic conditions are observed 
it becomes clear that adherence must be 
conceived: 

(1) as created during the early hydration 
of the cement paste 

(2) as subject to continuous transition 
during concrete performance 

(3) as the seat of migration of substances 
during any "intrinsic" or "intrusive", · 
deleterious process. 

Herewith adherence is "brought in place" as 
an integral part _of the research on con
crete durability. At the sarrie time it is 
implicitly stated that interpretation of 
experimental or theoretical model studies 
of durability need .clarification of the 

"model" thermodynamics and reaction kine
tics in relation to those of the intended 
applications. 

THE ENERGY CONCEPT 

A certain fraction of the chemical energy 
in cement is converted into bond-forces be
tween the cement-paste components and the 
surfaces of aggregate particles, fibre and 
reinforcement bars etc. during the setting
hardening process, see TABLE 1. The crea
tion of these bond-forces is decisive for 
that the conglomerates of cement, water 
and aggregates, can become useable building 
materials. 

ENERGY INPUT 

Available energy in cement: 
1450-1900 kJ/ kg cement 

ENERGY CONVERSION 

1. The creation of stable, intrinsic 
bond-forces and morphological structures 
of solids, solutions and air in cement 
paste during the setting and hardening 
phases of processing. 

2. The concurrent creation of bond-for
ces between cement paste components and 
aggregate particles, fibre and reinfor
cement bars. 

ENERGY CONSUMPTION 

3. The development and consumption of 
heat during hydration as the driving 
force of the chemical reactions be
tween cement and water. 

4. The development and consumption of 
energy in additional chemical reactions, 
as e . g. with pozzolans, admixtures. 

5. The consumption nf energy in rheolo
gical deformations, microcracking etc. 

ENERGY PRESERVATION 

6. The preservation of energy in cement 
particles, at less than complete hydra
tion (available for subsequent hydra
tion during performance) . 

TABLE . 1. 
The energy input/output feature in the ma.nufac
ture cf concrete and cement products. The ener
gy-efficie~cy is represented by the energy con
version into thermodynamic stable hydrates and 
bond-forces within the cement paste, and gluing 
the cement paste to the aggregate particles. 
The energy conversion is _decisive for the per
formance, while the energy consumption as heat 
is important in modern manufacture economy and 
efficiency. 
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POWER AND INCINERATION PLANTS 

Cooling channels 
Coal storage basins 
Chimneys 
Foundations 

OFF-SHORE PLATFORMS 

Submerged sub-structures 
Super-structures in wetting/ 
drying zones 

HIGHWAYS AND BRIDGES 

Pavements 
Sidewalks 
Bridge decks 
Draining mains ~nd wells etc. 

WATERWAYS AND DAMS 

Natural, acidified waters 
Polluted waters due to urbanisa
tion, strip-mining etc. 

SEWER MAINS AND CLEANING PLANTS 

Domestic waste water 
Industrial and agrjcultural waste 
waters 

TUNNEL AND MINE SHAFT LININGS 

DEEP BOREHOLE CASINGS AND PLUGS 

SWIMMING POOLS 

TABLE 2. 

Type s of structures of importance in modern so
cieties, and exposed to environmental energy, 
the aggressive effects of which are enhanced by 
heat, alternate heating/ cooling, concentrated 
aggressive solutions and low pH in waters etc. 

During use in practice the materials are 
exposed to transformations induced by ad
ditional available energy, intrinsic and 
intruding from the environments. The dura
bility depends upon, how the entire system 
of materials and environments converge to
wards ultimate thermodynamic equilibrium. 

The research associated with cement indu
stry has until recently concentrated upon 
energy conversion in cement manufacture, 
which per unit of product is by far the 
most energy-intensive category of cement/ 
concrete production. 

The engineering and construction sector has 
traditionally been concerned with energy, 
primarily as (1): potential energy in 
structural masses, and (2): kinetic energy 
in mass transport during construction ope
ration9, but not with monitoring of the con
version of the available energy in cement 
in the making of products or. concrete. 
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RAPID HARDENING CEMENTS 

HIGH CEMENT-CONTENT 

WATER REDUCING AND DISPERSING ADMIXTURES 

INTENSE, HIGH-FREQUENCY VIBRATION 

HIGI{-TEMPERATURE CURING 

EARLY FORM REMOVAL 

RAPID DRYING 

HOT ENVIRONMENT 

ABRUPT COOLI·NG 

EARLY IMPOSING OF LOAD 

TABLE 3. 
Characteristics of concrete manufacture condi
tions, encompassing as well neglectance of 
"good pr.actice" as sophisticated construction 
operations and precast and product manufacture. 

Conceptual research on energy conversion in 
cement uses - during manufacture and while 
being us~d - is therefore rather homeless, 
yet acquiring increasing impact on both 
cement industry and engineering prac~ice. 

The problems herein are aggravating with 
the modern development of concrete usages. 

Much concrete is now exposed to more severe 
environmental aggressivity than incorpora
ted in the philosophy of conventional re
search. TABLE 2 exemplifies some such per
formance exposures. 

Particular references are given in (23) and 
(24) to aggressive sulphatic ground-waters 
in East Europe (foundations, tunnel linings 
etc.). More severe problems with aggressi~e 
ground-waters are met in the Middle East, 
as described for instance by Fooke and Col
lis (31), and in hot regions elsewhere. 

Warm, aggressive waters are also met in
creasingly in construction work for indu
strial production, in the infrastructure 
sector, and in areas with condensed habita
tion. Acidification of natural waters, due 
to air-borne pollution, or to strip-mining 
or agricultural and foresting development 
etc. is in progress, and in devel?ping 
countries the increasing accumulation of 
masses of people in townships with primitive 
urbanisation facilities may create severe 
chemical pollution of surf ace- and ground
waters, often in connection with conside
rable changes of levels and availability of 
water for consumption. 

In the temperate and cold regions the inten
sive de-icing practice to facilitate road
and highway utilization in winter seasons 
is adding chemical energy to the delete
rious effects of freezing-thawing. The pro
cesses concerned are still not quite satis-



FIGURE 1 
Configuration of the "constructive" 
energy conversion during the making 
of concrete. The hydration of ce
ment paste results in the creation 
of inherent strength and cement 
paste-aggregate bond. 
Concrete is a material of excellent 
durability, if adequately cured, 
whereas "destructive" energy may 
result in acceleration of deterio
ration, if the processing does not 
facilitate efficient energy con
version, as for instance by too 
rapid release of the heat of hy
dration during early curing. 
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factorily explained, yet demanding increa
sing resources for repair to pavements, 
sidewalks and bridge~decks. It is unexplo
red, but likely, that saline run-off melt
ing water may enhance the aggressivity of 
ground-water towards concrete exposed to 
capillary suction from beneath. 

Severe stress conditions are also to be an
ticipated for much concrete during the manu
facture phase, due to the intensity of the 
development and transfer of heat of hydra
tion under conditions which are incompa
tible with · the prevailing research metho
dology. TABLE 3 exemplifies such manufac
ture conditions, which are in contrast to 
that most laboratory experiments concerning 
adherence and durability research are made 
at · "room temperature" conditions (\)20°c. 
However, some researchers do apply supple
mentary experimental series at higher 
constant temperatures in order to investi
gate accelerating effects of heat, see e.g. 
(5), (19), (22), (25). (Even the use of 
steam-cured cement mortar specimens are re
commended (24) for comparison of the sul
phate resistance of different cements) • 

The traditionally accepted custom to work 
"isotherrnic" surely facilitates communica
tion and broad interpretation of findings 
a rn o n g r e s e a r c h e r s. The logi
cal basis is that development and transfer 
of heat during the setting/hardening pro
cess are of no significance in small mortar 
or paste specimens if dealt with in the 
temperature/humidity constancy of modern 
laboratory conditions. Such experiments, 
therefore, represent adequately homogeneous 
rnoqels of cement paste and mortar behaviour. 
Correspondingly, · adherence and durability 
studies usually interpretate the behaviour 
of concrete, as if it is isotherrnic har
dened (mostly at 20°c, 100% RH), and also 
rely upon comparable, simplified models of 
aggressive exposures. 

The reaction kinetics of cement hydration 
as decisive for the adhesiori within the 
cement paste an~ for the cement-aggregate 
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adherence is discussed on t0e basis of 
electro-chemistry in (15) and (16). And in 
a general way the incompatibility of ~ur
rent experimental and stand~rd-specification 
practice on _the one side, and the actual 
conditiona for the making and uses of ce
ment products and concrete is emphasized in 
(23), thus sustaining several statements 
on this issue in the principal paper on du
rability, ( 14) . 

It is characteristic that deleterious ener
gy conversion during concrete performance 
appears visible as cracking, expansion, di
stortion, spalling, dissolution etc., and 
these phenomena are recognizable and empi
rically comparable when used as_measures 
for durability criteria by laboratory expe
riments, as e.g. reflected in (19) regard
ing alkali-silica reactions, (25) regarding 
sulphate attack, and other contributions. 

In contrast, the early damages due to 
excessive rates of energy conversion and 
consumption during cement paste hydration -
barred further hydration, plastic shrinkage 
thermal conditioned microcracking - do not 
appear in the conventional laboratory prac
tice and are therefore in general not expe
rienced by researchers to develop in field 
scale concrete. 

To the studies of adherence and durability 
are therefore corning to belong, not only 
initially deleterious effects of modern 
concrete manufacture, but also synergetic 
effects in field concrete of invalid pro
cessing plus subsequent added "destructi.ve" 
energy from the environments (or inherently 
available energy) in contrast to protected 
experimental models. 

FIGURE 1 configurates that in princi.ple 
these problems express the need to intro
duce energy conversion during cement hydra
tion processing, and during subsequent ad
ditional conversion of inherent and envi~ 
ronmental available energy, i.e. an overall 
reaction-kinetic concept, in the research. 
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Process control in industry consists of check on 
the primary materials and their entrance in the 
processing, monitoring of the manufacturing ope
rations . with on-line recording of influential 
pro cess· parameters, and final check on the pro
ducts' compliance with the desired characteri
stics. 
Concrete manufacture is virtually without on
line process control and possibility to monitore 
that the process results in the required con
crete characteristics . And these are largely 
tested on specially protected test specimens, 
which do not reflect the impact of the pro cess
parameters o n the ultimate characteri.stics of 
the concret~ as it is placed for permanent per
formance. 
(From Idorn (32)). 

The mentioned dialectic "contraposto": the 
aggravated impact of "destructive" energy 
on modern concrete behaviour · on the one 
side, and the still prevailing use of 
simple experimental models, which delibe
rately eliminate reaction-kinetics from 
the research on the other side, is also re
flected in the principles of concrete con
trol in practice, versus monitoring pro
cess-control in high-technology industries, 
as shown in FIGURE 2, from Idorn (32). It 
appears: standard concrete control relies 
exclusively on the testing of the materi
als and of control specimens, which are 
not representative of the ultimately at
tained product, in contrast to the monito
ring principle, which continuously records 
how the processing technology will result 
in that the specified ultimate characteri
stics be reached. , Also in this context it 
is apparent that the heat development and 
consumption during cement hydration is to 
be. considered a valid means of monitoring, 
and therefore must be taken into conside
ration in the £urther progress of research. 

The emphasis on cement clinker mineral com
position in several contributions notably 
(24), (25), (27), are demonstrating , how 
far cement industries have utilized cement 
chemistry research to conduct their pre
dominant intents for making concrete du
rable against attack of sulphates in ag
gressi've solutions. 
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The discussed new aspects in modern "cement 
us~ng technology indicate, that ene~gy ad
ditional ~o that from the cement has com
menced to gain relativ~ly ~ore influence 
than the chemical energy in the cement .it
self, both ort the course of the concrete 
manufacture processing and on th,e behaviour· 
during performance . This trend in the back
ground for research, ·does not degrade the 
importance 0£ cement chemistry knowledge, 
but irlvites to more comprehensive utiliza
tion of basic chemistry in the planning and 
interpretation of technology oriented re
search. 

The contributions (10), (11), (12), (13), 
(22), are demonstrating the impact of ad
herence and durability as technology deve
lopment issues of innovative process and 
product development with cements, showing 
that industry exploitation of market poten
tials have commenced to play a part - glass 
fibre reinforcement , autoclaved lime/ silica 
technology etc. To complete this picture of 
a "renaissance dawn" to come for new deve
lopment of cementitious materials, contri
butions on superplasticizers and on polymer
impregnation are missed and must be sought 
elsewhere . 

Practically any of the mentioned new deve
lopments are closely associated with the 
energy situation, either as means of savings 
- as e.g. pozzolans, superplasticizers -, 
or as means for the attainment of exceptio
nal adherence and durability - e.g. polymer
impregnation - or as enabling less volu
minous and lighter products - e.g. glass 
fibre reinforcement. 

A more complete analysis on adherence and 
durability with respect to the perspectives 
of the energy situation and to the issues 
seen in a context of thermodynamics and 
reaction kinetics is not warranted by the 
presented contributions,but none the less 
needed to point towards. This is particu- · 
larly so, because the frequently met atti
tude that concrete is · an energy extensive 
building material, does not hold true, when 
the total quantity of concrete produced -
by now about 7000 million tons a year - and 
the 1980-2000 period ' s need for increases 
are considered. The contributions therefore 
are to be considered forerunners for a deci
sive orientation of more research to meet 
these demands, including elimination of un
foreseen failure risks and of unreasonable 
repair needs, as the "defensive" strategy 
goals, and higher energy efficiency of ce
ment uses as the "offensive" strategy. 

THE PARTICULAR IMPORTANCE OF HEAT 

In a general way it is widely known that 
heat is a driving force in the chemical 
process of cement paste hydration, and acce
lerates the strength development, if not _ 
lost to the environments. During many years' 
evolution of concrete technology the heat 



development was, however, so insignificant 
in practice that it seemed justified to neg
lect this category of energy consumption as 
a parameter in research. The post-war need 
for winter-concreting broke the barrier of 
this inheritance, and monitoring of con
crete making in cold weather which utilized 
the heat of hydration was developed and im
plemented in practice, based on combined 
utilization of works by Powers and intro
duction of maturity functions, Nerenst (33). 
The development of steam curing initiated , 
long-term research at the former Concrete 
Research Laboratory, Karlstrup on the pro
blems of monitoring the concrete processing 
by high~levels of heat development early 
during hydration, and Idorn in (34) sugge
sted heat of hydration introduced as a ge
neral parameter in research. 

Through continued work by Freiesleben~ 
Hansen (35), (36) an'd others, computerised 
design/monitoring systems, by which the · 
heat/strength development can be precalcu
lated and continuously controlled, have now 
been established. 

The gist of the concurrent technology deve
lopment is that cement chemistry and cement 
production technology jointly with the civil 
engineering demands on rapid construction 
an~ early high strength concrete now often 
compress the development of heat during the . 
phase of curing in much modern concrete. 
Consequently, thermal stresses develop, 
which exceed the mechanical resistance ca
pability of the cement paste at early matu
rity stages. Invalidity - microfracture~ -
caused this way, are irrep~rable, and be
come seats of deterioration, promoted e.g. 
by to·o abrupt cooling, and by later "intrin
s .ic" and "intrusive" aggressivity. 

This issue is implicitly treated in the 
contributions underlying the present gene
ral report, but deserves; in the opinion of 
the writer, to be profoundly taken into 
consideration in research on adherence and 
durability. This is not only to create means 
for effective utilisation of the energy con
verted into heat during hydration, but also 
because the complex of processes during hy
dration of cement and performance of con
crete are all very sensitive to the time/ 
temperature history of the material. More
over, calculated development of energy 
saving requires theoretical and technologi
cal elucidation of the role of heat in pro
cessing. 

CEMENT PASTE-AGGREGATE REACTIONS 

Alkali-silica reactions are by nature hy
dration reactions and must be assumed to 
obey a time/temperature relationship akin to 
that which is established for the formation 
of calcium-silica-hydrates and alumina-com
pounds in cement paste. They depend upon 
mass-transport of (Na, K)+ and (OH)=ions 
through the interface-precipitates into the 
structure of siliceous aggregate particles. 
While this structure is being disrupted by 
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FIGURE 3 
Graphic configuration of table 2 in Gutteridge and 
Hobbs (40) showing the percentage of Beltane Opal 
dissolved in 3 M NaOH at different temperatures and 
lengths of time of exposure. From Idorn (41) 

the OH=ions, Si0 2 is,in a gel-phase, migra
ting back through the interfac~, or through 
cracks opened by accumulated pressure in the 
particles, to precipitation as alkali-silica 
gel or lime-alkali-silica gel outside the 
particles. These are diluted as a conse
quence of the reactions and are left, either 
fractured due to the created interio~ pres
sure, or exceedingly weakened, if not com
pletely converted into a gel or sol. 

The rate and extent of alkali-silica reac
tions depend upon the concentration of 
(Na, K)+ in solution relative to the ca++ 
concentration. It is significant that 
(Na, K)+ suppress the conceqtration of ca++ 
in the liquid of c~ment paste, see e.g. 
Malquori (37) and Lea (38), and increase 
the pH, thus facilitating the attack on si
liceous aggregates~ 

The course of alkali-silica reactions are 
also significantly influenced by tempera
ture, inter al because the solubility of 
Ca(OH) 2 is suppressed at rise of temperature, 
see e.g . . Greenberg and Brunauer (39) who 
gave the thermodynamic functions for the so
lution of calcium hydroxide in water. 

Also the solubility in alkali-hydroxide of 
reactive silica increases with temperature, 
as for instance shown by Gutteridge and 
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Qu a li t ati ve compari son o f the reactio n kinetics o f 
the hydration o f c ement in the presence of alkalies 
and p o zzolans . At high h e at of h y dration , alkali
po zzo lan reactio n s may f o rerun the inte nded lime
pozzo lan reaction s , but the developed alkali- s ilica 
ge l ma y be metastable and alkali-reactio ns be r e 
newed at later s t ages, e .g. at h igh exposure tem
pera tures. 

Hobbs (40) in experiments with finely 
ground Beltane Opal. Data for North-German 
opal, referred to in (19) corroborate these 
findings. Gutteridge and Hobbs' findings 
were discussed by Idorn (41), see FIGURE 3, 
emphasizing that the rapid dissolution at 
temperatures up towards 80°c (>SO % dissol
ved in 1 day at so 0 c) corresponds much more 
to the circumstances in modern concrete 
manufacture, than does the common use of 
20°c iso~hermic storage of ~ortar bar speci
mens in the research. It must be kept in 
mind that an exposure of finely ground opal 
in . concrete to 80°c would at the same time 
suppress the Ca(OH)2 concentration conside
rably, and increase the pH towards 13.5-14.0 
dependant upon the available quantities of 
soluble alkalies. 

For several reasons these observations are 
important to consider in the planning and 
interpretation of the research. 

First, alkali-silica reactions may in our 
time, que to increased concrete tempera
tures during early curing (high cement-con
tent, high-strength cements etc . ), outfold 
much faster than corresponding to the con-
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ventional concepts. Thus, the reactions may 
induce early cracking or be completely re
leased while the "green" concr·ete is still 
deformable . 

Second, in concrete, which is.permanently 
exposed to elevated temperatures, conti
nuous alkali-silica reactions will also 
continue to suppress the solution of 
Ca(QH)2. It must also be considered that 
alkalies may be available from silicate mi
nerals in certain aggregates, see e.g . 
Lemish(42), Malinowski et al (43) ,and (25) . 

Third, the viscosity of the C(N,K)S-H sy
stem surely depends upon its composition, 
as discussed e . g. by Krogh (44) and 
Struble (45), but must also be expected to 
depend upon the actual temperature level. 
This means that penetrability of gel of low 
viscosity into the surrounding, porous ma
trix must be considered i n reaction kinetic 
studies as alternative to any pressure 
building up mechanism. Brown (46), Kennedy 
and Mather (47), and Idorn (48) have ob
served evidence of such "gel-impregnation" 
into ambient cement paste, though in con
crete, which probably never experienced 
temperatures higher than about 30-35°c, and 
was e x posed to cold climate conditions du
ring its performance. 

Fourth, the . influence of pozzolans on alka
li-silica reactions must be evaluated under 
consideration of 

(1) the contents of soluble alkalies in 
pozzolans plus cement, 

(2) the solubility of the silicious pozzo
lanic constituents in the given concentra
tion of the alkaline solvent, 

(3) the time/ temperature dependency of the 
entire reacting system, 

(4) the possible influence upon the reac
tions of constituents other than soluble . 
silica, in particular alumina-compounds . 

A quantitative analysis of these matters 
would lead the general report into a far 
too comprehensive investigation of contri
but i ons to the preceding sessions, and also 
to thorough reexamination of many older · 
observations on alkali-silica reactions. 

Qualitatively, FIGURE 4 is a summary of the 
presented , exemplified observations, and 
stipulates that: 

(a) In modern concrete alkali-silica reac
tions may be pronounced during the concrete 
manufacture phase, and their effect~ may 
differ from those usually studied by re
search. Any laboratory study of the reac
tions should identify its time/temperature 
characteristics, and implementation for en
gineering practice must be on such basis. 

(b) In modern ~oncrete with pozzolans, it be 
natural, fly ash, silica dust etc. alkali
pozzolani~ r~actions may forerun lime-poz
zolanic reactions, dependant upon tempera
tures , nature of pozzolans, alkalies in 
cement etc. 



(c) The thermodynamic stability of alkali
silica gel compounds with more or less lime 
may not be reached in concrete within the 
phase of manufacture and curing. Observa
tions by Nepper-Christensen and Nielsen (49) 
on the rise and decline of bond in experi
ments with glass marbles as aggregates su
stain this observation. Also, ion-migration 
e.g. with external heat or additional che
mical energy (e.g. de-icing, aggressive 
waters) may re-activate alkalies to renewed 
reactions with available silica. The pro- · 
tective effect of pozzolans is therefore 
not an a-priori matter of fact, in accor
dance with an observation ieferred to in 
(20) . 

(d) The development of adherence between 
any siliceous aggregate and cement paste is 
a matter of alkali-silica reactions undei 
the conditions outlined above, and the dis
solution of the silica-structure by OH- is 
an essential feature, remarkable even ih 
ancient concrete with high ca++/(Na,K)+ 
ratio, see e.g. Idorn (50), referring to 
part-dissolution of the surface-layer in 
siliceous sand particles in a 600-year old 
lime-mortar and in Roman concrete from 
Ccesarea. 

The results by Gutteridge and Hobbs, (40), 
and those referred to in (19) showed that 
even in "high,ly reactive" silica some 20-
40% substance was undissolved in 3M NaOH 
after 28 days at 20-8ooc, and related this 
to the presence in the opal of sub-micro
scopic/microscopic crystalline silica. This 
sustains earlier "reactivity ratings" from 
opal and pyrex-glass as the "most" reactive, 
through volcanic glass towards chalcedony, 
quartzite to crystalline quartz as practi
cally non-reactive in concrete. As appears 
front the above discussion, such ratings 
should be re-examined with the entire "re
acting concrete .system" as the basis. 

Turriziani and Rio (51) demonstrate another 
feature of interest in comparison with the 
Gutteridge and Hobbs results. They com
pared the so-called Florentin base-acid at
tack on two different pozzolans. The high.est 
silica content (88%) gave the highest dis
solution (53% Si02 in 28 days), indicating 
that for low-silica pozzolans, which also 
encompass some fly-ashes, the preventive 
effects towards alkali-sili6a reactions ~ay 
be much less than for other ones, even if 
different alkali-contents are not considered. 

The presence of calcium-alumina-sulphates 
in "aureo_les", ( 4) , ( 5) , and their precipi
tation in dependence of the concentration 
of alkalies, see the solubility study (20), 
indicate that investigations with time/tem
perature sequences simulating concrete 
curing conditions would be rewarding for 
studies of the behaviour of the alumina 
compounds of the c~ments in cement-aggregate 
reactions. · 

Extended research on cement-aggregate reac
tions with slag cements could also be of 
interest, and it seems natural in this con
nection to include more work to examine the 

hypothesis presented in (17), because ex
pan~ions within the cement paste itself 
might also be connected with the migration 
tendencies for ions in the metastable com
pounds. Also further studies of the pore
systems, as dealt with in (18), would be
long to elucidation of the effects of hy
dration at higher temperatures than 2ooc, 
since alternate precipitation/dissolution 
phenomena might profoundly change the pore
systems. 

The newer development of cement paste with 
exceptionally low water-content and high 
degrees of compaction deserves much research 
for identification of their behaviour with 
regard to cement-aggregate reactions. Some 
of this category of cement paste possess 
strong alkaline liquids, but only in minute 
quantities, and this must be assumed in the 
long run to influence the character of in
terface reactions and also the stability of 
created bond forces. 

THE CREATION OF INTERFACE 

Fundamentally, the interface commences to 
be created when thin films of water are 
formed on aggregate surf aces during the 
mixing of concrete. Alkalies from the ce
ment dissolve immediately in the liquid, 
and lime commences to be released by the 
hydration reactions. From this outset, with 
its concurrent creation of strong OH-con
centrations, any of the following cement
aggregate reactions may proceed in the in
terface-zone, dependent upon the available 
constituents and the conditions for mass
transport and energy-conversion in the sy
stem: pore-liquid - interface - interior of 
aggregate particles. 

1. Basic Feature: 

Ca(OH)2 precipitates in the liquid "surface
film" on the aggregate particles during the 
hydration, and creates a solid "aureole", 
which in the course of time develops or en
hances crystalline orientation and bonding 
or intergrowth with the matrix and with the 
aggregate surfaces. 

2. Siliceous Aggregate: 

Free oH=ions break up the surface layer of 
the aggregate particles, and therewith the 
reactions may practically cease. In this 
case an alkali-(lime)-silica complex inside 
and outside the original surface becomes a 
significant element of the "aureole", which 
may completely intergrow with the outermost 
surface regions. 

If the OH=ions penetrate deeper into the 
particles the reactions may (1): either en
tirely transform tl"!.e siliceous structure 
into alkali-(lime)~silica gel, which may 
build up sufficient hydraulic pressure on 
the surrounding cement paste through the 
interface-precipitates to impregnate the 
surrounding cement paste with gel, or to 
cause it to fracture. Or partial dissolu
tion (low-permeability aggregate) may 
cre~t~ local pressure regions within the 
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particles, and cause fracturing of the par
ticles to proceed out into the cement paste. 
After fraQturing due to swelling of gel in 
particles, dilute gel will flow out in the 
cracks and may become a significant consti
tuent of the concrete. 

3. Silicate Aggregate: 

The free OH=ions in the liquid of the paste 
may break up the structure in low-silica, 
glassy or crystalline, silicate rocks and 
release alkalies. These will add to the 
(Na,K)+- and OH--concentrat ion . If such dis
so lution also releases free Si02-structures, 
these may become seats of formation of 
alkali-(lime)-silica gels. 

4. Dolomithic Aggregate: 

The free OH--ions may break up the Ca-Mg
carbonate bondings,giving CaC03 plus Mg(OH)2 
plus Na2C03, which in turn may react with 
Ca(OH)2 to form more CaC03, and regenerate 
Na+ and OH - . The dissol,ution and migration 
of ions may encompass silica in aggregates, 
e.g. as in opaline-magnesium-limestone, or 
even in quartz, thus establishing a link to 
alkali-silica reactions. Thorough transfor
mation of the interface precipitates and 
weaken i ng of the interior of aggregates 
seem to be characteristic of dedolomitiza
tion rather than creation of expansive 
pressure in the reacting particles. 

5. Calcium-Carbonate Aggregates: 

There is evidence that intergrowth-reac
tions occur in the initially precipita-
ted Ca(OH)2-"aureole" on the surfaces of 
calcium-carbonate aggregate, and in the 
course of time both calcium-carbonate/cal
cium-hydroxide may exhibit diagenetic inter
layer-growth and the CSH of the paste may 
develop similar phenomena. However, repre
sentative observations are still scarce. 

A marked zonality in the composition of 
interface-layers is demonstrated in (5), 
and also dealt with in other contributions. 
Such phenomena were observed eatly in the 
history of petrographic examinations of con
crete and referred to in numerous publica
tions. The zonality has also frequently 
been found along internal cracks in con
crete, and even on concrete surfaces 
(D-cracking "deposit cracking" . (?)). 
Po9le, in (52) demonstrated remarkable zo-
na1ity ~n the interface-layers as a conse
quence of dedolomitisation. Apparently, one 
must anticipate that when the cement-aggre
gate system exhibits intensive migration of 
ions and substances, then will also varia
tions in the physico/chemical circumstances 
tend to favour selective dissolution/preci
pitation phenomena. 

It is not a priori possible to evaluate 
such diagenetic transitions as converging 
towards increased performance quality and 
equilibrium, or as contributions to deterio
ration, and also the position of cracks, for 
instance in a zonal interface system,ought 
to be cautiously interpretated at the pre
sent stage of knowledge. 
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There are no contributions which deal with 
the creation of interface with slag cements, 
at "natural" concrete curing conditions. 
The matter of particular interest in this 
respect is the limited availability of 
Ca(OH)2 without appreciably high (Na,~)+
concentration. 

Thus, the creation of adherence and the sta
bility of early formed interface compounds 
with slag cements need further research. It 
seems likely that in particular with slag 
cements the inherent reactivity of the ce
ment paste itself should be examined in ac
cordance with Litvan's hypothesis (17). 

Some authors (3), (13), refer to the occu
rence of air-bubbles in interface zones. 
One ought to have in mind that compaction 
of fresh cement paste under some circum
stances may cause tiny air-bubbles to ad
here to the surface of aggregate particles, 
a pure ly physico/mechanical conditioned 
phenomenon. 

ADHERENCE BETWEEN CONCRETE AND REINFORCEMENT 

The adherence between the cement paste in 
concrete and reinforcement bars is discussed 
in (8) with zinc and cement paste as special 
experimental materials, implicitly referring 
to the possible passivating role of zinc
coating on steel-reinforcement bars. The de
ve lopment of calcium -hydroxyzincate is 
found as the interfa~e reaction product in 
lime-solutions, whereas the presence of al
kalies promote the formation of zinc-oxides, 
and soluble zincates are formed in pure al
kalihe solutions. 

The electro- chemistry concepts on hydration, 
presented in (15) and (16) are also impor
tant for further exploration of the reac
tion-kinetics of the cement paste-metallic 
adherence and of the reaction products. 

It seems likely that in a few years' time 
more research on the.nature of cement paste
reinforcement adherence phenomena will be
come an important facet of further refine
ment of concrete construction design. Hi
therto, transfer of stresses ~rom concrete 
to reinforcement bars has been approached 
empirically with laboratory cast beams, co
lumns, panels etc. as the basis for stress/ 
strain and rupture-measurements and calcu
lations. But effective transfer of stresses 
through identified interface phases have 
not been studied as an integral part of 
civil engineering design. It is therefore 
indicative of a trend for future research 
to designate (22) a pioneering study in 
this field, although with glass-fibre as 
the reinforcing agent, not ordinary steel 
bars, and therefore of interest for appli
cation in cement-product industries, rather 
than in civil engineering construction de~ 
velopment. 

Considering steel reinforcement, even the 
initial dissolution of alkalies and CaO in 
the liquid of fresh concrete will cause .Fe 
to be dissociated and Fe++ to precipitate 
in a sequence with ca++ as hydroxides 



FIGURE 5 
Concrete structure in a Middle East country. The 
concrete is tho~oughly cracked due to severe cor-

• rosion of the reinforcement bars with expansive 
forces developed during the formation of corrosion
products. The cqrrosion is probably enhanced by 
capillary suction of salts from the groundwater, 
and definitely by the temperature-conditioned 
acceleration of all the involved physico/chemical 
processes. 

FIGURE 6 
The sketch outlines the me
chanisms of corrosion of re
inforcement bars in concrete 
in warm, saline environments, 
and also the primary reac
tants and resulting corro
sion products. The configu
ration is deducted from ex
perienced cases of complete 
disappearance of metallic 
iron in a few years' time 
concurrent with the devasta
ting exertion of expansive 
pressure from the corrosive 
"cells". 

RH <80% 

t ·= t.0-60 ·c 

RH> 80% 

creating a passivating layer at pH C\Jl2-13. 5 
as a stable barrier against further corro
sion. However, if the pore-liquid of the 
ce~ent p~&te is rteutralized by access ~! o2 
or G02 or by saline solutions ~ith S04 
and Cl-, further electrolytic dissociation 
will oe promoted, and more Fe-hydroxides 
and complex salts will · precipitate. This 
course of ieact~on (requiring available 
free energy) ~s de~tructiVe for the adh~
rence and also for the concrete as such. 

In . hot countries the actiVation energy level 
enhances the course and rate of corrosion. 
FIGUR~ 5, fro~ Idorn (3~) is a typical 
example of structµial failure attained in a 
course of 5-6 ye~rs in an exotic climate. 
FIGURE 6 is a configuration of the corro
sion features which are characteristic of 
su~h environments. Fe+++ compounds are pre
cipitated instead of the ferrous-compounds, 
and this causes pH to decrease to 2-3, see 
e.g. Bastiansen et al (53) , and strong 
acids to accumulate in pockets created by 
the expansive pressure which develop be
cause the trivalent, complex hydroxides are 
2-3 times more voluminous than are the diva
l ent ferro-hydroxides. Possibly also osmo
tic pressures and crystallisation pre~sure 
exerted by gypsum, see e.g. Dreyer-J0rgen
sen (54), are involved. As can be seen in 
FIGURE 5 the release of energy is powerful 
enough to create deep, longitudinal cracks 
over reinforcement bars of which there 
after a few years' time may be only complex 
Fe+++ hydroxides etc. and no load-bearing 
capability left. 

0( 
o .. 

.( 
.. Fe++.±.. gel 1J u 
0. (Fe (-OH)3 , n H20) ·c with impurities 

H+ 
soi:--:pH=2-3 
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FIGURE 7 
c3A and c2 (A,F) contents, Bogue-calculated (B) and 
XRD-measured (X) , of eight ordinary portland ce
ments, referred to in (25). 

Both in hot and temperate regions the pro
gression of corrosion after the initial for
mation of passivating Fe- and Ca-hydroxides 
as the adherence "aureole" around reinforce
ment bars may be caused either by high ce
ment-content with initial heat-induced mi
crofracturing during the hydration, or by 
the use of too low cement-content which can
not provide sufficient impermeability and 
strength to the concrete to prevent access 
of 02, C02 or saline waters for reaction 
with the reinforcement. Also many other 
factors under the heading "good or bad con
crete practice" are involved. 

Consequently, the nature and stability of 
the adherence between cement paste and re
inforcement are important, both for the com
posite, statical function of reinforced con
crete, and for the performance reliability 
of concrete structures. The conditions for 
the design of optimum concrete composition 
and of concrete making procedures therefore 
also depend upon further p~ogress of the re
search on the nature and characteristics of 
the adherence phenomena. 

THE EFFECTS OF SALINE WATERS 

Besides the question of different reaction
kinetics in laboratory mortar specimens and 
in structural concrete, there is one pro-
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Criteria Sample No: 

1 2 3 4 5 6 7 8 

C3A <10% B&X + + + - t + - -

C2 (A, F) < 10?~ I 

B&X +! - - + + + + ! -

B-X~2.5% + - - + -1 + I -I -

TABLE 4 
Suitability (+ or -) of the eight ordinary portland 
cements referred to in FIGURE 4, evaluated accord
ing to the criteria: C3A <10% {B&X), for sulphate 
resistance, C2 (A ,F) ( 10% for strength capability, 
and B-X ( ~ 2. 5% for reducing ambiguity. Cements 
Nos 1 and 6 meet the . criteria. 

blem emanating from the contributions (23), 
(24), (25), (26) and (27) on sulphate resi
stance of cements. and concrete, which in 
particular deserves a general discussion. 
This is the registration and the stipulated 
influence of the c 3A-content in cements on 
the resistance of concrete to the aggressi
vi ty of saline sulphate waters. 

Schramli (55) revealed considerable ambi
guity among researchers about the net bene
fit by specifying the use of low C3A ce
ments for concrete. He also found a remar
kable discrepancy between Bogue-calculated 
and XRD-measured contents of C3A in cement 
clinkers. 

The principal paper (14) discusses these 
uncertainties, and further information is 
extractable from (25). FIGURE 7 shows the 
C3A and the C2{A,F) contents of eight port
land cement samples, Bogue-calculated (B). 
and XRD-measured (X), respectively (origi
nating from (25), table II). For C3A the 
difference between B and X varies from 0.3% 
(sample 5) to 6.3% (sample 3). For C2{A,F) 
the difference varies between 1.4% (sample 
1) and 3.5% (sample 5). It also appears 
that a low C3A-content may or may not be 
obtained by a high c2(A,F)-content, compare 
for instance sample 1 and 2. The quality of 
the eight cements as regards sea water at
tack is compared in TABLE 4 by intro
duction of the following three criteria: 

(a) : C3A < 10%, both by B and X - as a 
reasonable sulphate resistant limi
tation. 

(b): C2 (A, F) < 10%, both by B and X - be
cause the ferrite-compounds are not 
strength-contributors and thus re
present energy waste in concrete. 

(c): B-x<~ 2.5% both for C3A and C2{A,F) 
so as to reduce the ambiguity of the 
classification of the cement composi
tion for the consumer. 

It appears that cement sample No.l and No.6 
comply with these three criteria. However, 
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Expansio~, after 2 years in sea water (Atlantic and 
Mediterranian), of mortar bars made with the eight 
ordinary portland cements, referred to in FIGURE 5 
and TABLE 4. Cement No.6 which meets the three qua
lity criteria in TABLE 4 shows the highest expan
sions. Cement No.7 with 14 or 18% c3A (B or X) shows 
much less expansions. Cement No.l is good according 
to all four criteria. 

when the expansions of mortar bars in sea 
water, as displayed in FIGURE 8, are added 
as a fourth criterion, then only cement 
No.l can be said to comply, since No.6 has 
the highest expansions of all samples, 
while cement No.7 with 14% {B) or 18% (X) 
C3A shows much less expansions. 

The results reported in (27) about correla
tions between the C3A-content (Bogue-calcu
lated) and particular burning/cooling cir-

cumstances during the cement manufacture, 
sustain recent results by Locher (56). It 
appears that considerable variations in 
C3A-content for one brand of ~ement may oc
cur in dependence of the cooling conditions, 
which may well be at variance in cement ma
nufacture under forced changes of fuel, use 
of mineral admixtures, cost-savings efforts 
etc. The principal paper (14) does discuss 
these matters in more detail, and also 
their influence on the resistance of cements 
to sulphatic solutions of other clinker 
components etc. 

Thus, altogether a very complex picture 
exists. This is what the general report 
must emphasize, because engineering prac
tice in general is served by advisory or 
compulsory regulations based upon simplifi
cations, which have a weakening basis in 
the now attained cement chemistry knowledge. 

The aggressivity of chlorides under rather 
specific circumstances are discussed in (28) 
and (29). There is a broad background for 
supplementary investigations in serious 
problems for construction and building: 

(1): Continuous progress of deterioration 
of highways, sidewalks, bridges etc. where 
de-icing is common practice in winter sea
sons. 

(2): Permanent exposure to temperate saline 
waters in swimming pools. 

(3): Penetration into concrete of saline 
ground-waters and wind-borne seawater spray 
in hot countries. 

It is characteristic for chloride_attack 
that both concrete and reinforcement are 
practically defenseless, if the energy ac
tivation level is high, and the concrete 
permeabel. This is why quantitative assess
ments of exposure conditions as germinating 
the release of the destructive energy con
versions have good chances to exhibit big 
returns on research investments. 

FIBRE REINFORCEMENT 

For many years asbestos fibre have been used 
as reinforcement in cement based products 
to provide excellent adherence and durabi
lity characteristics attained by empiric, 
technical development. In recent years 
glass-fibre _ have been developed as alterna
tive reinforcing agent. The particular 
aspects of adherence~ and of the stability 
of the interface ~tructure and constituents, 
are presented in (22). 

It is shown that i£ the bond is enhanced 
between fibre and cement matrix there may 
appear a concurrent decrease of strength of 
the glass substance, and thus a ieduction 
of durability of the product. It is also 
shown that the piesence of pozzolans in the 
cement matrix greatly reduces the corrosion 
of the fibre surfaces. There does not seem 
to be a correlation between the amount of 
free alkali in the specimens and the degree 
of glass corrosion, while curing at high 
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temperatures (80°C) does aggravate the cor
rosion, a finding which is in accordance 
with the results by Gutteridge and Hobbs, 
referred to above. These observations con
firm that a more complete study of the be
neficial effects of the various pozzolans 
might provide additional kpowledge of con
siderable practical interest. 

Supplementary investigations of these mat
ters must be anticipated to be important 
for the further innovation of fibre-rein
forced products. The interface phenomena 
might be found in particular to be sensi
tive to the processing conditions, to the 
type and dimensions ~f fibre materials, to 
the use of superplasticizers and special 
pozzolans, to the alkalinity of the matrix 
stc. A wide range of opportunities are thus 
awaiting determined industrial exploita
tion. 

POZZOLANIC MATERIALS 

The effects of pozzolans in glass-fibre re
inforced products are discussed in (22) as 
a deliberate aid against deleterious alkali
silica reactions. Historically, pozzolans 
have been widely used as a means of cement 
(energy) saving, to moderate heat develop
ment during curing, and to improve sulphate 
resistance of concrete. The preser.t inten
sification of the use of pozzolans for the 
utilization of fly ashes and other types of 
siliceous materials from dust - collectors 
raises issues for the research, which have 
not been much pursued for a number of years. 
Malquori (37) compiled convincing evidence 
that pozzolan-granula in cement paste are 
corroded and surrounded by layers of gel
like, hydrated calcium silicates. Thus, the 
high specific surface of the pozzolans was 
found greatly to enhance the kind of reac
tions which are designated creation of ad
herence or bond, if the pozzolanic material 
has the size of aggregate particles, in
stead of cement fineness. Malquori also r e 
fers to reactivity of the alumina in pozzo
lans, which in the presence of sulph~tes 
react to give calcium-sulpho-aluminates. 

The different quality of pozzolans as means 
for increasing the sulphate resistance of 
concrete is mentioned in ( 25) , but the· role 
of alkalies and of the initial reaction ki
netics remains to be described . 

The various available fineness of pozzolans, 
from about that of ordinary cement or less 
(some fly ashes) to more than 15000 cm2/g 
(ferro-silicon dust, or refined fly ash), or 
even 24000 cm2/g (metakaolin) and the in
fluence of particle shape of the pozzolanic 
particles - rounded spheres, partly hollow 
in case of fly ashes, glass splints in case 
of volcanic tuff etc., or fragments with 
high internal surf ace as the Greek Santorin 
Earth or the Danish diatomaceous earth, also 
remain to be examined in depth, and the dif
ferentiated effects identified. 

Alkalies were found by Malquori (ibid) to 
combine into the calcium-silicate-gel com
plex. However, it was noted that the pre-
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sence of alkalies has influence on the re
action-kinetics, among other things due to 
its suppression of the solubility of calci
um hydroxide. The observations do not allow 
conclusions as to whether the fixation of 
alkalies early during pozzolani~ reactions 
is permanent and stable, or merely loose 
and liable to transition. 

Turriziani and Rio (51) found that the reac
tion between lime and silica is the initial 
reactivity, also in cases where alumina 
takes part in the further reactions, and be
comes absorbed in the precipitated gel-com~ 
plex. (The alkali-content of the pozzolans 
was not given) . 

Thes e scattered evidence serves the purpose 
to stipulate the importance of thorough in
vestigations of the systems N,K - C - S -
Al , Fe - H20 under real reaction conditions 
in concrete and in cementitious products1 
also when siliceous aggregates are used in 
cement fineness as pozzolanic, mineral ad
mixtures to improve adherence or durability 
or both at the same time. 

HYDROTHERMAL PROCESSING 

Hydrothermal reactions have for many years 
been utilized on account of the intensive 
creati~n of adherence-forces and the high 
degree of ultimate stability it is possible 
to attain with mixtures of CaC03, Si02 and 
H20 during a brief processing time. 

In (10) the synthetis of fibrous CSH cry
stals by hydrothermal reactions is reported. 
The solubility of lime was found to decrease 
in the presence of alkalies, while the solu
bility of silica increased when the system 
contained alkalies. Different compositions 
of the reacting system therefore gave diffe
rent reaction products: tobermorite, xono
tlite, pectolite etc. The influence of the 
alkalies was conspicuous, the most specta~ 
cular result being the manufacture of 
"rock-wool" fibre of lengths N200 1um. These 
were obtained with C/S = 0.8 and treatment 
in a 2N KOH solution at 180°c for 10 days. 
In general CaCQ3 dissolved much slower than 
did Si02 and fibre was only obtained when 
both alkali and calcium sources were carbo
nates, and K+ions were present. There were 
no reactions observed without alkalies. 

Compressive strengths over 150 N/mm2 have 
been reached with autoclaved concrete, using 
quartz aggregates, (11). The high strength 
is attributed to intense interface reactions 
resulting in 11 A crystalline tobermorite 
intergrowing with silica in the corroded 
surface of the quartz aggregate. In (12) it 
is shown that decreasing contents of ·quartz 
in the aggregate resulted in less strength. 
Rapid decrease of elastic yield (ratio of 
strain energy during unloading to the one 
during loading) occurred in concrete with 
non-reactive aggregates for stresses(\) 60% of 
failure, whereas the elastic yield was con
stant and high (90%) up to failure in con
crete with quartz aggregates. 

Special experiments, referred to in (13) 



disclosed that under certain circumstances 
an air-bubble porosity structure may appear 
associated with the cement paste aggregate 
interface. Autoclaving nearly eliminated the 
pores in the case of quartz aggregates, and 
this also increased the frost resistance. 

Altogether, the mentioned contributions in
vite to further studies of the interface 
creation and composition at hydrothermal 
conditions, and in particular to additional 
exploratory research on the influence of al
kalies on the reaction kinetics and the 
thermodynamic equilibria of the CSH systems 
at hydrothermal conditions. 

THE FUTURE RESEARCH 

In 1941 G. Kalousek (57) said: 

" ---- the mechanism of the expansion of concrete is 
as complicated as the setting and hardening phenome 
na. For this reason the need of fundamental research 
as to the ultimate products of reaction for condi
tions simulating the normal exposure of concrete is 
definitely indicated. Phase- equilibria studies will 
show the end products of reaction". 

This statement may be read as an early anti
cipation that expansion, as a phenomenon of 
deterioration, is one among the mechanisms 
of energy conversion and their consequences 
in concrete, which need to be understood. 

Maybe it is today too much of a generalisa
tion to say that cement paste hardening, ce
ment paste-qggregate (and pozzolanic) reac
tions, corrb~ion of reinforcement, and sa
line water attack are merely each theif 
species of hydration reaction. However, this 
seems closer to the truth, than to consider 
causes of early deterioration exploitable by 

.means of 2ooc isothermic laboratory models. 
Anc for some years it has been possible to 
make on-line recording of the temperature 
development in concrete during the curing 
phase, and to connect the thermocouples to 
a maturity-computer, whereby the early 
stress/strength development in the concrete 
can be calculated continuously, and the 
processing-monitoring can be used to change 
the course of hardening if need be, accord
ing to predesigned criteria and methods. 

Practising of this technology can improve 
the durability of concrete considerably, 
and, in fact, the attainable benefits do 
not ·require more knowledge from chemical re
search than what Kalousek outlined in 1941: 
"to understand concrete under the conditions 
which govern its making". 

The problem for research in this respect 
therefore is primarily in the second catego
ry of the R&D entirety: Development. In 
other words, it is a problem of cohesive 
technology system approach and instrumenta
tion. 

Progress along this line requires that mar
ket opportunities can be envisaged. The to
tal concrete production in the world is of 
the order of magnitude of 60~70.000 million 
m3 up till now, and at present are added 
about 3000 million m3 a year. The produc
tion will converge towards at least 9000 

mill i~n m~ of concrete a year at the end of 
the century (corresponding to a world con
sumption of 300 kg cement per capita annual
ly at year 2000) if things go unchanged. 

With the present development of microproces
sors such market potentials are attractive 
for the monitoring system and equipment in
dustries, also because the market is a mix · 
of innumerable big and small concrete-making 
customers. The attractiveness also stems 
from the increasing concern about perfor
mance reliability of concrete structures, or 
in other words: about adherence and durabi
lity . 

Nuclear Power Agencies are presenting re
quirements for borehole-plugging materials 
of 1000 years' trustworthy behaviour, while 
power plants, and many other kinds of con
struction must be reliable without repair 
need for 30 -40 years' use. 

In contrast USA in 1978 estimated a 6.3 bil
lion $ budget for repairs alone ' to Highway 
Bridge decks, and about 105,000 bridges 
needing repairs. Comparable data from else
where are not easily accessible, but a great 
part of early concrete construction works -
dams, harbours, bridges, tunnels etc. - in 
many countries are approaching total depre
ciation or are in fact long overdue, but now 
very expensive to replace. And concurrently, 
the real depreciatiq~periods.are going 
short where aggressive environments play a 
part, while the need for the use of concrete 
to new construction and building development 
is increasing and the cost of repair-con~ 
crete may exceed that of construction-con
crete by a f~ctor of 10. At the same time 
repairs are unduly contributing to depletion 
of the m.aterials-, energy- and capital-re
sources. 

These inherent contradictions in the situa
tion: 

"Data and methodologies are available to improve the 
durability of concrete structures. The need to do 
this is broadly acknowledged as urgent, while the 
perspectives for growing demands on the materials are 
equally obvious", 

ought to stimulate the research community to 
launch effectiye R&D-efforts based upon ce
ment chemistry application in accordance 
with the conditions for the making and per
formance of concrete. 

An immediate look at the theme-contributions 
does not indicate, however, that the cement 
and concrete manufacturers and users are 
preparing for remarkable upgradings of con
crete technology research and development. 
To advance the utilization of knowledge ac
cumulated by the congress in the prevailing 
systems will therefore become long-term 
shoehorning efforts on the part of the re
searchers. 

But farther away from the research bench
work, certain changes in the environments 
are appearing, which must be considered -
also for the planning of the present scien
tific priorities in the research. 
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Steel-, fuel- and power-industries are in 
the corrunencement of an era which will make 
them users and producers of limestone, slag, 
fly ashes and gypsum etc. in quantities 
which in several countries ·will exceed the 
present cement production - . though by far 
the future needs for inorganic binders. 

Chemical industries have only a £ew·years 
ago corrunenced to develop powerful, liquid 
admixtures, not yet more than empirically 
combined with the above primary materials, 
and synthetic fibres. And the border-la.nd 
between inorganic and organic polymers is 
also in an early phase of exploration. 

Electronic industries are awaiting accep
tance of processing technology in -concrete 
production, but prepared to implement soft
and hardware. 

These categories of industries possess com
prehensive R&D-organisations with estab
lished knowledge of effective planning an~ 
management, and experience with "transfer 
into technology". Besides, they have elabo
rate, professional R&D-education, as ap
pears e.g. in the work of EIRMA (European 
Industrial Research Management Association) 
and IRI (Industrial Research Institute) etc. 

Thus, there is, strategically considered, 
more capability available for forceful ef
forts to make concrete durable than as yet 
called upon for investments. 

Although one must realize that the present 
congress was not requested to outline new 
research strategie~ and the present report 
accordingly only can point towards the new 
incitaments for adjustments of the research, 
it is timely to say as a terminating state
ment, that the germination of new advances 
in concrete durability must have cement 
chemistry research as the driving force~ But 
also, that fruitful harvesting depends upon 
more than that. 

CONCLUSIONS 

It is in accordance with the principal paper 
(14) to say that the complexity of the 
theme: interface reactions, is too compre
hensive to make an adequate synthetis pos
sible in one paper. This has, also for · the 
general report, necessitated severe restric
tions on the discussions of the individual 
contributions, and is the reason why the 
following concluding statements refer both 
to matters. discussed above, and to items, 
which it has not been possible to deal suf
ficiently with, despite their importance 
for research and practice. 

There are seven concluding statements, re
ferring both to scientific problems and to 
those connected with the utilisation of the 
research in practice. 

Herewith an attempt is made to stimulate the 
researcher in seeing under which circumstan
ces, i.e. chemical and physical conditions, 
the material concrete is made and used so 
that dialogues within the research communi
ties may enhance alertness about desirable 
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adjustments to forthcoming work. At the same 
time, the general report aims at explaining 
to the civil-engineer that the rentability 
of building and construction with concrete 
can be considerably improved by application 
of modern chemical knowledge rather than by 
reliance on mechanistic models of concrete 
behaviour as the basis for specifications 
and working procedures. 

To promote these views results in the risk 
that researchers may find the scientific 
discussion too superficial, while the civ~l
engineer may still-consider the concepts too 
far from current practice to be of immediate 
economic advantage. ' 

This risk is accepted, and the seven conclu
ding statements are as follows: 

1. Adherence and durability are inseparable 
fields of studies within the framework of 
diagenetic alterations of concrete in the 
course of time. 

Consequently: research experiments with 
"static" mechanical disruption must be ap
preciated as momentary flashlights on the 
nature of concrete, while development or de
gradation of characteristics under isother
mic laboratory storage must be interpretated 
as "linearly projected" reflections of the 
reaction kinetics in real concrete. 

2. The refinements during recent years, of 
measurements of cement clinker compositions 
is a valuable asset for reevaluation of the 
importance of cement properties for the be
haviour of concrete. 

The various ways of counting the C3A-con
tent of cements is an example of how civil
engineering now needs the service of cement 
chemistry for more nuanced information on 
cement characteristi~s, corresponding 
to the demands on concrete in widely dif fe
rent environmental and manufacture situa- . 
tions. 

3. Evaporation during concrete manufacture 
and performance is a maior physical factor 
influencing the consequences of -the energy 
conversions in concrete. 

The om~£tance of physically conditioned ag
gressi vi ty in the principal papers and t0e 
general report was a decided restriction in 
order to overcome the work and to maintain 
the cement chemistry as over-all issue of 
the congress. Admittedly, the physical fac
tors belong to the energy conversion con
cept, and cannot be neglected. A recent ob
servation is the contribution by Nixon et al 
(58) on changes of alkali-concentrations 
through a body of concrete, and the possible 
influence on .partial localization of dele
terious alkali-reactivity. Many observations 
on the validity of mortar-bar "pessimum pro
portions" as a means of preventive safe
guards for practice may need revisions, when 
alkali-ion migration is acknowledged to be 
important also in this way. Also in general, 
the significance of evaporation for salt
concentrations in concrete is known, in par
ticular in hot countries. 



4. The swelling mechanisms of cement paste 
compounds and of substances migrating in the 
pores of concrete and through the interface 
regions between cement paste and aggregate, 
need to be better understood and explained. 
Their good and bad effects in manufacture 
and performance of concrete need to be as
sessed .. 

Four different issues are in p~rticular 
calling for the attention of research to the 
benefit of practice: 

(1). Which swelling mechanisms are relevant 
in the cement paste itself, see (17), with 
diffe~ent types of cement and under the 
processing and performance conditions rele
vant for concrete in cold, temperate and 
hot regions, and with/without additional 
swelling mechanisms in the system? 

(2). Which consensus is attainable among 
chemical researchers'regarding the swelling/ 
non-swelling characteristics of alkali- · 
silica gel with/without lime etc.? Reference 
is made to recent work by L. Dent Glasser 
(59) and others. In continuation: is swell
ing gel in cracks in concrete able to exert 
accumulated hydraulic or hydrostatic pres
sure on surrounding masses of concrete? 
And in contrast: May gel-phases in pores of 

' cement-matrix and interfaces have advanta
geous effects, , e.g. as buffers, or by de
creasing the permeability? 

(3) Can the development of pressure-exerting 
gel be deliberately prevented by predesign 
of procedures to give "stable"-gel-composi
tions which eventually will converge tow~rds 
crystalline compounds? 

(4) Which. basic conditions determine the 
permanent stabilisation-effects of pozzola
nic Si02 and/or Al203? 

5. The availability of a vast storage of 
chemical knowledge for launching powerful 
industrial development of cement-based pro
cessing technology and creation of new pro
ducts could be a ·way to solve durability 
problems associated with present technique 
and technology. 

Recent years have seen many attempts to 
promote new products on cement basis, with 
a higher "end-value" factor than concrete. 
The research on durability could have un
traditional off-springs in this direction. 
As one example, cement-based, adequately 
fibre-reinforced boards for permanent shut
tering would offer effective protection for 
less expensive mass-concrete behind. 

6. The R&D-systems need to advance the 
utilization of chemistry in the development 
of concrete technology for more enerqy
effecti ve use of concrete. 

The powerful development of effective R&D 
management and planning in industrial envi
ronments are examplifying that .the capabi
lity exists to restructure cement/concrete 
research so as to absorb as well market op
portunities as social needs. The ever in
creasing use of concrete and the concurrent 
concern about performance reliability 

strongly po1nt in the direction of more at
tention to these matters, both from indu
stries, engineerin~ firm~, governments, and 
international organisations. 

7. The presented knowledge at the congress 
contains much information, which could be 
extracted as guidelines for improvements in 
practice, and for educational purposes, not 
least for the benefit of the developing 
countries. 

The formation of a group of researchers and 
practising professionals is suggested for 
attaining consensus on urgent issues dis
cussed at the theme session, and to estab
lish cohesive contacts and gain impact on 
future congresses and on institutions etc. 
so as to advance fruitful, basic and applied 
chemical research for concrete technology. 
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DISCUSS ION, 

by v . r. BABUSHKIN 

• In my address I considered it essential 
to emphasize an i mportant contribution of 
electrochemical phenome na to the process of 
hydration and structure formation of the ce
me ~t, as well as to the cement stone and 
c oncrete corrosion urocesses. 

We have experimentally proved that the 
hydration process, just as any other pro
cess prod ucing solution and causing forma
tion of new phases, i s accompanied by volu
metric separ at ion of electric charges and 
creation .of membra~ e potentials with values 
eou:::i. l t o t he sum of the Do nnan and the dif
f Uf]i.on potentials of t he inequilibrium type. 
fhe ine uuilibriwil state of binder - water 
syste~s~ istorts compensation of the diffe
reoc e of che~ical potent ials, of ti ed and 
f r ee di ffusing ions due to interphase elec
t ric potentials and the osmotic pre s ;ure, 
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which may amount to 19-54 1'1Pa and can cause 
deformation and destruction of gel films 
around hydrating particles, as well as vo
lumetric changes in binder - water systems. 

Investigations have revealed tha~ the e 
electrochemical phenomena also play a cer
tain role in contact zone f ormation along 
the cement stone - aggregate boundary. But 
here'it is necessary to take into account 
not only the charge sign and the electro
kinetic potential value but also a possib
ility of the surface hydrofilization. · 

We ap~lied the "above-mentioned notions 
to explain the mechanism of sulphate and 
salt corrosion as well as the destructive 
action of the reinforcing steel rust pr o
ducts upon the protective coating of con
crete. 

A "pass of potential" experimental pro
cedure for the electrokinetic pot ential de
termination in the specified dispersion 
systems can give the greatest degree of re
liability, with allowance for surface con
ductance. 

The investigation of electrochemical cha
racteristics should be conducted simulta
neously with determination of construction, 
of new formation crystallization rate in 
ha~dening and corrosing, and of pore size 
distribution. ~t that a special attention 
should be paid to the osmotically dangerous 
pores in which the rate of filling up with 
new formations particles is higher than in 
large-size pores and gel pores. 



DISCUSSIONS 

by TANG MING-SHU 

concerning the mec~rnnis ;;: of alkali-silica reaction, 
some aspects seem worthy of consideratio~. 

l. Accord.int; tc re ·>e ate d observ.s.tions on the polish
ed surface of mortar conto.inLrig opal, tl~e e).."P :.ms·ion 
is almost always f olll1d to have taken pl ace before the 
reaction product becomes .fluid . Resides, t~e expansion 
may still increase after cracks h ave a::ipe8.!'ed in the 
mortar . s~ the r.ater L~:ic~tion and svmllinc t~ ec ry 
pro~)Oscd by Vivian(l) and 3ro-,·;n(2) seerri..s reaan.11a')l e . 
- If we as s ume that tl1e exp ansion is cac:.sed mein-1.y 
by water imbibition and svrelling, it will be insig
nificant Whether there is a sem-nermeable mer::brane 
or not, and t~-ieref'ore the expansion will h ave not'"'.ing 
to do .with the -oomnosition of a semi--::iermeable mer:i-
brane. · - -

2. How to explain the effect of various factors, 
such as the amount and size of reactive a~gregate 
and alkali content, on the alkcli-silica reaction? 
It should be noted that the expansion is caused by 
chemical reaction, but at the s&~e time, it is also 
a plzy"sical phenomenon. Therefore, both ~hysical and 
chemical factors should be taken into considerati on. 
According to Viviants(l) and ourselfts investi gation, 
we have menticined( 3) that the exoansion is r el ated 
to the following factors: (a) number of active . 
canters, i. e., the nl!l'l1ber of particles of reactive 

.aggregate per unit TOlUllle of n:>rtar; (b) t.'1-ie amount 
ot alkali tor unit area of reactive aggregate; ( c) · 
the expansive force generated by each particle as a 
result of alkali-silica reaction. The magnitude of 
the force depends on the degree of reaction a.rid the 
t6tal surface area of the particle; ( d) the tensile 
strength of the cement paste. As the ove.rall ' linear 
expansion measured includes bbth the micro and macro 
cracks formed in the mortar, so factors ( c) and (d) 
should be considered. 

According to t!1e above views, the results of the 
7xperiments of man~r authors designed to study t !1e 
:influence of various factors can be exnlained . 

3. It is just what Diamond( 4) has stated t hat t :1e 
~ompetitive reaction theory suggested by powers(S) 
is o~y a hypothesis which has not been c9nfi m ed ::y 
eX?~i:ments. The theorJ is not satisfactcrv in ex
plauung the influence of various factors .' ~or 
example, Powers calculated by us ins Woolf • s- data t!1e 
Caoadsorbed/N a20ads or 1:>e d ratios in t!rn r e action 
proces~ end suggest e d th at no e::...-nans ion wocl d take 
pl ~ce if the ratio attains a certain v<ilue . Unon 
using all the dat a offered by Woolf and fcllo~·:inE 
the sar.te m~t~od of caicul ation, it shows t!1at in 
case the difterence of the ratio of ads crbe ~l. c3c to 
~dsorbed N220 between 11 safe!• and "unscl'e· 1 re act i on 
is so s n:.all, t hen it is chfficult to exnlain t !rn 
reason of exp ansion 

As to the reason w1:y low alktli ceDent does not 
~ause expan~ion, it is proba1 ly ascr-; bed to the r.:uch 

ess extensive reaction of the reactive aggregate 
andr not to the "saferr reaction. This has been proved 
~ e~eated microscopic observat~ons on the degree of 

eaction of reactive aggregate (opal) in low al k- .:li 
Portland cement. .. 
Alkali-silic~ re t· i Calle a a ac ion s a complex problem. Mr. J. 

res;J.ch~ad~ go~d p:onosal. He suggested that further 
interdi. ~ this field should be based on a wide 

sciplinary cooperation. 
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'!be authors stated:"There i 's no essential 

difference between the hydration 1n 1;.he 
system pozzolana-cement and that in the 

system pozzolana-Ca(OH)2 and pozzolana
cement compound". In a· general sense,the 
above statement is true. However,as portland 
cement inevitably contains a certain amount 
of alkali,some sort of alkali-silica reaction 
might occur at certain etqe of eement

pozzolana reaction. 
Alkali-siljca reactio~ may be represented 

by the equation 

2NaOH+xS~~+yH20 = Na20·xSi02•(y+l)H2~ 

!he Ca(OH)2 released in the hydration of 
portland cement may reac_t with Na20·xSi02 
to liberate alkali. !he regenerated alkali 
can once'again penetrate into the particles 
of the reactive aggregate. As the particles 

of pozzolanic additives are very small,they 
will all be eventually transformed into 

C-S-H and other hydrates while most of the 
alkali ions will migrate into the solution. 
It should be .noted that at certain stage of 
the reaction,K+ and Na+ ions do not neces~ 
sarily go into pore solutions;on the contrary, 
they may penetrate into the inner part of the 
pozzolana particles. 

Even though the pozzolana may itsel.f contain 
alkali,at certain stage of the reaction,it 
still tends to absorb alkali from the pore 
sol~tion of cement paste instead of releasing 

it into the solution. We have made mortar cubes 
using a high alkali cement and a tuff rock as 
aggregate which co~tains 0.88% Na20 and 2.sg% 
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K20,with a particle size of about lmm. Arter 
one month curing,the tuff particles were obser
ved to have been surrounded ?Y reaction rime 
whieh contained much more alkali than the 

particles themselves as detected with EDAX 

(Fig . l) 

EDAX detection of reaction-rim 
and unreacted tuff particle. 

,:\ - reaction.:..rim 

A - unreacted particle 

Recently,ion-concentrations of pore 
solution of cement paste. were determined 
with pressing technique ( 1 ). The . results 
showed that when portland cement clinker 

References 

containsalkalis,the pH value of the pore 
solution may be greater than 13.0,sometimes 
as high as 13.7. It is assumed that high 
concentrations of R+ and OH- ions might 
af'fect the reaction process of pozzolana
cement. Diamond (2) in his experiment has 

shown that the mortar bar expansion may 
. . . . . . . 

typical alkali-silica reactions. As the 
particle size of pozzolanic additives is 
small as compared with aggregates,the 
amount of alkali for unit surface area 
will be less. In the mean .time, the 
expansive stress caused by such small 
particles may ·be distributed evenly and 
hence expansion will be inhibited. But. 
in certain stage,the reaction of pozzolana
cement may be likened to alkali-silica 
reaction. Naturally,further study is needed 
to determine to what extent the influence 
of alkali could be. 

In the investigation into the reaction 
mechanism of the system of pozzolana-cement, 
it might be appropriate to take into 
consideration the chemical and physical 
processes of the alkali-silica reaction, 
especially when the pozzolanas used contain. 
opal or . vo.lcanic glass as described in this 
article. 
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CONCLUDING REMARKS 

by G.M. IDORN. 

Final conclusions regarding achievements 
and issues requiring further attention and 
resea~ch within the fields of int~rface 
reactions in concrete and mortars - based 
upon the written contributions, including 
posters, to the theme, the panel contribu
tions and the terminating question and answer 
part of the session. 

The discussions during the session on theme 
VII underlined that there is now a considera
ble coherence and progress of ongoing re
search on sub-theme one : adherence (bond
strength) between ag,gregates and cement pas
te~ not ' l~ast based upon comprehensive work 
in France. Also the adherence between cement 
paste and meiallic reinforcement and glass-
f ibre, and grout to host rocks in subterra
nian works, is treated , as well as the en
hanced interface ieactions created by the 
high activation energy at hydrothermal treat
ments. 

Contributions are missed about such a "down 
to . earth", but. economical important issue as 
bonding by repairs of new to older concrete, 
and neithe~ . the excessive bond-qualities ob
tainable with . . the use of ~rganic polymers as 
admixtures nor by impregnation have found 
interested supporters. 

Also the more fundamental problem~ with in
herent bonding ~ithin cement paste consti
tuents and the binding capability created 
by pczzolanic reactions remain to be conside
red in conjunction with the research repor~ed 
in theme II, III and IV (though principally 
much governed by the same forces as paste/ 
aggregate~ adher~~ce). 

The differ~nce of the inteiface-character in 
dependence of calcareous or siliceous aggre
gates is now more clear than before (although 
not applicable in terms of "performance" -
value of high or low bond-strength in concre
te in.~racticeY. It is also obvious that in 
the case of sili6eous aggregates the interfa
ce reactions muit in any case be considered 
metastable editions of gel~producing alk~li
silica reactions, i.e. bond-creating without 
expansive pressure formation, but appreciably 
penetrating into the structural build-up of 
the aggregates, and not necessarily long-term 
dependable. With calcan:ous aggregates the 
bond-creation seems more restricted to the 
aggregate surface and the innermost part of 
the "aureole" zone and the bond-forces to be 
nearer to, what metallurgists and some au
thors designate "epitaxial" growth. With 
dolomithic aggregates a sort of "hybrid" 
reactivity seems established, since these 
reactions do release alkalies and do break 
up the interior Ca/MgC0

3 
structure of the 

aggregates, but do not produce swelling gel, 
except probably with siliceous-magnesium lime 

stone, which ought to be considered very sus
ceptible t~ combined dedolomitization and 
alkali-silica reactions~ i.e. to weakening 
bonding-creation (and gave rise to the 
pioneer studies of alkalf-sillca reactions 
in USA in the forties). 

The stage of knowledge now attained seems 
ripe for systematic application of reaction 
kinetics and thermodynamics in the further 
research. This is enhanced by the aim of the 
American presentation - to gain knowledge on 
1000 years or more performance stability of 
cementitious plug materials for deep boreho
les. In this study the long-term geophysico/ 
chemical exposure appro~ches hydrothermal 
conditions, which according to -the Italian 
and Japanese contributions on industrial au
toclaving processing brings about much more 
intensive interface reactions than found at 
ordinary temperature levels. 

It is an interesting paradox, that the long
term stability aiming Ameri ~ an studies find 
alkali-silica reactions an identifiable 
factor iri the interface with a siliceous ag
gregate. This a reminder th~~ even at ordina
ry temperatures the convertible energy in the 
high-alkaline environment with soluble silica 
is suf~icient to cause considerable transi
tions in the entire system beyond those in
tentionally monitored during the hydration 
process. 

The speciai bond-creating reactions with 
glass fibre, metallic reinforcement, and the 
influence of pozzolans, different cement 
types an~ different environments etc. alto
gether emphasize that the creation; preser
vation or possible deterioiation of adheren
ce as an integral feature of the entire 
system must be considered dynamically; 

The thoroughnes~ of the principal paper on 
sub-theme 2 : durability, makes is ~asy for 
students of the individu~l contributions to 
find supplementary information within the 
area of cement-aggregate reactions, the ef
fects of aggressive solutions on concrete 
and th~ available counter-measures etc. 

There are, however, still many loose ends, 
for instance, concerning alkali-silica reac
tions. Even if consensus is approaching that: 

1. expansive . pressure can develop both with
in a (compact) paitially re~cting sili
ceous aggregate particle, o~ 

2. during complete dissolution of a porous, 
readil~ reacting particle, or 

3 •. cause gel to dissipate out into ambient 
paste while concurrently relea~ing ex
pansive pressures 

it still remains a mystery for the construc
tion engineer, and is untouched by research, 
how pressure in discrete aggregate paiticles, 
usually in the sand fractions, can accumulate 
~o as to crack and displace iarge parts of 
concrete masses, No c~ntributions have as 
yet ~ealt with the expansive power of dilute 
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gel ln cracks and pores in the concrete -
the only ~edium seemingly available for exer
tion of a continuum of hydraulic pressure 
in excess of the strength and weight of 
concrete masses. 

It is another inconclusive situation emer
ging from the contributio~s, that beyond 
excessive limitation of the alkali-content 
and of the amount of free pore-liquid in 
concrete there are no safe precautions 
against deleterious alkali-silica reactions 
established for application in construction 
practice, where reactive aggregates are used. 

Surely, pozzolanic reactivity is principally 
an innocuous edition of alkali-silica reac
tions. But the laboratory examinations have 
~ot yet presented reliable models for con
version of the results to match the condi
tions in engineering practice, among other 
things with regard to the long-term stabi
lity of the pozzolanic reaction products. 
This seems a prolific field for further ' 
research, in particular if thereby the means 
for the use of high .alkali c~ments without 
risks could be elucidated. 
A possible further step in this direction is 
indicated by the deliberate utilization of 
the alkalies in cement as prerequisite for 
making fibrous CSH by hydrothermal proces
sing as demonstrated in a Japanese contribu
tion, while the advantageous use of alkali
hydroxides as hydration activators jointly 
with dispersing agents is discussed else
where in the congress program. Thus altoge
ther, the historic, monotonous designation 
of alkalies as primarily deleterious ought 
to be reviewed, also now in view of the 
energy expenditure for their removal in muct 
cement manufacture and the presence of solu
ble alkalies in many natural and synthetic 
pozzolanic materials. 

Concerning the deleterious attack of saline 
solutions on concrete it is convincingly es
tablished that the conventional measurements 
of the C~A-content of cements are qualitati
vely and-quantitatively insufficient. Partly 
due to this observation but also to the 
common use of simplified laboratory models 
in studies of saline aggressivity, it seems 
reasonable to assume that c3A in cements is 
of relatively minor importance for concrete 
performance than are many factors which have 
been less counted with as influential in con~ 
ventional concr~te technology and regulations. 

Among ~he constituents of aggressive saline 
c~nstituents sulphates are the primary sub
ject of the presented studies. However, 
modern de-icing practice in the cold re
gions, and urbanisation in hdt countries un
derline in each their way the implications 
of more complex salinity and ought to stimu
late further studies of their possible sy
nergetic effects, for instance in sea water 
attack and combined with alkali-silica 
reactions. 

The two mentioned extremes of exposures also 
underline the urgency of introducing reaction
kinetics in the research. Energy conversion 
is rapid and violent in both cases, despite 
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. the fact that the available added energy in 
the one case is chemical, in the second pri
marily physical. 

Preceding the effects of either exposure is, 
however, the hydration phase during the con
crete making. The presentation of the general 
report exemplified, that by ordinary construc
tion practice about 30 years ago the heat de
velo~ment in concrete during curing sl~wly 
caused interior temperatures to rise to about 
30-40°C and to descend slowly again towards 
environmental levels in a temperate region 
while mo.dern concrete in an exotic environ~ 
ment jumped beyond 80°C in 12-14 hours, and 
down to the environment in about 50-80 hours 
thereafter. This l~tter time/temperature 
history is quite common in modern construc
tion and precast works, and may through the 
overfeed with convertible energy during early 
curing often cause severe initial microfrac
turing in the cement paste. Thus, further 
research must study the physico/chemical 
aggressivity during performance as possibly 
superimposed upon initially invalidated 
structures of the concrete. Th1s requires 
clarification of the reaction kinetics and 
thermodynamics in the entire system of con
crete making and performance including the 
environmental energy impact. As pointed out 
in the principal paper, several contribu
tions inter al from USSR and East-Europe and 
the general report, such research, operating 
with concrete as it is made and used in our 
time, must gain priority ovet continued work 
with laboratory experime~tal specimens 
which are kept entirely protected agai~st 
the effects on an increasing fraction of the 
energy conversion in concrete in practice. 

The contribution from India on the signifi
cance of MgO in cements in conjunction with 
a discussion during session V brought the 
issue into focus that developing countri~s 
must revise numerous conventional concepts 
and methods for which the feasibility is 
questionable, both in view of general advan
ce of. knowledge and to their particular 
conditions. This attitude may in turn become 
a gift to further advance regarding durabili
ty in the old world. 

Alertness is also required towards the out
folding impact of new materials in concrete 
making from industries other than cement 
?ecause the technology is to be prof oundiy 
influenced hereby, and improvement of dura
bility and adherence under these ~ircumstances 
require high priqrity to cement ch~mistry 
knowledge in the research and development. 

At present it is impos~ible to analyse in 
depth the issues dealt with in Theme VII in 
relation to the achievements in the prece~ 
ding themes. It is clear, however, that the 
performance of concrete is a matter of how 
it was prepared and made as much as of how 
it is exposed during performance. And all 
the way through, the cement chemistry know
ledg: m~st be applied as an entity and any 
specialist of the preceding themes must be 
a~are. of the perform~nce of concrete in prac
tice as .the terminal criterion of reliability. 



TERMINATING REMARKS 

by G.M. IDORN, Chairman 

During the congress in Moscow in 1974 I said 

in the concluding remarks to the presentation 

of the paper on poly.mer cement materials, 

that in advocating more determined industrial 

R & D to make concrete innovations like in 

high technology inaustries - I felt much 

like the figure in a well-known Danish chil-

"Paul alone in the world". 

~as speaking entirely concerning the gene

ral pressure of retrogradation of research 

t6 come with the economy crises, while at 

the same time inventors from USA and USSR at 

thatmeeting threw light on exciting, qulte 

new opportunities within the field I had 

reported on. 

Today I don't feel nearly as . much like such 

a Paul. 

This is because we have been confronted with 

an enormous capability of cement chemistry 

knowledge, which is notyet applied to realise 

the manifold oppo~tunities for making 

con~rete durable, hereunder for the creation 

of effective and stable bond-forces between 

the ~arious phases of the composite normally 

called concrete. 

Let me t~rminate the business of this session 

- relying not -0nly upon what we have discui

sed since 9 O'clock this morning, but also 

upon much more, which we have not yet assimi

lated effectively from the preceding ses

sions - in summarizing some among the chal~ 

lenging opportunities we are facing, and 

thereby also your obligations, because civil 

engineering cannot anymore develop concrete 

technology.to provide satisfactory durability 

without profound assistance from cement che

mistry. 

- Ensure initial quality of concrete to 

I I. 

I I I. 

IV. 

v. 

be gained during manufacture in obedien
ce of the governing inherent and envi
ronmental conditions. In other words 

Harmonize environmental aggressivity 
and characteristics of concrete by 
design of the material composition, the 
making, and the performance characte
ristics. Crudely speaking, observe : 

Chemical reactions x heat represent 
energy. 

Design and monitor for energy efficim 
cy. 

Identify and make use of the advanta
~es of alkalies with : 

Pozzolans and fly ashes 
Slags 
Superplasticizers 
etc. 

Harmonize the chemical identification 
of cements for the users with adequa
te measurement techniques into unambi
guous formulae and recommendations. 

Intensify R & D innovations like : 

"Sandwich" solutions, i.e. permanent 
cement-product formwork -
Fibre reinforcement 
High-strength and high-density con
crete, etc . 

Educate research and practice : 

1. Abandon the use of 20°C isothermic 
storage of cement paste, mortar and 
conc~ete as representative for con
struction conditions. 

2. Beware of exaggerated spectaculari
ty 6f SEM and STEM features. 

3. Remember and use research also 
from the pre-electronic instrument 
era and continue to utilize the 
petrographic micros~ope. 

4. Let research gatherings not merely 
be stimulating sanctuarity occa
sions for research, but request 
evaluations of their outcome in 
terms of development opportunities. 

If these guidelines are broadly implemented·, 

then I am confident that the presently in

creasing lamentations ~bout problems with 

concrete durability will soon become infe

rior to significant progress. 

153 



This is why I don't hesitate to predict that 

yoQr aim will be to present remarkable rea

lisation of existing opportunities for de

velopment, when your preparation for the 

1986-congress on cement cnemistry begins on 

Monday morning, July 7th. 

With this challenge, I thank you all for the 

contributions and attendance realized in 

such ways that our theme and session ha~dly 

at all ha ve needed to have a chairman. 
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I also"want to vote a thank from all of .us 

in attendance to acknowledge the foresight 

in choice of the subjects, of the pan~l,and 

of the principal authors. do hope that we 

have irtjected valid stimuli into the further 

work on the issQes to the satisfaction of 

the organizers. 

And last but not least : ~any thanks to all 

those anonymous helpers behind the . screen 

typist, secretaries, technical staff and 

interpreters. Your assistance to our perfor

mance today has been second to none. 

Session 7 is terminated. 
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THEME I 

Influence des matieres premieres 
des combustibles et des precedes 

de fabrication sur la structure 
et les proprietes des clinkers 

Influence of raw rnaterials, fuels 

and rnanufacturing processes 

on clinker structure and properties 

Etudes thermochimiques de la formation du clinker 

Thermochemical investigations in clinker formation 

M. KOUGUIA, Guiprotsement, Leningrad, URSS. 

Les methodes thermiques telles que la methode des chaleurs de dissolution et la methode 
thermique sous forme traditionnelle et modifiee)ont ete utilisees pour 1-etude des differen
ces dans le comportement lors du traitement thermique des melanges crus de ciment sur la 
base des matieres premieres provenant des differents gisements de l'Union Sovietique; Ces 
differences s'expriment par: a) la succession de la formation des m;1.neraux; b) les limites 
de temperature de formation des constituants de clinker et de la phase liquide; c) la dis
tribution des depenses thermiques selon les temperatures. Les caracteristiques contribuant 
a un deroulement rapide et complet des reactions a l'~tat solide ne sont pas toujours favo
rables pour la formation de l'alite en presence dela phase liquide. Les particularites dega
gees du comportem.ent des melanges crus peuvent servir de base pour .l'estimation du comporte
ment des melanges crus dans les fours rotatifs industrials• 

The thermochemical methods of investigations such as thermal and and solution heat method~ 
both conventional and modified, were used to study distinctions in behaviour of cement raw 
mixtures, when heated, composed of raw materia~s from different deposits of the USSR. 

These distinctions are expressed in: a) sequence of mineral formation; b) temperature ran
ges of clinker minerals and liquid phase formation; c) heat distribution with temperature; 

Raw mix features contributing to fast and complete proceeding of reactions in the solid 
state do not always prove to be favourable for ali te formation in the liquid phase presence·.; 
The revealed particularities of raw mixtures behaviour may serve as a basis when estimating 
the behaviour of raw mirtur~s in industrial rotary kilns. 
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En ce qui concerne les particularites 
caracteristiques et la presence d'effets 
thermiques sur les courbes ATD _des mela~es 
bruts, lea avis sont partages (1,2,3,4,5J• 

Auteur et al.ont effectue un examen des 
melanges brute industriels de plusieurs ci
menteries de l'Union Sovietique (plus de 40) 

Les charges ont ete examinees par la me
thode de l'analyse thermique differentielle 
sous forme traditionnelle et sous forme mo
difiee, par la methode thermogravi.metrique 
et par celle des chaleurs de dissolution. 
Leurs caracteristiques chimiques et granulo
metriques correspondaient a celles qui sont 
generalement admises dans la production. 
Lee resultats ont montre que les differen
ces les plus caracteristigues se situent 
sur les courbes ~TD dans re domaine de 1100 
a 145o•c. Les donnees ainsi obtenues, aux
quelles s'ajoutent les analyses des matie
res premieres utilisees par lea usines, ont 
permis d'etablir une classification des m~
langes bruts industriels. Pour le premier 
groupe de ces melanges, on a enregistre sur 
lea courbes ATD deux effets exothermiques 
de formation des mineraux dans le domaine 
de 1200 ao 1350~c et un effet endothermique 
d'apparition d'une phase liquide dans l'in
tervalle de 1340 a 1390°0. Pour ce groupe 
on utilise le plus souvent de• calcaires A 
gros cristaux, des constituants argileux 
avee· predominance d'hydromicas et de caoli
nites, d'argillites et d 1 aleurolites. 

Le second groupe plua nombreux, est 
constitue par lee a~lange• presentant un 
exo-effet et un endo-effet de fusion. Ici, 
on utilise essentiellement eomme matieres 
premieres des calcaires organogenes, la 
craie, des constituanta argileux sous forme 
de compositions naturelles de divers ain'
raux argileux, des cendres. Sur lea courbea 
ATD des schlamlls du troisieae groupe, assez 
nombreux eux auasi, lea effets exothermi
ques de formation de mineraux etaient ab
sents et on n•a enregistre qu'un :maxi.llua ezr-
dothenaique de fusion. . 

Les aaines de cette categorie utilisent 
essentiellement. des calcaires tendrea, de• 
craies, de• constituants argileux avee pr~
dominance des variates mixtes et montmoril
lonitique• ,des 8Chl8JIJl18 contenant de 1 8 or
thoeilicate de calciua. La preaente cOllDlu
nication expose · les r .esultats des recher
ches effeetuees sur les representant• t,pea 
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des trois groupes precites en vue d'etablir 
lea causes des different• comportements des 
melanges bruts vis-a-vis du chauffage, tra
duits par lea courbes ATD,et aussi pour elu
cider !'influence exercee par certainsfilc
teurs. 

A cet effet, on a execute, outre l'ATD, 
des experiences relatives a la cinetique de 
!'assimilation de l'o:xyde de calcium, on a 
determine lea pertes surYenant dans les pro
d ui ts de cuisson lors de la calcination, on 
a opere des analyses cristallooptiquea et 
radioscopiques des phases, determine les cha
leurs de dissolution. 

Les Tableau 1 et 2 resument les donnees 
fournies par les analyses qhimiques, des ca
racteristiques mineralogiques et certaines 
autres, qui mettent en evidence que les tran
sformations les plus importantes aont inter
venues dans le melange du 3e groupe vers 
12oo•c. 

Toutefoi$1 lea produits de la cuisson a 
1400°0 des melanges du premier et du deu
xieme groupes ont les pertes par ·~alcination 
et la teneur en cao1ibre inferieures a cel-
les du troisieme essai, ce qui prouve que 
vers 140o•c les proceasus de fo.I'llation •e mi
neraux ont ete plus marques dans le melange 
du premier g*oupe par rapport au melange 2 
et surtout au melange 3. 

La chaleur de dissolution du clinker se 
compose des Qdiss. des mineraux individuels 
qui le constituent et de la phase liquide 
vitriforme, aussi varie-t-elle d 1 une faqon 
complexe et non univoque, suivant la tempe
rature a laquelle est exposee la matiere 
consideree, ce qui ressort a l'evidence du 
Tableau 2. Dana .le but de verifier, pour 
avoir plus de cer.titude,: les r~sultats ob
tenus, on a ausai effectuees des recherches 
eur des melanges bruts synthetiques, presen
tant 1¥s caracteristiques suivantes: CS = 
= 0,90-0,02; n = 2,0-0,2; p=1,2to,2. Le me
lange A contenait, outre le calcaire et lea 
residua de calcination, de l'argile bydro
micacee et caolinitique, le melange B,de 
l'argile hydromicac~e, le melange c, de 
l'argile montmorillonitique, et le melange 
D, del'argile caolinitique. La figure 1 re
preaente les portion• e haute temp~rature 
de leurs courbes A.TD, obtenues sur l' aPPa
reil "Mettle~•. Les effets thermiques glo
baux de formation des mati~res du clinker 
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Tableau 1 
Compositions chimique et mineralogique et earacteristiques physiques des 
melanges brut.s des trois groupes et des produi ts de leur cuisson 

en 
matiere 
solide 

lrlHanges bruts 

1 ~ 3 
-34;~9-----33;37-----~;90-----

1,, 45 14,98 1~,23 

3,9? ~,96 3,80 
1,5? 3~9 2,48 

42,?2 42,26 42,67 
1,05 1,06 0,75 

0,01 0,25 0,35 
0,95 0,?9 0,90 
0,23 0,33 0,25 
0,17 0,15 0,19 

. . i 99,31 -------------------------- ___________________ J 100,52 

i o,aa o,86 
I 

c.s. 
n l 2,61 2 ,40 2, 'Zl 

-----------------~--------------~-------------L--~~53-----~~90 _____ 2,5.:_ _____ _ 
Oonstituants Schiste argileux, I .A.rgile, mineraux .!rgile, beaucoup de 
aluainosilicatea ineraux argileu:x, argileux: hydro- matieres organiques 

bydromica, caoli- mica, montmoril- montmorillonite 
ainera- ni te · 

1 
lini te 

;;::;;;-- ~~~!~~f;t~~;~~-r~'.~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~==~:~~~~~~~~~~~ 
Re~ua de temisage~ I 

~i~~:-- ~~~~~~=~_'.'.=~ l -;;~;----------- ----;;~~-------- ----;~~;~--------11 
e cuis- 1400 •c , 0,5 4,01 6,29 

9on ------ ~----------------J_--------------------------------------------------------------

Ooapo-
sition 

et de la phase liquidet calcules a partir pales mati~res formant clinker s'est pro-
des donnees relatives a l'allure de l'assi- duite a des temperatures plus elevees et 
ailation de la chaux au cours des cuissons dans un intervalle plus etroit de tempera-
des melanges bruts synthetiques eftectueea tures. 
au laboratoire [6] tigurent dans le desain Les charges a baae des argiles bydromica-
2 et sont en assez bon accord avec les ef- cee et mixte occupent une position interme-
fets thermiques obaerves sur les courbes diaire entre lea melanges C et D quant aux 
.A.TD (tig.1). . caracteristiques qu'elles manifestent lors 

. L'analyse de• phase• par diffraction des du traitement t1larmique. 
rayons X a haute temperature et l'analyae L'analyse thermogravimetrique des melan-
des phases par diftraction des rayons X dans ges bruts industriels et synthetiques a 
lea produits de cuisson des melanges synthe- montre (Tableau 2) que la decarbon±sation 
tiquea ont montre que dans le domaine de s'y produit selon un mecanisme complexe et 
1000 a 1200•0 11 y avait, dans la charge c, s'effectue en deux etapes, lea valeurs des 
disparition du quartz, accroissement de la energies d'activation pour la dissociation 
teneur en CjA, formation de belite nette. des carbonates A la seconde etape etant, 
Dana le melange D, la belite ne s'est tormee en regle generale, superieures A Ea de la 
qu'aux t•peraturea superieures a 110•0 premiere etape.Les resultats obtenus avec 
(c •est-a-dire que sa fomation est decal.ea les echantillons aynthetiques ont confirme 
de .. 100 a 150•0 par raiport au melange c) ;en et complete les donnhs obtenues avec lea 
plua, au-dela de 1200 11 y a eu une cristal- melanges brute industriels, en montrant 
liaation intense de l'alite. Il a'ensuit que bien, d'une part, le role que joue la na-
dans eette charge la synth•se des princi- ture mineralogique des constituants lors de 
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Tableau 2 

Oaracteristiques thermochimiques des melanges bruts des trois groupea 

ca-
rac
te
ri
sti
ques 
ther
mi -
ques 

Pertea 
de 

po ids 

-aoiouiiion-ais-ia= 
tieres organiquea 
et deshydratation 

Decarbonisation 

Energie d'activa- Stade 1 
tion de la decar- - · ------------

' bonisation Stade II 

Tem
pera
tures 
carac
te
rir 

tiques 

Temperature du de-~ 
but de decarbonisa 

_;:~~~--%----a--ra- -~~~-- 7
4-0 

~empera~ure • a 
decarboniaation i 
maxi.male I 980 955 
-----~-------------~-----
Tau exotherm. I I 

~I h:: 1 1~ 
~;;-e~nerm:----~~55--r~370--

Ohal.eur de dissolution, 
· cal/g 

-120o 0c -------------r-=---r-550--
--------------------~-----4-------140000 

760 

970 

-'(3~0-------

563 

84 

~ la f ormation du clinker, surtout au stade des 
reactions intervenant dans la phase solide, 
et del'autre, elles donnent lieu a penaer 
que la cause essentielle de l'absence des 
effete thermiques de formation de mineraux 

~ 
, sur lea courbes ATD des quelques uns 
des melanges bruts au-dessus de 1000°0 re
side vraiaemblablement dans une formation 
precoce de CzS, simultanement aTec le pro-
cessus de decarbonisation, dissimulee sur 
les courbes thermiques par un endo-eff et et 
la dissociation du carbonate et la coinci
dence, selon [7], de l'etat actif de l'oxyde 
de calcium et des mineraux appartenant aux 
alumino-silicatea, modifies sous l'effet de 
la chaleur; et la formation d 1 alite etalee 
le long de .l'echelle de temperaturea,a cause 
de la combiRaison entraTee de CaO avec le ai
licate dicalcique recristallise. Il est pos
sible que le ral.entissement di dernier stade 
de formation du clinker est du lui auasi A 
la recristallisation de l'oxyde de calcium 
non entre en reaction. A la lumiere des re-
cherches dont il est question, on coaprtnd 
aiseement pourquoi un sChlamm (E) se prete 
difficilement A l'agglomeration, malgre les 
bonnes apparences de la matiere premiere 
(craie et compositions argileuses a partir 
des aineraux d'hydromicas, de caolinite et 
de montllorillonite).Dans les experience• 
que l'auteur a executees avee aes colleguea 

~ 

100 300 5CO ~ ~ 1100 1300 

1 · 

2 

3 

2 

')_ 

8 · dana les conditions induatrielles, aux 
tours mesurant 5%185 m , en utilisant dea 
.chlamas d 1 une composition plus groaai•r• 
(le conatituant ~gileux etant represente 

-----.f Fig.1. Derivatogrammes des melanges 
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bruts des trois groupes:1-premier .groupe; 
2 - deuxieme groupe; 3· - troisieme groupe 



par un lJJnon),en comparaison des achlamms 
cour8DIJDent utili~s le constituant carbona
M etant le meme (la craie), on a constate 
que la consoIDJllation specifique de chaleur 
a diminue de 3~ et les pertes aTec les pous
aieres, rapportees aux matieres premieres . 
aeches, ont qiminue de Z'. Ce dernier re
sultat est du au decroissement de la teneur 
de la matiere a cuire en granules de petite 
taille. . 

c•est ce qui a perm.is de supposer qu•en 
cas de schlamms a ba•e de.limons un traite
ment thermique moins intensif est necessaire 
dans la zone d'agglomeration pour faire en
trer la chaux en reaction et pour achever 
la formation du clinker, par rapporiJ aux 
matieres premieres plus tendres. 

Oompte tenu des resultats obtenus, une 
circonspection s'impose quant aux reco:mman
dations de la communication 9 sur l'uti
lisation aouhaitable des argiles montmoril-
lonitiques dans la fabrication du ciment. 

Les donnees que nous avons obtenues s'ac
cordent avec celles de la communication 10 , 
qui mettent e·n evidence que l'ap:tritude de 
certains melanges a la formation de la be
li te est differente de celle a la formation 
de l'alite. 
Il ressort de ce qui vient d'etre dit que 

la nature mineralogique des matieres pre
mieres joue un role important dans la for
mation du clinker, en determinant le atade 
du procesaus qui se deroule en phase solide 
et ayant par la des incidences sur !'agglo
meration aefinitive en phase liquide, et 
que l'analyse thermique conjugu~e a d 1 autre• 
methodes de la thermochimie perm.et de pro
nosti quer lea aptitudes reactionnelles des 
melanges brute. 
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Fig.2. Zones ae hautes temperatures des 
courbes ATD pour les melanges bruts syn
thP.tiques: 1-melange A; 2-melange B; 

3-melange C; 4-raelange D 
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Fig.3. Effets thermiques globaux de for
mation de mineraux: 1-melarige A; 2-me

lange B; 3-melange C; 4-melange. D 
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Influence of temperature, grain size and the amount 
of added water on the development of the-porosity 

and surface size during the hydration .of. c3s 
Influence de la temperature, de la granulometrie et du dosage 

en eau sur le developpement de la porosite 
et de la surface specifique du C3S hydrate 

R. TRETTIN and W. WIE;KER, Zentralinstitut fur Anorganische Chemie der Akademie der Wissenschaften der DOR -
Berlin - RDA 

Summary: 

The change of the specific surf~ce areas of hydr~t~d c3s was meqsured by nitrogen Rdsorption 
in dependence on the temperatur (5-75 °c), the water/solid ratio and the grain size. 
After the end of the induction period the specific surface area of the hydrated pRstes in
creases strongly, goes throue;h a mr:iximum ~lfter 10 up to 168 11ours depending on the re a.ct ion 
conditions. The occurence of this me.ximum can be interpreted as a result of the formtlt ion 
of highly dispersed x-ray amorphous calcium hydroxide. 
At the end of the induction period the specific surface ~rea of hydration products incre~ses 
exponentially and gives a maximum at the same time at which the hydration heat evolution h~s 
its maximum too. The hight of this maximum becomes lower as the temperature of hydration 
decreases, the grain ~ize and the wnter/s6lid ratio increases. The following reduction of 
surface of hydration products is in high degree dependent on the temperatur. 
The pore-size distribution was calculated from the nitrogen sorption isotherm datR in c

3
s 

hydrated for 28 days. It was obtained, that with increasing temperatur, W/C ratio nnd pRr
ticle size the quatitity of pores having a radi~s smaller than 20 i is larger. 

RESUME : Les variations de la surface specifique du c
3

s hydrate ont ete mesurees par adsorptim 
d'azote, en faisant varier la temperature (5 a 75°C), la granulometrie et le dosage en eau. 
Apres une periode de latence, cette surface specifique augmente fortement, et atteint un maxi
mu~ au bout de 10 a 168 heures, suivant les conditions operatoires. Le maximum se~ble resulter 
de la formation de chaux amorphe. 

Apres la periode de latence, la surface specifiqoe cro1t exponentiellement avec le temps et at
teint son maximum en meme temps que la chaleur d'hydratation. Ce maximum diminue si la tempera
ture s'abaisse, ou si la dimension des grains et la teneur en eau augmentent. Cette diminution 
depend principalement de la temperature. 

La · distribution granulometrique des pores a ete mes~ree, par adsorption d'azote, apres 28 joum 
d'hydratation. La dimension moyenne des pores est de 20 i ; elle augmente avec la tempe~ature, 
la dimension des grains anhydres et le dosage en eau. 
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1. Introduction 

From the literature /1,2/ it is known, that 
the hydration of c3s is accompanied with a 
strong increase of the BET surface, which 
is attributed to the formation of the CSH
phases. The purpose of our investigations 
therefore was to look for relationships be
tween the surfacesize developed and the re
act ion products formed in the different 
stages of the hydration process. 

2. Experimental 

Pure c
3
s (free Cao 0,2 .'G by weight, tri

clinic modification) ground to a Blain fi
neness of 3500 cm2/g was used. At appropi
rate times the hydration was stopped and 
the water was removed by treating with al
cohol and ether Rnd then the samples were 
dried by evacuation. All operations were 
performed in a co2-free atmosphere. The 
quantity of nitrogen adsorbed at - 196 °c 
was determined in a volumetric apparatur. 
The specific surface areas were abtained 
from the BET region adsorption isothe~ns. 
Pore structure analyses of samples were per
formed using the method of 3runauer and co
workers /3/. X-ray diffraction was used for 
quantitative determination of unreacted c

3
s 

in the hydrqted samples. The result obtained 
were used for the determination of degree 
of hydration. 
The Ca(OH) 2 formed during the hydration was 
determined by a modified extraction method 
of Franke /4/ and by x-ray diffraction. 

3. Results .and Discussion 

The measured changes in the surface area 
for c3s samples (W/C = 0,5) hydrated at 25°c 
is shown in Fig. 1.A. Immediately after the 
contact of the c3s with water occurs a first 
increasing of the surface area. After this 
it remains nearfy constant up to 2 hours.As 
can be seen from curve 1 in Fig. 1.A, in the 
further progress of the hydration the sur
face area is then converted to a increase 
again up to 56 days. The formation _of the 
maximum of the surface area of the hydrated 
pastes is remarkable and agrees to 'the re-
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sults reported by Harade et al /5/ and 
Kondo et al/6/. 
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Fig.1.(A) Specific surfece area of the dried 

paste (curve 1) and the products 
of hydration (curve 2) of eds 
(W/C = 0,5) hydrated at 25 C in 
function of the time of hydration. 

(B) Heat evolution measured by differ
ential calorimetry and the calcium 
hydroxide "content determined by ~ 

the extraction C•) and XRD (0) 
methods as function of the time of 
hydration. 

If the specific surface area is related to 
the amount of hydrated c3s (Fig.1.A, curve 2) 
it is seen that at the end of the induction 
period the surface area increases exponen
tially which coincides with the period of 
maximum htdration heat evolution measured by 
differential calorimetry (DCA). With de
creasing heat evolution the surface area of 
hydration products decreases to (Fig.1.A; 



stage III). This decrease is caused by the 
growth of calcium hydroxide and calcium 
silicate hydrate. The following maximum of 

surface ~re~sin the stage IV coincides with 
the prevously mentioned maximum of specific 
surface area of hydrated p~stes (curve 1). 
To understand why this is formed we invest
igated the liberation of calcium hydroxide 
from the c

3
s because there are no indica

tio~s that in this reaction period a trans

formation of the C-3-H phases occur. The 
calcium hydroxide content W!3.S determined by 
the chemical extraction as well as by XRD 
method. The results of both methods show 
partially remarkable differences, especially 
in the reaction time between 8 and 48 hour.a 
(Fig. 1.B). This difference can be explained 
by the assumption that a past of the calcium 
hydroxide is present in an amorphous form, 
so that it cannot be determined by XRD
methods, which was prevously suggested by 
3runauer and Kantro /7/. As can be seen from 
Fig. 1.A and B, the maximum of surface areu 
(in stage IV) coincides with the maximum 
amount of amorphous calcium hydroxide. This 
means that the amorphous part of the Ca(OH) 2 
exists in a highly dispersed form. 

Additional informations we got by proton 
spinlattic relaxation time (T 1 ) measurments, 
the results of which are shown in Fig. 2. 

T, 
u 
1000 

500 

100 

50 . ------~\~------------ ---.,_ 

8 20 50 100 150 
HYDRATION TIM£ ChJ 

Fig. 2. Course of proton spin-lattic relaxa

tion times (T 1 )as a function of time 
of hydration for c3s (W/C = 0,5; 
25 °c). 

After 2 hours T1 begins to decrease lineary. 
Beginning from nearly 8 hours T1 increases a 
littel bit and after a small maximum at 10-

18 hours is fo~med the T1-values decrease 
again. Similar results of T1 measurements, 
made on c3s pastes were reported by Kocuvan 
and coworker /8/; This maximum of T1 coinci
des with the already mentioned maximum of 
highly dispersed calcium hydroxide content 
of samples and the maximum of the surface 
formed in the hydration of c3s. Therfore it 
is assumed that the obseryed change in the 
spin-lattic interraction of the protons is 
connected with the formation and later cri
stallisation of the highly dis-persed pra.cti
cally amorphous calcium hydroxide. The ori
gin of the amorphous CR.(0H) 2 is not quite 
clear now, but we assume like Tadros et al 
/91 that the c~istallisation of the calcium 
hydroxide is poisoned by silicateanions. 
Addition~l measure~ents of specific surface 

. 0 
area of the hydrated pastes of c

3
s at 5 

and 75 °~ show as can be seen in Fig. J., 
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Fig. j. Specific surface area of a dried c
3
s 

paste (W/C = 0,5) hydrated at dif
ferent temperatures in function of 
the time of hydration 

that the maximum are shifted to shorter re
act ion times with increasing reaction tem
perature. This effect is in accordance with 
the heat evolution, the maximum of which is 
also shiffed to shorter reaction times with 
an increase in tempera~ure. 

For the hydration products can be observed 
besides the shortening of the period up to 
the Fapid surface area development by rais
ing the temper~tur an increase of the 

165 



,..,200 

°' ;:-. 
8 \ 

\ 
~ \ 
~150 r 
~ \ 

5°C 
e 25°C 

o 75°C 

~ . \ 
II) \ 

100 

50 

\ 
\ 

" \, 
i\ ./~· 

. ('-. .-·.J)-· -·-o 
\ a-· - ·-of-·-· 
'b---/ i 

3 7 26 
HYDRATION TIME Cd 1, 

Fig. 4. Specific surface area of the hydra

tion products of c33 C·UC = 0,5) 
hydrated at different temperatures 
in function of the time of hydration 

:1i ..ghts of the surface maximum (Fig. 4.). 
This increase of the hights of the maximum 
coincides with an increasing of the hydra
tion rate in the early hydration stages. 
From the pore-size distribution was obtain
ed, that with increasing temperatur the 
quantity of pores having a radius smaller 
than 20 ~ is larger. 

Another factor influencing the surface de
velopment in the c3s hydration is the grain 
size of the starting material. Fig.5. gives 
the results· of surface measurments of c3s 
hydration products in dependence of the 
grain size. 
It shows that the surface developed in
creases with decreasing grain size. Further
more the decrease in grain size results in a 
shortening of the time needed for the begin
ing of the surface development. The specific 
surface of the hydration products formed 
during the acceleration period increases 
considerable with a decrease in grain size. 
From the porevolume distribution curves 
Fig. 6. it is seen that with decreasing 
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Fig. 5. Specific surf~ce area of a dried c3s 
paste (25 °c; W/C = 0,4) different 
grain sizes as function of the time 
of hydration. 
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Fig. 6. Pore-size distribution of 28-day-old 
hydrated c 3s samples (25 °c; W/C 
0,4) for different grain sizes. 

grain sizes a strong increase of pores with 
radii smaller than 20 ~ is connected. 

The variation of the water/c3s ratio gives 
only small differences in the surface de
velopment during the c3s hydration. But it 
is pointed out, that the pore-size distri
bution is shifted to smaller pore radii 
with decreasing water/c

3
s ratio. 
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Determination of spec'ific surfaces of ·co-grinded materials 
with different grindabilities 

Determination des surfaces specifiques des materiaux 
de differentes broyabilites apres leur broyage simultane 

Dr. S.. TSIMAS, Dr. V. KASSELOURIS, Dr. CH. FTIKOS, Dr. G. PARISSAKIS, 
HERACLES General Cement Co. - National Technical University of Athens, 
Lab. of lnorg . and Anal. Chemistry, Greece. 

SUMMARY : It is well known that by co-grinding materials of different grindabilities the 
desired granulometric curve is not always achieved . The prediction of the granulometry as 
well as the final specific surfaces becomes more difficult when these materials are co-grinded 
in different proportions. 

The aim of this study is, in the case of co-grinding clinker and Santorin earth, to determine 
the resulting specific surfaces of each of these materials. 

Thus, it has been found that by increasing in the mixture the proportion of Santorin earth 
(which is easier to grind than clinker) the final values of the specific surfaces of both the 
materials are decreased. More specifically by grinding clinker and Santorin earth in propor
tion 70:30 and 60:40 the fraction of 3-30 µm is significantly decreased. 

RESUME: On sait qu 'en broyant ensemble des materiaux qe broyabilite differente, la courbe 
granulometrique obtenue est deficie.nte. 

La prevision de la granulometrie et des surfaces specifiques finales s'avere plus difficile 
quand ces materiaux sont broyes ensemble dans des proportions differentes. 

L'objet de cette etude, dans le cas du broyage du clinker et de la terre de Santorin, consiste 
a determiner les surfaces specifiques de chacu:n de ces materiaux dans le melange . 

Aussi on a trouve qu'en augmentant dans ce melange la proportion de la terre de Santorin (plus 
facile a broyer que le clinker) les valeursfinales des surfaces specifiques de deux materiaux 
diminuent. Plus particulierement ~n broyant du clinker et de la terre de Santorin dans les 
proportions 70:30 et 60:40 la fraction 3-30µm diminue d'une fa~on significative. 
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1. Introduction 

From previous works (1,2,3) it has been pro
ved that co-grinding of clinker with a poz
zolan leads to the production of cements 
which show various ·advantages, especially 
with respect to their physical properties 
compared to Portland cements. 

Pozzolans are, by nature, easier to grind 
than clinker, which means that with the same 
consumption of energy, the finenesses attai
ned from pozzolan are far greater than those 
from clinker. In addition the co-grinding of 
these materials which have different grinda
bili ties, results in a great differentiation 
concerning the final resulting specific 
surfaces of each one (4,~). The specific sur
face of each constituent must be known taking 
into consideration that both the pozzolanic 
material and clinker demonstrate thei~ bene
ficial properties over limit values of speci
fic surface. The prediction of the granulo
metry, as well as the final specific surfaces, 
becomes more difficult when these materials 
are co-grinded in different proportions. The 
aim of this study is in the case of co-grin
ding clinker and Santorin earth (S.e) to deter
mine the resulting specific surfaces of each 
of these materials providing a systematic 
analysis of the weight percentages of the 
materials to be ground. 

2. Experimental 

~:.1:.-~!:Q£~9~!:~ 

a) Co-grinding with 10,20,30,40% of Santorin 
earth. The mixture has been tested 2t Blaine 
finenesses of 3350, 37.00 and 4150 cm /g. Thus 
12 mixtures have been tested in total. These 
co-grindings have been worked out in a 510 mm 
x 340 mm laboratory mill. Both clinker and 
Santorin earth had previously been ground in 
the same mill separately, yielding the ·curves 
in fig. 1 · 
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The effect of grinding time on the 
specific surfaces of clinker and 
Santorin earth. 

These curves in combination with the Bond In
deces (clinker 14Kwh/S.t, S.e 12,1 Kwh/S.t) 
indicate the difference in grindability 
between the above materials. 

b) Granulometric analysis of each sample, by 
sieving for the range 90-56 µm and by the use 
of the Alpine method for the range 56 -11 um. 
Apparatuses used in both methods allow for 
further treatment of separated fractions 
( 5. 6) • • 

c) Determination of pozzolanic material in 
each fraction. This determination is based 
on the amount of insolub'ie residue after a 
suitable chemical treatment. 

d) Calculation of the specific surface for 
both the pozzolanic material and the clinker 
on the basis of the formula (7,8) 

where 

_p3 xr I SB == . 

p density of a constituent 
x = the percentage 6f a constituent 

in each fraction 
r the average radius of a fraction 

This calculation followed an extension of the 
granular gradation curves for the range below 
11 m. 

~:.~-Y~!:!E!£~!!2D_QE~!h~-~~!h29 

A total of 14 experiments has been conducted 
in order to secure accuracy of the method. In 
these experiments clinker and Santorin earth 
of known specific surfaces were mixed toge
ther. The results of the above experiments 
are presented in the following table I, where 
the specific surfaces are measured with Blaine 
apparatus. · 

"ABLE I. Measurements of the accuracy of the 
method 

CEMENTS CLINKER 
)pee. surf. Deviation Snee. surf. Deviation 
leas. Cale. % Meas. Cale % 
3360 3356 o, 1 3200 3198 0,0 
3360 3302 1,7 2890 2931 1,4 
3300 3310 0,5 3000 3149 5,0 
3350 3419 2,0 
3620 3609 0,4 SAN'IDRIN EARI'H 
3350 3399 ' 1, 5 4340 4396 1,3 
3360 3344 0 ,4 5800 5783 0,3 
3350 3289 1,8 6000 5790 4,7 

~:.~-E~§~1t§_~D9_9!§£~§§!QD 
The results attained are summarized in 
Table II. 

•nABLE II. Specific surface of each constituent 

).e Srec. surf. of the mixture cm2 /a (Blaine) 
% .:s.:5'.:>U J/UU 4150 

Cl. S.e Cl. s.e Cl. S.e 
10 2980 7100 3500 7680 3830 8200 
20 2840 5820 3280 6800 3630 6950 
30 2680 5650 3170 5600 3380 5900 
40 2600 5070 3030 5450 3120 5700 
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Fig. 2. The specific surfaces of clinker, Santo~in earth and their mixture for several 
percentages of Santorin earth and several finenesses of the mixture. 

a. From Table II and the relative Figure 2, 
it appears that: 
- The specific surfaces of each material are 
considerably differentiated during their co
grinping with decreased specific surface in 
case of clinker and increased specific in 
case of Santorin earth. 

- An increase·in the percentage of Santorin 
earth results in decreased values of specific 
surface for both clinker and Santori~ earth 
compared to their respective values when the 
Santorin earth percentage in the mixture is 
less. 

b. Similar conclusions are derived from the 
observation of Fig. 3 which depicts the chan
ges in the specific surface of clinker in re
lation to the mixture's specific surface, for 
various percentages of Santorin earth. It is 
noticed that when the Santorin earth percen
tage is increased, the clinker's specific 
surface is increased at a more ~ronounced 
rate for the range 3350-1700 cm /g than for 
that between 3700-4150cm /g. 

c. On the basis of Fig. 3, the specific sur
face of the mixture may be calculated by ta
king into consideration the percentage of 
Santorin earth in it, so that the specific 
surface of clinker reaches a certain value. 
Specifically, if c2inker should have a fine
ness of 3050+ 50cm /g (Blaine),the suggested 
specific surfaces (Blaine) of the mixture are 
as follows: 

3400:!: 50an~/g 
3500+ 5~/g 
3650~ 50~/g 
3800± 50an /g 
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for a mixture with 1 0% Santor in earth 
20% 
30% 
40% 
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N 

10% f:: 
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•rl 
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3000 3500 4000 4r'.>~0 

Specific surface of the mixture (cm lg ) 

Fig. 3. Relationship between the specific 
surfaces of clinker and mixture for 

several percentages of Santorin earth. 



d. Table III shows the percentages of mixtute 
and its constituents in the 3-30µm fraction. 
As it is clearly seen from this table an 
increase in S.e. causes a decrease of the % 
of clinker in the above mentioned fraction. 

rABLE III. Percentage of materials for the 
3-30µm fraction. 

s.e 3350 3700 4150 
Can. Cl. s.e Can. Cl. S.e Can. Cl. S.e 

10 53.0 53.5 46.0 52.5 53.0 40~0 59.0 59.0 49.( 
20 50.5 50.0 51.0 47.0 48.0 40.0 50.0 51.0 42.' 
30 45.5 44.5 48.5 43.0 44.0 40~0 41 .5 44.5 38 .c 
40 41 .o 41.540.5 44.5 42.0 45.0 45.0 44.0 48.C 

3. Problems arising form grinding materials 
of different grindability and suggested 
solutions 

From the above it is concluded that an inc
rease in the Santorin earth percentage comp
licates the co-grinding process and leads to 
smaller specific surfaces both for clinker 
and Santorin earth. Moreover, the above men
tioned increase results in a decrease of the 
3-30 µm fraction. 

This reduced grindability of the constituents 
may be attributed to the following: 

a) The overgrinding of Santorin earth during 
its co-grinding with clinker is partly due to 
the latter's behaviour as a grinding medium. 
Thus, an increase in Santorin earth propor
tion and a corresponding decrease in clinker 
make the clinker's role as a grinding medium 
less significant and therefore, grinding is 
made more difficult. 

b) Due to its smaller bulk density a higher 
proportion of Santorin earth causes an in 
crease in the loading of the mill. As a con
sequence, the passing of clinker through the 
mill is made difficult. 

Solutions to these problems which are more 
pronounced for percentages higher than 20% 
are suggested below. 

As laboratory testings have shown, Santorin 
earth forms a 75% residue on the 90 µm sieve. 
Thearfore, for the separation of the 25% fine 
fraction the use of an air-separator is 
recommended on an industrial scale. In this 
way the overgrinding of this fraction is 
eliminated, while operations in the mill's 
second compartment are facilitated. 

A change in the gradation of grinding media 
inside the mill is necessary, especially in 
the secon~ compartment, so that the quantity 
of the grinding media of small diameter is 
considerably increased. 
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Influence of MgO on phase composition of PC-clinker 
and on cement properties 

L 'influence de la magnesie sur la composition de phases du clinker 
Portland et sur /es proprietes du ciment 

K. POPOVIC, Civil and Construction Engineering Institute, Faculty of Construction Sciences, University of Zagreb, 
A. BEZJAK, Faculty of Pharmacy and Biochemistry, University of Zagreb Yougoslavie. 

SUMMARY: According to X-ray diffraction results, the increase from 0 to aoprox. 2.5% MqO 

content in clinker (potential composition: c3s 57, c2s 23, c3A 10 and c4AF 10%) causes 

considerable lowering of c 3A and belite, with simultaneous increase in alite and ferrite 

phase content. Opposite effects are, however, the consequence of MqO additions exceeding 

2. 5 % • The intensities of these phase changes are closely associated with the cooling rate 

of sintered mixes. 

Despite the said differences in phase composition, cements without and those with MgO addition 

were found to be quite similar in respect to the rate of hardening. The heat of hydration has 

exhibited the expected changes brought about by various c 3A contents in clinkers. 

X-ray diffract.ion has also established that the degree of hydration (o() of alite does not 

significantly differ for MgO and MgO-free . samples. 

RESUME: Les resultats de la diffraction des rayons X indiquent que l'auqmentation de 0 a 

environ 2.5 % de la teneur en magnesie dans le clinker (composition ootentielle: c 3s 57%, 

c2s 23%, c3A 10% et c4AF 10%) cause une diminution considerable de c3A et de la belite, avec 

une augmentation simultanee de la teneur en alite et en phase ferritique. Si toutefois 

l'addition de MgO depasse 2.5%, on obtient des effets opposes. Les intensites de ces chan

gements des phases sont etroitement liees ~ la vitesse de refroidissement des melanges cuits. 

Malgre les differences mentionnees dans la composition des phases on a constate que les 

ciments avec et ceux sans addition de MgO sont similaires quant a la vitesse de durcissement. 

La chaleur d'h¥dratation a montre les changements prevus resultant des teneurs differentes 

en c
3

A dans les clinkers. 

La diffraction des rayons X a aussi confirme que le degre d'hydratation (CX.) de l' alite ne 

diff~re pas significativement pour les echantillons renfermant la magnesie et les echantil

lons qui ne la contiennent pas. 
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1. INTRODUCTION 

Magnesi urn oxide is of particular interest in 

cement manufacture mainly due to the unsoun

dness of the product that it can bring about 

if pr~sent in greater amounts. When exploring 

various rnineralizers in order to improve the 

sintering process of white cement, however, 

the addition of MgO to the raw mix was obser

ved to significantly affect the phase compo

sition of the clinker. Several researchers 

l- 5 ) have ~oticed certain changes in the 

phase composition of clinker under the in

fluence of MgO, and the present work descri

bes the results of systematic investigations 

concerning the effect of magnesia on the pha

se composition and on some cement properties . 

2 . EXPERIMENTAL PROCEDURES 

2 . 1 . The influence of MgO on the phase com

position of clinker was studied on the C S-3 
c

2
s-c

3
A system corresponding to white cement, 

and also on the system of normal portland ce

ment clinker c 3s-c2s-c3A- C4AF. Table 1 shows 

the potential mineral composition of the 

observed clinkers . 

TABLE I 
Potential mineralogical composition 

of clinker samples 

Clinker Phris"" conten-t- rwt %) . 
c 3s c 2 s c 3A I c 4AF 

-

W-1 55 30 15 -
W- 2 5 75 20 -
w..., 3 15 65 20 -
W- 4 32 48 20 -
W-5 48 32 20 -
W- 6 75 5 20 -
W- 7 25 25 50 -
N- 1 5 7 • 1 2 4 • 5 7 • 6 9 • 9 
N- 2 65 15 10 10 
N- 3 5 0 . 6 3 9 . 4 10 -
N- 4 4 8 • 8 I 3 8 10 3 . 3 
N-5 47 I' 36.5 10 6 . 6 
N- 6 45 35 10 10 
==============d============================= 

Several tests were carried out on the c s-
3 

C2S system too with varying variations in the 

potential proportion of particular minerals. 

The clinkers were synthetized from pure 

chemicals (W-2 to W-7 and N-3 to N-6) and 

also from industrial raw materials (W-1,N-l 

and N-2) containing practically no magnesia . 

MgO was added to the raw mix in the amount 

up to 5% by weight of clinker . The samples 

were sintered in•a laboratory electric fur

nace of the "Kanthal" type at 145o 0 c and 

remained at the sinterincr temperature for 

one hour . Cooling was effected in two ways : 

the majority of samples were subjected to 

rapid colling being exposed to room tempera

ture; with the other samples slow cooling 

was applied from the sintering temperature 

to the temperature of 1300°c in order to 

allow the melt to crystallize in equilibrium 

with the solid phase, and then the samples 

were cooled rapidly being exposed to room 

temperature . X-ray diffraction served to 

establish the phase composition of the clin

kers. 

2 . 2 . The influence of MgO on cement proper.;. 

ties was studied on the system of normal por

tland cement by comparing MgO-free samples 

with those containinq the amount of MgO that 

brought about the greatest phase changes . 

MgO-free industrial raw mixes were used and 

the sintering was carried out at 145o 0 c, 

with rapid cooling. 

The potential composition computed according 

to Bogue's formulas and the actual phase com

position of the observed clinkers determined 

by X-ray diffraction are given in Table II. 

I TABLE II 

Composition of clinkers for cement 

l properties examinations (Wt %) 

! MqO free 2.3% MgO 
I Bogue x ray Bogue X-ray 

~3s 57 50 55.6 60 
28 23 30 22 . 5 20 

C A 10 10 9.8 3 
C3AF 10 5 9.8 9 
M~O - - 2.3 0 

=======l:::=======C:: =========-=================== 
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The clinkers were subsequently ground to 

Blaine fineness of 3200 cm2 /g, with the ad

dition of gypsum ( 2. 9 % so3 ). In the cements 

obtained, determinations were performed of 

the strengths and of the heats of hydration. 

X-ray diffraction was applied to determine 

the degree of hydration of alite over the 

period of three days. 

3. RESULTS AND DISCUSSION 

3.1. The investigation of the c 3s~c2 s-c 3A 
system has established that MgO,if qdded up 

to the "characteristic " amount of approxi

mately 2%,brings about lowering of the alu

minate and c 2s-phase with a parallel increa"."" 

se in the alite content.The addition of MgO 

in amounts greater than 2% had the opposite 

effects e.g., an increase in the c 3A and c 2 s 

contents and a decrease in the alite content. 

Figure 1 (left) shows such changes in the 

intensity of diffraction peaks for individu

al minerals obtained on clinker W-1. In case 

of raw mixes with very high proportion of 

alite, there is no increase in alite content; 

instead free Cao appears in the clinker 

(Fig. 1- right). 

Bogue : 
C3S 55% 
Ci£ 30% 
C3A 15% 

C2S 
10~ 

MgO 
0 1231.5 % 

I 
(mm) 

100 , 

75-

50 

Bogue: 
C3S 75 % 
C2S 5% 
C3A 20% 

25 ~o 

/ ~ MgO 

01231.5% 

Fig. 1 - Phase changes in system c 3s-c2s-c3A 
caused by MgO (intensities of X-ray 
peaks) 
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The "characteristic" magnesia content caus

ing the greatest changes in phase composition 

is proportional to the potential c 3A content 

in clinker: it amounts to 2% for the clinker 

with 15% c 3A, 2.3% for the clinker with 20% 

c
3

A and about 4% if the mix contai_ns 50% c 3A 

(Fig. 2) . It is also in mix W-:7 that the ad

dition of MgO causes the appearance of free 

Cao, instead of an increase in alite. 

(ml Bogue: 
C3S 25 % 

175 C2S 25% 
C3A 50% 

150 

12 

so )\~ Cao 
2 

MgO 
0 2 3 I. 5 O/o 

Fig. 2 - Phase changes in system c 3s-c2s-c 3A 
(sample with 50% CA) caused by 

MgO (intensi"ties of ~-ray peaks) 

Free MgO as periclase appears only if the 

MgO amount in the mix is greater than the 

"characteristic" one. This is particularly 

interesting in mix W-7 potentially incorpora

ting 50% C3A. 

In the c 3s-c2s-c 3A-C 4AF system the addition 

of MgO, up to its "characteristic" value 

also reduces the c
3
A and c 2s amounts in clin

ker with a parallel increase in the contents 

of c 3s and the ferrite phase. MgO content 

exceeding the "characteristic" one will pro

duce opposite effects in that case too. 

Typical changes in the proportion of clinker 

minerals determined in clinker N-2 are pre

sented in Figures 3 and 4. 



77 

75 

73 

71 

6 

Bogue : 
c3s 65% 
c.p 15% 
C3A 10% 
C4AF 10% 

MgO 
2 3 I. 5 °lo 

2 

MgO 
2 3 I. 5 % 

Fig. 3 - Changes in c 
3
s- and c2s-pha'se con

tent (system c1s-c2s-c 3A-C 4AF)caused 
by MgO (quantiEative X-ray analysis) 

2 

I. 

Bogue: 
C3S 65 °lo 
CzS 15 °lo 
C3A 10 °lo 
C4AF 10 % 

3 

2 3 I. 

MgO 

5 % 

Bogue : 
C3S 65% 
C2S 15% 
C3A 10% 
C4AF 10% 

MgO 
5 % 

Fig. 4 - Changes in c
3

A- and c4AF-phase con
tent (system c3s-c s-c

3
A-C

4
AF)cau

sed by MgO (quantitative X-ray ana
lysis) .' 

A further effect of maqnesia addition is the 

change in the composition of the ferrite 

phase. Based on the position of diffrac

tion peaks it has been established that, de

pending on the MgO present, the ferrite pha

se has the composition, shown in Table III. 

TABLE III 

Ferrite phase composition depending on MgO 
content 

% MgO mol % C2 F mol % c2A 

0 45 55 
0.7 55 45 
1.5 62.5 37.5 
2.3 65 35 

~============================~~============~ 

Free MgO as oericlase appears also in this 

system only if the amount of MgO added is 

greater than the "characteristic" value. 

All the described effects were noticed only , 

in case of rapid cooling. 

The phase changes are the due to differences 

in the amount and composition of the liquid 

phase during sintering which result from the 

different MgO proportions in the raw mix. In 

the slowly cooled clinkers, where the melt 

has crystallized in equilibrium, no changes 

in phase composition have been noticed 

caused by magnesia. Neither irn the c3s-c2s 
system where the reaction at 145o 0 c occurs 

almost exclusively in the solid ?hase, the 

addition of MgO did not affect the phase 

composition regardless of whether rapid co

oling or slow cooling was applied. 

3.2. The determination of strengths of ce

ments obtained from MgO-free clinkers and 

those with MgO added (Table II) has yielded 

the results shown in Table IV, whereas Table 

V presents the heats of hydration of the sa

me cements determined by the vacuum flask 

method. 
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TABLE IV 

Compresive strengths of cements with and 
without M~O (N/mm2) 

Cement paste 
(w/c=0.4) 
lxlx4 cm 

MgO free 
2.3% MgO 

Cement mortar 
( 1: 3) 
(w/c=0.5) 
2x2x20 cm 

1 day 3 days 7 days 28 days 

11.8 25. 7 
9.6 27.8 

48. 7 
43.0 

77.2 
87.2 

MgO free I l J. 4 130. 0 4 3. 4 6 3. O 
23% MgO 12.9 127.1 42.0 60.7 
===============~====== ======-=====:======== 

IL TABLE v 

H __ e_a_t __ o_f_h.;...y~d.:..:..:.r.=.a-=tr:i-o~n:.;;L.:o::....f....!...:c::.:e::.m::.eL...:2.n.;...t_s_w_i_t_h_a_n_d_-J without MqO (cal/q) 

MgO-free 
2.3% MgO 

3 days 7 days 

85.5 
74.9 

92.7 
82. 3 

====\===========================..!:::============ 

The results clearly indicate that the deter

minations of the heat of hydration for ce

ments without and those with MgO exhibit dif

ferences that have been expected owing to the 

different proportion of c3A in the clinkers 

from which the cements were made. 

The strengths developed in cements not ' con

taining magnesia, however, do not significan

tly differ, from those in cements with MgO 

despite the considerably higher alite content 

in cements with MgO additon. It appears that 

the propo~tion of c3A in cement has a very 

important role in strength development, par

ticularly at early ages; as already mentioned 

c3A proportion is much lower if cement con

tains MgO; thus the higher ali te content in 

the cement with MgO is compensated. 

The study of alite hydration over a 3-day 

period has proved that its degree of hydra

tion is similar in samples with and those 

without MgO, the hydration rate being, howe-
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ver, slightly higher in cements with MgO 

(Fig.5), 

1~ 

-0 

2 QI 

~ 
en .g 

// 
/ 

¥ 

12 

~~~-~~e:_~ 
/ --r-

//// MgO 2.3 °/o 

time 
21. 1.8 72 (h) 

Fig. 5 - Rate of hydration of alite for ce
ments with and without MgO 

Because of the great lowering of c 3A content 

_,under the influence of MgO, considerable 

ch~nges in the sulfate resistance of cement 

can also be e\Xpected. Such investigations 

are in progress. 
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A method for determination of free CaO (Ca (OH)2) 
in binding materials 

La determination de la chaux fibre dans des materiaux cimen.tes 

A. MITUZAS, Cand. Sc. (technics), Head of the Laboratory, 
J. MITUZAS, Cand. Sc. (chemistry), Head of the Laboratory, 
L. RAMANAUSKIENE, engineer,« Akmencementas », N. Akmene. USSR. 

RESUME : Nous avons elabore et verifie une methode de determination a la temperature ambiante 
du Cao ou Ca(OH) 2 libres dans les briques hollandaises et autres materiaux cimentes durcis. 

Comme solvant, on peut se servir d'ethylene-glycol deshydrate ou son melange avec un de ses 
composes de la classe des alcools en ajoutant Ca (N0

3
)

2
, Sr (N0

3
)

2 
BaCI etc. Avant l'analyse, 

on fait bouillir le solvant avec un des produits ajoutes, puis on le faft refroidir jusqu'a 
la temperature ambiante. Le solvant amene au pH necessaire est pret a l'utilisation. 

L'analyse est faite a un pH constant controle d'une fa9on potentiometrique, Cela permet de 
faire la mesure d'une fa9on automatique suivant le schema pH-metre-bloc de titrage automatique 
-enregistrement des resultats. 

SUMMARY: A method for determination of free Cao or Ca(OH) 2 in clinkers,Portland cements, 
other binding materials and their hardened products at room temperature has been 
developed and checked by authors. 
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Anhydrous ethy!ene glycol or its mixture with one of compounds from group of al
cohols with Oa(N03)2 ,Sr(N03)2 ,BaCl2or other dehydration agents can be used as sol
vent. Before the analysis solvent is subjected to boiling and subsequent cooling 
to room temperature. 
The analysis is carried out at constant pH,which is controlled with the help of 
potentiometer. This allows to carry out the automatic analysis according to the 
following scheme: .pH - meter-block for automatic titration -recording of the re
sults. 



INTRODUCTION 
At present determination of free Cao or 

Ca(OH) 2 amounts is one of the important pro
blems xn chemistry and technology of binding 
materials.· Many scients are carrying out re
search work in this field in different oont
ries (1,2). 

Among well-known methods for free Cao 
(Ca(OF, )2 ) determination the following ones 
find an extensive use: l)Bmmly modified by 
Bogue and Lerch (J); 2) Branderburg,s one 
(4); J) Pranke modified more than once and 
at present time to be used in the form pro
posed by Pressler,Bru.nauer,Kantro and Weise 
(6) in which either variation of extraction 
time (TV.U.) . or solution (SVM.) amount are as
swaed. 

Methods (J,4,5) are based on selective 
dissolution of free Cao (Ca(OH) ) in speci
men under investigation in corrisponding sol
vents at their boiling temperature and so ac
cording to the method (6) the material to be 
analyzed can be treated in a certain solvent 
at boiling temperature and as well at room 
temperature with the following determination 
of free Cao transited into solution by volu
minous methods. 

However the specificity oi methods (ana
lyzing at boiling temperature /J,4,5/ or the 
separation of the material to be analyzed by 
filtering (5,6) rusult in some difficulties 
in the case ·ot automatization and evaluation 
of experimental results for instrumental met
hods employment for analyais (potentiometrie, 
coul01Detric,titration,etc.). 

The method developed by the authors of 
this paper allows to carry out the analysis 
of free Ca~ (Ca(OH) 2 ) content in binding ma
terials and. products of their hardening at 
room temperature and simultaneously solves 
the problem of .automatic system development 
for a given component analysis. 
li. UPRRDWJTAL PROCEDURB 

rature was used as solvent.Boiling is oarri
e'\_ out in Brlenmeyer flask w1 th reflux con
deser supplied with tube filled with soda 
lime and Bunsen valve not allowing air ac
cess to the content in the flask. 

After solvent boiling and -cooling ace
tonitrile (1 ml CH CB to 5 al of ethylene 
glycol) has been a~ded for viscosity decre
asing. This aprotic solvent not showing aci
dity properties.Possesses o~ a relatively 
high dielectric constant ( f • 37, 5) and plays 
an important role at the employment of poten
tiometric analysis methoda,which were used 
by us in the present work. 

In reality the aDal.ysis was carried out 
in mixed solvent consisting of polar (ethy
lene glycol) and aprotic (CH3CNJ components 
at the ratio of 5:1. 

Thus~H of prepared solvent has attai
ned 9,2~/ by addition of 1% KOH solution 
in ethylene glycol. 

Glass electrode with al' function was used 
as indicator electrode and silver chloride 
electrode filled with saturated water solu
tion of potassium chloride served as ref e
rence one. 

After attaining requiredxii'- of sol vent 
the material to . be analyzed was placed 
in certain amounts into the cell for titra
tion and after switching on magnetic stir
rer automatic titration system was switche4 
on. During the analysis proceeding solvent 
pH with substance to be analyzed was in the 
range of 9,20-9,25.pH reducing to 9,20 was 
caused by cell inertness after addition of 
next portion of titrant,particulary in the 
final stage of determination. 0,2N solution 
of dehydrated benzoic acid in isopropanol 
has been used as titrant. 

The principal scheme of potentiometric 
titrometer is given in Pig.l. 

The final moment of titratiODL is consi
dered achieved when pH variation of solvent 
does not exceed 0,05 in the period of 20 min. 

2.BXPBRDIENTAL RESULTS 
Por the evaluation of the suggested met

hod reliability the determinations of Cao 
(Ca(OH) 2 ) were carried out on the same spe
cimens ny other well-known chemical methods. 
The following methods developed by different 
authors were empl. 01ed:Emmly,s modified by 
Bogue and Lerch (JJ;Branderburg (4); Franke 
modified by Pressler and etc. (6). 

. Short characteristics of smployed mate
rials are given in !able 1 and experimental 
results - in Table II. 

In the series· of experiments it was found 
that the temperature increase during the tre
atment of ethylene glycol 7( with addition of 
different dehydrating aalts of type Ca(BO )2, 
Sr(N03 ) 2,BaC12 ,LiCl etc.with the followi~ 
cooling of soiution to room temperature re
sults in al.ways increasing intensity of Cao 
(Ca(OH) 2 ) dissolution. The highest reactivi
ty rela~ive to Cao (Ca(OH) 2 ) has been attai
ned after boiling with foliowing cooling of 
pure ethylene glycol (boiling temperature 
{b.p.) 197°0) with Ca(BO ) addition.Purther 
in the present work purelethylene glycol with 
Ca(N03 ) 2 addition (60 mg to 1 ml ethylene 
glycox) boiled in the period of 5 min.and co-
~!t.YDg!~h!-!l£!!!!_2t-~l!£_l2_~~..l!!R!: _____________________________________ ~---------

x/~eataent ~emperature was contr0lled by addition of corre~onding alcohols. In tl:lia work 
i ebfollowing alcohols were used:isopropanol (b.p.-s2,5oc}; propyl alcohol (b.p.-97°c)· 

so utyl alcohol (b.p. - 10a0 c);butyl alcohol (b.p.-11a0 c)· amyl alcohol (b.p.-l)SOC),·~vc-
lohexanol (b.p.-l610C). ' " 

n/ 
. In some cases pH of the medium was different. 

%%%/ . 
In a given series of experiments all specimens to be analyzed have been ground to finen~ 
eas of 40)<.m in ~asper mortar.Io cautions were taken against action of aurrouncling atmos
phere to specimens duri:cg their grinding. 
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Table I. Composition of l$1nployed Materials 

Index Si02 il20J :Pe2o
3 

Cao KgO R2o SOJ 0th. Loss ot 
i~nition 

K 21,12 6,80 J,65 62,.37 .3,52 1,00 0,48 0,81 0,25 Clinker from rotary 
kiln. 

co 20,J5 6,53 J,84 60,95 J,05 0,84 1,76 1,55 l,lJ Portland cement hydra-
ted over different pe-
riods of time x/ 

Bo 20,96 6,20 4,lJ 64,70 2,66 0,60 0,48 0,09 .0,18 Portland cement hydra-
ted during lJ years. 

Bl 20,12 5,95 J,97 6J,47 2,50 0,58 2,28 O,J.3 0,80 Portland cement hydra-
ted during 9 years. 

s1 22,80 6,22 1,00 65,16 1,50 0,14 1,82 0,22 1,14 Portland cement hydra-
ted during lJ years. 

D 2,75 R2o
3

• 1,17 45,12 6,40 - - 1,09 43,47 Dolomite limestone 
R 20,10 5,96 4,04 56,97 J,50 1,77 1,80 2,54 3,32 Probe from· calcination 

zone of rotary kiln. 

Table II. Cao Amount (%) in Investigated Specimens xx/ 

Methods Suuuested method 

Index Emmly(mod.by Bo- Branderburg,s Franke (mod.bfu cao Analysis time 
sn1 e and Lerch l Pressler etc) (min.) 

K 0,20 0,28 - O,J) 55 
co 11,80 12,66 - 11,30 120 

0 

cl 9,09 8,78 -0 8,85 9,10 120 

c.3 10,03 11,07 - 10,12 90 0 

c1 10,4.3 11,.35 - 10,79 110 
0 10,2.3 

c28 11,39 1),06 - 11,90 180 
0 

c90 11,76 13,32 - 11,88 1.30 0 

~o 18,54 22,04 18,54 19,67 21~1 

19,57 210 

~l 17,99 19,37 17 ,88 18,44 21~1 

18,Jl 210 
18,58 240 

s1 12,61 15,12 12,47 14,22 27~/ 
12,45 14,29 210 

14,26 240 
~ 74,5J 76,7J 74,29 74,12 12 
!R. 11. l'i ll.41 11.•7 11.A.q 40 

x/ l day - c!; J days - c~ ;7 days - C~;28 days -c~8;90 days - cao ; curing (800C) -c~ 
rx/CaO content calculated on Calcined material. 
~/ Variant !Vil been used.Cao amount calculated after dissolution in 60,90 and 120 min. 

The final point of titration has been determined ·potentiometrically in the point 
of titration curve inflection (pH •J,05) 

xxz.x/ pH • 9,35 
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g 

6 

Pig~l. The priciple scheme of automatic po
tentiometric titrometer. 
l - recorder; 2 - pH-meter;J - automatic 
block for titration;4 -indicator electrode; 
5 - reference eleotrode;6 -:magnetic stirrer; 
7 - tube with ascarite; 8 - magnetic valve; 
9 - microburette. 

J.DISOUSSION 01 RB3ULTS 
Data given in Table II show,that CaO con

tent determined by the suggested method in 
investigated materials are in good correla
tion with results obtained by Bmmly and l"ran
ke methods,excluding quantities found in 
Portland cements hydrated over a long period 
ot time. Amounts ot Cao determined by Bran
derburg, s method mainly exceed that obtained 
in the work carried out by other methods. 
Most likely this is caused by partly dissolu
tion of other components of binding materi
als (2). 

Considering data on Cao (Ca(OH) 2 ) in Port
land cementsvhydrated over a long period of 
time (B

0
,B1 ,s1 ),results obtained by us are 

as it in "~he middle" am.oung the data obtai
ned by Branderburg,s metho4,and Bmmly and 
Pranke one. X-ray patterns1/ obtained on se
parate specimens after their treatment at 
room temperature and also at boiling tempe
rature (l'ig.2) show the absence of Ca(OH) 2 peaks indicating that really complete disso
lution of Ca(OH) 2 crystals has occured.Tre
atment of ethylene glycol with dehydrating 
salts~ elevated temperatures leads to com
pound formation,composition of which was 
not determined in this work.Although namely 
this new compound of solvent favours disso
lution of calcium silicate hydrates or cal
cium alumina.ta hydrates at pH<'.9,0,and that 
o~ Ca(OH)2 only at higher pH. 

18,5 16 

3 

34,9 30 34,9 

18,5 16 

2 

30 34,9 

18,5 16-28 

30 -2B 

Pig.2.X-ray patterns of some investigated 
specimens. t 

l - sl after treatment by suggested mehod; 
2 - S after treatment by Pranke method 
(TVK)1 ; J - B1 after treatment by suggested 
method. 

Separate experiments showed,that the dis
solution even of large single crystals (hexa
gonal plates J-4 x 0,5-0,6 mm) Ca(OH)~/pro
ceeds with significant rate.The schemi of dis
solution rate of Oa(OH) single crysta~s in 
the above mentioned sol~ent is shown in ~ig.J. 

p~ 

9,35 

9,20 

0 

0,208N 

10 20 30 «J 50t,min. 

Pig.J. Ca(OH) 2 single crystals dissolution 
rate at room ~emperature. 

The attention is drawn by the tact,that 
dissolution proceed at constant rate,i.e. re
action rate is proportional to specific area 
of the material to be dissolved. 

Jliltrate analysis on the presence of SiO , 
Al 0 etc. after complete Ca(OH) dissolutiog 
wai ~ployed tor the proposed me~hod verifica
tion.After the separation of insoluble part 
by filtration the obtained filtrate was sub
jected to vacuum distillation (10 mm Hg column) 
in which ethylene 2.lycol and acetonitrile we
re eliminated XXXXT.'The remaining solid subs
tance must consist of the initial Ca(N01 ) 2 and SiO ,Al 0 etc. in the ease of their 
transit~on ~n~o filtrate during the dissolu-

------------------------------------------------~2~-2t_!a!_!!!!!!~S!!!~-!!!!£~!!~~!!!_!~!!!-

x/Wide range diffractometer of the type DPOH - 1,5.0u.K radiation; tube current capacity 
20 mA ; voltage - )2 kV. oc 

n/ pH of ethylene glycol with dissolved Oa(N01 ) 2 (60 mg Ca(H0
3

) 2 in 1 ml it ethylene glycol) 
before boiling attains "'7,1 and after i~· ~ncreases to 8,5 - 8,6. 

rrx./ 
Single crystals were grown by diffusive method at the temperature ot 52°c in J weeks. 
NaOH and CaCl2 served as components of reaction. 

~I . . 
In a 8iven case the analysis ., proceeding is desc~ibed after treatment of s1 (fable II). 
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ment of the similar system must proceed ac
cording to 

t 0 c 

+ (k-5) Cao (I) 

Free CaO decrease must point to the presence 
of other components besides to Ca(N03) 2x/. 
However after solid substance firing a~ the 
temperature of 110o0 c in the period ot JO min. 
it was obtained free CaO = 98,93% i.e. real
ly at the purity grade of Ca(N01 ) 2 used agent. 
This point to the absence of the oomponents 
of Si02 ,.Al2o3 type in filtrats after durable 
treatment of cement stone in the above men
tioned solvent. 
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On the composition of cement minerals 
Sur la composition minerale .du ciment 

A.- BOIKOVA, Qoctor, Institute of Silicate Chem. of the USSR Academy of Sci .. Leni~grad, 
A. ESA y AN, Engineer, Institute of Si_li_cate Chem. of the USSR Academy of ~c1_. Leni_ngrad, 
·v. LAZUKIN, Engineer, Institute of Silicate Chem. of the USSR Academy of Set. Leningrad. 

RESUME : Les compositions des phases de cinq clinkers 
etudiees a l'aide d'un appareil Camebax du type MB~l. 

industriels du cimeQt Portland ont ete 

Pour faire , un calcul quantitatif des elements, les produits types suivants ont ete syntheti
ses : des solutions solides de c3s avec Na20, K20, MgO, Al203, Fe203; c3s avec MnO; c3s avec 

o C AF avec MgO· C A F avec Na
2
0, MgO, MnO, Si0 2 , Ti0 2 ; un 

~i02; c2s avec P205; C3A avec Na2 ; 4 , 6 2 

verre contenant so 3 . 
Les donnees de l'analyse par microsonde electronique sur les compos~tions,d:s mineraux du 
ciment (les phases du clinker) permettent de faire quelques conclusions generales. 

Chacune des impuretes de la matiere premiere peut etre presente dans tout mineral du ciment. 

La composition des cristaux d'une meme phase du clinker est differente, par suite des co~di
tions de non-equilibre de leur formation. 

La phase aluminate est l'objet d'une attention speciale. La quantite la plus grande des impu

retes est distribuee dans sa structure. 

SUMMARY : The compositions of phases of five commercial Portland cement clinkers were 
studied using a Camebax apparatus of the type MB-1. 

To make a quantitative calculation of the elements, the following standards were synthe
sized: solid solutions of c3s with Na2o, K2o, MgO, Al2o3, Fe2o3; c3s with MnO; c3s with 
Ti02 ; c2s with P2o5; c3A with Na20; c4AF with MgO; c6A2F with Na2o, MgO, MnO, Si02 , Ti02 ; 
a glass containing so3• 

Electron microprobe data on the composition of cement minerals (cl~nker phases) permit some 
general conclusions. 

Each of the impurities of raw material can be present in any cement mineral. 

The composition of crystals of one and the same clinker phase is different due to non
equilibrium conditions of their formation. 

The aluminate phase deserves special attention. The greatest amount of impurities is distri
buted in its structure. . 
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Electron-probe microanalysis of the compo
sition of Portland cement minerals (clinker 
phases) permits some general conclusions: 

1. Inhomogeneous mixing of initial raw ma
terials as well as the non-equilibrium con
ditions of the clinker burning and of the 
formation of crystal phases may result in 
different compositions of crystals of the 
same clinker phase. 

Such phases can exist in clinker in at least 
two crystal forms (for example belite, alite, 
aluminate). 

At the same time the different cqmpositio~ 
of the crystals of one and the same phase 

may lie within the composition range of one 
modification. 

It was also observed that the impurity dis
tribution in one crystal is non-uniform. As 
a rule, the compositions of the center and 
of the _edges of such a crystal are different. 

2. Each of the impurities of raw material 
can be present in any cement mineral. 

However, the preferable distribution of im
purities among minerals depends on the 
peculiarities of crystal structure. So the 
octahedral positions in the aluminoferrites 

-are most convenient for Mg occupansy. Such 
elements as Ti, Mn, Cr are also distributed 

aluminate 

EPMA photograph of clinker 
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preferentially in the aluminoferrites. The 
large cations of Na prefer the crystal 
lattice of c3A with large holes. 

Owing to the possible substitution 
CaAl~ NaSi both the aluminate and alumino
ferri te contain a considerable amount of 
Si. P,S,K are preferentially distributed 
in belite. 

For each of the phases there is. a most 
characteristic set of impurities: for 
alite - Mg,Al,Fe,Na,K (Cr,Ti,P a.o.); for 
belite - Mg,Al,Fe,K,P,S (Cr a.o.); for 
aluminate - Na,Si,Fe,Mg,K a.o.; for alumi
noferrite - Mg,Si,Ti,Mn,Na (Cr,K a.o.). 

Each phase can also form without some im
purities (see Table). so the clinker may 
contain magnesium-free crystals of the alu
minate and belite phases. 

------------------------------------------TABLE 
COMPOSITIONS OF CLINKER PHASES IN OXIDES 

The least and the greatest amount of 
oxides are given (wt %) 

~ 
Alumi- Alumino. 

Alite Belite nate ferrite 

8 

cao 69,0 60,3 52,3 45,5 
72,7 64,4 58,7 50,7 

Si02 
23,8 28,0 3,5 2,0 
26,4 33,8 5,6 5,5 

Al2o3 
1' 1 1,4 26,4 17,3 
2,7 3' 1 35,0 22,9 

Fe2o
3 

0,4 o., J_ 2,9 19,4 
1,5 1,8 7' 1 26,2 

MgO 0,5 0,4 o,o 2,3 
1, 4 0,8 2' 1 5,4 

Na2o 0,1 o,o 0,2 o,o 
0,3 1, 1 4,0 0,9 

~o 
o, 1 o,6 0~3 o,o 
0,3 1, 3 0,8 0,3 

P205 
o,o 0,2 o,o o,o 
0,5 o,a 0,1 0,3 

so
3 

o,o o,o o,o o,o 
0,4 0,8 0,4 0,3 

l'lln203 
o,o o,o o,o o, 1 
0,1 o, 1 0,1 o,a 

Ti02 
o,o o,o o,o 0,5 
0,3 0,4 0,4 1,8 

3. The analysis of our results and those 
of other authors shows that the smallest 
amount of impurity oxides is present in 
alite ~4 wt%); belite contains a greater 
amount of impurities{~6 wt%). The amount 
of impurities increases sharply in alumino-
ferrites (N10-11 wt%). · 

Of special attention is the composition of 
the aluminate phase. This phase contains 
the greatest amount of impurities (.v13 wt%). 

Besides, its composit~on is most variable 
because it is greatly inf'luenced by acci
dental factors, first of all by the pre
sence of the neighbouring phases. 

So, as a rule, its Fe2 01 content is over
stated due to the infiusnce of aluminofer
rite intergrowths. According to the results 
of the synthesis of the aluminate phases 
under laboratory conditions the Fe2o

3 
con

tent does not exceed 4-5 wt %. 

4. The CaO:Al O :Fe O ratio in the alumi
noferrite pha~e3of ~hJ clinkers investi
gated is close to 6:2:1 but not to 4:1:1. 

In alite and belite the CaO:Si02 ratio is, 
as a rule, higher than 3:1 and 2:1 respec-
tively. -

5. Inaccuracies in the determination of 
the compositions of clinker phases can be 
due to several reasons: to the superimpo- . 
sition of one phase on another, especially 
if the parts close to the crystal edge are 
chosen for the analysis; to the intergrowth 
of one phase with another; to the presence 
of microinclusions of one phase in another. 

Thus the possiblity of using EPM.A is limi
ted by the size of the crystal analyzed. 
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Investigation of alumoferrite calcium crystallization processes 

Etude de processus de cristallisation des alumoferrites de calcium 

A.M. DMITRIEV, 
M.T. VLASSOVA, 
B.E. YOUDOVITCH, 
S.I. IVACHTCHENKO, Niitsement, Moscou, U.R.S.S. 

On a etudi l~ 1' influence des diff f: rentes ndditions catalytiques sur les processus de cris
t c;, llisation de la pho.se alUDt"Jferritique du clinker. On a propose le modele du mecanisme de 
l u format ion des c:lumoferritef:• de celcium de composition differente er: .. fonction de la con
centri:~ion de l' <.:.c~it ion introdu~te ~t ?e~ conditions th~~·mi que~ de la c uisson. d\l clinkeli'. 
Ce t"oae le e :::J"t; fonc 9 sur· la. l'elution e ta.D l ie po ur l a oremie.re fois entre la pos1 tion d' un 
el6ment catc:tl;yti q_ue duns le tableau p eriodique des elP.me nts de D .I.l •. endeleev 'et l a c omposi
tior:. de lu yllase a lumofe.:CI 'i tique en co .~.rs de cristallisation. On a revele la dependunce en
tre la com;_Josition et lu s tru•; ture de l a phase alumoferritique §t la broyabilite et l'acti-
vite d'hyd ~catation d u clillirn r de ciment portl s.hd. . . · 

The influence Otl t11e alwnoferrite clili:.rnr phase cr;ystullization ~)rocesses of different 
c a t&lytic a ddi tions have be en studied. Model mechanism of different composition alumoferrite 
culcium f.oITJe:.c i ::m de11ending on the conce :rtration of an addition introduced and thermal con
dit..ions of clinker bul.'ning has been .) I'Oposed. 1.rhis model mecha.nism is bG.sed on a first ae
terr.iined interrelationship between catalytic element position in the Periodic .... endeleyev 's 
system o:f elements 0 nd crystalliz j.ng o.lumo :~erri te phase com)osi ti on. Dependence between 
composition and structure of al~oferrite phase and grindability and hydration activity of 
portland cement clinker is exposed. 
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Calcium aluminoferrites represent a se
ries of solid solutions of general formula 
~aO•(A12o3)x•(Fe 2o3) 1 _x where x varies 
from O to '0.7 and constitue a considerable 
part of Portland cement clinker (up to 1~%). 
Their composition and structure have a si
gnific~nt effect on hydraulic activity of 
cements. 

At nresent many researchers consider 
that the hydraulic activity of "pure" mine
rals of calcium aluminoferrites in creases 
with the ratio A1 2o3/Fe 2o3 although some da-
ta indicate that the highest hydraulic ac
tivity is displayed by Fe 2o3-enriched alu-
minoferrite phase. 

Possessing considerable isomorphic capa
city calcium aluminoferrites may accomodate 
in their crystal lattice various micro-im
puri ti~s (Mg.tSi ,Ti ,Mn,Cr ,Na ,K ,Ca ,Al ,Fe, Sr, 
Ba, so3) /1-~/ which makes the problem of 
most hydraulically active aluminoferrite 
phase more difficult to solve. Analysis of 
results obtained in NIITSEMENT and in work 
/1/ shows that,despite the complex depen
dence between hydraulic activity and compo
sition and nature of microimpurities, a ge
neral tendency of increase of hydraulic 
activity of bot "pure" and modified calcium 
aluminoferrites with increase of Al2o3 con-
tent exists. Accordingly in this work we 
studied means of enhancing hydraulic activi
ty by changing the composition of alumino
ferrite ~hase, introducing various microad
ditives lCuO, ZnO, P2o5 ,BaO, Ni 2o3 ,Mn2o3) 
into raw cement charges. 

The synthesis of calcium aluminoferrites 
modified by the microadditives mentioned 
above is described in /4/.The amount of the 
modifying ion in the aluminoferrite phase 
was monitored by methods of rational chemi
cal analysis and atomabsorption spectrosco
py and its composition by petrographic, 
chemical and X-ray phase methods of analy
sis. The composition of calcium aluminofer
rites was determined from calibrated plots 
by reflection at d=1.92 A, which is the 
moat sensitive characteristic of alumino
ferrite phase variation /2/. 

Roentgenogram.s of the aluminoferrite 
phase show that on addition of BaO the peak 
at d=1.92 A is shifted to lower values, and 
in the presence of CuO, Zn0,Mn203,Ni2o3, 

P2o5 to higher values of the diffraction 
angle (Table 1). As follows from Table 1, 
calcium aluminoferrites of composition 
c6A1 •5F c r ystallize from clinker melt wi-
thout additives. Introduction of a basic 
oxide (BaO) decreases the amount of alumi
noferrite phase and enriches it with iron 
oxides. The presence of acidic components 
(CuO,ZnO ,Ni 2o3, Mn2o3 , P 2o5) increases 
the amount of aluminoferrite phase and en
riches it with Al 2o3 which was also confir-
med by petrographic data. The following ge
neral tendency is observed (Table 1,Fig.1): 
with increase of the acidic properties of 
additives, characterized by electronegati
vity (E.N•), ionic potential (Z/r) and bon
ding energy between cation and oxygen ( 
(~Ie-o) , calcium aluminoferri te composi -
tions are shifted to a higher degree towards 
increasing Al2o3/Fe 2o3 ration. According 
to the increasing effect on the composition 
of crystallizing calcium aluminoferrites 
(facilitating crystallization of calcium 
aluminoferrites enriched with Al2o3 , except 
for Bao), the elements studied may bear
ranged in the following sequence (Fig~1): 
Ba Mn Ni Zn Cu P 

A similar sequence with enly slight de
viations is formed when arranging these 
elements according to increasing acidic 
properties. 

Most researchers explain variation of 
aluminoferrite phase composition by diffe
rent solubility of A1 2o3 or calcium.a alumi-
nates in liquid phase of ferrite composi
tion due to reduction of viscosity occur
ring at higher temperatures of clinker 
bl.lrning or on introduction of mineralizers 
into the raw mixes. However, this does not 
explain many experimental facts, e.g. why 
increase of viscosity of liquid phase cau
sed by addition of P2o5 is accompanied by 
shift of aluminoferrite phase composition 
towards formation of c8A3F. 

Since viscosity of the clinker melt is 
determined by its structure it would be mo
re correct to associate variations in cal
cium aluminoferrite composition not with 
viscosity variation, but with restructu
ring of the clinker liquid phase "structlire" 
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Table 1 

----------- -·- ·- ---- Characteris:CI'cs-0f-Hie-cations 

I 
formed on dissociation of the 

-PosHion.-
of peak 
with 
d=1.92 A 

-xrcr-?F--0--
2 3 e2 3 

·Addi- additives 
B No. ti·ve Eiectro=- -Bonarng;-- --Ion.--

p o ten
tial, 
Z/r 

ratio (mol. 
in alumino
ferrite 
phase nega ti vi - energy 

ty with o~ 
(Pauling) gen kcal; 

Avogadro 
number 

----,,.--- --Bao---- ---0-:9----· --29------ ---·r:49-- -z;qlJ20r--- --I---n----
A 1.4/F 2 - - - 47°21 

47°281 1.5 
3 Mn2o3 1.4-1.5 36 2.5-6.7 A1.76/F 
4 Ni2o3 1.8 36 2.9 47°31 1 

A2/F 
5 ZnO 1.6 43 2.41 47°331 

A2.16/F 
6 CuO 2.0 29 2.78 47°381 

A2.5/F 
7 P205 2.1 104 14.3 47°421 

A3/F 

------------------ ·---------- ----------~--------- ------------------------

,, 
-0 

~ 

0 .... 
.3 ('I 

".} "' l{i> _..------
o~ &t :5 ~ 
0 ... 2 

<411" j:. !:: 
~g 

~~I 
... "'~ 
~~ 
oK>:.:_ 
~~o 

25 65 85 

.don.ding energy be1'.veen introduced cati.on 
and oxv~n, Kcal• Avogadro numbe;' 

Fig. 1a. Oomposi tj_on of al.uminof erri te phase 
depending on tbe banding ener&Y beiJreen tbe 

introduced cation and fJ%3g/JD. 

p 

under the effect of temDerature of additives. 
One should also take into account that only 
change of structural features of amphoteric 
elements Al and Fe should effect the compo
sition of the crystallizing alumihoferrite 
phase , whereas viscosity of the melt is 
determined by the presence of not only alu
minoferrooxygen complex~s~ but al. so of other 
large radicals (e.g. P04-; which frequently 
have a decisive a effect on viscosity of 
the clinker melt /5/, but do not noticeably 
affect the mechanism aluminoferrite phase 
formation. 

Clinker melts are a highly basic (60% of 
CaO) aluminoferrosilicate phase ih which un
der certain temperature conditions in the 
presence of certain amounts and types of mi
croadmixtures a dynamic equilibrium exists 
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between various coordination forms of am
photeric elem~nts Al and Fe, and the direc
tion in which this equilibrium is shif·t;ed 
is determined by acid-buse properties of the 
system. The intensity of the shift, which 
determines the absolute value of viscosity 
change, depends on the acid-base characte
ristics of the dissolved ions /5/. . 

2Ca0•Fe2o3 , 5Qa0•3Al2o4 or 12Ca0•7Al2o3 
and caq are usually considered real compo
nents of solid solutions and formation of 
the aluminoferrite phase crystallizing from 
the melt occurs, in the final analysis, 
when "populating" octahedral and tetrahedral 
positions by aluminum and iron ions. 

It may be concluded from analysis of the 
published data /6-9/ on the ratio of tetra
hedrally and octahedrally coordinated iron 
and aluminum ions in the structure of alumi
noferrite uhase (Table 2) that with increase 
of A/F ratio in the calcium aluniinoferrite 
composition that amount of octahedrally coor 
dinated iron atoms increases, whereas the 
number of tetrahedrally coordinated Feo4-
complexes decreases. The few studies which 
point to a similar dependence for Al coor
dinated ions require additional verifica
tion with modern methods of physico-chemi
cal analysis. From the available data on 
structural arrangement of Al and Fe ions 
in calc.ium aluminoferri tes the following 
model of the mechanisme of aluminoferrite 
phase formation depending on the concentra
tion of the additive and the temperature 
conditions of clinker burning may be propo
sed. Increase of clinker burning temperature 
or the presence of additives in the raw mix 
which exhibit acidic proper~ies in: the melt 
(in our case CuO, ZnO, 14n2o

3
, Ni2o

3
, P2o

5
)-

shifts the dynamic equilibrium towards in
crease of the number of Al and Fe atoms in 
octahedral coordination and decrease of the 
number of tetrahedral complexes. This we.a 
confirmed previously in the study of IR ab
sor»tion spectra of sharply cooled melts 
/5/. This will cause fluctuations in the 
mel!i with structural similarityto A1 203 -en-
riched calcium aluminoferrites (Table 2). 



Table 2 
Ratio of tetrahedral and octahedral iron and a _: minum ions in the structu.re of 

calcium alumi noferries 

-varue-or-- ----------------- ---------------~--------------------------
x in the Composition of Amount of complexes in aluminoferrite f ormula No. of calcium aluminof errite phase , % 
alumino- phase ------------------------------------------
ferrites Fe04 Fe06 A1~4 A106 

----------- ----------------- -------- -------- ----- -------------
1 o.824 C8A3o30F0.70 14.0 84.0 

~ 0 .789 C8A,3.16FOo84 18.0 82.0 

3 0.750 c8A
3

F 100 .0 0 33.0 66.0 

4 0.747 C6.A,2.24FO .76 23.0 77.0 

5 0.724 CEf 2.17F 0.83 23.0 77.0 

6 0;681 C6A2.04F0.96 26 o0 74.0 

7 0.667 c6A~ 26.7 73.3 
8 0.628 C4A1.256F0.744 28.0 72.0 

9 0.500 C4AF 24.0 76.0 76.0 24.0 

10 0.500 C4AF 25.0 75.0 75.0 25.0 
11 Oo498 C4Ao.996F1 .004 32.5 76.5 
12 0 .341l- 38.0 62.0 

13 Oo321 C6A0.963F2.037 3808 61.2 
14 o.o c~ 50.0 50.0 ,-

J CEf1.03;11.968 

----------- ------------------ ------- --------1--------~~--------------
This facilitates crystal l ization of the lat
ter fr om the clinker liquid phase modified 
by Cu, Zn, Mn, Ni, P ionso The same occurs 
on increase of clinker burni ng temperature. 
The intensity of variation of Al and Fe ion 
coordination (i.eo composition of the alumi
n9ferrite phase) is determined by the ma
gnitude of the acid-base pDoperties of the 
additives: the more acidic the element the 
greater the Al 2o3-enrichement of the alumi-
noferrite phase (Fig.1). Addition of BaO 
into the raw increases bysicity of the sys
tem resulting in formation-of addit i onal 
A104- and Feo4-and in reduction of the num
ber of octahedra, thus shifting the alumino
ferrite phase composit i on towards c6AF

2 
(Fig.1) •. 

It should be noted that variation of a l u
minoferri te phase composition with tempera
ture conditions or addition of microadmix
tu.res should presumably by determined by a 
comb~nation of many factors; solubility of 
Al2o3 and calcium aluminates in clinker _melt, 
redox properties of the additives, appea
rance in the system of liquation r egions, 
etc. The determining f ac t or affecting the 
mechanism of this process is however varia
tion of acid-base properties of the clinker 
melt. 
. In order to verity the proposed route of 
increase of hydraulic activity of cement s , 
c·linkers with KH=0.93; n=1.8; p=1.1 with 
addition of Zn and Cu oxides were synthesi
zed. 

X-ra! phase and pet;rographic analyses 

showed that the phase composition of the 
test and dummy clinl<ers practically coin
cide (59-s2 % of c3s~ 17-19% of c2s; 4-5 
~1ri c3A and 16-19% of aluminofer.2ite phase). 
l\1odifications of clin..lcer minerals were the 
same: monoclinnic for alite and -form for 
dicalcium sili cat e. The composition of the 
aluminoferrite phase, isolated by chemical 
methods, in the clinker modified by Zn and 
Cu i ons was shifted towards Al 2o

3
-enriched 

calcium aluminoferrites as compared with 
dummy clinker. 

The clinker was well sintered, showed a 
more uniform granulometric distribu.tion, 
better grindability and its hydraul~c acti
vity was in average by 50-80 kg/cm higher 
than of the dummy clinker. 

Hence, t he proposed model of formation 
of aluminof errite phase of various composi
tion based on the established relationship 
bet ween the posi t ion of the added element 
in the Periodic table an¢l. the composition 
of t he crystallizing calcium aluminoferri ta3 
makes it p ossible to carry out a directed 
search f or effective addit.ives which signi
ficantly §ffect the composition of the alu
minoferri te phase. This is becoming espe
cially important lately since the traditio
nal means of increasing the grade of cements 
have been exhausted and directed change of 
aluminoferri t es phase composition of clin
kers is an additional method of enhancing 
hydraulic activity of cements. 

REFERENCES 
1. Smirnova L.v., Boikova A.I. Composition 

and Properties of Aluminoferrite Phase 

189 



b) ~ 

C) 

,.,.. ..... 
....J..,. 
a c. 
r3 if 3 
0 ~ s i 
er. ~2 

i:~ 
~z 
~3, 
~-< 
~ ~ 

""': ul 3 
5 ~ 
~~ 

~ ~ 
1.- -<cc 
°" ffi 2 
~~ 
~~ 
o"'< 
~'>J?:. 

.~ -Ztr.. M. 

f>d/-Mft. 

5 10 

Ian po;mntial of the introduced 

cation ( Z/r) 

p / 

~ Zn 
NL 

~ It. ,,. 

0,83 1,66 2,49 

p 
-

15 

Electronegativit.v of introduced cation 
( after Pauling) 

Fi@=I. 1b, 1c. Ccxnposition of al\lni.noferrite 
phase dependjng on electronegativi~ (c) 8lld 

ion ·potential of the introduced cation (b) 

of Clinker, Tsement, 1977, No .9 (in Rus
sian). 

2. Jamaguchi G., Takagi S; The Analysis of 
Portland Cement Clinker; - Proc. Of the= 
Fifth Int.Sym~.on the Chem.of Cement; 
Tokio, 1969, p.1, vol.1. 

'-• Fletcher I.E. The Composition of the Tri
calcium aluminoate and Ferrite phases in 
Portland Cement Determined by the Use of 
Electronprobe macroanalyser. - Mag. of 
Concrete Res., 1969, vol.21, No.66. 

4. Ivashchenko SI.I, Vlasova M.T. et al. The 
Possibilities of Increasing Hydraulic 
Activity of Portland Cement. Tsement, 
1979, No.7 (in Russian). 

5. Ivashchenko S.I.I Study of the Effect of 
Melt Properties on Processes of Clinker 
Formatio~. Thesis of Candidate's Disser
tation. Moscow, 1976 (in Russian). 

6. Boikova A.I., Ekim.ov S.P., Grishchenko , 
Distribution of Trivalent iron the Stru- · 

190 

cture of Calcium Aluminoferrites. Tsement, 
1S78, Bo.6 (in Russian). 

7. Sm.itch K.D. Crystallographic Changes with 
the Substitution of Aluminum for Iron 
in Dicalcium Ferrite. - Acta Cryst., 
1962, vol. 15, No.11. 3 

8. Pobell F., Witmann F. Replacement of Fe 
by A13 in CG.lcium Aluminate Ferrite. -
Physics Letters, 1965, vol.19, No.3. 

9 • Grenier J.C., Pouchani r~: ., H3.genmul1 Ar P • 
~'valuation des interactions magnetiques 
dans les phases derives du ferrite bi
calicique Ca~ eo3 • Mat .Res .Bull., 1976, 
vol.22, No.6. 



I 
_/ 

Shales and their working-over solid by-products 
in_ portland cement production · 

Schistes et dechets so/ides de leur transformation dans 
la production du ciment port/CJnd 

Y.I. SIDOROVITCH, lnstitut de Geologie et de Geochimie des Combustibles Fossiles de l'Academie 
des· Sciences de !'Ukraine, U.R.S.S. 

La mas _;e inorg:J.nique des schistes corubustibles est re :)r r, sent0e sous forrne generale par 
les carbonci.tes de calcium dans le melange avec les ;:;.rgiles, rareruent par les argile~. Lo. 
masse organi c.;_ue ( kerogene) se compose d 'hydrocarbures. ,dnsi les schistes sont en meme temgs 
lcs mo.tieres prernie .L' e s de c iLient et; le combustible. 

Lors de l o. combustion dnns les .:·ayers des generateLlrs de vapeur et de l o. pyrolyse des 
schistes on obtient les dechets solides ayant da. ns su composition le silicate dico.lcique 
en quanti te de 20 a 60-;b. Il e.:.:;t Llieux ri ' utiliser ce s M~chets lo::: s du broyage dll ciment port
l a nd ou, s'ils contiennent le kerogene residuel, en q_ualite du combustible second o; ire. Les 
§Chistes melilitiques possedent un effet fluidifio.nt des boue s de ciment crues et p euvent 
etre utiiliises en gen§ral au lie u des a r 5iles. 

Ionorganic substaqce of oil shs.les is represe ;,teg in e::;cneral by calcium c urbonates mixed 
with clay• rarely by c lay alone. Organi ~ substLnce (kerosen) consists of hydrocarbons. ~hus 
shales ar~ simulto.neou s ly ~aw mut s_ ial ~ n~ fuel. 

In the process of burnine; in boiler fu:r:naces and aft er _:Jyrolysis, solid by9r.:id ucts <.l.':e 
received, that contain dic 0.lcium silic:ate amoun"ci n;;;; 20-60fii. The best v10.y of using such by
products is to utilize them during :portland cement g1'in;:i;in::; , or as s econd o.ry fuel, on condi
tio::i they c ontain residual kerogen. 

lc•enili t shales have a liquefying c ap uci ty v,hen a dded to r e..w m0teri c::. l cement slimes a nd 
can be used, i n general, instea d of clays. 
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Shales end solid wastes of their thermal 
processing may be effectively used in a wi
de scale as a source of thermal energy and 
raw materials in the cement industry which 
is characterized by/high heat and mass con
sumption. 

In the Soviet Union promising areas of 
shale r:1ining, in addition to the Bal tic 
basin, are Carpethians, the Dnier0er and 
Volga regions and the bassin near.river Pri
pyat, there are also considerable deposits 
in the Komi ASSR. 

An advantage of shales in relation to 
coals is that their kerogen mainly consists 
of hydrocarbons close in elementary comno-
si tion to raw oils. ~ 

The inorganic mass of shales, the amount 
of which varies from 40 to 90)b, usually in
cludes readily fusible clays or mixtures of 
carbonates with clays (marls) • 

The calorific value of most shales varies 
from 3600 to 10,COO kJ~ or even highero 

The presence of minerals of laminate 
struc t ure (montmorilloni te, hydromica) with 
kerogen of the humus type ensures high ab
sorption capacity towards organic ions, from 
90-1'10 mg-ela/'100 g of montmor ill .. ~mi te to 
25-40 mg-eq 100 g of hydromica L5]. Such 
shales are characterized by low yield of 
fuel pr oducts when heated to 480-530 °c. 
Complete removal of kerogen from shales of 
fraction 2-3 mm is achieved only at 900°C 
in the ~resence of oxygen. All other combi
nations of clayey minerals and carbonates 
independently of the kerogen release the 
organic substance at lower energy expendi
ture and in higher relative yields of fuel 
products at lower temperatures. 

Sliales and solid wastes containing orga
nic substance which is difficult to remove 
are very convenient as a secondary fuel, the 
oxidation of which begins intensively at 
temperatures of clay dehydration and is com
pleted in the region of limestone decarbo
nization. 

For combustion in steam generator fur
naces of modern power stations shales cha
racterized by calorific value higher than 
5800 kJ/lc~ are used, the mineral mass melt 
should have viscosity not higher than 200 
poise at 1500°C in order to ensure liquid 
removal of ashes. Fuel shales containing 
not less than 30% of calcium carbonate and 
with low or moderate content of alumina 
display such characteristics. 
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Solid wastes in the .form of slags and 
ashes are formed when burning such slrnles 
in steam generator furnaces. Slags usually 
contain up to 60J~ of glass phase a nd prac
tically do not contain fuel. They are also 
characterized by enhanced hardness, abra
siveness and high resistance to grinding. 
Ashes contain up to 2% of residual fuel, 
are by highly dispersed a.nd do not require 
additional grinding. 

Despite the short period of the combus
tion process, the high temperature and dis
persion of the fuel ensure completion of the 
clinker formation reaction as a result of 
which calcium aluminates, ferrites and si
licates are formed. Content of the latter 
mainly in the form af C2__S reaches even 6'/~. 
Such slags and ashes may be considered as 

low-grade cements. At sufficiently high car
bonate content in shales, for example more 
th~n 60%, such slags mainly contain c 3s 
and are verv close in mineralogical_composi
tior.i to Portland cement clinkers [6J .They 
may be added to Portland cement during grin
ding. Due to the high content of clinker mi
nerals a significant amount of these slags 
may be added during grinding without dete
rioration of cement quality. Ashes are espe
cially effective as a raw material component 
during burning of clinker. 

A characteristic features of such wastes 
is high excergy [2] which ensures conside
rable economy of heat in the production of 
Portland cement. 

Pyrolysis of fuel shales at 480-530°c in 
most cases does not ensure complete (100%) 
removal of hydrocarbons. A considerable 
amount (from 20 up to 50% of initial cont
ent) remains in the solid residue, semicoke 
or ash. Such solid wastes may be effective
ly used as secondary fuel in clinker bur
ning in units equipped with cyclone heat · 
exchangers. 

The raw mix in kilns with cyclone heat 
exchangers is hested in the first cyclone 
up to approximately 280°0. When using serni
coke or ashes, even in the case of direct 
contact with oxygen, intensive oxidation of 
the kerogen does not occur atihese tempera
tures. However since these materials were 
already subjected to therm.al destruction tlE 
raw mix as a whole is better prepared. In 
the second and third cyclones where the tem
perature is increased to 480 and 650~0, due 
to direct contact with the oxygen of _flue 



gases kero~en oxidation is cons~derably in
tensified \exothermal effect, Fig.1, curve 
2) which facilitates thermal preparation of 
the material in the kiln. 

1000 

2 

1 - shaie 
2 - ASH t :: fffl0 

Fig.1. Differential thermal curves 

Raw mixes containing natural shales b~ha\e 
~lightly differently. The maximum of exo
thermal effect is shifted towards lower tem
peratures (Fig.1, curve 1) due to desorption 
and oxidation at lower temperatures of the 
light fractions which have higher calorific 
values. The exotherinal effect for most 
shales begins at 250-300 °C and continues 
to 700-800 °C and for some shales up to 
900 °C (Fig.1, curve 1); 

The amounts of shales and their ~ast~s 
added denenas on the chemical and m1neralo
gic~l composition. Clayey (carbonate free) 
shales may be added in amounts of_ only 20-
25/~ (of calcined mass) in the production of 
common Portland cements. With increase of 
the amount of carbonates, addition of shales 
may be increased in proportion to the car
bonate fraction. 

The use of untreated shales in raw mixes 
when the cyclone heat exchangers are not 
used should be restricted on account of pos
sible contamination of the atmosphere with 
hydrocarbons. The thermal regime may also 
be considerably distored along the kiln, the 
redox ryrocesses destabilized resulting in 
changes in mineral composition of · the cement 
clinker. 

A distinctive feature of shale pyrolysis 
in units with solid heating medium is the 
high degree of extraction of fuel products, 
up to 85-90% in organic mass. 

Such ashes may be used without detrimen
tal effects in existing technologies. 

Cement-raw material slags of menilite sha:
les and their semicokes exhibit enhanced 
~luidity. Ultimate shearingSiress of shale 

slags is 150 mg/cm2 in contrast to 600mg/cm2 
of clayey slags at average moisture content 
of 38-40%. 

The technology of cement clinker produc
tion with addition of shales does not meet 
with any diff.ic ul ties. 

Energy consumption from grinding of the 
raw mix and the effectiveness of the main 
technological equipment is on the same level 
as for traditional raw materialso 

Correction of the slags does not meet 
with any difficulties. · 

There was some apprehension about possi
ble sedimentional stratification of the cor
rective slags, howe~er addition of a cer
tain amount of clay, and sufficiently fine 
grinding of the shale provide satisfactory. 
sedimentational stability of the slags. · 

Calcination of cement clinker in rotary 
kilns (L=150 m, d=3.0-3.4 ,m) is more stable 
for the experimental slag than for a common 
slag; The clinker formed is characterized 
by grain sizes les ~; than 10 mm (up to 80%). 

· Petrographic studies of the clinker sho
wed that synthesis of clinker mineral was 
completed, free CaO is practically absent. 
Crystals of clinker minerals ha.ve. mainly 
submicroscopic sizes. 

A trial cement clinker had the following 
mineral composit1on: c3s - 59.9~, c2s - . 
18.30%, c3A - 6.85%·, C~F - 14.20% and fulzy 
met the requirements for the production of 
high quality Portland cements. 

Physico-mechanical tests of a trial batch 
of cement ·clinker and Portland cement estab
lished the possibility of stable production 
of "400" and "500" or even higher grade ce
ments. 

Of considerable .interest is the scheme 
of industrial treatment of fuel shales in 
fluidized state with simultaneous production 
of cement clinker and generation of steam 
[5]. Despite relatively low calorific value 
of the shale used (3832 kJ/kg) the process 
was very economical. 

Some progress has been made in the USSR 
in the development of the technology of 
shale combustion with simultaneous produc
tion cf cement clinker in furnaces of high
power steam generators ·. [EJ. 

Az suff.iciently high levels of fuel and 
carbonate content in the shales a high deg
ree of autothermal combustion may presumably 
be a_chieved. 
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In cement clinker calcination according 
to existing technologies it is recommended 
to first extract fuel products, which may 
be recycled (Scheme, Figo2), and then sub
ject the shales to pyrolysis. The obtained 
solid residue (semicoke or ashes) may then 
be used as a raw mix component. 

SHAU: MINING 

Fig.2. Scheme of complex us age of oil 
sha le 

Bearing in mind the increasing cost and 
decreasing resources of fuel and the abun
dance of fuel-containing rocks, new plants 
should be designed for a new type of raw 
material and fuel basis which will be a 
guaranteed and stable source of thermal er:e.
gy_ and raw materials for many centuries. 
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THEME II 

Hydratat1on des ciments portland 

sans constituants secondaires 

Hydration of pure 

Portland Cements 

On the process~ of C~S hydration in initial period 

Etude sur le processus d'hydratation de CS a la period~ initiate 

Y.S. MALININE, 
V.1. GOUSSEV A, 
N.D. KLICHANIS, niitsement, Moscou, URSS. 

On a etabli la morphologie identique des produits d'hydratation de C7JS et de CaO a la pe""
riode initiale de l'interaction avec de l'eau. On a egu.lement etabli g_ue les particles amor
phes arrondies, les formations fibreuses et en form.e de cigare, les agregats lamello.ires ob
serves dans les microscopes elect+,onique et optique lors de l'hydratation du silicate tri
calcique, sont sembla~les, ~ua~t a leurs in?ices morphologiques, aux .pr?duits d'hydratation 
de Cao pur dans les memes delais d'hydratation et representent les differents stades de 
c:r- istallisation de Ca(OH)? et de CaC07J. ·La . .Corm.ation des hydrosilicates de calcium n' est pas 
en general une fonction primaire (coIDill.e- 1 1 &ffirm.aient de no:r.abreux chercheurs) mais une fon,. 
ction secondaire de la surface de la frange de gel form.ee autour des grains de depart de c3s 
aux points de contact avec Ca(OH) 2 dans les delais d 1 hydratation plus avances • 

. The identity of c3s and Cao hydration products morphology in initial :period of interaction 
wit~ water has been discovered. Spherical amorphous particles, cigar-shaped and fibrous for- · 
m~t~ons, and slaty splices, observable in electron and light microscop during tricalc ium 
silicate hydration have be.en found to be similar by morphological indications with the pro
.ducts of pure Cao hydration in the same periods of hydration and represent different stages 
of Ca(OH) 2 and CaSo3 crystallization. 

In general·, calcium hydrosilicate is not the primary, as is clamed by many an invesiga~ 
to~s, but a secondary function of gel rim surface around c3s initial grains in contact 
point~ with Ca(OH) 2 at later hydration periods. 
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The mechanisms of hydration and structure 
formation of the C_3S and CaO hardening 
grout were studied by the petrographic and 
selectron microsco:f"Y methods. 

The hydration mechanism was investigated 
on slides comprising a fine layer of the 
cement-water mixture placed between the 
stage and cover glasses which were bonded 
to each other with a heated paraffin-rosin 
mixture. 

r.rhe suspension water-to-cement ratio was 
o.s-1 0 . -

All · the changes taldng part in the hydra
tion processes were observed in the slides 
which-constantly contained water without 
access of air for a prolonged period of tinE. 

To determine the phase composition of 
t~e hydration products, the slides were 
open and their optical constants were found 
out by the immersion method. 

The replicas of the sam.e slides were in
vestigated on an electron microscope. 

The morphology of the hydration products 
at the grain-to-water contact and in the in
ter-grain space formed in the course of 
time was traced which was impossible for a 
conventional microscope. 

The structures of hardened c3s and Cao 
samples were studied on transparent poli
shed sections (thinnest slices of hardened 
samples) by a polarizing microscope and on 
the replicas of chips of the same samples 
by t he electron microscope • . 
· The contact between the c3s crystal sur-
face and water was studied on ground slices 
of the mineral lumps from the moment of 
establishing said contact and up to 1 day 
with the use of t he optical and electron 
microscopes. 

As a result of the investigations per
f9rmed, three morphological forms of the 
c3s hY-dration products were detected; 
1 - spherical particles; 
2 - fibres, cigar- and tree-shaped forma
tions, frequently of the characteristic 
sheaf-like shape; 
3 - large crystals and flaked concretions of 
CH. 

These forms of the hydration products 
are observed both· in the suspensions and in 
the samples with normal W/C ratios. Such 
.products have been frequently misregarde.d 
as calcium hydrosilicates. 

196 

However, similar morphologic forms of the 
hydrate phases were al so observed when hyd
rating pure Cao. 

For instance, when c3s and CaO were hyd-
rated in a suspension, all the above-mentio
ned forms could be observed on ~he water 
surface where first neogenes appeared, ob
viously owing to surface tension. Initially, 
there were shapeless isotropic rounded par
ticles, later tight anisotropic spherulites 

Fig.1. (c
3
s). 6h of Hydration. Electron 

Iviicroscope, X1400 

with partial carbonization. While growing, 
the spherulites disintegrate into separate 
fibres aµd "cigars" and get carbonized; 
Fig.1 Cc 3s), Fig.2(Ca0) - electron microsco-
py. 

The process of formation of the cigar
shaped particles on the surface of the c3s 
grains may be observed by carrying out the 
gpllowing experiment. Pour a freshly crushed 
c3s mineral powder onto a water surface, se-
veral minutes of hydration in contact with 
air will result in needle- and cigar-shaped 
particles on the grain surface, said parti
cles increasing in size and carbonizing with 
tim~. These may be observed through an opti-



Fig.2. (Cao). 6h of Hydration . Electron 
1'iicroscope, X10000 

cal microscope. 
The morphological transformations of 

new formations is also observed in plastic 
samples with W/C=0.5 on the water surface 
dur i ng water separation. 

As regards the internal portions of the 
samples, the following phenomenon is found 
there. Water separates ions Ca++ from the 
surface of the c3s crystals and an isotro-
pic border is formed with i n the initial 
grains with time. According to its optical 
constants the border relates to a silica 
gel (its N is not below 1.50, whereas the 
unhydrated core is anisotropic and has re
fractive indices characteristic of c3s), 
Fi g.3. 

These observations made it possible to 
suppose that during hydrati?n of c3s only 
calcium .transfers to the solution, while 
silica remains in the solid phase in place 
of the initial grains. 

With time (1 day of hydration) cigar
and tree-shaped particles are still found 
in the inter-grain space, and later large CH 
crystals. 

In case of samples with a low W/C · ratio, 
the proportion of the morphological forms 
changes. Since the solution is more rapidly 
saturated with lime, there are few spheri-
cal particles in the hardened sample; often 

fibres and cigar-~haped particles grow di
rect~y from the c3s particle surfaces and 
large CH concretions are crystallized at 
oversaturation, Fig.4. The growth of large 
CH crystals from cigar-shaped and fibrous 

. formations may be also observed at hydration 
of G.aO; This is seen from Fig.5 (the repli
ca of the Cao hardened sample). Hydration of 
a · ground surface of the c3s lump slice has 
revealed that immediately on contacting 
water spherical particles are formed on t1::e 
surface of the c3s crystals,said particles 

Fig .3 . (0 
3
s) • 24h of Hydration. '.::'::.'~nsm.i t 

ted Light , without Analyzer, X'1200 
.. 

:B' ig.4. (CaO). 24h of Hydration. Elec tron 
Microscope, X14000 

converting into polygons rapidly and being 
essentially portlandite. 

Intensive migration of calcium ions from 
the internal areas of the sample assists 
in rapid formation of large CH crystals 
without intermediate forms. 

Thus, the spherical, fibrous and cigar
shaped partic~es observed at the initial pe
riod of the c3s hydration, as well as large 
crystals and flaked concretions of CH are 
the products of morphological conversion of 
CH and Caco3• 

The same regularity was detec"tred at hyd
ration of Cao. 

In view of the above, it is possible to 
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conclude that the primary hydrate phase is 
CH rather than calcium hydrosilicate which 
is the secondary function of the silica gel 
border around the initial c3s grains at la-
ter period of hydration. 

Fig .5. (CaO). 24 h of Hydration. Electron 
Idcroscope X'14000 
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Influence of organic compounds on the hydration reaction 
of tricalciumsilicate 

Influence de certains composes organiques sur /'hydratation du C:iS. 

c. ST ADELMANN and W. WIEKER, Zentralinstitut flir Anorganische Chemie der Akademie der Wissenschaften 
der DOR - Berlin, R.D.A. 

Summary: 

The influence of several organic compounds of simple structure on the hydration r~te of 

c
3
s was investigated by means of differential calorimetric analysis (DCA). 

The results of these measurements in combination with those of further chemical investiga

tions show that hydration rate of c
3
s is strongly dependent on the calciumionconcentration 

in the liquid, water containing, phase. 

Lowering the dielectric constant of the water by adding al.cohols used in the hydration experi

. ments the reaction rate is always decreased in an amount which corresponds to the dielectric 

constant in the water-alcohol mixture and the solubility of calciumhydroxide in this mediwn. 

Organic compounds, able to form complexes with calciumions, like organic acids and their 

sodium salts accellerate the hydration reaction because of the lowered calciumion activity 

in the liquid phase. At higher concentrations of organic acids or of their sodium salts the 

hydration rate is decreased as a result of an increase of adsorption of these organic mole

cules at the grainsurfaces of the c
3
s. 

The mentioned effect is shown to be dependent on the strength of the complex forming ten

dency of the added organic compound. To understand fully the influence of organic· acids on 

the c3S-hydration we must futher assume the formation of a silicagel like cover at the c
3
s 

grains that lower the reaction rate drastically. 

RESUME : On a etudie, au moyen de l'analyse calorimetrique differentielle (A.C.D.) l'influence de plusieurs com
poses organiques sur la vitesse d'hydratation du c

3
s. Celle-ci est fortement influencee par la concentration de 

l'eau en ions calcium. · 

L'addition d'alcool a l'eau, en abaissant ses constantes dielectriques, diminue cette vitesse d'hydratation, se~ 

lon la solubilite de la chaux dans cette eau ~lcoolisee. 

Certains composes organiques, susceptibles de former des complexes avec l'ion calcium, peuvent accelerer forte
ment cette hydratation. Si des gels silicates se forment autour des grains de c

3
s, la vitesse d'hydratation peut 

.etre tres fortement abaissee. 
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Introduction 

Recent investigations on the mechanism of 
the hydration of c3s show that a C-S-H-pha
se rich in Cao is formed immediately after 
the beginning of the hydration reaction at 
the c

3
s surface 1 , 2 ,J). By this, its further 

reaction is prevented so that an induction
or dormant period appears. After the decom
position of this surface C-S-H-cover by a 
slow release of calcium ions from it into 
the liquid a very intensive period of hydra
tion takes place, resulting in the formation 
of C-S-H-phases and Ca(OH) 2 • 

Because the use of admixtures increases in 
last years very rapidly we tried to investi
gate the influence of admixtures on the che
mical reactions during the first st~ges of 
the c 3s-hydration mentioned above. 
The investigations were carried out mainly 
be means of differential calorimetric analy
sis (DCA). The hydration temperature was 
20 °c and the water/c 3s -ratio 0.5. Some al~ 
cohols, ketones, several organic acids, the 
corresponding sodium- and calciumsalts and 
a cation axchange resin were chosen as ad
mixtures. 

Results and Discussion 

By adding several aliphatic alcohols to the 
hydration water (1 mol alcohol/l hydration 
water) a retardation of the hydration of 
c3s is noted by means of DCA-measurements 
(fig. 1). 
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By the determination of the Ca(OH) 2-concen

trations in the liquid phase during the c3s
hydration (H2o;c3s = 10) it is shown, that 
supersaturated Ca(OH) 2-solutions are produ
ced as well as in experiments with pure wa
ter as in those with water-alcohol-mixtures. 
But the Ca(OH) 2-concentrations in the hydra
tion experiments with alcohol-water-mixtures 
increase much slower and get only smaller 
values than in the experiments with pure wa
ter. These effects are seen in fig.2 using 
t- and n-butanol as admixtures. 
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From these results we suppose, that the rate 

of the decomposition of the CaO-rich surface 
C-S-H-cover is decreased by adding alcohols 
to the hydration water. That meAns, that the 
surface-C-S-H gets stabilized whereby the 
c 3S-hydration is retarded. 

Similar effects are observed by using some 
other admixtures listed in table 1. 

lnflu•ncr of strrra/ alc'?hols and ktfont> s on fh t> II. DCA - p.ak during 

thr hydration of C3S comparrd with thr solubility of calcium hydroxidr 

and fht di•ltcfric constan.fs (d. c) Of fhr watrr- oddi tirt m ixturu 

additirt I all lmollt I 11. 0 CA - p•ak I h I Cal OHlz lmof/I J d . c 

wat•r 10.0 z .21 -10-• 00 ( 

m•thonol 13 . 1 ] 0, . 70 6 

rfhanof 1' .9 1. 70 · 7 7- ' 

n - prop on ol I 5. 7 l.H . 76 . ] 

n - bu tan ol 16. 0 1.50 7 5.2 

i - butano/ /5 . 7 1.37 . 75 0 

t-butano/ 10 .3 1.15 . 7, . 9 

butan•-1.3 - dial 15.5 1.70 . 77_3 

"'''"."• 20.0 1.36 . 77_, 
"'-diuart• /9 . 5 l.'3 73 . , 



The results in this table show, that the re
tarding effect of those alcohols and ketones 
are evidently attributeable to the decrease 
of the Ca(OH) 2-solubility in the liquid 
phase caused by the smaller dielectric con
stants. (de) of the solution phase with re

spect to pure water. 
In eontrast to alcohols and ketones, com
pounds which are able to bind ·calcium ions, 
i.e. by complexing reactions,show a complete 
different i~fluence on the hydration reac

tion of c3s. 
A very low concentrations shifts of the 
maximum of the II. DCA-peak to shorter reac
tio~ times ~re observed (acceleration), 
while at higher concentrations shifts of the 
maximum of that peak to longer reaction 
times are found (retardation). 
This is shown in Fig. J for propionic acid 
and the corresponding sodium salt as admix
tures. 

II. DC A-PEAK a: DCA - PEAK HiO 

1,0 1.0 PROPIONATE 

( molltJ 

CALCIU/ltl PROP/ONA rE 

SOOIUH PROPIONATE 

PROP/ONIC ACID 

DIFFERENT INFLUENCE OF PROPIONIC ACID, OF CALCIUM AND SOOIU/11 PROPIONATE 

ON THE II. DCA - PEAK OF THE C3S H'IDRAr!ON IN OEPE!iOENCE OF THEIR 

CONCENTRATIONS IN THE HYDRATION LIQUID (LIQUID/ C3S•O,S) 

ARE RELATED TO THE HYDRATION IN WATER f,. 1 J 

But as can be seen from that figure too, an 
adding of calcium propionate results at all 
concentrations only in a retardation of the 
hydration. The accellerating effe.ct of the 
acid and the sodium salt we attribute to the 
formation of complexes with the Ca-ions, re
sul t_ing in a higher capacity of the aqueous 
solution for Ca-ions. Therefore the retar

ding CaO-rich cover at the c
3
s grains can't 

be formed to a great extent or it is decom-

posed much ,more faster than in hydration 
experiments using only pure water. So the 
acceleration can be explained. 

At higher concentrations of propionic acid 
and sodium propionate at which we found a 
retardation, we suppose that the organic 
anions are adsorbed at the grain surfaces. 
By it a Ca-propionate cover, which hinders 
the reaction, is formed~ 
The same effect, we mean, is responsible 
for the ret~rdation in the hydration experi
ments with added Ca-propionate. But in that 
case we have in addition Rn increased con
centration of Ca-ions in the solution, by 
which the priml'trily formed Ca-8-rich C- 3-H

phase is stabilized alreqdy at low concen
trations. 
Using-<.. -hydroxyacids (i.e. lactic acid) re
spectively their salts as admixtures the 
retardinG effect is much stronger. This 
corresponds to the ability of the lqctBte-. 
ion to form very stable chelate-comple~es 

with the Ca-ions Rt the c3s-surf~ce, resul
ting in a much more effective blocking of 
the c 3s-surface. 
1
.
1fb en <J.dding ~ c~. tion exch~n r;e resin in so
dium form to the c 3s hydration experiments 
there is no possibility that complexforming 
anions can be adsorbed at the c

3
s surfBce, 

because they are chemicaly bound to the 
solid resin. Therefore the admixture of a 
cat ion exch~nge resin should only result in 
an acceleration as a consequence of ~he 
binding of the Ca-ions to the resin and no 
retarding should occur even at high quanti
ties of the resin gdded. That this concep
tion fittes in very well is shown in fig. 4. 
In contrast to the sodium form of the resin 
the addition of a protonated resin results 
in a retardation of the c 3s hydration. We 
assume, that this effect is the result of 
an acidifieing of the aqueous solution by 
the ca_. proton exchange processes, which 
leads to the formation of a silica.gel like 
cover at the c 3s grains. This envelope we 
mean is capable for the retarding effect, 
which we also !ound by adding several acids 
to the C3S-hydration. 
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CJS PASTES HYDRATED WtrH A CATION EXCHANGE 

These investigations show that the effect of 
admixtures on the hydration rate of c3s 
depends essentially on their influence on. 
the rate of the decomposition of the prima-

rily formed CaO-rich surface C-S-H-cover on 
the c

3
s grains. A stabilization of this 

C-S-H-phase gives a retardation of the c3s
hydration, and reverse a fast decomposition 
of this phase accelerates the hydration. 

The following scheme shows several possibi
lities of the influence of admixtures to 
the c3S-hydration. In addition some other 
effects, which were not d~scussed in this 
article in detail are represented at this 
scheme. A formation of silicate complexes 
(by adding of pyrocatechol i.e.) or a for
mation of unsoluble calcium salts (by adding 
of NaF i.e.) at the c3s-surface also retards 
the hydration,while an increase of the 
crystallization rate of Ca(OH) 2 formed du
ring the hydration reaction causes an scce
leration of the c3S-hydration (by adding of 
Cac12 or NaCl i.e.). 

RETARDATION STABILIZATION OF THE "SURFACE C-S-H" BY , 
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Influence des defauts ponctuels sur l'activite d'hydratation 
des constituants de clinker 

Point defects influence on the hydration activity of clinker minerals 

V. V. TIMACHEV, 
V.G. AKIMOV, lnstitut Chimico-Technologique Mendeleev, U.R.S.S. 

On a etudie le macanisme de formation des defa uts ponctuels ce type p-n duns les solutions 
solides des silica tes de c a lcium et de ter mine leur influence sur l'activite d'hydrata tion 
des mineratix. Le type, la concen.trG. tion et l a raobilite des portem·s de charge eta ient dete:c
m.ines a 1 apres la rresure des par ametres de l' effet 1Iall a la temperat ure de 25°c. Les carac
t eris t iques d'hydrata tion sont deter minee s par les methodes de microcalorimetrie e t de re
s onance magnetique nuc.leaire (echo de sp in) o 

On a et abli exp 6rimentalement que l a concentration des porteLU'S de charge libres atteint 

1015 a 1019 T/m.3 t le t-,y--i_) e de cond uctibilite par trous da ns les minera ux pouvant etre change 
en c onductibili te pa I· electrons 98.r l 'introduction dans l a composition de l a solution solide 

des ions Fe.3+ , Co2+, Ni 2+ o L' ~.rnsment .s. tion de lu c oncentration des i;iorceurs
1

ge c l1~rge libres 
dans les solutions s olides du silicate tricalc ique de 2,6 x 1015 a 3,5 x 10 T/m3 concuit 
~ l'inte r action plus eff i c ace des particule s de l a pha se init~ale a~ec l'ea u ~ la periodeA · 
d 'hydrat s tion ini-Ciale, ce c;;_ui fa i t c~ ue l a neriode d 1 induction commence 18 minutes p lus. tot. 

'I'he mecanism of electron-hole point defects developement in calcium silicates solid solu
tions ha s bee n investiga ted a nd their influence on the hydrate activity of mine_;·a ls has been 
determined. 'l'Yl)e, co ncentration and mobility of charge carriers we~ce determined by t aking 
measurements of Hall effect pc.r ameters at 25°C. Hydro. t a tion ch;;;. :c .,cteristics have been deter
mined by t h e microc a lorimetry method o.nd the nucleo.r Iilognetic re::;onance (spin echo) method. 

- :E.'xpe1' iments u sce:,:-tained t :!.rn t the concenlJrution o: free chsrge carriers is as grea t as 1015-

10,19 /m3 ~ wh~le , ?ole c<?nductiv~ty in min~~·~l s c ei. n . be c :i.1a~ged t o e}:_~ctron conductivity by in
corporation ;i.n cae solid solut ion comp osition of ions Fe.7" ,Co2+, 1i 12+. Incrc <:i. se of free 
charge c aiT iers concentra tion int rica l c ium silicate solid solut i ons from 2,5.1015 to 

.3 ,5•'1018 /m3 leads t o mo1'e eff ec ti ve interaction of i nitial phase po.i·ticles witl:: water in 
first hydI' i.:!-tion p e .::·iod , wi th the r e s ult t hu t induction period sets in 18 minutes earliei· . 
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La defectuosite de la structure cristal
line des phases du clinker du ci.ment port
land est un des facteurs determinant la re
activi te du systeme ciment-eau, les condi
tions de 1 1 interactio'n des particules avec 
l'eau dependant de la fine structure du con
stituant pulverulent (1,2). Les phenomenes 
qui en resultent se manifestent efficacement 
sur la surface f ortement developpee des ma
tieres polycristallines et debutent aux 
centres actifs. L'elucidation des questions 
liees a une induction artificielle de de:tauts 
et au degre de l'influence qu'ils exercent 
sur l'activite d'hydratation est un probleme 
d'actualite. 

Il a ete etabli (3-8) que dans les solu
tions solides des phases du ciment il se · 
f orme des defauts ponctuels de plusieurs 
types, dent la concentration est fonction 
des particularites de la structure du reseau 
cristallin, du type, ae· la nature chimique 
et de la quantite de l'impurete introduite, 
des conditions de la synthase, etc. Le pre
sent ouvrage a pour objet la formation des 
defauts ponctuels a trous electroniques,la 
determination de leur influence sur 1 1acti
vite d'hydratation des mineraux aux premiers 
stad~s d'hydratation (ne depassant pas 180 
mn) • 

Des comprimes d'une charge a composition 
stoechiometrique ont ete cuits sur un sup
port de platine en respectant des conditions 
de la synthese identiques pour tous les 
echantillons. L 1 identification des solutions 
solides a ete operee par spectroscopie IR, 
par analyse thermique differentielle et aux 
rayons X, par microscopie electronique. Le 
type, la concentration et la mobilite des 
porteurs de charge ont ete determines en me
surant l'effet de Hall a la temperature de 
25 °C. Les etudes ont ete effectuees a une 
installation pour mesurer la conductibilite 
electrique, la photoconductibilite et la 
concentration des porteurs de charge, instal
lation f onctionnant selon le principe de 
deux champs variables - electrique et magne
tique - aux frequences de 58 et 50 Hz respec
t .i vement. Les caracteristiques d' hydratation 
sont etablies par les methodes de microcalo
rimetrie et de resonance nucleaire magneti
que (echo de spin). 

Les recherches effectuees ont confirme 
par voi.e - experimentale l'existence de por
teurs de charge libres. dans les solutions 
solides de c3s, C-J3, c3A (Tableau 1), le 
type de conduction etant fonction, comme il 
a ete etabli, de plusieurs facteurs. Des par
ticularites de la structure cristalline, des 
defaut~, des ecarts a la stoechiometrie font 
apparaitre une conduction par trous (type r) 
dans les echantillons. LI incorporation d I ions 
etrangers dans le reseau cristallin lors de 
la formation des solutions solides, ainsi 
que le remplacement des radicaux principaµx 
de la structure et des ions ca2+, Al3+,s14+ 
modifient considerablement les parametres du 
reseau. On constate des changements du ca
ractere ionique ou covalent des liaisons. En 
outre, la redistribution de la densite elec
tronique des liaisons de valence soit fait 
augmenter la concentration des porteurs de 
charges libres de type r, soit conduit au 
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. remplacement de ce type de conduction par le 
type contraire (type p). 

L'analyse des resultats obtenus a montre 
un brusque changement des proprietes des so
lutions solides lors des conversions d'une 
variete en une autre (f~g.1) et point le 
plus important, d'une meme vari~te, ou bien 
dans le cas d'une redistribution continue de 
plusieurs phases polymorphes dans les echan
tillons (fig.2,3). 

N, -;,-- ft· m2/V .s 
1019 :=----------:------, 10-5 

Fig .1. V2r iat ion ae l a c once ntri ti on des 
oort e tu ·s de charge (N) et de leur mobili
te CJ") en func tion a e l a teneur de c3s 

Ce dernier phenomene se manifeste d'une ma
niere particulierement prononce lors de la 
formation de solutions solides dans J9sque1-
les la concentration de l'µnpurete varie 
dans des limites etendues. C'est ainsi que 
la substitution des ions Mn3+ aux ions Ca2+ 
et, dans une faible .proportion, aux ions 
S .4'+ d ·t ' 1 f ~·, i con ui a a ormation de solutionsso-
lides de ft et °'-i-CzS occupent les places des 
cations ca2+ de preference dans les chaines 
du type -si-O-Ca-Si- ' ce qui donne lieu a 
une variation du parametre C de

1
1a cellule 

elementaire qui pas~e de 9,19 (1% en mas
se de Mn2o3j a 8,98 A(~% en masse de Mn~o3), 
les valeurs de a (5,50 A) et de b (6,77 A) 
restant invariees pour toutes les solutions 

solides synthetisees. Les changements con
cernant les anions sont peu importants. La 
formation des solutions solides deot.L-c

2
s 

est.due au remplacement des ions calcium 



TABLEAU 1 
-------------------------------------------------------------~--------------------------Caracteristiques galvanomagnetiques de certaines solutions sol ides 

ios-- ----- ------- -----------------Impurete Variete 
d'or- Mineral (1% en 
are masse) 

-------- ------- ----------------1 c3A cub. 

~ C-f' Mn2o3 monocl. 

3 c3s tricl. 

4 ZnO ti 

5 A1203 " 
6 so3 " 
7 Mn2o3 

ft 

8 CdO " 
10 ·Fe

2
o

3 " 
11 Coo " 
12 NiO " 

------- --------- ----------------

N, 1 
7 

o,o 0,2 0,4 o,6 o,a 1,0 

Cd.O, % en masse 

Fig.2. Variation de la concentration des 
porteurs de charge (N) et de leur mobi

;Li te (;M) en fonction de la teneur de 
c3_s e~ t:ao 

situes dans les interstices entre les tet
raedres de Si04 et d~s ions silicium dans 
les tetraedres eux memes. Une telle incor-

-------------------Concentration 
des porteurs 
de charge, 
1/m3 

----------------~-
2,1x1018 

5,5x1017 
2,6x1015 

6,2x1016 

1 2X1017 ' · 3,3x1017 
7,9x1o17 

3,4x1018 

1,6x1017 
5,7x1o17 
3,5x1018 

-------------------

N 1 • t:J 
m 

103] 

------------------
Mobilite Type de 
des por- conduction teurs de 
charge, 
m2 /Vs. 

----------- --------------
1,1x10-6 r 

-6 2, 1x10. .. 
1, 2x10-6 " 
1,1x10-6 " 
2,1x10-6 " 
3,9x10-6 tt 

1,2x10-6 
" 

6,0x10-6 It 

~,7x10-7 p 
3,~10-6 " 
1,3x10-5 " _.., _________ 

----------------

1017 10-7 
~1~~~~2~~~-'-~~~~4~~~~5 

~o~, % en masse 

Fig.3. Variation de la c oncentration 
des norteurs de charge (N) et de leur 
mobilite (J!') en fonction de la teneur 
de c 

2
s en 1v:n2o3 

poration de Mn2o3 dans la structure de 
oLL-CzS provoque une diminution du parametre 
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TABLEAU 2 
Caracteristiques des 

~
-~~~~t;;=r-p;~~~-;;1~~-a;~- --p;;;;;t;;;----

on de - phases dans la elementaires 
n2o3 , % en composition, a 

asse I p-c2s d.J,-Cfl 
1 -1-------r-;;~-- ----0------ ----------~----

1 3 80 20 10,93 
' 5 49 51 10,93 

7 40 60 10,93 
-----------------~----------------------------b et une augmentation du parametre C de la 
cellule elementaire. La substitution des 
ions manganese aux ions calcium par suite de 
l'incorporation de Mn2o3 dans la structure 
de c 2s fait apparaitre la conduction du type 
r a l'etat de v~leru;e, qui s'implifie logi
quement avec l'augmentation de la concentra
tion de Mn2o3 • Ce phenomene resulte de la 
redistribution de la densite electronique 
des liaisons de valence lors de *a substitu
tion de .Mn3+ a ca2+ dans les chaines 
-ca(Mn)-o-ca(Mn)- et -si-o-ca(Mn)-si-. 

3 

1--0f 

2--0f + 1 % CdO 

J-03S + 1 % NiO 

2 1 

78 96 
't', min 

Fig.5. Relation entre la vitesse de la 
variation du temps de relaxation des pro
tons T1 (ms) et la duree d'hydratation 
't (mn) 

L'in:fluence des defauts ponctuels sur la 
~eactivite du liant est particulierement ma
nifeste lors de l'hydratation des solutions 
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solutions solides de c2s avec Mn20J 

---------------1------------~-deola cellule ! Temperature 
A ---~ de la con-

b c I version de la 
variete f3 en 
variete4°c 

-----=--- --=--i-----680--------
18, 22 6,721 690 
16,25 7,001 705 J 

__ 2~!~~-l-~~~~----:2~~-----
sol ides de c3s. L'activite d'hydratation 
des minerau:x: a ete etudiee par les methodes 
de microcalorimetrie et de resonance nucle
aire magnetique a impulsions (echo de spin). 
Cette derniere methode ne convient pas 
quand il s'agit d'etudier la mobilite des 
molecules d'eau au cours de l'hydratation 
(9,10). On a determine les durees de la 
relaxation longitudinale (T1) et de la re-
laxation transversale (T

2
) des protons par 

les methodes a impulsi6ns ( 180°--90°) et 
on a calcule leurs rapports pour de diffe
rentes durees d'hydratation. Une poudre aux 
grains Qe tailles uniformes (25 a 30 microns) 
a ete gachee, avant l'experience, avec de 
l'eau distillee dent le rapport B/T est 
egal a 0,5. 

Les courbes cinetiques T1 , T2 et T1/T 2 
sont mises en corrEiation avec les courbes 
representatives du degagement de chaleur, 
l'existence d'in:flexions sur ces courbes 
attestant une nette division de 1 1hydrata
tion de c2s en stades (fig.4). Au moment 
initial de gachage on observe une brusque 
diminution des grandeurs T1 et T

2 
des echan-

tillons examines par rapp2rt a l'eau pure 
Cr 1 ~T2 ~ 3s); ce qui est du a un affaiblisse-
ment de la mobilite des molecules d'eau par 
suite de leur adsorption sur les centres ac
tifs de la surface du solide. Etant donne 
que la grandeur T1 est fonction de la sur
face des matieres hydratees (11), la decro:is"' 
sement de la duree de relaxation et du rap
port T11.r2 a la premiere etape de l'hyd.ra-
tation (_jusqu' a 60 mn pour c 2s) est du a la 
dissolution de c3s, au passage, surtout des 
ions ca2+, en solution, a leur hyd.ratation 
et a la formation de 1 hydrate 3CaO•Si02• 
•nJI2o sur la surface du grain initial. En
suite, l'hydratation se ralentit brutale
ment et entre dans une periode d'induction, 
dont le debut cotncide avec 1 1accroissement 
de T1 et ~ne iO:lexion sur la_ courbe T2 ,ce 
qui peut etre du a la formation d'un hydrate 
ayant pour formule 1,6CaO.Si02nH2o, qui 
presente un caractere cristallin moins pro
nonce et une surface unitaire plus develop
pee _ que l'hyd.rate 3Ca•Si02nH2o. Avec toute 
nouvelle acceleration de l'hydratation, lea 
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Fig.4.variations de l'iniensite du 
degagement de chaleu.r (dQ/d't'), des au
rees de relaxation des protons (T1 et 

T2) et de leur rapport lors de l'hydra
tation de c3s 
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durees des relaxations longitudinale et 
transversale decroissent reguliereme~t, 
mais le rapport T1/T 2 commence a croitre 
par suite de la formation d'une nouvelle 
couche exterieure de Ca(OH) 2 et de cristal-
lohydrates c-s-H dans lesquels les molecu
les de H2o ont une faible mobilite, 

L'accroissement de la concentration des 
porteurs de charge libres par incorporation 
d'ions etrangersa la composition de la so
lution solide a pour eff et une interaction 
plus efficace des particules de la phase 
initiale avec l'eau dans la periode ini
tiale d'hydratation. Il en resulte ~ue la 
periode d'induction commence plus tot qu'en 
c_as de c3s pur (fig .5). c. est la consequen-
ce de l'intensification de l'adsor~tion et 
de la dissociation des molecules d eau en 
ions OH- et Ii+ avec et~blissem~nt de liai
sons entre les ions Ca~ et OH et entre 

o2- et H+. Ilse produit un changement dans 
la structure electronique des ions en re
action, qui s'accompagne d'un passage d'e
lectrons des ions a charge negative ~ux 
ion~ a charge positive, ce qui entraine Uil. 
relachement des liaisons dans le reseau 
cristallin de la phase initiale. L'accrois
sement de la concentration des porteurs de 
charges des· types r et p contribue au de
roulement de ces processus. 

Les defauts ponctuels du type A trous 
influent egalement sur .l'adsorption des mo
lecules d 1 eau lors de 1 1 hydratation de c2s, 
c3A et de leurs solutions solides, .mais la 
periodicite est la plus m~nifeste quand on 
etudie l'hydratation de c3s par la methode 
de resonance nucleaire magnetique. 

On constate done que les defauts ponctu
els accentuent les aptitudes reactionnelles 
des mineraux du clinker au debut de l'hydra
tation et exercent par la une influence sur 
la mise en fom.e de la structure de solidi
fication aux etapes ulterieures. 
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Electron microscope investigation of sulf<?aluminate calcium 
hydration processes at the first stages of solidification 

Etude microscopique electronique des processus d'hydratation 
du sulfoaluminate de calcium dans /es premiers delais de durcissement 

V.A. DMITRIEVA, 
T.V. KOUZNETSOVA, Niitsement, Moscou, U.R.S.S. 

On a etudie les produits d'bydratation des particules minces du sulfoaluminate de calci
um qui se ferment dans les premiers delais du durcissement dans la suspension. 

<Dn a releve plusieurs types morphologiques de formation des phases bydratees dans un seul 
microvolume, ce qui£temoigne de voies differentes de cristallisation: 

- les cristaux croissent directement a partir du mineral de depart; 
- les nouvelles formations bydratees se trouvent en contact avec la masse amorphe granuleuse 

secondaire des produits d'hydratation; 
- les composes hydrates cristallises a partir de la solution. 

Dans tous les cas on observe des crist'iux aciculaires d'ettringite ayant une structure tu
bulaire. Les donnees obtenues peuvent etre utilisees pour elucider le mecanisme de l'hydra
tation et de l'expansion des ciments sulfo-alumineux. 

Fine sulfoaluminate calcium particles hydration products generating at the first stages 
of solidification in suspension have been investigated. 

Several morphological models of hydration phases in one microvolume have been revealed, 
what indicates different ways of crystallization: a( crystalls grow up directly from initial 
mineral; b)bydrate new formations are in contact with secondary granular amorphous substance 
of hydrate products;c) hydrate combinations, crystallized out of solution. 

In all cases needle ettringite crystalls with tubular structure are reported. The data 
obtained can be used for clearing up the mechanism of hydration and widening of sulfoalumina
te cements. 
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SUMMARY .• IN the last few years much interest 
has been shown in the study of c3A3cs-H2o 
system owing to the development of special 
cement production. In spite of the inten
sive investigation of the calcium sulfo
aluminate hydration process its early stage 
of an interactio.n with wate.r has not been 
clearly studied so far. 

The present paper invest~gates the hy~
ration products of the calcium sulfoalumi
nate fine particles formed in suspension at 
early ages of hardening. 

It has been found that several morpholo
gical types of hydrate phases are present in 
one microvolume : 
- crystals grow directly from a starting 
mineral; · 
- hydrate new formations are in contact with 
secondary amorphous gr.ainy mass of hydra
tion productsf 
-hydrate compounds crystallized out in solu
tion. 

Acicular crystalls of ettringite having 
tubular structure have been observed in all 
cases. The data obtained can be used for 
revealing the mechanism of hydration and ex
pansion of sulfoaluminate cements. 
INTRODUCTION. Many papers deals with hydra
tion reactions of cement at early stages of 
hydration. For a long time scientists have 
considered phase equilibriums in the sys
tems: CaO-Si02-H2o and CaO-A12o3-H2o and 
then in more complex systems containing . 
Caso4 , Fe 2o3 along with Cao, Si02 and Al2o3• 
Extensive literature is available on compo
sition of products of a clinker mineral in
teraction with water ~l?), chemistry of a 
portland cement hydration process has been 
studied well (3,4). Scientists are mainly 
of the same opinion about the composition 
of hydration products and their studies -are 
reduced to refinement of the ratio Of C/S 
and C/A, the quantity of crystal water in 
hydrate compounds. · 

Up till now there are serious diff eren
c es in the oninions about the mechanisme of 
hydration and structure formation (5-a), 
since a composition of new formations can-
not be used as evidence for topochemical 

a.nd solution mechanisms of a hydration pro
cess. At present intensive investigations 
using different methods are carried out· in 
~he area of origin of a hydrate phase and 
its morphology. Using a mathematical model 

of a cement stome structure, thermodynamic 
conceptions of origin of new phase nuclei 
and data on kinetics of a solution process 
of a starting phase A.F.Polack (5-5) has 
shown that cement hydration proceeds through 
solution of anhydrous compounds and hydrate 
crystallization mainly on the surface of a 
starting grain of cement. L.G.Shpynovy deals 
with morphology of cement hydration products 
during long hardening of a cement stone and 
I.Skalni (10) has recently published the 
result of investigations of early stages 
of portland cement hydration with a scanning 
electrone microscope. 

The aim of this work was to investigate 
morphology of the crystals formed at early 
stages during an inte.raction with water of 
calcium sulfoaluminate of 3Ca0•3Al2o3 .caso4 
having great importance in proauction of 

rapid-hardening, non-shrink, expansion and 
tension cementss 
MATERIAL OF THE I}fVESTIGATION. Sulfoalumina
te was synthesized from Caco3 , A.1 203 and 
and Caso4 •2H20, analytical grade, by bur-

Fig.1. Radiogram (1) and ir-spectruin (2) 
of calcium sulfoaluminate 

ning a stoichiometric mixture at 1350°0.The 
mineral obtained _was characterized by the 

209 



refraction index of N=1•571. 
The sample radiogram has diffr~ction 

lines: cd=3•75; 3.21; 2•89R; 2•15A and its 
IR-spectrum shows absorption bands in the 
area of 400-500; 1000-1100; 3400-3650 cm-1 
(Fig.1). 

The cnemical composition of the sulfo
aluminate investigated is represented by 
(~b) : Ca0=36•7; A1 2o3 =50•2; so3=13 •1. 

EXPERIMENTAL PROOEDURE. Preparations were 
made by grinding synthesized calcium sulfo
aluminate up to fine particles •• wi th thick
ness of several tens of angstroms (i). 
Hydration took place in suspenfliion with the 
ratio of solid; liquid = 1 :50 and in cement 
paste with w/c ratio equil to its normal 
density. After a certain time a liquid pha
se was filtered and the content of CaO, 
A1 2o

3
, so

3 
was determined in it. The filte-

red solid phase.was analized with the X-ray 
diffraction analys:r's and differential ther
mal analysis. 

In addition, after a certain time a drop 
was taken from an upper layer of suspension 
and placed upon the net strengthened with . 
a carbon film. After drying the preparation 
was investigated with the UEMB - 100K trans
mission electron microscope having resol
ving power of 7 i at accelerating voltage 
of electrons of 50 and 75 kW. 
RESULTS OF INVESTIGATION. At intervals of 
10 min, 30 min, · 1 ·hour---;-2 hours, 4 hours 
end 6 da~s after preparation of suspension 
or beginning of sample mixing with water it 
has been found during investigations of the 
preparations that several types of crystal
hydrates are formed in one microvolume on 
hydration of c3A3cs. 

After 10 minutes one can see submicro
crystals oriented in such a way that there 
are formed a space lattice with closed cells 
(Fig.2), t1ansparent plates of calcium sul
foaluminate not effected by ~ydration, fine 

Fig.2. Space lattice from submecrocrys
talhydr3tes (X4000) · 

whisker crystals and amorphous formations of 
hydrates. 

All four types of hydrate new formations 
were observed in the subsequent above-men
tioned periods. 
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There, are hawever, some differences re
siding in the fact that in .the course of 
time the quantity of submicrocrystals for
ming fine sieve is decreased, as does the 
quantity of sulfoaluminates particles not 
effected by hydration while the quantity of 
gel-like formations and whisker crystals in
creases. 

The later become thicker and while inter
weaving form a skeleton (Fig;3). Lack of a 

Fig.3. Skeleton froill interwoven and 
intergrown pulled crystals of ettrin
gi te (X4000) 

starting grain in the places of interwea
ving and intergrowth of submicrocrystals and 
pulled crystals can demontrate crystal gro
wing of hydration products in solution. 

At the same time one can also see inter
growth of pulled crystal-hydrates with cal
cium sulfoaluminate_particles (Fig.4) and 
gel-li ;:ee mass of alumina hydroxide (Fig.5). 
Fig. 3,4 and 5 show a new formation after 
six days of c

3
A3cs hydration in suspension. · 

Of interest, to our opinion, is the stru
cture of ettringite crystals in these fi
gures which have a clear tubular structure. 
In Fig.4 outer diameter of an ett~ingite 
crystal tube is about 0.6-0.8 k while wall 
thi0kness - 0.01-c,02 k in Fig.5. Ratio of 
the tube thickness to the outer diameter is t - ~ in both examp~es. 

It has been found that tubular crystals 
sometimes brake down rapidly during prepara
tion dryiq.g. 

It appears in the fact that pulled crys
tals become discontinious, like strokes, and 
defects ~evelop in a matrix. · 

Table 1 sUlllill.arizes the results of chemi
cal analysis of a liquid phase on c3A3CA 
hydration. 

Table 1 
Chemical composition of filtrate 

;:;;-~;--- ---.--. ------c~~tent-:-mgfl---~---1 

ydration, ------- --------- -----~----~1 

7 J 1052 607 175 
17 1040 600 137 
24. 485 308 36 
--------- ----~--- ---~----- ---------~--~ 



I~ig.4. Ettringi te cry?ta.l inte~gro~.
wi th particle of calcium sulfoaluminate 
(x75000) 

Fig.5. Ettringite crysta l intergrown with 
gel-like mass of alumin& hydroxide•(X75000) 

The results of the liquid phase chemical 
analysis show that the ratio of C/A in a 
l~quid phase is close to that in starting 
c3A3cs while the sulfate quantity in terms 
0£ so3 is somewhat lesser than in calcium 
sulfoaluminate. On further hydration (up to 
24 hours) the concentration of Cao, so3 and 
AL 2o3 decreases sharply. The C/A ratio re
amins practically unchanged.· X-ray diffrac
tion studies have shown that at the first 
hours calcium hydrosulfoaluminate of tri
sulfate form ·is present in a solid residue 
after siltration of suspension. The quant.i
ty of the calcium hydrosulfate grows rapidly 
with increase in time of hydration. Calcium 
hydroaluminates have been also found in the 
composition of hydration products. 

Investigations of cement paste have 
s~own that on hardening of calcium sulfoalu
minate calcium hexagonal hydroaluminates and 
ettringite revealed on the radiograms of 
hydrated samples even after an 4our from the 
moment of preparation of samples are formed. 
A size of crystals increases by the period 

of 28 days., To this moment the sample is 
characterized by a high density. The dis
tinctly formed crystals of new formations 
ape in a close interweaving with each other. 
The interspaces consisted of the net -of aci
cular crystals are filled with _dense mass 
probably formed from Al(OH) 3 • 
DISCUSSING OF RESULTS 

It has been found that regardles~ of w/c 
ratio accepted for the investigation of sam
ples hydration products have a similar habit. 
Morphology of crystals, hydrate compounds 
typical of an early sta~e of hydration does 
not practically change during more prolonged 
hardening. Increase in the crystal size is 
only observed. Nature of crystallization of 
hydrat_:.on products together with a chemical 
composition of a liquid phase make possible 
to say that hydration of C~A~CS proceeds 
through solution of a star~ing grain and 
crystal growing of hydrate compounds in so
lution as well as by water diffusion inside 
the C~A~CS grain and crystallization and 
growt~ Cf tubular ettringite on the surface 
of an anhydrous starting particle with for
mation of gal of aluminium hydr9xide. 
CONCLUSION. On hydration of c3A3cs at an 
early stage two types of hydrate compounds 
have been discovered: a gel-like phase and 
tubular crystals which formation was found 
on the surface of. a starting cement particl·e, 
on aluminium hydroxide as a substrate and 
through crystal growing in solution. The 
data obtained can be used as an explanation 
of the mechanism of hydration and expansion 
of cement stone. 
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Utilisation des reactions de formation de l'ettringite 
pour I' action orientee sur les processus de formation 

de structure du ciment durci · · 
Use of ettringite formation reaction for directed influence 
on the structure formf]tion processes of the cement stone 

1.V. KRAVTCHENKO, Professeur, Docteur es Sciences Techniques, 
V.L. BERNSTEIN, Collaborateur Scientifique, Candidat es Sciences Techniques, Niitsement, 
Youjguiprotsement, U.R.S.S. · 

Sur la base des calculs thermodynamiques et des etudes phJsico-chimiques complexes on a 
montre qu'il est possible de commander la reaction de formation de l'ettringite dans le 
systeme contenant les aluminates de calcium de diverse basicite - c3A et CA2(CA). · 

On a etabli que l) addition contenant les aluminates de calcium faiblement basi~ues exerce 
une influence positive sur le proce9sus d'hydratation du ciment, ses indices de resistances 
et proprietes techni~ues. 

On a deduit les dependances fonctionnelles des proprietes des ciments vis-a-vis le rap
port de c3A, CA2 et Caso4 •2H20 qui participent .3. la formation de l'ettringite. 

Based on thermodynamic calculations and complex physical-chemical investigations, the 
possibility of ettring;i. t .e formation reaction in the system containing calcium aluminates of 
different basicity - c3A and CA2(CA) - has been revealed. 

Positive influence of the low-basic calcium aluminates containing addition on the cement 
hydration process, its strength characteristics and construction-technical properties have 

· been find out. . . 
Finctional relationships between cement properties and c3A, CA2 and caso4 •2H20 ratio 

in .the process of ettringite formation have been deduced. 
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Le urocessus de for·mation de la fo.rme 
f ortement sulfate du eulfoaluminate hydrate 
de calcium, 1 1 ettringite, qui a lieu lors de 
l'interaction du constituant d'aluminate du 
clinker de ciment portland avec le gypse, 
exerce une grande influence sur la formation 
de structure du ciment durci et ses proprie
tes. Toutefois les po§sibilites de cette 
reaction sont loin d'etre utilisees comple
tement, ce qui est lie avant tout a la for
mation des pellicules de sulfoaluminate 
hydrate sur la surface des grains d'alumi
nate tricalcique. 

L'objectif vise par nos etudes est de 
mettre au point le precede de commande du 
processus de formation de l'ettringite par 
introduction dans la composition. du ciment 
des additions contenant les aluminates. 
Pourchoisir les additions les plus effica
ces on a precede aux calculs thermodynami
ques des reactions d'hydratation dans le 
systeme aluminates de calcium. - gypse - eau 
-ca(OH) • On a etabli de cette fa~on qu'il 
est ratfonnel d'introduire dans la composi
tion du ciment des additions contenant les 
aluminates de calcium faiblement basiques -
Ca0•2Al2o3 et CaO•Al2o3• 

Selan les calculs thermodynam.iques, dans 
le systeme contenant simultanement les alu
minates de calcium. de diverse basicite: 
3Ca0~1 2o3 et Ca0•2Al2o3 la formation de 
l 'ettringite aura lieu avant tout grace <\ 
1 • i11te.raction du gypse avec c3A, ce qui est 
du a une plus grande valeur absolue de la 
variation du potentiel isobare-isotherme de 
cette reaction (-45 kcal/mole). _Apres que 
toute la quantite"'l)ossible de c3A fut liee, 
ce qui est limite aux stades d'hydratation 
precoces par la composition du milieu et 
les facteurs cine~iques, la fixation du _ 
gypse continue grace a son interaction avec 
le dialuminate de calcium qui se caracte-

. rise par la valeur du potentiel z egal·e a 
-7 kcal/mole. Ceci nous permet de supposer 
qu•en presence dans le milieu du clment 
durcissant des aluminates de basicite dif
f'er~nte le processus de fixation du gypse 
a un caractere continu, ce qui nous perm.et 
de commander le processus par variation du 
rapport des aluminates de calcium. et du 
gypse qui prennent part a la reaction. 

Les etudes physico-chimiques effectuees 
sur des melanges dif'ferents de mater-iaux 

synthetises avec utilisation de l'analyse 
aux rayons X, de la spectroscopie infrarouge 
et de la microscopie electronique ont per
mis d'etablir les faits suivants. Lors de 
l'interaction du dialuminate de calcium avec 
le gypse il se forme l'ettringite, produit 
final "de cette reaction, qui reste stable 
dura r:.. t un temps prolonge independamment du 
rapport des constituants de departG Une fai
ble vitesse de cette reaction conditionne la 
cristallisation de l'ettI'ingite sous forme 
de gros cristaux de forme prismatique avec 
un rapport d'axes peu eleve (jusqu'a 3-5). 
La structure dense du ciment durci est im
pregnee du gel A12o

3
·3H2o qui se degage· 

lors de la reaction et~diee dont l'equation 
stoechiometri qc.e peut etre representee sous 
la forme suivante: 

Ca0•2Al 2o3 + CaS04 •2H2o + ~ H20 

; .3Ca0 Al 2o3•3CaS04 •31R2o ~ ~ Al2o3~H20 
La vites se de liage du gypse augmente avec 
l'accroissement du rapport de CA2 a CSH2G 
Le trait distinctif de ce processus est 
l'absence de pellicules de sulfoaluminates 
hydrates sur la surface des grains d'alumi
nate. La cristallisation de l'ettringite a 
lieu a travers la solution. 

Les methodes physico-chimiques etaient 
utilisees pour l'etude de la formation de 
l'ettringite dans le systeme ou .sont presents 
simultanement deux aluminates de calcium: 
C~ et CA2• Le traitement des donnees de 
1 analyse aux rayons X et de la spectrosco
pie infrarouge,donne sur la figure 1, a per
mis de confirmer les conclusions des cal
culs thermodynamiques sur l'ordre d'interac
tion avec le gyp~e des aluminates de basici
te differente. Le dialuminate de calcium 
identifie sur les spectrogram.mes des rayons 
infrarQ1tges d' apres la bande d' absorpt:lon de 
820 cm et sur les radiogram.mes d'apres les 
maximums de diffraction avec d=4,44; 2,59 A, 
entre en reaction avec le gypse apres la fi
xation de la quantite principale Cjusqu'a 
50-60%) de l'aluminate tricalcique (bande 
d'absorption de 750 cm-1, d=2,69 A). 

L'introduction de Ca(OH) 2 ne modifie 
pas le mecanisme et l'ordre de succession 
dans lequel les alum.inates c3A et CA2 ~n-
trent en reaction -avec le gypse., Cependant,-
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sa presence dans le milieu du ciment dur
ciseant diminue brusquement le degre de par
ticipation de l'aluminate tricalcique a la 
formation du sulfoaluminate hydrate de cal
cium ainitr9tades d 'h:v-dratation les plus pre-

J o . 
I 0 

fOD .----._,__ 

80 

60 

4o 

~o 

Sh fd 3Q' '7d 28c/ 
Fig.1. Cine~ique de l'interaction des alu
minates de calcium c3A et CA2 avec le gypse 

-------- . a I apre's les donnees de la Spectro
SCOpie infrarouge; 
-------- d'apres les donnees de la radio
graphie; 
1- dans le systeme c3A-CA 2-caso4 .2H20; 

2- CA2 dans le systeme c3A-:CA 2 - Ca(OH) 2-caso4 • 
• 2H2o-H20; 2'- c

3
A dan~ le systeme · 

c3A-CA2- Ca (OH)2-caso4. caso4.2H20-H20 

coces ~courbe 2 sur la figure1). L'exces_ de 
C-/l.. aux stades plus tardifs conduit a la ae-
composition de l'ettringite et a sa trans
formation en forme de monosulfate (le poten
tiel z de cette reaction est egal a -77 n 

kcal/mole). Dolic pour augmenter l'efficaci
te de l'action d'une addition il est ration
nel d'introduire dans la composition du ci
ment une addition minerale active, par eMem
ple le laitier granule de haut fourneau. 

Le caractere continu du processus de for
mation de l'ettringite a partir des alumi
nates de basicite differente (~ et CA 2) 
rend possible l'intensification du proces
sus de fixation du gypse aux stades precoces 
d'hydratation du ciment. Ceci conduit, d'um 
part, a l'elimination de phenomenesde des
truction indesirables accompagnant la cris
tallisation de l'ettringite aux stades plus 
tardifs et, d 1autre part, la formation d'une 
quantite supplementaire de l'ettringite aux 
stades precoces cree les conditions pour 
l' expansj_on du ciment. La formation de 1' et
tringite a partir de CA 2 sous forme de cri-
staux de forme prismatique capables de de
velopper des pressions de cristallisation 

214 

. elevees' a permis de pr~dire que les ciments 
avec une addition contenant le dialuminate 
se caracteriseront par une valeur d'expan-

o\o 
~\ 

f 
~ 

[finke'l,'X f 0 Cypsllm,°), 
Fig.2. · Domaine optim8;1 des cqmpositions des 
ciments: 
------- isolignes de r esistance a la com~ 
pr~ssion, kgf/cm2; 
------- isolignes de dilata tion lineaire, %; 
------- ~ isolignes de prise initiale, mn 

sion elevee. 
Par suite des recherches effectuees ·on a 

trouv• des additions efficaces ayant dans sa 
composition de 60 a 8CYfo du dialuminate cal
cique. 

Vu l'absence de donnees a priori sur les 
proprietes des ciment avec addition indique~ 
les etudes des compositions de ciment et la 
determination de leur constitution optimale 
etait effectuees avec utilisation de la pla
nification mathematique a deux stades·ae 
l'experience. Sur la figure 2 est represen
te le domaine otpimal des compositions des 
ciments addition.nee surle diagramme "sim
plex" a 3 constituants "composition (clin
ker-gypse-addition) - propriete". Les com
positions dans le domaine optimal se carac
terisent par la resistance a la compression 
de 30 MPa au minimum, la valeur de la dila
tation lineaire de 0,5 a 2,Cffo, le debut de 
prise pas plus tot qu'apres 1 heure. Le mo
dele mathematique deAla variation de resis~ 
tance du ciment a l'age de 28 jours en fon-



ction de la composition mineralo,gique a la 
forme suivante: 
R28 ·· +396,5-11, 1x1+42,7x2+22,9x3+0,23x1 •x2+ 

comp. . 2 2 . . 2 
+0,078x

1 
•x

3
-2 ,32X2x3+L ,195x1-2,5sx2-2, 12x3 ; 

ou x
1 

,x
2 

et x3 repre sen tent .la quanti te du 
laitier de haut fourneau, du l 'addition con
tenant CA

2 
et du gypse (%). 

Le traitement des equations de la regres
sion .et les etudes sur les clinkers de com
position mineralogi que differe~te ont per
mis d 1 e ~ ; ablir leS rapports Optl.IIlaUX de 
CA /C . A et de CA

2
/so3 pour resoudre les 

2 3 a · · a· ·· d ,_ problemes d' ~?croissement . . es in ices e ~e 
sistance duetment ( r espectivement de 0,8 a 
1,5 et · de 2 a 4) et pour obtei;iir une gran
de expansion au cours du durcissement · (0,5 · 
a 1~0 et 0~8 ~ 1,2). . . 

on · a 'etudie l'inf'luence de l'addition 
contenant CA

2
· sur les processus de formation 

de structure au ciinent durci. L'introduction 
de l'addition indiquee dans la composition 
du ciment di.IIiinlie le temps total .de fixa
tion du gypse, cette diminution etant pro
portionnelle · a la quant i te de l'addition 
introduite, ce qui ressort clairement de la 
figure 3 • . L 1 al.lure de la courbe de fixation 
de so3 varie ~galment : sur 1a courbe cine~ 

· tique . disparai t. la pc:.::·tie J;i.6rizont1?-le ·9arac
·terisant la periode inductive de fixation 
du gypse et due a la ·f ormation sur la sur
fac.e des · grains d I aluminate tricalcique des 
pellicules de sulfo.aluminate hydrate. Les 
donnees de la figure 3 correspondent aux . 
conclusions faites sur la base des calculs 
thermodynamiques et des etudes physico-chi- . 

. miques des monomineraux, sur le car~ctere 
continu d.u processus · de fixatiQn du gypse 
dans le systeme coil.tenant en meme temf s les 
aluminates de . calcium c3A . et CA2 ; il 1 aide . 
de la microscopie electronique on a demon-

. tre l 1 intensification de la formation de 
· 1 1 e:ttringi te aU:x: stades precoces: pendant · 
la periode entre la fin .de prise et 1 jour 
d 'hydratatfon. A notre . avis, ceci explique 
justement la manifestation pCJ.r les ciinents 
qe l'effet d'expansion. La structure du ci
ment durci se · caracterise, lors de l'intro
duction d 1 une addition, par une densite ele'.'"" 
vee. On peut dire que de gros cristaux d I et
tringite renforcent la structure .dense du 
ci.Jnent en lui conferant une resi $tance ele
vee~ 

. L' influence~ de l' ad di ti on contenant CA2 
. · sur les proprietes . techniques des ciments 
fut etudiee en comparaison du ciment -ordi ~ 

. naire. On a etabli que le ciment avec addi-
. tiori . indiquee se caracterise par 1 1 accroisse:
·. m.ent accelere de la resistance tant lors du 

.durcissemetit norinai que lors du trai tement 
a la vapeur humide, et les betons a base 
de ce cim:ent se caracterisentpar l'tmper

. meabilite et la resistance au gel Hevees. 
· L.' etude des deformations du ciment avec ad
diti on. contenant le dialuminatede calcium a mon 
montre. que dans. toute la gamme d '.utilisation 

. de · 1 1 addition (de 3 a 10%) la . stabilisation 

de l'ex:pansion a lieu ailrant le premier 
jour du dur cissement. L 'effet d 'expansion . 
se manifeste lors du. durc1ssement dans l'eau 
et a l'air • . 

Le trait distinctif des compositions avec 
addition contenant le dialuminate est la 
duree de prise ralentie en comparaison des 
autres compositions connues des ciments ex
pansifs: prise ip.itiale de 15 a 2,0 h, ·. 
prise tinale de 3,0 a 4,0 h. 

En meme temps la possibili te d' obtenir des 
ciments expansifs a prise rapide n'est pas 
exclue. 

f 

so~,% 

{h 4h Bh 
Fig . 3 . Influence de l' a ddi ti on con tenant 
CA

2 
sur l a cin~t{ a tie de fix~ti on de so

3
: 

A~ciment ~ans addit i on; B- ciment cont e

nant 5% d'addition; C-ciment c ontenant 
1 Of{, d ' a ddition • 

CONCLUSIONS 
L' intr·oduction dans la composition du ci_ 

ment des additions contenant les aluminates 
de calcium faib1ement basiques modifie le 
mecani8me de formation de .l'ettringite, 
rend possible la commande . dU: processus de 
formation de structure du ciment durci dans 
la direction d~ la resolution des problemes 
visant a accroitr~ les indices de qualite 
du cinient et a conferer a. ce dernier les 
proprietes . speciales • 
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Portland cement strength depending on technological factors 
Micromechanism of destruction 

Resistance du ciment port/and en fonction des facteurs technologiques 
et micromecanisme de destruction 

S: YOUDOVITCH, 
B.D. KLICHANIS, Niitsement, Moscou, 
OU. I. PAPIACHVILI, lnstitut des ingenieurs du Batiment par correspondance de l'U.R.S.S., Moscou, 
V.G. ABRAMOVA, lnstitut Polytechnique - Novorossiisk, U.R.S.S. 

L'accr.oissement de la teneur en C~S et de la dispersion du clinker conduit lors de l'bydra
tation a la diminution des dimension.s moyennes des agregats cristallins de l'ettringite et re 
c-s-H(II), des zones de la portlandite et acc~lere le cheminement des microfissures sous 
charge. L'ameliorati9-n de la morphologie de C~S ne conduit pas a ces chang@Ilents, car elle 
est liee a une moindre tortuos·i te des f;ontie:tes entre les blocs de la mosaique-canaux pour 
la penetration acceleree de l'eau lors de l'hydratation, ce qui est montre par la methode 
de la microscopie electronique a contraste de phase. L'introduction dans le ciment des cons
tituants de cristallisa~ion (~rents) . simplifie la topographie de la surface. de cassure de 
C-S-H(II), ce qui peut etre du seulement a l'abaissement du niveau des microcontraintes. 

D.uring hydration, C~S content growth and clinker degree of dispersion increase lead to: 
a) ettringite and c-s-H(II) crystalline concretions average size decrease; 
b) portlandite zones decrea~e; · 
c) microcracks development increase under load. 

fuorphology improvement of c 3s does not lead to such transformations since it is connec-
ted with lesser tortuousness of the boundaries between mosaic units (channels for accelera
ted penetration of water during hydration) - it has been demonstrated by the method of 
phase-~ontrast electron microscopy. Incorporation of the crystallizing components (krents) 
in the cement simplifyes fracture surface c-s-H(II) topography, what can be motivated only 
by microtension level reduction. 
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RESUMEi The growth of the c3s content and 
specific surface of clinker at hydration de
creases the , average size of the crystalline 
concretions of ettrinsite, c-s~H (II), port
landite zones and accelerates formation of 
microcracks under load. Improvement of the c;s crystals morphology does not lead to 
suche changes since it involves more streight 
boundaries between the mosaic blocks, i.e. 
channels for accelerated diffusion of water 
during hydration which is shown by the pha
se-contrast electron microscopy method. Ad
dition of crystallizing components ("crents'~ 

·into cement simplifies ~he topography of the 
fracture surface of c-s .... H (IIJ that may fol
low only after the decrease of microstress 
level. 

The.present paper deals with the results 
of the investigations of hardened cement pas 
te submicrostructure (W/C-0.25 and 0.35) of 
a·regular (1) and high-strength (2) portland 
cement's (composition,=c3s - 61, c 2s -16, 
c

3
.A - 6, C 4AF - 15) produced by the Zdolbu

novsk plant (see Table 1) performed with 
the use of the UEMB-100 and 100 K transmis
sion and "Stereoscan-2A" scanning electron 
microscopes. -4 
Samples for TEM were vacuum.dried at 10 
torr during 0.5 h at a temperature of 25°0 
and aiming self-shaded coal replicas were 
prepared. A layer of Au was vacuum deposi
ted on the fracture surface before observa
tion of the relief by SHll. 

Investigations in the cement pastes of 
different age show that the submicro$tructu
re is based on a two-compone_nt mutually pe
netrati~ three-dimensional netting of fi
bres I (ettringite, AFt;phase) and II (fib
rous calcium hydrosilicat~s), which heals 
the high-strength cement paste pores after 
8-10 h and the pores of a regular cement, 
after 14-16k; The netting pores starting 
from ;the boundaries of the cement initial 
particles accommodate phase II I (portlandi
te) ·and phase V (gel -like calcium hyd!liosili -
cate zones) which.. appears 10-12 h later. By 
the end of the first day phase 'rf (AFM, in 
particular c4AH13) is distributed in the 
form. of loose nodes in the netting cells 
I+II. By the s~venth day phase V fills al
most the entire fracture surface of a high
strenght cement paste by the 28th day, of a 

1 
2 

Table 1. 
Characteristics of Cements 

so
3 

-~~2f.~];;~ti~~-~~~:-·- - C~;~;;;~i~~--
% S tents strength,-

gf /cm2 

2.2 284-0 ~1~~~J;~~~- :~;~;~~ 2.5 4080 23 56 15 I 6 22;\39~ 673 
-------- - ---- -------- ------------

regular cement paste phase II of the skele-· 
ton and phase V are uore dispersed . in the 
first case. Domination of angles of 60 
(120)-90° in certain knots of netting I+II, 
pointed out also by D.M.Roy, M.W.Grutzeck 
and T.Ciach, allows regarding a part of its 
cells as having a local rhombohedral symme
try. This determines a rhombohedral symmetry 
of the submicrostructure metric tensor as a 
whole that includes in the decisive condi
tions of isotropy of the cement paste non
porous part. 

Investigations of the differential porosi
ty by the mercury poromet~::y method indicate 
reduction of the capill~ry pores volume (ef
fective radius over 0.5 microns) in a high
strength cement (Fig.1). By the 28 d?y the 
latter becomes free from open pores larger 

" than 3-5 microns, as compared with 10 mic
rons at lower specific surface • 

Similar investigations were performed to 
compare hydration structures of ·cement with 
different c3s contents (58 and 65%) and dl.f-
ferent characte ;·· istics of clinker micro stru
cture (average size of alite crystals 20 
microns - fine-crystal clinker prepared from 
a merge.l raw mixture, and 50 microns ~ lar
ge-crystal clinker). It was found out that 
with increase of the alite content the coT 
lumn-shape zones around the cement grains 
become somewhat thinner, whereas the size 
and number of portlandite zones increase, 
the ettringite fibre length shortens and 
the size of the netting cells of fibres 
I+II decreases. If alite crystal size is 
changed, in addition to decrease of the cell 
I and II size and general acceleration of 
hydration, the tightness of the hydration 
submicrostructure increases more intensive
ly o This is seen from changes of the cons
tant of water diffusion rate through the 
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Fig. 1. ~e differential porosi t:v . of banien~ ce- · 
ment paste . .. · . · 

. hydrate membranes (at stage II of the hydra
tion process, Fig.2). A similar phe'UOmenon . 
is obs.erved also when ~erely. ·;increasing the . 
spec.ific surface of cement. Thus, the hydra .... 

. te membranes of fine-crystal . clinkers have 
hi~her ·density, strength and screening.·. abi -
livy tO water .and ~o obtain the .same stren
ght level t:tie specific surface. of . cement may 
be smaller·. · · 

218 

1 - (1-G)113 : 

0,6 

0,5 

o,4 

0,3 

0,2 ... 

10 18 24 3 7 28 · ·~ 
~ 

y--..,...-..,...--· 

hours da;ys 

Fig. 2. ~e .Jdnetics of cements h:vdraticn: G - .de
gree of hydration, 'C - time, hours and .· d.eys, 1 -
cemevt N~ 1, 2 - cement Ng 2, bottl of clinker with 
~· micrdnS all~ · eris~; J - cement from 21.inker 
with .a) microns alite crystals, S =JOO() cm /g 

· N.,V .Belov, G.G.;Kuznetsova and some au~ 
thors ·of this paper haq studied . th:e reason · 
of this facts ' by the method .of impregna- · 
tion of hydrating cement with methylmetacry
late and · benzoyl peroxide ·. after vacuum dry
ing and thermal treatment. Black zones is 
polymethylmetacrylate in· places of .cement 
paste pores and cl:iannels ·between the blocks · 
along the external monolayer in the alite 
crystal'. We can coriclude that on passing 
between. the blocks; .water then· separates 
them from each ·. othe+ and .·. from the remaining . 
part of the crysta:l Which leads to . the for-:'. · .. 
mation of known globular internal product. 
Investigations of 20 industrial clinkers 
have J)rovea · th;;:lt dimensions of ali te crys..,. 
taJ,_s visible' through the optical micr9scope 
are directly proportional . to the average . 

· · size · of the . blocks • . The growth .· of block 
poundaries . density on cement paricle .· sur:face · 
leads to said inc:t'eased :tightness of hy<lra-

.· te. meII1branes·. This situation'. changes when · 
introducingcrystallizihg components; for 

' instance the limit .of alite content . in clin
ker. (?0%) dictated by the_ incre~·se in the . 
structure :por-Uandi te · zone dimensions · is 



Fig. 3. 'The submicrostructure of metilmetacr.vlate 
impree1lated cement paste. x 7,50'.): 1 - metilmetacr.vlate 
late (parabolic microcrack), 2 - the m.onol.B;yer of 
mosaic alite blocks with channels be"t:;.qen them 

eliminated. Addition of t he crystallizing 
components, . alongside with increa sing the 
amount of ettringite, decreases the number 
of bends of hydrosilicate flakes on the 
fracture surface of the c-s-H (II) gel and 
makes the topography of sa id fr acture more 

· uni-form and more similar to the actual gel+ 
Microcracks under load in hardened ce

ment paste of up to 3 days old concentrate 
at pores. After 7 days, the interphase 
cracks around the submicrostructure zone s 
with lower . categories of symmetry (par allel 
concretions III, nodes IV, column shaped 
zones . II) dominate. The ~)&rallel crystal 
bundles near the pores loose stability af
ter shearing and their fracture is indica
tive of relaxation of stresses owing to in
stanceous microstrain. 

Th2 nature of formation V fracture is 
very important. We have managed to find out 
in said formation cylindr i cal pores with 
microcracks in the bottoms .thereof (Fig.4, 
28 days, cement I, SEM). Their location, " si
milar to that occurring in a round plate on 
a resilient base with peripheral attacbment 
and central loading, shows that phase Y is 
destroyed owing to the lateral rupture in 
the tensi ti ve zo·ne with the cracks width of 
0.1-0.5 microns. 

In a number of studies of the concrete 
fracture mechanism, this phenomenon was at
tributed to either the inf luence of the 
"inter-molecular bonds", which cannot be ma
ni~ested at such dist0nces, or to plastic 
"hinges"• · · 

The present paper confirms that hardened 
c~ment paste and concrete work as a compo
site material compirsing statistically dis~ 
tributed fibres. 

Fig. 4. 'llie microcracks pattem on the betton of 
-capillare pore in pba.Se V .:x 2500. 'The cracks plane 
is parallel to tbe traectory of fracture 
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Characteristics of the compositions with low 
water-demand based on gypsumless portland cement 

Proprietes des compositions necessitant unepetite quantite d'eau 
sur la base du ciment port/and sans gypse 

S.M. ROYAK, 
T.Y. GALPERINA, 
Y.N. PERMINOVA, 
M.G. DOROGUINA, Vzisi, Sibniiproekttsement, U.R.S.S. 

Les compositions n{~cessi tant une ) etite quanti te d 1 eau furent obtenues sur la base du 
cim.~nt portland sans gypse, du surfactif (vinasse de sulfite et de levures), du silicate 
ou du carbonate d'un metal alcalin. La quantite d 1 e a u necessaire pour ces compositions est 
de 30 a 40";& plus :_g.eti te q_ue pour le ciment portlCJ.nd ordinaire. Leu.r resistance est elevee 
su.rtout apres 1 ~UV0.g e. 

Une 9etite gualite d'eau exigee pc.r ces composit2-ons est due .:3. la cape.cite des additions 
de dirn.inuer l a vitesse d'adsorption des surf&ctifs par les produits d'hydratation C3'A et 

d'ussurer une haute concentration des surfactifs dans la phase liquide de la pute de ciment. 
Les produits d'hydra tation des compositions ont une dispersite elevee et la composition des 
phuses stable ddLs le temps, ce q_ui assure une sro.nde resistance et ladurabilite de la 
p ierre de ciment. On a etudie l'in:fluence sur les proprietes des comp ositions de la minera
lo i:;ie dL: clinker, du mode c1' i nti:·o duction des additions et de l a composition granulometrique 
de la poudre de ciment. 

Coiilposi tions \. ith low watei·:-demu.nd hc.ve bee n got on t he .. b:.;.se of giypsumles s portLrnd ce
menti s_urf&c~-cicti v~ u,;eLt s ~ s1:1lf id:-yeast malt graii;is), silic ate or carbonate of an ali;:a~i 
meta • They nave v,-a ti el:·-demano 30-w;& lov•er t.h.a.n or dinary pOI"Gl&.nd cement, as well as hign 
strength, especially c..fter steaming. 
· Lor; wo.ter-demuna of the compositi ons ,is cau3ed b;y the ability of addit'ions to reduce the 

adsorption rate of SAA by the products of c3A hydration and to provide high concentration 

of SAA in liquid :ph.:.i.se of cement p CJ. ste. Products of compositions hydration ho.ve high degree 
of d i::.o::;;e ·sion s. nd phase st..:·ucture stable in time, what results in cement stone high strength 
a r: a dur obility. 

J..lhe in~:' lucnc e of c linl::er mineralogy, a dditions introduction method, and cement powder 
grctin formation on the char:.-,c ceristics of the ':ompos itions has bee n studied. 
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It was established in [1J that addition 
of lignosulphonate and alkal~ metal carbo
nate in optimal amounts to finely ground 
clinker gives a composite binder of high 
strength and density and with water consum
ption by 30-40% less than of usual Portland 
cement. 

We have established that compositions 
with similar properties may be also obtained 
on the basis o~ sulphite-yeast waste (SYW) 
(a waste of pulp and pap~r indust:y~ and 
alkali metal silicate (21~ On addition of 
up to 1 ~ 0-1.5% of SYW and 0.25~1.0% of 
Na

2
Si0_3 to· gypsum-free Portland cement with 

specific surface of about 5000 cm2/g (ac
cording to Tovarov's method) reduces water 
consumption by 30-40% and gives setting pe
riod close to those of compositions with 
K CO~. The strength of mortar specimens for
m€d according to standard GOST 310.4-76 at 
W/C = Oo24-0.27 directly after steaming is 
o0-65 MPa, 28 days ofter steaming 70-80 Mpa. 
Unde.r" norm.al conditions at early stages 
(1-3 days) compositions with Na~io3 harden 
less intensively than with K2co3 , however 
at the age of 28 days the strength of both 
reaches 60-70 Mpa. 

The positive effect of steaming on pro
perties of compositions with high dosages of 
sYW· i.s due to low W/O ratio and the nature 
of the forming pore structure of the cement 
stone. Study of porosity of mortar specimens 
by. the method of threestep water saturation 
[3.1 showed the that porosity of steamed 
specimens is lower than porosity of normal
hardening speciments. Total porosity and 
pore volume and the volume of pores capable 
of being saturated with water at atmosphe
ric pressure is by 1.5-2 times lower than 
in specimens of usual Portland cement. 

The mineralogical composition of the _ 
clinkers, the method of introducing the 
additives and the mix temperature signifi
cantly affect the setting periods and 
strength of gypsum-free Portland cement com
positions. Data presented in the Table in
dicate that in order to obtain compositions 
with high strength and practicable setting 
periods it is advisable to use clinker with 

· ~t less 55% of c3s, not more than 8% of 
c3A and not more than 1.0% 9f unbounded 
lime. At high contents of c3A (9-12%) and of 

unbound lime in the clinker the setting pe
tiods are sharply reduced. 

Acceleration of setting is also caused 
by incre.ase of the amount of SYW added du
ring grinding of the cement. The best 
strength and setting values are obtained 
when the clinker is ground with small ad
ditions of SYW (0.1-0.2%) and remaining SYW 
and K2co3 or Nai3i03 is added with the 
hydration water 

Setting is also accelerated by reduction 
of the temperature of concrete mixture or 
mortar from 20-22 °C to 0-5 °C, which is 
connected with enhanced solubilit~ of Ca(CH.)2 

The water consumption of gypsum-free 
Portland cement with additives (SYW + K2co3) 
or (SYW + Na2Si0

3
) is practically indepen

dent of mineralogical composition of the 
clinker and method of introducing the addi
tives. Of paramount importance is the gra
nular composition of the cement powder. 
Compositions based on polydispersed cements 
obtained from open-cycle mills have lower 
water consumption than compositions based 
on cements of separator grinding. 

In order to elucidate the nature of low 
water consumption and hydration and h~rde
ning features of gypsum-free compositions 
the processes of SYW adsorption by ~linker 
mine,f'als in the presence of K2co3 and 
Na2Si03 and products of their hydration with 
these additives were studied. Ihvestigation 
showed that of the clinker minerals the de
termining a effect on the properties of com
positions with low water consumption is 
excerted by c3A mineral .• The dosage of ad-
ditives and the rates of hydration and har
dening of gypsum-free Portland cement de
pend on its content. 

Low water consumption of the compositio~s 
is due to the capacity of K2co3 and Na~io3 
to slow down the rate of c 3A hydration and 
to reduce its adsorption capacity in rela
tion to the plastifying additive. A high 
concentration of SYW is ensured in the li
quid pase of cement paste ihat facilitates 
mobility of the paste at low W/C ratios. At 
high dosages of SYW gypsum: becomes ineffec
tive as a decelerator of c3A hydration and 
regulator of cement paste setting. 
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l'.'.~'.'. 
I 

II 

III 

IV 

v 

W/C 
mortar 

Spread 
of 

mortar, 
mm 

Oo26 118 
0.26 116 
0.26 114 
0.26 115 
0.28 115 
Oo'Zl 113 
0.25 113 
0.25 113 
0.26 115 
0.23 113 

Hydration products of Portland cement in 
the presence of SYW + K2co

3
or SYW + Na2Si0

3 
are characterized by very high dispersion. 
They are represented by x~ray amorphous cal
cium hydroaluminates C 4Aa,3 and C~H8 an? 
calcium hydrosilicates of the type c2sH2• 
The content of calcium hydroxide in the 
hydration products is by 1.5-2 times less 
than in common Po·rtland cement which is con
nected with the higher basicity of hydrates 
forming at low W/C ratios. : 

Recrystallization of hexagonal c4AH13 
into cubical c3AH6 is not observed during 
hardening of the compositions. This is in 
agreement with the accepted notion about 
the stability of hexagonal calcium.~dr?
alUininates in the presence of SYW L4J.High 
dispersion and stable phase composition of 
hydration products allows to obtain cem~nt 
stone with minimal internal stresses, with 
high density and strength. 

Direct testing of concretes showed that 
on the basis of compositions with low water 
consumption easily placable concrete mix- . 
tures with very low vfJ ratio. (0.23-0.Z?) 
may be obtained as well as high-strength 
steamed concretes of grad•s 700-800 with · 
cement consumption 500-600 ig/m3. Concretes 
from these compositions display low poro
sity and high sulphate and frost resistance. 
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Setting time 
h~in 

Begin- End 
ning 

0-30 0-40 
0-30 0-40 
1-15 1-30 
1-00 1-15 
0-40 0-50 
0-35 0-45 
0-20 l e-25 0-20 0-25 
0-20 0-30 
0-20 0-25 

------~ --------
-~----------------------~----~----------, 

--~=:~::.:_:::=-~:~~r:..-----:------1 
bending compressive 

---------------------- --------------------normal hardening, days 
------- ------ ---7- ---w f 7 28 I -------- -------

4.54 7.52 19.1 56.1 
2.0 8003 12.5 58.6 
6.56 9o08 a.72 38.0 59.0 62.0 
1.5 3.12 7 .31 10.1 19.5 70.9 
6.55 8.03 7.72 30.3 53.6 62;1 
2.31 8058 9.37 11.7 52.7 63.6 
3o03 8.46 9.17 17.4 58.0 70.8 
1.20 2.44 8.90 12.2 15.5 80.2 
6.19 9.95 10.6 45.9 65.1 69.61 5.06 9.51 10.a 32.9 57.1 

~~~~-------- -------
It may be considered that composition 

with low water consumption containing gyp
sum-free Portland cement, SYW and alkali me
tal carbonate or silicate will be· effective 
binders for the production of high-strength 
steamed concretes with low W/C ratio. 
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--------------- -------------------------. .. . steaming, days · · · . · 
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1 28 . 1 28 
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__________ ....;: ____ 
6.% 7.49 69.6 73.1 
6.80 8.30 68.3 77.3 
7.03 8.12 64.0 73.6 
6.99 7.72 67.4 72.6 
7.10 8.91 65.9 69.9 
7.58 7.85 62.8 70,0 
7.77 .9.03 66~6 80o7 
7.09 7.79 74.7 77.0 
6.05 7.50 59.7 . 70.8 
6.81 7.90 61.4 75.a 
----- --------- -------- --------------
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THEME Ill 

Structure des laitiers et hydratation 
des ciments de laitier 

Structure of slags and hydration 
of slag cements 

Laitier phosphorique active .,- Matiere premiere 
pour la production de ciment Portland de laitier 

Activated phosphorus slag raw rnaterial 
for slag -Portland cernent production 

A .T SOULEIMENOV 
TB PARCHIKOVA lnst1tut Ctmnco TechnoloJiq;_ie de Kazakhstan , Tchimkent, U.R.S.S. 

On a els.bore _ la techni que de transfO :'.."Ill.ation complexe du lait ier phos ~)horique 9ar la me
thode d ' introduction de la poussiere seconda ire de ls. cimenterie de Tchimlrnnt lors de la gra-
nulation du laitie:r:- phosphmrique. . 

On a etabli. q_ue l 'activite hydraulicJUe des laitiers electrothermophospho..::·iques modifies 
a usmente ;Loi·s de l 'introduction dans le lai tier des oxydes de metaux al.calins. 

On a ti'ace les voies d 1 utilisation de la poussiere capturee en fonction de ses proprietes 
chimiques et physi ques. 

Dans les conditions industrielle9 on a obtenu le liant a base d'es laitiers phosphoriques 
actives p ar la poussiere des electjofiltres. . I 

Les laitiers phosphoriques ac~ives de composition proposee se caract.erisent par une grande 
a~tivite hydraulique et peuvent etre utilises dans l'industrie du ciment en tant qu 1 addition 
(Jusqu'a 40%) dans la fabrication du ciment po :ctland de laitier. 

The technology of phosphorus slat; complex workingover with incorporation into it du.ring 
granulation the secondary dust of Chim.kent cement plant has been developed. . 

The hydraulic activity of modified electrothermophosphorus slags was found to increase 
with incorporation of alkali metals oxides into the slag• . . · . · . 1· an:ned 

· .Means of collected dust using de pending· on its:, chemical and physical properties . were _p • 
· Binde~ based on phosphorus slags activated by the dust from electro-static precipitators 

was received in industrial c onditions. 
t· J;.ctivated phosphorus siags of the composition proposed features signi'ficant hydraulic ac-

l
ivi ty and can be used in cement industry as an addition up to 40% in the manufacture of 

·s ag port land cement. · 
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Much consideration is being given to the 
use of wastes in the cement production. Of 
particular interest is the use of electro
thermal phosphorus-}>earing slags formed in 
electrothermal production of phophorus. 

Phosphite ores are employed as a main 
.raw material in the electrothermal phosporus 
pI·oduction. The phosphi tes ( 23-25% P 2o

5
J 

with a higher content of impurities compa
red to that allowed in acid phosphorus pro
duction are suitable for electrothermal 
processing consisting of reduction of phos
phate ore into phosphorus in special elec
tric furnaces, burning of phosphorus and 
hydration of phosphorus anhydride so as to 
obtain a pure concentrated "thermal" sul
phuric acid. Such phosphorus ores usualy 
co.mprise a loose sand-claying material with 
fragments of phosphites. Thus, in addition 
to a final product electrothermal slag is 
formed during thermal sublimation of phos-
phorus. 

In the Sov i et Union the use of electro
thermal slags in the cement production was 
started on a commercial scale in 1977. In 
the recent decade the slags have been used 
as a component of a raw mix at two and as an 
active mineral additive at nine cement -
plants. According to the Yuzhgiprotsement 
developments the cement industry is now pro_ 
ducing not only ordinary portland-slag ce
ment with the granulated phosphorus-bearing 
slags additives but also sulphate-resistance 
portland-slag cement~ 

Phosphorus . is employed in production .of 
sulphate-resistance portland-slag cement 
containing 60% of slag due to a specific 
mineralogical composition (low content of 
aluminium compounds). The resistance of this 
cement to an agressive media is highe·r than 
that of a standard sulphate-resistant port
land cement. 

The technology has been developed to 
produce oil-well cement with the addition 
of up to 2CYfo of the granulated phosphorus 
slag. 
. Among current methods of slag processing 

the best is granulation having a number of 
advantages over ' other methods. It enhances 
a hydration activity as well as improyes la
bour conditions and reduces operational 
costs. 

The output of the electrothermal slags 
will be considerably increased owing to the 
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development of phosphorus _and mineral ferti
lizer production in the Central Asiatic So
viet republics and Kazakh SSR of the basis 
of the local raw naterial. 

In electrothermal production of yellow 
phosphorus there are produced 10 tons of 
flame-liquid phosphorus slags per a ton of 
phosphorus, annual output of the slags being 
more than 1 million tons at present. In the 
phosphorus production i_n electric furnaces 
using sublimation of the charge consisting 
of natural phosphites, silica and coke re
ducer the following reaction takes place: 
ca3(P01.) 2+Si02+5C=~aSi03+2P+5CO 

The basic components of the slag are cal
cium oxide and silica which total qµantity 
equils 95%. Electrothermal phosphorus slags 
differ from blast-furnace slags by a low 
content of A1 203 (up to 3%) c:md MgO (3-4%) , 
CaO/Si ratio of 008-1.2 as well as by the 
presence of P2o5 (1-3.3%) and F(2-2.4%).The 
chemical composition of the slags depends on 
a composition of phosphorus ore and techno
logy of phosphorus production (1,2). 

A high stability of the eJectrothermal 
slags chemical composition allows their use 
in cement production. It has been proved by 
the investigations of Yuzhgiprotsemento The 
scientists of the institute have carried out 
statistical processing of the data on the 
chemical composition of electrothermal slags 
(104{) samples). In the plant probes taken at 
an hour interval and in the averaged slab 
batches shipped to the interprises mean va
lue of P2o5 

did not exceed 2fo and its maxi-
mum content in the samples taken at half an 
hour interval was 2.65%. 

.Slag hydration is to a grater extent de
termined by a composition and structure of 
a glassy phase. Petrographic investigations 
have shown that a basic phase of electro
thermal phosphorus-bearing slags is glass of 
a wollastonite composition (90-9z;-~). However, 
the glass of electrothermal phosphorus-bea
ring slags differs from a pure pseudowolla
stoni te _glass by the presence of P2o5 and 
F, A1 203 and MgO which cause structural re
construction in it. 

According to (4), P2o5 and F contained 
in ~he slags in minor quantities do not have 
independent phases and enter into the com-



position of pseudowollastonite. These data 
are proved by the Yuzhgiprotsement investi
gations (5,6) which using petrographic and 
x-ray diffraction analysis have revealed 
the absence of phosphorus-bearing slags in 
these granulated slagso 

Since the glass of a pseudowollastonite 
composition is a predominent in quantity 
phase its properties and structure should 
decisively effect the slag properties. At 
the same time chemical, petrographic, and 
x-ray diffraction analysis have shown that 
slag calcium silicate is basically repre
sented by wollastonite glass of various deg
ree of crystallization. Lower basicity of 
electrothermal phosphorus-bearing slags re
sults in increase of silicon-oxygen eff.ect, 
reducing their hydration activity. 

However, according to (7), universally 
adopted conceptions of a glass structure 
als·o cover slag glasses. The slag COn.§iStS 
of complex anions of (si04)-4, (Al04) 5 and 
others connected with each other by oxygen 
bonds into polyte~rahedral radicals of a di
fferent composition and kind. Cation-modi
fiers are also connected to these anions 
according to the· scheme -si -o ... Meo During 
water adsorption by glass an exchange ta
kes place between fairly loosely bound ions
modifiers of alkali and alkali-earth metals 

. from glasses and hydrogen anions of water to 
water tq form on the surface of glass par
ticles films of hydrated - silica containing 
the grou~s of -SiO, •• H. These films hinder a 
further interaction of slag with water. 
However, the formation· of stable silicates 
(and aluminates) at the limit concentrations 
of metal oxide hydrates is accompanied by 
distruction of the hydrated silica films. 
As a result, deeper glass sites lie bare and 
become accessible for water. This in turn 
is attended by its further hydrolysis and 
hydration. In these conditions considerable 
solubility of alumina and calcium aluminates 
in water favours their dissolution and for
mation of pores and capillary tubes securing 
a fruther intensive access £or water hydro
lyzing glass. 

. Thus, the introauc tion of minor quanti -
ties of alkali activators creates a specific 
impSJ.c_t disturbing a thermodynamically µnst.a
ble balance of slag glass which then during 
interaction with water spontaneously reorga
nize itselv to form more stable hydrosili
cats, calcium bydroaluminates at -the expen
se of the component of glass itself and 
these compounds cause setting and harden
ning of all the system. 

T~is ~erved as a basis for conducting_ in
vestigations on enhancing hydration activi
ty crf electrothermal phos~horus-bearing 
slags through a crystallochemical activation 
method, i.e.the introduction of alkali me
tal cations into a melt. The dust retained 
by precipitators of rotary kilns of one of 
the-c~ment plants containing a considerable 
c;.n~ntity of Na and K oxides was used as an ac 
activator. · 
·· The aim ?f th~ preli~enary investigations 
was to obtain clinker with a given mechani
cal strength. During the investigations 
there were used Mark 40~ clinker (70%) and 

finely ground electrothermal phosphorus
bearin~ phosphorus-bearing slag (30%) acti
vated in the laboratory conditions in a mel
ted state with precipitator dust taken from 
different fields of precipitators. As a 
result it has been found that activity of 
experimental portland-slag cement is consi
derably increased when the slagaactivated 
with a high alkali content slag is used 
(Table 1). · 

The subsequent investigations have re
vealed that the introduction of dust from 
the precipitator third field in the auan
tity of 3% in a greater extent activates 
thermal phosphorus-bearing slags. 

In the course of the further investiga
tions the pilot batch of portland-slag ce
ment has been obtained in commercial condi
tions. Electrothermal phosphorus-bearing 
slags were activated by the precipitators 
dust and, to do this, 5% of the dust from 2 
and 3 fields of ~recipitators were introdu
ced into melted slag before §ranulation at 
the temperature of 1450-1600 c. The chemical 
composition of starting materials (in mass 
%) is given in Table 2. 

The use of activated phosphorus-bearing 
slag (Table 3) results in increase of port
land-slag cement activity especially by 28 
days. The activation of the slag by the me
tho~ described permits the use of 40% of 
electrothermal phosphorus-bearing activ.ated 
slags in the portland-slag cement produc
tion against 30% used at oresent. 

As it is shown in Table.3 an activated 
phosphorus-bearing slag is characterized by 

· a considerable hydration activity and can 
by used in the cement industry instead of 
shipped blast-furnace slag. It has been 
found that the slag can be used as an hydrair 
lically active additive during clinker 
grinding in the qu;:;.ntity of 40%, with pos
sible obtaining of the Mark 500 cement. 

T~us, the use of activated phosphorus
bearing slag and dust of the precipitators 
of the cement plant rotary kilns in the 
portland-slag cement production will enables 
one markedly to encrease technical and eco
nomical efficiency of production as a whole 
an~ u~ilize the accumulated byproducts and 
this in turn creates conditions for a com
plex employment of natural resources and 
possibility for the development of a low
and waste-free technology. 

. The use ?f the activated phosphorus-bea
ring slags is espected to stimulate not on
ly th? expansion of the cement industry raw 
material base, further economization of pro
duction by the change of transported blast
furnace slags for local chemically produced 
but also improvement of portland-slag ce-
ment quality. 

/ 

~he further investigations are directed 
to optimization of the process of _ phospho
rus-bearing slags activatiori with alkali
~ontent wastes of the cement production, 
i.e. dust retained by precipitators on clin- · 
ker burning in rotary kilns. 
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Table 1 

Compression strength, megapascals Precipitator dust 
quantity in ce~ent 
charge,% 

Quantity of 
R2o, % 3 days 7 days 28 days 

without dust 5.4 I 28.7 
1% of dust from 
the first field 0.82 7.6 
3'fo of dust from 
the first field 0.82 12.0 
5;~ of dust from 
the second field 7.11 11.0 
3% of dust from 
the third field 48.80 14.5 

14.0 I 37 

28.8 j' 46 

29.2 47 

--~~~---~--~~-----------
Table 2 

-ii~'d-~r·-;;:--------- ~-----------------------ox:rnes-con:i5en:e;-%-----------------------------

terial Si02 Al2o3 F 2o3 CaO r ~gO so3 Na2o K20 Other 
---------------------- ""-----·- ------- ------ ------- ------ -------------------- -------------

7 .73 2.64 2;55 45.20 3.6 10.08 2.6 8.2 17.3 -
Phosphorus-bearing • ! 
slag of Chimkent in- l I 
austrial unification - · 

__ ;;_~~;;;~:;~:~ ______ , _;2 :;; _2~;L_~~~;- _;tf ~_ ]~~~--~;~~_J_;~;~L~~~E~~- ;~;~---· 
Table 3 

or~Iana=srag-cemen.~----- ---------- -- --------··-1---.-------.----.----------------------1 
nn.=- n.c;n.=a:ctr= n.0n.=ae=t1 gypsum ·-Specific Time of Ultimate stren th 
er vated vated surface 

slag slag _ % __ .,. __ % ______ 
-~-----

__% ___ 
--;;2;~--

---------- ----·--···- ---------
55 40 5 2930 

55 40 5 2930 
--------- -------- ---------

settinQ' bendin.c.r comQression · 

-~~~~~=~~~ --3-1---,-~~-2a- --3-r-r-!~s----1 
(hours-min) · megapascals 
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Hydratation des ciments portland de laitier 
a differentes temperatures 

Hydration of b/astfurnace cement under different temperatures 

S.A. MIRONOV, Prof., Dr. Tech. Sc., 
I.I. KURBATOV A, Cand. Chen. Sc., 
S.A. VYSOTSKY, Cand. Tech. Sc., NllZhB, Moscow, U.R.S.S. 

Par une serie des methodes d'analyse physico-chimique, y compris, l'examen de la compo
sition de la phase liquide et la methode d'extraction, sont etudiees les caracteristiq~es 
de aurcissement de hydratation des ciments avec la differente teneur en, laitier granule de 
haut fourneau (0-80%) dans les conditions normal~s et sous le traitement thermique a la va-
peur. · . · 

On a etudie le rapport . des facteurs constructifs pendant l'etuvage qui sont conditionnes 
par l'acceleration de la hydratation du liant en comparaison avec le processus de hydrata
tion pendant le durcissement normal, et des facteurs..,destructifs provoques par la differen
ce de la dilatation th~rmique des composants de la pate ou du beton. 

Est eclairci le role determinant de l'activite d'hydratation du liant et de. ses com~ 
posants pour i 1

9btention des caracteristiques physico-chimiques prescrites des compositions 
de ciments-lait1ers. 

Est mentionne une considerable acceleration de la dissolution du ciment portland de lai
tier et une acceleration de la vitesse de cristallisation des nouvelles phases sous l'etu
vage. Sont etudie les caracteristiques de la composition de phase des produits de la byd
ratation des ciments avec une differente teneur en laitier et est mis en evidence l'influ
ence de ces caracteristiques sur les proprietes physico-mecaniques des ciments. 

Particularities of hydrated hardening of cements with different content of granulated 
blast furnace slag (from 0 to 80%) during normal condition and steam curing have been stu
died.by complex methods of physic-chemical analysises including the composition of liquid 
phase investigation and using the extraction method. 

Correlation d~ing steam curing of constructive factors connected with acceleration of 
cement hydratation in compare with normal hardening and destructive factors stipulated by 
different thermal expansion of paste or concrete ingredients has been examined. · 

The main role,of hydrated activity of cement and it components (slag and clinke:t) in for
mation of physic-mechanical properties of cement- slag compositions has been discovered. 

Significant acceleration of blast furnace cement solution and incresing of cristalli
zation velocity of new phases during steam curing has been noted. 

Particularities of phase composition of hydratation products of cement with different 
cont ent of slag have been examined and their influence on physic-nechanical properties has 
been shown. 
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-Sont etudiees les particulari tes de dur
cissement d'hydratation des ciments avec la 
differente teneur en laitiers granules de 
haut fourneau (O; 20; 40; 60 et 80%) dans 
les conditions normales et sous le traite
ment thermique a la va~eur. En realisant 
ces essais on a utilise une serie des me-

- thodes (chimique, radiographique, thermo
differentielle, methode de microscopie 
electronique, essai dela phase_liquide et 
methode s~eciale d'extraction LI] permet
tant de determiner le degre d'hydratation 
du lai tier :_ k 

H -n·m~ 
E=(1- R2=n~RK 100 (%), ou H et Ho sont 

les residus insolubles du ciment non-hy
dra te et au ciment hydrate additionnes par 
laitier dans une solution d'extraction, Hk 
et H~ - la meme chose pour le ciment de 
clinker, "n" - la fraction de clinker dans 
le ciment). -

Les etudes se fondaient sur le fait que 
le caractere de durcissement des composi
tions des ciments-lai tiers .se determine par 
l'interaction de deux groupes 
des facteurs: des facteurs destructifs lies 
avec la difference de la dilatation thermi
que des constituants du beton, et des fac
teurs const:cuctifs conditionnes _par accele
ration d'hydratation du liant en comparai
son avec le durcissement normal. Les essais 
ont montre que -la modification des caracte
risti ques physico-mecaniques du beton en 
fonction de la. teneur en laitier dans le ci
ment, de son activite, des conditions et du 
regime de durcissement se determine, a pri
ori, par l'activite d'hydratation du liant 
(I) • 

L'activite d'hydratation du laitier se 
differe nettement de celle du clinker. Le 
deger d'hydratation du laitier, -le durcis
sement etant norm.all es~ extraordinairement 
mediocre (6 - 8,5% a 1 1 age de 28 jours) 
c'est-a-dire ce est 8-9 fois plus pe
tit que celui d'hydratation d'alite. L'ana
lyse des courbes cinetiques de C ca2+( 'l) 
et de CR+( 'l:) obtenues pendant l' essai de la 
phase liquide montre (Fig.1) que les proces
sus de la dissolution du liant de base ain
si que celui de la cristallisation des pha
ses nouvelles et d'hydratation en entier 
·sont considerablement ralentis dans le ci-
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ment contenant 80% du laitier. Une haute 
c032+(60 mg/~quiv./l) s~ablissant instan-
tanement dansAla phase liquide au contact 
de l'eau de gachage avec le liant s'abaisse 
tres lentement durant 24 heures et atteint 
seulement dans 48 heures la valeur egale a 
6,3 mg/equiv./*, ordinaire pour les ciments 
portlands a l'age de 24 heures (3). Sur la 
counbe cinetique de Cca2+("Z"') il n'y a pas 
de baisse brusque dans_ la periode de 6-8 
heures temoignant l'elimination intensive 
des phases contenant le calcium. La forma
tion d'ettringhite est ralentie. L'allure 
en pente douce de la courbe CR+('Z') con-
firme la dissolution lente du ciment port
land de laitier. Il est necessaire de men
tionner que malgre la basse energie de •liai
son des ions des meta uX alcalins dans les 

·un)-tes de structure du verre de laitier 
(par exemple: Na-O-Si -) leur concentration 
dans la phase liquide caracterise indirec
tement la participation de tout le laitier 
dans le processus d'hydratation puisque pen
dant ce pr'ocessus ont lieu le rompement 
d'equilibre dans la structure du verre et 
l'augmentation de sa capacite reactionnelle. 
L'enrichissement de la phase liquide par 
les ions des metaux alcalins pendant 24 
heures se passe pratiquement pour le compte 
de la dissolution de composante de clinker 
de ciment portland de laitier. Le clinker 
essaye contient 0,54% de R20; les R2o qui 
sont facilement dissolubles et qui passent 
instantanement dans la phase liquide et as
surent dans 10 minutes- /C/R+=60 ,07 mg/equiv. 
/1 font 24% de quantite totale de R2o. Dans 
le ciment portland. de laitier il y a 0,77% 
de R2o y compris o,~6% du laitier, et avec 
cela il n'y a pratiquement pas d'alcalis f~ 
cilement dissolubles• La concentration _ 
non-eievee /R+ I dans la phase liqu'ide dli ci-
ment portland de laitier pendant le proces
sus d'hydratation (9,29 mg/-quiv~/l dans 10 
min.) presentant environ 0,2 de la concen
tration fR+/ dans la phase liquide de clin
ker est conditionnee par le passage dans 
cette phase seulement des alcalis facilement 
dissolubles de clinker. Par la suite, les 
ions des metaux alcalins passent aussi dans 
la phase liquide venant principalement de 
cl~nker et ce n'est que vers 24 heures que 
1 1 on peut observer la participation de lai-
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Fig.1. La variation de compos1ti?n de la 
phase liquide pen9ant l'hydra~a~ion 0 des ciments dans differentes conditions. 

durcissement normal; 
traitement a la vapeur sous 95°0: 

1.3-ciment portland de laiti~r conte- ~ 
nant 80% de laitierf 2.4 - ciment ·de clin 
ker 

tier (CR+ dans la phase liquide du cime0:_t 
portland de laitier dans cette periode est 
plus que 0,2 CR+ clinker)~ 

L'hydratation ralentie des ciments avec 
la teneur eievee en laitier (40-80%) dans 
les conditions normales conditionne le 
f ormage de la structure poreuse et non
resistante du ciment durci, et explique aus
si une effectivite non-importante de leur 
conservation avant le traitement thermique 
C 2) • Dans le c iment durci contenant 80% de 
laitier a l'aga de 28 jours de durcissement 
normal predominent les grains non-hydrates 

du laitier 'couverts d'une couche mince des 
hydrosilicates geleux de calcium avec un es
pace capillaire rempli par des cristaux d'et
tringhite. 

Le traitement thermiaue accelere considera
blement l'hydratation et le durcissement 
des ciments portlands de laitier (2,4). Le 
degre d'hydratation du laitier sous le trai~ 
tement a la vapeur pendant ,8 heures et sous 
80°C augmente jusqu'aux 6-16% en fonction de 
la basicite, et sous 95°C - jusqu•aux 2270 
pour des laitiers basiques les _plus actifs. 
Sur la courbe cinetique_ de c0 a2+( ?') pour le 
ciffient protland de laitier, le maximum se 
deplace a gauche et ce fait temoigne l'ac
croissement de la dissolubilite de lg verre 
de laitier, et une brusque chute posterieure 
de la courbe temoigne la _cristallisation in ... 
tensive des nouvelles formations. L'hydrata
tion active de laitier sous le traitement 
thermique est aussi confirmee ~ar le change
ment de la concentration de /R I dans la 
-phase lig_uide qui non seulement augmente 
intensivement en fonction de temps mais sur

·passe dans les periodes du temps correspon
dants 0,2 de la concentration de ces ions du 
ciment de clinker. 

Les etudes ont montre que le traitement 
a la vapeur accelere plus l'hydratation du 
liant gue l'accroissement de son resistan
ce. A mesure d'elevation de la teneur en 
laitier dans le ciment les deformations. de 
la dilatation du beton (comme la·mesure des 
dereglements structuraux obtenus au stade 
d'elevation de la temperature) s'accrois
sent; ce fait est lie au ralentissement 
d'hydratation pendant la periode de la con
servation prealable et pendant l'elevation 
de la temperature, ainsi qu'a la basse re
sh;tance de la structure incapable de perce
voir sans dereglements les c_ontraj_ntes qui 
y surgissent. lFig.2). En rapp9rt avec ce 
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Fig.2• La dilatation thermique du beton 
avec le E/C = 0.12 sous le traitemen_t a 
la vapeur: 1 - Ufe de laitier; 2 - 40% 
de laitier; 3 - 80% de laitier 
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fait, pour les ciments de ce type est effi
cace le traitement a la vapeur sous recharge 
et dans le milieu avec la pression excedente. 

Il est possible de subdiviser conv-ention
nellement les ciments essayes en 2 groupes: 
- avec la teneur en laitier modere \jus
qu'aux 40%) qui sont pratiquement equivalerrta 
aux ciments poDtlands dans les conditions du 
traitement thermique, - et avec la teneur en 
laitier elevee ~ plus de 40}G. Apres le trai
tement a la vapeur sous 95°c pendant 6-8 
heures la quantite de l'eau chimiquement 
liee et ~a resistance des ciments du deu
xieme groupe peuvent depasse~ jusqu•aux 20% 
0elles des echantillons a l'age de 28 jours 
et durcies dans les conditions normales. 
Avec cela se f orme une structure comuacte 
et homogene des nouvelles formations.reure
sentee; essentiellement par les hydrosi1.i
cates de calcium de basse basicite aparte
nant au groupe de CSH (B) et assurant les 
hautes caracteristiques mecaniques du ci
m.ent durci, surtout par rapport a 11'1 action 
des contraintes de traction, Le traitement 
a la vapeur des compositions du premier 
groupe provoque les changements defavorables 
dans le compose de phase des ~roduits d'hy
dratation surtout sous 90-95 C~ Dans les 
conditions donnees dans ces oroduits se for
me la phase hydro-grenatique~avec la teneur 
en SiO;i mediocre dont : la comnosition est 
pareilre a ·celle de C AH ( Gf =5 ,05; 4,38; 
3,31; 2,53; 2,26; 2,od e£ 1,71 A) conforme
ment aux donnees du (5);_cette phase ran9e 
l'agregat cristallin avec le volume eleve 
des Vides et 'contribue a 1 1 abaissement de 
la resistance du ciment durci. La quantite 
de la phase donnee ainsi gue la quantite de 
Ca(OH)~ divisant les nouvelles formations 
hydrosiliceuses diminue considerablement 
dans les compositions contenant plus de 60% 
de lai.tier, et dans le ciment durci c2nte
nant? 80% de laitier elle ne peut pas gtre 
captee par la radiographieo Au total les 
produits d'hydratation des ciments avec la 
teneur en laiti~r elevee se caracterisent 
par un· plus grand pouvoir liant confirme 
par une grande sorption de vapeur d'eau uar 
le ciment durci calculee ~ar rapport a l'uru.
te de la masse conyentionnelle des nouvelles 
formations. 

L'intensification de l'activite des lai
tiers sous le traitement a la vapeur et les 
differences mentionnees dans la composition 
de phase des produits d'hydratation amenent 
au rapprochement des proprietes mecaniques 
des compositions avec la teneur en laitier 
differente; Pourtant, pendant le durcisse
ment posterieur apres le traitement ther
mique l'hydratation des ciments du premier . 
groupe est plus intensive et ceci amene a 
une ~'guerissement" partiel des defauts de 
la structure et a l'obtent.ion a•une resis
tance plus grande. 
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Nouvelles compositions a base de laitiers 

New binding compositions based on slags 

V .A. BELETSKAJA, Aspirante, 
1.G. LOUGININA, Docteur es Sciences Techniques, Professeur, Belgorod, U.R.S.S. 

La diversite des combinaisons alcalines manifestant les proprietes liantes ouvre de gran
des perspectives pour la creation de nouvelles especes des composes polymineraux au spectre 
etendu d'utilisation. A 

on a effectue le controie experimental pour etablir la presence des proprietes liantes 
des produits de caieination des composition~existant au systeme R2o-Ro-R2o3 , ou R2o, RO, 
R

2
o

3
· - sont les oxydes du 1-e, du 2-e ,au 3-e groupe dans le tableau de Mendeleev. 
On a obtenu les liantes d 1 une grande activite. 
Le milieu alcalin cree par des . oxydes alcalins et les oxydes alcalino".'"terreux est la 

condition determinee nour une synthese de nouveaux ciments alcalino-metallurgiques mixtes. 
On a obtenu les liants alcalino-metaliurgiques hydrauliques portant du laitier granule, 

metallurgique et electrothermophosphorique. . . 
On a a present trouve que les compositions liantes existant au systeme R2o-Ro-R2o3 

sont les composants actifs des · ciments alcalino-metallurgiques. On a determine les propor
tions optimales, les conditions de la synthese et les caracteristiques physico-mecaniques 
des ciments alcalino-metallurgiques. . 

On a etudie alcalino-metallu.rgique le compose des produits de l'hydratation du liant. 
L 'hydratation de nouveaux ciment s alcalino-metallurgiques eat determinee par l' alcalini

te a•une phase liquide 

The variety of alkaline combinations demonstrating binding properties gives great pos
sibilities for the creation of new types of polymineral binding substances having a wide 
ra~ge of application. 

An experimental examination of the present biµding properties of t~e products of burning 
composition: existing in the system of R20-RO-R2o3 , where R2o, RO, R2o3 are oxides of the 
1-st, 2nd, ,_d groups of lVlendeleyev•s Periodic System. The binding materials of high activi
ty have been got. 

The alkalin.e medium created by the a.lkaline and alkaline-earth oxides is a determining 
condition of the synthesis of new combined slag-alkaline cements. Slag-alkaline hydraulic 
binding materials based on th~ granulated metallic and electric thermo-phosphoric slags . 
have been created. · 

The binding compositions existing in the system of are established to be an active com
ponent of the.slag-alkaline cements. The optimal correlations of components, the condi'ti:ions 
of synthesis and physical-mechanical characteristics of slag-alkaline cements have been 
determined. . 
. The.composition o:f th~ products of hydration of slag-alkaline binding materials have been 
investigated. The hydration of new slag-alkaline cements is determined ·by the alkaline cha
racter of the liquid phase. 
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.. Une serie de ciment s du 12. i tier alcalins 
a la base des laitiers des compositions dif
ferentes est proposee en Union Sovietique. 
I1 est etabli que les l a itiers bas iques Clus
si bien que les laitiers acides peuvent etre 

·utilises pour leur fabrication a condition 
que le choix du composant alcalin soit cor
rect (1). L'alcali caustique, les sels non
silice ux de faible s acides, les sels sili
ceux, les aluminates alcalins sont utilises 
le plus souven~ pour une fabrication des ci
ments de laitier alcalins. 

Les ciements alc a lins et alcalino-terreux, 
mono- et polymineraux hydra uliques a l a base 
des compositi ons de s meta ux alca lins sent 
obtenus a l'Institut technologique de L~nin
grad (~,3). Ces donnees ~recedaient une ve
rifica tion exp 6.rimentale de . la presence des 
proprietes visqueuses dans le produit de 
grillage des compo_si tions existant dans le 
9ysteme R20-RO-R203 OU R20, RO' .. R203 sont 
des oxydes du premier~ du deuxieme et du 
troisieme groupe du systeme periodique des 
elements de Mendeleev .. ; 

On avait pour but d'obtenir des ciments 
de laitier alcalins hydrauliques a la base 
des compositions des laitiers granules, me
tallurgiques, electrothermophosphoriques et 
visqueux syntMtisees au systeme R2o-no:R 2o3• 

Les visqueux sont obtenus au moyen du 
mouture fine des produits du grillage avant 
l'agglomeration des oxydes indiques pris en 
proportions differentes. Les compositions 
obtenues a la base des composants du potas
sium sont capables de durcir effectivement 
dans les conditions aqueuse, aeriennes et 
d'autoclave. Une resistance des visqueux de 
sodium au durcissement en air atteint 80 MPa. 
Les visqueux synthetises ont une grande re
fractari te et ne durcissent pas sous l'acti.on 
de hautes temperatures. 

Pour l'obtention des ciments de laitier 
alcalins on a utilise les laitiers des cinq 
unies dont les composition.s chimiques sont 
citees au tableau 1. Les visqueux syntheti
ses ont ete utilises en qualite du composant 
alcalin. Les laitiers etait prealablement 
broyes jusqu•a a la surface specifique egale 
a 2900-3100 cm2/g selon le mesureur de sur
face -2. Le ciment de laitier alcalin etait 
obtenu sans grillage par le melange du lai
tier et du visqueux-excitateur pendant 45-
60 min. 

Les proprietes physico-chimiques du vis-
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g.ueux etai t etudiee s sur le~ echantillons 
(1x1x3 cm) prepares de la pate au durcisse
ment aqueux et aerien. Un traitement d'auto
clave des echantillons (175°C 4 heures) a 
ete fait dans 24 heures apres le formage avoo 
le sechage posterieur jusqu'au poids cons
tant a la temperature 90°C.La duree de la 
prise des visqueux de laitier alcalins a 
ete determinee p~r l'appareil de Vic. 

Une microstructure des l a itiers a ete 
ex~inee en lumiere passante et polarisee 
dans les appareils a immersion. 
Un analyse radiologique de phase des lai
tiers et des visqueux de laitier alcalins 
a ete fait a 1 1 a ide de la methode de poudre 
avec l'enregistrement ionise des maximums 
dif r actionnels a la temperature ambiante. 
Les co urbes de l'intensite etait faites par 
l' dppareil ionisaht YPC-50HM a l'utilisa
tion de la r adiation cuivrique au filtre de 
nickel. 

Il est etabli que l a ma sse importante 
des laitiers est composee du verre (70..,so;&). 
Les indices de son refraction de lumiere 
f;ont - de 1.662 a 1, 646. Une phase cristal
lique est present ee par une gelenite et une 
melelite. Selon les donnees de l'analyse ra
diologique de phase, une phase cristallique 
du laitier N1 est composee d'un -~uartz, 
du ceux N2-N5 est composee de la melelite 
surtout. 

On neut observer l'influence de la na
ture des compos 9s de:.:_: ir.etaux alc c. lins sui
vant les proprietes visqueuses du laitier 
granule au tableau II 1 ou il y a des indices 
de resistance de la pate de laitier de 
l'epais seur normale, contenant des composan
ts alcalins egaux a 3% de R20. 
En se basant sur les donnees citees ci-des
sus, il convient, gue la resistance des vis
queux autoclaves depasse celle des visqueux 
durcissant pendant les 28 jours dans de 
l'eau. Une appreciation comparative de la 
resistan.:!e mecanique du pierre de laitier 
alcalin a permis de tirer une conclusion 
queAl'activite des visqueux de laitier s•ac
croit dans une serie: 
ROH RO-R 2o3 R2co3 R20-RO R20-RO-R2o3 
Les durees du durcissement du ciment de lai
tier alcalin dependent de la composition 
d'un compose alcalin : les hydroxydes et 
les carbonates des metau.x alcalins les dimi
nuent, les visqueux synthetises les augmen-



Tableau 1 
Composition chimique des laitiers 

p1umero-au ----------------------Tenew::-en-oiYcles ______ ---- --------------------
: laitier % 

!~~~~;~~~~~ -~i~ iif :~~~ ~~~~ ~~i~~~ ~~iB~~i~'lL~~~~j~~~~~~t:~~~~~~~~~~~~~~~ 
l_J _____ ~~1~ff~1~ g:~g *:~g !~~urn_ -=-- ___ Lt _____________ _ 

_ Tableau II 
Dependance de l' activite des compositions de lait:Ler de la nature des com

poses des metaux alcalins 

1rNlc~;~~;iti~~-d; -D~~~;-d~-d~~1;;~;~~t ----------R~;i~t~~~~-;i;---------------
!1 1·1 1 a~1di tif min 

1 
-m~~e~n-t_;~~;:-T---;i~---- ;;;~~-i~~~;;~;"[.;;:- :;e;n-de-as-n-t1;-l-ed~s-~2-8i;;J.~o:u_r_s_ : I ge dans l 'autoclave ~ent dans de l 'eau 

1-:ir --1laOR________ --'r;;-------1---32----- ------20----------- -------a-------------

1

, 

3
2 KOH 13 25 11 9 

Naf03 25 33 49 32 
4 Kf03 57 75 35 15 
5 Na 20-RO 142 173 39 33 
6 K20-RO 42 54 32 34 
7 Na20-RO-H 2o3 135 155 45 , 40 
8 K20-RO-R2o

3 
35 45 42 34 

9 RO-R 2o3 60 75 24 20 

10 RO 58 66 ,16 28 

Tableau III 
Activite des visqueux de laitier alcalins 

Rumero-au.--rrumero-au--rtesistance-apres-Ie-~raite= -~esis~ance-apres-Ies_b_mois-au-
1ai tier vis q_ueux me nt dans 1' autoclave MPa durc'issement dans d.e 1 'eau MPa 

1 

2 

3 

4 

5 

1 

3 
1 
3 
1 
3 
1 
3 
1 
3 

48 

Z7 
63 
38 
40 
32 
37 
24 

51 
29 

48 

37 
67 
43 
46 
41 
45 
2.7 
72 
77 

tent. 
Ainsi, les melanges des visqueux synthe

tises dans le systeme R2o-Ro-R2o3 et des 

sant visqueux - laitier conserve sa resis
tance a l'eau a l'augmeritation dans le vis
queux de la teneur en R2o3 jusqu'au 40 

laitiers presentent de nouveaux visqueux hy
droliques pos rsedant une haute acti vi te. 

On essayait d 1 obtenir un visqueux des lai
tiers granules dont la composition chimiq_ue 
est indiquee au tabl.I et du visqueux syn
thetise. 

Les compositions visqueuses obtenues a 
cette base (dessin 1) ont une grande dura~ 
bilite et une resistance a l'eau. Il con
vient de noter que la· substance en etat de 
pierre se formant dans le systeme durcis-

mol % malgre la diminution importante de sa 
resistance au cas des laitiers basiques aus
si bien qu'au cas des c~ux alcalins. 

Une activite des visqueux de laitier a1-
calins durcissant dans les autoclaves ' est 

' ci tee au tableau III. 
Une activite des compositions etudiees aug

mente en cas du vaporisage dans l'autoclave. 
Done dans les conditions naturelles du dur
cissement une interaction des compositions 
exai:p:inees passe re la ti vement lentement. Ap-
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Tableau IV 

Dependance de l ' activi te du ciment de laitier alcalin de la teneur en visqueux 

-mime:r0--
du laitier 

1 

2 

-~uantite~au--eau7<lurete--
v i Rau e ux 

~ % 

5 
10 
20 
30 

5 
10 
20 
30 

0,25 
0,25 

. o,;a 
0,32 

0,25 
0,25 
0,27 
0,30 

r es le durcissement aqueux de longue duree 
et le vaporisage dans l'autoclave la resis
t ance du nierre a la base du laitier acide 
avec l' addition du visqueux syntetise est 
beaucoup plus grande de celle du pierre de 
laitier alcali ~ a la base du laitier ' basi
que. 

4 
Les indices fixes de la resistance de la 

pate de lait ier alcalin ne presente qu'une 
idee generale des possibilites de l'obten
tion du visqueux a la base des laitiers de 
diffe~entes usines, car on ne peut pas con
siderer la proportion choisie parmi les 
visqueux synthetise comme optimale. . 

Une dependance de l'activite du ciment 
du debit du composant alcalin a ete etudiee 
pour les compositions "laitier 1,2 - vis
quew,t 1 11 • Les echantillons, prepares dans 
la pate durcissaient dans de l'eau et en 
air pendant les 28 jours, Les resul tats 
sont cites au tableau IV. 

Les donnees du tableau IV montrent que 
l'activite du ciment. s'accroit a l'augmen
tation du visqueux alcalin debite. 

Un anal~se differentiel thermique des 
produits de l'hydratation des visqueux de 
laitier se fait a l'aide du derivatographe 
du systeme des F~Paulik, I.Paulik,A.Erdei 
a l'intervale des temperatures jusqu'a 
1000 °c dans un creuset a corindon a l'uti
lisation du Al2o3 comme etalon a lavitesse 
20° /min. Selon les donnees de .l 'analyse 
thermographique a l'interaction des vis
.queuxAsynthetises et des laitiers se font 
les memes formations nouvelles qui se pro-
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---~esistance-au-ourcissement--~ 
MP a 

en .air 

6 
3 

12 
22 

7 
13 

26 
51 

~ .. 
e> 

j 
C1l 
•M 

. al 
"<I> ·p:: 

30 

· 3) 

16 

dans de l'eau 

15 
14 
26 
38 

40 
43 
56 
57 

Fig. 1. Dependence de l' acti:vi ~ du clln.ent de 
l 'espece de l 'exi tateur al.Cal:in: 1, 2, 3, 4, 5 -
numero du laitier 

sent a l'hydratat ion du ciment de laitier 
alcalin synthetise aupravant (1). 
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THEME IV 

Structure des pouzzolanes et des 
cendres volantes et hydratation des ciments 

aux pouzzolanes et aux cendres volantes 

Structure of pozzolana and fly-ash and the 

hydration of pozzolanic and fly-ash cements 

The use of Si02-residues 
as admixtures for pozzolanic portland cements 

Utilisation de residus siliceux comme pouzzolane des ciments 

R. HERR, W. WIEKER and G. PRIEM, Zentralinstitut flir Anorganische Chemie der Akademie der Wissenschaften der 
DOR - Berlin, RDA. · 

Summary 

The residues remaining in a mineral acid extraction process of thermal activated Al-Silica

tes with layer structure (clay minerals) are rich in Si02 and poor in A12o3• These "residues 

of clay extraction" (RCE) show extraordinary pozzolanic properties. The use of these pozzo

lanic residues RCE as admixture to portland cement results in a special type of quickly 

haraening pozzolanic portland cement. In this report the most important chemical and physi-

cal properties of the RCE as well as of the pozzolanic portland cements are discussed. 

RESUME : Certaihs precedes d'extraction a chaud de mineraux dans les argiles, au moyen d'acidffi, 

laissent des residus riches en Si0
2 

et pauvres en Al
2

o
3

. Ces residus ont des proprietes pouzzo

laniques extraordinaires. Leur addition a des clinkers Portland permet d'obtenir des ciments 

pouzzolaniques a forte resistance initiale. On a etudie les proprietes physiques et chimiques 

les plus importantes de ces residus, ainsi que la qualite des ciments pouzzolanique~?bten~s. 
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The residues remaining in a mineral acid 
extraction process of thermal activated Al
silicates with layer structure (clay mine
rals) are rich in Si02 and poor in Al2o3 and 
show pozzolanic activity. 
The use of these pozzolanic ".residues of 
clay extraction" (RCE) as admixtures to 
portland·cement clinker and gypsum results 
in a special type of quickly hardening poz
zolanic portland cement with improved chemi
cal resistence. 

Table 1 shows the chemical composition of 
the investigated RCE. 

Table 1: Chemical composition of "residues 
of clay extraction", resulting 
from a HCl-extraction process 

ox id concentration (mass-%) 

Si02 72 ••••• 84 

A1 2o3 
0,4 •••• 15 

~e203 
1 ••••• 3 

Cao + MgO Q,01 ••• 0,5 

K20 + Na2o 0,2 •••• 1,5 

Ti02 
1 .... 3 

Cl- 0,01 ••• 0,25 

L.O .• I. 5 . ... 15 

According to their chemical composition the 
RCE are to compare with some types of natu
ral siliceous earthes, for instance diato
mite earth /1/, Gliezh-earth /2/ or Sacro
fano-earth /3/. 

The mineralogical composition of RCE was in
vestigated by the X-ray diffractometric ·me
thod. In table 2 the qualitative and the 
quantitative results of the X-ray analysis 
are placed togethe~. 

For the use of the Si02-residues as admixtu
res for pozzolanic portland cements especial
ly tl),e not crystalline, X-ray amorphous 
parts and the semicrystalline parts of the 
RCE .are of interest. The high chemical acti
vity of RCE in the reaction with Ca(OH) 2 can 
be correllated to these components. The cry
stalline parts of RCE operate in PC-RCE
pastes as inert microfillers only. Dried RCE 
contain about 80 to 90 mass-% reactive sili-

238 

cid acid and metakaolinite. 

Some physical properties of the ROE are 

shown in table 3. 

The pozzolanic activity of the ROE in the 
reaction with Ca(OH) 2 and portland cement 
was measured- by chemical, physical and me
chanical test methods. 

Figure 1 shows the results of experiments 
in which the ROE is treated with Ca(OH) 2 in 
suspensions. The amount of Ca(OH) 2 which 
has reacted with RCE has been estimated by a 
titrimetric procedure in dependence of the 
reaction time. 
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400 c:;,, 

E 
~ 300 ~ 

ti ...., 
'l:J 200 
II) 

tJ 
Cl 100 Iii .... 

' -------1~ 
----- e -- -- _,,,...- ---1 r> 0 0 ------- ~---_, ..nil .,,,,,....-

,,"' 0 ;._.,,,."""' ., RCE A 0.73 'Y. AL2 

;., ~/ 
0 RCE B 4.91 °I. AL2 

7 7 
" RCE C 9.73 •;. Alz 

I . RC£ D 12.94 •to ALz 
I .. RC£ £ 14.07•fo Al2 

li 0 RC£ f' 14 .46%ALz 

I . fly ash, Hagenwerde 

I 

I I 
::-

3 7 14 28 

time of reaction (days) 

Fig. 1 Time dependence of the reaction of 
ROE with saturated Ca(OH) 2-solution, 
measured by shaking tests. For . compa
rison the reaction of a lignite fly 
ash from the power station Hagenwer
der (GDR) is also shown. 
Test conditions: .saturated Ca(OH),
solution 1,20 g CaO/l; molar ratio, 
CaO~Sia2 + Al2o3 = 1:1; temperature 
20 c. ' 

After a reaction time of 1,3 and 28 days the 
following .amounts of Ca(OH) 2 , calculated in 
mg of Cao, have reacted with 1 g of RCE. 

1 day 
J days 

28 days 

140 •••• 190 mg CaO/ g RCE 
250 •••• J50 mg CaO/ 1 .g RCE 
520 •••• 560 mg Cao/ 1 g RCE 

This shows, that the reactivity ~f RCE with 
respect to Ca(OH)2 is much higher than other 
types of pozzola·nas, i.e. ground ligni t .e 
coal fly ash or pozzolanic tuffs /4/ or 
tra.ss /5/. 



Table 2: Mineralogical composition of RCE remaining in a HCl 
extraction process 

crystallinity mineral concentration -.f 
?o 

crystalline parts quartz Si02 6 ... 11 

anatase Ti02 1 ... 3 

semi crystalline parts . hydromuskovite 5 30 i ... 
meta.kaolinite 

not crystalline parts Si02 + Al2o
3 + 

Fe2o3 
difference to 100 

t dependend upon the clay extraction conditions 

Table 3; Some characteristics of the 

characteristic dimension 

density g . cm-1 

apparent density -1 of RCE-powder g . cm 
pore size distribution radius j 

total porosity -f 
:o 

specific surf'ace 2 m . g 

The pozzolanic portland cements, we have in
vestigated here, were produced by mixing of 
commercial portland cement (standard type 
PC 1), milled RCE and small amounts of gyp
sum to adjust the aluminate-sulfate-ratlo of 
these mixed cements. The pozzolanic portland 
cemen~s contained up to 30 mass-% RCE. 

In figure 2 the results of the compressive 
strength tests of JC/RCE cement pastes are 

' demonstrated in comparison with the strength 
development by PC-quartzpowder•pastes. 

At constant water-solid-ratios the compres
sive strength of PC-RCE-pastes increases up 
to an admixture of about 10 mass-% of RCE 
to the PC. Above a RCE-content of 10 mass-% 
the compressive strength dec.rease slowly, 
especially in the early stage of hydration. 
After 28-days-hydration pure PC-pastes and 
PC-RCE-pastes 75/25 have the same compres
sive strength. At higher amounts of RCE in 
the cementa the compressive strength de-

-1 

physical structure of RCE 

value 

2,05 •••• 2,34 

0.39 •••• 0,64 
range 20 •••• 500 

maximum 1 25 
maximum 2 150 

50 •••• 85 
50 ••• 250 

creases rapidly. 

In order to get a better insight in the dif
ferences of the strength develop~ent of RCE 
and quartzpowder blended portland cements we 
have analysed the contents of the "free limE!' 
and of acid soluble Si02 in the hydrated PC
RCE-past es. 
The free lime content of the samples was de
termined by the Franke method. The results 
(Fig. 3) show, that the content of free cal
ciumhydroxide decreases very rapidly with 
increasing arnounts ·of RCE and the hydration 
time due to the reaetion with the amorphous 
Si02 of the RCE. 

Thi~ result is underlined by the change in 
the amount of soluble ~io2 during the hydra
tion reaction, measured by the Molybdatme
thod of Thilo, Wieker and Stade /6/. In 
table 4 it is shown, that the amount of so
luble Si02 increases from 16,65 % (resulting 
from the a.lite and belite content of the 
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Fig. 2 ,: Compressive strength of PC-RCE
pastes and of PC-quartzpowderpastes 
after 1, 3, 7 and 28 days 

15 
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Test conditions: ratio water/PC+RCE 
= 0,40 = const.; ratio water/PC+ 
quartz= 0,40 = const.; specific 
surface of the quartzpowder 0 = 
8000 cm2/g (Blaine method); sbple 
storage under water; temperature 
20 °c. 

Composition 
uf Cement 

PC I RCE ' 
100 I 0 

90110 

80/ 20 

70/ 30 
tJO/ 40 

3 7 14 21J 

time uf hydration, ( day8) 

Fig. 3: Lowering of the "free lime content" 
in hydrated PC/RCE-pastes by increa
sing amounts of RCE 
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Test conditions: Alcohol-ether-dried 
samples, determination of the free 
·cao by the extraction method of 
B. Franke 

portland cement) up to 30,97 % after 28 days 
as a result of the conversion of the very 
high molecular amorphous Si02 to low mole
cular silicate species by the reaction with 
Ca(OH) 2 which is formed by the hydration of 
the portland cement. 

Table 4: Increase of the amount of acid 
soluble Si02 during the hydration 
reaction of PC/RCE 80/20-pastes 
(Ratio water/solid 0,50; tempera
ture of storage 20 °c) 

time of hydration H2so4-soluble Si02 
days 71 ·o 

0 16,65 
1 19,22 
3 21'16 
7 23,41 

14 27,05 
28 30,97 -- - - ------ -----------

extrapolation time 33,50 

On the basis of these results one must con
clude, that during the ~ydration in the ce
ment pastes additional amounts of CSH-phases 
and CAB-phases are formed. 
The investigetion of the PC/RCE-pastes by 
the Molybdatmethod also shows th~t the de
gree of polymerisation of the silicate an
ions in the CSR-phases increa~e with increa
sing amounts of RCE in the cement paste. 

;:,.!! 1 
0 

"t:J 2 
QI PC I RCE . % ·ti 
tl 5 ~100/ 0 
" "" -4:-- so I 10 .... 10 -80/20 C) 
c: 

-70/30 ~ 20 
~ - - - mon08ilicate ti) 

.St 50 -·- polyailicate ,,,,,,.... 
100 '/ 

0 10 20 30 40 50 

time of reaction (minutea) 

Fig. 4: Effect of RCE-admixture on the de
gree of polymersation of the silica
tes in hydrated PC/RCE-pastes, mea~ 
sured by the Molybdatmethod of 
Thilo, Wieker and Stade. 
Storage conditions of the samples: 
Hydration undep water, 28 days, 
temperature 20 oc. · 



An important propert~ of the PC/RCE-mix ce
ments is their rela.tivly high resistence 
against aggressive solutions, i.e. Mg-salt
solutions. The chemical re~i~tence of the 
mix cements was evaluated by compressive 
strength tests of the samples (paste eubes 
1 x 1 x 1 cm) versus the storage time in 
the solutions. Some results of the corro
sion test show figure 5. 
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7.f!i •to 
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--<>-- PCIRCE • 90/10 
-e- PC/RCE • 80/20 

1 23456789 

time of storage in aggressivt1 solutions (months) 

Fig. 5: Compressive strength of 28 days hy
drated PC/RCE-p~stes in dependence 
of the time treated by Mgso4- and 
MgC1 2-solutions 
Test conditions: 
MgS04-solution 7,6 % = 1,53 % Mg2+ 
MgC1 2-solution 6, 0 .:& = 1, 53 % 'v1g2+ 
storage temperature 20 oc. 

According to our attitude the reasons for 
the enlarged resistence of PC/RCE-mix ce
ments .against che~ical attack are due to the 
deminishing of.free lime . content, the addi
tional formation of CSR-phases and the in
crease of the degree of polymerisation of 
the calciumsilica.tehydra.tes. 
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Fly ash from Kakanj Power Plant in Cement_ .Production 

Production du ciment aux cendres volantes 
de la centrale thermique de Kakani 

V. KORAC et V. UKRAINCIK, lnstitut de Genie Civil, Zagreb, YOUGOSLAVIE. 

RESU~ : Des recherches de laboratoire ant permis de determiner la composition optimale d'un 
ciment a faible chaleur d'hydratation, constitue d'un clinker a teneur relativement elevee en 
c

3
A et c

3
s, , et de cendre volante de la centrale thermique d,e "Kalka n j". 

C'est un ciment unique en Yougoslavie avec l'adju va nt de la cendre volante, qui s'utilise pour · 
betons hydro-techniques de masse. · 

Dans la centrale thermique "Kakanj", la poussiere de charbon brun est brGlee exceptionnelleme~ 
a la temperature d'environ 1600°C, tandis que dans les autres centrales thermiques yougosla
ves cette tempe~ature est d'environ lOOO-ll00°C. 

La cendre vo lante est composee des constituants prin c ipau x sui v ants : en v iron 42 _ % Sio
2

, 
19 % Alo , 9 % Fe o et 23° Cao. La propriete caracteristique de ce ciment est qu'il aiminue 
le besofn

3
d·e l'eau

2
ef qu'il demontre les proprietes de plastification. Ce qui est particuliere

ment evident dans le beton frais. Av ec un grain de maximum 63 mm du granulat et avec seulement 
225· kg ~iment/m3 de beton et 108 litres d'eau, on peut produire un beton tres ou v rable de la 
resistance a la compression de 30 N/mm2 apres 2 8 jours. 

SUMMARY: On the basis of laboratory research of blended cement having as ingredients portland cement, with 
relatively high c3A and c3s content and fly ash, the optimum co~position of low heat cement was chosen . Now, 

after several industrial trial grindings, fly ash from Kakanj power plant is the only one in Yugoslavia used 
as addition in production of cement for hydraulic mass concrete. 

Extraordinary, in Kakanj power plant, brown coal dust burns at the temperature of .about 16oo 0c, while in 
the others at 1000-1100°C. Fly ash under consideration containes 42% Si02, 19% Al 2o3, 9% Fe2o3 and 23% Cao. 

The substantial property is that it unusualy decreases the water requirement and its plasticizing ~ffect 
is expressive. This came strikingly out in fresh concrete mix design. yJith maximum aqgregate grain size 63 mm, 
with 225 kg/m3 of blended cement containing 50% fly ash, 108 1 of water, well-workable concrete with 
characteristic 28-days strength of 30 N/mm2 .is obtained . 
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Several Yugoslav thermo-electric power plants are 
·fired with coal dust ob.tained from brown coal of more 
recent geological age. 

Because Yugoslav fly ashes have not been adequately 
and thoroughly studied in terms of their application 
i n the cement industry, practically no use at all has 
been made of this waste material as an addition to 

clinker. 

.However, our systematic studies of a series of cement 
and concrete batches has shown fly ash obtained from 
the Kakanj (near Sarajevo) power plant ·to possess 
ext raordinary good properties as an addition to clin-

. ker in cement production in terms of both pozzolanic 
and physical features./1/Jhereas in other Yugoslav 
power plants fly ash develops by burning coal dust at 
the temperature of 1000-12oo0c, Kakanj fly ash is pro
duced by burning at 1600-1650°c, which substantially 
affects its structure and physico-chemical features. 

Coal dust i~ obtained from separated brown coal with 
a calorific value of about 3200 kcal/kg . Our project 
entailed the deter;1ination - for a new cement plant 
in the area of the Kakanj power plant - the optimum 
c6mposition of cement with ft low hydration heat for 
hydraulic engineering applications; accordingly, a 
series of laboratory cement batches was produced by 
homogenizing pure Portland cement with 30, 40, 50, 
60, 70 and 80 percent of fly ash . 

BASIC CHARACTERISTICS OF PRIME MATERIALS 

CLINKER 

Phase composition 

c
3
s 

c2s 
C3A 

C4AF 

Hydraulic modulus: 
Silicate modulus: 
Aluminate modulus: 
Degree of saturation : 
Free Cao: 

Specific area (Blaine) : 
Density: 

Bogue 

62 .63 % 

8.54 % 

11.65 % 

12 .41 % 

2. 14 
1. 75 
1. 71 

99.9 
1.04 % 

3200 cm 2 /g 
3.08 g/cm3 

X-ray 

68.00 % 

10 .00 % 

6.00 % 
11.00 % 

FLY ASH 

Average Chemical Composition in % 

Loss on igni tion 1.63 
Insoluble 0 .30 

Si02 41.95 
Al 2o3 19 .13 
Fe2o3 0.04 
Cao 22 .93 
MgO 2.02 
so 3 2.01 
Na2o 0.39 
K20 1. 10 
free Cao 1.41 

. The aformentioned chemical composition represents 
the one-year average of thirty analyses . 

The range of standard deviation for the basic com
ponents (Si02, Al 2o3, Fe2o3 and Cao) was 0.74-1 .49, 
and for the other components 0.09-0.52. -

In terms of its chemical composition , according to 
A.Jarrige (1) this fly ash can, be considered atypi 
cal because its Si02 and Al 2o content brings it 
close to silicate-aluminum type ashes, while on the 
other hand it contains much Cao but few sulfates. 
It is also distinguished by a very low loss on 
ignition. 

X-RAY - DIFFRACTION AND THERMAL ANALYSIS OF FLY ASH 

These tests showed fly ash to be of an a 1 most 
exclusively amorphous glassy structure, without 
thermal effects, which is indicative of possible 
pozzolanic properties. 

( 1 ) 
A.Jarrige : Les cendres volantes, Editions Eyrolles, 

61, Boulevard Saint-Germain,Paris Ve, 
1971, p. 63 
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Fi g. 1 

Fig . 2 

Fig. 3 
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Fig. 4 

Figures 1 and 2 show the Kakanj power plant fly ash. 

It consists of very fine glassy, closed, dense and 

regular spherical particles, with very few unburnt 
coal particles of an irregular form. 

For the sake of comparison we are also enclosing 
figures 3 and 4, showing fly ash from another 
Yugoslav power plant, of a very similar chemical 
composition in terms of the basic component, i.e., 
Si02, Al 2o3, Fe2o3 and Cao content. However, this 
ash was produced by burning at the temperature of 
10QO - 1050°C, and did not melt (apart from the 
smallest particles) during burninq, but was only 
syntherized. Hence its porous and alveolate struc
ture, resulting in a higher water requirement. 



.Fly ash sieve analysis 
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Specific area (Blaine): 4042 cm2/g 
Density: 2.62 g/cm3 
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Sieve size f 

Particles smaller than 40 microns were determined by a Sartorius automatic balance. As shown in the diagram, 
Kakanj fly ash is distinguished by extremely great particle fineness. Particles ]arger than 45 microns ac
counted for only 9,7 %. 

245 



Pozzolanic activity according to Fratini (after 8 days) 

18 40 50 60 70 80 90 100 110 120 

~L 
0 
E 14 E 

. 12 

10 

8 

6 

4 

2 

Total alkalinity in mmol OH7J. 
o = 0 /o of fly ash 

Pozzolanic activity was tested on a variety of cement types containing 30 to 80 % of fly ash. 

All the cement types showed a p~sitive pozzolanic- activity at the temperature of +4o0c as early as after 8 

days. 
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CEMENT TEST RESULTS 

TABLE No . 1 Physical Properties of Cements 

-----------------------------------------
Sample code 

Normal consistency 

Setting time: 
Initial 
Final 

Soundness 
Le Chatelier in 

cakes 
Residue on 90 }J mesh 

· Blaine 

Density 
_Heat of hydration, 
Joule/g, after vacuum 
fl ask method 

% 

h min 

mm 

FA-0 

25.0 

2 50 
4 00 

* 

1. 3 

sound 
% 3.6 
cm2/g 3200 

g/cm3 3.08 

after 7 d?YS 325 

after 28 days 357 

FA-30 

22. 0 

3 40 
5 00 

1.8 
sound 
3.5 
3663 
3.02 
284 

324 

FA-40 

21. 5 

4 00 
5 30 

2.5 
sound 
3.3 

3675 
2 .95 
270 

311 

FA- 50 

20.7 

4 30 

5 35 

7. 1 

sound 
3. 1 
3744 
2.85 
247 

' 288 

FA-60 

,9.7 

4 40 
5 40 

8.5 
sound 
3.1 
3894 

2.83 
230 

264 

FA-70 

19.0 

5 00 
6 30 

13.5 

FA-80 

18.5 

5 50 
7 10 

30. 3 
unsound unsound 

2 .9 3. 1 

3943 4070 
2.78 2.71 
200 183 

244 225 

=========================================-========-========-=========-===============·===~:=========~============= 

TABLE No 2 Strength Test Results 

---------------- ----------------------------------------- ------------------------------------------------------
Sample Code Constant w/c ratio=0.5 Constant consistency 

1.,ompress1 ve ~treng~n tsending strength Compress1 ve strength Bend1 ng strength 
in N 'mm after in N/mm2 after in N/mm2 after in N/mm2 after 

7 days 28 day$_ 7 davs 28 days 7 days 28 davs 90 days 7 days 28 days 90 days 
* ** FA - 0 38 . 7 48 .5 7. 1 8.4 

FA :.. 30 26.0 42.6 5.6 7.7 
FA - 40 23.0 36. 3 5.3 7. 1 24;9 41.5 ' 5.5 7.5 
FA - 50 17.9 30.0 4.3 6. 3 20 .0 31. 3 41. 7 4.5 6.2 7.6 
FA - 60 13.9 23.9 3.7 5.2 16 . 7 30 . 1 41.4 4.0 5.7 7.0 
FA - 70 10.7 18.5 3.0 4.2 
FA - 80 7.2 13.1 2. 1' 3. 2 8.0 17 .8 2. 1 3.8 
====================~=======-==========~==================-=================-=======-=======-========-=========== 

* 

** 
The number in sample code indicates ·~he percantage of fly ash in cement . 

The foregoing compressive stregnth testing results are mean values of 6 individual results. The values 
for bending strength are means for 3 individual results . . 
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COMMENTS 

The results of these tests have shown that the ad
dition of 50% od Kakanj fly as~ can produce cement 
having very good characteristics for hydraulic en
gineering applications : 

- standard consistency is low (about 20.7%) 
- setting begins after 4 hours 
- the cement is sound 
- hydration heat values are below the prescribed 

maximum values for the heat by solution method 
- the strength growth rate is very high till 90 

days. 

CONCRETE APPLICATIONS 

Mixed cement with 50% of fly ash has al ready been 
used for six months in the production of conrete 

. for the Salakovac dam and Bofac dam hydro-electric 
power plant. The anticipated advantages of such 
cement, as determined by laboratory testing , were 
confirmed again by on-site concrete checks: 

- marked plastifying effect 
good ·workability with only 108 1 of water and 225kg 
of cement per m3 of concrete, and maximum aggregate 

·Size of 63 mm 
- maximum temperature within the mass concrete of 

49°C with i niti a 1 temperature of fresh concrete 
23°C 
with a w/c ratio of 0. 48, concrete compressive 
strength in N/mm2 was as follows: 

28 days 
90 days 
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x 
44.0 
52.0 

s 
3.5 
3.5 



Fig.S Salakovac hydro-electric power plant 
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A Study on the mechanism of .the reaction of Santc;>rin 
earth during its hydratiqn with Portland Cements 

Etude sur le mecanisme de la reaction de la terre de Santorin 
pendant son hydratation avec des ciments Portland 

Dr. CH. FTIKOS, Dr. G. PARISSAKIS, 
HERACLl:S General Cement,Co. - National Technical University of Athens, Lab. of lnorg. and Anal. Chemistry, Greece 

SUMMARY : The subject of the present work is the study of the phenomena which take place 
during the hydration of portland cements containing different p~oportions of pozzolan and the 
explanation of the way of their interaction. 

The activity of pozz,,9lan constituents depends on their lattice deffects or even on the defici
ency in their struc~ure, attributed to various physical or technical treatments that the mate
rial has undergone. Under these conditions the interaction between OH- and pozzolanic consti
tuents is facilitated. 

This interaction results the dissolution of Al 203 and Si02 in the alkali solution, their tran
sition into the solution by the form of hydroxycomblex ions, and their reaction with ca2+ to 
form CAR and CSR compounds. 

RESU~..E : Le sujet du present travail est l'etude des ph€nomenes qui se passent pendant l'hydra
tation des ciments Portland contenant differentes proportions de pouzzolane et !'explication 
du .mode de leur inter.action. 

L'activite des cOnstituants pouzzolaniques depend de~ d~fauts de leur reseau ' OU m@me de leur 
structure deficiente attribuee a divers traitements physiques ou techniques que le materiel 
a subis. Sous ces conditions l'inter·.action entre OH- et les constituants pouzzolaniques est 
facilitee. 

Cette inter .action resulte la dissolution de Al20 3 et Si02 dans la solution alcaline, leur 
transition dans la solution par la forme d'ions hydroxycomblexes et leur reaction avec ca2+ 
pour former des comp~ses de CAR et CSR. 
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1. Introduction 

It is well known (1,2) that the grinding of 
clinker with Santorin earth or with a pozzo
lan in. general, leads to the production of 
cements which present some advantages regar
ding their physical and chemical properties, 
as compared to those of pure portland cements. 

Though' the phenomena which take place during 
the hydration of cement with pozzolan have 
been studi~d by many re~earchers (3,4,5), 
some of Lhem have not yet been clarified. 

The aim of the present work is the study of 
these phenomena in cements containing dif
f~rent proportions of Santorin earth and the 
explanation of the way of its interaction. 

The hydration phenomena are studied by XRD, 
EPMA and SEM, as well as by determining the 
active part of Santorin earth in cement pas
tes. These ' pastes have been prepared from 
two portland cements of different composition 
in mixtures containing 0,10,20,30 and 40% of 
Santorig . earth respectively, cured in water 
at 18+2 C for 7,28,90 and 365 days. 
strength development of these blended cements 
has also been stJ,ldied. 

The results of this study provide useful in
formation about the way in which pozzolans 
interact during their hydration with port
land cement. 

2. Experimental 

The materials which have been used are two 
Portland cements (P 1 ,P 2 ) of different compo
sition regarding their c 3s,c 2s,caof content 
and Santorin earth (S.e.J which is a well 
known natural pozzolan. 

Both the chemical and the minerological com
position (according to Bogue) of the two 
Portland cements and the chemical composition 
of the Santorin earth, as well as their fine
ness are shown in Table I. 

TABLE I: Composition of materials used 

u.O.I ·sio2 Al203 Fep: cao MjO Nap KP S03 

IP1 1, 60 20,48 5,94 2,82 63, 10 3,54 0,85 0,65 -2,48 
IP 1,74 21, 71 5,44 2,64 60,16 2,20 0,35 0,65 2,42 
S~e • 2,40 63,50 15, 65 6, 10 3,95 1,83 2,8.7 2,73 trraces 

c3s c 2s c~ c 4AF caof Sp. surface 

an2 /g (Blaine) 
~1 50 21 11 9 2 J:>UU 
IP2 33 38 10 8 1 3500 
S. e -- -- -- - - 60QO 

Specimens have been prepared, 0 according to 
ISO-~ILEM-CEMBUREAU-CEN, by mixing the ce
ments P and P with O, 10, · 20, 30 and 40% 
of Santirin ea~th respectively, for the 
study of strength development. 
Thes5 specimens were cured in water at 
18~2 C for 7, 28, 90 and 365 days. 

The results derived from cement mixtures P
1 and P 2 , are presented in Fig. 1 and Fig. 2 

respectively. 
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Fig. 1.: Compressive strength development. 
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Fig. 2.: Compressive strength development. 
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Pastes prepared from the above mixtures were 
also cured under the same conditions. The 
ratio W/C used for the preparation of the 
pastes is shown in Table II. 

TABLE II: W/C ratio used. 

.Mixtures W/C Mixtures W/C 

p1 0,27 p2 0,26 

p1 + 10% s . e. 0,28 p2 + 1 0% S.e. 0,27 

p1 + 20%· S.e. 0,32 p2 + 20% s.e. 0,30 

p1 + 30 % s.e. 0,34 p2 + 30% S.e. 0,31 
D + 40% S.e . 0,35 p2 + 40% s.e. 0,32 1 

The hydration phenomena in these pastes have 
been studied, according to the following 
methods: 

a. Determination of the active part of S.e. 
by chemical treatment. 

b. Study by X-Ray Diffraction (XRD) 
c. Study by Electron Probe MicroAnalysis(EPMA) 
d. Study by Scaning Electron .Microscopy (SEM) 

a. Determination of the active part of s.e. 

For the determination of the active part of 
S.e., the cement pastes were ground and trea
ted with hydrochloric ac~d (HCl) 1:1, at ~3°c 
for 10 min. · The residue wa.s treated with hot 
Na CO solution 5% for 5 min. The residue 
defiv~d 1after ignition gives the active part 
of s.e., during its hydration with Portland 
cement. 

It should be mentioned that in anhydrous 
samples all the contained s.e. appears to be 
insoluble. 

The re,sul ts after the above mentioned treat
ment of the mixtures derived from cements P1 arid P

2
, appear in Figures 3 and 4 respecti

vely. 
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(/) . .? ... .. , 
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QJ 10 > -··-pl + 40% S.E. . ., 
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Time (months ) 

Figr 3.: Determination of the active part of 
s.e. % of the added. 
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Fig. 4.: Determination of the active pa~t of 
S.e. % of the added. 

b. Study by XRD. 

Some of the patterns of the cement pastes 
examined by XRD are presented in Figures 5 
and 6. 

l. 79 

l 
1.89 2.56 2.11 2.88 3.08 3.;io 4.67 s.21 
1~---~~__,__~)--j~ 

E ""'"'"-/w•~r-A~~~ 
,~:;:~~t 

B :~·VMI' /\ ~;,v/\~ . V' . 

A . Y<vvy/"j ~ 'V-vy.-\/ I 

~ - '1 . ~290 
'..> l ::iO ~9 ~8..>5 34 33 32 31 30 29 26 27 19 1 8 17 

Fig. 5.: XRD patterns of ·hydrated cement pas

tes, (A) P1 (B) P1 +10% S.e • 

(C) P1+20% S.e. (D) P1+30% s.e. 

(E) P1 +40% s.e. cured in water at 

18+2°c for 1 year. 



Fig. 6.:XRD Patterns of hydrated cement pastes 
(A) p2 (B) ~+10% S.e. (C) P2+20%S.e. 

(D} P2+30% S.e. (E) P2+40% S.e. 

cured in water at 18~2°c for 1 year. 

What may be noticed here is the reduced inten
sity of the peaks of Ca(OH) 2 (4.92, 2.63, · 
1 . 80 A0

), as the S.e. content is increased. 

In the patterns of Fig. 5 the increased 
intensity of the peaks of CSH (3 . 02, 2.75, 
1 . 83 A0

) in the pastes by increased content 
of s.e. is also noticeable. 

c. Study by EPMA 

A series of photos are presented in Fig. 7 
concerning the examined cement paste prepared 
from cement P1 , with 40% of S.e. after 1 year 
time of hydration~ . 

Fig . 7 . : Hydrated cement paste 6P 1+40% S.e . ) 
cured in water at 18+2 C for 1 year. 
Phl: Absorbed electrons, 100 µ 

Ph2 : Al x-rays Ph4 : Six-rays 

Ph3 : · Fe x-rays Ph5 : Ca x-rays -

In photo No. 1 a grain of pozzolan (point P) 
appears reacted with Ca(OH) 2 . Around this 
grain the reaction products are observed. 

~s these photos reveal · there is a remarkapl,~ • 
heterogeneity even in a small grain of pozzo
lan . Furthermore, the way of interaction 
between the pozzolan and Ca(.OH) 2 may be tra 
ced in these pictures, 

d . Study by SEM 

Two photos are provided concerning the e x ami
ned cement paste prepared from pure ~ement 
P

1
. (Fig. 8). . 

Fig. 8.: Ph1 M x 2 . 000 Ph2 M x 10 . 000 
Hydrated pure portland cement (P

1
) 

paste cured in water at 18+2°c for 
1 year. 
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In photo No. 1 crystals of portlandite grown 
from CSH. A grain of c s with its hydra
tion products may be se~n as well. By hig
her magnification, the same grain of c3s 
may be seen in photo No. 2 ~ 

A point of special interest in this photo is 
the zone of reaction around the c

3
s grain. 

In Fig. 9, the four photos presented concern 
the examined paste prepared from cement P

1 with 40% S.e. cured for 1 year. 
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~ig. 9.: Ph1 M x 10000, Ph2 M x 10000 

Ph3 M x 10000 Ph4 M x 10000 

Hydrated cement paste (P
1

+40% &.e) 

cured in water at 18+ 2°c for 1 
year. 

In these photos grains of pozzolan are shown 
a.fter their interaction with Ca (OH) 2 • The 
hydration products appear around these 
grains. 

The remarkable points in these photos are 
the zone of reaction as well as the cohesion 
and adhesion of the hydration products. 

3 . Discussion 

Th·e research concerning the mechanism of 
the action of Santorin earth or of a pozzo
lan in general, during its hydration with 
portland cements consists tn the study of 
the ' behavior of the active constituents of 
pozzolan in the alkali solution derived du
ring the hydrition of clinker constituents. 

In .the present work the study of the hydra
tion phenomena by the above mentioned me
thods has been conducted in four periods of· 
time, as follows: 

1st period 
2nd period 
3rd period 
4th period 

0 - 7 
7 - 28 

28 - 90 
90 -36~ 

days 
days 
days 
days 

1st period: During this period of hydration 
they have not yet been observed any remar
kable reactions between the constituents of0 

S.e. and .Ca (OH} 2 , which can effect the 
strength development. 
A selective dissolution takes place on the 
vitreous phase as well as on the low crystal
linity constituents ·of S.E. This selective 
dissolution is caus~d by the OH-, released 
during the hydration of clinker. 

2nd period: The formation of calcium alumi
nate hydrates (CAH) is now clearly obser
ved, the formation of CSH and the decrease 
in Ca(OH} 2 are begining. 

3nd period: The reaction between the ~antorin 
earth active constituents, especially the 
Sio 2 and Ca(OH)?, are still taking place. 
Thus, CSH gel and some crystals of tobermo
rites begin to form. 



4th period: The reaction between the Al 2o 3 
and Si02 of S.e. with Ca(OH) 2 is continuea 
to form CSH and CAH compounds at low rate due 
to the reduced alkalinity because of the bin
ding of Ca(OH) . 
The transformation of the CSH gel in tober
mori tes of small lattice parameters (d) 
is remarkable too. 
Regarding the pastes prepared from the cement 
P

2 
and S.e, it is concluded that the relea

sed amount of Ca(OH) 2 is insufficient to 
react .with Santorin earth. 

4. Conclusion 

The study of the results and remarks provi
ded in the present work, in combination 
wi~h the mechanism of hydration of portland 
cement (6,7) gives useful informations of 
the way of interaction of Santorin earth or 
of a pozzolan in general, during its hydra
tion with Portland cement. 

The activity of the clinker constituents is 
attributed to the increased ionization of 
the Ca-0 bond with formation of double oxi
des during clinkerization. 

The activity of pozzolanic constituents de
pends on their latt1ce deffects or even on 
the deficiency in treir crystal structure, 
attributed to various physical or technical 
treatments that the material has undergone. 
Under these conditions, the interaction 
between OH- and pozzolanic constituents is 
facilicated. -

This interaction results the dissolution of 
Al 2o~ and Si02 in the alkali solution, their 
transition ineo the solution by the form of 
h~~~oxycomplex ions~ and their reaction with 
Ca, t_~ form CAH and CSH compounds. 

The most probable form of aluminium transi3_ 
tion into the solution is that of Al (OH) 6 This is concluded from the study of the 
hydration products and the PH(8,9) values, 
during hydration. 

Taking into consideration the above mentio
ned alkaiinity and the C/S low ratio of the 
hydration products, it is concluded that the 
most probable form of silica transition into 
the solution is that of Sio2oH-. 

As soo~ as z~e concent¥ation of Al(OH) 6
3-, 

Si020H , Ca and CaOH in the solution 
becomes saturated, crystallisation nuclei are 
created on which the formed hydrated ·com
pounds are built. The most probable position 
of the crystallization nuclei is on the sur
face of other particles present in the solu
tion. 

The above explains the cause of inactivity 
of s·ome oxides e.g. MgO, which during the 
hydration of pure Portland cement produce 
harmful compounds. 
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Influence of alkali sulphates on setting and hardening 
of pozzolanic cements 

Influence des sulfates a/ca/ins sur la prise et le durcissement 
des ciments pouzzolaniques 

V. SABATELLI, Assistant Professor and G.L. VALENTI, Assistant Professor 
Institute for Applied Chemistry, Faculty .Engineering, University ·of Naples, Italy. 

SUMMARY: The hydraulic behaviour of a pozzolanic cement (clinker 58.5%,pozzolnna 39.0%, gypsum 2.5%) in presen
ce of accelerators and hardeners, such as li-thium, sodium and potassium sulphates has been investigated. The ad
ditives were separately added to the mixing water in concentrations ranging from 0.5 to 3.0 weight percent of 
cement. Reference terms have been the same pozzolanic cement without accelerators and a Portland cement prepared 
with the same clinker and the same percentage of gypsum, hydrated under the same e~perimental conditions. 

Setting times, water contents for normal consistency, compress ive and flexural strengths at 16h, 24h, 3 days, 
days and 28 days were evaluated. 

It has been pointed out that · pozzolanic cement in the presence of additives shows considerable increases in me
chanical strength, especially at 16 and 24 hours, while the 28 days strengt> s are practically coincident with 
those of the same cement w.ithout additive. Speciraens of Portland cement, containing the same additives, show in
creases at early ages considerably lower, while at long ages significant reductions in strength often occur. It 
has been emphasized that alkali sulphates generally accelerate the setting and reduce the water of normal consi
stency with an effectiveness which depends on the amount of additive and is of the same order for both the cemen
ts. L{thium sulphate is generally the most effective additive, while potassium . sulphate appears to be the least 
effective. 

The course of hydration process and the characterization of the neo-formed products have been followed by thermal 
and X-ray diffraction analyses, achieving useful informations on the influence of alkali sulphates on the pozzo
lanic cement behaviour . 

" RESUME: On a etudie le comportement hydraulique d'un ciment pouzzolanique (clinker 58.5%, pouzzolane 39.0%, 
gypse 2.5%) en presence d'accelerateurs tels que sulfates de lithium, sodium et potass~·1m. Les adjuvants ont ete 
dissous separement dans l'eau de melange en concentrations comprises entre 0.5 et 3.0 puur-cent du poids de ci
ment. Deux termes de reference ont ete choisis: le meme ciment pouzzolanique sans adjuvants et un ciment Portland 
prepare avec le meme clinker et le meme po_u~cent de gypse, hydrate sous les memes conditions experimentales. 

On a evalue le temps de prise, l'eau de consistance normale, la resistance a compression et a flexion apres 16 
heures, 24 heures, 3 jours, 7 jours et 28 jours. 

On a _souligne que le ciment pouzzolanique en presence des adjuvants manifeste considerables augmentations de re
sistance, surtout a 16 et 24 heures, tandis que la resistance a 28 jours coincide pratique~ent avec celle-la que 
le Illeme ciment montre sans adjuvants. Echantillons de ciment Portland qui contiennent les memes adjuvantsmontrert 
aux echeances breves augmentati :ms remarquablement inferieures, tandis que a celles-la plus longues il y a beau
coup de reductions significatives de resistance. Les sulfates alcalins en general accelerent la prise et diminu
ent l'eau de consistance no ~ ~ale avec un'efficacite qui depend de la quantite d'adjuvant et est du rneme ordre de 
grandeur pour les deux ciments. Le sulfate de lithium es~ en general l'adjuvant le plus efficace, tandis que le 
sulfate de potassium est le moins efficace. 

Le cours du processus d 'hydratation et la caracterisation des produi ts de neo-formation ont ete suivis par. ana
lyses . therrniques et par diffraction aux rayons X, en obtenant informations utiles au sujet de !'influence des 
sulfates· alcalins sur le comportement du ciment pouzzolanique. 
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. 1. INTRODUCTION 

About 40% of the total cement production in Italy is 
covered by pozzolanic cements. The interest for th~se 
cements derives not only from their high chemical re
sistance and low heat of hydration which represent 
useful characteristics in particular applications,but 
also from the saving of thermal energy involved in 
their production, due to the substitution of a consi
derable amount of Portland cement clinker with pozzo
lana. On the other hand such repl&cement causes in 
pozzolanic cements reductions in strengLi1 at early a
ges in comparison wit1). Portland cements : It may b~ 
therefore interesting to evaluate the influence of ac 
celerators and hardeners on the hydraulic behaviour 
of po~zolanic cements. 

It is known that alkalin'e substances present in clin
kers or added to cements can considerably influence 
the hydration process and consequently modify the te
chnical behaviour: si gnificant changes in setting ti
me, shrinkage and expansion under water, as well in 
mechanical strength are observed. 

Literature data on the influence of alkali sulphates 
on the hardening almost exclusively ·concern Portland 
cement and are generally based on the use of a single 
additive in a single concentration. Alkali sulphates 
in Portland cement generally cause shortening in set
ting time, increase in mechanical strength at early 
ages and decrease at longer ages. 

Aim of this work is the evaluation of the hydraulic 
behaviour of a pozzolanic cement (clinker 58.5%, poz
zolana 39%, gypsum 2.5%) in presence of different al
kali sulphates, added · separately in different concen
trations. Two reference terms have been employed: the 
same pozzolanic cement without additions and a Por
tland c~ment prepared with the same clinker and the 
s ame percentage of gypsum, hydrated under the same 
experimental conditions. 

2 . EXPERIMENTAL 

In preparing ~ortland and pozzolanic cements, an in
dustrial clinker, natural pozzolana and gypsum were 
employed. Gypsum was added to both the cements in a 
measure of 2.5% by weight. Fineness of cements was 
. about 4000 cm2/g (Blaine). The chemical composition 
of clinker and pozzolana is shown in Tab.I. Clinker/ 
/pozzolana ratio in the pozzolanic cement was 1.5. 

Sodium, potassium and lithiuTh s ulphates were e~plo
yed as additives. These were dissolved in the n:ixing 
water, so as to obtain preselected concentrations in 
respect to the cement, namely: 0.5%; 1.5%; 3.0%. 

The mixing water content required for normal consis
tency, the initial and final setting times, and the 
flexural and compr:essive strengths (at 16 hours, 24 
hours, 3 days, 7 days, 28 days of aging) were measu
ted. Tes~s were performed in accordance with Italian 
specifications. 

TABLE I - Chemical composition of clinker and pozzo
lana. 

% clinker pozzolana 

Si02 22.07 44.47 

Al203 5.87 18.52 

Fe203 3 .10 9;99 

Cao 66.08 11. 96 

MgO 1. 21 5.49 

K20 0.98 3.28 

Na 2o 0.38 2.02 
+ 

H20 - 3.50 

Specimens to be submitted to thermal and X-ray analy
pes were prepared under paste form: water/cement ra
tio was 0.5. At preselected times of reaction, ran
ging from 10 minutes to 2.S days, the hydration was 
stopped by aceton and the samples were washed with 
acetone and dried with diethyl e':her. For determining 
the rate of hydration of the ali te fr ac tion X-ray qu
antitative analysis was employed: the alite peak at 
51.8 °28 CuKa was used. 

3 . RESULTS AND DISCUSSION 

The ' water content for normal consistency is general
ly reduced by alkali sulphates for both the cements: 
the lowest reductions have the same order.of magnitu
de (-9%) but are more frequent in pozzolanic cement. 

As regards the setting, potassium sulphate promotes 
for pozzolanic cement (Fig.l) at the lowest concen
tration a delay, but at higher concentrations indu
ces an accelerating effect, as the ~ther two sulpha
tes, generally increasing with the amount of additive. 
In Portland cement (fig.2) no delay occurs and the a~ 
celerating effects have the same orde r of magnitude 
as in pozzolanic cement; the•maximum shortening of 
setting time is about 75' for pozzolanic cement and 
90' foi Portland cement. Obviously the shortenings 
are proportionally more significant for Portland ce
ment whose setting time is lower in comparison with 
pozzolanic cement . 

At all ages, exception made for 28 days, increases in 
flexural and compressive strengths aie found, mo~e 
considerable at shorter than at longer times. Such in 
creases are growing with the amount of additive: li
thium sulphate is generally 'the most effective additi 
ve, while potassium sulphate appears to be the least 
effect i ve. 

At 16 hours (fig.3) lithium and sodium sulphates, for 
all the employed concentrations, induce mechanical 
s~rengths different from zero, generally greater than 
those shown by the cement without additives after 24 
hours of aging. Such circumstance is presented by po-
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Fig.3 - Pozzolanic cement strength after 16 hours .. 

At 1 day (fig.4) the greatest increases in strength 
are ranging, depending on the kind of additive from 
WO% to 200% for the bending, from 400%t o 600% for the 
compression. The values obtained with lithium sulphate 
at 3% overcome those shown by the cement without addi
tives after 3 days of aging. 

At 3 days (fig.5) the largest increases are 55% for 
the bending and 85% for the compressiJn; at 7 days 
(fig.6) are about 30% and 40% respectively. 

At 28 days (fig.7) flexural and compressive strengths 
show different trends: flexural strengths display in 
every case increases ranging from 5% to about 20%; 
compressive strengths often show reductions which do 
not overcome 3% and are increasing with the amount of 
additive for Na2S04 and K2S04, decreasing for Li 2S04. 
This, on the contrary,at 3% of concentration promotes 
a rise in strength of 5%. 

Like pczzolanic cement, Portland cement shows increa
ses in strength at 16 hours, 1 day, 3 days and reduc
tions iri compressive strengths after 28 days of aging 
(fig.8). Such changes however have for Portland cement 
a very different order of magnitude: increases in str~ 
ngth up to four time lower and reductions ten times 
higher may be found.· Other important differences cone~ 
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Fig.6 - Pozzolanic cement strength after 7 days. 

rn the reduction in strength shown by Portland cement 
after 7 days and the negati~e influence of additives 
on ' the flexural strengths of Portland cement after 28 
days of aging. 

During the first 24 hours of reaction the hydration
degree of th~ alite fraction is considerably higher 
(fig.9) for cement in presence of additive, especial
ly until 11 hours of aging; this effect, conunon to 
Portland cement too, is generally more marked in the 
case of lithium sulphate addition. It is also to be 
pointed out the positive influence of pozzolana on 
the hydration rate of the alite fraction present in 
the cement. 

The roentgenografic and thermal analyses, at least in 
the range of the examined concentrations and presele
cted times of aging, have not shown signifi~ant 

differences as regards the nature of hydration produ
cts, which were basica_lly calcium silicates hydrate, 
calcium hydroxide and ettr.ingi te . 

Much more informations are however needed in order 
to elucidate the relationships betwe.en the physical 
properties already described and the characteristics 
of the hydration process; further investigations are 
therefore carrying out. 

The writers gratefully thank prof. R. Sersale for his 
useful discussions and Mr. A. Annetta for his techni
cal assistance. 
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Aspects chimiques et technologiques de !'utilisation 
des machefers granules lors de la fabrication du ciment 

Physicochemical and technological aspects of application 
of furnace granulate slags in cement production 

L.Y. GOLDSTEIN, Candidat es Sciences Techniques, lnstitut « Guiprotsement », U.R.S.S. -

Les travaux entrepris par l' institut "Guipro·tsement" au cours d' une serie d' annees sont 
lies a 1 1 elaboration des bases~hysico-chimiques et technologiques de l'utilisatioh dans 
la fabrication du ciment des machefers granules obtenus lors - de la combustion desAdifferents 
combustibles solides de 1 1 URSS dans les foyers energetiques avec evacuation des machefers a 
l'efat liquide. / ... _ _ 

On a etudie l'activite des machefers en fonction de leur composition chimique et minera
logique ainsi que des particularites structurales du laitier vitreux. Lors de la combustion 
de certains charbons bruns, dans les machefer s o?tenus peut se ?ristalliser, outre c2s·, 
la phase aliti~ue. On a montre la possibilit~ de fabriquer le ciment portland et les ciments 
uortlands de machefer avec utilisation 2es machefers en tant qu'additions actives. On areve
ie certaines proprietes physiques des machefers granules, qui ont une ~rande importance dans 
la pratique. On a envisage egalement les possibilites d'utiliser les machefers en qualite 
du consti tuant -- d_u melange cru du ciment. .. 

On a mis au point 1es schemas types d' utilisation des machefers dans la fabrication du ci
ment. 

Over a number of years t he Giprocement Institute is engaged in research works aimed on 
development of physicochemical and t echnological fundamentals for application in cement pro
duction of furnace gram1lated slags as a 9roduct of b.urning various solid fuels of the USSR 
in energy furnaces with wet slag disposal. 

The subjects studied in the process of the research were activtity and other properties 
of furnace slags depending on their chemical and mineralogical composition as well as struc
tural peculiarities of slag glass. 

Experimental and commercial scale works carried out have proved it practicable to produ~ 
ce portland cement and portland bl~st-furnace slag cement for various purposes using furnace 
slags as active a'dditives. 

Some physical properties and characteristic features of furnace slags have been revealed 
which have 9ractical significance as regards technological peculiarities of applying them; 

A typical diagram of a plant for taking from the steam electric station and dispatching 
for consumers of furnace granulated slag of low water content without forced dewatering 
(drying) has been evolved. Besides typical diagrams have been elaborated for utilizing fur
nace slags with due account for the ability of these slags to a higher evaporation when sto-
red. , 

Potentialities of furnace slag application as a component of cement raw mix were also 
under consideration. 

Involving these furnace slags into the rank of the traditional cement materials will 
contribute to the expansion of the raw material b~se of the cement industry. 
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Il est connu (1,2) que les machefers 
granules sont les produits d'un -brusque re
froidissement dans l'eau de la partie mine
rale fondue des combustibles solides, qui 
se f orme lors de la combustion de ces der
niers dans les f2yers energetiques avec 

. evacuation des machefers a l'etat liquide. 
Une aerie de centrales thermiques equipees 
de puissants generateurs de vapeur fonctioII"' 
nent actuellement en U.R.s.s. avec evacua
tion des machefers a l'etat liqui~e. Les 
machefers a l'etat liqaide. Les machefers 
se presen~ent en general sous forme de gra
nules sombres et denses dont les dimensions 
varient de 0,15 a 15-20 mm; parfois ils ont 
une forme de plaques et de fils de dimen
sions de 30 a 35 mm. 

La composition chimique de machefers 
granules est determinee par lea particula
rites de la composition de la partie mine

rale des combustibles solides et varie done 
(en fonction du type de combustible) dans 
de tree larges limites (1). 

Il faut n2ter que les compositions chi
miques des machefers se distinguent quel
que peµ de la composition de la partie mi
nerale des combustibles solides correspon
dants. Cette distinction s' explique par une 
certaine redistribution des constituants de 
la partie minerale du combustible entre le 
laitier liquide et les cendres volantes. A 
la difference des cendres volantes, les 
laitiers ayant les compositions basiques 

ne cont.iennent pas de CaO libre et en gene
ral n'ont pas de perte de calcination \i.e. 
ne contiennent pas de particules non bru
Ues d.u combustible) • La partic ulari te ca• 
racte~istique de la composition chimique 
des machefers ~st une teneur elevee (jus
qu'a 20 % et meme plus) en oxydes de fer 
principalement sous forme bivalente (Feo1. 

L'absence de conditions de cristallisa
tion equilibree et un brusque refroidisse
meq.t des laitiers fondus conduisent a ce 
que les machef ers ont en general une struc
ture vitreuse. Dans la phase vitreuse 
peuvent predominer les domaines polymero
cristalli tiques de compositions soit mul
litique (teneur en Cao jusqu•a 10%), soit 
melilitique ainsi ~ue wollastonitique (te
neur en Cao de 10 a 40 %) , parfois gehle
ni tique (teneu:r en Cao de 40Aa 50%). Les 
phases cristallines peuvent etre represen
tees par la mullite, la gehlenite, la pseu
dowollastonite, la monticellite ferreuse, 
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le silicateft-dicalcique. La teneur en ce 
dernier des laitiers schistocendreux peut 
atteindre 60 a 70 % (fig.1). Lors de la 
combustion dans les foyers a decrassage en 
phase liquide de certains charbons dont la 
partie minerale contient une quantite ele
vee de CaOAla phase alitique inhabituelle 
pour les machef ers peut se cristalliser dans 
ces derniers (fig.2J. 

Fig.1. Ivdcrostructure des machefers granu
les schistocendreux (B-belite · lumiere 
reflechie, X200) ' 

Compte tenu d'une ressemblance determi
nee des cara~teristiques chimico-minera10-
giques des machefe,rs et des laitiers de 
haut fourneau ~ranules (en presence de dif
ferences tout a fai t evidente.s avant tout 
dans la teneur des o:xydes de fer) on ne 
peut pas s'attendre aux: differences de prin
cipe brusques dans le deroulement des pro
cessus de durcissement et les produits ba
siques d'hydratation des ciments conte~t 
les laitiers de haut fourneau et lea mache
fers. Ce point de vue est confirm.a par les 
resultats du travail (3). 



Firr. 2 .k 1cr os t r ucture des m~chefers granu
l~s a &lite (A-a1ite, B-b'-'lite, lumiere 

r t'dlfohie, X200) 

Il est nature~ que l'activite et d'autres 
proprietes des machefers soient le mieux ca
racterisees par leur composition chimico
mineralogique. Toutefois pour plus de commo
dite on se sert egalement de caracteristiq~ 
modulaires bien connues malgre le caractere 
conventionnel de ce precede. 

A l'Institut GuiprotsementAon a precede 
a 1 1 etude de l'activite des machefers en 
fonction de leur composition chimique et mi
neralogique ainsi que des particularites 
structurales du verre de laitier. 

On a montre en particulier que . 
1. Avec l'accroissement des valeurs du mo

dule de basicite des laitiers (rapport % 
Cao . +% MgO a% SiO +%Al O' ) jusqu'a 1,0 
pour les valeurs cofi~tantes2drl module d'acti
vite (rapport %. Al2o3 a % Si02) on observe 
un accroissement de la resistance des ci
ments a leur base. Un accroissement ulterieut' 
des valeurs du module de basicite s'accom
pagne d'une certaine diminution de 1 1activi
te des laitiers. 

2. Avec l'augmentation de la teneur en 
Al2o3 (l'accroissement des valeurs du module 
d'activite jusqu'a 0,6) l'activite des lai
tiers augmente. Un accroissement ulter~eur 
des valeurs du module d'activite entraine 
une · diminution de l'activite. 

3. Les etudes physico-chimiques ont mon; 
tre que la diminution de l'acttivite des ma
chefers vitreux qui se distinguent par la 
teneur elevee en Al2o3 (dans les limites de 
21 a 28%) etait liee a la modification stru
cturale interne du verre de laitier. 

Avec l'augmentation de ia teneur en CaO 
(et respectivement avec la diminution de la 

teneur en Al O~ et SiO) a lieu une modifi- · 
cation structU!'ale ess~ntielle des laitiers 
liee a la depolJ7Illerisation de la carcasse 
alumo-oxyg~nee du verre de laitier. On ob
serve en meme temps le passage d'une partie 
d'ions aluminium de la coordination tetra
edrique a la coordination octaedrique avec 
la diminution de l'energie de liaison Al-O. 
Cl3Ci conduit a une diminution de la stabili -
te chimique et par consequent a un accrois
sement de l'activite hydraulique des lai
tiers (et respectivement des ciments a leur 
base) (4). 

4. L'augmentation de la teneur en fer di
valent des laitiers basiques jusqu'a 4% in
flue peu sur leur activite. Un accroisse
ment ulterieur de la teneur des laitiers en 
FeO diminue leur activite. A la difference 
des laitiers basiques une diminution de 
l'activite des laitiers acides est moins in
tense (fig.3r. 
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Fig.3. Varia~ion de l'activite des ciments 
a base des machefers avec l'augmentation 
de la teneur de ces derniers en oxyde 
fer:reux: 
1-rere serie (Ca0=48,5 1:1 48,7%;Ma=0,5); 

2-rrieme serie (Ca0=36,3 a 36,5%;1Via= 
=O ,5) 

En se fondant sur les resultats des tra
vaux experimentaux et industriels et des 
travaux d'etude aux cimenteries de Krasno
iarsk et Timlursk on a de~ontre qu'il est 
possible d'utiliser les machefers granules 
basiques et acides pour la production tant 
du ciment portland avec additions minerales 
activks que du ciment portland de laitier 
(ordinaires et hydrotechniques, a exo~hermie 
abaissee). , 

Le Tableau 1 donne les caracteristiques 
comparatives de resistance des ciments port
lands de laitier hydrotechniques de la ci: 

menterie de Krasnofarsk avec addition du ma
chefer (centrale electrique regionale d'Etat 
Nazarovskara) et du laitier de haut f ourneau 

(combinat metallurgique ·de ~agnitogorsk).Les 
ciments avec addition du machefer ont un de-
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TABLEAU 1 

Teneur, % 
Lai tier 

acliefer-:---- -3:;-;3-- -'f-;~'Zf.- --'frr;s-------
Laitier de 
haut f ournea .35,8 1,57 10,7 
Machef er 37 ,9 1,75 7,2 
Laitier de 
haut f ourneau 37,8 2,23 11,2 

Nota:rta-teneur -a.-u -cl.1.nker eii c-3s est~ de 49 · 
a 5~. A 

La teneur en CaO du machefer est de 
34,5 a 36,5 % et du laitier de haut 
fourneau de 40 a 42 %. 

gagement de chaleur beaucoup plus petit que 
celui des ciments au laitier de haut four
neau (3). 

Le tableau 2 donne les caracteristiques 
de resistance d~ ciment portland de laitier 
de la cimenterie de Timlursk ·avec addition 
de m~chefers acides ~e laAcentrale electri
que Goussinooziorskaia. 

Au cours des travaux experim~ntaux et in
dustriels on a montre que les machefers pro
venant des crassiers des centrales electri
ques thermiques et ameoes aux cimenteries · 
possedaient une constance tout a fait suffi
sante de la composition chimique et de 
phase. On a releve ·certaines proprietes phy
siques specifiques des machefers granules 
ayant une grande importance pratique du 
point de vue des particularites technolo
giques de leur uti*isation. Par exemple, on 
a montre que les ~achefers absorbent l'eau 
au moindre degre ~par rapport au laitier de 
haut f ourneauJ et la cede beaucoup plus fa
cilement non seulement lors du ~echage mais 
au cours du stockage ordinaire (Tableau 3). 

La comparaison directe de ces laitiers a 
l'aide de la methode de porosimetrie a mer
c~e a montre que la porosite i~tegrale du 
machefer etait beaucoup plus petite que 
celle du laitier de haut fourneau (fig.4). 
Il importe de noter que la difference de po
ro site des laitiers compares se conser'ie 
lors du broyage jusqu•a R008=15%. Le mache-
fer peut done etre considere comme addi
tion pour le ciment, qui exige une petite 
quantite d'eau. 

Sur la base de ces donnees on a mis au 
point le schema type de l'installation pour 
le prelevement sur lea centrales thermi~ues 
et l'expedition aux consoDlllat&urs des mache
fers granules a basse humidite sans leur de
shydratation forcee (sechage). On a egale
ment 9labo:;:e les schemas types de l '·utilisa
tion des machefers aux cimenteries, qui 
tiennent compt~ des particulariMs physiques 
indiquees de .machefers. 

Avec le passage a la combustion, pour 
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Limite de resistance (MPa) 
apres 

a-Ia-?Iex!on-- -a-ra-compression ______ __ 
------- ----7--- ---------------7 , 28 28 

jours jours jours jours 

p,97 
3,72 

3,56 . 

5,67 
5,18 

5,51 

23,5 
24,2 

18,4 

38,1 
40,0 

35,2 

~r----------------~----------------------

0,2 

1 

0,1 3 

0,02 
0 1 

10 100 1000 1CXXX) 1CXX>OO r ,i 

Fig.4.Poro s igrawmes comp&ratifs du mache
fer et du laitier de haut fourneau granu
les : 1-1aitier de haut fourneau1 2-lai
tiet de haut fourneau broye; 3-machefer; 
4-macbef er broye 

l'~vacuation des laltiers a l'etat liquide, 
d'une aerie de charbons perspectifs de la 
Siberia, en particulier des charbons du gi
sement Berezo~skole avec une teneur ele1ee 
de la partie minerale en CaO,dans les mache
fers, ~omme il est ind1que ci-dessus, peut 
apparaitre. une nouvelle phase cristalline 
fQrtement basique (C~S) qui assure a ces 
machefers une activi~e hydraulique elevee 
(Tableau 4). • 

Ence qui 'concerne !'utilisation des ma
yhefers en tant que constityant du melange 
cru, ces problemes doivent etre resolus de 



TABLEAU 2 
-----------------------------------------.. Teneur, % 

---r--------- ----------------------
!~~::_~ __ ::~--- _____ :: _________ _ 
30,8 I 2,01 4,08 
30,1 1,76 8,4 . 
30 '1 2' 22 12' 2 

a eneur du clinker en c~s est de 60 
a. 65%~ "" 
La teneur du laitier en Cao est de 4 
a. 5%· 

Resistance (MPa) apres 

a la flexion 

7 jour 

4,58 
4,15 
4,14 

28 jours 

6,16 
5,56 
5,34 

a la compression 

==~;~~~~~~;;,.~ 
28 ,3 I 42,9 
25,5 I 38,2 

---------------------------------------~----------------------------~--------------

-----------------Temps d'ecoulement de 
1 'humidite_, heures 

Humi~ite: 

0 

TABLEAU 3 ---r----
o' 25 ' 0 ' 5 1 '0 

du machefer (centrale 
electrique Nazarov-
skala) 18,5 12,0 7,1 6,6 
du laitier de naut 
f ourneau (combinat 
de Magnitogorsk) 1?,3 13,8 10,8 9,9 

2,0 4,0 a,o 24,0 

6,4 5,9 5,0 2,5 

S-,7 7,9 7,6 6,3 
-------------...-·------------------------- --- - - ---------
Teneur du 
ciment en 
laitier,% 

0 
60 
80 

100 

S 2es constituants 
(machefer: clinker), 

cm2/g . 

3310 
3320:3310 
3320:3310 

3500 

TABLEAU 4 

u machefer : Si02 -
; FeO - 2,15; cao -53,88; 

fa<;on concrete et avant tout du point de 
vue de l' ef'ficacite technologique et econo
mique de cette utilisation. On doit.alors 
tenir compte du fait que dans une serie de 
cas pour obtenir le clinker de composition . 
de ciment portland normale il faut intro
duire dans le melange cru de grandes quanti
tes d'additions de correction. Les 'tudes 
montrent qu'il est pl~s rationnel d'utili
ser a cette fin les machefers a teneur tres 
elevee en Cao OU simultanemenet a teneur 
elevee en Cao et en A120~ · (1). 

L'utilisation des machef'ers granules 
comme materiaux de ciment traditionnels 
permettra dans certains cas d'obtenir un 
effet technico-economique important et con
tribuera a 1 1elargissement des ressources 
de matieres premieres de l'industrie du ci
ment. 
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Alite composition and structure state of ferrum 
in high-basic furnace slags 

Composition de /'alite et etat structural du fer dans !es machefers 
a haute basicite 

M.B. SVATOVSKAYA, 
M.M. SYTCHEV, 
L.Y. GOLDSTEIN, Guiprotsement, ltl Lensovet, U.R.S.S. 

Lors de la combustion a haute temperature des charbons du Bassin de Kansk-Atchinsk on ob
tient des machef~rs qui se distinguent par l'activite hydraulique elevee. La composition 
des phases des machefers: alite (jusqu 1 a 35%) et belite (jusqu'a 53%). Les etudes instru
mentales montrent que d'apres sa caracteristique cristallochimique l'alite se rapporte a la 
modification hautement symetrique et contient les qu -.lntites elevees des ions aluminium et 
magnesium. 

Le rapport stoechiometrique de CdO a SiO dans sa compQsition etait de 3,15 a 3,20. 
L'etat structural du fer bivalent et triva1€nt dans ces machefers fut etudie sur une serie 
d~ compositions synthetiques avec le rapport de Fe+3 a Fe+2 de 1,66 a 0,26. On a etudie les 
machefers de composition melilitique: vitreux et cristallins. On a montre que l'amorphisa
tion du systeme s'accompagne d~une diminution de symetrie de l'entourage local des ions Fe+2 
et d'une augmentation de symetrie de Fe+3. On aD§vele que Fe+3 et Fe+2 entrent dans la 
structure de la gehlenite lors de la substitution partielle aux ·ions A1+3 des ions Fe+3. Les 
re sultats obtenus ont permi~; dans une certain mesure, d\fil.ucider le mecanisme de la decom
position hydrolytique des machefers lors de leurs interaction avec de l'eau. 

When burning at high tem9eratures coals of certain deposits of the Kansko-Achinsk basin 
one obtains slags of high hydraulic activity. The phase composition of such slags includes 
high-basic calcium sil,icates - alite (up to 35%) and belite (up to 53%). It has bel!lil ascer
tained through instrument examinations of the alite phase extracted from the furnace slag 
in a monomineral form by means of a heavy fluid centrifug~ process that in its c»ystallo
chemical characteristics alite can be ralated to the high-symmetrical modification. 

It has been f ound out as well that furnace slag a.lite includes a higher amount of alu-
minum and magnesium ions. . · 

The stoichiometric ratio between CaO and SiO in the furnace slag alite was in the order 
of 3.15-3.20. The structure state of bivalent a&d trivalent ferrum in the furnace slags+ 
of .. the Kans~o-Achinsk basin was studied on a series of synthetic compositions with a Fe 3 to 
Fe+? ratio varying from 1.66 to 0.26. The investigations were conducted applying NGR spectro
scopy. Slags of melilite composition, both glass-like and crystalline, were also under exa
mination. The study showed that the amorphous-prone state of the system is characterized by 
reduction of the symmetry of the local ~urrounding of Fe+2 ions and by increase of the 
Fe+3 symmetry. It was revealed that Fe+~ and Fe +2 are a part of the gelenite structure with 
partial replacement of A1+3 ions by Fe+3 ions. The results obtained made it possible, to a 
certain degree, to clear up the mechanism of the hydrolytic decomposition of furnace slags 
when reacting with water. 
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High-temperature combustion of coals of 
the Kansko-Achinskii deposit with removal 
of liquid slags and subsequent grinding 
of the silicate melt yields a product which 
is characterized by the following features: 

1. Formation of high-basic calcium sili
cates, alite and belite. 

2. The presence of considerable amounts 
(3-16;~) of ferrous oxide. 

The appearance of high-b~sic calcium 
silicate lalite) in the composition of a 
fuel slag, is ©bserved for the first time, 
and it was interesting to examine the com
position and structure of this slag. The 
alite phase was isolated in mineral form by 
separation in heavy liquids (1]. For com
parison the alite phase -was also separated 
from clinker obtained in the traditional 
way by sinteririg and from melted clinker 
synthesized from calcium carbonate and mi
ner~l fraction of Estonian fuel shales. 
The chemical compositions of the specimens 
are presented in Table 1. 
· Tb.'e composition of ali te phase was deter 

mined from the difference in content of the 
main components in fractions enriched with 
alite and ferrite components. 

Separation of the silicate component 
from the ferrite one was carried out in se
veral stages (extraction in absolute al
cohol selective treatment with solvents 
separation in high-density liquid CP=3.32). 
Due to the specific morphological · charac
teristic of the fuel slag special attention 
was devoted to selection of solvents. 
Further enrichment of the phases was carr:ied 
out by repeated centrifugation of specimens 
in liquids of various density from P=2.49 
to .P =3.32. The degree of enrichment was 
monitored by microscopic examination. 
Phases were obtained with the degreP of mo
nomineral ization in the range of 94-96~G. 

Chemical compositions of the isolate~ 
alite phases are presented in Table 2. The 
obtained data indicate that the presence of 
admixture elements in the alites correletes 
with their presence in the starting mate-
rial (Table 1). . + 

The content of Mg2+ and Al 3 in the ali
te obtained from the fuel slag is higher 
than in similar phases extraqted from the 
sintered and melted clinkers. The amount 
of Fe+3 cations corresponds to the values 
determined by instrumental methods [2]. The 
stoichiometry of the alite phases corres-

ponds to value s of 3.04-3.20. Enhanced con
centration of A1+3 and Mg+2 ions in the ali
te of fuel slag may be connected with high 
temperature level during combustiqn of 
high-calcium coals and also with increase of 
the degree of inequilibrium of silicate 
phases due to rapid cooling of the melt. 

Crystallochemical study of the fuel slag 
alite by X-ray diffractometry and optical 
microscopy in transparent glass cells (Fe
dorov 1 s table) showed that the phase under 
study belon_e;s to the highly symmetrical mo
dification L3J. According to several re
searchers [4J crystallization of alite in 
the highly symmetrical modification is one 
of the ca uses of enhanced hydraulic act·ivi-
ty. . 

Fig.1. hl icrophotograph of fracture surfa-
ce of alite-containing fuel slag, elec~ 

tron i:OOroscope, carbon replace X10000. 
The block submicrostructure of alite is 
distinctly revealed 

Estimation of the crystalline microstruc
ture of the fuel slag alite by electron mi
croscopy showed (Fig.1) prevalence of fine 
and medium-block strµcture that, a s estab
lished previously _5 , facilitates forma-
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Table 2 
Chemical Composition of the Alite. Phases 

Chemical Composition of Specimens Table 1 
. -------- --------------------------------------------------------------------- --~------

t~on of a more dispersed product during me
c'hanical grinding. 

The valent state of iron was studied by 
nuclear gamma-resonance spectrometry. ~ se
ries of synthetic slag compositions with 
calcium· oxide content of 38-50% was studied. 
The Fe+3/Fe+2 ratio varied from 1.86 to 0.26. 
Phase composition changed from glass to 
crystalline. Measurements were carried out 
at room temperature in combination with a 
pulse analyzer AI 40-96. 57co in palladium 
was used as a radiation source, activity 
10 mC. Variation of Fe+3fFe+2 ratio was ac
companied by cha~e of the shape of the Mos
sbauer spectrum (Fig.2). The Mossbauer spec• 
trum of high-basic fuel slag with Fe+3/Fe+2= 
=1.86 (Fig.2a) represented by cristalline 
silicates displayed two quadrupole doub-
lets correspondings to Fe+3 in octaand tetra
hedral environment. The latter points to 
inclusion of Fe+3 into the aluminofer.rite 
phase with substitution of A1+3, which is in 
agreement with ( 6) • ] 
&;=0.51±0.02 mm/s; A,=1.56to.03 mm/s [Fe06 ; 

8"2=0.33±0.02 mm/S; ~2=1.48±0.03 mm/s[Feo4]. 

Amorphization of the system is accompa
nied by cpange of the shape of Mossbauer 
spectrum (Fig.2b) and indicates increase of 
local Fe+3 symmetry and lowering of local 
Fe+2 symmetry. 

The spectrum of glass-like fue~ ~lag of 
melilite composition with Fe+3/Fe 2:0.35 is 
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Fig.2. Mossbauer spectra of High-Basic 
fuel slags; a-crystalline, Fe+~fFe+2:: 
=1 .86; b - glass-like, Fe+ 3 /Fe+ 2=o .35 

represented by supurposition of three quad
rupole doublets: two doublets of trivalent 
iron 
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0-1=0.22±0.02 mm/s; ~1=1.53to.03 mm/s 

02=0.52to.02 mm/s; ~=Oo60tOo03 mm/s; 

and one doublet of Fe +2 

0=1.15±0.04 mm/a ~=2.03!0.03 mm/s. 
Analysis of this spectr~ allows to as

sume that . Fe+3 replaces Ca 2 in tetrahedral 
sites of gehlenite glass. Possessing a 
strong field, it excerts a considerable po
larizing effect on the Si-O-Me bond. The 
latter hinders processes of hydraulic decom
position of high-basic slags containing bi
valent iron with water. 

CONCLUSIONS 
1. The composition, crystal-optical charac

teristics and microstructure of alite 
phase isolated from high-basic fuel slag 
were studied by 9hemical methods, optical 
and electron microscopy. 

2. NGR spectroscopy was employed to eluci
date the structural state of bi and tri
valent iron in glass-like and crystal-
line fuel slags. · 

3. An explanation of the reduced hydraulic 
activity of glass-like fuel slags con
taining iron in +2 oxidation state is gi
ven. 
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Influence des materiaux analogues aux pouzzolanes 
sur la formation de la structure du ciment durci 

Influence effects of pozzolana-/ike materials on structure formation 
of cement stone 

L. KOURASSOV A, Collab. Sc. Super. (NllZhB, Moscou) 
Z. LARIONOVA, Chef de Laboratoire, U.R.S.S. 

Les fractions finement dispersees de la plupart des agregats poreux sont les analogues 
des pouzzola nes dont les proprietes hydrauliques deyendent du degre de leur dispersite, de 
leur composition de pha§e et de leur structure. 

Ayant pris comme un echantillon d'exemple le keramsite dont la composition de phase et la 
structure sont differentes dans les parties de granule differ~mment eloignees de son centre, 
on a etudie l'influence de ses fractions finement dispersees sur la formation de la struc
ture du ciment durci. Est etudie la structure des grains de keramsite disposes dans des par
ties differentes de granule. Est miseen evidence la microdurete du ciment durci contenant 
les particules du keramsite (ainsi que la microdurete de ces particules, proprement dit) et 
la phase essentielle de formation de sa structure favorisant l'accroissement de la resistan-
ce du ciment durci et son impermeabilite a l'eau. · 

Est mis a jour le mecanisme de l'interaction des particules du keramsite finement disper- ' 
sees avec le ciment durci. Ce mecanisme consiste en formation de la couche de contact du 
ciment durci, compactee et chimiquement modifiee. 

Fine-dispersed fractions of most of porous aggregates are similar to those of pozzolanas 
the hydraulic properties of which depend on ~he degree of their dispers ity, phase composi
tion and structure. Ceramisite being taken as a sQecimen of a mineral with, granules noted 
for their phase composition and structure, the efTects of its various fine-dispersed frac-
tions on the s t ructure formation of the cement stone has been studied. The structure of ce
ramsite poarticles from various parts of its granule. 

fuicrohardness of cement stone with ceramsite particles in it has been revealed, as well 
as the basic structure forming phase that increases its strength and water impermeabylity. 

The mecanisme of physico-chemical interaction between the fine-dispersed ceramsite par
ticles and cement stone has been brought to light. 

This mechanism consists in formation of compacted, chemically transformed contact laye~ 
of cement stone. 
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Les fractions finement dispersees de la 
plupart des agregats poreux sent les ana
logues des pouzzolanes dont les proprietes 
hydre.ul iques dependent du degre de leur 
dispersite,ae leur ~omposition de phase et 
de leur structure. Ayant pris comme un 
echantillon d'exemple le kerarnsite dont la 
composition de phase et la structure sont 
differentes dac s les parties de granule 
differem.ment eloignees de son centre, on a 
etudie l'influence de ses fractions fine
ment disoersees sur la formation de la stru
cture du~ciment durci. 

I1 I etude complexe physico-chimique des 
composants finement disperses des zones 
exterieure et interieure de granule de ke
ramsi te ~ ete realise pour la premiere foiso 
Une telle etude differentielle est condi
tionnee par le fait gu'en fonction de la 
technologie de la preparation du beton, les 
uns ou les autres y peuvent predominer. 

Il a ete constate que la composition de 
phase, la microstructure, la parasite, la 
mE,sse sppcifique et volumique des fractions 
finement dispersees de zone interieures et 
de zone exterieur·e du b§ramsi te sont diffe_ 
r·entes. 

La composition de phase de la zone exte
rieure se oiffere principalement de celle 
de la zone intt~rieure par la presence de la 
forme oxyde de fer, ce qui amene a la for
mation dans cette zone des mineraux de he
matite - Fe 2o3 , magnetite - Fe3o4 • 
L'activite hydraulique (determinee d'apres 
l'abqorption de Cao de la solution) des 
particules de la zone exterieure, d'habitude, 
est plus grande que celle des particules de 
la zone exterieure, simultanement leurs 
masses volumigue et s~ecifique est moins a 
4%, SS etant 3000 cm /g, et a 7%, s p 2 Sp 
etant = 7000 cm /go 

Lesparticules de la zone exterieure se 
caracterisent par une surface incoherente 
et avec une grande quanti te des pores 2 
mkm. Les particules de la zone interieure 
de keramsite se distinguent par une surface 
reguliere et dans ces particules lea pores 
rares,mais ayant les dimensions plus gran
des, egales a 10-12 mkm, predominent. 

La mic r odurete des cloisons des deux 
sortes des particules du keramsite est a 
peu pres egaleet est comprise entre 10000 
et 14000 MPa en fonction de la composition 
de phase de la phase de verre du keramsite. 

Les valeurs citees correspondent a la micro
durecte de mineraux tels, que quartz; ces 
valeurs sont 2,5 fois plus grandes que les 
valeurs de microdurete de mineraux de clin
ker et 10-20 fois plus grandes gue la masse 
hydrate du ciment durci. . 

Cette difference des particules condi
tionne la difference de leur action su.r le 
ciment aurci,et ce fait, ensuite, amene a 
une evolution bien differente du processus 
de la formation de structure. 

Par les experiments realises specialement 
est mis en evidence que la presence des par
ticules finement dispersees du keramsite 
(egalement de l a zone exterieure et de la 
zone interieure) provoque les changements 
considerables dans la composition de phase 
du ciment durci: se forI!lff. le hydro-grenat 
bas-siliceux-C3A(F)S 0,5Ilx, abaissela quan-
tite de Ca(OH) 2 ; avec cela la phase essen
tielle de hydrates est CSH(I). L'application 
d'un complexe des methodes physico-chimiques 
a permis de mettre en evidence la difference 
de mic :costructure du ciment durci addition
nee et non du kerarnsite. Dans le dernier cas 
la masse hydratee faiblement cristallisee a 
une structure incoherente et des fissures de 
largeur egale ';a 0,5 mkm. Le ciment durci 
contenant les particules des zones interi
eure et exterieure du keramsite se distin
gue par une compacite plus grande, par 1 1 ho
mogeneite de la ~icrostructure il.n~y a 
presque pas de fissures; la quantite des po
res est diminuee. Les particules corrodees 
du keramsite sont liees avec la phase es
sentielle des hydrates par des diff erentes 
formes cristallines (Fig.1). 

Il a ete etabli que les particules fine
ment dispersees du kerarnsite font diminuer 
la poro site inte~Fale du ciment durci et au
tant plus co~siderablement que leurs disper
si te s'accroit; avec cela la quantite des 
macropores diminue, particulierement quant 
aux macropores ayant un rayon R > 5000 A ce 
fait doit amener a l'accroisscment de lfim
permeabilite a l'eau. Dans les compositions 
contenant les particules avec S ~2700 cm?'g sp 
(et egalement -sans particules) le maximum 
est dans les pores ayant un rayon R=100 A. 
et 1250 A .• Avec S

5
p=7000 cm2/g dans la com-

position contenant les particules de la zone 
exterieure R etant, egal a 1250 A le maxi-· 
mum, diminue et la formation d'un nouveau ma-
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Fig .1. La variation de microdur.ete HI' 
(en Mna.) lorsgue la distance 1 (en 
mkm) entre la ligne de contact et les 
grains ayant les dimensions egales 0,1 5 mm 
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1 
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ximum. avec le R=750 A en resulte; dans la 
composition contenant les particules de la 
zone interieure il y a un maximum. dans les 
pores ayant R=200-250 A (Fig.2). Par l'etude 
donnee a Ete determine le mecanisme de l'in
teraction physico-chimique des grains hydra.tr 
liquement actifs du keramsite et du ciment 
durci. I l consiste en formation de la couche 
de conde contact du ciment durci qui a des · 
modifications chimiques et .dent le largeur 
est egal a 10-30 m.lan. Son microdurete auteur 
les particules 10 mkm, qui est 4-7 fois p 
plus grand que le microdurete de la masse 
hydratee en volume, est conditionne par la. 
prPsence de nouvelles formations et des par
ticules plus petites du keramsite, joints 
epitaxiquement avec le ciment durci. Le vo
lume des zones consolidees (particulierement 
au contact avec les particules de la zone 
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exterieure) est 10-100 f ois plus grand que 
le volume des particules et accroit la re
sistance du ciment durci. c•est pourquoi 
l'influence positive des particules de *a 
zone exterieures 10 mkm se mani fe ste meme 
si la tene~r en ces particules est egale a 
1-2% de la masse du ciment. Avec l'augmen-



tation des dimensions des grains la largeur 
aes zones ne ~hange pas, et le volume rela
tif diminue. Done, les particules de la 
zone exterieure du keramsite avec les di
mensions 50 mkm et se caracterisant par 
leur activite hydraulique et la microstru
cture sp6cifique representent une composan
te qui est la plus active dans le processus 
de la formation de structure. Les parti
cules de la zone interieure du keramsite 
sont d'une moindre activite hydraulique; 
une action positive sont seulement les par
ticules de 10-15 mkm, pratiquement privees 
de la porosite; ces particules representent 
une sorte de centre de la cristallisation 
des unites des hydrates et sont des elements 
consolidants la structure (en remplissant 
des espaces vides). 

Done, les resultats obt~nus ont permis 
de mettre en evidence le role positif des 
?articules finement dispersees du keramsite 
dans le processus de la formation de la 
structure du ciment durci et d 1 expliquer du 
point de vue de physique et de chimie l'in- . 
fluence qu'elle exercent sur certaines pro
orietes techniques du ciment durci, ainsi 
que sur celles -du beton leger. 
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THEME V 

Ciments speciaux 

Special cements 

Centres basiques sur la surface 
des solutions sol·ides du silicate bicalcique 
Basic centers on the surface of dicalcium silicate 

KAZANSKAIA A.N., 
SYTCHEV M.M., Docteur es Sciences Techniques, Professe,ur, SPIROV l.S-.. lnstitut Technologique Lensovet de 
Leningrad, U.R.S.S. 

Par la methode de l' a.dsorption d u pJ:1enol s: .. avie d 1 une ,: ete_·;:~i::J. '-'-t i o:i c.L'f?.re n::;ie l l.e --c:c:e~
I1lic1uc de la cuantite d' une SLlbstctnce eilimisorbitis 2e on e.. ?v c.lue 12 force et L • .::: 02centr :.:, -
tion des cen·fres b a siaues ( )l'O-orietes e lectrono-2 on&tric es) S U:' lei s · .. c.:•fo.ce du -silic::lte 
bicul.: i Que ct G.e ses solutions"' sol ide s de type (J-c ,..., 

5 
.- .S..r.-.. ,1 047

crC ~. 9 A-C -: .:.;.BS.n.0 11Cr • r c.' o u, , v r c:.' , . o' ~- 9 -
On a_decele deu.."C types de ceatres basiques corres:;JOnc-;"1.nt ·~ e t oute 9vide : .. ce aux 0rou9es c.:r 
et 0 sur l~ surface. 

La concentration des centres ba siques sur la surface de j3-:' S d'°'Den" d" tr·; te··"' "'"- '"'"·e-·._J2 ....... ,J;; u ;..1. u_ J,.&a....,,1,.J,l.J ~-

a l o.ble de lu surface, de l a concentrutio :.1 (; t du type des consti tJ.o.nts d' im-ouret e . Cn '.)eut se 
re ) I'esenter que le ~)rocessus d 'hydro.tation se developpe d 'a.pres le me .:::a.nisme dissociatif _;;e

nerulise et acido-basique. 

Intensity and concentration of basic (electron-donor properties) centers on the surface af 
-dicalci..un s'ilicate and its solid solutions - type p-c2 •56BA0 •047cr0 •09 and p- c 2 .~s.U.'1'1 

Cr0 •03 has been e s tin1u.ted by b1e lilethod of _phenol a dsorption wit ~l. subse~i.lent diff'erential

thermnl defenition of the chemisorptioned sub1ta.noe c.;uanti ty. l'l'.o tyues of basL; centers 
have been discovered, having on the surface, probably OH and o- groups. 

C?ncentration of the basic centers on the surfuce /3- C?'? de pends on previous surface pro
cessing, concentration and type of additions. One can imagine, t hat the hydration process 
developes according to the generalized dissociation and acid-basic mechanism. 
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La nature et la concentration des centres 
actif s apparaissant sur la surface des con
sti tuants de clinker au cours de la synthase 
a haute temperatur& sont dues aux defauts 
de leur structure cristalline et a la pre
sence de corps etrangers (1), au regime de 
traitement thermique et au degre de vieil
lissement de l'echantillon en contact avec 
les gaz atmospheriques (o2 ,H20, co2) (2 a 4). 

Pour le silicate tricalcique contenant sous 
forzne d'impurete les ions ' on a revele 
trois types de defauts ponctuels (5):1) cen
tres electroniques sur les vacances d'oxy
gene dans les complexes de calcium-oxygene, 
2) centres electroniques sur les atomes 
d'oxygene des tetraedres en fragments, 3) 
ce~tres lacunaires sur les atomes d 1oxygene 
en fragments. 

Dans le cadre de la theorie (6) l'appari
tion de centres lacunaires sur la surface 
des oxydes (en particulier sur le silicagel) 
en presence de cations etrangers, peut con
duire a deux types de structure de ces cen
tres: 

1)"en pont" dans le cas des cations de. 
valence minim.ale (silicagel contenant Al;>+) 

12- I ;2--
0 0 

-02-- ~e3+ -0-81 4+ -02- -
I~ i2-
Q 0 
I I 

2) dans le cas des cations de valence ma
xim.ale, les structures des anions-radicaux 
superf iciels finals ayant formellement dans 
leur sphere de coordination une vacance ca-
tioni que : n ,..,_ ,U 

o.c: o' 
~Ille,, 
0/ b 
I I 

Selon la theorie d'acide base (7, 8) lea 
centres accepteurs d'electrons sont inter
pretes comme centres acides de Lewis (cen
tres ol, OH- sur la surface des alumosili
cates). En presence d'eau ces centres se 
transforment en centres acides de Bronstad 
(centresft, OH- sur la surface) ayant une 
capacite caracteristique de transfert du 
proton. Les centres donneurs d'etectrons qui 
transmettent un doublet electronique a 
l'acide adsorbe (proton) sont definis comme 
centres basiques. Les atomes d'oxygene cbm.
ges negativement, les groupes OH- peu~ent 
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constituer les centres basiques. D'apres la 
frequence de la vibration principale lea 
groupes hydroxyles acides et basiques se 
distinguent peu dans les spectres infrarou
ges. Toutefois, lorsque ce groupe hydroxyle 
entre en reaction, les differences dans son 
acidite commencent a se manifester de fa~on 
sensible (9). 

Selon la theorie des clusters on peut si
muler le centre actif avec une force dif:f e
rente de 1 1acidite de Bronsted en faisant 
varier dans de larges limites le potentiel 
d'ionisation des atomes du voisinage immed:iat 
du centre a l'interieur du cluster (dopage 
par les cations polyvalents, adso:n>tion des 
molecules accepteurs et des mdecules-don
neurs d'electrons, etc.)(10). 

La nature du centre actif definit sa reac
tivite dans les processus d'adsorption, 
d 1hydratation, de polycondensation,etc.Ainsi 
on observe une correlation qualitative entre 
la reactivite des centres lacunaires "en 
pont" (proprietes d 1accepteur d'electrons) 
et la prof ondeur a laquelle se trouvent les 
niveau.x accepteurs correspondants dans la 
zone "interdite" de 1 1 oxyde. Les centres la
cunaires finals ont les proprietes du radi
cal libre (6). Pour les groupes OH en pont 
(groupes OH- sur la surface des alumosili
catesJ on peut observert lors de l'absorpticn 
de l'eau, l'adsorption a deux paints condui
sant a la formation des particules sembla
bles aux ions bydroxonium adsorbes et influ
ant sur la reaction d'echange de protons en
tre l'adsorbant et l'adsorbat (10): 

H 

' 0 
H ~ 'H 
,1 ,2 

0- Si - 0 -Al- 0 - Si - 0 
c5 b 0 b 
I I I I 

Lora de 1 1adsorption sur la surface du 
semi-conducteur (11)le complexe donneur
accepteur forme·defaut-mo.ecule adsorbee 
peut cesser de jouer le role du centrede cap
ture de porteurs libres. S 1 il s•agit.de 
l'adsorption des molecules-donneurs (H20)le 
complexe commence a jouer le role du centre 
de capture des trous. Si le trou est locali
se au voisinage de ce complexe d'adsorption 
la deformation de la molecule d'eau adsorbee 
devient plus g:rande. La capture d'un tro~ 
aux niveaux donneurs de la molecule d'eau 



conduit a la dissociation H2o-H+ + OH-. Le 
developpement d 1 un tel processus de disso
ciations de l'eau aux centres actifs d'un 
constituant de clinker peut contribuer de 
fa9on efficace, selon MJ4.Sytchev (12), a 
la pronotisation des liaisons dans ce con
sti tuant. 

Par la methode d 1adsorption du phenol 
(13) suivie de la determination thermique 
differentielle de la quantite d 1une subs
tance chimisorbee (7) on a evalue la force 
des centres basiques (proprietes de don
neur d'electrons) et on a mesure leur con
centration. Au cours de l' etude de j3 - CzS 
(B2o3 stab.)les solutions solides de type 

13- 02,56SA0,047Cro,09• 
ft- c2 , 48SA0 , 11cr0 , 03 et CaO (etalon de 
haute basicite) avec les particules de di
mension inferieure a 60 ~ sous forme de com
primes de poids de 0,5 g etaient traitees 
dans le vide (depression de 10-4 mm Hg) aux 
diverses temperatures (300 et 500 oc) pen
dant un temps different (2 a 3 h), ensuite 
elles eta~ent refroidies dans le vide jus
qu 1 a 100 c et soumises a l'adsorBtion par 
les vapeurs du phenol (48 h l 50 C). 

La desorption du phenol etait realisee 
dans les conditions quasi statiques (4 h a 
60 oC jusqu•au poids constant de l'echantil
lon et 5 h a 500 oc) et dans les conditions 
dynamiques Cleve aerivatographique a l'aide 
du derivatographe de Paulik et Erday pour 
la vitesse de chaui'fage de l'echantillon de 
5 degres/mn jusqu•a 600 OC; la valeur de la 
charge TG=0,5g et de la sensibilite de l'ap
pareil d'apres TG= 20 a 200, d 1apres ATD = 
=1/2 a 1/5J. L'evacuation d'une plus grande 
partie du phenol physiquement adsorbe dans 
les conditions quasi statiques a permis 
d'augmenter la sensibilite du derivato
g~aphe en TG et de diminuer ainsi l'erreur 
de mesure de la valeur de la chimisorption. 

Les resultats d 1 etude des proprietes 
d'adsorption de la surface pour toutes les 
solutions solides a base de ft-CzS et de 
CaO sont donnes dans le tableau. Il resulte 
de ce tableau que pour tous les objets etu
dies on a decele la presence de centres ba
siques (desorption du phenol chimiquement 
lie dans le domaine de temperatures de 275 
a 550 oC). Dans plusieurs cas (CaO, CzS 
(B-;f33 stab.)et CzSAlnCrm traites a 500 °c· 
dans le vide de 10-4 mm Hg pendant 3h) on a 
revele deux types de centres basiques (re
solution des effets endothermiques sur les 
courbes ATD). , 

Les centres basiques faibles correspon
dant au pie de desorption sur la courbe 
ATD a plus basse temperature sont e~idem
ment form.es par les groupes mr de la sur
face. Des centres basiques plus forts cor
respondent a une temperature plus elevee de 
l'effet endothermique et il se forme o- sur 
la surface. Ainsi pour l'echantillon de 
P - Of3 (B2o3 stab.) les centres basiques 
f aibles se caracterisent par la temperature 
de desorption du phenol de 275 oc et les 
centres basiques forts par la temperature 

de 425 CC. Les centres les plus forts sont 
deceles sur la surface de cag (temperature 
du pie de desorption de 550 C) et pour les 
solutions solides, sur la surface de 
)- C2 , 48SA0 , 11 •Cr0 ,03 (temperature du pie 
de desorption de 470 oe). 

La concentration des centres basiques 
sur la surface du silicate bicalci que j3 et 
de ses solutions solides est beaucoup plus 
petite (0,025 a 0,066 mmol/g) que la con
centration des centres basiques su·'.' la sur• 
face de Cao (0,55 mmol/g), est en accord 
avec les donneees de reference (7, 11),et 
depend du traitement prealable de la sur
face, de la concentration et du type de 
consti tuants etrangers. La concentration 
des centres basiques sur la surface des so
lutions solides de c2, 56sA0 ,047cr0 ,09 et de 
c2 48sA0 11cr0 03 (0,063 et 0,066 mmol/g 

' t ~ 4 respectivementJ depasse la meme valeur pour 
J3 - CzS (B203 stab.) (0,060 mmol/g). 

· L 'analyse simul tanee des courbes ATD et 
TG du derivatogramme a permis d'evaluer le 
rapport quantitatif des centres basiques de 
force differente d'apres la quantite de cba:'" 
leur necessaire pour la des.orption du phe
nol (7). Ainsi, la quantite relative des 
centres basiques les plus forts pour l'e
chantillon <}e j3 - C zS CBp3 stab.; 500 °c, 
3 h) est de 0,0125 mmol/g potir la concen
tration totale des centres basiques de 
0,060 mmol/g ou 21 % de la quantite totale 
des centres actifs de type basique. 

Ainsi le silicate bicalcique et les so
lutions solides a base de ce dernier de . 
type j3- c2 48S-Ao,11-Cro,03 et 
J3-C2,56-s-10 , 047cr0 , 09 possedent une ba-

sicite sommaire tres basse qui est cepen
dant en correlation avec leur activite dans 
la reaction d'hydratation (diminution fixee 
de la concentration et de la force des cen
tres ~asiques, , de l'activite bydraulique et 
accroissement des temps de prise dans la 
serie) : 

p-c2,48SA0,011Cro,03 > f3-C2,5ffo,0J..:1 Cro,09> 

> j3- C-zS (B2o3 stab.) 
Compte tenu des donnees de Fiereus (2) 

qui a etabli, dans le systeme silicate de 
calcium-eau, le fait de participation a la 
formation des liaisons de chimisorption des 
electrons dont le donneur est le crops so
lide, on peut se representer que le proces
sus d'hydratation se developpe selon le me
canisme generalise dissociatif et acido
basique t 11). ·Dans ce cas les centres ac
tifs (parties de surface autour de l'atome 
actif) sont responsables de la formation . 
des complexes donneurs-accepteurs defaut
molec ule adsorbee d'eau et de la dissocia
tion des molec~les a~sorbees d'apres le 
schema H O-H + OH • Par la suite le me
canisme ~e la reaction d'hydratation de
vient analogue au mecanisme acido-basique 
aYec le transfert d'un doublet electro
nique au proton sur les centres basiques 
de la surface ( s1-o-ca-o(H"')). La proto
nisation initiale des groupes basiques dif-' 
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TABLEAU 
. -------- - -------------------------------p;~~;i~t~~-b;;iq~;;-d;-1;-;~face des solutions solides 

a base de p- c 2s et de CaO 

------------------ conaiH0nsclu-;;rane=--- - -~oi3rines-0asI ques-ae __ _ 
ment prealable de la de la surf ace 

Chiffre de l'objet surface 

;;;-~ --p;-- -f~-n--

mm Hg 

2 

--concen~ra=- ?orce-aes-cen.= 
tion des tres basiques 
centres ba- (tO du pie de 
siques, desorptign) 
mmol/g 

445 fo-c 2,5G8Ao ,o4fro ,o 
J3 -c 2, 568Ao , 047° r o, o 500 10-4 3 0,063 400; 425 

J3-0 2,4BSA0,11°ro,03 
f3-C-j3 (B2o3 stab.) 

500 10-4 3 0,066 300; 470 
300 I 1.0:4 i 2 0 9026 420 

p -C -j3 (B2o3 stab.) 
Cao 

500 I 10 4 : -;; 0,060 275; 425 

--~00 _J_~~~: __ J __ :~----- ---~:55 ________ :~~:-~50;-~~ 
~ 

ficilement polarisables - Si_0_ conduisant 
a la formation de groupements moins ba
siques facilite par la suite l'attaque nu
cleophile du type de substitution (8N et 

1 
SN ) aupres de l'atome de silicium. 
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Mechanical-chemical activation of mixed portland cement 
with increased content of technogen belite product 

of alumina industry 
e 

Activation mecano-chimique du ciment port/and mixte a teneur elevee 
en produit belitique technogene de la production de /'alumine 

S.D. MAKACHEV, 
V.I. AKOUNOV, 
T .A. ARBEKOV A, 
T.V. KOUZNETSOVA, 
B.E. YO.UDOVITCH, Niitsement, Moscou, U.R.S.S. 

Dans la technologie ordinaire du ciment portland la teneur en ~9roduit belitique techno
gene de la production de l'alu.mine est limitee u 10-15%. 

On a mis au point une nouvelle technologie du broyE.ige et de 1 1 activation mecano-chimique 
simultanes du ciment portlff.D,d permettant d 1 i:l ugmenter J.. a teneur en produit belitique techno-
gene jusqu'a 3CY/o. A 2 2 

Ce ciment a une"'activite a l""age de 3 jollrs: '257 kgf/cm .:J. la compress~on et 47 kgf/cm 
a l a flexion, a l'age de 28 jours respectivement 487 kgf/cm2 et 71 kgf/cm ce qui correspond 
a ux ex i 5ences s ur le ciment portland a durcissement rapide de marque 500 afapres GOST-10178-
-76 ( UH;:)S) • "' 

L'uctivation du ciment est atteinte grace a la combinaison optimale de deux mecanismes 
de broyage: de fragmentation et d'ecaillage permettant d'obtenir le systeme disperse ayant 
une composition granulometrique et une morphologie determinees, reunissant l'etat specifique 
de l a surface avec la destruction suffisante des particules. 

It is common in portland cement technology that the content of belite technogen product 
is limited to 10-15~ . 

A new technology of combined grinding and mechanical-chemical activation of portland ce-
ment has bt:en developed oermitting for increase the content of technogen belite product up 
to 30i; . 

Such a cement has the 3-day activity: 257 kg/sm2 compression strength and 47 kg/sm2 bend 
strength ; and the 28-day activity: 487 kg/sm2 and 71 kg/sm2 respectively, meeting the requi
rements for quick-hardening portland cement (brand 500, according to the USSR GOST-10178-76). 

The cement activation is achieved due to optimum combination of two grinding mechanisms: 
cracking and shelling. This makes it possible to c et the dispe»sed system of a particular 
granulometric content and mo.rphology, thus combining the specific surface condition and sa
tisfactory particles destruction. 
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IU~3Ull1E: Decrease of clinker formation and 
hydration activati·on energy at jet pulve
rization considerably increases the degree 
of utilization of potential physical and 
chemical energy of such clinker components 
as technogenic -o 2s and provides for orga-
nizing an economic ;Jroduction of various
activi ty cement on its basis.The jet pulve-

. rization process differs from milling pro
cess with free milling bodies by the rate 
of crack formation in the particles appro
aching the sonic one and two orders as high 
and substantially zero mutual abrasion of 
the particles. 

The works by lvl. Wilson, T .Suzuki (theory) and 
A;Shand (experiments) show the diagram of 
increase of winding of the crack path (Fig. 
1) when its opening speed approaches the 

1. 

~ 
2 

~ 
3 ~4 

~5 ~~6 
I 

I 

Fig.1. Crack Trajectory in Half-Plane 
Depending on Opening Rate: 1-o.01s; 
2-0.1 s; 3-0.3 s; 4-0.5 s; 5-0.7 s; 
5-0.9 s; a-average 3ound velocity in 
material 

sound velocity in the solid body up to be
ginning of branching. Therefore, the jet 
pulverization products should feature a more 
angular shape of particles and, in particu
lar, particles with inward angles. Investi-
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gations of the jet pulverization products 
with the use of a scanning electron micro
scope after application of an Au film show 
(Fig.2) that such inward angles are actual
ly formed on the particles of clinker cru
shed to a sp~fic surface of 3000 cm2/g 
The ~icrophotos show general view of the• 
particles left on a screen· with a me size 
of 80 microns. 

Form,ation of sharp edges and inward an
gles. increases a?cessibility of the parti
cle internal regions for chemical reaction 
hydration in this case, and determines in-' 
creased strength of the jet pulverization 
cements over the ball mill cements men
tioned by some of us in the report' at the 
VIth Congress on Chemistry of Cement in 
1974 which discussed p2oduction of high
strength and rapid-hardening cements~ 

The electron microscopy investigations re
~eal anoth~r cJ:iaracteristic feature of the 
Jet pulverization products stemming from 
hi9h ez:iergy stress in the air-pressure mills 
which is about one order as high (per unit 
volume) as that of the ball mills. We mean 
th~ m~chan?chemical aggregation of particles 
(Fig.;) which forms bridges between grains 
containing mainly intermediate substance in 
cese of clinker. A similar phenomenon is ob
served in case of jet pulverization of a 
cement raw mix where the soft carbonate com
ponent (chalk) particles are main subject 
of aggregation. 

. Fig.3. General View of Portland Cement 
Clinker Jet Pulverization Product Fra
ction > 80 1dcrons. Bridges (Jumpers) 
between Particles are Seen: Scale - 1 
micron 

The technological importance of this phe
nomenon as applied to cements resides in 
the increase of water requirements of the 
jet. pulverization_cements. The amount of 



Fig. 2 a 

Pig . ;:; . '}enerFJ. l View o f Portland Ce2!1. ent 
Cl inker J 1: t Pulverization Product Frs.
ction;:.. 40 It.icro ns in 3cannine; ;_;;1 0ctron 
fu icroscooe: Sca lB - 1 mic r on. Particle 
with I nvia 1· d .a ng le on Top Pace j_ s Enlar-
3ed 

Fig. '? c 

water for the normal thickness grout in
creases at jet pulverization for 1.5-2 abs. 
% as compared with the ball mill cements at 
the same specific surface. As regards the 
raw materials, aggregation impedes the pro
cess of homogenization of the raw mixture 

Fig. · ~ b 

and leads to considerable variations of the 
mixture dispersion at the mill outlet; the
refore the reaction ability of the raw mix
ture rises at separate jet pulverization of 
components followed by intermixing or at 
jet pulverization of one .and milling of 
other components (Table -1). · 

The theo ::·etical analysis of the stream 
mill pulverization process the results of 
which are published in the "Cement" perio
dical in 1979, Leningrad, reveals that the 
periodical fluctuations in the dispersion 
of charges consisting of two components with 
different crushing ability are more vividly 
manifested in the stream mills than in the 
ball ones. Therefore, the stream mills are 
less suitable for pulverization of multi
component charges. Further the theory wit
nesses that owing to only impact crushing 
and higher level of energy stress the grain 
composition of the stream mill products 
should be narrower, whereas the uniformity 
coefficient in the Rosin-Rammler-Shperling 
equation for the granulometric composition 
of said products should approach 1. 

These postulates are supported by the 
experiment (Fig. 4). In view of the conclu
sion on the correlation between the high 
strength of cement and the degree of unif or
mi ty of its granulometric composition drawn 
by s.Sprung in his general report at the 
VIth Congress on Chemistry of Cement, it is 
clear that a narrower grain composition is 
one of the factors incr easing the strength o 
of jet pulverization cements. The fact that 
is somewhat above 1(1.17-1022 in the data of 
the experiment, Fig.4) may by explained b~ 
multi-phase structure of the material being 
crushed and stimulated formation of cracks :in 
the inter-phase boundary region. A number of 
factors mentioned above and decreasing of 
the jet pulverization products both in the 
clinker formation and cement hydration pro-
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Table 1 
Grain Composition and Reaction Ability of Raw Mixtures 

TY.Pe-or-mrI11n.g-0r------- screen-resiaue;- -Free-IIiii.e-con=-- XII~e=rorma~Ion-
three-component raw mix- wt.% tent after 15- rate constant, 
ture (chalk+clay+pyrite min exposure to Yander equation 
cinders, KH=0.96; n=2.4; No. No. No. 1450!0,% aos:-- ---%----
p= 1 ;·1) 008 006 004 

(80 (60 (4D 
u) u) u) 

Ball 1 
Ball 2 
Jet, joint 
Jet, separate 
Jet - chalk 

3.2 
0.8 
0.2 
0.2 
0.3 

4.0 
1.5 
0.3 
0.1 
0.2 

7.2 
3.5 
0.8 
0.1 
1.0 

5.39 
4.91 
1.97 
0.69 
0;79 

0 .0167 
0.0176 
0.0276 
0.0373 
0.0359 

100 
105 
165 
223 
215 

Ball .- clay, cinders 
Jet - clay 0.2 0.8 1.2 1.67 Q.0298 178 

___ J ______ ~----'-L_________________ ------- --------
the Volkhov combine. The technological ad

Ball - chalk, cinders 

10 2 J45 6 7 8 9 10 
0,1 , , .. 
1,0 , 

5 
10 
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fD 
70 
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Fig. 4. Granulometric Composi tian of Str:'e
am Mill Pulverization Products in RRSB S:v
stem: 1 ~ sand; 2 - cement wi~ 30% slag 
( 1800 cm /g; 4 - same, 21dl cm lg; 5 - same 

2 ' 2310 cm lg; 6 - separation product, s = 
9fEJ cm2 

cesses may be regarded as providing for the 
reduction of the activation energy of said p 
processes and make it possible to believe in 
activation at jet pulverization of some ma
terials passive as compared with the port
land clinker which was pointed out by some 
of us at this Congress in a written report 
dealing with technogenic belite products. 
In addition to the above data it will suf
fice to report on the test results of the 
jet pulverization product of the mixture 
consisting of 7Cf/o of the industriel portland 
cement clinker and 3c:Yfo of belite slime of 
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vantages of this process reside in that 
when using overheated steam or hot furnace 
gases as an energy carrier for the stream 
mills, there is noneed for pre-drying of the 
belite slime which is necessary in case of 
crushing of charge with such a high content 
of technogenic belite in a ball mill. A 
150-kgf/cm2 higher strength at the age of 
28 days - 3 months as compared with a check 
mix of the ball mill cement proves that the 
activating effec·t of the jet pulverization, 
irrespective of its physical essence of tho
se mentioned above, makes it more technolo
gically preferable for mixed cements than 
the ball mill method. Thus, in this cas the 
theoretical limitation linked with fluctua
tions of the multi-component charge jet pul
verization product dispersion is eliminated. 
The analysis of the composition of separate 
fractions of the jet pulverization mixed 
cements reveals that the reason for activa
tion is dictated in this case by the conver-
sion of a more considerable part of the be
li te material ttinto a fine fraction of the 
cement than ever registered at ball milling . 
even with preliminary complete drying of the 
belite products. 

A detailed analysis of belite gratn re
sistance to crushing which is being carried 
out at present provides for drawing a preli
minary conclusion that the technogenic be
lite offers higher resistance to abrasion 

than clinker minerals but fails to withstand 
impact loads. Substantial domination of the 
latter in the jet pulverization process 
leads to concentration of said material in 
the fine fractions of the product and its 
activation in the mixed cements. The cor
responding technological process is to be 
organized at the cement plants of the USSR 
using or intending to use the technogenic 
belite products. 
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Syntheses a basse temperature de sHicates bicalciques actifs 

Syntheses at low temperature of active dicalcium silicates 

B. MORTUREUX, E. REVERTEGAT, B. THURET, CERILH, Paris, France. 

Un interet essentiel de la synthese de C S hydrau-
iquement actif est d'ouvrir une voie de rec~erche en 

matiere d'economie d'energie. Plusieurs chercheurs 
ont obtenu du c2s actif, meme a relativement basse 
temperature, comme D.M. ROY qui a mis au point plu
sieurs techniques de syntheses entre 750°C et 900°C. 

ARNOULT et STRUILLOU (1), ont synthetise un c2s 
sulfate (5% de S0

3
) a partir de spongolithe et de ni

trate de calcium. Ce c
2

s hydrauliquement tres actif 
a des performances voisines de celles d'un CPA. Le 
nitrate, qui fond vers 680°C permet d'obtenir une 
reaction rapide et pratiquement totale des 750°C avec 
une silice reactive comme la spongolithe. 

La methode nitrate ne constitue pas une voie in
dustrielle en raison de la difficulte de recyclage 
des vapeurs nitreuses et de la valeur elevee de la 
chaleur de dissociation du nitrate de calcium qui pese 
tre s lourdement sur le bilan thermique de la synthese 
de c

2
s. Elle a eu, le grand merite de montrer l'exis

tence d'un c2s tres actif. 

L'objet des travaux effectues au C.E.R.I.L.H. 
etait d'examiner si un tel silicate pouvait etre ob
tenu par d'autres moyens, et particulierement sans 
faire interveoir le nitrate dont le role n'est pas 
parfaitement elucide. 

On a examine en premier lieu le domaine de sta
bili te thermique du produit synthetise par la metho
de nitrate, tout en cherchant a preciser quelques
unes de ses caracteristiques afin de mie~~ identifier 
par la ~uite les solides obtenus par d'autres voies. 
L'examen par diffraction des rayons X des preparations 
µar voie nitrate, avant et apres traitement thermique 
et trempe a ete utilise a cette intention. Selon la 
temperature de traitement on aboutit aux constatations 
suivantes: 

1°) Preparation sans traitement ulterieur (tem
perature d'obtention: 750°C). 

Les pies de diffraction tres larges suggerent la 
presence simultanee de a' c Set BC S mal organises. 
La proportion a 1 /B etant as~ez varia~le pour les di
verses preparatio~s. On note la presence en faible 
quantite de quartz et de chaux libre, ainsi que de 
sulfospurrite 2 C S, Ca SO ce dernier caractere 
n'etant nullement

2
systematfque. 

2 ° 1 Preparati o n °xRminee apres traitement ther
mique : 

(a) de 800 a 950°C 
Les pies correspondant aux phases c

2
s, observes 

dans les preparat~ons initiales, se precisent et se 
developpent, de sorte que les varietes a' et B c

2
s 

deviennent identifiables sans ambiguite: les formes 
cristallines de c

2
s initialement presentes ont un de

gre d'organisation croissant avec la temperature de 
retraitement. Cette observation est egalement valable 
pour la sulfospurrite. 

(b) a 1000°C. la phase a' c2s disparait. 

( c) de 1000 a 1200°C la sulfospur~ite se forme dans 
tous les cas. 

(d) apres 1250°~ la sulfospurrite disparait et 
l'anhydrite apparait comme produit de decompo
sition. 

Ces observations sont en accord a.vec les travaux 
de PL~EGO CUERVO et GLASSER (2) sur la stabilite de 
la sulfospurrite. 

Les traitements thermiques alterent progressiv0-
ment les proprietes hydrauliques. A 1000°c le phenc-· 
mene s'accentue, les resistances mecaniques en com
pression sur pates pures etant alors reduites au di
zieme de leur valeur initiale. 

Le domaine de stabilite du produit actif apparait 
done limite aux basses temperatures. La technique de 
synthese a done ete orientee vers la recherche de ma
t ie res premieres tres reactives physiquement, en evi
tant d'int~oduire des ions etrangers. 

La matiere crue est obtenue par hydrolyse d'un 
melange de silicate d'ethyle et de sulfate diethyle 
par une suspension aqueuse de chaux maintenue pendant 
16 heures a 90°C. On obtient une sorte de gel de si
licate de calcium hydrate. Ce "gel" a ete soumis a di
verses conditions de cuisson. Un traitement de 24 heu
res a 750°C conduit a un produit dont les caracteris
tiques cristallographiques sont identiques a celles du 
C2S synthetise par la methode nitrate. La teneur en 
so3 du produit ainsi prepare est de 5 %, le rapport 
C/S etant ajuste a 2. 

Une seconde propriete commune aux produits des 
deux syntheses reside dans la perte de poids caracte-
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ristique entre 900° et 1000°C observee en Analyse 
Thermique Ponderale. Il est interessant de noter que 
cette perte ne s'observe pas si le gel cru est direc 
tement soumis a l'e xamen A.T.P. On en conc lut que le 
silicate su lfate n'a pas le temps de se former dans 
les conditions de montee en temp~rature de l'essai 
( 300°C/H). 

Il faut enfin signaler que les produits des syn 
th ~ ses par c uisson du gel donnent des pites de resi s 
tances tres variables suivant le s prepa~ations et 
cette variabi lite est vraisemblablement liee a la tres 
grande alterabilite au gaz carbonique du cru; mais les 
resistances peuvent dans certains cas approcher celles 
qui sont atteintes par la methode nitrate spongolithe 
et sont en tous _cas bien superieures aux resistances 
de pites de s c2s. . 

En conclusion, bien que les auteurs de la method", 
nitrate ne mentionnent que la forme S c

2
s, il est 

clair que les p·Jints de vue sont convergents pour 
attribuer en premiere approche les proprietes hy
drauliques observees ·a une forme d,e c

2
s mal orga

nisee, rriodifiee par insertion de SO, dan s l e reseau. 
En ce qui concern e les possibilites 

3
de syntheses: 

- l'insertion du S0
3 

se fait a baS$e tempera-
ture. 

- le silicat e sulfate actif devient instable des 
800°C. 

- le nitrate, utile, n'est pas indispensable 
et ne co nditionn e ;.Jas l'activite du produit forme. 

- la phase a' peut jouer un role important 
dans l'insertion et le maintien 'de so3 dans la 
structure . 

Les travaux de REVERTEGAT (3) et REVERTEGAT et 
CHOISNET (4) donnent un autre exemple de la reactivite 
d 'une phase a•c

2
s sta~i lisee par un ~on etranger. En 

effet, ces auteurs ont pu attribuer a cette phase 
l'effet benefique sur les proprietes mecaniques du 
clinker de l'introduction da baryum. 

· C'est pourquoi l'on a tente d'appliquer les me
thodes de preparation decrites precedemment pour syn 
thetiser un eventuel c

2
s active par cet ion. Bien que 

le s travau x ne so ient pas suffisamment avances oour 
conc lur e, on peut signaler que l 'on a obtenu - par la 
technique du gel d'hydrolyse du si licate d'ethyle par 
une solution de chaux + baryte cuit a 800°C-un produit 
act if a d urcjsseme nt · assez rapide.L' analyse par dif
fraction des rayons x mo~tre qu'il s'agit d'un melange 
de a' c2s et des c2s mal o~ganis~s_auxquels s'ajoute 
une phase X: correspondant a un si licate de baryum
calcium Ba x Cay Si04 avec x + y = 2. 

On obtient par la methode nitrate un produit de 
caracteristique cristallographique comparable. 

Le traitement thermique ulterieur jusqu'a 900°C 
provoque une organisation des trois phases. Au-dessus 
de 900°C on observe une dilatation de la maille de 
a' C S et une diminution de la phase X qui disparait 
compfetement lorsque la temperature de retraitement 
atteint 1300°C. 
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Processus de formation des mineraux et composition de phase 
du clinker d' alinite 

Mineral formation processes and phase composition of alinite clinker 

M. BIKBAOU, Candidat es sciences techniques, Chef de laboratoire de l'lhstitut des Recherches scientifiques 
et des projets des materiaux de construction, Tachkent, U.R.s:s. 

RESUME : L' etude de la formation des mineraux du clinker d'alynite obtenu par la cuisson des mat1eres premieres 
en presence de chlorure de calcium a demontre que ces processus sont assez compliques; nous avons decouvert la 
formation de nouvelles phases minerales : du chlorure de calcium carbonate, de la spourrite, de l'orthosilicate 
et de l'aluminoferrite de chlorure de calcium. A l'etape initiale de la cuisson, les phases minerales contien
nent une quantite considerable d'atomes de Cl; a l'etape finale, par contre, on n'observe que des mineraux avec 
un faible Cl (3-4 % de la masse) - l'alite et l'aluminate de chlorure de calcium. Dans ces derniers mineraux, le 
chlore est solidement lie dans les positions structurales. 

A part les mineraux indiques, le clinker d'alynite contient egalement de la belite et du ferrite de calcium, 
qui peuvent contenir un peu de chlore (1 % de la masse environ) dans leur structure. La contenance ~~antitative 
des phases minerales dans le clinker d'alynite varie dans les limites suivantes (% de la masse) : 

l'alynite 60 - 80 
la belite 10 - 30 
l'aluminate de chlorure 
de calcium 5 - 10 
la ferrite de 
calcium - 10 

Des recherches effectuees ont permis de decrire le caractere de la cristallisation des phases siliciques du 
clinker, qui ont generalement une structure distincte a grains fins. NOU$ avons etabli que les conditions de 
la cuisson et de la dechloraison exercent une influence sensible sur le caractere de la cristallisation du 
clinker d'alynite . 

• Cette influence s'explique par la genese des phases intermediaires de la spourrite, de l'aluminoferrite et de 
l'orthosilica'te de chlorure de calcium. 

SUMMARY 1 The investigation of mineralformation pro·cesses of alinite-clinker produced by 
kilning the raw material together with calcium chloride has shown their considerable com~ . 
plication which leads to the formation of new phases - calcium chloride carbonate, spurri
te, orthosilicate and aluminoferrite of calcium chloride. 
At the initial stage of kilning new phases with considerable content of the chlorine atoms 
(about I5% of the mass) -/orthosilicate and aluminoferrite of calcium chloride/-are formed 
only the minerals containing small quantity of chlorine . (3-4% of the mass)-ali-
nite and aluminate of calcium chloride are kept at the final stage. In the above mentioned 
minerals the chlorine is tightly cohered in structure positions. 
Besides the minerals mentioned above, the alinite clinker comprises also belite and calci
um ferrite, which could comprise small quantity of chlorine (about I.0% of the mass). 
The quantitative content of mineral phases in alinite clinker varies within the following 
limits ( % of the mass): 

alinite 60 80 
belite IO 30 
aluminate of calcium chloride 5 IO 
calcium ferrite 2 IO 

The research data have allowed to describe crystallization of silicate phases of the clin
ker, which are normally characterized by clear but fine-grained structure. 
Important dependence of the caracter of cristallization of alinite clinker upon the condi-
tions of kilning and dechlorination has been established. · 
This dependence is closely connected with the genesis of intermediate phases of the clinker. 
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.La cuisson du clinker de ciment en presence 
de la fusion des sels de chlorure de calci
um. provoque des changements radica·ux dans 
la cinetique des processus de la formation 
du clinker, ainsi que dans sa composition 
de phase (I). Le present travail montre les 
resultats d'une etude sur la suite des pro
cessus de la formation du clinker en presen
ce de CaC121 ainsi que les donneessur la co
mposition plus precise des produits interme
diaires et finales de la cuisson du clinker 
d'alynite; ces donnees n'ont pas ete decri
tes dans les publications speciales. 

Des melanges suivants ont ete prepares: 
I. Un melange des r~actifs: 

Caco3 Si02 Al2o3 
Fe 2o3 

69.2 I6.I 2.5 I.9 
MgO 
r.3 

2. Un melange de limon de loess, de cendres 
et des calcaires de l'usine de ciment d'Ak
han-garan avec 9% de chlorure de calcium, A 
raison de CS = 0,92s n = 2,61 p = 3,:r+. 
Des m~langes ont ete prepares sous forme de 
granules de d~mension de 7-8 mm et cuits 
dans un four electrique de laboratoire • .La 
vitesse de la montee de la temperature eta
it egale ~ 5°c ce qui correspond ~ peu 
pres aux conditions de production industri
elle. A partir de 400°C, un echantillon des 
materiau.x a ete pris toutes les 50° et ref
ro idi en l'air. A part cela, un ess~i iso
thermique aux temP,eratures donn6es etait 
employe a:fin de determiner la composition 
de phase des produits de la cuisson. 
Le produit cuit a ete analyse sur le conte
nu de l'oxyde de calcium co2 libre et du 
chlore. 

Tableau I 

La suite et le contenu des processus de la 
formation du clinker A basse temperature se 
diff ere carrement des processus analogiques 
de cuisson du clinker de ciment portland.La 
presence de la chlorure de calcium, composa
nte supplementaire dans le melange brut ser
vant a produire le clinker a basse tem;pera
ture provoque une complication considerable 
des processus de la formation des mineraux. 
La presence de la chlorure de calcium abais
se la temperature du processus final de la 
cuisson des mineraux de sortie du clinker du 
ciment d'alynite aussi que tous les proces
sus intermediaires. Ces processus sont illu
stres par les courbes de l'analyse thermique 
differentiglle (courbe ATD) (fig.I). A par-
tir de 500 C, la courbe ATD du melange 
brut du ciment change a cause de l'evaporati
on de l'eau des hydrates. 
Nous avons utilise une m6thode d'etude de la 
composition de phase dans une co·uche mince 
qui a permis de decou.vrir le commencement de 
l'interaction chimique entre les composantes 
du melange brut pour la formation du clink.er 
d'alynite au niveau de 450. - 500°c. 
Le processus de la formation des composes 
complexes 0 commence deja au:x: temperatures de 
530 - 600 C grace a !'interaction de CaC12 et de Caco3 , le carbonate de la chlorure 
de calcium (Caco

3 
Cacl2). 

A 620 - 640°C ce compose- se transforme en 
phase X qui est, peut-@tre, sa modification 
de haute temperature gui existe dans l'in
tervalle de 630 • 800 C; leurs proprietes 
chimiques et les parametres des cellules 
sont assez..-.proches ( voir le tableau ). 

Donnees de la diffractometrie aux rayons X des phases minerales decouvertes dans le 
systeme caco3 - cacl2 

I CaC03 • CaC12 
' Cellule cubique a capacite centree 

a = 9,720 t O,OI5 i 
d,i. hkl I 

6.88 IIO 30 
3.97 2II 65 
3•44 220 85 
2.8! 222 90 

I 
2;600 32! 75 
2.I74 420 IOO 
I.984 422 70 

~ 

l I.?I6 440 20 

La composition de phase des produits de la 
cuisson a ete determinee par lea methodes 
quantitative et qualitative de l' analyse 
optique et celle au:x: rayons X.La methode de 
l'analyse thermique differentielle a aussi 
ete utilisee. 

Phase x 
Cellule cubique ~ capacite centree 

a = 9,965 :!: 0,05 i 
d,A hkl I 

5.00 700 40 
3.ra 3IO 50 
2.675 32I 5 
2.485 400 30 
2.356 330 IOO 
2;II6 332 40 
I.94! 5IO 40 
I.808 52I ~ I.654 600 

Dans l'intervalle de 650 - 750°c une decarbo
nisation plus intense fait apparaftre l'oxyde 
de calcium libre. A ces temperatures, les co
mposantes acides entrent en action mutuelle 
oe qui mene a la formation du spurrite dans 
lea produits de la cuisson 2Ca~i04 • Caco

3
• 

+cs - coefficient de saturation, n - module silicique, p - module alumine,u:x: 
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Fig.I. La courbe de la ATD de la formation 
du clinker d'alynite (I) et du clinker port
land (2). 

Aux temperature de 750 - aoo0 c les produits 
de la cuisson contiennent, a part le spour
rite predominant, l'alumoferrite et l'alu
minate de la chlorure de calcium. 
Les diffractogrammes des phases synthltisees 
intermediaires du clinker sont representes 
sur la fig. 2. 

se ~ 40 ~2 v. f!i 

Fig. 2 - Les diffractogrammes des phases 
intermediaires du clinker d'alynite: 

! , - du spourrite, 
2 - de l'orthowsilicate de la chloru

re de calcium, 
3 - de l'aluminate de la 

chlorure de calcium 
C'est dans l'intervalle de 650-850°c que 
les exoeffets correspondent aux processus 
exothermiques de la formation de ces mine
raux sur la courbe ATD. 
Le changement quantitatif de la teneur des 
phases a chaque etape de la cuisson caracte
rise le mecanisme de la formation du clin
ker. Ainsi, la courbe du changement de la 

teneur d'oxyde de calcium libre dans les 
produits de la cuisson a deux valeu:rs ext
remales (fig.3?· La tene~ plus elevee de 
CaO libre due a une temperature plus haute 
est en correlation avec la courbe du chan
gement de la teneur de C02 - l'oxyde de cal
cium libre appara1:t au cours de la decarbo
nisat ion-de la calcite. 
Pourtant, les temperatures de ?Oo-750°c pro
voquent une formation intense du spurrite

0 dont la quantite atteint le maximum a 800 c 
(fig. 3). 

IS· · 
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Fi6·3· Changement du contenu de CaO libre 
(I) et du spourrite (2) dans les produits 
de la cuisson du clinker d'alynite en fonc
tion de la temperaturf 

La formation du spurrite s'ef1~cv~2 gr~ce a 
la liaison intense entrf: 1 . '.l E:il:lce et l'oxy
de se liberant a la decv~position de Caco3 : 

4 CaO + 2 Si02 + Caco
3
__.. ~ Ca2Si04•caco

3 
En m~me temps une partie de molecules de la 
calcite participe A la formation du mineral 
nouveau, spourrite. Il convient de souligner 
le r8le tres important de CaClz., agent de di
spersion qui intensifie considerablement le 
processus de la decarbonisation et joue le 
r$le du milieu catalytique de cristallisati
on. 
Aux temperatures de 750-soo0 c, il est inter
essant a noter la formation de l'orthosilica
te de la chlorure de calcium en presence de 
la chlorure,de calcium. La fig.4 montre le$ 
donnees e:xperimentales sur le changement de 
la teneur en orthosilicate de la chlorure de 
calcium ? Ca2Si04 • CaC12 dans le processus 
de la cuisson. 
On peut supposer la possibilite de l'isomor
phisme des anions au cours de la formation 
du spourrite et de l'orthosilicate de la 
chlorure de calcium quand une partie des d 
d'atomes de l'oxygene dans la molecule de la 
calcite du spourrite - 2 Ca2Si04 • Caco

3 
est remplacee par les atomes du chlore. Les 
resultats des experiences sur la separation 
du chlore du spourrite synthetique syntheti
se en presence de CaCl conf irment que le rep
lacement de 0 par Cl dans le spourrite est 
possible. Ces experiences ont montre la con
servation ~e ~ de ,,Cl dans le mineral, proba
blement grace a l'elevation du Cl dans la 
structure. Il n'est pas exclu que 2 Ca2Si04 • 
Caco3 et 2 Ca~i04CaC12 ferment des solutions 
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solides gr~ce a l'isostructure de ces compo
ses contenant a la base une mol~cule de 
Ca2Si04• Cea phases intermediaires sent sta
bles dans un intervalle determine, car a 
aoo-a50°c le spourrite commence a se decom
poser et aux temperatures superieures a 
950°c dispara!t tout a fait. 

30 

(J()O 

Fig. 4. Changement du contenu de l'orthosi
licate de la chlorure de calcium (I), de 
l'aluminate de la chlorure de calcium (2) 
et de l'alumoferrite de calcium (3) das les 
produits de la cuisson du clink.er d'alynite 
en fonction de la temperature. 

Les fig.3-5 montrent des resultats des me
sures sur le changement d,e la teneur quan
t i tat ives des phases minerales du clinker 
d'alynite dans le processus de la cuisson. 
Elles sont effectuees a l'~ide d'une analy
se quantitative aux rayons x. La formation 
du spourrite et de l'orthosilicate de la . 
chlorure de calcium lie l'oxyde de calcium 
libre se liberant au cours de la decarboni
sation. Sa quantite dans l'i.ntervalle de 
700-900°c ne depasse pas quelques pourcents. 
Ceci est juste pour la vitesse normale de 
l'elevation: 5-2~ par min. Gr~ce au ~ivel
lement des facteurs cinetiques, le traite
ment isothermique prolonge aux temperatures 
70~900°c lib~re tout l'oxyde de calcium 
du m~lange brut, sauf sa quantite liee par 
le spourrite, l'orthosilicate, l'aluminate 
et l'alumoferrite de la chlorure de calci
um (fig.4)J m~me dans ce cas la iuantite 
de l'oxyde de calcium libre ne depasse pas 
IO-I~ ce qui est egal a un cinquieme de 
sa quantite totale~ Ces donnees sent en ac
cord avec les resultats de la determinati
on de la teneur en C02 des produits de la 
cuisson. L'aluminate de la chlorurg de cal 
cium commence a se former a 700-750 c, il 
est stable sur toutes les etapes ult6rieu
res de la formation du clinker. Par cont¥e~ 
l'alumoferrite de la chlorure de calcium 
n'existe que 'dans un inte~alle limite,de 
temperatures. Il commence a se former a 
750-aoo0 c, mais a 950°c il se decompose en 
ferrite de calcium, un compose stable et 
en m~me temps il fournit l'aluminium pour 
la formation de l'alynite. Il est probable 
que ce f ait explique le commencement de. la 
cristallisation de l 1alynite aux temp~ra-

_J 

tures de l'alumoferrite de la chlorure de 
calcium, c'est-A-dire a 900-950°c (fig.5). 

il/J 

1"·;f1 

?I/fl 

Fi~.5. Changement du contenu de l'alynite 
(I) et du belite (2) et le ferrit de cal
~ium (3) en fonction ·de la temperature. 

L'hy.Pothese citee ex.P,lique l'effet de forte 
mineralisation en presence de Fe20~ dans le 
melan~e brut au cours de la -cuissofi du clin
ker d alynite. Gr~ce a la formation et a la 
decomposition de l'alumoferrite de la chlo
rure de calcium, l 1 aluminium, un des elef
ments principaux du reseau cristallin de 
l'alynite, est fourni au moment de la cris
tallisation de l'alynite. Cela se trouve en 
accord avec le fait de l'absence de l'alumo
ferrite de calcium dans le. clinker d'alynite. 
L'hypothese proposee explique la necessite 
d'une augmentation sens1ble de la concentra
tion de l'aluminium dans le m6lange brut ut
ilise au cours de la cuisson du clinker d 
d'alynite blanc. Le. belite se forme a 850-
~oo0c, car la quantite' de Cl ne suffit pas 
a lier toute la substance en orthosilicate 
de chlore (I5% de chlore dans la structure), 
aluminate de chlore (4% de chlore dans la 
structure) et alumoferrite de chlore (I5% 
de chlore dans la structure). 
De cette fapon, a 900°d tout le chlore est 
deja pratiquement lie en composes, l'alyni
te se forme a partir de l'orthosilicate de 
la chlorure gr~ce a une nouvelle repartiti
on du chlore entre lui et le belite, pen
dant que les CaO et Al2o~ superflus liber~s 
a la decomrosition de I'~lumoferrite sent 
lies. Ainsi, la cristallisation de llalyni
te e~t suivie du degagement de HCl gr~ce a 
la decomposition thermique de l'alumoferri
te et de l'orthosilicate de la chlorure de 
calcium. Une partie de HCl fournit les par
t icules voisines et participe au processus 
ulterieur de la formation du mineral en ho
mogeneisant la composition de phase du clin
ker, une autre partie s'en va avec les gaz 
~r~ce A la sublimation. De cette fa~on, une 
etude de la suite de la formation ~ clin
ker a basses temperature a demontre une gra
nde importance des phases iriterm~diaires du 
clinker dent la formation et la gen~se, par 
notre opinion, exerce une influence d6cisive 

+La composition du mineral est, probaplement, la suivante: ca4Al~e2c12o9 . 
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sur le caract~re de la cr~stallisation du 
clinker d'alynite. · 
Le mechanisme des processus de la formation 
du clinker a basses temp~ratures que nous 
venons d'examiner nous permets de compren
dre les particularit6s de la composition de 
phase du clinker d'alynite. 

Le clinke;:- d'alynite est represente par qu
atre mineraux ( % de la masse ). 
I. L'alynite - CaII(Si, Al)40raCl - 60 +-80 
2. Le belite - .;, - c2s - r6 -:- 30 
3. L'aluminate de la chlorure de calcium -

Ca6A107c1 - 5 ~ IO 
4. Le ferrite de calcium-Ca~e2o5- 2 ~ IO 

La formation du clinker d'alynite s'effec
tue dans la lutte concurrentielle des ato
mes et de leurs con:f'igurations pour les 
atomes du chlore qui sont les plus actives 
aux hautes temperatures de cristallisation 
du clinkers ces atomes passent facilement 
de la phase solide en liquide (fusion), en 
phase ~azeuse et de nouveau solide (chlo
ration). 
Cette lutte aboutit ~ ce que le chlore ne 
reste que dans l'alynite, ou il est solide
ment lie dans un motif structural original 
et entoure etroitement par huit atomes de 
calcium (2), ainsi que dans l'aluminate de 
chlorure de calcium, ou il est aussi lie 
dans les motifs structuraux solides (3). 
Le belite et le ferrite de calcium sont id-

. entiques sur tous les indices aux mineraux 
port lands. 
Certaines part1cularites de la morphologie 
et de la composition des cristaux sont li6-
es a une faibre solubilite du chlore (I,O
I,5% de la masse) dans le belite et le fer
rite de caleium. 
Dans les clinkers obtenues a la base des 
mati~res premieres aux difft{rentes usines 
de ciment de l'URSS d'apres la technologie 
de basse temperature avec l'utilisation de 
la fusion catalytique de la chlorure de 
calcium, l'alynite se cristallise sous for
me des plaq~es hexagona~es, des petits pri
smes allonges dans le meme .sens et des for-
mations des rayons aiguises. On peut . ..Y ob

server des grains de forme des rhomboedri
que et des tab~ettes. Les clinkers ont 
une structure a grains fins irr6guliers,la 
cristallisation de l'alynite est distincte 
Les dimensions des grains varient de plusi
eurs mkm a 30-35 mkm. les particules de di
mension de I5-20 mkm predominent. 
On y observe . des agre'gats de 1' alynite, 9.u
elquefois des macles des grains a l'extin
ction zonale caracteristique. La birefrin
gence est basse, l'extinction est directe. 
Les index de refraction varient dans les 
limites: I.?IO - I.7I4. 
Une autre ph~se silicique du clinker d'aly
nite observee dans les materiaux etudies 
est representee par le b~lite (silicate ba
sique bas), qui se differe de l'alynite par 

sa forme arrondie, ovale ou celle de lentil
lei les debris d~s grains sont le plus sou
vent incolores, a l 'extinction directe .Les 
index de r€fraction sont N • I.724 - I.730. 
La birefringence et les index de refractJ,on 
sont les seuls indices distin.ctifs des etu
des microscopiques des phases du clinker 
d' alyilite. · 

Les etudes mineralogi9ues des clinkers syn
thetises. a basse tem~erature sont tres dif'
ficiles a accomplir a cause de la structu
re microcristallin des phases min~rales. 
Les etudes au microscope eflectronique nous 
ont permis d'etudier le faci~s et la mor
phologie des cristaux dans le clinker. 
Le b6'1ite est represente dans le clinker 
sous f orme des grains arrondis et des deb
ris irreguliersi souvent, on l'observe so
us forme des incorporations dans les cris
taux de l'alynite (fig.6). 

Fig. 6. Stere'omicrophotographies+ d'un cri
stal de l'alynite. avec des incorporations 
du b{lite ( stereoskan - 4 ). Agrandisse
ment - 5000. 

Dans le clinker, l'alynite est re_present~ 
pe.rles poly~dres bien cristallises aux fa
cettes distinctes reproduisant de differen
tes varietestions du faci~s te.tragono-pyra
midal (fig. 7). 

Une etude des microcristaux de l'alynite 
dans le clinker par la methode de l'analy
se microscopi~ue du spectre aux rayons X 
a.l'aide de 1 appareil "Komeka" nous a per
mis de preciser la composition des ele-

+L'auteur remercie vivement m-me N. Sirot
kine d'avoir exlcut~ une analyse. 
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a b 
Fig. 7. Varietes du facies des cristaux de l'alynite dans le clinker: a - photos des repli
ques des clivages des gra.ins de clinker prises au microscope e'l.ect~onique ME - 5, agrandis
sement de 4000, b - st?reomicrophotographies prises au microscope electronique A balayage, 
agrandissement de 2800. 

ments des cristaux de l'alynite, dont le 
contenu qualitatif est represente par Ca, 
Si, o, Cl, Al, Fe et Mg (fig.8) et lf,J con;.. 
tenu quantitati:f par: Ca = 46-47 Si =IO-II 
Al = r,5-3,0 Mg= r.0-r.5 Fe = r.2-r.3 
Cl = 2.5-3.0 0 = 35-36. 

Ca I\. 

I 

St JI.. 

I 

Fig. 8. Spectrogramme d'une grain d'alyni
te dans le clinker. 

CONCLUSIONS: 
Le present travail montre la suite de la 
formation et des transformations des pha
ses intermed.iaires et finales du clinker 
d'alynite. 
A l'etape initiale du processus, les a au
teurs ont etabli la formation du carbonate 
de la chlorure de calcium et de la phase X 
dont la composition est a peu pr~s la m3me 
ils ont determine les parametres de leurs 
cellules el~mentaures. Le spourrite,l'alu
moferrite et l'orthosilicate de la chlorure 
de calcium se ferment egalement en tant que 
les phases intermediaires du clinker d'aly
nite. 
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La contenance quantitative des phases mine
rales dans le clinker d'alynite varie dans 
lea limites suivantes (%de la masse ): 

l'alY,Ilite 60 - 80 
le bJlite IO 30 
l'aluminate de la 
chlorure de calcium 5 - IO 
le ferrite de calcium 2 - IO 

Le changement lp proportion quantitative 
des phases minerales intermediaires et sta
bles dans !'e processus de la formation du 
clinker d'alynite est demontre. 
Les auteurs donnent la description du cara
ct~re de la cristallisation des phases mi
nerales du clinker - alynite, ils soulig
nent sa dependanse des conditions de la cu
isson des mati~res premi~res li~e ~ la ge
n~ se des phases intermediaires du clinker. 
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Calculation of strength parameter for hydrated portland 
cements from hydration heats measured by differential 

calorimetric analysis (DCA) 

Prevision des resistances des ciments port/and au moyen 
de leur chaleur d'hydratation 

G. OLIEW, W. WIEKER, Zentralinstitut flir anorganische chemie der Akademie der .Wissenschaften der DD~, Berlin, 
R.D.A. . . 

Summary: 
Precalculation of compressive strength for hydrated portlandcement is an important question 
for scientist as well as for pra6tical men. 
Setting and hardening of cement is influenced by tho~e factors which also influence the heat 
liberation, measured by differentialcalorimetric analyses (DCA) too. Small differences in 
chemical and mineralogical compositions and in burning-and cooling conditions of the clinker 
lead to different DCA-curves (fig. 1). 
Increasing so3-content and surface area (BLAINE) determines the position of the 3 rd DCA
Peak (fig. 2). Hydration of PC under steam curring conditions influence considerably DCA
curves (fig. 3). 
Hydration heat QI (first reaction of cement with water - first DCA-Peak area) and Qt 
( t = 24 ••• 672 h) clearly depend on surface area and SO 3-content (fig. 4 and 5). Compres .. si ve 

strength depends on surface areas and so 3-content too (fig. 6). 
A set of correlation equ~tions ~llow to rrec~lculqte the strength of h~rdened cement for 1 
up till to 28 days and after hardening under steamcurring conditions already after 1 hour 
(QI) (tab. 1). More reliable results can be calculated from heat developed after reaction 
times more than 72 hours (Qt) (tab. 2). 
Results of the calculation~ are to be seen in fig. 7. The factors and constants of these 
equations must be changed if a cement of another cement is to be .investigated. 

RESUME : La prevision des resistances des ciments pose un important probleme aux chercheurs et aux praticiens. 
Elle peut se faire grace a leur courbe d'analyse calorimetrique differentielle. Ces courbes (A.C.D.) sont for
tement influencees par la composition mineralogique et le mode de cuisson du clinker, ainsi que par la teneur 
en 803 et la granulometrie du ciment broye, et meme par le procede de conservation des eprouvettes. 

Des formules de correlation entre les pies et la forme de ces courbes, et la resistance du ciment a 28 jours 
de conservation normale, OU a 1 heure de conservation dans la vapeur chaude, ont ete etablies. Elles necessitent 
le releve de ces courbes jusqu'a 72 heures. 

Des resultats experimentaux sont exposes. Les parametres des formules varient avec les ciments. 
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The precalculation of strengthparameter for 
hydrated portlandcemente is an important 
question for scientist as well for practi
cal men. Starting from the fact, that set
ting and hardening of cement is influenced 
by those factors which also influence the 
heat liberation, we tried to precalculate 
Strengthparameter from hydration heats, mea
sured by differentialcalcirimetric analysis 
( DCA). 
As it known from literature, small differen
ces in chemical and mineralogical composi
tions of the clinker lead to different DCA
Curves (fig. 1 ) • 

[Jh"g j 1: I 

j Jr\ __ 
PC- PLANT C 

PC - PLANT A 

i •: .J:l::_ _____ -===P=C=-=P=l=AN=T=B= 

10 20 30 '° so 60 '° 80 90 (h) 
Time of hydration 

Fig~ Heat liberation (DCA)-Curves from 
PC's of different PC-Plants 
(W/C = 0 ,5; temp. = 26 °c) 

The differentialcalorimeters which had been 
used are described in L-1,2_7. 
To get correlation functions between the 
strength developed by portlandcement pastes 
and the heat of hydration, a set of cements 
with different so3 contents and surface 
areas are prepared from clinkermaterial of 
the cement plants A and B. Fig. 2 shows the 
results of DCA measurements of portland
cement samples with different so3-contents 
and surface areas of the plant B. 
From this figure it is t.o be seen, that with 
increasing so3-content the III. DCA-maximum 
is shifted to longer reaction times and that 
with increasing surface of the cement this 
peak is shifted to shorter hydration times 
for cements with a constant so3 content of 
3.8 %. 
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Fig. 2 Hydration of PC-Type B with various 
contents of so3 and various surface area 
(W/C = 0,5; temp. = 20 °c) 
Under commercial aspects there is very often 
an interest in strength-developement at hig
her temperatures too. Therefore we have mea
sured the heat liberation of the mentioned 
cement samples .during a programmed tempera

ture treatment with a maximum at 85 °c L-~7. 
The results of these experiments in fig. 3 
show, that only at a so3-content of 4,4 % 
there is a shift of the hydration peak to 

longer hydration times. With increasing sur
face at a constant so

3 
content of 3,8 l we 

found at medium surface areas (4050 cm2/gr) 
a shift to higher reaction times and at high 
surface values (5600 cm2/gr) to shorter re
action times. 

r1g·r 150 51J/•t.j[cm'g7 
-3.8 3050 

100 ----H 
so ... .. 50 

8 -+= 54[%/cm'g'} l 150 
- 38 3050 

~ 100 050 

l 50 
5600 

"a 
j 0 
c-: 't 5 

TilM of hydtotion 

Fig. 3 Hydration of PC-Type B with various 

contents of so3 and various surface area 
(W/C = O,?; max. temp. = 85 °c; curing con
ditions according to TGL 28 103/08). 



The reaction heats (Qt) developed up till 
1, 24, 72 hours were calculated from the 
DCA-curves by direct integration. For the 
calculation of reaction heats at longer re
action times we used the formula 

~=0..·f+b 
published by SCHWIETE u. ROTH l-3_7. 
The results in fig. 4 show, that there is 

Fig. 4 Dependence of ~ I on 303-content and 
surface area measured by BLAINE method. 

already for the heat developed after 1 hour 

(QI = area of the first DCA-peak) a clear 
dependence from the 303-content and the sur
face area of the tested cement. The same 
results we got for hydration times up till 
28 days (fig. 5). 

--+---===---- 28deys 
~ - ____, 7 cbys 

_____ .3_dcJys 

Fig. 5 Heat of hydrati0n Qt vs so3-content 
and surf ace area measured by BLAINE method 

Beacause there are good correlations bet
ween compressive strength measurments and 
so

3
-content and surface area (fig. 6) too, 

~8 -- -::.... -

so '·' 600 ~J .so 3000 ;o5o s 

~~ 
Fig. 6 Compressive strength vs, 303-content 

and surface area 

it should be possiole to get mathematical 
regression equations between the developed 

reaction heat (Q) and the compressive 

strength (D). In table 1 there are given 
some equations we got for calculation of 
compressive strength after 24, 72 and 672 
hours of hydration at 20 °c using Q1-values. 

Tab. 1 Equation~ for calculation of compres
sive strength parameters Cn24 ••• n672 , Dw' 

Dw6 72 ) from hydration heat QI(Dt[MPaJ ;Q../Jlg} 

Nr. PC - PLANT A ADC%_7 ± s I 
1. D24 = 0,83 QI - 2,64 5,5 4,3 
2. D72 = 0,67 QI + 12,88 3,7 2,3 
3. D672 = 0,58 QI + 31,61 2,6 4,0 
4. Dw = 0,48 QI + 11'45 5,6 2,9 
5. Dw672 = 0,29 QI + 35,06 4,2 3,7 

PC - PLANT B 

6. D24 = 0,72 QI + 7,50 7,5 4,4 
1. D72 = 0,64 QI + 20,00 3,4 2,4 
a. D672 = 0,72 QI + 28,40 2,5 2,0 
9. Dw = o,66 QI + 15,81 6,7 3,6 

10. Dw672 = 0,70 QI + 26,39 5,7 3,8 
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Tab. 2 Equations for calculation of compressive strength parameters (D24 • • • D6 72, Dw, Dw6?2 
CMPa_7) from hydration heat Qt (t: = 1 •.. 00CJ/g_7) 

Nr. PC - PLANT A 

1 D24 = 0 , 08 Q24 + 0' 1 Q72 - 17 ,49 
2 D24 = 0,008 BLAINE - 8,91 

3 D72 = -0,21 Q12 + 0' 18 Q24 + 0' 1 
4 D72 = 0,07 Q168 + 0,004 BLAINE -

5 D672 = 0,03 Q168 + 0,004 BLAINE + 

6 D672 = 0,38 QI + 0,05 Q168 + 20,72 

7 D = 0, 10 Q24 + 9,77 w 
8 Dw672 = 0,11 Qoo- 3,38 

I 

19 Dw672 = 0,09 Q672 + 6,45 

In addition there are in table 1 two equa
tions to calculate compressive st~ength of 
steam curred samples directly after steam
curring (Dw) and 672 hours later (Dw6 72 ) . 
From the medium error A D/-1o 7 and standard 
deviation it is to be see~, that the fesults 

are relativly good, for cements of plant A 
as well as for ~hose from plant B. 
More reli~ble results ,can be received from 
calculations in which reaction heats develo
ped after longer reaction times than one 
hour are used. Some of these equations we 
got are listed in table 2. The noted values 
for the medium error and standard deviation 
shows, that these equations realy give bet
ter results than those using QI values . only. 

In fig . 7 measured compressive strength is 
plotted against the corresponding calculated 

__ ; --/i 

/_/_. i 

/- -~-- --· ~ 
i --

. ~ - j 
/ 1 

. / _: I 

--/ =----·- ·r---t 
! I 

0 tO 20 .30 fO so {llPa].a 
Compre66i'le strength 

[~/culoted) ---.-

Fi g . 7 Measured vs calculated compressive 
strength of PC-Type B 
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llDC%_7 + - s 

4,2 4,4 
4,2 4' 1 

Q672 - 21 1'3 0,9 
4,40 2,0 1'3 
20,65 0,8 0,5 

1 ,o 0,8 
4,8 3,9 
3,0 2,4 
3,2 2,9 

values. This gives the proof, that there is 
realy a very good correlation between com
preesi ve strength ~.nd heAt . develonment dur
nig hydration of a portland cement. There
fore we think that DCA measurments are very 
convenient for production controll measur

ments in cement plants and that it will be 
possible to reduce the extensive number com
pressive strength measurments in cement 
plants. But we have to Temarc, that the 
factors an<L constants R;i ven in the equF'l.tions 
of. table 2 are only valid for cement plant A. 

If one wants to use these equations on other 
cement plants one had to estimate these 
factors and constants by an investigation of 
a set of cement samples of that special 
plant. 
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THEME VI 

Les .pates de ciment : rheologie, 
evolution des proprietes et des structures 

Cement pastes : rheology, evolution 
of the properties and structures 

The effect of various admixtures on the surface aera 
and pore structure of Portland. cement paste prepared 

in suspension form 

Etude de /'effet de divers melanges sur la surface specifique 
et la structure poreuse _de la pate de ciment Portland 

preparee en suspension 

Professor G.A. GAMLEN, Dr. D. DOLLIMORE, Mr: P.F. RODGERS, 
Department of Chemistry and Applied Chemistry, University of Salford, England. 

The effec t of the addition of three water soluble polymers. Versicol Wl3, Dextran and hydroxyethyl 

cel lulose to the mixing water of a bottle hydrat ed Portland cement was studied. Surface areas obtained 

from nitrogen adsorption isotherms are presented along with pore size distributions calculated using the 

method of Dollimore and Heal. 

RESUME: On a etudie l'effet de l'addition de trois polymeres solubles dans l'eau : le Versicol . 

W 13, le dextrane et la cellulose hydroxyle-ethyliquie, a l'eau de prise du ciment Portland hy

drate en flacon. On presente les valeurs des surfaces specifiques obtenues, en utilisant les 

isothermes d'adsorption d'azote, aussi bie~ que les valeurs de la distribution de la structure 

poreuse calculees a l'aide de la methode proposee par DOLLIMORE et HEAL. 
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1he surface a re a oi ceme~t ~astes obtained from 

111atcr vapo11 r adsorption arc usual.ly large r than 

those obta1aed from nitrogen adsorption (1,2). 

Mikhail et al conclude that either the pores are 

too srna 11 t o al low nitrogen in or that 'ink-bottle' 

pores exist ( 3,4). Feldman and Sereda believe that 

the water must, at least in part, be chemically 

adsorbed, and nitrogen adsorption reflects the 

true surface (5,6). To remove free water from the 

hydrate, D-drying is co mmonly used_ (7,8) although 

Lawrence re commends treatment with methanol (9). 

The adsorption of an organic polymer is thought to 

occur with the ionic group away from the soli~ 

surface (10), but recent work has provided 

alternative explanations (11). 

EXPERIMENTAL 

1) Ma terials 

The cement used was ordinary Portland cement 

(OPC), obtained cornrner'cially (phase composition, 

c3s' 47.6%; c2s, 22.55%; C3A' 11.06%; C4AF, 7.66%; 

CSH4 , 4.65%). The surface area (Blaine) was 

+ 2 -1 
3,200 - 200 cm g The polymers investigated were 

Versicol Wl3, a nonionic polyacrylamide, (pH 8-9 

at 20%). Dextran, a carboxymethyl starch (pH 6.0 

at 1%) and hydroxyethyl cellulose (HEC) , a 

nonionic cellulose ether (pH 6.5-8.0 at 1%). The 

nitrogen used in the adsorption experiment was dry 

and oxygen free. 

2) Preparation of Samples 

A sample without the polymers present was first 

used as a control. In this, lOOg of OPC was mixed 

with one litre of distilled · ~ater in a sealed 
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airtight polythene bottle. It was rotated on a 

ball mill at 87 r.p.m . at 22 ~ 2°C frir up to 28 

days. In experiments involving polymers enough of 

a 1% solution of each polymer was added to give an 

initial ratio of 0.08% dry polymer/dry cement. At 

various times up to 28 days after mixing, about 100 

mls of suspension was removed and filtered in a co
2 

free nitrogen atmosphere. After one hour's 

vacuum pumping the sample was placed in a small 

polythene bottle and dry excess methanol added. It 

was further rotated for two weeks, followed by 

vacuum filtration from the m~thanol in a nitrogen 

atmosphere and a 15 minute evaporation of the 

methanol at 30-35°C. Any calcium hydroxide 

crystals were removed from the sample by sieving 

through a BS 200 mesh sieve (75 µm). These 

crystals were ground in an agate mortar until they 

also passed through the sieve. They were then 

remixed thoroughly with the rest of the sample, and 

it was these samples that were used in the 

adsorption experiments. 

3) Adsorption 

Nitrogen adsorption~desorption isotherms 

(at 77.4 K) were carried out on a volumetric 

adsorption apparatus 1(12). The pore size 

distributions were calculated using the method 

of Dollimore and Heal (13). 

RESULTS AND DISCUSSION 

Samples exhibiting definite hysteris loops 

in the adsorption-desorption isotherms were 

subjected to .the pore size distribution calculation . 

These were samples beyond seven days hydration. 

The general observation -is that as hydration time 

increases, ' then the size of the hysteris loop also 

increases, along with the volume of nitrogen 
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adsorbed. The isotherms would be best designated as 

Type II by the classification of Brunauer et al (14), 

but the adsorption approaches the value of P/Po = 1 

with a large increase in adsorption and a hysteris 

loop on desorption. The loop closes between P/Po 

values of 0.3 to 0.5 depending upon the sample. A 

co mparison of the 28 day old samples shows that the 

effect of the addition of the polymers appears to 

reduce the volume of nitrogen adsorbed, compared 

to the control. Surface areas were calculated on 

the basis of the evacuated weight of the sample 

taken after the experiment was over. Representative 

surface areas, total pore volumes and cumulative 

areas for the control are shown in Table 1. Tables 

2, 3 and 4 show surface areas and porosity 

properties for samples modified with Versicol Wl3, 

Dextran and HEC respectively. The results are 

tabulated as a ratio of the sample result to the 

corresponding result for the control. In general, 

it can be seen that the ratio SBET/SBET CONTROL is 

highest for the Dextran modified cement between one 

day and 14 days hydration. This shows that these 

samples have th€ higpest surface area of all 

modified samples. All series show a sharp increase 

in surface area between ten hours and one day's 

hydration. 

The addition of all polymers reduce the total 

pore volume compared to the control. This can be 

seen by the fact that the ratio V/VCONTROL in 

Tables 2, 3 and 4 are all lower than unity. In 

the case of samples modified with polymers at ages 

of 7 and 14 days , the V/VCONTROL ratio increases 

whilst the SBET/SBET CONTROLratio decreases. It 

would appear therefore that the addition of water 

soluble polymers tend to favour the formation of 

smaller pores that would not ordinarly be present. 

The model used for the pore size distribution is 

that of a cylindrical non-intersecting pore. An 

alternative analysis, based on a slit shaped model 

will be the subjec t of a further publication. 
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TABLE 3 

TABLE 1 Surface Are a and Porosi_sy_ Properties of Hydrates 

Surface Areas and Porosity Properties of Cement Modified by the Addition of De xtran 

Hydrates Control Sa mple - No Polymer Added 

Surface Total Cumul ative 
Age of Area Pore Volume Surf ace Area 
Sample SBET v SCUM 

Age of SBET ~ 5
CUM 

Sample SBET v s 
CONTROL CONTROL! CUMCONTROL 

i 

2-=l ml.kq.N
2
g-I 2---=l 

m.g m g lh 0.25 

3h 0.2 28 

lh 6.4 
6h 0. 724 

3h 5 .7 
lOh 0.745 

6h 5.8 
ld 2.023 

lOh 5 .1 
3d 1.584 

ld 12.8 
7d 2. 583 0.322 1.084 

3d 19.0 
14d 1.965 0 . 748 1 .529 

I 

7d 29.5 0 .6 22 95. 5 

14d 28.1 0.3514 86.8 

28d 0 .642 0.538 0.48 

I 

I 
28d 104.5 0 ... 6065 237 . 1 

Surface Area and Porosity Properties of Hydrates 
·' 

Modified by the Addition of Hydroxyethyl 

TABLE 2 Cellulose 

Surface Area and Por osity Properties of 

Hydrates Modifed by the Addition of Age of SBET v SCUM 

Versicol Wl3 
Sample s VCONTROL s 

BET CONTROL CUMCONTROL 

Age of SBET v [ SCUM 
Sample 

s BETcoNTROL VCONTROL ScUMcoNTROL 

lh 0.458 

3h 0.474 

I 6h 0.948 

lh . 3125 lOh 0. 382 

3h .807 ld 1.539 

6h . 9483 3d 1. 905 

lOh 1.51 7d 1.573 0.303 0 .839 

ld 1. 523 14d 0 .975 0.553 0. 737 

3d 1.1 28d 0.98 0.62 0 .681 

7d 1.529 ·. 34 0.6 

14d 1.148 .633 0 . 914 

28d 0.8134 .377 0 . 519 
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Hydration and hardening processes modeling 

Simulation des processus d'hydratation et de durcissement des ciments 

V.B. TCHERNIAVSKI, 
V.Y. DOUBNITSKI, Promstroiniiproekt, Kharkov, U.R.S.S. 

On decrit ·1u construction et les resultats de fonctionnement du modele de la str ucture 
du ciment du.L~ci et les transformations p~sico-chimiques qui s 1 y de.coulent par rappor·t a.ux 
staaes d 1 hydratation t a:·di ;'s. Le )rin'.: ipe de construction consiste ea c e que les constitu
o.nts de structure du :; i~ent C.urci sont groupes en elements conventionnels reunis compte te
nu de l' unite de leur role fonc tionnel dans le .?roc_essus de forr.;a tion des proprietes du ci
ment durci. 

L 1 objcctif vise ~;ar le travail est d' optimiser les ~)roprietes de construction au c iment 
durci en fonction des conditions du milieu Wllbiant en choisissunt les oarametres initiaux 
de lo. constitution des compositions ciment-ea u. 1 0 source d 1 l.nforma tion pri.ncip::;le sur lei 
dynamique reelle du modele est un ensemble d'etudes physico-chimiques. Par suite du trc.ite
ment statistique des donnees on a effectue 1 1 i dentification des p arametres des equations 
du modele. 

Gur l o. bas e de l a I!le thode ae !.,onte-Carlo on a etudie le fonctionnement du modele et re
solu une serie de ~)roblemes d' optimisa tion de la struc tu.~· e ini ti<.:,le du ciment durci, :Jer
mettant de p:·evoir les proprietes du c irnent dul'ci en :Lonction de l e. compositon de bl:J.se et de 
1 1 inten. Ei i te de l 'inter·uction avec le milieu ambie.nt. 

:.Jtructure and results of func tioning of cement stone texture model s nd transformations in 
the late hydration stages of the cement stone has been described. The ;)rinc iple cf model 
structure is that the structural components of cem;,_. ffl:; stone are groui:>ed together in arbi tru
ry units with regard to their function~l p3rt in the process of cement stone characteristics 
formation. 

C'he purpose of the work1is to opimize cement stone c onstructional characteristics de
pending on t he environmental z; ondi tions by choosing initial parur:ieters of cement-v1ater com
positions. 

The main source of information of the model real dynu.mics is the complex of )hysica l
chemical investiGations. The identification of model equat ions has been developed as ~ re-
sult of data statistical interpreta tion. · 

On the bas e of l· •• onte-Carlo- method, functioning of the model has bee n. studied anc some 
problems on the optimization of cement stone initial structure have been solved, and hence 
there is a possibility of forecasting cement stone charactristi0s a s a function of initial 
coml_) Osi ti on o.nd intensity of interaction i,vi th environment. 
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Later stages of cement hydration taking 
place on the background of intense interac_
tion between cement rock and its environment 
include complicated processes which are hard 
to be described analytically. A number of 
circumstances (multicomponent macro- and 
microstructure, substantial role of distru
ctive phenomena, deforrnation and strengt~ 
characteristics, permeability changing with 
time) define non-monotonous pattern of chan
ge of cement rock propert~es even though ~he 
environment parameters being constant. 1 This 
makes the change of the material properties 
fixed at the end phase of early hydration pe
riod impossible to be formally extrapolated 
to later perod. 

The development of engineering cyberne
tics caused a specific -method of Q.OJ!lplex 
system investigation - simulationl!J. Simu
lation model is an analog of' a complex real 
uhenomenon realized in a computer which per
mits to discuss consequences o:f changes in 
process proceeding conditions and of making 
decisions concerning the control of proper
ties of the system under study. Such a mo-. 
del is peculiar in the p~ocess being descri
bed step by step which permits making ci:an
ges in due time (for control purposes) in 
the ~odel equations caused by a long-term 
existence of the real object. 

In simulating the process of non-hydrated 
binder grains hydration in cement rock no
tions of its structure are used based on 
grouping multiple structural elemen~s accor
ding to their functional propertiesL2]. Per
centage of non-hydrated clinker, slag, poz
zolan, ash, etc. grains is designated as VI' 
percentage of hydrate, formations as v2 , re
lative amount of empty "pores" (excluding 
''gel" pores), capillaries (r~10-7cm) as V 3 , 
percentage of corrosion products and other 
inclusions with sharpiy reduced strength and 
deformation characteristics as v4 • 

Liquid phase in cement rock represented 
by chemically fixed, crys~allizatioi:i, adsor
ption, capillary and gravity forms is taken 
into account while constructing and evalua
ting each of the model elements. 

The processes taking place at later sta
ges of the cement rock existence in the 
form of element interaction are summed up in 
Table I and reflect a creative process (pos. 
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I) and destructive processes (pos.2,3).The 
latter may be subdivided into those inclu
ding removal of elementary volumes v1 ,v2 ,v4 , 
and those including formation (introducti<en) 
of an elementary volume v4 • 

Statistical evaluation of quanti tiv.e 
X-ray definitions ascertained that cX. 12 is 
independent upon the ,kind of clinker mineral 
(c 3s, C~, c4AF, seldom C A) at later stages 
(up to 10 years) of ?ement hy~rat~on in wa
ter sulfate-containing solution in water 
und~r their continious and batch influence. 

Assume all the elements of VI are uni~ 
formly distributed along each coordinate 
axis, i.e. in each elementary volume all.the 
elements are present in ratio corresponding 
to the complete volume; 'connections of any 
element with other elements are continious 
and mutuallyindenendent. Change of element 
v 3 is ascribed both to the transformations 
of V7.. and V. 3· as noted in Table I and to 

..;i 1 
the compensation of volume expansion du~ing 
transformations of other elements. The in
tensity of interactions is invariant rela
tive to the coordinates of an elementary 
unit volume and the macrovolume. The process 
::s viewed upon as determined and monotonous 
on a segment. 

The efficacy of the model proposed has 
benn verified on real objects (cement rock, 
concrete). Close connection between change 
of cement rock strength in time and change 
of the model components percentage has been 
established [2]. To evaluate prognostic prcr 
perties of the model of cement rock as the 
main component of concrete . vect~~ are for
med which include R, VI, v3 , 0 v 4 t3J. The de-
gree of destruction of ~he material is pro
posed to be defined as V 3=v 3+v 4 [4]. It has 
been shown that at the stag~ of destruction 
(irrespective of the type of binder) the 

~ -.. - -. vectors v 1 = (VI,v3) and v 2 = (R,VI,v3) are 
statistically undiscernable [5]. 

In praetice cement rock in concrete is ne
ver isolated from the environment which in
fluence upon the intensity of transformation 
of cement minerals at later stages of exis
tence of cement rock by accelerating hydra
te formation pers ec as well as by partial 



Position Diacription of a 
procesa of structural 
elements interaction 

Transformation of VI 
1 into v2-v12'volume 

increased 

Trarusformation of VI' 
2 v2 ,v4 i~to v3-v13, 

V 23' V43 

Transformation of VI, 

3 v 2, v3 into v4-v14, 
v24 ,v34, volume pre
served and/or increased 

Table I 

Process formalization, 
rates of transformations 

Elementary mutual
ly independent 
transformations for 
time At 

.av1 -av3 
~v2 ·-dV3 
LiV4 ._.~V3 

D.V1 - K14.6V4 
!:J.V2 - K246V4 

AV3 -K34 6V4 

Intensity 
ot trans
f orma ¥ i o.D1 

xx: - AV _ 
d1j = --

At~o 

-d13 = d31 
-tl-23 = ~32 
- ~3 = 7"34 

- 1/(..14 = ~1 
- o<.-24 = d-42 

-~4 = !?043 

x)Kij - factor of volume change during transformation of structural elements (O<k <I) 
xx) positive values of ij are ascribed to increase of the component designated with 

the first index 
transformation of anhydrous combination in
to corrosion products. Naturally a .period 
comes when the store of non-hydrated cements 
becomes insufficient to restore the proper
ties of cement rock. From that time on bei~ 
in contact with corrosive environment the ce
ment rock begins to destroy irrevetsibly. 
T0 simulate this process dif'ferential equa
tions of transformation• of vi into vj are 
drawn taking into account ~j - the value 
proportional to the intensity of the corres
ponding traneformation. 

v (a) _ v (m-1) _ ~ v (m-1) _ (/., V (m-1) 
2 2 - 12 1 23 2 

·""(m) ,_ <m-1) cJ. <m-1) + ~ vHr) 
V 3 -V 3 = ' 13V 1 23 2 

Equation (I) . is a step:ped app~oximation 
of a system of equations \I) in L2]. Assume 
that step of division m corresponds to the 
time interval between two subsequent measu
rements made b¥ petrographic method and 
method of isothermal desorbtion. 

Physically the values oe12, ot...,3, ~3' are 
not mutually independent because transformat 
ions V 1 V j are simultaneous and non-simple. 
Thia fact i• formally reflected in indeter
minate form of thesy•tem (i) whose aolution 
is a function pf any one of three values 
o(ij• ~ simultaneous estimation of these 
valuea experiAentally without additional 
computing operations is impossible. There
fore, the values of o(lj are defined by le -
ast square method with a lµaitation.The 
value of Vi on each sample wa• defined ex-

perimentally by planimetric method using 
transparent flat-parallel samples [?Jmade 
of cement rock. Mineralogical composition 
of cement is given in Table 2. 

Let l.l V~m.) = V~m) - V 2 (m-1) 

and 
/_\ ""v' (m) = ~v(m) _ v (m-1) 
- 3 3 - 3 

Then the criterion of least square me
thod for each line of' system (I) takes form: 

u1 = ~ (.12p(m.) -<~1· 2v1<m-1) -j.2(!3)))2-.min, 
P-1 p - . (~ 

20 
u

2 
= L~ (Li(m)_ (o( -v<m.-1)+ l/((2)y(a-1))) 

p=1 3p ~13 1p ' 23 2P . 
~min · C3) 

The solution comes to the problem of de
finition on a conditional e:xtremum with a 
limitation represented by equality 

u1 + a2 ---, min (4) 

at ~1) _ 2(2) 

cX 23 -r123 
(5) 

The symbol (*) designates an estimate of 
factor 0'( 23 obtained separately for each 
equation (2) .and (3). 
The results of computing the valuesolij 

in fraction• of' a unit are given in figure 
1. It is obvious froa thi• figure that in 
the course of prolonged contact between ce
ment rock and the acti~e environment three 
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Table 2 

Position Codes name Mineralogical composition (weight percent) 
of cement - f 

---;:~--- ---~--~---- -~~~~~~~~~~ ~~~~~ ~~~~; ~~~~~~~~~~ 
---------r---------~1------~------ ~~- ---~-1---------------2 ~ B 58,6 I 1? ,9 2,9 15,5 5,0 

~~~--~~~~~~~~- -~~~-~~~~~-~~~-- ~~~~~~ ~~~~-~~~~~ 
stages of the process of structural change 
for the period corresponding to late stage 
of hydration can be observed. 

Stage I: ma~nly . c}'eatioq when 
o<.12> ,~3 + .J(,23 

Stage 2 : mainly equilibrium when 
~12.r;:t.,,'\.13 + ~23 

Stage 3: mainly destruction when 
.?<.12 ~ol13 + r:l..23 · 

The existing methodp of experimental defi
nition of the value dij permit only to obt-
ain a total esti.JJlate of v1 transformdtion 
into v2 and v3• Diff~rentiation between the
se processes being limited to linear cases 
became possible to be achieved at only owir:g 
to the use of methods-of calculation mathe
matics. 

The simulation being performed it has 
been ascertained that the time of preser
ving useful properties in cement rock sub
stantially depends upon the values:7'.1 j' 
Under such con'ditions the structure of the 
material at each stage ia in strict compli
ance with the relation between elements of 
the model V • In order to define the area 
of initial ~tructural parameters of cement 
rock providing the preservation (taking in
to account the reeatablishaent caused by tb! 
transformation VI> V 2) of its strength pro-
perties the problem of optimization of the 
initial composition of cement rock interac
ting with the aciive env~ronment is solved. 

Using transformation v3 = v3 + v4 present 
teh system of equat1ons (I) in the form 

t . (V2(t) + .[ ~o(12(t) -0"'23(t))at = v2(t) (6.'t 

f3<t> + l c~3<t> + ~3<t»dt = ·v3ct> (G.2> 

' f"J 
~1 (t) - 1 -(V2(t) + v3(t)). (6.3) 

AHume that in any given moment the condi
tion o·f the system is defined by vector 
~ 
V(t) = (V1(t), v2(t), v3(t)) condition 
being that · 

V1(t
0
)>0; i = 1, 2, 3. (7) 
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The main carrier of the strength proper
ties of cement rock is element v2• Tkerefo-
re, it is necessary that by the requiredmmo
ment t= '7: the percentage of element v2 in 

~ij~·C_m) ________ ~~~------~ 

0,05 

0,04: 
I 
I 

0,03 I 

0,02 

0,01 

0 

0,02 

o(,12 

--- _ cement A 

cement B 

> 
cement H ,,_ ....... \ 

i \ . \ 
I \ . \. 

.......... ' -.... ~_ 
·""·----=---:.::. ::_ 

·~·--·~., ., o(13 

~~-- ., 

o,O: ·k-:~;~;~--~:~AH:--~r=~j 
7 142&42 '70 100 140 184 ~ JOO Ce 

o 1.2.3. 4 5- 6 7 8 9 10(m) 
Fig. 1. Values CX.. ij (m) at tt:ie latest period of 
ceill8Il.ts hvdra:tatiac. in acti w medilml after n cyc
les, m s-Q,ps 

the material was maximal. Accordingly, the 
limitations (.3) and (7) being kept to t

0 
t in all preceding interval of time. 

In this case the purpose function 
L ::1. V 2< t = 1;') ~ max. (8) 

The conditions (6,3), (7),(8) aay be sa
tisfied by the linear programming method.A• 



a result such values of initial composition 
Vi(t

0
) are abtained which provide the beat 

operating properties by the required moment. 
Any deviation from the optimum values causes 
only a decrease in percentage of V 2( t= ·?:) • 

We have optimized the initial correlation 
between elements of Vi(in fractioµs of a 
unit) cement rock in conventional heavy 
concrete preliminarily hardened under usual 
conditions of temperature and humidity, mBde 
on medium-aluminia alitic cement and placed 

1,0 

0,9 

0,8 

o,7 

0,6 

0,5 

o,4 

o,3 

0 
0 

0 
0,2 0 

8 
0,1 

0 8 

Rf 

0,5 

0 L--2.____._4_6....__8.___10y. 
0 
0 0 

0 

0 
'o 

0 
0 

0 
0 

0 
0 

0 

0 

0 
0 

0 

0 
0 

0 

0 0 
0 0 

8 0 0 0 0 

0 

0 

0 

0 

0 ~ 0 0 0 v 
....... _._~...___._~_._~~_._~_.___.~-----.J 3 

1 2 3 4 5 6 7 8 ' 9 10y. 

Fig. 2. Valwts of Vi (tJ brovid:ing v2(t) max by the 

time asauned by optimizing: a) values Rf to tbe sa
me times 

into a sulfate-containing solution. NUJReri
cal values of factors dij(t) are chosen on 
the basis of their identification in system 
(3) and statistical simulation 6 • The ex
tent of the time intenal co.n.forms to con
dition v2 max wy 1,2 ••• 10-th year the step 
of division being I ·year. The results of 
solution are presented as a corridor of 
permissible values expanding with the cour
se of calculated tiae (Figure 2). 

As we see, the duration of the period of 
achieving condition v2 (max) under present 
conditions is deffned by the non-hydrated 
stors factor Rf=~ (Figure 2a). The shor-

2 
ter is the period of achieving v2 max the 
lasser is .Rf which corresponds to a high 
degree of hydration. On the contrary, the 
longer is the planned term of service of 
the material the larger should be the non
bydratee store 4'nd Rf I. 

Therefore, the results given permit to 
assume that the proposed simulation model 
reflects reliably (in statistical sense) the 
diversity of creative and destructive pro
cesses in cement rock at every stage of its 
existence these processes being presented in 
a generalised form. The transformation at 
arry model element vi into vj is treated in-
dependently of a given mineralogical compo
sition of a property carrier the influence 
of ' environment b~ing expressed only in va
lues dij irrespective of the mechanism of 
process similarly to the estimation of a 
system phase condition as used in phenome
nological thermodynamics. 

T.he authors are grateful to Professor 
O.P.J4chedlov-Petrosyan for continious atten
tion and support of the work for many years. 
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Sur la composition des produits dihydratation 
des hydroaluminates et les hydrogrenats de calcium 

· et de magoesium 

On the quantity of hydroaluminates and hydrogarnets of calcium 
and magnesium dehydration products 

V.I. KORNEEV, 
G.N. KASSIANOVA, lnstitut Technologique Lensovet de Leningrad, U.R.S.S. 

D:..tns l e rapport de s t a nd pr e sente on a expose les pr oblemes de deshydratation des hydro
,l lwnin~ t os et des hydrogre nc t s de c a lcilllil. et de magnesium; Par les me thodes d' a nalyse ph si
c o-chimi que on a dernontre l'exi s tence en qu&lite du c ompose ch imi que individuel de la pn~se 
de l' hyc1ro a l w;iina te de calcium s es q_uih:,·drate, on a e tudie ses caract{n 'istiques physico-chi
m. i c~uc s on a ds· . .; ermine l a composition des phases intermediaires qui se forment lor s de l a 
d8shydra tation partielle de s hydrogren<:J. t s de calcium et de magne sium. On a montre dnns le 
truvc. il que 1.::::. composition des composes de calcium qui se forment depend de ·la teneur de 
1 1 hy d.L · o gi, ~nut en Si02 : jus q_u' a 0, 1-1- mole ;:; de S;i.02 la composition del c:. phase c orrespond a l a 

fo:.:mul e Cy;.Bx1I1 , 5-2X; p lus ue O, L~ de S/0 2 , a c3ASx1f1 , 5-x• Dans l es hydroalumina tes et les 
hydr o::;r cnats (e magne sium l ' evacuation de 1 1 ea u s e :t'ait e ga l ement e n deux stG.des. L ;.:: composi
tion de· l' hydrodluminut e oe oagne sium par tiellemont de s hydr a t e correspond a l a formule 
5i•;.50•A13o

2 • 
3l1f· . L' int eraction des pha ses p c:.rtiellement deshydratees avec de l' eau donne les 

p:i:odu i ts de depart. 

··cues ci ons of hydroalwnina tes o.nd hydrogarnet s oi' calcium and mo.gne s ium dehydration are re
ported. :Iii th t he help of physic a l-chemical analysis the existence of sesquihydrate calcium 
hydr oalwuinate pha se as a sepur a te chemical compound ha s been proved, its physical-chemiaal 
c h::J. r ucteristics have be en studied; composition of intermedic'it e phases producing a t partial 
dehydration of hydrogarnets ol calcium a nd m~gnesium has been determined. Composition of 
~1:-e Te:sulting calcium . ??mpoun<;J.~ depends on the Gi02 ,content. - ~n hydroga~net: up to. 0 !4 mol 
0 ~02 --- phase compo s1~1on c3A0xH

115
_ 2xt more than 0,4 mol ~io2 --.. pna se compo s1t1on 

c3asx1r1 , 5-x. Dehydra tion of magnesium hydroaluminates and hydrogaI·nets ha::; two stages too. 

Corapo s i ti on of p artiGlly dehydTa ted rrw.g.nesi um hydroalumina te is ,3fog0 • .A1 2o3 • 3H2o. Partially 

dehydra ted phase s , on inte.2action with water, produce initia l products. 
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Les donnees disponibles sur la composi
tion des produits de dissociation thermique 
de_l'aluminate de calcium hexa~drate cc

3
AH6)sont contradictoires: il· existe deux 

points de vue sur ce processus qui se dis
tinguent par l'evaluation de la possibilite 
de la formation ~·un compose intermediaire 
de composition c3AH1 , 5 , l'alum.inate de cal-
cium sesguipydrate. Ainsi, d'apres les don
nees (1 a 3) ce compose existe, a un indice 
de refraction de la lumiere de 1,543 et les 
caracteristiques radiographiques proches 
de celles pour c 1~; d'apres les donnees 
(4 a 6) on propose le schema de deshydrata
tion suivante: 

330 00 
7(C3AH6) c1iL7 + 9Ca(OH) 2 + 33H2o 

500 ~c 
Ca( OH) 2 ---- Cao + H20 

Ca(OH) 2 libre etant fixe par lea auteurs 
par la m'thode a l'~thyle-glycerine. 

Pour elucider un ensemble de problemes 
lies a la composition des produits de dis
sociation thermiqµe des solutions solides 
dans le systeme c3AH

6 
- c3AS3 on a etudie 

(12) les grenats de calcium hydrates avec 
la teneur variable en Si02 (O,O a 1,13 male). 
La composition chimique des grenats hydra
tes est donnee dans le Tableau I. 

Les grenats hydrates utilises dans le 
travail sent monomineraux a 92-97%. Les 
phases etrangeres sent representees par lea 
hydrocarboaluminates. de calcium de composi
tion 3CaO•A12o3·caco3 .11H2o, le carbonate 
de calciUlll, plus raremen~ par Ca(OH) 2.La 
caracterist~que physico-chimique de ~~-4= 
= 2,52 g/cm3, N = 1,600 1 les· maximums de 0 
diffraction pour d/n=5,1; 3,34; 2179; 2,28A 
de la bande d'absorption dans le domaine de 
540,800 et 3670 cm-1 correspondent aux don
nees de reference. Dans les grenats de cal
cium hydrat~s l'indice de refraction de la 
lumiere croit avec la teneur en Si02 (7), 
les maximums de diffraction sur les radio
gramm.es se deplacent vers les angles 2~ 
plus grands, les effets endothermiqyes sur 
lea thermogrB.JDJlles se deplacent du co"t2des 
hautes temperatures, ce qui temoigne d'une 

plus grande force de liaison de l'eau dans 
les grenats hydrates par rapport a 3CaO• 
_-A1 2o3•6H20. 

L'analyse des produits de deshydratation 
(8,9) a montre que dans l'intervalle de tem
pei,:ature de 300 a 450 00 la phase :prMominan
te est representee par l'aluminate de calcium 
sesquihydrate. Les preuves de 1 1 individuali
te du compose obtenu se reduisent au fond a 
la demonstration de l'absence dans lea ag
glomeres de Ca(OH)? libre, car la synthase 
directe a partir des oxydes d 1 alum.inate de 
calcium sesquihydrate est pratiquement im
possible. La reaction microchiJnique de Watt, 
la determination de Ca(OH)2 libre par les me-
thodes de Franke et d'immersion n'ont pas re
leve de presence de Ca(OH)2 ; il s'est avere 
que le melange ethyle-glycerine decompose 
3CaO•A12o3 •1,5H2o : un des produits de decom-
position est represente par Ca(OH)2 que cer
tains auteurs (5) prenant par erreur pour 
phase primaire de la dissociation thermique 
de c3AH6• Sur les radiogrammes il n'y a pas 
de maxi.mums de diffraction caracteristiques 
de Ca(OH)2 • L 'hypothese sur 1 1 identification 
eventuelle au lieu de c3AH1 ,

5 
des solutions 

solides de c1zA?-Ca(OH) 2 ou sur la presence 
dans la composition des phases en cours de 
formation. des microcristaux d'interpenetra
tion de c3AH

6 
de base n'est pas confirmee en 

partant des valeurs de *'indice de refra.cti.on 
de la lum.iere (il doit etre.de beaucoup su
perieur a 1,543) et de la dsnsite de la 
phase r C ·AH = 2,40 g/cm (ce qui est 

3 1,5 
beaucoup plus petit que pour des melanges 
bypothetiques probables). La chaleur de dis
solution de la phase obtenue (dans le melan
ge des fCides nitrique et fluorhydrique) est 
de 548 - 2 C/g, ce qui est inf'erieur aux 
chaleurs de dissolution des melanges .meca
niques c12~ et CaO (653 % 15 C/gJ, 012'-7 
et C~H)2 (587 *12 C/g), airisi que de c1 t-7 
et de CaO obtenus par cuisson de c3~ a 
700 °c ( 609 t 10 C/g). Une preuve supplemen
taire de l'individualite de la phase c3AH1,5 
e~t la formation~ar son hydratation de 
o3AH6 tandis que l'hydratation de C1-;f7 don-
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------------------------------------------- -- - - -------------------
Composition des composes dans une serie 

Chiffre Teneur en oxydes, % Formule du mineral, 
------r-----n. n. n. Cao 

G - 0 29,14 44,5 
G - 1 26,1 42,4 
G - 2 21,8 43,07 
G - 3 21,78 41,86 
G - 4 18,34 41,66 

~-=-~-----::~~:_l:~~~o 

Z7,0 
25,75 
25,21 
24,62 
24,6 
25,16 

3,8 
8,02 
8,75 

13,49 
16,75 

ne naissance aux aluminates de calcium _py
drates hexagonaux. Tout ce qu:i vient d'etre 
dit sert d • une preuve assez sure bien qu' in
directe de l'individualite de la phase d 1allr 
minate de calcium sesquihydrate. 

Lors de la deshydratation des grenats de 
calcium hydrates de composition c3AS;i6_2x 

pour x jusqu'a 1,13 a la temperature du 
premier effet endothermique il se forme 
des phases du type de l'aluminate sesqui• 
hydrate qui se distinguent de ce dernier 
( 12) par la composition et le domaine1 de 
stabilite thermique. Dans les grenats de 
calcium hydrates, surtout avec la teneur 
elevee en Si02, une partie de silice se de-
gage par cuisson sous forme d'une phase au
tonome dont 1 1 indice de refraction est de 
1,480 a 1,490. La teneur en Si02 etait de-
terminee quantitative,ment p'ar les methodes 
d'analyse chimique et~trographique etpi:-ise 
en consideration lors du calcul de la compo
si tio~ des phases. Le schema de decompositi
on de§ grenats de calcium hydrates (exemple) 
peut etre represente de la fa~on suivante : 

400 oc 
3CaO•A1203•0,93 Si02•4,24 H20 3Ca0• 
·Al2o3.o,68 Si02•0,68 H20 + 0,25 Si02 + 
+3,56 H2o. Les formules des phases qui se 
f orment apres le premier stade de deshydra
tation sent donnees dans le Tableau II. On 
a etabli que les grenats de calcium hydra
tes avec Si02 jusqu'a 0,4 mole ferment des 
phases partiellement deshydratees de for
mule generale c3As;r1 , 5_2x; si la teneur 
en Si02 depasse 0,5 mole la compo~ition des 
phases f ormees correspond a la f ormule 
C3AS:x111,5-x. 

Les aluminates et les grenats de calcium 
partiellement deshydrates sent ~tables dans 
1 1 intervalle de temperature assez ·· etroit et 
lors du chauffage au-dessus de 450 oC il se 
produit la decomposition de l'aluminate hy
drate avec la formation de c 1~et de Cao, 
qui est fixe par les methodes chimique et 
radiographique. Ces phases sont stables dans 
1 I intervallede 500 a 1QOQ OQ t lOrSq_Ue la 
temperature ,s • eieve ( 1000 a. 1300 OCJ il se 
forme dans les agglome~es c3• qui devient 
la phase principale a 1200-1300 °c. 

Lora du traitement thermique des grenats 
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TABLEAU I 

de calcium hydrates avec un faible degre de 
saturation en Si02 c'est la phase de compo
sition c3As:x:111 , 5_2x qui est stable dans 
l'intervalle de 350 a ~50 °c et qui se deccnr 
pose au-dessus de 450 C avec la formation 
de Cao et de c 1~. Lors du traitement ther-
mique au~dessus de 1000 °c il y a formation 
d~ns les agglomeres de c3 A ,et de la gehle
nite. Dans les grenats de calcium hydrates 
avec une grande teneur en Si02 (> 0, 5 mole) 
a 500 °c les phases partiellement deshydra
tees avec l'indice de refraction de la lu
miere de 1,590 a 1,600 se conservent comme 
phases principales, elles sont egalement 
predominantes ~ 550-600 oC; la part de 
C1:f7 forme grace a la decomposition partiel-
le de c3ASx1f1 5

_x ne depasse pas 10 a 15 %. 
' , , Aux temperatures plus elevees on observe 

une decompcreition sensible des phases inter
mediaires, ce processus etant plus intense 
dans le grenat hydrate avec une teneur ele
vee en Si02 (1:13 mole). Les produits de de-
composition des hydrogrenats partiellement 
deshydrates aux temperatures elevees (1000 
oC) sont la gehlenite, c3A, Cao, c 1~7 • 

On a procede a des etudes analogues avec 
l'aluminate et le grenat de magnesium :q.ydra
tes 3MgO •Al203 ·8H20 et .3MgO•Al203 •Si02(8-2x)• 
~H2o pour x = 0,2 et 0,5. Les composes uti
lises sont monomineraux a 85-93 %. Les corps 
etrangers sent 1 1 hydrocarboaluminate de ma
gnesium, MgO et Mg(OH) 2 • Surles radiogram-
mes les maximums de diffraction les plus -
Erononces pour d/n = 7,42 a 7 975, 3,76 a 
3,81, 2,54 a 2,56, 2,26 a 2,28 l appartien
nent aux aluminates-grenats de magnesium 
hydrates.L 1 indice de refraction des alumi
nates de magnesium hydrates est de 1,505 
a 1,515, pour les grenats hydrates il s•e
leve jusqu•a 1,525-1,5~. En comparaison 
des aluminates de magnesium hydrates lea 
grenats de magnesiuni hydrates se caracteri
sent par le deplacement sur les thermogram
mes des effets endothermiques lies a la de-. 
shumidification vers les grandes temperatu
res et par le deplacement des maximums de 
diffracti~n principaux dans le domaine des 
moindres angles 2&. 

En etudiant lea processus de .d·eshydrata
tion de l'aluminate et du grenat de magne
sium hydrates on a etabli que la deshumrdi-



TABLEAU II 

----------------------~~~~:~~~~:;:i:~~~~--~~~~~~~:~!;;~~~~:::~::~~~~~1-
--------- ------------C hiffr e Temperature Composition des Indice de refraction 
'du grenat du premier produits de deshy- de la lumiere 
hydrate effet endo- dratation partiel-
de ~ase thermique le 

sur la cour-
be ATD 

~-=-n---- --3b00_______ ---c~1-5------------ --~~4~--------~-----------------~ 

G - 1 340° C~Aso'07H1 15 1,551 a 1,557 
G - 2 

G - 3 
G - 4 

G - 5 

0 ~ ' ' 
360 C 3AS0 37Ho 7 5 

380° 
I 400° I 4400 . I 

' ' 
C~AS0,44H1 ,O 

C 3AS0 68HO, 68 
0 2,8A$0 ,79Ho,72 

------~--------------------------------------fication avait lieu en deux stades. Notons 
qu'au premier sta~e on evacu~ 5 molecules 
d'eau et au deuxieme les trois molecules 
restantes, ce qui ne s'accorde pas avec les 
donnees disponibles (10, 11) selon lesquel
les au premier stade on evacue 7 molecules 
d'eau et au deuxieme, 1 molecule. 

D'apres nos donnees, apres le premier 
stade de deshydratation (300 oc) il se for
me dans les agglomeres, en tant que phase 
principale, les aluminates et les grenats 
de magnesium partiellement deshydrates ra
dioamorphes ayant l'indice de refraction de 
la lumiere de 1,545 a 1,555. Ces phases sont 
stables dans l'intervalle de temperature 
jusqu'a 450 oo. Aux temperatw;:es plus ele
vees (500 a 900 oC) il appa:rait dans les 
produits de traitement thermique, a cote de 
MgO, la phase intermediaire radioamorphe 
dont la composition n'est p~s determinee .... 
L'indice de refraction de cette phase croit 
avec l'elevation de la temperature jusqu'a 
900 OC de 1',545 a 1,620 pour l 'aluminate de 
magnesium hydrate et de 1,555 a 1,630 pour 
le grenat de magnesium hydrate avec 0,5 
Si02 • Dans l ' 'intervalle de temperature de 
900 a 1300 OC les phases principales sont 
representees par le periclase et la spinel-
le. ... 

Lors du gachage par l'eau des aluminates 
et des grenats de magnesium partiellement 
deshydrates il se produit une formation 
tres rapide des alumi~ates et des grenats 
hydrates qui ont la meme quantite d'eau 
chimiquement liee com.me ceux de base, dans 
les grenats de magnesium hydrates 1 1 indice 
de refraction etant inferieur a celui de 
depart' ce qui est lie a la separation par
tielle de Si02 a partir des grenats de ma-
gnesium hydrates par leur traitement ther-
mique. · 
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Precisions pour la methode o< d' estimation des para metres 
de la structure poreuse du ciment durci 

Method of the cement s_toneporous structure parameters 
·estirrmtion ·o< ·improvements 

· G.I. GORTCHAKOV, 
O.A. MARKOVA, 
L.P. ORENTLIKHER, 
0.0. PEREBATOV A, lnstitut des lngenieurs du Batiment Kouibychev de Moscou, U.R.S.S. 

Les t r o.v ;· UX ex::.0 ·, r1me n-c au.x des dernieres G. nnees c ont i e nne nt de nouvelles donnees obtenues 
p c:.r le s r;i.esu1°e s di:cectes ; Ces do nnees 9ermettent de i 0 ec a lculer l e s 9 arametres num.eriques darn 
l ss foi0 mules se:cv V-nt a u calcul des voLunes de '£)o:ce~~ c1e :.J d iff(~:cents groupes, utilises p our 
! ' evaluat ion de l ~ r~si stance ~u ge l des pro duit de ciment . Il s'est av ere p ossible de pr~ci
ser ~galement l a cl~ssification de s por es. Il y a une pos s ibilite de c a l culer s'parement les 
volw:..1es de po1°es du 0e l et de s inter v alle s interlam.ino. i r· es des cristau.x de sa pha se solide 
rc:....p lis :po.r de 1 1 eau f ac j_ le L ev ac uer· . Le volume de p or es capilla ires est calcule c omme som
me des volumes de l 'eau q_ui n' a pas reag i et d u volume libere par l a contruction. Le volUL'.l.e 
de c ontr<::.c ti on es t considere en t ar1t c,; ue r 6serve de l a r esistance au gel; il n' est 9as asso
-:; i .!; comne <J.uparav c.nt :0 un f;roup e de poI'es determine mais il est interpr ete comme deficit de 
volume de l' euu disposi.ole d<.ms l es Po/_'es c al_) illaires, de d8ficit ap9<nais s o.nt per suite de 
l a c-:: ontra ct i on s i l'eo.u n ' urr ive pas ae l'exterieur. 

Le s )l.' r'ec i si.on::::; ;:i ro pose es corre0,:) onder1·L plus comple tement a ux c oncepts a.ctue l s de la struc 
t; _·,...:·e z.'. U C illiellt cl ll::.''C i et ) 8-Lle t -c;·-:_r:!t d I e l ev er l a fiab i li t e du prOUOStiC de 1 8. resistance 0. U 
e:;e l. 

l'~ecent \':orl:s conto.in new dG.t a. res ulting :~ rom dirc~ct rnea sui ·ings. These de:. t a a llow T ec a lc u
l 2ting the numerica l parameters in fo r mulae for volume c a lculation of different .;roups of 
p ores. ~he formulae are used for frost-resist ance est i mation of cement articles. It turned 
out po ssible to i rJprov e a lso p ore closs if ication. The possi~lity exists of calcula ting se
)S.r:;;.t ely v olUIDes of ::;cl pore :; and crystalls interlayer gaps of its solid phase ~ the c;ap s 
being :: i ll e d v:i th re ud :i l;y :~·omovable water. The volum.eoof capillar :r;rn :.·es is t he sWJ of the 
un:r:·el.ic ted v:ater volume 0nd the v olume being releused du.rin5 con-tri:lction . Contra ction volume 
is cons i dered as a frost-resista~ce reserve, but is not ascribed, ~ s e arlier , to the defenite 
c;rou;; cf po ·es, it is looked upon a s a volum.e de f' ici t of wuter av ;.;;.i l able in cu.pill a r :)OJ.:•e s 
arising because of contr ei.ction in tne 0.bsence of we.ter c oming externally. 

lhe improveLl~nts ' rop osed comply in more detai l wi th modern views of cement stone st~uctu
re, the ;;- c l l ov1 f or increo.sing the fI·ost-resistance f orec as t reliability. 
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HEICEt.Sr! P'Y..,;; ~ n .;;; ;,;; 
., .... -~r.:M •.:~MEt•fT A~'Tle " •Gese 

La technologie d'obtention du ciment du.r
e! compact s'appuie sur l'analyse de sa 
structure poreuse, qui se fonde sur 1 1 utili
sation des valeurs eXperimentales du degre 
d'bydratation du ciment~(proposee par 
G .I .Gortchakov en 1964 fl,2) ) .Cette methode 
de ae~ermination de la porisite de groupe 
doit etre developpee et precisee vu l'accu
mulation de nouvelles donnees scientifiques 
ayant trait aux concepts et aux grandeurs 
formant la base de la methode. 

Considerons les nouvelles donnees obte
nues par R.F.Feldman et T.K.Powers. En met
tant en jeu les methodes specialement elabo-
rees dans une experience montee de fa~on 

soigneuse Feldman etablit la densite de: a) 
la phase solide du gel de ciment saturee au 
maximum en eau interlaminaire, .P(a) = 
2,35to,01 g/cm3; b) l'ossature siliceuse de 
la phase solide du gel qui reste apres 
l'evacuation a 'partir du gel de 13eau lors 
du sechange D,.ftb)=2,51*0,01 g/cm [3J. 
Powers construisit un diagramme tres impor
tant permettant (voir fig.1) la determina
tion directe des caracteristiques pbysico
chimiques necessaires du gel de ciment. Le 
point A sur-ce diagramme represente la pier
re de ciment qui ne se compose que du gel, 
ce dernier etant caracterise par la teneur 
minimale en milieu de dispersion. Le diagram
me nous montre qu•au point A correspond . 
E/C = 0,38; Wt=0,45; We=0,2250 Eb prenant 
1g du ciment + 0,38 g de 1 1 eau on.obtient 
le ciment durci comprenant le gel A (c'est 
ainsi qu'on notera le gel dans ce qui suit) 
de masse de 1i45 g.La quantite d'eau supple
mentaire (o,o~ g) au-dessus de 0,38 g est 
prise (aspiree) par le gel du milieu ambiant. 
La teneur totale en eau est Wt=0,45 g. 
D'apres Powers, le volume de 1,45 g du gel 
obtenu est egal a: . 
VA=0,315 cm3/g•1 g+0,99 cm3/g•0,38g=0,691cm3 
(0,315 cm3/g est le volume

3
; SJ>ecifique du 

clinker de ciment: 0,99 cm /g le volume spe
cif(ici..ue de la solution d 1 aqueuse saturee de 
Ca OH) ) • 

D•a~es les donnees deja citees de Powers 
1g du· ciment hydrate fixe W

8
=0,225 g de l'eau. 

eYaporee si la saturation est totale. Dans 
le calcul du volume des pores de gel v3 di-
visons 1 1 eau We en eau interstitielle au 

• .~ :., I;; LLSCHAFT 
f•tsontittj tind Beratung 

~ W/C 
0 0,38 

t 

0 ~~~~~~~~~~--~~~~~~--
0, 45 

.W/1S) 

Fig. 1. DiagL"amile de powers 

sens propre de ce mot et en eau interlami
naire. Utilisons a cet effet les donneesde 
Feldman et ecrivons pour la phase solide du 
gel: 

2,51(1-x) + 1,25x = 2,35. 
On en tire : 
(1-x), la fraction du volume de la. phase so
lide du gel, associee a l'ossat~e siliceus~ 
x, la fraction du volume de la meme phase, 
associee a 1 1eau interlaminaire 

(1-x) = 0,8?3 et x = 0,127. 
Trouvons encore le rapport entre 1 1 ossature 
siliceuse (OS) et l'eau interlaminaire (EI) 
d'apres la masse : 
OSIEI=2,51(1-x):1,25x=o,219:0,016, 
ou1,25 est la densite de l'eau occupant les 
interstices entre couches dans les cristaux 
de la phase solide d'apres Feldman!?]• Cal
culons maintenant la auantite de l'eau in
terlaminaire liee a lfossature siliceuse du 
gel A: 1~6';~~~1§-0,081 g; 

Ainsi dans le gel 
1.1,225+0,081=1,306g - la phase solide a 
lf!tat sature en eau (i.e. avec l'eau inter-
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laminaire), 
2.o,225-o,oa1=0,144g - l'eau dans les pores 
du gel. Le rapport des volumes est alors 

1 ~06 - 3 
---.l~---3 -0,556 ca - le volume de la 
2,35 g/cm 
phase solide du gel saturee en eau, i.e. 
comprenant l'eau interlaminaire, et 
0,691-0,556=0,135 cm3 - le vrai volume des 
pores du gel; designons-le par v~.:vrai a la 
difference de v3 comprenant le vo'Iume des 
interstices entre couches de la phase ao
lide. Faisona le bilan. Selon le calcul ef
fectuee, le vrai volume des pores de gel se 
definit par la formu~e 

v3 ,vrai = 0,135o(C cm3 (1) 
sans perturbation de cette valeur par 1 1 in
troduction dans cette derniere du volume 
des interstices entre couches de la phase 
solide du gel. En cas de necessite on peut 
calculer v4=0,065~C qui est un volume des 
interstices entre couches de la phase so
lide du gel, occupes par l'eau de crital
lisation interlaminaire si la saturation en 
eau de cette phase est totale; on peut cal
culer egalement v5=0,556d.C qui est un vo-
lume de la phase solide saturee en eau du 
gel. 

Passons a la contraction. Le volume de 
<?ontraction V.., est dAterminee d ~ apres ~, 2] 
a l'aide de ~la fonnule 
V 2=E-(m-1)v 

0
o(C-(E-Wt<X'C)=( v c +Wt-mv c)olC, (2) 

OU m est le coefficient montrant l'accrois
sement du volume lors de l'hydratation et 
de la transformation en gel d'un gramme du 
c iment; v c - le volume spec if i que ·du c iment. 
Trouvons d'apres les donnees de Powers 

m = Q.i.§~:L~!~- = 2, 19 3 ~ 2, 2. 
0,315 cm 

La meme valeur etait utilisee egalement 
dans fl, 2] La formul~ ( 2) et ses coefficien"tl3 
n'ont pas besoin d'etre precises. On peut 
seulement simplifier l'expression (2) en 
substituant les valeurs numeriquesvc = 
=0,315 cm3/g, Wt=0,45g par 1g du ciment, 
m=2,20; on a dans c.e cas 

V 2 = 0,07olC. 
En considerant la valeur v 2 il faut preter 
attention sur ce que le gel A aspira du mi
li~u ambiant o,45-o,3a=o,O? g de l'eau 
grace a la contraction. Comme on l'a vu, le 
volume des pores du gel A et v3 ,vrai = 
=0,13,5olC=0,135 cm3, par consequent, 0,07g 
de l'eau aspiree de 1 1 exterieur remplissent 
une partie de ces pores du gel. 

Comme interpreter la grandeur V ? 
La figure 2a montre le s~steme i+c pris 

pour l'experience. Les quantites de E et 
de C sont arbitraires, mais E/C ~ o,3a. Le 
moment ou par suite de 1 1hydratation il 
s •est f orme une certaine quanti te dug el 
est represente sur la figure 2b. Pour plus 
de commodite en a choisi le moment ou il 
s'est forme 1,45g du gel. Ceci donne la 
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possibilite d'illustrer les schemas de la 
figure 2 par les donnees numeriques figurant 
dans le texte. Voyons les changements qui 
doivent survenir a ce moment dans l'echantil
lon par rapport a l'etat initial represente 
sur la figure 2a. 

La figure 2c montre la fa9on dont on di
vise le volume du gel en volume de sa phase 
solide et en volume de ses pores. Sur la fi
gure 2d on a degage du volume des pores du 
gel le volume de contraction V?. Il est mozr.
tre ici comme une partie du vorume des pores 
du gel. Les figures 2e,f donnent la redistti.
bution des masses d 1 eau mobiles dans les 
echantillons de plusieurs annees de Pow~rs. 
Un espace libere dans le systeme E+C grace 
a la contraction fut rempli en fin de compte 
dans les experiences de Powers par 1 1 eau 
liquide aspiree dans ce systeme a partir du 
milieu ambiant. 

Procedons maintenant au calcul du volume 
des pores capillaires V1 • D'apres (1,2] ce 
volume est calcule a 1 1aide de la formule 

V1 = E - .0,5ot.C. (3) 

Le coefficient 0,5 represente la quantite 
d'eau Wt se transform.ant en gel par hydra
tation a•un gramme du ciment. La figure 2 
montre que la formule (3) est 4 preciser. 
Co:mme on le voit sur le dessin, 
V1=(E+vcC)-V 1-~v C t =E-(m-1),(v C. · ge c res e c 
Substituant m - 2,2 et V . = 0,315 nous obte
nons une f ormule simple c 

V1 = E - 0,38<XC. (3•) 

Il est aise de voir que .le volume calcule 
d'apres la formule (3') ne se distingue du 
volume calc~e d 'apres (3) que par ce que 
maintenant il comprend, ce qui est de regle 
d'ailleurs, le volume de contraction. 

La figure 3 montre le passage de E1, 2] aux 
grandeu~s v1 , v2,v3 calculees d'apres lea 
formulas precisees. 
Pour determiner le volume de contraction, on 
peut recomID:~nder encore, ou1(re la methode ot, 
la methoae LG], ce qui peut etre necessaire 
pour des objets dont le volume de contraeticn 
ne se determine pas a l'aide de la formule 
(2) vu l'utilisation de nouvelles additions, 
l'accroissement de la temperature de durcis
sement . de la temperature de durcissement, 
etc. 

Cette determination necessite que l'echan
tillon soit pris sous forme de gros morceaux, 
que l'air soit pompe 4e cet echantillon et 
que ce dernier soit immerge dans 1 1 eau. Ap
rea l'extrac~ion de ces echantillons a nar
tir de 1 1 eau il faut evacuer un exces d1eau 
restant sur la surface de chaque morceau et 
peser une charge d'en~iron 7 a 10 grammes 
de l'echantillon prepare de la fa9on decrite. 
Ensuite il faut determiner pour cet echan
tillon les pertes de calcination en les cal -
culant pour 1g du reste calcune, i.e. pour 
1g du ciment de depart. Ces pertes (nnn') re
presentent les pertes de calcination d'un 
echantillon sature en eau et non pas seche 
comme d'habitude. La valeur de la contraction 
est obtenue par soustraction des rinn' de 
l'eau qui etait introduite daQs la pierre de 
ciaent etudiee au moment de gacbage. iout le 
calcul du resultat de l'analyse peut etre 
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Application of physical-chemical and micromechanical 
formalized models for cement stone pore structure analysis 

Application des mode/es formalises physico-chimiques et 
micromecaniques a /'analyse de la structure poreuse de la pierre de ciment 

DA UGINCIUS, Vniivodgeo, Kharkov, U.R.S.S. 

Le processu.s de form.G. tion et les pro_prietes m6caniques de l a structure poreuse de ln pi.er
re de cime nt sont envisages du point de vue des 11odeles du corps por·eux elostiq,ue de Lacken
zie et dµ ::: h c:\mp re .s.ctif d 'Onsager. Le :n·oces ;us de consolida tion de l a structure ~)u.r diminu
tion de la po.r osite e s t df~crit ;ar la d6-p endance eX') One L1t ielle de Tycli .. ~evi·::;ch. Les p ocessus 
de colma tage des 9ores sont etudies avec utilisation du modele microrheologique de Gutt
Simkhi -Gold et du mode le d 'adsorption pol.ymolec ulaire BET. 
· On a mo ntr§ done que l a rela tion entre ia porosite , les propri~tes mec aniques et les pro

nriet e s de diffusion du c iment durci ueut etre estiF,e e non seulement statistiauement mais 
avec utilisation des modeles fo -c·ma lis~s fondauentaux connus physico-ch '.miques -et micromeca 
nique s. 

The nrocess of f ormation and mechanical n r onerties of cemsr:. t st one ·J ore st. ucture ho.ve 
be en co~sidered taking into account ~accens~y ~lastic porous body modei CL d Onzager reactive 
fie ld model. Th 2 'J r ocess of strL1cture ha rdening with porosity decrea se in is described by 
~ :yshkevich exp onent. The p r oce s s es of ) Ore colma t o. ti on have bee n studied Vii t:h she use of 
r_r :_1t-G imkhy-Go ,_ a microrheologic a l model a nd BET polymolecula r ~dsoi,pt ion model. 

In this way it is shovm that the interconnection of' cement stone porosity, I:lechanic2l 
and diffus i on pro;Jer"tles co.n be est imo.ted not only , stati s tically, but also with v1e11-knoV1n 
basic physica l -chemical 2.n d mic:comechn&ical formo.lized models. 
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When investigation the structure and 
properties of hydrated Portland cement ha
ving polydispersed sponge porous structure 
a number of general physico-chemical prob
lems (a9sorption, diffusion, abovemolecu
lar formations, structural sensitivity of 
~roperties) is inevitably touched upon. It 
i? resonable to consider them using theore
tical and semiempirical formalized models 
describing these phenomena. 

Sufficiently strict analytical conside
ration of porosity influence upon the1 ce
ment stone stress-strain properties is con
nected with insuperable difficulties rela
tive to high structural sensitivity of nro
perti~s ?f defecti~e bodies [1]. ~o eitlma
te this influence Mackenzie modell2.,3/ de
rived from computations based on Frolich 
"sel~-con§i~t~ncJ:7'.' method [,4 J has b~en used. 
The idea L 2] impiies that a single :isolated 
pore in the center of a snhere of real ma
terial with real shear (G) and bulk (H) mo
duli is supposed to be surrounded by the 
s~heri<:al "crust of absolutely dense mate
rial with hypothetical moduli G and H o o• 
Consideration of such model deformation un
der the effect of the homogenious stress 
has given the following dependence. 

G-
0 

-G 50H~+4G0) 2 -G-- = 9Ir+acr---- + AP (1) 
0 0 0 

where, A - the factor taking into account 
mutual influence of structural elements 
(pores). 

Kingery [5] using a number of simplifi
cations on the basis of the dependence (1) 
obtained the simplified formula which ade
quately describes the experimental depen
d~nces E/E

8
:f(P) for a variety of materials 

with the P isson' s ratio ft. =0.5; for the 
cement. stone the assumptionpt=0.3 is in
sufficiently correct, since in this case the 
PoissQn's ratio varies over rather wide ran
ge [6J. On the basis of generalisation made 
by Verbeck and Helmuth [ 7], using data on
Yong' s modulus, the shear· and bulk moduli 
as well as Mackenzie dependence (1) the f~l
lowing dependence has been derived: 

E=E
0

(1-2.18P+0.5 P2) (2) 
where, E-Yong'smodulus of the cement stone; 

E
0

- Yong's modulus of the cement sto
ne with zero porosity. 

The formula (2) is a semiempirical case 
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of the dependence (1) for the idealized ce
ment stone with evenly distributed spheri
cal equidimensional pores. Likewise the ge
neral model (1) the formula (2) is valid 
when P 0.4, since with greater P values 
interaction of pores becomes essentual 8 
i.e. the coefficient values at a quadrati~ 
term. 

.1 The first Lamet's coefficient of porous 
/\ is: 1 ).. 1 = H -,, 2/3 E 0 (3) 

This relationship is valid with the lowest 
value of the cqefficient at a quadratic 
uerm of 0.5 [9J· -

Fig.1 gives a comparison betw~en the_ de
pendence (2) and Helmuth, Turk [10.J with the 
cement stone of 100% hydration; it is obvi
ous that the structure 9f the cement stone 
samples is rather close to the modelled one 
(2) which talces into account real elastic 
properties of the mineral phase. Relation
ship between mechanical strength and porosi
ty of the cement stone is of more complex 
nature; as Griffith and his followers showed 
that the size and configuration of pores are 
of essei;itial sign~fici:-nce. Additionally, if 
to consider the kinetics of crack increase 
process, Laplace's pressure, the coalencence 
of pores, on may state that the behavior of 
porous bodies under stress and porous struc
ture formation are exclusively involved com-

. plexes which represents and in some cases 
competitive elemen~al processes. Therefore, 
an interesting work 11 treating intermole
cular interaction model on the basis of Len
nard-Jones potential 12 as applied to the 
theory of strength can be considered as a 
basis for modelong concepts on dispersed 
structure strength at the molacular level 
only. 

Due to the complexity of the problem 
strengthening of porous materials under 
stress or as a result of various technologt
cal effects is considered in most general 
form, for example, on the analogy of some 
chemical reaction 13 • 

Analogous to sintering 9 it is propoused 
to regard the process of cement material~ 
strengthening as the result of filling its 
porous spaces with solid phase (hydration 
hardening, formation new phases when admix
tures are added, filling of pores with poly
mer densifiers etc.) as relaxational process. 
In this case, using Maxwell equation for 
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viscous-elastic body and assuming P=f(t), 
deformation as a constant: 

dR/dP, = -nR (4) 

and after integration: 
R = R

0
exp( - n P) (5) 

Empirically this dependence_is derived 
(for ceramics) by Ryshkewitch L14] and has 
been well supported with the examination 
of dependences R=f(P) for ceramics and ce
ramal. 

Modelong concepts on cement stone har
dening process on the basis of Ryshkewitch 
dependence (5) consist in the following: 

- P coefficient equivalent to porosity 
quantitatively reflects th.e process of ce
ment stone strengthening resulted from fil
ling of pores with solid"..,Phase; 

co ef tic ient n = fC 'P1 , r 2 , 'P3 , 'fV where '¥1 
is the function of local densities (pores 
or ensembles of pores) distribution, lp2 is 
the functi9n of pore distribution according 
to size, \f) ~ is the function of pore distri -
bution according to configuration and \{>4 is 
the function of pore distribution according 

to orientation to force action; 
- R - strength of the absolutely dense mi

nera£ phase (without pores)· 
The exponential formula ~5) is good for 

desc r iption of the experimental dependences· 
both for ceramics[5,14] and cement stone 
[15,16] including polymer impregnated cement 
stone[17J It is necessary to note that de
pendence (5) can be said adequate porous 
cement material model only in the case when 
pores are predominant defects in particular, 
this dependence .is not suitable for proper
ties description of concrete which fails 
primarily along aggregates or along the 
contact zone "binder-aggregate". The model 
postulates the presence of adhesion strength 
within t~e contact zone at binder cohesive 
strength level. Such on assumption might be 
acceptable only for the cement stone, high
strength fine concrete and polymer impre
gnated cement materials. 

1,2 
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'J,4 

1 

10 ~ 30 lK) '50 ED 7!J 0 

Fig. 2. Generalized dependences R .-R
0 

= f (P) 

When filling a cement stone porous space 
with organic pol;ymers hydration products 
of clinker minerals, posessing high speci
fic surface, actively participate in the 
structure formation processes of the poly
mer phase. Morphology above molecular struc
ture reorganization under the influence of 
the mineral phase has been estimated by 
means of the Guth-Simha-Gold's microrheolo
gical equation 18 , supplemented (Smoluchow
ski's method 19 ) by the quadratic term al
lowing for the interdependence of dispersed 
particles: 

Ek/En = 1+2.5,~ + 14, 1'f 2 l6) 
where, ~ - Yong's modulus of composition; 

E - Yong's modulus of despersion me
n dium (of polymer) 

'fJ - :filler volume concentration (of 
mineral phase) • 

The equation (6) is invariant to the na
ture of the filler . and matrix surfaces, and. 
therefore it is convenient as a standard for 
comparison while investigation the polymer 
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properties in boundary layers. Physico-che
mical interaction polymer - mineral backing 
is expressed in the change of Yong's modulus 
value calculated according the equation (6), 
e.i. allowing only for a filling (hydrodyna
mical) effect. Investigated dependences are 
approximated by the stright-line equa~ion: 

a 
Kp = A + B -- (7) 

where, a - the adsorption value on a mineral 
proportional to the specific surface 
.of a mineral phase; 

'fin - polymer concentration in the sys-
tem. . 

Value B in the equation (/)is a mesure of the 
mineral phase physico-chemical activity[20] 
since it characterizes the rate of polymer 
reorganization coefficient change Kp;with 
amineral phase surface unite being introdu
ced. 

It is estimated that the activity of in
teraction between mineral and po lymer pha
ses does not de')ena upon a degree of a s._Pe
cific chemical interaction: portlandi te L21] 
the most active with regard to the dohor-ac
ceptor interaction has B value which a v_ery 
close to the similar characteristics of cal-
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Fig. 3. Dependence . be'blreen c09fficiac.t B frao. eqwr 
ticn (7) am constant C frao. equation BET 

cite which does not form complexes with a 
polymer. On the other.hand~ the correlation 
dependency has been established between co
efficient Band .constant C from the BET 
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equation [22] the constant C is a quantita
tive measure of the mineral phase adsorp
tion activity (Fig.3). Thus, it can be sta
ted that the polymer structure reorganiza
tion in immediate proximity to the cement 
hydration products surfaces could be accoun
ted for mainly by a physico-chemical inter
action (conformal restrictions in adsorption 
layers), but not by a specific chemical in
teraction. 

A cement stone being impregnated with va
rious polymer compositions, hydrosilicate gel 
can display properties of a molecular sieve. 
This phenomenon has been studies experimen
tally using a series of organi8 liquids with 
an increasing size of molecules (methanol, 
benzol, butanol, methylmethacrilate, hexane, 
etc;) Having no data on the r adii of this 
molecules averaged out in all possible con
formations, we in the calculations made use 
of Onsager [23] model of intermolecular in-· 
teraction. This has made it possible to use 
sir,ple and suitable for experiment dependen
ces in which molecular sizes are determined 
by the macroscopic properties of liquids[24] 
Correlation has been established between the 
cement stone adsoprtion volume ·and Onsager 
radii of molecules. This correlation auanti
tatively characterizes the molecular sieve 
effect which is of great significance from 
the engineering point view. 

Thus, in the investigation of the cement 
stone structure and prop~rties as a polydis
persed porous body, alongside with statisti
cal classical physico-chemical mod~ling con
cepts may be successfully made use of. 
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Structures et resistances mecaniques sous des traitements 
hydrothermiques 

Structures and mechanical resistances 
under hydrothermal treatments 

G. TEODORU, ancien rechercheur en chef INCERC Cologne, Republique Federale d' Allemagne. 

RESUME : L'etude des betons ayant subi un traitement hydrothermique fut commencee en 1957 
lorsque l'auteur dirigeait le laboratoire d'essais d'une fabrique de precoulage. Des re
cherches systematiques sur la structure et sur les resistances mecaniques de ces betons ont 
ete effectuees a partir de 1967. 

Les resultats des essais non-destructifs a l'aide des ultrasons (fig. 1 et 2) permettent de 
conclure que pour les betons ayant subi un traitement hydrothermique, existent les relations 
exponentielles VL-Rc et A-Re • Les coefficients de correlation allant de 0 7 898 a 0,988 sont 
obtenus. 

Les essais laissent entrevoir, d'une maniere tres evidente surtout dans le cas du traite
ment a l'autoclave, l'existence des defauts de structure. Les valeurs du module d'elastici
te statique des compositions traitees1a l'autoclave sont inferieures a celles correspondan-

. tes au ~urcissement normal. Le comportement est sur une grande etendue de la courbe 
£= f c V'> elastique (fig. 3) et on a remarque une reduction importante de l'aire de la 

courbe de hysteresis pour les cas du traitement a' l'autoclave. 

Des recherches a l'aide du microscope optiqu€ sur des suspensions de ciment, sections minces 
et sections polies, et. d'autre part, a l'aide du microscope electronique sur des "moulages" 
contrastes avec du platine ont ete effectuees. 

La compacite cede le rang d'1 importance a l'obtention des formations nouvelles caracterisant 
les traitements hydrothermiques sous pression possedant de meilleures qualites liantes. 
La capacite liante superieure resulte de l'augmentation des points de contact crees par la 
dispersion plus elevee des particules quoique la structure ait plus de defauts. 

SUMMARY : The study of concretes subjected to a hydrothermal treatment was started in 1957 
when the author directed the testing laboratory of a precasting plant. From 1967, systematic 
researches onto the structure and their mechanical resistances were carried out. 

The results of the non-destructive tests with ultrasonic pulse method (fig. 1 and 2) allow 
to conclude that for concretes having been subjected to a hydrothermal treatment, the relat
ions VL-Rc and A-Re are exponential. Correlation coefficients from 0,898 to o,988 are ob
tained. 

The tests showed very clearly, especially in the case of autoclaving, the existence of 
structural faults. The values of modulus of elasticity of the autoclaved compositions are 
inferior to those of cured ones under ordinary conditions. The behaviour of autoclaved mor
tars had shown the almost 1 inear trend (fig. 3) of the curve £. = f ( C--) and an important 
reduction of the hysteresis area has been noticed for the cases of autoclaving treatment. 

With the help of the optical microscope, researches were carried out on cement-water grouts, 
thin sections and polished sections and, on the other side, with the help of the scanning 
electron microscope on platinum-contrasted "moulds". 

The compacity cedes the rank of importance to the obtaining of new formations characterising 
the hydrothermal treatments under pressur~ which have better cementitious qualities. The 
superior binding capacity results from the increasing of contact points, created by th~ 
higher dispersion of the par~icles although the structure has more faults. 
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I. INTRODUCTION 

La constatation faite lors de quelques ex
pertises de la destruction avec une rapidi
te surprenante des elements en beton a a
gregats ordinaires traites en autoclave a 
determine les recherches systematiques ' 
poursuivies par l'auteur dans le but de 
preciser la structure de ces betons. (1]. 

II. RECHERCHES EFFECTUEES 

A. Essais non-destructifs ~ l'aide des 
ultrasons 

A partir de 1967, des recherches ont ete 
effectuees dans le but d'etudier l'effet 
qu'exercent les princi~aux types de traite
ment hydrothermique-etuvaqe (E). traitement 

N/mm2 Re 
72t----,~~·-=-~~~---,___,~.,....___,..,.-___,-r--___, __ ___,~~ 

A -AUTOCLAVAGE 
64 M -MOULE CHAUFFA NT 

E-ETUVAGE 

56 S-STANDARD 

en moules chauffants (M) et traitement a 
l'autoclave (A) - sur les relations de 
transformation des grandeurs mesurees de 
maniere non-destructive en reiistance du 
beton a la compression a des ages diffe-
ren ts [ 2, 3, 4). . 
Les recherches ont ete executees dans une 
usine de precoulage sur un beton a agre
ga ts de.riviere. Les resultats de l'analy
se du ciment et les cycles des traitements 
hydrothermiques"se trouvent dans [2]. 

Les essais non-destructifs par ultrasons 
ont ete effectues avec l'ausculteur SBR2 
des Laboratoires Electroacoustiques de 
Rueil (France), fonctionnant sur le prin
cipe de l'emission d'impulsions ultrasoni
q ues a la frequence de 100 kHz. 

A - Rc=0.07765e1.75VL r:0959 

M -Re=0.04014e1.62VL r:0.988 

E - Re= 0. 00483e2.04 VL r = 0.959 

S - Re= 0. 00121 e2.30VL r= 0.950 

Cbmpqsition du beton: 

Agregats de riviere o -
3 -
7 -

Ci men t RIM ( HRI )· 200 

3 mm 30 %. 
7 mm 20 % 

15 mm 50 ~ 
350 kg/m 

Fig. 1 Relation VL-Rc pour le be
ton a l'age de 28 jours 

3~ 3,3 3p 3,7 3~ 4,1 4? 4jJ 4,7 [km Is] 

N/mrrl2- Re 
74 

66 
A -AUTOC LAVAGE + 

58 ..+-.w;.il~..fC.----+--' M -MOULE CHAUFFANT e 
E-ETUVAGE o 

50 
5- STANDARD 

42 

34 

26 

18 

10 

2 
45 47 49 51 53 55 57 59 B 

A - Re= 11. 219 e -O.l09A r=0.924 

M - ·Re= 32.181 e-0.136A r=0.898 

E - Re= 87.220 e -O.lS9A r= 0.944 

S-Rc=27.014 e-O.l3A r=0.970 

Composition du beton: voir fig. 1 

Fig. 2 Relation A-Re pour le beton . 
a l'age de 28 jours 
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La vitesse de propagation longitudinale et 
.! 'attenuation des ultrasons donnent des in
dications qualitatives et quantitatives sur 
la structure des betons traites dans !'au
toclave (fig. 1 et 2). L'etalon est consti
tue par le beton standard (S) ayant durci 
7 jours dan~ l'eau et 21 jours a l'air 20°c 
et 65% humidite relative. On a demontre que 
la forme des relations VL-Rc et A-Re est ex
ponentiel le. Les relations experimentales 
etablies montrent de tres bons coefficients 
de correlation r allant de o,898 a 0,988. 

Interessant a citer sont les resultats des 
essais a ultrasons sur des pates de compo
nents mineralogiques purs traites a !'auto
clave. Dans taus les cas, le traitement 
abaisse la vitesse de propagation sauf pour 
le c2s et C4AF ou on note une croissance de 
la vitesse de propagation (voir tableau I). 

~-----------------------------------------
TABLEAU I 

Comp. VL k m/s 
RC 

miner inJiv. Rapp. a c~s 

s Av Av/S s Av Av/_S 

c 2s 1,9 2,3 1,18 0 ,48 o , 68 s,oo 

c 3s 4,0 3,3 0 ,83 1,00 1,00 p,54 

C1 A 2,6 1,8 0, 69 0 ,65 0,55 0 

C4 AF 3,6 3,9 1,08 o,9o 1,18 2,05 

u. Determination du module d'elasticite 
de Young 

Afin de completer des indications obtenues 
par les essais a ultrasons sur la struc
ture formee durant le traitement a l'auto
clave, on a determine le module d'elastici
te statique pour des compositions de mor
tiers et betons differant par le rapport 
E/C et dosage de ciment. Le module d'ela
sticite a ete determine sur des prismes 
10x10x30 cm. Les deformations ont ete en
registrees a l'aide du dispositif Martens 
et en parallele a l'aide des tensometres 
electroresistifs. Sur la fig. 3 sont pre
sentes les resultats comparatifs durcisse
ment en autoclave/durcissement dans des 
~d~ons no~les pour les mortiers 
\2:.) ~ et \.2.) • 
On remarque une caracteristique importante 
pour les structures durcies en autoclave: 
!'allure tres lineaire de la courbe 
E. =; f (G") sur le domaine presqu' en tier avant . 
la rupture. La forme de la courbe montre 
que la f issuration precedant la rupture se 
produit, par rapport au beton durci dans 
des conditions normales, tres tard, de fa
~on qu'on peut mieux compter sur un com
portement elastique de ce materiel. Cette· 
conclusion est confirmee aussi par la re
duction tres marquee de l'air de hysteresis 
suite au traitement a l'autoclave(1). Les 
surfaces de rupture des eprouvettes trai
tees a !'autoclave contiennent un plus 
grand pourcentage de granulats rompus que 
les surfaces temoins de beton non ~utocla
ve. Cela indique que 1es betons autoclaves, 
eri dehors des resistances superieures de la 
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pate de ciment elle-meme, possedent aussi 
une meilleure adherence granulat-pate de 
ciment. 
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Fig. 3 mr<:D t..0 f(CJ') ·pour les mortiers 

C. Recherches a l'aide de la rnicroscopie 
opt~que 

Le traitement hydrothermique sans pression 
a ete "simule" par !'ebullition de la sus
pension de ciment, parfaitement isolee du 
milieu exterieur grace au collage de la 
lamelle a la lame avec un co-polymere. 

Fig. 4 Suspension de ciment RIM (HRI) 200 
traitee a 9o0 c apres 72 heures 

On observe immediatement apres le traite
ment des cristaux tabulaires 1 hexagonaux, 
sous for~e de prismes allonges qui grand
issent en permanence (fig. 4). Au moment 
ou ces cristaux atteignent de grandes di-



mensions, on remarque la tendance accentuee 
de fissuration (fig. 5). 

Fig. 5 Suspension de ciment RI M (HRI) 200 
traitee a 90°c, apres 168 heures 

La simulation du traitement a l'autoclave 
a necessite des ameliorations succes s ives 
de l'etanchei te des recipients qui' a la 
fin

0 
ont permis le traitement jusqu'a 

220 c. 
Les recherches microscopiques - la plupart 
des resultats se trouve dans [1] - ont de~ 
montre (fig. 6) que dans les conditions de 
traitement a l'autoclave, les formations 
cristallines possedent des dimensions beau
coup plus petites qtie celles obtenues suite 
aux traitements hydrothermiques sans press
ion. 

Fig. 6 Suspension de ciment PZ 400 
traitee a 12 Atm. 

Le developpement des criscaux apres le 
traiternent est reduit, le processus etant 
presque termine a ce moment. 

A cause des dimensions tres petites, il 
n'a pas ete possible de mettre en evidence 
- a l'aide de la microscopie optique -
l'existence des hydrosilicates de calcium. 

Afin de mettre en evidence les reactions 
de surf~ce entre la pate de ciment et l' 
agregat, on a procede a l'exarnination mi-

croscopique a la lumiere incidente des sur
f aces polies. Cette rnethode est souvent 
utilisee . en petrog.raphie et metallographie. 

Les reactions de surface entre la pate de 
ciment et l'agregat sont plus · devel6ppees 
dans le cas du traiternent hydrotherrnique 
(fig. 7 par rapport a fig. 8). 

Fig. 7 Interface pate de ciment/agregat. 
Mortier traite hydrothermiquement 

Fig. 8 Interface pate de ciment/agregat. 
Mortier (conditions normales) 

La liaison entre le Si02 du granulat et les 
phases CH et CSH de la · pate de cirnent a~ 
dans le cas du traitement a l'autoclave, 
un caractere chimique temoigne par le fait 
que les hautes resistances rnecaniquei ne 
varient pas avec l'humidite comme dan~ le 
cas des betons durcis dans des conditions 
normal es. 

A l'aide de ~henolphtaleine, on a mis en 
evidence l'existence de Portland~t autour 
des agregats en plus grandes quantites que 
dans le cas du rnorti~r durci dans des con
ditions norrnales. Cette presence est la 
premise de la reaction chirnique qui peut 
rnener jusqu'aux formations epitaxiques[5}. 

Des pates de cirnent durci, ayant E/C = 0,2 
;o,6 et des rnortiers, a1ant E/C = 0,45~0,8~ 
on a extrait des carottes de 0 50 mm. De 
ces carottes on a prepare des sections 
minces (20-25 fm) qui ont servi a effectuer 
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des mesutages de la surf ace des pores a 
l'aide d'un integrateur microscopique. 

·Les mesurages comparatifs - traitement hy
drothermique/durcissement dans des condi
tions normales - ont demontre que dans le 
premier cas, les valeurs sent superieures 
de 5% a 12%. Il faut quand-meme noter que 
les mesurages du poids volumique n'ont pas 
mis en evidence des differences sensibles 
entre les betons traites a l'autoclave et 
ceux durcis dans des conditions normales. 

Sur la photo 9 on remarque un cas d'"auto
guerison", c'est-a-dire le remplissage ul
terieur d'un pore avec de nouvelles forma
tions, specialement de Portlandit dont 
l'existence a ete con£irmee par ses carac-
teristiques optiques. · 

Fig. 9 11 Autoguerison" 

D. Recherches a l'aide du microscope 
electronique 

On a utilise la methode des "moulages" 
contrastes avec du platine afin de les 
rendre visibles aux faisceaux d'electrons. 
Les recherches se sent limitees seulement 
a~x pates de ·ciment et mortiers traites 
a l'autoclave, ayant comme "temoin" le 
durcissement dans des conditions normales. 
Les hydrogrenats, typiques dans le traite
ment sous pression, peuvent etre reconnus 
sur la photo lo. 

Fig. 10 Mortier traite en 
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La photo 11 revele des caracteristiques 
trouvees tres souvent chez les montiers 
traites a l'autoclavage. 

Il s'agit des surfaces de rupture qu'on 
peut reconnaitre d'apres la forme des hy
drosilicates de calcium arraches de la 
section avec laquelle ils maintiennent ~n
core des "pants" de liaison. Au vu de ces 
"ponts", on peut reconnaitre la direction 
de rupture. D'apres l'opLnion de l'auteur, 
ces photos temoignent les qualites liantes 
superieures des pates de ciment durcies a 
l'autocl.ave. 

Fig. 11 Surface de rupture avec des phases 
CSH. Mortier traite en autoclave 

Sur la photo 12 on voit des phases CSH 
avec ~n rap~ort C(S = 4/5t5(6 typique po~r 
la Tobermorite qui caracterisent ces trai
tements h¥drothermiques. 

Fig. 12 Tobermorite. Mortier traite 
en autoclave 



nr. CONCLUSIONS 

Les recherches microscopiques ont mis en 
evidence le fait que durant les traitements 
hydrothermiques, se ferment des quantites 
plus grandes de cristaux de Ca(OH)2. Lors
que les cristaux atteignent de grandes di7 
mensions, on remarque la tendance accentuee 
de fissuration (fig. 5). Les microfissures 
sont ~ues aussi bien a la dilatation de l' 
eau et de l'air durant le processus de 
chauffage et de refroidissement, qu'a la 
perte d'eau. La diffusion du Portlandit, 
favorisee par la haute temperature, amene 
une porosite elevee des structures d'hydro
silicates de calcium. 

Les recherches faites a l'aide de la mi
croscopie optique et electronique sur des 
pates de ciment et sur des mortiers, trai
tes a l'autoclave, ont m~s en evidence que 
ce traitement donne naissance a de nouvel
les formations differentes de celles resul
tant des autres traitements hydrothermiques 
et possedant un grand degre de dispersion, 
ce qui mene a un haut niveau d'energie po
tentielle de surface. 

En general, on accepte que les resistances 
finales de la pate de ciment soient d'au
tant plus grandes que le contenu en CSH a 
de longues fibres est plus grand (pour la 
merne compacite de la structure). Cela ex
plique les hautes resistances obtenues par 
l'hydratation a temperatures basses, et 
l'effet favorable des retardeurs de prise. 
[6] 
Dans le cas du traitement a l'autoclave, il 
parait que ce~te hypothese n'est plus vala
ble. 

La grande resistance en compression .des be
tons traites en autoclave s'explique, d'une 
part par la quantite plus grande de nouvel
les formations qui a son origine dans l'ac
tivation d~ Si02 du granulat quartzeux, et 
specialement du sable fin et d'autre part, 
par les meilleures qualites de ces nouvelles 
formations. 

Par ailleurs, cette structure de la pierre 
de ciment qui se forme d'une maniere pres~ 
que definitive dans un delai de temps ex
tremement court, presente plus de defauts, 
surtout fissures, de maniere qu'il parait 
etre possible qu'en depit des grandes re
sistances en compression, l'action des a
gents physiques la detruise parfois rapide
ment. Cet aspect est tres bien mis en evi
dence par les essais a ultrasons. 

Mais, sans connaitre les conditions de dur
cissement du beton examine, une interpreta
tion des essais non-destructifs peut mener 
a de grandes erreurs. 

En dehors d~ la resistance en compression 
qui est le plus souvent determinee, la 
structure et la distribution des pores, les 
microfissures dans la pierre de ciment et 
sa capillarite constituent des elements 
tres importants pour en juger de la compa
ci te, de la resistance aux agents physiques 
et chimiques exterieurs, en un moti de sa 
durabili te. 
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Rheology of setting Portland cement pastes 

Rheologie des pates du ciment Portland faisant prise 

P~F.G. BANFILL, Department of Building Engineering, University of Li.verpool, U.K. 

RESUME : Pendant la prise du ciment les phases solides des mineraux hydrates croissent dans le 
l{quide. On peut etudier la prise par les methodes Chimiques, thermiques, electriques OU meca
niques. Nous avons employe un viscosimetre a rotation pour observer les variations des proprie
tes rheologiques des pates du ciment pendant la prise. 

Les pates fraiches montrent la destruction par agitation de la structure, mais la pate cisail
lee est un corps de Bingham. A cause des difficultes experimentales avec les pates du ciment 
dans les cylindres coaxiaux, oG une zcine immobile peut se produire ou dispar~itre imprevisi
blement, on a employe un no~veau viscosimetre. C'est une p~le helicoidale qui tourne dans 
l'axe du cylindre qui contient la pate. 

Les courbes d'ecoulement obtenues ave~ cet appareil indiquent que le seuil de cisaillement de
croit au commencement et croit ensuite avec le temps. Si l'on cisaille la pate continument a 
vitesse f ixe, le couple sur la pale decroit jusqu~a un minimum (T-Tmin), au bout du temps t 
suivant l'equation : 

T-Tmin = A tb 

Les accelerateurs et les retardateurs changent la constante A , mais ne changent pas l'expo

sant b . 

Ces resultats indiquent qu'on peut employer cette method~ pour etudier la prise des pates du 

ciment. 

SUMMARY : Setting of cement is the growth and interlocking of a solid phase of hydrated 
minerals' within a liquid. It can be studied by chemical, thermal, electrical or mechanical 
methods. We have used rotational viscometry to observe changes in the rheological properties 
of cement pastes with time. 

Fresh cement pastes shows structural breakdown, but the broken down paste conforms closely to 
the Bingham model. Because of exp~rimental difficulties with cement pastes in coaxial 
cylinders, where a stationary plug may form or disintegrate unpredictably a new geometry has 
been used. This is a helical impeller rotating in the paste contained in a cylinder. 

Repeated flow curves using this latter geometry show that yield stress decreases at first and 
then increases uniformly with time according to a power law. When sheared continuously at 
constant speed the torque on the impeller.decreases to a minimum (Tmin) as the structure 
breaks down and then increases as the hydration structure builds up. The helical impeller 
shows slower breakdown than coaxial cylinders due to the complex flow pattern. The increase 
of torque, (T-Tmin), with time, t, follows a po'Wer law relationship of the form: 

(T-Tmin) = A tb 

The effect of accelerators and retarders is to change the value of A, while b remains constant. 

These results show that, with suitable development, the technique can be used to monitor 
setting of pastes. 
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INTRODUCTION 

5 tting is generally agreed to be caused by 
t~e interlocking of solid phase hydration 
roducts. As these grow through the aqueous 

phase separating particles the physical man
lfestation is a chan~e from.liquid-like f~ow
· ng behaviour to solid. This transformation 
~sually coincides with an increase in 'the 
rate of hydration. Practically it can be 
studied by chemical, thermal and electrical 
methods, ·or, making use of the change in 
properties from liquid to solid, a variety 
of mechanical methods. These latter range 
from primitive standard penetrometers such 
as the Vicat needle to the more sophistic
ated calibrated devices of Bombled (1) and 
Forrester (2). We have approached the 
problem using conventional rotational vis
cometry. 

The ·rheology of cement pastes has been wide
ly studied at early ages. The main techni
ques used are flow curves, where the speed 
of rotation increases to a maximum value and 
then decreases to zero, and continuous shear, 
where a constant speed of rotation is main
tained. In both cases the torque produced 
by the rotation is measured. Fig.l shows 
a typical flow curve. As shear rate increa
ses the shear stress passes through a maxi
mum as the yield value of the structure is 
overcome, it then declines as the structure 
breaks down by shearing. The down-curve 
follows the Bingham relationship (equation 
1). 

Shear 
rate. 
~ 

I:'. = 't 0 + }Jp (S' ( 1) 

To 
Shear stress,t 

Fig.l - Cyclic flow curve for cement paste. 
Arrows indicate shear stress behaviour as 
shear rate goes up to a maximum and back to 
zero. 

The existence of a hysteresis loop is often 
taken to mean that the naste is thixotropic. 
This term means a revers ible breakdown of 
structure, but there is ~o· evidence that the 
breakdown in cement paste is reversible and 
subsequent flow curves show stresses below 
the original at all corresponding shear 
rates. Accordingly the term thixotropy 
should not be used. In continuous shear the 
torque (shear stress) declines as structure 
breaks down (Fig.2) and Tattersall found 
that th.e breakdown followed first order 
kinetics (3) ,·equation 2: 

Torque. 
T 

(T - T )e-Bt 
o e 

Te - - - - - - - ---==---=------

Time. t <5 min 

( 2) 

Fig.2 - Breakdown of torque in a coaxial 
cylinder viscometer under continuous shear. 

Very little work has been done at later 
ages of the paste, though it seems reasonable 
to e~pect that paste viscosity will increase 
again as the hydration structure builds up. 

APPARATUS 

There are experim~ntal problems with flow of 
cement pastes in coaxial cylinders (4). A 
stationary ~lug of paste forms at the outer 
cylinder wall with a sheared zone inside. 
This changes the geometry of the annulus. 
Additionally the plug may either slide round 
at some speed below that of the rotating 
cylinder or disintegrate, in both cases at 
unpredictable times. To avoid this problem 
and that of sedimentation during the experi
ment a helical impeller was designed and 
constructed (Fig.3.). Direct observation 
of the flow in this geometry showed ,that 
?lug flow did not occur, and all stationary 
zones had been eliminated. 

Fluid 
level 

r Blades 
angled 
at 45° 35mm 

Cylinder 

j with 
smooth 
walls 

Fig.3 - Dimensions of the helical impeller. 

This viscometer geometry was used with a 
Rotovisco RV2 viscometer with a PG 142 
external speed programmer which could oroduce 
repeated cycles of shearing. Flow curves, 
and stress curves in continuous shear were 
recorded on an X-Y plotter and chart recorder 
respectively. 
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EXPERIMENTAL NOTES 

All pastes were mixed by hand as follows: 
35g of water were added over a period of 1 
minute to lOOg cf ordinary Portland cement 
(see Appendix) in a crystallising dish. 
Lumps were broken up and the whole paste 
stirred with a spatula for 2 minutes before 
loadin~ into the viscometer6 All experim
ents took place at 20 ± 0.5 c. 

RESULTS 

Repeated flow curves show that the yield 
stress and plastic viscosity decrease 
initially Qefore increasing with time 
approximately according to a power law 
relationship. The data shown in Fig.4. 
were obtained by flow curves repeated every 
10 minutes. The maximum speed of rotation 
was 200 rev/m!£ (equivalent to mean shear 
rate = 35 sec ) and the time taken up for 
an up-and-down cycle was 2 minutes. 

300 

200 
Yield 
stress. 
N/m2 

100 

Vicat initial 

>t ;etting time 

5o .· 100 15o 
Time. minutes 

Fig.4 - Variation of yield stress with time, 
found by repeated flow curves. 

In continuous shear the torque on the impel
ler declines to a minimum value after about 
100 minutes when the equilibrium struc~ure 
has been achieved. Torque then increases as 
hydration proceeds (Fig.5). The data can be 
represented by two straight line~ on graphs 
of ln (T-Tmin) , the excess torque above the 
minimum value,and ln t, the time (Fig.6). The 
hydration section fits an equation: 

T - Tmin = Atb ( 3) 

Fig.7 shows the effect of admixtures on the 
build up curves. The slope of the straight 
lines of ln (T-Tmin) against ln t is un
changed but the whole plot is moved to 
earlier times by 2% Cacl 2 and later times 
by 0.01 and 0~1% citric acid, i.e. these 
admixtures change the value of b in equation 
3. 
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Fig.5 - Breakdown of torque with time in the 
helical geometry, and subsequent build up as 
hydration proceens. 
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Fig.6 - Logarithmic plot of breakdown and 
build up in the helical · geometry. 
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Fig.7. - Effect of admixtures on the logar
ithmic build up plot. 

DISCUSSION 

In comparison to the results of other workers 
using coaxial cylinders (3,4) it takes much 
longer to breakdown the structure present 
in the cement paste when mixed. This must 
be due to the complicated flow pattern in 
the sample. The range of shear rates in 
the paste is likely to be wide so that some 
regions are broken down more rapidly than 
others. Mixing is also taking place so the 
torque on the impeller at any time is an 
'average' of the torque produced by the 
different-elements of paste. At the same 
mean shear rate in coaxial cylinders and 
our helical apparatus the speeds of break
down differ by about ten times, and since 



the speed of breakdown varies with shear 
rate, we can infer that the breakdown rate 
and shear rate are related non linearly. In 
the range of shear rates in the helical 
apparatus those at the lower end are more 
important in determining the breakdown rate 
than those at the top end. 

The data of Fig.5 may be interpreted in 
terms of two superimposed processes, the 
breakdown of structure at short shearing 
times due to the destruction of weak bonds 
between cement particles by shearing, and 
the building up of structure at longer times 
by hydration. 

During hydration water in the paste reacts 
chemically to give hydrates and is also imm
obilised physically by the'onion-s~ell' and 
needle shaped gel products. This pro6ess 
surely starts from the initial contact ·of 
cement and water, but in the experiments. 
described here was masked by · the ~ breakdown. 

Subsequently a method of preparin~ fully 
broken down pastes was developed. The 
cement and water were placed in a 250 cm3 
beaker and stirred with a propello~ turbine 
mixer at 2500 rev/min for 7 minute~ before 
loading into the viscometer. Pastes made 
like this gave no further breakdown in the 
viscometer and build up of structure by 
hydration was seen right from the start 
of the experiment. Fig.8 shows this type 
of curve obtained at 200 rev/min. The slooe 
is different from Fig.7 which indicates -
that the kinetics are different. This is 
under investigation. 
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Fig . 8 - Build up of torque for a fully 
broken down cement paste. 

The results of Figs. 7 and 8 show that the 
build up curve may be used as a guide to 
the hydration behaviour of cement pastes, 
but in developing the technique we must 
consider the process of hydration. Accord
ing to a recently proposed model initial 
reactions are surface dissolution and form
ation of a C-S-H gel layer. This retards 
hydration which can only reS'tart on rupture. 
T~e.c-S-H gel is selectively impermeable to 
s~licate ion so that osmotic pressure in
side the skin builds up until rupture occurs, 
w~ereup~~ the extruded hydrosilicate combines 
with Ca in solution to give secondary 
C-S-H outgrowths (5). . These outgrowths 
are likely to be damaged by shear-induced 

collisions ' with other particles and this 
might release more hydro-silicate into 
solution, i.e. the rate of hydration might 
strongly depend on the rate of shear, and 
would be higher at higher shear rate~. 

Comparison of Figs.4 and 6 supports this 
suggestion. Taking the work done by 
shearing to be proportional to the product 
of time and ~2 the paste of Fig.4 was 
subjected to about 7% of the shear work of 
the paste of Fig:6. (0-200 rev/min in 2 
minutes repeated every 10 as against 200 rev/ 
min) . In these ~ases the exponents of the 
pow~r-law relationships between excess yield 
stress or excess torque and time are 2.3 and 
3,5 respectively. Clearly factors affecting 
the rate of hydration also affect the 
kinetics of the structural build up curve. 

Experiments are currently in progress to find 
the effect of shear rate on the constants in 
equation 3, and also to study the effect of 
the shearing process on the rate of hydra
ti9n of cement by chemical methods. Pre
liminary results suggest that the trend is 
nnt simple and that there may be an optiil).um 
val~e of shear rate at which the hy~ratiori 
rate is scarcely changed compared to an un
sheared paste. If this is confirmed the 
value of the technique as a monitor of hy
dration is much enhanced. 

Other factors which must be checked are the 
effects of water/cement ratio, temperature 
and cement composition. Future work will 
be to study the effects of admixtures. 

CONCLUSIONS 

·The technique described here permits us to 
study the hydration of cement pastes through 
the effect on rheology. The equilibrium 
apparent viscosity of a fully broken down 
paste may be reached either by shearing in 
the viscometer or externally in a high speed 
mixer. · Subsequently the torque on a con
tinuously rotating impeller increases as 
hydration takes place. The excess torque 
above the minimum value is a power law 
function of time and the exponent of the 
power law is affected by shear rate, while 
the presence of retardirig and accelerating 
.admixtures changes the constant but not the 
eX"oonen t. 

AP?ENDIX 

The cement used was of the following compo
sition: 

Compound % 
c3s 65.9 

c2s 7.3 \ 

c 3A 7.1 

.C4AF 10.1 

so3 2.3 

Na2o 0.36 

K2o 0.87 
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Effects of curing time on the mechanical properties 
of cement paste 

Effets du temps d'etuvage sur Jes proprietes mecaniques 
de la pate de ciment 

A. BAJZA, Slovak Technical University, Brastislava, Czechoslovakia. 

RESlJiv!E: On a etudie les effets du temps d' etuvage et de la temperature, sous press ion . de vapeur 
atmospherique, sur les proprietes mecaniques de la p~te de ciment. On a suivi en particulier les 
resistances a la compression, la porosite, et les pourcentages d'eau evaporable. 

SUJvltvlARY: The effects of curing time and temperature, under atmospheric steam conditions, on the 
mechanical properties of cement paste was studied. In particular, compressive strength, porosity 
and evaporable water contents were monitored . 
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INTRODUCTION 

Increasing energy cost and vollnne of concrete used 
in prefabricated structures, as well as the ex
panded use of accelerated methods of concrete 
curing, require a more thorough knowledge of the 
relationship between curing conditions and 
mechanical properties of elevated temperature
cured concrete. The following work summarizes 
preliminary data with portland cement pastes; 
this is to be followed by optimized mortar and 
concrete studies. 

EXPERIMENTAL 

A cement of the following composition was used in 
the study: Portland Cement "400" (Bogue: 64.3% 
C3S, 9.5% CzS, 9% C3A, 9.1% Fss; 4% CaS04 added as 
gypsum; Initial set: 3 hours, final set: 4 hours 
10 minutes; Blaine surface area: 3000 cmZ/g). 
Cement pastes were prepared by mixing cement with 
water at w/c of 0.3, 0.4 and 0.5 for 3 minutes. 
Six 2-or,3 cubes of each mix were molded by vibra
tion for 15 seconds. Samples were subsequently 
cured at temperatures of 20°, 60°, 70°, 80° and 
90°C under atmospheric steam conditions} The 
control samples (20°C, cured 24 hours in moist 
room, then in water) were tested after 1, 7 and 
28 days. 'Tile steam-cured samples were preheated 
and cured according to the schedule of increasi~g 
and isothermal temperatures shown in Fig. 1. The 
curing temperature was monitored within the cement 
paste using Cu-constantan ~hermocouples. The 
samples were tested at the end of heat treatment, 
and also after 7 and 28 days of water curing at 
room temperature. The following properties were 
measured: density, compressive strength, porosity, 
and evaporable water at various temperature inter
vals by simultaneous thermal analysis (DTA/TGA). 
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DISCUSSION OF RESULTS 

Because of space restrictions, detailed experi-

mental data are not given; they can be found in 
ref. (1). In brief, the following results were 
obtained. 

Strength at the end of steam curing. For up to 
6 hours of heat- treatment, the compressive 
strengths at the time of demolding increased 
with increased curing temperature. At longer 
curing times (e.g., 8 and 10 hours), samples 
cured at 90°C showed a decrease in strength 
relative to those cured at 70°C and 80°. An 
example of this, for pastes made at a w/c of 
0.4, is shown in Fig. 2. It has been also noted 
that the strengths obtained at 60°C, for all 
curing times, were substantially lower than those 
for the pastes cured at higher temperatures. As 
expected, the strengths at demolding were strongly 
influenced by the w/c used. 
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Fig. 2 - Compressive strength development as a 
function of curing time and tempera
ture; w/c = 0.4 

28-day strength. Irrespective of the initial 
duration of steam curing, the highest 28-day 
strengths were obtained for specimens cured at 
80°C. However, for all of the temperatures 
studied, the highest 28 -day strengths were ob
tained from those specimens cured for 5 hours. 



For specimens cured for longer times the strengths 
generally decreased (Fig. 3). As was the case 
with strengths determined at the end of the heat 
treatment, the 28-day strengths also decreased 
with increasing w/c. 
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Fig. 3 - Relative 28-day compressive strength 
as a function of steam curing time and 
temperature; control sample (20°C) = 
100% 

Porosity. In agreement with published literatu:e 
(2,3), a good correlation between the decrease in 
porosity and increase in compressive strength was 
found. This was very obvious for the strength
porosi ty relationship immediately following.steam 
curing and demolding (Fig. 4); the correlation 
was not as good for sample$ tested after 28 days 
of curing because the total porosities, in con
trast to strengths, were all very similar. 
Differences in the distribution of pores may ex
plain the above finding. Understandably, 
samples prepared at lower w/c had at all ~imes 
a lower porosity than those prepared at higher 
water contents. The higher the original w/c, the 
more rapid is the decrease in porosity. 

Evaporable water. The total ignition loss as 
well as water released in four temperature 
intervals (20-100°C, 100°-450°C, 450°-600°C, and 
600°-1000°C) was measured by simultaneous thermal 
analysis to give an indication of the relative 
increase of water content in the main products of 
hydration. At the end of steam curing and at.a 
given temperature, the amount of water bound in 
hydrates decomposing below 450°C (e.g., C-S-H, 
calcium sulfoaluminate hydrates) increased with 
the temperature of curing. During additional 
curing in water the amount of bound water 
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Fig. 4 - Strength at demolding vs. porosity 
for pastes hydrated at different · 
temperatures · 

increased. This increase was found t0 be some
what higher for samples cured at lower tempera
tures and for shorter times. It is assumed that 
evaporable water between 450°-600~C represe~ts 
water present in the form of calcium hydroxide. 
The amount of water released in this temperature 
interval was only slightly affected by the curing 
temperature, especially at longer hydration 
times. 

From the vast amount of data obtained and briefly 
summarized above, it became obvious that more 
emphasis has to be given to l:ietter un?erst~nding 
of the porosity versus strength relatrnnship; 
this is because it is the porosity of the paste 
that correlates better than any other variable 
to the strength. Better understanding of the 
changes in porosity and the distributioi; of por~s 
with changes in rate and mode of hydration and rn 
the type of hydration products will enable a. 
more technically sound rationale for the design 
of concrete, via a direct application of generated 
knowledge to the concept of concrete maturity(4,5). 
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Early Autogeneous Shrinkage of Cement Pastes 

Retrait initial des pates de ciment 

S. ZIEGELDORF, Dr. rer. nat. 
H~K. HILSDORF, Professor, Universitat Karlsruhe, West Germany 

SUMMARY: Results of measurements of early shrinkage of cement paste will be presented. The 
tests have been conducted in a new dilatometer which has a variety of advantages compared to 
older systems, the most important ' being its high accuracy and the possibility to begin re
cording 8 minutes after mixing. 

In the study early shrinkage of cement pastes of different water-cement-ratios with and with
out admixtures has been studied. During the tests the samples either have been in a sealed 
condition or open i.e. absorption of additional water was possible during early shrinkage. For 
open storage the time development of the vollirne change of cement pastes is independent of the 
water/cement-ratio when presented as a fraction of the total cement content. Under sealed con
ditions the volume change as a fraction of cement content is independent of the water/cement
ratio up to the moment at which all the bleeding water has been absorbed by the sample. At 
this stage some expansion occurs which is followed by further shrinkage however at a slower 
rate. 

It is shown that admixtures as well as the form and dimension of the specimens can have a strons 
effect on early shrinkage. A hypothesis is presented to explain some of the observed phenomena. 

RESUME : Les resultats de mesures du retrait initial de pates de ciment sont presentes. Les 
~ss~is ont ete faits avec un nouveau dilatometre, qui presente de multiples avantages sur les 
appareils existants; les plus imprirtants sont sa grande precision, et la possibilite de commen
cer les mesures 8 minutes apres le malaxage. 

Ont ete etudies les retraits initiaux de pates de ciment a diverses teneurs €n eau, et conte
nant divers additifs. Pendant ces essais, les eprouvettes sont placees dans des conditions pre
determinees de relations avec l'exterieur; par exemple, l'absorption d'eau complementaire est 
possible. Pour une conservation immergee sans protection, la courbe des variations de volume 
en fonction du temps est independante de la teneur en eau initiale. Pour une conservation sous 
enrobage hermetique, cette courbe est independante de la teneur en eau initiale, jusqu'au mo
ment o~ toute l'eau de ressuage a ete absorbee par l'eprouvette. Ensuite, une certaine expan
sion se produit, suivie par un nouveau retrait, qui s'effectue a vitesse plus lente. 

On a observe que les additifs, ainsi que la forme et les dimensions des eprouvettes, avaient 
une grande influence sur le retrait ihitial. One theorie est proposee pour expliquer ces phe
nomenes. 
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1. Introduction 
Most authors consider the chance of concrete 
cracking as a consequence of autogeneous 
early shrinkage of the cement paste to be 
almost negligible. More recently, however, 
some authors postulate such cracking to be 
of considerable significance (1). Chatterji 
(2) even proposed that crack formation due 
to autogeneous early shrinkage may occur in 
neat hardened cement paste. 

One possibility to get a better insight in
to the mechanisms of crack formation in 
young concrete is the determination of the 
shrinkage behavior of the cement paste. How
ever, though the number of publications dea
ling with this subject is large, there still 
remain many unsolved questions. Part of 
these questions are due to the fact that 
there are different methods to investigate 
the shrinkage and particularly the early 
shrinkage of ~ement paste, each method giving 
another aspect of the material behavior. The 
most widely used methods are described in 
the following, not considering shrinkage due 
to drying, carbonation or chemical attack. 

2. Methods to Determine Shrinkage 
Shrinkage experiments on cement paste can be 
subdivided into two categories: experiments 
on unsealed specimens, in which case the 
specimens are able to absorb water or experi
ments on sealed specimens, in which case the 
true autogeneous shrinkage is determined. 

a) Unsealed Specimens 
In the simplest case a-certain amount of 
fresh cement paste is put into a water
filled vessel with a capillary to indicate 
the volume changes of the paste (3) . The 
shrinkage thus measured is due to the fact 
that the hydration products have a higher 
density than the initial products. The 
shrinkage thus measured is commonly called 
chemical shrinkage (in french: shrinkage 
"Le Chatelier"). 

b) Sealed Specimens 
A different approach is possible by using 
sealed instead of unsealed specimens. Experi
ments can be done in a volumetric as well as 
in a unidimensional dilatometer. Recently 
Detriche and Maso (5) and Buil and Baron (6) 
performed such measurements on cement pastes 
and mortar in a unidimensional dilatometer 
and observed a development of shrinkage as 
shown in Fig . 1. The development of shrinkage 
can be subdivided into 3 stages: 

I. ~irst shrinkage 
II. expansion 
III. second shrinkage. 

I. The first shrinkage develops before and 
during setting. Detriche and Maso (5) explain 
this shrinkage by energetic interactions bet
ween the solid, the liquid and the gaseous 
phases, specially referring to capillary 
forces, which develop when the surface water 
has evaporated. Buil and Baron (6) furtheron 
report that the first shrinkage begins bet
ween 2 and 3 hours after mixing. However, 
it is more probable that the first shrinkage 
is caused by the hydration reactions occuring 
during the time until s~tting. These reactions 
are for once not influenced by evaporation. 
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Fig. 1: Shrinkage of cement paste in a 
unidimensional dilatometer 

Secondly they begin immediately after mixing, 
thus causing shrinkage immediately after 
mixing. 

The first shrinkage could be expected to be 
identical to the so-called plastic shrinkage, 
i.e. shrinkage before setting. Such plastic 
shrinkage often had been observed to be the 
cause for crack formation within the first 
hours after placing a concrete mix. It must 
be reminded, however, that plastic shrinkage 
cracks normally are observed only when the 
concrete surface is dried by evaporation, 
thus leading to additional drying shrinkage. 

II. The first shrinkage normally is followed 
by a period of expansion the reasons of which, 
however, are not yet very clear. 

III. The second shrinkage develops in the 
course of hard~ning and therefore is often 
called hardening shrinkage. It may also be 
referred to as dessiccation shrinkage due to 
the fact, that this type of shrinkage can be 
explained by internal dessiccation (1,6). The 
reasons of this shrinkage predominantly are 
of physical nature, comparable to the defor
mations caused by drying shrinkage. 

3. Comparison of Methods 
Fig. 2 summarizes results from the literature 
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Fig.2: Comparison of methods 



on early shrinkage of cement paste for the 
three experimental methods described above. 
When comparing these data large differences 
can be observed. A close analysis, however, 
shows that the different methods should 
yield at least partially identica1 results. 

The first point which has to be mentioned in 
this connection is shrinkage before setting. 
It should be identical for all three methods 
introduced here, at least as long as no in
ternal pore formation occurs. Such pore for
mation is not to be expected in plastic 
cement paste or concrete, provided that the 
w/c-ratio is not_ extremely low. 

Another point which has to be analysed more 
carefully is the role of the bleeding water 
in the shrinkage experiments. Bui! and Baron 
(6) overcame the problem by using cement 
pastes with a very low and thus unrealistic 
w/c-ratio (w/c = 0,27). 

Setter and Roy (7) used a different approach: 
They removed the bleeding water of the sealed 
specimens 2 hours after mixing. This proce
dure, too, is problematic since the effective 
w/c-ratio of the paste is altered, and the 
removal of all bleeding water is difficult 
particularly in concretes, where part of the 
bleeding water is trapped below the aggre
gates . 

When sealed cement paste specimens with blee
ding water are examined in a volumetric dila
tometer the observed shrinkage should be 
identical to the chemical shrinkage of un
sealed specimens as long as bleeding water 
does exist. After imbibition of the bleeding 
water the shrinkage measured thereafter will 
be a pure bulk shrinkage which thus should be 
comparable to the bulk shrinkage as measured 
in the unidimensional dilatometer. Until now, 
however, experimental evidence does not 
support this-hypothesis, 

4. Scope of Investigation 
Considering the problems which are unsolved in 
the area of autogeneous shrinkage of cement 
paste, mortar and concrete, it was intended 
to design a dilatometer which should fulfill 
the following requirements: 

- high accuracy, simple and easy to handle; 
- volumetric in order to allow comparison of 

shrinkage of sealed and unsealed specimens; 
- permission of the use of specimens with a 

volume of at least 1000 cm3, such that the 
shrinkage of real concrete specimens can be 
determined; 

- ~ermission of the use of variable specimens, 
in order to make possible the evaluation of 
the influence of specimen size and specimen 
form on shrinkage; 

- suitable for continuous registration of 
shrinkage and temperature. 

I~ the following a dilatometer designed accor
ding to these requirements is described. 

5, Dilatometer . 
The dilatometer vessels used in this investi
ga~ion consist of a 3000 cm3 glass vessel on 
which a top with openings for a thermometer, 
for the capillary and for two ventpins is 

THERMOMETER-- --CAPILLARY 

Fig. 3: 

Di.latometer 

DE AIRED 
WATER 

---+---1-S PECI MEN 

L3000 cm3 GLASS VESSEL 

fixed by using an adaptor ring (Fig. 3). Six 
dilatometers are used at a time, such that 
comparative measurements are easily possible. 
The dilatometer are filled with deaired water. 
They operate in a room with a temperature of 
21 ± 1 oc. 
Unsealed as well as sealed specimens have 
been investigated. The unsealed specimens 
consist of 3 bowls placed on top of each 
other in order to obtain a sufficiently large 
total specimen volume of approx. 600 cm3 
(Fig. 4a). The sealed specimens had various 
shapes (Fig. 4b). The fresh cement paste is 
placed in bags made of 0,4 mm-polyethylene 
sheets which are highly flexible, water-tight 
and transparent. 
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b) sealed specimens 

a) unsealed specimen 

Fig. 4-: Specimen. forms 

All materials and apparatus necessary for the 
experiments are stored in the same constant 
environment room. Thus the fresh cement paste 
has the same temperature as the dilatometer 
water. The latter is mixed with 1·cm3 of a 
detergent which reduces the amount of resi
dual air in the dilatometer water. Remaining 
air is removed completely by shaking the 
filled dilatometer. All specimens are vibra
ted before installation into the dilatometer. 
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Because of the simple construction of the 
dilatometer the first results can be obtained 
about 8 minutes after mixing. Another ad
vantage of the set-up is the possibility of 
continuous temper.ature registration which 
renders the dilatometer a type of calori
meter. 

6. Accuracy 
The temperature registration in the dilato
meter is important because small variations 
of the dilatometer temperature lead to a 
large amount of ficticious shrinkage. The 
influence of the variation of the tempera
ture of each dilatometer was taken into 
account in the calculation of the shrinkage 
values. Furtheron fluctuations of the room 
temperature were considered by comparing the 
temperature of each dilatometer with the 
temperature of a reference dilatometer with
out specimen. Thus the temperature variation 
due to heat development caused by hydration 
could be distinguished from temperature 
variations caused by fluctuations of the 
room temperature. 

The first results in our experiments were 
obtained in the time interval of 8 to 30 
minutes after mixing depending on the time 
necessary for mixing and vibrating. Naturally, 
the later recording begins after mixing the 
larger is the portion of first shrinkage 
which is not recorded. However it had been 
observed that all shrinkage curves initially 
show a linear increase with log t with a 
slope independent of the w/c-ratio, when the 
shrinkage is related t6 the cement content 
of the specimen, i.e. when 6V/100 g cement is 
plotted as a function of log t. This relation
ship was used to correct all shrinkage curves 
in such a way that shrinkage was considered 
zero at a time of 10 minutes after mixing. 
Because of this procedure the scatter of ex
perimental data obtained was small and be
cause of 
- identical temperature of all materials and 

apparatus before mixing; 
- no restraint of shrinkage of sealed spe-

cimens; 
- relatively large specimens; 
- no movable parts of the dilatometer. 

7. Results and Discussion 
7.1 Unsealed Specimens 
In Fig. 5 the development of shrinkage and 
temperature of unsealed portland cement spe
cimens (German specification PZ 35F) with two 
different w/c-ratios of 0,4 and 0,6 resp. is 
shown. This result confirms earlier results 
e.g. from Czermin (3). It is evident that the 
shrinkage is independent of the w/c-ratio. 
This, however, holds true only as long as 
permeability of the hardened paste allows the 
imbibition of water at a sufficient high rate. 
In the diagram three regions of the shrinkage
time relationship can be distinguished: 
- Stage I, which is characterized by a small 

rate of shrinkage (dormant period) and by 
a linear dependence of shrinkage on log t; 

- Stage II, which shows a linear increase with 
log t with a steeper slope; 

- Stage III, which is characterized by decrea
sing rate of shrinkage indicating nearly 
complete hydration. 
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Fig. 5: Shrinkage of unsealed cement paste 
specimens 

The temperature of the dilatometer increases 
slightly shortly after mixing but remains 
constant during the dormant period. Following 
the dormant period the temperature increases 
rapidly and decreases again after having 
reached its maximum after about 12 hours. 

7.2 Sealed Specimens 
In Fig. 6 the shrinkage · behavior of sealed 
specimens is demonstrated. The following 
characteristics are to be observed: 
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Fig.6: Shrinkage of sealed cement paste 
specimens 

- plastic shrinkage (shrinkage durin~ the 
dormant period) of sealed specimens is 
identical 'to shrinkage of unsealed specimens 
and independent of the w/c-ratio; 

- the shrinkage curve of sealed specimens co
incides with the shrinkage curve of unsealed 



specimens for a period which is the longer 
the higher the w/c-ratio. By visual obser
vation of the specimens it was verified 
that during this period bleeding water 
could be detected on top of the specimens; 

- when the bleeding water was absorbed by 
the specimens, a period of expansion 
occurred,which was followed by further 
shrinkage, however at a slower rate; 

- the final value of shrinkage increased 
with increasing w/c-ratio; 
the temperature curve shows the same cha
racteristics as in the experiments on un
sealed specimens (Fig. 5). 

Furtheron it is to be noted that the time 
at which the temperature maximum occurs is 
independent of the w/c-ratio. 

Thus these experiments demonstrate the close 
correlation between bleeding water and 
shrinkage of sealed specimens. As specimens 
with a high water-cement-ratio show ~trong 
bleeding their final shrinkage value is 
high. For w/c-ratios > 0,55 no difference 
in the shrinkage behavior of sealed and un
sealed specimens could be detected within 
the first 28 days. The results of these 
e xperiments do not confirm the statement by 
Buil and Baron (6) that the expansion period 
normally is not observed in a volumetric 
experiment. 

Another point can be analysed more clearly 
on the basis of these results. When per
forming volumetric shrinkage experiments 
on sealed cement paste specimens Haas et. 
al. (8) observed higher shrinkage values 
(shrinkage given in percent of cement paste 
volume) for lower w/c-ratios up to about 
10 hours. After this time an inverse ten
dency was observed. Haas et. al. as well as 
setter and Roy (7) explained this effect by 
shrinkage caused by ettringite crystals. 
This explanation seems, however, improbable, 
as the results of this investigation de
monstrate the independenqe of initial shrink- ' 
age on w/ c-ratio when shrinkage is related 
the cement content of the paste. From this 
result it follows that shrinkage values 
which are related to the volume df the 
cement paste must initially be the higher 
the lower the w/c-ratio. 

7.3 Effect of Type of Specimens 
In Fig. 7 it is shown that shape and dimen
sions of the specimens can have a strong 
influence on the shrinkage of sealed cement 
paste specimens. In this experiment three 
different .types of specimen made of identi
cal cement pastes have been studied. Type A 
specimen has a cylindrical form with dia
meter of 60 mm and a volume of about 600 cm3 
Type B and C specimens only had a volume of 
300 cm3. Both specimens consisted of 8 
parallel cylinders (see Fig. 6) each with 
a diameter of 15 mm. As shown in Fig. 7 the 
cylinders are in a vertical position for 
the type B specimen and in a horizontal 
position for the type C specimen. 

Obviously the different specimen forms lead 
to different shrinkage characteristics of the 
cement paste. The different behavior can be 
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explained by differences in the amount of 
bleeding water. It was observed that bleeding 
was strongest in the type A specimen · and 
weakest in the type C specimen. The high 
amount of bleeding water in the type A spe
cimen then led to a high fi'nal shrinkage 
value corresponding to the results of Fig. 6, 
in which the influence of w/c-ratio on 
shrinkage of sealed specimens had been de
monstrated . 

7.4 Effect 6f Admixtures 
In a few pilot experiments the effect of ad
mi x_..tures on the shrinkage characteristics of 
cement paste' has 'been investigated. Three 
types of admixtures were used: 

a) UCR 1/10, a mixture of 10 Vol:- % high 
polymer resin and 90 Vol.- % ligninsul
phonate; 

b) UCR 100, the pure high polymer resin, 
which is used as a plast~ciser; 

c) polyviny lpropionate. 

As shown in Fig. 8 these admixtures had only 
a slight influence on the shrinkage of the 
unsealed specimens. 
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Fig. 8: Effect of admixtures ·(unsealed sp.) 

Fig. 9, on the other hand, shows the result of 
an experiment on sealed specimens with three 
different UCR 1/10 concentrations using 
cement paste with a w/c-ratio of 0,5. In this 
case, the addition of 0,5% UCR 1/10 slightly 
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Fig. 9: Effect of admixtures (sealed sp.) 

increased the final shrinkage value whereas 
final shrinkage had been decreased signifi
cantly by the addition of larger amounts of 
admixtures. 

The fact that shrinkage of the unsealed 
specimens with and without admixtures was 
equal indicates that the admixtures had only 
a negligible effect (in comparison to the 
accuracy of the measurement) on the hydra
tion of the different pastes. The shrinkage 
characteristics of the sealed specimens can 
be explained - as has been done previously 
- by different amounts of bleeding water: 
The addition of 0,5% UCR 1/10 led to a 
strong reduction of the amount of bleeding 
water thus decreasing final shrinkage. 

8. Outlook 
Until now all experiments had been perfor
med by recording each individual data point. 
Experiments are, however, under way, which 
will allow continuous reading of shrinkage 
and temperature. In the final experimental 
set-up the height of the water in the ca
pillary is recorded by a pressure trans
ducer. Thermocouples determine the tempera
ture in the dilatorneter water and in the 
specimens. The signals of the pressure 
transducer and thermocouples are processed 
and recorded by a data recorder. After the 
experiment the records are connected to a 
computer which in combination with a plotter 
will then deliver the final shrinkage plots. 

The investigation is being continued. In 
addition to studies on mechanisms of auto
geneous shrinkage and of parameters in
fluencing it, the effect of shrinkage on 
mechanical properties of concrete is being 
studied. 
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THEME VII 

Reaction aux interfaces entre ciment 
et granulat dans les betons et mortiers 

Interface reactions between cement 
and aggregate in concrete and mortar . 

Etude de I' effet produit sur la deformation des betons 
par les alcalis au cours de leur interaction 

avec la silice dans les agregats 

Investigation of cement alkalis influence on concrete deformations 
at interaction of the alkalis and silica iri aggregates 

G. ROYAK, TsNllS, _Moscou, U.R.S.S. 

On a etudie l'influence qu'exercent sur la deform2tion du b P. ton la teneur du ciment en . 
a l calis, la quantite d'opale dans l'agregat, la tdille de ses grains, le facteur eau-ciment 
et l'activite de l'addition minerale present dans la composition du ciment. On a determine 
les deformations qui se produisent dans le beton _en fon9tio~ du nombre et du type d'adju-
vants mineraux actifs d'origine volcanique et sedimentaire additionnes au ciment. · 

On a examine le mecanisme d'interaction entre la phase liquide du ciment et la silice. 
On a formule des propositions concernant la composition mineralogique des ciments et leur 

teneur en alcalis lors queles agregats contiennent de la silice active • 

. Influ~nce on.concrete deformations ·of' alkalis quantity in cement, opal in aggregate, 
s~ze of its grains, W/C factor, activity of mineral ad ci ition containing in cem·ent composi-
tion has been investigated. · 

Concrete deformations have been determined as a function of quantity and type of sedi
mentary and volcanic active mineral additions containing in cement. 

The mechan~sm of interaction of cement liquid phase, with active silica has been conside
red. Suggestions are made about cement substantial composition and relating to the alkalis 

contents in the cement with active silica in aggregates. 
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Dans leur rapport detaille au 4ieme sym
posium international sur la chimie du ciment 
qui s 1 est tenu a Washington en 1960, 
P .Bredsdorf, G .1'~ . Idorn et coll. ( 1) ont ex
pose les differ ents aspects des reactions 
chimi q_ues avec les agregats. Ils ont note 
que le type et l a structure des mineraux 
reactifs et le comportement des grains d 1a
gre gats de grande dimension devaient etre 
consideres comme objets d 1 importance primor
~iale dans les §tud~s de base ulterieures. 
Il est connu que la r~action avec la silice 
dans les agregats commence sur la surface 
des grains et embras se les couches plus pro
f ondes grace a la rupture des liaisons 
;)i-O-Si. S .A .Greenberg et D .Sinclair ( 2) ont 
abouti a la conclusion que les liaisons si
loxane formees par la polymerisation de 
l'acide monosilicique sent detruites dans 
l'eau et cett~ reaction est reversible. De
ja en 1933 B.N.Dolgov (3) a indique la pos
sibilite de formation de la liaison siloxane 
et du polymere a partir de composes orga
niques . oxygenes de silicium avec le degage
ment de l'eau : 
:Si-O rH + OH I- Si:: ·- :Si-O-Si ~ + H20 

Les echantillons de silice naturelle con
tenus dans les agregats surtout sous forme 
de phases amorphes et microcristallines 
d'origine sedimentaire possedent la surface 
interieure developpee accessible a la pene
tration de la phase liquide et a la realisa
tion rapide des reactions chimi~ues. La si
lica formee dans les conditions naturelles 
sous forme de verre peut aussi contenir des 
additions a•eau et et~e caracterisee par la 
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structure defectueuse et l'activite chimique 
elevee. Des idees analogues peuvent etre 
generalisees aux pouzzolanes utilisees dans 
la composition des ciments et absorbant ac
tivement l'hydroxyde de calcium forme au 
cours du durcissement. Pour des grains ma
croscopiques de silice la part d 1 ions su
perficials est trop petite pour que 1 1hydra
tation puisse influer ·sur la composition 
moyenne d 1 une particule. La surface des par
ticules colloidales de silice est tellement 
grande que 1 1 hydratation est mesurable et on 
peut parler de la silfoe hyoratee. Le fait 
connu de diminution de 1 1 expansion si les 
pouzzolanes entrant dans la composition du 
ciment, ne trouve pas d 1 explication assez 
claire bien qu'on liait la diminution de 
l'expansion avec la propriete traditionnelle 
des pouzzolanes .d 1 interagir activement avec 
1 1hydroxyde de calcium (1). I.Powers et 
N.N.Steinour ant suppose quela reaction 
des alcalis avec la silice se deroule "sans 
aucun danger11 , i.e. ne provoque pas d 1 ex
pansion, lorsque Ca(OH) 2 ar~ve dans la 
zone de reaction assez vite pour pouvoir in
teragir avec la moitie de la quantite de la 
silice dissoute dans NaOH. Or ceci n•est 
possible que lorsque, la concentration de 
Ca(OH) 2 surla surface exterieure de la 
couche des produits de la· reaction est assez 
elevee durant tout le temps. On pouvait sup
poser que le grain isole de la silice, par 
exemple de 1 1opale, ne deviendrait pas plus 
grand quant a la dimension OU gonflerait de 
fa~on limitee lors de l'interaction avec la 
solution de NaOH et de Ca(OH) 2 car les con-



aitions indiqu~es ci dessus sont observees 
aans ce cas. La figure 1 montre la variation 
de la valeur de la solubilite de l'opale 
aans les solutions de NaOH si ces dernieres 
contiennent un exces de Ca(OH)2 o La figure 
2 montre l'augmentation de la dimension des 

1 

0,5 1 1,5 2 

Concentration de la solution de NaDH, mo1'1. 

Fig.1. Variation de la concentration de 
SiO soluble en fonction de la concentra
tiog de l'alcali et de la teneur en Ca(OH) 2 
de la phase solide: 1 - en so lution de NaOH; 
2 - en solution de NaOH avec Ca(OH) 2 solide 

grains isol_es dans le temps, i.e. leur gon
flement, dans differents milieux. Notons 
le caractere adequat de l'augmentation de 
la dimension des grains dans le temps lor
squ 1 ils se trou~ent dans la solution satu
ree de Ca( OH)2 , dans la solution de 
NaOH+Ca(OH)2 et dans la matrice du ciment 
durci ou lorsqu'ils se trouvent dans l'eau 
ou la solution aqueuse de NaOH. Ainsi la di
minution de l'expansion lors de l'intro
duction dans la composition du cime.nt de la 
pouzzolane doit evidemment ~tre liee non a 
la formation du gel "expansif ou non expan
sif" mais aux conditions telles que l'arri
vee des ion• ca2+vers lea gros grains soit 
essentielleaent detournee. Dans lea gros 
grains 11 y a une reserve de la silice re
active pour la realisat~on d 1 Wle reaction 
chiDliqQe prolongee et du goD.:flage. On de
tourne l'arrivee des ions oa2+vers ces 

grains par introduction dans la composition 
du ci ment d'une quantite determinee de la 
pouzzolane active a grains fins (surface 
specifique -10 000 cm2 /g) dont les ~arti
cules entreront rapidement en reactions 
chimiques avec ca2+ et la depolymerisation 
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Fig.2. Expansion des grains isoles de l'o~ 
uale dans les milieux suivants: 1 - solution 
~atu~~e de Ca(OH) 2 , avec la teneur de CaO 
de 1.,3 g/l; 2 - ma trice du ciment durci; 
3 - solution de NaOH, 1 N- 4 - eau; 5 - 1 N 
solution de NaOH + Ca(OH) 2 

ulterieure de la silica par lea ions OH-, 
Na+ et K+ conduira a 1 1 expansion initiale 
limitee des grains suivie d 1 une dissolution 
sans aucun indice d'expansion. Pans le 
Tableau I on trouve lea donnees stir la di
minution des deformations d'expansioa des 
ciments avec les pouzzolanes d'origine se
dimentaire et volcanique. On voit sur la 
figure 3 les isolignes des deformations 
d'expansion pour les pouzzolanes qui se dis
tinguent par le type et la str-ucture de la 
silice active caracterises d'apr~s l'ab
sorption de l 1hydroxyde de calcillll recal
culee pour OaO. La figur.e 3 montre qu 'avee 
l'augmentation de l'activite de la pouzzo
lane on peut adlllettre l'accroisseillent de la 
teneur des ciaents en alcalis sans aucun 
risque de voir apparaitre dans le baton des 
deformations critiques. Le traiteaent sta
tistiques des donnees de i•u.s.A. et de 
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TABLEAU I 
D~forma~ions d 1 expansion des 'chantillons cont enant 
les additioas pouzzolalliques d 1 origiae sedimentaire 

et volcani que 

;0s---~--1Additi~-;.,-----~----~~;~tit~·n~t~~;t12;;~;;~;;:-
:i'ordr~ lpouzzolanique % sio:n a l 'age de 1 an,% 
--~--·· --- -------------·------------------------------------1 Sans additioa 0 0,99 
2 Spongolite 17 0,37 

30 0,07 

3 Gaize n°1 17 0,62 
30 0,06? 

4 !Ga.ize Ro2 17 0,96 
30 0,09 

5 Tuf' 1? 0,61 
25 0,198 
40 0,110 

6 Pierre ponce 17 0,59 
25 0,10 
40 0,09 

7 Gliej 17 o,ao 
25 0,09 
40 0,06 

8 Perlita 17 0,40 
40 0,065 

9 Porphyrof de ? 0,54 
40 0,06 

10 [,aitier 1? 0,53 
30 0,10 
60 0.09 



1EO 100 ax! 220 240 2EO 200 'YJ'i x3 
Activite des addition minerales d'apres 
l' a.bsorption de la ch aux, en mg I g 

Fi~ 3. I so l ii:mes de :; deforme. tions d ' expc..n
si~; . L e~ ch{ffres pr~s des ~ourbe s .r e
oresentent les vs leurs des d2f ormo.t1o ns 
en pour cent 

1•u.R.s.s. a permis d 1obtenir 11 equation 
suivante : 

Y = 32,77 + 0,287 x - 0,000353 x2 , 

ou y est la diminution de l'expansion en%, 
x la diminution de l'alcalinite en mmol/1, 
permettant, d 1apres les resultats de deter
mination de la diminution de l'alcalinit~ 
(methode ATM), de prevoir la diminution de 
1 1 expansioa lors de l'utilisation dans la 
composition du ciment des differentes pouz
zolanes. Les resultats obtenus permettent 
d 1aboutir a la conclusion SUiYante : l'ap
proche de la teneur admissible en alcalis 
du ciment contenant les pouzzolanes doit 
~tre mise en dependance avec l'absorption 
de la chaux, la quantite de la pouzzolane 
dans le ciment et sa consommation. 
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La formation de la zone de contact a la limite 
avec un agregat poreux 

Formation of contact zone on the border with porous aggregate 

L. KOURASSOV A, Collab. Sc. Super., NllZhB, Moscou 
Z. LARIONOV A, chef de Laboratoire. U.R.S.S. · 

Les facteurs i.mpoct:;ar ts exer~:.:i.nt une influerice sur l a resistance de la zone de contact 
,:::_::. ns le beton l "=',zer sont: l' c.1ctivHe hydraulique de l 'agregat poreux amenant aux formations 

)uvel le ~" et l ' as:/Lrc:tion oar c et agregat de la phase liquide du ciment durci .En fonction 
;E, L · ;:;r·.i.ndeLJ.r des grains del ' agregat poreux ces prop rietes se manifestent a' une maniere 

t iff §r ente. Par un com~lexe des methodes physico-chimigues est etudiee la zone de contact 
3.Vec le::; :;rains de ~eramsite (du 5 me ct 20 mm)dans le s echantillons des mortiers. Est con
st ~1 t8 l' · ccroissement de microdurete du ciment durci s ur le cont.act avec les grains (avec 
d 2 11t:.J ce 0~1:: s 'ex-:J.L ic :~ e o:..i.r 12 form.a t i on de l a couche consolide e r6sul tant de l' interac
tion chimi~t..1e int t~r ~ sive e nbre l es ~::;rains, de grandeur donnee et les composantes du ciment du1'
c i. -'• me s :.u·e c_ye le s ;;r~ins dev~ c nnent de 9lus en plus grands, la microdurete du c iment dur
ci ~::;:.;.r l e cor.!t&ct dec ro it , l e role de 1 1 i nteraction chi.Iilique abaisse et augmente l' influence 
de l' ospi1·ation c_ u :L abai sse la r~~ si st.:i.nce de lo. structure. Pourtant 1 'asp ira tion de la 
)hu se li cuice est exerce une i il ~' l uence favorable uur la structure ce la zone de contact si 
e ll : e. 1 i eu. svar~ ~ le ci/>but de l a vibra tion du bet on frai s. ... 

~ 

I rn ;) c.£.· t ant ±'ac tors aff:'ec tin;::; t h e s trength of ·che contact zone in lightweight concrete are 
:1;/ :·:.::: ., l L : act ivity o:'.: t he '.)Orous aggr eGate leading to newformations and extraction by it 
chi:: li c:iu id Jh<..-1se f1~ o m t :.1e cement s tone. Deo c:: nd ing on fineness of the porous agg.:::·e ,;ate pa.r
t .l.c l es , tD.ese pccu.liar ities revea l themselves in variou s ways• 

1J::J ::.n3 a several of 9h;ysico-chemi ca l methods, stud ies have been made of the contact zone 
\':i t;J:: cerari site :1articles ( d ranging f r·om 5 ID.km to 20 mm) in mortar s p ecimens. 

i;. ic .:·oh<Jrc ness o :· :~he c e.:li e nt stone cont actinc with parti cles ( d 1, 2mm) increases due· to 
i nt er., si'le chsmieal interact ion b etvrnen the particles of this size o.nd the cement stone com
uonents. 
- A ~ the ~article size c rows, th e ceme nt stone microhardness in the contact zone is lessened, 
t :ce role of tt.E:) c ~1 emica l inteTaction be i ng decre a.sed, while the effect of extraction (that 
r·educe~ the st J.: eng t h of stru :;ture) i s stepp ed up. But extraction of t h e liquid phase h a s a 
favour c.:. ble effect on "'.:;he contact zone structure if it takes p lace befo re t he vibration of 
the conc r ete mix. 
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Les proprietes physico-mecaniques du be
ton sont considerablement influencees par 
l'etat de la zone de contact, c'est-a-dire 
par sa structure, sa composition de phase 
~t sa resistance. La zone de contact c'est 
le microvolume du beton, limite convention
nellement par les deux surfaces qui passent 
dans le ciment durci et dans le grain d'ag
regat a une telle distance de la surface de 
contact qu'il n'y a pas d'influence des 
phases contigues. 

L'etat de la zone de contact depend de 
nroprietes physico-chimiques d'agregat ainsi 
que-de 'lrocessus au contact resultant de 
l'interaction de l'agregat avec le ciment 
durci. Les facteurs importants determinant 
la resistance de la zone de contact dans le 
beton leger sont: l'activite hydraulique de 
l'agregat poreux amenant aux formations nou
velles et -l'aspiration par cet agregat de la 
phase liquide au _c_iment durci. Nous avons 
mis en evidence gue ces proprietes se mani
festent differemment en fonction de gran
deur des grains de l'agregat poreux. Par un 
complexe . des methodes est etudie la zone de 
contact avec les grains de l' agregat po·reux 
- keramsite (d etant egal a 5 mkm - 20 mm). 
L'etude des couches de contact au ciment 
durci a la limite avec les grains du keram
site non-concasse ayant les dimensions dif
ferentes a ete realisee sur les trois se
ries d'eprouvettes qui se distinguaient par 
les dimensions des fractions etudiees: 0,15 
mm; 0,15-5 mm et 5-20 mm. Pour la determina-
tion de la microresistance de la zone de 
cont~ct a ete utilisee la methode des mesu
res de microresistance a l'aide d'un micro
scope dans une lumiere reflechie. Cette me
thode est basee sur l'enfoncement statique 
de la charge dans un volume microscopique
ment petit du materiau. La micr-odurete (H ) 
des couches de contact du ciment durci (dia
gnostiquees visuellement a 1 1aide d'un micro
scope lumineux d 1 apres la peinture de rouil
le brune) immMiatement a la limite avec 
les grains de 3-7 mkm etait egale a 3000-
4700 MPa. A mesure de 1 1eloignement de la 
limite la microduxete diminuait et a la 
distance de 10-20 mkm elle etai t egale a des 
valeurs correspondant a H de la masse hyd
ratee du ciment durci en volume (600-700 
MPa). Done, auteur les particules dont les 
dimensions sont egales a 3-7 mkm se forment 
les microvolumes du ciment durci renforce; 
les diametres de ces volumes sont 7-15 foi& 

plus grands que les dimensions def:l particu
les. 

L'augmentation de microdurete dans les 
couches de contact auteur les grains de 
fraction de 0,15-5 mm de sable non-concasse 
au keramsite n'etait observe qu'a la limite 
avec les particules de 1~ mm ~Fig.1). A me
sure de l'accroissement des dimensions des 
particules la microdurete diminue a partir 
de 2200 N!Pa (pour 0, 15 mm) jusq_u' aux 900 MPa 
(pour 1J2 mm), et la lar3eur de la couche 
renforcee diminue n partir de 20-25 mkm jus
qu 'aux 10-15 mkm; c'est-a-dire jusqu'aux 
0,01-0,15 du diametre de la :;::> orticule. Au 
contact avec les grains de 2, 5-5 mm la micrcr 
durete est egal a 650-7 50 l:.Pa ; cette valeur 
n'excede pratiquement pas de microdurete du 
ciment dm,ci (1+00-750 IvIPa). 

Nous consid~rons que l'aspiration de 
1 1 eau du ciment durci par l' ~gregat influen
ce f avorablement sur la formation de la stru
cture du beton frais seulement jusqu'au mo
ment de son compactage definitif. L'aspira
tion ulterieure de l'eau porise le mortier 
et le beton devient d'une resistance moin
dre. Ce fait a ete confirme par des essais 
speciaux, par lesquels on a determine l'in
fluence de compactage (vibration) sur la 
microstructure et la microdurete du ciment 
durci, contigu a l'agregat poreux. 

Les resultats obtenus correspondant avec 
nos hypotheses que si la guantite essentiel
le de 1 1 eau est aspiree par l'agregat avant 
le compactage du beton frais (c'est-A-dire 
la vibration est realisee 15-20 minutes ap
res la preparation du beton frais) alors 
l'aspiration de l'eau joue un role positif. 
Dans ce cas-la la formation du beton frais 
a lieu justement dans la periode ou sont de
ja termines l'aspiration de l'eau d'agregat 
et l'abaissement de E/C et le compactage du 
cimeht durci. lies avec 1 1 aspiration de _ l 1eau. 
L'aspiration ulterieure de l'eau du ciment 
durci diminue OU n 1 existe pas de quoi re
sulte lefait que la porisation de la couche 
de contact n'a pas lieu. Dans lesconditions 
donnees, les proprietes de microresistance 
du ciment durci au contact sont condition
nees, principalement, par la compo-si tion et 
par la microstructure des nouvelles forma
tions. Si le compactage du beton frais est 
realise immediatement apres sa preparation, 
alors l'aspiration ulterieur de la quanti
te essentielle de l'eau, qui dure encore 
15-25 minute, amene a la porisation de la 
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Fig.1. La surface de clivage du ciment durci 
sans uarticules (a) et avec les particules 
des la zone exterieure du keramsite (b) S:Bl'I 

couche de contact du ciment durci et a dimi
nution de sa resistance. 

Par ces memes processus s'explique aussi 
un tel uhenomene aue dans les eprouvettes 
essayes~ au contact avec les grains fine
ment di~neres du keramsite dont l'aspirati.on 
de l' eau~ se realise pratiquement instantane
ment, est observe le depassement de microdu
rete du ciment durci en fois et plus. Avec 
l'augmentation des d:pnen~ions de la fract:;on 
du sable quand 1 1 as9irat1on de l'eau se re
alise pendant une periode plus longue l'aug
~entation de microdurete de la couche de 
contact en comparaiso~ avec le ciment durci 
en volume ne constitue que 20-25%. Done, 
l'augmentation de microresistance du ciment 
durci au contact avec un agregat poreux 
(uarticulierement avec les grains de 1,2 mm) 
est conditionne par la formation resultant. 
de l'interaction chimique de la zone transi
toir.'e renforcee dont la largeur est egale 
a 10-20 m1an et qui est eonstituee des nouvel
les formations et des particules submicrosccr 
piques d'agrega~,~insi que de,micr?-couche~ 

ointes d 1 une resistance elevee qui se for 
ment auteur de ces particules. L'abaisse
ment de microdurete, observee au contact, 
n'est determine que par l'accroissement de 
la porosite du cime~t durci qui resulte de 

l'aspiration de l'eau par l'agregat conti
nuee apres le compactage du beton frais. 

En se basant sur les resultats obtenus 
nous sommes amene a la conclusion suivante: 
a la limite du ciment durci et du keramsite 
ont parallelement lieu les deux processus 
qui influe~cent sur la formation de la zone 
de contact. Ce sont les processus suivants: 
1. L'apparition d'un nombre considerable dea 

phases nouvelles (qui resulte de l'inter
action chimique du k~ramsite avec le ci
ment durci) amenant a la formation de la 
structure cristalline.plus compacte et a 
l'accroissement de microresistance de la 
couche de contact. 

2. L'augmentation de la porosite du ciment 
durci resultant de l'aspiration de l'eau 
par l'agregat continue apres le compac
tage du beton frais; cette aspirati-0n de 
l'eau contribue a l'abaissement de micro-
resistance de la couche de contact, · 
La resistance finale de la couche de con
tact est conditionnee par des processus 
aui ont lieu a cette etape de la forma
~ion de la structure du beton leger frais. 
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Investigation of contact zone in cement stone hydrate phases 
single-crystal concretions and their concretions with aggregates 

Etude de la zone de contact dans /es agregats de monocristaux 
des phases hydratees du ciment durci et dans leurs agregats avec 

/es materiaux de remplissage 

V.V. TIMACHEV, 
Y.I .. BENSTEIN, 
L.V. BALKEVITCH, 
N.S. NIKONOVA, MkhTI Mendeleev, Niitsement, U.R.S.S~ 

On a etudie '1es agregats de cristaux des phases hydratees du ciment durci entre eux et les 
pr6cessus de leur cristallisation sur la surface du quartz et de la calcite. 

Les agregats furent etudies al'aide de l'analyse structurale aux rayons X d'apres l a me
~hode de Laue, de la microscopie optique et electronique. 

On a etudie les regularites et determine les faces et l es a11bles prefe.r·entiels d'agregation 
des cristaux de quartz et de calcite. On a decouvert l'agregation epitaxique des cristaux 
indiques d'apres le schema de Roye. n . 

On a etudie la zone de contact dans les systemes reels durcissants ou sui, la surface des 
agregats on a decouvert les couches orientees des cristaux de la calcite. On a degage trois 
secteurs principaux de la zone de contact. On a montre que par les methodes de l'action chi
mique, mecanique et combinee sur les constituants du mortier compose de ciment et de sable 
on peut comma ~i de:c les processus de formation de structu::-e des cristaux ayant lieu lors du 
durcissement des liants. 

Concretions of cement stone 
crystallization on the surface 
have been studied through the 
and electrmnic microscopy. 

hydrate phases crysto.ls one v;ith anothe r- and process of their 
of quartz and calcit have been investigated. The concretions 
use of x-ray diffraction analysis by Laue method 9 and optical 

Mechanism of concretion haz been studied and preferred facets and angles of concretion of 
hydrate phases crystalls one with another and with crystalls of quartz and calcit have been 
determined. Epitaxic concretion oi' mentionned crystalls according to Roier have been revea
led; 

Contact zone in real solidifying systems ha s been studied. Oriented layers of calcit crys-
talls have been found on the aggregates sur:Cace in the contact zone. Three main regions 

of contact zone have been distinguished. ·It was demonstrated that one can control the proces
ses of binder crystallization by the methods of chemical, mechanical and combined influence 
on the components of cement sand solution. 
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A comprehensive study of concretion of 
calcium hydrosilicate and portlandite crys
tals with each other was carried out to
gether with investigation of CHS crystalli
zation from satured solutions of various 
stoichiometric composition on quartz and 
calcite surfaces. 

Various methods of crystal growth from 
aqueous solution and methods of hydrother
mal crystallization were used. Concretions 
of quartz and calcite sith large (1-5 mm) 
Ca(OH)~ crystals were obtained by the metl:x>d 
of difrusion of saturated c~c12 and KOH 
solutions in water, placing in the reaction 
zone plates cut out of quartz and calcite 
single crystals along jiffer.ent crystallo
graphic directions. Accretion of hydrate 
phase crystals on substrates was carried out 
by Belyustin's method. Specific features of 
concretion and of the contact zone structure 
were studied by Laue X-ray structure analy
sis, local X-ray spectral analysis, electron 
microdiffraction and electron microscopy. 
~ER~;~drE~¥~1~g_Qgg£E~~~2.£2_2!_!!lgE~~ ________ ;[ ____ _ 
Crystals of Ca(OH) 2 most frequently in

tergrow along faces of hexagonal and dihexa
gonal prisms and basis, and twinning planes 
are faces of ditrigonal scalenohedron and 
hexagonal dipyramid. Angles between triad 
axes in concretions change abruptly and are 
multiple of 15-16°. Most ofthe Laue patterns 
obtained from the contact zone of concre
tions show the nresence of additional ref
lections indicating considerable distortion 
of the crystal lattice and the existence of 
di~oriented microcrystalline blocks in the 
Contact zone. 

Among the synthesized concretions of cal
cium. hydrosilicates (Table 1) ideal laue 
patterns are observed in concretions of cry
stals obeying Royer's structure-geometrical 
princi:Qe. Such are Eractically all cross
shaped concretions lmanebach and pericline 
types) of .crystals c 6s3H, CaNaHSi04 and of 
microtwins of calcium chondrodite c 5s~. 
Well-shaped Laue patterns are also displayed 
by penetration concretions of crystals 
Na2ca3si2o10 o The strength of contact zone 
in such concretions is close to the strength 
of intergrown crystals 'Table 2). 
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The obtained experimental data indicate 
that a strong crystalline contact in a 
concretion is formed in the case of apita
xial intergrowth along the general direc
tions of anionic and cationic bonds in ac
cordance with the principle of structure
geometrical conformity of conjugating latti
ces alongs the planes and directions of most 
dense packing. 

Regular concretions of hydrate new for
mations in the hardening system are formed 
not as a result of intergrowth of already 
formed crystals, but in the process of nuc
leus formation - growth of nuclea from one 
point or one face. Strength of the contact 
zone characterized by microhardness in most 
cases is higher than the strength of the 
crystals forming concretions, thus pointing 
to a high degree of orde·ring in the contact 

zone structure (Table 2). 
Contact Zone in Grtstal Concretions of 
g~£~~~=~g~§~~=~!_:~~~~-~g£:Q~!£!t~ 
Concretions were prepared by keeping 

quartz and calcite plates in satured solu_ 
tions of the appropriate phases for 6 months 
and by the diffusion method. 

On all substrates, independent of solu
tion composition,. spherical particles and 
their aggregates are observed (Fig.1).They 
do not give reflections in electron micro
diffraction experiments, that suggests amor
phic nature. These particles are the primary 
form of crystallization of hydrate new for
mations. Coalescence of particles and thus 
formation of larger aggregat~is observed, 
indicating weak bonding with the substrate 
and capacity to migrate along its surface. 
The particles accumulate on macrodefects of 
the surface, steps of the cleavage surface, 
cracks, etc., however frequently their loca
tions are not connected with surface topo
graphy. In this case microdefects of crys
tal-substrate surface play an important ro
le. In addition to these formations crystal
line particles of various morphology are ob
served on substrates. 

Superposition of diffraction patterns of 
crystals comprising the concretion are ob
.served in laue patterns of the concretion 
zone of portlandite with quartz and calcite. 
On sever~l patterns of the concretion zone 
spreading and bifurcation of reflections is 
observed indicating the presence of stresses 



---------------------3 Tricalcium silicate 
hydrate - TSH 

Elongated 
hexagonal 
prisms, 
fibers 

Dr uses, 
shaped 

Table 1 
Concretions of Calcium Silicates and 

conical ray- Angle at cone apex 
aggregates 

4 CaNaHSi04 El?ngated Oross- shaped pe-
prisms netration twins. 

010 010 = 122° ragonite 
Twinaing afong pr:isn law 
faces 110 Intergrowth druses. 

P1~;;----t-c;;;;:---------;h;~;a~~~=-
pr i sma j tact twins. Star-shaped 

-----~~::::::~----------------
010 1 010 2 = 45° nalogue 

010 1 010 2 010 3 0104= ?f 

:M.icrohardness of Contact Zone and of 
Hydrosilicates 

Microhara-

= 450 aragon1te 
law 

-----------~-------L ________ _ 
Table 2 

Crystals of Portlandite and Calcium 
(data of ) 

Microhardness of contact zone 
- - --- -----------------r----:---------------

Phase . ness of - - +---------- ------------

--------p~;t1;;dit~-~---:;;,;~~~~o-----
High-basic I 
calcium l hydrosili-
cates 91-801 

------------------------- ----------~--------
in the lattices which in its turn points to 
intergrowth of crystals and not simple me
chanical cohesion. Many photographs also 
show additional reflections which are weaker 
and randomly distributed, indicating the 
presence of small disoriented single crys
tals in the contact zone • . This suggests that 
at the early stages of crystallization va
riously oriented nuclea are formed, the 
growth of which is hlndered by rapid growth 
of crystals with ~ore favourable orienta
tions. 

Examination of the contact zone of con
cretions of portlandite with quartz using a 
scanning electron microscope confirm this 
suggestion. A smaller crystal grown to the 
substrate by the he~agonal prism face and 

structure penetration 
structure 

14000 290.0 

850.0 460.0 

in.tegrowth 
structure 

38000 

scaly formations, possible thin platelets 
of portlandite grown to the substrate by the 
basis face, were observed in the contact 
zone. 

Analysis of stereographic projections 
constructed from·laue patterns of portlan
dite concretions with quartz and calcite 
showed that intergrowth mainly occurs along 
faces of hexagonal prisms with angles bet
ween triad axes of portlandite and calcite 
crystals of_21 and 42° (Fig.2) and betw~en 
triad axes of portlandite and quartz crys
tals of O, 38, 48 and 90° (Figs. 2 and 3). 

A transition zone between intergrown 
crystals with smooth variation of Si and Ca 
concentrations was established by local 
x-ry spectral analysis in concretion& of 
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Fig;. 1. Spherical particles on tbe surface of agg 
g;re6ates 

quartz with portlandite. The width of this 
zone is 35-50.ftm. 

Crystallochemical analysis of quar~z, 
calcite and portlandite structures points 
to intergrowth according to Royer's scheme 
along planar grids with equal or multiple 
parameters. 

The conformity of lattice parameters may 
serve as a criterion of regular intergrowth 
of quartz with CHS crystals. In calcium hz
drosilicates with rhombic or pseudohexago 
nal cells the parameters "a" and "b" are 
multiple to parameters"?" and "a" of.t:t;: 
quartz cell which determines the possibi 
lity of formation of a regular concretion 
for conjugation of plane t001) of CHS ~ith 
the hexagonal prism plane of quartz \Fig.4). 
Coincidence is also observed for conJuga
tion of plane (001) of CHS and q_uartz basis 
(001) when the direction of (010) CHS is 
parallel to direction 1010 quartz. Inter
growth of CHS with the plane of hexagonal 
prism of quartz is observed more frequen
tly since it possesses· a larger reticular 
plane than the basis plane. 
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Fig. 2. Schemes of growing together portlandite and 
calcite. 'Thick lines - grating of portlandi te, thin 
lines - gr"ating of calcite 

Of interest is crystallization of c2sH2 
on the c lcite surface. New formations de
corate siip bands on calcite faces accor
ding to a specific regularity (Fig.5).With 
growth of CHS on calcite con~ation of 
planes (001) of CHS and (10Q)- of calcite_ i~ 
observed when 100 and [0101 Of CHS andL110J 
and [100] of calcite are parallel <Fig.6) • 

The obtained data allow to suggest the 
foilowing process of contact zone formation. 
Nucles of new phase are formed on the sub
strate in random orientation. In the case of 
conformity with the structure-geometric prin
ciple of Royer and for the appropriate orierr 
tation acquired due to migration along the 
surface, the growing crystals form a C?n
cretion with the substrate. Crystals with 
more favourabe orientation for growth (e.g., 
portlandite crystals with the face of hexa
gonal prism oriented parallel to the aub
strate plane) grow more intensively, aup
pressing growth of nuclea with less favou
rable orientation. As a result, at the con
tact of two intergrown crystals a transi
tion zone is formed which includes randomly 
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Fig. J. Schemes of g;raNing. together portl~ite ~d 
quartz. '!hick lines - gr.'ating of portlandi te, ttnn 
lines - grating of quartz 

oriented small single crystals on which one 
crystal lattice passes into another in the 
substitutional form of solid solution with 
composition continuously varying from one 
contacting crystal to the other and also 
sections containing epitaxial inclusions 
formed as a result of decomposition or for
mation of solid solutions and isolation of 
independent phases in epitaxial orientation. 
The structure and strength of the contact 
zone depends on the presence of one-dimen
sional, two-dimensional or three-dimensional 
similarity of the contacting lattices, the 
degree of commensurability of parameters, 
and the possibility of transition from one 
structure into another during substitu
tions. 
.~2g~act Z2~~-~g_g~~-g~9!~!!8-§l§te~ 

Intergrowth contacts were studied on 
mortar specimens (rod~ 1x1x3 cm) of compo
sition 1 :3, W/C=0.5•03s, C~ and Portland 
cement were used as binders. Natural sin
gle . crystals of quartz .and calcite ground 
to 1 mm, in order to exclude the effect 
of granulometric composition, were used 
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Fig. '+. Schemes of grcming to~tber b:vdrated phases 
and quartz. '!hie}; lines - gL'ating of gVdrated pha
ses, tbin lines - gratillg of quartz. 

as aggregate. 
The strength of specimens with calcite 

aggregate was 25-50% higher than for the 
quartz aggregate. In the case of C~A and 
cement this may be explained by f o:!'Ination 
calcium hydrocarboaluminates in the contact 
zone, whereas in the case of c3s increase 
of strength may be caused only by a larger 
amount of concretions between hydrate new 
formations and calcite than iri the case of 
quartz. 
Electron microscopic study established on 
the surface of aggregates in hardening paste 
of C~S and .Portaldn cement well crystalli
zed ~hombohedra of calcite which is the 
product of carbonization of calciilm hydro
xide formed dl.lI'ing hydrolysis of c3s (Fig, 
7). The ordered arrangement of calcite 
crystals on surface of aggregates is clear
ly revealed in the patterns. Calcite rhom
bohedra grow _onto the surface by the face 
(001) , ribs [100] and [010] being parallel. 
Crystals frequently intergrow along faces 
(100) and (001) covering large surface 
areas with a continuous layer. The regular 
shape of the calcite crystals and their or
dered arrangement on the aggregate surface 
indicate that their crystallization occurs 
at small supersaturation, presumably at late 
stages of hardening. Oriented calc'ite lay
ers on the aggregate surf ace condense and 
strengthen the contact layers of the binder, 
favourably affecting the strength of the 
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Fii). 5. Decoration pictures on calcite Su:rface 

mortar. 
Hence, in real ha·raening systems the con

tact zone is complex both in phase compo
sition and in structure. Three main sec
tions may be distinguished: a) sections 
where cohesion of the cement stone with the 
aggregate is purely mechanical; b)sections 
where the contact zone is formed by chemical 
interaction; c) sections where epitaxial in
tergrowth of crystals of hydrate new forma
tions with crystals of aggregate occurs. 

· .All these processes may proceed simultane
ously and consecutively. The different 
strength of cohesion of cement stoae with 
various ·sections of aggregate surface is 
.thus explained by different mechanisms of 
contact zone formation. 

The strength may be enhanced by creating 
conditions for active intergrowth of crys
tal hydrates with each other and with aggre
gate crystals, i.e. by increasing the number 
of active centers of crystallization and 
influencing the surface properties. This may 
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Fig. 6. Schemes of growing together h:?drated Iila
ses and calcite • 'll:lick lines - grating of hydrated 
phases, thin lines - gr.-ating of calcite 

be realized, for example, by chemical ac
tion (etching) on the crystal-substrate or 
by creating fresh cleavage. sjµfaces by me
chanical action. Etching removes the sur
face layer containing impurities which 
block the active centers on the surface. 
Moreover, etching of a polycrystalline 
specimen reveals crystallographic planes 
of single crystals most p favourable for 
accretion of crystals of hydrate new forma
tion (e.g., faces of hexagonal prism& of 
quartz crystals in a polycryatalline aample). 
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Corrosion des ciments Portland par les gaz contenant 
du sulfure d'hydrogene 

Portland cement hydrosulfide gas corrosion 

V.S. DANUCHEVSKI, 
A.P. TARNAVSKI, MinKh et GP Goubkine, U.R.S.S. 

Dans les diff erentes constructions les materiaux en ciment portland entrent en contact 
avec les gaz d'origine naturelle ou tecnogene, qui contiennent-l'hydrogene sulfure en con
centrations importantes. Sous hautes pressions du gaz et a la temperature elevee, ce qu'on 
observe par exemple dans les sondages a gaz, il se produit une destruction rapide du ciment 
portland. La corrosion par les gaz contenant le sulfure d'hydrogene a un mecanisme partica

lier. Lors de la dissolution du sulfrue d'hydrogene dans le liquide interstitiel il sepro
duit sa neutralisation par l'hydroxyde de calc ium avec la formation de l'hydrosulfure solu
ble dans l'eau. Par suite des reactions d'oxydoreduction avec l'oxygene dissous dansitI li
quide interstitiel et le composes fortement oxydes du ciment portland (avant tout Fe ), 
le soufre de sulJure s'oxyde jusqu'au soufre neutre et ensuite ~usqu'au soufre de sulfate. 
La presence de l'ion sulfate diffusg dans la profondeur de la pate de ciment provoque la far.
mation de l'ettringite, 1 1 eArpansion et le craQuelage. de la pierre de ciment. Si 1 1 hydrogene 

sulfure continue a' ar.r:iver dans le liquide intei'sti ti.el, l 'ettringi te se detruit .s.vec sepa
r·ation du gypse. L8 vitesse de la corrosion est determinee par la pression, la temperature, 
la teneur du gaz en sulfure d'hydrogene, le degre de resistance aux sulfates et aux sulfures 
du ciment donne. 

In different building constr uctions portland cement materials contact with natural ana in
dustrial gases containing hydrosulfide of sufficient concentrations. At high temperature and 
high-pressure gases p resence, as in gas-extractive boreholes, quick destruction of portland 
cement exists. Gas hydrosulfide corrosion has a unique mechanism. Hydrosulfide, on sulution 
in pore liquid, is neutralized by calcium. hydroxid v.rith water-soluble hydrosulfide ·genera
tion. As a result of reduction;oxidation reactions with oxygen and portland cement high-oxi
dized compounds (primarily with FelII) dissolved in pore liquid, sulfid sulfur oxidizes -to 
neutral, and then to sulfate. Diffusing in the depth of cement paste sulfate-ion presence 
results in 'ettringite generation, and then expansion and cracking of cement stone. As hydro
sulfide subsequently enters the pore liquid, the ettringite becomes destroyed, gypsum being 
given off. Corrosion rate is dete~·mined . by pressure, temperature, hydrosulfide content in 
gas, rate of sulfid - and sulfate - stability of the cement under consideration. 
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RESUME: Dans ies differentes constructions 
les materiaux en ciment portland entrent en 
contact avec les gaz d'origine naturelle et 
technogene, qui contiennent l'hydrogene sul
fure en concentrations importantes. Sous 
hautes pressions, ce que l'on observe par 
example dans les sondages a gaz, il se pro
duit une destruction rapide du ciment port
land. La corrosion par les gaz contenant le 
sulfure d'hydrogene a un mecanism.e particu
lier. Lors de la dissolution du sulfure · 
d'hydrogene dans le liquide interstitiel il 
se produit sa neutralisation par 1 1hydroxyde 
de calcium avec la formation du sulfure hy
drate soluble dans l'eau. Par suite des 
r'eactions d •·oxydoreduction avec 1 1 oxygene 
dissous dans le liquide interstitial et les 
composes fortement o~des du ciment port
land (avant tout FeIIIJ, le soufre sulfure 
s•oxyde jusqu•au soufre neutre et partielle
ment jusqu•au soufre sulfate. Liion sulfate 
diffuse A l'interieur du ciment durci ou se 
conserve encore la valeur du pH du liquide 
interstitiel suffisan~e pour la formation 
de l'ettringite, qui s•accompagne a•une de
struction de la structure interne du 'ciment 
durci, d'une expansion et d'un craquelage. 

Si l'hydrogene sulfure continue d'arriver 
dans le liquide interstitial, l'ettringite 
se detruit avec separation du gypse. La vi
tesse de la corrosion est determinee par la 
pression, la temperature, la concentration 
de l'hydrogene sulfure dans le gaz, late
neur du ciment en composes susceptibles 
d'entrer en reactions de reduction et en re
actions avec l'ion sulfate. 

Comme a~ent agressif envers le ciment 
portland l hydrogene sulfure est moins etu
die que les sulfates, les sels de magnesium 
ou l'acide carbonique. 

Toutefois les derniers temps dans la pra
tique d'utilisation du ciment portland on 
rencontre de plus en plus souvent des cas 
de son contact avec le milieu contenant le 
sulfure d'hydrogene. Outre les ouvrages de 
canalisayion et d'epuration de differents 
tJ1J?es, les gaz naturels eontenant l'hydro
gene sulfure et exer9ant une action sur le 
ciment portland pour colmatage dans les son
dages representent le cas le plus caracte
ristique. 

Dans les etudes precedentes (1,2) on a , 
note que l'hydrogene sulfure agit sur le ci
ment portland comme acide faible ou comme 
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source de sulfates secondaires.L'etude le 
plus detaillee fut entre~rise par O.I.Grat
cheva et E.O.Barbakadze t3 4). Ils ont etu
die le processus de corI'os!on ~'cifique de 
reduction de FeIII jusqu•a FeII

4
d6tru.1sant 

les composes ferrif eres de la pate durcie 
ainsi que la destruction de l'ettringite sans 
fer dans le milieu d 1hydrogene sulfure. 

En procedant aux experiences ou les 
echantillons de ciments portlands de compo
sition differente ainsi que du liant compose 
de gypse et de laitier a haute teneur en a1u
mine et du ciment alumineux etaient places 
dans le gazoduc de production d'un gaz natu
rel contenant l'hydrogene sulfure et ensuite 
etudies par les methodes d'analyse chimique 
aux rayons X et d'analyse thermique diffe
rentielle, nous avons mis e~ evidence que 
dans ces conditions de pression partie-lle 
elevee de H2S et en 1 1 absence de 1 1 air a lieu 
le processus de corrosion intense ayant le 
mecanisme specifique. Le gaz naturel conte-
nait en volume 1,5 a 1,6% de Hi3,de 0,5 a . 
0,6 % de C02, 0,4 g/m3 de H2o, le reste etant . 
les hydrocarbures. La pression du gaz dans 
la conduite etait de 12 a 14MPa a la tempe
rature de 10 a 12 oc. Les echantillons sous 
forme de cylindres de 18x18 mm etaient dis
poses dans la zone au voisinage immediat du· 
gazoduc. . 

La composition mineralogique des ciments 
eprouves est donnee dans le Tableau 1. 

Les donnees sur la variation de la resis
tance des echantillons a la C..9.JP-pression en 
f onction de la duree de conservation sont re
pre sentee s sur la figure 1. 

La ' photo de la figure 2 montre le carac
tere de la destruction des echantillons. 

Le Tableau 2 donne les resultats de cal
cul des changements de composition chimique 
des echantillons apres· 3 mois de conserva
tion dans le gaz contenant l'hydrogene sulftr 
re. Le calc.ul etait effectue sous l'hypothBse 
que Si02 n•entre pas en reaction avec le mi-
lieu agressif et reste dans les echantil-
lons en quantite invariable. 

La figure 3 represente les diagrammes aux 
rayons x. · 

Discussion des resultats. La comparaison 
des-aoEiieeS-sur-Ie-cnangement de com.position 
chimique ayec lea donnees concernant l'in
tensite de la diminution de resistance mon
tre que la resistance diminuai~ plus vite 
pour le ciment portland no2 qui se caracte-



TABLEAU 1 
;oa;- --;~;~~~iti~~-;1;er;i~~i~~;-a~-~---------~11~;;~-;;~-~~'ti,;-100-______ __ 

la se du ciment --------------

;~: __ -~~~ -1;~~~1~~~1-f,~-;~;~~ ~~~~~~ ~CA2 __ -~~~~-~-~~ 
2 55,48 1.5,65 8,45 . 17,82 - 5 
3 . 58,72 23,29 13,151 1,51 - 6 
4 l - 16,6? l -. - 66,0 13,0 18,8 
5 - 12,23 - - . 68,82 18,34 ----------
ro:ea:: 3-=-crnrentpor-el no Olanc; 11--.::: 1.fan'f - - -- - coiiipos de gypse 

et de lai tier a haute teneur en alum:im; 5 - ciment alumineux. 

----------------~--------------TABi:iAu-2--------------------------------------

n 09 ___ ----------------;:::~:~~::-de-~:----------~:::-::-:-~~~~~-;---------------~ 

des. ----- ----- ------ ------ -------·- -----".""--- -~=--- --0------------s~r1es SiO lAl 03 Fe o FeO Cao so3 S S 

-;~- -0--= 1=~86- :2~4~ -:;:;:;:;;:;; -:6:2;---- ---;G:oe- -;2,0S- ;;:73--~~--~ 
2 0 1-0,95 -4,16 +3,69 -5,50 +8,25 +5,05 +5,70 . 

4 0 +1,0 -0,20 +0,17 -1,20 +1,70 +1,18 +2,00 j 
3 0 1-2,54 -0,54 +0,47 -3,75 +3,35 +1,30 +2,85 l 

5 -~--- =~~~-- -0,05 +0,04 -=~~~~---- ----=~~~~- _:~~~~- =~~:~ __________ J 
risait parla ~omme maximale c3A + Cl.f et la 
teneur maximale en c3A malgre une moindre 
teneur en Fe203 et -en Cao en comparaison du 
ciment n°1. 

Une diminution rapide de la resistance 
du ciment no2 s•accompagne d'une accumula
tion maximale des trois especesAdu soufre. 
L'oxydation du soufre a lieu grace a la re
duction du fer jusqu'a FeiI et a l'inter
action avec l'oxygene dissous dans le li
quide interstitiel (le contact avec l'oxy
gene de l'air lors de l'analyse des echan
tillons rr€tait pas exclu). Toutefois la com
paraison des donnees sur la quantite du sou
fre oxyde et du fer reduit montre que dans 
les conditions donnees l'oxydant principal 
est FeIII, car dans les ciments contenant 
peu de FeIII l'accumulation de s 0 et de so3 
est beaucoup plus faible. Il etait naturel · 
de supposer que l'elimination de FeIII de la 
composi ti.on du ciment augmentera sa s~abili
te envers l'hydrogene sulfure. C'est JUste
ment cette supposition qui a servi de base 
pour l'introduction dans le programme d'es
sais du ciment portland blanc (no3). Comme 
il etait prevu, la diminution de sa resis
tance etait d 1abord plus lente que pour les 
cim.ents portlands no'S 1 et 2 et s•accompagz;i.
ait d'une accumulation d'une moindre quanti
te de so3. Or, vers 3 mois le degre de sa 
destruction s'est avere non inferieur a ce
lui des autres ciments portlands. On peut 
l'expliquer pas ea sensibilite elevee a 
l'agression sulfatique a caµse a•une teneur 
tres elevee en c3A liant so3 en ettringite. 

L'analyse aux rayons X et 1 1analyse ther
mique differentielle montrent -que dans lee 
ciments portlands soumis a !'action de Ht> 

on observe une diminution considerable de 
la teneur en Ca(OH) 2 , une augmentation de 
la teneur en ettringite et en CaS04 •2H20 et 
1 1apparition des sulfates de calcium, d'alu
minium et de fer. 

A la difference de ce qui etait dit, une 
diminution de la resistance des echantillons 
de liant compose de gypse et de laitier a 
haute teneur en alumine s•accompagne d'une 
decomposition de l'ettringite et d'une aug
mentation de la teneur en gypse (ou est due 
ace fait). . 

Nous representons le processus complique 
d'agression gazeuse par l'hydrogene sulfure 
du cim.ent portland de la faqon suivante. 

L'hydrogene sulfure contenu dans le gaz 
se dissout dans le liquide interstitiel du 
ciment portland solidifie. Si le gaz se trou
ve sous une grande pression, la quantite de 
H2s dissous est assez grande. Il reagit 
alors avec C~(OH) 2 • Dans les conditions in
diquees il se forme Ca(HS) 2 facilement so
luble, la valeur du pH diminue. C '·est le 
premier processus de corrosion. Son ~ction 
destructive depend de la teneur du ciment 
en silicate tricalcique. Les experiences de 
E.O.Barbakadze et de O.I.Gratcheva (3) mon
trent que les echantillons de fi-C t> sont 
beaucoup plus stables dans le milieu de H~ 
que les echantillons de c3s pur. 

Le deuxieme processus de corrosion est le 
passage FIII_..Fe~I avec la formation de FeS 
pratiquement insoluble et colorant les eda?I" 
tillons en noir fence. Dans ce cas les . 
phases AFm et Al!'t se detruisent, et la dimi~ 
nution de la resistance resultant de ce pro
cessus a lieu d 1autant plus vit~ que la quan-
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tite de ces phases dans le ciment durci est 
p~us importante, c'est-a-dire que la somme 
c3A + c4AF est plus grande dans le ciment 
portlan2. 

En meme temps que la reduction FeIII __ 
-Fe1 I a lieu l' oxydation s 2-s0-s6+ avec 
la formation.de SO~ Ceci est du egalement 
a 1 1 action de l'oxygene contenu dans le li
quide interstitiel. 

L'ion so~- entre en reaction avec Ca2+ 
avec la formation de CaS04•2H O, ce qui en-

A 2 
tra~ne encore un type de corrosiono L'ac
croissement de la teneur des echantillons 
en ettringite et la stabilite peu elevee du 
ciment 3 montrent que l'ion diffuse dans la 
profondeur du cim.ent durci ou l'indice pH 
est encore insuffisamment eleve pour la for
mation de l'ettringite. 

Ceci provoque la destruction des couches 
internest l'apparition de fissures et y ouv
re l'acces a l'hydrogene sulfure. Tous les 
autres processus corrosifs se trouvent alors 
acceleres et dans les conditions de la dimi
nution provoquee du pH 1 1ettringite se de
compose. C'est pourquoi le liant compose de 
gypse et de laitier a haute teneur en alumi
ne stable aux sulfates est instable dans le 
milieu d'hydrogene sulfure. 

CONCLUSIONS 

1. Un ensemble complexe de processus cor
rosifs dans le milieu gazeux contenant l'hy
drogene sulfure comprend la transformation 
de Ca(OH) 2 en Ca(HSJ 2 facilement soluble et 
la diminution du pH, la reduction de Fe111 

jusqu•a Ferr dans les phases AFt et AFm avec 
la decomposition de ces phases, la corrosion 
par sulf oaluminates et gypse due au sulfate 
secondaire. Le sulfoaluminate hydrate se de
compose ensuite par l'hydrogene sulfure pe-
netrant. , 

2. Sur le front de progression de la cor
rosion le processus primaire est la formation 
du sulfoaluminate hydrate suivie d'une for
mation du gypse, d 1 une decomposition des 
phases ferriferes, d'une dissolution de 
Ca(OH) 2 • La succession temporelle dans ·une 
couche fixee est l'inverse de la succession 
susin.entionnee. 

3 •• Le ciment stable a 1 1hydrogene sulfure 
Qoit etre obtenu dans le milieu reducteur, 
etre stable aux milieux faiblement acides 
et a la corrosion due aux sulfates. 

Fig. 2. Oaractere de la destruction des 9cbantillan.s 
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A study on the action of sea water on hydrated cement pastes 

Etude de · /'action de /'eau de mer sur /es pates de ciments hydrates 

Dr. Ch. FTIKOS, Dr. v. KASSELOURIS, Sr. S. TSIMAS, Dr. G. PARISSAKIS, 
HERACLES Generai Cement C0 

- National Technical University of Athens, Greece, 
Lab. of lnorg. and ~nal. Chemistry. 

RESUME : Dans le present travail le phenomene de l'action de l'eau de mer sur les pates de 
ciment est etudie. 

Les pates etudiees furent preparees avec des ciments Portland purs contenant differentes com
positions mineralogiques, et avec les memes ciments melanges avec 30 % de terre de Santorin .. 

L'etude montre que la deterioration des ciments conser v es dans l'eau de mer n'est pas seule
ment due a l'attaque de . so42- sur les composes d'aluminate de calcium hydra~es, mais a une 
action combinee des Mg2+ et c1- contenus dans l'eau de mer sur les composes de CSH. 

Les ciments avec de la terre de Santorin (pouzzolane naturelle) sont plus resistants a l'at
taque de l'eau de mer. 

SUM...l\1ARY : In the present work the phenomenon of the action of sea water on the cement pastes 
is studied. 

The studied pastes were prepared from pure Portland Cements with different mineralogical com
position as well as from their mixtures with 30 % Santorin earth. 

The study shows that the deterioration of cements cured in sea water, is not only due to the 
attack of so42- on the hydrated calc~um aluminate compounds but to a combined action of Mg2+ 
and Cl- contained in sea water on CSH compounds. 

Cements with Santorin earth (natural pozzolan) are more resistant to sea water attack. 
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1. Introduction 

Praxis and research have shown that sea water 
. affects on the hydrated cement components . 

This phenomenon, which has been stydied by 
many researchers, (1-5), constists of complica
te interactiqns due to the great number of the 
hydrated cement components and the ions con
tained in sea wat~r. 

In the present work, which is a part of an 
extended r~search program, the action of some 
ions contained in sea water, on Portland ce
ment of different min~ralogical composition 
as well as on their cogrinded mixtures with 
Santorin Earth (natural Pozzolan)is studied. 

In pastes prepared from these cements, the 
above mentioned action has been studied by 
XRD, DTA-TG and SEM. Also, strength develop
men~ has been measured . 

Experimental 

The chemical composition of four Portland c~
ments (PCI,PCII,PCIII,PCIV) as well as of Sant
orin Earth, is shown in table I. The mineralo
gical composition (according to Bogue) of 
Portland cements used is shown in table II . 

Table I. Chemical composition of materials 
used . 

% PCI PCII PC III PCIV Santorin Earth 

L.ci.I 0,25 0,20 0,20 1, 00 2,50 

LR. 0,25 0, 24 - 0,26 -
sio2 21, 72 23,73 21,55 21,08 '61,50 

~p3 4,86 5,27 5,70 4,82 15,80 

1Fe203 4,00 3,65 2,70 5, 72 5,90 

MjO 1, 30 2,20 3,95 2,36 1,70 

eao 65,17 63,84 63,55 62,32 3,62 

eao fr re3,30 1,56 - - -
'• 

S03 1, 42 traces 0,97 1, 93 traces 

l<20 traces traces traces 0,60 2,72 

Na.p traces traces traces 0, 18 3 ; 87 

II'able II. Mineralogical composition of cement; 
tested (accord~ng to Bogue) 

~einent type % c3s % c2s % c~ % c4AF 

PCI 58 19 6 12 
PCII 39 39 8 11 
PC III 50 24 10 8 
PC IV 47 25 3 17 

From the above mentioned cements as well as 
from their mixtures with 30% Santorin Earth , 
specimens have been prepared, according to 
ISO- RILEM CEMBUREAU CEN specifications, for 
the strength development measurement. These 
specimens were cured in ~ sea water, at the 
area of Pagasiticos gulf, for one year. 
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In table III and figure 1 the results of com
ressive stren th measurement are shown. 

I 
II 
III 
IV 
I+30%S. E 
II+30%S.E 
III+30%S.E 

Compressive strengths (Kp/cm2 ) . 

F~eness 2 7 28 3 6 
an /g days days days months mon 
(Blaine) 
2900 
2900 
2900 
3000 
3900 
3900 
3900 

186 
135 
245 
165 
135 

90 
162 

288 
266 
339 
295 
217 
199 
243 

388 
392 
405 
409 
315 
334 
329 

397 
410 
397 
422 
386 
401 
388 

437 
463 
433 
452 
391 
422 
423 

From the cements shown in table III pastes 
have been prepared with a c/w ratio 0 , 27 and 
0,33 for the pure Portland cements and their 
mixtures with Santorin Earth, respectively . 

In these cements, hydration phenomena have 
been studied by XRD, DTA-TG and SEM. 
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Fig. 1. Compressive strength of pure Portland 
Cements and their mixtures with 30% S.E . 

Study by XRD 

In pure Portland cement pastes , the compounds 
of Ettringite, thaumasite, chloroaluminates , 
CAAH13 , CAH10 , c3s, CSH and Ca(OH) 2 are 
ooserved (Fig . 2). 

The peaks of Ettringite are more intense in 
the cement paste of PCI, PCII, PCIII than 
those of PCIV, while the peaks of chloroalu
minates are more intense in the cement paste 
of PCII. 

The nQnhydrated c 3 s content is greater in ce
ment pastes prepared form cements in which it 
is contained in high percentages. 

In blended cement pastes the same compounds 
are observed. The intensities of the peaks 
of Ettringite, thaumasite, c4AH13 , CAH10 and 
Ca(OH) 2 are lower than those of pure cement 
pastes while the intensities .of the peaks of 
CSH and chloroaluminates are higher. A part 
of Ettringite is transformed to monosulfate. 
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Fig. 2. XRD patterns for cement pastes cured 
in sea water for one year. 
E: Ettringite 
T: Thaumasite 
X: Chloroaluminates 

Study by DTA-TG 

In figure 3 thermograms are shown from cement 
pastes cured for one year. In all pure Port
land cement pastes the compounds of Ettringi 
te , chloroaluminates, c 4Att

13
, Ca(OH)

2
, CSH(I) 

and small amounts of caco
3 

are observed. 

The exothermic peak at 620° is attributed to 
thaumasite without any remarkable differen
tiation in . its content. 

The pastes of PCII are enriched in chloroalu
mina tes compared to PCI pastes. The .highest 
concentration of Ca(OH) 2is obierved in PCI 
and the lowest in PCII. The presence of Ettr
ingite is less intense in PCIV pastes . 

Study by SEM 

In figures 4,5,6' and 7 some photos are pre
sented concerning the study by SEM of cement 
pastes cured for one year. In photo 1 a great 
number of pores are observed. Crys~als of 
Ettringite are grown in these pores. Photo 2 
depicts the reduced amount of Ettringite. The 
sturcture of CSH is not porous and the Port
landi te in the center, is not deteriorated. 

In photo 3 a cluster of Ettringite is obser
ved while in photo 4 the great number of chlo
roaluminatew, the nonporous CSH and the low 
dispersion of Ettringite and observed. In 
photo 5 the Ettringite results in the forma
tion of some cracks around it, while in ' photo 
6 the great cohesion in the structure and 
intence presence of chloroaluminates are 
observed·~ 

In photo 7 the reticulated CSH and the low 
dispersion of Ettringite are observed. 

Discussion and conclusion 

In figure 1 which shows the strength develop
ment from 28 days up to one year, it is obser
ved that the affect of sea water on compres
siv e strengths appears after six months with 
an e xception of the mixtures of PCI and PCII 
containing 30 % Santorin Earth. 

This phenomenon is more indicative in PCIV 
despite its low C A content. The above 
mentioned observaiion leads to the opinion 
that the sea water attack is not only due to 
the presence of c3A, at least in the studied 
percentage of c 3A. 

The study of XRD patterns and the semiquanti
tative estimation of hydration products by 
DTA-TG, show that Ettringite and _thaumasite 
are increased in pure Portland cement pastes 
by increasing of the c 3A con~ent. 

Also, the presence of nonhydrated c3s even 
after a curing for one year, is observed. 

The blended cement pastes contain more chloro
alumina ts, c 4AH13and CSH and less Ca(OH) 2 that the pure Portland cement pastes. 
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Fig. 3. Thermograms for cement pastes c~red in sea water for one year . 

Ph. 1 . M x 2000 Ph •. 2 . M x 2000 

Fig. 4. PCI and PCI+30~ S . E pastes cured in sea water for one year. 
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Ph. 3. M x 2000 Ph. 4. M x 2000 

Fig. 5. PCII and PCII+30% S.E pastes cured in sea water for one year. 

Ph. 5. M x 2000 Ph. 6. M x 2000 

Fig. 6. PCIII and PCIII+30% S.E pastes cured in sea water for one year. 
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Ph. 7. M x 2000 

Figure 7. PCIV paste cured is sea water f6r 
one year. 

In addition to the above mentioned observa
tions, the study of the same pastes by SEM, 
l~ads to two · remarkable conclusions. 

a) . In pure Portland cements and especially 
in PCIII, in which c 1A,is greater, the cracks 
are due to the. decreased formation of Et
trigi te and its structure. 

b) . The observed structure of CSH is diffe
rent between the various pure Portland cement 
pastes as well as between the pure Portland 
cements and their mixtures with Santorin 
Earth. Reticulated CSH _shows increased pos
sibilities to be formed, in cements with high 
c3s content. 

The conclusion is that the deterioration of 
cements cured in 2~a wate~,is not only due to 
the attack of so4 or Cl on the calcium alu
minate2~ompound~, but to a combined action of 
the Mg and Cl contained in sea water on 
the hydrated calcium silicate compounds. 

Ol ions accelerate the calcium silicate com
pounds hydration and lead to the formation of 
high C/S ratio CSH. 

This high C/S ratio and the different KS 
bei~een ~a(OH) and Mgl~H) 2 (Ca(OH) 2 2+ _ 
Ca +20H KS=5,5.10 , Hg(OH) Mg +20H 
K8~! 1 8.10- 11 ) ~'cilicate the su~stitution of 
Ca by the Mg in the CSH lattice, resulting 
in its transformation to the reticu'lated form 
and in the formation of nonhydraulic MSH. 
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Cements with pozzolan are more resistant to 
sea water attack despite their high content 
in hydrated calcium aluminate compounds. 

This resistancy explained by the different way 
of CSH formation (6,7). The CSH formed by the 
interaction of Si02 containedin pozzolan and 
Ca(OH) , is of low C/S ratio. Thus, the low 
concen~ration of Ca(OH) 2 as well as the low 
porosity of the cement - pozzolan pastes, 
decrease the dif fustion of i~e ions2,nd pre
vent the substitution of .Ca by Mg . 
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The mechanical properties of polymer modified cement paste 
cured under sea and tapwater 

Les proprietes mecaniques de la pate de ciment modifiee 
par /'addition de polymeres, et conservee dans /'eau de mer 

· ou dans /'eau courante 

Dr. D.I. BHATTY, Dr. D. DOLLIMORE; Professor G!A. GAMLEN and M. R.J. MANGABHAI, 
Department of Chemistry and Applied Chemistry, University of Salford, Salford - ENGLAND. 

RESUME : On a effectue des recherches sur les modifications de la pate de ciment, dues a l'ad
dition de divers polymeres, tels que le Versicol Wl3 (polyacrylamide), la cellulose hydroxyle -
ethylique (la cellulose - ether) et.le dextrane (l'amidon methylique carboxyle). On a conser
ve les pates du ciment durci SOUS l'eau de mer OU SOUS l'eau du robinet pour determiner leur 
effet sur les proprietes mecaniques de la pate, a savoir la resistance a la compression et a 
la flexion. 

On constate que le Versicol Wl3 augmente la resistance a la compression et a la flexion de la 
pate du ciment durci conservee dans l'eau de mer, tandis que la cellulose hydroxyle-ethylique 
ne montre pas aucun effet important sur ces resistances. Ceci peut ette du a la nature de la 
cellulose hydroxyle-ethylique et a l'effet des conditions alcalines de la pate du ciment. Les 
essais effectues sur la resistance de la pate demontrent un comportement anormal dans l'eau de 
mer et dans l'eau du robinet. On a pousse plus loin les recherches pour y inclure l'effet de 
la duree de la conservation avec divers polymeres sur les proprietes mecaniques de la pate de 
ciment. On examine ensuite en detail les consequences de ces etudes. 

_Surrnnary 

Investigations have been carried out on the modifications of cement paste with various polymeric materials 

such as Versicol Wl3 (polyacrylamide), Hydroxyethyl cellulose (cellulose ether) and Dextran (carbox)r methyl 

starch). The pardened cement pastes were cured under sea and tap water to determine their effect on the 

nechanical propertie~ of the paste related to compressive and flexural strength. 

It is shown that Versicol Wl3 increases the compressive and flexural strength of the hardened cement 

paste cured under seawater whereas Hydroxyethyl cellulose does not show any significant effect on the strength. 

This may be due to the nature of the Hydroxyethyl cellulose and the manner in which it is affected by the 

alkaline condition in the cement paste. The strength tests carried out on paste containing Dextran show 

anomalous behaviour in the sea and tapwater. 

The investigations have been extended to include the ageing affect of the polymers on the mechani'cal 

properties of the cement paste and the consequences of these studies are discussed in detail. 
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INTRODUCTION 

The use of water-soluble polymers has not 

become established in the field of concrete, cement 

and mortars except in certain restricted cases (1). 

Polymer additives are known to affect the hydration 

process and the strength of the hardened paste. The 

environment is also a factor which affects these two 

parameters. At present, there are four important 

types of polymer modifed cement systems: (1) water 

so.luble polymers, ( 2) fibre-reinforced concretes, 

(3) polymer impregnated concretes, (4) polymer 

latex-modified mortars and concretes. The 

discussion here is confined to t ype (1), because 

water soluble polymers are used in this study. 

The polymers used can be classified by the 

function they perform, into two categories, (1) 

polyorganosiloxanes and (2) polyelectrolytes and 

their co-polymers, and cellulose and starch ethers. 

The first group tend to impart imperimeability . 

qualities to the cement, whilst the second g1ve 

either a pl~sticizing effect to the flowing cement 

paste or improve the st~ength of the hardened 

paste. 

The first category is less important and · its 

uses have been confined to Russia (2), where it is 

claimed that improvements to strength and water 

tightness of concretes can be made. In the second 

category there are two divisions:-

(a) polyelectrolytes and their co-polymers, 

(b) cellulose and starch ethers. In this study, 

polymers from the second category have been used. 

The use of cellulose and starch ethers in 

grouts, mortars and concretes was suggested earlier 

than the use of polyelectrolytes, but, apart from 
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work done for patent applications, very little has 

been published about them. Methyl cellulose added 

to the dry cement composition gives "thin-set, 

dry-set" mortars. Upon mixing with water there is 

obtained a high viscosity aqueous phase, which iE; 

inhibited (e.g., by ceramic t'iles) and substrate 

at a lower rate than pure water, ieaving the water 

available to the cement for the required hydration 

reaction (2). 

EXPERIMENTAL 

1. Materials 

The cement used was ordinary Portland cement 

(OPC) obtained commercially, it had a chemical 

composition as follows: - C 
3
s - 4 7. 6~~; C 

2
s -

22.5%; C3A - 11.06%; C4AF - 7.66%; CSH4 - 4.65%. 

The polymers investigated were:- a) Versicol Wl3, 

a non-ionic polyacrylamide (pH= 8-9 at 20%), 

b) Dextran, a carboxy-me.thyl starch (pH = 6 .O at 

1%) and c) hydroxyethyl cellulose (HEC), a nonionic 

cellulose ether (pH = 6.5 - 8.0 at 1%). The 

seawater used for curing the hardened cement paste 

was standard seawater (3). The moulds which were 

used to cast the paste into cub~s and beams were 

made of steel. The dimensions of each cube was 

2.54 cm and those of the beams were 15.24 cm x 

2.54 cm x 1.27 cm. 

2. Experimental Procedure 

The w/c ratio was fixed at 0.3 because this 

gives a good mix which can be handled easily and 

gives high strength after curing under water 

compared to higher w/c ratios (4). A standard 

pro~edure was used for mixing the cement paste (5). 

The cement paste was poured into the moulds 

and placed on a vibrating table for one minute. The 

moulds we~e then pla~ed in a constant temperature 

room set at 25 ±" 0.5°.C and 40% rh. The moulds 



were covered with a damp hessian cloth and left for 
'' ~ ..-.. 

24 hours, after which they were dismantled and the 

hardened. pastes cured under sea water and tap water. 

3. Mechanical Testing 

3, 9 and 27 days after mixing, five cubes w~re 

taken and the compressive str..ength determined using 

an AVery-Denison Type T42U compression testing 

machine at a constant rate of 30 kN min- 1 until 

failure occurred. The flexural strength was 

determined on 3, 9 and 27 day old samples using a 

500 lb Howden testing machine operated manually. 

The mean of five readings for compressive 

strength. and the mean of three readings for 

flexural strength were obtained. These results 

are given in Table 1 a), b) and c) for samples 

cured under seawater. The results for samples 

cured under tap water are given in Table 2 a), b) 

and c) (6). 

DISCUSSION 

The behaviour of different polymers towards the 

strength of hardening cement pastes cured under sea 

and tap·water is complex. Versicol Wl3 shows a 

genere l increase in compressive strength of the 

cubes when its concentration is higher than 0.08% by 

weight, and the paste is cured under seawater. The 

strength increases quickly within nine days and then 

levels off. A polymer concentration of 0 .13%, 

however, shows unusual behaviour and seems to be 

affecting the compressive strength of the samples 

in .an unexpected manner. 

Investigations on the paste modified with Wl3 

and cured under tap water show a parallel behaviour 

for 0.13% polymer concentration. But the overall 

effect of polymer addition results in a slight 

reduction in the compressive strength~ In the case 

of flexural strength of the pastes with Wl3, an 

improvement in strength is indicated when the 

samples are cured under seawater. The tests 

carried out on similar cement pastes in tap water 

do not show much improvement in flexural strength. 

The overall difference in the flexural strength of 

pastes aged in sea water and tap water is about 

60% for pastes containing 0.18% poly.er There is 

a general trend 0f increasing strength when the 

polymer concentration is increased and the curing 

takes place under sea water. 

The effect of HEC on the compressive and 

flexural strengths of pastes cured under sea and tap 

water does not show any great difference in strength. 

(Table lb and 2b). The neat pastes cured under both 

sea and tap water have higher strengths than pastes 

with the addition of HEC. This may be due to the 

hydrolysis of the HEC by the alkali in the cement 

paste. 

The effect of Dextran on the compressive and 

flexural strength is anomalous. Thus, when cured 

urider sea water there is a slight decrease in 

flexural strength, while when cured in tap water 

there is a slight increase in flexural strength. 

The compressive strength decreases on samples cured 

under sea water, but increases on samples cured 

under tap water. A subsequent publication deals 

with surface area arld adsorption properties. 
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Table 1 b) Modified with HEC 

REFERENCES STRENGTH CONC. OF POLYMER 

1. Concrete Society, Technical Report No. 9, (1975) 
TYPE DAY 0 0.08% 0.13% 0.18% 

13-14. 

2. Kudinov, K.A., Khramova, v.r., Ilvin, R.K. and I 3 19.68 17.00 18.68 16.00 
I 

Gorbushina, V.B., Betin i Zhelezobeton No. 3, 
FLEX 9 19.50 16.21 17.31 18. 72 

(1964) 120-122. 

3. Handbook of Chemistry and Physics, 59th Edition, 27 21. 65 18.55 18.68 18.28 

1978-1979, CRC Press. I 
3 72. 82 66. 77 63.40 51 . 50 

4. Neville, A.M. Properties of Concretes. Pitman, 

1963. COMP 9 78.49 77 .16 78.88 60.14 

5. ASTM Method C035, ASTM Book Part 13, 1977, 
27 85.04 75.33 81.81 54. 84 

p254-256. 

6. Rodgers, P.F. The properties of polymer 

modified cements. 1st year report, Table 1 c) Modi:E.ie!d with Dextran 

University of Salford, 1978. 

STRENGTH CONC. OF POLYMER 

TYPE DAY 0 0.08% 0.03% 0.18% 

Table 1 a) Strength of pastes cured under sea 

water, modified with Verisicol Wl3. 3 19.68 17.90 16.97 16.37 

I STRENGTH CONC. OF POLYMER 

! I 
I TYPE I DAY 0 0.08% 0.13% 0.18% 
! 

FLEX 9 19.50 19.92 18.62 20.42 

27 21. 65 19.65 18.57 19.04 

~· 3 72.82 60.68 61.61 59.75 

3 19.68 18.60 20 . 19 21. 82 

COMP 9 78.49 67.92 67.54 57. 28 ., 

FLEX. 9 19.50 20.90 22.04 23 . 39 
-~ 

27 85.04 56.55 54.68 59.18 

27 21. 65 22.03 23.42 21.82 

3 72.82 65.72 74 .46 76 . 01 

-
COMP. 9 78.49 77 .93 77. 93 85.02 

27 85.04 87.17 95.33 88 . 88 
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Table 2 c) Modified with Dex tran 

Table 2 a) Strength of pastes cured under tap water I 

Modified with Versicol Wl3 STRENGTH I CONC. OF POLYMER 
I 

! l STRENGTH CONC. OF POLYMER 

! 
TYPE DAY 0 I 0.08% 0.13% 0.18% 

i 
I I 3 12 . 0 i 14.8 1L1 .1 i 13 .1 
I +---I 

9 13 . 7 i 1 2 . 2 
I . 

FLEX I 13.7 L·s 
_J__ 
I 1 --

27 14. 3 ! 14. 3 16.0 
I 

15 . 9 
i I 

I--

I 

.TYPE I DAY 
i I 
I I I 0 0.08% 0.13% 0.18% 
! 1 

; 

i 
i 

! i 3 12.0 13 .4 14.8 13.8 

I 
! 

i I FLEX ! 9 
I 

13.7 14.6 15 . 8 14. 3 
! ! 

i I 
27 I 14.3 16.4 15.7 ! 14.0 i I ! ! 

I 

I I I 

i 3 58.1 65. 6 68.3 65.6 
I 
I 

COMP 9 74 . 7 83.8 79.4 83.0 

3 58.1 
I 

64.7 63 , 6 56,0 
27 83.6 90.4 93.9 92.9 

I 
I 

I 

COMP 9 74.7 75.5 65 , 4 72 .7 

27 83. 6 82 . 8 81. 7 85. 4 

-- -

Ta bl e 2 b) Modifi ed with HEC 

I 
i 

STRENGTH i CONC. OF POLYMER 
: 

TYPE DAY I 0 0.08% J o . 13 % I o . 18% 
! I -

I 

3 12.0 I 12.9 8.7 I -
I i 

I I I 
I 

FLEX 9 13·. 7 12.7 11.3 I -

27 14. 3 14 .5 13. 8 -

3 58.1 57.4 58.4 56.6 

COMP 9 74.7 69.4 67.3 67,4 

27 13 .6 74.6 78.0 79.4 
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COMMUNICATIONS* 

• Ces communications, pr6sent6es au Congrlts, n'ont pu itre imprim6es dans lea volumes II et 
Ill pour des raisons de d61ai. · 





THEME I 

Processus de formation des mineraux et composition de phase 
du clinker d' alinite 

Mineral formation processes and phase composition of alinite clinker 

M. BIKBAOU, candidat es sciences techniques, chef de laboratoire de l'lnstitut des Recherches Scientifiques 
et des projets de CO')Struction, Tachkent, U.R.S.S. · 

RESU?1E: L'etude de la formation des mineraux du clinker d'alynite ob+.enu par la cuiason 
des matieres premieres en presence de la chlorure de calcium a demontre que ces processus 
sont assez compliques; nous avons decouvert la formation des nouvelles phase~ minerales: 
du carbonate de la chlorure de calcium~ du spourrite, de l'ortnosilicate et de l'alumofer
rite de -.. J.a chlorure de calcium. A l 'etape initiale ~e la cuisson .lea phases minerales col;l
tiennenf une quanti te considerable d 1 atome. s de Cl; a l 'et ape finale, :par cont re, on n 'ob.
serve ~ue lea mineraux avec un faible contenu de Cl (3-4% de la masseJ - l'alite et l'alu
minate de la chlorure de calcium. Dans ces derniers minerau~, le chlore es+. solidement lie 
dans les positions structurales. 
A part lea miheraux indiques, le clinker d'alyni+.e contient egalement le be~ite e~ l~ fer
rite de calcium qui peuvent contenir un peu· de chlore (1u de la masse environ) dans leur 
atruc+.ure. La contenance quanti+,ative des phases minerales dans le clinker d'alynite varie 
dans lea limi tea sui vantes (% de la m,asse): 

1 1 alynite 
le belite 
l'alumina+.e de la chlorure de 
calcium 
le fe;i:-rite de calcium 

60 - 80 
10 - 30 

' 5 - 10 
2 - 10 

Des recherches e!fectuees ont permis de decrire le caractere de la cristallisation des 
phases siliciques du clinker qui ont generalement une structure diatincte a grains fins. 
Nous avons etabli qu~ les conditions de la cuisson et de la dechloraison exercent tine in
fluence sensible sur le caractere de la cristallisation du clinker d'alynite. · 
Cette influence s'explique par la genese des phases intermediaires du spourrite, de l'alu
moferrite et de l 'orthosiUcate de la chlorure de calcium.. 

Sill1?"..ARY: The investigation of mineralformation processes of alinite-clinker produced by 
kilning the raw material together with calcium chloride has shown their considerable com~ 
plication which leads to the formation of new phases - calcium chloride carbonate, spurri
te, orthosilicate and aluminoferrite of calcium chloride. 
At the initial stage of kilning new phases with considerable · content of the chlorine atoms 
(about 15% of the mass) - /orthosili cate and alu?I:.inoferri te of calcium chloride/ - are formed 
only the minerals containing small quantity of chiorine (3-4% of the ~ass) - alinite and 
aluminate of calcium chloride are kept at the final stage. In the above mentioned minerals 
the chlo.rine is tightly cohered in structure posi +.ions. · 
Besides the minerals mentioned above, the alinite clinker comprises also belite and calci .... 
um ferrite1 which could comprise small quantity of chlorine (about I.CY'~ of the mass). 
The quantitative content of mineral phases in alinite clinker varies within the following 
limits (%of the mass): 

alinite 60 - 80 
belite 10 - 30 
aluminate of calcium chloride 5 - 10 
calcium ferrite 2 - 10 

The research data have all.owed to describe crystallization of silicate phases of the clin
ker, which are normally characterized by clear but fine-grained structure. 
Important dependence of the caracter of cristallization of alinite clinker upon the condi
tions or kilning and · dechlorination has been established •. 
This dependence is closely connected with the gene~is of intermediate phases of the clinker. 
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La , cuisson .du clinker de ciment en presence 
de la fusion des eels de chlorure de calci
um provoque des changements radicaux: dans 
la cinetique des processus de la formation 
du clinker, ainsi que dans sa composition 
de phase (I). Le present travail montre les 
resultats d'une etude sur'la suite des pro
cessus. de . la formation du clinker en presen
ce de OaCl2, ainsi 9ue les donnees sur la 
composition plus precise des produits inter
mediaires et finales de la cuisson du clin
ker d'alynite; ces donnees n'ont pas ete de
crites d.ans les publications speciales. 
Des melanges suivants ont ete prepares! 
I• Un melange · des reactifs: 

CaC03 Si02. A12o3 Fe2o3 MgO OaCl2 
69.2 16.1 2.5 1.9 1.3 9.0 

2. Un melange de limon de loess, de cendres 
et des calcaires de l'usine de ciment d 1Ak
han-garan avec ~ de chlorure de calcium:, a 
raison de CS + 0,92; n • 2t6; p = 3 1 1 • 
Des melanges ont ate prepares sous f orme de 
granules de dimension de 7-8 mm et cuits 
dans un four electrique de laboratoire. La 
vi tease de la montee de la temperature 
etait egale a 5°0 ce qui correspond a peu 
pres aux conditions de production industri
elle. A partir de 400°0, un echantillon des 
materiaux a ete pris toutes lea 50° et re
froi di en l'air. A part cela, un essai iso
thermi9ue aux temperatures donnees etait 

. employe afin de determiner la composition 
de phase des produits de la cuisson. 
Le produit cuit a ete analyse sur le conte
nu de l'o:xyde de calcium co2 lib~e et du 
chlore. 

Tableau I 

La suite et le contenu des processus de la 
formation du clinker a basse temperature se 
differe carrement des processus analogiques 
de cuisson du clinker de ciment portland.La 
pJ:esence de la chlorure de ca~cium, ~ompo
sante SU{>plementaii'e dans le melange brut 
servant a produire le clinker a basse tem~ 
perature provoque une complication conside
rable des processus de la formation des mi
neraux. La presence de la chlorure de cal;_ 
cium abaisse la temperature du processus 
final de la cuisson des mineraux de sortie 
du cl inker du · ciment d' alyni te aus si que 
tous l~s processus intermediaires. Cea pro
cessus sont illustres par . lea courbes de 
!'analyse thermique ditferentielle (courbe 
ATD) (Fi~.1). A partir de 500°0, la courbe 
ATD du melange brut du ciment change a cau
se de l•evaporation de 1 1eau des hydrates. 
Nous aV<>ns utilise une methode d'etude de 
la composition de phase dane une couche min
ce qui a · perulis de decouvri r le commence
ment de l'interaction chimique entre lea 
composantes du melange brut pour la forma
tion du clinker d'alynite au niveau de 450-
50000. 
Le processus de la formation des composes 
complexes commence deja aux temperatures de 
530-600°0 grlce a 1 'interaction de Ce.Cl2 et 
de CaC03, la carbons. te de la chlorure de 
calcium lGaOO} Ca~). 

A 620-640°0 ce compose se transtorme en 
phase X qui est, peut-8tre, sa modification 
de haute temperature qui e:xiste dans l 'in
tervalle de 630 - 800°0; leurs proprietes 
chimiques et les parametres des cellules 
sont assez proches ( voir le tableau ) • 

Donnees de la dif'fractometrie aux rayons X des phases minerales 
decouvertes dans le systeme · Caco3 - CaC12 

-------~-------------------------------------

-------------~~~~2_:_~~~=~-------------------
Ce ll ule cubique a capacite centree 

+ 0 
a • 91720 - 0 1 015 A 

0 _______ !i.! ___ _ 
6.88 
3. <:Jl 
3.44 
2.81 
2.600 
2.174 
1.984 
1.716 

hkl -------------
110 
211 
220 
222 
321 
420 
422 
440 

----------------------------

_____ !-------.. ---
30 
65 
85 
90 
75 

100 
70 
20 

La composition de phase des produits de la 
cuisson a ete det~rm.inee par lea method.es 
quantitative et qualitative de l'analyse 
optiaue et celle aux rayons X. _La methode 
de l 'ana~yse thermique Gifterentielle a aus
si ete utilisee. 

Phase X 

Cellule cubique a capaci te centree 
+ 0 ' . 

a • 91 965 - 01 05 A 

------------------------------------~--------
---------!~! __________ !!!!. __________ ~! _______ _ 

5.00 700 40 
}.18 310 50 
2.675 '21 5 
2.485 400 30 
2.}56 3~0 100 
2~116 ~~2 40 
1.~1 510 40 
1.808 521 5 

---------------------------------------------
Dans l'intervalle de 650-750°0 une decarbo
nisation plus intense tait appara!tre l'o:xy
de de calcium libre.A ces temp6ratures, lee 
composantes acides entrent en action mutuel
le ce qui mene a la formation du spurri te 
·dans le s produi ts de la. cuisson 

+cs '"".' coefficient de saturation, n-mobule silicique, p-module alumineux. 
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-

2 

6S0°C 

Fig.~. La courbe de la ATD de la formation 
du clinker d 1 al.ynite (I) et du clinker port-
land (2). · · . · 
Aux temperature ~ 750-800°C lea produits 
de la cuisson contiennent, 8. part le spolll'
rite predominant, l'alumoferrite et l'alu
minate de la chlorure de calcium. 
Les -diffractogrammes des phases synthetisees 
intermediaires du clinker sont representes· 
sur la fig.2._ 

Fig.2 - Les dif.fractogrammes des phases 
intermediaires du clinker d'alynite: 

I - du avourrite; 
2 - de 1 "lorthowailicate de la chlorure 

G.e calcium ; . 
3 - de l'allll!linate de la chlorure de 

calcium. · 
c•est dans l'intervalle de 650-850°C que 
les exoeffets correspondent aux processus 
e~thermiques de la formation de ces mine
raux ~ur la courbe ATD. 
Le chan~ement quantitati! de la teneur des 
phases a chaque .etapede la cuisson carac
terise le mecanisme de la formation du clin
kero Ainsi, la courbe du chazagement de la 
teneur d'ox:yde de calcium libre dans lea 
prod.uits de la cuisson a d.eux valeurs ex
tremales (fig. 3). La teneur · plus Uevee de 
CaO libre dfte a une temperature plus haute 

est en correlation avec la courbe du chan
gement de la teneur de 002 - l 'oxyde de cal
ci U1!l 1i bre apparatt au cours cie la decarbo
nisation de ls calcite. 
Pourtant, les temperatures de 700-750°C pro
voquent une formation intense du spourrite 
dont la quantite atteint le maxi.mlll!l a 800°C 
(fig.3 ). 

<U 

"' 
45 ~ 

"' E:" 
~ ~ 
~ ~9 

~Jo ~ t <3' 
iS 

J} 15 

t°(' . 

Fig.3 Changement du contenu de CaO li bre ·(I) 
et du spourrite . (2) dans lea produits de 
la cuisson du clinker d1alynite en tonction 
de la temperature. 
La formation du spourrite e'effectue grlce 
a la liaison intense entre la silice et 
l'o:xyde se liberant a la decomposition de 
CaC0

3
: - . 

4 CaO + 2 ~i02 + CaC03 -- 2 Ca~i04 •Ca CO} 

En mtme temps une :eartie de molecules de la 
calcite participe_ a la formation du mineral 
nouveau, spourrite. Il convient ·de aouligner 
le r8le tree impo~ant de Ca Cl~, . agent de 
dispersion qui intensifie cons1derablement 
le processus de . l~ decarbonisation et joue 
le rele du milieu catalytique de cristallisa-
tion9 · · 
Aux temperatures de. 750-aoo0 ·c9 il est inte
ressant a· noter la formation de l'orthosi
licate de -la chlorure de calcium en presence 
de la chlorure de calcium. La fig.4 montre 
les donnees experimentales sur le changement 
de la teneur en orthosilicate de la chlorure 
de .· calcium 2 CaaSi04 • CaCl2 dans le proces-
sus de la cuisson. · . 
On peut supposer la possibilite de l'isomor
phisme des- anions au cours de la formation 
du spourrite et de .1-•orthosilicate de la 
chlortire de calcium quand une partie "'ato
mes de l 'oxygene dans la molecule de la 
calcite du ~pour~te .,... 2 Ca~i04 • Ca003 
est remplacee par les atomes du chlQre. Les 
resultats des e:q>eriences sur la separation 
du chlore du spourrite synthetique synthe
tis' en presence de CaCl con:firment que le 
replacement de 0 par Cl dans le spourri te est 
posaible. Ces_ experiences ont montr' la con
servation de 2%_ de Cl dans le min6ral~ pro
bablement ·grlce a 1 1 elevation du Cl dans la 
structure. Il n'eat pas e:xclu que 2 Ca~i04• 
CaC03 et 2 Ca~i04CaC12 forment des so!u
tion§ aolides grlce a 1 1isoatructure de ces 
composes contenant a la base une molecule 
de Ca~i04. Cea phases intermediaires S:> nt 
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stables clans un intervalle determine, car 
a 800-850°0 le spourrite commence a se de
composer et aux temperatures superieures a 
950°0 dispara!t tout a rait. 

Fig.4 • Changement du contenu de l 'orthosi
licate de la chlorure de calcium (I), ~ 
l'aluminate de la chlorure de calcium (2) 

·et de 1 1alumoterrite de calcium (3) dans 
les produits de la cuisson du clinker d1 aly
nite en ronction de la temperatureo " 
Les tig.3~5 montrent· des resultats des me
sui'es sur le changement de la teneur quan• 
titatives des phases minerales du clinker 
d 1 alynite dans le processus de la cuisson. 
Elles sont ettectuees a 1 1 aide d'une analy
se quantitative aux rayons x. La formation 
du spourrite et de 1 1 orthosilicate de la 
chlorure de calcium lie l'oxrde de calcium 
libre Se liberant SU ' C0ur8 de la decarboni
sation. Sa quantite dans 1 1intervalle de 
700-900°0 ne depasse pas quelques pourcents. 
Ceci est juste pour la vitesse normale de 
1 1 elevation: 5-20% par min. Grice au nivel
lement des !acteurs cinetiques, le traite
ment isothermique prolonge aux temperatures 
700-900°0 libere tout l'oxrde de calcium 
du melange brutl sauf sa quantite liee par 
le s~ourrite, l orthosilicate, 1 1 aluminate 
et 11 alumo!errite.de la chlorure de calcium 
(tig.4); m3me dens ce cas la quantite de 
l'o:xyde de calci"tan libre ne depasse pas 
10~12.% ce qui est egal a un cinqui 8me ~ 
sa quantite totale. Cea donnees sont en ac
cord avec lea resultats de la determination 
de la 'te1leur en co2 des produi ts de la cuis
son. L'aluainate dii la chlorure de calcium 
commence a se former a 700~750°0· 11 est 
a.table sur toutes lea etapes ult,rieures 
de la formation du clinker. Par contre, 
l'alumoterrite de la chlorure de calcium 
n'exi.ste que clans un intervalle limite de 
temperatures. Il commence a se former a 
750-800°C, mais a 950°0 il se decompose en 
ferrite ·de calcium, un comiose stable et 
en mime temps il tournit 1 aluminium pour 
la tormation de 1 1alynite. Il est probable 
que ce fait explique le cOm.mencement de la 
cristallisation de l'alynite aux tempera
tures de l 'alumoferrite de la · chlorure de 
calcium, c•est-8.-dire a 900-950°0 (tig.5). 
L'~othese ·citee explique l'ettet de torte 
mineralisation_ en ·presence de Fe2o} clans le 
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1•c 
~g.;. Cb.~ement du eontenu de l'alynite 
(1) et du belite (2) et la ferrite de cal
cium (3) en tonction de la temperature. 
melange brut au coure de la euisson du cl in -
ker d'alynite. Grice a la formation et a la 
decomposition de 1 1alumoferrite de la chlo~ 
rure de calcium, l 1aluminium, un des ele
ments principaux du reseau cristallin de 
1 1alynite, est rourni au moment de la cria
tallisation de l'alynite. Cela se trouve en 
accord avec le !ai t de 1 'absence de · l' alumo
ferri te de calcit1n dana le clinker d1 alynite. 
L1hypothese.proposee explique la necessite 
d'une augmentation sensible de la concentra
tion de l'aluminium dans le melange brut 
utilise au cours de la c~isson du clinke~ 
d'alynite blanc. Le belite se !o~e a 850-
900001 car la quantite de Cl ne sutfit pas 
a lier toute .la substance en orthosilicate 
de chlore ( 15% de chlore dans la structure), 
aluminate de chlore ( 4% de chlore dans la 
structlire) et alumo!errite de chlore (15% 
de chlore dans. la structure). 
De cette ta~on, a 900°0 tout le chlore est 
deja pratiquement lie en composes, l'alyni
te se forme a partir de l 'orthosilicate de 
la chlorure grlce a une nouvelle reparti
tion du chlore entre lui et le belite, \>en
dant que lea CaO et Al20~ supertlua liberes 
a le decomposition de 1 1 ilumoterrite, aont 
lies. Ainsi 1 la cristallisation de 1 1 alyni
te est auiVie du degagement de HCl grftce a 
la decomposition thermique de l 'alumoterri
te et de l'orthosilicate de la chlorure de 
calcium. Une partie de HCl .tournit le$ par
ticules voisinea et participe au procesaus 
ulterieur de la formation du mineral en ho-

. mogen8isant la composition de phase du clin
ker; une autre partie e'en va avec lea gaz 
grlce a la sublimation. De cette ta~on, une 
etude de la suite de la formation du clin
ker a basses temperatures a demontre une 
grande importance des phases intermediai res 
du clinkBr dont la formation et la genese 1 
par notre opinion, exerce UD.e influence de
cisive sur le caractere de la cristallisa
tion du clinker d 1alynite. 
Le mecanisme des proceasua die la .tormation 
w clinker a basses t :emperatures que nous 
venons d 1 examiner nous permet de comprendre 
lea particula1'ites de la composition c1e 



phase du clinker d 1alynite. 
Le clinker d 1alynite est repreeente par 
quatre mineraux (% de la masse). 
1. L'alynite - Oa11(Bi,A1)4o18c1 - 60+ 80 

2. Le belit~ - J - CzS - 10+30 
}. L1 aluminate de la chlorui~ de calcium -

Ca6AI7o16cr- 5+10 
4. Le ferrite de calcium ... CazFe2o5 - 2+10 
La formation du clinker d 1 alynite s 1eftec
tue dans la lutte concurrentielle des .ato
mes et de leura configurations pour lee 
atomes du chlore qui sont lea plus activ~s 
aux hautes ~mperatures de cristallisation 
d'il clinker; ces atomes passent tacilemeilt 
de la phase solide en liquide (fusion), en 
pha~e gazeuae et de nouveau solide (chlo
ration). 
Cette lutte aboutit a ce que le chlore ne 
reste que clans 1 1 alynite, ou il est soli 
dement lie ' dans un motif structural origi
nal et entoure et'roi tement par hui t atom es 
de calcium (2), ainsi que clans 1 1 aluminate 
de chlorure de calcium, ou il est aussi .lie 
dans lea motifs structuraux solides (}). 
Le belite et le ferrite de calcium sont 
identiques sur tous les indices aux mine
raux portlands. 
Certaines particulari tee de la morphologie 
et cle la composition des cristaux sont 
liees a une taible solubilite du chlore 
(I,0-1,5% de la masse) dans le belite et 
le ferrite de calcium. 
Dans lea clinkers obtenues a la base des 
matieres premieres aux ditf'erentes usines 
de ciment de l'URSS d 1 apres la technologi.e 
de basse temperature avec !'utilisation de 
la tusion catalytique de la chlorure de 
calcium, l'alynite se cristallise sous for
me des plaques hexagonalesi des petits 
prismes allonges dans le m~me sens et des 
for.nations des rayo~s aiguises. On peut y 
observer des grains de torme des rhombo
edri que et des tablettes. Les clinkers ont 
une structure &·grains fins irreguliers, 
la ct'istallisation de 1 'al.yn;i.te est dis
tincte. Les dimensions des grains varient 
de plusieurs mkm a 30-35 mk:m. lea parti
cuh• de dimension de 15-20 mkm predomi
nant. 
On y observe des agregats de l'alynite, 
quelquef'ois des ' macles des grains ', a 1 1 ex
tinction zonale caracteristique. La bire
tringence est basse, 1 1extinction est di
recte. Les index de retraction variant ' 
dans lea limites: 1.710 - 1.714. 
Une autre phase silicique du clinker d'aly
nite observee dans lee materiaux etudies 
est representee par le belite (silicate 
baeique bas), qui se d:iftere cle 1 1alynite 
par sa torme arrondie, ovale ou celle de 
lentillef lea debris des grains sont le 
plus souvent' in·colores' a l 1e~inction di
recte. Les index de retraction sont 
B • 1. 724 - 1. 7;0. La birefringence et lea 
index de retracti'on sont lea aeula indices 
dietinctits des ·etudea microscopiques des 

phases du clinker d'alynite. 
Les etudes mineralogi ques des clinkers syn
thetises a basse tem~erature sont tree di!
fi ciles a accomplir a cause de la structure 
microcristallin dee phases minerales. Les 
etudes au microscope electronique nous ont 
permis d 1 etudier le tacies et la morpholo-. 
gie des cristaux dans le clinker. 
Le belite est represente dans le clinker 
sous torme des grains arrondis et des de
bris irreguliers; souvent, on 1 1observe 
sous forme des incorporation.a dans lee cris
taux de l'alynite (tig.6). 

Fig.6. Stereomicrophotographies• d'un cris
tal de l'alynite avec des incorporations du 
belite (stereoskMI - 4). Agrandissement -
5 ooo. 
Dans le clinker, l'alynite est represente 
per lea plyedres bien cristalliaes aux ta
cettes distinctee re~roduisant de diff eren
tes var~etes du tacies tetragono-pyrami
dal (fig. 7). 
Une etude des micro crist aux de l 'alyni te 
dans le clinker par la methode de !'analyse 
microscopique du spectre aux .rayons x a 
l 'aide de J..'appareil •Komek_.- nous a permia 
de preciser la composition des elements des 
criataux de l'alynite, dont le contenu qua
litatif .est represente par Ca, Si, o, 01, 
Al, Fe et Mg (fig.8) et le contenu quant1-
tatif par: Ca a 46-47 Si - 10-11 Al • 115-
3,0 Mg • 1.0-1.5 Fe a 1.2-1.3 Cl • 2.,-
3.0 0 • 35-36. 

CONCLUSIONS: 
Le present travail montre la suite de la 
formation et des transformations des phases 
intermediaires et finales du clinker d'aly
nite. 
A l'etape in1l.ale du processus, lea auteurs 
ont etabli la formation du carbonate de la 

+L'auteur remercie viement mme B.Sirotkine 
d'avoir execute une analyse. 
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Fig.7. Varie~es du facies des cristaux de l~alynite dans le clinker: a - photos des re
pliques des clivages des ~rains de clinker prises au microscope electronique ME - 5, agran
dissement de 4000, b - stereomicrophotographies prises au microscope electronique a balayage, 
agrandissement de 2800. 

Ca .!\. 

I 

Cl K r 
Fe' K .. 

Fig.8. Spectrogramme d'une grain d'alynite 
de.ns le clinker. 

chlorure de calcium et de la phase X dont 
la composition est a peu pres la m8me ils 
ont determine les parametres de leurs cel
lules elementaires. Le spourrite, l'alumo
territe et 1 'orthosilicate de la chlorure 
de calcium se torment egalement en tant, que 
cles phases intermediaires du clinker -d • aly
ni te. 
La contenance quantitative des phases mine
rales G.allB le clinker d'alynite varie dans 
lee limites suivantes (%·de la masse): 

l'alynite 60 • 80 
le belite 10 - 30 
1 1 aluminate de l~ chlo-
rure de calcium 5 - 10 
le ferrite de ·calcium 2 - 10 

Le changement de la proporti'on quantitative 
des phases minerales intermecliaires et sta
bles clans le processus de la formation du 
clinker cl'al.yl:ite est ciemontre .. 
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Les auteurs donnent la aes:cription du carac
tere de la cristallisation des phases mine
rales du clinker - alynite; ils soulignent 
sa dependance des conditions de la cuisson 
des matieres premieres liee a la genese des 
phases intermediaires du .clinker. 

BIBLIOGRAPHIE 
1. B.NOUD:ELMAN (1976) VIe Congres interna
tional de la chimie du ciment. "Clinkerisa
tion dans la fusion de eel de la chlorure de 
calcium" 1 tome I, pp.21?-221 (russe). 
2. V.ILUKHINE, N.NEVSKI 1 M.BIKBAOU et 
R.HOWIE ( 1977 J. NatU::!!l "Crystal structure of 
alinite", v.2691 N°5be::"lt pp.397-398 1 en
glish. 
3. P. WILLUMS ( 1968). ve Congres inte rnati
onal sur la chimie du ciment "Crystal struc
ture II • CaO • 7Al2o3 • Ca.Fa", tome I, 
pp.173-176. 



THEME V 

Quantitative determination of ·the degree of conversion 
of high alu.mina cement 

La determination quantitative du degre· de la conversion 
du ciment alumineux 

John BENSTED, Principal Scientist, Head of Materials Section, Blue Circle Industries Ltd. Research Division, 
ENGLAND. 

RESUME : La determination quantitative du degre d.e trarrsformation cristalline du ciment alumineux hydrate a ete 
faite par les differentes techniques de l'analyse thermique. Les imperfections sont discutees avec reference par
ticuliere a l'ATD. La valeur de ces mesures est en fait qualitative plutot que quantitative, mais permet de dis
tinguer les echantillons de ciment alumineUX peu, moderement OU fortement transformes. 

SUMMARY: Quantitative determination of the degree of conversion of high alumina cement by ·different 
thermal analysis techniques is discussed. Th~ shortcomings are discussed with particular refererice to 
DTA. The true value of these tests is shown to be qualitative rather than quantitative in being able 
to distinguish high alumina cement samples as little, moderately or highlyconv.erted. 
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Thermal analysis methods like DTA, QDTA, DTG, 
DSC and EGA have been used for quantitative 
determinations of the degree of conversion of 
high alumina ·cement (1-6). Such methods do, 
however, present a number of shortcomings, 
which are discussed here specifically for 
DTA, but they do correspondingly affect the 
applic~bility of the other thermal analysis 
techniques as well when used to obtain 
percentage conver~ion factors for high 
alumina cement samples. 

The hydraulic aluminous component is assumetl 
to be CA, which hydrates to CAH10· Formation 
of C2AHs is assumed to be negligible. In 
practice, C12A7 is normally present in high 
alumina cements in amounts -2-10%. It 
hy?rates to give principally . C2AHs together 
with some alumina gel that crystallises to 
gibbsite with time. Hydration of CA 
frequently gives significant C2AHs and' also 
alumina gel wh"ich in turn crystallises to 
gibbsite. Consequently two generations of 
gibbsite are formed: 

(i) as a consequence of C2AHs formation. 

(ii) due to conver~ion. 

Hence the height of the AH3 endothermic peak, 
which is used as a standard for measuring 
conversion, is gre~ter than can be explained 
by conversion alone. Th is would account for 
relatively high conver~ion figures being 
common for lower age high alumina cement 
concrete samples. 

O-C2S can be present - 2-10% and is said to 
hydrate to Stratling's compound (C2~) in an 
a luminous medium. Generally< 5% is present 
in high alumina cements, which also contain 
some of their silicate in the form of 
melilite, a ~olid solution whose end members 
are gehlenite (C2AS) and akermanite (C2MS2). 
In practice significant quantities of C-S-H 
are occasionally present (detectable by 
infrared spectroscopy) and C-S-H gives an 
endotherm in a similar position to that of 
CAH10(7). Hence, when C-S-H is present, the 
CAH1o"endothermic peak is exaggerated and 
this can give rise to a low conversion 
figure. 

Use of the calcium aluminate hydrates CAH10. 
C2AHs and ·c3AH6 as basic analytical standards 
for calibratirin purposes is suspect, because 
all are highly susceptible to atmospheric 
carbonation. If prepared pure and used once 
for thi~ purpose they are probably all right, 
but if used again there is likely to be 
significant carbonation due to more contact 
with air and thus lead to a more uncertain 
quantity of the respective calcium aluminate 
hydrate being present ·in the standard. Only 
CAH10 is normally used as a primary 
standard. C3AH6 is not so used owing to its 
high susceptibility to carbona.tion, which is 
likely to have ~ccurred as . well to at least 
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an appreciable extent in many specimens 
under test. Carbonation ~opverts C3AH6 to 
calcite and alumina gel, which may later 
crystallise as gibbsite, thereby augmenting 
further the AH3 endotherm. 

The gibbsite AH3 peak is one of the basic 
standards of the techniques, because it is 
not subject to carbonation during normal 
atmospheric exposure (8). When conversion 
first takes place, alumina gel is formed 
which in turn crystallises to gibbsite. In 
practice this crystallisation process may 
take from several months to two years or so, 
so that if young high alumina cement 
concrete be examined the AH3 peak may be 
depressed because of the occurrence of much 
alumina gel and in conseq~ence the degree of 
conversion may be underestimated (9). Other 
forms of AH3 such as nordstrandite and/or 
bayerite may also be present when alkaline 
hydrolysis has taken place and it is no 
longer meaningful just to consider the 
gibbsite peak. Complete resolution of ' the 
AH3 and C3AH6 endotherlllS' does not normally 
take place, so that the precise effect of 
each on~ of these upon the other is not 
known accurately. 

Sulphate attack produces ettringite and 
although in general tbe peaks due to 
ettringite and CAH10 are clearly resolved 
enabling a conversion factor to be 
calculatedi this is not always so, an~ in a 
few instances the presence of ettringite may 
produce a peak interfering with that of 
CAH10· The presence of Portland cement 
renders the test valueless since there is no 
means of ascertaining what relative 
contributions are made to the peak at -
100-130°C by . CAH10 and c-s-H. 

Conversion in concrete beams is hetero
geneous to a greater or lesser degree and in 
order to gain some representative insight 
irito the problem, several samples need to be 
taken from different points in the beam 
under examination. Conversion at or near 
the edge of a beam may be greater or less 
than at the centre, depending upon the 
particular .circumstances of the individual 
beam . . Care should be taken to ensu~e that 
suitable samples are taken from the cores of 
beams for testing. Sampling needs careful 
drilling or, better, chippin"g, if the 
operator be untrained, so that any heat · 
effects, that might themselves give rise to 
conversion, might be avoided. 

The differential ·thermogram from ambient 
temperature to 500°C of a partially 
converted high alumina cement specimen is 
illustrated in Figure 1. The instrument 
used was laboratory made. (7), witl:i chrome 1-
alumel thermocouples attached to a Kent 
potentiometric recorder. Dead-burnt alumina 
was used as the reference standard for 
heating. The· endothermic peaks obtained are 
characterised in Table 1. 



TABLE 1 - Endothermic Peaks for Differential Thermogram in Figure 

Peak Temperature 

(oC) 

115 

150 

230 (shoulder) 

285 

320 

Ph~se Present 

CAH10 

1so ·c 

TEMPERATURE ( •c ) 

Fig. 1 - Differential thermogram from ambient temperature to 500°C of partially converted high alumina 
cement specimen. . 
(Conversion= 40% by th# approved DTA method). 
H~ATIN& RATE: 10•~ Pli~ MtHV"fE. 
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The peak height method makes two assumptions 
(10) that are not valid in all instances: 

(i) It is assumed that the peak shapes 
remain the same for all samples. 

(ii) The base line is linear in all cases. 

The percentage conversion figure obtained can 
thus in practice have a much greater 
uncertainty than ± 5% sometimes claimed. A 
figure of ± 20 % is quite likely in some 
instances. This percentage conversion figure 
is not an end in itself, but simply an aid to 

,. structural tests. The rate of conversion 
and not the degree of conversion is what is 
of prime importance. There is no correlation 
between degree of conversion and compressive 
strength. Some beams have failed at low 
conversions; their weakness was due to the 
fact that such conversion as had occurred had 
been rapid; other beam~ were satisfactory at , 
low conversions. Rate of conversion is a 
factor which can only be ascertained with 
time and cannot in consequence always be 
readily determined. The value of the DTA 
test is that a high strength highly converted 
beam is likely to be regarded as safe. It 
should be remembered that the DTA test is a 
c a 1 i b r a t in g an d no t a n ab s o 1: u t e m.e t h o d . 

The real value of the DTA test is therefore 
qualitative rather than quantitative, in 
being able normally to ,grade high alumina 
cement samples as little, moderately or 
highly converted. Similar comments apply to 
the other thermal analysis techniques such as 
QDTA, DTG, DSC and EGA. 
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Sulfoaluminate cement series 

Ciments sulfoalumineux 

THEME V 

DENG JUN-AN, GE WEN-MIN, SU MU-ZHEN, LI XIU-YING, Engineers, Cement Research Institute The People's 
Republic of China. 

RES~ME : La formation des clinkers des ciments sulfoalumineux cuits a differentes temperatures, 
~ec differentes valeurs de la saturation en chaux et avec differents rapports alumine/silice 
et alumine/trioxyde de soufre fut etudiee par rayons X A.T.D . , m~croscope electronique, et ana
lyses chimique et petrographique. Furent egalement etudiees les caracteristiques d'hydratation 
et de durcissement des ciments fabriques avec ces clinkers. Les resultats montrent que dans le 
systeme Ca0-Al
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, la presence de so
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inhibant la formation de C

2
AS, et a temperature 

appr£priee de cu1sson, 2 c
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etant decompose en c
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s et Caso
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, des clinkers a base de 

c A
3

s et B-c
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s se sont formes. En outre, par addition de differentes quantites de 9ypse aux · 
ciinkers, _on peut regler le temps de formation, les quantites d'ettringite et celles des au
tres phases d'hydratation dans la pate de ciment, de fa9on a obtenir toute une serie de cimenre 
a proprietes differentes, tels que des ciments a durcissement rapide, a ~xpansion legere, a 
forte expansion OU a auto-contrainte. Ces ciments qui constituent la serie sulfoalumineuse 
sont maint~nant produits sur une echelle industrielle en Chine. Le ciment a auto-contrai~te 
est utilise pour produire des conduites auto-contraintes, et les ciments a durcis~ement rapide 
et a expansion legere sont utilises essentiellement pour les travaux de reparation urgente, 
des travaux a executer par temps tres froid, et pour des ouvrages exigeant une bonne imperm~a- . 
bilite. 

Sum~ary: The formation of sulfoaluminate cement clinkers with different lime sdturation 

values,alumina/silica ratios and alumina/sulfur trioxide ratios and burnt ~nder different 

temperatures was i rwestigated. XRD,DTA,petrographic analysis,EM ·and chemical analysis were 
employed in the study. The ' hydration and harden ing characteristics of the cements made ' froni 

the above clinkers were Also studied. Results show firstly,in CaO-Al203-Si02-S03 system,the 
preser:ce of S03 inhibits the formation of C2AS and under appropriate .burning temperature, 

2C2S·CaS04 is decomposed into C2S and CaS04. Hence clinker with C4A3S and9 -C2S as its main 
constituents are formed;secondly,by adding different amounts of gypsum to the c!'tnker,the time 

of formation 8 nd the amounts ·Of ettringite and other hydrated phuses in the cement pastes may 

be so adjusted that a series of cements of different performance characters i.e.,rapid 

he.rdening,slightly-expansive,expansive and self-stressing can be obtained. These cements 

which corir;titute the sulfoaluminate s eries are now manufnctured on an industrial scale in 

China. Self-stres0ing C'ement is used in maki:ig self-stressi:' g pressure pipes while slightly
expansive and rapid hardening cements are used mainly in emergency repair and permeability 

resisting works and under sub-zero temperatures. 
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1. Introduction 

Calcium sulfoaluminate has been used as 
an expansive agent in cements by many inves
tigators since the mineral was first proposed; , 
by Ha~stead. l-5 Some investigators have 
used sulfoaluminat~ clinker to make rapid 
harding cementl»="8rne studies on the formation 
of sulfoaluminate cement clinker are mo~tly 
concentrated on CaO-Al203-S03 system,while 
less work is done on CaO-Al203-Si02~So3 . 

system? Recently there have been reports on 
the formation o~ 2c2s•caS04 in CaO-Si02-S03 

10-11 system. 
"1ch investigations have been made on the 

hydration of C4A3S,with particular respect to 
its reaction when it is used as an expansive 

12-13 agent in portland cement. Xue et al put 
forward the view that ettringites may form 
and . even expand under unsaturated Ca(OH)2 
solution. The subsequent development of 
calcium sulfoaluminate cement series in China 
l..4 

proves to .support this view. 
The sulfoaluminate cements as described 

in this paper used limestone,siliceous 
bauxite and gypsum as raw materials. Clinker 
with C4A3S and ~ -C2S as its main ~ons ti tu en ts 
is formed in the burning. By adding different 
amounts of gypsum to the clinker in the 

grinding .cements with distinct performance 
characters, i.e. ,rapid hardening·,slight
expansive,expansive and self-stressing are 
obtained. 

More than one hundred thousand tons of 
. ~u·~foaluminate cements have been manufactured 
· ·s.irice 1974. Rapid hardening cement has been 
used in the manufacture of concrete products 
(concrete ships,electric poles,railway 
sleepers,floor slabs,pre~abricated beams and 
pillars end large span trusses), in emergency-, 
repair and permeability resisting ~ork and in 
frame work joints. Instances of some other 
applications are joints for prefabrica ted 
slabs used in reservoirs and binder for 
moulding sand. The cement has especial good 
performance under sub-zero temperatures 
( 

0 . t""'l 0 0 

-10 C,-~5 C,-35 C). Only simple measures 
ar€ needed to acquire favorable strength gain 
and to assure no decrease in final strength. 
In the meantime,more than 2000 kilo~eters 
of self-stressing pressure pipes of various 
diameters have been produced using sulfo
aluminate self-stressing cement. 

II. Sulfoaluminate cement clinker 

With a view to studying the clinker 
form~tion and its mineral composition,16 raw 
mixes ~ere prepared having different lime 
$aturation values (Cm= C/0.7(F+T+S)+0.55A+ 
1.875),alumina/silica ratios (N=A/S) ~d 
alumina/sulfur trioxide ratios (p=A/S). 
Limestone,gypsu~ and five siliceous bauxites 
with N=4,2,l,0.2 and one containing i3~ Fe203, 

were used as raw materials. MgO and graphite 
powder were mixed into some of the raw mixes 
to study the influence of ugo and .reduced 
atmosphere on the formation and co~position 
of the clinker. Burning tests were carried 
out at first in a siliconit tube :furnace 
and later in a small rotary kiln. Surface 
observation,chemical analysis,XRD and 

*Participants of the investig~tion are: Zheng Wan-lin,Li Pei-quan,Zhang Pei-xin and 
Li De-dong,Engineers,Cement Re~earch Institute 

**ihe in~estigation was directed by: 
Wu Zhong-wei,chief engineer,Research Institute of Building Materials, 
~ang Yan-mou,vice director,Research Institute oi Building Materials, 
Xue Jun-gan,Vice director,Cement Research Institute. 
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petrographic analysis were made on clinkers 
burAt under different temperatures (950,1050, 
1250, 1300 and 1400°C). Physical properties . 
of some of the cements made from the above 
clinkers wer·e examined. 

Results show that under appropriate con
ditions clinker with C4A3S and ~ -C2S as ·its 
main constituents is obtained. N value does 
not affect the pattern of formation cf clinker 
minerals but it does affect the relative 

amount of C4A3S and ~ -C2S. With Cm= 1, p = 3. 82, 
the lime absorption is completed in clinker 
burnt under 1250~C. By introducing S03 into 

Fig.l Clinker compositions against consti
tuents .of raw mixes at 1250°C. 

compositions against the constituents of raw 
mixes. The latter are prepared from siliceous 
bauxite,limestone and gypsum. XRD and petro
graphic. analyses have been made on clinkers 
burnt under 1250 and 1300°C with various 
Cm- and p values. The diagrams are schematic, 
yet they do illustrate the tendency of the 
clinker formation and its mineral composition 
in relation to changes in raw mix c'onsti tuents. 

the mixes and under appropriate burning 
temperature,the formation of C2AS is inhibited 
and the decomposition of 2C2S•CaS04 into C2S 
and CaS04 is promoted. At above 1280°C, C4A~S 
and ~ -C?.S are found to have formed and the 
intermediate phases C2AS and 2C2S•CaSO• 
disappear. Between 1280-1400°C no appreciable 
changes in mineral phases ·have occurred. At 
above 1400°C,C4A3S begins to decompose and 
S03 to volatize. For normal raw mixes i.e., 

Cm== 1, p==-3. 82, the clinkering temperature 
range is fairly wide. 

Fig.l and Fig.2 are plots of clinker 

Limestone. 

Fig.2 Clinker compositions against consti
tuents of raw mixes at 1300°C. 

The addition of as high as 5% MgO,which 
exists in clinker as extremely small peri
clase particles,has no uisti~ influence on 
the mineral composition of clinker. Reduced 

atmosphere accelerates the decomposition of 
CaS04,give rise to adverse effect on clinker 
formation and may even . decompose C4A3S 
already formed. 

III. The hydration,hardening and physical properties or 
sulfoaluminate cements. 

Various types of sulfoaluminate cements 
have been obtained by grinding the above 
clinker with different "amounts of gypsum. 

While the.amount of gypsum needed depends on 
the content of C4A3S in the clinker,the mole 
ratio of CaS04•2H20/C4A3Sdesignated as M 
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varies from 0.5 to 6,depending on the type of 

cement to be made. The ratio increases in 
the order of rapid h8 rdening,slightly

expansive ,expansive and self-stressing 
cement. 

In order to study the characteristics o~ 
hydration of the different types of sulfo
aluminate cernents,various combinations of 

individual minerals C4A3S,C2S and CSH2 were 

prepared. Hydration and hardening tests were 

made both on pastes and suspensions of 
cements and individual mineral combinations. 

Table I lists the proportioning and proper
ties of pastes made from the individual min
eral combinations. XRD,EM,DTA and chemical. 
analysis were employed in examining specimens 

of different ages. Results indicate that the 
hydration of sulfoaluminate cements proceeds 

The proportioning and properties of pastes 

made from individual mineral combinations. Table I 

proportioning 
No. W/C · 

C4A8S ~-C2S gypsum 6 hrs 1 

S1 100 0 0 .39 15.5 

~-~ 73.69 0 23.31 .33 24.0 

S3 45.12 0 54.88 .27 21.5 

S4 0 100 0 .36 0 

...,5 0 52.31 47.69 .26 0 

S5 80 20 0 .40 6.0 

S7 64.35 16 .. 09 19.56 .32 18.0 

Sg 40.55 10.14 49.31 .29 17.0 

S9 60 40 0 .38 8.5 

S10 50.74 33.83 1.5.43 .33 22.0 

Sn 34.69 23.13 42.18 .29 17.5 

• s12 40 60 0 .35 -
S18 35.66 53.49 10.85 .32 20.0 

Si_4 26.91 40.~7 32.72 .29 14.0 

* d= disintegr~~ted 

as follows: 

C4A3S + 2CSH2 -+' 32H ~ C~A·3(CS)·B3 .::>+2AH3 

C2S + ~H ___. C-S-H gel + Ca(OH)? 

3Ca(OH)?, + 3CSH2 + AH3 + 20H -
C3A•3(CS) •H32 

day 

37.0 

l.'5.5 

12.0 
0 

0 
42.5 
24.5 
B.5 
40.0 
25.0 

22.0 
27.5 
20.5 

20.0 

The time of formation,amount and distri
bution of the resultant phases determine the 
structure of the cement paste as well as its 
deformation ability. Hence they influence 

directly the strength,expansion,self~stressing 
and compactness of the cement paste. Ettrin
gi te behaves differently in different stages 
of hardening. By adding different amount of 
gypsum,the time of formation. and amount of 
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strength N/rnm2 

8 days 7 days 14 days 28 days 2 mans 

41.0 31.0 35.0 - 35.C 

d* - - - -
d - - - -

0 1.0 1.0 4.0 -
0 0 0 .8 -

46.0 44 .o 49.0 - 44.0 

30.5 34.5 36.0 - 32.0 

I 25.0 35.S 35.0 - ~)7 .o 
34.5 27 •. 5 28.5 29.0 . -
30.5 29.5 30.5 33.0 -
25.5 33.0 35.0 41.0 -
25.0 24.5 17. 5 27.0 -
22.5 23.0 - 25.0 -
30.5 33.5 26.0 37.0 -

e;ttringi te may be so regulated that a series 
of cements with different properties may. be 
obtained. In rapid hardening cemerit where a 

small amount of gypsum is added C~A·CS·H12 

is formed besides C3A•3(CS)•H32,A.l13 and 

C-S-H gel. 

Ettringite,one of the main hydration 

products of sulfoaluminate expansive cement 
and self-stressing cement,is the source of 
expansion. The pH value of the liquid phase 
of the paste as determined is about 10.5. In 
other words,ettringite here is forined under 

unsaturated Ca(OH)2 solution. It expands but 
moderately and together with the cushion 

effect of AH3 gel and C-S-H gel,it imparts a 

.1 
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fairly large deformation ability to the 

cement paste of increasing structural str
engtl!l~ Thereforethe cement has a high self

stress value with good stability. 
Fig.3 shows the rela tionship between the 

proportions of the three main phases in the 

cements and the physical properties of the 
cements. The rapid hardening sulfoalurninate 

cement has modera te setting time. The 

G~ '------...A:....--=-o----"'o ______ ~3t;5 

Fig.3 The proportions of the three main 
phases and the physical proper ties 

of the cements. 

I.Rapid hard€ning cement area 

11.~lightly-expansive cement area 

III.Expansive and self-stressing cement area 

interval of initial set and finai set is 
short. The compressive strength of 1:3 

earthen dry mortar may attain 30 N/mrn2 in 
· 12 hours and 50 N/mrn2 in three days. Compres

sive strengths in later ages still increase 

and high tensile strengths are attained. 

\Table 11). The properties of its concretes 

are similar to those of mortars. Both are 

anti-freezing and permeability resistant. 
It is worth noting that the rapid 

hardening sulfoaluminate cement has very 

good performance under sub-zero temperatures. 

The strength of a cement frozen in early 

stage but later cured under normal temp
erature may approach that of a cement 

cured under normal temperature from the 

very beginning. By applying simple heat 

preservation measures, the strengths of - the 
concrete have developed effectively under 

-l0°C,-25°C and -35°~ atmospheric tempera
ture~ at winter construction sites in 

Beijing and Heilungjiang. 
For self-stressing sulfoalumi,nate cement, 

the self-stressing value may reach 5 N/mm2 

and the strength above 40 N/mm2 for 1:2 mortars 

and 1:2 concretes while free expansion is 

less than 2.5% (Table III). Pressure pipes 

made from such cement have good performance 

properties in relation to .water impervious-

ness and air tightness. 

The expansion and s_trehgth values of 

the slightly-expansive and expansive sulfo
aluminate cements 8 re between those of 

rapid hardening cement and self-stressing 

cement. Their expansion may be regulated 

as required by controlling the amount of 

gypsum added during finish grinding. These 

t~o types of cement are mainly used in 

permeability resisting worksJmd shrinkage 

compensating concrete works. 

Properties of rapid hardening cement Table. II 

.tjo. 
Strength N/inm2 

12 hrs 1 day 3 days 7 days 28 days 3 mons 12 mens 24 mons 

comp 39.5 5Q.O 58.7 . 64. 7 68.3 . 76.1 80.3 --
3-1 tens 3.05 3.43 4.03 4.24 4.34 4.34 5.05 5.59 

comp 37.6 50.4 64.0 70.5 79.5 83.6 91.5 94.5 
2-1 tens -:3.17 3.45 3.70 4.03 4.18 4.86 5.15 5.90 
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Properties o f self-stress in.a: cement Table III 

free expansion % I self stres~ing compressive strength N/mm2 
curing proper- value N/mm No. 
sys ten tioning l d 3 d 7 d 14 d 28 d 6, m * .1 d 3 d 7 d 14 d 28 d om 

·· -· 

2-4 40°C 1 : 2 .1 5 .27' .67 1.04 1.23 1.29 148 282 392 298 463 470 690 
')C 80' concrete 20 38 52 63 69 71 

B-3.5 40°C 1:2 .26 .91 1.62 1.96 2.02 - 139 306, 433 444 447 567 -
.)( 80' mortar 19.9 42.8 53.5 59,1 63.0 -

* immediately after demoulding 
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THEME VI 

The limitation of high pressure mercury porosimetry to the study 
of hardened cement pastes 

Mesures de .dimension des pores par penetration de mercure 
dans /'etuc/e des pates de ciment durci 

S. MODRY and J. HEJDUK, Building Research Institute, Praha, Czechoslovakia. 

RESUME : La validite des mesures de dimension des pores, par penetration de mercure, a fait 
l'objet d'etudes sur des pates durcies. Des essais de penetration de mercure ont ete effec
~ues sur des eprouvettes vierges; puis ils onf ete repris, a plus haute pression, sur les 
mimes eprouvettes. Il en resulte que les fortes pressions ne provoquent pas de destructions 
importantes dans ces eprouv~ttes. 

SUMMARY : The validity of results of pore size measurements by mercury intrusion was un~esti
gated on hardened cement paste. Mercury intrusion measurements were compared for virgin 
samples and reintiuded samples after removal of mercury. ~esults showed no evidence of sample 
damage at high pressures. · 
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Since the time the high pressure merc~
ry intrusion ~orosimeter was introdu=ed by 
Ritter and Drake /1/, this method has been 
gaining field first of all due to its un
doubt advantages as 2.go relativs simplici
ty a~d the speed of obtainin g of the results 
The mentio~ed properties of the me thod cau
sed its many applications for invest igation 
of p9re stru=ture of materials in many 
scientific and technical areas /2 ,3,4 / . Ths 
use of the mercu ry porosi~etry in such a 
broad scope was also madE possible by com
mer ~ ially availablE Equipments produc~d by 
Ll everal firms in Europe and in thE LJ.S.Ao 
/5/. Th e a p;~l lication of these instru. ;~ ents 
/ in some of them can pressures rEach level 
as high as 414 ffiPa/ has raised questions 
about the effects of high pressures on the 
p.::ire structure. 

This problem have bean investigated 
and discussed by many aulh::irs as ~ar back 
as Drake / 1,5/ in 1949 year. From the re
s ults obtain ad by different author s can be. 
concluded that a closer comparis on of measu
red data is unfortunately raraly p~ssible 
due to the fact that no detail i nfo rmat ion 
is avai lable with respect to the mode of 
preparation etc. In general, howev2r, it is 
evident tha~ the dist c rtion is depe nde nt on 
mechanical properties of the solid phase it
se lf, and at the same ti~e on the shape and 
s iz e cif ths pores and on the way of t he ir 
mutual con,actiono 

The questio:-i to, what exten t the pres
sure damag s s t ! .e sample a11d alter s the pore 
size distrib ~ t1on is of utmost importance 
al s o for hardened cement pa ctes and concre
tes. 

In the range of pore radi i from 10 to 
240 ; um result s measured by mercury porosi
metry were compared with tho se from light 
;,;icroscopy by Chekhov ski i and Leirich / 6/ o 
Data obtained by these authors sh own a rea
sonable agrEemento 

The investigation reported here was 
underta~en to examine the influence of high 
pressure on pore size dis~ribution of pores 
with radii under 10 1um in hardened cement 
paste.-

The prc;cedure wa~; to determine the pore 
size distribution of a hardened cement paste 
by mercury intrLsion and then t.o distill_ thE~ 
mercury out of the sarr:plE and remeasure its 
pore size distritution. Conparison of these 
distritutions ' will give an indication of 2ny 
damage to the sampleo 

EXPERimENTAL WORK 

The san~le selected for test~ was a 
hardened cement paste prepared from cement 
with w/c = o,45o AftEr 7 days of the water 
curing specimens wer~ dried to stop the hy
dratation at the t~mperature 105 °c until 
they reach a constant weight~ Dried speci
mens were crushed and oranules of 2 - 3 mm 
in diameter were used ~or pore analysis. 

m~rcury intrusion tests on these speci
mens were performed with Carlo Erba porosi-
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meter type 55A, capable of reaching pressu
res CJf 98,l mPao 

Prior to intrusion the samples were 
outgassed at 135 °c for 7 ho~rs und8r the 
vacuum of 0,20 Pa and were cooled to room 
temperature prior to loading in the porosi
me ter. The reason for such a temperature 
treatment was that after an intrusion test 
on a particular sample the residual mercury 
was removed under . the same temperature a~d 
vacuum conditionso 

Such a pretreatm~nt seems to be rea~on
able and ma~es possible to differentiate 
chan~es due to temperature and due to high 
pressure itself. After an intrusio:-i test a 
small portio:-i of the me!cury could not be 
removed by described tech~ique. These sam
ples were than retested in the porosimeter 
in the same ~an :-iero 

For the ccn~erison of the recCJrded da
ta to pore sizE values cy~indr~cal pore mo 
cie l was assu~ed. S~rface taMsion of tha me r
cury of 460 dyn/cm a~d contact angle 140° 
ware assu~ed for calculationo 

RESULTS 

Figure 1 shows a set of •1;:.or:::u:cy intru
sion por e size ciistribulion s for a sa"·.ples 
of nard2ned ca~ent pa3te. 

The curve for the "virgin" spe_cimen 
/Cur ve A/ and th ~ on2 remeasur2d after re
moval of the mercury /Curve B/ coin=ide. the 
entire ra~ge of radiio The difference bet
ween the curves is compara~le of even less 
tha~ the experiment a l erroro 

CONCLLJSIONS 

The identical course of the integral po
rosity curves gives the eviden=e that the 
pressure up to 98,l ffiPa has not caused ~ea
surable alteration in the sampleo 
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THEME VI 

Ca (OH) 2 formation in air voids of cement pastes 

La formation des cristaux de Ca· (OH) 2 dans /es vides 
des pates de ciment 

O.Z. CEBECI, Assistant Professor, Department of Civil ~ngineering, King Abdulaziz University, Jeddah, 
Saudi Arabia. 

RESUME : Des recherches ant ete faites sur l'influence des ambipnces de cure, sur l~ formafion 
des cristaux de Ca(OH)

2 
dans les vides interJticiels despites de ciment. Les pites ant ete hy

dratees, puis conservees, soit sous enveloppe impermeable, soit en atmosphere saturee, soit 
immergees en eau pure ou en eau saturee en chaux. Quatre morphologies differentes de petits 
cristaux et de plaquettes de Ca(OH)

2 
ant ete observees au microscope electronique dans les 

geodes. Ceci indique que la chaux hydratee,·liberee par la reaction d'hydratation du ciment, 
se degage ~ l'interieur despites, sauf pour celles conservees en eau pure, parce qu'une pa~
tie de cette chaux migre hors de la pite durcie. 

SUMMARY : Effect of different curing media on the formation of Ca(OH)z crystals in air-voids of hardened 
Portland cement pastes was investigated. The pastes were hydrated in impermeable coating, humidity room, 
clean 1t1ater and saturated lime solution, Four different morphology of deposits, ranging from small crystals 
to packing of Ca(OH)~ pl~tes, were observed in air voids by scanning electron microscopy, This indicated 
that Ca(OH)2 liberated by hydration is accommodated within the pastes cured in impermeable coating, humidity 
room or saturated lime solution. However, curing of cement pastes in clean water may not faithfully duplicate 
the curing conditions of concrete in common construction practice, because part of Ca(OH) 2 liberated into 
pore solution is leached out of the hardened paste. 
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INTRODUCTION 

Scientists investigating the structure, properties 
and behaviour of hardened cement paste, mortar and 
concrete hydrate their samples in a variety of curing 
media. Furthermore, standard methods established by 
various institutions for testing mortar and concrete 
do not agree in a unique hydration practice. The 
most common hydration methods may be classified as 
follows: 

1. Placing the fresh paste, with the original mixing 
water, in a sealed water-impermeable container 
( 1 '2) 0 

2. Storing the samples in an environment of high 
relative humidity (3,4). 

3. Keeping the hardened paste immersed in clean 
water ( 5 ,6). 

4. Keeping the hardened paste immersed in saturated 
lime solution (7,8). 

The first method is an ideal way of.preserving the 
original water-cement mix for hydration but is not 
very practical especially for larger mortar and 
concrete specimens. The second and third methods 
aim at preventing the evaporation of the original 
mixing water, or supplying water for hydration, in 
an enviroment very similar to what common ~onstruction 
'practice offers to concrete manufactured in the field . 
It is usually more convenient to immerse samples in 
water rather than storing them in moisture cabinets; 
however, calcium hydroxide' liberated by the hydration 
of cement may be leached away from the hardened paste 
especially if fresh water has easy access to hydration 
products (9) . A trend developing in recent studies 
is to hydrate the samples in a satu~ated lime solution, 
so that all hydration products are deposited within 
hardened pastes. · 

The present study is an attempt to evaluate the effect 
of different curing media on the formation of calcium 
hydroxide crystals in the air voids of air-entrained 
hardened Portland cement pastes. Scanning electron 
micrographs of the air voids showing various calcium 
hydroxide deposits are interpreted in order to help 
the designation of a practical curing method that 
faithfully represents the curing conditions of 
concrete in common construction practice. 

MATERIALS AND METHODS 

Type I Portland cements from two different sources 
(an American and a Turkish factory) were used in this 
study. The cements were mixed with distilled water 
(containing commercial air-entraining age~ts) in a 
bench-top mixer at 0.5 and 0.6 water/cement ratios. 
The fresh pastes (containing about 6 % air by volume) 
were cast into glass test-tubes (diameter= 1.5 cm, 
height • 5 cm) and metal cubes (edge = 5 cm). The 
specimens were kept in a humidity room for 24 hours, 
then the hardened pastes were demolded . Further 
hydration took place under various conditions as 
follows: 

1. HR curing in a humidity room at 95 ± 5 % RH and 
23 ± 2oc 

2. SL curing by coating individual samples with an 
impermeable layer of epoxy. 

3. FW curing in tap water by renewing the water every 
2-3 days. 

4. SW curing in tap water without changing the water. 

5. CH curing in saturated lime solution. 

SL, FW, SW and CH curing containers were also kept 
at 23 ± 2oc in the same room as HR cured samples. 
After 60 days of hydration (130 days as well in case 
of CH curing) the hardened pastes were dried at -
105 ± 5oc for at least 24 hours and then broken into 
small pieces for visual and microscopic examination 
(using JEM-100 B JEOL/Jeolco, and Stereoscan S4-10, 
Cambridge Scientific Instruments) . 

RESULTS AND DISCUSSION 

Calcium hydroxide deposits observed in the air voids 
of hardened Portland cement pastes have been 
classified into four distinct morphologies shown in 
Figure 1. The differences in the source of cements, 
water/cement ratio, shape and size of specimens had 
no effect on the results. The voids co.ntaining the 
deposits (one in every 10-15 void) were randomly 
distributed through the cross-section of th~ samples . 

Hydration of Portland cements is one of the major 
areas of great interest to cement chemists. Investi
gations of hydration mechanisms, hydrate structure 
and composition have revealed various features of 
calcium hydroxide crystals formed by the hydration 
of C3S and C2S {10). In general, calcium hydroxide 
liberated by hydration crystallizes from nuclei 
formed near or at the surface of cement particles (11) 
and surrounds air voids and aggregate particles (12,13) . 

In recent investigations, the interpretation of 
analytical data on pore sol~tions expressed from 
hardened pastes showed that these solutions are 
saturated with calcium hydroxide up to several months 
of hydration (11, 15, lo). ~archese observed calcium 
hydroxide plates in cavities of Portland cement pastes 
hydrated in tap water (5). 

The results of this study implied that the crystals 
are deposited by capillary pore solutions saturated 
with calcium hydroxide (14). The solution penetrates 
air voids if there is a leak in the surrounding 
calcium hydroxide layer. In order to test this 
hypothesis some specimens were taken out of curing 
solutions and. broken immediately. Optical examinqtion 
of the fracture surfaces showed that the voids accom
modating the deposits were filled with water whereas 
other voids contained neither deposits nor liquid. 

The effect of curing media on the formation of deposits 
depends on two factors: 

1. The degree of saturation of the pores with 
solution. 

2. The degree of saturation of the pore solutions 
and curing solution with calcium hydroxide. 

In case of SL ·and HR curing, the pores get unsaturated 
with solution as hydration continues but the solution 
is sa tu rated with ca lei um hydroxide. Hence the result 
is small crystal deposition in air voids (Fig. 1-a), 
because the hydration products are accommodated in 
the vicinity of the reactants (11). 
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(a) HR and SL curing ·for 60 days (b) FW and SW curing for 60 days. 

(c) CH curing for 60 days. (d) CH curing for i30 days. 

Figure l - Electron micrographs showing calcium hydroxide deposits in air-voids of hardened cement pastes. 

The pores are saturated with solution but the satura~ 
tion of the curing solution with calcium hydroxide is 
limited in FW and SW curing • . This increases the 
mobility of calcium hydroxide liberated by hydration 
(10) ; part of which is deposited within the hardened 
paste and in permeable air voids (Fig. 1-b) ; however 
part of calcium hydroxide is . leached by curing water 
(9), and hence, further crystal growth in the voids 
is not possible. 

Calcium hydroxide crystals in the air voids of 
CH cured pastes extended through the entire 
cross-section of the voids after 60 days of hydration 
(Fig. 1-c). The voids were packed with calcium 
hydroxide plates after 130 days of curing in saturated 
lime solution (Fig. 1-d). The pores of these samples 
are saturated with solution and the curing .solution 
is saturated with calcium · hydroxide. Thus, calcium 
hydroxide liberated into the pore solution is not 
leached but . deposited within the hardened paste; many 
plates being easily accommodated in air voids. 

Mortar samples Were prepared according to the Rilem -
Cembureau procedure, and cured in humidity room, water 
and saturated lime solution for 60 days • . The 
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compressive strengths were determined as 29.31 MPa 
for . both FW and SW cured ~ampl es and 38'. 04 MPa for 
CH cured mortars. HR curing is known to develop less 
strength than water curing (10). ·.The decrease in the 
strength of samples cured in water (as compared to 
the strength of samples cured in saturate~ lime 
solution) is regarded as another demonstration of 
the fact that some calcium hydroxide liberated by 
hydration is leached away- from these samples by the 
clean curing water. · 

CONCLUSION 

The difference in the morphology of calcium hydroxide 
crystals deposited in air voids of hardened cement 
pastes hydrated in different curing media indicated 
that calcium hydroxide liberated by hydration is 
accommodated within the pastes cur~d in humidity room 
or in saturated lime solution, whereas part of calcium 
hydroxide is leached by curing water if the pastes are 
hydrated in clean water. Hence curing of cement 
pastes in clean water may not faithfully duplicate 
the curing conditions of concrete in common 
construction practice. 
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THEME VI 

Low temperature calorimetry as a pore structure probe 

Determination de la structure des pores, par calorimetrie 
a basse temperature 

Erik J. SELLEVOLD and Dirch H. BAGER, Building Materials Laboratory, Technical University of Denmark, 
DK-2800 Lyngby, Denmark. 

Summary 

Heat flow during cooling and heating of water saturated porous building materials have been measured at tem
peratures down to -looo C. The relationship between freeze/thaw temperature and pore size is discussed. A 
number of experimental results, mostly on cement pastes, are given to illustrate the ability of low tempera
ture calorimetry to detect pore structural differences. 

RESUME : Des mesures ont ete faites jusqu'a des temperatures inferieur~s a - 100°C, sur les 
flux de chaleur, dans les pores satures d'eau des materiaux de construction, lors de cycles 
de · refroidissement et de rechauffement. Une relation entre la temperature de gel et la dimen
sion des pores a ete etablie et discutee. Un grand nombre de resultats experimentaux, obtenus 
principalement sur des p8tes de ciment, ~ont donnes pour illusirer cette apti~ude de la calo
rimetrie a basse temperature a detecter des differences dans la structure des pores. 
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Iutroduction -----
Since 1976 a large number of calorimetric measure
ments of ice formation in porous building materials 
have been carried out at our laboratory. The exper
imental equipment, procedures, and a number of 
results have been reported previously (1, 2). In a 
recent report ( 3), calorimetric data with implica
tions for frost resistance testing of concrete are 
discussed. 

The present paper presents results on water satu
rated specimens which illustrate the potential of low 
temperature calorimetry as a pore structure probe. 
For cement products we regard this application of 
calorimetry as important since it may be applied 
without first drying the test specimen. · Other types 
of experiments have shown that drying of hydrated 
cement products results in changes in their pore 
structures, but, as shown in this report, calorimetry 
provides particularly clear evidence of the character 
and magnitude of these changes. 

Pore Size - Freezing Point of Pore Water 

The Kelvin equation relates the meniscus radius of 
capillary condensed water to the relative vapor 
pressure it exerts. An analogous equation, given by 
Defay et al. ( 4), relates the meniscus radius to the 
freezing point of the water . Both equations are 
shown in diagram form in Figure 1. If it is assumed 
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Figure 1. The Kelvin equation (top). The relation
ship between meniscus radius of capillary 
condensed wate'r (rK) and freezing point 
(bottom) for two interface possibili~ies. 

that the contact angle between water condensed in 
circularly cylindrical pores and the pore wall is 
zero, both with and without ice in the pore system, 
then the meniscus radius may be set equal to the 
pore radius, and Figure 1 may be used to interpret 
calorimetric ice formation data in terms of pore 
sizes. For example, assuming that the ice-water 
interface controls the state of stress in the unfrozen 
water, then according to Figure 1, the amount of ice 
formed to -5° C is equal to the volume of pores with 
radii greater than about 11 r+m (110 A). The geo
metric assumptions are necessary, but not very re
alistic. The spreading of the ice front through a 
pore system with variable cross ·sections would be 
controlled by the narrowest parts: the necks. The 
melting of ice in such a pore system, on the other 
hand, would be controlled by the size of the por:es 
rather than of the necks. Hence, the hysteresis be
tween cooling and heating curves gives information 
about the continuity of the pore system. 

It should be emphasized that both the calculation of 
amounts of ice from calorimetric data, and the in
terpretation of freezing temperatures in terms of 
pore sizes are based on many assumptions. The 
results must therefore not be taken too literally. In 
particular, simple capillary theory i's only ~ppli
cable in pores very large compared to the size of 
the water molecule. At -loo C (see Fig. 1) the pore 
diameter is about equal to 40 molecular diameters; 
possibly not a "very large" number in this connec
tion. Everett (5) suggests that such application of 
capillary theory is questionable below about 300 mo
lecular diameters. Calculated pore size data are 
therefore most-realistic at large pore sizes (high 
freezing temperatures). It should also be pointed 
out that pore size data calculated from sorption iso
therms or mercury penetration are subject to many 
of the same uncertainties mentioned above. 

Experimental 

Heat flow has been measured using a Low Tempera
ture CALVET Micro-Calorimeter. The measure
ments are carried out in a scanning mode in the 
temperature range down to about _550 C. Experi
ments have sh?wn ·that practically n?, freezi~r takes 
place below this temperature. In a normal expe
riment heat flow data is collected during both cool
ing at 3.3° C/hr and heating at 4.1° C/hr. 

The test specimens are in the form of circular cyl
inders with d ~ 15 mm and 1~70 mm. During an 
experiment the specimens are enclosed in an air
tight stainless steel specimen cell, slightly larger 
than the specimens. 

During early experiments no freezing took place 
(even with pure water) at temperatures greater than 
about -10° C. The amount of super cooling was 
later reduced substantially ·by sprinkling a few mg' s 
of AgI powder on the specimens . 

The calorimeter block temperature differed of 
course somewhat from the specimen temperature 
during a test; separate experiments showed the lag 
to be 0.4 to 0.8° C in "normal" runs and during pe
riods of small freeze/thaw activity, while the lag 
could reach several degrees during periods of high 
activity. 
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Results and Discussion 

Figure 2 shows the cumulative amounts of ice versus 
temperature for several water saturated a:aterials. 
The curves are in qualitative agreement with our 
knowledge of the different pore structures; a) the 
standard clay brick contains large pores (µm range~ 
and a very small surface area - all the p_ore water ~s 
freezable and freezes right after nucleation; b) the 
autoclaved, aerated concrete has a very large macro
porosity - but also a finely divided C-S-H product 
with a large surface area to water .. This is reflected 
in the freezing curve, in that there is gradual freez
ing down to about -50° C and not all the pore w,ater 
is able to freeze; c) the two mature cement pastes 
display very gradual freezing and at -55° C only "'15% 
(w/c = 0.40) and 63% (w/c = 0.70) o~ the evapo:table 
water is able to freeze. 

0.8 ....---------~---------, 
_____ weslo.c.) 

1 i----------.:::::._/oeroted concre e 

0.7 

M~ 0.6 
_____ Wes(0.7) 

0 

£' 
Cl 0.5 

I 
I 

0.4 I 

..!.. 
en 

'3:°' brick 

0.3 
00 

I 0.2 
r 

0.1 
.,_ ___ _,..---cement paste, w/ c = 0.1. 

O. ~6L0---.L50 ___ ..1..L.0---...L..30_..:::_.._20---...L10-~0:----:'10. 

Figure 2. 

temperature °C 

Cumulative ice formation (Wf) curves for 
water saturated building materials. 
Dotted lines indicate total evaporable 
water content (Wes) for the materials 
Cool 3.3° C/hr. 

Figure 3 shows cool and heat results for water sat
urated mature cement pastes. Equivalent results 
are shown in ( 1 ), but .no Ag I powder was used, which 
resulted in nucleation temperatures several degrees 
below the present ones. It is noteworthy that only a 
few mg's Agl powder sprinkled on the specimen sur
face is able to trigger ice formation in the whole 
specimen volume. We therefore believe that freez
ing takes place by the. spreading of an ice front 
through the pore system from a few nucleation points 
on the surface. 

396 

::. 

>
..... 
u 
rt 
j 

3 
I 

..... 
z 
w 
Cl'.'. 
< 
Q._ 
Q._ 

< 

L.O 

COO.L 
3.5 

0.8 

3.0 0.7 

0 .5 / ............. . 
l.5 0.6 

i, •·••••·• •· ••• • I' .... ,' '' , , - .... Q.L 

. ._·:·-·:· .. · .. ,, 
O.J 4 

1.0 
O.l 

0 .5 

0.0 
,__ __ ,__-+---<>---< W I C . = 0. I. : - - ~ - >---+--...-+--.to:-+---i 

=0.5 :--
1.0 

l..0 -

HEAT 
- :0.6< ....... . 

0 .9 

3.5 
0.8 

:.i .o :- 0.7 

2.5- 0.6 

l.O 
' 0 .5 /\, · ...... . 

0.L 

1,5 

0 .3 -
0.1 

0.5 0.1 

·l.O -35 -30 .,..25 - 20 -15 - 10 · S 

BLOCK TEMPERAT\JRE (°C) 

-; J 
~ 

] 

w/c Age Wes wf (-55) wnf (-55) 

. 4 486 .213 . 030 .183 

. 5 675 . 305 . 099 .206 

. 6 548 . 379 . 184 . 19·5 

Age = days of water curing 
Wes = evaporable water content at saturation 
Wf = frozen water content 
Wnf = non-fr9zen water content 
A.ll units of g/ gdry· 

Figure 3. Heat flow during cooling and heating for 
mature water saturated cement pastes. 
Cool 3,3o C/hr. Heat 4.1° C/hr. 

The main features of the two sets of curves are sim
ilar, in spite of the different degrees of supercooling. 
The large hysteresis between cool and heat, and the 
"trimodal" nature of the cooling curves indicate the 
existence of restrictions or necks in the pore system 
in certain size ranges. The heating curves are 
more gradual and a.lmost unimodal, indicating · a pore 
size distribution of the same nature. Some details 
of the curves in Figure 3 differ from the previous 
results. Based on numerous experiments it is clear 
that the details of the freezing response of virgin 
cement pastes are quite sensitive .to ini~or varia
tions in w /c ratio, degree of hydration, and proba
bly other variables. However, the main features, 
including the amount of "non-frozen" water at -55° 
C, Wnf ( - 55), change in a very consistent manner 
with the main structural parameters of cement . 
pastes. 



The influence of curing time on pore structure de
velopment is shown in Figure 4, ( 6). After one day 
of curing almost all the ice forms right after nuclea -

. tion, indicating few small pores. However, even in 
this young specimen Wnf (-55) is about 30% of the 
evaporable water. The high v·alues of Wnf (-55) for 
cement pastes .(see also Figure 1) are indications of 
the extreme fineness of the hydration products, 
whether this water is ·surface adsorbed, interlayer 
or gel water. Based on the calorimetric results the 
evaporable water may be 'divided into the categories 
"non-frozen" and "frozen". The cooling and heating 
curves both give information on the size distribution 
of the pores containing the latter type of water . 
These cate~ories of water appear analogous to the 
traditional 'gel" and "capillary" types proposed by 
Powers. The quantitative relationship between the 
two descriptions will be given in a future publication. 
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Figure 4 . Heat flow during cooling for water 
saturated cement pastes. 
3.3° C/hr. 

The curing temperature is known to have a signifi
cant influence on the pore structure of cement pastes. 
That this influence is large is illustrated by the calo
rimetric data given in Figure 5 for pastes cured at 
22° C and 97° C . 

The influence of CaC12 used as an admixture to ce
ment is illustrated in Figure 6. The total frozen and 
non-frozen water contents are not very different for 
the two specimens, but the freezing generally takes 
place at lower temperatures in the specimen mixed 
with CaCl2 . Length change data during cooling for 
?ompanion specimens are included in Figure 6, to 
illustrate the qualitative correspondence between ca
lorimetric ~nd dilatometric freezing behavior. Other 
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Figure 5. Heat flow during cooling for water 
saturated cement pastes cured at 22° C 
and 97° .C. AgI not used. 3. 3° C /hr . 

types ·of experiments have also indicated that cement 
pastes mixed with CaCl2 obtain finer pore structures 
(7) • 
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Figure 6. Heat flow (top) and length change (bottom) 
for water saturated cement pastes made 
with and without CaCl2. No Agl used. 

The "instability" of the pore structure in the virgin 
cement paste is shown in Figure 7. Two heat flow 
curves are shown in the figure; one for a virgin spe
cimen (the curve is also shown in Figure 1 ), and one 
for a companion specimen slowly dried to 58% rela
tive humidity over a period of one year and then re
saturated. Two major changes are caused by the 
drying-resaturation treatment: 1) Wnf (-5~° C) is 
decreased, i. e. more water is frozen, and 2) most 
of the frozen water freezes right after nucleation. 
The magnitude of these effects depend primarily on 
the drying time as long as drying takes place below 
about 60% relative humidity. More results will be 
published in the near future. 
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Figure 7. Heat flow during cooling for a mature 
virgin and water saturated cement 
paste (a), and a companion specimen 
slowly dried to a water content of 
O. 148 g/ g dr at 58% relative humidit;>' 
before resat~ration (b). Cool 3.3° C/hr. 

An example of the reiationship between cumulative 
pore size distributions derived fr-om calorimetric 
(CAL) and mercury penetration (MIP.) tests is shown 
in Figure 8. All tests were made on companion sam
ples of mature cement mortar. The MIP specimens 
were dried at 92.5° C in the standard manner, as 
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were the resaturated CAL specimen before resatu
ration. The CAL curves were calculated assuming 
that the solid-liquid interface controls the freezing
melting process, see Figure 1. The curves are 
only calculated up to about -5° C. A~ove this tem
perature the rate of heat flow is too high during both 
cool and heat at our standard rates to treat the 
curves as equilibrium curves. We have not yet 
carried out calorimetric runs sufficiently slowly to 
allow calculation of distribution curves above -5° C, 
but it is quite possible to do so. 
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Figure 8. Cumulative pore size distribution 
curves for cement mortar calculated 
from mercury intrusion (MIP) and low 
temperature calorimetry (CAL). The 
mortar is mature and has a w / c ratio 
of 0. 50. The evaporable water content 
was the same for all three specimens 
and equal to 0.093 g/ g dry· See text 
for further . details. 

Figure 8 shows that there is much better agreement 
between MIP and CAL curves when the comparison 
is made for specimens treated the same way; a na
tural consequence of the drying-resaturation effect. 

The cool-heat hysteresis is reduced by the drying
resaturation treatment, but it is still substantial. 
We have other experimental evidence showing that 
Iong-time drying reduces the hysteresis much fur
ther, suggesting that the "necks" are eliminated and 
thereby the continuity in the pore system increased. 
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THEME VII 

Sulphate expansion of cement products made with aggregates 
containing Ca-rich feldspars 

Gonflement sous /'action des sulfates des ciments ·en contact 
avec des granulats calcaires riches en feldspath 

J.H.P. VAN AARDT and S. VISSER, National Building Research Institute, CSIR, Pretoria, South Africa. 

SUMMARY : Work undertaken indicates that at 22°c and 40°c, cement products made with sulphate 
resisting portland cements and aggregates containing Ca-rich feldspars, show expansion in a 
5 per cent sodium sulphate solution. There is more expansion at 40°c than at 22°c. The 
vulnerability to sulphate attack is'probably due to the fact that Ca-rich feldspars in the 
aggregate and the Ca(OH)2 of the cement react to form C4A-hydrates which in turn form 
ettringite in the presence of sulphates. 

RESUME : L'etude ci-apres rnontre qu'a 22 et 40° les pates de cirnent faites avec des cirnents resistant aux sul
fates, et avec des granulats de calcaire riche en feldspath, gonflent lorsqu'elles sent plongees dans une so
lution de sulfate de soude a 5 %. Le gonflernent est plus fort a 40°C qu'a 22°C. Cette vulnerabilite a l'atta
que des sulfates est probablernent due au fait que les calcaires riches en feldspath et la chaux hydratee du 
cirnent reagissent pour former des hydrates C

4
A, qui, a leur tour, donnent de l'ettringite en presence de sul

fates. 
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. INTRODUCTION 
It has been indicated {1,2) that feldspars 
react with calci~m hydroxide in the presence 
of water • . At 95 C the reaction products are 
the silica-containing hyqrogarnet, hydrated 
calcium silicates and alkalies. At 39°C the 
alkali-feldspars produce tetracalcium alumi
nate hydrates, alkalies and/or calcium alkali 
silicate hydrates; the calcium-rich feld
spars produce substantially more tetracalcium 
aluminate hydrates. At 22°c small amounts of 
the tetracalcium aluminate hydrates were 
detected at early ages (26 days) and substan
tial amounts at later ages (760 days). The 
tetracalcium aluminate hydrates thus formed 
reacted with CaSDi+ to form ettringite (3). 
Recent experiments with aggregates containing 
a ca~rich feldspar seem to substantiate that 
the use, in the pr~sence of sulphates~ of 
such aggregates in mass concrete which is 
likely to remain continually damp and which 
is not likely to become carbonated, in the 
long term might cause distress. 

EXPERIMENTAL 

The rock called "norite" used in these experi
ments is a medium coarse grained gabbro, grey 
in colour; consisting mainly of labradorite 
•nd augite ophitically intergrown. The 
augite shows twinning in seams. The feld
spar shows slight. sericitization. 

The cements that were bsed, are an ordinary 
portland cement (OPC) and various sulphate 
resisting portland . cements (SRPC). 

The compound composition of the cements and 
their chemical analysis as well as the 
chemical analysis of the crushed norite are 
given in Table I. 

The preparation, storage and examination of 
mortars made are described by van Aardt (4). 
Where crushed stone was substituted for 
natural sand the crushed material was 
screened and ~ecombined to provide the same 
grading. 

The grading of the crushed stone and of the 
siliceous sand, . the various cements used, 
the curing conditions and other relevant 
information are given in Table II. 

Since sulphate attack of portland cement 
concretes and mortars is usually accompanied 
by an expansion the dimensional c~ange of 
experimental . prisms of mortar and concrete 
were measured during storage in a sulphate 
solution. The dimensions of the mortar prisms 
were 25 x 25 x 281.25 mm and those .of the 

. concrete prisms 50 x 50 x 280 mm. The 
results for the mortar prisms are presented 
in Figures 1 and 2. Figure 3 shows the 
expansion observed for concrete prisms 
stored in a 5 per cent Na 2Soi+ · solution at 
22°c. · The prisms were made with a sulphate 
resisting portland cement, sarid and crushed 
norite as coarse aggregate in the ratio 
1:2.53:3.40. . 

TABLE I 

Chemical analysis and phase composition~ of 
cements and chemical analysis of the norite 

Ordinary 
Portland Sulphate resisting 

Cerrent :p:>rtland cerrents (SRPC) Norite 
(OPC) (gabbro) 

A K s G 

Si02 23.00 21.6 21.23 19.90 50.88 
Ali03 5.76 3.16 . 2.99 4.26 20.13 
Fe203 2.04 6.24 6.25 6.16 7.66 
MgO 1.36 1.1 0.99 o. 71 7.15 
cao .63.4 63.8 63.51 63.8 10.42 
Na20 0.04 0.26 0.19 0.26 2.42 
K20 0.18 0.49 0.40 0.49 0.28 
S03 1.65 1. 75 1.90 1.86 
MnO 0.07 0.08 0.04 
L.O.I. 1.02 0.9 0.67 0.95 0.38 
Total 98.52 99.17 98.21 98.51 99.32 

C3S 36.43 60.38 62. 71 65.71 / C2S 38.09 16.39 13.57 16.39 
C3A 11.81 - - 0.89 
Ci+AF 6.21 18.99 19.02 18.75 

xcalculated using the Bogue formula 

TABLE II 

Particulars about mortar specimens 

Percentage, by ma.ss, of material 

Sieve retained on individual sieye 

aperture Experilrent 1 Experirrent 2 size (µm) 

Norite Sand Norite Sand 

4750 - - - -
2360 1.4 1.4 1.4 1.4 
1180 16.4 16.4 16.4 16.4 
600 14.0 14.0 14.0 14.0 
300 34.0 34.0 34.0 34.0 
150 12.8 12.8 12.8 12.8 

75 13.6 13.6 . 20.6 20.6 
45 5.0 5.0 - -

-45 2.0 2.0 - -
sand/cerrent 3:1 3:1 3:1 3:1 
water/cerrent 0~60 0.50 0.50 0.45 

All prisms Cu.red All prisms cured 
Curing at 95% RH and at 95% RH and 

22°c for 7 days 22°c for 28 days 

Aggressive All prisms kept A set of prisms each 
solution at 40°c in ·5% kegt at 22°c and and 

temperature Na2S01+ 40 C in 5% Na2S01+ 

Cerrents K A, G and S 
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DISCUSSION 

After it was ~stablished that Ca-rich feld
spars react with Ca{OH)2 and CaS04 to give 
ettringite, experiments with mortar prisms 
made with aggregate containing these feld
spars, were started. In an attempt to rule 
out the role of C 3A in the cement, sulphate 
resisti'ng cements {SRPC) were used. Expan
sion of specimens at 40°c, led to further 
experiments with various SRPC and ordinary 
portland cements {OPC) at 22, 40, 50 and 
so 0 c and in 5 per cent sodium sulphate s~lu
tions as well as with saturated sodium 
sulphate solutions. 

At so 0 c none of the specimens in a solution 
of 5 per cent Na 2S0 4 showed expansion. Th~s 

is thought to be due to the fact that the 
reaction product at this temperature between 
Ca-rich feldspar and Ca{OH) 2 is the silica
bearing hydrogarnet which shows resistance 
to sulphate attack (5) . The hydrated products 
of cement are also different from those 
formed at 22°c. This aspect has been dis
cussed in literature (6). The results 
obtained were therefore to be expected. 

At 4o 0 c the specimens made with norite and 
SRPC showed a marked expansion. Those made 
with OPC of course showed more severe expan
sion than those made with sand and OPC. 
Specimens made with sand and SRPC showed no 
expansion, see Figures 1, 2{a) and 2{b). 

0.4 

0 
~ 0.3 

~ u; 
z 
f )( 0.2 

_.., 

0.1 

I 
I I K (rt0rlt•} 
exponeion after 
1000 days= 1,2 °/o 

100 200 ~ 400 500 
TIME OF lllWE:"5IOlt ( DAYS ) 

FIG. I: Expanlion af 40•c in 591. Na2S04 of prisms 
,,... with crushed norlt• ftne aovr190t1 and 
SRPC: K. 

At 22°c the specimens made with norite and 
SRPC and also those made with sand and SRPC 
showed little or no expansion after 300 days. 
However, this exposure time appears to be too 
short -for the prisms made 'with norite to show 
expansion because a concrete specimen made 
with norite {coarse aggregate) and a SRPC 
showed an expansion . of 0.2 per cent after 
1000 days at 22°c, see Figure 3~ 
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FIG. 2(a)8i(b): Expansion at 22•c and 40°C in 5% 
NazSO.. of prisms modi with OPC: A ancJ 
SRPC:G and S. . 

(a) Siliceous 1and and (b) crushed n0rit1 fine 099rt90t1 

I - · ce1Mnt 
2.~3- tand 
3,40-olgregdte 

IOO 200 . !00 400 !IOO · IOO 70c;> IOO 
TIME OIF lllllERSION(DAYS) 

FIG. 3 : Expanlion at 22 •c In 5 % N92S04 of a ~· 
pri11n mode. wltlt nortte coane oacnaot•, 1and and 

· a •lphafa ,..,,tint portland ceiMnf. 

The specimens ma~e with OPC and sand expanded 
less at 40°c than at 22°c. This observatio~ 
has also been discussed in the literature (6). 
However I . specimens .,made with nori te and OP_C 
expanded more at 4o 0 c tharr at 22°c. It is 
concluded that a rise in temperature favours 
the reaction between the ca-rich feldspar 
and Ca{OH) 2 _to produce the C4A-hydrates in 

'such quantities that with the addition of · 
sulphate, large amounts of ettringite is 
formed thus.~ausing distress. 



specimens made with horite and OPC which were 
stored at 5o 0 c in a saturated sodium sulphate 
solution expanded excessively, and disinte
grated completely after 500 days. Large 
quantities of ettringite were detected. 
specimens ·made with norite and SRPC showed 
similar expansion curves as were obtained 
for specimeni stored at 40°c in 5 per cent 
Na 2 S0 4 • Specimens which were made with sand 
and either OPC or SRPC showed little expan
sion in the saturated sodium sulphate 
solution. 

It is interesting to .note that the specimens 
made with norite and SRPC expanded as much 
as 1 . 2 per cent in 1000 days without disin
tegrating although cracks were clearly . 
visible. Normally if mortar specimens made 
with sand and an OPC with a high C 3A content 
expand, the expansion is usually accompanied 
by some localized disruptive cracks while 
the rest of the specimen still appears to be 
sound. It appears that in the case of 
norite mortar the expansion is more general 
around the grains causing the whole body to 
expand while in the case of a high C 3 A-OPC 
cement and sand the expansion is more dis
ruptive at localized cracks. 

This leads to the thought that exposed sur
f aces i.e. surface areas p~ay an important 
role in the reaction between aggregate and 
tqe availabl~ Ca(OH)2 from the cement and 
sulphate from an external source. Of course 
substantial quantities of C4 A-hydrates had 
been observed after 760, days in slurry mix
tures of powdered anorthite and Ca(OH) 2 
stored at 22°c. See Figure 4. 
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THEME VII 

Microtexture et resistance mecanique du ciment durci 

Microtexture and mechanical resistance of hardened cement 

CHTCHOUROV A.F., Docteur es Sciences Techniques a l'Universite de Gorki, U.R.S.S. 

RESUME : A l'heure actuelle il n'existe pas de theorie physique de la deformation et de 
la destructi~n du c·iment durci. L'une des causes principales qui empeche la construction 
des modeles physiques de la microtexture reside dans le fait que les donnees experimentales 
absolument sures pour le domaine de 10 a. 1000 A. constituant le mai11on intermediaire entre 
la structure christallochimique et la microstructure font malheuresement defaut. Le domaine 
des heterogeneites (particules et pores) des produits hydrates des mineraux de ciment in
ferieur a 1000.K reste pratiquement inexplore et fait l'objet des discussions. En outre la 
clarte sur les mecanismes de la destruction et leur relation avec la texture a l'echelle 
microscopique n'est pas encore faite. 

Les techniques· physiques d'analyse telles que la diffraction et diffusion centrale des 
rayons X, la mic:oscopie electronique et la porosimetrie a mercure, des eprouvettes hydra
tees dans les differentes conditions ont permis d'obtenir les donnes statistiques sur la 
microtexture et la microporosite de la pate durci correspondant aux silicates hydrates et a 
un ciment Portland. 

De nombreuses etudes, par emission acoustique et par fractographie electron.ique sur la 
fissuration des eprouvettes de pate et de beton sous l'action de contraintes mecartiques, 
ont montre le r6le joue par la microtexture et ont permis de deduire la dependance entre la 
resistance mecanique et des caracteristiques statistiques de texture de la pate hydratee. 

SUMMARY : The field of heterogeneties (part~cles and pores) of the cement minerals hydra
tion products less . than 1000 A is practically not investigated and considered to be the 
subject of discussion. Besides, · the destruction mechanism and its relatio~ship with the 
texture on the microscopic level are not clear. 

Physical .analysis met.hods, such as diffruction and central diffusion of X-rays, electronic 
microscopy and mercury porosimetry, and also specimen, hydrated ur-der different conditions 
made it possible to get statistic data about the microtexture and microporosity of hardened 
paste, that correspond to hydrated silicates and Portland cement. 

Numerons investigations, with the help of acoustic emission and electronic fractography, of 
cracks formation in paste and concrete specimen under the influence of mechani_c · stresses, 
showed the role of microtexture and allowed to state ~he mechanic resistance dependence on 

.statistic structural characteristics of hydrated paste. 
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Nous proposons dans le present rapport de 
pr~senter ies resultats de l'analyse de la 
microtexture du c~ent durci et de montrer 
l'interdependance des caracteristiques 
structurale~ et de la resistance. Pour 
l'etude des systemes monophases les prin
cipaux mineraux de ciment et +eurs melan
ges avec du sable quartzeux moulu ont ete 
selectionnes -cornme materiaux d'origine. La 

modification du rapport c/s, de meme que 
des conditions du durcissement par · autocla
ve a permis d'obtenir des structures pres
que monophas.ees de differente composition. 

Pour l 'examen de la pierre de ciment Port-·. 
land nous avons fait appel a des c~ments 
industriels'. La modif~cation. de la texture 
a ete realise dans·une large plage des va
leurs E/C, par cl'emploi des additions .chi;_ 
miques et le changement des conditions de 
temperature et d'humidite du durcissement. 
Nous avons choisi pour notre travail les 

additions chimiques qui sont bien connues 
pour leur pouvoir modificateur le plus ef
ficace: AC 1foNa2so4+1foCH3COONa +0,2foCDB et 
NNC 1,51oCa(N0

3
) 2 + 1,5% Ca(Na02)2 • L'ana

lyse complexe de la microtexture a englobe 
les methodes suivantes: diffracto~etrie des 
rayons X (DRX), adsorbtion de l'azot~ a 
basse temperature (BET), porosimetrie a 
mercure (PM) et microscopie electronique 

ME . La submicrotexture a ete exploree par 
la diffusion centrale des rayons X (DCRX)·. 
Afin d'obtenir les caracteristiques statis~ 
tiques une methode des cordes a · ete deve
loppe et mis en pratique au moyen d'une 
calculatrice electronique (1 - 3). 

Ence qui concerne le mecanisme de l'hy
dratation de depart des mineraux de ciment, 
il avait ete expose dans le travail de 
l'auteur(4). En vue de presenter de fa~on 
precise le modele de formation du ciment 
durci nous avons mesure lea dimensions 
moyennes des cristallistes et des degree 
d'hydratation aux etapes diverses du dur
cissement. ~ periodicite du mecanisme de 
l/hydrata~ion, lie~ a.la formation des tex
tures primairee sur la surface des particu-

les, s'est observee par la methode electro
chimique dans. dee conditions des rapports 
eleves E/C (jusqu'a 80), le pH de la solu• 
tion etant en variation (S). 

Ces donnees mettent en evidence que la 
croissance du cristallite elementaire ee 
fait directement stir la . surface du grain de 
ciment a partir d'un centre actif; dans 
beaucoup de cas on peut observer lee textu
res dans le sque lle s certains cri-staux ele
men taire s se dirigent radialement vers le 
centre. 

Les donnees DCRX (tableau -I) decelent que 
les elements texturaux primaires sont des 
microQristallites aux dimensions de 20 a 
6oi .de section e·t de . 100 a 6ooi de longueur. 
Un tel cristallite, croissant depuis le 
centre actif et ayant atteint une certaine 
longueur, peut etre adsorbe par la surface 
d'un autre grain ou bien se heurter et se 

souder avec un autre Cristal elementaire. 
L'apparition _des ces actes engendre la for
mation par contact entrainant la croissance 
d'origine du module elastique. 

Des que le paquet de cristallites primaires 
s'opposera a la naissance des nouvell~s 
mailles. de la cha~e, les forces elastiques 
des chaines en croissance le chasseront de 
la· surface du grain. Par la suite il peut 
migrer dans 1 'e .space poreux. Dans 1 'en
semble ce phenomene apparait cornme la desa
gregation de la couche d'origine du silica
te - hydrate bas moleculaire (de . haute ba
se). Siles cristaux du silicate hydrate se 
trouvent dans la ·solution ils se transform
ent en textures surmoleculaires secondaires .• 
De tels pseudocristallites agreges sont eta
les aux stades avances de 103 a 1041 et 
sont bien vus sur les photos DCRX. 

Par .suite du durcissement prolonge a haute 
temperature des melanges on voit apparaitre 
la recristallisation qui fait naitre des 

·hydrates dont la microtexture est fonction 
de la composition, de la temperature et du 
temps. Dans le present travail nous avons 
explore les textures surmolecutaires et la 
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resistance de certaihe silicates hydrates 
du calcium et du ciment durci Portland 
(table.au I) . 

La diffusion centrale des rayons X est une 
me'thode qui a de bonnes perspectives d 'ave
nir pour l'examen de la texture a fine po
rosi te du gel d_e ciment et qui permet en
sembl~ avec les methodes ME et PM d 'ob'tenir 
l'assor:timent le plus complet de caracte
ristiques structurales statistiques . 

les c9urbes p(l)avec des maximums dans le 
domaine de· 10 a. 12 X et ies taines des 
cristallites aux environs de 50 a 60 A cor
respondent aux silicates hydrates mal cris
tallises de typ~ C~S-H dont les diffract?
grarnmes sont demunis de pies selectifs. En 
d'autres termes, des que les couches ele
mentaires, paralleles a (001) deviennent 
ordonnees, la part des cordes de l_ongueur de 
mains de 15 A diminue fortement dans la 

Tableau I 
Caracteristiques des textures surmoleculaires 

Phases ' Indices integraux ! Texture surmoleculaire 1 Texture surmo- Defauts 
formatrices pr.imaire leculaire secondaire technologi-
de texture 

. 
ques . 

porosite surf ace taille ! taille taille taille 
specifique moyenne tnoyenne moyenne moyenne 

pores cristallites pores cristallites 
P, % s, m2 I g 

1

1, m t, m lm, m tUJ., m d, m 

1010 1010 106 106 ' 106 

1 • Silicates hydrates 

C - S - H(P) 37 120 . 114 138 

I 
0,03 3,50 

. C - S - H(1) 45 320 47 63 0,02 o,64 
Tobermorite 11A 46 66 150 250 I 0,05 2,50 depuis 
<:k-hydrate c2 s 45 33 270 430 0,07 5,00 10 
silicate hydra- jusqu '"a 
te c3sH2 42 29 315 530 o, 12 5,20 103 
Girolite so 29 382 S7S 0 08 6-00 

2. Produits hydrates du ciment Portland 

1 
24 160 55 

ne1 c - s - 25 114 74 
Portlandite 23 280 28 
tEttringite 24 119 63 

L 22 480 14 
24 70 118 

L"examen en commun _des images de diffrac
tion des rayons X des silicates hydrates de 
type tobermorite (fig.1b) et des courbes de 
distribution des Cordes p(l) (fig.1c) revele 
qu'elles soiit etroitement liees ce qui re
side dans le fait qu'elles refletent l'etat 
d~spersif du systeme . Les distributions · 
p(l) avec des maximums dans le domaine des 
pores de grandee tailles et les gros cris
talli tes (tobermorite 11i) correspondent 
aux cristallahydrates_ parfaits, tandis que 
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140 
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240 

0,04 1, 50 
0,07 3,60 depuis 
0,04 0,70 10 
0,05 2, 1 jusqu , a. 
0,03 0,5 1 o3 
0.05 3.2 

distribution p(l); et vice versa, le maxi
mum est deplace vers le domaine de 10 a 
12 A lorsque la structure periodique se 
deteriore. De _ la decoule que. le s cordes, 
definies par la methode DCRX, sont des se
gments de droite, situes ~ntre le.s faces de 
vrais cristallit_es qui sont compo . .ses, eux
meme' de c_ouches elementaires parfai tement 
paquetees. L' ,vacuation de l'eau de coordi
nation conduit a un rearrangement de la 
microtexture' a la format.ion de pores de 



c) 

0,5 

Fig.1 .-Alternance des cordes 1 mo-
dele de la microtexture (a), enregistre~ent 
diffractometrique (b.), courbes de distribu
tion des cordes d'apres la longueur dans 
l'espace poreux (c): 1 et 2 - silicates hy
drates semi-cristalline C-S-H(II) -et C-S-H 
(I) respectivement; 3 - tobermorite 11 j_ 

plus grande taille, de meme qu'aux resul
tats appropries sur les diagrammes des ray
ons X a petits angles. Certains elements 
structuraux de grande taille, explores dans 
les textures C-S-H avec la microscopie 
electronique, sont generalement des cris
taux imparfaits, de faux cristallites, 
c-a-d des agregats (paquets, etc) de pe
tits cristallites primaires ~ntre lesquels 
il y a des espaces intercristallins. De tels 
pores eont exclusivement deceles par la_ me
thode DCRx. Ia nature"des courbes de dis -

tribution des longueurs de cordes dans l'es
pace, poreux du gel de ciment varie de fa9on 
notable en fonction des conditions de durci
ssement et de la presence des additions chi
miques. Ia hausse de la temperature de dur
cissement declenche la croissance des pores 
de la taille moyenne et des cristallites du 
gel. L'usage des additions rend impossible 
la croissance de gros cristallites primai
res et favorise la formation d'une texture 
bien ordonnee lors du traitement de tempe
rature et d'humidite du ciment durci. 

L'analyse des donnees de distribution des 
pores et des cristallites d'apres leur tail
le a montre que chaque rang de texture sur
moleculaire est dote d 'une poro·si te parti
culiere, c-a-d il a son rang. d.e pores. Les 
textures du ciment durci, examinees lors du 
travail, comportent principalement deux 
rangs de textures surmoleculaires et trois 
rangs de pores: a) le rang nul de pores 

(i=O) est limite par la taille des cristal~ 
lites primaires (l~t); b) le premier rang 
de pores(i=1) est limite par la taille des 
textures surmoleculaires primaires et secon
daires (t<l-~t ) ; c) le second rang de pores m . 
(i=2) n'est pas directement lie aux textures 
surmoleculaires et est determine par les 
facteurs technologiques (l>t ). 

m 
Les variations des rapports entre les volu
mes des pores de gel et capillaires, qui 
s'observent lors du changement des condi
tions de durcissement, sont dues au rear
rangement · des textures surmoleculaires. Ia 

taille de seuil, observee dans la distribu
tion des pores d'apres la taille dans le ci
ment durci (6), depend de celle des textures 
surmoleculaires secondaires. 

L'obseTvation du micromecanisme, de la des
truction, faite a l'aide de la fractographie 
elec~ronique et de l'emission acoustique, a 
permis d'etablir le role que des elements 
structurau~0~rul~ la desagregation du ciment . 
durci. I.a naiasance et la croissance des 
fissures de cisaillement au sein de la tex
ture cristalline constituent +e micromeca-
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nisme essentiel a l'echelle cristallogra
phique. Le travail, indispensable a la for
mation du relief de fissure sous forme de 
degres et aux deformations plastiques loca
les apporte la contribution la plus impor
tante a l'energie efficace des destructions 
( y-*')' (tableau II) • L 'influence de la tail-

" le des textures secondaires sur la resis-
tance a la compression peut" et_re expri~ee 
par le critere modifie Griffith-Orowan: 

R = K t - 1/ 2 (1 - )n 
c c m P ' 

ou P - parasite, 1\c= (E·f') 1/ 2 - coefficient 
d'adherence, tm - taille maximale des for
mations surmoleculaires secondaire.s, n - a 
des valeurs de 2,5 a 4,5. 

Tableau II 
Valeurs des . coefficien.ts d ·'adherance Kc· et 
de l'energie efficace de destruction 

Ciment E/C Durcissement Vaporisage a 80° 
durci normal 28 j. C 3-6-10 heures 

K N/m3/2 II . r K N/m3/ 2 
t~J;J c It J/m£: c' 

104 ' 104 J . 
en 0,25 4,5,0 3,05 s::: 
0 

en ·rl 0,30 45,5 4,2 40,0 2,90 . s::: .p 
crl ·rl 0;35 37,6 3,2 30, 7 " 2' 10 Cl.l 'O 

'O 
23.6 1. 70 crl 0,40 - -

AC 0,30 43,2 3,8 45,3 3,80 

0.35 - - 37.9 3,20 i 

0,30 12,7 3,5 48,9 4,)5 
I 

NNC 
I 

i 
0,35 - - 39,4 3, 10 I 

A la difference de la fissure de compres
sion celle de traction, qui apparait sur le 
contour d 'un gros defau't, · _se developpe de 

fa9on instable dans le plan normal a, la di-
rection de la force appliquee tout en divi~ 
sant presque intantanement l'echantillion 
en fragments. Aussi la resistance a la trac
tion du_ ciment durci est-elle controlee par 
la taille du -defaut le ·plus 'dangereux (d) 
du point de vue de son pouvo_ir generateu:r 
de ruptures et determinee pqr la formule: 

R = K d- 112 
p c 

Le modele mathematique constitue un element 
inseparable des essais de mat~riaux sans 
lequel il est impossible de planifier l'ex
perience technologique quelle que soit sa 
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nature. Le role de la texture poreuse dans 
la destruction a ete profondement etudie 

dans le cadre de la mecanique de la des
truction fragile, - se basant sur le n1od€1e 
du solide poreux fissure, propose p~r Panas
suk v.v. et developpe par Goldchtein P.V. et 
autres. Le modele tient compte de l'inte
raction de toutes les fissures considerees 
qui atteignentle contour des pores voisins. 
Le modele generalise comprend la notion de 
rangs de pores: le rang nul n'a presque au
cune influence sur la resistance; le pre
mier rang est deteriore par suite de la fu
sion des pores de rang superieur des 
champs locaux ffe surcharge; le second rang 
condi tionne la naissanc·e et la croissance 
des fis~ures instables. 

La valeur limite de l'effort de · compression 
q est ·det erminee p~r la copdi tion ou la · 
comp·osante de .contraintes G':; (l'e:ffort de 
traction sur l .' axe au:?- environs du pore), 

normale a ·la su.rfac~ de 'fissure' satisfa·i t 
a l'expression asymtotique: 

lim ~ _lx - ai 
1 

G~ = ~c 
a> x _.. 0 

Le critere de la destruction locale pour 

les fissures de rupture normale K = Kc per
met d, etablir la dependance de la charg·e 

limi te qc .,de la longueur de la fissure . 

En vue de calculer ,les charges critiques de 
compression et celles de trac.tion pour les 
paramet.res differents de texture _poreuse 
nous avons mis au_ point un. aigorithme et un 
programme p;ur la calculatrice electronique. 
Les resul tats .des calculs de · la. charge li
mi te ' reduite qcf rr/Kc en .fonction de la 
longueur reduite de la fissure interne 11/r 
sont represente!=> a la fig. 2a .' 

Le modele mathematique de .la micromecanique 
destructive du silicate poreux p~rmet d~ 
faire des estimations q~antitatives des 
points parametriques de la des~ruction avec 
l'application des caract6ri~tiquea de la 
microtexture poreu·se. En outre, le mode le 
permet .de . reveler les r6gulari tes import.an
tes du comportement d.<un mat6riau c~ssant 



poreux sous charge en fonction de sa textu

re reelle. 

a) 

,,. 
1~~~-i-~_,,_:_/-i-~~~~~-~\+-~~-t-~~---ts~---+->----~~ 

§ 7 
•rl 
~ - 6-
Q) 

f.i 5 
~I 
g ·l 4-'--

1 

:3 
I 

-~+-~:3lllwi''i-1-2~-. -~.+-~~+-~~--+--~-=--
1 · 

d) 

c) 

Fig. 2. Graphiques pour le modelage de la destruction du niateriau poreux: a - interdep'en
dances de la longueur de la fissure 'et de la charge; a - modele odU solide poreUX et rela
tion des charges maximales aux porosites partielles; c - distribution des porosites par
tielles suivant les rayons; d - dependance du parametre de resistance Rr du rayon des pores 
et du m~dule d'adherance. 

1. La destruction globale _instable du mate
riau poreux ' a la ,compression simple est du:e 
a la naissance des fissures magistrales, 
donnee par la fusion des pores separes. La 
contrainte critique,. qui assure la fusion 
des pores, d~pen~ f?rtement de la porosite 
. (fig. 2 )_ ce qu~ indiqu.e d 'emblee le sens 
physique de la relation empirique bien con
nue "resistance-porosi te" (7). 

2. La valeur de la contrainte limite de 
traction est determinee par la longueur des 
fissures d'origine paraissant sur le con
tour des pores, et depend de ' la porosite 
faib'lement. Des graphiques fig. 2a, vient 
que l'augmentation de.la porosite fait ac
croitre le rapport R /R ce qui est prouve c p 

par l'experience. 

Les deux pr_emiere s consequences met tent en 
evidence que les microfissures technologi
que s- de retrait et d 'autres reduisent de· 
fa~on imp~rtante la tenue a la traction et 
sont .presque negligeables pour la tenue a 

. ·.) 

la -compression. 

3. La· fusion des pore.s' de rang inferieur 
des ~teriaux poreux aux rangs multiples 
aya~t lieu aux endroits de concentration 
des contraintes (aux environs des pores de 
rang superieur) n'entrafne ·pas de d.estruc
tion globale, mais diminue la contrainte 
.critique·ce qui donne naissance aux fissu
res magistrales dans les por~s de rang su
perieur. 
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Le role primordial de la porosite capillai
re et du diametre de seuil · dans la resis
tance du ciment durci, etabli experimehta
lement. dans le travail (8), consiste e:n ce 
que les pores capillai~es adherent, a par
tir ·du diametre de seuil, au systeme de 
gros pores bulleux tout en formant avec 
ceux-ci une texture de destruction auto
entretenue a rangs multiples. 

4. Les pores et les microfissures q\.l.i ne 
quittent pas les formations surmoleculaires 
secondaires (pour le cim$nt durci ce sont 
les pores de gel ou ceux de rang zero) ont 
influence faiblement sur la resistance du 
ciment durci ce qui est du au fait que leur 
croissance est stoppee par la texture cris
talline du materiau. 

5. Le module d'adherance est generalement 
determine par les parametres cristalloc~i
miques et les caracteristiques de la micro

texture. 

Dans notre travail la verification exp~ri
mentale des regularite-s principales, resul
tant du modele physique de la destruction a 
ete realisee sur un grand nombre de silica
tes porewc a nature differente de la liai
son chimique. 
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NEIDELO!;RGER ZEMENT AKTIENGESELLSCHAFT 

Forschung und Beratung 

SEMINAIRE A 

Role du C3A sous toutes ses formes dans 
l'hydratation des ciments et leur attaque par les sulfates 

President : Mme REGOURD (France) 

Les 27 communications presentees par 52 auteurs au Seminaire sur l'aluminate tricalcique ont ete reparties 
dans cinq grands themes : 

Theme 1 

Theme 2 

Theme 3 

Theme 4 

Theme S 

Polymorphisme de C3A et de ses solutions solides. 
Rapporteur General : Miss A.E. MOOR~ - Grande-Bretagne. 

Hydratation de C3A. 
Rapporteur General Prof. H.N. STEIN - Pays-Bas. 

Hydratation de C3A dans les ciments. 
Rapporteur Qeneral : Prof. U. LUDWIG - Republique Federale d'Allemagne. 

Hydratation de C3A en presence d'adjuvants. 
Rapporteur General : Dr V.S. RAMACHANDRAN - Canada. 

Role de C3A dans l'attaque des ciments par les sulfates. 
Rapporteur General : Prof. P.K. MEHTA - Etats-Unis d'Amerique. 

Le 30~ juin 19~0, chaque rapporteur general a d' abord expose les principaux resultats apparus dans les communica
tions. Certains de ces resultats ont suscite de vives discussions. 

Parmi les donnees nouvelles figurent : 

1 - L'existence , dans la serie des solutions solides C3A 1 Na20 , de quatre structures crista11ines : deux cubiques 
Ci et CJJ , une orthorhombique 0 et une monoclinique M. La forme de haute temperature des varietes 0 et M est 
orthorhombique. Cette forme, stabilisee a la temperature ambiante par trempe rapide, n'est que pseudo-tetrago-
nale. · 

2 - Le role de Na20, retardateur dans l' hydratation des systemes c3A i H20 , .accelerateur. aux tou~ premiers ins
tants dans l' hydratation des systemes C3A + H20 1- gypse, par passage rapide en solution des ions S04 2-, rfa+ , 
Al3+. 

3 - L'interaction C3A - C3S au cours de l'hydratation de melanges synthetiques et de ciments industriels (forma-
tion de silico-aluminates , adsorption d'ions S03 sur le C-S-H, developpement des resistances mecaniques). 

4 L'interpretation de la fausse prise par une modification de la morphologie des hydrates. 

5 L'action des adjuvants retardateurs sur la cristallisation de l'ettringite et la conversion c4AH 13 + c3AH6. 

6 - L'appa~ition a la surface des grains de C3A, en presence d'adjuvants, de charges electriques qui, repulsives, 
accroissent la fluidite des pates. 

7 - L'influence de la concentration d'un adjuvant sur son action acceleratrice ou retardatrice de l'hydratation 
de C3A dans les melanges C3A + H20, C3A + C3S + H20, ciment + eau. 

8 - L'amelioration de la liaison pate de ciment-granulat calcaire par formation de carboaluminates. 

Les points qui n'ont pas ete elucides et qui demandent une etude ulterieure approfondie concernent 

1 - L'existence de la . solution solide NC8A3 (7,6 % Na20). 

D'une part NC8A3 a ete observe en microscopie optique en lumiere reflechie, grace au maclage de ses grains. 
D'autre part , NC8A3 n'a pu etre synthetise qu'en presence de Si02. Dans la serie C3A - Na20, la limite de 
solubilite de Na20 est atteinte a 5,9 % Na20 quand les sites vacants du reseau cristallin de C3A sont occupes 
a 75 % par les atomes de Na. 
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2 - La congruence de la dissolution de c3A. 

D'apres l'analyse de la phase liquide. , la composition de l'hydrate couvrant les grains de C3A dans le systeme 
C3A + H20 correspond au rapport C/ A = 3. Ce meme rapport est different de 3 d'apres les mesures du potentiel 
Zeta. 11 semble que les concentrations locales au niveau des grains de C3A soient ~ifferentes de celles elo~ 
gnees des grains anhydres. Ces differences doivent agir que la diffusion des ions en solution , la vitesse 
d 1 hydratation de C3A , la cristallisation des hydrates, l'interaction mutuelle entre les cristaux hydrates 
dans la forme aqueuse. 

3 - La formation de l'ettringite. 

L' ettringite est soit amorphe, soit cristallisee. Elle est supposee se former a partir de la solution ou 
topotactiquement. 

4 - L'influence des adjuvants retardateurs sur la cristallisation des hydrates. 

Les complexes que forment les adjuvants sont-ils chimisorbes ou formes par l'intermediaire de la solution 
puis precipites sur les cristaux de c3A ? 

5 - L'influence de la forme cristalline de C3A sur la resistance des ciments aux eaux sulfatees. 

D'apres les e·tudes sur des systemes simplifies, (melanges synthetiques et ciments de composition tres proche) ', 
il peut apparaitre que le type de C3A affecte la vitesse de l'attaque d'un ciment par une solution sulfatee 
( NazS04 OU MgS04) mais aucune conclusion n I a pu etre tiree quant a 1 1 influence de la forme cristalline de 
C3A sur la resistance a 1 1 action de Neti,S04 de 26 ciments portland industriels. L' hypothese selon laquelle la 
porosite et la permeabilite des pates de ciment contenant C3A cubique (plus reactif) reduisent l'attaque des 
sulfates ·' est a verifier.. . 

6 - Le mecanisme de l'expansion des pates de ~iment dans les solutions sulfatees. 

L'expansion est attribuee soit a la fo~mation de gypse secondaire par dissolution de Ca(OH)z , soit a la for
mation d'ettringite colloidale par absorption d'eau , soit a la formation de monosulfoaluminate par echange 
d'ions a partir de C4AH13· 

Avant d'encourager vivement toute nouvelle recherche , qu'il me soit permis de remercier ici les rapporteurs 
generaux , les auteurs de communications et de posters , les participants , les traducteurs , les hotesses. Chacun 
d 1 entre eux a contribue largement au succes de cette journee d 1 etude sur C3A, phase mineure qui joue cependant 
un role important dans les proprietes chimiques , physiques et mecaniques du ciment portland. 
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Theme 1 - Polymorphism of C3A 
and its solid solutions 

GENERAL REPORT 

By MISS A.E. MOORE, Cement and Concrete Association, Materials Research Department, Slough, U.K. 

Polymorphism of C3 A and its Solid solutions: 

We have three papers in this section, two on the 
C;A - NCaA3 series and one on halogen-substituted 
C12 A7 compounds. I will deal with the latter first. 

"ifon-stoichiometry of solid solutions C11A7 .CaXe , 
and their properties" by ProfessorTimachev, 
Ossokine, Potapova and Nikolski. 

Prof. Timachev ,_nd his colleagues have prepared 
C11A7 .CaX2 where X is F, Cl, Br or I, together with 
non-stoichiometric solid solutions of the fluorine
and Chlorine-containing series. 

The structure of a member of the CaF2 series was 
determined by Williams (1) and shown to contain a 
partially occupied sit.e for fluorine, with two 
adjacent calcium sites also partially occupied, as 
shown in Fig. 1. 

F, Cl,OH or hole 
O Oxygen 
O Calcium 
• Aluminium 

..... 
· ...... 

Fig. 1. Co-ordination of the calcium atoms in 

C12 A1 type compounds. (Williams) 

When the fluorine site is occupied the calcium atoms 
move towards it, to the positions shown dachcd. 
Williams deduced the composition of his crystal to 
be ~1•56A7 .o.44 CaF~, It has been assumed that the 
asymmetric co-ordination of the calcium atoms is 
responsible for the hydraulic activity of compounds 
of this type. 

Fig.2 shows part of the phase diagram CaO - Al2~ -
CaF2 , withC1 2A7 , 11C11A7 11 , C11A7.CaF2 and W the 
composition deduced by Williams. Compositions 
synthesised by Timachev et al are marked T; they 
represent two solid solution series, one with 
C11 A7, x CaF2 and one with CxA? .CaF2 • 

I 60 0 
Al203 

58 2 

56 . 4 

"C11A1" 6 CaF2 

\ T 
C12A1 

. 
TT 8 

w ·: 
10 50 t t 

48 1.2 
52 50 48 46 44 42 40 

-cao 

Fig. 2. Part of the system CaO-Al203 -CaF2 (wt%) 

T =non-stoichiometric solid solutions of C11 A1. CaF2 

In both cases, . it is the compounds with C11A7 .0.9 
CaX2 that are more reactive than those with either 
more or less CaX2 • 

In Fig. J(a) some properties of ·these compositions 
are shown in a diagram similar to their positions on 
the phase diagram. In the series with CxA7 .CaF2 
density increases.and refractive index decreases 
as the C:A ratio increases. 

Fig. J(b) shows a comparable diagram of properties 
for the C11A7 .CaCl2 series of non-stoichiometric 
compounds showing a smaller range than is possible 
with CaF2. 

The authors also find that only 0.7 mole of Al can 
be replaced by Fe in C11A7 .Caf•, giving practically 
no change in properties. 

REFERENCE 

1. - P.P. WILLIAMS ( 1973), "Refinement of the 
structure of 11Ca0.7Al2~ .CaF2" Acta Cryst. 
B29, 1550. 
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(a) 

I CaF2 
0.5 0.9 1.0 1.3 

C1o 0 s A7 
- 1.665 

2870 -

C11A7 - - - - . 1550 1.600 1550 1.605 

- 3t. - 55 2QOO 50 . 2950 -
C11 .3 A1 

- l.595 

2920 -

(b) 

! CaCl2 
0.5 0.9 1.0 1.1 

ic1 0 .9A7 
- 1.631, 

2820 -
C11A7 - - - - 1520 1.620 1520 1.615 

- 23 .5 - t.5.6 2850 i.o.7 2860 -
C11 .1A7 

·- 1.615 

2850 -
Key To 

f 
Fusion t e mp e r ature ( OC) 

R.I. 
R.I. Re fra ctive Index 

Ri 8 
~ Density Kg/ m3 L~ 

Ri 8 ~Compress ive s trength a 't 
28 d ays (MP a) 

Fig.J Prope rti es of s ome compound s in the systems 
( a ) CaO-Al2 ~ -C a F2 a nd (b) Ca O-A!i ~ -CaC12 

The ~A - NCaA3 series. 

I 
i 

Pure ~A is cubic (space group Pa 3)awith a = 15.262, 
it has a very strong pseudo-cel l at /4, because 
most of the metal atoms lie on this lattice; the 
aluminium atoms f o rm kinked rings of composition 
Al6~B with their axes parallel to the t~ree-fold 
cell axes and a vacant site at the centres of the 
rings, which lie at t, 1J, ~' and !i- levels in the 
c e ll. 

Two non~cubic forms have been shown to occur, 
orthorhombic and monoclinic. An apparently 
tetragonal high-temperature form has been shown by 
Dr Maki (2) to be ' due to the optic axial angle 
(2V) becoming zero for a single wavelength of 
light at a specific temperature and hence the 
cry~tal appearing to. be uniaxial; at other 
wavelengths the effect occurs at different 
temperatures and thus the c rystal ~annot be uniaxial. 

In "Structural aspect of the C3 A-Na2 0 solid 
solution" Professor Takeuchi, Dr Nishi and Dr Maki 
show that as Na2 0 is introduced into the system, a 
different .cubic, form, CII, occurs at ?.4o/o (wt.) 
Na20, when the c ell bec omes non~centro-synunetric. 
(space group P21_3 ). The position of the Al601a 
rings is unchanged, but two of the calcium atoms 
split into groups with different Na/Ca occupanc y 
ratios. These are the two Ca in eightfold (x,x,x) 
pGsitions, of the same type as the positions of the 
ring c entre vacancies, some of which are now 
occ;upied by Na. 

The Ca p o lyhedra that acconunodate Na become larger 
than the corresponding ones in CI (~A) ·, and rings 
that are occupied by Na show a contraction compared 
with the vacant rings in CI. This produc es a 
decrease in cell volume from CI to CI! (See Table 1 
in Takeuchi et al). 
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When the Na20 content is inc.reased t o 3.8o/o (wt.) a 
major c hange in struc ture, to orthorhombic (Pbca) 
occurs. The c dimension is retained, but the true 
cell volume is halved, with aoJ b 0 both 
approximately ac/ r/2-. The Al6 ~a rings now lie with 
centres at c = 0 and c = t only and have their axes 
all parallel to one pseudo-three_fold axis at 
c = O, and another at c = t. (See Fig.2 in 
Takeuchi et al.) 

The Na atoms lie partly near the centres of these 
rings and partly replace the calcium atoms that 
lie in the same pl anes, c = 0 and t. 
A further minor change in symmetry, to monoclinic 
(P21/a) occurs at 5.7% (wt.) Na2 0 and again 
entails splitting of the calcium positions at 
c = 0 and t to give partial occupanoies of Na. 
Within this range of solid solut i ons, there is no 
change in the volume of the Al6 ~8 rings as they 
become occupied by Na. The calcium polyhedra 
also remain constant, until they split into two 
groups at the change to monoclinic, when group A 
increase and group B decrease in size as they are 
progressively occupied by Na. This results in a 
continuous increase in cell volume. 

Takeuchi et a l find that the monoclinic solid 
solution range terminates at · 5.9 wt o/o Na20, 
apparently because the limiting occupancy of the 
ring centres is 75%, and the Ca sites can _accept 
more Na only if some Si is present to replace 
Al. They examined one crystal with 5.535 Al and 
0.475 Si (atom ratios to 18 oxygen) ~nd found that . 
6.6% Na20 was ·a c conunodated, with higher replacement 
rati os in the Ca sites. This seems t o indicate that 
the ·full 7 .6% Na2 0 replacement for NC8 A3 would be 
possible with sufficient silica present. (Se~ 
their Fig.5) 

Another crystal containing both Fe and Si with 3.3 
wt% Na20 was found to be orthorhombic, with less 
Na in ring sites and more in Ca sites than in the 
orthorhombic form with 3. 8% Na20 only. 

Prof. Tavasci, Prof. Massazza and Dr Costa have 
explored the stability fields o f the anistropic 
forms of ~A, using reflected light microscopy on 
samples quenched from different temperatures. 

They found that etching with 2o/o HN~ in al~ohol gav~ 
a clear distinction between orthorhombic and 
monoc linic phases, revealing multiple twinning in 
the monoclinic phase when viewed with sufficiently 
high magnification. 

They found that the c omposition NC8 A3 , when quenched 
from 1300°c or 600°C gave all orthorhombic crystals 
(with no free lime) and when , quenched from 500°c 
gave all monoclinic , but that mixes ric her in Na2 0 
always showed the presence o f free-lime and sodium 
aluminate. 

The stability fields fo~ the two f o rms are shown in 
Fig.16 of Tavasci et al. 

Thus these authors consider that the .full 
replacement of 7.6% Na20 is possible without the 
presence of SiOi • This is a point of disagreement 
with Takeuchi et al which we should discuss. 

REFERENCE 

2. - I. MAKI ( 1976), "Optics and phase 
relationships of the optically anisotroplc 
~A'~ Cement and .Concrete Research, Vol .6, 
pp 797-802. 
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Theme 1 - Polymorphisme de C3A 
et de ses solutions solides 

RAPPORT GENERAL 

A.E. MOORE, Cement and Concrete Association, Materials Research Department, Slough, U.K. 

Nous avons trois· communications dans ce theme , 
deux sur la serie C3A - NC3A3 et une sur. les composes 
c12A7 subs~~tues par les halogenes. Je commencerai 
par la derniere. 

1) Non-stoechiometrie des solutions solides C11~7.Ca.Xz 
et leurs proprietes par#le Professeur TIMACHEV et 
OSSOKINE, POTAPOVA et NIKOLSKI 

Le Prof. TIMACHEV et ses colHgues ont prepare 
les solutions solides C11A7.CaX2 ou X est F, Cl, Br ou 
r et des solutions solides non- stoechiometriques de 
la fluorine et de la serie contenant du chlore. 

La structure d'un membre de la serie Cu.A7CaF2 
a ete determinee par WILLIAMS ( 1) : elle contient un 
site partiellement occupe par le . fluor avec deux sites 
calcium adjacents , aussi partiellement occupes , comme 
le montre la Figure 1. Quand le site fluor est occupe, 
ies atomes de calcium se deplacent vers lui jusqti' 
aux positions hachurees. WILLIAMS en a deduit la com
position de son cristal soit C11 56A7.0,44 CaF2. La 
coordination assymetrique des atbmes de calcium a ete 
supposee r,.esponsable de l' activite hydraulique des 
composes de ce type. 

La Figure. 2 montre une partie du diagramme de 
phase Cao - Al203 - CaF2 avec C11A7 , "C11A7'' , C11A7. 
CaF2et W la composition deduite par WILLIAMS. Les 
compositions synthetisees par TIMACHEV et al sont 
marquees T. Elles representent deux series .de solu
tions solides, l'u~e avec c11 A7 .xcaF2 et l ' autre avec 
CxA7.CaF2. 

Sur la :Figu~e 3(a) ; quelques proprietes de ces 
compositions sont donnees dans un diagramme corres
pondant a leurs positions dans le diagramme de phase. 
Dans la serie avec CaxA7.CaF2 la densite croit et 
6'indice de refraction decroit quand le rapport 
A croit. 

La Figure 3(b) montre un diagramme des proprie
tes de la serie C11A7.CaCl2 des composes non-stoechio
metriques qui presente un domaine plus etroit que 
celui contenant CaF2. 

Dans les deux cas, ce sont les composes C11A7. 
0,9 CaX2 qui sont plus reactifs que ceux contenant 
plus ou moins de CaX2. 

2) Polymorphisme de c3A et de ses soiutions soiides 

La Serie C3A.NCs~3 

C3A pur est cubique (groupe spatial Pa 3), avec 
a ~ 15,262 i. Sa structure presente une forte pseudo
maille de parametre a/ 4 parce que la plupart des ato
mes metalliques s'y trouvent. Les atomes d'aluminium 
forment des anneaux legerement gauchis de composition 

Al601 8 dont les axes sont paralleles aux axes d'ordre 
3 de la maille. Un site vacant se trouve aux centres 
des anneaux dont les positions sont aux .niveaux 
1 3 5 7 E, } , E , E de la maille. 

Deux formes non cubiques ont ete trouvees , l'une 
orthcrhombique , l'autre monoclinique. Une forme haute 
temperature apparemment tetragonale est due, d'apres 
le Dr MAKI ( 2), a la valeur de l' angle 2V des axes 
optiques egale a zero, pour une radiation monochroma
tique de la lumiere ' a une temperature specifique. 
Pour les autres longueurs d'onde, cet effet se produit 
a des temperatures differentes. Le cristal ne peut 
d'onc pas etre uniaxial. 

2.1 Dans "l'aspect structural des solutions solides 
~3A-Na20", le Professeur TAKEUCHI, le Dr NISHI et 
le .Dr MAKI montrent qu' une seconde forme cubique 

Crr appara1t quand 2,4 % Na20 (en poids) sont intro
duits dans le reseau dont la maille devient · non 
centro-symetrique (groupe spatial P 213). La positicn 
des anneaux Al601 8 est inchangee mais deux des atomes 
de calcium se divisent en groupe de rapports d'occu
pation Na/ Ca differents. Ce sont les deux calcium 
dartS leS pOSitiOnS d I Ordre 8 (X,X,X , ) du meme type 
que celles des sites vacants au centre des anneaux, 
certains d'entre eux etant maintenant occupes par Na. 
Les polyedres de Ca qui accueillent Na deviennent plus 
grands que ceux de la structure Cr de C3A et les an
neaux qui sont occupes par Na se contractent par rap
port aux anneaux vacants de Cr· Ceci entraine une de
croissance du v6lume de la maille de Cr a Crr 
(Tableau r). · 

Quand la teneur en Na20 atteint 3, 8 % (en poids), 
un changement important se produit dans la structure 
qui devient orthorhombique ( Pbca) . La dimension c 
n' est pas rriodifiee mais le volume de la vraie maille 
est divisee par deux avec a0 ~ b0 , tous deux approxi
mativement egaux a c/ 12. Les anneaux Al601 8 se trou
vent maintenayt dans les positions correspondant a 
c = 0 et c •"- - seulement et ont, tous, leurs axes 
paralleles a 2 un pseudo-axe d'ordre 3, l'un a c = 0 
l'autre a c = i (Fig. 2 dans TAKEUCHI et al). 

Les· atomes de sodium se placent partiellement 
pres des centres de ces anneaux et remplacent partiel
lement lei atomes de calcium qui se trouvent dans les 
memes plans, c = 0 et c = !. 

2 
Un autre changement de symetrie, mineur, se pro

duit a 5,7 % Na20 (en poids). La structure devient 
monoclinique (P 2i/a) ce qui entraine a nfuveau un partcr
ge des positions de calcium a c = 0 etc = - pour une occu
pation partielle de Na. Dans ce domain~ de solutions 
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solides, il n'y a pas de changement de volume des an
neaux Al6018 quand ils sont occupes par Na. Les poly
.edres de calcium res tent ainsi constants jusqu' a ce 
qU I ilS Se partagent ~n deUX groupeS a la transforma
tion orthorhombique monoclinique. Quand la taille 
du groupe A croit , celle du groupe B decroit a~ fur 
et a mesure de"l'occupation par Na. Ceci entraine un 
accroissement continu du volume de la maille. 

TAKEUCHI et al trouvent que le domaine des solu
tions solides se termine a 5,9 % Na20 (en poids) appa
remment parce que le taux limite d' occupation des 
centres d'anneaux suit la regle des 75 % et que les 
sites Ca ne peuvent accepter plus de Na sauf si Si 
est present pour remplacer Al. Ils ont etudie un 
cristal avec 5,535 Al et 0,475 Si (atomes rapportes 
a 18 oxygene) et trouve que 6, 6 % Na20 peuvent et re 
loges avec des rapports de remplacement plus eleves 
dans les sites Ca. Ceci semble indiquer que la valeur 
de 7,6 % Na20 correspondant a NC3A3 serait possible 
en presence d'une quantite suffisante de silice (voir 
Fig. 5 TAKEUCHI et al). 

Un autre cristal contenant a la fois Fe et Si 
avec 3, 3 % Na20 (en po ids) a ete trouve orthorhombique 
avec moins de Na dans les sites des anneaux et plus 
de Na dans les sites Ca que dans la forme orthorhom
bique contenant seulement Na (3,8 % Na20). 

2. 2 Le Prof. TAVASCI, le Prof. MASSAZ.ZA et le Dr COSTA 
ont explore Jes domaines de stabilite des formes 
anisotropiques de C~Aen ut1l1santla microscopie 
en lumi~re reflechie 

Ils ont trouve que l'attaque avec 2 % HN03 dans 
l'aJ.cool donne une distinction clai:re entre les phases 
orthorhombiques et monocliniques, revelant un maclage 
multiple dans la phase monoclinique pour un grossis
sement suffisamment eleve. 

Ils ont egalement trouve que la composition 
NC3A3, trempee a partir de 1300 °c OU de 600 °c donne 
des cristaux orthorhombiques (sans chaux libre) mais 
quand elle est trempee a partir de 500 °C, elle donne 
des cristaux monocliniques. Ceci est un point de dis
cordance entre TAKEUCHI et al et TAVASCI et al qui 
devrait etre discute. 

Les melanges plus riches en Na20 montrent tou
jours la presence de chaux libre et d' aluminate de 
sodium. 

Les domaines de stabilite pour les deux formes 
sont donnes dans la Fig. 16 (TAVASCI et al). 
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Fig. Coordination.des atomes de calcium 
.dans les composes du type c12A7 (Williams) 
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Fig. 2 : Fraction du systeme Cao - Al2JJ - CaF2 
(%en poids). T =solutions solides nm. stoe
chiometriques de C11A7.CaF2. 
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Fig. 3 : Proprietes de quelques com·poses dans le 
systcmc (a) Cao - Al203 - CaFz et (b) Cao - Al203 -
cacl2 • 
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La non-stoechiometrie des solutions solides de C,,A1CaX2 
et leurs proprietes · 

Non-stoichoimetry of solid solutions C11A1CaX2 and their properties 

v.v. TIMACHEV, membre correspondant de l'Academie des sciences de l'U.R.S.S., professeur a l'lnstitut 
chimico-technique Mendeleev, 
A.P. OSSOKINE, candidates sciences techniques, 
E.N. POT APOVA, ingenieur, 
E. NIKOLSKI, ingenieur, Moscou, U.R.S.S. 

RESUME : La fo:anation des balogeno-aluminates de calcium dans le systeme Ca0-Al2o~-cax2 (o"¢. X est F Cl, Br, I) se produit aux temperatures cam.prises entre 900 et 1400 °c et 
donne lieu 1 une sublimation intense des halogenes~ Les phases bromees et iodees -ne se 
pretent a la synthese que dans une ampou1e scellee. 
La presence, danS la structure des aluminates de calcium, de Vides spacieux est a l'origi
ne de la fonnation de solutions solides a teneur variable en Cao et CaX2 et conduit au 
remplacement d •une partie de Al~O~ (jusqu I a o,? moles) par Fe20 • La sublimation des halo
genes lors de la synthase des min~raux provoque une modificat1~ des caracteristiques op
tiques, de la densite et de l'activite bydraulique de ces derniers. Avec l'accroissement 
du rayon de l'ion dans la serie F - Cl - Br - I, on constate une : diminution de la resis
tance thermique et de la densite des balogeno-aluminates et une baisse de leur temperature 
de fu.sion. · 
Les mineraux fluores et chlores, surtout ceux ayant une composition non stoechiometrique co

1
9ca:x:2), presentent une activite bydraulique augmentee. Les proprietes des solutions 

so ides du type c11"?-~excax2 correspondent a celles du fluoraluminate de calcium. 
La regulation des conditions de la preparation des solutions solides de balogeno-aluminates 
de calcium et des clinkers a leur base perm.et d'apporter des modifications voulues a leur 
composition et, en consequence, aux proprietes des liants obtenus, en modifiant notamment 
la duree de prise et l'intensite de la genese de la resistance. 

SUMMARY : In the systan Ca0-Al2~-cax:2 (where X-F1 Cl, Br, I) calcium halogen aluminates 
are formed in the temperature raftge oI' 900-1400 °1,; with intensive volatilization of halo
gens. Bromine- and iodine-bearing phases are synthesized only in conditions of sealed 
ampoule. 
The presence of large voids in calcium aluminate structure causes the formation of solid 
solutions with variable content of Cao and cax2 as well as part substitution of Al2~ 
(up to O.? moles) for Fe2~· During mineral synthesis the volatilization of halogens 
brings about changes of opliical characteristics densicy and hydration activity. With 
increasing of ion radius in the series of F-Cl-Br-I there are reduced thennal stability 
of halogen aluminats, their melting temperature and density. 
Intensified bydraulic activity is the typical of minerals containing fluorine and chlorine 
and especially of non-stoichoimetry (O.a-0.9 cax2) composition. The properties of solid 
solutions of c11A7_XFexcax2 type correspond to calcium fluorine aluminate. 
The regulation of solid solution synthesis conditions of calcium bylogenaluminates and 
clinkers on their basis allows to change purposely the composition and hence the proper
ties of cements obtained that is the setting time and intensity of strength growth. 
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Une condition· sine qua non des substitu
tions heterovalentes dans le reseau des mi
neraux du clinker est Wl.e•compensat1on des 
charges qui peut etre realisee par les pro
cedes l~s plus varie.s. PenQ.ant .la fo:cnation 
de solutiohssolides 'et la dissolution 
d'impuretes ·dans lea mineraux, on observe 
l'apparition de vaqances, la formation 
d'associations d'atcill.es et !'insertion d'a
tomes supplementaires dans le reseau, ce 
qui prete a la foJ'lDation de structures de
f ec tueuses. 
La presence de vides spacieux dans la struc
ture des aluminates de calcium a pour con
sequence une diversite plus grande des 
schemas de compensation lors des substitu
tions heterovalentes, par rapport a l'alite 
et au belite •. Les substitutions heterova
lentes sorit urie des causes· du derangement 
de la .-stoechiometrie des o:xydes ·contenus 
dans les mineraux du ciment. On voit ainsi 
apparattre un moyen de plus de la regula
tion orientee de .la concentration de de- · 
fauts · dans les miner.a\lX du clinker en vue· 
d •a~enter leur ac·ti'vite· bydraulique. 
Le procede le plus simple de regulation du 
degre d'ecart a la stoechiometrie dans les 
balogeno-aluminates de calcium du type 
c11'17cax2 (ou X est Wl halogene) est une 
sublimation .dosee de l'balogene au cours 
de la syn.these des minera~ conformement 
aux reactions 

A~203 + 3c8.F2~ 2A.J.F3~ _ + 3cao (1) 

~o + GaF2--2HF~ · + cao (2) . 

La formation des halogeno-aluminates de 
calcium d'une composition c11A7cax2 se 
fait par un mecanisne de substitution de 
CaX2 a une molecule de Ca.O dans . la · compo
sition du maenite, c.'est-S.-dire en vertu 
de la reaction 

C12A7 + CaF2--c11~c~2 :+ c 0) 

Le reseau des lialogeno~luminates de cal
cium est c~racterise par une 'def ollliation 
et se distiligue quelque peu de la f ome 
cubique du maenite, en provoquant: des . 
changements .des caracteristiques radio- . 
graphiques, · illustres pour c11~caF2 par 
les donnees du Tableau I. La substitution 
de deux atom.es de fluor a Un atom'e d'o:xy
gene a pour -effet .un deplacE111ent des .ato
mes de fluorvers · la. peripherie, ce qui 
f avorise la polarisation de la liaison et 
l'accroissement de l'activite bydraulique. 
La vitesse de degagement de l'halogene (en 
ca+culant en cax2), lors de la cuiss9n des 
compositions stoechiometriques de C11~CaF2 et de c11A7cacl2 , atteint son maximum 
(2 5.10-2 et 4.10-2 g/mn respectivement) 
a la temperature de fusion, alors qu•en
suite, avec l 'apparition de la aatiere 
fondue, elle decroit et deviant constante. 
Les resu1tats de !'analyse chialque mon
trent que la sublimation de l 'J:aalostne 
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-------------------~-----------TABLEAU I 
; 

Caracteristiques radiographiques de 
c1~7 et. d~ . c11~caF2 .. , 

01-2A7 C,11~CaF2 

d, 1 I/lo d 1 
. ' I/Io 

4,895 ·84 49862 55 
3,791 10 3,?83 10 
3 ,201 15 3,190 24 
2,994 38 2,982 40 
2,675 100 2,661 100 
2,560. 8 2,550 

,. 15 
2,442 44 2,440 42 
2,183 40 2,1?8 42 - · 
1,945 . 32 1;940 30 
1,660 28 1,655 30 
1,600 2? . 1,594 31 

s'effectue non seulement suivant les reac
tions 1 et · 2, :ma:j.s aussi sous fo:r,ne · de x2 • · 
C'est pourquoi, pour obtenir des phases .. 
stoechiometriques, il es~ necessa~re 4e 
cuire .les melanges bruts dans des ampoules 

·. scellees ou bien d 'introduire dans ces me- · 
· langes . un e:x:cedent· de .CaX2 et · de Al?~ . que . 
l' on dose su:i;yant la, duree ·de m~intJ,en iso
thermiq¥e et la - tem~erature de la cuisson • . 
w:r:s de ~a ~nthe~e de c11A7caF2 et de _ · '. 
c11~CaC12 selon les regimes representes 
par la figure 1, on observait une realisa
tion a fond des processus de follJlation des 
mirieraux. Pour les phB.ses bromees et · 
iodees; Oil n 'est pas parvenu a faire pas
ser integralement ·a l'etat combine l'oJCY
de de calcium, de sorte que sa proportion 

. s'eleyait a o,a a_ 1.,2 %, m&me .a.ans les . 
conditions d 'un~ ampoule scellee. E~ ei . . 
la realisation eta.it r~alise~ a dec.ouvert, 

· ces. phases ne prena.ient pas · n.aissan~e . 
point du tout, a ca~e de +a faible res~s
tance thermique des ~els - de calciUig. cor-
respQndan ts. · . . . . 

·Ia :formation de~ -lllinerau:x:· d.~ · groupe.' de 
C11A,.,CBX2 se -fait p~ l'intellllMiaire d'un 
comp6se . intermediai+e CA. · 
L'eley-ation d.e 18. ·temperature d.e .l.a syn- · 
-these et l'accroissement de la duree de 
cuisson provoquent Wl decroissement de la 
teneur en CA, et on voit apparaitre sur 
les radiogr~es une structure caracteris
tique des halogeno-aluminates de calcium. 
Si l'~n v~sse SU?C~ssivement du fluoralumi
nate a l iodaluminate de calcium, la den-
si te et la temperature de fusion (Tableau 
·II) des composes decroissent progressive
ment, en fonction de l'accroissement du 
rayon de l'ion a implanter. Ia resistance 
thermique varie d'une fayon similaire, en 
decroissant dans la serie : c11A7caF2 ~ 

-C11~cac12--C11A7CaBr2- C11~CaI2. 
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Fig. 1 - Regimes de synthese de· c11A7ca:x:2 
ou X est Cl (1) et F (2) 

-------~--·------------------------------
TABLEAU II 

Caracteristiques des halogeno-aluminates 
de calcium synthetises 

Tempera- Densite, In dice 
Mineral ture de kg/~ · de re-

fusion, fraction oc 

~11~CaF2 1550 2900 ·1,600 
~11A71,3CaF2 . 1550 2950 ·1,605 
K}11~cacl2 1520 · ·2850 1,620 
P11A71,1cac12 1520 2860 1~615 

c11~CaBr2 1420 2?20 1,681 

C11A7CaI2 1410 2690 1,693 
012A7 1400 2680 1,61? 

Les minerau:x: c11~caBr2 et c11~car2 se 
decomposent facilement a l'air sous un 
cbauffage relativement faible (200 °C) 
avec degagement visible de vapeurs brunes 
de brome ou d 1 iode. 
La variation de la stoechiometrie d'apres 
~'balogene ne peut se produire que dans un 
intervalle dete:r;"mine, .au-dela duquel ~ 
structure se decompose avec degagement de 
C~2, CA et ~-;,!.,.,. La stabili te des solu
tions solides ae'c11~.xeaF2 se maintient 
dans un intervalle O ~ x ~ 1 .~. A.vee 1' au
gmentation de la teneur en halogene, on 
vo*t apparaitre sur lea radiogramm.es des 
cretes caracteristiques de CaO. Les radio
grammes de ces ·· solutions solides sont pra-

tiquement identiques et ne different l'un 
de ·l'autre que par !'importance de la crete 
correspondant a un esp~cement d'interplan . 
de 4,88 (c11~caF2 ). ~s le ca.a des chlo-
ralum.inates de calcium! la limite superieu
re de la teneur en CaC i est egale a 1 , 1 • 
Il s'ave~ impossible d evaluer ce chiffre 
pour c11~CaBr2 et - c11~car2 , du fait d'une 
subliaati.GD fouasee de l'ha.logene. L'im
plantation d 'Ulle quantite excedentaire de 
cax2 a p(>ur cause non seul•ent !'existence 
de vides sp~cieux dans le · reseau des alumi
nates. mais aussi l'apparition eventuelle, · · 
lors de la sublimation de l'ha.logene, de 
vacancea catiolU.ques (2) • . Is. densite des 
solutiOlls solides dans 'le· domaine des for
tes concentrations ·d'halogelie est legere
ment plus grande par rappo~t au% mineraux 
qui en contiennent une quantite diminuee, 
ce qui est confirmee par la formation des 
solutions solides de cette aerie par le 
mecanisme de substitution. L'im.plantation 
d'une quantite excedentaire de cax2, dans 
les condftions d 1une sublimation poussee 
de l'halogene, conduit a la follliation de 
solutions• solide.s de c11~cax2 ave~ Cao. ·· 
Ia variation de la stoecbiometrie d'apres 
1 1 o:xyde de c.alcium est limi tee pour le 
fluoral~inate de calcium, a ll:i.ntervalle 
c10 aA?CaF2 - c11 3A7caF2 , au-dela 4uquel 

t t ' . . 
on ~egistre !'apparition de .Cao libre. 
Les chloraluminates de calcium solit carac
terises par un intervalle plus etroit : .· 
c10,9A?cacl2 - c11 ,1"7cac12. Le decroisse-
ment de la teneur du melange en o:xyde de 
calcium provoque l'apparition des minerau:x: 
C A CaX et CA. La preuve de l'existence 
d~;i3sol~tions solides indiquees est une 
variation continue des indices de refrac
tion et de la densite · (Tableau UI). 

____________ _.~----------------
TABLEAU III 

Caracteristiques des solutions solides 
du type CnA?CaX2 a telieur vari.ee en CaO 

Solution solide ~/:5e, Indices de 
refraction 

C10,aA?CaF2 28?0 1,665 
011,3"?CaF2 2920 1,595 

K}10,9~CaCl2 . ·2820 - 1,634 

c11 , 1~CaC12 2850 1,615 

En efiSayant de donner une evaluation e:x:pe
rimentale de la possibilite d 1obtenir. des 
halogenof erro-aluminates de calcium en vue 
de pouvoir modifier . les prop'rietes des . 
liants, on a etabli que la substitution, 
dans le reseau du mineral c11-'?CaF2, de 
l'o:x;,yde ferrique a l'o:xyde d'aluminium. ne 
se fait que jusqu•a ·0,7 mole. LB. cuisson 
des canpoeitions a teneur accrue en oJcyde 
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ferrique (telles c11A6FeCaF2 , c11A5Fe2CaF2.) 
conduit a la formation d 'un systeme polypha
se comportant C4AF, CA et c11-'?caF2 • L'aug-
men~tion de la concentration de Fez~ en
traine un degagement accru de CA. Si 1a 
teneur en o~de f errique ne depasse pas 
0 7 mole, une partie des cations fer se 
ripartit dans les interstices des octaedres 
de l'aluminium et le reaplace Em partie 
d~s les. polyedres de coordination. Les so
lutions solides de la aerie c11A7_XE'ex·Ca.F2 
(ou x ~ 0,7) presentent pn.tiquement les 
memes proprietes que lee l:lalogeno-alumina
tes. 
Les calculs themodynalliques montrent que 
le maclage des · cristall.oll.Vdrates peut don
ner lieu a des· ge111es de croissance, la 
facilite de la foraatiOn. deaquels est p~o
portionnelle a la densite de defauts. C'est 
pourquoi le degre d'ecart a la stoechiame
trie caracterise l'activite bydraulique 
des mineraux. En l'occurrence, l'ecart a 
la stoechiometrie ne traduit, au fond, 
autre chose que la facilite de detachf;llllent 
des molecules ou des ions d'avec la surfa
ce de la phase solide au cours de l'.bydra
tation (3). L'intensite de 1 1.bydratation 
est proportionnelle au degagement de cba
letir qui peut servir lui aussi d'indice 
d'activite bydraulique des mineraux. Les 
balogeno-aluminates synthetises se sont 
montres beaucoup plus actif s que le maeni
te (fig. 2). 
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Fig. 2 - Oinetique de la cambinaison a 
l'eau des mineraux bydratables : 
1 - c11A7caF2 ; 2 - c11-'?CaC12 
3 - c~ 1~0aBr2 ; 4 - c11~caI2 

Le degre d'bydratation .du fluoralum.inate 
de calcium atteint 80 ~ au bout de 30 a 
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40 mn apres le gachage, celui du chloralu
minate, au bout de 6 a 8 heures. 
L'bydratation du fluoraluminate de calcium 
se deroule schematiquement comme suit 

avec fo:cmation d'hydroaluminatee de 
calcil& laellaires et d'un bydro:xyde d'a
luminiUll gelifome a teneur variable en 
fluor. Is. phase liquide d8~a~e d' abord des· 
neoformations d 'hydroaluminates de 
calcium a CAB.. 0 , . C?AHo , ~.la..,, <.fig. 3 -a) 
et un gel d 1alumine m8dirie d~ fluor 
Al(OR)3_x1'x (4). Au bout de 6 heures d'by-
dl1'atation, il y a formation et degagement 
de ~~~9 et aussi un debu~ _ de recristalli-
sation des hydroaluminatee de cal-
cium metastabJ.es. CA.lt·10, dont Pe-tat cris
tallin devient plus ordonne, se transfo:tme 
en C~. Ce processus s 1acheve a la 
12-ieme heure d'bydratation, ce qui est 
confinne par la disparition des refler·ons 
diffractionnelles ?,16 ; 3,56 ; 2,55 de 
CAJLio• 
Le durcissement du fluoraluminate de cal
cium en presence de gypse et sans celui-ci 
se deroule differemment, ce qui retentit 
sur la cinetique de l'bydratation et de la 
formation des phases. 

8 

~ b 
2,0 02 80 

~c 
~ ~ 5,669,3 

o-C 11 A7
CaF 2 

x-C2AHa 

•-C4AH1'.3 

o-C4AH19 
~-CAH10 

*-C3AH6 o .... o o µ:'.I O+:> +:' 

~~ d Et-ettringite 

* )( 3, 30 * 

~ e 

52 44 36 2a 20 12 2e 

Fig. 3 - Les radiogrammes des produits 
d'.bydratation de c11~caF2 qui a durci 
a - 1 h ; b - 1 h en presence de gypse 
c - 1 jour ; d - 1 jour en presence de 
gypse e - 7 ·jours 

Lors de l 1bydratation de c11A.7caF2 avec 12 % 
de gypse a deux molecules d'eau de cristal
lisation, 11 se forme au bout d'une heure 
C2'4Ha, C4AJLi:;, C4A.H.i9 (fig. :;-b) et un gel 



d'alumine Al(OH)3_:J!x• Eii outre, a la dif
ference de l'bydratation de C3A et de c1~, 
il y a formation, en presence de fluor, au 
lieu d'ettringite, d'une solution solide 
d'ettringite contenant le fluor. 
La .formation de la ~oap~sition en phase 
s'ach0ve vers la 3-eme JOUrnee de durcisse
ment et l'b.Ydratation ulterieure ne fait 
qu•accumuler dans le s;ysteme les phases 
bY?ratees (CA, °.;A1Js, c4Aa,9.» AB3_-z!x) 
(fig. 3-e). 
L'b;Ydratation de c11~CaC12 s 1 effectue d'une 
maniere analogue. 
Les delais de la prise (en minutes) des 
fluoro et chloraluminates d'une composi
tion c11~0,9calf 2 et c11"?0,9cac12 sont 
de 4/5 et 5/? (debut/fin) contre 4/6 et 
6/() -pour les compositions stoechiometri
ques.c11A7caF2 et c11"?cac12 respective-
ment. Les delais de la prise des bromo et 
iodaluminates de calcium sont proches et 
se chiffrent par ? /11 et 8/11 respective
ment. 
Le degre d 1ecart a la stoechiometrie a une 
repercussion notable sur la resistance me
canique des mineraux, les delais de la pri
se et l'activite lzy'draulique de ceux-ci 
(Tableau IV). 

-------------------------------
TABLEAU IV 

Resistance des halogeno-aluminates 
de calcium 

Resistance a la compression 
MP a 

1 3 ? 28 

C11~CaF2 30,4 32,0 39,5 50,1 
c11~0,9CaF 2 32t5 35,0 43,0 55,0 

C11~0,5CaF2 19,0 25,2 27,1 _34,4 

c11~cao12 23,5 ?!/,O 28,4 40,7 
c11~0,9cac12 25,0 30,3 42,1 45,6 
c11-'?o, 5cac12 14,3 18,2 20,7 23,5 

Les mineraux caracterises par une non
stoechiometrie considerable presentent de 
faibles resistance et activite bydraulique, 
ce qui a vraisemblablement pour cause une 
concentration optimale de defauts dans la 
structure des solutions ~olides. La pierre 
de ciment monominerale a base de 011~0.~ 
avait une resistance :maximale, les 
Phases fluorees presentant lea meilleures 
caracteristiques. L'influence de la stoechio
metrie sur lea proprietes bydrauliques des 
mineraux s' explique par l' apparition d •une 
quantite supplementaire de defauts qui fa
cilitent a l'eau l'acces de la phase a 
hydrater. En faisant varier la stoechiome-

trie d'apres l'balogene dans certaines li
mites, on parvient a reguJ.er la resistance, 
alors que le degre d'ecart a la stoechio
metrie d'apres l'o~de de calcium donne la 
possibilite de modifier lea delais de la 
~rise du liant monomineral et des eiments 
a sa base. 

CONCilJSIOHS 
1. Par suite d'une sublimation poussee des 
bylogenes et en raison de la presence de 
vides spacieux dans la structure de c1 ~A", il se f orme des solutions solides ~-~ 
d'balogeno-aluminate de calcium A teneur 
variable en Cao, eax2 et Fe2~. 
2. Dans des conditions industrielles, 
~eules lea phases non stoechiometriques 
prennent naissa:nce, et pour pouvoir ~
thetiser un liant ayant lea proprietes 
voulues, il faut un dosage precis de la 
composition du melange brut, avec prise 
en consideration du regime de synthase des 
clinkers qui est responsable du deg:re de 
sublimation des balogenes. 
3. Is. preparation des clinkers contenant 
une phase alUL'linate d'une composition 
c11~0,9CaX2 permet d 1augmenter l'activite 
bydraulique et la resistance des ciments 
balogenes. 
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. Struct~ral aspect of the C3A-Na20 
solid solutions 

Etude de la structure des solutions so/ides CA-Na20 

Y. TAKEUCHI, Pr~fessor, Mineralogical Institute, Faculty of Sciehce, Univer~ity .of Tokyo, . 
F. NISHI, Doctor, Mineralogical Institute, Fciculty of Science, Univer.sity of Tokyo, and 
I. MAKI, Doctor, Nagoya Institute of Technology'. Japan. 

SUMMARY : :The C3A-Na20 solid, solutt.o'n s ·eries has been structurally characterized based on four 
new structures_: (i) a= 15.248(2) A, :P2 1 3,' Z = 8, (ii) a~ 10.879(1), b =, 10;845(2), c ·'."' 
15.106(2), Pbca, z = · 4, (iii) a= 10.877(6L b = 10.854(13), c = 15.135(13), y = 90.l(H0

, 

p 21/ a' z •.= 4' and (iv) a = 10. 8 4 4 (2) ' b ,,; . '10. 8 5 5 ( 2) ' c = 15. 12 2 ( 4) ' y = 9 0. 3 8 ( 1) 
0 

' p 21/ a' 
Z = 4. They . respectively contain 2.4_, 3·.3, 5.7, and 6.6 Na20 in wt. _%. JUnqng these, (ii) 
contains 0.45 Fe "and 0.375 Si, and (iv) contains 0.465 Si per 18 oxygen atoms. 

The structure ( i) represents the structure type of a hitherto unreport~d new cub-ic phase, 
which is here denoted by CII; the CjA phase is then denoted by CI. Thus in the C3A-Na20 sol~d 
solution s~ries, there are four diatinct phases, CI, CII, b~ and M. 

I~ the CII structure t~pe~ Na ~toms ~ubstitute for Ca at Ca3B and Ca4B which ~espectiveli 
correspond , to the Ca(3) _and Ca(4) sites in C3A. Excess N~ atoms resulting from th~ replacement 
in the Ca/Na ratio of 1/2 go around the centers of the six-membered rings. The substitution · 
gives rise to an expansion of the polyhedra particularly about Ca4B .and a contraction of the 
Al - O bonds. · · 

In th~ orthorhombic struct~re typ~, N~ substitutes for Ca only at the Ca5 sit~. When Si is 
present .in the : solid solution, · the Na occupancy in the rings .i,s reduc~d _and · the solid_ solution 
range is extended towards Na-poor range. With increasing Na 2o content, . the Ca5 site is diff
erentiated - into two non-equivalent sites, Ca5A and .Ca5B, which accommodate . Na in different . 
amounts - , thus qeneratin~ · the . morioclinic structure type. When Si is present~ £a5B is fully 
occupied by Na and the monoclinic s~lid solution range is extended to more Na-rich r~gion. 
The ~6nocii~ic ~ · or~horhombic transition is caused by an order - disorder process of Ca and 
Na at the Ca5A and Ca5B sites. · 

RESUME : :La · ·serie des solu'tions sol:i'd.es c3A-Na20 a
0 

ete caracterisee sur la base de quatre nou
velles structures cristallines (i) a= 15,248(2) A, P2 13, z = 8, (ii) a= 10,879 (1), b= 10,845 
(2), c = 1.5,106 (2), Pbca; z = 4 ,: (fii) a= 10,877 (6), b = 10,854 (13), c = 15,135 (13), 
Y =: 90,1 (1)

0
,P21/a, z .=· 4, et .(iv) . a= 10,844 (2), b = 10,855 {2), c = 15,122 (4),y = 90,38 . 

(1)
0

, P21/a, z ~ 4. Elles contienn~nt respectivement 2,4, 3,3, 5,7 et 6,6 % Na20 (en poids). 
Parmi _elles' (ii) contient 0 '4~ Fe . et 0' 375_ Si et ( iv)contient 0' 465 Si pour 18 a tomes d I oxygene. 

La· structure . ( i,) represente le type de structure d' une nouvelle phase cubique qui n' a pas 
encore . ete rapportee ·et qui est notee ici CII ; la phase C3A est notee CI. Ainsi, dans la serie 
des solutions sol ides C3A-Na20, il y a quatre phases distinctes CI, CII, ,o et M. 

Dans le type de sfructure CII, les atomes Na s~ substituent ~ au ~a d~ns ·Ca3B et Ca4B qui 
c?rrespondent re spec ti vement aux sites Ca( 3) et Ca( 4) dans C3A. Les a tomes de Na, en exces, 
resultant . du remplacement dans le rapport Ca/Na egal a 1/2, se placent autour des centres des 
anneaux a six membres. La distribution entraine une expansiori du poly~dre, particulierement 
autour de Ca4B, et une contraction des liaisons Al-0. ·· · · · 

Dans le type de structure orthorhombique, Na se substitue au Ca seulement dans le site 
Ca5. Quand Si est present dans la solution solide, l'occupation de Na dans les anneaux est 
reduite et le domaine de la solution solide s'etend vers le domaine des faibles ~ valeurs de 
Na~ Quand la teneur de Na20 croit, le site Ca5 se differencie en deu~ sites non . equivalents, 
Ca5A et Ca5B qui logent le Na en quantites differentes, engendrant ains~ le type de structure 
monoclinique. Quand Si est present, Ca5B est occupe completement par Na et le domaine de la 
solution solide monoclinique s'etend vers la r€giort plus riche en Na. La transit~on monocli
nique + orthorhombique est due a un processus ordre-de.sordre .de Ca et de Na, dans les · sites 
Ca5A et Ca5B. 
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INTRODUCTION 

The C3A-Na 2o solid solution series, 
Ca9-x/ 2Na~[AZ 60 18 J, has been s~ucturally 
characterized based on four new structures 
hav ing different Na20 contents and two 
reported structures, one is the C3A struc
ture (Mondal and Jeffery (1)) and the other 
an orthorhombic structure (x=l.0) (Nishi and 
Takeuchi (2)). The present paper is to dis
cuss in light of them the structura+ 
features of the solid solution series. 

CRYSTAL DATA AND NOMENCLATURE 

The new structures we determined include: 
(i} a hitherto unreported cubic structure 
hav ing , unlike C3A, a non-centric space 
group p2 1 3. (ii) an orthorhombic structure 
containing Si and Fe, and has a composition 
which falls in the two-phase region between 
the cubic and orthorhombic solid solutions. 
(iii) a monoclinic structure with x~l.5; 
and (iv) a monoclinic structure bearing 
Si and has an Na 2o content which exceeds 
over the compositional range for the mono
clinic ~olid : solution range. The four 
specimens are denoted by #1 r- #4 accordinq to 
the increasing order of the Na20 contents. 
Their chemical compositions and cell 
dimensions obtained from single-crystal 
diffractometry are listed in ~able I. 

We propose to designate the above new cubic 
phase CII: and the C3A phase CI. In addition 

to the cubic phases, O (=orthorhombic phase) 
and M (=monoclinic pha~e) aie kn6~n (Regoqrd 
et al.~ (3)). These .fotir phases are ' the 
distinct ones in the c3A-Na 0 series which 
we have so far recognized. 1s will be shown 
later, we have structurally confirmed that 
the high-temperature form of M is not 
tetrpgonal but orthorhombic as pointed out 
b y Maki (4) based on optical studies. 

The phases which .occur ' in the compositionaf 
range for the orthorhombic metastable 
e x tension will be denoted O' in the present 
paper, and those occurring in the range for 
the monoclinic extension M' . 

The four cry stal structures were determined 
based on diffraction intensity data collected 
on four-circle single-crystal diffractometer 
and refined to R=3.7-4.9 %. Note that the 
structure types of CII and M are ordered 
derivatives respectively of CI and 0. 
Therefore, in CII, for example, there are · two 
non-equivalent six-membered rings, whereas 
in c 3A all rings are equivalent. Then we 
designated atomic sites in these derivatives 
in the following rule: when a site in a 
structure is differentiated into two ricin
e q uivalent sites in its derivative, the sites 
are denoted by putting ~ and B following the 
site symbol for the fundamental structure; 
e.g. the Ca(J) site iri CI i~ differentiated 
into two distinct -sites in CII which we 
denote Ca3A and Ca3B. · Full details of the 
four structures will be reported elsewhere 
shortly (Takeuchi, Nishi and Maki (5)). 

TABLE I 

Specimen m. #1 #2 n #3 #4 
Phase CI err O' 0 M M' 
Na 2o (wt%) 0 2.4 I 3.3 3.8 5.7 6.6 

x* 0 0.625 I 1. 0 1. 5 

Composition** ! -

M 9Ca 8.688Ca, 8.375Ca, 8.5Ca, 8.25Ca, 7.9CCa, 
0.625Na .0.875Na 1. ON a 1. 5Na l.73Na 

T 6AZ 6AZ Tt 6AZ 6AZ TV 
0 

' Cell dimensions (A) 
a 15. 263(3) · 15.248(2) 10.879(1) 10.875(3) 10.877(6) 10 .844(2) 
b 10.845(2) 10.859(3) 10.854(13) 10.855(2) 
c 15.106(2) 15. l 05(1 O) 15 .135(13) 15.122(4) 
y - ... - 90. l (1 ) 0 90.38(1 ) 0 

Pseudocubic subcell 
a 3 .816 3.812 3.840 3.842 3.845 3.849 
b 3.840 3.842 3.838 3.823 
c . 3. 777 3. 776 3.784 3. 781 
y 90.2° 90.1° 90. l 0 90.4° · 

(A3) - 3555· ~ 7 .3545. 2 
.. 

3564.5x ~ 3567.5x~ 1 1 CelJ volume 3573.6x2 3560.0x2 
Space group Pa3 ,. P2 3 

. 1 Pb ca Pbca P21/a P21/a 
z 8 .. 8 4 4 4 4 

m: Mondal & Jeffery (1). n: Nishi & Takeuchi (2). *Cal-x/ 2~ax[AZ6o18 ]. **For 18 oxygen atoms. 

M = Large cations. T = Tetrahedral cations. Tt= 5.175AZ, 0.45Fe·, 0.375Si. TV= 5.535AZ, 0.475Si _ 
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TBE CII STRUCTURE TYPE 

In order to elucidate the mode of Na distri
bution in the cubic phase, an attempt was 
made of preparing cubic crystals containing 
maximum ~ossible Na for that solid solution 
range. Electron m~croprobe analyses showed 
the product we obtained contained 2.4 Na20 
in wt. per cent. These are the #1 specimen& 
Our X-ray study showed that the crystals had 
the space group, not Pa3, but P2 1 3 and re
presented a new cubic phase err. 

Of a total of 5 Na in the unit cell of the 
structure, 2.5 Na are located, substituting 
for Ca, at the positions corresponding to 
Ca(3) and Ca(4) sites which occur in the 
threefold axes in the C 3A .structure. The re
maining Na atoms go to around the centers of 
the six-membered rings. The Na atoms in the 
rings are coordinated by bridge oxygen atom~ 
giving rise to a contraction of the rings 
compared to those in C3A; this situation 
makes the a periodicity of the CII structure 
type smaller than that of CI. 

As . mentioned earlier, the rings are now dif
ferentiated into two non-equivalent rings, A 
and B. The non-centric feature of the struc
ture is well represented by the difference 
in occupancy of Na in the rings ('l'able II) . 
In harmony with this, Na atoms in the cation 
sites :nainJ y substitute for Ca at Ca3B 
and Ca4B rather than Ca3A and Ca4A. This 
situation would presumably be the result of 
attaing local char~e balance. 

One of marked features of the structure is 
that the polyryedra that accommodate Na become 
bigger in size compared to the corresponding 
ones in C3A. In particular, the Ca4B site 
ha s nine near oxygen atoms at the distances 
sm~ll~r than 3A and the coordination poly
hedra are ninefold, while Ca(4) _ in the c 3A 

It is notable that the mean Ai-g bond length 
of the #1 specimen is 1.746(2) A and smaller 
than 1.752(2) ~for the C3A structure. 
Excepting this case of #1, we find that the 
mean AZ-0 bond lengths are almost constant 
throughout the c 3A-Na 2o solid solution 
series (finure 1) . 

A. 
2.8 .,..m-----,---;---+--.+---r---+-~--;-----,-

-o--Ca,Na- 0 
--<>--Ca - 0 2.7 --Al-0 

2.6 

2.5 

I 
0 

I 
o- 0- - -

I I 

oB 

A I IA 
- - - -o- - - -o- - - -

: I 

Fig. 1. Variations of mean Al-0, Ca-0 and 
Ca(Na)-0 bond lengths versus Na 2o content in 
the solid solution series. The solid solu
tion ranges for C, O and M indicated by 
heavy vertical lines are those given by 
Regourd et al. (3); the range of C must be 
revised so as to indicate those of the two 
phases, CI and CII. The diagram is based on 
the data from m (Mondal & Jeffery (1)), n ( 
Nishi & Takeuchi ( 2) ) , and #1 - # 4 specimens; 
p is a plot based on calculated Na occupancy 
(Takeuchi et al. (5)). The open square 
indicated bys is a plot of mean A i-o . length 
corrected for the Si content in #4. The mean 
value of Ca(3)-0 and Ca(4)-0 bonds in C3A 
was evaluated and plotted separately from 
that of other Ca-0 bonds in the C 3A structure. 

TABLE II 

Specimen #1 #2 n #3 #4 

Ring A B A B A B 
Occupancy of Na (%) 26(3) 37(3) 26.7(6) 50(2) 74. 6(8) 75.4(8) 52(2) 75(3) 

a*(A) 0.41 (5) 0.30(4) 0.45(2) 0.52(2) 0.41(4) 0.60(4) 
Average Na-0 0 2.86 2.83 2.73 2.68 2.68 2.68 2.70 2.70 

distance (A) 

n: Nishi & Tak~uchi (2). *The separation of a pair of split Na positions. 

structure has six Ca-0 bonds smaller than 
3 1 and three additional bonds longer than 
3 ~; the coordination about Ca(4) is essen
tially sixfold. The mean volume (16.90 ~3) 
of the octahedra about Ca3A and Ca3B is like
wise bigger than the volume (16. 58 JP) of the 
octahedron about Ca(3) in C3A. Such a 
'swelling effect' of polyhedra that occurs 
upon replacement of Ca by Na sensibly g~ner
ates structural distortion and is of basic 
importance to characte~ize the structural 
features of the solid solution series now 
considered. 
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This situation would probably suggest that 
the cubic arrangement of the six-membered 
rings is a stable form basically for C3A and 
the effect on the arrangement caused by the 
replacement of Ca by Na is compensated by 
!educing the Al-0 bond lengths. With 
increasing Na 2o content in the structure, 
the cubic arrangement of the rings then 
undergoes a drastic change to yield a new 
arrangement. 



THE MONOCLINIC STRUCTURE TYPE 

Geometrically the cryst&l structure of the 
monoclinic structure type shares the same 
feature with that of the orthorhombic struc
ture type (Nishi and Tak~uchi (2)); the mode 
o f arrangement of · the six-membered rings in 
M is in principle the same as that of the O 
phase. So far the type of the arrangement 
of the six-membered rings is concerned, 
there are in the C3A-Na20 solid solution 
series only two different types. They are 
compared in figure 2. · 

The essential feature that characterizes the 
monoclinic structure type is in the mode of 
distribution of Na over the cation positions 
corresponding to Ca5 in the orthorhombic 
structure type. The positions are' in the 
monoclinic structure differentiated into two 
different sets of positions, Ca5A and Ca5B , 
having different Na occupancies (Table II ) . 
Such a cation ordering gives rise to a 
slight distortion of the orthorhombic cell 
to y ield a monoclinic symmetry. Compared to 
the Na occupancy at Ca5 (Table IIT) in the 
orthorhombic structure, that in the Ca5B 
in the monoclinic structure of the #3 

TABLE III 

#1 #3 

Site Contents Site Contents 
Ca3A 0.91(2)Ca Ca5A 0.803(4)Ca 

0.09(2)Na 0.197(4)Na 
Ca3B 0.73(2}Ca Ca5B 0.447(4)Ca 

0.27(2)Na 0.553(4}Na 
Ca4A 0.97(2)Ca #4 0.03(2)Na 
Ca4B 0.76(2)Ca Ca5A 0.902(6}Ca 

0.24(2)Na 0.098(6}Na 

#2 Ca5B -
1.000 Na 

Ca5 0.696(3)Ca 
0.304(3)Na 

specimen is increased, while that in the 
Ca5A is decreased. 

In the orthorhombic structure, the Ca5 site 
has six near oxygen atoms at the distances 
smaller than 3 A plus two additional oxygen 
neighbors at the distances of 3.008 A and 
3.138 ~ (Nishi and Takeuchi (2)) . In con
trast to this, Ca5B has seven near oxygen 
atoms at the distances smaller than 3 A and 
one additional neighbor at a distance of 
3.157 A in the case of the #3 specimen. A 
calculation excluding the bond lengths 

Fig. 2. Two types of the arrangement of six
membered rings. (Left): the arrangement in 
the cubic structures. Numbers indicate in 
fractions of eight the height of ring s . The 
rings shown by shaded tetrahedra correspond 
to B rings in CII, and those shown by open 
tetrahedra to A (all rings are equivalent in 
CI). (Right): the arrangement of rings in 
the non-cubic structures . The rings shown 
by shaded tetrahedra correspond to B rings 
in the monoclinic structure type (all rings 
are e quivalent in the orthorhombic structure 
type). The rings drawn with l i ght lines are 
at z=O, and those with heavy lines at z=l / 2. 
The-unit cell is indicated by heavy lines 
and subcells by broken lines. 

lobger than 3 A showed that the mean Ca-0 
bond lengths for the Ca5B polyhedra are 
2.652 ~for the #3 specimen and 2 . 714 ~for 
#4; these are considerably bigger than 
2 . 551 ~ for the Ca5 polyhedron in the ortho
rhombic structure. On the other hand, those 
for the Ca5A polyhedra are 2 . 521 ~ for #3 
and 2.622 ~for #4. 

The Na atoms in the unit cell other than 
those ~n the Ca5A and Ca5B sites are 
located at around the centers of the six
membered rings . Occupancies of Na at around 
the centers of A and B rings ~re nearly 
the same . . These Na atoms are each at a 
distance of around 3.8 K from both Ca5A and 
Ca5B; the Na in the ring will therefore be . 
exchangeable with Na at the cation sites at 
elevated temperatures. 
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Each Na atom is not ex actl y at the center of 
symmetry on which the ring is located but 
3tatistically located at a pair of posi
tioned slightly off the center . The sepa
ration, 6, of the pair in each non-cubic 
structure examined is listed in Table Il 
giv en prev iously. 

The occurrence of the monoclinic structure 
type may be rationalized in terms of the 
mode of Na distribution over the Ca5A and 
Ca5B sites. As observed in Figure 3, the 

09* 

(114. v; z) 

Fig . 3 The structure of the orthorhombic 
t ype (the drawing is based ~n the structu~e 
reported b y Nishi and Takeuchi ( 2) ), showing 
the ~rrangements of polyhedra about cations 
nearly in the x =l / 4 level. The site symbols 
indicated b y sEars correspond to B sites in 
the monoolinic structure t ype; those not 
ind~cated b y stars to A sites. Each pair of 
tetrahedra is portion of a six -membered rin~ 

Ca5A and Ca5B sites occur in the same z . 
level and the polyhedra about these siEes 
flank on a pair of tetrahedra of each six
membered ring . Note that they occur alter
nately ilong the b ax is and also along c. 
If suppose that the Na occupancies at both 
cation sites were the same and both sets of 
polyhedra about these sites equally . 'ex pand'. 
Then the result would bring about s~rain in 
the crystal. The mode of Na distribution 
at the cation sites we found in the mono
clinic structure type implies an ilternate 
arrangement of the two kinds of polyhedra 
about Ca5A and Ca5B, different in size . 
Such a situation would minimize strain in 
the crystal . 
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The monoclinic solid solution range termi
nates at the Na20 content of 5.9 wt % 
(Fletcher et. al., ( 6) ) . This l.imi tation 
appears to be explainable structurally . As 
observ ed in Table Ilgiven previously, th~ 
Na-0 distances decrease ~ith increasing Na 
occupancy in the ring. This trend is 
however only in the range from zero to 50 % 
Na occupan6ies in the ring . The distances 
for the occupancy of 75 % Na are not sig 
nificantly different from those for 50 % Na . 
This farit would suggest that the contraction 
of the six-membered ring brought about by 
the occupancy of 75 % Na would be the per
missible limit for the distortion of the 
ring . · Namely, tfl.e occupanc y of Na in the 
ring appears to be limited up to ar.ound 75 % . 
The #3 . spe~imen contains 5.7 % Na20 which 
correspond~ to the limit o~ the monoclinic 
solid so·lution given by Regou.rd et al . (3) 
and th~ occupancies of Na in the "A and B 
rings a r e nearly of the same value of 75 % 
(Table n ) . 

PHASE TRANSITION 

Using .a cry~tal piece of the #3 specimen , we 
recorded with a precession camera the hkO 
patterns at temperatures from 600°C -to 900°C 
with an interv al of 100°C. The result 
showed that the monoclinic structure was 
transformed to orthorhombic. Noting that 
the pair of intensities of 8l0 and 810 
reflections are one of the characteristic 
pairs to distinguish the orthorhombic form 
from monoclinic, we measured their inten
sities recorded at 880°C with an automated 
microdensitometer and compared them in tig . 4 
with those at room temperature . 
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Fig. 4. Portions of computer out put, showing 
intensi.ties of 8l0 and 810 reflections 
recorded in film at 22°C and. 800°C. Contours 
are drawn at- an arbitraly scale but with 
equal intervals; those at the central 
portion of the 8l0 peak at 22°C. are omitted . 
The ratio in observed . integrated intensity 
of this reflection pair was 1 . 9 at 22°C, 
and 1 . 0 at 800°C. 

When the crystals were heated. above 600°C 
and quenched to room temperature, .they 
e x hibited lamellar twins and gave monoclinic 
diffraction patterns . 



It is highly conceivable that the transition 
is caused by order-disorder of Na and Ca at 
the ca5A and Ca5B sites. If the Na o~cupan
cies at these site~ in the monoclinic struc
ture type is equalized at elevated tempera
tures, the structure is simply transformed 
into orthorhombic; · positional adjustment of 
the six-membered rings required for the 
transition is almost negligible. · 

ROLE OF Si IN THE STABILITY OF SOLID 
SOLUTIONS 

A comparison between the structures of the 
#2 specimens and the reported orthorhombic 
structure of pure aluminate (Nishi and Take
uchi (2)) shows that the Na occupancy of 
3rr % at Ca5 in the former is slightly 
higher than that of the latter (25 %) , while 
the Na occupancy in the rings of the former 
(Table IO is roughly half of that of the 
latter ( 50 % ) ; the excess positive charge 
introduced by Si in the #2 specimen is 
mainly compensated by decreasing Na in the 
rings . It then appears that the Na occu
pancy in the six-membered ~ings is related 
to the stability of the orthorhombic phase. 
If therefore the orthorhombic structure type 
permits to contain more Si than that in the 
#2 specimen, the compositional range would 
be more widened towards the Na20 poor 
region by decreasing Na in the rings. This 
situation will offer a structural basis for 
explaining the 'meta-stable' extension of 
the orthorhombic phase. 

Our structural study of the #4 specimen re
vealed that the presence of Si in the mono ~ 

clinic solid solution permits thd Na occu
pancy of 100 % at the Ca5B site (Table Ill) 
and as the result the occupancies of Na in 
the rings, which will otherwise increase 
with increasing Na 2o content (Figure 5), are 
kept to the values less than around 75 %. 
As a total effect, the number of Na per cell 
may exceed over the number permissible for 
the original monoclinic range and thus the 
range may be extended to the Na20 content of 
7 . 59 %. 

0 M M' 
100.-r-1~~~---.-~~~~~-.--.-~~--,.~~~~---,. 

Na 4 

--~~ ---l--:-_:: :---atom'/, 

50 

F~g. 5. Variation of the Na occupancy in the 
rings versus Na 2o content in the non-cubic 
st:uctures. A and B represent A and Brings; 
S. is a calculated value for the composition 
having Na 2o of 4.6 %. Broke~ lines indicate 
assumed variations in the M' range. Entries 
are : ~=Nishi and Takeuchi .(2), 3=#3 speci
men, and 4=#4 specimen. 

CONCLUSIONS 

The conclusions drawn from the present study 
include: ' , · 

(i) In the . C~A-Na20 solid solution series, 
the exist~nce of . fciur distinct pha~es, CI 
(=C3A), CII, 0, and M, has so f~r been 
recognized·. · 

(ii) The monoclinic phase is transformed at 
around 500°C to orthorhombic and the tran
sition is reversible. This transition is 
of an order-disorder type. 

(iii) When a calcium site is replaced by Na, 
the polyhedron about the site tends to 
expand . The structural changes from one 
phase to another with the change in Na20 
contents can be explainable in terms of 
this ~ffect. · 

(iv) The occupancy of Na at around the 
center of a six-membered ring appears to be 
limited up to around 75 %. 

(v) When Si exists in the solid solutions, 
it plays a role in reducing the Na occupancy 
at around the centers of the six-membered 
rings. The extensions of the orthorhombic 
and monoclinic solid solution ranges can be 
rationalized based on such a structural 
characteristics . 
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Anisotropic forms of CA : phase relations 
Formes anisotropiques de C3A : relations de phase 

B. T AVASCI, Professor, Politecnico di. Milano, 
F. MASSAZZA, Professor, ltalcementi - Laboratorio Chimico Centrale, Bergamo,. 
U. COST A, Doctor of Chemistry, ltalcementi, Laboratorio Chimico Centrale, Bergamo. 

RESUME: La composition d'equil1bre des deux phases anisotropiques de l 'aluminate tricalcique contenant du so
dium est determinee en fonction de la temperature . Ces compositions sont representees par une couple de ~ourbes 
qui se joignent en correspondance du compose C3NA3, dont on prouve 1 'existence. 

SUMMARY: The equilibrium composition of the two anisotropic phases of tricalcium aluminate containing sodium is 
determined as a function of temperature . These compositions are represented by a couple of curves joining in the 
C3NA3 compound, whose existence is proved . 
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1. INTRODUCTION 
The origin of th i s investigati on mainly lies in a sen 
tence contained in a paper of two of us (1): " .. . . but 
none of the researchers who were concerned with this 
subject found the two anisotropit forms at the same 
time" (rhombic and monoclinic phases according to Ma
ki (2), or orthorhombic I or tetragonal and orthorhom 
bic II according to Regourd et Al. (3). -
It lies also in that, apart from the thermochem i ca 1 
results, not even the mentioned investigation co u 1 d 
dist i nguish the two phases. Consequently one of us pro 
posed to re-examine the problem by using the microsco 
pie observation by reflected light as a research me-=
thod on samples quenched from different temperatures . 
Of course the optical properties of the phases are not 
determined but only their differentiation is sought 
through the different behaviour towards suitable rea
gents . 
Therefore from now on the phases will be indicated as 
rhombic and monoclinic, for semplicity's sake, with
out entering upon their structure. 
The starting point is represented by Maki 's (2) re
sults which slightly differ from and indeed seem to 
simplify Regourd, Chromy, Hjorth , Mortureux and Gui
nier's (3) results . In substance it is question of de 
fining the stability field of the' two rhombic and mo-=
noclinic phases by determining the couple of curves 
wh i ch represent the composition of the two phases in 
equilibrium as the temperature changes . 
The extension of the rhombic phase towards the cubic 
one is not of interest here; on the contra~y the ex
tension of the two anisotropic phases towards C3NA3(•J 
is considered since, of course, the two curves must 
j oin. 

2. EXPERIMENTAL 

2. 1 Preparation of the samples 

The solid solutions of sodium oxide in tricalcium alu 
minate were prepared by homogenizing stoichiometric 
quantities of r.g. CaC03, Na2C03 and y-Al203 in cy
clohexane by an agate jar mill . After evaporation of 
t)1e liquid, the material was decarbonated for 1 hour 
at 900°C and afterwards re-homogenized . 
S~nce the sodium volatility is high at the selected fi 
r ing temperature (1350°C), it was necessary to intro-=
duce the material, pressed in small ' cylinders, into 5 
mm diam. sealed platinum tubes . 
To prevent the tubes from cracking owing to the ther
mal expansion of air, they were evacuated by a rotary 
pump and welded. 
To reach the equilibrium with certainty, the fired sam 
ples were ground. and fired again; after this .treat-=
ment, their sodium content was determined by atomic ab
s~rption spectrometry and optical and X-ray examina -
ti~ns were carried out to ascertain their pureness. 
Aliquots of each preparation were closed in platinum 
tubes and brought to the selected quenching temperatu 
re which was maintained for at least 12 hours After 
this annealing, the samples· were quenched inw

0

ater. Ta 
ble I shows the examined compositions e)(pressed by the 
gener~l formula c3 N A [for c8NA3, n is 0. 33, exact-
ly 0.31. -n n 

2. 2 Microscopic observations 

The microscopic observations were carried out especial 
ly on 4 mm diam . , 8 mm long cylinders soaked in styre 
n: and afterwards resinified. The cylinders were sec-=
tioned and polished along a long\tudinal plane. 

(~ c = Cao, N = Na20, A = Al203 

TAB. I: Exami~ed compositions and quenching tempera
tures 

= Composition ~ Quenching temperature (°C) 
~~~ ----- - - - -- -r-- ---~-- - ----...... -
~:z: 31: 

25 400 450 475 500 550 600 1350 

c2. 82N0. 18A 14. ll 4. 13 • • 
c2.80N0. 20A 4.57 4.47 • • 

Jc2. 79N0. 21 A . 4.79 4.77 • 

.

1

c2. 78. N0. 22A 5. 02 5. oo • • 
1 

1

c2. 77N0. 23A 5.25 5.28 • • 

lc2. 76N0. 24A 5.47 5.46 • • 
,c2. 75N0. 25A 5.70 5.74 • • 

c2. 74N0. 26A 5.93 5. 97 • • • 

c2. 72N0.28A 6.38 6. 14 • • 

c2. 66N0.33A 7.60 7. 62 • • 
c2.65N0. 35A 7.97 7.80 

. , . 
I 

• 
• • • 

• 
• 

• 

The pursuit of reagents suitable to distinguish the 
two phases presented a considerable difficulty, gi
ven the very close analogy of the two phases. Seve -
ral reagents were tried: distilled water, borax at 
different concentrations, alcoholic solution of H2S04 
a.s.o . , reagents studied by one of us to investigate 
the constitution of portland cement (4) or during sub 
sequent research to identify the constituents of ce-=-
1 ite. The outcome was always negative: the etching 
was either missing or equal for the two phases . The 
attention was turned to i tronger reagents and, among 
these, to "nital", an alcoholic solution of HN03 (u
sually at 23) universally used in the metallography 
of steels . 
The result was quite positive : with an etching of a
bout 30 seconds, one of the phases (the morioclin i c) 
was constantly characterized by very fine stripes of 
polysynthetic or also multiple twinning . The obser 
vation of these stripes requires strong objectives: 
a numerical aperture below 0.65 is not convenient. 
It was noted that also this one is sometimes insuffi 
cient. ' 
Stripes, that were visible by a 0.85 aperture objec
tive, became undistinguishable by using a 0.65 aper
ture. The micrographs reproduced in this paper are 
all 450X (0.65 N.A. objective). 
In the observation and still more in thephotography, 
it was necessary to use all the tricks useful to eli 
minate blurs , sometimes very frequent, due to inter-=
nal reflections of the crystals, or more gen~rally, 
to drawbacks of preparation . To this purpose the pho 
tographs were taken by introducing the analyzing ni-=
col and, except for the two last, in oblique illumi
nation. 
Coming back to the action of the reagent on the two 
phases, it is possible to add that the reagent sim
ply defines the single crystals in the rhombic one; 
single planes of twinning are characterized by a li
ne: ~o stripes. On the contrary, a~ regards the mono 
clinic phase, the reagent evidences also thestripeS": 
However it must be noticed that the eventual la~k of 
stripes does not mean that a given crystal is not mo 
noclin i c. -
The stripes could be not resolvable by the used ob
jective or the twinning plane could be parallel to 
the section. 

433 



Finally the eventual presence of free lime (or of 6-
ther constituents), if limited and irregularly distri 
·buted (that is lacking in some zones) can be attribu-=
ted to defects of homogenization; if systematic, it 
must be considered as a consequence of composition . 
Free lime; that the indicated reagent would strbngly 
corrode, can be.easily recognized in the simply poli
shed specimen since it appears light against a grey 
background owing to i ts higher refractive index . 

2.3 Results 
It is natural to present them by fo1lowing the deve
lopment of this work. 
At first the composition was simply changed by passing 
from n = 0. 18 (0 . 18 N) ton= 0.28 (0 . 28 N) at an an
nealing temperature of 400°C. Since the first results 
of the observations were positive, also the ordinary 
temperature (slow· cooling) and, for some mi xes, the 
annealing temperature of l350°C were considered . 
Subsequently, the composition was maintained constant 
(0 . 26 N) and the annealing temperature was changed. 
Given the 'obtained results, this operation was carried 
out also for n = 0.33 (C3NA3) . 
In the final plot (fig. 16), the different composit
ions observed under the microscope are represented by 
rather marked spots. 

FIG. l : c2. 78N0. 22A quenched from 400°C- Nital ...: 45ox 

I) Quenching from 400°C. Fig . l shows the appearance 
of the 0. 22 N mix, that is n = 0.22. Considering that 
the dark zone represents the styrene resin, different 
crystals are noted in the grains, howeverwithoutstri 
pes: this is obviously the rhombic phase. -
Fig. 2 shows .the appearance of the 0.26 N mix. Practi 
cally all the crystals are striped (monoclinicphasef. 
Fig. 3 corresponds to the 0.28 N composition and, o 
wing to the similarity of its stripes to those of the 
previous figure, it evidences that the phase is com
pletely monoclinic already in 0.26 N. 
In Fig. 4, corresponding to 0. 24 N, some crystals ha
ve not stripes and others do, with a certain prevalen 
ce of the former : both phases are present. The mono-=
cl inic phase begins appearing ~t about 0.23 N. 
II Slow coolin up to ordinary temperature. Th~ pre
sence o t e monoc rn1 c p ase egrns i e below 0. 21 
N instead of 0.23 N. Fig . 5; corresponding to 0. 22 N 
(cmp . Fig. l) already shows the evident presence of 
this phase. 
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FIG . 2: c2. 74N0. 26A quenched from 400°C - Nital - 450X 

FIG. 3: c2. 72N0. 28A quenched from 400°C - Nita l - 450X 

FIG . 4: C2.16No.24A quenched from 400°C - Nital - 450X 



FIG. 5: c2. 78N0. 22A ~~g~ed at room temperature - Nital 

FIG. iJ: c2. 76N0. 24A ~~g~ed at room temperature-Ni~al 

FIG . 7: c2 75N0 25A cooled at ·roon+ temperature - Nital 
. . 450X 

It clearly prevails at 0.24 N (fig . 6} . It represents 
almost the totality at 0.25 N (compare fig . 7 with f.:!_ 
gures 2 and 3). 
III) 0. 26 N composition quenched from .different tempe 
ratures. The rhombic phase is present at the .tempera-=
ture of 450 °C (fig. 8). It becomes prevalent at 475 °C 
(fig. 9). It represents the totality at 500°C (fig . 
10) . . . . 

Al so a 0. 28 N mix was quenched .from 500°C. Both pha
ses are present again in it. 

IV) 0.33 N composition (C8NA3) quenched from di ff e
rent temperatures. The two curves representing the e
quilibrium composition of the two phases, as defined 
by the above results, tend to shift rightwards as the 
temperature increases , nevertheless without joining 
for Na20 contents considered up to now . 
If the assumption of two individual phases is true, 
the two curves must necessarily meet in one po i n t, 
which is already indicated schematically in the paper 
(1) . This point, however, must represent the composi
tion and transformation temperature of an only compo
nent. 

FIG. 8: c2.74N0.26A qu'enched from 450 °C-Nital -450X 

FIG . 9: c2. 74N0. 26A quenched from 475°C - Nital - 450X 

435 



FIG. 10: c2. 74N0. 26A quenched from 500°C- Nital -450X 

The extrapolation of the two curves led to foresee 
their joining in the 0.33 N composition and at a tem
perature ranging between 500° and 600°C. Of course it 
was necessary to ascertain that the mas~ of this com
position should correspond to a single compoundwhich, 
at the sought temperature, must appear in two phases 
simultaneously. 
The 0. 33 N mix fired and quenched from l 350°C was lac
ki ng in free lime or other components: therefore the 
C8NA3 compound exists, notwiths~anding the difficul -
ties of its preparation. 

FIG. 11: c2.66N0. 33A quenched from 1350°C - Nital -450X 

Fig. 11 represents its micrographic appearance, with
out·stripes. The small light spots inside the cry
stals are due to internal reflections and not to the 
presence of. free lime that would strongly have been 
etched. 
Fig. 12 shows the same product quenched from 400°C-: 
the stripes are complete. 
The quenching from 600°C did not produce stripes, whe 
reas the latter were wholly · present for quenching from 
500°C. 
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FIG . 12: c2.66N0.33A quenched from 400°C - Nital - 450X 

FIG. 13: c2.66N0. 33A quenched from 550°C - Nital - 450X 

FIG. 14: c2. 65N0. 35A ~~i~ched from l 350°C -Not etched -



-

The sample quenched from 550°C (fig. 13) appeared to 
be extremely. interesting: both phases are present. 
Moreover the development of striped roundish cry
stals of the monoclinic phase was often noticed ins_!_ 
de crystals of the rhombic phase. Obviously the tem
perature of 550°C (apart from experimental errors) 
corresponds to the temperature of transformation of 
a phase into the other. 
V) o. 35 N composition quenched froml350 °C. One could 
suppose that the two curves should not Join yet at 
o. 33 N and that, consequently, it should be necessa
ry to examine mixes richer in Na20 . Instead , there 
is no need of many quenching tests from different 
temperatures~ The 0.35 N mix, quenched from 1350°C, 
showed the systematic presence of free lime and, ob
viously, of sodium aluminate (NA). 
Fig. 14 show$ that, when the specimen is simply pol_!_ 
shed, fre~ lime appears (owing to its higher reflec
tivity than that of aluminate) in clearer (polygonal) 
grains. The NA compound, having low reflectivity, is 
almost undistinguishable from the dark resin in the 
backgr.ound. Sodium aluminate could be easily eviden
ced by hydrofluoric acid-based reagents (which do not 
etch CaO) studied by one of us (4), eventually by re 

· straining their solving action with the addition or 
alcohol . 

FIG . 15: c2.66N0. 33A 4~~~ched from 1350°C - not etched 

In order to assure that the 0.33 N composition does 
not contain free lime, the same specimen of fig. 11 
i s reproduced in fig. 15 which shows its not etched 
appearance. 
The small light spots, having irregular and blurred 
boundaries, do not represent free lime but internal 
reflections of the crystals. 
Here the mass among the aluminate crystals exclusive 
ly consists of resin . -
Af ter all, the two equilibrium phases show a varying 
composition according to two curves joining in C3NA3, 
as indicated in fig . 16 . 

3. CONCLUSIONS 

The. compound C3NA3 exists . The composition of the two 
solid anisotropic solutions, that this compound forms 
as a preponderant part with C3A;varies according to 
two co-existence curves . 

-u 
-2... 

1350~ -

~P 
/ ~ 

100 

2 

FIG. 16: Phase equilibrium in the part richest in so 
d~um in the system C3A-C3NA3 

These have a common point at 550°C corresponding to 
the pure C8NA3 compound; they also present a decrea
sing trend ·as the temperature and the sodium content 
decrease. 
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Theme 2 - The hydration of C3A 
GENERAL REPORT 

by H.N. STEIN, Laboratory of Colloid Science, Vakgroep Elecktrochemie, Department of Chemical Engineering, 
Eindhoven University of Technology, Eindhoven, THE NETHERLANDS. 

The papers which have been contributed to the 
present congress and which are specially re
lated to the hydration of c3A, concern the 
following problems: 
a. What is happening at the C3A/water and 

C3A/Ca(OH)z solution interfaces? 
b. How is the hydration of C3A influenced by 

the presence of Na 2o as solid solution in 
the C3A? 

c. What is the mechanism of retardation of 
C3A hydration in the presence of calcium 
sulfate? · 

d. How large is the mutual interaction be
tween calcium aluminate hydrate crystals 
when present in aqueous solution? · 

a. Phenomen~ at the c3A/water and C3A/Ca(OH)z 
solution interfaces. 

Barret and Bertrandie investigated the disso
lution of c3A in water and in Ca(OH)z solu
tions by analyzing the liquid after contact 
with c3A, for its increase in Cao and A1 2o 3 
contents. In a stagnant medium (water or di
lute Ca(OH)z solution), CzAHs is the first 
solid to precipitate, which leads to a 
6 CaO/Alz03 molar ratio > 3 in the liquid pha
se. This does not, however, signify that the 
dissolution process itself is incongruent: 
after very short contact times (effected by 
passage of liquid through a thin layer of 
C3A)~ the filtrate has a 6 CaO/Alz03 ratio = 
3. In more concentrated Ca(OH)z solutions 
([Ca0] >9.1o-3 mol.kg-1), c4AH 13 is the first 
solid to precipitate which leads to 6 CaO/Az03 
molar ratios < 3 in the liquid. The authors 
describe the dissolution as being determined 
by the solubility of superficially hydrated 
C3A. 

Thus, according to Barret and Bertrandie, the 
first process taking place is the formation 
of a hydrated layer on the C3A itself, with 
6 CaO/Alz03 molar ratio = 3. 

However, it has been found from electrokine
tic 'data reported by the present author, that 
the calcium aluminate hydrates when formed 

.during C3A hydration, have a definitely non
stoechiometric surface layer deficient in 
aluminate ions: the s potential of both hexa
gonal and cubical hydrates is > 0 during C3A 
hydration, and the corresponding surface 
charge increaseswith NaOH concentration, which 
indicates progressive extraction of aluminate 
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ions from the surf aces of the calcium alumina
te hydrates. 

There is no real contradiction, however, be
tween the results reported by Barret arid 
Bertrandie, and the s potential data, because 
a surface charge of the required magnitude can 
easily originate through differences in calcium 
and aluminate ion dissolution rate which are 
too small to be detected by analyses of the 
aqueous solutions. 

b. Influence of NazO on c3A hydration 

The s potential data mentioned have been ad
vanced as a support for an explanation of the 
influence of NazO on the hydration rate of 
c3A: extraction of aluminate ions from the 
hydrated surface layer pn c3A would make 1 ~ts composition approach to that of Ca(OH)z . 
This subject has been a rather controversial 
one. It had been studied previously by Gupta, 
Chatterji and Jeffery 2J, by Regourd·and Mor
tureux 3), hv Boikova c.s. 4) SJ and by 
Butt c.s. 6) ' 7) with none too consistent re
sults. In reality, two questions are involved 
here: does Na 2o retard or accelerate the hy
dration of C3A; and does NazO present as so
lid solution in the c3A, act in the same way 
as an equivalent amount of NaOH added sepera-
tely? · 

Most investigators 1J 2J 3) 4) S) report~ 
retardation by NazO; however, Butt c.s. 6J 7) 
found an acceleration. This discrepancy is 
not resolved by the contributions to the pre
sent congress; Boikova, Grishchenko and Do
mansky again report a retardation; Kolbassov, 
Kozyreva and Dobronravova on the other hand 
report an acceleration. From the data presen
ted in the communications, no possible reason 
(e.g. differences in experimental conditions) 
can be extracted which may be held responsibl~ 
for the discrepancy. Although part of the re
sults reported· by Kolbassov c. s. have been ob
tained by plastometry, which means that they 
are influenced not only by the degree of hy
dration but by the mutual interaction between 
th~ calcium aluminate hydrates as well, the 
authors also find a higher hydration activity 
of NazO containing C3A by differential ther
mokinetic curves. Perhaps the difference in 
results can be explained· when details on the 
experimental procedures employed are exchan
ged at this congress. 



Similarly, the opinions are still divided as 
· to whether Na20 built into t~e C3A structure 
acts in the sa:me way as an equivalent amount of 
NaOH added separately. This question is of 
practical i~terest? since b~ a suitable choice 
of fuel it is possible to either enclose the 
Na 2o in a_Portland cement clinke~ as solid . 
solutio~ in the C3A, or to have it present in 
a separate phase lNa 2S04) 7). 

Boikova c.s. discern . thre e different stages 
in the hydration of C4A; during the first sta
ge, Na20 b~ilt into the C3A structure ret~rds 
the hydration strongly because water penetra
tion into C3A containing Na20 is hindered by 
Na+ ions occupying holes in the c3A crystal 
structure. This agrees with Regourd's view 
3) 8), which is, however, not shared by Spie
rings and the present author 1). The latter 
aut~Jrs report, in agreement with Gunta c.s. 
2) , a strong retardation of C3A hydration 
bv NaOH added separately. Perhaps the con
flicting evidence brought on this point can 
be conciliated by the statement that in stir
red suspensions of large water to solids rati
os, the action of NaOH added separately is si
milar to that exerted by Na 2o built into the 
c3A structure, whereas in pastes of low w/s 
ratio local NaOH concentrations near the hy
drating, Na20 containing, C3A are much larger 
than if NaOH is added separately. However, 
this point clearly needs further e laboration 
by experiments. 

c. Retardation of C3A hydration in the pre
sence of calciumsulfate 

Local concentrations deviating from the bulk 
concentrations also play a dominant role in 
th e discussions of the retardation of c3A 
hydration in the presence of Caso4 . 2H20. To 
this point, part of the communication of 
Ghorab, Heinz, Ludwig, Meskendahl and Wolter 
to the present congress is devoted. The au
thors confirmed the topo-tactical formation 
of hedgehog-like ettringite layers on C,A 
in pastes c3A+Caso 4+CaO+H20, both with and 
without the additional presence of CaC0 3 or 
C3S. Probes cured at rest react (under other
wise identical curing conditions) faster than 
shaken ones, because in the pastes cured at 
rest local concentrations lead to conversion 
of the ettri~gite layer, e.g. according to: 

Ettringite + 2_ c3A + 16H 20 + 3 monosulfate 

Thus, the ettringite itself is regarded as 
a retarder. 

This is to be contrasted with Chatterji's 
opinion, that not the ettringite itself, 
but a hexagonal hydrate layer (C4AH 13 ) be
tween the c3A and the ettringite retards the 
C3A hydration; according to Chatt~rji, the 
role of ettringite is to effect a decreasing 
sulfate concentration from the bulk solution 
to the C3A surface which results in hexago
nal _hydrate formation adjacent to the C3A 
grains. Having reviewed different other me
chanisms presented for the retardation of 
C3A hydratiorr by Caso4 .2H 20, Chaterji finish
es by stating that "in the ultimate analysis 
what is considered to be an ~cceptable expla
nation depends more on the fashion of the day 
than anythi.ng else". 

d. The mutuil interaction between calcium 
aluminate hydrate crystals in aqueous 
solution. 

This subject, a very important one for a 
material which is used for its mechanical 
properties, has just been ente~ed upon. By 
the methods of colloid chemistry (measure
ment of coagulation rates), a value has been 
obtained for the so-called Ham~ker constant 
operative between C3AH6 crystals (about 
0.1 x 10-20 J, rather small in comparison 
with other substances). More important per 
haps is, that in diluti electrolyte soltitions 
the coagulation clearly is not governed by 
electrostatic repulsion, and that there is, 
in addition to van der lfaals attraction, some 
other agent effecting a relatively stron g at
traction between the C3AH 6 crysta~s resulting 
in rapid coagulation. Polyaluminate ions . have 
been held responsible for this effect 10) 
but this idea needs further confirmation. 

Final Remarks: ideas on future research 

The present author does not share Chatterji's 
pessimism with regard to the possibility of 
progress in understanding the hydration re
actions of C3A. Although there are still pro 
blems to be solved, it is possible to sur
mount agnosticism. One leading point emerges 
from the foregoing discussion: the importance 
of local ionic concentration gradients in the 
aqueous nhase, for determining the reactivity 
of c3A. ~ea r the c 3A/wate~ surface, especia~ly 
in a stagnant aqueous medium, apparently quite 
different conditions obtain than far away from 
c3A gra~ns. ~hus, the imn?rtance of loc~l con
centrations in the formation or conversion of 
hydrates is stressed by Barret ~nd Bertrandie, 
by Ghobar c.s., and hyChatteYJi; and the for 
mation of different hydrates far away from and 
near the c3A grains ha~ been demonstrated con
vincingly by Regourd BJ. 
There is a nroblem here, however. If local 
concentrations di f ferent from those in the 
bulk solution, are to be maintained, diffusion 
of ions must be a slow process as co~pared 
with other proce~~es oc~uring. A calculation 
in this resnect J about what porosity (= 
area available for ion transport per cm 2 C3A 
surface) of the hvdrate laver should be 
assumed in order to achieve . thi~ . 
situation, leads to 10- 6 cm2; a rather low 
value as remarked bv Chatterji. This particu
lar calculation refers to Ca(OH)2 diffusion; 
however diffusion of other electrolytes con
cerned is not much slower (a slow diffusion 
allows the porosity to become proportionally 
larger ; diffusion coefficients of hydroxides 
are generally about 1 .5 times larger than tho
se of salts with other anions 12 )). Al though 
the remarks made by Chatterji are not convin
cing (he apparently overlooks the possibili
ties that the number of c3A ~rains decreases 
during hydration, and that a number of C3A 
grains may be shielded from the bulk solution 
by a common hydrate layer; in additio2, his 
pressure difference, 1 .5 104 dyne cm- , amounts 
to about 0,015 atmosphere which seems quite

6 acceptable), neverthel~ss a porbsity of 10-
is surprisingly low. One of the problems for 
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future research then appears to be, to obt~in 
a quantitative idea about the effecti~e poro
sity in hydrate layers formed under different 
conditions, ind consisting of different hydra
tes. 

A second problem, perhaps an even more impor
tant one - apnears to me a further elaboration 
of the c~llbid chemical aspects of hardening 
cement. Properties such as the rheology of 
cement nastes and mortars, and creep of 
systems containing hardening cement, can onlv 
be understood if a quantitative idea can be . 
obtained of attraction and repulsion between 
the ~ydrate narticles. 
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Theme 2 - Hydratation de C3A 
RAPPORT GENERAL 

par H.N. STEIN, Laboratory of Colloid Science, Vakgroep Elecktrochemie, Department of Chemical Engineering, 
Eindhoven University of Technology, Eindhoven, THE NETHERLANDS. 

Les communications relatives a l'hydratation de 
c

3
A concernent les problemes suivants : 

a) Que se passe-t-il aux interfaces C3A/ eau et C3A/ 
solution de ca(OH)z ? 

b) Comment l'hydratation de C3A est-elle influencee 
par la presence de Na20 en solution solide dans 
C3A ? 

c) Quel est le mecanisme du retard de l'hydratation 
du c3A en presence de sulfate de calcium ? 

d) Quelle est l'importance de l'interaction mutuelle 
entre les cristaux d'aluminates hydrates dans la 
solution aqueuse ? 

a) Phenomenes aux interfaces c3A/ eau et c3A/solution 
de Ca(OH) 2 

BARRET et BERTRANDIE ont etudie la dissolution 
de C3A dans l'eau et dans des solutions de Ca(OH)2 
en analysant la phase liquide apres 1~ fOntact avec 
c3A car sa teneur en CaO et Al203 croit. Dans un 
milieu stagnant (eau ou solution de Ca(OH)2 diluee) 
C2AH8 est le premier solide a precipiter ce qui con
duit a un rapport molaire CaO/ Al203 supfrieur a 3 dans 
la phase liquide. Cependant ceci ne signifie pas que 
le processus de dissolution lui-meme soit incongruent: 
apres des temps de contact tres courts (realises par 
pass'age du liquide au travers d 'une couche mince de 
C3A) le filtra.t a un rapport CaO/ Al203 °~ 3. Dans des 
solutions de Ca(OH)2 plus concentrees (fCaO] > 9.10-3 
mol.kg-1), C4AH13 est le premier solide a precipiter • 
ce qui entraine des rapports molaires inferieurs a 
3 dans le liquide. Les auteurs decrivent la dissolu
tion comme etant determinee par la solubili te du 
C3A superficiellement hydrate. Ainsi d' a pres BARRET 
et BERTRANDIE, le premier processus est la formation 
d'une couche hydratee sur le C3A lui-meme avec un 
rapport molaire CaO/ Al203 == 3, 

Cependant, le present auteur a trouve a partir 
des donnees electrocinetiques que les aluminates de 
calcium hydrates, qui se forment durant l'hydratation 
de C1A, ont d'une maniere definie une couche superfi
cielle non-stoechiometrique, appauvrie eri ions alumi
nate : le potentiel Zeta des deux types d'hydrates, 
hexagonaux et cubiques, est positif au cours de l'hy
dratation de C3A et la charge de la surface corres
pondante croit avec la concentration en NaOH, ce qui 
indique une extraction progressive d' ions aluminate 
des surfaces des aluminates de calcium hydrates. 

11 n' y a pas toutefois de contradiction reelle 
entre les resultats rapportes par. BARRET, BERTRANDIE 
et les donnees du potentiel Zeta parce que la charge 
superficielle mesurable peut aisement provenir de 

differences dans le taux de dissolution des ions cal
cium et aluminate qui sont trop faibles pour etre 
detectees par les analyses des solutions aqueuses. 

b) Influence de Na20 sur l'hydratation de C~ 

Les donnees du potentiel Zeta deja mentionnees. 
ont ete utilisees comme support d'une explication de 
l'influence de Na20 sur le taux d'hydratation de 
c3A : l' extraction des ions aluminate de la couche 
superficielle hydratee de c3A rendrait sa composition 
proche de celle de Ca(OH)2 (1). Ce sujet a ete plut& 
controverse. 11 a ete etudie auparavant par GUPTA, 
CHATTERJI et JEFFERY (2), par REGOURD et MORTUREUX 
(3) , par BOIKOVA et al (4, 5) et par BUTT et al (6, 
7), les resultats ne sont pas concordants· 

En realite, deux questions se posent Na2o re
tarde-t-il OU accelere-t-il l'hydratation de C1A ? l 

Na2o present en solution solide dans C3A agit-il de 
la meme maniere qu' une teneur equi valente en NaOH 
ajoutee separement ? 

La plupart des chercheurs (1, 2, 3, 4 et S)ont 
rapporte un retard du a Na20 l cependant BUTT et al ( 6, 7) 
trouvent une acceleration. Cette contradiction n'est 

pas resolue par les contributions a ce present 
Congres : BOIKOVA, GRISHCHENKO et DOMANSKY rapportent 
a nouveau un retard l KOLBASSOV, KOZYREVA et DOBRON
RAVOVA rapportent une acceleration d' autre part. A 
partir des donnees presentees dans les communications, 
aucune raison p6ssible (par exemple, differences dans 
les conditions experimentales) ne peut ~tre extraite 
qui puisse etre responsable de cette contradiction. 
Bien qu'une partie des resultats donnee par KOLBASSOV 
et al ait ete obtenue par plastometrie, ce qui signi
fie qu'ils sont influences non seulement par le degre 
d' hydratation mais aussi bien par l' interaction mu
tuelle entre les aluminates de calcium hydrates, les 
auteurs trouvent aussi une activite plus grande dans 
le C3A contenant Na20, a partir des courbes thermoci
netiques differentielles. Peut-etre la difference 
entre les resultats pourra-t-elle etre expliquee quarrl 
les details sur les procedes experimentaux utilises 
seront echanges ace Congres. 

De .la meme maniere, les opinions sont toujours 
divisees quant a savoir si Na20 dans la structure de 
C3A agit dans le meme sens qu'une teneur equivalente 
de NaOH ajoutee separement. Cette question est d 'un 
interet pratique car par un choix approprie de fuel, 
il est possible, soit d'inclure le Na20 dans le clin
ker de ciment portland en solution solide dans le 
c3A, soit de l'avoir present dans une phase separee, 
Na2S04 (?). 
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BOIKOVA et al discernent trois stades differents 
dans l'hydratation de C3A : durant le premier stade, 
'·ra2o dans la structure de C3A retarde fortement l' hy~ 
jratation parce que la penetration de 1 1 eau dans 
~3A contenant Na20 es t empechee par le s ions Na+ occu
pant les trous de· la strunure cristalline de C3A. 
Ceci est en concordance avec le point de vue de 
REGOURD, qui n'e s t cependant pas partage par SPIERINGS 
et le present auteur. Ces derniers auteurs ont rap
porte en accord avec GUPTA et al (2 , 9) un retard im
portant de l'hydratation de CJA par NaOH ajoute sepa
rement. Peut-etre le conflit evident sur ce point peut
il etre concilie par l'opinion que, dans les suspen
sions agi tees a grand rapport eau/ solid es, l' action 
de NaOH ajoute separement est similaire a celle exer
cee par Na20 dans la s tructure de C3A tandis que dans 
Les pites a faible e/ s des concentrations locales au 
niveau du C3A contenant Na 2o, qui s'hydrate, sont 
plus elevees que s i NaOH est ajoute separement. 
Cependant, ce point necessite clairement une elabora
tion plus poussee pa r des experiences. 

c) Retard a l'hydratation d~ c
3
A en presence de sul

fate de calcium 

Les concentrations locales s 'ecartant des con
centrations globales jouent aussi un role dominant 
dans les di scu ss ions sur le retard de l'hydratation 
de c3A en pre sence de CaS04.2H2o. A ce -point est con
sacree une partie de la communication a ce Congres de 
GHORAB, HEINZ, LUDWIG, MESKENDAHL et WOLTER. Les 
auteurs confirment la formation topotactique de cou
ches d'ettringite sous forme de herissons sur C3A dans 
des pites C3A + CaS04 t- CAO f H20 a la fois avec et 
sans la presence addi tionnelle de Caco_1 ou de c3s . . Les 
echantillons traites au repos (par ailleurs dans des 
conditions de traitement identiques) reagissent plus 
vite que les echantillons agites parce que dans les 
P.ites au repos des concentrations local es entrainent 
la conversion de la couche d' ettringite sui vant la 
formule : 

Ettringite + zc3A ~ 16 H20 + 3 monosulfate 

Ainsi l' ettringi te, elle-meme , est un retardateur. 

Ceci contraste avec l' opinion de CHATTERJI que 
ce n' est pas l' ettringi te ·elle-meme mais une couche 
d'hydrate hexagonal (C4AH13) en~re le C3A et ~'et
tringite,qui retarde l'hydratat1on de C3A. D'apres 
CHATTERJI ' le role de l' ettringite est d I entrainer 
une decroissance de la concentration en sulfate de 
la soiution a la' surface de c 3A ! il en resul~e une 
formation d' hydrate hexagonal adJacent aux grains de 
c3A. Ayant revu d'autres mecanismes differents .d~ 
retard de l'hydratation par CaS04.2H20, CHATTERJI filllt 
par enoncer "que dans l' analyse ultime, ce qui est 
considere . comme etre une explication acceptable deperrl 
plus du gout du jour que d'autre chose " . 

d) L'interac~ion mutuelle entre les cristaux d'alumi
nate hydrates dans la solution aqueuse 

Ce sujet, tres important pour un materiau qui 
est . utilise pour ses proprietes mecaniques, vient 
juste de debuter. Par les methodes de la chimie col
loidale (mesure des taux de coagulation), une valeur 

·a ete obtenue pour la constante de Hamaker, qui agit 
entre les cristaux de c3AH6 (environ o,1 x 10 -20J , 
valeur plutot faible en comparaison avec d' autres 
substances). Plus important, peut-etre, dans les 
solutions d'electrolyte diluees, il est clair que la 
coagulation n'est pas gouvernee par la repulsion 
electrostatique et qu'il y a en plus de l'attraction 
VAN der WAALS, quelque ·autre agent responsable d 1 une 
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attraction relativement forte entre les cristaux de 
c 3AH6, aboutissant a une coagulation rapide. Des ions 
polyaluminate ont ete rendus responsables de cet eff et 
(10) mais cette idee demande une confirmation ulte
rieure. 

Remarques finales : idees sur des recherches futures 

Le present auteur ne partage pas le pessimisme 
de CHATTERJI concernant la possibilite de progres dans 
la comprehension des reactions d'hydratation de 
c3A. 

Bien qu'il y ait encore des problemes a resoudre, 
il est possible de surmonter l'agnosticisme. Un point 
principal emerge de la discussion precedente : l'im
portance des gradients de concentration ionique locale 
dans la phase aqueuse pour determiner la reacti vi te 
de C3A. Pres de la surface c3A/ eau, specialernent dans 
un milieu aqueux stagnant, les conditions obtenues 
sont apparemment differentes de celles eloignees des 
grains de c 3A. Ainsi l'importance des concentrations 
locales dans la formation ou la conversion des hydra
tes est mise en valeur par BARRET, BERTRANDIE , par 
GHORAB et al et par CHATTERJI. La formation de dif -
ferents hydrates loin et pres des grains de C3A a ete 
demontree de fa~on convaincante par REGOURD (8 ). 

Toutefois, il y a ici un probleme. Si les con
centrations locales, differentes d~ celJ~s de la 
solution sont maintenues , la diffusion des ions doit 
etre un processus lent compare a celui des autres 
processus qui ont lieµ. A cet egard, un calcul con
cernant quelle porosite (surface utile pour le trans
port d' ions par cm2 du surface de c3A ) de la couche 
d'.hydr~te serait_af~ecte~ dans la realisation ~e ce~~ 
situation, aboutit a 10-b cm2, une valeur plutot fai
ble comme l' a remarque CHATTERJI. Ce calcul particu
lier se refere a la diffusion de Ca(OH)2 : cependant, 
la diffusion des autres electrolytes concernes n'est 
pas beaucoup plus faible [une diffusion faible permet 
a la porosite de devenir proportionnellerpent plus 
grande ; les coefficients de diffusion des hydroxydes 
sont generalement environ 1, 5 fois plus grands que 
ceux des sels d'autres anions (12)] . Bien que les 
remarques de CHATTERJI ne soient pas convaincantes 
'(il neglige apparemment les possibilites que le nombre 
de grains de C3A decroisse pendant . l' hydratation et 
qu'un nombre de grains de C3A puisse etre protege de 
la solution par une couche d'hydrate commune ;de,p~us, 
sa difference de pression 1,5 x 104 dyne.cm-2 s'eleve 
a environ 0,015 atmosphere ce qui semble tout a fait 
acceptable), une porosite de 10-6 est neanmoins eton- . 
namment basse. Un des sujets de recherche future 
apparait etre CelUi d I Obtenir Une idee quantitati Ve 
de la porosite effective dans les couches d'hydrates 
formees dans differentes conditions et composees de 
differents hydrates. 

Un second .probleme, peut-etre meme le plus 
important, miapparait etre une elaboration ulterieure 
des aspects de la chimie collol'.,dale du durcissement 
du ciment. Des proprietes telles que la rheologie des 
pites de ciment et des mortiers et le fluage des sys
temes contenant le ciment durci peuvent seulement etre 
compris si une ide-e quantitative peut etre obtenue 
sur l'attrar•~nn et la repulsion entre les particules 
d.'hydrates. 
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Hydratation de C.3A en presence d' eau de chaux 

Hydration of CA in lime water 

P. BARRET, Professeur a l'Universite de Dijon, Directeur du L.A. 23 (Reactivite des Solides}, 
D. BERTRANDIE, Docteur de l'Universite de Dijon, C.N.R.S. (L.A. 23) Dijon, France. 

RESUME : La solubilite de c3A calculee a partir des donnees thermodynamiques parait tres elevee ( 9 ) . Mais ce 
calcul ne tient pas compte au processus d'hydroxylation superficielle par protonation comme celui decrit dans le 
cas de c3s et qui est accompagne d'un abaissement notable de 1 'enthalpie libre, par ~nteract~on directe de~ m~
lecules d'eau avec la surface du solide. Selon certains auteurs, le passage en solution des ions [Al(OH)4] ain
si formes et des ions ca2+ ne serait pas congruent . Si, dans u~ milieu stagnant, un exces d'ions Ca2+ autour des 
grains peut resulter d'une distribution ionique d'equilibre, en regime dynamique, 1 'experience ne conduit pas a 
un rapport IC/A]t (rapport CaO/Al203 en phase liquide) croissant au-dela de 3 comme on pourrait s'y attendre si 
les ions ca2+ passaient selectivement en solution. Dans l 'eau pure ou l 'eau de chaux diluee, la precipitation 
preferentielle de C2AHs en accord avec le diagramme C,A,H , suffirait d'ailleurs a expliquer que [C/AJt > 3 me
me dans l 'hypothese d'une dissolution congruente ; en fait l 'analyse X faite sur les echantillons solides apres 
un contact de plusieurs minutes avec le solvant (eau ou eau de chaux) permet de deceler 1 'hydrate C3AH5 avec 
seulement une faible proportion de monocarboaluminate de calcium . Avec l 'eau ou l 'eau de chaux diluee 
([CaO] < 9.10-3 mol .kg-1) ~omme solvant, on observe [6C / A]t >, 3 mais avec de l 'eau de chaux plus concentree 
( [cao] > 9.10-3 mol.kg-1) [6C/A]t + 2. 

Les essais effectues par flux continu de solvant a travers une couche mince de c3A sur filtre ont permis egale
ment de tracer la partie de la courbe de supersolubilite des hydrates riches en Cao aux grands rapports [C/A]t; 
cette courbe vient completer la partie que nous avians determinee, notee (I) dans le domaine des [C/A]t voisins 
de 1. La similitude avec la courbe (I) que nous avons egalement construite a partir de C3S sur le diagramme 
C,S,H est evidente ce qui etablit une analogie fondamentale entre les deux diagrammes, la difference de compor
tement venant de ce que, dans le cas de C3A, des hydrates de rapport [C/A]s ~ 3 peuvent precipiter ce qui en
traine [C/A]t ~ 3, tandis que, a partir 1 de C3S, ce sont des C-S-H de rapport [C/S]s < 3 qui precipitent de sorte 
que [C/SJt ne peut all er qu'en augmentant jusqu'a la precipitation de 1 'hydroxyde de calcium. 

SUMMARY : The C3A solubility calculated from thermodynamic data seems to be very high ( 9 ). But, such a calcu
lation does not take in account superficial hydroxylation process by protonization like that discribed with C3S 
and accompanied by a decrease of free enthalpy due to the direct interaction of the solid surface witf, the wa
ter. The dissolution of [Al(OH)4J- and ca2+ ions coming from this hydroxylated surface is considered as uncon
gruent. But, if in a stagnant medium, an excess of Ca2+ ions around the grains may result from an equilibrium 
ionic distrib~tion, in a dynamic state, the experiment did not lead to a [C/A]t (CaO/Al203 ratio in liquid pha
se) becoming higher and higher than 3 by · a selective transfer of ca2+ ions into solution. In pure water or in 
diluted lime wa~er, an excess of C2AHs in the precipitate can explain that [6C/A]t > 3 according to the C,A,H 
diagram even if the congruent dissolution is assumed ; in fact by X ray diffraction on solid samples in contact 
with the solvent (water or lime water) for several minutes, c3AH5 cubic hydrate was detected with only a few 
amount of calcium monocarboaluminate. With water or di'iuted lime water ([Cao]< 9.10-3 mol.kg-1) as solvent 
[6C/A]t) 3 was observed but with more concentrated lime water ([Cao] > 9.10-3 mol .kg-1) [6C/A]t + 2. 

The part of the supersolubility curve of the hydrate rich in lime, corresponding to the high values of [C/A]t 
ratio, could be plotted · from the results obtained by a continuous flow of solvent through a thin layer of C3A 
on a filter. The first part of this cur~e, noted (I) had been previously determined in the range of [C/A]t clo
s~ to 1. A similar curve was plotted on the c3s diagram too. This $hows a real analogy between the two kinds of 
diagram, the difference of behaviour being essentially that, with C3A, hydrates of [C/A]s > 3 ratio m~ precipi
ta~e leading to [C/A]t .$- 3, whereas with C3S, hydrates of [C/S]s < 3 can only precipitate, leading to LC/S]l > 3, 
this ratio increasing by lime accumulation in liquid phase till precipitation of calcium hydroxyde. 

443 



INTRODUCTION 
~adros, Jackson et Skalny (1) t onsfderent la dissolu
tion de C3A dans l'eau comme non congruente : les 
ions ca2+ passant preferentiellement en solution. Ils 
interpretent ainsi leurs resultats experimentaux ob
tenus d'une part, par agitation dans l 'eau pendant 
une minute de c3A dans un rapport solide/liquide 
(l/s) compris entre 25 et 250, d'autre part , par ana
lyse ESCA et Auger de la surface du solide residuel . 
Or , les mesures des concentrations en Cao et Al203 
que nous avons effectuees sur C3A, tant par agitation 
dans l 'eau pendant la meme duree que par flux de sol
vant (eau et eau de chaux de diverses concentrations) 
a travers une couche mince de C3A sur filtre ne sont 
pas en accord avec ces resultats. C'est pourquoi nous 
proposons dans ce memoire de replace r le probleme de 
la dissolution de C3A et de la precipitation des hy
drates dans le cadre du diagramme chaux-alumine-eau 
(C,A,H) complete par les concepts cinetiques que nous 
avons developpes aussi bien dans le cas de CA que 
dans celui de c3s et qui paraissent avoir une portee 
generale : stade cinetique d'hydroxylation superfi
cielle par interaction directe entre le solide et 
l ' eau, accompagne d'un abaissement de l 'enthalpie li
bre et done d'une reduction de solubilite ; di~solu
tion congruente en regime etabli ; conservation de la 
congruence pour la dissolution dans l 'eau de chau x ; 
caractere complexe de la reaction globale de forma
tion des hydrates et existence d'un reseau de reac
tions simultanees ; definition sur les diagrammes 
d'equilibre de courbes de supersolubilite des phases 
hydratees delimitant les domaines a nucleation spon
tanee et les domaines conditionnellement instables 
et dans ceux-ci, de courbes d'instabilite minimale 
marquant la transition entre deux hydrates. Il etait 
done interessant d'etudier le comportement de C3A au 
contact de solutions de plus en plus concentrees en 
chaux et de chercher a faire apparaitre dans les in
terpretations une unite conceptu~lle valable aussi 
bien pour les systemes chau x-silice-eau que pour les 
systemes chaux-alumine-eau . 

ETUDE EXPERIMENTALE 

Celle-ci a consiste d'abord a reprendre le meme type 
d'essais que ceu x effectues par Tadros, Jackson et 
S.kalny cites ci-dessus (ll et dont les auteurs ne 
donnent qu'un resultat : LCa2+]/[Al3+] "' 1,9 pour 
[ca2+J "' 10,5.10-3 mol .kg-1 apres 1 min d'agitation 
dans l 'eau, (25 < l /s < 250) . Ceci donne un rapport 
[C/A]t "' 3,8 au lieu de la valeur 3 correspondant a 
la congruence. Nos essais ont ete effectues avec 
l/s = 12,5 , 25, 50, 100 et 250 . Ils ont ete comple
tes par des essais cte meme nature sur un echantillon 
ayant deja ete agite dans l 'eau avec un rapport l/s = 
25 pendant une minute puis lave a l 'acetone et a l 'e
ther et replace sur un nouveau filtre, ceci afin d'e
liminer la chaux non combinee . Le nouvel essai a ete 
effectue egalement avec l/s = 25. Puis un ensemble 
d'essais en systeme ouvert a ete effectue dans le but 
d'etudier la composition du filtrat preleve a des 
instants successifs et celle du filtrat total . Pour 
cela, a ete utilise un filtre millipore sous pressio~ 
d'a1re a = 13,85 cm2. Le flux de solvant etait assu
re au moyen d'une pompe peristaltique capable d'en
tretenir une pression hydrostatique de 5 bar . Le 
flux etait regle a une valeur maximale de : 0,60 
ml.s-l . cm-2.Nous avons deja donne dans d'autres pu
blications, par exemple (2), la definition de ce que 
nous appelons le temps de contact e entre chaque 
tranche de liquide traversant le lit pulverulent d'e
paisseur h et d'aire a avec un debit q suppose cons-
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tant au cours d'une periode ~t. Le temps de contact 
e = ah/q est celui pendant lequel un plan du liquide 
traverse la couche d'epaisseur h. Le · solvant ne se 
charge pratiquement en ions du solide que pendant ce 
temps de contact qui peut etre regle tres bref en 
agissant sur le flux q/a et sur l 'epaisseur h du so
l i de pour une sec ti on a. Le temps de passage T est le 
temps total pendant lequel le flux de solvant dure . 
L'echantillon solide residuel est susceptible de rea
gir et de se dissoudre pendant tout ce temps. Si, au 
cours de la traversee du lit solide, chaque fraction 
du liquide a le temps d'atteindre une composition 
telle que la nucleation d'un precipite survienne 
spontanement, celui-ci reste sur.filtre, mais il se 
peut que la sursaturation du filtrat soit encore 
suffisante pour que celui-ci soit le .siege d'une nou
velle nucleation exigeant une peripde d'induction 
plus longue. 
Dans chaque prelevement de filtrat, touta evolution 
est bloquee en ajoutant une proportion connue d'aci- " 
de chlorhydrique. Les concentrations e~ chaux et ~n 
alumine sont determinees par spectrometrie atomique 
d!absorption de flamme a mieux que lo-~ mol .kg-1. 

L'interet d'une telle methode vient de ce q.u'un etat 
stati6nnaire ou . quasi ' stationnaire es{ realise, en 
ce sens que l 'attaque du solide ~st const?mment re
nouvelee au cours du temps p~r du solvant qe meme 
caviposition . 
Une variante de la methode a ete egalement mise en 
oeuvre en envoyant sur l 'echantillon un flux de sol
vant finement pulverise et regle de telle fa~on qu' 
aucune accumulation de gouttelettes ne puisse avoir 
lieu. Les conditions de faible l/s qui regnent dans 
une pate sont ainsi realisees approximativement . 

L'analyse des filtrats est completee par eel le des 
solides residuels sur filtre par diffraction X afin 
de tenter d'identifier les phases hydratees qui sont 
apparues. En outre des essais d'analyse quantitative 
de Ca et Al par microsonde a dispersion d'~nergie 
dans le cas oQ les depots d'hydrates sur les grains 
sont d'epaisseur suffisante pour masquer le substrat 
sont actuellement en cours. Les aspects caracteris
tiques d~s differents hydrates sont egalement re
cherches par microscopie electronique a balayage 
(SEM) . 

RESULTATS 

~3~-~gi!~_l_~i0_9~0~-l~~~~ : Les resultats des dosa
ges en Cao et Al203 sont rassembles dans le tableau I 

TABLEAU I 

masse C3A\ l/s CaO 1 Al 203 I 
g I 10-3 mol. kg- _l __ I 

1~-~~1--. -1 ----- 1--~-- 1 

1 
1

12 ,5 9 ,87 2 ,32 
1 

__ 4_,2_5 __ 
1 

===·=· ==: 25 9,57 2,75 1 __ 3,_4_8 _I 

, __ " __ l_5_o_ 9,10 3,25 l __ 2,_8_0_
1 

, __ " _1_10_0_ 6,97 2,57 · 1 __ 2,_1_1 _I 

1--" _1250 6,40 2,20 r __ 2,_9_1 _I 

I b2i5s 7. 72 2 ,67 I 

[C/A]l 

2,89 



pour des essais effectues a 20 °C sue 1 g de C3A et ~ 
differentes ·valeurs du rapport ponderal l / s. L'essa1 
sur l 'echantillon ayant subi un premier lavage a 
l 'eau a l/s = 25 e~t note 25 bis dans la colonne 
R./ s . 

Es~~i_9~~~Q!~!iQQ_~Q-~Y~!~~~-Q~~~r! : 
a) Flux de solvant a travers 1 ~ 5 g de C3A SW" filtre: 
L' aire du filtre etait a= 13,85 cm2 et l 'epaisseur 
initiale du .lit de poudre h = 0,11 cm . Le flu x dimi
nue au cours du temps par suite d'un colmatage pro
gressif du filtre par les produits d'hydratation, ce 
qui conduit a une augmentation du temps de contact 8 
du solvant avec le solide. Le volume de filtrat cor
respondant a chaque prelevement etait de 30 ml dont 
2 utilises pour le dosage de Ca et 25 pour celui de 
Al. A titre indicatif, avec le debit ma ximum, 
q = 8,31 ml .s-1, la duree d'un prelevement etait de 
3,6 s. 
oeux series d ' essais notes l _et 2 ont ete effectues 
avec l 'eau distil lee decarbonatee comme solvant ; 
leurs resultats sont rassembles dans le tableau 1I 
(essais a). D'autres essais ont ete faits en utili
sant successivement comme solvant de l 'eau de chau x 
au x concentrations suivantes exprimees en 10-3 
mol . kg-1 : 1) 3,10 , 2) 6,06 , 3) 8,31 , 4) 9,37 , 
5) 10,87 , 6) 14,00. Les resultats sont consignes 
dans le tableau III. 

I TABLEAU I I 

(C/A]t l n° I 
J Cao r Al 203 _ . temps ml 8 

10 -3 mo l . kg - l serie I . s.cm2 

i~~~~~e~s_s_a_is~a~(f_l_u_x_d_e~s-ol_v_a~n-t)~~~~~-1 
essai s mm s 

1 -~-1 ::: 1-0_,_58_1_0,_191 ~:~~ --::-~-~- II~:~~ I 

IT1~1D.48lo.23 I ~.93 --~:-~-~-1~:6~ I 

1-1-1~. 1 0,4810.23. I 1,35 0,50 2,70 

I 

2 I 0,24

1

0,46 4,72 1,51 

1
~~ 

I 

~ I :1 II ~:i~ l~:i6I ~:~~ ~:~~ 2,28 

1 I 14 I 0,29 0,38I 0,53 0,25 1~:~: I 

1-2- _11_ ~1~57 1,97 0,66 12,98 

I .1 31 I 0,18 0,611 0,32. --0,-1-5 -~1 
I· 2 35 0,04 12,75 1,26 0,46 12,74 

1

-1- -36-----, 0,32 -0-,-15-1~1 
2 45 o,04 2,75 1,03 o,37 2,78 I 

I essais b (solvant pulverise) 

l-1-.----~ll-o,-o-20-,-/2-,o-0~1 -5-,1-5~c---1-,6-8~/3-,-01-
1 

I 2 I o, 009 14, 44 l._6_,_3 5---'--2_, 1_6__L/ _2 _' 9_4 _,I 

Dans le cas des 2 essais effectues avec l 'eau pure, 
le volume total de filtrat recueilli a ete respecti-

I 

I 

TABLEAU .III 

no te~ps I J I 
8 cao I Al203 1~1[1lC/A]t essai 

mm 1-1 
s 10-3 mol.kg-1 

1 9,38 2,11 16,281 2 ,98 
2 

I 
10,38 1,49 4,32 2·,90 

3 1/4 11,25 1,11 2,94 2,65 
4 0,36 1 0,31 11,44 0,91 12,07 2,27 
5 I 12,12 0,81 ll,25 1,54 
6 I 14,87 0,50 I0,87 1,74 

1 9,31 I 2,10 6,21 2 ,96 
2 10 ,44 1,52 4,38 2,88 

I 3 1 11,50 1,07 3,19 2,98 
4 11 , 50 0,93 2 ,13 2,29 i 

5 12,30 0,79 1, 45 1,84 
6 15 0,63 1,0 1, 60 

1 9,06 1,95 5, 96 3,06 
2 10,56 1,46 4,50 3,08 I 
3 2 11,43 1,06 2,92 2, 75 
4 11,44 0,91 2,07 2, 27 
5 12,12 0,78 1,25 1,60 
6 14,62 0,40 0,62 1,55 

1 8,56 1,82 5,46 3,00 
2 10 ,38 1,44 4,32 3,00 
3 3 11 , 31 1,05 3,00 2, 86 
4 0,21 0,52 11,50 0, 84 2,13 2,53 
5 12,12 0,77 1, 25 1,62 
6 0,090 1,22 14,81 0,49 0,81 1,65 

1 I 7, 12 1,37 4,02 2,93 
2 I 10, 10 1, 20 4,04 3,36 
3 6 I 11, 12 0,93 2,81 3,02 
4 11, 19 0,75 1,82 2,42 
5 12,12 I 0,74 1,25 1,62 I 6 0,045 2,40 14,70 i 0,45 0,70 1,56 

I 
1 5,81 I 0,91 2 ,71 2,98 

I 2 9,22 I 1,02 3,16 3,09 
I I I 3 10 I 

11,0 I 0,84 2, 69 3,20 
I 4 I 0,10 1, 10 10 , 69 I 0,60 1,32 2, 20 
I 5 

\0,0241 
12,12 

I 

0,65 ,1,25 1,92 

I 6 4,58 14 , 70 0,43 0,70 1,63 

vement de 7 l et 5,5 l ; les concentrations en Cao 
et A 1203 de ces fi ltra ts ont He : essa i 1 : [Cao] = 
1,25.10-3 mol.kg- ; [Al20iJ = 0,48.10-3 mol.kg-1 ; 
CC/A]!= 2,60. Essai 2 : [Cao] = 2

1
12 . 10-3 mol .kg-+; 

LAl203]= 0, 94 . 10-3 mol.kg-1; [C/A l = 2,89 . Les 
masses de solide residuel sur filtre ont ete respec
tivement de 0,6654 g et 0,1164 g et les pourcentages 
d'eau liee par rapport au produit hydrate : 22,4 et 
27,5 %. 

b) Salvant pulver ise : Les essais ont seulement ete 
effectues avec l 'eau distil lee decarbonatee en utili
sant le pulverisateur de l 'appareil de soectro~etrie 
atomique d'absorption de flamme et un diaphragme dis
pose de telle fa~on qu'aucune gouttelette ne puisse 
se deposer sur les parois de l 'entonnoir a filtra
tion. L'aspiration de la trompe a eau etait mise en 
route avant le debut de la pulverisation . Les essais 
ont eu lieu sur des lits de C3A pulverulent a raison 
de 0,5 g uniformement reparti sur l 'aire de 12,56cm2 
du filtre millipore . Les resultats sont donnes dans 
la partie b du tableau II. Chacun des .deux essais a 
ete effectue sur un lit de C3A frais, avec d~s temps 
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de passage T respectivement de 2 min et 2 min 15 s~ 

~~~!~?~-~-9~-C~?!9~_?2!!9~-?~~-fi!!c~ : .L'analyse.par 
diffraction X des residus solides sur filtre a fait 
apparaitre essentiellement l 'hyd~ate cubique ~3AH6 
accompagne d'un peu de carboaluminate de calcium en 
raison de la djfficulte d'eliminer completement C02. 
Il est frappant de constater, aussi bien avec l 'eau 
de chaux de diverses concentrations qu'avec l 'eau 
distillee comme solvant que les raies de diffraction 
de C2AH3 et de ~4~H 13 sont ~bsentes.du spe~tre d~s 
echantillons utilises dans 1es essais de filtration 
continue. Les analyses X ant eu lieu seulement a la 
fin de ces essais qui ant dure respectivement 36 a 
65 min avec l 'eau comme solvant, ma is seulement 10 
min avec l 'eau de chaux a di verses concentrations. Ce 
resultat est a rapprocher de celui rappele par Spie
rings dans sa these (2) d'apres Breval (3) et Ciach 
et Swenson (4). Nous esperons etre en mesure de don
ner oralement des indications complementaires ~ par
tir des etudes actuellement en cours au moyen de la 
sonde a dispersion d'energie. 

~2~rg~-9~-?~P~r~2!~g!!i!~_9~?_bY9r~!~? : ,La me~hode 
d'etude par filtration continue permet d obtenir un 
filtrat debarrasse des germes dont la nucleation a 
ete pratiquement instantanee. La composition de ce 
filtrat est done celle d'une solution sursaturee 
dans laquelle un faible accroissement d~s concen!r~
tions en chau x et en alumine provoquerait une preci
pitation immediate. On peut done admettre, a~ec une 
legere erreur par defaut, que la courbe tracee sur le 
diagramme C,A,H en joignant les points repr~sentant 
les concentrations maximales dans de tels filtrats en 
fonction de la concentration en chau x du solvant est 
proche de la courbe de supersolubilite des hydrates 
dans le domaine considere (Fig. 1). Cette courbe 
constitue le prolongement de celle que nous avons 
tracee (2, 6) dans le domaine des concentrations. 
plus faibles en ions calcium et plus elevees en.ions 
aluminates, par adjonction de chau x a des solutions 
d'aluminate monocalcique. 

DISCUSSION 
En ce qui concerne les resultats des essais d'agita
tion de C3A dans l 'eau pendant 1 min, on n'obtient 
pas contrairement aux conclusions de Tadros, Jack
son' et Skalny (1) une valeur de 3,8 pour [C/A]i a 
toute valeur de i/ s comprise entre 25 et 250. A 
i/s = 50, 100, 250, on peut constater que [C / A]i ~ 3 
avec de petites variations de part et d'a~tre de.cet
te valeur que l 'on peut attribuer en partie aux in
certitudes experimentales. C'est seulement pour les 
valeurs de i/s les plus petites (12,5 , 25) que 
[C/A]i est nettement superieur a 3 : respectivement 
4,25 et 3,48 a i/s = ia,s et ~5 . Mais le fait que 
[C/A]i· apraraisse d'autant plus gr~nd ciue i ( s est_ 

·plus petit conduit a se demander si ~e la ~naux re
siduelle non combinee, lors de la preparation de C3A, 
ne pourrait etre responsable de cet excedent. C'est 
pour repondre a cette question qu'un e~sai c~mple- _ 
mentaire a ete fait en operant sur un echantillon se
che a l 'acetone puis a l 'ether apres un premier con
tact de 1 min avec l 'eau a i/s = 25. 
Le resultat est significatif, puisque, dans ces con
ditions (Tableau II,b), [C/A]i· est nettement infe- . 
rieur a 3. On doit done craindre que, dans les essais 

. d'agitation dans l 'eau pendant un court instant, les 
resultats ne soient fausses par le passage en solu
t~on de chaux non combinee; meme si elle se trouve 
en tres faible proportion. 
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Fig. 1 - Courbes de solubilite : (o) gel d'alumine , 
(1) CAH10• (2) C2AH3, (3) C3AH6, (4) C4AH!3 : L~ p~r~ 
tie superieure de la courbe (I) est comp~etee ~ l ai
de des points experime~taux obtenus en filtr~tion con
tinue : •. La courbe mt

00 
definie par analogie avec 

mt2, cou rbe d'instabilite minimale . e~tre C2A~3 et AH3 , 
appara1t comme une courbe de transition possible en
tre c4AH13 et C2AH3. A droite de cette courbe, C4AH13 
n'a oas tendance a se transformer en C2AH3 . C3Ash : 
courbe de solubilite hypothetique. 

Les essais en systeme ouvert par filtration contin~e 
ne presentent pas cet inconvenient; car l~ chau x li
bre residuelle est eliminee dans les premieres secon
des par le flu x de solvant. 
Les conclusions suivantes se degagent de ces essais : 
1) Les dosages successifs, echelo~nes_dans ~e temps , 
du filtrat qui est passe sur le meme echantillon don
nent une valeur du rapport [6C/A]t assez constante et 
reproductible dans le temps bien que les vale~rs ab
solues des concentrations en chaux et en alumine et 
done de l 'ecart 6C diminuent regulierement en meme 
temps que le flux, en raison . du colmatage occasionne 
par la formation des hydrates. 
2) Le rapport [6C/A]i qui est voisi~ de 3 ave7 de pe
tites fluctuations en plus ou en mains dans l eau pu
re comme solvant, a tendance a decroftre lorsque la 
concentration en CaO augmente et particulierement 
lorsque celle-ci est superieure a 9. 10-3 mol.kg-1. 
Pour une concentration de 10,87.l0-3 mol .kg-1 
[6C/ A] .e ~ 2 et ce rapport devi ent meme i nferi eur a 2 
( ~ 1,6) lorsque la concentration en . CaO.dans le sol
vant est de l 'ordre de 14 . 10-3 mol.kg-1. 
Ces resultats montrent clairement, qu 1 en regime dyna
mique, une dissolution selective du calcium de C3A 
n'a pas lieu. Les resultats experimentaux sont a~ 
contraire en bon accord avec l 'hypothese d'une disso-



lution congruente de C3A, non seulement dans 1 'eau, 
mais egalement dans les solutions de chaux. 

Cela n'exclut pas que, dans un milieu stagnant un 
equilibre puisse s'etablir entre la phase liquide et 
la surface hydroxylee de C3A, de telle sorte q~·un 
certain .ecart a l? stoechiometrie, par exernple par 
lacunes d'ions ca2+, s'instaure dans la couche super
ficielle ; mais il parait exclu que tet ecart aug
mente indefiniment. Du point de vue cinetique, une 
autoregulation doit s'etablir conduisant au trans
fert interfacial en solution des ions calcium et.alu
minate dans des proportions quasi stoechiometriques . 
Dans nos experiences, le rapport 3 est a peu pres 
conserve tant que la concentration en Cao du solvant 
est inferieure a .9.lQ-3 mol.kg-1, bien qu'un preci
pite d'hydrate se forme. Mais comme celui-ci est 
constitue par C3AH6, le rapport [C/ AJe. apres preci
pitation n'a pas change . La precipitation d ' une pe
tite fraction de monocarboaluminate 
3CaO,Al203,CaCO~,H20 peut con_tribuer a faire ten·dre 
le rapport [C/AJt vers une valeur inferieure a 3. Si 
la formation de C3AH6 passe par 1 'intermediaire de 
c2AH3 et de C4AH13, il faut supposer que les propor
tions de ces deu x aluminates sont celles de la reac
tion stoechiometrique 

c2AH8 + c4AH 13 ~ 2c3AH6 + 12H20 

Il convient egalement de remarquer, en se rapportant 
au diagramme C,A ,H (Fig. 1) que la courbe (I) se si
tue en partie dans le domaine sous-sature par rapport 
a C4AH13. 
Reprenons la construction graphique que nous avons 
proposee et utilisee par ailleurs (2, 7), pour re
presenter sur le diagramme C,A,H les variations de 
composition de 1~ phase liquide accompaijnant les pro
cessus de dissolution et precipitation : l 'hypothese 
de la dissolution congruente de C3Ash (superficielle
ment hydroxyle) se traduit, lorsque le solvant est 
l'eau, par la circulation du point M (Fig. 1) sur la 
droite [C/A] = 3 passant par l 'origine. La precipita
tion d'aluminates hydrates tels que C2AH3, C4AH13, 
C3AH6 entraine des changements de composition repre
se~tes respectivement par des vecteurs tels que MN 2, 
parallele a la droite C/A = 2, MN4, parallele a la 
droite C/A = 4, MN3, colineaire de la droite C/ A = 3. 
La combinaison de la dissolution congruente de C3Ash 
et de la . precipitation de 1 'un ou l 'autre de c2s hy
drates a comme consequence que le rapport [C/A]t res
te egal a 3 si le precipite est forme de C3AH6 seul 
OU d'un melange equimoleculaire de C2AH3 et de C4AHu 
qu'il devient >" 3 si ce melange est plus riche en 
C2AH3 qu'en C4AH13 et < 3 dans le cas contraire. Les 
conclusions restent les memes lorsque le solvant est 
de l 'eau de chaux, a condition de remplacer le rap
port [C/A]t par le rapport [!iC/AJt ou liC est l 'ac
croissement de concentration en Cao ; le QOint M cir
cule alors sur une paralle_le a la droite [C/A] = 3 
passant par 1 'abscisse correspondant a·la concentra
tion initiale de l 'eau de chaux. 
Avec l'~au comme solvant, aux resultats experimen
taux obtenus aussi bien par agitation de c3A a dif
ferentes valeurs de l/s que par filtration continue 
correspondent des points N situes au voisinage ou 
au-dessous de la courbe (I) avec des valeurs de 
[C/AJt tres voisines de 3 par exces ou par defaut. 
Ces valeurs peuvent etre justifiees soit par la pre
cipitation directe de C3AH6 ce qui est thermodynami
quement possible, soit par celle du melange quasi 
equimoleculaire C2AH3 et C4AH13. Cela suppose alors 

que le point M penetre largement dans le domaine me
tastable sursature par rapport a C4AH13, a droite du 
prolongement en pointilles de la courbe de solubili
te (4) de cet hydrate . Mais, dans ce domaine, des 
considerations experimentales et theoriques nous ont 
conduit a prevoir 1 'existence d'une courbe de transi
tion mt

00 
entre C4AH13 solide et C2AH3 corresporidant 

a l 'equation chimique : 
2+ -

C4AH 13 ~ c2AH8 + 2Caaq + 4 OHaq+ 2H20 

Sur cette courbe, les valeurs du degre de sursatura
tion de la solution par rapport a chacun de ces hydra~ 
tes sont egales et en constituent un minimum commun 
(8). 

Si une telle transition a lieu effectivement, cela 
signifie que le point M doit aller au-dela de cette 
courbe pour que se produise la precipitation effecti
ve de C4AH13, ce qui suppose que la solubilite de 
C3Ash soit ~uffisante.(Courbe hypothetique sur le 
diagramme). 
Il existe done des raisons theoriques pour que C2AH3 
precipite ~referentiellement ce qui permettrait d'ex- . 
pl i quer que [C / A] l > 3 sans recouri r a l 'hypo these 
d'une dissolution non congruente de C3Ash· 
Avec l 'eau de chaux comme solvant, la meme situation 
se presente, mais va en s'attenuant a mesure que la 
concentration de cette eau de chau x s 'approche~ par 
valeurs croissantes de la valeur [CJ = 11.10-j 
mol.kg-1, donnee par l 'intersection de l 'axe des 
abscisses avec la parallele a la droite [C I A] = 3 
passant par le point d'intersection des courbes d'e
quilibre de solubilite de C2AH3 et C4AH13 - En effet, 
au-dela de cette valeur , le point M penetre en pre
mier lieu dans le domaine sursature par rapport a 
C4AH13 avant de traverser le prolongement dan s le do
maine metastable de la courbe de solubilite de C2AH3 . 
En outre, le point M est immediatement au-dela de la 
courbe de transition mt00 , de sorte qu'une precipita
tion preferentielle de C4AH13 peut etre prevue. Mais, 
naturellement, la solution est egalement sursaturee 
par rapport a C3AH6 qui peut precipiter. !l est done 
logique de s'attendre, en utilisant l 'eau de chau x 
comme solvant, a ce g_ue : [tiC/A],t > 3 lorsque sa con
centration initiale LCJ 0 < 11.10-3 mol.kg-1 et ace 
que : [tiC/AJ t < 3 lorsque [c]o > 11.10.:3 mol.kg-1 . 
C'est bien une telle conclusion qui parait devoir 
etre degagee des resultats experimentaux en filtra
tion continue. 
En ce qui concerne la solubilite dans 1 'eau de c3A 
selon l'equation: 

(1) C3Al 2o6 + 6H 20l ~ 3Ca~~ + 2[Al(OH) 4J~q + 4 OH~q 
elle a ete exprimee par H.N . Stein (9) a partir de 
donnees thermodyriamiques permettant de remonter aux , 
valeurs des 6G~98 de formation des partenaires de 
cette reaction. [e oroduit de solubilite est 3.108 ou 

4. 1010 suivant la valeur choisie pour liS~ A" En pre-
. 3 

nant la plus petite de ces deux valeurs, on peut se 
rendre compte de 1 'ordre de grandeur atteint par xy± 
ou x represente la concentration molaire massique en 

Ca~~ et y± le ~oefficient d'activi~e ionique moyen. 
Si l 'on appelle y et~ les concentrations molaires 

massiques des ions [Al(OH) 4]- et OH-, la relation aq aq 
d'electroneutralite impose: 
J'.._ + .1_ =·1 que 1 'on peut ecrire x + Y = 1. 2x 2x · 
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La loi d'action de masse s ' ecrit alors : 
64(xy± )9X4(1 - X) 2 = 4.lOlO 

Dins l 'hypothese d'une dissolution congruente 

[C/A],e_ = 
1/2(1-X) 

3, soit. x/y = 1,5 , ou encore: 
= 1,5. On en tire X = 0,67, d'ou : 

8 1/9 , 
r. 2 ,51. ~o 2 l = 8,295 mol. kg--
l64. (0,67) . (0,33) .. 

Il faudrait y± > 1, de l 'ordre de 2,75 pour obtenir 
x ~ 3 mol .kg-1, ce qui correspondrait a une sol ubili-

- -1 te sC
3
A ~ 1 mol .kg 

En fait, l e mecanisme d'hydroxylation superficielle 
que nous avons propose doit contribuer a reduire n6-
tablement cette valeur, mais les donnees necessaires 
pour le calcul font dHaut. On peut neanmoins en po
ser le principe : 
L'equation quasi chimique de l 'hydroxylation superfi
cielle peut s'ecrire en elements de structure : 

(2) 3Ca + 2Al03 + 6H 20l ~ 3Ca + 2[Al (OH)4]. ·+4(0H-)' 
Ca .1\103 · Ca Alo3 a 

et la reaction de transfert interfacial en sol~tion : 

(3) 3Ca + 2[Al(OH)4] .. + 4(0H~)' ~ 3Ca~~ + 4 OH~q 
Ca Al o3 

... +2[Al (OH) 4J~q 
La somme de ces deu x reactions donne evidemment l 'e
quation globale (1). r1ais ce qui est en equilibre a 
la saturation, c'est l~ react!on (3), d ' ou 6G3 ~ 0. 
Comme 6G1= 6G2 + 6G3, il en resulte que 6G2 = 6u1. 
L'abaissement d'enthalpie libre correspondant a la 
formation de l 'etat superficiellement hydroxyle 
(equation 2) est egal a celui de ] 'equation globale 
(1), mais avec une valeur de xy± < a l a valeur d'e
quilibre et qui rendrait positive l 'affinite chimique 
de cette reaction. 

Rappelons a titre indicatif que dans le cas de CA, 
les concentrations d'equilibre avec l 'etat superfi
ciellement hydro xyle sont mesurables en raison de la 
duree de vie importante de la solution metastable . Un 
cal cul semblable a donne comme valeur de l 'abaisse
ment d'enthalpie libre accompagnant la reaction d'hy
droxylation superficielle (10) : 
6G' = - 14,71 KJ .mo1-l 
et 6G" = - 12,83 KJ .mo1-l comme valeur de la chute 
d'enthalpie libre correspondant a la precipitation de 
CAH10 a partir de cette solution. 
La valeur de xy± calculee pour la solubilite theori
que de CA anhydre est 0,078 mol.kg-1. Elle tombe a 
O,Oll~y~ = 0,57) pour eel le de CAsh• soit a x~ 

'),020 mol.kg-1 . 

CONCLUSION : 

Les . observations et les arguments theoriques ci-des
sus developpes sont en faveur d'une dissolution con
gruerte, mais de celle de C3A h (superficiell~ment 
hydroxyle), aussi bien dans l~eau de chaux a diverses 
concentrations que dans 1 'eau distil lee. En regime dy
namique l'accumulation d'ions ca2+ en solution comme 
cela se produit avec C3S, semble exclue. Bien au con
traire, le rapport [6C/A].e_ voisin de 3 par dissolu
~ion de C3Ash dans l 'eau distil lee ou l 'eau de chaux 
diluee, tend a diminuer lorsque la concentration de 
l 'eau de chaux utilisee comme solvant augmente . La 
raison de cette difference de comportement entre C3A 
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et C3S doit etre recherchee, non dans une dissolu
tion incongruente , mais dans le fait qu'il existe 
des aluminates hydrates susceptibles de precipiter 
dans lesquels [C/A]s ~ 3, tandis que cela n'est pas 
le cas pour les C-S-H dont le rapport [C/S]s est tou
jours < 3. 

Ce travail a ete fait en cooperation avec la Societe 
LAFARGE a laquelle nous exprimons nos remerciements. 
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The colloid chemistry of calcium aluminate hydrates 
La chimie colloidale des aluminates de calcium hydrates 
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Eindhoven University of Technology, Eindhoven, THE NETHERLANDS. 

f 

SUMMARY 
A review is given on colloid chemical data fer calcium aluminate hydrates, both with 
regard to the state of the surface of the hydrate crystals in aqueous solutions, and 
with regard to the interaction b~tween hydrate crystals dispersed in aqueous electrolyte 
solutions. On the basis of these data, some cement chemical problems are discussed. 

RESUME 
On donne une revue sur les donnees de chimie colloidale pour les aluminates de calcium 
hydrates, tant par rapport a l'etat de la surface des cristaux des hydrates dans les 
s oJ.·.u t ions aqueus es, que par rapport a 1 'interaction en t re le s c r is taux des hydrates 
disperses dan~ les solutions aqueuses des electrolytes. ~En se basant sur ces donnees, 
on discute quelques probl~es de la chimie des cimentsi ~= 
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1. INTRODUCTION 

Colloid chemistry is a discipline dealing 
with the properties of systems in which in
terfaces between phases play an important 
role. In cement chemistry, the following 
problems are related to colloid chemistry 
and can be studied with profit by the expe
rimental methods available in this science: 

a. The mechanical and rheological properties 
of pastes consisting of solid particles 
embedded in a liquid are influenced by 
attraction and repulsion between the 
particles. Colloid chemistry, since the 
introduction of the well-known Deriaguin
Landau-Verweij-Overbeek theory 1) 2) ., 
enables us to determine quantitatieve pa
rameters for these effects. 

b. The reactivity of hydrating cement com
pounds is connecte·d with the physical and 
chemical character of their surfaces. 
Colloid chemical data are specifically 
connected with the situation at the sur
face, and can thus give evidence about 
problems such as the retardation of c 3A 
hydration by hydrate formation, the 
character of the C3S surf ace during the 
dormant state of C3S hydration, etc, 

In spite of these obvious connections, 
cement chemists have only occasionally paid 
attention to colloid chemistry, and colloid 
chemists have only occasionally paid atten
tion to cement chemistry, The reasons for 
this latter statement may be understood: 
the solids encountered in cement chemistry, 
being isolators, do not allow easy applica
tion of some experimental methods employed 
in colloid science. Thus, AgJ, a solid stu
died extensively by colloid chemists, is so · 
good a conductor that a AgJ electrode can 
be made relativel y easily; by m~ans p f this 
electrode, changes in overall potenti'ci.'l dif
ference over the solid/electrolyte solution 
interface can be registered, However, with 
isolating solids such as are encountered in 
cement chemistry, this is very difficult. 
Furthermore, the electrolyte concentrations 
in the aqueous phases present in hydrating 
cement pastes are rather large as compared 
with those usually dealt with in colloid 
chemistry. 

Nevertheless, the present author hopes 
to show that some colloid chemical methods 
can be used with advantage in cement che
mistry. 
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2. THE NATURE OF THE SURFACE OF CALCIUM 
ALUMINATE HYDRATES, DISPERSED IN AQUEOUS 
SOLUTIONS 

One colloid chemical parameter, which is 
readily measured even with isolators as dis
persed phases, is the so-called s -potential, 
i.e. the difference in electrical potential 
between two points in the aqueous phase: one 
situated in the . "bulk" aqueous phase far a
way from the solid; the other situated at 
the "slipping plane", the locus where the 
liquid loses its movability with regard to 
the solid, The first layer of liquid is at
tached rigidly to the solid ("no slip" con
dition, universally accepted in hydrodynamics 
3)), and only at the slipping plane the 
liquid can be moved towards the solid, 

The s potential can be calculated from 
elektrokinetic data 4) (from the relative 
motion of solid

0

and liquid under influence 
of an electric field as e.g., in electropho
resis, electroosmosis, streaming potenti a l, 
etc.), From 1t, the net surface charge be
hind the slipping plane can be calculated; 
for a solid suspended in a solution of a 
symmetrical electrolyte (NaCl, MgS04, etc,) 
by the formul a 5): 

[
ze s l [ zesl a = 12 E E nkT [exp. ~- - exp, -~·- ] 

r o 2kT 2kT 

where 
Er the dielectric constant of the liquid 

phase 
E0 the permittivity of yacuum (=. 

8.85 * 10-12 c.v-1m- ), 
n the concentration of the electrolyte 

(ions per m3), 
k the Boltzmann constant (1.38 * 10-23 

J. K-1)' 
T the absolute temperatur~, 

the valency of the ions in the electro
lyte solution, 

e the charge of a proton, 

It should be realized that the surface 
charge thus calculated is in general not 
equal to the surface charge on the solid it
self, since ions present in the liquid layer 
between the phase boundary and the slipping 
plane will be counted as belonging to the 
"solid" when the surface charge is calcu
lated from elektrokinetic data, 

Thus, if the charge on a solid is nega
tive in say,_ 0.01 NaOH solution, addition 
of ca2+ ions will decrease the s potential 
(in absolute sense); the latter may even 
become positive ("charge reversal"). How
ever, careful planning of experiments is 

·necessary in order to ascertain whether the 
ca2+ ions are taken up by the solid itself 
or are only strongly adsorbed ("chemisorbed 
") on it, It has been reported 6) .that C3A 
hydrating in excess water has a positive 
surface charge Cs%+ 34 mV), which can be 



red~ced to s = 0 but not reversed to a nega
tive ~ur~ace_charge! by_ad~i~g so42- io~s. 
The: finding itself 1s s1gn1f1cant, but 1t 
cannot with any claim on ·certainty be under
stood in the absence of additional data on 
the hydrates present on the c 3A surface, 

Fig, 1 shows the s potential of the hy
drates formed during C3A hydration in NaOH 
solutions of various concentrations (w/s = 
100) 7) 8). The data refer to two reaction 
stages, the first one corresponding to the 
metastable point of coexistence of CazAlz 
(OH)10·3HzO( =C zAH3) and CazAl(OH)7.6HzO . 
(= C4AH19) with solution 9J. The second 
stage occurs when the reaction comes finally 
practically to a standstill 10) 11). 

During stage I, the hexagonal hydrates 
CazAlz(OH)10·3HzO and CazAl(OH)7.6HzO, and 
the cubical Ca3Alz(OH)12 (= C3AH6) are pre
sent. The s potential is positive at all 
NaOH concentrations investigated, In spite of 
significant differences between these solids 
as regards their crystal structure, no diffe
rence was noted between them in electrophore
sis (the individual particles observed in 
elect rophoresis can be identified by their 
habitus as being hexagonal or cubical). 

During stage II, the cubical hydrate pre
dominates. The s potential is still positive, 
though somewhat less than at stage I. Fig. 2 
shows the s pote·ntial as a function of reac
tion time, in 0,01 ~ NaOH solution, The "dip" 
of the s potential after 5 - 10 hours corres
ponds to conditions shortly after the conver
sion of the hexagonal hydrates into Ca 3Al 2 (OH) 12 . ~t is found at other NaOH concentra
tions as well (cf. fig. 1), 

Although the s potential decreases with 
increasing NaOH concentration, the net surfa
ce charge behind the slipping plane increases 
(see fig, 3) for both reaction stages, 

The large positive s potentials and the 
increasing a with increasing NaOH concentra
tion indicat~ that there exists on the hydra~ 
te particles a surface layer, in which the 
charge of ·the Ca2+ ions is not fully balanced 
by that of the anions (aluminate and OH-ions). 
S~ch a layer can be envisaged to originate 
e~ther by withdrawal of aluminate ions from, 
and only partial replacement of them in the 
hydrates, by OH-; or by chemisorption of ca2+ 
and Ca(OH)+ ions from the solution (chemi-. 
~orptio~ of Na+ ions to the extent required 
is unknown on oxidic surfaces), It is true 
that the crystal structure of the hexagonal 
hydrates would give rise to a positive sur
face charge if layers with overall composition 
CazAl(OH)6+ 12) form the outermost part of 
the crystal, However, the increasing positive 
net surface charge with increasing NaOH con
centration cannot be explained by this model, 
Moreover, a net positive surface charge is 
observe~ ?n Ca3Al2(0H)12 as well, at least in 
non-equ1l1brium solutions such as are obtain-

ed during c 3A hydration lO) 11 ) 
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~ 
The net charge behin~ the slipping plane 
versus the NaOH concentration for reaction 
stages I and II (as in fig. 1) 8) 

In equilibrium solutions, however, 
Ca3Al2(0H)12 has a negative surface charge 
(fig. 4) which increases in absolute ~ense 
(= becomes more negative) with increasing 
NaOH concentration. The transition of posi
tive into negative surface charge, with gra
dual establishment of equilibrium, can be 
followed by registering the s potential as 
a function of time after introduction of 
Ca3Al2(0H)12 into a 0.01 M NaOH solution pre
viously saturat~d towards that compound, 
(fig. 5) , If the Ca3Al 2 (OH) 12 had been 
prepared in an autoclave, the transition 
of the ~ potential into negative values is 
rel a tivel y rapid (curve A). If the Ca3Al2 
(OH ) 12 had been obtained by room temperature 
hydration of C3A, the transition is slower 
(curve B). If Ca3Al 2 (0H)12 obtained in an 
autoclave is placed in a metastable solution 
obtained during C3A hydration in 0.01 M NaOH 
after 6 hours, which is supersaturated to
wards Ca3Al2(0H)1 2 and yAl(OH)3, a very slow 
tr ansition is found (curve C). The result 
can be interpreted as indicating that the 
surface layer becomes disordered similar to 
that of Ca3Al2(0H)12 formed during the re
action. The recrystallization is very slow, 
but at a certain ~oint it is so far advanced 
that precipitation from the solution can oc
cur; indeed concentration changes have be en 
observed in the solution at that stage. 
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it. 8) 
• charge calculated without taking account 

of changes in ionic activity coefficients 
near the solid 

+charge calculated with taking into account 
these changes, 
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3. INTERACTION BETWEEN CALCIUM ALUMINATE 
HYDRATES 

Colloid chemistry enables us to draw con
clusions on the mutual attraction or repulsion . 
between solid particles embedded in a liquid, 
The experimental data concerned consist of 
measurements of the coagulation rate 13) 14) 
as a function of electrolyte concentration. 

A transition is seen between two regimes: 

a) "slow coagulation" at low concentration, 
dependent on the electrostatic iepulsion 
between two solids with surface charge of 
equal sign, and consequently characterized 
by a dependency on electrolyte concentra
tion. 

b) "fast coagulation" at large electrolyte 
concentration, where electrostatic repul
sion is absent 1) 2) and where the coagu
lation rate is independent on the electro
lyte content of the solution. 

Fig. 6 shows, as an example, some typical 
data for AgJ in H20 + ethylene glyc~l mixtu
res, with KN03 as an electrolyte 16 , The 
coagulation is followed by measuring the light 
extinction (E) as a function of time (t); a 
large value of dt/dE corresponds to a very 
slow coagulation rate, hence to a stable dis
persion. The transition between "slow" and 
"fast" coagulation is situated at the criti
cal coagulation concentration, at the inter
section between the two straight lines drawn 
through the experimental data at low and high 
concentrations, respectively, Thus, for a 
mixture with XEG, the mole fraction of 



-

ethylene glycol, = .403, the t:ansition is 
found at log cRbN0 3 = 1.85, which means 
[RbN03] = 0,071 M . 
(cRbN0

3 
is the concentration expressed in 

mmol.1~ 1 ). 
For Ca3Alz(OH)12 in water, different cur

ves are found (fig. 7) 1 7) . Here, the concen
tration is expressed by the parameter 

K = ( el:Nizi2 l 

E E kT r o 

well-known from the Debije-Hilckel theory of 
electrolyte solutions. For NaN03 at relative
ly large concentrations (K > 109 m-1, i.e. 
[NaNO] > 0.1 M) ,the expected decrease in dis
persi~n stability with increasing electrolyte 
concentration is found; transition from "slow" 
to "fast" coagulation is situated at 
K % 2 * 109 m-1, from which the constant 
describing the mutual attraction between 
ca 3Alz(OH)12 crystals in water ("the Hamaker 
constant"~ can be calculated ' to be about 
0.1 *lo- 0 J. 

For NaOH, the stability decrease is shifted 
tqwards higher electrolyte concentrations. · 
This is not unexpected because OH- ions act 
as "potential determining ions" for oxidic 
materials 18) so that the surface potential 
increases in absolute sense (= becomes more 
negative) with increasing NaOH concehtrations. 
Consistent with this idea are the data on the 
~potentials of Ca3Alz(OH)12 shown in fig. 5. 
The increasing potential between Ca3Alz(OH)12 
surface and bulk liquid counteracts coagula
tion. 

The most interesting part of fig. 7, how
ever, is the destabilisation of the Ca3Alz 
(OH)12 dispersions with decreasing electro
lyte concentratiort, found at low electrolyte 
content of the solution. This effect is in
dependent of the type of electrolyte employed 
being the same for NaN03, KN03, NaOH and 
Ca(OH)2; it is also independent of the sur
face potential. It leads to a very low value 
of dt/dE, i.t. to large coagulation tendency, 
for Ca3Alz(OR)12 dispersed in water, Although 
a definite explanation of this phenomenon can
not at present be given, it has been suggested 
that it is connected with the formation of 
polyaluminate ions in the solution of low elec
trolyte content. The polyions are thought to 
form bridges between the particles, thus en
hancing coagulation. The increasing stability 
of the dispersion with ·increasing.electrolyte 
concentration in the concentration range con
cerned has been ascribed tentatively to the 
~olyions being progressively broken down with 
increasing K; the absence of a special role 
of OH~ ions ca~ be understood if it is assumed 
~hat the average charge per Al-ion in a poly
ion is independent of the degree of polymeri
zation, But at present no independent confir
mation of these ideas has been obtained. 
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4. APPLICATION OF THE DATA TO SOME CEMENT 
CHEMICAL PROBLEMS 

a .. The Conversion of c 4AH 1 9 and c 2AH 8 into 
~3AH6 

Ca3Al2(0H))2 nuclei accelerate the transi
tion of the hexagonal hydrates into the cubi
cal one 11). Nevertheless, the aqueous phase 
which is present when the C3A hydration comes 
practically to a standstill, is supersatura
ted towards the two stable solids: 
Ca3Al2(0H)12 and y-Al(OH)3, in spite of 
Ca3Al2(0H)12 crystals being present in abun
dance 10), From the results reported in the 
present paper on the surface of Ca3Al2(0H}12 
crystals it- is clear that the latter become 
inactive as nuclei during ~he C3A hydration, 
because they are covered by a disordered 
layer. 

b. The retardation of c 3A hydration by 
hvdrates 

• One of the old problems in cement chemi~ 
stry is: why does CaS04 retard the hydration 
of C3A? Coverage by ettringite crystals 19) 
20) and inactivation of the C3A surface by 
adsorbed soa2- ions 6) are among the theories 
advanced, the most recent data 21) being in 
favour of an ettringite coating. However, 
ettringite layers as formed in hydrating pa
stes are too incoherent for complete screening 
of the c 3A 22), 

It has been remarked 23) that there is no 
need to assume such a complete scre'ening. 
If ettringite is the sole hydrate formed, and 
counteracts the transport of ions from the 
bulk solution towards the vicinity of the 
C3A sufficiently for a concentration gradient 
to exist between those regions, there will 
arise a local so42- shortage near the C3A. 
If initially the solution is saturated to
wards Caso 4 .2H20, H2o and Caso 4 reach the 
C~A in a weight to weight ratio of 400 : 1; 
if ettringite precipitates as the sole hydra
te, HzO and CaS04 are withdrawn from the so
ltition in a weight to weight ratio of 14 : 1, 
Thus, predominant ettringite formation leads 
to a local S042- shortage near the C~A. 
Nevertheless, the reactivity of c 3A is lower 
than in S042- free pastes. It has been sug
gested 23) that amorphous Al[OH) 3 is formed 
because the ettringite crystals tend to grow 
further when there is no S042- at hand, with 
20H- replacing so4

2-, causing a locally low 
pH and ca2+ concentration near the C A. 
Although mixed crystals CazAlz(OH)fz~S04 2 -J3-x 
(OH-) 2x . 25Hz0 are not known, the effect 
sugggested here may be a surface effect ra
ther than a bulk effect. 

Earlier 24) it was supposed that the 
amorphous Al(OH) 3 precipitates from the solu-
.tion. It would be more in line with the col
loid chemical data presented in the present 
paper, to think of a disturbed surface layer 
?n the c 3A similar to the one shown to be 
present on Ca3Alz(OH}12• This layer might be 
formed by preferential extraction of Ca2+ 
from the C3A and its replacement by H+, 
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However, it is very difficult to obtain any 
direct evidence for such a layer, at least 
in alkaline solution where the C3A is covered 
by hydrates. Further research may perhaps 
bring evidence on this point. 
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The peculiarities of initial processes of hydrates forming 
in C3A--H20 systems and the role of its medium in hydrate 

Les particularites des processus initiaux de formation des hydrates 
dans le systeme C.A-H20 et le role du milieu dans la formation 

de la structure des hydrates 

V.M. KOLBASOV, Doctor of technology, assistant professor MCTI n.a. D.I. Mendeleev Miusskaja sp. 9, 
Moscow, U.S.S.R 
N.A. KOZYREVA, Doctor of technology, Head of the Laboratory MCTI n.a. D.I. Mendeleev, 
L.A.. DOBRONRAVOVA, Engineer, assistant MCTI , n.a. D.I. Mendeleev, U.R.S.S. 

RESUME : La presente etude porte sur le role du c3A et du NC 8A3 (identifie comme une combinai
son independante) dans les reactions initiales de l'hydratat1on du ciment et dans les modeles 
representant ces reactions. 

La formation simultanee de plusieurs phases hydratees, au voisinage et a la surface du C3A et 
du NC A

3
, au tout debut de l'hydratation , montre l'interdependance de ces reactions init1ales 

avocl~ composition, la symetrie et le degre de saturation de la phase liquide a Ge moment, ain~ 
si qu'avec la vitesse de diffusion des ions et les proprietes physiques des mineraux. 

La pr~s~nce .. de NC 8 A3 . dans le' clir~ker est indesirable, car elle peut entra1ner une diminution 
des resistances du c1ment hydrate. 

SUMMARY: The role of c3A and Nc;aA.3 (identified as an inde'pendent compound) is investigated 
in primary competing reactions of ' initial process of cement hydration in the systems modell
ing this process. 
Simulteneous formation different hydrate phases near and on the surface of c3A and NCaA3 in 
first moments of hydration prove the interdependence of primary reactions and composition, 
symmetry, the degree of oversaturation of primary liquid phase, rate of diffusion of ions 
and physical properties of minerals. 
Presence of NC 8A3 in Portland cement clinker is undesirable as it may favour the decrease of 
strength of hardening system "cement-water". 
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It . is knovm that c3A and its alkali analo
gue NCaA-

3 
play an important role in initial 

reactions of cement hydration particularly 
in the formation of primary structures of 
hardening in.the processes lying in the ba
sis of "false" setting of cement l1] • 
To detalize the role of C A and alkali cal
cium aluminates in the in~tial hydration 
process of cement and to investigate primary 
competing reactions, the scientists of MCTI 
named after D.I.Mendeleev carried out some 
research works of the initial processes of 
c

3
A and NCsA

3 
hydration (by means of a num-

ber of phy~ico-chemical methods) in the sys
tems modelling the processes taking place 
during cement hydration. 
Indentification of synthesized minerals was 
carried by means of chemical, optical,X-ray 
diffractometry, differential thermal analy
ses and by means of electronic microscopeo 
1rhe following facts state that NC 8 A;s is an 
independent mineral with the orderen arran
gement of ions Na in c3A lattice. The pre-
sence of 7% of sodium in the above mention
ed mineral, the effect of anys9tropy change 
of refraction index from Nm= 1.714+0.03 to 
N = 1.700+0.003 and N = 1o712+0.003; 
cEanGe of ~requency an~ intenci-:Cy of ampli
tude in the ranges of 430-540 cm-1 and 
700-~00 cm-1, the appearance of endother
mic effect (~:1285°C) and exothermic (t c 

= 137q°C) the appearance of unstable regi
ons on the surface of dendrites of NC 8A3 : 
New reflections of 4.93; 4.426; 3.432;3.401; 
2. 719; 02 .625; 2 .435; 2 .316; 2 .050; 1. 915; 
1.397 A; instead of completely disappeared 
reflections of C

3
A (4.604, 3.501, 30332; 

3.262, 3.120,92.993, 2.581, 2.512, 2.138, 
2.097; 2.078 A could be clearly seen on the 
X-ray diffractograms. 

1'wo reflections of 2.050 and 2o035 appear 
instead of reflection 20040 A. From the ·re
maining group of c3A reflections the follow-
ing reflections remain. A group of reflec
tions of c3A shifs in NC~3 in the following 
way. for c3A: 1.405, 1.3~0, 1.3649,1.3596, 
1.3491, 1.3336, 1.3190; for

0
NC 8A3 : 1.397, 

1.348, 1.345, 1.339, 1.337 A the range of 
1.211-1.198 we have poorly formed similar 
picks 1.1899 and 1.0979 A of two minerals 
simultaneously. 
The experiments .carried out by meari.s of ele
ctronic microscope and electron-diffraction 
microscope aimed at the investigation of 
initial stages of hydration c3A and NC 8A3 
beginning with the moment of cement and 
water interaction (1-5 sec) in rather short 
intervals of time (1,5,15 and 30 sec· 1,5, 
15 and 30 minutes; 1,2,3 and 6 hours~ allo~ 
wed to analyse mor~hological and phase chan
~es~ taking place in the system1i modelling 
initial processes of hydration a.?] • 
In c3A-H2o system calcium hydroaluminates 
C4Allx (x:19-13) and Al(OH) 3 are formed be-
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Figc1.The surface of the mineral c3A before 
hydration (x 20 OOO)o 

Fig.2. 'l'he surface of the mineral NC 8A3 
before hydration ~O 000). 

ginning with the moment of interaction and 
they dominate up to 2-3 hours with the fol
lowing forming of c

3
.AE.6 • 

Analysing electron-diffraction photographs 
(period ·1 sec - 1 hour of hydration) we can 
see reflections as diffusign rings 2.88, 
2.50, 1.65, 1 ·.60 and 1.24 A and <;lot reflex
es 1.87, 1.80, 1.6o, 1.57, 1.40 I corres
ponding in general ~o C4AH.

19 
and Al(OH)

3
• 

In the system c3A-easo-4 .2H2o-H2o in the mo
ment of mineral and water interaction the 
formation of prismatic c

3
A.3Caso4 .31H2o and 

plate like C4AH13 , G3A.Caso4 .12u2o is typi
cal (Fig o 4) • 
'.!.'hey are characterised by the reflections 
on the electron-diffraction photographs 
3-58-2 • 95; 3 .OQ-2 .87; 2. 50-2 .45; 2 .15-1. 00 
and 1.71-1068 !. They all have the form 



of diffusion rings and have the following 
dot-reflexes 3.2); 3.19; 2 395; 2.86; 1o87; 
1.62; 1.59; 1.52 and 1o49 A. 

Fi g .3.The surface c3A after 5 seconds of 
hydration in the system c3A-H20 (x 40 OUO). 

Fig.4o 'l'he surface of c3A after 5 seconds 
of hydratio~ in the system c3A-Caso4 • 
.2H20-H20 \X 20 000). 

2+ 2-The presence of ions of Ca and so4 in 
the preliminary liquid leads to simulta
neous formation of C~A.3CaSOAo31H;;>O, c3A. 
.CaS04 .12H2o; c4Allx ~d Al(OH)3 ~fi the 
surface of grains of c

3
A. This is the evi~ 

dence of the fact that there are different 
conditions for crystalformation on the sur
face of the mineral. The formation of c4ARx 
tn the system with two-water gypsum and in 
he system with the nucleui of c

3
A 3CaS04 • 

· 31H2o proves that the reaction of c3A 

h
solving with the formation-of calcium, 
Y~oaluminates is the very primary stage. 

Besides it, it reaffirms the idea that 

c3A.3Caso4 .31H2o is not the only phase 
that forms on the C~A grains in the presen
ce of CaS04 o2H2o an<l that this phase exists 
after all so~- ions have dissappeare~ from 
the solution. 
In the system with two-water gypsum two · 
main reactions aimed at the formation c

3
A • 

• 3Caso4 .31H20 and c4~ take place and in 
some local partsi2f the system if there 
are no enough so4 ions and in the base of 
the less oversaturations of the liquid 
phase. The formation of c3A.CaS01i..12H2o 
takes place. 
Investi t;ations of NC 8A~ in analogical con-

ditions revealed the ai~ference of the ini
tial process of hydrates formation compared 
to that of c3A, i.e. by 5 sec of hydration 
almost t he whole surface of c

3
A is covered 

ny n.}'drates of this or that composition de-· 
pending on the system. In case of pure 
NC 8A3 the hydrates usually have plate-like 
form and only some parts of the sur1·ace are 
covered by them., 

Fig.5.Surface of NCsA3 after 5 seconds of 
hydration in the system NC 8A3-H20(x10000). 

In the . presence of two-water gypsum the 
formation of c3A.3Caso4 .31H2o is not noti-
c~d, and plate-like phase with the composi
tion C4~,c3A.CaS04 .12H2o dominates. 
The formation of various hydrate phases 
near an~ on the surface of the minerals un
der investigation proves the fact that the
re is a certain dependence of primary hyd
ration reactions and crystalformation on 
the composition, symmetry and the degree 
of oversaturation of the environment i.e. 
on ~he ini~ial liquid phase, rate of'dif
fus1~n of ions, formed in the process of 
solving of the basic adhesive mineral and 
physical properties of the basic mineral. 
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Fig.6.Surface of NC
8

A3 after 5 seconds of 
hydration in the system NG 8A3-caso4 .2H20-

-H2o (X 10 000). 

·.Lhe investigation of hydration activity of 
minerals, kinetics of their solving and he
at liberation allowed to find substantial 
differences in the character of these chan
ges [3] • 
l 'lastometry analyses of monomineral pastes 
during 10 hours reveal differences in struc
ture formation ui hydration products of c

3
A 

and NC 8A3• The formation of primary struc
ture takes place quicker in the system with 
the sodium analogue. But after six hours of 
hydration the increase of plastic strength 
is more intensive in the system with c

3
A. 

1rhe curve is devided into two par t;s, which 
may be refered to the formation of ~he pri
mary structure and then to the process of 
mass crystallization typical for the second 
period of hydration. Gypsum added to harden
ing systems (5% of gypsum) influence diffe
rently on the structureformation of c

3
A and 

NC8A3.Thus resistance to shift deformations 
in increased by 2 or 3 times in case of c

3
A, 

and in the second case it decreases by 2 
times. As the mentioned above investigations 
by means of electronic microscope show the 
formation of c3A.3CaSo4 .31H2o is not found 
on the grains of NCaA3 and this may lead to 
a "false" setting. 
Differential thermokinetic curves show that 
in the first 30 minutes the rate of heat li
berations of NC 8A

3 
is higher. On the curves 

only one maximum during four hours is fixed. 
After 1.5 hours the rate of heat ' liberations 
decreases 4 times for instance during 4 ho
urs 560.3 kDj/kg and as tQ c

3
A-549.9kDj/kg 

was liberated; and as to NC 8A3 hydration 
occ11pies only some parts of the surface. 
Thus alkali analogue of C A in early peri
ods of hydration forms a ~tructure differ
ing from c3A. ~haracteristic properties of 
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this structure show that probably there may 
be formed "false" unstable structures. 

Data concerning the change of composition 
of water medium prove it. When c3A is h~d
rated in a suspension with m/s = 10 during 
672 hours the concentration of calcium oxi
de in .the solution changes in a "wave-like" 
way.On the curve we may see 3 maximum points 
after 2 minutes of mineral and water mixing 
(OP7 g/l)o After 6 hours - 1o11 g/l and 
after 168 hours - 1.15 g/l. In case of 
NC 8A

3 
the amount of Cao in the solution is 

(i-4 times lower and does not change in a · 
'wave-liken manner. It changes with a con
stant velocity and the concentration of 
Al2o

3 
i .s 4-5 times. as great as in c3A sys-

tem in the first minute of contacting with 
~ater. ~hen for c

3
A the amount of Al2o3 re-

mains insignificant 0.07-0.9 mg/l compared 
to NC aA

3 
wre re its amount is 50-60 mg/l. 

After 72 hours of hydration the amount of 
Na2o remains constant (6-7 g/l). The excess 
of Al2o

3 
in the solution prevents hydrolyza

tion of NC 8A
3 

by forming sodium aluminate. 
The data given above prove the facts that 
alkali oxidies take part in sorption and 
hydrate formation processes in the formati
on of strong structure during the hydration 
of the minerals G

3
A and NC 8A

3 
which takes 

place at different parameters pH of the li
quid medium • .1.H 1.;ase of NC 8A3 pH is 12.9 

after 1 min of hydration and after 592hours 
of hydration - 1J.4 and as to c

3
A hydration 

these parameters are as follows 11.9 and 
12o1• 
Various primary conditions of hydration le
ad to the formation of different primary 
structures of hardening and influence the 
kinetics of hydration and this in turn in
fluence the difference in strength parame
ters. 

Thus c
3

A mineral by 672 hours of hydration 
has strength 2.8 MPa (small samples -
1 x 1 x 3 cm), and when folding - 1o1 MPa 
NCaA3 mineral (though its setting is extre-
mely quick) loses its strength as time goes 
(as if they become liquid) and it leads to 
the following: in 24 hours it is difficult 
to take the samples out of the forms and 
later they do not became strong even in 
2 yearso 

CONCLUSION In c3A hydration , in systems mo
delling the processes of cement hydration 
the formation of calcium hydroaluminates 
proves the fact that the reaction of c3A 
solving is a primary one. Besides it proves 
that in the system various local conditions 
for hydrate formation in the moment of mix
ing are created. In the system c

3
A-caSo4 • 

2H2o-H2o the reactions with the formation 
of C4A'flx, c3A.3CaS04 .31H20, c3A.Caso4 .12H20 
and Al(OH) 3 are primary ones. 



NC
8

A
3 

is an independent mineral. 'l'he charac
teristic features of hydration of this mine
ral differ greately from those of c3A. 
11b.e presence of NCaA3 in Portland cement 
clinker is obviously undesirable as in the 
first moments of hardening its presence may 
give rise to a "false" setting and later it 
may favour continuous loss of strength of 
hardening system "cement-water". 
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Hydration of C3A and solid solutions of various composition 

Hydratation de C3A et des solutions so/ides de composition variable 

A.I. BOIKOVA, Academy of Sciences, Leningrad (U.S.S.R.), 
L.V. GRISHCHENKO, 
A.I. DOMANSKY. 

RESUME : 

Des phases aluminates d e composition complexe analogues aux phases des clinkers indus
triels ont ete synthetisees et etudiees . Elles representent des solutions solides multicompo
sants d e C3A avec NazO, KzO, MgO , Fe203, Si02 et avec de petites ~uantites de Cr203, .Ti02, 
P205. On a etudi e aussi des solutions solides de C3A avec Na20, S102 ; C3A + K20 + S102 ; 
C3A + NazO + K20 + SiOz. 

On obtient les phases homoge nes quand la qua ntite totale des impuretes n'excede pas 12 
a 13 % en poids. Dans l es echantillons contenant plus de 5 % en poids de Fez03, certaines 
quantites d' aluminofer rites d e ca lcium cristallisent avec les aluminates. 

La phase contenant plus d e 3 % e n poids d e NazO + KzO se trouve etre orthorhombique. Les 
aluminates avec une petite quantite d'alcalins sont cubiques. Les parametres cristallins et 
les d e nsites d es aluminates sont donnes. 

On a etudie l'hydratation a court et a long terme. On montre que le processus d'hydrata
tion de C A et des solutions solides C3A + Na 2o p~ut etre considere comme un modele par rap 
port a l'~ydrat ation des solutions solides multicomposants. Les courbes cinetiques d'hydrata
tion permettent de distinguer trois stades du processus. Les particularites d'hydratation a 
chaque stad e sont predeterminees par un nombr e de facteurs correles. 

L'hydratation des aluminates en presence d'aluminoferrites se poursuit avec moins d'in
tensite et ne peut etre complete meme apres des temps prolonges. 

Dans le cas general, les elements mineurs en solution solide ainsi que la presence 
d'autr es phases retardent considerablement l'interaction des aluminates avec l'eau. Le degre 
d'hydratation peut etre deux OU trois fois plus faible que dans le C3A pur. 

SUMMARY : Aluminate 'phases of complicated composition analogous to the phases of commercial 
clinkers have been synthesized and studied. They represent polycomponent solid solutions of 
C~A with Na?O, K2 0, MgO, Fe2o~, SiO? and small amounts of Cr?o3, TiO?, P~O!:i.! Studies have 
arso been m~de or the solid s~~utiorrs of c3A with Na2o, Si02 t c3A -witrr ~K20, Si02 ; c3A 
with Na2o, K2o, Si02 • 
The homogeneous phases were obtained when the total amount of impurity oxides did not 
exceed 12-13 wt%. In samples containing more than 5 wt % Fe2o3 some amounts of calcium alu
minoferrites crystallized together with the aluminates. · 
The phase containing more than 3 wt % Na2o + K2o appeared to be orthorhombico Alumina~es 
with a less content of alkalis are cubic. The unit cell parameters and densities of the 
aluminates are given. 
Hydration at early and later ages was studied. It is shown that the hydration process of 
C1A and its solid solutions with Na 0 can be regarded as a model with respect to the hyd
ration of polycomponent solid solut~ons. The hydration kinetic curves permit .to distinguish 
three stages of the process. The peculiarities of hydration at each stage are predetermined 
by a number of interrelated factors. 
Hydration of the aluminates in the presence of aluminoferrites proceeds less intensely and 
cannot be completed even after long times. 
In general case, · the impurity components of the. solid solution as well as the presence of 
other phases slow down considerably the interaction of the aluminates with water. The degree 
of hydration in this case can be twice or thrice as low as in pure c

3
A. 
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ON THE ALUMINATE }?HASE IN CEMENT CLINKER 
polycomponent solid solutions of C1A with 
Na o ~o, MgO, Fe2o1 , Si02 are constituents 
of2the aluminate phase of clinker. They can 
also contain small amounts of other oxides: 
cr

2
o

3
, Mn2o3, Ti02 , P2o5, so3• 

nue to the peculiarities of structure, the 
aluminate phase contains the greatest amo
unt of impurities compared to other cement 
phases. The presen2~ in , tbe C1A crystal lat
tice of a large Ca cation and bo~es ex
ceeding in size any cation provides, on the 
one hand, the distribution of foreign ions 
witb , large radii and, on the other band, 
promotes the realization of the different 
and numerous schemes of heterovalence iso
morphic substitutions. 
As known, the crystal ~tructure of c3A 2is 
most convenient for. Na eubstiiuting Ca • 
The compensating additional Na is distri
buted in the holes. When the aluminate 
phase is· formed in the clink~~ r~~h in H02 , 
the balanced substitution Ca Al ...e..Na 
si4 + is possible. That's why the aluminate 
phases contain considerable amounts of Na2 o 
and Si02 ; the amount of potassium is smaller, 
as a ruie, compared to sodium. 
FeJ+ is always present in the alum~¥ate d~~ . 
to2ihe wide-spread substitution Al ~-Fe ; 
Mg can also enter the ~~ructu2l as a 3fe
suH o{ substUutions3¥a --Mg , 2Al ·
Mg Si+, ~¥g --2~l and occupy positions 
both of Ca '~d Al.3+• M~~~ le'~ arg+the_ 
amounts of Cr , Mn , Ti , P , S , first 
of all as they are present in the clinker in 
small quantities. Besides, Cr, Mn, Ti pre
fer the crystal lattice of aluminO'ferrites, 
and P and S that of belite. 
All the foreign ions mentioned were found 
in the aluminate phase of clinker by means 
of electron-probe microanalysis. The maxi
mum contents of them depend on the possibi
lities of the crystal lattice of c3A and 
are Ii.mi ted. 
However, attention is drawn to the fact 
that the total amounts of impuri-r.y oxides 
detennined by different authors differ con
siderably and are within the limits of 10-
20 wt %. Dat~ obtained by us on the amounts 
of the main and secondary impuritiy oxides 
present in the.aluminate phases are as fol
lows: 

Na2o o.J-4.o 
~o o.J-o.8 
.M~ o.a-1.1 

Fe2 o3 2.9-7.8 
Sl:02 3. 5-5. 6· 

o.1-0o4 
0.04-0.1 
0.1-0.5 

The indicated maximum amount of Fb2o3 ex
ceeds, in our opinion, the amount of this 
oxide that can be distributed in the poly
component solid solutiono 
The laboratory syntheses of the alt.tminate 
phases of complicated composition analogous 
to the phases. of industrial clinkers showed 
that homogeneous samples could be obtained 
when the total amounts of impurity oxides 
did not exceed 13 wt %. It Was observed in 
this case that if the initial batch con-

tained more than 5 wt % Fe 0 , some amount 
of the aluminoferrite phas€ 3always appeared 
in the synthesis product. Most often the 
aluminoferrite phase crystallized in the 
form of thin intergrowths with the aluminate 
phase. 
SYNTHETIC ALUMINATE PHASES OF COMPLICATED 
COMPOSITION 
Table I gives compositions of the aluminate 
phases synthesized according to the data of 
chemical analysis. The compositions of sam
ples I, II, VII were chosen using the data 
of electron-probe microanalysis of the pha
ses of industrial clinkers. The composition 
of phase VI containing the impurity oxides 
Si02 , Fe2 o3, MgO, Na2 o, ~O most characte
rist.ic of the alumina te was chosen accor
ding to /1/. Phases III, IV, V are solid so
lutions of c

3
A with Na2o, K2o, Sio2 • 

X-ray and microscopic investlgations per
mitted to establish that only the aluminate 
phase VI containing more than 3 wt % of al
kali oxides is orthorhombic, all the others 
are cubic. According to X-ray analysis, all 
aluminatee resemble each other and are deri
vatives of pure CA (Fig.1). The X-ray dif
fraction pattern 3of the orthorhombic alu
mina te differs from those of C A and cubic 
phases only with splitting of )reflections 
at angles 2 9 of J2-J4°, 47-49°, 58-60°. 
Table II represents unit cell parameters of 
cubic aluminates and their densities deter
mined by picnometer method. 
The unit cell parameters of ortborhombic 
alum~nate . VI are : a=10.879(4) A.; b=10.841 
(4) 1; c=15.1J4(5) i. The density is 3.18 
g/cm • The greater value of density of the 
aluminates I, II, VI, VII compared to III, 
IV, V is due to the presence of iron in 
their crystal lattice. 
Samples I, VI, VII contain small amounts of 
calcium aluminoferrite which increase with 
increasing amount of Fe 0 in the initial 
batch. The greatest amofu;.~ of aluminoferrite 
was found in sample VI. According to /1/ the 
total contents of impurity oxides in this 
sample should be 19 % with 7.8 % Fe 0 in
cluded. However, we failed to obtai6 Jthe 
homogeneous aluminate phase of this composi
tion. 
In sample VI the compositions of aluminate 
and aluminoferrite were determined by us 
using electron microprobe. The data are 
given in Table III. 
The results of the analysis of the alumi
nate and aluminoferrite formed during the 
simultaneous crystallization are of inte
rest as evidence of the preferable distri
bution of the . elements in these tw,o phases. 
The amount of Fe 0 in the alumin~te is 
about 5 %~ This fs3considerab.ly le.ea compa
red to clinker aluminates. The same refers 
to Sio2 • 
Of special attention is the behaviour of 
MgO. In the aluminate crystals analyzed no 
magnesium was found. In the clinker alumi
na ta phases we also found crystals 
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- -~--- -------------- ------- - -----------------------~----- ----- -TABLE I 

·~ Aluminate phases 
I II III IV v VI VII S 

cao 56.68 57.10 59. 02 58.62 59.45 52.19 56.88 
Al 2o

3 29.31 31.63 36.29 35. 73 35.96 26.77 31.86 
Na2o 0.48 o.48 - o.69 1.67 2.16 1.93 
K2o o.64 o.69 1.20 o.85 - 1.02 0.41 
MgO o. 67 1. 11 - - - 2.39 0.78 
MnO ~ 0.03 - - - - - -
Fe2o3 5.75 2.90 - - - 8.1J 4.95 
Cr 2o3 < 0. 01 < 0 . 01 - - - - < 0.01 
Si02 5.84 5.40 2.84 J.58 2.01 6.48 J.08 
Ti02 0.12 "' 0.08 

I 
- - - - ~ 0.11 

P205 0.08 0.06 I - - - - < 0.001 
Loss on ign, o .35 0.40 0.40 Oo29 0.46 o.64 0.24 

E 99.92 99.77 99.75 99.76 99.61 99.78 100.13 
2: impur. 13.58 10.64 4.04 5.12 3.74 . 20.18 11.15 

- - - - - - -- - - - - - - - - - - - - - - - -- - - "T .AB""LE"r1:- - - - - - - - - - - - · - - - - - - - - - - - -- - - -- ·-

Parameters I II III IV v VII 
------- ---- ·---- --·--·--·--- -------- -------

15.223(5) 15.278(5) 15.283(5) 15.264(5) 15.241(5) 
3.11 3.05 3.05 J.01 }.14 

-·---- ··--------------- --··-··-+---·····----------- --·---

Densi;ies --~--· -~-
a, A 5.234(5) 

d , g/cm3 J.14 
---~----------··- ·--

* Standard deviations in unit cell parameters are indicated in brackets. 
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Fig. 1 - X-ray diffraction patterns of the cubic (sample VII) and orthorhombic (sample VI) 
aluminates. The aluminoferrite reflection is indicated with sign *• 

which sometimes contained no magnesium. The 
fact that among all cement minerals magne
. sium is distributed first of all in the 
aluminoferrite is visibly demonstrated by · 

· microprobe analysis. As ,should be expected, 
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sodium is present in a greater amount in 
the aluminate • 



--- - - - - ~ - - - -TABLE III- - - - - - - - - - - - -

~ Aluminate Aluminoferrite 
e Cryst.1 Cryst.2 Crys t .1 Cryst.2 

cao 56.54 54.99 45.08 44.68 

Al203 33.34 35.59 15.90 15.88 

Na2o 2.00 2 .12 o.s1 0.48 

K20 o.34 0.32 0.22 0.12 

MgO o.oo o. oo 2o29 3.52 

Fe2o3 4.70 4.89 23.79 29~51 

Si02 3. 59 3.22 6.16 6.12 

L: ~ 00 .51 ho1.13 94.25 100.31 

E impur. 10.63 10~ 55 9.48 10 .24 

HYDRATION 
Hydration kinetic curves for the aluminate 
phases obtained by means of X-ray diffrac
tion are shown in Fig. 2a. For comparison, 
the hydration curves for C1A and crystalline 
forms of solid solutions or C1A with Na2o/2/ 
are also shown. Analogous resttlts were si
multaneously published in /3/. 
The hydration process of c3A and its solid 
solutions with Na 0 can be regarded as a 
model which permits the description of t he 
hydration course of any derivative of c

3
A. 

According to the kinetic curves, three sta
ges of hydration are clearly distinguished 
at early interaction with water. 
The first stage is characterized by an in
tense reaction .course accompanied by a con
siderable heat ' ~ liberation and is completed 
after a short peri od (tol'-' 15 minutes). The 
intense start of the hydration is due to the 
peculiarities of the crystal structure of 
CA, first of all to large holes /4/. The 
dJcrease of the degree of hydration with in
creasing amount of sodium in the C A crystal 
lattice and consequently the incre~se in num
ber of the occupied holes are evidence of 
the predominant role of the latter at early 
hydration. 
In4~ase of either substitution of ca2+ or 
Si by elements of other valency (what 
takes place ~uring the formation of the alu
minate phase in clinker) the cq.arge balance 
can be realiz~d not only by Na but also by 
other ions. This is one of the reasons of a 
lower value of the degree of hydration of 
the aluminate phases of complicated composi
tion (Fig. 2a,b), although the Na2o content 
in them is less than in the cubic solid so-
1 ut ion of C A with Na o. In other words, to
gether with3sodium, 6ther compensating ions 
can be located in the crystal lattice holes 
of the aluminate phase. 
The second stage of hydration that is comp
leted after~ 80-1 00 minutes from the be
ginning of the process is characterized by 
a sharp retardation of the reaction and is 
diffusion-controlled /2,5/. The reason of 
retardation is a layer of hydration products 
formed on the surface of hydrated particles. 
~fter completion of the period of intense 

a.0/o a 
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/~ 
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:xi 
VI 
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30, /11 I 1l I 
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I 
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10 
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HI :m ;)0 70 <)() 110 IJO 1:)0 170 
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Fig. 2 - Kinetic hydration curves for : 
(a) aluminate phases of complicated compo
sition (numbers of curves correspond to 
those of phases in Table I); (b) c3A(curve 
I) and solid solutions with ~a2o : curve II 
- cubic solid solution (2 o4 wt % Na2o) ; 
III - orthorhombic (J.8 wt % Na20); 
IV - tetragonal (4.8 wt % Na2o) ; V - mono
clinic (5.7 wt % Na2o). 
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reaction the thickest layer of hydrates 
forms on the surface of C A particles. The 
greater-the 1,amount of iond filling the crys
tal lattice holes of the solid solution, 
the lower the degree of hydration, the thin
ner the layer of hydration products that 
hinders the penetration of the liquid phase 
into the non-interacted substance. 
The third, delayed completing stage is pre
determined by the two preceding stages and 
depends also on the newly formed factors, 
namely on the kind of reaction products, on 
the growth of crystallohydrates, their size, 
orientation, recrystallization etc. 
Due to a thinner layer of reaction products 
on the surface of the solid solution with 
the maximum -filling of the holes, its hyd
ration at the third. stage will proceed more 
intensely compared to any other solid sQlu
tion. As a result, the curves of degree of 
hydration can intersect after certain peri
ods of time different for the different 
samples. 
The analysis of the values of degree of hyd
ration shows that after one day hydration 
the aluminates of the simplest composition 
containing sodium (samples IV, V) practi
cally hydrated. The degree of hydration for 
them was "'V 90 %. An analogous sample contai
ning potassium (III) showed a 70 % degree 
of hydration. The samples of aluminate phase 
containing Fe2o3 (I,II,VI,VII) showed a 
clear tendency to retardation of the hydra
tion process at the third stage. The alumi- . 
nate phase with the least amount of Fe O 
(sample II) showed the highest value 6f3 
degree of hydration after one day hydration 
and longer to six months (the term to which 
the observation was made). · 
The presence of aluminoferrite, although it 
does not change the general character of 
hydration, retards much more the hydration 
at the later stage, as shown by kinetic 
curves for sample VI. This is probably due 
to the fact that the layer of a mixture of 
hydration products of the aluminate· and 
aluminoferrite is more dense compared to the 
products of hydration of the aluminate alone. 
As a result, the mineral can remain non-hyd
rated. Completeness of the reaction in this 
case depends to a considerable extent on 
the grain size. 
CONCLUSIONS 
The clinker aluminate phase is a polycompo
nent solid solution of C A with the oxides 
of constituent elements df raw materials. 
The maximum amount of impurity oxides to be 
contained in the aluminate phase during the 
clinker formation does not exceed 12-13 wt% 
at ~ Fe2o3 content not more than 5 %. 
In structural respect, the clinker aluminate 
,phases are derivatives of C1A and can poss
•ess the same crystal forms -as solid solu-
tions of C~A with Na2o. 
The hydration of the aluminate phases pro
ceeds by analogy with 9 A and crystal forms 
of its solid solutions 3with Na2o. However, 
other components of the solid .solution as 
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well as other phases retard considerably 
the hydration. 
The course of hydration at diffe.rent stages 
is predetermined by a number of interrela
ted factors. However, at each stage only 
some of them play the decisive role. 
Thus, in the initial period the hydration 
activity of the different crystal forms of 
solid solution depends mainly on the occu
pancy of lattice holes with foreign ions. 
The degree of hydration of the solid solu
tion with the highest occupancy of the holes 
can be twice or thrice as low as in pure 
c3A. 
At subsequent stages the peculiarities of 
the interaction process with water depend 
on the thickness and the nature of the lay
er of hydration products, on the presence 
of other phases. 
Each of the impurit~is also plays a defi
nite role. Thus, Fe ions, wherever they 
were (in the lattice of the aluminate solid 
solution or in the composition of the cal
cium aluminoferrite), retard the hydration 
of the aluminate phase. Aluminat~s of a 
simple composi4ion containing Na (along 
with K+ and Si ) possess a greater value 
of the degree of hydration at the third 
stage compared to all phases investigated. 
The choice of a set of impurities in the 
polycomponent solid solution permits wide 
variations of the degree of hydration of 
the aluminate phases of complicated .compo
sition. 
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Mechanisms of retardation of C3A : a critical evaluation 

Evaluation critique des mecanismes de ralentissement 
de /'hydratation de C3A 

S. CHATTERJI, M.Sc., D. Phil. , Research Scientist, H + H lndustri A/S, Lyngby, Denmark. 

SUMMARY: The original papers were critically evaluated in order to differentiate between three proposed 
mechanisms of retardation of C3A·hydration . 

(i) Retardation due to "alumina-rich" layer formation :-
From the hydration characteristics of dilute suspensions of C3A in water and acid, it was concluded that 
''alumina-rich" layers form on C3A grains which retard further hydration . Analyses of experimental conditions 
and results indicate the formation of expected alumina gels. The relevance of these results to pastes of C3A, 
particularly in alkaline media, is uncertain especially as, contrary to practice, "CaC1 2 was found not to 
influence the induction (retardat'ion) period" . 

(ii) Retardation due to alumina gel formation :-
From the hydration characteristics of C3S+C 3A+gypsum+water pastes, it was concluded that C3A grains , protected 
by layers of hydration products which hinder the flow of Ca 2+ and OH- but not water, hydrate in a dilute Ca(OH) 2 
solution forming C4AH x and alumina gel and this gel is the actual retarding agent . Subsequently it was 
calculated that only 3.2xl0 2 dyne•cm- 2 pressure differential across the protective layer is sufficient to 
maintain the required water flow. In the above calculation the number of C3A ~rains was underestimated. The 
insertion of the proper number, without any other change , yields about 1 . 5xl0 dyne •cm- 2. Moreover there was 
no direct evidence of alumina gel formation. 

(i ii ) Retardation :due to water shortage at c; A surface : -
An electron microscopic study showed t hat additives, especially Ca(OH) 2, reduce the size of hydration products 
-in C3A pastes. It was postulated that the smaller the hydration products the higher their resistance to water 
flow and hence smaller volume of water will reach the C3A grains for further reaction. The presence of C4AH1 3 
instead of C4AH 19 in vi~gin moist pastes substantiates this water shortage. Effects of CaCl 2 and organtc 
additives can be easily explained. 

RESUM~ : Les etudes original es o~t fait 1 'objet d'une evaluation critique afin de differencier les trois meca
nismes de ralentissement de 1 'hydratation du C3A. 

(i) Ralentissement dO ~la formation de couches "r·icbes en a luniine" 
Selbn les car~cteristiques de l 'hydratation des suspension diluees de C3A-dans l 'eau et les acides, on a conclu 
que les couches ri ches en a lumine se forment ~ partir de granules C3A, ce qui ralentit toute hydratation ulterieure. 
L'.analyse des qonditions experimentales et des resultats obtenus indique la formation de gels d'alumine . La per
tinence de ces resultats en ce qui concer ne les p&tes de C3A, particuli~rement en milieu alcalin, peut ~tre mise 
en doute, surtout apr~s avoir decouvert que, contrai rement ~la pratique, "le CaCl 2 n'avait aucune influence · 
sur la periode d'induction (ralentissement)". 

(ii) Ralentissement dO ~la formation de gel d'alumine:-
Selon les caracteristiques de 1 'hydratation des p&tes C3S+C 3A+gypse+eau, on a conclu que les granules C3A, pro
teges par les couches de produits de l 'hydratation qui emp~chent les flux de ca 2+et de OH- tout en laissant 
l';a~ ~'hydratent dans .une solution diluee de Ca(OH)2 et forment du C4AH x et un gel d'alumine qui est l 'ag~nt 
veritable du ralentissement ; En ccraequen<ae on a calcule qu'une pression differentielle de 3.2xl0 3 dyne•cm 2 ~ 
travers les couches protectrices est suffisante pout maintenir le flux d'eau necessaire . Dans ce calcul, on a 
sous-estime le nombre de granules C3A. L'introduction du nombre exact, sans -faire intervenir d'autres change
m~nts, donne une pression de l.5xl0 4 dyne•cm 2 environ. De plus, il n'y avait pas de preuves directes de forma
tion de gel d'alumine . 

(i i i) Ralentissement dQ au manque d'eau a la surface du C3A:-
Une e~ude au mi~roscope electronique a montre que les additifs, notamment le Ca(OH)2, reduisent le volume des 
~roduits d ' hydratation dans les p&tes C3A . On a postule que plus les produits d ' hydratationt sont faibles, plus 
eur resistance au flux de l'eau est grande, ce qui entraine une baisse du volume d ' eau qui atteindra les gra
nule~ de C3A pour la reaction ult~rieure~ La presence de C4AH 13 au l i eu de C4AH 19 dans les p&tes humides vierges 
c9nfirme ce manque d'eau. On peut facilement trouver une explication ~ 1 'action du CaCl 2 et des additifs .orga-
niques . · · 
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It is known that finely ground clinker of 
commerciai Portland cement react with water 
with considerable evolution of heat and the 
paste is quick setting. In commercial prac
tice the high rate of heat evolution and the 
qui ck n es s of. set are cont r o 11 e d o y co -
grinding clinker and gypsum; although other 
chemicals can also be used for this purpose. 
It is generally conceeded that C3A or 
related phases are responsible for quick 
setting. As a result the hydration of C3A 
and the effects of different .chemicals on 
its hydration have been studied extensively; 
and different mechanisms have been proposed 
to explain the observed effects. The object 
of this paper is to differentiate among 
three current mechanisms of retardation of 
C3A hydration. 

As any reaction mechanism can only be 
evaluated by comparying its corollaries 
with observations, so certain aspects of 
paste hydration of C3A have been collected 
below: 
(1) C3A-H 20 system: Hedin was the first to 
show that about 40% of C3A hydrates within 
3 minutes a~ water addition but the 
subsequent hydration rate is much slower (1 ). 
Recent quantitative x-ray diffraction (QXRD)" 
results confirmed it (2,3). Fig. 1 is taken 

.from reference 2 and shows this effect 
clearly. Electron microscopic studies show 
that well formed hexagonal crystals of C2AH 8 

and C4AHx form within 4 minutes of water 
addition (4,5). With the passage of time, 
hexagonal crystals grow in size and pro
portion and C3AH 6 appears. 

r WaTer 44,.,.._so %, ~o't ) 
)(J 

10 ! 

0 --~~_..._~~--'-~~---~~~....._~~~~~~ 
0 3111iTI lkr 

Ti,,,e 
Fig. 1 

5hrs 

Rates of C3A hydration in different media 

(2) C 3 A-Ca(OH~2-H20 system: QXRD and other 
st~dies showe that the additio~ of Ca(OH)2 
lowers the rate of C3A hydration (1,2,4,5,6) 
Plates of hexagonal aluminates, smaller and 
thinner than in C3A-H20 peste,-tould 
definitely be identified in a 3 hours sample 
(4,5); though their formation within 4 
minutes could be inferred. 
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(3) C3A-CaS0 4-H 20 system: QXRD results show 
that the addition of gypsum does not affect 
the early rate of C3A hydration (2). 
According to Hedin, gypsum is less effective 
than Ca(OH) 2 (1), but according to Colle
pardi et al gypsum is more effective than 
Ca(OH) 2 (6). Thus the results are not in 
concordance. Ettringite is the main 
hydration product in the presence of gypsum 
although a small amount of hexagonal 
aluminate could be detected at all times 
(4,5,6,7). In a 3 hours old sample hexagonal 
crystals were as thin as in the C3A-Ca(OH) 2-
H20 paste. Monosulfate forms when S04 ion 
concentration in the liquid phase drops 
below that required by ettringite. 
(4) C3A-Ca OH 2-CaS04-H20 system: It is 
genera y een accepte t at ime-gypsum 
combination is a better retarder than either 
of the components (l,2,5,6). Ettringite is 
the main hydration product in the presence 
of gyp$um although hexagonal aluminates can 
be found at all times. (4,5,6,7). Sizes of 
the hydration products are very much reduced 
in this system (5,8). 
(5) C3A-CaC1 2-H 20 system: The effect of 
CaC1 2 on C3A hydration depends on its 
concentration (1,5). For the same retarda
tion a lower amount of CaCl2 is needed than 
Ca(OH)2+CaSQ4•2H20 combinati-0n; however at 
a higher concentration CaCl2 is an accelera
tor (1). Electron microscopic and x-ray 
diffraction studies show that hexagonal 
monochloride (C 3A·CaC1 2·XH20) forms . at low 
Ca C 1 2 co n,c en tr at i on and need 1 e shaped tr i -
chloroaluminate (C 3A·3CaC12·YH20) forms at 
high CaC1 2 concentration {5). 

With the above background information it is 
now possible to analyse and differ~ntiate 
between different mechanisms of retardation 
of C3A hydration. 

(A) Retardation due to "alumina-rich" layer 
formation: 

This mechanism has been proposed by Tadros 
and Skanly (9,10). The authors concluded 
that C3A dissolves incongruently in water or 
dilute acid solutions forming alumina-rich 
surfaces on C3A grains. Calcium ions get ad
sorbed on this layer forming positively 
ch a r g e d part i c 1 es . "The format i on of a 
structure consisting of an aluminium-rich 
surface with adsorbed calcium ions, appears 
to minimize the active dissolution sites and 
results in reduced rates of dissolution". 
"In the presence of sulfate ions, · adsorption 
on the positively charged sites further 
reduces the rate of dissolutton. This effect 
is probably achieved via the blocking 
effects of sulfate ions on coordination 
sites which would otherwise be occupied by 
hydrogen or hydroxyl ions, known to be able 
to catalyze the dissolution of alumina .. ". 
)n o~der to appreciat~ their conclusions, 
it is necessary to analyse their experimen
tal technique and results: 
(i) C3A-water suspensions: In these 
suspensions water/solid ratios varied 
between 25 to 250. The 1 iquid phase after one 
minute of mixing contained l .05xl0- 2M Ca 



-

ions and 5.5xl0- 3M Al ions. As Ca/Al ratio 
·was 1 .9 instead of 1.5 of C3A the authors 
concluded that C3A dissolves incongruently . 
However an examination of Ca(OH) 2-Al(OH) 3-
H20 phase diagram (11) sbows that a liquid 
pha~e containing l.05xl0 2M Ca ions jn 
equilibrium can contain only 1 .96xl0 3M Al 
ions i.e. the analysed solution was already 
2.8 times supersaturated with Al ions. A 
congruent solution of C3A, if all Al ions 
could be kept in solution, would have 
yielded a Al ion supersaturation of 3 . 6 . It 
is highly unlikely that such a supersatur~
tion could be achieved in practice. Whether 
from' the above analyses of the liquid phase 
one can conclude incon§ruent solubility of 
C3A is another matter altogether. In this 
context it is of interest to note that Hedin 
who arranged C3A/water ratio so that both Ca 
and Al ions could bE kept in solution, found 
Ca/Al ratio of 1.5 over a period of 20 
minutes (1). 
(ii) C3A-dilute acid suspensions: Figs. 2 and 
3 are taken from reference 9 and show 
representative results. The time interval 
between pH 4 and about 11.2 has been termed 
" i nduction period". It can be seen that the 
induction period has been lengthened by S0 4 

ions . In some experiments CaCl 2 was used 
instead of CaS04 and "CaCl2 was found not to · 
influence the induction period". A quantita
tive analysis of these results will be 
informative. Consider the case of pure 
0 . 166M HCl first. 
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Fig . 2 - Rates of dissolution of 2g C ~ A in 
75 ml. of 0.166M HCl 

(a) From Fig. 3 it can be seen that the 
initial Ca ion concentration was just below 
0.06M and that of Al ion just above 0.02M; 
fer the sake of simplicity assume them to be 
0 . 06 and 0 . 02 res~ectively. From Fig. 2, the 
pH of the solution ~t that time was 4 . If 
both the metals were in their fully ionized 
sta~e then Ca ions would have required ~.12M 
Cl ions and Al ions would have required 
0 . 06M Cl ions i.e . altogether 0.18M Cl ions; 
~hereas the soluti~n contained only 0.166MC1 
~ons. If the pH of the solution is taken 
into consideration, a higher Cl ion 
concentration will be needed to neutralize 
the positive ions. 

It is thus cibvious that not all the metals 
in the solution were in their fully ionized 
state i.e. at least a part of Al was in a 
hydrolyzed state 
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Dissolution of 2g C3A in 75 ml of 
0.166M HCl. (a) and (c) for [Ca 2+ 
and [iluminium]; (b) and (d) for 
[Ca 2 ] and [aluminium] in the 
presence of 1 . 55xl0- 3M CaS0 4 
respectively. 

(b) Fig . 2 shows that between 2 and 12 
minutes the pH of the solution rose slightly 
above 4 . Fig. 3 shows that in the same 
period Ca ion concentration was effectively 
constant, however Al ion concentration 
dropped from 0.02 to O.OlM . A removal of Al 
ion from the solution should have been 
accompanied by a change in positive ions 
i . e . changes in pH and/or Ca ion concentra
tion. In the absence of either, one is 
forced to think that at least a part of Al 
was in a finely divided state at the time of 
the first filtration but had grown 
subsequently and was removed at the second 
filtration. This interpretation is 
consistant with the fact that Al ions start 
to hydrolyse at pH3 (12,13) and that the 
solubi'lity of Al(OH) 3 at pH4 is l.xl0- 11 

mol/l (14). It is only natural that freshly 
formed Al(OH) 3 will need time to grow 
sufficiently to be removed by ffltration. 
Incidentally the measured Ca ion concentra
tion of 0 . 06M is just short of that required 
to neutralize 0.166M HCl to pH4. It will 
thus appear that a majo r part, if not all, 
of Al released by the action of HCl was 
hydrolyzed to Al(OH) 3 in . a very short time. 
It is expected that adjacent to C3A grains 
the pH will be higher than in the bulk 
liquid phase and a major part of hydrolysis 
and precipitation of Al(OH) 3 will occur 
there i.e. C3A grains will be covered by 
Al(OH) 3 layers. The difficulty of material 
transport through this Al(OH) 3 layer will 
explain the "induction period". 

Dissolution of C3 A in HCl in the presence of 
S0 4 ions could not be analysed in detail, 
the reason being that Figs. 2 and 3 report 
results of two different S0 11 concentrations. 
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However qualitatively the effectivehess of 
S04 ions could be explained on the basis of 
Schulze-Hardy rule, which states that 
diavalent S0 4 ions will be very effective in 
precipitating positively cha r ges Al(OH) 3 gel 
(15). A"tigh.tly packed Al(OH) 3 gel will 
hinder the flow of materials through it more 
than a loosely packed layer. 

The authors def i n i t e 1 y got A 1 ( 0 H ) 3 1 ayers on 
C3A grains in their experiments . However 
their results and hypothesis ·are at variance 
with the following characteristics of C3A 
paste: 
(i) in C3A pastes he xagonal aluminates or / 
and ettringite were found from 30 sec. 
onwards whereas the authors could not find 
them, 
(ii) the hypothesis suggests that high 
concentration of Ca(OH) 2, in the absence of 
so4 ions, should dissolve aluminous layer 
thereby increasing C3A hydration , whereas 
in practice Ca(OH) 2 is a retarder, 
(iii) it is difficult to e xplain the highe r 
efficiency of Ca(OH) 2+CaS0 4•2H 20 mi xture, 
(iv) CaCl 2, which the authors found to be 
ineffective, is in practice a very effective 
agent . 

In view of t~e above contradictions, the 
relevance of this experimental set up and 
the hypothesis to paste hydration of C3A 
especially in alkaline medium is very 
uncertain . 

(B) The hypothesis of reta r dation due to an 
aluminious hydroxide layer formation: 

This hyp~thesis was proposed by Stein et al 
(16,17) . According to this hypothesis "when 
C3A reacts with water, both C2AH a and C4AHD 
are formed" (17). However when C3A reacts 1n 
a solution containing Ca and OH ions the 
nucleation of C4AH x is favoured leading to a 
local shortage of Ca and OH ions nea r C3A 
grains and formation of Al (OH) 3 gel layers 
on the grains. This gel layer needs a 
protective layer of C4AH x to hinder the flow 
of Ca and OH ions but not water . 

From the measured heat liberation data and 
the known enthalpy of the following reaction 

C3A:+ Ca 2+ + 20H- + 12H 20 = C4AH 13 
Stein calcDlated that for a 0.75g C3A + 
0 ; 25g C3S pa~te if C4AH x layer had a porosity 
less than 10 6 cm 2/cm 2 of C3A su r face the 
shortage of Ca and OH ions would be the rate 
determining factor. Inserting the above 
porosity and calculated water flow through 
C4AH x layer to maintain the rate of heat 
liberation in the Hagen - Poiseuille equation 
Stein calculated that a pressure differential 
of 3.2xl0 3 dynes•cm- 2 across the C4AH x laye~ 
would be needed . This low figure indicated 
the absence of wate r shortage (17) . 
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In the above calculation Stein used 10- 6 as 
the radius of the i~dividual pores . A 
division of the total pore area by nr 2 gives 
3.18xl0 8 as the total number of pores in the 
paste . From the characteristics of their 
starting materials it can be calcu l ated that 
0.75g C3A contained l . 42xl0 9 equal she r es of 
radius 3.46 xl0- 4 cm. Note that the number of 
spheres is larger than the number of pores. 
An assumption ·of size distribution in C3A 
should increase the number of particles . 
From Stein's other data it can be calculated 
that during the initial stages of hyd~ation 
the volumes of individual particles were 
reduced by about 30 % i.e. there was no 
reduction of particle number . The us~ of 
this number in the Hagen-Poiseuille equat i on 
without any other change gives a pressure 
differential of l.5 xl0 4 dyne·cm- 2. This is 
also the pressure on the pore walls tending 
to disrupt them i.e . C4AH x layer . One may 
wonder if the above assumption of one po r e 
per particle is reasonable especially as Fi g. 
4 taken from reference 18, shows seve r al 
po r es per 400 µm2 su r face of C4AH x layer. 
The use of pro rata number of pore gives an 
enormous pressu r e differential . It is also 
to be noted that in the case of no water 
shortage C4AH 19 and not C4AH 13 should form . 
The assumptions of the number of pores and 
the rigidity of C4AH x layer depend on ones 
pe r sonal belief. However the followings are 
independent of personal belief : 
(i) there is no independent evidence of 
Al (OH) 3 formation, . 
(ii) there is independent· x-ray evidence of 
C4AH 13 formation in moist paste indicating 
a water sho r tage (19), 
(iii) as Al(OH) 3 is not expected to form in 
C3A-water paste (17), this hypothesis can 
not explain the drop in the rate of C3A 
hydration after about 3 minutes, 
(iv) it is also difficult to explain the 
effects of CaCl 2 on C3A hydration. 

Fig . 4 - C3A hydrated for 10 minutes in 
paste (w/s = 1). 



(C) The hypothesis of water shortage as the 
cause of retardatioh of C3A hydration: 
In this hypothes~s (20,21) it has been 
assumed that (i) th~ hydration of C3A 
de~ends on the availability of water at the 
gr ain surfaces, (ii) water has to flow 
th r ough hydration products wh i ch form round 
the grains, (iii) the r esistance to water 
flow varies directly with the thickness of 
the reaction product ·layer and inversely as 
the particle size of the product i.e. the 
flow follows a Kozeny-Carman type equation, 
(iv) thin plates e.g. C4AH x offer higher 
resistance than needles e.g. ettringite . 
These authors showed that the addition of 
ca(OH) 2, gypsum, Ca(OH) 2+CaS0 4·2H 20 mi xture 
to C3A paste causes reduction in the 
particle size of the reaction products 
compared to pure C ~ A paste. They also 
showed that at low CaCl 2 concentration 
he xagonal plates of monochlor i de form and at 
high CaCl 2 concentration needles of tri
chloride form. 

Fr om the above hypothesis it follows that 
C3A- water paste will need a thick layer of 
hydrat i on products before a water shortage 
will cause a lowering of the hydr ation rate 
i 

1
• e . t h e i n i t i a l h y d r a ti o n r a t e w i l l b e h i g h 

and once a sufficiently thick layer of 
hydration products has formed the rate will 
dr op . The retarding and the accelerating 
effects of CaCl 2 at different concentrations 
can be explained on the basis of the plate 
and needle shapes of the product, respectiv~ 
ly . In the cas~ of C3A-Ca(OH) 2-gypsum paste, 
the formation and persistance of hexagonal 
-aluminate phases suggests a decreasing 
grad i ent of S0 4 ion from the bulk solution 
to C3A surface . This gradient results in the 
formation of the hexagonal phase adjacent to 
the grains and on top of which a layer of 
ettringite . Better performance of Ca(OH) 2+ 
gyps~m mi xture has been attributed to the 
observed smallness and thinness of the 
he xagonal crystals. 

It should be noted that no other ad - hoc 
assumpti ·on is necessary to explain the 
a c t i o n s o f l 

1
i g n o s u l f o n a t e , N a 0 H e t c . ( 2 l , 2 2 ) . 

The direct x-ray evidence of a water 
shortage at c ~ A grain surface has already 
been referred to (19) . 

Recently Collepardi et al suggested a 
mod i fied version of the water shortage 
hypothesis (6). These authors proposed that 
the ettringite lay~r. which forms in the 
presence of gypsum, has a bette r retarditig 
effect than a layer of thin and small 
hexagonal aluminates . Fig. 5, which has been 
taken from ref . 6, shows that the heat 
l iberation rate of C3A-gypsum paste has an 
early . peak at about 5 minutes. "After 15 
minutes of hydration a peak (in DTG curves) 
at l20°C- assigned to C3A·3CS·H 32 is recorded. 
Traces of cal'cium aluminate hydrate can be 
o~served 11 • Fig . . 5 also shows that the heat 
liberation rate accelerates ~gain ' at about 
1.5 hours and peaks at about 4.5 hours> the 
rate has another inflextion at about 6 hours . 
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Fig. 5 - Heat evolution in the system 
C3A+Ca(OH) 2+CaS0 4• 2H20+H 20 . 

15 

"At 3-4 hours ettringite is the principal 
product of hydration while traces of gypsum 
and he xagonal hydrate can also be observed. 
At 6-24 hours ettringite tends to decrease 
and a large peak at 22 0°C assigned to C3A· 
CS·H1 2 appears" . As ettringite was the 
principal product upto 3-4 hours, it is 
obvious th.at the accelerating rafe of heat 
liberation between l .5 and 3-4 hours must be 
due to the accelerating rate of ettringite 
formation . As ettringite tends to decrease 
at 6-24 hours monosulfate must also be 
forming at that time i.e . the inflexion of 
the heat liberation curve at about 6 hours 
is due to monosulfate formation . It is 
rather surprising that a thin layer of 
ettringite, which according to the authors, 
could retard C3A hydration between 0. 25 and 
l hour but a thicker ettringite layer could 
not retard between 1.5 and 3-4 hours. No 
explanation of this anomaly has been offered 

It is to be noted that the authors hav~ 
confirmed the formation of he xagonal 
aluminate hydrate from 15 minutes onwards. 
The formation of ettringite as the principal 
product upto 3-4 hours shows that the bulk 
liquid phase had a high S0 4 ion concentra
tion upto that time. The persistant 
formation of he xagonal aluminate then means 
a persistant decreasing gradie nt of S0 4 ions 
from the bulk solution to C3A surface and 
that the hexagonal aluminates must have 
formed in between C3A and ettringite layer. 
One can of ~ourse always claim that an 
ettringite layer, which can not stop 
he xagonal aluminate formation, is a more 
effective retarder than the layer of 
he xagonal aluminate which forms between the 
layer of ettringite and C3A grain. However 
on the above basis it will be difficult to 
e ~ plain the higher retarding efficiency of 
hexagonal monochloride over needle shaped 
trichloride. 

The type of analyses carried out in this 
paper can be further extended and merits or 
otherwise of different hypothesis can be 
evaluated . However in the ultimate analysis 
what is considered to be an acceptable 
explanation depends more on the fashion of 
the day, than anything else. 
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Theme 3 - Hydration of C3A in cements 
GENERAL REPORT 

by UDO LUDWIG, lnstitut fur Gesteinshuttenkunde, Rwth Aachen, R.F.A. 

With the aboye theme eight papers are submitted for 
presentation and they "deal with 

(I) 

(II) 

the reactivity of cubic, orthorhombic and 
monoclinic c3A (1) 

the formation of mono- and trisilico
aluminate hydrates (1, 2)' 

(III) the hy9rat}on of ~3A in pure systems with 
C3S, Cs, Cc and Ks (1, 3, 4, 5) 

I 

(IV) the hydration of C3A and c2(A,F) in 
cements ( 1, 5, 6, 7, 8) 

REGOURD, HORNA!N and MORTUREUX (1) studied the rate 
of hydration of both cubic and orthorhombic forms of 
C3A in the presen\:e of C3S anq .gypsum by XRD with a 
normal paste of 0·35 to 0·5 W/S ratio. They found 
that in the initial stages of reaction the cubic 
form was more reactive than that of orthorhombic. 
The use of NaOH solution instead of distilled water 
showed no effect on the reactivity of C3A. From 
these observations, the authors concluded that the 
higher density of the orthorhombic f0rm of C3A is 
responsible for the lower reactivity. Addition of 
3 wt~-% K2S04 to C3A-C3S-CsH2 paste accelerates 
the hydration of both the ' cubic as ~~ell as the 
orthorho~bic for~ of C3A. - The lower hydration rate 
of orthorhombic as well as monoclinic C3A was also 
observed in pastes hydration of industrial clinker. 

J.H.P. VAN AA~DT and S. VISSER (2) synthesized a 
monosilicoaluminate hydrate (10,0 ~) analogous to 
the calcium monosulphoaluminate hydrate (10·3 ~) by 
reaction of amorphous silica and lime 1-1ith a slurry 
of C4AH19 (10.6 A) at 5°c. The reaction was followed 
by XRD. 
C4~H19 was prepared from C3A and Ca(OH)2 at 5°C, 
wh1cn contained a little amount of C3AH6 and 8·2 ~ 
hydrate. On the addition of silica or silica with 
Ca(OH)2, the following reactions took place. 

1. s~l~ca and Ca(OH) formed CSH and 
2. silica replaced the OH groups in c4AH 19 to form 

the silicoaluminate hydrate. 

On the addition of increasing amount~ of silicoalumi
nate hydrate is formed readily especially when no 
extra Ca(OH) 2 is added. The addition of CSH did not 
produce the IO ~ hydrate. 
At later ages of h~dtation 6r by•raising the 
temperature from 5oc to room temoerature 10 0 ~ 
hydrate is converted into c2AsH8 (12·6 ~) and CSH. 

Under normal conditions, the formation of 
silicoaluminate hydrate is unlikely in ~ydrated 
Portland cement because of the excess Ca(OH) 2 present. 

On the otherhand with the help of electron 
microanalysis of the polished sections of the 
following two hydrated mixtures 

76 w~ % c3s + 19 wt. % c3A + 5 wt. % gypsum and 

80 wt. % c3s + 20 wt. % C3Ac. 

M. REGOURD, H. HORNAIN and B. MORTUREUX (1) found 
the following two silicoaluminate hydrates 

c4AsH 12 and c3A·3CS·H31 . 

After seven days of hydration, the formation of 
poorly crystalline trisilicoaluminate hydrate was 
observed as pseudomorph of the anhydrous c3A. The 
monosilicoaluminate hydrate is formed outside the 
original c3A boundary . The c3A reacts faster thctn 
C3Ao. c 

J. JAMBOR (3) studied the bindin9 properties of 
C3A in the presence of CaC03. The fineness of 
C3A and CaC03 were respectively 2800 and 2480 cm2/g 
(Blaine). The experiment was carried out with 
2 cm cubes with mixtures of 

1. c3A with graded amounts of Caco3. 

2. C3A with graded amounts of quartz sand and 

3. 73 wt.-% c3A and 27 wt.-% Caco3 and graded 
amounts of quartz sand. 

After 1 and 28 days curing, bulk density and 
compressive strenqths were determined in wet and 
dry states (100°C-drying). In addition to this 
the ~ot~l .porosity, aver3ge radius of the micropores 
and iqnition loss at 600 C were also determined 
for dried specimens. The specimens were analysed 
by XRD, thermal analyses and scanning electron 
microscopy. The usual hydration products of c3A 
form only loose structures v1ith low binding capacity 
~hereas due to ~ddit~ons of Caco3, the strength is 
increased 300 times in the wet state. Maximum 
strength was found to be 29 MPa for a paste with 
C3A/CaC03 ratio of 60/40. XRD and thermal analyses 
confirmea that the formation of mainly c3A·CaC03·H 
and the higher rate of hydration of C3A in the n 
presence of CaC03 is the cause of increased strength. 

I. ODLER (4) studied the interactiEJn b.etween the 
CSH ·phase formed in C3S hydration in the presence 
of gypsum and the abiTity of bound gypsum to . react 
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with C A. The maximum amount of bound gypsum was 
found to be 9· 8 g/ 100 g c3s after 1 day of hydration 
in a paste with 10 wt . -% calcium sulphate. This ratio 
-of 1 mol S03 per 6·1 moles c3s hydrated corresponds 
well with tne results in literature . Increase in 
c3s hydration takes place upto 10 wt.- % of gypsu~ 
additions . The bound gypsum can not be detected 
by OTA and XRD but can easily be quantitatively 
extracted by lime water or can reactwith c3A to 
form ettringite. The bond between cal cium sulphate 
and CSH phase is weak and the author assumes that 
the calcium sulphate is physically adsorbed at the 
surface of CSH gel. -

H. Y. GHORAB, D. HEINZ, U. LUDWIG, T. MESKENDAHL and 
A. WOLTER (5) did nevi research on the stability of 
calcium aluminate sulphate hydrates in pure systems 
and in cements. - Suitable additions of calcium 
sulphates to cements prevent false setting by 
formation of an ·ettringite layer preferably on the 

·surfaces of the c3A. Investigations in pure systems 
with C3A, gypsum or anhydrite and lime with and 
without additional Caco3 or c3s and with industrial 
plain or blended Portland c~ments confirm or indicate 
that ettringite and carboaluminate hydrate are the 
stable phases at room or lower temperatures. 
Monosulphate hydrate is the stable phase: at elevated 
temperatures . In consequence an interim formation 
of 1nstable mono sulphate hyd rate at normal temperatu
re s or specially at direct , delayed or repeated, 
wanted or unwanted heat treatment of cement pastes 
mortars or concretes can cause damage by · 
subsequent ettringite formation accompanied by 
expansion, cracking and decreased strength. Calcium 
carbonate additions can increase the damaqe. 
Portland cements with limited or without C A or 
Portland cements blended with granulated b~ast 
furnace slags cir suitable puzzolanas in 
appropiate amounts reduce or even prevent damage. -
But reduction or prevention of damage should ~ot be 
regarded as the sole task. One should look ahead 
making use of the knowledge of the reactions of 
the calcium aluminate hydrates, for instance, for 
the chemical prestressing of concrete. 

B. F. COTTIN (6) studied the kinetics of hydration 
of the following four different industrial clinkers. 

!cement I I C3A C4AF cfree 
Alkali· CaS04 c3s J c2s sulphate 

A 67 ! 19 8 1 4.4 0.2 0. 2 
B 59 ! 16 13 7 1. 0 L B 1. 5 
c 62 119 2 14 1. 9 0.7 0.1 
D 60 20 7 10 1.1 0.5 0 

The clinkers were mi xed with 0, 1, 2.5 an 5 wt.- % 
so3 in the forms of gypsum, hemihydrate and burned 
and natural anhydrite and ground to a fineness of 
30~0 cm2/g (Blaine) . The W/C ratio during the 
hydration was kept at 0.5. The kinetics of hydration 
was followed by an isothermal ~alorimeter. The 
calorimetric curves show three exothermic pea ks 
wit~ changing intensity and time of octure~ce due 
to 

1. early hydration of c3A (influenced by the 
presence of c3s and sulphates) 

2. c3s hydration 

3. total sulphate consumption. , 
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The addition of calcium sulphate always lead to a 
decreased intensity of the first peak except clinker 
C with hemihydrate . But from the results it seems 
impossible to have a general correlation between the 
decrease in heat liberation and the quantity and the 
nature of the added sulphates. For all clinkers the 
optimum gypsum conterit lies between 2.5 to 5 wt . - % 
of the added so3. With the exception of clinker B, 
sulphate additions resulted in an increased and 
early heat liberation second peak. This peak which 
is mainly due to c3s hydration occurs at early 
hydration time even in the plain clinker B without 
any sulphate additions because the clinker itself 
contains a lot of alkali sulphates. The third peak 
which is due to total so3 consumption was generally 
very weak and broad . Witn natural anhydrite this oeak 
was absent. · 

I. ODLER and R. WONNEMANN (7) studied the effect of 
different forms of calcium sulphate on the hydration 
of C3A present in a laboratory burned clinker. The 
clinker contained 15 wt.- % c3A and 5 wt.- % c2(A , F) . 
The clinker was ground with 3 wt.- %of so3 in the form 
of anhydrite, hemihydrate or gypsum to a fineness of 
3000 + 100 cm2/ g (Blaine) and hydrated with W/S = 0.5 . 
The ettringite formation was determined up to 
30 minutes by OTA. The unreacted fraction of 
gypsum and hemihydrate was determined by OTA that 
of anhydrite by QXRD. - The results indicate, that 
thereis no significant influence of the addjti ons a~ 
of the form of- added sulphate on the hydration 
kinetics of C3A. With sulphate addition ettringite 
is the first nydration product of C3A to be 
converted later on to monosulphate hydrate. The 
ettrinqite formation is reduced and the conversion 
to monosulphate hydrate is delayed with anhydrite . -
The fl ash setting of pure clinker ( ~1 minute) is 
not a consequence of rapid c3A hydration but 
a consequence of an altered morphology of the 
hydrat i on products as already suggested by LOCHER , 
RICHARTZ and SPRUNG. With hemihydrate the measured 
fast settina is related to the conversion to 
dihydrate. The higher water requirement with anhydrite 
i s due to the formation of a significant amount of 
different calcium aluminate hydrates than ettringite . 

E. S. JONS and B. OSBAECK (8) investigated the 
influence of c3A in cements. They prepared three 
clinkers each with 60 wt.-% c3s and 22 wt.-% C2S . 
The c3A and c4AF contents in each clinker varied 
respectively from 0 to 16 and 2 to 18 wt . -%. Three 
cements were made from each clinker by the addition 
of different amounts of so3 in the form of a mix ture 
of equal amounts of gypsum and hemihydrate. Clinkers 
mi xed with sulphates were ground in a ball mil1 
for 15 min. Differences in fin~ness reflect 
differences in grindability and remained without 
consideration . Oh the other hand corrections were 
made for strength values arising from the contribu
tion to the measured fineness by th& added sulphate. 
The maximum correct i on amounts to 6 MPa . Further 
correction was made for decreased bul k density with 
increased c3A content of the clinker. The largest 
correction attributable to entrained air was 5 MPa . 
The strength development curves show an optimum 
a·mount of both C3A and added so3. There is a 
positive effect of so3 addition on the early . 
hydration of c3s whicn corresponds well with the 
work of other researchers with pure C3S or alites . 
The strong retarding effect of excess S03~n C3A 
hydration is significant . It appears that large 
amounts of c3A have a negative effect on C3S 



--

hydration. By plotting logarithm of compressive 
strength vs reduced porosity by C3S hydration, the 
authors conclude that C3A gives an independent 
positive contribution to strength during the entire 
period of examination. Negative effects are the 
air. entrainment in the mortars and the lower rate 
of c3s hydration at more advanced stages of hydration. 

Summarizing the submittel papers, the following 
conclusions can be made: 

The orthorhombic and monoclinic c3A are less reac1ive 
as compared to the cubic form. Analogous results 
are obtained both in pure systems and hydrated 
cements. 

In the presence of ~vater, the reaction between 
c
4

AH 19 and amorphous silica and as well as between 
c
3
A with c3s qr c2s showed the formation of 

c
1
A· CS·H 17 . In the reaction of c3A with c3s or c2s 

tne formation of C3A·3CS·H was also observed. Th~ 
formation of silicoaluminat~ hydrates has also been 
observed in hydrated Portland cements. 

~n systems . cont~ining sufficient amounts of sulphate 
ions, the immediate formation of a gel like 
e~tringite layer o~ the surface of c3A grains 
hinders false setting. The monosulphoaluminate 
hy',clrate and its solid solutions, formed subsequently , 
are partly unstable at -room or lower temperatures. 
A renewed ettringite formation, without and -
increased - with interim heat treatment, was also 
ob~erved a~ later ages. Additio~al . caco3 in~reases this reaction. The renewed ettringite formation 
was also observed during cement hydration and this 
can cause damage by expansion, decreased strenqth 
and cracking. The Portland cements with limited 
G3A or blended cements are less susceptible to this 
damage . 

The sulphate adsorbed on the surface of CSH oel 
from the reaction of C3S, Cs and water can react 
subsequently with C3A to form ettringite . 

The form and amount of calcium sulphate added to 
c~ments will influence the early hydration but it 
will not change the hydration kinetics 
significantly. 

The hydration p~oducts of C3A will contribute to 
the strength formation. 
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Theme 3 - Hydratation de C3A dans les ciments 

RAPPORT GENERAL 

par UDO LUDWIG, lnstitut flir Gesteinshuttenkunde, Rwth Aachen, R.F.A. 

Dans ce therrie, 8 contrib~tions sont presentees 
et traitent de : 

1) la reactivite de C3A cubique, orthorhombique et mo
noclinique (1), 

2) la formation de mono et trisilicoaluminate hydra
tes (1 , 2), 

3) l'hydr~tat!on de_C3A dans des systemes purs avec 
C3S, Cs, Cc et Ks (1, 3, 4, 5), 

4) l'hydratation de C3A et c2(A,F) dans les ciments 
'(1, .5, 6, 7, 8). 

REGOURD , HORNAIN et MORTUREUX ( 1) ont etudie le 
taUX d I hydratation des formeS a la fOiS CUbique et 
orthorhombique de c3A en presence de c3A et de gypse 
par DRX dans une pate normale de rapport eau/ ciment 
egal Soi t a 0, 35 OU a 0 , 5. Ils Ont trouve que dans 
les stades initiaux de reaction, la forme cubique est 
plus reactive que la forme orthorhombique. L'utilisa
tion d'une solution de NaOH a la place d'eau distillee 
ne montre aucun eff et sur la reactivi te de c3A . De ces 
observations, les auteurs ont . conclu que la plus forte 
densite de la forme orthorhombi~ue de c3A est respon
sable de la plus faible reactivite. L' addition cie 3 % 
K2S04 a la pite C3A-C3S-C~H2 accelere l'hydrat~tion 
de la forme cubique aussi bien que celle de la forme 
orthorhombique. Le taux d'hydratation plus faible de 
la forme orthorhombique et de la forme monoclinique 
de C3A a aussi ete observe dans 1' hydratation de 
pites de clinker industriel. · 

J.H.P. VAN AARDT et s. VISSER (2) ont synthetise 
un monosilicoalumina~e hydrate (10,0 i) analggue au 
monosulfoaluminate de calcium hydrate (10,3 A) par 
reaction d'une silice amorphe et de chaux avec des 
traces de C4AH19 (10,6 A) a 5 °c. La reaction a 
ete suivie par DRX. C4AH19 a ete prepare a partir de 
CJA et Ca(OH)2 a 5 °C, il contenait urie faible quanti
te de C3AH6 et un hydrate a 8,2 ~. L'addition de sili
ce OU de silice et de Ca(OH)2 donne les reactions 
suivantes : 

1) la silice et Ca(OH)2 ferment C-S-H et 
2) la silice remplaci les groupes OH dans C4AH19 

pour former le silicoaluminate hydrate. 

En presence de tene 1Jrs croissantes en silice, 
le ~ilicoaluminate hydrate est forme rapidement, spe
cialement quand Ca(OH)2 . n'est pas ajoute en sus. 
L'addition de C-S-H ne produi.t pas l'hydrate a 1ot 

A plus long terme de l'hydratation OU en elevant 
la temperature d<(, 5 °C a la temperature ambiante' 
l'hydrate a lOiO A est transforme en C2ASH8 (12,6 i) 
et C-S-H. Dans les conditions normales, la formation 
d' un silicoal.umiriate hydrate est peu probable dans 
le ciment portland hydrate a cause de la presence d'un 
exces de Ca(OH)2. 
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D'autre part, a l'aide de la micro-analyse elec
tronique de sections polies des deux melanges hydra
tes suivants : 

76 % c 3s + 19 % C3A + 5 % gypse et 

80 % c3s + 20 % c 3Ac (en poids) 

M. REGOURD , H. HORNAIN et B. MORTUREUX (1) ont trouve 
deux silic ~aluminates hydrates 

c4AsH12 et C3A.3CS.H31 

A pres sept jours d'hydratation, la formation d'un 
trisilicoaluminate hydrate mal cristallise a ete ob
serveecomme urr. pseudomorphe du C3A anhydre. Le mono
silicoaluminate hydrate est forme a l' exterieur de 
la bordure du C3A original. Le C3Ac reagit plus vite 
que c3Ao. 

J. JAMBOR (3) a etudie les proprietes liantes de 
C3A en presence de CaC03. Les finesses de C3A et CaC03 
etaient respecti vement de 2800 et 2480 cm2. g-1 (Blaine). 
L' experience a ete effectuee sur des cubes de 2 cm 
avec les melanges de : 

1) C3A avec des quantites de CaC03 calibre, 
2) C3A avec des quantites de sable de quartz cali

bre et 
3) 73 % C3A et 27 % CaC03 (en poids) et des quanti

tes de sable de quartz calibre. 

Apres 1 et 28 jours de traitement, la densite 
volumique et les resistances a la compression ont ete 
determinees a l'etat humide et sec (sechage a 100 °c). 
En addition a ceci, la porosite totale, le rayon moyen 
des micropores et la perte au feu a 600 °C ont ete 
aussi determines sur les echantillons seches. Les 
echantillons ont ete analyses par DRX ; analyse~ ther
miques et microscopie electronique a balayage. Les 
produits d'hydratation habituels de C3A formeri.t seu
lement des structures liches avec une faible aptitude 
liante tandis que grice aux additions de CaC03 la 
resistance est accrue 300 fois a 1 I etat humide. Le 
maximum de resistance trouve a ete de 29 MPa pour une 
pite avec un rapport C3A/ CaC03 de _60/ 40. La DRX et 
les analyses thermiques confirment que la formation 
de C3A,CaC03.Hn 'principalement et le taux d'hydrata
tion plus eleve de C3A en presence de CaC03 est la 
cause de l'accroissement de la resistance. 

I. ODLER (4) a etudie l' interaction entre la 
phase C-S-H formee dans l' hydratation de· c3s en pre
sence du gypse et 1' aptitude du gypse lie a reagir 
avec C3A. La teneur maximale de gypse lie a ete 
trouvee eg~le a 9,8 g/ 100 g de C3A apres un jour 
d'hydratation dans une .pite avec 10 % de sulfate de 
calcium. Ce rapport de 1 mol S03 pour 6, 1 moles de ~S 
hydrate correspond bien aux resultats deja publies. 



Le taux d'hydratatiop de C3S croit jusqu'a une addi
tion de 10 % de gypse (en po ids). Le gypse lie ne peut 
etre detecte ni par ATD ni par DRX mais peut etre 
facilement extrait quantitativement par une eau de 
chaux, ou peut reagir avec C.1A pour former de 1 1 et
tringite. La liaison entre le sulfate de calcium et 
la ~hase C-S-H est faible et l'Auteur assume que le 
sulfate de calcium est adsorbe physiquement a la sur
face du gel de C-S-H. 

M. Y. GHORAB 1 D. HEINZ, U. LUDWIG, T, MESKENDAHL 
et A. WOLTER (5) ont fait une nouvelle recherche sur 
la stabilite des sulfoaluminates hydrates dans des 
systemes purs et dans les ciments. Des additions 
appropriees de sulfates de calcium aux ciments empe
chent, la fausse prise par formation d 'une couche 
d'ettringite, de preference sur les surfaces de 
C3A . Les etudes de systemes ' purs avec C3A ' gypse OU 

anhydrite, et chaux, avec ou sans CaC03 ou C3S , et 
avec des ciments portland avec ajouts, confirment 
ou indiquent . que 1 1 ettringiote et le carboalumina te 
hydrate sont les phases stables a la temperature 
ambiante. Le monosulfate hydrate est la phase stable 
aux temperatures elevees. Par consequent, une forma
tion provisoire de monosulfate hydrate' instable a 
la temperature normale ou specialement au cours d'un 
traitement thermique (direct, retarde OU repete, 
desire ou indesire) de pates de ciments , mortiers ou 
betons , peut entrainer des dommages par formation u~ 
terieure d'ettringite acGompagnee d'expansion, de 
fissuration et de chute de resistance. Des additions 
de 1 carbonate de calcium peuvent accroitre la deterio
ration. Les ciments portland a teneur limitee en 
CJA ou sans C3A ou les ciments portland au lai tier 
de haut fourneau granule OU aux pouzzolanes appropriEes 
en quantites convenables, reduisent OU meme -empechent 
la degradation. Mais la reduction, OU 1 1 empechement 
du dommage' ne devrai t pas etre considere comme la 
seule tache. On devrai t aller plus loin en utilisant 
la connaissance des reactions des alumihates de cal
cium hydrates, par exemple, pour la precontrainte chi
mique du beton. 

B. COTTIN (6) a etudie la cinetique de l'hydra
tation des quatre clinkers industr:i_els suivants : 

Cimep.t c
3
s c 2s c

3
A c

4
AF clibre 

Sulfate Caso
4 alcalin 

A 67 19 8 1 4,4 0,2 0,2 
I 

B 59 16 13 7 1,0 1, 8 1, 5 I 
c 62 19 2 14 1, 9 0,7 0' 1 

I D 60 ~o 7 10 1, 1 o,s 0 

Les clinkers ont ete melanges avec 0,1, 2,5 et 
5 % (en poids) de S03 sous les formes gypse, hemi
hydrate, anhydrite naturelle et surcuite, broyees a 
une finesse de 3000 cm2 .g-1 (Blaine). Le rapport e/ c 
a ete garde egal a 0, 5 pendant 1' hydra ta ti on. La 
cinetique d'hydratation a et~ suivie par calorimetrie 
isotherme. Les courbes calorimetriques montrent trois 
pies exothl'!rmiqt.:es d' intensite variable et dont le 
temps d'apparition est du a 

1) 1 1 hydratation initiale de c3A (influencee par 
la presence de c 3s et des sulfates), 

2) l'hydratation de C3S, 
3) la consommation totale du sulfate. 

L'addition du sulfate de calcium entraine tou
jours une decroissance de l'inten~ite du·premier pie, 
excepte dans le clinker C avec l' hemihydrate. Mais 

a partir des ~esultats, il semble impossible d'avoir 
une correlation generale en'tre la decroissance de la 
chaleur degagee et la quanti te et la nature des sul
fates ajoutes. Pour tous les clinkers, la quantite 
~atimale de gypse se place entre 2,5 et 5.% en poids 
~~ S03 ajoute. A l'exception du clinker-a, les addi
tions de sulfate entrainent l'accroissenent ~'inten
si te et l' apparition plus precoce du second pie de 
degagement de chaleur. Ce pie qui est du principale
ment a l'hy~ratation de c3A se produit pl.tis tSt, meme 
dans le clu1.ker B sans aucune addition de sulfate, 
parce que le clinker lui-meme contient beaucoup de 
sulfates alcalins. Le troisieme pie qui est du a la 
cor:sommation totale de so3 , est generalement tres 
faib~e et large. Dans le cas de l'anhydrite naturelle, 
ce pie est absent. 

I. ODLER et R. WONNEMANN (7) ont etudie l'effet 
de differentes formes de sulfate de calcium sur l'hy
dratation de C3A present dans un clinker prepare en 
laboratoire. Le clinker contenait 15 % de c3A et 5 % 
de c2(A,F) (en poids). Le clinker a ete broye avec 3 % 
de S03 (en poids) sous la forme d'anhydrite, d'hemi
hydrate et de gypse a une finesse de 3000 ~ 100 cm2.g-1 
(Blaine) et hydrate avec un rapport e/ c = D,5. La for
mation d'ettringite a ete determinee, par ATD, jusqu'a 
30 minutes. La fraction de gypse et d'hemihydrate qui 
n'a pas reagi a ete determinee par ATD et celle d'an
hydrite par diffraction des rayons X. Les resultats 
indiquent qu'il n'y a pas d'influence significative 
de l'addition et de la forme du sulfate ajoute sur 
la cinetique d'hjdratation de C3A . Par addition de 
sulfate, l'ettringite est le premier produit hydrate 
de C3A , qui se convertit plus tard en monosulfate 
hydrate. La formation d'ettrjngite est reduite et la 
conversion en monosulfate hydrate est retardee avec 
l'anhydrite. La fausse prise du clinker pur (inferieu
re a 1 minute) n'est pas une consequence de l'hydra
tation rapide de C3A mais une consequence de l'alte
ration de la morphologie des produits hydrates comme 
1 1 ont deja suggere LOCHER, RICHARTZ et SPRUNG. Avec 
l'hemihydrate, la prise rapide est reliee a la conver
sion en dihydrate. La demande en eau plus 1~levee avec 
}'anhydrite est due a la formation d'une quantite 
significative de differents aluminates de calcium 
hydrates plutSt que d'ettringite. 

E.S. J~NS et B. OSBAECK (8) ont etudie l'influen
ce de C3A dans les ciments. Ils ont prepare trois cl.in
kers l'un avec 60 % c1s et 22 % C2S (en poids). Les 
teneurs en c3A et C4AF de chaque clinker variaient 
respectivement de 0 a 16 et de 2 a 18 % (en poids). 
Trois ciments ont ete prepares a partir de chaque 
clinker par addition de differentes quantites de 
S03 sous la forme d'un melange en quantite egale de 
gypse et d' hemihydrate. Les clinkers melanges avec 

' les sulfates ont ete broyes dans un broyeur a boulets 
pendant 15 minutes. Les differences de finesse refle
tent les differences de broyabilite mais peuvent ne 
pas etre prises en consideration. D.'autre part, les 
valeurs de resistance ont ete corrigees en tenant 
compte de la contribution de la finesse mesuree et 
de . l'iddition de sulfate. La valeur maximale de la 
correction etait de 6 MPa. Une correction supplemen
taire a ete fai te tenant compte de la decroissance 
de la densite volumique en fonction de la croissance 
de la teneur en C3A du clinker. La correction la plus 
elevee, attribuee a l'air entraine; etait de 5 MPa. 
Les courbes de variation de resistance mettent en 
evidence une teneur optimale de C3A et de S03 ajoute. 
Il y a un effet positif de l'addition de S03 sur l .'hy
dratation initiale de C3S qui correspond bien aux re
sultats d'etude d'autres chercheurs sur· le c3s pur 
et les alites. L' effet retardateur important d' un 
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exces de S03 sur 1 'hydratation de c3A est significa
tif. I1 apparait que des quantites importantes de 
C3A ont un effet negatif sur l'hydratation de C3S. 
En tra<;:ant la courbe du logarithme de la· resistance 
a la compression en fonction de la reduction de la 
porosite par l'hydratation de c3s, Jes Auteurs concJuent 
que c3A apporte ttne contribution positive et indepen
dante' a la resistance' pendant la to tali te de la 
duree de l'etude. Les effets negatifs sont l'entrai
nement d'air dans les mortiers et le taux plus faible 
de 1 1 hydratation de C3S a des stades plus avances de 
l'hydratation. 

Resumant les contributions ci-dessus, les con
clusions suivantes peuvent etre tirees : 

- Les C3A orthorhombiques et monocliniques sont 
moins reactif~compares a la forme cubique. Des resu1~ 
tats analogues ont ete trouves a la fois dans des 
systemes purs et dans des ciments hydrates. 

- En presence d'eau, la reaction, entre C4AH19 et 
la silice amorphe et aussi bien entre C3A et c1s ou 
C2S, entraine la formation de C3A.CSH12· Dans la reac
tion de c3A avec c3s ou C2S, la formation de c3A.3CS. 
H32 a aussi ete observee. La formation des silicoalu
minates hydrates a aussi ete trouvee dans les ciments 
portland hydrates. 

- Dans les systemes contenant des teneurs suf
fisantes en ions sulfate. la formation immediate a 
la surface des grains de ci3A d'un gel, tel qu'une 
couche d'ettringite, empeche la fausse prise. Le mono
sulfate hydrate et ses solutions solides, formes 
ensui te, sont partiellement instables a la tempera
ture ambian.te ou aux plus basses temperatures. 
Une formation nouvel]e d'ettringite sans, et (accrGe) 
avec un traitement thermique transitoire, a aussi ete 
observee a plus long terme. L'addition de CaC03 favo
rise cette reaction. La formation nouvelle a aussi 
ete observee au cours de l'hydratation du ciment et 
elle entraine d.es deteriorations, par expansion·, chute 
de resistance et fissuration. Les ciments portland 
a teneur limitee en C3A OU les ciments avec ajouts 
sont moins sensibles a cette degradation. 

- Le sulfate adsorbe a la surface du gel de C-S
H au cours de la reaction entre c3s, Cs et . l' ~au peut 
reagir ansuite avec C3A pour former 1 1 ettr1ng1te. 

- La forme et la quantite du sulfate de calcium 
ajoute au ciment influencent 1 1 hydratation initiale 
mais ne changent pas la cinetique d'hydratation d'une 
maniere significative. 

- Les produits d'hydratation de c3A contribuent au 
developpement de la resistance. 
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Hydratation de C3A dans des melanges synthetiques 
et dans des ciments portland industriels 

Hydration of CA in synthetic mixtures and in industrial port/and cements 

M. REGOURD, H. HORNAIN, 8. MORTUREUX, Departement Microstructures C.E.R.l.L.H. - Paris, France 

Resume 

L'hydratation de C3A et de ses solutions solides avec NazO a ete suivie par diffraction des rayons X, micro
sco9ie ele~tronique a balayage et microsonde electronique. Ces differentes methodes ont toutes revele une reacti
vite decroissante de la forme cubique a la forme monoclinique a4X breves echeances. L'interaction C3A- C3S au cours 
de l'hydratation de melanges C3A + C3S + gypse a ete mise en evidence par la formation de silicoaluminates autour 
des grains de C3A et par le taux d'hydratation plus eleve de C3S dans les melanges C3S + C3A cubique. Cette inter
action a ete retrouvee dans les ciments portlands industriels et le silicoaluminate a ete observe egalement daris 
des melanges CzS + C3A. 

Summary 

The hydration of C3A and its solid s olutions with Na20 has been followed by X- ray diffraction, scanning elec
tron microscopy and electron probe microanalysis. rhese various methods have all shown a decreasing early r eacti
vity from the cubic form to the monoclinic form. The C3A-C3S interaction during hydration of C3A + C3S + gyps um 
mixtures has been put in evidence by the formation of silicoaluminates around the C3A grains and by the higher 
degree of hydration in the C3S + cubic C3A mixtures. This interaction has been found again in industrial portland 
cements and the silicoaluminate has also been observed in C2S + C3A mixtures. 

477 



1. INTRODUCTION 

Ca3Al206, cubique a l' etat pur ( 1), forme des 
solutions solides notamment avec les alcalins Na et 
K qui peuvent entrainer des changements de symetrie, 
cubique + orthorhombique + monoclinique (2, 3). Dans 
les ciments p~rtlands, C3A est cubique ou orthorhom
bique. La forme monoclinique est rarement observee 
(4). 

Les solutions solides synthetiques C3A + Na20 ont 
une reactivite hydraulique inferieure a celle de l'a
luminate cubique (5, 6). Il existe, en outre, une in
teraction C3A-C3S : le taux d'hydratation de C3S de
pend de la reactivite de C3A d'une part , il se forme 
autour des grains d~ C3A des silicoaluminates de cal
cium d'autre part (7, 8). 

Dans cette communication, nous preciserons la 
reactivite de c3A en relation avec sa teneur en alca
lins. Nous etudierons ensuite la formation de silico
~luminates dans des melanges C3A + C3S et C3A ~ C2S. 

2. REACTIVITE DE C~ 

Les echantillons etudies sont des melanges syn
thetiques et des ciments portlands. Les pr~duits syn
thetises en laboratoire ont une granulometrie compri
se soit entre 25 et 40 µm soit entre 40 et 63 µm. Le 
C3S est triclinique, le C3A cubique est pur et le c 3A 
crrthorhombique contient 4, 8 % Na2o. Les poudres sont 
convenablement homogeneisees et gichees sous forme de 
minicylindre s de 1 cm de hauteur et 1 cm2 de section. 
Difffrents rapports eau/ solide sont utilises ( e/ c = 
0,35, 0 ,40 et 0,50). La conservation des eprouvettes 
a lieu dans l'eau a 20 °C. A chaque echeance choisie, 
3 minicylindre s sont preleves et broyes. L'hydrata
tion est arretee par lavage a 1 1 acetone- ether et 
l'eau interstitielle evaporee par cryosublimation. Le 
taUX d I hydratatiOn est meSUre par diffraction des 
rayons X. 

Deux series de melanges synthetiques sont etu
diees : 80 % C3S + 20 % C3A et 76 % C3S + 19 % C3A + 
5 % gypse. Afin de definir le role exact de Na20 (dans 
le reseau cristallin OU dan~ la solution aqueuse) le 
taux d I hydratation de C3A a ete compare d I une part 
dans deux mel anges 76 % C3S + 19 % C3A + 5 % gypse con
tenant l 'un C3A cubique pur, 1 1 autre C3A orthorhombique, 
d'autre part dans une pite du melange contenant C3A 
cubique, gichee avec une solution de soude contenant 
l (equivalent de s 4, 8 % Na20 de la solution solide or-
thorhombique , soit 0,55 M NaOH par litre. Les resul
tats sont groupes dans le Tableau I. 

Temps I C3AC C3AC C3AO 
d'hydra- I eau distillee sol. NaOH eau distillee ta ti on 

7 jours 0,45 0,47 0,22 

14 jours o,63 n.d. 0,63 

Tableau I - Comparaison des tawc d'hydratation a de 
C3Ac gache avec une solution de soude (4,8 % eq. NazO) 
et d,e C3A c et C3Ao gaches avec de l' eau distillee 
(melanges 76 % C3S + 19 % C3A + 5 % gypse). 
e/ c = 0,35 ; granulometrie 40- 63 µm. 

Le tableau I indique qu'a 7 jours, C3Ac est plus 
hydrate que C3Ao. Les taux d'hydratation pratiquement 
egawc de C3Ac gache a l'eau distillee et de C3Ac gache 
avec la solution de soude mohtrent que les differences 
de reactivite entre C3Ac et C3A sont , a cette echeance, 
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dues a la presence de Na20 dans un reseau cristallin 
plus compact que celui de 1 1 aluminate pur . Une deuxieme 
serie d'essais effectuee sur des pate s C3S + C3A + 

gypse, de granulometrie 25- 40 µm et gachee a l'eau dis
tillee confirme la plus grande reactivite de C3A cubi
que des les premieres echeances (fig . 1). 

I 
I 
I 
I 

3AO I / 

I / 

0,15 / 
/ 

/ 

/ 
1/ 
I I ; 
I I ! 
I I 

I 

0 
4 17 24 heures 

Fig. 1 : Taux d'hydratation de C3A dans un melange 
synthetique C3A + C3S + gypse . c3A cubique s'hydrate 
plus vite que C3Ao (4 ,8 % Na20). 

I l existe par ailleurs une correlation tres nette 
~ntre le taux ~'hydratation de C3A et celui de C3S : 
a une hydratation plus rapide de C3A corre s pond une 
reactivite plus grande de C3S, (Tableau II). 

Taux C3S + C3Ac + G C3S + C3Ao + G 
d'hydratation a 

cl o,63 0 ,34 

c
3
s 0,58 0,47 

Tableau II - Correlation entre le tawc d'hydratation 
a de c3A et celui de C3S ; 28 jours ; e/ c = 0,40. 

Afin de nous rapprocher de la composition de ci
ments portlands dans lesquels le po~assium se partage 
entre c 3A, c2s et K2S04, nous avons ajoute 3 % de 
K2S04 aux melanges C3A + C3S + gypse. Dans ce cas, 
c 3Ao s 'hydrate aussi rapidement que C3Ac dans les pates 
sans K2S04. La difference de reactivite entre C3Ac et 
C3Ao subsiste cependant si les aluminates sont tous 
cleux hydrates en presence de K2S04 (fig .. 2). Le Tableau 
III montre que K2S04 est aussi accelerateur de C3S. 



e 
s 0,40 0. 'iO 

n.:ici 

n.20 

ll.10 

0 
4 8 heures 

Fig. 2 Influence de K2S04 sur le taux d 1 hydratation 
de C3A dans un melange C3A + C3S + gypse. 

Taux 
d'hydra- C3Ac C3Ac + K2S04 C3Ao + K2S04 
tation a 

C3A 0,25 0,46 0,26 

C3S 0,20 0,30 0,30 

I 
Tableau III - Taux d'hydratatiOn a de C3A et CJS dans 
les melanges C3S + C3A + gypse (e/c = 0,40) a S heures. 

Les differences de reactivite des solutions soli
des de C3A et l'interaction C3A-C3S ont ete egalement 
observees dans des ciments industriels. Ainsi dans 3 
ciments contenant ·respectivement 7 % de C3A cubique, 
13 % d'un melange C3A cubique + orthorhombique, et 16 % 
de C3A orthorhombique,les taux de reaction de C3A, 
apres 7 jours, sont de 0,65 pour C3Ac , 0,42 pour le 
melange C3Ac + C3Ao et 0,35 pour C3Ao; 

Des essais ont aussi ete eff ectues sur deux clin
kers industriels A et B de compositions voisines (Ta
bleau IV) mais renfermant l'un 12 % de C3A orthorhom7 
bique; - l'autre 12 % de C3A mo~oclinique. Les taux d'hy
dratation mesures par DRX sont rassembles dans le Ta
bleau V, qui montre que, d 1une part C3A monoclinique 
s'hydrate plus .lentement que C3A orthorhombique, d'au
tre part le taux de reaction de C3S aux courtes eche
anc~s est plus eleve dans le cas du ciment Acontenant 
C3Ao que dans 1¢ cas du ciment B contenant C3AM. 

Clinker c
3
s c2s cl C4AF Cao 

lib re 

15 a 
A 61 20 < 12 0 5 1, 5 

5 Cl 

15 a 
B 60 24 < 12 M 3 0,7 

9 Cl 

Tableau IV - Composition mineralogique determinee par 
DRX des deux clinkers industriels A et B testes. 

a Echeances A (C3AO) B (Cb1) 

8 heures 0,50 0,42 
c

3
s 24 II 0,64 0,55 

48 II 0,70 0,70 

cl 7 jours 0,66 0,55 

Tableau V - Taux d'hydratation de C3S et de C3A dans 
les deux clinkers industriels A et B ; e/c ~ 0,50 J 
granulometrie 40-63 µm. 

3. FORMATION DE SILICOALUMINATES DANS LES MELANGES 
~3S-Cl ET c2s-c3~ 

L'interaction C3A-C3S se manifeste egalement par 
la formation de silicoaluminates, trisilicoaluminate 
C3A.3CaSi03.31H20 (C4AS3H31) et monosilicoaluminate 
C3A.CaSi03.12H20 (C4ASH12) qui ont ete mis en evidence 
dans des melanges synthetiques C3S + C3A et C2S ~ C3A. 

Ce~ deux hvdrates, deja signales par FLINT et 
WELLS (8), peuvent etre consideres comme faisant par
tie de deux series de composes de formules "generales 
(9) 

C3A.3CaX.mH20 C3A.CaX.nH20 
OU et OU 

C3A.3CaY2.mH20 C3A.CaY2.nH20 

avec x C03,S04 , S203 y OH,Cl,Si03 ... et 

m 30 a 32 n 10 a 12. 

Avec l'anion S042- on obtient les deux sulfoalu
minates bien connus : trisulfoaluminate C3A.3CaS04. 
31H20 (ettringite) et monosulfoaluminate C3A.CaS04. 
12H20. De meme l'aluminate hexagonal C4AH13 peut etre 
assimile au compose C3A.Ca(OH)2.12H20. FLINT et WELLS 
ont mis en evidence les deux silicoaluminates dans des 
solutions ou ils ont fait varier le rapport molaire 
CaO/ Al20J entre 1 et 4, Dans ces solutions se forment 
d'abord des plaquettes hexagonales correspondant au 
monosilicoaluminate C3A .CaSi03 . 12H20 homol:Jgue du mono
sulfoaluminate C3A.CaS0412H20. Le monosilicoaluminate 
se transforme ensuite lentement en ttisilicoaluminate 
C3A.3CaSi03 . 31H20 sous forme de fines aiguilles de 
structure identique au trisulfoaluminate C3A.3CaS04. 
31H20. FLINT et WELLS ont egalement obtenu le trisili
coaluminate dans des melanges C2SB + C4AF,C2SB + C3A, 
C3S + C4AF, en suspension dans des solutions saturees 
de Cao. Ils n'ont pas observe de silicoaluminate ~ans 
les suspensions de C3S + C3A. Plus recemment, MITUZAS , 
KAMINSKAS et MITUZAS (10) ont deduit a partir d'ana
lyses chimiques que le compose C3A.3CaSi03.aq. devait 
exister dans les ciments portlands hydrates. Dans ce 
sens, nous avons observe les memes eprouvettes que 
celles mentionnees au paragraphe precedent et nous 
avons etudie egalement des pates C2S + C3A traitees 
dans les memes conditions. 

Les examens de sections polies a l'aide de la 
microsonde de Castaing indiquent que les echantillons 
evoluent de la fa~on suivante : 
- a deux jours les grains de C3A sont entoures de cric
taux d'ettringite contenant une petite quantite de 
Si02, . 
- a partir de 7 jours, il se forme par pseudomorphose 
progressive des grains de C3A une double couche de 
silicoaluminates : trisilicoaluminate en contact avec 
C3A arihydre, monosilicoaluminate dans la partie exter
ne du grain transforme. A l'exterieur du grain, en 
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contact avec le silicoaluminate on observe d'abord de 
l'ettringite qui est re~placee peu a peu par un melan
ge. monosulfoaluminate C4AH13 (fig. 3) . Les rapports 
molaires mesures a l'aide de la microsonde electroni
que, a differentes echeances, sont rassembles dans le 
Tableau VI 
- apres 10 mois, seul le monosilicoaluminate est obser
ve. Sa composition semble evoluer ; la concentration 
en Si02 diminue lorsqu'on passe de l'exterieur vers 
l'interieur du grain. En outre des 3 mois, une couron
ne de monosulfoaluminate est susceptible de se former 
autour du centre encore anhydre de C3A par diffusion 
d'ions S04 a travers la Couche de silicoaluminate 
(fig. 4). D'une fa9on g6nerale on constate que la for
mation des silicoaluminfttes est plus rapide avec C3A 
cubique que C3A orthorhombique. A 28 jours, la couche 
de silicoalumin__ates est plus importante autour des 
grains de C3Ac. A cette echeance les deux silicoalumi
tes y sont deja det ec tes alors que pour c 3Ao, seul le 
trisilicoaluminate est observe. 

En contact avec les grains de C3S, existe une cou
che pseudomorphique de silicates de calcium hydrate s 

Electrons absorbes Ca Si 

I 

~ -··· · -·-

Phase Eche-
C/ S C/ A S/ A c 

ances 0:· (S + A) 

Trisilico- 28 j 2,1 5,6 2,7 1 , 5 
aluminate 3 m 1, 7 4,4 2,5 1,2 
(zone interne) 6 m 2,4 6,2 2,6 1,7 

Monosilico- 28 j 4,0 3,6 0,9 1, 9 
aluminate 3 m 3,7 3,3 0,9 1, 7 
(zone externe) 6 m 5,2 3,8 0,7 2,2 

Monosilico-
aluminate 
centre 10 m 6,3 3,2 0,5 2,1 
bord 10 m 4,4 3,3 0 ,8 1, 9 

o:· j : jour ; m : mois. 

Tableau VI - Rapports molaires mesures dans les silico
aluminates des melanges 76 % C3S + 19 % C3A + 5 % gy
pse ; e/c = 0,35 ; granulometrie 40-63 µm. 
(resultats a~ ± 0,2 pres). 

Al s 

Fig. 3 : Section polie d'un melange c 3Ac + C3S + gypse. 1 C3A 
A Monosulfoaluminate. 

2 Trisilicoaluminate 3 Monosilicoaluminate 

Electrons absoroes Ca 

Fig. 4 : Section polie d'un melange C3Ao + C3S 
5 Monosulfoaluminate. 

C-S-H dont la composition est differente suivant que 
le grain de C3S se trouve a proximite OU loin d'un 
grain de C3A : pres des grains de C3A les C-S-H sont 
plus pauvris en Si02 et plus riches en chaux ; le rap
port molaire CaO/ Si02 determine par microsonde elec
tronique est de 1,4-1,5. Loin de C3A la teneur en Si02 
augmente et celle de la chaux diminue ; le rapport mo
laire est de l'ordre de 0, 8 a 1,0. La quantite d 1 Al203 
dans les C-S-H est d'environ 2 a 3 %. 

Dans ce melange la formation des deux silicoalumi
nates est plus rapide qu'en presence de gypse. A 34 
jours la zone de silicoaluminate en contact ~vec C3A 
est tres large. A l'exterieur du grain cristallise 
l'aluminate hexagonal C4AH13· Par diffraction des 
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Al s 
2 Monosulfoaluminate 3, 4 Silicoaluminate 

rayons x il a ete possible de mettre en evidence le 
monosilicoaluminate qui donne un diagramme identique a 
celui du monosulfoaluminate (fig. 5). Par contre il 
n'a pas ete observe de pies pouvant etre attribues au 
trisilicoaluminate dont le spectre X serait analogue 
a celui du trisulfoaluminate. Les ex~mens par micro
sonde electroniqae a balayage montrent que, d'une fa-
9on generale, les deux silicoaluminates observes dans 
toutes les pates C3S + C3A gypsees ou non, ont une ap-· 
parence amorphe ou faiblement cristallisee. (fig. 6 
et fig. 7). 

En presence d'une forte proportion de·gypse, les 
silico~luminates ne se forment pas. Seuls l•ettringite 
et C4AH13 sont observes en contact des grains de C3A. 



Fig. 5 

7 .90 :\ 

9' 5° 10° 10' 5° 11 ° 

7 .60 x 

.1~. 

C4ASH12 

4.46 x 
_)Vt 

20° 20CuK 
al 

Diffractogramme de rayons X pas a pas d'un 
echantillon contenant C3ASH12. 

Phase Echeances c/ s C/ A S/ A 

Trisilico-
7 jours aluminate 2 5 2,4 

Trisilico- 28 jours 6' 1 aluminate 2, 1 3 ,0 

Tableau VII - Rapports molaires mesures dans les sili
coalumina tes des melanges 76 % CzS + 19 % C3A + 5 % 
gypse ; e/c = 0,35 (erreur moyenne absolue ~ ± 0,2). 

Bien que rapide , la formation du silicoaluminate 
se limite done au seul trisilicoaluminate (C/ S = 2), 
jusqu'a 28 jours. Elle est peut- etre en re~ation avec 
la valeur plus faible du rapport C/ S du s ilicate bica~ 
cique compar6c a cclle du silicate tricalcique qui, a 
]A mSmc ~ch~ance, donn e dej a du monosil icoa luminate 
(C/ S =- 4). Elle i.mpli.que ega l ement une .interaction im
port~nte entr e C2S et C3A liee a une diffusion de la 
silice a travers la solution. 

Fig . 6 a) Trisilicoaluminate (1) au contact de C3A anhydre (2). Fig. 7 Monosilicoaluminat e 
b) Aspect amorphe du trisilicoaluminate. 

Par ailleurs les silicoaluminates C4ASH31 et C4ASH12 
ne sont pas stables dans les solutions f ortement char
gee~ en sulfates telles que l'eau de mer. Il se forme 
de 1 1-ettringite. 

Dans· ces melanges, les silicoaluminates apparais 
sent plus rapiµement. Apres 7 jours , il s ' est deja for
me une couche ~elativement epaisse de silicoaluminate 
de composition proche du trisilicoaluminate , associe 
a C4AH13 et au monosulfoaluminate. Apres 28 jours, 
contrairement a ce qui avait ete observe dans les me
langes avec C3S, seul le trisilicoaluminate est pre
sent. Le monosilicoaluminate n'est pas observe (fig.8). 
Les resultats de l'analyse des silicoaluminates obte
nue a l'aide de la microsonde de Castaing exprimes en 
rapport molaires sont groupes dans le Tableau VII. 

Fig. 8 : Formation de trisilicoaluminate 
(1) au contact de C3A (2) dans un melange 
de 76 % C2S + 19 % C3A + 5 % gypse, hydra
te 7 jours. Monosulfoaluminate (3) a 
l'exterieur du grain. 

Electrons absorbes Si 

Ca s 
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DISCUSSION 

La reactivite de l'aluminate tricalcique dans les 
melanges C3A + C3S + gypse est en relation avec sa 
~tructure cristalline due a la presence d'alcalins en 
solution solide. Les memes resultats ont ete obtenus, 
des les premieres echeances (10 minutes), par BOIKOVA, 
DOMANSKY, STAVITSKAYA ET NIKUSHCHENKO (6) qui ont etu
die quatre solutions solides contenant 2 , 4 , 3, 8, 4, 8 
et 5,7 % Na20 et dont ils ont compare la reactivite a 
celle du C3A pur. D'apres SPIERINGS et STEIN (11), la 
reactivite de Na2x.Ca3_x.Al203 ne differe pas d'une 
maniere . significative de celle de C3A pur car un me
lange, a part egale, de solutions solides avec x = 0,5 
et x = 0,25 donne les memes resultats que l'echantil
lon avec x = 0,15, prouvant ainsi que seule la concen
tration de Na . .OH dans la phase liquide est le facteur 
determinant du taux d'hydratation de l'aluminate. 
Dans le meme sens ; MASSAZZA et COSTA (12) n'ont mis en 
evidence aucune influence de la forme cristalline sur 
les enthalpies de formation des solutions solides 
3(Ca0 , Na20).Al203. Ces resultats, en apparence contra
dictoires , sur l'influence du sodium dans le reseau 
Cristallin OU dans la phase aqueuse , demandent a etre 
discutes au cours de ce seminaire. 

L'interaction C3A-C3S est clairement mise en evi
dence au cours des reactions d'hydratation. Elle est 
surtout sensible a court terme. Elle se manifeste ega
lement par la formation de silicoaluminates. Toutefois 
la morphologie de ces composes ne correspond pas a 
celle decrite par FLINT et WELLS (8 ) : plaquettes he
x~gonales isomorphes du monoiulfoaluminate pour le mo
nosilicoaluminate et cristaux aciculaires isomorphes 
de l'ettringite pour le trisilicoaluminate. Nos obser
vations . au microscope electronique a balayage ont mon
tre que les silicoaluminates apparaissent peu ou pas 
cristallises. Seules les analyses par diffraction des 
rayons X ont indique la presence de montisilicoalumina
te cristallise. La formation de ces silicoaluminates 
est due a une diffusion importante d'ions silicates 
hydrates a partir des grains de C3S vers les grains de 
C3A. La diffusion inverse des ions aluminates de C3A 
vers C3S est beaucoup plus limitee. Neanmoins, les 
C-S-H peuvent contenir 2 a 3 % de Al203. Au Stade ini
tial de la reaction, dans les pates gypsees, c'est 
1 1 ettringi te qui se forme .en premier mais la presence 
de silice dans cette ettringite prouve que la diffu
sion de Si02 est deja amorcee. Cette diffusion devient 
ensuite preponderante et on observe le trisilicoalumi
nate au contact des ·grains de C3A. Par suite de l'ac
croissement de la couche de C-S-H entourant les grains 
de c3s et de la diminution du silicate anhydre, la dif
fusion de la silice est fortement ralentie. Le trisi
licoaluminate se transforme progressivement en monos~
licoaluminate. La diffusion des ions S042- a travers 
la couche de silicoaluminate vers le grain anhydre de 
C3A redevient preponderante et il se f orme au contact 
de C3A une couronne de monosulfoaluminate vraisembla
blement aux depens des sulfoaluminates externes. 

Les silicoaluminates sont particulierement bien 
mis en evidence dans les melanges synthetiques C3S-C3A 
OU C2S-C3A, de granularite reguliere. Ces echantillons 
constituent un ensemble de microsystemes (grain de C3A
grain de C3S) dans lesquels se produisent des echanges 
ioniques par l'intermediaire de la solution : les pro-

·prietes electrocinetiques, caracterisees par le poten
tiel Zeta, attribuent une charge superficielle positive 
a C3A (13) et une charge negative a C3S (14). Nous 
n'avons pu mettre en evidence aucun des deux silicoalu
minates dans les Ciments portlands a 1 1 aide de nos tech
niques physiques d'analyse. En fait, la pate de ciment 
est un systeme beaucoup . plus complexe que nos melanges 
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synthetique C3A + C3S. Chaque grain de clinker est po
lyphase et la granularite de ses differentes phases est 
assez etendue. Dans la phase inte r stitielle, l'alumina
te tricalcique est souvent finement cristallise avec 
l'aluminoferrite et l'analyse de la zone hydratee au tour 
des grains de C3A n'est pas aisee. Cependant, d'unepart 
le silicium est detecte dans l'ettringite et l'alumi
nium dans le C-S-H d'autre part, MITUZAS, KAMINSKAS et 
MITUZAS (10) ont, a partir des resultats de leur analy
se chimique par attaques selectives, suggere l'existen
ce du trisilicoaluminate de calcium. 
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Synthesis of a calcium silicoaluminate hydrate at 5° C 
Synthese d'un silicoaluminate de calcium hydrate ·a 5° C 

J.H.P. VAN AARDT and S. VISSER, National Building Research Institute, CSIR, Pretoria, South Africa. 

SUMMARY : A calcium monosilicoaluminate hydrate analogous to calcium monosulphoaluminate 
hydrate has been synthesized at s 0 c from a mixture of C 3A, calcium hydroxide and amorphous 
silica. The thin hexagonal plates have a basal a-spacing of 10,0 R in contrast to the 
a-spacing of 10,3 R for the monosulphoaluminate at s 0 c. It does not show a clear shift to 
lower a-spacings like the calcium monosulphoaluminate {10,3 R (S 0 c) to 9,6 R (2S°C)} when 
the temperature is raised from s 0 c to 2S 0 c; substances with higher d-spacings, i.e. higher 
than 10,0 R, are produced on raising the temperature and in some instances C2AHs (Stratling's 
compound) and C-S-H hydrates are produced. 

RESUME : On a effectue la synthese d'un monosilicoaluminate de Galcium hydrate analogue au 
monosulfoaluminate de calcium hydrate, a une temperature de s 0 c, a partir d'un melange de 
c 3A, d'hydroxyde de calcium et de silice amorphe. La distance-a des plaques minces 
hexagonales est de 10,0 R par contraste avec ·celle du monosulfoaluminate, qui est de 
10,3 Ra s 0 c. On ne voit pas de deplacement evident aux faibles distances d comme dans 
le cas du monosulfoaluminate de calcium {de 10,3 R (S 0 c) a 9,6 X (2S 0 c)} quand on eleve la 
temperature de S a 2s 0 c; on obtient des substances avec des distances-a plus elevees, 
c'est-a-dire de plus de 10,0 R, quand on eleve la temperature, et dans certains cas on 
obtient C2ASH 8 (compose de Stratling) et des C-S-H hydrates. 

483 



INTRODUCTION 

Numerous calcium aluminate complexes of the 
general formulae 3CaO.Al20 3 .3CaX.30-32H 20 
and 3CaO.Al20 3 .CaX.8-12H20 (X represents an 
acid radical) have been synthesized at 
ambient temperatures. In 1944 Flint and 
Wells (1) reported the existence of silico
aluminates. Since then various workers have 
reported on the presence of these compounds 
in hydrated mixtures of calcium silicates 
plus aluminates and in hydrated portland 
cement (2,3). Van Aardt (4) reported on 
tetracalcium hydroxyaluminate hydrates and 
sulphoaluminate hydrates observed at early 
hydration times of C 3A or C 3AH 60with Ca(OH)2 
and CaS0 4 at low temperature (S C). The 
sulphoaluminate hydrate (10,3 Rlt was syn
thesized by adding CaS04 to C4AH1 9 (10,6 R). 
Subseq~ently, a silicoaluminate hydrate 
(10,0 ~) was obtained in a similar manner 
by adding amorphous silica. 

EXPERIMENTAL 

C 3A (13S mg) was reacted with Ca(OH)2 (37 mg) 
in water (100 ml) at s 0 c for 19 days. The 
presence of C4AH 19 (10,6 Rl was established 
by wet X-ray diffraction. To this slurry 
was then added 

1. 30 mg Si02 + 37 mg Ca(OH)2 
2. 60 mg Si02 + 74 mg Ca(OH)2 
3. 90 ma Si02 + 111 mg Ca(OH)2 
4. 90 mg Si02 + 74 mg Ca (OH) 2 
s. 30 mg Si02 + 
6. 60 mg Si02 + 

The reaction was followed by means of X- ray 
diffraction. Some solid was filtered off 
and excess liquid was removed between sheets 
of filter paper before the still humid solid 
was scanned. No precaution was taken to 
keep the temperature at s 0 c since no shif
ting to a lower a-spacing, as with calcium 
sulphoaluminate hydrate (4,S,6), was obser
ved at ambient temperatures. 

RESULTS AND DISCUSSION 

Although the reaction between C 3 A and Ca(OH) 2 
at s 0 c gave mainly C4AH1 9 (10,6 Rl, a little 
C 3 AH 6 and the 8,2 R phase were also present . 

On adding amorphous Si02 or amorphous Si0 2 
plus Ca(OH)2 to C4AH19, see experiments 1 
to 6 above, two reactions took place namely 
Ca(OH) 2 and silica reacted to form C-S-H 
compounds and silica replaced the OH-group 
in C4AH 19 to form a si licoaluminate hydrate 
phase with a a-spacing of 10,0 R. Table 1 
lists the main compounds detected after 
240 days for experiments 1 to 4 and after 
120 days for experiments S and 6. Figure 1 
gives the XRD-traces. 

.+ 
'The d-spacing attributed to the 001 reflection or 

· basal interference of the canpc:;mnd named. 
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TABLE 1 

Oxide ratios of silica and calcium added to one 
rrole of C4AH 1 9 and the CCXrt[.Ounds detected after 
120 and 240 days reaction time at s0c 

UJ 
COITl[Ounds identified by 

~ 
XR-diffraction 

0 ~ z "' o:i:: (]) "' 
(]) 

~ 
::r:: o:i:: (]) 

~ 0 0 Ul ~ I Ul 

2 -~ ~ ~ cu CJ) N CU u ·.-! o.c: u I ~ .c: 
E-t CJ) u ..-! 0. u co 0. u 

1 240 1 1 1 - }{ 
xxxx x x x 

2 240 1 2 2 x xxx x x x 
3 240 1 3 3 xxx x x x x 
4 240 1 3 2 xxxx x x x -
s 120 1 1 - xxx xx - x -
6 120 1 2 - xxxx - x -

~umber of x's are in relation to quantity of 
relevant CCXrt[.Ound 

• 10,0 ! PHASE 
t 10,6 '4 PHASE 

19 17 15 13 II 9 7 5 
DEGREES e 

<'< 

~ 
a 
x 
x 
x 
-
-
-

10,6! 

3 

Fig. 1 - XRD-traces for experiments 1 to 4 
after 240 days and experiments S and 6 after 
120 days 



The C4AH 19 compound persisted where the 
ca(OH) 2 was in excess, i.e. experiments 1, 
2 and 3. With increasing silica additions 
the 10,0 R phase seemed to form more readily. 
In experiments 5 and 6 where no extra Ca(OH)2 
was added, the 10,0 R phase formed much 
more readily and ·was detected in large 
quantities at much earlier times. After 
120 days the presence of C4AH19 could hardly 
be detected especially in experiment 6 . At 
later ages the 10,0 R phase seemed to decom
pose and it produced C2ASHa (Stratling's 
compound) and C-S-H. Figure 2 shows the 
reaction products for experiment 5 at 240 
days; here the breakdown can be detected. 
The basal reflection of 12,6 R for Stratlin~s 
compound can be seen. Figure 3 gives 
XRD-traces comparing C4AH19 (10,6 R), 
c 4ASHx (10,3 R) and C4ASHx (10,0 R). The 
marked difference between the 10,3 R phase 
and the 10,0 R phase becomes pronounced when 
comparing the higher order of the basal 
reflections as can be seen from Figure 3. 

10,ol• 

19 17 15 13 II 9 7 5 
DEGREES 0 

Fig. 2 - XRD-trace for experiment 
5 after 240 days showing the presence 
of C2ASH 8 ahd C-S-H 

~ 
0 

v 0 

0 
0 

~ 
0 

v 0 
0 
0 

~ 

v 0 
0 0 
~~_j ____ _ 

19 17 15 13 II 9 7 5 
DEGREES 0 

Fig. 3 - XRD-traces for (a) C4AH 19 , 
(b) C 4ASHx and (c) C 4ASHx 

3 

3 

SEM with energy X-ray dispersive analysis 
shows that· the hexagonal cry.~tals obtained 
in experiment 6 contain silica in their 
structure. Figure 4 shows the hexagonal 
morphology of the crystals and Figure 5 
shows the energy dispersive analytical 
results. 

Raising the temperature from s0 c to room 
temperature and higher did not shift the 
basal reflection of the 10,0 R phase to 
lower d-values but a breakdown to C2ASH 8 
and C-S-H was observed. 

Fig. 4 - SEM of the 10,0 R phase 
showing hexagonal crystals 

Fig. 5 - Energy-dispersive analysis 
of the above crystals 

In an experiment where Ca(OH) 2 .and amorphous 
silica in the ratios of 1 Ca(OH)2 to 1 Si02 
and 2 Ca(OH)2

0
to 3 Si0 2 were added together 

and kept at 5 C, C-S-H compounds were formed 
and no Ca(OH) 2 was observed after 100 days. 
As can be expected from the previous experi
ments the addition of the C-S-H compounds to 
C4AH 19 did not produce the 10,0 R phase. 
There appears to be a competition between the 
C4AH 19 and the Ca(OH) 2 for the silica and the 
formation of C-S-H compounds is dominant in 
the system. Also if the ratio of Ca(OH) 2 to 
A£20 3 was high no Stratling's compound, 
C2ASHa, was formed. The delicate balance 
between reactants to produce the 10,0 R phase 
and the meta-stability of its existence is 
further illustrated by the fact that even 
when some 10,0 R phase was present in the 
initial stages it decomposed at equilibrium 
i.e. after long periods of storage. These 
ob~ervations could explain ,wh~ workers in 
the past had difficulty in preparing the 
silicon bearing phase. Furthermore, it is 
unlikely that the phase will exist under 
normal conditions in hydrated portland cement 
because of the presence of excess Ca(OH) 2 . 
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Influence of 3Ca0.Al203.CaC03.nH20 on the structure 
of cement paste 

. L 'influence de 3Ca0.Al203.CaC03.nH20 sur la structure de la pate de 
ciment 

J. JAMBOR, Ing. Dr. Dr. Sc. l~stitute of Construction and Architecture, Slovak Academy of Sciences, 
Bratislava, T checoslovaquie. 

RESUME : Tenant compte des connaissances sur !'influence de CaC0 3 sur l'hydratation de l'alu
minate · tri~alcique C3 A, aussi b~en que des experiences acquises ~ar la ~r~t~que ?: la techno
logie du beton, !'auteur a realise une recherche dont le but etait de verifier 1 influence 
de la formation de l'aluminate de chaux. carbonate hydrate C3A.CaC0 3 .Hn dons la pote liante, 
sur so structure et sa resistance. 

Pour la recherche, on a utilise des pates-liants f aites des melanges de C A a teneur variable 
en c~co broye et en sable siliceux, qui etaient traitees de la maniere ha~it0elle. Apres avoir 
etabli !es caracteristiques principales des proprietes physico-mecaniques, ies pates durcies 
o~t ete soumises a !'analyse de le~r composition de phase et de leur structure poreuse. 

Les resultats ont conf irme que, contrairement au sable siliceux, CaC03 paTticipe activement 
a l'hydratation de c

3
A en causant la formation de C3 A.CaC0 3 .H comme le produit d'hydratation 

principal. En comparaison avec des produits habituels d'hyara~ation de C3A, c'est a dire 
c

3
AH

6 
ou C AH

19 
- c

2
AH

8
, c'est c

3
A.CaC0

3
.H qui presente une capacite liante tres elevee. Sa 

formation ~ans la pate liante de C3A lui d8nne une structure plus compacte, ayant une valeur 
jusque 10 fois plus petite du rayon moyen des micropores et une resistance a la compression 
meme jusque 100 fois plus importante. 

Ces constatations permettent d'eclaircir !es experiences acquises par la technologie du be
ton, qui indiquent une influence favorable de !'addition de CaC0 3 , broye ou de l'emploi des 
agregats calcaires sur la resistance du beton. En meme temps elles montrent des possibilites 
nouvelles de !'amelioration de la capacite liante des ciments portland a teneur elevee en C3A. 

SUMMARY : Taking into consideration the experience concerning the inf'luence of' CaCO on the 
hydration of' tricalcium aluminate - C3A as well as the experience acquired in the cdncrete 
technology, an investigation was carr~ed out, the aim of' which was to clarify the inf'l~ence 
of' the forming of' calcium aluminate carbonate hydrate - c

3
A.Caco

3
.H in the binder paste on 

its structure and strength. n 

The hardened binder pastes made of' the mixtures of' C A with a graded amount of' ground CaCO , 
or quartz sand, cured in usual way, were used for thJ investigation. After ascertaining thJ 
basic physico-mechanical properties the phase composition and the character of' pore structu
re of' the tested pastes were investigated. 

The achieved resul t.s have confirmed, that unlike the quartz sand, the CaC0_1 participates in 
the hydration process of' C1A and causes forming of' c

3
A.caco 1.H as a main nydration product. 

In comparison with the usu~l hydration products of' C A - i.e. 8 AH6 or c4 AH1 - C AH8 - the 
C1A.Caco

3
.H possess.es a spectacularly higher bindi~ capacity. 3The forming gf' th~s compound 

in the hydriting c 3A paste causes a more compact structure - with up to 10-times smaller ave
rage micropore rad~us and up to 100-tinles higher compressive strength. 

These findings permit to explain the experience acquired in prac'Uod concr«;?te· technology 1 
that indicate a positive effect of' grot.tnd CaCO~ admixture, or of' an use of' calcite aggregate 
on the concrete strengths. At the same time' tney provide new possibilities of' an improve
ment of' the binding capacity of' the portland cements with a higher c

3
A content. 
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INTRODUCTION 

Experieuce shows, that the tricalcium alu
minate t~A and its hydration products of the 
type C1AH6 , or c 4 AH

1
Q - c 2 AH8 contrirute 

only v~ry little to the binding properties 
of portland cement and in addition to it 
they affect negatively some other technical
ly important properties of hardened cement 
paste and concrete /1,2/. For this reason 
effort is developed to modify the hydration 
of C A in such a way as to obtain hydration 
proddcts with a much higher binding capaci
ty. This effect comes true partly already 
by using gypsum as a retarding admixture to 
the cement. Due to its influence calcium 
aluminate sulphate hydrates with a higher 
binding capacity are formed from a part of 
C1A present during the hydration process. 
Taking into consideration the experience 
acquired in the concrete technology we drew 
our attention to the investigation of the 
influence of Caco

3 
on the hydration of c1A 

and especially of the influence of the d~
veloped calcium aluminate carbonate hydrate 
on the structure and strength of hardened 
binder pastes. 

The effect of various carbonates on the hy
dration of calcium aluminates and the con
ditions of forming as well as the r ·elative 
stability of calcium aluminate carbonate 
hydrates have been studied by G. Schippa 
and R. Turriziani /J/, P.P., Budnikow, W.M. 
Kolbassow and A.s. Pantelejew /4/, K.T. 
Greene /5/, E.T. Carlson and H.A. Berman 
/6/, R.F. Feldman, v.s. Ramachandran and 
P.J. Sereda /7/ and others /8,9/. These 
authors have proved, that due to the effect 
of the soluble as well as insoluble carbo
nates the calcium aluminate monocarbonate 
hydrate - C3A.caco

3
.H is formed by the hy

dration of C A and c 4iF at a normal tempe
rature. The ~mount of bound water in this 
compound is given mostly by the value of 
n = 10-12 in dependence on the relative hu
midity of the medium. Some authors suppose 
the forming of calcium aluminate t'ricarbo
nate hydrate - C . A.JCaCO .H - under speci
fic condition tod, althorlgh3this assumption 
was hitherto not confirmed generally. 

The influence of the formed c
3

A.Cabo1 .H on 
the structure and strength of harden~d Bin
der pastes has been investigated r'elati~ely 

little so far., P.P. Budnikow and cowerkers 
have proved, that the forming of 
C1A.Caco1 .H11 causes in c 1A ·paste ·a specta
cfilar in~rease of its str~ngth, whereas in 
CuAF paste it does not appear significantly 
/q/. E. Spohn and w.Lieber have demonstra
ted a positive influence of the formed 
C1A.caco1 .H10 on the strengths in c 1A pas
t~s as w~ll as in C~AF pastes. In c6nnect
ion with these findings the mentioned auth
ors have proved the positive influence of 
the CaCO admixture on the strengths of 
portland3cement mortars and concr~tes, too 
/9/. 

MATERIALS ~ND METHODS USED 

The following materials were used for the 
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tests: 

a/ C A - prepared by five times repeated 
burnfng at 140o

0
c : 20°C pf pressed mixture 

of chemically pure Caco
3 

and Al 2 0 1 in mo1a1 
proportion J:l. The c

3
A was ground to the 

maximum grain size of 90 microns. 

b/ Caco 1 - prepared by grinding of selec
ted lumps of natural marble to the maximum 
grain size of 90 microns. 

c/ Standard quartz sand for testing of ce
ment corresponding to the specifications o:f 
the standard ISO/R 697-1968, or IS 650-1966. 

The composition o:f used materials is given 
in Table I. 

------------------------------------------TABLE I 

-----------------------
Ignit.loss at l000°C % 

Insoluble residue % 

Free Cao 

% 
% 
% 

% 

t~~~~-:~~~~-=-~::~~~: __ _ 
Specific density gf cmJ 
Blaine fineness cm2/g 

-----------------------

--------- ---------CJA CaCOJ 
~~~r4!'-!'!'t!!!U!I!'!"'-'~-..-.. .......... .....,_,~ 

o.Jo 

I.OJ 

61.42 

37.24 

0.20 

_:~~-:2~ 
J .. 151 
2796 

4J.6J 

I 
o. J4 

55.J2 

i 
o. J2 I 

I 

o. J8 I 

~~;~;;~~i2 
2.582 
248J 

---------
For the investigation 2 cm edge test cubes 
made of thirteen binder pastes were used. 
Three types of mixtures were used for the 
preparation of pastes and test specimens: 
mixtures of C A with a graded amount of 
Caco 1 , mixturJs of C1A with a graded amount 
of qrtartz sand and m~xtures with a graded 
amount of quartz sand containg the compound 
of 73% C A and 27% CaCO as a binder. The 
pa·stes arld the test speclimens were prepared 
and cured in usual way. After 1 and 28 days 
of hardening at 20°C twelve specimens of 
each paste were used for the determination 
o:f their bulk density and compressive 
strength, six o:f them being tested in their 
original wet state and six after their dry
ing at ioo0 c. A:fter· the strength tests the 
crushed specimens were used for the investi
gation of their phase composition as well 
as their pore structure. 

Compressive strength, bulk density, speci
fic density and total porosity of the test 
specimens were determined by using usual 
methods. The phase composition o:f hardened 
pastes was investigated by means of X-ray 
diffraction phase analysis and complex the~ 
mal analysis - using a Philips dif:fracto
graph with a PW 1050 goniometer and Deriva
tograph of type OD 102 delivered by MOM Bu
dapest. The pore size distribution was de
termined by the Guyer - BfShlens method us
ing a Carlo Erba mercury intrusion porosi
meter of model 70 H,. A stereoscan made by 
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Pas- Composition Mi- Cu-
te of' dry mi.x- xing ring 

tu re water time 
No. 

% % in 
days 

TABLE II 

In wet state 
!--·--- ·-·--

Bulk 
density 

g/cm 3 

Compres
sive 
strength 

MP a 
----- ___________ .._ __________ . __ .,....., -·-------- ____ ..__.._ __ 

1 100 60 1 
28 

1. 730 
1.771 

o.oJ 
0.1J 

------------------ ·----- ------------- ---------
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

u· 

13 

C3A 85 60 1 
Caco

3 
15 28 

--- ·----------~-----·- · - - -
C3A 73 60 1 
Caco

3 
27 28 

. -- - -·---·-- ·- . -- ~ ·- . - --
C3A 60 60 l 
Caco

3 
40 28 

. --· - . . - ·• -- -- ·• -·- - -·--·--
c 3A 50 
Caco

3 
50 

.. ... ... . _ .. 
C A 40 
cJco1 60 
·- --- -- ... .... . _ - -·-
C A 
~~nd 

c 1A 
stind 

80 
20 

60 
40 

40 
60 

C1A 5B.4 
CElC0

3 
21. 6 

sand 20 -- - ... .... .... ... -·-... ----
C3A 43. 8 
Caco3 16.2 
sand 4o 

c3A 29.2 
Caco3 10.8 
sand 60 

,_ - ... ·-·- -·- -- ·- - -- --
C 3 A 14.6 
CaC03 5.4 
sand 80 

60 

60 

50 

42 

35 

50 

42 

35 

·- -· --- ··--
25 

1 
28 

1 
28 

1 
28 

1 
28 

1 
28 

1 
28 

1 
28 

1 
28 

--- -··-· 
1 

28 

1.701 
1. 772 

4.26 
7.05 

-----------------
1. 717 
1. 797 

1. 709 
1. 795 

1.704 
1.779 

.... . _ -·-- -- .. 
1. 696 
1. 762 

M ..... ----- - · -

1. 759 
1. 769 

11.45 
18.20 

17.07 
29.12 

10.64 
21. 72 

. _ .... -·- -·--- --
6.24 

14.98 
----- .--.. ---

0.06 
0.14 

------- -~--------
1. 865 
1. 870 

--·- ... ----·-
2. 016 
2.042 

- ~-- ---- · - ...... ... 
1.766 
1. 826 

1. 835 
1. 899 

1. 970 
2.028 

. ____ .... _____ 

2.116 
2.135 

0.10 
0.19 

--- ·-- ·- ---· 
0.07 
0.20 

- ·-- ·· ·- ·-.--- ·-
9.25 

11.76 

7.22 
9.12 

6.70 
8.10 

-------·-· 
4.14 
6.79 

After drying at 1oo0 c 

---------------------------------- --------
Bulk Compres- Total Average Ignitio11 
density sive porosi- micropo- ioss at 

g/cm 3 strength ty res 6oo0 c 
MP a % radius % nm ____ .... ___ 

~-------- -------- ·-------- --------
I.240 o.27 53.3 1880 10.9 
1.276 LJ8 51.l 1420 12.0 

-------- ----·----- -------- ·-------- --------
1.282 13.53 51.5 51 0 13.2 
1. 367 20.81 47.7 407 14.J 

--------~---- - -----------·-----------------1.332 29.25 45.2 261 16.4 
1.429 41.60 39.7 204 17.5 

- ·-------~----------------~-----------------
1.347 31.36 44.1 250 16.4 
1.430 56.97 J6.2 157 18.J 

-- -- ----~----------------
1. 313 24.14 48.o 
1.405 40.62 41.3 

-·--- ... . -··- ---·----- ·- ---.- ..... --
1. 276 16. 53 49.8 
1. 346 27.lJ 45.4 

- ·-- ·--·-- ·-"--------- ---- ..... --
1. 279 0.19 53. 7 
1. 282 0.39 52.2 

- - ----- .. - ~ ·---- .. ·-- - .. ·-·----··- ·-
1.495 0.23 45.1 
1. 539 0.50 43.7 

---- ·-·--- __ .._ ----·-- ·-·-- ·----
1.665 0.22 37. l~ 
I.669 0.37 36.9 

-·-- ·--- ·- - -- ,_ .... -·--·- --·-·-·-·--
1.432 23.02 42.2 
1.518 40.20 37.5 

-------- ~--------
1. 547 20.03 38.0 
1. 614 34.21 33.9 

---------· ·-------- -------
1. 750 15.61 32.6 
1.772 30.49 30.6 

--·--·-----
.. ________ 

----·----
1. 790 10.51 J0.9 
1. 801 14.34 29.3 

410 14.7 
196 16.9 

50.5 
288 

12.9 
15.3 

-----------------1750 7.6 
1590 8.5 

1620 6.4 
1490 7.0 

---··--- . .... -·--- · »AO· ··~-

1650 5.1 
1510 5.6 - ... ... ______ _ ·------ --

320 14.6 
197 15.7 

407 11.5 
210 13.4 

--·---------------
462 8.5 
236 12.0 

--·------- ---------
525 5.7 
407 7.6 

-·--·------ .. _ ... _____ --· ·-·----- ·- ... 1.-------·-··- ·-------- ·----- ----- --------
Cambridge Scientific Instruments Ltd. was 
used for the scarming electron microscopy. 

RESULTS AND THEIR DISCUSSION 

The compositio~ of the binder pastes and 
the ascertained basic properties of test 
specimens after their 1 and 28 days harden
ing are given in Table II. 

The results of tests prove a decissive in
fluence of the CaCO presence in the mix
ture on the propertfes of hardened paste. 
Al~ hardened pastes without Caco3 and con
taining only C A as a binder - i.e. pastes 
No. 1,7,8 and 9 have shown in origin&! wet 
state as well as after drying at 100°c very 
low compressive strengths only; likewise a 
very little increase of strength and de
crease of total porosity during their 28 
days hardening. A relatively coarse-pore 

structures with an average micropore radius 
above 1400 run have been ascertained in the
se pastes by porosimetric analysis. These 
results have proved, that C A alone and its 
usual hydration products f otm only a rela
tively little compact structure of the pas
te and possess a very low binding capacity 
only. 

On the other hand all hardened pastes con
taining Caco

3 
in addition to C A have shown 

in wet state as well as after drying up to 
100-times higher compressive strengths than 
compared pastes without CaCO • The pastes 
with Caco 1 have also mani:Ces~ed a spectacu
lar increase of compressive strength and 
bulk density as well as a corresponding 
decrease of their total porosity during 28 
days hardening. In all these pastes a sub
stantially higher content of the water 
bound in the hydration products has been 
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ascertained. The porosimetric analyses have 
proved a more compact fine-pore structure 
of these pastes - with the values of avera
ge micropores radius up to 10-times smaller 
than those in the pastes without CaCO • A 
spectacular difference in the pore sttuctu
re character of' the tested pastes containing 
CaCO and without CaCO is shown in Fig.I, 
in wriich the integral ~ore size distributicm 
curves of' pastes No. 2,3,4,6 and pastes No. 
1,8 after 1 day of their hardening are il
lustrated. 
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Fig. 1 - Integral pore size distribution 
curves of pastes No. 1,2,3,4,6 and 8 after 
l day hardening. 

The given results already indicate, that in 
the pastes prepared of the C A with CaCO 
mixtures another type of the 3hydration pto
ducts i~ formed, than that formed in the 
pastes containing only C1A as a binder. This 
has been confirmed by th~ results of XRD -
analysis and complex thermal analysis. 

In pastes No. 1,7,8 and 9, prepared with 
C1A only as a binder, after their 1 and 28 
days hardening, the c 1AH6 as the- main hy
dration product has b~en identified. Beside 
that the non-hydrated C1A, c 4AH1 Q and a 
small amount of' c 1A.caco1 .H - f6rmed pro
bably due to the ~ffect Of Rir - . co2 - have 
been ascertained in t.hcse pastes. In the · 
pastes No. 7,8 and 9 /3- quartz have been 
present. 

In pastes No. 2,3,4,5,6,10,11,12 and 13 pre
pared of the C A with CaCO mixtJtres the 
C1A.Caco

3
.H a~ the main htdration product 

has been id~ntified after their 1 and 28 
days hardening. The non-hydrated_ C1A, c

3
AHh' 

Cayo and /!>- quartz /in the past~s No. 101 

11,1~,13 only/ in ~ variable content have 
been determined in these pastes as the se
condary phases. In no paste the 'pres(?nce 
of c 1A.3Caco 1 .H12 has been ascertained. The 
highest rela~iv~ amount of the c 3A.CaCO~.Hn has been found in the pastes No. 3 and ~ 
prepared of the mixtures, in l.-hich the ori
ginal proportion of C1A to CaC0

1 
wa·s closed 

to that in the compound C A.CaCO .H • The 
characteristic diffractomJter trdceY of the 
pastes No. 1,3,5,8,11 in their original wet 
state after 1 day hardening are .illustrated 
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in Fig.2. 

Fig. 2 - Di'ffractometer traces of pastes 
No. 1,3,5,8 and 11 after 1 day. 

The results of XRD-analyses have been fully 
confirmed by the results of complex thermal 
anal)tSes of tested pastes. The characteris
tic IYI'A - curves of the pastes No. 1, 2 and 
4 after their 1 day hardening are demonstra
ted in Fig. 3. DTA curve of' the paste No. 1 
is typical of the C~AH61 whereas the IYI'A 
curve of the paste No. 4 shows the presence 
of c1A.Caco

3
.Hn as the main phase in the 

past~. 

The spectacular differences in the type of 
hydration products and in the character of 
the structure of the pastes prepared with 
or without CaC0 1 have been demonstrated by 
electron scannirtg microscopy, too. In Fig. 
4 a typical structure of paste No. 1 formed 
mostly of C1AH6 and in Fig. 5 a more com
pact and firte-porous structure of the paste 
~o. 4 formed .mostly of c

3
A.Caco

3
.Hn' is 

shown. 

These results have confirmed, that the for
ming of C A.CaCO .H is the main cause of 
the relatively highnstrengths of the pastes 
made of c 1~ with CaC0 1 mixtures. This find
ing is cort:rirmed indi~ectly also by the re
lationship between the compressive strength 
of the pastes No. 2 to 6 and the relative 
proportions of c

3
A and Caco1 in the mixtu

res used for the preparatiort of these pas
tes - as illustrated by Fig. 6. This re
lationship confirms that the highest com
pressive strengths have been exhibited by 
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Fig. J - DTA curves of pastes No. 1,2 and 
4 after 1 day hardening. 

Fig. 4 - Fracture ·surface of hardened paste 
No. 1. 

the pastes made of the mixtures containing 
60 to 70% C A and J0-40% CaCO • The fact, 
that the highest strengths haJe been obtai
ned in pastes with a moderately higher CaC03 
content than corrosponding to the the-0reti
cal composition of C A.CaCO .H may in this 
case be explained byJinperfJctnreaction of 
the Caco

3 
grains with c

3
A. 

Fig_ 5 - Fracture surface of hardened paste 
No., 4. 
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Fig. 6 - Relationship between compressive 
strength of the paste and composition of 
used c

3
A-Caco

3 
mixture. 

CONCLUSION 

The achieved results have confirmed, that 
finely ground CaCO in hydrating C A - pas
tes participates irl the hydration ~rocess 
and causes forming of C1A.caco1.H as a main 
hydration product. The ~mount ~f Pormed 
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c
3
A.Caco 3 .H depends on the proportion of.' 

C A and eac6 in the hydrating mixture and 
t~e relativety highest share of.' this phase 
has been formed in mixtures containing 60-
70% C A and 30-40% CaCO • In comparison to 
the uJual hydration products of.' C3A - i.e. 
c AH6 or C4AH1 -C2AH8- the c A.Caeo .H 
pdssesses spec~acularly highJr bind~ngnca
paci ty and its forming in the hydrating C A 
paste causes a more compact structure of fhe 
paste - with up to 10-times smaller average 
micropore radius and up to 100-times higher 
compressive strength. This finding permits 
to expalin the cause of the usually higher 
strengths of the concretes made of.' calcite 
aggregate and provides new possibilities 
for improvement of the binding capacity of' 
the portland cements with a higher c

3
A con

tent. 
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Interaction between gypsum and the C-S-H phase formed 
in c3s hydration 

Interaction entre le platre et la phase C-S-H, formee pendant 
/'hydratation de c3s 

I. ODLER, lnstitut fl.ir Stein und Erden - Clausthal-Zellerfeld, R.F.A. 

RESUME : 

L'interaction entre 1~ plitre et la phase C-S-H, qui s'est form~e pendant l'hydratation de C3S , a ~ t ~ ~tu
di~e. La quantit~ de plitre li~ et !'aptitude de ce gypse ~ r~agir avec le c3A ont ~t~ d~termin~es. 

ABSTRACT : 

The interaction between the C-S-H-phase formed in C3S hydration and gypsum was studied. The amount of 
gypsum bound and the ability of bound gypsum to react with C3A wer ~ determined. 

493 



In the study of the kinetics of hydration of a series 
of portland cements we observed that ettringite was 
formed even after the total supply of free calcium 
s~lfate in form of gypsum or anhydride, as determined 
by DTA and/or XRO, was depleted. We tentatively assu
med that at this stage calcium sulfate bound to the 
CSH-puase formed in c3s hydration can serve as source 
of so~--io11s needed for ettringite formation . To test 
this ~ypothesis the interactio·n between gypsum and 
the CSH-phase formed in the hydration of pure trical
cium silicate was studied. 

In the first part of our work pastes prepared from pu
re c3s and from blends of c3s and gypsum (w/s = 0,7) 
were allowed to hydrate in ~mall polyethylene bottles 
for different periods of time. After stoping the hy- · 
dration process by 0-drying the resultant material 
was further analysed. The gypsum content as determi
ned by OTA (Mettler 20illapparatus, 10 mg sample 
10 °c/min rt)atm) and the non reacted C S fraction as 
determined by quantitative XRO on sampfes preignited 
to 600 °c are shown in Tab. I. It can be seen that 
the amount of gypsum detectable by OTA declined with 
progressing c3s hydration and dissapeared completely 
in pastes witn long enough hydration time and small 
enough gypsum additions. Similar results were obtai
ned when gypsum was determined by XRO. Thus it appe
ars that gypsum is bound by the c3s hydration products 
in a way that makes it undetectable by the tv10 methods 
employed. If expressed per unit of c3s hydrated the 
amount of "missing" gypsum was not constant. It in
creased with increasing amount of gypsum added to the 
original paste and declined with progressing hydra
tion. The maximum amount of bound gypsum i.e. 
9,8 g/100 g C S found after 1 day of hydration in a 
paste with 10~ calcium sulfate added coorresponds to 
a molar ratio of 1 mol so3 per 6.1 mols c3s hydrated. 
This value is in good agreement with those found 
earlier by Copeland and coworkers (1) on a C~S paste 
milled 11 days with 20% gypsum, by Bentur {2)~on 
c3s pastes hydrated to a degree of hydration of 70% 
with up to 9% gypsum added, and by Mehta and cowor
kers (3) on alite cement pastes with 3 an 6% gypsum 
added . 

As to the effect of gypsum on the rate of C S hydra
tion it was found ~hat the fraction of c3s ~ydrated 
after any hydration time increased with increasing 
amount of gypsum added up to 10% CaSO . These data 
have to be compared with those of Beniur (2) who also 
found a positive effect of gypsum on c3s hydration 
however only up to about 2-3% gypsum aaded. 

In subsequent work it was tested whether gypsum bound· 
to the CSH-phase and detectab2~ neither by OTA nor 
XRO can serve as source of SO -ions for ettringite 
fcrmation. To do so pastes ma~e from c3s a-nd gypsum 
hydrated for various periods of time were ground to 
a fine powder, blended with c3A (Mal c3A : Mal Caso4 = 1 : 3) and mixed with additional water to obtain 
thin paste consistency. After different times gt 
further hydration the pastes were dried at 35. C to 
constant weight and further investigated by OTA and 
XRO. As an example, results obtained on a sample of 
c3s + 2,5% Caso4 prehydrated for 28 days and subse
quently allowed to react with c3A for additional 
7 days are shown in F~g. 1. It can be seen that with
in 28 days the endothermic peak belonging to gypsum 
dissapeared; instead a broad endothermic area belon
ging to the CSH-phase formed in c3s hydration became 
apparent. After adding CA and further hydration a 
new peak belonging to ettringite developed. After ad· 

494 

ditional gypsum addition this compound was again de-
. tectable as a separate peak. XRO studies confirmed 

the formation of ettringite after c3A addition . Simi
lar results were obtained on all pastes studied. 
Acomparison of samples that were allowed to react 
with c3A for different periods of time revealed that 
the ettringite peak reached its final intensity 
within about 3 hours. In samples in which an excess 
of c3A was added monosulfate and calcium aluminate 
hydrate rather than ~ttringite were detectable. 

In the final part of our experimental work the amount 
of sulfate ions that can be recovered by extraction 
of the paste with a saturated calcium hydroxide solu
tion was measured. To do so finely ground c3s pastes 
containing 2,5 calcium sulfate and hydrated 3, 7 and 
28 days were repeatedly extracted for 1 hour with 
a 100 fold excess of a saturated calcium hydroxid~ 
solution.After filtering the concentration of SOa -
in th2 liquid phase was determined. About 40 - 60% 
of so4- present in the paste was recovered in the 
first extraction; between 3 and 6 additional extrac
tions were needed to recover more than 95% of the 
total amount of sulfates. 

From the data obtained one has to conclude that sig
nificant, however not unlimited,amounts of calcium 
~ulfate can be taken up by the hydration products in 
the hydration of c3s in presence of gypsum. As a reac
tion between calcium sulfate and calcium hydroxide, 
i.e. one of the C3S hydration products, can be exclu
ded one has to assume that the dissapearing of gypsum 
from the system is due to a reaction of the latter 
substance with the second product of C3S hydration i.e. 
the CSH-phase. From the observation that the "mis
sing" sulfate can be rather redily r2covered by ex
tract~on of the paste and can even serve as source 
of so4- ions for ettringite and monosulfate forma-
tion one has to conclude that the bond of calcium 
sulfate to the C~-phase is rather weak. It had been 
suggested by Copeland and coworkers (1) that in the 
hydration of c3s in presence of calcium sulfate a 
CSH-gel is formed in which silicone is partially sub
stituted by the sulphur of sulfa~e ions.Mehta and 
coworkers (3) postulated an "absorption" of gypsum 
by the precipitating calcium silicate hydrates. It 
seems hO\>Jever unlikely that sulphur atoms bound firmly 
within the structure of the CSH-phase could enter the 
liquid phase as quickly and react with tricalcium 
aluminate as readily. as observed in our experiments. 
Thus we belive that the sulfate ions are just ~hysi
cal ly adsorbed to the large surface of the CSH-phase 
and an equilibrium exists between the amount of sul
fate ions adsorbed and the calcium sulfate concentra
tion in the liquid phase. 

I~ the light of the results reported the formation of 
ettringite in portland cement pastESat a time when 
free calcium sulfate is not detectable anymore be
comes understandable. It can be assumed that also 
here calcium su2fate bound by the CSH-phase can serve 
as source of S04 -ions for ettringite formation as 
originally postulated. 

Conclusions 

1. In the hyd2ation of c3s in. presence of gypsum up to 
1/6 mol so4- per 1 moT C S hydrated is bound by 
the hydration products. fhe bound gypsum can be 
detected neither by OTA nor by XRO. 



2. The gypsum bound by the CSH-phase can by almost 
quantitatively extracted by water saturated with 
calcium hydroxide and can react with c3A to form 
ettri ngi te. 
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Tab. 1 

Hy- caso · caso~ C~S04 degree C~S04 dra- adde~ foun mis- of C S n11 s-
tion (as (as sing hydr~- sing 
time gypsum) gypsum) ti on 
(d) ( g/lOOg ( gJlOOg ( g/lOOg (%) ( g/lOOg 

C3S) c3s) C3S) c3s hydr.) 

1 0 - - 29 
2,5 0,3 2,2 33 6,7 
5,0 2,4 2,6 34 7,7 
7,5 3,8 3,7 38 9,7 

lC,0 6,1 3,9 40 9,8 
>----· 

3 c - - 40 -

2,5 0 2,5 41 6,1 
5 1,5 3,5 46 7,6 
7,5 3,0 4,5 50 9,0 

10,0 5,1 4,9 55 8,9 

7 0 - - 53 
2,5 0 2,5 60 4,2 
5 1,2 3,8 62 6,1 
7,5 2,9 4,6 68 6,8 

10,0 4,2 5,8 69 8,4 

28 0 - - 79 
2,5 0 2,5 84 3,0 
5 0,6 4,4 85 5,2 
7,5 2,7 4,8 88 5,5 

10,0 3,8 6,2 90 6,9 

f_j g ._):_:_ Thermograr.is of a. C .ls + 2, 5' CSH 2 b. sa~e after 28 d nydration 
c. ~s b: after ~ddin~ C 3A~~nd_~urther 

h_yurat1on, cl. as c. -1 I, .. CSH? 

E = ettringite 
G = gypsum . CSH CSH-r.hase 

E 

100 150 
T I °C 
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On the stability of calcium aluminate sulphate hydrates 
in pure systems and in cements 

Sur la stabilite des hydrates de calcium-aluminate-sulfate 
dans des systemes purs et dans des ciments 

H.Y. GHORAB, D. HEINZ, U. LUDWIG, T. MESKENDAHL and A. WOLTER, lnstitut fur Gesteinshuttenkunde, 
RWTH - Aachen, R.F.A. 

RESUME : 

Dans des systcmcs SCCS OU humidcs, }'ettringite Se decompose deja a 18 °C dans le vide de 10-6 bar , a 74 °C 
a l'humidit6 .e t sous la pres s ion atmospheriquc ordinaire , a 82,s °C sous ]e nitrogene humide, mai s il r esistc 
au traitement dans l 'eau de 100 °C apres que l ' equilibre ait ete obtcnu. 

Les produits de deshydratation forment de s pseudomorphes de l'ettringite avec une porosi te ouvcrte e.levee. 
Sous l ' attaque du ~az carboniquc, le platre. la bayeritc ct I 'ara~onite se forment. La porosite ouvertc au~mente 
de 46 % en volume par rapport au volume de l 'cttrin~ite. 

Dan s de s sys t emes humidc s, de s additions convenablcs de sulfates de calcium aux cimcnts empcchcnt la fau sse 
prise par la formation d'une couche d'ettringite sur lcs surfaces du C3A. Des recherche s r ecentes s ur de s sys
tcmes purs avcc C3A, ~ypse ou anhydrite ct chaux et avec ou s·ans CaC03 ou C3S s uppJementairc et de s recherche s 
sur des ciments industricls confirmcnt ou montrcnt la formation instantanec de l 'ettrin~itc, sa rccristallisa
tion posterieure ct sa di ssolution accompagnee de la formation de monophases avec la reaction du C3A encore pre
se nt ct une formation topochimiquc de l ' ettringite renouvclee. Il est montre que dans le s systcmcs de cimcnt 
contenant des sulfates, l 'ettringitc et Jc ca rboaluminate hydrate sont Je s hydrates plu s stables ~ la temperatu
re ordinaire ct a basse temperature . Aux temperatures plus elcvecs, le mono s ulfate hydrate dcvicnt l 'hydrate 
s table. C'est pourquoi, un traitement thcrmiquc direct, retarde ou repete, desire ou accidcntel, de s mortier s 
de cimcnt OU des beton s peut Causer des degats SOUS forme d'expan sion , de fissuration ct de chute de resistance . 
Le rcmplaccment total ou particl du cimcnt portland ordinaire par du ciment sans c3A ou par du cimcnt ~ faiblc 
tcncur en C3A, par des laitier s granules OU par de~ rouzzolancs peut reduirc OU ev1ter ccs degits. 

D'autrc part , la connais sancc de ces corn~lations nc devrait pas ctrc utile seuJement pour 
evitcr des degi ts, mai s devrait ctrc utili sec . par cxcmple, pour la precontrainte du bcton. 

SUMMARY : 

fn both dry and moi st systems, ettringite already de composes at l B °C under vacuum of 10-(i bar , at 74 °C 
under normal humidity and pressure conditions, at 82.) °C under wet Nz-gas but resist s treatment with 100 °C 
water after equilibrium is reac hed. The dehydration products form pscudomorphcs of cttringitc with high open 
porosity. At COz-attack gypsum, baycritc and aragonitc arc formed. The . open porosity increases by 4(i vol.-'/,. 
related tn the cttringite volume . 

ln wet systems s uitable additions of ca l c ium sulphate to ce ments prevent false sett ing by formation of an 
cttringitc layer preferably on the s urfaces of C3A. New investigations in pure systems with C3A, gyps~m or anhy
drite and l imewithand without additional CaC03 or C3S and with industrial cements confirm or indicate the 
immediate formation of cttringite, its later re c rystallization and di ssolution accompanied by formation of mono
phascs with reaction of s t .ill present c3A and a renewed topochcmi ca J cttringitc · formation. lt is confirmed that 
in sulphate bearing cement systems cttringitc and the ca rboaluminate hydrate arc the more stab le hydration pro
ducts at normal and lower temperatures, whereas monosulphatchydratc at elevated temperatures comes to be the 
more stable hydration product. Therefore, direct, delayed or repeated , wanted ou unwanted heat treatment of 
cement mortars and concretes can · causc damage in the form of expansion, cracking and decreased strengths. Com
pJetc or partial replacement of normal portland cement by portland cement without or with Jim.ited c1A content, 
by granulated bJast furnace slags or pozzoJanas can reduce or prevent damage. · 

On the other hand, the knowledge on the given correlations should not only be sufficient to redu ce or pre
vent damage but to make use of it, for instanc~, for the prcstrcssin~ of concrete. 
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INTRODUCTION 
The setting retardation of cement pastes is caused by 
the added calcium sulphates. The,t form a hedgehog
like layer of ettringite (C3A · Cs3 · H32) on the sur
faces of the quick reacting clinker compon~nt C3A)) 
This layer scarcely influences the interdependent 
mobility of the particles and this prevents quick 
setting ·(l-3) . Without addition ofcalciumsulphates 
the transformation of C3A was just as high. The for
mation of a cards' house-like macro structure, which 
causes quick stiffening,was observed, however (2). 

Hydra ti on in the system C3A - Cc - C - H of Portland 
cements produces, after an initial formation of 
ettringite, a decomposition of the same and forma
tion of tricalcium aluminate monosulphate hydrate 
(C3ACsH12) or solid solutions with tetracalcium alu
minate hydrate (C4AH13), respectively and hydration 
of the residual C3A (4,5). After 60 days' further · 
wet storage at room temperature in some cases a re
newed formation of ettringite was observed. The high 
stability of ettringite at room temperature could be 
derived from the earlier investigati-0ns in the p~re 
system CaO-Al203 -caS04-H20 (6,7) arid CaO-Al203-
caso4 - CaC03 - H20 ( 8). But no great importance was 
attached to these observations. 

Damage to heat treated concrete products and thick 
concrete walls of reactors and the observation of in
terim lower bending strength of mortar bars encouraged 
further work on the thermal and chemical stability of 
the calcium aluminate sulphate hydrates and the relat
ed compounds. 

~ The experimental work is subdivided into three parts 
- thermal dehydration of ettringite, 
- chemical stabHity of.calcium aluminate sulphate 

hydrates in pure systems and 
influence of heat treatment on cement mortars. 

THERMAL DEHYDRATION OF ETTRINGITE 

Experimental 

The ettringite used was prepared by mixing ( 3A and 
gypsum in the stoichiometric ratio and excess water 
in a vibrating mill. Its chemical composition was 
C2.s~Cs2.7H31.4· The isothermic dehydration was 
earned out 

- under normal air pressure at temperatures from 
50 to 9oo0c, 

- under wet nitrogen ga~ at temperatures from 
46 to 1800C and 
under vacuum at temperatures from 18 to 18ooc. 

Moreover, the dehydration of ettringite was carried 
out.under n?rmal pressure and humidity conditions dy
namically with a heatiog rate of 5oc;min up to 1ooooc 
and quasi-isothermically (9) up to 9oooc by thermo
analytical measurements . 

~inally the solubility of ettringite was investigated 
in the temperature range between 20 and 100°c. 
More details are given in (10). 

1) 
The following abbreviations are used: 
A - Al203; F - Fe203; c - CaO; s - Si02; 
Cs - CaS04; Cc - CaC03; H - H20 

Results 

The isothermic dehydration of the ettringite under 
normal pressure and humidity conditions at tempera
tures of between 50 and 144°C is shown in Fig. 1. 
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Fig. 1 Isothermic dehydration of ettringite under 
normal pressure and humidity 

To a great extent the curves follow a Vt-law. That 
means the dehydration is diffusion-controlled. This 
corresponds well with the model of the ettringite 
structure (11) . Increased temperature leads to an 
increased dehydration velocity. 

The dehydration isotherms under normal pressure and 
humidity,under wet nitrogen and under vacuum are 
shown in Fig. 2. The enrichment of the rinsing gas 
with water vapour effects only a small displacement 
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Fig. 2 Isothermic dehydration of ettringite 

of the dehydration temperature to higher values. The 
temperature range from 46 to 5ooc effects a loss of 
1.4 m H20. From 50 to 125°c a further 22 m H20 are 
emitted. In the range of 110 to 146°C a hydr~te with 
a residual water content of 8 moles is recognizable. 
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Between 160 and rno0 c a second hydrate stage with 6 m 
H2o is observed. At 90o0 c dehydration is complete. -
·Lowering of the total pressure to 10~6 bar already 
leads to a w~ter cohtent of only 9 moles at 18°C. In 
the range of 39 to 85°c the water content amounts to 
only 8 and up to 120°c to 5.7 moles of water. 

The results of the thermo-gravimetric dehydratiori 
are shown in Fig. 3. The accurate corresponding of 
the quasi-isothermic with the dynamic dehydration 
is evident. 
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Fig. 3 Dynamic and quasi-isothermic dehydration of 

ettringite 

X-ray diagrams sh9w that the structure of ettringite 
is already destroyed in a vacuum of 10-6 bar at 13oc, 
at 74PC under normal pressure and at 82.5~C under ~ 
wetted nitrogen. The restorage to 90 % r . h. leads to 
the rehydration of ettringite and in the presence of 
C02 from the air to the decomposition products gypsum, 
bayerit and aragonite. The molecular weight of the de
composition products amounts to only 54 % of that of 
the ettringite. That means that the carbonization 
effects a corresponding increase of the open porosity. 
The decomposition products from dehydration and car
bonization products form ettringite-shaped pseudo
morphs. 

The solubility of ettringite was investigated at 20, 
40, 80 and 1oooc. It was established that the values 
of solubility at temperatures~ 40°C increase very much 
with the reaction period and that the equilibrium has 
not yet been reached after 21 or 49 days"stirring. At 
this time ca. 30 wt.-% of ettringite were solved. 

CHEMICAL STABILITY OF CALCIUM ALUMINATE HYDRATES IN 
PURE SYSTEMS 

~Ii mental 
The chemical compositions and the surface areas (BET) 
of the starting materials are given in Table i. The 
investigated systems, the molar ratios of the systems, 
water/solid-ratios (w/s-ratios), temperatures, reac
tion periods and curing conditions are given in Table 
2. More details are published in (10). 
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Chemical components !M.-%1 
Substance Cao Al203 Si02 C02 

Iqni'... 
don °sp Compo-
loss l~/gl sition 

__ c
3
A 58.91 38.56 - 0.34 1.5 0.24 C2.9S_ 

r-- c3s 71.95 - 26 . 31 0.08 0.3 0.82 C2 .9s _ 
CaS04 •iH20 p.a. 0.39 

~03 p.a. -
Cao p.a. 1.30 

Tab. 1 Chemical comoosition and surface area of 
the starting. materiuls 

I 
Sam- Molar Ratios Hydration System 
ple w/s Temp. PeriodlCondi-
No. C3A Cs·H 2 c Cc c3s 0 c ti on 

I 
1 1 0.6 1 2.5 80 C3/l. - - - 1 d storage 

0.5 c~ - 20 236 d II 

c - 1.0 5 4 m II 

H 2 1 0.8 1 - - 1.0 5 4 m II 

3 1 0.9 1 - - 5 80 1 d II 

cc0- 4 1 1 1 0.5 - 4 20 1 d shaking 
c- 5 1 1 1 1 - 4 20 95 d I II 

Cs - 2.5 80 1 d sto;,age c - 5.0 20 3 d 
-H 

C3A- 6 1 1 1 - 0.5 
C3S - 7 1 1 1 - 1 2.5 80 1 d 

Cs -
8 1 1 1 c - - 2 0.5 20 236 d 

H 9 1 1 1 - 3 

Tab. 2 Systems, mixtures and curing conditions 

Bg~uJt~ 

The investigations on the stability of the calcium 
aluminate sulphate hydrates in the three systems 

C3A - CaS04 - Cao - H20 
C3A - CaS04 - CaC03 - Cao - H20 and 
C3A - CaS04 - C3S - Cao - H20 

II 

II 

result overall in the ascertainment that ettringite 
is at room and lower temperature the most stable 
phase. The topochemical formation of ettringite in 
lime-saturated solutions is confirmed. Increasing 
temperatures accelerate the ettringite formation and 
the recrystallisation of the hedgehog- like layer of 
very small ettringite particles on the surface of the 
C3A grains. At rest cured probes react under otherwise 
identical curing conditions much faster than shaken 
ones since the micro heterogeneities in the first 
case support an earlier formation through solution 
of monophases under dissolution of the originally 
topochemically formed ettringite and rapid reaction 
of the residual C3A corresponding, for example, to 
the following mecflanisms: _ 

C3AC~ 3H32 + 2C3A + 16 H ----+ 3C3ACsH15 or 
C3ACs3H32 + xC3A + ( x - 2 )CH + yH ------+ 

(1 + x)C3A(C~,.CH)Hy 



-

The use of equivalent amounts of anhydrite instead 
of gypsum leads under otherwise identical conditions, 
because of the slower solution velocity , to a decrea
se or prevention of the layer formation and thereby 
to an increase of C3A- hydration (1, 3,13) . 
The .Cz(A,F}-components of the clinker react in a simi
lar way but with decreased velocity at decreased alu
mina content (1, 13) . 
The differentiation of the various monophases in the 
examined sys terns was done by drying the samp 1 es at 
equilibrium humidities ranging from 11 to 90 % (Tab .3). 

Monophase Drying X-ray Therria 1 
[ % r.h .l dooo1 [~J analys is 

c3A·Cs.aq 11 8 .8 OH at 44ooc 

Ct (Cs ,CH) · aq 33 - 90 8.8 OH at 44ooc 
( o2 - free) 11 8.15 and 47o0 c 

C3A· (CH,Cc) ·aq 11 8.15 - 8.2 OH at 44ooc 
(COz - bearing) COzat 74o0 c 

Tab . 3 Differentiation of monophases 

It is well known that the C02-free tetra calcium 
aluminate hydrate forms solid solutions with mono
sulphate hydrate. The basic interference of the mi xed 
crystal appears at equilibrium humidities of 11 % at 
5. 15 ~ and at humidities ranging from 33 to 90 % at 
8.8 ~. Increased carbonization leads to increased 
formation of COz containing tetra calcium aluminate 
hydrate with a basic d-value at 8.1 to 8.2 ~. This 
interferenc~ remains unaffected by h6midities between 
11 and 90 %. Further carbonization leads to the for
mation of ·monocarbo aluminate hydrate. That is at 
room temperatute the most stable monophase. The basal 
d-value of the monosulphate hydrate at 8.8 ~ remains 
unaffected at 11 % r.h . . Additional differentiation 
of the monophases are possible by thermoanalytical 
investigation, mainly by dehydration of portlandite 
and decarbonization of calcium carbonate . With 0.6 
mola r C3A/C~ ratio the r~newed formation of ettringi
te was established ' after a curing period of 90 d at 
a constant 2ooc (12). 

In the system C3A - C~ - C - H the mixtures with 0.6 
and 0.8 molar c 3A/C~-ratio after complete formation 
of monophases were cured at 5°C . After four month 
curing a formation of ettringite was established. In 
the presence of CaC03 or c3s the renewed formation of 
ettringite was found after 1 d curing at 3ooc and 
further wet curing at room temperature. 

Fig . 4 shows the renewed formation of ettringite in 
the system with CaC03 addition by X-ray diagrams. The 
starting sample contains ettrihgite~ monocarbo-alumi
nate hydrate (t 1AC~H1?), portlandite and small amounts 
of monosulphate hydrate . The one day at 8o0 c cured 
sample shows only the interference at 8 .8 ~ . It re
mained unaffected at 11 % r . h. and belongs to the 
monosulphate hydrate . Under these conditions the car
boaluminate hydrate and the ettringite are unstable. 
After only three days ~uring at room temperature re
newed formation of ettringite from monosulphate hy-

• 1 drate is established . 

Fig. 5 shows the renewed formation of ettringi te in 
the system with c3s. After one day's curing at 80°c 
the X-ray diagram shows the interferences of ettrin-

_ E = ettringite Cc .= caldte CaC03 
Ce = tricalcium aluminate C3A 

CH= portlan~ite Ca(0Hl2 

. C3A. Cs3 . H30-32 

- M = monophases 

Ms = C3A . Cs . H,2 . 

E - Mc = C
3
A . CE . H

11 

TREATMENT 
d oc w/s 

95 20 agitating 4 
1 ao storage 2,5 
3 20 storage 5 

1 80 storage 2,5 
7 20 storage 11% 

r.h. ; 

1 80 storage 2,5 

95 20 agitating 4 

Fig . 4 X-ray diagrams of ~amples with CaC03 
cured · at 80 and 20 C 

C3A : C3S: CaS04 :CaO = 1 
CH= portlandite Ca(OH) 2 

2 : 1 : 1 mol 
w/s=0.5 

E ettringite C3A · Cs3 · H30 _32 

M monophases Ms C
3
A . Cs . H

12 
~ 

CH 
· -· ···---- -- ------ --·'t- ··--

Fig. 5 X-ray diagrams of samples with c3s 
cured at 80 and 20°c 

E 
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gite, monophases and portlandite. After 28 days' stor
age at 20°c the ettringite was totally converted into 
monophases. After 60 days' a renewed formation of 
ettri ngite was vis i b 1 e. The intensity of the i nterfer
ences increases up to 90 and 236 days . This behaviour 
of c3S-containing mixes was observed for all of the 
proved mixes with molar C3S/C3A- ratios from 0.5 to 3. 

INFLUENCE OF HEAT TREATMENTS ON CEMENT MORTARS 

Experimental 
The investigations on cement mortars were done with 
two different series of experiments. 
The first serie~ was done ·to prove the influence of 
the temperature of heat treatment on cement mortars 
with a high early strength cement type 55. The tempe
ratures used are 60, 70, 80, 90 und 100°c. The hot 
curing period varied from 12 to 72 h. The weights, 
lengths and resonance frequencie s dependent on the 
curing peri6d were measured . More details are given 
in (14) . 
In the second series special heat treatment was car
ried out that, with cements that are sensitive to 
heat treatment. doubtlessly leads to severe expansion 
and damage to the structure . Fig . 6 shows the treat
ment used together with an industrial treatment pro
gramme. The work was done with the above mentioned 
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Fig . . 6 Heat treatment programmes in practice and 
in this work 

PZ 55. The cement was partly or totally substituted 
by a Portland cement type 45 HS (high sulphate resist
ent), by granulated blast furnace slag and by puzzo
lanas (Bavarian trass and fly ash). The sulphate 
content of the blended cements was kent at the same 
value as the type 55 Portland cement.· The heat treat
ment was carried out as shown in Fig. 6 after 1 d, 
after 1 a or as a renewed treatment on mortars that 
had already been heat treated. Measurements of weights, 
lengths, resonance frequencies and $trengths were car
ried out. X-ray diagrams were prepared from enriched 
cement stone from the mortars. 

Results 
The results of the investigations on the influence of 
the period of heat treatment and of the temperature 
in Fig. 7 show that expahsions with the Portland ce
ment type 55 are measured after curing at temperatures 
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Fig. 7 Influence of heat treatment on cement mortar 
with type 55 Portland cement 

>8o0 c. The early expansion is increased by increased 
curing periods and temperatures . After an 11 months' 
curirig period at 20°c the expansions amount to from 
6 to 9 mm/m. Analogous to the expansions a lowering 
of the resonance frequencies was measured. This is a 
measure for the loss in strength . 
The results of the investigations under use of the 
treatment programme from Fig. 6 are in Fig. 8 to 12. 

Fig. 8 shows the behaviour of the PZ 55 at direct, 
subsequent and renew~d heat treatment. First of all 
it is recognizable that expansions are accompanied 
by decreased resonance frequencies. A subsequent heat 
treatment leads to more severe expansions and more 
reduced resonance frequencies and a repeated heat 
treatment at later curing stages leads to renewed 
expansions accompanied by strength's loss and decrea
se of resonance frequencies . The more severe damaging 
of the specimens at ' delayed or repeat~d ~eat treat
ment is caused by the reduced elasticity of the struc
ture at this later stage. 
The results of investigations with partial or full 
exchange of PZ 55 by . PZ 45 HS are given in Fig. 9. 
Expansions and loss in resonance frequencies are 
even increased by the replacement of 25 and 50 wt .-% 
of the PZ 55. Only 75 wt.-% replacement gives up to 
this stage of :the investigation (10 months) a sharp
ly reduced reaction . With PZ 45 HS up to now no sign 
of a reaction is visible . The explanation of the in
creased reaction, specially with 25 wt.-% replace
ment of the PZ 55, lies in the compensated sulphate 
content in the cement. That means that the relative 
sulphate content related to the c3A content is higher 
while the reduced c3A content is not yet effective . 
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A drastically reduced or prevented reaction is achie
ved by the replacement of the PZ 55 by 25 or 50 wt.
% blast furnace slag (Fig. 10) . 
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Fig . 10 Expansion, resonance frequency and final 
compressive strength of mortar bars with 
partial replacement of PZ 55 by blast 
furnace slag 

The replacement of 15 wt.-% Portland cement by Bavar
ian trass causes a lowering of the intensity of the 
reaction accompanied by a shifting of the starting 
point of the visible reaction to a shorter curing 
period (Fig. 11). 30 wt .-% exchange of PZ 55 by the 
trass prevents the reaction totally . 
The replacement of PZ 55 by 15 or 30 wt.-% of fly 
ash is a very effective provision to reduce or pre
vent sensitiveness against heat treatment (Fig . 12). 
The expansions and the loss in strength are caused 
by the renewed topochemical formation of ettringite 
from the unstable sulphate-containing monophases. 
Favoured by a heat treatment, the ettringite formed 
in the early hydration period becomes unstable and 
forms monosulphate hydrate and its solid solutions 
with tetracalcium aluminate hydrate that are them
selves unstable at 'lower temperatures and give rise 
to the renewed formation of ettringite. Fig. 13 
shows in each case on the left (a) the d-values of 
hydrates formed at a constant curing temperature of 
20°c and on the right (b) those of interim heat treat
ed samples . If permanent 20°c curing the basic d
val0es at 9.7 ~ . are mor~ or less' prese~t at all states 
of the curing period . This is one of the main inter
ferences of ettringite. - Contrary to this,directly 
after the heat treatment at a total curing period of 
three days this interference of the ettringite i~ not 
present. With increasing additional curing at 2ooc 
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this ettringite interference becomes visible and 
grows with curing time. 

CONCLUSION 

The dehydration of ettringite is a diffusion-con
trolled process which corresponds well with the model 
of the structure (8). The dehydrated product has the 
same habitus as the formed ettringite with a very 
open structure sensitive to carbonization. The volume 
loss of carbonated ettringite amounts to 46 % and a 
corresponding decrease of strength. 

Ettringite is a very important cement hydration pro
duct. It is formed mainly topochemically with the 
added calcium sulphates and serves the required work
ability of cement mortars and concretes. This first 
or early ettringite formation is harmless as 10ng as 
it is finished in the plastic state of the mortar or 
concrete. Elongation of ettringite formation period 
leads to lowering of the early strength accompanied 
by expansion (12). 
The new investigations on pure systems and with plain 
and blended Portland cement show that ettringite and 
carboaluminate hydrate are the stable phases at room 

. and lower temperatures and monosulphate hydrate is 
the stable phase at elevated temperatures. In con
sequence an interim direct, delayed or repeated, 
wanted or unwanted heat treatment of cement pastes, 
mortars or concretes can cause damage by expansion, 
cracking and decreased strength . Calcium carbonates 
can increase the damage. Portland cement with li
mited or without C3A or Portland cements blended 
with granulated blast furnace slags or suitable puz
zolanas in appropriate amounts reduce or even pre
vent damage. - Ori the other hand, reduction or pre
vention of damage should not be regarded as the 
sole task. One should look ahead making use of the 
knowledge of the reactions of the calcium aluminate 
sulphate hydrates and related compounds. 

ACKNOWLEDGEMENT 

We are grateful to W. Boenicke and D. Ganser for 
preparation and measurement on mortar bars and to 
the Deutsche Akademische Austauschdienst and to the 
Deutsche Forschungsgemeinschaft in Bonn for the 
financial support. 

REFERENCES 

1. - J~GER, P., LUDWIG, U. and SCHWIETE, H.E. (1964), 
"Al203-Untersuchungen im System 3Ca0-CaS04-CaO
H20", Zement-Kalk-Gips, 17, 229-236. 

- J~GER, P. (1966), Dissertation, RWTH Aachen. 

2. - LOCHER, F.W., RICHARTZ, W. and SPRUNG, S. (1977), 
"Studies on the behaviour of C3A in the early 
stages of cement hydration", Summary of Contri
butions to a Seminar at the University of Tech
nology, Eindhoven 13.-14. April 1977 Cembureau. 

3. - LUDWIG, U. (1968), "Ober die EinfluBnahme ver
schiedener Sulfate auf das Erstarren und Erhar
ten von Zementen; Zement-Kalk-Gips, 21, 81-90, 
109-120 u. 175-180, Translation Nr. 143 by 
Cement and Concrete Ass., 52, 1971, Grosvenor 
Gardens London SWl. 

4. - LUDWIG, U. (1978), "50 Jahre Institut fiir Ge
stei nshUtte~unde - 26 Jahre Leh re und Forschung 
auf dem Gebiet der Bindemittel" Tonind.Ztg. 
102, 272-284 . ' 

5. - NIEL, E. and SCHWIETE~. H.E. (1964), "Uriter
su~hungen Uber die Reaktionen im System 
Kl1nker-Sulfat-Wasser in den ersten Minuten 
nach der Wasserzugabe, Forschungsbericht des 
Landes NRW Nr. 1392. 1r 

6. - JONES, F. E. (1944), "The quaternary system 
CaO-Al20rCaS04-H20 at 250C", J. phys. Chem.' 
48, 311-356 . 

7. - D'ANS, J . EICK, H. (1953), "Das System CaO
Al203-CaS04-H20 bei 20°c 11

, Zement-Kalk-Gips, 
6, 302-311. 

8. - PUNZET, M. und LUDWIG, U. (1974), "Ober die 
chemische Stabilitat des Ettringit", Tonind.-
Ztg., 98, 181-187 · 

- PUNZET, M. (1973), "Chemische und thermogravi
metrische Stabilitatsuntersuchungen an Calcium
aluminathydraten", Dissertation, RWTH Aachen. 

9. - REYNEN, P., personliche Mitteilung 

10. - GHORAB, H. Y. ( 1979), "Thermi sche und chemi sche 
Stabil itat der Ca lei uma 1 umi natsul fathydrate" 
Dissertation, RWTH Aachen. 

11. - MOORE, A.E. and TAYLOR H.F.W. (1970), "Crystal 
structure of ettri ngi te" ( 1970), Acta Crys t., 
26, 386-393. 

12. - MESKENDAHL, T. (1979), "Hydratatiol'lsverlauf 
von Tricalciumaluminat in Gegenwart von Calcium
sul fat und Ka 1 k bei Raumtemperatur", Di pl om
arbei t Institut fUr GesteinshUttenkunde, RWTH 
Aachen. 

13. - ALBECK, J., LUDWIG, U., SCHWIETE, H.E. (1969), 
"Bindung von Calciumchlorid und Calciumsulfat 
bei der Hydratation der aluminatisch-ferriti
schen Klinkerbestandteile, Zement-Kalk-Gips, 
29, 225-234, 4. Ibausil, Weimar, Tagungsbericht 
Teil 1 ( 1970), 369-371. 

- ALBECK, J. (1970), Dissertation RWTH Aachen. 

14. - HEINZ, D. (1979), "EinfluB der Temperatur bei 
der Warmbehandlung von Zementpasten auf die 
Bildung von Calciumaluminathydraten und -sulfat
hydraten und die FrUhfestigkeiten", Studienar
bei, Institut fUr GesteinshUttenkunde, RWTH 
Aachen. 

503 



Certaines interactions entre C3A et C3S lors de l'hydratation 
des ciments portland 

Some interactions between C3A and C3S during cement 
port/and hydration 

8.F. COTTIN, Chef de Service, Laboratoire de Recherche Generale, Lafarge S.A. France. 

RESUME : Ouatre clinkers de ciment Portland industriels, de compositions tres differentes, ont ete broyes a 3000 cm2/g 
Blaine et gypses aux taux de 0 - 1 - 2,5 et 5 % de so

3 
a l'aide de gypse - semi hydrate - surcuit ou anhydrite naturelle. La 

cinetique d'hydratation des cirnents obtenus a ete suiv1e par calorimetrie isotherme. 

Les spectres de calorimetrie des ciments Portland revelent en general trois pies dont I 'intensite et 1 'echeance montrent res
pecti v ernent I 'hydratation d'une partie de C

3
A (modifiee par !a presence de c

3
s et de sulfate de calcium) - I 'hydratation de 

c
3
s (influ ence_~ par l',hyd:atation du c

3
A: empoisonnement) - la consommatiqn totale des ions S0

4 
(dont l'echeance est liee 

aux deux p rem 1 eres react 1 ons). 

Le s principal es conclusions sont les suivantes : 

- Le premier pie (hy dratation de C_~A) est toujours diminue par le gypsage. Mais ii ne parait pas possible de degager une lo.i 
generale entre cette diminution et ra nature et la quantite d e sulfate de calcium ajoute. . 

- Dans toy_s les cas, l e gypsage optimum se situe entre 2,5 et 5 % ere so
3 

ajoutes, meme avec le clinker le plus riche en c
3

A. 

- Sauf pour ce derni e r c linker, qui est aussi le plus rich e en sulfates alcalins, le "desempoisonnement" de c
3
s par le gypsa-

ge est caracterise par un pie calorimetrique plus precoce et plus intense. 11 est vrai que 1 'echeance du pie de c
3
s du cl inker 

riche en c
3

A et sulfates alcalins est inhabituellement precoce. 

- Le pie revelant le moment OU la consommation des ions so4 est complete n'existe pas lorsque le gypsage est realise par ad
dition d'anhydrite na!ure lle. Dans les autres cas, ii est le plus souvent tres peu intense et etale dans le temps. 

- L'interaction silicates - aluminates - sulfates de cal ci L:,11 est tres compl exe. D'autres parametres interviennent tres proba
blement, comme la teneur et la nature des sels alcal i n5 ,j_: clinker, le procede et l'intensite de la cuisson. C'est la raison 
pour laquelle les quelques essais realises, loin de '.o:..Jt -sxpliquer, soulevent un lot de nouvelles questions auxquelles seules 
de nombreuses etudes .pourraient repondre de fac;: o n satisfaisante. 

SUMMARY: Four industrial Portland cement clinkers were chosen owing to their quite different compositions. They were 
ground at 3000 cm2/g Blaine and calcium sulphate added with gypsum - hemi hydrate - anhydrous CaSOf'.l. or native anhydrite 
at 1 - 2,5 - 5 % S0

3 
levels. The kinetics of hydration of these mixes were analysed by isothermal calorimetry. 

Generall y , the calorimetric curves obtained with Portland cement show three exothermic peaks whose intensit y and time of 
occurence correspond r e spectivel y : 

- to hydration of a part of .the c
3

A (modified by the presence of the c
3
s and the calcium sulphate) 

- to c
3
s h~dration (possibly "poisoned" by the c

3
A) 

- to total consumption of SO 
4 

ions (at a time depending on the two previous reactions). 

Our main conclusions are as follows: 

- Adding calcium sulphate results always in diminishing the intensity of the first peak (C
3

A hydration). But it does not seem 
possible to define a general law between this decrease in heat liber'ation and the nature or the quantity of calcium sulphate 
added. 

- In every case, optimum gypsum content takes place between 2,5 and 5 % of added S03' even with the c
3

A r:-ichest clinker. 

- Except for this last clinker, which is also the hi_ghest in alkaline sulphates, the "dispoisoning" of the C S due to calcium 
sulphate adding results in qn earlier and more intense calorimetric peak. It is true that the c

3
s peak of t1ie c

3
A and alkaline 

sulphates rich clinker.is abnormally early. 

- The total consumption S0
4 

peak is not present when the added .sulphate is native anhydrite. In other cases, this peak is ge
nerally very weak and broad. 

- The calcium silicates - aluminates - sulphates interaction is very intricate. Probably, other parameters affect the pheno
mena, as alkaline salts content of the clinker, or the process and intensity of the burning. For this reason, it is not possible 
to explain everything by our few tests which raise new questions for many future studies to be carried out in this field. 
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L 'influence primordia l e de 1 'aluminate tricalciqu e su~ les 
proprietes du ciment Portland n'est plus a demontrer. Ce 
constituant agit en parti c ulier: . 

a - .sur !'aptitude a la mise en place des pates, mortiers OU 

beton, qui peut d evenir totalement impossible a cause de 
l'hyd ratation tres rapide de C A, C'est le phenomene de 
prise rapide ou f lash universe~lement combattu par I 'addi

tion de sulfate de ca lcium . 

b _ sur leurs cinetiques d'hydratation et de durcissement. 
En effet, par nature, I 'a l uminate tricalcique reagit extre 
mement rapidement avec I 'eau. Ces reactions se deroulent 
avec un passage plus ou moins important d'alumine en solu
tion, selon la composition globale du cimen°t . Or, lesions 
aluminiques en so lution ont une forte tendance a retarder 
I 'h ydratation des si I i cates de ca l c ium, par empoisonriement 

de I eur surface. 

c - sur leurs proprietes physiques et chimiques. La teneur 
.en C A du c i ment Portland a des repercussions importantes 
sur l~s varia.ti ons dimensionnel les (retrait h y grometr iqu e 
ou gonflement sous eau) sur la t enue au x solutions agres-

· sives .•. 

Les essais, dont nous donnons l es r6sultats et qui ne repre
sentent qu 'une petite contribution a l a connaissance de ces 
phenomenes, avaient pour but d ' etudier l e s deu x premiers 
points a e t b, c'est - a-dire l es ci netiques de reaction a 
courte echeance. En particu l ier, nous desi rions voi r com
ment int e rviennent sur ces cinetiques les variations de com 
pos itions des ciments dues a des provenances differentes 
de clinkers i ndustr i els et a des "su l fatages" differents 
(taux d'addition de sulfate de calcium et nature d e ce su l fa
te) . 

PARAMETRES CHO I SIS 

Nous avons choisi quatre clinkers de compositions aussi 
differentes que possible : 

C l inker A 

C l inker B 

riche en c
3

s et en c haux libre, pnu v r e en alca 
lins so lub l es et en S0

3 
a forte teneur en c.

1
A e t sulfates alcalins. 1 1 y 

a un net excedent ae so3 par rapport aux alca-
1 ins so l ub les. 

C l i nker C sans c
3

A et riche en aluminoferrites. Leste
neurs en S0

3 
et alcal ins solub les sont relat,i ve 

ment faibles. 

C linker D: d'arial ys e moyenne. La teneur en S0
3 

est insuf-
fisante pour combiner tousles a lcal1ns solubl es . 

Le tabl eau n° I donne les analyses ch i miques et les compo
sitions potentielles, calculees selon Bogue, de ces clinkers. · 
Les sulfates a lcalins ont ete calcules d'apres les teneurs en 
alcal i ns solub l es, et l e CaS0

4 
d'apres l e taux d e so

3 
resi

due!. 

Nous n'avons pas retenu la finesse du c l inker comme para- , 
metre, car ii est trop evident que la consommation du sulfa 
te de ca lcium est acce leree par I 'augmentation de la surface 
d e reaction. Nous avons adopte la finesse de 3000 B laine 
obtenue au broyeur a bou l e ts de laboratoire de capacite 5 kg. 

Les taux de so.
1 

ajoutes par I 'apport de sulfate de calcium 
ont ete de 0 - I - 2, 5 et 5 % pour chaque cl inker. Les qua
tre sulfates de calcium utilises furent l e gypse pur - le semi 
hydrate pur - l e surcuit pur - une anhydrite naturelle a 
96 % de Ca SO 

4
. 

Les mel~nges clinkers - su l fate de calcium ont ete tres soi
gneusement realises au tamis. Leurs cinetiques d'hydrata
tion ont ete suivies en continu jusqu'a 24 heures a I 'aide 
d'un ca l ori metre isotherme d u type CERI LH, a la tempera
ture de 25°C. L a quantite d'eau distil l ee injectee sur le 

, 
Cl inker A Clinker B C!inker C Clinker D 

Si02 
----------- ---21~05 ___ --- 22-,_io ____ ----2-2-:7_5 __ 

24 ,05 

Al
2
o
3 

2 ,95 6,25 3,55 4,65 

Fe2o
3 

0,25 2, 15 4,65 3, 25 

Cao 71 ,05 65 , 15 67 ,25 67 ,00 

MgO 0, 50 2, 10 0,65 0,90 

so3 0,20 1, 70 0,35 0, 20 

K2o total 0,19 1,00 0,68 0,60 
Na2o t ota l 0,1 1 0, 10 0,05 0,33 

Cao 1 ibre 4,35 1,00 1,90 1, 10 

K20 soluble 0,08 0,89 0,33 0, 30 
Na2o soluble 0,02 0,07 0,02 0,07 

Ci 66,8 59 , 2 61,6 60,2 

C2S 18,5 15,8 18,8 19, 7 
c3A 7 ,5 13,0 1,5 6,9 
C AF 0, 7 6,5 14,2 1n,o 

S~lfates alcalins 0,20 1,80 0,65 0,45 
CaS0

4 
0,15 1,45 0, 10 0 

TABLEAU I : Analyse et compos iti on des cl i nkers 

c iment au temps 0 correspondait a un E /C de 0,5. 

Apres l es 24 heures d'hydratation, les pates h vdratees 
etaient examinees par d i ffraction x qualitative, et leur eau 
liee determinee par perte au feu apres lavage acetone-ether. 

RESULT A TS OB TE NUS 

~ous n e donnerons que les resultats qui nous paraissent les 
plus interessants. 

~~~~-~~~!:9~~-~~~-o...:~'!!~_c!:'!:_C:.~_e>.:.n.:.~~~!'!!._l1!1_~ 
Les courbes ca lorimetriques habituel lem ent obtenues avec 
les ciments P o rtland comportent t oujou rs (Graphique 1) 

- un premier pi e de degagement de chaleur rapid e e t limite 
dans le t emps. Son interpretati o n est complexe car ii com
prend les chaleurs de moui l lage e t de dissolution. Ma is 
eel les-ci doi vent etre r e lati vem en t faibles puisque' pour 
certains cl inkers ou ciments, le premier pie est peu impor
tant, alors qu'il n'y a pas de raison que les ch 2 l eurs d e 
mouillage et d e dissolution soient tres differentes d'un echan
tillon a l'autre. Les vari ations relatives de ce premier pie 
sont doric en grande partie dues a une rea c tion d 'hydratation 
pratiquement instantanee et de courte duree. 

Cal /g /sec 

pie 1 

p i e 2 pie 3 

10 12 heures 

FIG. 1 - Aspect classique d 1 un thermogramme de ciment Portland 

- une per i ode relativement atherm i que, souvent appelee pe
riode dormante. 

- · un second pie exoth ermique corre spondan t a u n degagement 
de chaleur beaucoup plus important que celui du premier pie, 
mais tres eta l e dans l e temps. Ce pie est attribue a l 'hydra-
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tation proprement dite, en particulier des silicates de cal
cium. 

- parfois un troisieme pie, toujours peu intense, dont l'e
cheance est variable, c'est-a-dire que le maximum de ce pie 
peut se situer avant ou apres celui du deu x ieme pie. Ce pie 
est attribue aux phenomenes qui se deroulent lorsque le sul
fate de calcium a ete completement consomme pour faire. I 'et-

0 

Cal I g /sec 

(' 

I \ 
I \ 

I ' \ 

30 rnn 5 

tringite. Ces phenomenes sont attribuables, soit a une re
cristallisation de l'ettringite deja formee qui ne se trouve 

~lus en e~uilibre avec la :elution appauvrie en s~4--' soit 
a la repr1s.e .de ~ 'hydratat1on de C

3
A de nouveau d1sponible 

par la mod1f1cat1on de structure de la couche protectrice 
d'ettringite, so it a la transformation de I 'ettringite en mono
sulfoaluminate de calcium hydrate. 

--- clink et cl/-
clinker. !B 
cfinkE'T. c 
cfinkn :D 

10 15 20 heures 

FIG. 2 - Clinkers temoins 

~~~-~~~~!'-~!'~-~'2--~!E~ 
Les courbes sont tout a fait conformes au modele classique. 
Elles sont reportees sur le graphique 2 (dans lequel les 
echelles sont modifiees ap.res la premiere heure: multi
pliees par 2 pour les deg;Jgements de chaleur, divisees par 
10 pour les temps). 

L'intensite du premier pie varie beaucoup d'un clinker a 
I 'autre. Ces variations peuvent etre attribuees en grande 
partie a l'hydratation de c

3
A, comme le 'montre le graphique 

3 a: hauteur du premier pie en fonction .de la teneur en C
3
A. 

L 'intensite et I 'echeance du maximum du second pie sont 
elles aussi tres variables. Mais ii parait a priori difficile 
de definir avec certitude une loi reliant ces valeur-s aux di 
vers parametres chimiques mesures. Nous avions pu prou
ver, par des essais anterieurs faisant appel a des techni
ques tout a fait differentes, que, en absence de sulfate, le 
c

3
A laisse passer en solution suffisamment d'alumine pour 

empoisonner le C S, c'est-a-dire le retarder. Nousavions 
aussi montre que 1e sulfate de calcium (o~ de potassium) sup 
prime le passage de I 'a lumine en solµtion, probablement par 
formation d'ettringite protectrice autour de c.~A. Si nous 
appliquons ces theories aux quatre clinkers efudies ici' 
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FIG. 3 a - Relation entre la hauteur du ler pie de calorimetrie 
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nous devrions trouver une relation entre 1 'echeance du maxi -
111u~ du second pie et l a teneur en alumine du clinker corri
gee par la t eneur en so

3
. Le graph ique 3 b montre que cette 

h tem ps du 2eme pie 

heures 

15 

10 

,. 
,. 

Bx 

ex 

A-3S 

FIG. 3 .b - Temps du 2eme pie de calorimetrie en fon ction de C
3
A - 3 S0

3 
de s clinkers non gypses 

intens1 te 

A B 
250 ~ 

200 
~ 

. 
~ 

0 

a x 
0 • 150 0 0 

)( • • • )( 

100 
0 )( • 0 0 

50 0 0 0 

0 I I I I I I I I 

2,5 2,5 

~ 

relation para it convenable pour A - 3 SO . (sans que I ' on 
puisse affirmer qu'i l y ait une re lation en~re ce coefficient 3 
de so

3 
et le rapport A/S0

3 
= 3 dans la formule de l 'ettrin

gite). 

Les autres constatations que nous avons pu re l ever .sur 1 'e
tude de ces clinkers non sulfates son t I.es suivant_es: 

- Les quantites d'eau l iee a 24 heures sont aussi tres varia..., 
bles d ' un clinker a l'autre (20,5 o/o pour l e c l inker A - 9,8 % 
pour le cl inker C) et proportionne l les a I 'intensite du maxi 
mum du second pie de ca lorimetrie. 

- 11 est plus difficile de se faire une opinion generale sur 
I 'hydratation des aluminates. Comme i I est normal, c 'est 
pour le c l inker B que I 'on a observe la plus grande quantite 
d'ettringi te apres 24 h . d 'hydratation. L e c li nker A revele 
dans les memes conditions un tres large pie de diffraction x 
au niveau de C 

4
AHn · 

!."3:~:!-~-__c!:!:_:~~~~~!'-~.:.P!'~n_~!'_f?:~:i-~-~~~-~~~ 
Le graphique 4 fournit tous les res~ltats obtenus avec les 
quatre cl inkers et les divers t ypes de "su l fatage". 

Le cas du clinker A paralt le p l us simple a expliquer : dans 
tousles cas, l a hauteur du premier pie de ca l orimetrie est 
diminuee, les extremes etant obtenus avec les additions de 
semi hydrate ( l e p l us soluble et l e p l us ac t if) et d ' anhydrite 
nature I le (la mo ins ac t ive car mo ins rapidement so luble). L a 
proportion d ' addition de sulfate ne joue pas significativement. 
A noter qu'avec les additions de 2,5_ et 5 % de semi hydrate, 
on observe nettement le pie d'hydratation en gypse vers 2 h. 

c D 

0 

~ 
D 

D 0 ~ 8 0 
)( • )( • )( 

~ 
~ • ~ • 

I I I I I I I I 

~ · 5 0 Z5 % S0 3 

FIG . 4 - Intensi t e du ler pie de calorimetrie en fo nct ion du t aux de so
3 

aj oute 

~ temoin non sulfate, • gypse, O semi hydrate, X surcuit, o anhydrite 

Le cas du c li nker Best p l us comp lexe a ana lyser: l e gypse 
diminue la hau teur du premier pie proportionnellement a son 
addition, les resultats obtenus avec l e surcuit sont aS'sez 
di·sperses, par contre c'est !'anhydrite naturel l e qui revele 
I 'action la plus importante, independante du pourcentage 
ajoute. Ce dernier resu l tat est surprenant compte tenu des 
caracteristiques de so lubilite de ce sulfate de calcium. Les 
phenomenes sont fausses avec I ' addition du semi hydrate 
dont I 'hydratation en gypse est acceleree par la presence du 
sulfate de potass i um dans le c l inker : le pie correspondant 
s'ajoute au premier pie d'hydratation du ciment, et augmente 
sa hauteur. · 

Le c l inker C non "su l fate" donne un prem ier pie de faible in
tensite. Les add i tions de sulfate de calcium le laisse a un 

niveau tres bas, sauf lorsqu'i l s 'ag it de semi hydrate a cau 
se de son hydratation rapide en gypse. 

Le premier pie du clinker Dest re lat i vement peu modifie par 
toutes les additions de sulfate de calc i um rea l isees. L 'hydra
tation du semi hydrate est moins acceleree qu'avec les clin
kers B et C, de sorte que l e pie cor"respondant n'apparalt 
que v 'ers 50 minutes, et n'inf l uence pas 'le premier pie de 
ca lorimetrie. 

!.'2f:!-~~-c!:!:_!~~~~~.!!'_~::.~~-e~9-~-:::!:!?~~-~~ 
Le graph ique 5 donne 1 ' echeance du maximum d u p ie d i t "des 
s i l i cates " pour tousles essais rea l ises. 

Avec le cl inker A, ce temps est toujours d iminue de 2 a 3 h . , 
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);)... temoin non sulfate, • gypse, 0 semi hydrate, x surcuit, O anhydrite 

sauf avec la plus faible c:.ddition de gypse et' de semi hydrate. 
On peut noter aussi que par rapport au temoin non sulfate, 
l a hauteur de ce pie est inchangee avec toutes les additions 
a 1 % de so3, mais augmentee de 40 a 50 % avec les addi
tions a 2,5 et 5 % de so3. 
Le c l inker B se comporte de fac;on tout a fait different e : 
alors que le temoin non sulfate presente un pie d'hyd r-a: ~ 

tion des silicates anormalement precoce a 5 heures, t O • .'S 

les essais de "sulfatage" conduisent a ra l longer de 3 a 4 
heures l'echeance de ce maximum. L'intensite de ce pie res 
te du meme ordre de grandeur. 

Les comportements des cl inkers C et 0 sont analogues : le 
"sulfatage" accelere toujours le pie des silicates, I 'action 
du semi hydrate etant plus importante que eel le des autres 
su l fa t es de calcium. La hau t eu r de ce pie est toujours pra 
tiquement doublee par I 'addition du sulfate de ca lcium. 

O'une maniere generale, on retrouve bien le "desempoison
nement" des silicates lorsque le sulfate de ca lcium permet 
de precipiter rapidement I 'a l umine. Celui - ci se traduit par 
une acce l eration du second p ie, d 'auiant plus sensib l e que 
l e cl inker temoin etait plus lent' et p lus importante avec 
I 'addition de semi h ydrate. Une exception cependant a si gna
ler, et qui concerne le c l inker B dont le temoin non adju
vante presente un pie des si l icates anorma l ement rapide, dO 
peut - etre a la grande quantite de sulfates a lcalins contenus 
dans ce produit. L ' addition des su l fates de ca lcium ramene 
un pie de silicate dont la cinet i que est analogue a ce l les des 
autres cl inkers "sulfates". 

!_r_:~~-~~-~-~~~-°E.~!:!:!1-'~ 
La not i on de "sulfatage" optimum resu l te d ' un compromis 
ent re deux phenomenes : 

- L 'addition de su l fate de calcium permet une hydratation 
des silicates non en travee par l 'alumine en solution, et con 
duit a l a formation d'ettringite tres volumi neuse, favorab l e 
aux res i s t ances. Ces deux act i ons benefiques sont evidem
men t d'autant p l us importantes que le taux d ' addition de sul
fate est plus grand, jusqu'a une proportion limite a part i r 
de laque l l e se produ i t : 
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- Un blocage des reactions d 'hydratation des a luminates et 
des su l fates, d'autant p lus importan t que le taux d'addition 
de sulfate depasse cette limite. 11 reste alors, apres le de
but de durcissement, du sulfate de calcium libre qui finit par 
s'hydrater en donnant des su l foa lum i nates expansifs. 

Cette limite, qui correspond aux meilleures resistances ini
tiales et aux variations de dimensions u l terieures minimal es 
des eprouvettes, est appelee "su l fa.tage optimum" . EI le cor
respond, en premiere approximat i on, a un taux d 'addition de 
su l fate de calc i um tel que ce su l fate soit comp l etement con
somme en sulfoaluminates de calc i um hydrates en moins de 
24 heures . 

11 paralt logique de penser que l e "su l fatage optimum" de
pende de l a reactivite du su l fate ajoute et de ee l l e du clinker 
(au moins ses phases a l umineuses). Nous n'avons pas l a 
pretention de determiner le niveau de "sulfatage optimum" a 
partir de trois essais seu l ement, ma is nous avons ete sur
pris de constater, par d i ffraction X, que da ns tousles cas 
le "su l fatage optimum" se s i tue entre 2' 5 et 5 % de so3 
ajoute. En effet, apres 24 heures d' h ydratat i on, nous ne 
trouvons, dans les pates hydratees, du su l fate de ca lcium 
que pour I 'addit i on cor.respondant a 5 % de 503 : sous forme 
de gypse avec le gypse et I e semi hydrate, sous forme d'an
hydrite avec le surcuit et I 'anhydrite nature I le . 

Par ai ll eurs, c.omme nous l 'avons explique dans l a descrip
tion generale des courbes calorimetr iques obtenues sur les 
ciments, l e moment ou tout le sulfate de ca lcium est consom
me se traduit parfois par un pie exothermique. Celui-ci ri'a 
evidemment jamais ete v i sib l e sur nos essais a 5 % de 503 
ajoutes, puisque l e sulfate n'etait pas ent i erement consomme 
a 24 h eures, fi n de nos enreg i strements. 

Mais dans l es autres cas, i l s ont ete re lativement peu sou
vent mis en evidence, comme le montre le tab l eau 2 : Ce pie 
"su l fates" n'a jama i s ete observe avec ! 'anhydrite naturel le, 
ni avec l e clinker C. C'est avec le clinker A qu ' il a ete l e 
p lus souvent r encontre. 11 paralt diffi ci l e de tirer des con
c lusions OU des ten tatives d ' expJ icat i on de ces qu-elques re
sultats. 



Sul fate 
ajoute 

Gypse 

Semi hydrate 

Surcui t 

Anhydrite 

% Clinker 
A 

Cl inker 
B 

tres net 3 h large 10 h 

2 ,5 net 11 h faible 14 h 

tres fort 6 h faible 9 h 

2,5 invisi bl e faible 13 h 

net 7 h invisible 

2,5 net ID h invisib l e 

invisible invisible 

2 ,5 i nvisible invisible 

TAB LEAU 2 

CONCLUSIONS 

Clinker 
c 

invisible 

invisible 

invisible 

invis ible 

invisible 

invi sibl e 

invis ible 

invisible 

Clinker 
D 

invi sible 

invisible 

i nvisible 

invi sible 

net 8 h 

invisible 

invi sible 

i nvisible 

Les comportements d es quatre cl inke rs etudies v is-a-vis du 
"sulfatage " sont tres differenc ies, et le nombre d'essais 
realis es es t trop restreint p ou r pouvoir tirer des lois gene
rales sur les inte ract ions entr'e constituti on du c l inke r -
ni veau d e "su l fatage " - nature du sulfate de ca lcium. Ceci 
est d'autant plus vrai que nous ne conna i sson s pas tous les 
parametres susceptibles d'agi r. 

Les principal e s conclusions que I ' on peut ti rer de ces es 
sais sont les suivarites : 

- Le premier pie d'hydra tat ion est toujours diminue, mais 
ori ne peut tirer de l o i general e reliant ce tt e d iminuti on d'in
ten s it e a la nature ni a la quantite de sulfate ajou te. 

- Le semi h ydrate es t tres actif pour regulari ser la prise du 
c

1
A . Mais son h yd rata tion en gypse peut occasionner des 

ra1dissements, ou fausse prise sulfate. 11 apparait, d'apres 
nos essa is, que si l e semi h ydrate es t pur (exempt de gypse) 
e t si le c linker es t pauvre en composes susceptibles d'ac ti
ver la germination du gy pse (sulfate alcalins par exempl e), 
la fausse prise sulfate n'apparaflra qu'a une echeance O IJ 

e lle ne genera plus la mise en place . 

~Nous con fi rmons que I 'addition de sulfate de calcium em
peche bien I "'empoisonnement" des si I icates par I 'alumine 
en solution. Cela se traduit par l' obtenti o n d'un deu x ieme 
pie de ca lorimet-rie dont I 'echeance du ma xi mum est raccour
ci e et ramenee a peu pres au meme temps d e 8 a 12 heures. 
Cependant ii existe une exception, avec le c linker B ri che 
en sulfates al cal ins, pour lequel le ma x imum du second pie 
est anormalement precoce , mais ramenee a une v aleur habi
tuelle par addition d e sulfate d e calc ium. 

- L e troi sieme pie d'hydratation (pie des sulfates) apparait 
rarement. 11 est plus v isibl_e avec l e ci ment A, le plus pau
vre en sultates alcalins. 11 n' est jamais mis en evidence 
lorsque le sulfate ajoute est I 'anh ydrite nature ! le : nous 
supposons que sa lenteur relat ive de passage en solution ne 
doit 'pas lui permettre d e s'epuiser rapidemen t. · 

- Nous avons observe par diffracti on X un blocage relatif de 
l'hydratation des aluminates avec les plus fortes additions 
de sulfate, qui se traduit par une plus grande quantite d'an
hydres residuels apres 24 h d'hydratation. 

La complexite des phenomenes explique le fait que nous 
n'ayions trouve aucune loi val able entre composition de cl in
ker et "sulfatage" d'une part, et cinetique d'hydratation 
d'autre part. 

t'fou s a vons cependant ete surpris par le fait que, malgre sa 
faible reacti v ite avec I 'eau, I 'anhydrite nature! le se compor
te l e plus souvent, vis-a-vis de l'hydra tati on des aluminates 
e t des silicates, d e la meme fac;:on que l e gypse et l e. surcuit. 

11 reste d one beaucoup a apprendre sur le gypsage du ci ment 
Portland, surt o u t si I 'on songe que la temperature, I ' ener
gie d e mala xage , les adjuvants ou add itions doivent jouer un 
r o l e non negligeable sur l e derouleme nt des phenomenes . 
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Hydration of C3A in portland cement in the presence 
of different forms of calcium sulfate 

L 'hydratation de C3A de ciment port/and en presence 
de diverses formes du sulfate de calcium 

I. ODLER, lnstitut fur Stein und Erden - Clausthal-Zellerfeld, R.F.A. 
R. WONNEMAN 

RESUME : 

Vinfluence du sulfate de calcium, sous forme d'anhydrite, d'hemihydrate et de gypse sur l'hydratation de 
C3A, constituante d'un clinker prepare en laboratoire , a ete etudiee. La cinetique d'hydratation et les phases 
formees ont ete determinees. 

ABSTRACT : 

The effect of calcium sulfate in the form of anhydride, hemihydrate and gypsum on the hydration of C3A pre
sent in a laboratory made portland clinker was studied. The.kinetics of the hydration process and the phases for
med were determined. 
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Within our work the ef'.ect of anhydrite Caso4 (CS), 
of calcium sulfate hemihydrate CaS04~1/2H?O 
(CSH ) and of gypsum Caso .2H2o (CSH ) on the hy
drat~6M of tricalcium alumi~ate 3Ca0.A~ 2 o1 (C?A) pre
sent in a portland clinker was studied. Tne afm of 
the· work has been to determine whether the rate of 
the hydration process and the · quality of the hydra
tion products formed is affected by the form of the 
sulfate employed . 

Experimental 

The cements studied were presared from a laboratory 
burned clinker (1 h at 1350 C) containing 68,9% Cao, 
21 ,9% Si02, 5,9% Al/03 and 3,3% Fe20 (all other oxi
des <.0,1%J. The clinker contained 15% CA and 5% C 
(AF) as determined by QXRD after concen~rating the~e 
phases by dissolving the calcium silicates in metha~ 
nolic maleic acid . The cements tested contained each 
3,0% so3 in form of anhydrite, hemihydrate and gyp
sum . For comparison a cement made from pure clinker 
without calcium sulfate added was studied as well~ 
All cfment we2e ground to a spec. surface area of 
3000 - 100 cm /g (Blaine) . The cements were allowed 
to hydrate in paste fo5m (w/s = 0,50) for different 
periods of time at 20 C. The hydration process was 
stopped by grinding the paste with acetone , filtering 
the resultant suspension and washing the residue with 
acetone and then with ethyl ether. 

The non reacted fraction of c1A was dete rmined by
0 QXRD after igniting the sample for 1 hour to 600 C 

by measuring the intensity of the peak d = 2,70~.This 
way the c1A content of the+sample could be determined 
with an accuracy of about - 0. 5 g/100 g cement . 

For quantitative dBtermination of ettringite formed 
in the hydration of C1A in the presence of calcium 
sulfate the OTA methoa can be employed only in 
pastes hydrated short time, as in the further course 
of hydr~tion the endothermic peak belonging to ett
r i ngite gets overlapped by an endothermic region ha
ving its origin in the decomposition of the CSH-phase 
formed in the hydration of calcium silicates. Conse
quently in our experiments ettringite was determined 
by OTA only up to 30 min of hydration (Mettler 2000 
apparatus, sample 10 mg, 10 °c/min, N atm.). For 
measuring the ettringite content in p~stes with lon
ger hydration times the area or the XRD peak d = 9 . 75~ 
was determined and the obtained peak area was compa
red with the area of the 30 min peak for which the 
cor responding ettringite value has been already known 
on the basis of OTA determination. The non reacted 
f raction of calcium sulfate was determined by OTA 

(gypsum and and hemihydrate) or QXRD (anhidrite). 

Results 

Fig. 1 shows the amount of C A used up in the hydra
tion process as function of Kydration time. In the 
absence of calcium sulfate about 1, 5 g c3A/100 g 
cement was used up within the first 15 min of hydra
tion ; the hydrated amount stayed almost constant up 
to about 10 hours and started to increase again in 
the further course of hydration . 

The three calcium sulfates affected the rate of C A 
hydration only unsignificantly; here again an initial 
rapid hydration was followed by a dormant period and 
a renewed faster hydration after several hours . 

Fig . 2: Shows the ettringite content of the pastes 
as function of hydration time , In all three cements 
the ettringite content rose up to a maximum and de
creased in the further course of hydration . The be 
ginning of the decline of the ettringi"te cont_ent coin
cided with the appearance of the monosulfate peak at 
d = 8 ,92~in the XRD diffraction pattern of the paste. 
The rate at which ettringite was formed was not uni
form in the three cemen t s It was slowest in the 
cement containing anhydrite and about equally fast 
in the two remaining cements . In addition to that 
the maximum amount of ettringite formed was lower 
and the beginning of monosulfate formation was de
layed in the cement containing calcium sulfate in 
the anhydrous form. The delayed formation of ettrin
gite and monosulfate in presence .of anhydrite as com
pared to cements containing hemihydrate and gypsum 
is obvious also f rom Fig. 3 in which the OTA curves 
of the cement pastes studied determined after diffe
rent hydration times are shown. 

Fig . 4: Shows the content of nonreacted calcium sul
fate as function of hydration time. It appears that 
the rate at which calcium sulfate was used up was 
about identical in the case of hemihydrate and gypsum 
and significantly slower in the case of anhydrite . It 
may be also noted that, in addition to reacting with 
c3A, the hemihydrate was gradually converted to di
hydrate; this conversion was completed within about 
30 min . 

Finally in Tab . I the setting of the cements studied 
as determined by the Vicat needle penetration test 
is shown. It appears that both the amount of water 
needed to obtain normal consistency as well as the 
beginning and end of setting depended on the form 
of calcium sulfate present in the system. 

Discussion 

A comparison of the hydration rates of c3A in absence 
and presence of the three calcium sulfates revealed 
that the rate at which c3A was used up was non alte
red significantly by the presence of any of the cal
cium sulfates in the system . This finding is contra
ry to the genera 1 view ( 1, 2,, 3, 4, 5, 6) however 
in line with observations of Locher and coworkers (7) 
who found equal c3A hydration rates in absence and 
presence of gypsum. 

Unlike t he c1A hydration rate, the rate of ettringite 
formation wa~ found to be different in the presence 
of different calcium sulfate forms, this phase being 
formed slowliest in the presence of anhydrite and 
about equally fast in presence of hemihydrate and 
gypsum. This difference may be due to the slower 
dissolution rate of the former compound in water . 
The extended duration of ettringits formation, the 
slower rate of SO depletion and the delayed begin
ning of monosulfate formation in the cement contai
ning anhydrite were proably additional consequences 
of the lower dissolution rate of this calcium sulfate 
form . 

In Fig. 5 the amount of ettringite formed v.s. amount 
of t 3A used up in the hydratiow is · plotted. The 
straight line in the figure gives the amount of ett
ringite formed if the amount of c3A shown on the 
abscissa is quantitatively converted to this phase . 
It can be seen from the figure that in the cements 
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containing hemihydrate or gypsum a significant frac
tion of c3A used up in the hydration process formed 
ettringite. On the other hand less than one third of 
C A was converted to this phase in the cement con
t~i ni ng the same amount of so3 in form of anhydrite. 
It has to be assumed, that in the latter case, most 
of the c3A hydrated to calcium aluminate hydrate due 
to an insufficient dissolution rate of this form .of 
calcium sulfate. 

From a comparison of the setting time determination 
data with the results of quantitative phase deter
mination it appears that the setting time has been 
not only a function of the amount of C3A hydrated and 
that other factors were involV:ed as weTl. The 
flash setting of pure clinker was obviously not a 
consequence ~f excessive C1A hydration as about simi
lar amounts of c3A hydratea in the three cements con
taining calcium sulfate did not cause setting. The 
reason for the instant setting of this cement is not 
obvious; it .is conceivable that this phenomenon may 
be related to an altered crystall morphology of the 
hydration products formed under these conditions as 
suggested by (7). In the case of the cement contai
ning hemihydrate one has to assume that its relative
ly fast setting is related to the conversion of hemi
hydrate to gypsum rather than to reactions involving 
C A. The shorter setting time and higher water requi
r~ments of the cement containing anhydrite as compa
red to the one with gypsum are probably due to the 
conversion of a significant part of c3A to calcium 
aluminate hydrate rather than to ettringite in the 
hydration of the former cement. 

Conclusions 

1. In the hydration of finely ground portland cement 
clinker in absence of calcium sulfate an inten si ve 
hydration of c3A takes place right after contact 
with water; the fast initial reaction is succeeded 
by a dormant period of rather slow hydration and 
a renewed fast hydration after several hours. An 
addition of so3 in form of anhydrite, hemihydrate 
or gypsum does nat alter the kinetics of c3A hy
dration significantly. 

2. In the presence of any of the calcium sulfates 
ettringite is formed as the first product of c3A 
hydration to be converted later on to monosulfate. 
The rate ~f ettringite formation is significantly 
reduced and the beginning of the conversion to 
momosulfate is delayed if anhydrite, rather than 
hemihydrate or gypsum is employed as so3 source. 

3. The flash setting of· portland cement in absence 
of calcium sulfate does not appear to be due to 
excessive c3A hydration as equal amounts of c3A 
hydrated in presence of calcium sulfatesdo not 
produce cement setting. 
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Tab. 1: Vicat needle penetration test data 

Cement water requirements set time (min) 
% beg. end 

no calcium 
sulfate - <l -
anhydrite 
(3% S03) 30 115 180 

hemihydrate 
(3% so3) 25 15 20 
gypsum 
(3% S03) 25 180 220 

Captions of the Figures 

Fig. 1: A~ount_of c3A hydrated as function of hydra
tion time 

Fig. 2: Content of ettringite in hydrated cement 
~~~pastes as function of time 

~ OTA curves of cement pastes after different 
. hydration times 

~Amount of non reacted calcium sulfate (% of 
S03) as function of hydration time 

Fig. 5: Amount of e~tringite formed v.s. c3A used 
~~~ up in the hydration process 

The figures are on the f ollowing r ar.e 
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The influence of the content and distribution of Al203 
on the hydration properties of portland cement 

Influence de la teneur et de la repartition de l'A/203 sur /es proprietes 
d'hydratation du ciment port/and 

E.S. JONS, F.L. Smidth et C0 A/S, Vigerslev Alie 77, et 
B. OSBAECK, DK-2500 Valby Copenhagen, Denmark. 

RESUME : L'evolution des resistances des ciments Portland est influencee par leur teneur en 
C3A. La cause de cette influence n'est cependant pas enti~rement etablie; elle peut etre due 
a des modifications tant de la composition des hydrates constitues que de leur quantite. La 
quantite d'hydrates peut etre affectee tant par la propre hydratation du C3A que par les mo
difications de l'hydratation du c3s provoquees par le c3A. 

Pour connaitre !'importance relative de ces divers effets possibles, plusieurs clinkers cuits 
en laboratoire ont ete examines. Ces clinkers ont ete broyes avec des proportions variables de 
so

3
. L'evolution des resistances des mortiers et !'allure de l'hydratation des pates ont ete 

su1vies en recourant a la diffractometrie quantitative par Rayons X. 

11 ressort des resultats obtenus que le c3A de tous les ciments examines contribue positive
ment, de lui-meme, aux resistances des ciments. En meme temps, il semble que le c3A exerce 
une influence negative sur le taux d'hydratation du c

3
s. Cet effet est dominant pour une for

te teneur e ,1 C1 A et en fin de prise. Dans cet article sont expliquees les causes possibles des 
effet~ ainsi observes. 

SUMMARY: The strength development of Portland cements is influenced by their contents of 
c3A. The cause of this influence, however, is still controversial and can be due to changes 
both in the composition, and in the amount, of the hydrates formed. The amount of hydrates 
can be affected both by the hydration of C3A itself and by changes in C3S hydration induced 
by C3A. 

To elucidate the relative importance of these possible effects, a series of laboratory
burned clinkers have been investigated. From the clinkers, cements with different S03-
contents have been prepared~ The development of strength has been followed in mortars, and 
the course of hydration in pastes, using quantitative X-ray-diffraction. 

F~om the results obtained it appears that C3A in all amounts examined gives an independent 
positive contribution to the strength-producing properties of the cements. Simultaneously, 
hpwever, C3A seems to have a negative influence on the rate of C3S hydration. This effect 
dominates at high C3A levels and at late ages. Possible explanations for the observed 
effects are given. 
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INTRODUCTION 

I~ is well established that the presence of 
c 3A* in Portland cement affects its strength 
producing properties. Qualitatively, C3A 
raises the early strength, an effect still 
observable at 7 and 28 days curing (200C), 
but seems to have a negative influence at 
late ages. The quantitative effect is 

·dependent on which component C3A is repla
cing in the cement (1), and also on the 
amount of S03 and alkalies present. A recent 
review ori this topic is . given by Schr~mli 
(2). 

Many of the explanations given for the effect 
of C3A take as a starting point an observed 
acceleration of C3S hydration, due to the 
presence of C3A. The ihdependent 
contribution from C3A to the overall degree 
of hydration is viewed as unimportant, or 
even harmful to the strength of the product. 
(3' 5) • 

This paper ii a further contribu~ion to the 
understanding of the effect of C3A, with 
special reference to the interrelationship 
between the rates of hydration of C3A and 
C3S . in Portland cement. 

The following three potential clinker 
compositions were formulated to permit 
observations of the hydration-related effects 
of partial or total replacement of C4AF by 
C3A: 

--------------------------------------------
"TABLE 1 

Planned Clinker Compositions 

BA B BF 

C3S 60 60 60 
c2s 22 22 22 
C3A 16 8 0 
C4AF 2 10 18 

EXPERIMENTAL 

The raw mixtures were formulated from 75 % of 
an industrial material, corrected with 25 % 
analytical grade reagents to the desired 
compositions. Each mixture was ground to 
pass a 90 µm sieve. 

The heat treatment was carried out in 300 g 
batches of powdered raw meal in an open 
platinum crucible. After calcination for 
30 min. at 10500C the crucible was placed . in 
an electric furnace preheated to the desired 
reaction temperature. 

* Throughout the paper the oxide 
abbreviations C3S, c2s, C3A, and C4AF are 
used to designate the solid solutions of 
the four major clinker minerals. 

The bottom of the crucible reached the 
reaction temperature after about 20 min. 
Clinker BF and B were kept for 40 min. at 
14500C, while clinker BA required 80 min. 
at 15000C to attain a free lime level ·below 
1.5%. The crucible was cooled to 13000C 
during 20-25 min. in the furnace; then air
cooled from 13oooc to ambient. 

The composition of the clinkers was 
characterized by the following techniques: 
Total chemical analysis by X-ray fluore
scence, mineralogical composition by X-ray 
diffraction, chemical composition of the 
clinker minerals by scanning electron 
microscopy with EDAX-analyzer, and structure 
description by optical microscopy. 

Three cements were made from each clinker 
with ~ifferent levels of S03 added as equal 
amounts of calciumsulphate-dihydrate and 
calciumsulphate-hemihydrate. The precrushed 
clinkers (-1 mm) were mixed with the desired 
amount of S03 and ground in a ball mill for 
15 min. The differences in fineness thus 
reflect differences in grindabili.ty. 

The cements were characterized by 
determinations of grain size distribution, 
using Laser granulometry, specific surface 
according to Blaine, and the total sulphur 
content. 

The strength development of the cements was 
determined in mortars according to the ISO
RILEM procedure (sand-cement-water, 3 : 1 : 
0.5), except" that the specimen dimensions 
were 2 x 2 x 5 cm3, and the mixing and casting 
procedures differed slightly. The ~ethod 
used gives results approximately 25 % higher 
than the standard ISO-RILEM procedure. The 
bulk density of the mortars was measured 
after 1 day of curing. The compressive 
strength was determined after 1, 3, 7, 28, 
and 90 days. 

The course of hydration was followed in 
pastes, using X-ray diffraction. The cements 
were mixed with 10 % analytical grade CaF2 as 
internal standard, and cast with a water
cement-ratio of 0.44 in 1 cm3 cylinders. 
The paste specimens were cured at 100 % 
relative humidity, which resulted in weak 
carbonation during hardening. 

The residual unhydrated C3S, C3A, and C4AF 
were determined after 1, 3, and 28 days' 
during at 2ooc. At each fixed time, four 
cylinders were broken to determine the 
compressive strength. The results were in 
agreement with the mortar results, but gave 
inferior reproducibility. 

The crushed speci~ens were ground w~th iso
propanol and dried at 650C. (Residual C3S 
was determined from the peaks at 30.1028 and 
51.7028 (Cu-Ka-radiation); then the samples 
were treated with salicylic a~id-methanol . 
to remove anhydrous silicates. After a 
quantitative filtration and drying, C3A and 
C4AF were determined in the residue. 

Attempts to develop a sufficiently reprodu
cible procedure for the determination of c2s 
consumption were not successful. 
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RESULTS 

The results are shown in figures 1-3 and in 
tables 2-5. From table 2 it appears that 
the desired clinker compositions were 
obtained. 

The microanalysis of the clinker minerals in 
table 3 show that the contents of Al203 and 
Fe203 in the silicate phases depend nearly 
linearly on the composition of the inter
stitial phase. The molar sum of Al203 and 
Fe203 ~A+F in table 3) seems to be 
independent of the Al203/Fe203-ratio and 
the fraction of Al203 (fA in table 3) is · 
almost the same in the three measured 
phases. 
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The X-ray-dif
fraction patterns 
in fig. 1 show 
that the c2s is in 
the ~-modification 
in the high Al203 
clinker (BA) , but 
is stabilized in 
a high-temperature 
modification in 
the Fe203-rich 
clinker (BF) . From 
table 3 it appears 
that the differ
ence cannot be 
explained from 
differences in the 
K20 contents. 

F {g. 2 shows the 
micro-structure of 
the BA and BF 
clinkers. The 
C3S-borders in 
clinker BA are 
diffuse, and sur
rounded by small 
crystals of c2s, 
while the. C3S
borders of the BF 

- clinker appear un-
affected. The 
effect has been 
described earlier 
(8) as due to the 
corrosive behavi
our of high 
Al203-melts on 
C3S during the 
cooling. 

Data obtained 
from cement test
ing are shown in 
table 4. The 
grain-size distri
bution are approx
imated by Rosin
Rammler-distr ibu
tions, from which 
the steepness (n) 
and the calculated 

Fig. 1 - XRD-patterns of the clinkers with 
Cu-K0 -radi~tion. 
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Fig. 2 - HF-etched polished sections of 
clinker BF and BA. Notable are 
differences in development of the edges 
of C3S crystals (x 500). 

BF 

BA 

residue on 20 µm (R20µ) are give~ in the 
· table. Also given in the table are the 
measured specific surface of the cement, 
bulk density of mortar and the compressive 
r>trength. 

However, to obtain more comparable strength 
results, two corrections have been applied, 
one correcting for differences in finenes~, 
and the ofher for differences in bulk ~ 
density. Fig. 3 shows the corrected 
strength results, together with the 
measured data. The corrections do not 
alter the qualitative results, but give the 
relevant data, which are suitable for 
direct quantitative comparison. · 

In order to correct strength values to 
equal clinker fineness, the contribution to 
,the measured_ fineness from the added S03 is 
calculated using linear regression. From 
this a specific surface of each cement is 
calculated as if it contained 4% added 
"mixed" gypsum, designated as Blaine, 4% in 
table 4. These values are used to correct 
the strength to a 'constant clinker finenes~ 
basis, using empirical constants of 0.045 
MPa/m2/kg at 1 and 90 days and 0.09 MPa/m2/ 
kg at 3, 7, and 28 days. The largest 
correction in this set of- data is 
70 · 0.09 MPa = 6 MPa. 



BF 
BF 
BF 
B 
B 
B 
Bl, 

BA 
fl..:. 

------------------------------------
TABLE 2 

Chemical Analys i s o f th e Clinkers 

,C l inker BA B BF 

Si02, 23. 14 22 . 87 23.00 

Al203 , 6.33 5 . 0 2 3. 69 

Fe203 , 0 . 59 3. 1 5 5 . 63 

CaO, 68.05 66 . 39 65 .1 7 

MgO, 0 .4 3 0.44 0 . 4 5 

Loss on ign. % 0 .4 7 0. 5 4 0 . 78 

Free CaO , % 0. 59 0 . 5 9 0 . 5 1 

K20 , 0.78 0. 87 0 . 87 

Na20 , 0.30 0 . 3 0 0 . 29 

S03 , 0. 1 7 0. 27 0 . 26 
K2o - so l, 0 . 29 0 . 33 0.4 1 
Na20- sol, 0 . 09 0 . 06 0 . 08 

MA 1 0 . 7 1. 6 0. 66 

Ms 3 . 34 2. 80 2 . 4 7 
LSF 93. 7 92 . 2 90. 0 

C3S 5 5.3 5 5. 8 5 5. 5 

C2S 24.9 23 . 8 2 4. 4 

C3A 1 5 . 8 8 . 0 0 . 3 

C4AF 1. 8 9 . 6 17 . 1 

TABLE 3 

Compos i tion of C3S , c2s , and the 
Interst i tia l Phase 

Cli nker BA B BF 

C3S 

Cao , 69. 7 70 . 0 69 . 7 
Si02 , 26.3 25 . 6 26 . l 
Al203 , 1. 6 1. 2 0 . 7 
Fe203 , 0 . 0 1. 0 1. 3 
K20 , 0 . 5 0. 4 0. 4 
A + F * 1. 6 1. 8 1. 5 
fA 1. 00 0 . 65 0 . 46 

~ 
cao , 62.2 62.4 62 . 4 
S i 02 ; 31. 9 30. 9 30.9 
Al 203 , 2.9 2.0 1.1 
Fe203 , 0 . 0 1. 6 2. 4 
K20 , 1. 3 1. 4 1. 4 
A + F * 2 . 9 3 . 0 2 . 6 
fa 1. 00 0 . 66 0. 42 

Intersti tia l 
phase 

Cao , 57 . 8 53.0 48 . 5 
S i 02 7 . 3 7.2 6 . 4 
Al 203 , 31. 1 22 . 7 1 4. 8 
Fe203 , 2 . 0 1 5 . 9 29.2 
K20, 2 . 2 1. 3 1. 0 
A + F * 32 . 4 32.8 33 . 4 

fA 0. 96 0.69 0 . 44 

(A+F Al203 + 0 . 64 x % Fe203) 
(fA Al 203/(A + F) 

Correctiong for air entrained during mixing 
and casting are made by adding 5% to the 
strength value for each 1 % air entrained 
equivalent to a 1 % reduction in mortar 
density . The largest correction attribut
able to entrained air in the set of data is 
5· (2300-2263) / 23 = 8.0 % = 5 MPa, taking 
2300 kg/ m3 as the reference density for all 
mortars. 

Finally, table 5 shows the measured extents 
of reaction of five selected cements, to
gether with the relevant strenght data, 
corrected for bulk density but not for 
fineness deviations. As mentioned earlier, 
reproducible methods to assess the extent of 
hydration of C2S have not been developed. 
However, for the measurements carried out, 
there was no measurable reduction in the 
amount of anhydrous C2S after 1 og 3 days. 
The degree of reaction after 28 days 
averaged 0.25. 

DISCUSSION 

The replacement of C4AF by C3A has simulta
neously changed the composition and 
structure of the silicates. The importance 
of these changes with respect to cement 
hydration characteristics cannot be derived 
from the data given here. However, pre
liminary results (9) from· e xperiments 
intended to give such information have not 
shown measurable effects from changes in 
C3S-composition. As +egards C2S the 
question is open. 

TABLE 5 

Hydr a t ion Da t a f or Selected Ceme nt s (us i ng t he symbo l s from table 4 

Bulk d ensity 
De g r ee of reactio n o f c o rr. compr . 

s t r ength 

C3S C3A C4AF MP a 

1 d 3 d 28 d 1 d 3 d 28 d 1 d 3 d 28 d 1 d , 3 d I 28 d 

BF 1 0. 29 0 . 50 0. 8 5 0. 00 0 . 05 0. 11 9 28 I 76 

BF 4 0. 42 0. 5 9 0 . 81 0. 0 0 0. 02 0. 06 1 9 3 8 78 

B 4 0 . 41 0. 66 0 . 8 4 0 .19 0. 46 0 . 68 0 . 00 0. 09 0 . 26 22 43 I 84 

BA 6 0. 40 0 . 5 1 0. 62 0 . 55 0. 6 2 0 . 78 24 
4 31 

66 

BA 8 0. 36 0. . 38 0. 7 0 0 . 07 0.33 0. 80 1 3 2 1 70 

- ---------- ------ -- ----- ----------- ---------------------- -----------
TABLE 4 

Cement Testing Data 

Added Total Grain size Specific Corrected Bulk 
Compressive s tre n g t hs i n mixed distribution surface spccif ic dens i ty MP a 

gypsum S03 after surface 
R20 ;1 11 Bl aine Blaine 4 % kg/m3 1 day 3 day s 7 d ay s 28 days 90 day's % 

m2/kg m2/kg 

1 1. 0 0 . 68* 31. 9 0 . 9 4 336 370 2300 9 28 4 9 76 88 
2 2 . 0 1. 24 32 . 3 0 . 88 344 368 2310 1 3 32 53 77 88 
4 4 . 0 2 . 22* 33.4 0 . 8 4 365 361 2309 1 9 39 6 2 80 89 
2 2 . 0 1. 30 36 . 8 0 . 8 4 316 341 2281 1 2 32 60 84 89 
4 4. 0 2 . 3 2 * 3 4 . 9 0.82 353 352 228 1 21 4 1 6 6 8 1 90 
6 6 . 0 3 . 30 34 . 0 0.83 382 358 2286 24 4 5 67 80 89 
4 4 . 0 2 .24 4 3.8 0 . 8 1 300 300 2263 1 8 3 5 43 5 6 67 

'6 6 . 0 3 . 32* 4 2 . 8 0 . 79 334 305 2266 22 40 4 8 6 1 68 
8 8.0 4 . 3 4 * 41. 8 0 .7 9 35 0 311 22 7 9 1 2 20 4 5 67 80 

( * ca l c u lated from c li nke r- SO] and a dded mi xed gyps um) 
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Fig. 3 - Compressive strength results. 
Lower square = 1 and 3 days. 
Central square = 7 days. 
Upper square = 28 and 90 days. 

measured values 
fineness corrected values. 
fineness and bulk density corrected 
values. 

The strength development curves from fig. 3 
which are in accordance with the results of 
Celani and !sh-Shalom (3,10), show . a compl ex 
pattern with an optimum amount of both ~ 3A 
and added S03, indicating that several 
mechanisms act togehter; some of t~em can be 
understood by comparing the results of 
fig. 3 and table 5, as follows:- ' 

The positive effect of so3 on the early 
hydration age (1 and 3 days) of C3S is seen 
by comparing early strengths of cement BF 1 
with those of BF 4. ( 7) . Also the retarding 
influence of so3 on the early hydration of 
C3A is seen by comparing strength results of 
cement BA 4 with BA 8 (6). The parameter 
with the greatest influence on the · early 
strength, thus seems to be the content of 
added S03. The effect of C3A is less clear. 

1 

3 

7 

28 

90 
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TABLE 6 

The Quanti t at i v e Eff ec t crf Substituting 8% e-3A for 8 % C4AF 
f r om 0 % to 8 % C3A and from 8% to 1 6% C3A. 

day 

days 

d a ys 

d a ys 

d a y s 

From BF t o B 

Bulk densi t y 
correc t ed 

MP a 

4 . 5 

11 

1 0 . 5 

r 

Only fineness 
corrected 

MP a 

1. 5 

2 

6 . 5 

From B to BA 

Bulk dens i tv 
correc t e d -

MP a 

0 . 5 

0. 5 

-1 5. 5 

-1 5 

-1 7 . 5 

On l, y fineness 
correc t ed 

MP a 

- 0 . 5 

-1 6 

- 17 

-1 9. 5 

The quantitative effect of C3A is seen in 
table 6 . Comparison of the results of BF 2-
BF 4 with B 2 - B 4 shows that B-cements are 
superior at all ages. However, half of the 
potential strength gain is lost due to air 
entrainment. The magnitude of this effect 
depends on the casting and mixing procedure. 

The observed potential strength gains can be 
explained by the hydration data for BF 4 (0 % 
C3A) and B 4 (8% C3A). Since there is no 
significant differ~nce in degree of reaction 
of C3S between the two samples, the strength 
differences can best be attributed to a 
larger contribution to the overall degree 
of hydration from C3A than from C4AF. 

Further, large substitutions of C3A for 
C4AF give no further strength gains, as seen 
from a comparison of the strengths of B 4 -
B 6 and of BA 4 - BA 6. On the contrary a 
strength loss is seen at late ages. From 
the hydration data in table 5 this can be 
explained as a result of the generally 
lower degree of reaction of C3S in BA
cements, which only at early ages can be 
compensated for by a larger contribution to 
the overall degree of hydration from C3A. 

It seems, therefore as if C3A in large 
amounts has ·a negative influence on the rate 
of hydration of C3S. A possible explanation 
is that C3A competes with C3S for the 
available water in the mortar. Although C3A 
makes up only 16 % of the cement, it would 
require 1 / 3 of the water in the mortar to be 
completely converted to monosulphate hydrate, 
which is the hydrate consuming the least 
water . This could well lead to local 
depletion of free water near C3S surfaces. 
Consistent with this explanation it is 
reasonable that the degree of hydration of 
C3S at 28 days is larger in BA 8 than in 
BA 4, since c 3A has been retarded for a 
longer periode in BA 8. The lack of water 
thus is felt somewhat later in BA 8. 

Summing up we propose the effect of C3A as 
being composed of three different partial 
effects: 

The positive ef~ect of C3A is that it reacts · 
faster than C4AF, leading to a larger 
contribution to the overall degree of 
hydration. This is demonstrated in fig. 4. 
The initial amo~nt of C3S (fc3s) and the 
degree of reaction af C3S (ac3s) are used to 
calculate the reduction in porosity 
associated with the consumption of C3S: (9 
porosity, w; c = 0.5) 

(1-G)c S 
3 

0.25 · fc 3s · ac 3s + 31.75 

31.75 + 50.00 

In fig. 4, this parameter, (i-G)c 3s, is 
plotted against the logaritm of the strength 
results, corrected for bulk density, from 
table 5. It is seen that the data fall in 
groups according to the C3A contents of the 
cements, demonstrating that C3A gives an 
independent positive contribution to 
strength at all ages. 



Fig. 4 - Illustration of the independent 
contribution from C3A to the mortar strength. 

The unfavourable effects of C3A observed are 
the entrainment of air in the mortars and 
the negative influence on c 3s consumption 
at late ages as seen in the BA-cements. 

No unambiguous evidence of a positive 
influence of c 3A on the early hydration of 
C3S was found. It seems as if the major 
accelerator of the early C3S-hydration is 
the cement S03. 

In this attempt to account for the effect of 
C3A on strength primarily in terms of 
differences in the overall degree of 
hydration, the authors do not ignore the 
importance of hydration product quality 
aspects. These have, however, not been the 
subject of this investigation. 

CONCLUSIONS 

When C3A is substituted for C4AF in Portland 
cement it will contribute positively to 
mortar strength at all ages due -to its 
higher reactivity. 

This positive effect is, however, counter
acted by two negative effects of increasing 
the C3A-content in the cement: 

- a tendency of increasing air entrainment, 
an effect which must be expected to be _ 
rather dependent on the testing procedure, 

and 

- a negative influence on the degree. of 
hydration of C3S at late ages, an effect 
which could be due to the high water needs 
of c 3A-hydration. · 

The present investigation does not provide 
evidence to a positive effect of C3A on C3S 
hydration; however, a positive effect of 
cemer* so3 is seen. 
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Theme 4 - Hydration of C3A 
m the presence of admixtures 

GENERAL REPORT 
by V.S. RAMACHANDRAN, Division of Building Research, National Research Council of Canada, Ottawa, 
Ontario, CANADA 

I 
This report summarizes six papers. Although the 

amount of c3A present in portland cement is relative
ly low in comparison with other phases, it exerts 
a significant influence on the heat devel6pment , set
ting property and early strength development. 

COLLEPARDI, CORRADI, BALDINI and PAURI investi
gated two sets admixtures, namely, Na2C03 + Na-ligno
sulphonate and sulphonated naphthalene formaldehyde 
on the hydration of C3A + CH and C3A + CH +· CSHz sys
tems, respectively. At different hydration periods, 
varying between 5 min and 7 days, the products were 
examined by DTA, DTG, TG and XRD. Zeta potential mea
surements were also carried out using a C3A/ solution 
ratio of 10. · 

In the C3A-CH-H2o system, monitoring of C3A peak 
intensity by XRD indicated that the addition of 
NazC03 + Na-lignosulphonate retarded the hydration 
of C3A. Significant changes in the Zet~ potentials 
were observed in mixtures containing the admixtures. 
In c3A-Hz0 system, the value was 37.4 mV and.by the 
addition of the admixture combination, it attained 
a value of -41.5 mV, indicating high dispersion. The 
change in the Zeta ~otential was less remarkable when 
the admixtures were not used in combination. In the 
C3A-CSH2-H20 system, the effect of sulphonated naph
thalene formaldehyde showed that it neither modifies 
the rate of formation of ettringite and its subsequent 
conversion of the low sulphoaluminate , nor the type 
of hydration products. This admixture changes the 
Zeta potential from -8.~ to -30.9 mV. 

It can be concluded that the flowability in the 
C3A-CH-H20 or C3A-CSH2-CH-HzO system containing Na2C03 
+ Na-lignosulphonate or sulphonated naphthalene for
maldehyde depends on Zeta potential changes, retarda
tion of the initial stages of re~ction and possibly 
water/ solid ratio. 

MASSAZZA and COSTA. have reported the effect of 
Na-lignosulphonate or alkyl naphthalene sulphonate 
formaldehyde on the hydration of C3A + CaS04.2HzO mix
tures. The products formed within a few minutes and 
those up to 3 days were examined by XRD, TG, DSC, 
thermoluminescence, adsorption and electron microsco
pic and conduction calorimetric tecqniques. 

Admixtures retarded the hydration reactions. 
For example, in the absence of admixtures, gypsum 
is consumed in the reaction in 4 h, in the presence 
of 1% naphtalene sulphonate formaldehyde gypsum di
sappears aft~r 7 h and in the presence of 1% Na-ligno
sulphona te gypsum persists up to 36 h. Adsorption 
of these admixtures carried out on ettringite and 
monosulphonate in a non-aqueous medium showed that 
substantial amounts .were adsorbed. An electron micros
copic examination revealed that whereas ettringite 
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fibres formed in the absence of the admixtures, smal
ler. size crystals of ettringi te, appearing as fine 
felt s, covered the C3A grains in the presence of the 
admixtures. 

It is concluded that the flowabili ty in the 
C3A + CaS04.2HzO + HzO system is caused by the retar
dation of ettringite in the pre.sence of admixtures , 
resulting in a decrease in the water demand. In addi
tion , the admixtures, by decreasing the interlocking 
of ettringi te crystals, enhance the flowabil i ty of 
pastes. 

RAMACHANDRAN, in an elucidation of the role of 
lignosulphonates on the hydration of C3A, has studied 
the hydration and adsorption-desorption isotherms 
of systems containing c

3
A, c

3
s, c

4
AH

13
-c2AH8, c

3
AH

6 
and C3S, in the presence of Ca- and Na-lignosulphona
tes. The products were examined by XRD, DTA and SEM. 

In the system C3A-H20-Ca-lignosulphonate , treated 
with 15 , 30, SO, 100 and 200% CLS, a complex gelati
nous product is formed containing A13 +. In an aqueous 
medium both hexagonal and cubic aluminate hydrates 
adsorb lignosulphonate irreversibly. An evidence for 
a complex and interlayer adsorption was also obtained 
in the hexagonal aluminate hydrate. In the non-aqueous 
medium , only the hexagonal phase irreversibly adsorbs 
lignosulphonate. · Consequently it is suggested that 
the present tendency of explaining the. retardation 
action on the basis of adsorption of lignosulphonate 
on c3A should be altered to "consumption of lignosul
phonate by the hydrating C3A". The influenc~ of the 
small amounts of calcium aluminate and its hydrates 
on the hydration of C3A in ~he presence of ~alcium 
lignosulphonate can be explained by the relative ad
sorption effects which are in the order of C1A > hexa
gonal phase > cubic phase. As C3A adsorbs suostanti~l 
~mounts of lignosulphonate it should follow that in 
commercial lignosulphonates containing sugars, the 
lignosulphonate should play an important role in re
tardation effects. Data have been presented to show 
the sugar-free Na- or Ca-lignosulphonate is as effec
tive as the commercial lignosulphonates in retarding 
the hydration of C3A. 

It has been concluded that C3A can irlteract with 
lignosulphonate in the presence of water to form a 
complex compound. Both hexagonal and cubic aluminate 
hydrates adsorb lignosulphonate irreversibly in an 
aqueous niedium. In a non-aqueous medium , only the 
hexagonal phase adsorbs lignosulphonate, indicating 
that for adsorption or. interaction of lignosulphonate 
with c3A the presence of water is necessary. Sug~t
free Ca- or Na-lignosulphon~te retards the hydration 
of c3A as efficiently as commercial lignosulphonates. 



ZIELINSKA and ZIELINSKI investigated the effect 
of Na2s203 on the hydration of C3A alone and in port
land cement clinker. The mixtures were hydrated to 
different times between 1 h and 28 days and subjected ~ 
to exmination by XRD, TG , IR and SEM. 

In the hydration of C3A,Na2Sz03 retards the for
mation of hexagonal phases and their conversion to 
the cubic phase, changes the morphology of the cubic 
aluminate hydrate. Complex compounds of the AFm type 
containing Sz03- 2 group are formed ; the deformed 
agglomerates of hexagonal phase also result. The poly
hydrons of large dimension of c3AH6 , evident without 

·admixture, are converted to small octaheQ.rons of 
c

3
AH6 in the presence. of Na2Sz03 . In the clinker, 

NazSz03 seems to accelerate the hydration of C3A . At 
8 h in the presence of the admixtures, needles analo
gous to ettringite are formed, pr.:ibably a complex 
compound of the AFt type containing Sz03-2 groups. 

It i s concluded that NazSz03, although a retarder 
for the hydration of C3A, acts as an accelerator of 
c3A when it is present in the clinker. Certain morpho-
logical changes of the hydration products and forma
tion of complex compounds containing S203-2 groups are 
also indicated . 

SERSALE, SABATELLI and VALENTI examined the ef
fect of Na-gluconate, copper acetate and aluminum 
phosphate on the hydration of C3A u~ to 48 h, utili
zing XRD , DTA , TG and SEM techniques. 

All the ad mixtures retarded the hydration of 
c3A, Na-gluconate being the most efficient retarder. 
At 48 h , the degree of hydration was almost constant 
in the presence of all admixtures but this value was 
still low.er than that observed for sample hydrated 
without an admixtufe. Comparison of the products at 
50% hydration showed that in the presence of retar
ders , hexagonal rather than the cubic phase was pre
sent. The micro graphs of samples_ hydrated to the same 
degree do not show any significant differences. 

It is concluded that Na-gluconate, copper aceta
te and aluminum phosphate retard the hydration of 
c3A by s tabilization of the hexagonal calcium alumi
nate hydrate. These admixtures do not alter the mor
phological features of the products. 

REGOURD, MORTUREUX and HORNAIN studied the ef
fect of CaC12 and sucrose on the hydration of C3A, . 
C3S , C3A + C3S + gypsum and portland cement utilizing 
XRD and electron microscopic techniques. 

Tricalcium aluminate hydrates to he~agonal phase 
followed by the cubic phase in two days. In the pre
sence of CaC12, chloroaluminate is formed but ' the 
rate of hydration is not affected. Sucrose is a re
tarder and inhibits the hydration after two days, 
forming ill-crystallized C4AH13. A product enveloping 
the C3A grains was indicated in the SEM. In the 
C3S + C3A + gypsum system, ettringite forms initially 
and is converted to monosulphate and finally to a 
solid solution of monosulphate and C4AH13· Calcium 
chloride is an accelerator for C3S hydration up to 
seven days. The microstructure of C-S-H is also modi
fied. It is also observed that CaCl2 is a better re
tarder than gypsum for c3A hydration. In the presence 
of CaC12 hexagonal plates of chloroaluminate are for
med. Sucrose retards the hydration of c3s up to two 
days and then acts as an accelerator. Sucrose, althougti 
a retarder for C3A hydration, is less effective than 
CaClz. In portland cement, CaClz acts as an acceler~
tor and sucrose as a retarder between four and sixteen 
hours. After twenty-four .hours, portland cement alone 
or that with the admixtures shows the same rate of 

hydration. 

It is considered that CaCl2 affects the hydra
tion of cement at the outset by influencing the nu
cleation of C-S-H and CH. In C3A-gypsum-CaClz system, 
competition exists between gypsum and CaClz. Calcium 
chloride is a better retarder than gypsum up to twenty 
·-eight days. The formation of a coating of chloroalu
minate may explain the retardation. Sucrose is a re
tarder of C3A hydration and forms ill-crystallized 
aluminate hydrates. 

B. CASU, M. CHIRUZZI, F. TEGIACHI and G. ZOPETTI 
studied the effect of aqueous solutions of some carbo-
hydrates and the corresponding aldonates on the hy
drating C3A. Techniques such as optical rotation, 
potentiometer, NMR and IRA were used to follow changes 
occuring from 1 min to 100 min. Within a few minutes 
after contact of c3A with reducing glucose and malto
se, precipitation occured. Evidence was obtained for 
the formation of complexes in solution between 
c

3
A and sodium gluconate and this preceded the preci

pitation on c.1A. The protective layer thus formed 
retarded the fiydration and set. 

CONCLUDING REMARKS 

Although C3A content in portland cement is low, 
it influences significantly many physical, chemical 
and mechanical properties of the cement such as set
ting rheology , early strength, sulphate attack, heat 
effect, carbonation, etc ... Since c3A seems to adsorb 
large amounts of different admixtures, it is very 
essential to study the role of C3A and C3A + gypsum + 
CH systems and their interaction with admixtures. 
The importance of such studies becomes evident from 
the number of new admixtures ( 93, 71, 7 3 and 88 in 
1976, 1977, 1978 and 1979, respectively) that have 
been developed. 

One of the problems encountered in the study 
of systems containing C3A is the variation of results 
reported by different workers. One of the obvious 
problems is that the hydration is relatively fast. 
Many factors influence the reaction rate and these 
include the shape of the bulk sample, size of the 
material taken for a particular study, pre-exposure 
conditions, effect of impurities, the difference in 
the reactivity of samples apparently of same particle 
size, the W/ S ratio, temperatur~ , etc ... This becomes 
more complex when admixtures and admixture combina
tions are added to C3A systems. The'influence of the 
molar concentrations of admixtures in solutions is 
often neglected and comparisons are generally made 
on the basis of a particular percentage of admixture 
with respect to solid C3A. 

It is very important to investigate the influence 
of admixtures on C3A and C3A + gypsum systems but of
ten these results may not be directly applicable to 
portland cement systems because of the role of other 
phases and also because C3A in portland cement con-
tains Na in solid solution. · 

The limitation of various techniques should also 
be cohsidered in evaluating results. One of the ne
cessary requirements should be that all published 
reports should contain the essential information that 
would characterize the materials and experimental 
conditions. This may be a starting point for eventual 
comparison of results obtained in different laborato
ries and for answer to many questions. 
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Theme 4 - Hydratation de C3A 
en presence d' adjuvants 

RAPPORT GENERAL 
par V.S. RAMACHANDRAN, Division of Building Research National, Research Council of Canada, Ottawa, 
Ontario, CANADA. 

Ce rapport resume sept contributions. Bien que 
la teneur en C3A present ' dans le ciment portland soit 
relativement faible comparee a celle d'autres phases, 
elle exerce une influence significative sur le dega
gement de chaleur, la prise et le developpement des 
premieres resistances. 

COLLEPARDI, CORRADI, BALDINI et SAURI ont etudie 
deux series d'adjuvants, a savoir Na2C03 + lignosulfo
nate de Na et formaldehyde de naphtalene sulfone, sur 
l'hydratation des systemes C3A + CH et C3A + CH + CSHi. 
respectivement. A differentes periodes d'hydratation, 
variant entre 5 minutes et 7 jours, les produits ont 
ete examines par ATD, DTG, TG et DRX. Les mesures de 
potentiel Zeta ont aussi ete eff ectuees en utilisant 
un rapport C3A/ solution egal a 10. 

. Dan~ ~e sys~eme c3A - CH - H20, l'evolution de 
l'intensite du pie de C3A par DRX indique que l'ad
d~tion de Na2C03 + lignosulfonate retarde .l'hydrata
tion de C3A. Des changements significatifs , dans les 
potentiels Zeta ont ete observes dans les melanges 
contena~t ~es adjuvants. Dans le sy~t~me C3A - H20, la 
valeur etait de 37,4 mV et par addition de la combi
naison d'adjuvants, il atteignait une valeur de -41,5 
mV, avec une dispersion elevee. Le changement du 
?Otentiel Zeta etait moins marque quand les adjuvants 
n'etaient pas utilises en combinaison. 

Dans le systeme C3A - CSH - H20 , l' effet du 
formaldehyde de naphtalene sihfone montre qu' il ne 
modifie ni le taux de formation de l' ettringite ni 
sa conversion ulterieure en monosulfoaluminate ni le 
type des produits d' hydratation. L' adjuvant change 
le potentiel Zeta de -8,5 a -30,9 mV. 

On en conclut que la fluidite des systemes 
C3A - CH -'1Ji0 OU C3A - CSH2 - CH - H20 contenant 
Na2903 ; lignosulf onate de Na ou le formaldehyde sul
f one aepend des changements du potentiel Zeta, du 
retard des stades initiaux de la reaction et peut-etre 
du rapport eau/ solide. 

MASSAZZA et COSTA ont rapporte l'effet du ligno
sulfonate de Na et du formaldehyde d'alkyl naphtalene 
sulfone sur l'hydratation de melanges C3A + CaS04 .2H20. 
Les produits formes en quelques minutes et ceux formfs 
pendant les trois premiers jours ont et~ examines par 
DRX, TG, DSC, thermoluminescence, microscopie electro
nique, adsorption isotherme et calorimetrie a conduc
tion. Les adjuvants retardent les reactions d'hydra
tation. Par exemple, , en absence d'adjuvants, le gypse 
est consomme dans la reaction en 4 heures ; en pre
sence de 1 % de formaldehyde cle naphtalene sulfone, il 
disparait apres 7 heures et en presence de 1 % de 
lignosulfonate de Na, il persiste jusqu'a 36 heures. 
L'adsorption de ces adjuvants effectuee dans un mili
eu non aqueux montre que des qti~~tites substantielles 
sent adsorbees, sur l'ettringite q.u lt:<.monosulfate. 
Un examen au microscope eleet·ionique· .revele que, en 
absence d'adjuvants, l'ettringite cristallise en 
fibres tandis qu'en presence d'adjuvants, des cristaux: 
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de plus petite taille fo~ment uri feutrage fin couvrant 
les grains de C3A. 

On en conclut que la fluidite du systeme c3A + 
CaS04.2H20 est due au retard de la formation d'ettrin
gite en presence d'adjuvants qui entraine une demande 
d'eau plus faible. De plus, en reduisant l'enchevetre
ment des cristaux d'ettringite, les adjuvants amelio
rent la rheologie des pates. 

RAMACHANDRAN a etudie l'hydratation et les iso
thermes d'adsorption-desorption des systemes contenant 
c3A, C3S, C4AH13 - C2AH8, C3AH6 et C3S, en presence 
de lignosulfonatesde Ga et de Na afin d'expliquer leur 
role sur l'hydratation de C3A. Les produits ont ete 
examines par DRX, ATD et MEB. 

Dans le systeme c3A - H2o, traite avec 15, 30, 
SO, 100 et 200 % de lignosulfonate de Ca, il se forme 
un complexe gelatineux contenant Al3+. Dans un milieu 
aqueux, les hydrates d'aluminate a la fois hexagonaux 
et cubiques adsorbent le lignosulf onate irreversible
ment. Un complexe interlamellaire d'adsorption a aussi 
ete mis en evidence dans . les aluminates hydrates 
hexagonaux. Dans un milieu non aqueux, seule la phase 
hexagonale adsorbe irreversiblement le lignosulf onate. 
Par consequent, on peut suggerer que l'action retar
datrice fondee sur l'adsorption du lignosulfonate sur 
C3A puisse etre modifiee en "consommation du ligno
sulfonate par le c3A qui s 'hydrate". L' influence de 
petites quantites d' aluminate de calcium et de ses 
hydrates, sur l'hydratation de C3S en presence de 
lignosulfonate de Ca, peut etre expliquee par les 
effets relatifs d'adsorption qui sent dans l'ordre, 
C3A > phase hexagonale > phase cubique. Comme C3A ad
sorbe des quantites substantielles de lignosulf onates, 
ceux con tenant des sucres, devraient jouer un role 
da~s les effets retardateurs. Des resultats publies 
montrent que le lignosulfonate de Na ou de Ca, sans 
sucre, est aussi efficace dans le retard de l'hydra
tation de C3A que les lignosulfonates commerciaux. 

On en conclut que C3A peut interagir avec le 
lignosulfonate en presence d'eau pour former un compo
se complexe. Les aluminates hydrates a la fois hexago
naux et cubiques adsorbent irreversiblement le ligno
sulf ona te dans un milieu aqueux. Seule la phase hexa
gonale adsorbe le lignosulfonate . indiq'.!ant que pour 
l'adsorption ou l'interaction du lignosulfonate avec 
C3A, la presence d'eau est necessaire. Le lignosulfo
nate de Ca ou de Na, sans sucre, retarde l'hydrataticn 
de C3A aussi efficacement que les lignosulfonates 
commerciaux. 

ZIELINSKA et ZIELINSKI ont etudie l' effet de 
Na2S203 sur l'hydratation de CJA seul et dans le clin
ker de ciment portland. Les melanges ont ete hydrates 
a des temps differents entre 1 heure et 28 jours et 
examines par DRX, TG, IR et MEB. 

Dans l'hydratation de C3A, Na2S203 retarde la 
formation des phases hexagonales et leur conversion 



en phase cubique et change la morphologie de l'alumi~ 
nate hydrate cubique. 11 se forme des composes compl~ 
xes du type AFm contenant le groupe Sz032-. 11 en re
sulte des agglomerats de phase hexagonale. Les poly
Odres de C3AH6, de grandes dimension~, mis e? evidence 
sans adjuvants, sont couverLS de petits octaedres de 
cjAH6 en p:e~ence de Na2Szo3. Dans le clinke,r, NazSz93 
semble accelerer l'hydratation de C3A. A 8 heures, 
en ·presence ci' adjuvant' des aiguilles analogues a 
l'ettringite se forment, elle~ sont probablement un 
compose complexe du type AFt contenant des groupes 
Sz032-. 

On en conc·lut que NazSz03 bien que retardateur 
de l'hydratation de C3A agit comme un accelerateur de 
c A qu.and il est present dans le clinker. Certains 
c~angements morphologiques des produits d'hydratation 
et la forma2~on de comp_os_es _complexes contenant des 
groupes Sz03 sont aussi 1nd1ques. 

SERSALE, SABATELLI et VALENTI ont etudie l'effet 
du ~luconate de sodium, de l'acetate de cuivre et du 
pho;pllate d' aluminil!m sur 1 1 hydratation de c_1A jusqu 'a 
48 heures, en utilisant la DRX, l'ATD, la ~G et le 
MEB. 

Tcus les adjuvants retardent l' hydratation de 
~3A, :::..e gll~conate de Na etant le retardateur le plus 
efflcace. A 48 heures, le degre d' hydratation est 
presque constant en presence de tous les adjuvants 
mais cette valeur est plus faible que celle observee 
dans l'echantillon sans adjuvant. La comparaison des 
produits a 50 % d'hydratation montre qu'en pr~sence 
de retardateurs, la phase hexagonale est presente 
plutot que la phase cubique. Les micrographies des 
echantillons, · au meme degre d'hydratation, ne montrent . 
pas de differences significatives. 

On en conclut que le gluconate de sodium, l'ace
tate de cuivre et le phosphate d' aluminium retarc.i.°ent 
l'hydratation de C A en stabilisant l'aluminate de 
calcium hydrate h~xagonaL Ces adjuvants n I alterent 
que les caracteristiques morphologiques des hydrates. 

R
0

EGOURD, MORTUREUX et HORNAIN ont etudie l' effet 
de CaClz et du saccharose sur l'hydratation de C3A,_ 
c3s , c3A + c1s + gypse et du ciment portland en ut1-
l1sant la DRX et le MEB. 

L'aluminate tricalcique s'hydrate en phase hexa
gonale suivie par la phase cubique en deux jours. En 
presence de CaC12 , le chloroaluminate est forme mais 
le taux d'hydratation n'est pas affecte. Le sucre est 
un retardateur et inhibe l'hydratation apres deux 
jours, formant c4Att 13 mal cristallise., Un produit 
enveloppant les grains de C3A ~st observe au ~E~. Dans 
le systeme c3s + c3A, CaClz ag~t co~me l!n accelera~eur 
de l'hydratation de C3A jusqu'a 1 Jour. La format~on 
de chloroaluminate semble retarder 1 1 hydratat1on 
ulterieure. Le sucre est un retardateur de l'hydra

tation a .la fois de C3A et de C3S aux s~de~ initiaux. 
Dans le systeme C3S + C3A + gypse, l'ettnngi.te se fo~we 
initialement puis se convertit en monosulfate et fina
lement en une ~olution solide monosulfate - c4AH13· le 
chlorure de calcium est un accelera teur de l 'hydra
tation de c3s jusqu'a 7 jours. La microstructure de 
C-S-H est modifiee et . il se forme des plaquettes 
hexagonales de chloroaluminates. On observe aussi que 
CaClz est un meilleur retardateur de l 'hydratation 
de C3A que le gypse. Le sucre reta~de l 'hydratati~n 
de c3A jusqu'a 2 jours et ensuite agit comme un acce
lerateur. Le sucre, bien que retardateur de l'hydra
t~tion de c1A est moins e~ficace que Cac17.,Dans le 
ciment portland, CaClz agit comme un accelerateur et 
le sucre comme un retardateur . e:qtre · 4 et 16 heures. 
A pres 24 heures, le cim'ent portlam!. _seul ou celui avec. 
les adjuvants presente le. me01.e tau:x:_4' lwdra ta ti on. 

Cm estime que CaClz affecte l'hydratation du 
ciment au debut en influeny-ant la nucleation de C-S
H et de CH. Dans le systeme C3A - gypse - CaClz, une 
competition existe entre le gypse et CaClz. Le chlo
rure de calcium est un meilleur retardateur que le 
gypse jusqu'a 28 jours. La formation d'une couche de 
chloroaluminate peut expliquer le retard. Le sucre 
est retardateur de C3S initialeme~t et aussi de 
c3A et f orme des aluminates hydrates mal cristallises. 

B. CASU, M. CHIRUZZI, F. TEGIACCHI et G. ZOPETTI 
ont etudie l'effet, sur l'hydratation de C3A, des so
lutions aqueuses de quelques carbohydrates et des 
aldonates correspondants. Les techniques telles que 
la rotation optique, la potentiometrie, la RMN et l'IR 
ont ete utilisees pour suivre les changements se pro-. 
duisant entre 1 et 100 minutes. Dans les premieres 
·minutes apres le contact de c3A avec le glucose et 
le maltose reducteurs, une precipitation se produit. 
La formation en solution de complexes entre c

3
A et 

le gluconate de sodium a ete mise en evidence et elle 
pr~cede. la. preci~i ta tion, sur c3A. La couche protec
t rice ainsi formee retarue l'hydratation et la orise. 
CONCLUSIONS ET REMARQUES . 

Bien que la teneur en c3A dans les ciments p~rt~ 
· land soit faible, elle influence, d'une ~~~~ere s1gn1-
ficati ve, les propriO,tes physiq_i~~s, .:: :~ .i.r: iiques et 
mecaniques du cir.tent cell.es ,qut . 1"" prise, la rheologie, 
les premieres· 1·E:sistances, l' attaque au sulfate, le 
degagement de chaleur, la carbonatation, etc ..• Etant 
donne que C3A se,mble ad~orber de gran~es qu~nti~es 
d' adjuvants differents, 11 est essentiel d 1 etudier 
le role de C3A et des system~s C3A + gyp_se + CH et 
leur interaction avec les adJuvants. L' importance de 
telles etudes devient evidente en raison du nombre 
de nouveaux adjuvants qui se sont developpes (93, 74, 
73 et 88, respectivement en 1976, 1977, 1978 et 1979). 

Un · des problemes rencontres dans 1 1 etude des 
systemes contenant c3A est la variation des resultats 
rapportes par les differents chercheurs. Un des pro
blemes evident est celui de la vitesse relativement 
rapide de l'hydratation. De nombreux facteurs influe~ 
cent le taux de reaction et ceux-ci incluent la forme 
de l'echantillon, la taille du materiau pris dans une 
etude particuliere, le.s conditions de pretraitement, 
l'effet des impuretes, les differences de reactivite 
des echantillons apparemment de particules de meme 
taille, de rapport e/ c, de temperature, etc ... Ceci 
devient plus complexe quand les adjuvants ou les com
binaisons d' adjuvants sont ajoutes · aux syste.mes 
c3A. 

L'influence des concentrations molaires des adju
vants en solution est souvent negligee et les compa
raisons sont generalement faites sur la base d 'un 
pourcentage particulier d' adjuvants par rapport au 
C3A, solide. 

11 est tres important d'etudier l'influence des 
adjuvants sur c3A et sur les systemes Cy'\ + gypse mais 
souvent ces resultats ne peuvent etre directement ap
plicables aux systemes du ciment portland a cause du 
role des autres phases et aussi parce que C3A dans 
le ciment contient Na en solution solide. 

Les limitations d.es differentes techniques de
~ient aussi etre considerees dans l'evaluation des 
resultats. Tous les rapports publies devraient conte
nir l'information caracterisant les materiaux et les 
conditions e~perimentales ; c'est une exigence indis
pensable. Ceci pourrait etre le point de depart d'une 
comparaison eventu~le de resultats obtenus dans dif
ferents laboratoires et la reponse a de nombreuses 
,uestions. 

523 



Hydration of C3A in the presence of lignosulfonate-carbonate · 
system or sulfonated naphthalene polymer 

Hydratation du C3A en presence de lignosulfonate 
et de carbonate ou de polymere de naphtalene sulfone 

M. COLLEPARDI*, Professor of Materials Technology and Applied Chemistry, M. CORRADI**, Doctor in Industrial 
Chemistry, G. BALDINI*, Doctor in Industrial Chemistry and M. PAURI*, Doctor in .Industrial Chemistry, ltalie. 

* Department of Materials Science, University of Ancona. 
** Research and Development Laboratory, MAC Mediterranea Additivi Cemento, Treviso. 

SUMMARY : 

The combine<l addition of wat'er soluble lignosulfonate and carbonates to Portland clinker without gypsum ha~ 
bee~ proposed to prepare flowable pastes with lm·; water/cement ratios . On the other hand sulfonated naphtha1;;..-;1e 
polymer (SNP) based adriiixtures are normally used as superplasticizers to obtain concretes \\jth lrn,· w/ c r atios. 

In the present paper the influence of sodium lignosulfonate (LGS) an<l carbonate (\C) on the hydration of 
C3A with lime and without gypsum was examined. The c3A hydration rate is retar<led by the simultaneous addition 
of LGS (0.6%) and NC (0.6 %), and for some minutes the hydration is completely blocked. It may be speculated 
that thts effect combined with the change in the zeta potential caused by LGS and \C could contribute to the 
flowability of clinker pastes. By C3A hydration, hexagonal calcium alrnninate hydrates are initially formed and 
then they are transformed into the cubic hydrate . The same products are obtained in the presence of LGS and \C. 

The effect of SNP. (0.6%) on the hydration of c3A with lime and gypsum was also s·tudied. \o substantial 
change in the c3A hydration rate is observed. The same products (ettringite and then monosulfate) are formed 
with and without SNP. Changes in zeta potential caused by SNP are recorded. It can be assumed that this is 
substantially responsible for the increase in flowability of cement pastes. 

RESLME : 

On a suggere de preparer des pates tres fluides avec un faible rapport eau/ ciment en addi tionnant simultan~ 
ment du lignosulfonate et du carbonate,solubles dans l'eau, au clinker portland sans gypse. Par ailleurs, des 
adjuvants a base de polymere denaphtalenesulfonee (P\S) sont deja utilises pour obtcnirdcsbctonstrcsfluides. 

Dans cet article, on a examine !'influence du lignosulfate de sodium (LGS) et <lu carbonate de sodium (\C) 
sur 1 1 hydratation du C3A avec de la chaux et sans gypse. La vitesse d'hydratation du C3A est ralentie par 
!'addition simultanee de LGS (0,6%) et de NC (0,6%) et, pour quelques minutes, l'hydratation est completement 
bloquee. On pourrait deduire que la combinaison de cet effet avec le changement du potentiel Zeta,cause par l e 
LGS et le NC, pourrait contribuer a rendre fluide les pates de clinker. Lors de l 'hydratation du c3A se forment 
d'abord les aluminates de Ca hydrates hexagonaux qui sont ensuite transformes en hydrate cubique. Les memes 
produits se forment en presence de LGS et de NC. 

L'effet du PNS (0,6%) sur l'hydratation du C3A avec chaux et gypse a egalement ete etudie. On ne note 
aucune modification significative dans la vitesse d'hydratation du c3A. Les memes produits (ettringite et 
ensuite monosulfate) se fonnent avec et sans PNS. On a enregistre des modifications du potentiel Zeta dues au 
PNS. On peut considerer que ces modifications sont la principale cause de l'accroissement de la fluidite des 
pates de ciment. 
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INTRODOCTION 

The so called superplasticizers a.re largely 
used, particularly in Europe and Japan, as additives 
that permit a concrete to have Z0-30% of the mixing 
water removed without reduction in workability (1) or 
a strong increase in workability (for instance : from 
zo to ZZO nm in slun1p) without significant change in 
all the properties of the hardened concrete (2). 
They are subst:::ntially based on sulfonated-naphtha
lene- formaldehyde polymers (S~P) or sulfonated 
melamine-formaldehyde polymers (3). On the other 
hand, Brunauer and coworkers ( ..i) studied the combined 
effect of wat_er soluble lignosulfonates and carhonates 
on pastes from ground Portland clinker without gypsum. 
Therefore, superplasticizers based on S\P can be con
sidered as liquefying agents for Portland cement 
pastes, whereas lignosulfonate-carbonate combinations 
act as both set regulator and liquefying agent for 
ground Portland clinker without gypsum. The purpose 
of the present work was to study the influence of 
SNP on the c3A hydration in the presence of lime and 
gypslDn, and the effect of lignosulfonate-carbonate 
combination on the C3A hydration in the presence of 
lime without gypsum. The two sys tems correspond to 
the c3A hydration in Portland cement and Portland 
clinker respectively. 

EXPERI~ll~\TAL ~laterials and methods 

Tricalcium aluminate (free lime= 0.1% and 
Blaine f ineness of about 3,5CX) cmZ/g) was prepared 
according the method described in a previous paper(5). 
It was blended with reagent grade calcium hydroxide 
(Cl!) in order to simulate the aqueous phase present 
in Portland cement of Portland clinker pastes. The 
C3A/CH weight ratio was 5:1 for all the mixes, where
as reagent grade gypsLm1 (CS.Hz) was present (20% by 
weight of C3A) only iri mixes C aJ:d D as shown in 
Table I. Reagent grade sodiLUn carbonate (NC), sod'ium 
lignosulfonate (LCS), said to be free of sugars or 
other carbohydrates, and S\P, produced as dry powder 
by MAC, were dry-mixed with the other ingredients. 
The percentages of NC, LGS and SNP were 0.6% by 
weight of C3A. By taking into account the HzO/C3A 
ratio (0.5) the concentration of the additives in the 
liquid phase was 12 g/l. 

Table I - Composition (in grams) -of mixes for paste 
hydration (Hz0/C3A = 0.5) 

Mix HzO C3A CH CS.Hz NC LGS SNP 

A 5 10 Zr 

I 

I 
B 5 10 z i - 0.06 I 0.06 

c 5 10 z I z I 
I 

D 5 10 z 
I I I 

0.06 

Hydration at Z0°C of these pastes was examined. 
After a certain time (5 min - 7 days) the hydration 
was stopped by grinding the pastes with methyl 
alcohol. The filtered solids were dried at 60°C 
and analyzed by a Netzsch apparatus in which IJfA, 
IJfG and TG curves ~re obtained simultaneously. Only 
IJfG curves are shown in the present paper. XRD 
analysis was also carried out by a Philips apparatus 
and the intensity of the C3A peak at 1.56 A \ Jas 

determined. 

Zeta potential measurements were performed 
using a Laser Zee ~1eter by Pen Kem Inc. which is 
based on electrophoretic technique (7) and gives the 
results directly in millivolt. The samples for zeta 
potential measurements were prepared by mixing for 
5 min lCX) g of lime saturated water solution with 
10 g of C3A, with or without Z g of CS.Hz , l.Z g 
of NC, LCS or SNP as shown in Table II. Therefore, 
the concentration of NC, LGS and SNP in the liquid 
phase (lZ g/l) was the same as used for the paste 
samples. The liquid phase was separated by vacuum 
filtration. A small portion of the solid sample 
was added to the filtered liquid phase and a 
suspension (10 mg/ZO ml) was obtained with the same 
ionic strength of the original suspension and 
diluted enough to be observed by the microscope of 
the Laser Zee Meter. 

Table II - Composition (in grams) of mixes for zeta potential measurements 

Mix Uf saturated 
C3A CS.Hz 

I 
Zeta potential 

water solution NC LGS SNP 
(mV) 

i 

A' lCX) 10 -
I 

- - I - + 37.4 

B' lCX) 10 - 1. z 1. z - - 41.5 

C' lCX) 10 z - - - - 8.5 

D' lCX) 10 z 1. z 
\ 

- 30.9 - -
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RESill..TS AND DISCUSSICN 
r 

C3A - GI system 

In Fig. 1 the XRD intensity peak of C3A as a 
fmction of time is shown. When c3A hydrates in the 
presence of lime without gypsum the reaction rate is 
very high. The addition of 0.6 % of LGS and NC to 
the c3A-rn system retards the reaction between C-:A 
and water particularly during the initial period of 
hydration. 

,.., 1 0 0 CONTROL (C~ +GYPSUM) > 
t: ~ l • z 
::> ''?-=-=-=-=-:::.:~: 
> SNP(C~ D: 
c 
D: .... 

\CONTROL (C,A) 

iii 
D: 
~ 

¥: 
c .\ 
Ill 5 0 

~ CL 0 

> ~o ''---L t: ~' 

"' • z 
~o Ill 

.... 
! ~o 
~ ~o 

0 
5' 3 o' 2 h 6 h 2 4h 

T I M E 

Fig. 1 - XRD intensity peak as a fmction of 
hydration ·time. All the mixes contain GI. 

The DTG curves of Fig. 2 confirm this effect and 
show that the initial hydration of C-:A is substantial
ly blocked by the addition of NC and LGS for 5 min. 
Similar results are obtained when NC and LGS (0.625%) 
are added to C4AF-GI system as the C4AF hydration is 
substantially blocked for about 30 min (8). By C3A 
hydration (Fig. 2.A) hexagonai calcium aluminate 
hydrates (C4.AHx and C2.AH8 ) are initially formed with 
DTG peaks at about 200 and 270°C. The peak at about 
100°C, recorded in a previous paper (5), is. not 
observed in the present work as the hydrated samples 
were dried for a longer time at 60°C before being 
analysed by DTG. Some cubic hydrate (C3AI-16) with a 
DTG peak at about 320°C and a smaller one at about .. 
500°C appears imnediately. However, the transforma
tion of the hexagonal calcium aluminate hydrates into 
the cubic hydrate occurs remarkably after 1 day only. 
The same products are observed when C3A hydrates in 
the presence of NC and LGS (Fig. 2.B) although there 
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is a retardation during the initial period of 
hydration. 

The data reported in Table II show that the zeta 
potential of C-:A in a lime saturated solution is 
positive (37.4 mV). This result agrees very well 
with the data of Tadros et al (9) who fomd a value 
of 34 mV for suspensions of 8 g of C-:A in 100 ml 
water. The high zeta potential would indicate that 
the C-:A suspension (Mix A' in Table II) is a well 
dispersed system. The deflocculation of Mix A' was 
actually confirmed by the difficulty in centrifugal 
sedimentation and vacuum filtration. On the other · 
hand, the C'!f paste (Mix A in Table I) is a stiff, 
system. It may be speculated that by going from 
Mix A' to Mix A the ionic strength is changed and the 
zeta potential decreases towards to zero by favouring 
thus the flocculation. Alternatively, one could 
think that Mix A' and Mix A have approximately the 
same zeta potential, but the clusters formation in 

A 8 

100 300 500 

TEMPERATURE (°C) 

Fig. 2 - DTG curves for C3A + GI pastes without (A) 
and with (B) NC and LGS. 



the paste - due to hexagonal calcitml altmlinate 
hydrates - plays a prominent role in the stiffening 
of the system. On the other hand, the initial 
hydration products in Mix A' (Table II) and Mix A 
(Table I) are different, as the cubic hydrate is mainly 
formed in the C'.)A suspension (Mix A') instead of the 
hexagonal hydrates. in the C:)A paste (Fig. Z~A at 
5 min): Traetterberg and Grattan-Bellew (10) and 
Collepardi et al (11) have found that when, for . some 
reason, the transformation of the hexagonal calcitml 
aluminate hydrates into the cubic phase occurs during 
the initial period of hydration, the C3A paste changes 
from a stiff system to a fluid one. In the present 
work it seem~ that a high water/solid ratio, such as 
that of Mix A', favours the transformation of the 
hexagonal hydrates into the cubic phase having a 
high positive zeta potential. • 

A sharp change of zeta potential to a negative 
value of -41.5 mV (Mix B' in Table II) is obtained 
in the presence of NC and LGS (lZ g/l). Incidentally, 
in the presence of LGS (lZ g/l) without NC a less 
remarkable change in zeta potential to about - ZO mV 
is obtained. On the other hand the change in zeta 
potential caused by NC addition is still weaker. 
Similar results were obtained for the C4AF-CH system 
(8). 

c-:;.. - CH - CS.Hz system 

The C-:}.. hydration is remarkably retarded by the 
addition of gypsun to the c3A-CH system particularly 
during the first 6 hours (Fig. 1). During this 
period the amount of ettringite (with a DTG peak at 
about 130°C) increases, whereas the amount of CS.Hz 
(with a DTG peak at about 160°C) proportionally 
decreases (Fig. 3.C). Then ettringite is transfoTIJ~d 
into monosulfate (with DTG peaks at about ZZO and 
Z70°C) at 6 - Z4 hours (Fig. 3.C) and C3A hydration 
is remarkably accelerated (Fig. 1). Similar results 
were obtained by studying the influence of lime and 
gypsun on the c3A hydration by an isothermal conduc
tion calorimeter and DTG (5). 

The addition of SNP to the C:)A-CH-CS.Hz system 
does not substantially change either the hydration 
rate (Fig. 1) or the hydration products (Fig. 3.D). 
Massazza et al (lZ) found that a SNP based super
plasticizing admixture retarded the C3A hydration. 
A different composition of the admixture used by 
Massazza et al could explain the apparent disagreement 
with the results of the present work. 

The zeta potential of the C3A-a-I-CS.Hz system 
(Table II) changes from -8.5 mV to - 30.9 mV by 
addition of SNP (lZ g/l). So, the effect of SNP on 
the zeta potential of the C:)A-Q-1-CS.Hz system seems 
to be less remarkable than that of LGS + NC on the 
zeta potential of the C:)A-Q-1 system. On the other 
hand, the influence of SNP on the zeta potential 
seems to be more remarkable in Portland cement paste 

c:J ... 
0 

TEMPERATURE (°C I 

Fig. 3 - DTG curves for C3A + CH + CS.Hz pastes 
without (C) and with (D) SNP. 

than in the C3A-Q-1-CS.Hz - HzO system. When the con
centration of SNP in the liquid phase is 7.5 g/l, the 
zeta potential of Portland cement is about -50 mV 
(6), so that a still more negative value could be 
expected with a higher concentration of SNP (lZ g/l) 
as that of the present work. 

CONCLUSIONS 

By paste hydration of C3A in the presence of 
lime, hexagonal calcium altmlinate hydrates (C4AHx and 
CzAH3) are initially formed and then they are trans~ 
formed into the cubic hydrate (C~6) after 1 day. 
The same products are obtained when LGS and NC (both 
0.6% by weight of C'.0) are added to the C3A-CH system. 
However, the C'.0 hydration is retarded by addition of 
LGS and NC and in particular the reaction is comple
tely blocked for some minutes. The zeta potential -
determined on a C3A suspension - is remarkably changed 
from a positive value (37.4 mV) to a negative one 
(-41.5). ?imilar effects on the hydration rate and 
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zeta potential were cause<l by NC and LGS in the C4AF
CH system (8). It may be speculated that both the 
change in zeta potential and the retardation of the 
initial hydration of C-:J. and C4AF could substantially 

. contribute to the flowability of Portland clinker 
pastes containing NC and LGS. The high negative 
value of zeta potential on all the Portland clinker 
compolIDds - possibly including c3s and CzS - due to 
the addition of NC and LGS, could cause the mutual 
repulsion of clinker particles and then their 
dispersion (13). On the other hand, the formation 
of large clusters of hexagonal calcium altininate 
hydrates sticking together could cause lower work
ability iri a Portland clinker paste without gYJ1Slll1l 
(14, 15). \Vhen this aggregation is prevented, as the 
C3A and C4AF hydrations are completely blocked, more 
flowable clinker pastes could be obtained. There
fore, the liquefying effect of NC and LGS in Portland 
clinker pastes without gypsum could be partly ascrib
ed to both the dispersing action caused by a negative 
zeta potential and the retardation in C-:J. and C4AF 
hydrations. 

In the presence of lime and gypsum ettringite is 
initially (0-6 hours) formed causing retardation in 
C3A hydration (5). When ettringite is transformed 
into monosulfate (6-24 hours) the c3A hydration rate 
is accelerated. No substantial change either in the 
C3A hydration rate, type of products or trans forma
t ions are caused by the addition of SNP (0.6% by 
weight of C3A). Therefore, it can be assumed that -
as far as the C3A-Q-I-CS.H2 system is concerned - the 

. incre<Lse in flowability of Portland cement pastes, 
caused by SNP addition, is mainly due to a change in 
zeta potential resulting in a mutual repulsion of 
cement particles and then in their dispersion. 
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Effect of superplasticizers on the C3A hydration 

Effet des superfluidifiants sur /'hydratation du C3A 

F. MASSAZZA, Professor of Applied Chemistry, ltalcementi, Laboratorio Chimico Centrale Bergamo, Italy, 
U. COSTA, B. Ch. ltalcementi, Laboratorio Chimico Centrale, Bergamo, ' Italy. 

RESUME : On a et udi e l'hydrat ati on de me langes de C3A et de gypse en presence de lignosulfona
te de sodium et d~ co ndensat de naphtalene sulfone et de formaldehyde dans le but d'eclairer 
les causes de l' ac tion fluidifiante exercee par ce s substances sur les pates de ciment. 
Les adjuvants ralentissent la vitesse d~ formation de l'ettringite, mais cela ne devrait pas 
etre attribue a leur interaction avec C1A. En effet l'aluminate non encore hydrate n'adsorbe 
pas les adjuvants et ne subit meme pas ae modifications structurales au niveau des centres ac
tifs en thermoluminescence. 
Au co ntraire, les sulfoal~minates hydrates adsorbent des quantites considerables de ces adju
vants et cela cause des modifi catio ns morphologiques dans les cristaux d'ettringite. Dans ce 
cas ils appar a issent, au microscope electronique, sous forme de petites aiguilles et pas com
me de gros faisceaux fibre~x representant leur aspec~ normal en !'absence d'a~juvants. 
Ces morphologies differentes peuvent expliquer, au moins partiellement, l'action exercee par 
ces superfluidif iants sur la rheologie des pates de ciment. Leur presence cause la formation 
d'un feutre microcristallin sur les grains de c

3
A, en empechant son hydratation. Vice-versa, 

la morphologie normal~, ca ra cte risee par de gros cristaux d'ettringite joignant les differen
tes particules, justifie la perte rapide de plasticite des pates qui s'hydratent en !'absence 
d'adjuvants. En definitive, l'action des deux fluidifiants sur les ciments peut etre attribure 
a la reduction initi ale de la demande d'eau du ciment et a la plus petite interconnexion en
tre les particules en cours d'hydratation. 

SUMMARY: The hydration of mixes of C3A and gypsum in the presence of sodium lignosulphonate and naphtalene sul
phonate formaldehyde condensate was studied in order to explain the causes of the fluidizing action exerted by 
these substances on cement pastes. 
The admixtures slow down the rate of formation of ettringite but this does not seem to be attributed to theirin 
teraction with C3A. In fact the ntit yet hydrated aluminate does not aasorb the admixtures and does not even 
undergo structural changes concerning the active sites in thermoluminescence. 
On the contra.ry sulphoaluminate hydrates adsorb considera.ble amounts of these additives and this causes ·evident 
morphological changes in the ettringite crystals. In this case they appear, under the electron microscope, . in 
the form of small needles and not as large fibrous bundles representing their usual aspect in the absence of ad 
mixtures. · -
These different morphologies can explain, a.t least partly, the action exerted by these superplasticizers on the 
rheology of the cement pastes. Their presence causes the formation of a microcrystal felt on the grains of C3A, 
hampering its hydration. Viceversa the normal morphology.characterized by large fibrous ettringite crystals con 
necting the different particles, justifies the rapid loss of plasticity of the pastes hydrating without admixtu 
res. After all the action of the two plasticizers can be attributed to the initial reduction in the water de-=
mand of cement and the low~r interlock among the hydrating particles. 
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1. INTRODUCTION 
Plasticizers and superplasticizers have usually been 
employed for some time in the manufacture of concre
te but, despite the several studies performed.the me 
chanism of their action has not yet quite been ex ~ 
plained . 
Many works reported in the ·most recent reviews (1) 
(2)(3) were carried out on the hydration of C3A sin
ce this ~ompound affects to a great extent setting 
times, water demand, workability and generally rheo
logy of cement pastes. 
A more limited number of works was performed on the 
action of these admixtures on the C3A hydration in 
the presence of gypsum . 
This work, which is part of a research programme on 
the mechanism of action of superplasticizers,reports 
the results obtained in the study of the C3A hydra -
tion in the presence of gypsum, sodium lignosulphona 
te (L.S.S.) and naphtalene sulphonate formaldehyde -
condensate (N.S.F.). Lignosulphonate does not appre
ciably modify the initial rate of reaction of c3A 
with gypsum but retards the conversion of ettringite 
to monosulphate and the formation of aluminate hydra 
tes (4). This retarding action depends on the admix~ 
ture content (5) and was confirmed by differential 
thermal analysis (6) and electron microscopic obser
vations (7). 
Li gnosul phonate does not a 1 ter the sequence of the 
reactions but modifies the morphology of the hexago
nal hydrates appearing when gypsum is depleted (8). 
Observations by the scanning electron microscope show 
ed that also ettringite undergoes morphological chan 
ges (9) like those noticed in the presence of sugar 
( 10). 
As for the N.S.F. action, information was not found 
in the available literature. 
2. EXPERIMENTAL 
2 . 1 Mater i a 1 s 
Synthetic c3A, natural CaS04·2H20, purified sodium li 
gnosulphonate and commercial alkyl naphtalene sulpho 
nate formaldehyde condensate were used in the pre ~ 
sent work. 
The tests were carried out on mixes consisting of 
100 parts .of C3A and 20 parts of CaS04·2H20 hydrated 
with pure water or 1% solutions of the admixtures . 
2.2 Course of the hydration reaction 
The hydration process was followed by a conduction ca 
lorimeter (11) recording the heat evolved by pastes 
consisting of 1 g mix and 1 ml pure water or contain 
ing the admixtures. -
The heat evolution curves (figs. 1 and 2) show two 
peaks: the former, intense but of short duration, is 
due to the rapid reaction of C3A with water, the lat 
ter, which appears when gypsum is exhausted, indicat 
es the conversion of ettringite to monosulphate (12T. 
Type and dosage of the admixtures affect intensity 
and position of the latter peak but not those of the 
former. · 

2.3 Identification of the phases in the pastes 
Th~ identification of the phases present at diffe -
rent stages of reaction was performed by X-ray dif -
fraction, thermogravimetric analysis (TG) and diffe
rential scanning calorimetry (DSC~. 
The hydration was stopped at the established times by 
dispersing the paste in agate mortar with acetone. 
However this treatment caused the removal of some wat 
er of crystallisation of ettringite,monosulphate ana 
tetracalcium aluminate hydrate. This fact was point-
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ed out by the change in the intensity and the posi _ 
tion of the X-ray diffraction peaks. Ettringite show 
ed extremely weak and broad peaks in some samples. -

I 
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1 · \ : : . • __ ~-5_ !'i __ N S.F 
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FIG. 1: Heat evolution curves recorded on pastes of 
C3A + 20% gypsum containing N.S .F. 

To restore the original structure, the samples were 
stored for some hours at 23°C and 100~ R.H. (13). 
After this treatment, the samples gave X-ray diffrac 
tion patterns corresponding to ettringite 32H20, mo~ 
nosulphate 12H20 and tetracalcium aluminate 19 and 
13H20. The last was partially carbonated (14). 

400 100 

300 75 0 

_D_:.5 __ L.S .S. 
200 50 . ..1:.L LS S. 

100 25 -

/ 

/Ir -.....,,...._ 

........ _:_~..:.-·-· 
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(min) time (h) 

FIG. 2: Heat evolution curves recorded on pastes of 
C3A + 20% gypsum containing L.S.S. 

The phases identified by X-rays (table I) are in a~ 
greement with those detected by DSC (fig. 3) . 
Ettringite is the first hydration product forming and 
remains the only one as long as gypsum is present in 
the paste. 
Calcium sulphate disappears in the pastes without a~ 
mixtures after about 4 hours whereas it should disap 
pear after about 7 hours in the presence of 1 % N. S. r:, 
according to the results obtained by conduction cal~ 
rimetry. On the contrary in the presence of L.S.S., 
gypsum is found up to 36 hours. < • 

The depletion of calcium sulphate is followed by the 
appearance of monosulphate forming at the expense of 
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FIG . 3: DSC curves obtained on pastes of C3A + 20% gypsum: 

ettringite . Then the hydration of the still present 
c3A proceeds with the formation of hexagonal hydrat
es C4AH19 and partially carbonated C4AH13 . 
The lattice constants of ettringite do not undergo 
changes due to the presence of the admixtures.where
as those of monosulphate slightly vary , as it i ~shown 
by the line d(OOOl) passing from 8.84 to 8.93 A. 
2. 4 Dosage of ettringite in the pastes 
The ettringite content in the hydrating pastes was de 
termined by DSC or TG. The enthalpic effect relatea 
to the dehydration peak, that the compound shows at 
ll5°C, was measured by the former method and the cor 
responding weight loss by the latter . The obtainea 
calorimetric data were converted to concentration on 
the basis of the known value of the dehydration en -
thalpy of ettringite (213 .9 Kcal/mole (15)). 
The ettringite content was calculated fromtheweight 
loss measured between 50 and 120°C; at this tempera
ture the compound loses 70% of its water (13).At the 
selected rate of heating (5°C/min), gypsum slightly 
affects the exactitude of the ettringite determina -
tion since it begings decomposing as fromaboutl20°C. 
As tab 1 e I I shows, ettri ngi te is a 1 ready present in 
considerable amount after 30 minutes . The content is 
maximum in the sample without admixtures and minimum 
in the sample containing L ~ S.S .. 
2. 5 Interaction among admixtures, C3A and hydration 

products 
2.5 . l Thermoluminescence (TL) was used to evidence an 

eventual interaction between admixtures and an 

a) without admixture, b) with N.S.F . , c) with L.S.S. 

hydrous c3A. In fact the aim was to verify whether 

TAB. I: Phase identified by X-rays in the hydrated p~ 
stes 

Pastes with 

out admixtu 

res 

Pastes with 

1% N .S .F . 

Pastes with 

l% L.S.S. 

c3A 

Caso4 · 2H20 

c3A • 3CaS04 · 32H20 

Cl . CaS04 · l 2Hz0 

C4AH19 
C4AH

13
°) 

c3A 

CaS04 · 2H20 

c3A · 3CaSO 4 · 32H20 

C3A . Caso 4 · l 2H20 

C4AH19 
C4AH 13°) 

c3A 

Caso4 · 2H2o 

C3A • 3CaSO 4 · 32H20 

C3A. Caso 4 · l 2H20 

C4AH19 

C4AH13 • ) 

0
) Partially carbonated 

0 . 5h 2h 4 h l 2 h 24h 36h 48h 

- - + 

+ + 

+ + 
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the crystal defects always present in this compound 
(16) could constitute preferential sites for the hy
dration or adsorption of the admixtures. 
To obtain this information, an apparatus with evacu
ated cell enabling heating rates up to 2°C/s was us
ed. The intensity of the light emission was measured 
between 20 and 250°C by a single photon counting in
strument provided with a photomultiplier sensitive in 
the 250-680 nm range. 

TAB. II: Percentage of ettringite formed in the dri
ed pastes of C3A + 20% gypsum 

Pastes without Pastes with Pastes with 

Hydrat. admixtures l<>:; N . S. F. 1% L.S.S. 

time 
DSC TG % of the DSC TG ":; of the DSC TG % of the 

!~~~~t+ ) !~~~~t +) !~~~~t+ ) 

0. 5 h 21 22 61 17 18 49 13 17 

2 h 23 24 66 22 24 65 18 20 

3 h 27 31 82 

4 h 30 28 82 20 21 

12 h 24 27 

24 h 30 31 

36 h 35 34 

+) Complete reaction of gypsum gives a maximum of 35.5% by 
weight of ettringite 

43 

53 

58 

72 

86 

97 

The active centres were excited as ·far as saturation 
by the X-rays produced by a tube with chrome antica
thod. All the TL curves showed only the twomaximaof 
light emission, belonging to C3A, which as many elec 
tron traps related to crystal defects corresponded tO 
(16). 
The characteristics of the trapsa namely: 
E depth of the trap (eV) 
S frequency factor (s-1) 
p probabi 1 i ty of escape of trapped e 1 ectrons a t 

_25°C (s-1) 
t lifetime of trapped electrons (s) = l/p 
were calculated according to Randall and Wilkins'for 
malism, already successfully applied to the study or 
the thermoluminescence of the portland cement consti 
tuents ( 17) . -
Table III shows that the values of the fundamental pa 
rameter E, which the others derive from, undergoes ran 
dom variations attributable to the measurement error. 
Therefore there are not evident modifications of the 
active sites of C3A present in the different samples. 
The constancy of the characteristics of the traps and 
the progressive reduction in the intensity of the TL 
peaks, observed as the C3A hydration proceeds (18), 
would lead to exclude that these traps or centres of 
luminescence play a role in the reactions occurring 
during the hydration of C3A with gypsum in the pre -
s~nce or absence of the considered admixtures. 
2.5.2 The interaction between admixtures and hydra -

tion products of C3A was studied by determin -
ing the adsorption isotherms obtained by dispersing 
the hydrates in solutions of dimethylsulphoxide (DM 
SO), already used in similar stud,ies (19). -
Ettri ngite was prepared according to J. D 'ANS and H. 
EICK's (20) method. Monosulphate was obtained byreac 
tion between solutions saturated with calcium hydrox
ide and calcium sulphate and a solution obtained by 
shaking CA in water (20)(21). After filtration in at 
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mosphere of inert gas, the precipitates were washed 
with acetone which was eliminated by vacuum evapora
tion. The samples were control1ed by X-ray diffrac -
tion and thermal analysis. One mole of ettringite 
contained 25,26 moles of. water whereas one of mono -
sulohate did 10 moles. 
Anhydrous DMSO is considerab.le hygroscopic and causes 
a partial dehydration of sulphoaluminate hydrates. 
To eliminate this inconvenience, a small amountofwa · 
ter (8%) was added to the solvent. It proved to be 
sufficient to stabilize the hydration products with
out modifying other characteristics. 
The adsorption of the admixtures on the hydrates was 
determined by continuously recording the variations 
of the electric conductivity of the suspensions. 
In fact the electric conductivity of the solutions of 
the admixtures in D~SO is proportional to their con
centration in a rather large range of concentrations 
(0-10 g/l). All the measurements were performed at 
20°C by using a thermostatic conductivity cell con -
nected to a conductimeter working at 400 Hz. They we 
re protracted as far as the attainment of the equilT 
brium indicated by the stabilization of the electric 
conductivity. 
The equilibrium conductivity was also confirmed in 
the liquid obtained by filtering the suspensions. 
Figures 4 and 5 show that at the equilibrium concen
tration of 9 g/l, the adsorption values are, for 
L.S.S., 5.9 wt ~ of ettringite and 4.3% of monosul -
phate. For N.S.F . the corresponding values are 4.73 
of ettringite and 3.1 3 of monosulphate. 
Monosul phate, differently from ettri ngite, showed an 
appreciable increase in its lattice distances after 
adsorption ( 18) . 
The increase in the lattice distances of monosulpha
te and the invariability in those of ettringite cor
respond to what occurs for the two compounds when 
they pass from 10 to 12 and from 10 to 32 water mole 
cules respectively (22)(13). -

TAB. III: Characteristics of the electron traps of 
C3A 

TRAP I TRAP I! 

Sample Hydrat. E(ev ) S(s- 1
) p(s-1 ) t ( s) E(ev \ S( s- 1) o(s-1 / t ( s ) 

time x 1010 x 10 -6 x 105 x 10 lC x '0 -8 x 107 

l .05 91 1.4 7 .1 l.15 44 1.4 7. 1 

Pastes 
without 

~:ixt~. 

Pastes 
with · ]% 
N.S. F. 

0. 5 h 

4 h 

0.5 h 

15 h 

0.90 

0 . 97 

1.07 

0.88 

0 . 6 5. 9 1.7 

8 . 2 2 .4 4.2 

135 0.9 11 

0.45 5.5 1.8 

Pastes 0.5 h 1.19 7300 0.5 20 
with a 
L. S.S. 24 h 1.12 650 0. 7 14 

0.94 0.12 14 0.71 

1 .29 1200 0 . 14 71 

1 . 25 447 0.26 38 

0.95 0.15 11 0.91 

1.28 1600 0.38 26 

1.18 86 . 0 .97 10 

After all the adso~ption data seem to indicate that 
the admixtures can replace some water in the lattice 
of sulphoaluminate hydrates. 
It was ascertained that anhydrous C3A shows no adsor 
pti?n. 
2.6 Morphology of the hydration products 
The morphology of the hydration products was examin
ed by observing the broken surfaces of the pastes u~ 
der the scanning electron microscope. 
The most interesting results concern the first stag-
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e~ of reaction during which the main hydration pro -
duct is ettri ngi te. After 30 minutes its morpho 1 o g y 
has appeared considerably affected by L.S.S. and N.S. 
F. 

A L.S .S. 

• N.S.F. 

6 

Equilibrium cone . (g/I l 
10 

FIG. 4: Adsorption isotherms of N.S . F. and L.S.S.dis 
solved in DMSO on ettringite 

A L.S.S , 

• N.S.F. 

Equilibrium cone. (g/ I l 
10 

FIG . 5: Adsorption isotherms of N.S.F. and L.S.S. dis 
solved in DMSO on monosulphate 

The micrography of fig. 6, relevant to a mix with pu
re water, shows the presence of large fibrous cry -
stals cf ettringite forming a sort of tridimensional 
branching which joins the different grains. 
On the contrary the appearance of the pastes made 
with solutions of the two admixtures is quite diffe
rent: the ettringite crystals have considerably smal 
ler sizes, they prevailingly appear as a fine felt 
(figs. 7 and 8) covering the c3A and gypsum parti -
cles but seem unable to form strong and broad inter
locks. 
These differences can be considered as the consequen 
ce of introducing admixture molecules into the lat~ 
tice of ettringite. This explanation is based on the 
results of the adsorption of the admixtures dissolv
ed in dimethylsulphoxide and it is reasonable to ext 
end it to the aqueous so 1 uti ons. 
3. CONCLUSIONS 

The tests carried out showed that sodium linnosulpho 
nate and naphtalene sulphonate formaldehyde slow down 
the formation of ettringite. From this standp6i~tthe 
action of L.S.S. is higher than that of N.S.F .. 
~hilst c3A does not adsorb the admixtures dissolved 
in DMSO, sulphoaluminate hydrates can adsorb appre -
ciable amounts . As for monosulphate, the adsorption 
is accompained by a noticeable variation of the lat
tice distances . 
This adsorption is likely to be the cause of the mor 

FIG. 6: Large ~ttringite bundles in ~astes of t3A + 
+ CaS04·2HzO hydrated for 30 minutes with p~ 
re water.3000 X 

pho 1 ogi ca 1 changes noticed in the ettri ngite cry -
stals. 
The fine structure of its crys ta 1 s observed in t h e 
pastes containing the admixtures can, in its turn,ju 
stify the s 1 owing down underwent by the c3A hydra ti -:
on. 

FIG. 7: Ettringite needles in pastes of c3A + CaS04· 
·2Hz0 hydrated for 30 minutes witn 1% N.S.F. 
solution. 5000 X 

In fact ettringite in the form of small crystals pro 
tects the C3A grains from the action of water more 
than it does when it consists of large fibrous cry -
stals. 
Viceversa,the large fibrous crystals can exert a mo
re effective mechanical action of interlock among 
the grains -forming the paste. 
To conclude, the fluidizing action caused by the two 
examined products on cement pastes can be attributed, 
at least partly, to the two following effects: 

1. Slowing down of the rate of formation of ettringj_ 
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te and therefore reduction in the water demand of 
cement 

2. Decrease in the interlock performed by the ettrin 
gite bridges connecting the solid particles ana 
consequent improvement in the rheo 1 ogy of the paste. 

FIG. 8: Ettringite needles in pastes of C3A+CaS04· 
~2H2o hydrated for 3Q minutes with 1% L.S.S. 
solution. 5000 X 
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Elucidation of the role of calcium lignosulfonate 
in the hydration of C3A 

Eclaircissement du role du lignosulnonate de calcium 
dans /'hydratation du C3A 

V.S. RAMACHANDRAN, Senior Research Officer of Building Research, National Research Council of Canada, 
Ottawa, Ontario KIA OR6 Canada. 

RESUME: L'auteur obtient des isothermes d'adsorption et de desorption en exposant de l'aluminate tricalcique 
(C3A), de l'aluminate calcique hexagona l (C4AH13-C2AH3) et de l'hydrate d'aluminate cubique (C3AH6) a des 
solutions de lignosulfonate de calcium (CLS) dans de l'eau ou du dimethylsulfoxyde. Dans le milieu non aqueux, 
le C3A et le C3AH6 absorbent peu OU pas de lignosulfonate; la phase hexagonale adsorbe a peu pres 2.2% de CLS. 
Dans une solution aqueuse contenant une grande quantite de CLS, le C3A forme un complexe de CLS basique qui est 
insoluble dans l'eau. Les boucles d~ balayage dans les isothermes pour le systeme aluminate hexagonal-CLS-H20 
montrent une complete irreversibilite avec une adsorption de 10% a une concentration d'equilibre de 0.10% de CLS. 
Une adsorption rapide et irreversible de 2.05% de CLS se produit dans le systeme C3AH6-CLS-H20. Les phases C3A, 
C4AH13-C2AH3 et C3AH6 agissent c~rnme des absorbants pour le CLS dans l'hydratation du C3S contenant du CLS; 
l'hydratation du C3S qui est completement inhibee en presence de 0.8% de CLS peut etre retablie par l'addition de 
ces phases d'alurninate. L'efficacite relative avec laquelle l'addition de 5% de ces additifs annule l'influence 
inhibitrice du CLS est de l'ordre de C3A>C4AH13-C2AH3>C3AH6. 

Le Ca et le Na-lignosulfonate ne contenant aucun sucre agissent de fa~on similaire au lignosulfonate commercial 
et retardent l'hydratation du C3A. 

SUMMARY: Adsorption-desorption isotherms were obtained by exposing tricalcium aluminate (C3A), hexagonal calcium 
aluminate (C4AH13-C2AH3) and cubic aluminate hydrate (C3AH6) to calcium lignosulfonate (CLS) solutions in water 
or dimethyl sulfoxide. In the non-aqueous medium C3A and C3AH6 adsorb little, if any, lignosulfonate ; the 
hexagonal phase adsorbs about 2.2% CLS. In an aqueous medium containing large amounts of CLS, C3A forms a basic 
CLS complex that is insoluble in water. Scanning loops in the isotherms for the hexagonal aluminate-CLS-H20 
system show complete irreversibility with an adsorption of 10% at an equilibrium concentration of 0.10% CLS. 
A rapid irreversible adsorption of 2.05% CLS occurs in the C3AH6-CLS-H20 system. 11te C3A , C4AH13-C2AH3 and 
C3At~ phases act as sinks for CLS in the hydration of C3S containing CLS; the hydration of C3S that is completely 
inhibited in the presence of 0.8% CLS can be restored by the addition of these aluminate phases. The relative 
effec t iveness with which the addition of 5% of these additives counteracts the inhibitive influence of CLS is in 
the order of C3A>C4AH13-C2AH3>C3AH6. 

Both Ca and Na -lignosulfonates containing no sugar behave in a manner similar to the commercial lignosulfonate in 
retarding the hydration of C3A. 
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INTRODUCTION 

Lignosulfonic acid and its salts are widely used as 
water - reducing and retarding admixtures in concrete. 
They are known to reduce water requirements hy about 
S - 10% and setting times by 30 - 60%. 

Since only small amounts of lignosulfonate are needed 
to influence the water-reducing and retarding proper~ 
ties of concrete, it has been concluded that the . 
action of this admixture involves the phenomenon of 
adsorption. Some attempts have been made to study 
the adsorption of admixtures on portland cement and 
the individual cement minerals, viz., C3S, C2S, C3A 
and C4AF. Since the C3A phase plays an i~portant 
role in the early stages of hydration, considerable 
work has been directed to a study of the adsorption 
of lignosulfonate on this phase. In most studies, 
the amount of the admixture adsorbed by C3A under so
ca l led equilibrium conditions has been determined by 
exposure to an aqueous solution. In thi-s method the 
hydration of C3A could not have been avoided and, 
consequently' conclusions dra1m from such experiments 
are questionable. 

Another unresolved question concerns the role of 
lignosulfonate in the retaidation of cement hydration. 
Commercial lignosulfonates invariably contain sugars 
and it is generally thought that they are, in fact, 
responsible for the retarding action (1-3). There is 
strong evidence, however, that lignosulfonate is 
adsorbed by the hydrating minerals (4-12). This 
would indicate that the lignosulfonate molecule in a 
commercial sample should play an important role in 
the dispersion and retardation of hydration of C3A. 

In view of these.questions, it was thought that a 
more realistic approach to study the adsorption 
isotherms of lignosulfonates on the aluminate 
phases should involve measurements under conditions 
·in which the adsorbent does not undergo hydration. 
This condition .could be achieved by using a non 
aqueous solvent, viz, dimethyl sulfoxide and 
adsorbents C3A, C4AH13·-C2AH3 and C3AH5 or us ing 
aqueous solutions of lignosulfonate with 
C4AH13 - C2AH3 and C3AH5. Thus, adsorption -desorption 
scanning branches emanating at different points on 
the ~ain adsorption curve would enable a study of the 
type of surface interaction occurring in the system. 

For a further evaluation of the role of ligno
sulfonate, purified sugar- free lignosulfonite salt of 
Ca or Na was prepared from the corresponding salts of 
commercial products and its effect on the relative 
rates of hydration of c3A was followed by differen
tial thermal technique. 

EXPERIMENTAL 

Materials - Tricalcium aluminate was 6btained by 
calcining a mixture of CaC03 and Al203; it had a 
Blaine surface area of 4350 m2/g. Tricalcium 
silicate was prepared by calcining a mixture of CaC03 
and Si02; it had a Blaine surface area of 3310 m2/g. 
The hexagonal calcium aluminates comprising C4AH13 
and C2Ali3 (referred to as the hexagonal phase) were 
prepared by the hydration of C3A at 2°c for 5 days. 
The cubic calcium aluminate hydrate C3AH5 (referred 
to as the cubic phase) was prepared by steam curing 
C3A at a pressure of 0.69 MN/m2 for 24 h. Calcium 
lignosulfonate sample in the form' of powder was 
supplied by Lignosol Chemical Ltd., Quebec. The 
sample had 4.5% reducing bodies. Sugar-free Ca or Na 
lignosulfonates were obtained by fractionation of 
commercial lignosulfonates by continuous diffusion 
using a Dowex 50~X2 resin. 
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Methods - Amounts of lignosulfonate adsorbed by the 
aluminates were determined by estimation of ligno
sulfonate, before an.d after adsorption, by a 
Perkin Elmer double beam UV spectrophotometer at a 
wavelength of 275 µm. Details of the method are 
described in another publication (13) . 

Differential thermal analysis (OTA) was carried out 
in N2 using a Du Pont 900 Thermal Analyser. X~ray 

diffractograms (XRD) were ohtained by a Hilger and 
Watts unit using CuKa source . Electron ~icroscopic 
examination was carried out by a Cambridge 
Stereoscan Mark 2A instrument. 

RESULTS AND DISCUSSION 

Tricalcium Aluminatc-Calcium 

Lignosulfonate-Water Sy s tem 

Tricalciurn alUinina te hydr ;i te s to the meta s table 
hexagonal hydrate and finally to the cubic form. 
In th e presence of calcium lignosulfonate (CLS) 
conversion to the he ;,agonal :rnd cuhic hydra te 
proceeds more slowly, depending on the do sage of 
CLS (Table I). In portland cement containing 10% 
Cy\, incorporation of 3 ~, C:LS is equivalent to 30 °0 
with respect to the C3A phase and hence it ~as of 
interest to study the effect of the addition of 15, 
30, 50, 100 and 200% CLS on the hydration of C3.\. 

------------------------------------------------------
TABLE I - Tnflucncc of Calcium Lignosulfonatc on the 

Ilydrat"ion of C3A 

Ligno- Products Formed 
sulfonate, 

% 1 day 7 days 14 days 28 days 

0 cubic cubic cubic cubic 
0.5 cubic cubic cubic cubic 
1. 0 hexagonal hexagonal cubic cubic 

+ cubic 
3.0 hexagonal hexagonal hexagonal hexagonal 

+ cubic 

A gelatinous mass formed at concentrations equivalent 
to and greater than 50% CLS. Electron. microscopic 
examination revealed the gel to be a fluffy mass 
typical of a non-crystalline material, which appeared 
different from CLS or c3A (Figs. la, b, d) (13). In 
samples treated with an aqueous solution containing 
30% CLS with respect to C3A, the resultant material 
exhibited a honeycomb structure (Figure le). Using 
surface area, chemical analysis, OTA and X-ray 
methods, it was concluded that the gel formed at 
higher concentrations of CLS was a basic CLS 
containing some Al+++ . Very high adsorption values 
reported in the c3A-CLS-H20 system by Rehbinder and 
Segalova can be explained by the formation of such a 
complex · (14). In the presence of <30% CLS, a non
crystalline complex results, and this is related to 
that formed between CLS and the hexagonal phase. 

Hexagonal Aluminate Hydrate-Calcium 
Lignosulfonate-Water System 

Adsorption - desorption isotherms of CLS on the 
hexagonal phase are shown in Figure 2 (15). After a 
rapid adsorption, the curve t~pers off between 
equilibrium concentrations of 0.05 and 0.15% CLS. 
The scanning isotherms obtaine'd from various points 
show complete irreversibility. 



Fig. l a - Tr icalc ium a lumina t e 

Fig. l e - C3i\ treated with 
30 ~ calcium lignosulfonate 

Figure 3 represents X-ray diffractograms of the 
hexagona l phase and CLS - treated samp l es on the 
de sorp tion branch corresponding to a ne t adsorption 
value of 1 0 ~& CLS (13). The hexagonal phase shows a 
peak at 7.90A fo1· C:4\I l 13 and t1vo charac t eristic peaks 
for C2AH3 at lo.sX and ~.23X. The samp l e containing 
10% CLS exhib i t s a sharp peak of l arger magnitude a t 
1 0.5~ but one of reduced intensity at 7.90A. The 
surface area measurement s indicated that whereas the 
hexagona l phase had a value ~f 11.1 m2/g, that which 
had adsorbed 10% CLS had an area of 15.3 m2/g. The 
hexagonal phase containing the irreversibly adsorbed 
CLS was found t o be unmistakably different from the 
norma l phase on examination by OTA, thermogravimetric 
ana lysis and electron microscopy . These results 
could be interpreted as follows. ' A complete irrever
sibility up to an adsorption va lue of 10% CLS was due 
to the formation of a complex between CLS and the 
hexagonal phase. The increase in the intensity of 
the 10 . SA peak and a dec r ease in the intensity of 
that at 7.9X in XRD may be due to an increase in the 
C-axis spacing, as a consequence bf CLS entering the 
interl ayer position . Thus, it seems possible that 
retardation of conversion of the hexagonal to the 
cub ic phase is due to CLS existing as a complex with 
the hexagonal phase : The interlayer complex may 

Fi g. lh - Ca lcium lignosulfonate 

Fig. ld - Gel-like material from 
C3A + 100% calcium lignosulfonate 
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restrict the free movement of the interlayer ions for 
conversion to the cubic form. 

Tricalcium Aluminate Hexahydrate-Calcium 

Lignosulfonate-Water System 

Adsorption-desorption scanning isotherms of this 
system are presented in Figure 2. After a rapid, 
initial adsorption the amount remains almost constant 
at 2.05%. Scanning isotherms from different points 
show irreversibility. Surface areas of C3AH6 before 
and after adsorption of CLS were 4.71 and 9.38 m2/g, 
respectively. It appears that in the presence of 
CLS; dispersion of C3AH6 and chemi-sorption of CLS 
are promoted. 

Adsorption of Calcium Lignosulfonate on C3A and its 

Hydrates in a Non-aqueous Medium 

Figure 4 gives the typical adsorption isotherms of 
CLS (using dimethyl sulfoxide (DMSO) as a non-aqueous 
solvent) on the hexagonal phase (16). After a rapid 
adsorption, the value tapers off to a value of 2.2%. 
The irreversibility, even at low concentrations of 
CLS, indicates that CLS is strongly complexed with 
the hexagonal phase. The amount of adsorption of 
CLS in an aqueous medium is much higher than in DMSO 
because of the possibility of water with a higher 
dipole moment entering the interlayer positions and 
enabling more CLS to enter. In a non-aqueous medium, 
practically no adsorption of CLS occurs on C3A or 
C3AH6 phase. The relatively lower surface areas of 
C3A and C3AH6, the nature of the surfaces and absence 
of interlayer spaces are probably responsible for the 

- lack of adsorption. 

Tricalcium Silicate-Calcium Lignosulfonate

Water System in the Presence of Tricalcium 

Aluminate and its Hydrates 
..; 
V"1 
<( 

:c 
0.. 

<( 

3. 0 

The adsorption-desorption experiments have 
shown that the relative amounts of adsorp
tion of CLS in the aluminate phases are in 
the decreasing order C3A> C4AH13-C2AH3> 
C3AH6. Ceteris Paribus C3A hydrates faster 
than C3S and, therefore, in cements the 
hydrating aluminate may act as a sink for 
CLS. A few experiments were performed to 
investigate the effect of 5% of these 
aluminate phases on the hyd~ation of C3S 

g 2. 0 

containing 0.8% CLS. Addition of 0.8% CLS 
to C3S completely inhibits its hydration, 
as evidenced by the absence of Ca(OH)2 
formation (Figure 5, A-2) (17). Addition 
of 5% C3A is Sufficient to promote hydra-
tion slowly at first and normally after 
3 days because C3A has the capacity to 
react with large quantities of CLS 
(Figure 5, B-2) . The hexagonal phase, 
adsorbing less CLS than the C3A phase, is 
relatively less efficient in counteracting 
the inhibitive action of CLS; the cubic 
phase is practically ineffective (Figure 5, 

<( 

x 
:c 

z 
0 

V"1 

u 

C-1, C-2, D-1 and D-2). The greater i~hibitive 
action of CLS (on the hydration of C3S) when added to 
cements after 5 min of hydration may be explained on 
the basis of the hydrated products of c3Aconsuming 
less CLS than C3A itself. 

Hydration of Tricalcium Aluminate in the Presence of 
Sugar-free Calcium and Sodium Lignosulfonates 

Figures 6, 7 and 8 compare the thermograms of C5A 
hydrated in the presence of 0.1, 0.5, 1.0 or 3% 
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Fig. 3 - X-ray diffractogram of hexagonal phase 
and that treated with calcium lignosulfonate 
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Fig. 4 - Adsorption-desorption isotherms of 
calcium lignosulfonate on the hexagonal phase 

• 

0. 20 

commercial Ca-lignosulfoaluminate (CLS), sugar-free 
Ca-lignosulfonate (Sf-CLS) and sugar-free Na
lignosulfonate (Sf-NLS), for periods ranging from 1 to 
60 days (18). The thermal behaviour of C3A hydrated 
in the absence of admixtures (not shown in the figure) 

. tndicates, even at 15 min, a large endothermal effect 
at 300°C denoting the presence of the cubic phase. 
Slight retardation in the early stages of hydration 
occurs in the presence of 0.1% admixtures but at 1 day 
the cubic hydrate is the only dominant phase present. 
At 0. 5% addition, Sf-NLS seems to be the best retarder, 
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Fig~ 5 - Kinetics of the hydration of C3S in the presence 
of calcium lignosulfonate, C3A or its hydrates. 

1 

A-1 C3S+H; A-2 = C3S+CLS+H; 
B-1 C3S+C3A+H; B-2 = C3S+C3A+CLS+H; 
C-1 C3S+hexagonal phase+H; 
C-2 C3S+hexagonal phase+CLS+H; 
0-1 C3S+C3AH6+H; D-2 = C3S+C3AH6+CLS+H. 
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Fig. 6 - OTA of C3A hydrated in the presence 
?f coYiimercial Ca lignosulfonate. 
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Fig. 7 - OTA of C3A hydrated in the pre~ence 
of sugar-free Ca lignosulfonate. 
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Fig. 8 - OTA of C3A hydrated in the presence 
of sugar-free Na lignosulfonate. 

as evidenced by the presence of only the hexagonal 
phase at 1 day (Figure 8). In the presence of 1.0% 
lignosulfonate, the conversion of the hexagonal to 
the cubic phase is retarded in all samples. A much 
more efficient retardation occurs at an addition of 
3% admixture. These results demonstrate that sugar
free lignosulfonate, which is presumably adsorbed 
irreversibly by C3A and its hydrates, is as efficient 
as the commercial lignosulfonate in retarding the 
hydration and interconversions in the C3A-H20 system. 
The XRO and TGA data on these samples were in fair 
agreement with those obtained by DTA. 
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1. 

CONCLUSIONS 

In the C3A-calcium lignosulfonate (CLS)-H20 system, 
at low concentrations of CLS, a surface complex 
containing C3A, CL5 and H20 may form, but at higher 
concentrations of CLS a highly basic CLS compound 
containing some Al3+ results. In the hexagonal 
aluminate-CLS-H20 system, scanning loops in the 
isotherms 'indicate complete irreversibility due to 
the formation of an interlayer complex that may be 
responsible for the retardation of the conversion of 
the hexagonal to the cubic phase. In . the 
C3AH6-CLS-H20 system, a rapid irreversible 
adsorption is followed by dispersion. 

In the rnon-aqueous medium, in contrast to the 
aqueous medium the C3A does not adsorb CLS. Thus 
the present tendency of explaining the retarding 
action on the basis of adsorption of CLS on C3A 
should be altered in favour of the concept "the 
consumption of CLS by the hydrating C3A. 11 

The inhibitive action of CLS on the hydration of C3S 
is modified by incorporation of C3A, the hexagonal 
phase or the cubic phase. The phase consuming 
larger amounts of CLS lowers the inhibitive action of 
CLS on the hydration of c3s. Thus, when prehydrated 
C3A is added to the C3S-CLS-H20 system there is less 
adsorption of CLS on aluminate phases, and hydration 
of C3S is inhibited or retarded more than by the 
addition of C3A. 

Calcium and sodium lignosulfonates, deplete of 
sugars, are as effective as the commercial 
lignosulfonates in retarding the hydration of C3A, 
indicating thereby that adsorption of lignosulfonate 
by the cement compounds is an important mechanism by 
which hydration is retarded. 
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Influence du thiosulfate de sodium sur l'hydratation du C3A 
Influence of sodium thiosulphate on the hydration of C3A 

E. ZIELINSKA Prnfesseur-adjoint, Ecole Polytechnique de Varsovie, 
B. ZIELINSKI, Docteur es Sciences Chimiques, Ecole Polytechnique de Varsovie, Pologne. 

RESUME: Parmi l.es const·ituants du cl.inker du ciment portl.and c 'est l.e C A qui est le plus 
actif dans l.e sens de l.a vitesse d'hydratation et de l.a r&activit6 chim~que. Comme son hydra
tation peut sensibl.ement ~tre atteinte par la pr~sence d'un autre compos~ chimique, surtout 
au debut du processue, 1'auteur a 'tudit. 1'inf1uence exerc'e sur son cours par l.e thiosul.
phate de sodium (Na2 s2o3 ), qui d 1 apres ses experiences s 'est montre un acce1erateur efficaoe 
du durcissement des ciments portl.and. 

Les recherches 'taient poursuivies sur l.es ~tes du C A pur a l.'aide des RX, de l.a thermo
gravimetrie, l.a _spectrometr.ie IR et la microscopie el~ctronique TEM. On a essaye aussi de 
demontrer 1'inf1uence du Na2 s2 o

3 
sur 1'hydratation du C3A dans l.e cl.inker du ciment port1and. 

On a constat~ que l.e thiosulphate de sodium retarde l.'hydratation du C3A pur durant 1es pre
mieres 24 heures, change la composition de l.a ~te et modifie l.a morphol.ogie de 1'hydroa1u
minate de calcium cubique. Les r~sul.tats de recherches font sug~rer aussi que l.e c

3
A forme 

en presence du Na2 s 2o3 des sel.s doub1es, avant tout du type AFm, contenant des groupes s2o32~ 
Dans l.e cas de 1'hyd.ratation du cl.inker l.e thiosulphate de sodium n'exerce auoune infl.uence 
retardatrice envers Te C~A, tout au contraire il. sembl.e 1'acc,16rer. La cr~stal.1isation acc'
l.er~e de l.'hydroal.uminate de calcium cubique est un fait incontestab1e, ainsi que 1'estsa 
morphologie differente de l.a morphol.ogie de 1'hydroa1uminate ana1ogue se formant sous 
l.'action du Na2S201 dans l.es p~tes du C3A pur. La presence du Na25203 mene aussi a l.a cris-
tal.l.isation des f6rmes caract,ristiques de morphol.ogie anal.ogue a cel.1e de l.'ettringite, 

et ~tant d'apr~s toute probabil.ite un se1 doubl.e du type AFt, comprenant des groupes 5 2 0
3
2-. 

SUMMARY: Among the minerals of the cl.inker of Portl.and cement, C3A is the most active in the 
sense of speed of hydration and of chemical. reactivity. Since its hydration may undergo sig
nificant changes in the presence of other chemical. compounds, partioul.arl.y in the earl.y sta
ges, the authors examined the possible influence of Na2s2o3 , which according to her earlier 
research proved to be an effective activator of hardening of Portl.and cements.· 

Research was carried out on pastes of pure. c1A by means of X-ray ana1ysis, thermogravimetry, 
Ia-spectroscopy, and electronic microscopy TEM. An attempt was al.so made to determine the 
inf'luenoe of Na25203 on hydration of c3A in Port1and cement cl.inker. 

It was found that Na2s203 retards the hydration of pure c3A during the first 24 hrs, chariges 
the phase composition of the paste, an modifies the morpho1ogy of the resulting cubic oa1-
cium hydroa1uminate. The resul.ts al.so indicate that in the presen~e of Na2S203 , C3A forms 
compl.ex com~ounds, primari1y of the AFm type, containing the 5 2 o

3 
- group. 

In the case of cl.inker, Na2S201 does not retard the hydration of C3A, and indeed·seems to 
acce1erate it. Without doubt tile appearance of cubic hydroaiuminate is acce1erated, and 
their morpho1ogy dif£ers from the morpho1ogy of analogous hydroal.uminate appearing in pure 
C3A pastes under the influence of Na2s2o3 • In the presence of Na2S20~ characteristic ory
stal.l.ine forms appear, morpho1ogioa11y anal.ogous to ettr.ingite, which are probab1y oomp1ex 
compounds of the AFt type, containing s 2 o

3
2- groups. 
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Le thiosul.phate de sodium qui s'est montre 
un accel.,rateur efficaoe du durcissement 
des cimenta portl.ands (1) exeroe une action 
specifique sur l.e prooessus de l.eur hydra
tation, se manifestant avant tout au debut 

. de oel.ui-ci et paraissant infl.uenoer l.e pl.us 
1a phase interstitiel.l.e. C'est pourquoi, en 
vue d'~ol.a:lro:lr pl.us pr6cisement l.e meoa
nisme d'action du Na2s2o1 on a poursuivi 
tout d'abord l.es recherclie& concernant l.'hy
dratation du c1A en pr~senoe du Na2s2o3 , 
pendant l.es premiers 28 jours. Les essais 
ont ete faits pour l.e c3A pur ainsi que 
pour l.e cl.inker du oiment portl.and1 

MATERIAUX ET METIIODES 

Les recherches sur l.'hydratation du C3A ont 
6te effectu&es sur l.es pites monomineral.es, 
preparees avec 50% d'eau et additionees de 
Na2S203 (3% par rapport au C3A) ainsi que 
sur l.es pites sans addition, comme temoins. 
C3A 'tait synthetis~ par traitement thermi
que a partir des mel.anges des oxydes. Finesse 
du c1A = 2900 cm2 /g • . Les o.bservations de 
l.'hyllratation du c3A dans l.e cl.inker 'taient 
poursuivies sur des pites pareil.les, pr,pa
rees du clinker portl.and broy~ jusqu'a la 
finesse = 2680 cm2/g. La composition min,ra
logique du cl.inker: 67,4% C3S, 9,5% C2S, 
10,2~ C3A, 8,5% C4AF. La concentration du 
Na2S203 dans l.'eau de ~chage du cl.inker 
etait la meme que dans l.e cas des pates du 
c

3
A pur. 

Les recherches etaient poursuivies a l.'aide 
des RX, de l.a thermogravimetrie et tech
niques associees, la spectrometrie IR et la 
microsoopie el.ectronique TEM. L'evolution de 
la morphol.ogie et microstructure de phases 
hydratees 6~ait ~tudi'e dans l.e cas du c3A 
pur - sur pates, et dans le cas du cl.inker -
sur l.es fractures de grains hydrat,es dans 
une solution de Na2S203 et, paral.1e1ement 
dans 1'eau. 

RESULTATS ET DISCUSSION 

I. Hydratation du c
3

A 

Conform,ment aux ~sul.tats obtenus, dans l.es 
pites temoins - sans addition du Na2 s 2o3 les 
phases essentiel.les sont: 1'hydroa1wninate 
hexagonal. C2AHa et 1'hydroa1uminate oubique 
c1AiI6• En outre on d~c~l.e 1a gibbsite et l.e 
cArboal.uminate de oal.cium. La teneur des hy
droal.uminnates appr,oiee d'apr~s l.es courbes 
ATD, DTG et TG varie dans le temps: la quan
tit' de C2AH8 dinlinue de 14% au bout de 24 
heures d'hydratation aux valeurs difficiles 
a d6terminer d'apres l.a methode oi-dessus, 
tandis que la quantit6 de c3AH6 monte de 47% 
(au bout de 24 heures) a 51~ au bout de 28 
jours. Dans l.es p~tes aveo l.e Na2S201 , se 
trouvent comme phases essentials: l'liydro
al.uminate hexagonal. C4AH13 et 1'hydroa1umi
nate cubique C1AH6 acoompagn' aussi de gibb
site et de oar6oal.uminate. La teneur en 
c1AH6 varie dans 1e temps dans un sens in
v6rse par rapport aux 'ohantil.l.ens t'moins -
sa q~an~it' diminue de 34% apres 24 h jusqui 
21% apres 28 jours d'hydratation. La quan
tite de C4AH

13 
diminue de 44% apres 8 h ~ 
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12% apres 28 jours. En m~me temps on obser
ve l.'aocroissement de la teneur en eau l.i
bre de 6% a 14%. 

Sur les courbes ATD des p~tes avec Na2 S20 
se fait remarquer des les premi~res .heure~ 
d'hydratation un pie exothermi9ue aveo un 
maximum a 46o0 c d'une intensite oroissante 
dans l.e temps (figure 1). Aucun ohaugement 

3 

2 

B v A v 

2 4 6 8 2 4 6 x 100 c 

Fig. 1 - Courbes ATD du C3A hydrat': A -
sans Na2s203 , B - a:vec Na2s 203; 1.-8 heures, 
2.-2·4 heures, l-28 jours d•hydratation 

de poids ne correspond a oet ef£et, qui, de 
plus ne subit null~ modification si l.es 
essais sont ex6out's dans l'atmosphere 
d'azote - oe qui fait penser a une crysta1-
l.isation d'un produit partiellement d'hy
drate. 

Des diCference marquantes se font voir aussi 
entre les spectres IR des pates avec et 
sans Na2s201 (figure 2). Dans le cas des 
pQtes additlonnees on observe tout d'abord 
la persistence des bandes du c3A anhydre, 
notamment pendant l.es pr,miires 24 heures, 
ce qui prouve un retardement de l.'hydrata
tion du C3A (oonfirme d'ail.l.eurs par les RX~ 
Une attention special.e attire l'apparition 
sur 1es oourbes du c3A + Na2s203 des bandes 
a 996, 1015, 1130, 1145 cni' qui, bien que 
situ6ee dans l.e domaine des vi:bration des 
groupes S2032 - ne peuvent ~tre attri'buees 
au Na2S203 pur (figure )). On note aussi 
l.'absence de l.a bande ~2 de 52032- a 
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Fig. 2 - Spectres IR du C A hydrat~ sans 
Na2s2o3 ( 1 , 11

, 111 J et ave6 Na2s 2o3 ( 2, 21
, 211

) 
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600 cm- 1 et des changement dans 1a r'gion 
de 3400 a 3600 cm-1. Les bandes en question 
'vo1uent dans 1e temps: apres 28 jours on 
n'observe presque p1us ce11e a 996 et a 
1149 om-1, par oontre oe11es ~ 1015 et a 
1130 om- 1 paraissent p1us intenses et mieux 
:form&es. Au p1us dans 1e domaine 3400-3600 
cm-1, oaraoteristique_de vibration ~ 1 etv3 . 
de H20 ainsi que \)OH se :formant nettement 
des bandes a 3622, 3550, 3475 et 3400 om-1 • 

L'ensemb1e d'observations des spectres IR 
:fait supposer 1'e.xistenoe ev~tue11e d'un 
oompos~ du type Afm renfermant des groupes 

s 2o3
2-. Les r6su1tats de 1'ana1yse ther

mique - 1'apparition d'un e:f':fet e.xother
mique sur 1es oourbes ATD -du c3A + Na2S203 
et, avant tout 1a diminution de 1a quantit~ 
du c3A et C4AH13 para11e1ement ' 1'acrois
sement de 1'eau 1ibre dans ces echanti11ons 
:font envisager aussi une te11e possibi1it~~ 
Le compos~ en question pourrait se :former 
du C4AH1 3 (2) a partir d'un m'canisme pro
pos' pour 1es trans:formations des a1uminatas 
hydrates en pr~sence du gypse, oe11es-oi 
menant a 1a :formation du monosu1phate de 
calcium (3,4). La :formation d'un se1 du 
type AF'nl e.xp1iquerait aussi 1e retardement_ 
de 1'hydratation du c3A par 1e thiosu1phate 
de sodium. L'hypotese prsent'e semb1e 8tre 
confirm~e par 1es observations microsco
piques des produits d'hydratation dans 1es 
p~tes du C3A pur et avec Na2S203. C'est 
seu1ement dans 1es pitas additionn~es qu'on 
observe, outre 1es p1aquettes de C4AH13 .un 
nombre important de grandes p1aquettes he
.xagona1es :fortement d':form,s, constituant 
une oaracteristique structure strati:f'i~e 
(:figure 4). On remarque aussi que 1e thio
su1phate de sodium modi:fie la morpho1ogie 
de 1'hydroa1uminate cubique. Dans les J)Qtes 
du C3A pur 1e c3AH6 parait sous :forme de 
po1yadres {:figure 5) de grande dimension, 
tandis qu'en pr6sence du Na2 s 203 - sous 
:forme d'octaedres de beaucoup p1us petit 
(:figure 6 ) • 

Fig. 4 - Pftte de c3A + Na2S203 durcie 24 
heures. Agg1omerat de p1aquettes he.xago
na1es :fortement d~:f ormes 

Fig. 5 - Pite de c3A pur durcie 24 heures. 
Po1y~dres de c3AH6 
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HYDRATATION DU CLINKER 

Les observations de l'hydratation du c1A 
dans un m'lange tel que clinker pr~seot~ 
certaine .di:f:ficu1t~. N~anmoins 1es recher
ches :faites ont put d~montrer quelques mode 
d'action du Na2S203 sur le C3A. 

Tout d'abord aucune action retardatrice du 
Na2S203 n'est remarqu,e. Sur les courbes 
ATD du clinker hydrat-e en presence du 
Na2s2o

3 
(:figure 7) on ne voit pas l'e:f:fet 

3 

2 

2 4 

Fi~~ 7 - Courbes ATD du clinker hydrat': 
(AJ - sans Na25201, (B) - . avec Na25203 
1.-8 heures, 2,-24 fieures, 3,-28 jours 
d'hydratation 

exothermique a 46o0 c pr,sent dans l.e cas 
des p~tes du c3A ~ Na2s2o1 ; l'e:f:fet exother
mique avec un maximum ~ 620°c est l.i' a 
l.'interaction du Na2S203 avec l.es silicates 
(5). Tout-dem~me l'apparition d'un pie endo
th~rmique avec un maximum a 320°c indique 
une modification d'hydratation de l.a phase 
interatitie11e par le Na2s2o

3
• 

En comparant 1es spectres IR du cl.inker hy
drate en pr,aence du Na2S203 (:figure 8) aux 
spectres du c

3
A + Na25 2 o

3 
on a attir& une 

544 

: r 
.).; 10 c 5 -1 

x1vOc11J 

attent .ion toute particuliere sur le domaine 
des vibrations du groupe 5 2 0 32- et la r~
gion 3400-3600 cm-1. On a note l.es di:f:fe
rences suivantes: Apres 8 heures sur les 
spectres du clinker apparait une bande de
:form~e ("shoulder") a 1100-1300 cm-1 et de 
tres :f'aibl.es bandes a: 1015, 995 et 670 an- 1• 
Cetta derniere n'a pas 'te aper9ue dans le 
cas des spectres des p~tes du C3A + Na25203 
OU par contra apparaisait une bande a 
1145 cm-1, absente dans le cas du clinker. 
Apres 28 jours la bande a 670 cm-1 a dis
paru/ et la bande,a 990 cm-1 a :fortement di
minue. Dans l.a region 1100-1130 cm-1 on a 
pu voir une bande tres nette avec un maxi
mum a 1130 cm-1. Dans l.a region 3400-)600 
cm-1 l.a bande apparaisant sur l.es courbes 
du c 3A additionne ~ 3530 .cm-1 c'est d'pl.ace 
sur J540 cm-1, en outre on n'observe pas 
la bande ~ 3470 cm-1. . 

L'ensemble des observations :f'ait supposer, 
que dans le clinker hydrat~ avec le Na25203 
se :forme, d'.apres toute probabil.it' aussi 
un sel. double contenant des groupes 52032~ 
mais du type AFt. 

Les images des produita d'hydratation ob
t~nua a l.'aide du microscope electronique 
TEM oon:firme cette suggestion. En cas du 
clinker hydrat~ dans la solution du Na2S203 



appara!t un grand nombre de cristaux a la 
morphologie caracteristique, analogue a 
celle de l'ettringite (figure ' 9). Les ob
servations micro3copiques laissent aussi 

Fig. 9 - ~acture de grain de clinker hy
dratee 8 heures dans une solution de Na2S20j 
Aieuilles analogues ~ l'ettringite 

constatter que la crystallisation des hy
droaluminates hexagonaux est acc6leree en 
presence du Na 2s203 • Apres 15 min deja on 
note la presence de plaquettes hexagonales 
bien forme, tandis que les produits d'hydra
tation du clinker ~ydrate dans l'eau appa
raissent dans le meme temps uniquement sous 
forme de gel. 

Connne c'etait le cas du C1A,le Na2S203 
change la morphologie du C3AII6, bien-que 
d'une autre facon. 

Dans les produits d'hydratation du clinker 
le C3AH6 se crystallise sous forme de cubes 
(figure 10), soud~s et formant une structu
re granuleuse. 

Fig. 10 - Fracture de grain de clinker hy
drat6e 8 heures dans une solution de 
Na2s2o

3
• Cubes de c

3
AH6 

CONCLUSIONS 

Les recherches poursuivies ont permis de 
constater que le thiosulphate de sodium mo
difie d'une facon marquante l'hydratation 
du SA, dans les pites monominerales ainsi 
que dans le clinker. Cette modification est 
diff,rente dans les deux cas. 

En cas du C3A en p~te monominerale Na2S203 
retarde son hydratation, change le type de 
l'hydroalwninate hexagonal ainsi que la mor
phologie de !'hydrate cubique c

3
AH6• La pre-

sence du thiosulphate de sodium mane aussi, 
d'apres toute vraisemblance, a la formation 
d'un sel dou~le du type AFm contenant des 
groupes s2o

3 
-. 

En cas du GA dens le clinker on n'observe 
aucune actton retardatrice du Na2s203. Le 
thiosulphate de sodium acc~lere 1a crystal
lisation des aluminates hydrat~s hexagonau.x 
et modifie. aussi la morphologie du c3AH6. 
En presence du Na2S20) semble se former 
aussi un sel double contenant des groupes s2ol'-, mais du type AFt. 
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Influence of some retarders on the hydration, at early ages, 
of tricalcium aluminate 

Influence des retardateurs sur /'hydratation, en tout debut, 
de /'aluminate tricalcique 

R. SERSALE, Professor, Institute for Applied Chemistry, Faculty Engineering, University of Naples, 
V. SABATELLI, Assistant Professor, 
and G.L. VALENTI, Assistant Professor, ltalie. 

SUMMARY: The Authors give an account of the preliminary results of an experimental research carried out for the 
purpose of carefully investigating the influence of some set-re tarders on the hydr a ti on process of tricalcium 
aluminate pastes. 

The evaluation of the hydration de gree of the starting product, as well the characterisation of hydration produ
cts, has been carried out via X-ray diffraction analysis, while scanning electron microscopy and the rmal analy
sis have been used as complementary techniques. 

The effects of the different retarders have been assessed with reference to the same hydration degre e of the pa~
tes and some information has been collected on the mechanism involved in the reaction. 

RESU}IB: Les Auteurs rapportent les resultats preliminaires d'une recher che sur l'influence de quelques adjuva~s 
retardateurs de la prise, sur l'hydratation de pates d'aluminate tricalcique. 

A l'aide de la diffractometrie des rayons X on a evalue le degre d'hydratation des produ)ts de depart, en cara
cterisant aussi les produits d'hydratation. L'analyse thermique differentielle et la microscopie electronique a 
balayage ont ete utilisees comme techniques de reference. 

Les effets des differents retardateurs ont ete evalues a egalite de degre d'hydratation, en r ecueillant des in
formations sur le mode d'action des retardateurs employes. 
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1 . INTRODUCTION . 

The study of the chemistry of the hydration of Portl~ 
nd cement, in the presence of additives, preliminarly 
requires the careful investi gat ion of the behaviour 
of the individua l phases entering _in its comp osi tion~ 

even if one must act very cautiously afterwards in 
~xtending the r esults t o the more complex system (1). 

The purpose of- this investi 13a tion is the refor~e to 
give a contribution to the knowledge on the hydrati6n 
of. trical c i~m aluminate in the presence of set retar 
ders, taking i nto account tha t thi s compound, whose 
con t ent in Italian Portland cements runs upon 7-10/,, 
plays an important role in the whole hydrati on pro
cess and also affects s ome determinant charac t eristics 
of these hydrauli c binders. 

This investigation a ttempts the r e f or e t o find a corre 
l ation between the r e tardati on effec t of some chemi
ca l products and ihe nature and morphology of the hy
dra ti on produc ts of tri ca l cium a luminate. The sele
c tion; r es tri c t ed at the presen t t o only three r e tar
ders ; i nc lud es : a soluble sa lt of a comp l ex organic 
acid: the sodium g luconate; a soluble salt of a sim
ple inorgani c ac id: the copper ace t a t e ; an ins ol ubl e 
s al t of a inorgani c acid : the aluminium phosphate, 
which a r e all indic a ted in the litera ture as possible 
industrial additives (2) and therefo r e suitable for 
use in an alka line environment, such as that charac t e 
rizing hydrauli c binders. 

The s e chemi ca ls have been employed in the fbrm of la
boratory reagent grade, in order t o prevent the in
fluen ce of some impuritie~ (3); while two of them a r e, 
at l east up now, among the additives whose behaviou r 
has been ve ry littl e inves ti gated . 

The study has been carjied out on pastes, using the 
same product with ho additives~swiiletfi~ c:amples in
ve stigated, cont ai n ing different amounts of additive, 
hydrated f or different time interval s, a l way s within 
the limits of the early ages, although the comparison 
of its behaviour co nce rns a very simil a r hydr a tion 
de gre e . This conditi on, in our opini on, favours a mo
r e homogeneous comparison of the r ela tive results, 
both in t erm~ of intrinsic charac t e risti cs of the 
pastes (4) and_, possibly, in terms of ac ti on mecha
nism. 

Re cently very interesting investi ga tions have been 
indeed carried out on the hydritio~ chemis~ry of the 
clinker constituent which is more responsible for 
setting: the C3A (5), but the most complete works con 
cern the effect of gypsum as s e t retarder (1) (6) or 
the effect of sugars and their oxidation product~ 0). 
Moreover, the questi on of the action mechanism is 
still open," namely, whether the action is to be con-· 
nected to delay in the nucleation process of the hy
dration products (8) rather than to the formation of 
a protective coating (9) which at adefinite moment 
loses its efficiency. Nor is a possible interaction 
between hydration products and additi~e to be reje
ct~d, resulting in the formation of complexes (IO) 

having a sta~ility which depends on the pH of the en
vironment. 

2 . EXPERIMENTAL. 

2.1. Mater i a l 

Tr icalc ium aluminate was prepared by heating a 
stoichiometric mi x ture of calcium carbonate and alu
minium oxide, both reagen t grade, ground previously 
in an agate ball mill, for four hours at 1375°C. The
r eaf ter the mi x ture was heated again during twice 
four hours at 1500 °C . Between all ~irings, the pro
duct was gr ound and the end produc t was brought to a 
speci fi c Blaine su~face of 3500. The X-ray diffracto
gram (fig.3) of the p·roduct agrees comp_letely with 
the dati mentioned in the literature (11). The perce~ 
t age of free CaO was less than 1% by weight. 

2.2. Pastes preparation. 

The pastes we r e prepared using synthetic tricalcium 
aluminat e as previousl y r eported, with a water/solid 
r a tio of 0.6. When soluble, the additive was added in 
solu ti on. The relative amounts, referred to the wei
ght of tricalcium al uminate, were: 0.10% for sodium 
glucona t e Rnd 3 .0% for copper acetate. The water in
soluble a luminium phosphat~ was instead added as pow
der, in amount of 5% of the weight of al~minate. The 
above ~enti oned amounts were determined by means of 
expe rimental t es ts, in order to keep the values of 
the hydra tion degree in a rather restricted band, so 
as t o compare systems hav ing very similar hydration 
degree. 

The pastes containing the retarders, a s well those 
with no additive s, we r e aged for time intervals wi
thin 48 hours, in a thermostat at the temperature of 
20 ± l °C , in polythene envelopes, hermetically sealed. 

At es tabilished times of expiry, the hydration pro
ce ss has been stopped by means of acetone treatment, 
grinding and successive filtration, followed by wa
shing with e thy l ether. Such treatment furnished the 

. powders tha t were employed in the different inves.ti
gati ons. 

X-ray investigation has been carried out by means of 
a Philips diffractometer, using CuKa radiation, scan
ning speed 0.5°C 28/min., time constant 8 secs. Quan
titative evaluation of the percentage of hydrated 
C3A were made using the method worked out by Daugher
t y and Kowalewski (12). 

Thermal differential anal ysis has been made with a Du 
Pont thermalanalyser, heating rate l0°C/min. 

Thermogravimetric analysis "has been made by means of 
a Stanton thermobalance. Massflow Mod. MF/H5/20, hea
ting rate 6.6°C/min, using 80 mg of _powder. 

Scanning electron microscopy analysis has been carri
ed out by means of a Leitz-AMR 1200, using samples 
previously metallized with carbon and successively 
with a gold-palladium alloy. 
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2.3. Results. 

The course of the hydration process of the pastes con
taining the selected additives in the above mentioned 
percentages, is reported in fig.l. Term of reference 
is always the paste of tricalcium aluminate with no 
additive (curve n.4). Besides the retardation effect 
which is more intense if sodium gluconate is used 
(curve n.3), one should notice the long induction pe
riod in the hydration process, which follows the addi
tion of this retarder, as clearly appears from curve 
n.3. Fig.l shows that while the samples prepared using 

10 20 30 40 
reaction rime, h 

Fig.l - Hydration degree (%) of C3A pastes with or wi
thout retarders, versus reaction time (hours). 

aluminium phosphate (curve n.2) or copper acetate 
(curve n.l), aged for about five hours, obtain a hydr~ 
tion degree of about 50%, those made with sodium glue~ 
nate, tested in the same condition, hardly reach one 
of 10%. 

On the contrary, samples aged 48 hours show that the 
influence of all the selected additives, in the per
centages indicated above, appears to be pretty simi 
lar, with a slight inversion for the action of sodium 
gluconate. The hydration degree of pastes prepared 
with this retarder surpasses, indeed, even 

1

if very li!_ 
tle, those of the pastes prepared with the other two 
additives, respectively. 

Fig.2 shows the results of thermal differential · analy
sis, carried out on fraction of pastes prepared with 
no additives, aged for time intervals within 10 min. 
and 48 hours. The following five endothermal peaks are 
to be seen: the first, declining with the increase of 
the a:ging and showing considerable amplitude at very 
early hydration ages, with a maximum between 170 and 
180°C, more intense for ages between 30 and 66 min., 
which can be attributed to dicalcium aluminate hydra
ted (13); the second, very weak and with a maximum aro 
und 2S0-255°C, this, too, declining with the increase 
of the aging, which can be attributed to the tetracal
cium aluminate hydrated (13); the third, increasing 
with the aging, with a maximum between 280 and 320°C, 
which can be attributed to tricalc~um aluminate hydra
ted (13); the fourth, which can be recognized after 
aging of about seven hours, increasing with the length 
of aging, with a maximum between 480 and 505°C, which 
can be attributed to the dehydration of calcium hydro-
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xide, deriving from thermal decomposition of tricalci
um aluminate hydrated (13); the fifth, very weak Kith a 
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fig.2 - DTA traces of C3A pastes with no retarders, 
aged for: a=lO; b=30; c=66 min.~ d=7; e=48 hours. 

maximum around 760°C, which can be attributed to the 
presence of slight quantities of calcium carbonate, 
deriving from thermal decomposition of c~lcium car
boaluminate (14), recognized by X-ray diffraction. 
The figure, which represents a useful ref erence for 
evaluating the behaviour of the starting product in 
presence of additives, shows that in the experimental 
conditions that have been selected,the formation of 
tricalcium aluminate hydrated, together with di-and 
tetracalcium aluminate hydrated, is to be recognized, 
just after 10 min of reaction with waterAMoreover, 
after hydration times running about seven hours, the 
rate at which tricalcium aluminate hydrated is gener~ 
ted, exceeds the rate at which dicalcium aluminate, as 
well tetr.acalcium aluminate hydrated, is produced. 

Fig.3, 4 and 5 show a selection of the more interes
ting results of the investigations on pastes prepared 
with the retarders in the amounts that have been in
dicated above. Term of reference is always a paste of 
tricalcium aluminate hydrated with no additive. As 
has been emphasized above, the comparison is made at 
a pretty similar hydration degree, in order to restri_ 
ct the numbers of the factors affecting the behaviour 
of the system. 

Each of the three fi:gures refers chr.onologically: to 
a paste containing copper acetate (n.l); aluminium 
phosphate (n.2); sodium gluconate (n.3), as well to a 
paste prepared with no additive (n.4). The relative 
aging are indicated by the points marked in fig.l. In 
fig.3 the diffractogram of the unhydrated product is 



reported in order to make the comparison more easy 

(n. 0). 
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FiR.3 - X-ray patterns of C3A pastes having similar 
hydration d2gree (see f i g .l). 

The examinati on of the diffrac t ograms in fi g .3 shows 
that in the presence of additives, the neo-formed ph~ 
ses are character ized by a relative l ow de gree of er~ 
s t a llinity. The only phases that can be recognized 
are: C3A·CaC03·H12 (lines at ll.63; 23 .39; 31.24 °28) 
and C4AH13 (lines at 11.19; 22.49; 31.12 °28), exclu
ding the lines that can be attributed to the fraction 
not yet hydrated and re cognizable by a comparison with 
the diffractogram n.O. 

The lines at 17.27; 19.94; 26.50; 28.40; 31.77, etc. · 
2°8 , in the diffractogram of the paste with no additi
ve (n.4), show the presence of c3AH6, together with 
the phases just indicated. 

The d,iffractograms of the same pastes, aged for times 
different from those that are mentioned above, show 
the same lines as the.se just indicated; the only dif
ference is that C)AH6 does not appear when the length 
of the .hydration falls under 66 min . 

Fig.4 shows the following endothermic peaks: a peak 
with maximum at 175-180°C, which can be attributed to 
the presence of c2AHg; a peak, with a maximum between 
240-270°C, which can be attributed to the presence of 

c4AH13 ; a pe~k, with maximum at 320°C, which in the 
presence of sodium gluconate appears at 280°C, attri
butable to the presence of C3AH6· 
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Fig.4 - DTA traces of C3A pastes having similar hydr~ 
tion degree (see fig.l). 

As a significant difference in the presence of additi_ 
ves, there is to be noticed the appearance of peak 
with maximum around 80 °C , which can be attributed to 
the presence of c4AH19 (7). Its evolution in c4AH13 
seems indeed t o be inibited, in normal conditions of 
drying, by the presence of the three retarders selec
ted. 

Fig.5 allows one to verify precisely, on the basis of 
the relative losses of weight, the presence of the ph~ 
ses individuated by X-ray diffraction analysis (fig.4). 
A lack of the slight ·1oss of weight, before 100°C, in 
the diagram of the paste with no additive . (n.4) is to 
be seen. This loss can be attributed to the dehydrati_ 
on of c4AH19 and has been observed only in the prese~ 
ce of additives. According to X-ray results, in the 

temperature interval of 200-30b°C (fig.5),there istobe 
noticed the slight difference in the profile of curves 
1 and 2, in comparison to curve 3. Only for this curve 
may one observe the insertion of a second localized 
loss at about 280°C, on the continuous loss which be
gins at about 200°C, according to the two endothermic 
distinct peaks at about 255 and 280°C in fig.4. 

It seems therefore correct to ascribe the anticipation 
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at
1
280°C of the dehydration effec t of c3AH6 , which 

usually can be found at 320°C, to the poor crystalli
ni ty of this compound because of the presence of sodi 
um . gluconate. Such an interpretation seems to be very 

100 300 500 700 900 

Fig.5 - TGA traces of c3A pastes having similar hydr~ 
tion degree (see fig.l). 

likely, on the basis of the profile of the differenti_ 
al thermal diagrams ~and~ in fig.2, concerning the 
dehydration of pastes without retarders, at very early 
ages, between 10 and 30 min. 

Fig.6 shows a selection of the examination of C3A pas
tes with or without retarders, by scanning electron 
microscopy. 

Micrographs ~ and ~ concern pastes with no additive. 
Micrograph ~ shows the presence of irregular lamellar 
forms and secondarily of forms attributable ·to a cu
bic lattice, in a paste aged for about one hour. On 
the basis of X-ray diffraction analysis and of the c~ 
plementary techniques, the lamellar forms can be attri_ 
buted to the calcium aluminates hydrated: c2AH8 and 
C4AH13 (15), the others to tricalcium aluminate hydra
ted. The last forms become more evident for aging run 
ning about 48 biours (ml.crograph ~). 

Micrographs _£, ~and~ concern, chronologically, the 
pastes prepared with sodium gluconat~, copper acetate 
and aluminium phosphate, respectively, in the above 
mentioned amounts. The. comparison of the microstruct~ 
res is made, as just emphasized, at p_fe tty similar d~ 
gree of hydration. The microstructures appear tb be 
very similar and the absence of forms attributable to 
a cuBic lattice can be observed. This remark also con 
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cerns aging of about 48 hours, as it has been obser
ved, for example, in the micrograph f (paste with 
alumi nium phosphate). 

3. ' DISCUSSION. 

Among the three different retarders that have been 
used in this study, sodium gluconate seems the most 
active chemical. Its action no~ only appears to be mo 
re effec tive, but concerns the whole process which in 
turn seems t o be characterized by a long induction pe 
riod before the chemical decreases its activity. The
complex phenome non seems to involve the nature of the 
neo-f ormed phases, too, since if in the presence of 
all the retarders used we have always observed phases 
attributable to calcium aluminates hydrated: C2AH8 
and c4AH13 , only in the presence of sodium gluconate 
has it been possible to reveal the probable, rapid 
formation of tricalcium aluminate hydrated, as soon 
as the induc tion period stops. 

Owing t o the mode . of formation, this aluminate is ch~ 
racterized by a low crystallinity degree, of the type 
of phase which it is possible to detect, at very early 
ages, by hydration of tricalc ium aluminate with no re 
tarder . 

The selected additives favour the stabil{sation of a 
ca lcium aluminate hydrated which, according to the 
temperature of dehydration, could be classified as 

C4AH19 (7). 

The retarders that have been employed do no t seem to 
favour single morphological modifications that are 
possible to reveal by scanning electron microscopy 
examination on pastes; so that the microstructure ap
pears to be similar in all the samples prepared with 
the three different retarders. 

In spite of the different chemical nature, the mecha
nism of the three additives can be brought back t o 
the same pattern and supports the more reliable theo
ry (16) of a stabilisation of hexagonal calcium alumi 
nates hydrated. 

The questions concerning the main mechanism responsi
ble for the retardation and the ~esearch Of the reaso 
ns which at a precise moment cari~el the stabilising 
effect, are therefpre still open, so investigations 
in the field must be ericourag~d. 
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Hydratation de C3A en presence de saccharose, 
de gypse et de CaCl 2 

Hydration of C3A with saccharose, gypsum and CaC/2 

M. REGOURD, B. MORTUREUX. H. HORNAIN, Departement Microstructures, 
C.E.R.l.L.H., Paris, France. 

Resume 

L'etude de l'hydratation de C3A seul et dans les melanges synthetiques C3A + C3S + gypse a ete effectuee en 
presence d 'un accelerateur de C3S, le chlorure de calcium et d 'un retardateur de C3A, le saccharose. Le taux 
d'hydratation a ete mesure par diffraction des rayons x et la morphologie des hydrates observee par microscopie 
electronique a balayage. 

11 existe une competition gypse-CaCl2 dans l'hydratation de C3A jusqu'a 28 jours (formation de sulfoalumi
nate et de chloroaluminate). L'interaction C3A-C3S, trouvee dans les conditions normales d'hydratation, est ega
lement mise en evidence en presence d I adjUVantS aCCelerateUrS et retardateUrS • . 

Summary 

Hydration study of C3A and C3A in synthetic mixtures C3A + C3S + gypsum has been done with an accelerator 
of C3S (calcium chloride) and . a retarder of C3A (saccharose). The hydration ratio has been measured by X-ray dif
fraction and the morphology of the hydrates observed by scanning electron microscopy. 

There is a competition between gypsum and CaCl2 during hydration of C3A up to 28 days (formation of sulfo
aluminate and chloroaluminate). The C3A-C3S interaction found in normal conditions of hydration, is also shown 
with admixtures, accelerators and retarders. 
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1. INTRODUCTION 

L'action des adjuvants sur l'hydratation du ciment 
portland est compleoce car elle fait intervenir un 
grand nombre de parametres ( composition chimique et 
teneur de l' adjuvant, composition mineralogique et 
temps d'hydratation du ciment 1 temperature) (1). 

Afin de decomposer les interactions adjuvant
ciment' des etudes ont ete entreprises sur le role des 
accelerateurs et des retardateurs sur 1 1 hydratation 
de chacun des constituants du ciment portland (CJS, 
C2S', CJA, C4AF) puis sur des melanges C3S + C3A (les 
deux phases qui s'hydratent en premier) et C3S + C3A 
+ gypse, enfin sur des produits industriels. 

Le taux d I hydra ta ti on de chaque mineral a ete 
determine par diffraction des rayons X (DRX) par la 
methode de l' etalon interne. La microstructure des 
pites~ au cours de la prise et du durcissement, a ete 
observee par microscopie electronique a ba}ayage 
(MEB). 

L'etude a porte principalement sur le .role d'un 
accelerateur, le chlorure de calcium, et d'un retar
dateur , le saccharose. 

2 . PREPARATION DES ECHANTII,.LONS 

Afin d'assurer une meilleure repartition de l'ad
juvant , celui-ci a toujours ete dissous dans l'eau de 
gichage. Sa quantite a ete mesuree en % ponderal par 

· rapport au poids du ciment (rapport e/ c = 0 , 5). 

Fig. 1 : CJA hydrate 2 jours. Dodecaedres rhomboidaux 
de C3AH6 et plaquettes de C4AH13. 

3AH6 Si C3AH6 

3AH6 

C3A 

C3AH6 

C3A ·remoin 
(28 jours) 

C4AH13 

Les phases pures preparees au laboratoire sont 
broyees et tamisees de fa<;:on a obtenir une granulome
trie comprise entre 25 et 40 µm. 

Le ciment utilise provient d 'un clinker broye 
a la finesse de 3570 cm2 .g-1 et additionne de 5 % de 
gypse. 

Les echantillons se presentent sous la f orme de 
micro-eprouvettes cylindriques (phases pures) ou cu
biques (ciments). Les eprouvettes sont conserveespen
dant deux jours dans une atmosphere a 100 % d'humidite 
relative puis immergees dans l'eau a 20 °C. A l'eche
ance predeterminee , elles sont plongees dans l'azote 
liquide afin d'arreter les reactions d'hydratation; 
l'eau est evaporee par cryosublimation. Dans chaque 
serie, les echantillons adjuvantes sont compares a 
un echantillon temoin. 

Nous retiendrons .. de l' etude generale des deux 
adjuvants sur les phases du clinker , l'action du sac
charose et du chlorure de calcium sur CJA seul puis 
sur C3A dans les melanges C3A + C3S, C3A + CJS +gypse 
et enfin dans un ciment portland. 

3. HYDRATATION DE C3A SEUL 

LI aluminate tricalcique reagi t treS rapidement 
avec l'eau en donnant les hydrates hexagonaux C2A H8 
et C4A H13 qui se transforment en hydrate cubique 
C3A H6. A deux jours, le temoin est presque entiere
ment hydrate en gros cristaux (dodecaedres rhomboi
daux) de C3A H6 (fig. 1). 

100 

so 

Fig. 2 

. ~ 

I 
I 

I 

" I 
I 

, ----------------------------------
--- HMOIN 

--- 1% CaCL2 

----- 1% C12H220U 

28 jOllrl 

Taux d'hydratation a en fonction du temps et 
de l'adjuvant. 

3A 3AH6 Si C3AH6 C3AH6 

C3AH6 

C3A + CaC12 
(28 jours) 

350 330 310 290 270 250 230 210 190 170 150 130 no 90 

Fig· 3 : Pate de CJA hydrate 28 jours. Enregistrements diffractometriques X obtenus sur C3A pur et sur CJA .;; cac12 . 
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- (1) CaC12 n'a pas d'influence sensible sur le taux: 
d'hydratation de C3A (fig. 2). Les hydrates formes dif
ferent cependant de ceux du temoin : chloroaluminates 
CJA. '.,CaCl2 .12H20 et C2AH8 identifies par diffraction 
des rayons X a 28 jours. Dans le temoin , seuls sont 
detectes C3AH6 et C4AH13 (en faible teneur) (fig. 3). 
-'- (2) Le saccharose est retardateur de C3A (fig. 2). 
En presence de 1% de saccharose, la prise est instanta
nee mais l'hydratation est pratiquement bloquee jusqu'a 
2 jours. La reaction est ensuite tres lente et le taux 
d'hydratation plafonne a 50% entre 7 et 28 jours. A 
cette derniere echeance C3AH6 est en tres faible pro
portion d'apres la DRX qui, par contre, caracterise 
l'aluminate C4AH13 par une raie tres elargie, preuve 
d'une moins bonne cristallisation que dans le temoin 
(fig. 4). 

C3A Si 

C3A C3A 

C3A + c12822°1r 

(28 jours) 

Fig. 4 : DRX - C3A + saccharose hydrate 28 jours. 

Le MEB revele dans les premiers instants l~ pre
sence d'une memprane qui enrobe tous les grains de C3A 
(fig. 5), et qui semble etre la cause du retard de 
l'hydratation aux premiers ages. En se fissurant par 
la suite, elle permet au grain anhydre sous-jacent de 
s'hydrater mais la reaction reste plus lente que dans 
le cas du temoin. Les aluminates sont mal cristallises 
et la conversion en aluminate cubique est sinon empe
chee, du moins considerablement retardee. La formation 
d'~n aluminate hydrate contenant dans son reseau un 
complexe organique interlamellaire a ete suggeree par 
YOUNG . (2), RAMACHANDRAN et FELDMAN (3) , MILESTONE 
(4,5), VAN WALLENDAEL et MAHIEU (6). 

Fig. 5 Pate C3A + 1% saccharose. 
Membrane recouvrant les grains de C3A. 
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4. HYDRATATION DU MELANGE C3S (80%) + C3A (20%) 

Le C3A du temoin s'hydrate uniquement en cristaux 
hexagonaux de C4AH13. L'interaction C3A-C3S y est tres 
nette : C3A s'hydrate plus lentement que lorsqu'il est 
seul (75% du C3A hydrate a 28 jours) ; C3S s'hydrate 
plus rapidement (45% des 7 jours contre 30%). 

Le ~aux d'hyd~atation ponde~e du melange C3S +C3A 
est donne sur la figure 6. L'action des deux adjuvants 
appelle les remarques suivantes : 

- (1) CaClz est accelerateur de C3A a 1 jour. Ensuite, 
les chloroaluminates qui apparaissent en amas autour 
des grains de C3A retardent son hydr~tation (fig. 7). 
Le pourcentage d'anhydre (environ 10%) reste constant 
entre 2 et 28 jours, l'hydratation est moins avancee 
que sur le temoin. Les . aluminates hydrates se presen
tent sous forme d'un melange de chloroaluminates et de 
C4AH13. 

- (2) Le saccharose maintient un effet retardateur 
jusqu'a 1 jour pour _un pourcentage ponderal de 0,1% 
et jusqu'a 4 jours pour 0,2%. Ensuite, il devient net
tement accelerateur et le taux d'hydratation depasse 
celui des deux autres echantillons (fig. 8 a & b). 

L'interaction C3A-C3S est egalement tres nette. 
L'allure des courbes de variation du taux d'hydrata
tion est la meme pour C3S et C3A. 
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Pates C3S + C3A - Taux d'hydratation global 
a en ~onction du temps. 

Pate c3s + C3A + 1% cac12 • 
Plaquettes hexagonales de chloroaluminate. 
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Fig. 8 : Pates C3S + C3A - Taux d'hydratation a de C3S et de C3A en fonction du temps. 

5. HYDRATATION DU MELANGE c3s (76%) + C3A (19%) + 

GYPSE (5%) 
L'hydratation se rapproche de celle d'un ciment 

portland. Le gypse est un regulateur de prise. Il re
tarde la cristallisation des aluminates hydrates hexa
gonaux par la formation de sulfoaluminates : d'abord, 
le trisulfoaluminate C3A.3CaS04.32H20, puis le mono
sulfoaluminate c3A.CaS04.12H20, enfin une solution so
lide CJA.CaS04.12H20 - C4AH13 (Hg. 9). 

- (1) L'action de CaCl2 doit etre consideree separe
ment sur C3S et C3A. CaCl2 a un role accelerateur de 
C3S jusqu'a 7 jours (fig. 10). Cet effet apparait clai
rement sur les diagramrnes de diffraction des rayons X 
du melange aveG et sans CaCl2 a l'echeance de 2 jours 
(fig. 11). Par rapport a la raie de l'etalon interne 
Si, celles de C3S anhydre sont beaucoup moins intenses 
en presence de CaCl2. La chaux Ca(OH)2 est caracteri
see par les deux raies a 3,11 et 2,63 i alori qu'elle 
est a peine detectee sur le temoin. CaCl2 modifie la 
microstructure du C-S-H qui est reticule en raison de 
la presence d'ions Cl- dans son reseau cristallin. La 
difference est pratiquement inexistante en ce qui con
cerne C3A. 

Le gypse (temoin) est moins retardateur de l'alu
minate tricalcique que CaC12 . 

Ces resultats sont illustres par la figure 12 OU 
sont compares les taux d'hydratation de C3A dans divers 
cas : les courbes 1 et 4 montrent l'effet retardateur 
du gypse ; les courbes 4 et 5 le role retardateur de 
CaCl2 par rapport au gypse. 

Dans le temoin les premiers hydrates f ormes sont 
de l'ettringite en fines aiguilles disseminees. Dans 
1 1 eprouve.tte contenant CaC12 on observe des assembla
ges de plaquettes hexagonales de chloroaluminate 
C3A.CaC12.12H20. 

- (2) Le saccharose retarde l'hydratation de C3S 
jusqu'a 2 jours puis l'accelere, par rapport au temoin, 
jusqu'a 7 jours. A partir de cette derniere echeance, 
les deux echantillons (temoin et adjuvante) ont un taux 
d'hydratation comparable. 

Le C3A est aussi retarde mais moins qu'avec CaCl2. 
Le taux d'hydratation moindre par rapport au temoin 
est mis en evidence par la presence d'ettringite a 7 
et 28 jours (fig. 13) alors que le temoin contientdeja 
des monosulfoaluminates (fig. 9). 

Fig. 9 Pate C3S + C3A + gypse, 7 jours, monosulfo
aluminates. 

__ T~MOIN 

?6 -- __ 1% CaCL2 
------0,1% SACCHAROSE 

38 

Fig. 10 

------------ ----
--~-=-:--=~-------------

28 jours 

Pate C3S + C3A + gypse - Taux d'hydratation 
a de C3S en fonction du temps. 
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1 • C3A : Temoin 
2. C3A -.- CaC1

2 
3. C3A -.- saccharose 
4. C3A -.- C3S + gypse 
5. C3A + C3S + gypse + CaC12 
6. C3A -.- C3S + gypse + saccharose 

28 jours 

'Fig. 12 : Pate C3A + C3S + gypse. Comparaison des taux 
d'hydratation a de C3A: C3A seul ou adjuvante (1,2,3) et 
melanges C3A + C3S + gypse avec ou sans adjuvant (4,5,6). 

6. HYDRATATION DU CIMENT PORTLAND 

Le ciment portland etudie contient 62% C3S et 15% 
C3A. Les resultats des melanges C3S + C3A + gypse s'ap
pliquent au ciment : CaCl2 est accelerateur, le sac
charose est nettement retardateur entre 4 et 16 heures. 
On note qu'avec CaC12 la difference affecte surtout C3S 
comme l' indique le diagramme de diffraction des rayons X 

9000 CPA Temoin 
(4 heures) 

8000 
Si 

C3S + C2S 

7000 
CJS 

6000 
C3S 

5000 

CJA 
4000 

3000 

2000 C3S 

1000 

0 

29° 30° 

9000 

8000 

7000 

6000 

5000 

4000 

3000 

2000 

1000 

0 

pas a pas 

Fig. 13 

C3S + C3A + Gypse 
Si 1% CaC1

2 
(2 jours) 

C3A 

28° 290 300 310 32° 33° 34° 

obtenus en presence et en l'absence de cac12 

C3A + C3S + gypse + 0,1% de saccharose. 
Ettringite. 

a l'echeance de 4 heures (fig. 14) : la raie de C3A a 
sensiblement la meme intensite que dans le temoin. 
A partir de 24 heures, . les trois echantillons, le te
moin et les deux adjuvantes (1~ CaCl2, 0,1% C12H22011) 
suivent la meme courbe d'hydratation. Cependant, les 
echantillons contenant le saccharose sont moins com
pacts que les deux autres, la fracture observee auMEB 
est plus intergrariulaire que transgranulaire. 
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heures 

16 24 48 

CPA. Taux d'hydratation global a en fonction 
du temps. 

L'hydratation des grains de clinker est plus ir
reguliere. L'effet retardateur de 0 , 1% de saccharose 
sur le C3A dans le ciment portland est detectable par 
DRX, il est faible jusqu'a 1 jour. Les deux adjuvants 
consideres ici ont, surtout en presence de gypse , un 
effet sur C3S (fig. 15). 

DISCUSSION 

Le chlorure de calcium intervient dans la perio
de precoce de l'hydratation du ciment. Il affecte es
sentiellement la nucleation des silicates hydrates 
C-S-H et de la portlandite Ca(OH)2, hydrates du C3S. 
Au cours de l'hydratation de C3A il existe une compe
tition gypse-CaC12 . Jusqu'a 28 jours , le sulfate est 
moins retardateur que le chlorure. Celui-ci forme aux 
premieres echeances un chloroaluminate protecteur 
d.ont l' effet retardateur apparait beaucoup moins en 
presence de gypse : les courbes de la figure 16 met
tent bien en evidence cette influence des deux adju
vants CaCl2 et saccharose en presence et en l'absence 
de gypse, sur 1 1 hydra ta ti on d 'un melange C3S ( 80%) + 
C3A (20%). Les courbes 1, 2, 3 representent le taux 
d 'hydratation pondere en l' absence de gypse et les 
courbes 4, 5, 6 le taux d'hydratation en presence de 
gypse : l'effet des deux adjuvants est tres nettement 
attenue et CaC12 agit globalement comme un accelera
teur. 

Le saccharose est retardateur de C3S aux breves 
· echeances. Il est egalement retardateur de C3A par 

formation d'aluminates mal cristallises (raie de dif
fraction des rayons x tres elargie a 8,2 ~)~ 

CONCLUSION 

La diffraction des rayons X et le microscope 
electronique a balayage ont permis de suivre l'evolu
tion de la microstructure des produits adjuvantes 
(phases pures, melanges synthetiques et ciments in
dustriels). Ces techniques mettent bien en evidence 
d'une part l'influence des adjuvants accelerateurs et 
retardateurs sur la cristallisation et la composit,ion 
des hydrates du ciment, d'autre part l'action diffe
rente de ces adjuvants sur un mineral a l'etat isole 
ou inclus dans un systeme polyphase. Dans un ciment, 
le role d 1 un adjuvant doi t tenir compte des inter
actions C3A-C3S et gypse-adjuvant. 
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so 

1 • C3A + c3s : Temoin 
2. c3A .,. c3s - 1% eac12 
3. C3A .,. C3S ·.,. 0, 1% saccharose 
4. C3A .,. C3S .,. gypse : Temoin 
5. C3A + C3S .,. gypse + 1% CaC12 
6. C3A ~ C3S .,. gypse + 0, 1% saccharose 
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Fig. 16 : C3A + C3S. Influence du gypse sur le taux 
d'hydratation global pondere a. 
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Interaction of aluminates with carbohydrates and aldonates 

Interaction des aluminates avec /es hydrates de carbone et /es a/donates 

B. CASU*, M. CHIRUZZI'*, F. TEGIACCHI ** and G. ZOPPETTI', Research Chemists. 

« G. Ronzoni» Research Institute and · 'Grace ltaliana S.p.A .. Milan. Italy. 

SUMMARY: The interaction of C3A (b~th alone and in cement compositions) with some carbohydrates and the correspon
ding aldonates, was investigated using optical rotation, potentiometric, NMR and IR methods. Evidence was obtained 
that stable complexes form first in solution and then precipitate, coating the C3A granules. 
The comp I ex i ng ab i · 1 i ty of the carbohydrate was corre I ated with .the f I ow and res i sta~ce properties of cement pas
tes added of the carbohydrate. 

Blocking the anomeric center by formation of a methyl glucoside substantially reduced the _complexing · abi I ity of 
the carbohydrate and its water-reducing properties on cement pastes, on the contrary, this abi I ity was substantial 
ly enhanced by the corresponding aldonates. The strength of the cement-pastes appear to be affected 1n a more 
complex way. 

The carboxylate group as wel I as al I the hydroxyl groups of the aldonates, are involved in complexing with C3A. 
The avai labi I ity of suitably oriented hydroxyl groups on contiguous units of di saccharides also appear to. favour 
the formation and stabi I ity of the complexes. 

RESUME: L'interaction duC3A (so it lui-meme, soit comme composant du ciment) avec quelques hydrates de carbone 
et les aldonates correspondants futetudiee en adoptant des metodes de rotation optique, potentiometriques, NMR 
et IR. I I fut mis en evidence -que les complexes stables se forment tout d'abord en solution et · er.suite precipi
tent en revetant les granules de C3A. 
La capac i te comp I exante des hydrates de carbone a ete mi se en re l'at ion avec I es caracter i st i ques de resistance. et 
d' ouvrabi I ite des pates de ciment contenant des hydrates de carbone. 

Au moment OU on bloq~e le centre anomerique, avec la formation d'un methyl ~lucoside,on reduit substantiel lement 
I a capac i te comp I exante des hydrates de Carbone . et leu:rs propr i et es . de . reduction d I eau sur I es pates . du c i ment; au 
contra ire I cette capac i te eta"i t recuperee substant i e I I ement avec I es a I donates respect ifs. La resistance du c i ment . 
semb I e etre inf I uencee d i une f a<;;on p I us comp I exe . . 

Les · groupes carbox yl i ques, d 'a i I I eurs tous les groupes hydros 1 I ici ques des a I donates sont me I es dans I a comp I exat ion 
avec le C3A. 
La disponibi I ite des groupes oxhydryl iques orientes convenablement sur les unites contigues des di saccharides 
semble favoriser aussi la formation et la stabil ite des complexes. 
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INTRODUCTION 

Carbohydrates are wel I-known set-retarders of cement, 
and to some extent they also improve the flow proper
ties ~f cement . pastes (1). Although there is a gene
ral agreement on the concept that carbohydrates, as 
wel I as the corresponding al donates, act as set-retar 
ders by coating the cement granules thus retarding 
the hydration of its components, it is sti 11 not clear 
whether the additives are just adsorbed by the granu
les or precipitate on the granules after complexation 
with cement components that went into solution. Con
flicting conclusions have also been drawn from diffe
rent types of experiments as regards the role played 
in the set-retarding process by the "aldehydo" (in 
fact, hemiacetal) groups of reducing sugars, and of 
the hydroxyl groups alpha to the carboxylate groups 
of hydroxyacids (2-7). 

To elucidate some of the above aspects, the present 
work was focused on the interaction of some carbohy
drates (and the corresponding aldonates) with cement 
components in solutiqn, in the presence of an excess 
of these components in the sol id state. Since the 
effects of additives on the first stages of hydration 
primarily involve interaction with tricalcium alumi
nate (C3A), this component was investigated 1n more 
detai I. However, experiments were also made with the 
si I icates (C3S and C2S) and ferroaluminates (C4AF). 

The investigated carbohydrates were reducing monosac
charides (typically, D-glucose), the di-saccharide 
ma I tose ( a -D-g I ucopyranosy I -1 , 4-D-g I ucose) and the 
corresponding aldonates. The non-reducing monosaccha~ 
ride methy I - a -D-g I ucos i de was used as a mode I , to 
investigate the effect of blocking the hemiacetal 
group. Aldonates other than D-gluconate (D-galacto
nate and D-mannonate) were also investigated, in or
der to evaluate the influence of a change in configu
ration at carbons-4 and -2 re I at i ve to D-g I uconate. 

The influence of the -CH20H group at C-6 was indire
ctly evaluated using an aldonate lacking thfs group, 
i.e. D-xylonate. 

The structure of D-glucose, maltose and the correspo~ 
ding aldonates are shown in Figure 1. 

CH20H 

H~~.OH 
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CH:f'H CHpH 

C 0
'i v;:0

'i H,OH 
H~0-1H1 

OH OH 
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OH 
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The present approach involved monitoring several 
physico-chemical par~meters of the aqueous phase co~ 
taining the additive contacted with cement componfflts 
(especially C3A), as a function of the time of contact. 
The main parameter considered was optical rotation. 
In the absence of complexation with solubi I ized ce
ment components, the optical rotation values provide 
a sens it i ve determ i nat i on of the opt i ca I I y.,-act i ve ·., 
additives that remain in solution at any given time 
of contact. 
In case of an interaction with cement components in 
so I ut ion, these .v~ I ues are a I so a f ui:ct i on of the 
type and extent of comp I ex i ng. Together with i ndeper. 
dent meas~rements of total (free+complesed) additive
in solution, the optical rotation measurements are 
thus a measure of the extent of involvement of the 
additive in complexing with solubi I ized cement c~mp~ 
nents. Total additive was measured by colorimetric 
and potentiometric methods. 

The extent of solubi I ization of cement components 
in the presence of the additive was determined by 
measuring total calcium (by atomic absorption). 
"Free" ca I c i um · was eva I uated by potent i ometr i·c meas~ 
rements, using both a calcium-specific electrode and 
a standard pH electrode. Soluble complexes were also 
investigated by lH-NMR spectroscopy, and sol id comp I~ 
xes by IR spectroscopy. 

MATERIALS AND METHODS 

Monosaccharides, maltose and sodium D-gluconate were 
chromatographical ly pure commercial samples {Merck, 
Darmstadt and C.Erba, Mi Ian). The aldonates of D-ga
lactose, D-mannose, D-xylose and maltose were prepa
red starting from the corresponding aldoses (8), 
C3A, C3S, C2S and c4AF, were prepared by standard 
procedures. 

The optical rotation was measured with a Perkin-Elmer 
Mod. 141 photoe I ectr i c po I ar i meter, at 436 nm. . Use 
of this wavelenght, which doubles the sensitivity as 
compared with the sodium D-1 ine, was especially re
quired at the lowest concentrations of the aldona
tes. 

The potentiometric experiments were made with a 
Metrohm pH-meter. The pH was measured with a standard 
glass electrode, and the Ca++ activity with an Orion 
ion-specific electrode. 
The atomic absorption measurements on C3A-carbohyd
rate solutions were made on a Perkin-Elmer Mod. 303 
spectrophotometer, equipped with a cal~ium lamp. The 
IR spectra of sol id samples of C3A +additive (as 
KBr pellets) were <Dtained with a Perkin-Elmer 
Mod. 337 grating spectrophotometer. After contacting 
with H20 or carbohydrate (aldonate) solutions, the 
C3A granules were air-dried before preparing the pel
lets. Th~ spectra of the so ., ub I e comp I eses were ob
tained after evaporating the solvent under vacuum, 
after filtering the solutions as described fo~ the 
optical rotation measurements. 
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The lH-NMR spectra of sodium gluconate solutions w~ 
re obtained with a 90 MHz Perkin-Elmer Mod. R-32 spe 
ctrometer . A 10% ( w/ v-) so I ut i on of g I uconate i n D20 
(99.7%), alone and saturated with C3A, was evaporated 
ur1der vacuum, and the residue red i sso I ved i n D20. 
The evaporation-solubi I ization process was repeated 
three times, to exchange with deuterium most of acti_ 
ve hydrogens of the samples. The spectra of the glu
conate+C3A solutions were obtained within 30' from 
their preparation, before precipitation of any sol id 
complex. 

The physico-chemical parameters of the aqueous systems 
were measured as follows: 
4 g aluminate (or si I icate, cl inker or cement) were 
introduced in a 400 ml beaker containing 200 ml H20 
(or the same volume of a solution containing from 
0.2 to 10% (w/ v) carbohydrate or aldonate). For the 
optical rotation and atomic absorption measurements, 
10 ml aliquots were taken from the solution (vigo
rously stirred with a magneti c stirrer) at given 
time intervals, with a syringe equipped with a Mi I
I ipore 0.45 1u filter. 

pH and Ca++ activity measurements were made with the 
electrodes directly immersed in the suspensions. Typi_ 
cal measurements were made after l' / 3' / 5' / 10', 20' / 
30', 60', 100' and (occasionally) 1000'. 

The total concentration of carbohydrate in solution 
was determined by the colorimetric anthrone (9) me
thod, on filtered aliquots of the suspensions. Total 
al donates in solution were similarly determined by 
potentiometric titration with O.lN NaOH, on the elu
ates from a column of IR-120 (H+) resin. 

The effect of the additives on the flow and strength 
properties of cement pastes was evaluated on a Port
land cement, using standard tests (UNI 7102). 

RESULTS 

The optical rotation of the reducing carbohydrates 
suddenly decreased at the very early stages (within 
a few minutes) of contacting with C3A'. Being para I I~ 
led by a concurrent decrease of the carbohydrate con 
centration (colorimetric analysis), this behaviour -
clearly refleGt precipitation of the carbohydrate. 
On the contrary, ·the non-reducing carbohydrate methyl 

a-D-glucoside did not precipitate (no changes in 
opticai rotation over a ·period of 100' of contacting 
with C3A). 

The optical rotation of sodium gluconate solutions 
is dramatically affected by contacting the solution 
with sol id C3A. An increase of up to 5 times the ori_ 
g i na I rotat ion va I ue ( [ a J 436 = + 23) was i n fact 
observed, the actual increase being a function of the 
time of contact with C3A. Such a behaviour is i I lu
strated in Figure 2, where the optical rotation chan 
ges of solutions of different gluconate content (fr~ 
0.2 to 5% w/ v) are plotted vs the time of contact with 
C3A. 
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(For the sake of presentation, the curves .are "nor
ma I i zed", i . e. the a va I ues are di~ i ded by the cor
responding concentration of gluconate, and vertical 
ly displaced by the same amount relative to each -
other.) . 

0(436 gluconate 
percent 

5 

3 5 10 20 40 100' 

Fi g. 2 - Opt i ca I rot at i on ( a 436) of so I ut ions at di£. 
ferent concentrations of sodium gluconate ,as 
a function of the time of contact with c3A. 
(The curves are normalized and vertically 
displaced with respect to each other (see 
text). The arrow indicates the a value for 
the 0.2% gluconate solution at time zero). 

As shown in the figure, the relative increase in opti_ 
cal rotation at any given time of contact with C3A is 
also a function of the gluconate concentration. For 
0.2% gluconate solutions, a maximum value of a was 
already reached after 1 minute contacting with C1A. 
The optical rotation then steadily. decreased wit~ 
time, reaching a minimum value after 100'. 

As the original gluconate concentration increas~d 
from 0.3 to 3%, the maximum a value was displaced 
toward longer times, fol lowed by a progressively 
steeper decrease. 
Potentiometric analyses indicated that practically 
al I the gluconate present before contacting with C3A 
remain~d in solution up to the time at which a decre~ 



se of a is observed, and that the drop in a va I ues 
is clearly associated with disappearance of the glu
conate, as it precipitates from the solution. (Such 
a precipitation was currently observed after awhile 
even from filtered solution, i.e. non longer contacted 
with C3A.) 
In the presence of C3A granules, precipitation occu.!:. 
red after l' for 0.2% gluconate solutions, - 3' for 
1% and -25' for 3% solutions. At 5% gluconate, al I 
C3A used in these experiments (2g) went into solution 
after - 10' , or i g i nat i ng a c I ear stab I e ge I . 

As shown in Figure 3, also other cl inker components 
produced an increase in optical rotation of glucona
t e solutions . However, such an increase was observed 
at times considerably longer than for C3A. The maxi
mum a va I ues were at - 40' for C3S, - 1000' for 
C4AF and more than 1000' for C2S. Also, the relative 
increase of a (as measured on contacting the glucona
te solutions with the same amount of each cl inker 
component) was substantially lower than observed for 
c3A. 

apparent% 
gluconate (from a values) 

6 

Of-----+--+--+-----+---+--------+-
1 3 s 10 100 1000' 

r 1 g. 3 - Apparent concentration of g I uco·nate as ca I c~ \ 
I ated from a 436 va I ues before contact i ng 
~ith C3A, as a function of the time of con
tact with C3A and other cement components, 
for a 1% solution of Na gluconate. The curve 
for a reconstituted c I inker (see text) is 
also shown. 

Fig. 3 also i I lustrates the behaviour of cl inker (in 
fact, a "reconstituted:' composition consisting of 4% 
C3A, 55% C3S 1 25% C2S and 16% C4AF), contacted with 
1% gluconate under the same experimental conditions 
used for the isolated components. It is noteworthy 
that this experimental a / t curve (with a maximum at 

- 60') does not correspond to the one calculated by 
adding up the relative contributions of the individual 
.c I i nker components. 

The calculated curve consists in fact of two curves, 
with maxima corresponding to the maxima of C3A (the 
component that produces the I argest i'ncrease in a 
and of C3S (the most abundant component in the cl i~ 
ker) . As the concentration of gluconate is decreased 
(to 0.2%) and the c3A content of the cl inker incre~ 
sed (tol4%), the separate contributions of C3A and 
the other components clearly show up in the experi
mental curves for reconstituted cl inkers. 

Addition of gypsum to C3A shifts the a / t curves 
toward longer times, without substantially affecting 
the maximum a values. (For 0 . 2% gluconate in the 
presence of 2% sol id C3A + 1% gypsum, the maximum 
of the curve sh i fts from - 1 ' to - 4' . ) 
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Fig. 4 - Optical rotation ( a 436) and calcium ion 
activity for a 0.2% Na gluconate solution, 
as a function of the time of contact with 

cl. 
The curves showing total calcium in the gluconate 
solutions as a function of the time of contact with 
the cement components are closely similar to the 
optical rotat ion curves . 
On the contrary, as shown in Figure 4 for the 0.2% 
g I uconate so I ut i on, curves for free ca I c i um are comp I e 
mentary to the optical rotation (and total calcium) -
curves, i.e. the ca++ activity is minimum for the 
maxi mum a va I ue, and I eve I s-off whe n the a va I ues 
(and the gluconate concentration) fa! I below a cer
tain level. 
Such a level ling-off of free calcium is quite diffe 
rent from that observed in the absence of a~diti ve.
ln fact, in additive-free systems ¢ he Ca+ activi
ty is somewhat higher than in the presence of glu
conate up to -10' contacting with c

3
A, then sharply 
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increases with a maximum at - 80'; at 1000',. it beco
mes again close to the values at time zero. The pH of 
the gluconate solutions contacted with c

3
A increase 

1n para I lel with the concentration of free calcium. 
(An increase from 12.5 to - 13 was observed for 1-3% 
gluconate solutions, with a maximum pH value reached 
after 10'. 

As shown in Figure 5 al I the 
1

H-NMR signals of Na glu 
conate are affected by addition of C

1
A. (Assignement-; 

(10) refer to hydrogens on carbons at different dis
tances from the carboxylate group.) 

Fig. 5 -

y ,6, £ 

.4.3 .4.0 3.7 . 3.3 ppm 

1 
H-NMR spectra (90 MH ~ of a D

2
0 solution 

of Na gluconate (a) and Na gluconate added 
of cl (b). 

Also aldo~ates other than 0-gluconate interact with 
c

3
A and other cement components. The a / t curve of 

D-gluconate was quite close to that of D-gluconate. 
The D-mannonate curve is also to be considered similar 
to the one of D-g I uconat.e, i n spite of its be i ng re
seversed in sign, . as expected because of the different 
configuration at C-2. On the contrary, D-xylonate did 
not show any significant changes of a in the presen
ce of c

3
A. 

Maltobionate showed a a/t curve similar to the one 
of D-g I uconate, with somewhat bigger A a va I ues at 
the same molar concentration. 

The effect of glucose, maltose and the corresponding 
~!donates on the flow and strength properties of a 
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Portland cement is i I lustrated in Table I . Data for 
methyl a-D-glucoside are also included. While this 
latter additive did not cause any significant varia
tion in the flow and strength of the cem~nt paste, 
the other add it i ves substant i a I I y i ncreased the _ f I ow 
and retarded the strength development. 

Table I - Percent variation of flow and strength of 
a Portland cement added of 0.1% carbohy
drate or aldonate (referred to a blank 
without additive) 

flow compressive strength 
1 

after 1 day 

D-glucose + 9 - 21 
maltose + 12 - 38 
methyl -D-glucoside + 1 - 3 
so di um D-g I uconate + 16 - 43 
malto-aldobionate + 13 - 54 

DISCUSSION 

The above results clearly indicate that the r educing 
carbohydrates glucose and maltose precipitate from 
their solutions at the very beginning of contacting 
with c

3
A. This behaviour prevented to ascertain 

whether any complex is formed in solution before ' 
t~e ca~bohydrate deposits on the c3A . granules.lnte~a~ 
t1on with c

3
A was prevented by blocking the anomer1c · 

center by a methy I group, such as in methy I a -D-g I~ 
coside. 
On the other hand, a clear evidence that complexes in 
solution are formed was obtained for Na gluconate. 
The complex with C A, which is formed within a few 
minutes especially #or the most di lute gluconate so
lutions, precipitate on the undissolved granules in 
a short time after its formation. This time increa
ses with increasing concentration of the gluconate , 
up to 5% gluconate, which forms a stable gel. 

Pre I i m i·nary IR measurements on the c
3

A granu I es after 
contacting with al donate solutions as wel I as on the 
aldonate +C A recovered from the aqueous phase have 
confirmed t~at the gluconate is indeed in a complexed 
form both in solution and 1n the sol id phase precipi
tated on the granules. 

C S, c
2
s and c

4
AF also form soluble complexes with 

gfuconate. However, these complexes are formed at 
longer times and are associated to smaller variation 
ofoptical rotation than . with Cl~ Since also sodium 
aluminate formed a similar complex with C A, it is 
suggested that the complex involves the aldminate part 
and not the calcium part of this cement component. On 
the other hand, since the concentration of total cal
cium in solution para I lels the concentration of glu
conate (and the optical rotation ~alues), it is infe.!:, 
red that c3~ binds to gluconate as a complexion. 



It should be noted that formation of the wel I -known 
calcium complex of gluconate brings about a much smal
ler change in optical rotation than observed for alu~ 
mi nates ( i . e., on I y - 17% increase of a as compared 
with the - 500% increase observed i ri tne present ex
periments with c

3
A.) 

Aluminates were recently shown to form strong comple
xes with carbohydrates(ll). It is not surprising that 
ald~nates, which retain al I the hydroxyl groups of the 
original car~ohydrate except the anomeric one (which 
is replaced by a good coordinating group such as the 
carboxylate) can form even stronger complexes. 
Preliminary experiments with D-glucitol (sorbitol) have 
shown that this analog of D-gluconate, having a prima
ry hydroxyl group instead of the carboxylate, comple
xes C A less strongly (and affects the flow and resi
stanc~ of cement substa~tial ly less) than.gluconate~ 
It is relevant that the H-NMR spectral shifts on ad
dition of c

3
A indicate that al I the hydroxyl groups of 

gluconate are involved in the complex. (A significant 
effect of simple ca++ salts was observed only for the 
a and p hydrogens). It is therefore not surprising 

that D-xylonate, missing the hydroxyl group at C-6, 
does not significantly interact with c

3
A. On the con

trary, an inverted configuration of the hydroxyl group 
at C-2 (such as in D-mannose) does not prevent the 
formation of stable complexes. 

Maltobionate (consisting of a non-reducing sugar and 
an aldonate)also forms strong complexes with c

3
A.1 sug

gesting that the non-reducing, intact glucose ring 
partecipates is s~me way in coordination of the complex 
aluminate ions, possibly invol~ing suitably oriented 
hydroxyl groups. Also the better complexabi I ity ob
served for the disaccharide maltose as compared to 
glucose is I ikely attributable to the above possibi Ii
ty,. c\early shown by , inspection of molecular models. 

Data in Table I show that the additives that complex 
c

3
A improve the flow properties of cement pastes. This 

complexing abi I ity qua I itatively correlates also with 
the retarding effect on the strength development of 
the pastes at the early stages. 

CONCLUSION 

The above findings throw some I ight on the mechanism 
of carbohydrate-derived cement additives, the forma
tionof a complex in solution precedes precipit~tion 
of the additive on the undissolved granules, and for
mation of the protective layer that retards hydration 
(and setting) of cement. 
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Theme 5 - The role of C3A 
m sulfate attack on cements 

GENERAL REPORT 
by P.K. METHA, University of California, Berkeley, U.S.A 

A review of four papers on the role of C3A in sul
fate attack on cements is given in this report. Two 
papers present new information in the field since 
the Moscow Congress. The third paper presents test 
results of sulfate attack on a large number of port
land and blended portland cements. The fourth paper 
contains a literature review on the mechanism of ex
pansion associated with the sulfate attack. 

The first paper reviewed here describes an in
vestigation on the significance of the differences 
in the rates of hydration of various forms of C3A in 
regard to attack by magnesium sulfate, which is the 
pd.ncipal source of sulfate in seawater. The second 
paper describes a study in which two hydrated cements 
were exposed . to a sodium sulfate solution, the 
c3A in one of the ~ements be~ng in t?e cubic form 
and in the other being predominantly in the ortho
rhombic form. The third paper describes an investiga
tion on the relative sulfate resistance of 26 diffe
rent portla~d cements and several portland pozzolan 
c~ments. The last paper presents a critical review 
of the literature in order to show that it is not 
the formation of ettringite but monosulfate hydrate 
which is responsible for expansions associated with 
sulfate attack on cements. 

According to the paper authored by M. RF.GOURD, 
H •. HORNAIN and B. MORTUREUX, 4 different types of 
C3A were synthetized. for making cements by mixing 
50 % alite, 30 % quartz powder, 5 % gypsum and 15% 
of any one of the four types of C3A. The following 
types of_ C3A were us~d.: pure C3A in cub~c form, or
thorhombic C3A containing 4,8 % ~azO, cubic ?3~ con
taining 5 % Fez03 and orthorhombic C3A cont~ining4,8% 
Na2o and 5 % Fe203. Minicylinders. (1 cm diame~er by 
1 cm height) of neat cement paste corresponding to 
0.35 water-cement ratio ~ere moist-cured for 3 days 
and then immersed in a 5 % MgS04 solution. After 
7 days 'of sulfate immersion all :the specimens showed 
large expansions and were badly cracked. Formation 
of gypsum, ettringite and brucite in the .deteriorated 
material was confirmed by X-Ray diffraction analysis. 
It was concluded by the authors that in th~ presence 
of quartz, the porosity of the specimens was so high 
that it was not possible to detect the differences 
in the sulfate resisting characteri~tics of the dif
ferent forms of C3A. Four new cement compo.sitions 
were synthesized in which the quartz fraction was 
replaced with a granulated blastf~rnace.slag of 3000 
cm2/g Blaine. Also, the authors investigated the e~ 
feet of two different periods of moist curing, namely 
48 hours or 6 hours in fresh water, on the subsequ~nt 
behavior of cements in sulfate solution. XRD and DTA 
were used to monitor the rates of hydration of 
c1A at various intervals. Evaluation of the degree 
of sulfate attack was done by visual examination. 
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For the pastes cured in water for 48 hours, prior 
to sulfate immersion, it was observed that those made 
from the cement containing the pure C3A in cubic form 
performed better during the sulfate attack. The pastes 
from ~he other three cements showed evidenrie of more 
sulfate attack. The pastes fro~ the other three ce
ments showed evidence of more sulfate attack which, 
according to the XRD and DTA data, . was due to the 
transformation of Ca(OH)z and monosulfate hydrate 
into gypsum and ettringite, respectively. The authors 
also found significant differences in the rates ·of 
hydration of c3A present in the 4 cements. For ins
tance, DTA of the pastes hydrated for 3 hours (Fig. 2 
of the RF.GOURD et al paper) shows that more ettringite 
was present in the cement paste containing pure 
CJA in cubic form than in the cement paste containing 
C3A in the orthorhombic form (4.8 % NazO), Similarly, 
the data from XRD analyses (Fig. 3 of the RF.GOURD et 
al paper) show that in the pastes cured for 4.8hours, the 
degree of hydration of C3A for the cement ~ontaining 
pure C3A in cubic form was about 70 % as compared to 
55-60 % for the cements containing the other types 
of C3A. It was concluded by the authors that t~e su
perior performance to sulfate attack of the cement 
containing pure C3A in cubic form resulted from the 
lower porosity of the paste due to the higher rate 
of hydration of C3A in the cement. 

In the second series of tests in which the pastes 
were cured in fresh water for 6 hours only prior to 
the sulfate immersion, it was found that both the ce
ments containing C3A with 5 % Fe203 performed better 
than the cement containing pure C3A in cubic form or 
the orthorhombic C3A containing 4.8 % NazO. · According 
to the authors, this was due to the fact that only 
a small fraction of the C3A was hydrated in 'all the 
cements prior to sulfate immersion. Therefore, the 
lower reactivity of the anhydrous C3A containing Fez03 
was favourable for sulfate resistance than the higher 
reactivity of the others types of C3A which did not 
contain Fe203. Th~ authors concluded that the porosity 
of a cement paste, as affected by hydration characte
ristics of the constituents compounds, and history 
of curing prior to sulfate exposure, are the most im
portant factors in determining its sulfate resistance. 

According to the paper authored by P .K. MEHTA, 
two cements containing C3A in different forms were 
investigated for relative sulfate resistance. The ce
ments were made f.rom a high-alkali industrial clinker 
CO{\taining 13.6 % potential C3A. The C3A in the clin
ker was predominantly in the orthorhombic form. Cement 
"A" was made by grinding this clinker with 5 % gypsum 
to 4000 cm2/g Blaine. Another clinker having the same 
potential compound composition, but with C3A present 
in the cubic form onlY', was obtain~d by heating the 
industrial clinker at 1350 °C for 30 minutes in a la-



boratory furnace. Cement "B" was made from this heat
treated clinker· by grinding it with 5 % gypsum to the 
same fineness as Cement "A". The sulfate resisting 
characteristics of the cements were evaluated by an 
accelerated test procedure according to which neat 
cement paste cubes and mortar prisms, normally cured 
for 14 days, were immersed in a 4 % Na2S04 solution. 
The solution was maintained at a constant pH and sul
fate concentration by automatic and continous titra
tion againstN/10 H2S04. Changes in compressive stren-. 
gth of the neat cement paste cubes and expansion of 
the mortar prisms during a 5-week sulfate immersion 
period were used as criteria for evaluation of the 
sulfate resistance of the cements. X-Ray diffraction 
analyses of the neat cement pastes at regular inter
vals, both before and during the sulfate immersion, 
were carried out in order to monitor the mineralogi-_ 
cal changes. 

The compression strength data from the neat ce
ment paste cubes and the expansion data from the mor
tar prisms (Fig. 2 of the MEHTA paper) showed that 
these were significant differences between the rates 
of sulfate attack of the two cements. For instance, 
the sudden increase in the expansion rate of Cement 
"A" during the third week of sulfate immersion was 
not observed in Cement "B until the fifth week. From 
the XRD data of the pastes prior to the sulfate im,
mersion (Fig. 4 of the MEHTA. paper), it was concluded 
that the main alumina-containing compounds in the 
paste of Cement "A" were ettringite and monosulfate 
hydrate, whereas in Cement 11 B11

, besides ettringite, 
a calcium aluminosilicate was detected. The deterio
rated portions of Cement "A" after the 28-day period 
of sulfate immersion contained more ettringite and 
less monosulfate hydrate than were present before the 
sulfate immersion. Also, · like REGOURD et al, the au-

·thor found that Cement "B" (the cement containing the 
cubic C3A only) hydrated faster, produced most of the 
potential ettringite within 1 day of normal hydration, 
and was 15 % stronger in compression than Cement "A" 
(the cement containing the orthorhombic C3A). 

On the basis of his experimental results, the 
author concluded that the process of expansion and 
cracking of high-C3A portland cement pastes in a sul
fate solution can be .divided into two stages. In the 
first stage, called the dormant stage, the chemical 
reaction between the sulfate solution and unreact~d· 
aluminate and aluminate hydrates present in the cement 
P.a.ste is associated with increase in the amount o(. 
monosulfate hydrate, and is not - accompanied. by expan
si~n. This is followed by the second stage during 
which expansion · and cracking occur as a result of 
conversion of the monosuifate hydrate into ettringite. 
It was also concluded by the author that high
C3A portland cements, regardless of the type · of 
C3A , would eventually show deleterious expansion in 
sulfate solution, however the rate of sulfate attack 
was sl~wer in the cement containing cubic c3A. This 
was mainly due to the rapid rate of hydration of cubic 
C3A which made the cement paste stronger and less 
permeable, and also led to the formation of" alumino
silicate hydrate which was found more resistant to 
sulfate attack than the monosulfate hydrate. 

. K. MATHER reported the results of an investiga
tion on relative sulfate resistance of 26 industrial 
portland cements, and several pozzolan cements made 
from some of .the portland cements used in the inves
tigation. Fi¥e portland cements contained no potential 
C3A content, 6 contained c3A in orthorhombic and/or 
tetragonal form, 8 contained C3A i n ·· cubic and ortho
rhombic- or tetr.agonal form, and 7 had c3A in cubic 

form only. Nine of the portland-pozzolan cements con~ 
tained fly .ash from · burning of bituminous 1 sub-bi tu
minous or lignite coals, one contained a calcined na
tural pozzolan of high silica and glass content, and 
one consisted of a silica dust which is a byproduct 
of .the ferro silicon alloy industry. By continuous im
mersion in 5 % Na2S04 solution, the sulfate resistan
ce was evaluated from changes in length and fundamen
tal transverse frequency of 25.4 mm by 25.4 rrun by 
285.8 mm prisms made with mortars, containing one part 
of cement to 2. 75 parts graded sand to 0.485 parts 
of water by weight. The mortar prisms were cured for 
24 hours in sealed molds at 35°, then demolded and 
thereafter cured in saturated lime water at 23 
~ 1.7° until the comparison mortar cubes showed 20.7 
± 1.0 MPa compressive strenght; At this time the 
prisms were immersed in the 5 % Na2S04 solution. Chan
ges in length and fundamental transverse frequency 
were measured at 7, 14, 21, 28, 56 and 90 days, and 
thereafter as needed. Each time the prisms were mea
sured for length, the sulfate solution was changed. 
The criterion for fracture by increase in length was 
chosen as 0.1 %. 

In regard to the portland cements, all the ~ero
c.1A cements were found sulfate resisting except one 
wfiich showed 0. 085 % expansion in 180 days (and may 
show more than 0. 1 % expansion at one year) • _ The 
author suspected that the large expansion shown by 
this cement may be related to hydration of perl.clase, 
since the cement contained 4. 53 % MgO by chemical 
analysis. All the 6 cements containing orthorhombic 
and/or tetragonal C1A failed except one cement which 
showed 0:057 % expansion at 180 days of sulfate im-
mersion. Since this cement contained only 2 % MgO, 
the author seems to suggest that the .overall expansirn 
in the test for sulfate attack is influenced by th~ 
amount of periclase in cement. At the time of repor
ting the results, the author found that 7 of the 8 
~ements containing C3A in cubic and orthorhombic or 
tetragonal form had failed by exceeding the 0.1 % ex
pansion limit. Similarly, 5 of the 7 cements contai
ning only cubic C3A had also failed. From this the 
author concluded that, contrary . to the obser·•ations 
of some earlier investigations, there was no correla
tion between the type of C3A present in portland 
cement and the resistance of the cement to sulfate 
attack. The author also made interesting observations 
on the strain capacity (increase in length without 
fracturing) of various cements~ Expansions could not 
be related directly to the C3A of the cements because 
due to rapid strength gain, the cements with higher 
c3A content possessed lower strain capacity. 

In regard to the effect of the type of pozzolan 
on the sulfate resistance of portland-pozzolan cements 
containing from 0.4 to 14.6 % potential C3A , it was 
shown (Fig. 1 of the MATHER paper) that 30 % cement 
replacement by volume with either of the 2 reactive 
pozzolans, namely the calcined volcanic pozzolan and 
the silica dust from the ferrosilicon industry, made 
the cements highly resistant to ~ulfate attack. On 
the contrary} at this level of cement replacement, 
none of the 8 sub-bituminous and lignitic fly ashes 
were able to reduce the expansion· in mortar prisms 
to less than 0 .1 % when portland cement of either 
13.1 % potential C3A content (RC 714) or 14.6 % pote~ 
tial C 3A content (RC 7 56) were used fo making the 
pozzolan cement (Fig. 2 and 3 of the MATHER paper) • 
In fact many of the sub-bituminous and lignitic fly 
ashes increased the sulfate expansion of the central 
portland cement instead of reducing it. This type of .· 
behavior was observed from fly ashes which contained 
less than 50 % silica, 16 to 26 % ~201 and 5 to 30 %· 
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CaO. The increase in sulfate expansion of portland
pozzolan cements made with high'--C3A clinkers and fly 
ashes of high alumina and lime content is·attributed 
to formation of ettringite from the readily available 
Al203 and Cao in fly ash. 

With portland cement containing 9.4 % potential 
C3A , 2 of the 8 fly ashes of the sub-bituminous
ligni tic group were able to reduce the sulfate expan
sion tp less than 0.1 % at 365 days (Fig. 4 . of the 
MATHER paper). Portland-pozzolan cements made with 
clinkers containing up to 11 % potential C3A and about 
20 % bituminous fly ash showed substantial improvement 
in sulfate resistance of mortars as compared to the 
control portland cements made from the same clinkers. 
In conclusion, the author has shown that the ability 
of portland cements and portland-pozzolan cements to 
resist sulfate attack is affected by the C3A content 
of the portland cement and the composition, reactivi
ty, and amount of pozzolan used. 

In his paper containing a critical appraisal of 
the cement literature on mechanism of sulfate expan
sion, S. CHATTERJI presents arguments challenging the 
widely held belief that the expansion in portland 
cement pastes on exposure to sulfate solutions is as-
.sociated with ettringite formation. He also presents 

arguments in support of CHATTERJI and JEFFERY's hypo
thesis according to which the formation ·of monosulfate 
hydrate from C4AH13 , by ion exchange in portland 
cement pastes exposed to sulfate ions, is responsible 
for expansion. The literature survey on sulfate gene
rated expansion divided into two categories : free 
expansion, and restrained expansion. In regard to free 
expansion, the author cites his own work as well as · 
the work of SELIGMANN and GREENING on considerable 
~ree e.xpansions observed in C3A-gypsum-lime systems 
in which monosulfate rather than ettringite was the 
stable product. Also, from an examination of MATOUSEK 
and SAUMAN's work on expansion of mixtures containing 
portland cement, metakaoline and gypsum, the author 
notes that at least 20 % expansion occured after the 
formation of ettringi te had ceaseQ.. Ci ting MEHTA' s 
studies on restrained expansions of Type K, M and S 
cements, the author points out that the expansions 
continued even beyond the time when formation of et
tringi te had ceased and, in fact, ettringite was being 
transformed into the monosulfate hydrate. In further 
support of his case for sulfate expansion due to the 
monosulfate formation, the author notes that there 
is no expansion in the sulfate resisting portland 
cement because they do not contain the monosulfate 
hydrate on hydration. In conclusion , the author says 

"It is · possible to set down evidence for this or 
that hypothesis but in the ultimate analysis ones 
prejudices determine which hypothesis one believes". 

Summarizing the main points from the 4 contribu
tior_is on th~ role of C3A in sulfate attack, RIDOURD 
et al and MEHTA have shown that the rate of sulfate 
attack in cements can be influenced by the type of 
C3A present. Hydrated pastes made from cements con
taining cubic C3A were attacked at a slower rate by 
sulfate solutions than the pastes made from cements 
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cpntainning · C3A in more densely packed structurals. · 
The differences in the rates of sulfate attack were 
attributed mainly to the more rapid hydration of cubic 
C.1A which produced stronger and probably less permea
ble paste prior to .the immersion in sulfate solution. 
MEHTA also demonstrated the formation of a calcium 
aluminosilicate hydrate in the pastes of a portland 
cement containing' cubic G3A. He suspected that· the 
relatively superior resistance of the calcium alumino-
silicate hydrate may be partially responsible for the 
slower rate of sulfate attack on portland cements con
taining cubic C3A. MATHER has shown that the high 
alumina and lime present in lignitic and sub-bitumi
nous fly ashes can increase rather than reduce the 
sulfate resisting behavior of pozzolan cements made 
from such fly ashes. MATHER' s test results did not 
confirm the finding of other investigation that the 
type of C1A present in a portland cement can influence 
its resistance to sulfate attack. 

In the opinion of this reporter, the contradic
tion between the findings of RFX}{)URD and al, and MEHTA 
on one hand, and MATHER on the other, is not real. 
Whereas MATHER' s conclusion was drawn from sulfate 
immersion up to 365 days, the former investigators 
made their comments on the basis of 4 to 5 weeks of 
sulfate immersion. It appears that the type of 
c1A affects only the rate of sulfate attack but not 
tlie eventual degree of attack. Evidently, more work 
is needed to confirm the hypothesis that reduced 
porosity and permeability of the pastes made from 
cements containing cubic C3A is responsible for 
slower rate of sulfate attack on these cem·ents. Also , 
the need for accelerated and reliable test methods 
for evaluation of sulfate resistance of cements is 
self evident. Different curing periods, size of spe
cimens, sulfate solutions, and failure criteria were 
used in the three investigations reported above, 
CHATTERJI' s contribution makes the point that the 
question of mechanism of expansion accompanying sul
fate attack also deserves more attention in the 
future. Most of his criticism on the ettringite 
expansion hypothesis is based on continuing expansion 
of pastes even after the formation of ettringite has 
ceased. This argument, instead of being agafllst the 
ettringite~expansion hypothesis, can be used in sup
port of the hypothesis if the mechanism of expansion 
is due to swelling of colloidal ettringite by water 
adsorption. ~TA and HU reported that maximum expan
sions as a result of swelling of ettringite were not 
observed in their experiment until after about 45 days 
of exposure of ettringite to water. Clearly, more 
experimental studies are needed to settle this con
troversy. CHATTERJI is, therefore, correct in stating 
that ones prejudices often determine which hypothesis 
one would like to believe. This reporter hopes that 
before the next Congress the researchers interested 
in the mechanism of sulfate generated expansion in 
portland. cement~ pastes, including CHATTERJI, would 
cast aside their personal prejudices and undertake 
conclusive experimental ·studies to shed better light 
on the subject. 



Theme 5 - Le role de C3A dans I' attaque 
des ciments par les sulfates 

RAPPORT GENERAL 
par P.K. METHA, Universite de Californie, Berkeley U.S.A. 

Une revue de quatre communications sur le role 
de . c A dans l' attaque des ciments par . les. sulfat:s 
est ~onnee dans ce rapport. Deux communications ~re
sentent des informations nouvelles dans ce domaine, 
depuis le Congres de, Moscou. La trois~eme coi;ununica
tiori presente les resultats des essais de 1 attaque 
parles sulfates d'un grand n~mbre de ciment~,portlarrl 
et de ciments portland avec aJouts. La quatrieme com-

. munication contient urte revue de la litterature sur 
le mecanisme de l' expansion associee a 1 1 attaque par 
les sul.fates. 

La premiere communication revue ici decrit une 
recherche sur la signification des differences dans 
les taux d'hydratation de~ formes variees de C3A a 
l' egard de 1 1 attaque par le sulfate de magnesium qui 
est la source principale de sulfate dans l'eau de mer. 
La seconde communication decri t une etude dans la
quelle deux ciments hydrates ont ete exposes a une 
solution de sulfate de soctium, le c3A dans l'un des 
ciments etant sous la forme cubique et dans l'autre 
etant principalement sous la forme orthorhombique. 
La troisieme communication decrit une etude sur la 
resistance relative aux sulfates de 26 ciments port
land differents et de quelques ciments portland aux 
pouzzolanes. La derniere communication presente une 
revue critique de la litterature afin de montrer que 
ce n'est pas la formation de l'ettringite mais celle 
du monosulfate hydrate qui est responsable des expan
sions associ~es a l'attaque des ciments par le sulfate: 

. D' apres la communication de M. REGOURD, H. HORNAIN 
et· B. MORTUREUX, quatre types differents de c_1A ont 
ete synthetises pour faire des ciments en melangeant 
50 % C3S, 30 % <te poudre de quartz, 5 % de gypse 
et 15 % d'un des quatre types de c3A. Les differents 
types de c3A utilises sont les suivants : C3A pur cu
bique, C3A orthorhombique contenant 4,8 % Na20, C3A 
cubique contenant 5 % Fez01 et c

3
A orthorhombique 

contenant 4,8 % et 5 % Fe203. Des minicylindres (1 cm 
de diametre et 1 cm d& hauteur) de pate pure de ciment 
correspondant a un rapport eau/ciment = 0,35 ont ete 
conserves en atmosphere humide pendant 3 jours et en
suite immerges dans une solution a 5 % MgS04. Apres 
7 jours d' immersion dans l' eau sulfa tee, tous les 
echantillons montraient des. gonflements importants 
et etaient tres fissures. La formation de gypse, d'et
tringi te et de bruc:i, te dans le ma teriau deteriore, 
etait confirme par ]'analyse par diffraction des 
rayons X. Les Auteurs ont conclu qu 1 en presence de 
quartz, la porosite des echantillons etait si elevee 
qu'il n'etait pas possible de detecter les differen
ces des caracteristiques de la resistance au sulfate 
des differentes formes de c3A. Quatre nouvelles com
positions, dans lesquelles la fraction quartz a ete 
remplacee par du laitier de haut fourneau granule de 
surface specifique Blaine egale a 3000 cm2/ g-1 , ont 
ete synthetisees. Les Auteurs ont aussi etudie l'effet 
de deux periodes differentes· de traitement en atmos
.phere humide' a savoir 48 heures et 6 heures dans 
l'eau, sur le comportement ulterieur des ciments dans 
la solution de sulfate. La DRX et l'ATD ont ete uti
li_sees pour connaitre les taux d'hydratation de 
C3A a differentes echeances. Le degre de 1 1 attaque 
pa~_le sulfate etait evalue par observation visuelle. 

Pour les .pates conservees ·dans 1 1 eau· penda1it 48 
heures _Cl,Vant . 1 1 immersi.on dans le ~ulfate, il a _ e;te 

observe que celles qui cont!ennent le ciment avec 
C3A pur sous la forme cubique resistent mieux a l'at
taque du sulfate. Les pates des trois autres ciments 
mettent en evidence une attaque plus forte par le sul
fate qui, d'apres les donnees de la DRX et l'ATD, est 
due a la. transformation de Ca(OH)z et du monosulfate 
hydrate respectivement en gypse et ettringite. Les 
Auteurs ont aussi trouve des differences significati
ves dans les taux d'hydratation de C3A present dans 
les 4 ciments. Par exemple, le thermogramme des pates 
hydratees pendant 3 heures (Fig. 2, REGOURD et al) 
montre plus d' ettringite dans la pate de ciment con
tenant C3A pur cubiqu.e que dans la pate de ciment con
tenant C3A sous la forme orthorhombique (4,8 % 
NazO). D'une maniere similaire, les donnees des ana
lyses DRX (Fig. 3, REGOURD et al) montrent que dans 
les pates traitees pendant 48 lieures, le degre d'hy
dratation de C3A pour le ciment contenant C3A pur sous 
la forme CUbique etai t d I environ 70 % COmpare a 55-
60 % pour les ciments contenant les autres types de 
C3A. Le~ Auteurs en concluent que la performance supe
rieure _a l'attaque par le sulfate du ciment contenant 
C3A pur sous forme cubique est le resultat d'une plus 
faible porosi te de la pate due a un taux plus Heve 
d'hydratation dans le ciment. 

Dans la seconde serie d'essais dans laquelle les 
pates ont ete traitees dans 1 1 eau potable pendant 
6 heures seulement avant leur immersion dans le sul
fate' il a ete trouve que les deux ciments con tenant 
C3A avec 5 % Fez03 resistent mieux que le ciment con
tenan~ C3A pur sous la f orme cubique ou le c3A ortho~ 
rhombique contenant 4,8 % NazO. D'apres les Auteurs 
ceci est du au fait qu'une petite fraction seuleme~t 
de C3A s'etait hydratee dans tous les ciments avant 
leur immersion dans le sulfate. Done, la reactivite 
plus faibl~ du c3A.anhydre contenant Fe203 etait plus 
favorable a la resistance au sulfate que la reactivite 
plus forte des autres types de c

3
A qui he contenaient 

pas de Fe203 . Les Auteurs concluent que la porosite 
d'une pate de ciment affectee par les caracteristiques 
de l'hydratation de ses constituants et l'histoire 
du traitement avec 1 1 exposition au sulfate sont les 
facteurs les plus importants dans la det~rmination 
de la resistance au sulfate. 

. D' apres la communication de P .K. MEHTA, deux 
:ime~~s conten~nt C3A ~o~s diff erentes f ormes ont ete 
etudies quant a leur resistance au sulfate.Les ciments 
ont ete prepares a partir d'un clinker industriel a 
h~ute teneur en alcalins contenant 13,6 % de c

3
A poten

tiel: Le C3A dans le clinker etait d'une maniere pre
ponderante sous la forme .orthorhombique. Le ciment 
"A" a ete obtenu en broyant ce clinker avec 5 % de 
gyps~ a 4000 c~2 '. g- l Blaine. Un . autre clinker ayant 
la meme composition potentielle mais avec C3A present 
sous la forme cubique seulement a ete obtenu par chauf
fage du clinker industriel a 1350 °c pendant 30 minu
tes dans un four de laboratoire. Le ciment "B" a ete 
prepare a partir du clinker trai te thermiquement en 
le ·broyant avec 5 % de gypse de la meme finesse que 
celle du ciment "A". Les caracteristiques de la resis
tance au sulfate des ciments ont ete evaluees par un 
t~st accelere dans lequel des cubes de pate pure de 
ciment et des prismes de mortiers traites normalement 
pendant 14 jours sont imme.rges dans une .solution a 
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4 % de Na2S04. La solution est maintenue a une con
centration en sulfate et un pH constants par une ti
tration automatique et· . contihuelle a l' aide de 
H2S04 a N/ 10. Les changements dans la resistance a 
la compression des cubes de pate pure de . ciment et 
l'expansion des prismes de mortier durant une periode 
d 1 immersion dans le sulfate de 5 semaines ont ete 
utilises comme criteres d'evaluation de la resistance 
des ciments aux sulfates. Les analyses par diffraction 
des rayons x ~es pates pures de ciments, a intervalles. 
reguliers, a la fois avant et pendant l'immersion dans 
le sulfate' ont ete effectuees afin de suivre les 
changements mineralogiques. 

Les donnees de la resistance a la compression 
des 6ubes de pate pure de ciment et les donnees de 
l'expansion des prismes de mortier (Fig. 2, MEHTA) 
montrent qu' il y a des differences significatives 
entre les taux d'attaque au sulfate des 2 ciments. 
Par exemple, l'accroissement brusque du taux d'expan
sion du ciment "A" durant la troisieme semaine d'im
mersion dans le sulfate n' est pas observe dans le 
ciment 11 8 11 et ce jusqu' a la cinquieme semaine. Des 
donnees de la DRX des pates avant leur immersion dans 
le sulfate (Fig. 4, MEHTA), il a ete conclu que les 
principaux composes contenant de l' alumine dans . la 
pate de ciment "A" etaient l'ettringite et le mono
sulfate hydrate ta:ndis que dans la ciment ·11 8 11 un alu
minosilicate de calcium a ete detecte a cote de l'et
tringite. Les fragments deteriores du ciment "A", 
apres une periode de 28 jours d'immersion dans le sul
fate, contenaient plus d'ett;ringite et moins de mono
sulfate hydrate qu'avant l'immersion dans le sulfate. 
Comme REGOURD et al, l'Auteur trouve aussi que le 
ciment 11 8 11 (le ciment contenant le c3A cubique seule
ment) s'hydrate plus vite et produit·plus d'ettringite 
potentielle pendant un jour d'hydratation normale et 
que la resistance en compression est 15 % plus forte 
que celle du ciment "A" (le ciment contenant C3A or
thorhombique). 

Sur la base de ses resultats experimentaux, 
l' Auteur conclut que le processus d' expansion et ·de 
fissuration de pates de ciment portland a haute teneur 
en C3A dans une solution de sulfate peut etre divise 
en deux etapes. Dans la premiere etape,appelee periode 
dormante' la reaction chimique' entr.e la solution de 
sulfate et l'aluminate anhydre et les aluminates hy
drates presents dans la pate de ciment, est associee 
a l' accroissement du taux de monosulfate hydrate et 
n'est pas accompagnee d'expansion. Ceci est suivi du 
second stade dans lequel l'expansion et la fissuration 
apparaissent comme le resultat de la conversion du 
monosulfate hydrate en ettringite. 

L'Auteur conclut aussi que les ciments portland 
a haute teneur en C3A , sans tenir · compte du type de 
c3A montreraient eventuellement une expansion deletere 
dans la solution sulfatee.· Cependant le taux de l'at
taque par le sulfate etait plus faible dans le ciment 
contenant du c3A cubique. Ceci est du principalement 
a la vitesse rapide d'hydratation du c3A cubique qui 
rend la pate plus resistante et moins permeable et 
aussi entraine la formation d'un aluminosi:U.cate hy
drate qui a ete trouve plus resistant a l'attaque par 
le sulfate que le monosulfate hydrate. 

K. MATHER rapporte les resultats d'une recherche 
sur la resistance relative au sulfate de 26 ciments 
portland industriels et de quelques ciments pouzzola
niques prepares a partir de quelques uns des ciments 
portland utilises dans · cette recherche. 'Cinq ciments 
portland ne contenaient pas de c3A potentiel, six con
tenaient c3A sous forme orthorhombique ou tetragonale, 
huit contenaient C3A sous les formes cubique et ortho
rhombique ·ou tetragonaie et sept avaient c3A sous la 
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forme cubique seulement. Neuf des ciments portland 
pouzzolaniques contenaient des cendres volantes pro~ 
venant du c~auffage de charbons bitumineux, sous
bitumineux ou de lignite, un contenait une pouzzolane· 
naturelle ca:k:inee a haute teneur en verre et en sili~ 
ce et un consista.it en une poussl_ere de ·Silice .qui, 
est un sous-produit de l' industrie des alliages de 
ferrosilicium. Par immersion continuelie dans- une 
solution a 5 % Na2S04 , la resistance au sulfate a 
ete evaluee a partir cl.es variations de liongueur etde 
la frequence fondamentale transversale de prismes de 
25,4 x ·25,4 x 285, 8 mm de mortiers contenant . une pa'rt 
de ciment pour 2;5 parts de sable calibre et de 0 , 4M5 
part d' eau, en poids. Les prismes de mortier ont et.e 
conserves, a 35°, pendant 24 heures dans des moules 
scelles , puis demoules et ensuite traites dans une 
eau de chaux saturee a 23 ::!:: 1, 7° jusqu 1 a ce que les 
cubes de mortier de comparaison presentent une resis
tance a la compression de 20 , 7 ! 1,0 MPa. A ce moment, 
les prismes ont ete immerges dans la solution a 5 % 
Na2So4 . Les variations de longueur et la frequence 

. fondamentale transversale ont ete mesurees a 7' 14' 
21, 28, 56, 90 jours et plus si necessaire. La solu
tion de sulfate etait changee chaque fois que la lon
gueur des prismes etait mesuree. Le critere de degra
dation par accroissement de longueur a ete choisi a 

· 0.1 %. 
, Dans les ciments portland, tous les ciments a 
0 % C3A ont ete trouves resistants au sulfate excepte 
un ciment qui a presente une expansion de 0,085 % a 
180 jours (et pouvait montrer plus de 0 ,1 %· d'expan
sion a un an) . L' Auteur soup9onne que le gonflement 
important de ce ciment pourrait etre relie a l'hydra
tation du periclase puisque le ciment contenait4,53% 
MgO d'apres l'analyse chimique. Les six ciments cont~ 
nant C3A orthorhombique ou tetragonal se sont degra
des, excepte un ciment qui presentait 0,057 % d'expan
sion apres 180 jours d'immersion dans le sulfate. Ce 
ciment con tenant seulement 2 % MgO, 1 1 Auteur sem::ile 
suggerer que l'expansion totale dans l'essai de l'at
taque par le sulfate est influencee par la quantit e 
de periclase dans le ciment . A l'epoque de ses der
niers resultats , l' Auteur a trouve que 7 des 8 
ciments con tenant C3A sous la forme cubique , ortho
rhombique ou tetragonale se sont degrades en depassant 
la limite d'expansion de 0 , 1 %. De la meme maniere , 
5 des 7 ciments, contenant seulement C A cubique , se 
sont egalement deteriores. De ceci, l'~uteur conclut 
que , contrairement aux observations precedentes de 
certains chercheurs, il n'y a pas de correlation entre 
le type de C1A present dans le ciment portland et la 
resistance du ciment a 1 1 attaque par le sulfate . 
L'Auteur a aussi fait des observations interessantes 
sur 1 1 aptitude a la def orma ti on (expansion lineaire 

· sans fissuration) de ciments differents. Les expan
sions ne peuvent pas etre reliees directement a l a 
quantite de C3A dans les ciments en raison de la crois
sance rapide de la resistance, les ciments plus riches 
en.C1A possedent une aptitude a la deformation plus 
faible. . · -

En ce qui concerne l'effet du type de pouzzolane 
sur la resistance au sulfate des ciments portland aux 
~ouzzo~a?es con:ena~t de 9 , 4 a 14,6 % C3A potentiel , 
il a ete montre (F rg. 1 MATHER) que le remplacement 
de 30 % de volume · de ciment par 1 1 u.ne ou 1 1 autre des 
2 pouzzolanes reactives, a savoir la pouzzolane vol
canique ·calcinbe et la poussiere de silice de l' indus
trie du ferrosilicium, rend les ciments hautement re
sistants a 1 1 attaque par le sulfate. Au contraire , 
a ce taux de remplacement du ciment, aucune des 8 cen
dres volantes sous-bi tumineuses ou de lignite n 1 est 
capable de reduire 1 1 expansion dans les prismes de 
mortier a moi~~ de 0,1 % quand le ciment portland con-



tenant soit 13, 1 % de C3A potentiel (RC 714) ou 14 , 6 % 
de c

3
A potentiel (RC 75~) est u~ilise pour fabriquer 

ces ciments aux pouzzolanes (Fig. 2 et 3, MATHER). 
En fait, beaucoup de cendres volantes sous-bitumineu
ses ou de lignite accroissent l' expansion au sulfate 
du ciment portl!J.nd etalon au lieu de la reduire. Ce 
type de comportement a ete observe a partir de cendres 
volantes qui -contenaient moins de 50 % de Si02, 16 a 
26 % Al203 et 5 a 30 % de caO. L'accroissement de 
l'expansion au sulfate des ciments portland aux pouz
zolaries ·:contenant -des clinkers riches en C3A et des 
cendres .a haute teneur en 'alumine et en chaux est at
tribue a la formation d'ettringite a partir de 
Al203 et de CaO disponibles dans la cendre volante. 

Avec le ciment portland contenant 9,4 % de 
c A potentiel, 2 des 8 cendres volantes du groupe 
s~us-bitumineux et de lignite ont ete capables de re
duire l' expansion au sulfate a moins de 0' 1 % a 365 
jours (Fig. 4, MATHER). Les ciments portland pouzzo
laniques fabriques avec des clinkers contenant jusqu'a 
11 % de C3A potentiel et environ 20 % de cendres 
volantes bitumi.neuses montrent une amelioration subs
t antielle a la resistance des mortiers au sulfate com
paree a celle des ciments portland etalons fabriques 
avec les memes clinkers. En conclusion, l' Auteur a 
montre que l' aptitude a la resistance au sulfate des 
ciments portland et des ciments portland aux pouzzo
lanes est affectee par la teneur en c3A du ciment port
land par la composition, la reactivite et la teneur 
de ~a pouzzolane utilisee. 

Dans sa communication contenant une evaluation 
critique de la litterature en cours sur le mecanisme 
de l'expansion au sulfate, S. CHATTERJI presente des 
ar guments contestant la croyance largement reconnue 
que l'expansion dans le s pates de ciment portland ex
po sees aux solutions de sulfate est associee a la for
mation de l'ettringite. Il presente aussi des argu
ment s supportant l'hypothese de CHATTERJI et JEFFERY 
suivant laquelle la formation de monosulfate hydrat~ 
a partir de C4AH13; par echange ionique dans les pates 
de ciment portland exposees aux ions sulfate , est 
r esponsable de l'expansion. Une vue d'ensemble de la 
l itterature sur les expansions dues au sulfate revele 
une division en deux categories : expansion libre et 
expansion .restreinte. En ce qui concerne l'expansion 
l ibre , l' Auteur cite s;m propre travail aussi bien 
que celui de SELIGMANN et GREENING sur les expansions 
libres considerables observees dans des systemes 
C3A - gypse - chaux dans lesquels le monosulfate, 
plutSt que l'ettringite, etait le produit stable. A 
partir egalement de l' examen du travail de MATOUSEK 
et SAUMAN , sur l' expansion de melanges con tenant ci
ment portland, metakaolinit.e et gypse, l'auteur note 
qu'une expansion d'au moins 20 % se produit apres que 
la formation d'ettringite ait cesse. Citant les etudes 
de MEHTA sur les expansions restreintes des ciments 
de Type K, Met S, l'Auteur signale que les expansions 
tontinuent dans le temps, apres que la formation de 
l'ettringite ait cesse et, en fait, l'ettringite est 
transformee en monosulfate hydrate. Un support sup
plementaire de l'expansion au sulfate due a la forma
tion de monosulfate, note par l'Auteur, est qu'il n'y 
a pas d'expansion dans le ciment portland-resistant 
au sulfate parce qu'il ne contient pas de monosulfate 
hydrate au cours de l 'hydratation. En conclusion, 
1 1 Auteur dit : "Il est possible de considerer comme 
evidente telle OU telle hypothese mais en derniere 
analyse, l'hypothese retenue l'est en fonction d'idees 
precorn;:ues". 

· Re~umant les points principaux des 4 contribu
tions sur le rSle de c1A dans l' attaque au sulfate, 
RF.GOURD et al, - et MEHTA ont montre que la vitesse de 

l'attaque des ciments par le sulfate peut etre influ
ence~ par le type du c3A p_res~nt. Des pa,te,s hydrat~es 
de ciments contenant c_1A cubique ont ete attaquees 
a une vitesse plus lente par les solutions de sulfate 
que les pates de ciment contenant C1A dans des struc
tures plus denses. Les differences dans les taux d'at
taque par le sulfate ont ete attribuees principalement 
a l'hydratation plus rapide du C3A cubique qui produit 
une pate plus resistante et probablement moins perme
able avant l'immersion dans ia solution de sulfate. 
MEHTA a aussi demontre la formation d'un aluminosili
cate de calcium hydrate dans les pates de ciment port
land contenant C3A cubique. Il soup9onne que la resis
tance relativement superieure de l'aluminosilicate 
hydrate' comparee a celle du monosulfate hydrate' 
puisse etre partiellement responsable du taux plus 
faible de l'attaque, par le sulfate, des ciments port
land contenant C3A cubique. MATHER a montre que les 
teneurs elevees en alumine et chaux, presentes dans 
les cendres volantes de lignite et les cendres 
sous-bi tumineuses, peuvent accroitre plutSt que 
reduire le comportement au · sulfate des ciments pouz
zolaniques fabriques avec de telles cendres volantes. 
Les resultats des essais de MATHER ne confirment pas 
les conclusions d'autres chercheurs d 1 apres lesquels 
le type de C3A present dans un ciment portland peut 
influencer sa resistance a l'attaque par le sulfate. 

D' a pres le rapporteur, la contradiction entre 
les resultats de REGOURD et al et MEMHTA d'une part, 
de MATHER d I autre part n I est pas reelle. Tandis ' que 
la conclusion de MATHER est tiree d'une immersion dans 
le sulfate jusqu'a 365 jours , les premiers chercheurs 
commentent sur la base de 4 a 5 semaines. Il apparait 
que le type de C3A affecte seulement la vitesse d'at
taque par le sulfate mais pas le degre eventuel de 
l'attaque. Evidemment, un travail supplementaire est 
necessaire pour confirmer .l'hypothese que la ' porosite 
et l' impermeabilite reduites des pates de ciment 

contenant c3A cubique sont responsables de la vitesse 
plus faible de l'attaque de ces ciments par le sul
fate. La necessite de tests acceleres et dignes de 
confiance pour l'evaluation de la resistance des 
ciments au sulfate est aussi evidente. Differentes 
periodes de pretraitement, de taille des echantillons, 
de solutions de sulfate et differents criteres de de
gradation ont ete utilises dans les trois etudes rap
portees ci-dessus. La contribution de CHATTERJI fait 
ressortir que la question du mecanisme de l'expansion 
accompagnant 1 1 attaque par le sulfate merite plus 
d' attention dans le futur. La plus grande partie de 
sa critique sur l 'hypothese de 1 1 expansion due a 
l' ettrin-gite est fondee sur l' expansion continuelle 
des pates, meme apres que la formation de l'ettringite 
ait cesse. Cet argument, au lieu d'etre contre l'hypo
these de l' expansion due a l' ettringi te' peut etre 
utilise comme support de l'hypothese si le mecanisme 
de l'expansion est du au gonglement d'une ettringite 
colloidale par adsorption d'eau. MEHTA et HU ont rap
porte que les expansions maximales resultant du gon
C.ement de l' ettringi te n I ont ete observees' dans leur 
experience, qu' a pres environ 4.S. jours d' exposition 
a l'eau de l'ettringite. 

Des nouvelles etudes experimentales sont claire
ment necessaires pour regler cette controverse. 
CHATTERJI est, neanmoins, correct en declarant "Les 
idee& precon9ues souvent determinent quelle hypothese 
on aimerait retenir". Le present rapporteur espere 
qu'avant le prochain Congres, les chercheurs interes
ses par le mecanisme d'expansion au sulfate des pates 
de ciment, CHATTERJI compris, se debara sseront de 
leurs prejuges personnels et entreprendront des etudes 
experimentales ~oncluantes pour eclairer le sujet . 

569 



Role de C3A dans I' attaque des ciments par les eaux sulfatees 

Role of C3A in the attack on cements by sulfate solutions 

B. MORTUREUX, H. HORNAIN, M. REGOURD, Departerrwnt Microstructures, 
C.E.R.l.L.H. - Paris, France 

Resume 

L'evolution de melanges synthetiques C3A + C S + gypse et de ciments portland a differentes teneurs en C3A a 
ete suivie par diffraction des rayons X, microsco~ie electronique a balayage et microsonde electronique. Les fac
teurs etudies sont la forme cristalline de c3A (cubique, orthorhombique), la composition elementaire des grains 
de c3A (teneur en Na2o, K2o, Fe2o3), l'interaction C3A - c3s. 

Les resultats montrent que la resistance aux eaux agressives des pates de ciment et des mortiers depend 
avant tout de leur ·compacite. A breve echeance, C3A cubique s'hydrate plus vite que C3A orthorhombique et donne 
un materiau moins vulnerable si l'echantillon est immerge dans la solution agressive apres un temps d'hydratation 
suffisamment long. Le role benefique du fer en solution solide dans c3A a ete confirme. 

Summary 

. The evolution of synthetic mixtures c3A + c
3
s + gypsµm and portland cements with different amounts of C]A 

has been followed by X-ray diffraction, Scanning Electron Microscopy and Ele£tron Micro Probe Analysis. The fac
tors which have been studied are the crystalline from of c3A (cubic, orthorhombic), the elemental composition of 
c3A grains (amount o.f Na2o, K2o, Fe20

3
), the C3A - C3S interaction. 

The results show that the resistance of cement pastes and mortars to aggressive waters depends before all on 
their compacity. At short time, cubic C3A hydrates more rapidly than orthorhombic C3A and gives a less vulnerable 
material if the sample is immersed into the aggressive solution after a sufficient time of hydration. The benefi
cial role iron in solid solution in C3A has been confirmed. 
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Les etudes sur la reactivite de C3A et de ses 
solutions solides avec les alcalins ont montre. que 
l' aluminate tricalcique pur cubique s 'hydrate plus 
rapidement que C3A dope au sodium sous les formes or
thorhombique ou monoclinique (1, 2, 3, 4). Dans les 
produits industriels, c3A peut inserer, d.ans son reseau 
cris;tallin , d' autres ions que le sodium : le potas
sium, le silicium et le fer par exemple. 

Le role benefique du fer dans la resistance des 
ciments a l'eau de mer ayant ete mis en evidence par 
FRIGIONE et MARRA (5), nous avons essaye de comparer 
le comportement, dans une solution de MgS04, de melan
ges synthetiques C1S + c3A + gypse dans lesquels nous 
avons fait varier Ia composition de C3A (C3A + Na2o, 
C3A + Fe203, C3A + Na20 + Fe203). La resistance aux 
eaux sulfatees des ciments et mortiers etant f onction 
de leur impermeabilite, nous avons aussi compare 
l'influence du temps de traitement avant l'immersion 
dans l'eau ~gressive. L'evolution des reactions Chi
miques et de la microstructure du materiau a ete sui
vie par ATD, diffraction des Rayons X et micros co pie 
electronique a balayage. 

Preparation des echantillons 

Des minicylindres de melanges synthetiques 
C3S + C3A + gypse ont ete prepares avec un rapport 
eau/solide = 0,35, conserves 24 heures en atmosphere 
humide puis deux jours dans l'eau potable, enfin im
merges dans une solution a 5 % de MgS04. 

Les quatres compositions de C3A utilisees sont 
les suivantes : 

1. C3A cubique pur, 
2. C3A orthorhombique avec 4,8 % Na20, 
3. C3A cubique avec 5 % Fe203 (limite de solubi

lite de Fe203 dans le reseau cristallin de 
C3A), 

,4. C3A orthornombique avec 4,8 % Na20 et 5 % 
Fe2o3. 

Une premiere serie d'eprouvette.s est constituee 
de 50 % C3S + 15 % C3A + 30 % quartz ~ 5 % gypse. La 
granularite de c1s et de C3A est comprise entre 20 
et 40 µm, celle du gypse inferieure a 40 µm, ceci afin 
de faciliter les observations microsco~iques, le 
quartz a une surface specifique de 3000 cm .g-1. 

Dans la seconde se~ie, le quartz a ete remplace 
par du laitier et deux temps de pretraitement ont ete 
etudies (2 jours et 6 heures dans l'e~u potable). 

Etude des melanges c
3
s (50 %) .+ c

3
A (15 %) +quartz 

(30 %) + gypse (5 %). 
Apres 7 jours d' immersion dans l' eau sulfa tee, 

tous les echantillons sont en tres mauvais etat (gon
flement et fissuration)'" La diffraction des Rayons X 
montre la formation de Mg(OH) 2 et de CaS04.2H20 secon
daire (Fig. 1). Ces deux nouvelles phases sont dues 
~ la reaction de MgS04 sur Ca(OH) 2 libere par l'hydra
tation de c

3
s. 

11 n'est pas possible de differencier la resis
tance des differentes f ormes de C3A dans ces melanges 
dont la porosite devait etre trop elevee au moment 
de leur immersion dans l'ea~ agressive. · Afin de 
diminuer cette porosite, nous avons remplace le 
quartz par du laitier. 

Fig. 1 - Diffraction des Rayons X. 
Formation de gypse secondaire et de Mg(OH)2 dans un 
melange C3S (50 %) + C3A (15 %) + quartz (30 %) + 
gypse (5 %) apres 7 jours d'immersion dans une solu
tion a 5 % MgS04. 

E = ettringite, G = gypse, Qz = quartz. 

Etude des melanges c
3
s (50 %) + c

3
A (15 %) + laitier 

(30 %) + gypse (5 %) 
Mis a part le laitier qui remplace le quartz; 

la composition chimique des echantillons reste la 
meme que dans la premiere serie mais deux temps de 
pretraitement ont ete etudies (2 jours et 6 heures 
dans l' eau potable a pres 24 heures en atmosphere 
humide). 

Melanges c 3~l + laitier + gypse : 48 heures dans 
l'eau 

La difference de reactivite hydraulique entre 
les quatre formes de C3A est montree dans le thermo
gramme de la Figure 2 et dans la courbe de la Figure 
3 tracee a partir des donnees de la diffraction des 
Rayons X. Avant l'immersion dans l'eau sulfatee, 
c3A cubique pur est le plus hydrate. Apres 26 jours 
dans MgS04, C3A cubique pur est hydrate a 80 % et c

3
A 

+ 5 % Fe203, egalement cubique, a 64 %. 
c3s est aussi hydrate diff eremment dans les qua

tre echantillons. En raison de l'interaction C1A-C3S 
(4, 6), C3S est hydrate a 60 % dans l'echantillon (!) 
et 50 % dans les echantillons ® et © a la fin du 
pretraitement. 

L' echantillon (!) est en bon .etat apres 26 jours 
en eau sulfatee. Les autres echantillons presentent 
une certaine expansion qui peut etre reliee a la dis
solution de Ca(OH)2 et a sa transformation en Mg(OH)2 
d'une part, a la formation d'ettringite d'autre part. 
L'ATD (Fig. 4) et la diffraction des Rayons X (Fig. 
5) montrent clairement ces transformations. 

11 semble done que dans cette serie; l'echantil
lon (!) , plus hydrate que les autres, ait acquis une 
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300°c 

..;oo•c 

Fig. 2 - Enregistrements ATD des melanges c
3
s + CJA + 

laitier + gypse apres 3 heures dans l'eau : le melan
ge CD avec C1A cubique a donne plus d' ettringi te et 
de C-S-H que le melange @ avec c3A orthorhombique. 

G = gypse, E = ettringite. 

Fig. 4 - Enregistrement ATD d'un melange C3S 
+ c3A + laitier ~ gypse apres 2 jours dans 
1 1 eau @ puis 7 jours dans. une solution a 
5 % MgS04 @ . 

M = monosulfoaluminate, E ettringite 

"'~2, s6A. 
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~~ 
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---- 2 C3Ao(Na20) 
___.__ 3 C3Ac (Fe203) 
~..; C3 Ao(Fe203+Na20) 

temps 
~3~h~6~h------:'24_h ________ 4~8-h--------~7-j--------2~8-j~ 

Fig. 3 - Taux d'hydratation a des melanges c3s (SO%) 
+ C1A (15 %) + laitier (30 %) T ~ypse (5 %), conserves 
48 fieures dans l'eau puis 26 jours dans la solution a 
5 % Mgso4 • 

@ @ 

100°c 100°c E 
C-5-H +C-5-H 
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Fig. 5 - Diffraction des Rayons X. Melanges C3S + C3A + laitier + gypse, apres 7 jours dans MgS04. 
Comparaison entre le me.Lange CD avec c3Ac et le melange © avec C3Ao (NazO + Fe203) : Ca(OH)z est partiellement 
transforme en Mg(OH)z dans l'echantillon @) seulement. 
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1j Mg 504 Sj Mg 504 28j Mg 504 

N 
0 

M 

e,9A M 
9,7A 

Si etal on 

Ca(OHJ2 

5,6A E 

8,9 A M 

9,7 A E 

Fig. 6 - Diffraction des Rayons X • . 
Evolution du melange © C3S + C3A (4,8 % Na20 + 5 % Fez03) + laitier T gypse dans la solution de MgS04 apres 
6 heures dans l'eau potable. La corrosion est visible a 28 jours : decroissance de Ca(OH)2 et apparition de 
Mg(OH)2, croissance de l'ettringite et decroissance du monosulfoaluminate. Cette corrosion est faible, il reste 
Ca(OH)2 et le gypse secondaire n'est pas visible. 

E = ettringite, M = monosulfoaluminate 

imperm~abi]i c ~ suffisant~ avant 1 'agression de MgS04. 
Contrairement au quart:, Je laitier a rea~i. Active s 
par Ca(0Hlz, ses ~rains se sont entoures d'une mince 
Couche de C-S- H favorable a la cohesion. 

Melanges c
3
s ., c

3
A ,_ laitier + gypse : 6 heures dans 

1 'eau · 

~fin de v~rifier i 'hypothese de l'influence de la 
compacit~ de l'echantillon (due a un taux d'hydrata
tion ~Jcve de c3s et C3A) sur la resistance au sulfa
te. nous avons lmmer~e une seconde serie d'eprouvettes 
apr0 s un temps de . trai tement pl us court, soi t 24 hcu
res en atmosph0re humide et 6 heures dans l'eau pota
bJ e. 

Avant immersion dans la solution sulfatee. 
CJ 4. est hydrate a .lO .·;· dans 1 'l~chantill on (D ave~ 
C1 A cubique pur et ;1 20 °1 dans ·1 es echantil lons @et 
·@ avec c

3
A orthorhombique. Aprl>s S et 28 jours dans 

la solution ' sulfate1e. Jes echantillons Q) et © 
sont en me ill eur etat que l es echantillons © et @ 
les premiers ( Q) et © ) ne montrent aucune fissure 
externe , tandis que Jes derniers ( CD et @ ) ont. 
partiellement ec]ate . 

Dans ce cas, il semble que la reactivite de c3A 
ait joue un role plus important que dans la serie pre
cedente. Les mesures par diffraction des Rayons X 
du taux d'hydratation de c3A montrent que c

3
A .,.. Fe203 

reagit moins vite que c3A pur entre 1 et 28 jours dans 
Mgso

4 
: 

Echantillon A pre s 1 jour Apres 28 jours 
dans Mgso4 dans Mgso4 

1. C3Ac pur 58 % 74 % 

2. Clo (4, 8 % Na20) 53 % 67 % 

3. C3Ac (5 % Fe 2o
3

) 65 % 67 % 

4. C3Ao (4 ,8 % Na20 + 53 % 54 % 
5 %. Fe 2o

3
) 

Apres 28 jours dans l'eau sulfatee, on observe 
une difference importante entre les echanti11ons CD 
et l' echantillon @ . La couche superficielle de l' e
chantillon ·CD est composee d' ettringite. de gypse 
secondaire et de Mg(OH)2; le monosulfoaluminate et.la 
portlandite ont disparu. Au contraire , la couche supe~ 
ficiel le de l' echantillon @ contient encore du mono
sul foaluminate et Ca(OH) 2 (~ig~ 6). Dans ce cas , la 
reactivite plus faible de c3A 4 Fe20.3 est plus favora
ble que celle de c3A pur qui , peu hydrate avant son 
immersion dans l'eau sulfatee , a reagi trop rapidement 
avec MgS04 et a forme trop .d'ettringite expansive. 

CONCLUSION 

La comparaison entre les differentes series d'e
chantillons c3s + C3A + gypse .,.. quartz et C3S + C3A + 
gypse + laitier montre clairement que la porosite de 
l'eprouvette est le facteur le plus important de la 
resistance du ciment a l'attaque par les sulfates. 
Une compacite suffisante peut etre obtenue a partir 
d'un C1A reactif tel que C A cubique pur apres un 
temps d'hydratation suffisdmment long avant l'immer
sion dans 1 1 eau agressive. P arce qu' il existe une 
interaction c3A - C3S, c3s est aussi plus hydrate et 
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contribue a une reduction de la porosite des echan
. ti11ons. La degradation est faible. elle est reliee 
a la transforma-tion du monosulfoa1uminate en ettrin
gite. 

Dans le cas d 'un temps d' hydratation en eau 
. potable relativement court avant 1 'immersion dans la 
solution agressive , ~a reactivit~ de c1A semble Stre 
un fact~ur important. Le c3A cubique pur s' hydratant 
plus rapidement que le c3A orthorhombique contenant 
du sodium forme, tres vi te, de l' ettringi te qui est 
expansive. 

Bien que de symetrie cubique, c
3
A contenant du 

fer s'hydrate plus lentement que C3A pur et parait 
plus favorable dans le cas d'un pretraitement court. 

Ces resultats. obtenus sur des melanges svnthe
tiques sont tres p~ftiels, ils montrent qu~ la ~ompo
sition de C3A dans les ciments peut jouer un rSle dam 
la reSiStarlCe aUX SUlfateS maiS d I aUtreS facteUrS 
influen~ant la permeabilit~ doivent Stre etudi~ s 
simultanement (temps de pretraitement. ~ranularite. 
temperature , ... ). 
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Influence of different crystalline forms of C3A 
on sulfate resistance of portland cement 

Influence des differentes formes Crista/lines de C3A sur la resistance 
aux sulfates du ciment port/and 

P. K. MEHTA, Professor of Civil Engineering, 
University of California, Berkeley, California 94720, USA 

SUMMARY: A preliminary investigation was made to determine the effect of different crystalline torms of c3A 
present in portland cement on the sulfate resistance of the cement. An industrial portland-cement clinker con
taining 13 percent potential C3A,predominantly in the orthorhombic form,was used for this study. In order to 
redistribute the alkalies and to convert the orthorhombic CA into the cubic CA, a portion of the clinker 
was heat treated at l350°C in a laboratory furnace. The ce~ents made by grindfng the two clinkers separately 
with 5 percent gypsum ~ere evaluated for relative sulfate resistance, using an accelerated test procedure devel
oped at the University of California. According to the test procedure, neat cement paste cubes and small mortar 
prisms were immersed in 4 percent · Na 2so4 solution which was held at a constant pH by automatic titration against 
dilute H2S04. From preliminary results it is seen that the strength loss and expansion due to sulfate attack 
occurred ea~lier i~ the c~ment conta~ning the ort~orhombic c3A. Higher initial .strength of the ce~ent contain
ing the cubic c3A is considered partially responsible for the lower sulfate resistance shown by this cement. 

R~SUM~: Une etude preliminaire a ~t~ realisee afin de determiner l 'effet des differentes formes cristallines 
de c3A pr6sentes dans le ciment Portland sur la resistance du ciment aux sulfates. Un clinker de ciment Port
land industriel contenant ·13 % C3A, principalement sous la forme orthorhombique, a ete utilise dans cette 
etude. Afin de redi stribuerles alcalins et de convertir le c3A orthorhombigue en c3A cubique, une partie du 
clinker a ete traitee a 1J50°C dans un four de laboratoire. [es ciments prepares par broyage des deux clinkers 
separement avec 5 % de gypse ont ete evalues en ce qui concerne leur resistance relative aux sulfates a l 'aide 
d'un test accelere developpe a l 'Universite de Californie. D'apres la procedure de ce test, des petits prismes 
de morti er et des cubes de pate de cimcnt s ~1nt immerges dans une solution a 4% de Na2S04 qui est tenue a un pH .constant 
par une titration automatique avec H2so4 dilue. A partir des resultats preliminaires, on voit que l 'expansion·et 

la chute de resistance due a l'attaque des sulfates se produisent plus tot dans le ciment contenant C3A orthorhom
bique. Une resistance initiale plus elevee du ciment contenant du c3A cubique est consideree comme partiel .le
ment responsable de la resistance aux sulfates plus faible, trouveedans ce ciment. 

575 



INTRODUCTION 

It is well known that chemical composition of raw 
materials and processing conditions influence the 
crystal structure of the principal compounds of port-
land cement. It is also known that the differences 
in hydration characteristics of the various crystal
line forms of a cement compound can affect the 
setting and hardening properties of the cement, and 
in some instances, its durability in aggressive en
vironments. The results of an experimental investi
gation on the effect of sulfate attack on two 
portland cement samples containing different crystal
line forms of c3A is described in this pap~r. 

Several investigators including Moore (1), Maki (2), 
Regourd and Guinier (3), and Baikova et al (4) have 
shown that substitution of alkalies in CA lattice 
changes the crysta 1 symmetry. \.Jith i ncr~as i ng amount 
of alkalies, the crystal structure of C A changes 
from cubic+ orthorhombic+ tetragonal 1 monoclinic. 
For instance, Boikova et al (4) reported 2.42, 3.80, 
4.83, and 5.70 percent Na 0 in cubic, orthorhombic, 
tetragonal, and monoclini~ · c 1A respectively. Accord
ing to Regourd (5), c3A is usually cubic or ortho
rhombic/tetragonal, but rarely monoclinic in indus
trial clinkers. Splitting of the 440,008, and 844 
X-ray diffraction lines of the cubic c3A can be used 
for detection and quantitative determination of the 
various crystalline forms of c3A present 1n a cement. 
Regourd used the splitting of the 440 line for this 
purpose. According to the author (5), this line 
splits to a doublet (040, 400) and a single line 
(224) for the orthorhombic form, and to two lines 
(040 and 224) for the tetragonal form. The ratio of 
peak intensities of the 040 and 224 lines is indica
tive of the amount of orthorhombic or tetragonal C3A 
present. This ratio is about 0.5 when no, cubic c3A 
is present in the cement. 

There is some published data on the differences in 
the hydration behavior of the various crystalline 
forms of c3A. Regourd (5) reported that the hydra
tion rates in water are: C1A cubic > c2A orthorhom
bic> c3A tetragonal. Boikova et al (4J explained 
that plugging of the structural holes in cubic C A 
by increasing amounts of alkali ions slows down their 
initial hydration reaction. Both investigators (4,5) 
found that the differences in hydration rates were 

· confin~d to early ages, 1 and 3 days, only. After 3 
days hydration small differences in the degree of 
hydration of the four crystalline forms of c3A were 
observed. 'After 28 days there was hardly any differ
ence~ Regourd (5) also showed that the presence of 
alkali sulfates considerably accelerated the hydra
tion of all forms of c3A. 

Regourd (6) reported that the rapid hydration of the 
cubic C1A was associated with a corresponding rapid 
hydration of the C S. This probably accounted for 
the presence of la~ge zones of the trisilicoaluminate 
hydrate, c3A . 3CaSio;.32 H?O , around the cubic c3A 
grains in the 28-day Old sp~cimens which were exam
ined by scanning electron microscopy. Much smaller 
zones of the silicoaluminate hydrate were detected 
around the tetrogonal c3A grains in which c3s hydra
tion was slower. The existence of silicoaluminates 

· of the type, C A · x CaSiO · y H. 0 in hydrated 
cements had be~n envisaged3for a iong time, and the 
silicoaluminate 1somorphs of both the monosulfate 
hydrate and the trisulfate hydrate (ettringite) are 
suggested in the literature. Except for Regourd's 
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(6) work on the action of sea water on cements, there 
is little published data regarding the effect of 
different crysta'!l i ne forms of C A on durability of 
cement to aggressive environment~. su~h as sulfate 
attack . 
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MATERIALS AND PROCEDURE 

An industrial clinker containing 20.9% Si02, 6.8% 
Al203, 2.6% Fe203, 63.9% Cao, 2.9% MgO, 1.2% 503, 
1.1 % K20, and 0.4% Na20 was used for making the two 
cements of this investigation. The potential C3A in 
clinker, as determined by the Bogue equation, was 
13.6 percent. After dissolving out the silicates by 
maleic acid, the residue showed that in addition to 
some cubic . c3A, there was a large quantity of the 
orthorhombic C3A present. Another clinker having 
the same compound composition, but with C3A present 
only in the cubic form, was obtained by heating this 
industrial clinker at 1350°C for 30 minutes in a 
laboratory furnace. The X-ray diffraction analysis 
of the maleic acid residue of the heat-treated clink
er confirmed. that the orthorhombic c3A had convefted 
to the cubic form. The diffraction patters of the 
two clinkers are shown in Fig. 1. 

From the peak intensity ratio of 040 and 224 lines 
in Fig. 1., it was determined that the industrial 
clinker without the additional heat treatment con
tained about 60% orthorhombic c3A and 40% cubic C3A. 
Also, by chemical analysis of the heat-treated clink
er, it was determined that the total alkali content 
remained unchanged by the heat treatment. Since the 
apthital ite,Na K3S4, peaks became stronger after the 
heat treatment, probably it was due to the high 
sulfate content in clinker that the orthorhombic
cubic conversion occurred by redistribution of alka
li in the clinker rather than by alkali loss through 
volatilization. Both the clinkers were ground 
separately in a laboratory ball mill, with 5 percent 
added gypsum. The cement containinq c3A predominant
ly in the orthorhombic form was designated as 
'Cement A', and the cement which crintained c3A in 
the cubic form only was designated as 'Cemen~ B'. 
Both the cements conformed to about 4,000 cm /g 
Blaine fineness. 

The sulfate resistance characteristics of the cements 
were evaluated by an accelerated test procedure 
described elsewhere in detail by this author (7,8). 
According to the procedure, 13 by 13 mm cubes of 
neat cement paste, and 15 by 15 by 100 mm mortar 
prisms, both cured for 14 days at room temperature, 
were immersed in a 4 percent Na2S04 solution which 
was kept at ·a constant hydrogen-ion and sulfate 
concentration by automatic titration against N/10 
H2S04. The pH of the immersion solution, which was 
stirred constantly, was maintained at 7+0·5, and it 
was replaced by a fresh solution every week. In 
addition to the small specimen size and the constant 
sulfate and hydrogen ion concentrations, the accel
eration of the sulfate attack was achieved by high 
permeability of the specimens. For this purpose 
the neat cement paste cubes were made with 0.5 water
cement ratio, and the mortar prisms were made with 
1:1:0·6 proportions by weight of cement, coarse 
sand (600-850 µ m), and water, respectively. Changes 
in visual appearance and compressive strength of the 
neat cement paste cubes, and expansion of the mortar 
prisms were used as criteria for evaluation of sul
fate resistance of the cements. X-ray diffra~tion 
data was obtained using Cu Ka radiation at 40 kV . 
and 30 mA. 

RESULTS AND DISCUSSION 

Average values from the compressive strength tests 
and expansion measurements are plotted in Fig. 2. 
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From the mortar expansion data in Fig. 2 it can be 
seen that Cement A showed only a slight expansion 
during the first 2 weeks of sulfate immersion; howev
er , during the 3rd week there was a sudden increase 
in expansion from about 0. l to 1.0 percent. On the 
other hand for Cement B, a similar increase in ex
pansion did not occur until the 5th week. Visual 
appearance and strength changes in neat cement paste 
cubes also confirmed that the rate of sulfate attack 
was faster on Cement A than on Cement 8. For in
stance, Cement A showed a gradual loss of compressive 
strength on the order of about 10 percent during the 
first 3 weeks of sulfate immersion but, thereafter, 
during the 3-5 week period lost about 33 percent of 
the original strength. On the contrary, Cement B 
showed little strength loss. during the first 3 weeks 
of im~ersion, thereafter, only 6 percent strength 
loss was recorded until the end of the test period. 
Since the strength loss tends to lag behind expansion, 
further strength loss was expected to occur on pro
longing the immersion period. However, it is evi
dent from the test data that Cement A was attacked 
more readily in the . sulfate solution than Cement B. 

The first cracks at the corners and edges of the neat 
Cement A paste specimens appeared at the 18th day of 
sulfate immersion, whicH is consistent with the ex
pansion date. Thereafter, the cracks widened rapidly 
and resulted in surface spalling. The spalled lay~rs 
of the paste were weak and could easily be broken 
with fingers. With- regard to Cement B, after 4 weeks 
of sulfate immersion the cement paste cubes were 
still sound, with sharp edges and corners. A photo
graph of the typical specimens of Cement A and B on 
the 28th day of the sulfate immersion is shown in 
Fig. 3. 

ORTHORHOMBIC C3 A CUBIC C3 A 

FIG, 3 CEMENT PASTE CUBES AFTER 28 DAYS 
SULFATE ItvfvERSION 
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X-ray diffraction analyses of the neat cement pastes 
at regular intervals, both before and after the sul
fate ~mmersion, were carried out in order to explain 
the di'.ference~ between the two cements with regard 
to their behavior on sulfate attack . On hydration the 
1-day old pastes showed ettringite peaks of consider
able intensity from Cement B. whereas no such peaks 
were observed during the same period from hydration 
of Cement A. This showed that the C3A in Cement B 
hydrated faster than the C3A in Cement A. Also, from 
examination of peak intensities for alite and Ca(OH) 2, 
Regourd's (6) observation was confirmed that the rate 
of hydration of alite was closely associated with the 
c3A hydration rate, i.e., relatively more Glite hy
drated in the Cement B paste after 1 day hydration. 
At 3, 7, and 14 days, some ettringite was detected 
in the pastes of Cement A, but at no time the peak 
intensities became as high as they were in the pastes 
of Ce!l}_ent B. Already at 3 days some low sulfate, 
C3A·CSH12• was detected in Cement A, and much higher 
peak intensities of this component were found in the 
7 and 14-day old samples. On the contrary, the low 
sulfate peaks were not detected in the 3, 7, and 14-
day old pastes of Cement B. Interestingly, instead of 
low sulfate, another phase corresponding to 8·66A 
d-spacing (10.2°28, Cu Ka) was observed in the 7 and 
14-day hydr~ted pastes of Cement B. Accordina to the 
ASTM card file, this peak appears to belong to a 
calcium aluminosilicate hydrate of the composition, 
Ca6(AlSi04) 1?:30H?O. · The calcium aluminate hydrates 
ana carboaluminat~ hydrates do not have peaks in this 
position, but other calcium aluminosilicate hydrates 
of the type, c3A. x CaSiOJ.yH?O, may have main peaks 
in this region . . Regourd {6) report~d large zones of 
C1A·3 CaSi03·32H?O around the hydrating cubic CA 
grains, but their identification by X-ray diffr~ction 
analysis was difficult. Thus, assuming that the 8.66 
A peak is due to a calcium aluminosilicate hydrate, 
·it can be concluded that prior to the sulfate immer
sion the main alumina - containing compounds in the 
hydrated paste of Cement B were ettringite and a 
calcium aluminosilicate hydrate, whereas the corres
ponded compounds in the hydrated paste of Cement A 
were ettringite and low sulfate hydrate. This is 

_2.llustrated in Figs. 4-I and 4-II. 

The changes in compound composition as a result of 
sulfate attack on the hydrated cement pastes were 
followed by X-ray diffraction analyses of the outer 
3 mm thick portions of the specimens . During the ' 
first 2 weeks of sulfate immersion, there was no 
change in the intensity of ettringite peaks in the 
pastes of both Cements A and B. At the same time 
there was some increase in low sulfate for Cement B, 
however, there was a considerable increase in the 
intensity of low sulfate peaks for Cement A. After 
two weeks of sulfate immersion, the low sulfate 
peaks in Cement A started to decrease, with a cor
responding increase in the intensity of ettringite 
peaks. It should be noted that a sudden increase in 
expansion of the mortar prisms of Cement A was re
corded during the same period. 

For Cement B, during the first 3 weeks of sulfate 
immersion there was no change in the intensity of 
ettringite and the aluminosilicate peaks. However, 
a gradual increase in the low sulfate peak was 
observed. After three weeks some decrease in the low 
sulfate and the aluminosilicate peaks was recorded 
with a corresponding increase in ettringite. And ' 
this was the same period during which the mortar 
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prisms of Cement B started to show large expansion. 
It appears from the x-ray diffraction data that, 
from the standpoint of expansion and cracking of 
hydrated cements in sulfate solutions, there is an 
initial dormant period associated with increase in 
the 1 ow sulfate hydrate as a result of chemical 
reaction between the sulfate and unreacted aluminates 
~r aluminate hydrates present. This dormant period 
is followed by a period of expansion, cracking and 
strength loss associated with the conversion of the 
l~w sulfate hydrate to ettringite. Also, it appears 
that transformation of the low sulfate nydrate to 
ettringite occurred more readily than the similar 
transformation involving the low aluminosilicate 
hydrate. 

Finally, Fig. 4-III shows X-ray diffraction analysis 
of a sp~lled layer of Cement A after four weeks of 
sulfate immersion. In addition to ettringite and 
low sulfate, gypsum peaks were detected in the 
sample. During advanced stage of sulfate attack for
mation of gypsum.as a result of decomposition of 
C-S-H and Ca(~H) 2 , is acc~mpanied.by . serious weakening 
of the cementing properties. This is why the spallea 
material was weak and easily friable. The diffrac
tion pattern from a spalled layer of Cement B exposed 
to the sulfate solution for 5 weeks also showed peaks 
due to gypsum and ettringite. Although gypsum peaks 
were.Present in the specimen, it was noted that the 
8.66A peak due to the aluminosilicate hydrate was 
still present. This showed that the compound was 
more sulfate resistant than the low sulfate hydrate. 

On the basis of this work the author believes that 
at least three factors were involved in the superior 
sulfate resistance of the cement which contained 



c. A in th·e cubic form alone, and alkalies present 
m~inly as sulfates. Firstly, the higher reactivity 
of the cubic C A, which was further enhanced by 
considerable a~ount of aphthitalite present, was 
responsible for the formation of most of the .poten
tial ettringite during the early hydration period, 
i.e ., within l day. when the cement paste was less 
stiff. Consequently, the tensile stress induced 
would have been low and the ettringite thus formed 
contributed to strength, rather than to disruptive 
expansion . Secondly, since more alite hydrated 
under these conditions this also contributed to the 
higher strength of the paste at the time of sulfate 
immersion (Cement B paste was about l S percent -
stronger than Cement A paste). Finally, the hydra
tion characteristics of the cement containing c3A 
in the cubic- form alone were such that a signifTcant 
proportion of the aluminate was tied up as alumino
silicate hydrate, rather than the aluminosulfate 
hydrate or low sulfate (C A·CSH ). The former was 
found to be more resistant to c6~version to ettring
ite when the hydrated pastes were exposed to the 
sulfate solution. A combination of the three factors 
appears to be responsible for the slower rate of 
sulfate attack on the cement which contained C3A in 
the cubic form alone, as compared to the cement 
containing the orthorhombic c3A. 

CONCLUSIONS 

On the basis of a laboratory study on sulfate resist
ance of two cements having the same compound compo
sition, but with C3A present either in the cubic 
form alone or in predominantly orthorhombic form, it 
is concluded that the rates of expansion, cracking , 
and strength loss associated with ettringite forma
tion in high-C3A portland cements can be affected by 
the crystalline form of C3A , 

Under normal curing conditions it was found that 
the cement containing the cubic c3A alone hydrated 
faster, produced most of the potential ettringite in 
l day, and was 15 percent stronger at the time of . 
immersion in the sulfate solution. Also, the hydra
tion products of this cement, prior to the sulfate 
immersion, contained a complex calcium aluminosili
cate hydrate, which was found to be more resistant 
to sulfate attack than the low sulfate hydrate 
present in the hydration products of the cement 
containing the orthorhombic c1A. A combination of 
these factors appears to be r~sponsible for the 
slower rate of sulfate attack on the cement which 
contai~ed C3A in the cubic form alone, as compared 
to the cement which contained the orthorhombic c3A. 
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Factors affecting sulfate resistance of mortars 

Facteurs affectant la res1~c;tance au sulfate des mortiers 

KATHARINE MATHER, Chief, Engineering Sciences Division, Structures Laboratory, 
U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS 39180, USA. 

SUMMARY The ability of a mortar made using portland cement, fine aggregate, and water to resist attack by 
sulfates is affected by the proportions of the mortar (water-cement ratio and cement content), by the maturity, 
by the amount of tricalcium aluminate in the portland cement, the presence of tricalcium alumincite-sodium oxide 
solid solutions with different structures and reactivities, and hy the composition, reactivity, and amount of 
pozzolan used together with the portland cement. 

Cements investigated included portland cements of Types I, II, III, and V meeting ASTM C lSO, blended cements 
including Type IP's meeti.ng ASTM C S9S that were made from the same clinkers as the Type I's, and Type I's 
blended with pozzolans including fly ashes produced hy burning hituminous, suhbituminous, and lignitic coals, 
calcined natural volcanic glass high in silica, and silica fume. Silica fume forms glassy microspheres that ma y 
contain over 90 percent Si02; it is a by-product of the production of silicon metal. 

Some of the fly ashes produced from subbituminous and lignitic coals replacing 30 percent by volume of cements 
increased the expansion of mortars containing the blends when stored in sulfate solutions. This behavior 
reflects Si02 below SO percent, Al 203 16 to 26 percent, and Cao S to 30 percent. Other investigations show that 
Al203 and CaO in the fly ash glass are readily available to form ettringite. With cement of lower C3A content 
some of the subbituminous and lignitic fly ash blends improved the sulfate resistance of mortars, except when 
Si02 in the fly ashes was 38 percent or less. 

Type IP blended cements made with portland-cement clinkers containing up to 11 percent calculated c
3

A and about 
20 percent fly ash show substantial improvement in sulfate resistance of mortars compared with Type I cements 
made from the same clinkers . 

RESUME La resistance au sulfate des mortiers est affectee par le rapport eau/ciment et la teneur en ciment 
(dont il n'est pas parle) ainsi que par la quantite d'aluminate tricalcique clans le ciment portland, la 
presence des solutions solides du sodium dans l'aluminate tricalcique de structures et de reactivites differentes, 
pa~ la composition, la metastabilite thermique et la quantite de pouzzolane employee pour remplacer une partie 
du ciment portland clans le but d'augmenter la resistance au sulfate du mortier. 

Les ciments hydrauliques etudies comprenaient les Types I, II, III, et V repondant a la specification ASTM C lSO, 
les ciments de Type IP repondant a .la specification ASTM C S9S fabriques a partir des . memes clinkers que les 
ciments de Type I, et du Type I comportant de la pouzzolane, y compris les cendres volantes produites par la 
combustion de charbons bitumineux, subbitumineux et lignitiques, le verre volcanique naturel calcine a haute 
teneur en silice et les fumees de silice. Les fumees de silice forment des microspheres vitreuses pouvant 
contenir plus de 90 pour cent de Si02 ; elles sont un sous-produit d~ la production de metal au silicium. 

Les cendres volantes ~roduites par les charbons subbitumineux et lignitiques rempla~ant 30 pour cent du volume 
des ciments a haute teneur en C3A cubique augmenterent 1 'expansion due au su]fate de sodium des mortiers contenant 
les melanges. Ce comportement represente Si02 au-dessous de SO pour cent, Al203 de 16 a 26 pour cent et CaO 
de S a 30 pour cent. D'autres analyses indiquent que Al

2
o

3 
et CaO presents clans le verre de cendre volante 

peuvent permettre la formation d'ettringite. Dans le cas des ciments a plus faible teneur en C3A cubique les 
melanges de cendres volantes subbitumineuses et lignitiques ameliorent la resistance au sulfate des mortiers, 
sauf lorsque la proportion de Si02 clans les cendres est de 38 pour cent ou mains. Les effets de melanges de 
C3A cubique et orthorhombique I et de C3A orthorhombiques OU tetragonaux seront egalement etudies. 

Les ciments melanges du Type IP produits a partir de clinkers contenant jusqu' a 11 pour cent de c
3

A calcu 
environ 20 pour cent de cendres volantes demontrent une ame1.ioration sensible clans la resistance au ·sulfat 
mortiers par rapport aux Types I produits a partir des memes clinkers. 
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INTRODUCTION 

The chemical resistance of pastes, mortars, and con- . 
cretes made using portland cement is affected by the 
proportions of the mixture (water-cement ratio and 
cement content), by the presence and amount of various 
solid solutions of C3A with different structures and 
containing Na 2o, K2o, Sio2 , Fe 2o3 , MgO, etc. If a 
pozzolan is used together with the portland cement, 
its composition, reactivity, and proportion in the 
mixture will affect for good or evil the sulfate 
resistance of the sys~em. 

CEMENTITIOUS MATERIALS 

In the work upon which this paper is based, the sul
fate resistance of mortars containing portland cements 
complying with the requirements for Types I, II, III, 
and V of ASTM C 150-78, Standard Specification for 
Portland Cement, and also cements complying with the 
requirements for Types IP and IS of ASTM C 595, 
Standard · Specifications for Blended Hydraulic Cements, 
w2re investigated. In most cases we were able to 
~est the Type I and the Type IP and the Type I and 
Type IS sampled at the same time from the same plant. 
We also tested four bituminous fly ashes, three sub
bituminous fly ashes, four lignitic fly ashes, a cal
cined natural volcanic glass, a glassy silica fume of 
high silica content that is a waste product in the 
production of silicon metal, and a sample of Santorin 
earth. Some of the materials studied are not reported 
on here. 

MORTARS 

The mortars were made with one part of cement to 2.75 
parts graded standard sand to 0.485 parts of water, 
by weight. When other materials were used, the water 
content was changed until the flow of the mortar was 
equal to that of the mortar containing portland 
cement alone. Reductions were necessary with some of 
the portland-pozzolan cements; one pozzolan having 
very high surface area increased the water-cement 
ratio by about 3 percent. 

TEST SPECIMENS AND INITIAL TESTS 

All the specimens cast were 25.4 mm by 25.4 mm by 
285.8 mm long with gage studs at both ends. All were 
cured for 24 hr in sealed molds in water at 35° ± 3°C, 
then removed from the molds. The initial gage length, 
254 ±_ 2.5 mm, was determined; the fundamental trans
verse frequency was measured, and the bars were cured 
in water saturated with CH at a temperature of 23° + 
l.7°C. The same procedure was used for curing cube; 
of the same mortar which were broken in compression 
at various ages until the cubes reached the desired 
strength at which age the mortar bars were to be 
placed in 0.352 molar Na2S04 solution. Before the 
bars were placed in sulfate solution, the length and 
fundamental transverse frequency of each b~r was again 
measured. The strengths at which the bars were placed 
in sulfate solution were equalized as well as possiblP. 
so that cements compared in the test for sulfate
resistance would be at the same maturity as measured 
by compre.ssive strength. The first tests were made 
with bars having a compressive strength of 27.6 + 
1.4 MPa as measured in equivalent cubes; the next 
series at 24.1 + 1.4 MPa; the final choice of 
strengths was 20.7 + 1.0 MPa. The decision to . lower 
the strength level ;as made because many portland, 
portland-pozzolan, and several portland blast-furnace 

slag cements survived the test for one year and did 
not fail by breaking although they expanded well over 
1.0 percent of the gage length. There thus seems to 
be a wide variation in the strain capacity of mortar 
bars made with different portland, portland-pozzolan, 
and portland blast~furnace slag cements as well as 
among those made using blends of different portland 
cements with 30 or 35 percent replacement of cement 
by absolute volume of pozzolan. 

LATER TESTS 

The bars were subsequently measured for length change 
and tested for fundamental transverse frequency at 
7, 14, 21, 28, 56, and 90 days: Thereafter the 
schedule for measurements was adjusted to the rate at 
which the expansion was increasing and the relative 
dynamic modulus of _each group of mortar bars was de
creasing. Each time the bars were measured, the sul
fate solution was changed and since the measurement 
interval was not constant throughout the test it was 
not to be expected that a constant amount of sulfate 
was available to attack the bars during each interval 
between readings. The volume of sulfate solution to 
bars was maintained at 3.9 to 1 throughout the test. 

FAILURE CRITERIA 

The criterion for failure by ~ncrease in length was 
chosen as 0.10 percent; some cements failed by having 
all of the mortar bars break at expansions which were 
not determined because the failure occurred between 
two readings and we only know for example that after 
an expansion of 0.44 percent at 28 days every bar was 
broken at 56 days, the time of the next reading. The 
earliest failures by fracture of any of the bars took 
place at 28 days. Failures by fracture occurred 
thereafter at ages up to 180 days, but there was a 
tendency among the portland cements for failures to 
occur at relatively low expansions at ages below 90 
days or for failures to occur at markedly larger 
expansions where the bars would already have been 
judged to have failed simply on the basis of expan
sion. 

TRICALCIUM ALUMINATE DETERMINATIONS 

We investigated the form of c3A or c3A solid solution 
with sodium oxide, potassium oxide, magnesium oxide, 
or silicon dioxide (1) by X-ray diffraction using a 
diffractometer with nickel-filtered copper radiat.ion.; 
in all cases the portion of the cement examined had 
been treated with maleic acid in methanol solution 
3tirred for 30 min and then filtered (2). 

We have followed the method in Appendix A of 11ander 
et al (2) except that we use as-received cement 
samples and stir for 30 min in the maleic acid
methanol solution, followed by vacuum filtration over 
a small piece of nylon stocking under No. 50 Whatman 
filter paper in a Buchner funnel, three washes with 
methanol, and evaporation to free-flowing dryness 
under an infrared lamp. Sulfates are removed by a 
10 percent solution of ammonium chloride in water, 
stirred at laboratory temperature with a magnetic 

.stirrer for 45· min, filtered, and evaporated to free
flowing dryness as are the maleic-acid residues. 
Mander et al (2) and Regourd, Chromy, et al (4) pro-
vide X-ray diffraction spacings for cubic and ortho- I_ 

rhombic c3A and solid solutions of c3A and sodium 
oxide. Regourd and Guinier (5) provide more informa
tion; we have assumed that Orthorhombique II mentioned 
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by Regourd et al (4) is equivalent to "Monoclinic'' in 
Regourd and Guinier (5) and Maki (6) except for the 
necessary difference~ in indexing. Like Kristmann (7) 
the diffractometer available to us resolved doublets 
in the relevant angular ranges of c3A and solid solu-

. tions in c
3

A but, did not resolve triplets. Therefore, 
we used in our separations of c

3
A the lines in the 

angular .region from 21 to 21.84 degrees two-theta. As 
a consequence we believe that the separation of cubic 
c

3
A from other c

3
A is reliable as is the absence of 

c3A from the maleic aci.d residue. The distinction of 
tne cubic and orthorhombic or tetragonal c

3
A from 

orthorhombic and tetragonal or orthorhombic or tetra
gqnal we suspect may be less reliable. 

EFFECTS OF TRICALCIUM ALUMINATE CONTE~T 

Initially let us consider cements in which no c
1

A was 
detected by X-ray diffraction. Five such portland 
cements were found. Only one had been tested for one 
year and it had expanded only to 0.065 percent at that 
time. The · other four cements in which no CA was de
tected have been tested . to 180 days at whic~ time one 
which contains 4.53 percent M by chemical analysis has 
expanded to 0.085 percent, although it may expand more 
than 0.10 percent at one year, the influence of the 
periclase content hydrating to Mg(OH) 2 is believed to 
be the significant feature explaining the ~xpansion 
of this cement. All of the other three cements con
tain less possible periclase. Six cements were recog
nized as containing orthorhombic or tetragonal or 
orthorhombic and tetragonal c

3
A. These include one 

which in one year reached an expansion of 2.88 percent 
in mortar bars. 

The strain capacity (i.e., the increase in length 
without fracturing) of this particular cement was the 
largest shown by any of the portland cements tested. 
~nother cement reached an expansion of 0.861 percent 
at 146 days but was not measurable at 180 days. 
Clearly, the strain capacity was substantial but well 
below that of the cement just discussed. Three other 
cements reached expansions over 0.10 percent by 180 
days. One of those which exceeded 0.10 percent at 
180 days contained 4.16 percent M by chemical analy
sis. The sixth cement which contains slightly over 
2 percent M expanded to 0.057 percent at 180 days. 
The question of the strain capacity of the mortar 
bars of four of these cements has not yet been 
answered since all are still under test and none in 
the four sets has fractured. Cements containing 
cubic and orthorhombic or tetragonal c3A or cubic c3A 
and one of the other two forms in this group made up 
eight cements. Seven of those tested have failed by 
exceeding 0.10 percent expansion and three have failed 
in fracture, two at quite low expansions, and the 
others at expansions above 0.58 percent. 

Seven portland cements contained only cubic c
3

A. One 
of these reached an expansion of 1.77 percent at 365 
days with no mortar bars broken. Another at 90 days 
had expanded to 0.61 percent with four mortar bars 
broken. Another has achieved the same expansion at 
180 days without any failures by fracture. A fourth 
expanded to 0.29 percent at 90 days and was unreadable 
at 146 days. A fifth has expanded beyond 0.20 per
cent at 180 days without failures in fracture. Two 
other cements have not failed. One is expected to 
because although it contains the least cubic c3A 
detected it also contains 3.63 percent M by chemical 
analysis and has expanded to 0.085 percent at 180 
days. While we endeavored to find out which sub
stances were present in the 26 portland cements 
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tested, our tests so far suggest, but do not confirm, 
the opinions of Regourd and Chromy et al (4) that 
cubic c3A is more active than the forms with denser 
packing. Certainly the amount of C3A in the cement as 
ranked by X-ray diffraction.is not invariably corre
lated with maximum expansion, usually because . the 
cements with the highest C3A contents also are cements 
of quite rapid strength gain and low strain. capacity, 
so that they may fail in 56 to 90 days by exceeding 
0.10 percent expansion and by having all of the mortar 
bars fail in fracture. 

BEHAVIOR OF PORTLAND-P07.ZOLAN CEMENTS 

A_comparison has been made between c3A an? solid solu
tions of the several crystal forms ranked by relative 
amount and the companion IP cements made with the same 
portland cement clinker and an addition ranging from 
15 to possibly.25 percent of fly ash in the cements 
containing the most cubic c

3
A. In the group of port

land cements containing the largest amounts of cubic 
c

3
A and their companion IP cements, all of the port

land cements failed by expanding from 0.289 percent at 
90 days where all fractured, up to as much as 1.77 per
cent where the bars survived to one year but relative E 
had fallen to 57 percent. Only one of the three com
panion IP cements expanded as much as 0.10 percent. 
One reached one year with an expansion of 0.035; it was 
the companion of the portland cement that expanded 1.77 
percent. The other two cements are still under test 
with no appar.ent relation between the expansion of 
their companion portlands and those of the IP's. In 
the group of cubic c

3
A cements, one portland with a 

relatively low amount of c
3

A has a companion IP. T:he 
portland had expanded 0.61 percent at 180 days while 
the IP expanded 0.06 percent at the same age. In the 
group containing ~ubic and either orthorhombic or tet
ragonal c 3A solid solution or both, two portland 
cements have in one case two companion IP cements, one 
made with fly ash and one exper~mental cement with 
bottom ash. The other portland cement had a companion 
portland blast-furnace slag cement. The portland with 
IP companions is still under test but has substantially 
exceeded the failure criterion of 0.10 percent expan
sion. The companion JP still under test at the same 
age as the portland h~s expanded 0.08 percent while 
the experimental cement with bottom ash has already 
expanded over 0.90 percent at the same age. The port
land cement with the companion portland blast-furnace 
slag cement expanded over 1 percent and failed by 
cracking and warping at 146 days with a relative E of 
49 percent. The portland blast-furnace slag cement. 
reached an expansion of 0.08 percent at 292 days and 
was terminated. Among cements containing relatively 
small amounts of cubi.c and orthorhombic or tetragonal 
c 3A or solid solutions one Type I cement survived to 
an age of one year at an expansion of 1.40 percent; 

. thP- companion cement expanded 0.43 percent at one year. 
The second portland cement is still under test but has 
exceeded the failure criterion of 0.10 percent expan-· 
sion. It had two companion IP cements with different 
amounts of fly ash in each. One has ~nded 0.04 per
cent and the other 0.05 percent at the same age as the 
portland; all three are continuing.in test. In cements 
containing orthorhombic or tetragonal solid solutions 
or .both one cement containing an intermediate amount 

-Gf total c3A expanded to 2.9 percent at one year with 
a relative E of 64 percent at that time. Its compan
ion IP expanded 0.11 percent at one year with a rela
tive E of 150 percent. Within the same group ' of c

3
A 

solid solutions one containing a relatively small 
amount of total c

3
A expanded 0 .. 10 percent at 280 days 

and is still in test. Its companion which has been in 



test for 180 days has expanded 0.05 percent. In t~e 
same group of c

3
A solid solutions the cement co.ntain

ing the least total aluminate phase has expanded to 
o .86 percent at 146 nays and was thereafter unr:adab~e. 
Its companion IP has expanded 0.14 percent and is still 
under test. Summarizing these results shows that out 
of a total of 12 portland cements with companion 
blended cements, a lmost all blended with fly ash, 11 
of the blended cements had expansions substanti~lly 
reduced from . those of the portland cements but in one 
case the addition of fly ash increased the total ex
pansion but prolonged the life of the blended cement 
mortar bars from 90 days when all of the portland 
cement bars had broken to 270 days and the blended 
cement is still under test. Thus we have a clear case 
for the utility of Type IP cements. 

BEHAVIOR OF BLENDS WITH HIGH-SILICA POt.:ZOLANS 

Thre e cements: RC 756 with 14.6 percent c 3A as calcu
lated from chemical composi tion, RC 714 with 13 . 1, and 
RC 744 with 9.4 were tested alone and with 30 percent 
replacement by solid volume of each of two high-silica 
pozzolans. The C A in 756 was indicated by X-ray dif 
fraction to he cu~ic, that in 714 and 744 to be cubic 
and o rthorhombic. The high- si lica pozzolans were AD 
518, a ca l cined volcanic glass, and AD 536, a silica 
fume. 

As shown on Fig. 1, the three cements t ested alone 
behaved as follows: RC 714 showed 0.515 percent ex
pansion at 56 days and all the bars disintegrated 
before the next test age; RC 756 showed 0.868 percent 
expansion at 90 days and all the bars disintegrated 
before the next test age; and bars made with RC 744 
all survive<l to 365 days at which time the expansion 
was 0.808 percent after which the bars began to warp. 
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Figure 1 

With 30 percent silica fume (AD 536) . the expansions 
at )65 days with the three cements ~ere insignificant 
and insignificantly different: 0.019, 0.016, and 
0.018, respectively. With 30 percent calcined volcanic 
glass the expansions with the three cements remained 
in the order of expansion of the cements alone but 
were well below failure at one year being o.n57, 0.041, 
and o.n34, respectively. It is concluded that either 
of these two pozzolans at 1n percent replacement can 
effectively control sulfate expansion using any of 
these cements in this test; the silica fume is more 
effecfi_ve and equally effective with all three cements. 
The volcanic glass still allows the cements to manifest 
their inherent differences in sulfate resistance but 
the expansion is at an innocuous level in all cases. 

BEHAVIOR '2I _<::;m1ENT -714 WITH FLY ASHES 

Cement 714, by itself survived to 56 days, had expanded 
then 0.515 percent, and then disintegrated (Fig. 2) . 
When replaced by 30 percent of each of eight fly ashes 
the effects varied. With fly ash 509 the specimens 
onlv survived 28 days after which they disintegrated, 
hut - at 28 days the expansion (0.040 percent) was less 
than when 511 was used. With fly ashes 506, 510, 511, 
and 511 the bars survived to 56 days but with widely 
different expansions at that point (0.427, 0.229, 
0.417, and 0.056, respectively) and then disintegrated. 
With fly ashes 505, 507, and 512 the bars survived to 
90 days, again with widely different expansions (1.167 , 
1.172, and 0.385, respectively). It is concluded that 
none of the eight f l y ashes tested would control sul
fate expansion of this cement in this test at 30 per
cent replacement. It is not positively shown however 
that any of the eight fly ashes made sulfate resistance 
significantly worse than it was when the cement was 
used alone. 
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BEHAVIOR OF CEMENT 7S6 WITH FLY ASHES 

Cement 7S6, by itself survived to QO days at which 
time its expansion was 0.867 (Fig. 3). When replaced 
by 30 percent of each of eight fly ashes, as was to be 
expected, the effects varied. Five of the fly ashes 
had an adverse effect on sulfate resistance. In four 
cases the specimens only survived S6 days at which 
time their expansions were: 

S06: 0.634 
S09: 0.20Q 

SlO: 
Sl3: 

o. 276 
n.031 

In the fifth case, with SOS, the bars survived to 90 
days but with higher expansion (O.Q39) th;n the cement 
by itself. In the other three cases the bars survived 
as long as the cement by itself, but no longer, and 
had lesser but still large expansions (0.1Q9, o.1q2, 
and O.SOO). It is concluded that none of these fly 
ashes will control sulfate expansion of this cement 
in this test at 30 percent replacement; five of the 
eight actually make the system less sulfate resistant. 
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BEHAVIOR OF CEMENT 744 WITH FLY ASHES 

Cement 744, by itself survived to 36S days (Fig. 4), 
at which time its expansion was 0.808 percent. When 
replaced by 30 percent of each of eight fly ashes the 
effects varied. In contrast to the behavior of these 
fly ashes with cement 714, here two of them (SlO and 
Sl3) did significantly increase the sulfate suscepti
bility of the system; with both of these fly ashes the 
specimens only survived to 202 days. With all the 
other six fly ashes the specimens survived to 36S days 
and, in all cases, with reduced expansions as compared 
with cement 744 by itself. However only with SOS and 
Sl2 was the 'expansion at 36S days reduced below 0 .10 
percent, the failure criterion. It is concluded that 
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of the eight fly ashes, the use of two made the sulfate 
resistance worse, with two others the sulfate expansion 
was reduced to a possibly tolerable amount, and with 
the other four expansion was reduced but by not suffi
cient to provide protection in the test. 
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Based on the behavior of these ten pozzolans with the 
three cements (714, 7S6, 744), they may be ranked from 
best to worst with regard to their effects on sulfate 
resistance as follows: 

With Cement W~ighted 

714 7S6 744 Average 

Best S36 S36 S16 S36 (silica fume) 
Sl8 Sl8 Sl8 Sl8 (volcanic glass) 
512 Sl2 Sl2 Sl2 (subbituminous) 
sos Sll sos sos (sub bituminous) 
507 S07 S07 507 (subbituminous) 
Sl1 sos Sll Sll (bituminous) 
s1n 513 SQQ 513 (lignite) 
Sll 5oq S06 509 (lignite) 
S06 s1n Sl3 SlO (lignite) 

J.[orst 509 S06 SlO S06 (lignite) 

CONCLUSIONS 

1. .Although it is possible by the use of an X-ray dif
'fractometer to separate cubic c3A from solid solutio~s 
of c3A with alkalies and silica when the solid solutions 
have crystal structures other than cubic, without spe
cial provisions to improve resolution of the use of 
monochromatic radiation, the separation of cubic from 
not· cubic is the most reliable unless a step-scanner· 



can be used on the diffractometer or a Guinier camera 
is available. 

2. The cubic and orthorhombic I group following the 
nomenclature of Regourd, Chromy, et al (4) is probably 
the next most reliable separation as made with a dif
fractometer, on the basis of the experimentation by 
Maki (6) that shows that the partial solid solution in 
cubic c

3
A passes with increasing substituents into 

mixed cubic and orthorhombic solid solutions as the 
substituents increase to a level of 7 percent Na2o, 
modified in commercial portland cements by the S102 
content and K2o content. 

3. We had hoped in this work to provide evidence to 
support or refute the belief of Regourd, Chromy, et al 
(4) that cubic c

3
A should be more reactive than any of 

the solid solutions with Na
2
o which have denser struc

tures. However, our results are not clear regarding 
this particular question because it developed that 
bars made using mortars prepared in accordance with 
ASTI'I Designation C 109 with constant water-cement 
ratio and proportions proved to have very different 
st~ain capaci ties, probably as a consequence of the 
rate of strength gain of the cements .even when the 
c

3
A contents were similar. For e'xample, cement 7S6, 

containing the most cubic c
3

A of any of the cements 
we tested (14.6 percent c

3
A calculated from chemical 

anal ys i s ) in mortar bars exposed in S percent Na 2so
4 

solution s urvived to 90 days and reached an expansion 
of 0.868 percent; the bars disintegrated before the 
next reading. When that cement was replaced by 30 
percent by volume of each of eight fly ashes, the 
expansions were reduced in four cases but failure by 
disintegration of the hars took place earlier than 
that of the cement; in one case the.bars survived as 
long as the cement by itself but the expansion was 
greater. In three other cases the bars containing 
fly as h survived as long as the bars containing the 
straight portland cement but disintegrated at lower 
expansions. In this group, only one fly ash increased 
the strain capacity. Cement 714 contained 13.1 per
cent c

3
A, a smaller amount than in cement 7S6. In 

C log mortar bars it expanded to O.SlS at S6 days and 
then disintegrated. As compared with cement 7S6, it 
had less strain capacity because the hars disinte
grated earlier at~ lower expansion. Tf it were pos
sible to exchange the cubic c

3
A of 756 with the lower 

cubic and orthorhombic c
3

A of 714, leaving the rest 
of each cement as it was~ would the greater strain 
capacity of 7S6 with the c

3
A of 714 lead to a larger 

expansion of that combination before the bars disinte
grated? Would the smaller strain capacity of 714 be 
further decreased by the larger amount of cubic c

3
A 

from 7S6? Does strain capacity in suifate exposure 
depend on the formation of ettringite and gypsum and 
the development of tensile strength and creep capacity 
all pari passu? Does failure by <lisintegration occur 
when expansion, strength gain, and creep depart in 
rate from each other by more than a certain, at present 
unknown, rate? Cement 744, with 9.4 percent cubic 
plus orthorhombic c

3
A, less than either 7Sn or 714, 

survived in bars exposed in sodium sulfate to 36S days 
when it had expanded to 0. 81 percent. Two fly ashes 
increased the sulfate susceptibility; one caused 
earlier failure at lower expansion and the other fail
ure at 36S days at lower expansion. Cement 744 is 
concluded to have the greatest strain capacity of 
these three cements, but contained less c

3
A. 

4. Because we did not find ceme~ts of equal c
3

A con
tent in the cubic, cubic and orthorhombic I, and 
orthorhombic or tetragonal, or orthorhombic or 

tetragonal groups, and we did find cements of equal 
strain capacities in these groups, we can neither con
firm nor refute the belief of Regourd, Chromy, et al 
(4) that cubic c

3
A is more reactive than solid solu

tions of other crystal forms. 
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Mechanism of sulfate expansion : A reappraisal of literature 

Mecanisme de /'expansion due au sulfate: une reestimation 
de la litterature 

S. CHATTERJI, M. Sc., D. Phil., Research Scientist. H + H-INDUSTRI A/S, Lyngby, Denmark 

SUMMARY : The expansion of Portland cement concrete due to S0 4 ion attack has been attributed either to 
ettringite formation or formation of monosulfate from pre-existing C4AH . The two mechanisms can be distinguished 
by noting whether the expansion follows ettringite formation or if it continues even when the proportion of 
ettringite is decreasing. The relevant literature has been critically surveyed to ascertain the validity of 
either of the above relationships. In this survey a distinction will be made between fr Ee expansion and expansion 
against a constraint . 

The literature on free expansion: Chatterji has noted that in a C3A-gypsum-Ca(OH) 2 paste expansion can occur even 
when ettringite was disappearing Analyses of quantitative results of Greening as well as Sauman show that most 
of the expansion occurs when ettringite is disappearing . 

The literature on expansion against a constraint: Mehta has done extensive work on this aspect using all types of 
expansive cements. Analyses of his papers show that: 

(i) Mand S type expansive cements develop about half the total expansion at ma ximum ettringite content; the 
rest occurs when ettringite is disappearing. 

(ii) in K type expansive cement a third of the total expansion occurs by the time free CaS04 has reacted. 
During the rest of expansio~ ettringite and some unstated calcium aluminate hydrate, in the ratio 1:8, 
form from C4A 3S. 

(iii) Hydration of C4A3S in the presence of Ca(OH) 2 yields monosulfate and C4AH, . 
(iv) The expansion continues when either ettringite is decreasing and / or monosdlfate is forming. 
It is to be noted that ettringite causes no expansion in a sulfate resistant Portland cement . 
The role of ettringite in sulfate expansion is uncertain especially as a number of workers, including Mehta, have 
reported the formation of hexagonal aluminate hydrate even when gypsum is present in the system. In other words, 
even the early expansion of expansive cements may ber due to monosulfate formation. It is to be noted that in a 
sulfate resistant Portland cement monosulfate does not form. 

RESUME: L1 expansion du beton de ciment Portland due al 'action d~ions S0 4 a ete attribuee soit . a la formation 
d 1 ettringite, soit a la formation de monosulfates a partir de C4AH pre-existant. Que l 'expansion suive la for
mation d 1 ettringite ou bien qu'elle continue pendant que la propor~i on d 1ettringite diminue, il est impossible 
de di sti nguer entre l es deux mechani smes . Les ouvrages pertinents sur ce sujet ont He soumi s a une _lecture 
critique pour assurer la validite des deux relations decrites plus haut . Dans cette etude nous ferons une dis
tinction entre l 'expansion libre et l 'expansion soumise a une contrainte. 
Les ouvrages sur l 'expansion libre: Chatterjj a remarque que dans un C3A-pl&tre-Ca(OH) 2 il peut se produire unc 
expansion de la pate, m~me pendant la disparition de l 1 ettringite. Les analyses des resultats quantitatifs ob
tenus par Greening et Sauman montrent que la plus grande partie de l'expansion se produit quand l 1 ettringite 
di sparait. 
Les ouvrages sur l 'expansion soumise a une contrainte: Mehta a fait une etude approfondie sur ce sujet en utili 
sant diff~rents types de ciments expansifs . Une analyse de son travail montre que : 

(i) Les ciments expansifs de type Met S developpent la moitie de leur expansion totale quand la teneur en 
ettringite est maximale. Le reste se produit quand l 1 ettringite dispara1t . 

(ii) Les ciments expansifs de type K developpent un tiers de leu_r expansion totale pendant le temps de reaction 
du CaS04 libre .. Pendant le reste de l 1 ex.e.ansion, il se forme de l 1 ettringite et des hydrates d 1 aluminate 
de calcium indetermines a partir de C4A 3S dans le rapport l :8. 

(iii) L'hydratation du C4A 3S en presence de Ca(OH) 2 forme des monosulfates et du C4AH . 
(iv) L1 expansion continue quand l 1 ettringite diminue et/ou quand il ya formation de monosulfate. 

11 faut remarquer que l 1 ettringite ne cause pas d 1 expansion dans les ciments Portland resistants aux sulfates . 
Le r6le de l 1 ettringite dans l 'expansion des sulfates est hypothetique, notamment depuis que Mehta et d 1 autres 
ont constate une formation d 1 aluminates hydrates hexagonaux, m~me en presence de pl&tre dans le systeme. Autre
ment dit, l 'expansion du debut des ciments expansifs peut @tre due a la formation de monosulfate. On remarquera 
qu'il ne se forme pas de monosulfate dans les ciments Portland resistants aux sulfates. 
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It is known that structures containing some 
ty~es of calcerious cements expand and 
disintegrate when exposed to sulfate bearing 
water. For both economic and scientific 
r easons, the processes leading to the above 
breakdown, also known as sulfate expansion, 
have been extensively studied. It is a 
commonly held belief that the expansion is 
related to the formation of calcium sulfo
aluminate hydrate . There are two calcium 
sulfoaluminate hydrates namely monosulfate 
(low sulfoaluminate) and trisulfate 
(ettringite); and each of these has been 
impl i cated in sulfate expansion. The main 
object of this paper is to critically 
evaluate the relevant literature in order to 
differentia~e between the two conflicting 
hypotheses. 

As a preliminary to this evaluation it is in 
order to recapitulate the salient points of 
the two opposing hypotheses . 
(1) The hypothesis involving monosulfate: 
This hypothesis postulates that in a 
hydrating paste, C4AH 1 3 for~s from alumina 
bearing phases . If exposed to S04 ions 
C4AH 1 3 first changes over to monosulfate by 
an ion-exchange process. When S0 4 ion 
concentration increases, monosulfate changes 
ove r to ettringite by a "through-solution" 
pr ocess. The conversion of C4AH 1 3 to mono
sulfate is accompanied by a volume expansion. 
Depending upon the presence or absence of 
excess Ca(OH) 2, the hardened paste may or 
may not expand. The formation nf ettringite 
may give rise to second order expansive 
forces (1). 

(2) The hypothesis involv i ng ettringite : 
According to this hypothesis the formation 
of ettringite from alumina bearing phases is 
r esponsible for the expansion. The exact 
mechanism by which ettringite causes the 
expansion has been variously attributed to 
(a) a solid state formation of ettringite 
(2 , 3), (b) a crystal growth pressure (4), 
(c) an adsorption of water by colloidal 
ettringite which forms in the presence of 
Ca(OH) 2 (5) . More will be said about each of 
the above explanations later on . However it 
is generally been accepted that the presence 
of free Ca(OH) 2 is necessary for expansion 
( l '2 '5) . 

Si nce both the hypotheses accept ettringite 
as the stable calcium sulfoaluminate hydrate 
in the presence of excess or stoichiometric 
amounts of sulfate, its presence under these 
circumstances does not constitute evidence 
for or a~ainst any of these hypotheses . 
Moreover, as in one of the hypotheses the 
formation of monosulfate has been given a 
role analogous to that of free radicals in 
organic reaction mechanisms, an appropr i ate 
experiment has to be performed to reveal its 
i mportance . The two hypotheses can be 
differentiated by 
( i ) a continued expansion when ettringite 

fo~mation has stopped especially when 
it is disappearing or disappeared . 

(ii) the absence of expansion in a system 
containing excess Ca(OH) 2 in which 
ettringite but not monosulfate form. 

The relevant literature on sulfate expansion 
has been critically surveyed keeping the 
above two criteria in mind . In this 
evaluation a distinction has been made 
between free and restrained expansion 
measurements . 

(A) Literature on the free expansion 
measurements : 

It appears that Chatterji was first to 
report that in C3A-Ca(OH) 2-gypsum-wa t er 
system, expansion continues even when 
ettringite is disappearing and monosulfate 
is forming (1). -However a similar inference 
can be drawn from Meissener's work on 
sulfate unsoundness of cement (6). Meissener 
had added upto about 4 . 9% 50 3 to different 
types of cements and measured lengths of 
wet cured mortar prisms made with those 
cement samples. Unsoundness appeared by 
about 90 days, long after all gypsum had 
been consumed. 
Matousek and Sauman have reported the 
expansion characteristics of expanding 
cements based on Portland cement, 
metakaolinite and gypsum (7) . 

2 J S 1 fD I+ 21 

FIG. 1 

Influence of the addition of meta kaolinite on the volume changes 
of the cement with a con s tant gyps um content (10%) . 

Fig. 1 has been taken from their paper. A~ 
analysis of the results (8) indicated that 
in the mixture containing 20 % metakaolinite, 
complete consumption of gypsum had occurred 
between 7 and 10 days. From Fig . . l it can 
be seen that the expansion continued upto 
the 14th day i . e. even after ettriogite 
formation had stopped. The last 20 % or so 
expansion occurred against a higher cohesive 
strength of the cement i.e. the expansive 
force was stronger than that at the 
beginning. 
However, the most interesting results. are 
those of Seligmann and Greening (9). These 
authors measured volume changes of wet 
pastes a g a i ns t a s ma l l Hg head i n the system 
C3A-£a(OH) 2- gypsum having varying S03/Al203 
ratios; they also followed their hydration 
by using an x- ray diffraction technique. 
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Fig. 2 
Expansion characteristics 

of C3A-CaS04-Ca(OH) 2 pastes 

~8 

Fig. 2 shows their volume expansion results. 
In the figure 1/2 etc~ denote S0 3/Al 20 3 
ratios . In . the mixture 1/4 it took about 6 
hours for the complete consumption of gypsum 
and that of ettringite about 9 hours . 
However from Fig. 2 i~ can be seen that the 
expansion continued upto about 40 hours; 
moreover it also shows that only a minor 
fraction of the total expansion occured 
whilst ettringite was forming .and most of 
the expansion occured whilst it was 
disappearing. This is also true for the 
mixture marked 3/4. The authors stated "The 
expansion continued during stages II 
(consumption of ettringite to form 
monosulfate) and III (formation of 
monos~lfate-C 4 AH x solid solution) hydration 

The results of Seligmann and Greening and 
Chatterji are of particular interest as the 
expansion could not be attributed to any 
other compound and they show that expansion 
occurs when ettringite is disappearing and 
monosulfate or its sol.id solution is forming. 

(B) Literature on restrained e~pansion: 
On this aspect Mehta and his co-workers have 
done extensive work using both pure 
components and expansive cements of different 
types. 
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Fig. 3 
Expansion characteristics 

of expansive cements 

Fig. 3 and table l have been taken from one 
of their papers (10). In this paper Mehta 
and Lesnikoff have studied the expansion 
characteristics of water cured pastes of K;M 
and S type expansive cements as·well as 
their hydration reaction by x-ray 
diffraction technique. The expansive cements 
were produced by grinding small amounts of 
expansive agents with Portland cement 
clinker. Analyses of these results will 
start with S type cement and end with K type 
cement. 

(i) S type expansive cement: Table l shows 
that ettringite had reached its ma x imum 
proportion in between 7 and 10 days. The 
~roportions of ettringite and C3A decreased 
between 10 and 14 days. Fig. 3 shows that 
about half of the total expansion occurred 
by 10 days and the expansion continued 
thereafter apparently with acce.leration . In 
other words the later part of the exp ansion 
and disappearence of ettringite occurred 
s i rr.u l ta neou ·s l y. 

(ii) M type expansive cement: In this cement 
the proportion of ettringite was highest on 
the 3rd day. Thereafter its proportion 
decreased as did those of C3A and CA . Fig. 3 
shows th~t about half of the observed total 
e~pansion occurred by the 3rd day and the 
rest subsequently. Here again the expansion 
continued whilst ettringite was disappearing. 

This cement deserves further attention. In 
this case, the complete consumption of CaS0 4 
took about 3 days. In the presence of excess 
Ca(OH) 2, the continued hydration of C3A and 
CA must have produced C4AH . Mehta has 
previously shown that C4AH x reacts very fas i 
with ettringite to produce xmonosulfate (11). 
For some unknown reasons Mehta and Lesnikoff 
could not detect the formation of 
monosulfate or C4AH until about 14 days. 
Thus half of the total expansion was 
occurring concurrently with th~ · 
disappearance of ettringite and formation of 
C4AH x and/or monosulfate. 

(iii) K type expansive cement: · This is a 
very interesting case. Table l shows that 
Cao was completely hydrated by 6 hours and · 
in the 24-hout sample no free CaS0 4 could 
be detetted. Proportions of C4A 3S and C3A 
decreased and that of ettringite increased 
monotonously with time. This is the only 
cement sample where the proportion of 
ettringite increased all the time. 

Now 504 ions needed for the formation of 
ettringite after 24 hours must have come 
from C 4 A 3 ~. This is somewhat surprising as 
Mehta and Kline have previously shown that 
mixtures of C4A3S, Cao and C~ under similar 
conditions form monosulfate (mix.nos P and R 
of ref. 3). However that may be, the 
stiochiometry of ettringite formation from 
C4A3~ is informative. As equation l shows, 
each "molecule" of ettringite formation is 
accompanied by the liberation of 8 "molecule" 
of Al 203• nH20 and 6 of Ca(OH) 2 



3 C4A 3 ~ + aq C3A•3CaS04•32 H20 + 
8 Al 20 3•nH i O + 6 Ca(OH) 2 ......... 1 

Table 
Relative XRD Peak Intensities of 

Hydrated Cemen~ Pastes 

Age of 
Hydratio n / 
Type o f 
Cement 

~: 

0 hr 
6 h r s 
1 d 
3 d 
5 d 
7 d 

1 0 d 
14 d 

~: 

0 hr 
6 hr s 
1 d 
3 d 
5 d 
7 d 

1 0 d 
14 d 

~: 

0 hr 
6 hr s 
1 d 
3 d 
5 d 
7 d 

1 0 d 
14 d 

N 

N :::;- \UlM 

'iil I~ I~ \Ul ~ 
u u u u u 

20 3 9 20 16 1 9 0 0 
5 - 7 1 2 1 8 1 9 

- 11 1 6 23 
- 10 14 27 

9 14 28 
9 14 29 
6 13 - 3 0 
5 11 - 30 

0 65 7 0 35 18 0 
- 1 6 - - 27 12 1 0 

6 - - 26 1 0 20 
- 2 5 1 0 25 
- 21 9 23 
- 1 5 7 22 
- 17 7 21 
- 1 6 5 18 

7 79 0 69 0 0 
- 29 - 60 - 9 

11 - 58 - 1 8 
11 - 58 - 20 
1 0 - 4 7 - 24 

8 - 41 - 25 
- 33 - 2 5 
- 32 - 23 

As the cement already had enough Ca(OH) 2 
~ot~ from Cao and Portland cement hydration, 
it is expected that the · above "nascent" 
Al 203•nH 20 will form C4AH x . Furthermore, the 
continued hydration of C3A after 24 hours 
will add more C4AH x to the stock. It is also 
expected that C4AH x will react with 
~ttringite to form monosulfate (11). Thus it 
is doubly surprising that in this cement the 
proportion of eftringite went on increasing 
and no monosulfate or hexagonal calcium 
aluminate hydrate could be detected until 
about 14 days. 

Fig. 3 shows that about 30% of the total 
expansion occurred within 24 hours when 
ettringite may be claimed to be the main 
sulfoaluminate and the rest, about 70 %, 
07curred when ettringite was forming along 
with another calcium aluminate hydrate in 
the ratio 1:8. 

Attribution of the continued expansion to 
ettringite or the other calcium aluminate 
hydrate depends on ones prejudices. When one 
notes that the particular K type studied 
~ontained CaO_as a component, one may wonder 
if the expansion upto 24 hours logically can 
be att;ibuted solely to ettringite. It is 
known that Cao can cause expansion after it 
has been fully hydrated (12). 

It will thus appear that the major part of 
the restrained expansion of any expansive 
cement occurs when monosulfate is forming 
and / or ettringite is disappearing. It is 
not even certain that the expansion at the 
initial stages of hydration can be 
attributed to ettringite. A number of 
authors including Mehta have reported the 
formation of monosulfate at the initial 
stages of hydration even in the presence of 
excess calcium sulfate (l,3 , 11,13,14,15) . 
Undetected monosulfate, as it must have 
happened in the cases of M and K types of 
expansive cements, might have cause d the 
initial expansions. 

(c) Ettringite,formation without expansion: 

Any theory of sulfate expansion must explain 
the absence of expansion in the case of 
sulfate resistant Portland cement. Like 
ordinary Po~tland cement, it liberates 
Ca(OH) 2 on hydration and forms ettringite on 
reacting with sulfate (4,16,17) . The 
particle size of ettringite is s i milar to 
those in ordinary Portland cement (18) if 
not smaller (4). It is difficult to explain 
why ettringite formation does not cause any 
expansion in sulfate resisiant Portland 
cement as it does in ordinary Portland 
cement. 

It will be of interest to know if 
monosulfate forms in sulfate resistant 
Portland cement . In a cooperative research 
programme none of the seven part i cipating 
laboratories could detect it by OTA any time 
upto 365 days of hydration (19) . Kalousek 
arid Benton had previously published s i milar 
results (20 , 21, 22). A maximum of two, out of 
seven cooperative laboratories, could detect 
trace or poss i ble trace amount of 
monosulfate at any time upto 365 days by 
x-ray diffraction techn i que (23). Noting 
that the strongest line of monosulfate is 
at 8 . 9A and that ettringite has a line of 
moderate intensity at 8.84A, the detection 
·of trace amounts of monosulfate in the 
presence of larger amounts of ettringite is . 
somewhat uncertain especially when the 
intensity of 8.9A line was varying erratical
ly with time. The absence of monosulfate in 
sulfate resistant Portland cement has been 
previously noted (16) . If this general 
inability to detect monosulfate .in any 
quantity in sulfate resistant Portland cement 
is taken at its face value then the absence 
of expansion in this type of cement is very 
straightforward - no monosulfate no 
expansion. 

Some comments on the proposed explanations 

as to how ettringite causes expansion: 
Various authors have proposed various 
explanations as to how the formation of 
ettringite causes expansion in cements. Some 
of these will be examined in this section. 
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(i) Solid state formation of ettringite: 
It was proposed that expansion occurs only 
when ettringite forms through a solid state 
reaction from alumina-bearing phases in a 
saturated Ca(OH) 2 solution (2). Both 
transmission and scanning electroo micro
scopic studies showed that ettringite 
formation is a "through-solution" process 
irrespective of Ca(OH) 2 concentration (5,16, 
24). Moreover this does not explain the case 
of sulfate resistant Portland cement. 

(ii) Crystal growth pressure: 
It can be shown that a crystal, in contact 
with its supersaturated solution, will exert 
a pressure against any constraint provided 
there is no other crystal in the same 
system which can grow unhampered. This 
proviso is difficult to satisfy in any 
cement paste. Neither can the crystal growth 
pressure hypothesis explain the observations 
of Chatterji and those of Seligmann and 
Greening. 

(iii) Expansion due to water adsorption by 
colloidal ettringite: 

This is one of the latest proposals (5,25). 
According to this proposal ettrin~ite forms 
in a colloidal state in the presence of 
Ca(OH) 2 and this colloidal ettringite 
adsorps a large amount of water -0n its 
surface causing expansion. However, there 
seems to be some confusion as regards to the 
experimental evidence for it. In his 1967 
paper questioning the validity of mono
sulfate hypothesis, Mehta had shown that 
lime free C3A-3CSH2 paste of water/solid 
ratio of 0.6 (the theoretical w/s ratio for 
complete reaction is 0.59) can expand i.e. 
ettringite which had formed in the absenc~ 
of Ca(OH) 2 and had no access to an external 
source of water could expand. (11). In his 
1973 paper proposing the colloidal 
ettringite hypoth~sis, Mehta has shown that 
"a stoichiometric mixture of C4A3S,(SH 2, and 
quicklime ........ with more than enough 
water to form ettringite" could not expand 

. significantly in the absence of extra water 
(5). Thus it is difficult to predict for a 
given case if ettringite wilJ need Ca(OH) 2 
and/or water to expand or not. 

In spite of above confusion, the results 
of Mehta and Hu (25) deserve closer 
examination. In this work a stoichiometric 
mixture of C4A 2S, CS, lime and water, to 
produce ettringite, was cast in a steel 
cylinder which was closed at the bottom. 
After about l hour, when the mix had set, a 
small plastic plate was placed on the top of 
the mix and a dial gage was brought in 
contact to measure the subsequent length 
change continuously . 

The mix was allowed to hydrate for 7 days to 
complete ettringite formation during which 
time there was a volume decrease. After 
complete reaction, excess water was added to 
the top of the paste which then gradually 
expanded by about 54 %. As the paste expanded 
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so much it has to be assumed that most of 
the ettringite must have formed in the 
presence of Ca(OH) 2 , in other words, for 
most of the time, the reaction . condition was 
similar to mix No. J of ref. 3, which 
according to Mehta and Kline develop - poor 
bonding property. Furthermore the observed 
54% expansion itself is an indication of the 
poor bonding property of the mix. Present 
day dial gauges exert a spring load of about 
100 g. As in the above experiment this 100 g 
load was distributed by the plastic plate 
over the paste surface, it may be inferred 
that the expansion occurred against a very 
low pressure. A force which causes an 
expansion in a low cohesive paste against a 
low pressure may not be able to expand a 
high cohesive paste i.e. the experiment has 
very little relevance to sulfate expansion. 
Another indication of this irrelevance is 
that colloidal ettringite can not cause any 
expansion in sulfate resistant Portland 
cement. 

The irrelevance of the above type of 
experiments to sulfate expansion is best 
illustrated by the results of Collepardi et 
al (15). Using the above experimental 
technique these authors have shown that a 
C3 A-gypsum paste can expand even when no 
Ca(OH) 2 is present. Following Mehta and HU 
these authors have attributed the expansion 
to water adsorption by ettringite though 
they could detect he xagonal aluminate in 
their samples from 15 minutes onwords. If 
the force monitored by their experiment has 
any relevance to sulfate expansion then one 
would expect sulfate expansion in Ca(OH) 2 
free cement like sup~rsulfated cement, 
aluminous cement, pozzolana cement etc. 
Absence of sulfate expansion in any of 
the above cements i_l lustrates how irrelevant 
this type of experiment is to sulfate 
expansion. 

A prediction from monosulfate hypothesis: 
In a subject as technological as sulfate 
expansion, a method of decreasing the 
sulfate expansion of a given ordinary 
Portland cement will be highly desirable. 
The monosulfate hypothesis suggests that the 
addition of finely ground CaC0 3 to ordinary 
Portland cement will decrease its sulfate 
expansion by decreasing monosulfate 
formation. This suggestion was found to be 
valid (26). 

In conclusion it can be said that it is 
possible to set down evidence for this or 
that hypothesis but in the ultimate analysis 
ones prejudices determine which hypothesis 
one believes. 
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RESUMES DE POSTERS 

V. BABOUCHKIN, (Kharkov) et A~ KOLOMATSKI, Institut Technologique, (Belgorod) - U.R.S.S. 

"Thermodynamique de 1 'hydratation de C3A et le role des hydrates d I aluminium dans les changements de volume de 
la pi erre de ciment pendant le durcissement et la corrosion du sulfate''. 

Ayant precise les donnees thermodynam_iques pour les aluminates hydrates CzAHs, C4AH13 , C3AH6 et pour lessulfo
aluminates hydrates de calcium c3ACsH1z, C3ACsH3z, on a fait des calculs thermodynamiques dans Jes systemes C3A-HzO 
et C3A-Cs-HzO a la temperature normale et Hevee. 

On a etabli les domaines de temperature de la stabili te thermodynamique des sul foal uminates hydrate s de 
calcium et on a demontre la possibilite de leur transformatio~reciproque selon les conditions de la reaction. 

Dans le systeme c3A-Cs-Hz0, on a analyse la preference des reactions de formation d~s sulfoaluminates hydra
tes de calcium en differentes proportions quantitatives des constituants reactifs a l'intervalle des temperature s 
298-398 °K. 

On a examine les conditions de la stabilite de la forme monosulfate du calcium p~ndant le durcissement et 
la corrosion du sulfate. On a montre le role de l' ettringi te dans ce processus , y compris les changement s de 
volume et la destruction.· 

N. BILANDA -le, P. FIERENS -le, N. TENOUTASSE ** et J. TIRLOCQ " -~- Uni versi te de Mons, -:He Uni versi te libre de 
Bruxelles - Belgique. 

"Hydratation du c3A dope au sodium". 

Les auteurs ont etudie quatre echantillons de c
3
A ~?pes par ~~fferentes quantites de NazO. Le dosage a et e 

realise en incorporant diverses teneurs de NazO aux matieres premieres avant la synthese thermique de C3A. 

L'hydratation des echantillons a ete suivie par les techniques ci- apres : diffraction des R.X . . microcalo r i
metrie isotherme, l'evolution de la concentration des ions de la phase aqueuse et analyse thermogravimetrique . 

. L'ensemble des resultats permet de constater qu'en absence de gypse , les echantillons dopes sont d'aut ant 
moins reactifs que la ·teneur en NazO est plus elevee. 

Par contre, la presence de gypse inverse cette sequence. 

Notons encore la disparition quasi instantanee du gypse lors de l'hydratation des echantillons dopes. 

Ces resultats ont conduit les auteurs a proposer une interpretation originale sur le role des ions controla~ 
la cinetique de l'hydratation du c3A en presence de gypse. 

M. CONJEAUD, Lafarge, (Trappes) - France. 

"Processus d'attaque des ciments portland hydrates par le sulfate de magnesium". 

La resistance au sulfate de magnesium de cinq CPA industriels et d'un C3S synthetique a ete testee sur mor
tier 1/ 3 a des echeances allant jusqu'a 3 ans . La concentration de la solution agressive est 50 g/ l MgS04 , 7 HzO , 
soit 1,6 % so3 dans la solution, et celle-ci est renouvelee tous les mois. L'analyse des phases formees et de la 
microstructure a ete effectuee par diffraction X et microscopie a balayage. La stabilite des mortiers, comme eel~ 
des betons, depend de parametres physiques et chimiques. La compacite et la permeabilite jouent un role conside
rable imbrique a celui des parametres Chimiques. Le processus d I attaque chimique des mortiers et betons pat 
MgS04 passe par la formation bien connue d'ettringite a partir du C3A residuel, avec augmentation de Volume con
secutive. Mais il es~ mis en evidence que cette ettringite se decompose ensuite rapidement (ce qui s'explique , 
d'apres LEA, par l'instabilite de l'ettringite en presence de MgS04 ) en chaux, alumine et gypse avec liberation 
d'eau et creation de porosite. D'ou une premiere acceleration du processus d'attaque. Puis, on observe la decom
position du C-S-H qui reagit avec la chaux, l'alumine et le gypse, pour former de la "Si-ettringite" gonflante 
en quantite tres importante, et la degradation du beton devient complete. Dans un tel processus, le C3A joue un 
role initiateur, d'ou son importance. . 

Mais il faut noter que tous ces resultats ne doivent etre extrapoles a d I autres milieux, meme contenant 
MgS04 comme l'eau de mer, qu'avec beaucoup de precautions, car d'autres phenomenes entrent en jeu ainsi que l'ont · 
montre d'autres ~tudes que nous avons faites. 
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s. DIAMOND, Purdue University, (Lafayette) - U.S.A. 

"Hydration reactions of C3A and anhydrite present within a high-calcium flyash 11
• 

A high CaO - content fly ash having C'{A, free CaO and Caso4 as soluble components was found to set hydrauli
cally in pastes consisting only of flyasfi and water. SEM micrographs displayed show rapid development of ettrin
gite supplemented by calcium monosulfoaluminate bridging between individual flyash spheres to produce a rigid 
structure. Some C-S-H gel is produced at later ages. 

H. HORNAIN, B. MORTUREUX, M. REGOURD, C.E.R.I.L.H., (Paris) - France. 

"Form~tion de silicoaluminates dans des rrtHanges gypses c 3A + c3A et CzS + C3A". 

La form~t~on de silicoalumin~tes d~ calcium ~ans des.melanges syn~hetiques gypse~ C3A +?JS et C3A_ + CzS a. 
ete mise en evidence par analyse a la microsonde electronique de Castaing et observation au microscope electroni
que a balayage. Cette formation est due a une diffusion importante d 1 ions silicates a partir des grains de 
c3s ou c2s ve~s les grains de c3A. Au debut de la reaction, la diffusion de la silice se manifeste deja par la 
presence de silicium dans la couche d 1 attringite qui se forme initialement autour des grains de C3A. Cette diffu
sion devient ensuite preponderante et sc traduit par la formation d'abord de trisilicoaluminate C6AS3H 31 ,puis de 
monosilicoaluminate c3ASH1z, par pseudomorphose des grains de C3A. 

B. MORTUREUX, H. HORNAIN, M. REGOURD, C.E.R.I.L.H., (Paris) - France. 
11 c3A dans les clinkers industriels 11

• 

Valuminate tricalcique de 30 ciments portland industriels a ete analyse par diffraction des rayons X, 
microscopie optique et microsonde electronique. Les formes cristallines cubiques et .orthorhombiques sont les plus 
frequentes , elles coexistent souvent. Une forme monoclinique a ete trouvee dans deux cas, elle est riche en alca
lins, Si02 et Fe 2o3. 

La stabilisation de c
3

Ac, C3Ao ou CJAM depend du taux d'alcalins mais aussi du"taux de S03 du clinker. 

B. MORTUREUX, H. HORNAIN, M. REGOURD, C.E.R.I.L.H., (Paris) - France. 

"Comportement de pates c3s + c
3
A + gypse et de ciments portland dans les solutions sulfatees 11

• 

L1 evolution de melanges synthetiques C3A + C3S + gypse et de ciments portland a differentes teneurs en 
C3A a ete suivie par diffraction des rayons X et microscopie electronique a balayage. Les parametres etudies sont 
la forme cristalline de C3A (cubique, orthorhombique), la composition elementaire des grains de c3A (teneur en 

_Na2o, K2o , Fe 2o3). 

Les resultats ·montrent que la resistance aux eaux agressives des pates de ciment et des mortiers depend avant 
tout de leur compac i te. A breve echeance , C3A cubique s 1 hydrate plus vite que CJA. orthorhombique et d onne un ma
teriau moins vulnerable si 1 1 echantillon est immerge dans la solution agressive apres un temps d 1hydratation suf
fisamment long. 

W. RICHARTZ, Forschungsinstitut der Zementindustrie, (Dilsseldorf) - Federal Republic of Germany. 

"Reactivity of c3A and setting of cement 11
• 

Immediately after mixing the cement with water a reaction starts in which a small amount of ~he tricalcium 
aluminate C3A and the calcium sulfate added as - set-controlling agent take part. After approximately 10 to 15 mi
nutes this initial reaction stops to restart again after a 11 dormant period 11 of several hours. 

On principle, the pattern of this initial reaction is the same with all cements. In the first few minutes 
there are, however, differences in the amount of c 3A taking part in the reaction. The reason for this is the dif
fering reactivity of the C3A of the various. portland cements. To achieve setting according to the standard, the 
supply of the sulfate must be adjusted to the reactivity of the c3A at the start of the hydration. In this case 
the sole reaction product is ettringite which forms in a thin layer on the surface of the cement grains only. Too 
low a sulfate supply leads to the formation of monosulfate, too . much sulf.ate to secondary gypsum. In both case 
the result is early setting, because monosulf°ate and gypsum crystallize as relatively large plates or laths in 
the pore space between the cement grains. The aajustment of the sulfate supply to the reactivity of the c3A may be 
achieved by the use of a suitably proportioned mix of natu~al . anhydrite CaS04 and gypsum CaS04.2H2o. During the 
grinding process of the cement the gypsum should be dehydrated completely to hemihydrate CaS04 . .1 / 2H20 so that at 
the start of the hydration there is a suitable mix of anhydrite and hemihydrate. 
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N. TENOUTASSE, G. WAESSENS, L. VAN HELDEN, Universite libre de Bruxelles - Belgique. 

"Etude en ATD de l 'hydra tation de c3A en pres ence de gy pse ". 

N. TENOUTASSE, A.M. VOGELS, Universite libre de Bruxelles - Belgique. 

" Hydra t a tion du me1 ange c3s " c3A en presence de gy ps e". 

N. TENOUTASSE , A.M. VOGELS, Universite libre de Bruxelles -Belgique. 

''Action des sucr es sur J 'hydrat a tion des differente s phases du ciment portland , (utili sation de sucr es marques au 
14c). 
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POSTER 

A Progress report on analytical electron 
microscopy studies of the hydration of tricalcium aluminate 

Rapport d'avancement sur !es etudes par microscopie 
electronique analytique de /'hydratation d'a/uminate . tricalcique 

J.E. BAILEY, Professor, Department of Metallurgy and Materials Technology, 
University of Surrey - GUILDFORD SURREY, 
D. CHESCOE, Great-Britain. 

SUMMARY : 

Analytical electron microscopy has prov ed a useful tool in the s tudy of hydrating cement particles. 
Apart from morphology detail in both TEM and SEM, it is possible with this technique to obtain elemental analy
sis and diffraction from a single fibre. 

In previous work on the hydration of OPC, several diff erent fibre types were observed , of which. 
the most predominant desi~nated type II, were hollow amorphous calcium aluminate sulphate hydrates. 

To obtain a greater understanding of the hydration mechanism, tri calcium aluminate 1>as hydrated 
with varying quantities of gyps um. 

Examination in TEM of hydrated c
3

A reYealed the expected hexagonal hydrates. As the quantity of gyp 
sum was increased , in addition to the hexagonal calcium aluminate hydrates, fibrous calcium al uminat e sulrhate 
hydrates were observed. With low concentration of gypsum. these CASH precipitates were remote from the C3A par 
ticles , but as the concentration increased, so fibres emanating from a ClA particle surface were observed. It 
was found, that although the elemental concentration of the remote and ;urface associated fibres were similar. 
those emanating from the C3A were. amorphous , this evidence increasing the understanding of the growth mechanis~ 
o.f these fibres. 

RESUME : 

La microscopie electronique analytique s I est revelee un outil pratique dans l 1 etude de 1 1 hydrata-
tion des particules de ciment. A part le detail morphologique, il est possible d 1obtenir avec le M.E.T. (Mi
croscope Electronique a Transmission) et le M.E.B. ( Microscopie Electronique a Balayage) l 1analyse elementai
re et la diffraction d 1une seule fibre. 

Dans un travail precedent sur l'hydratation du ciment portland, plusieurs types de fibres ont ete 
observes, le plus frequent etant le type II, c'est-a-dire des hydrates de sulfo--aluminate de calcium creux et 
amorphes. 

Pour mieux comprendre le mecanisme de l 'hydratation , l' al uminate tricalcique a ete hydrate avec 
differentes quantites de gypse. 

L' examen au "M.E. T. II du C3A hydrate a revele le s hydrates hexagonaux attendus . Quand la c_uantite 
·de gypse croit, on constate la presen~e, non seulement d 1hydrates hexagonaux d'aluminate de calcium, mais aussi 
de sulfo-aluminates de calcium hydrates fibreux. A faible concentration de gypse, ces precipites de CASH se 
trouvent loin des particul~s de C3A , mais a forte concentration des fibres emanant de la surface d~une parti
cule de c3A ont ete observees. Bien que la concentration elementaire des fibres eloignees et superficielles 
soit la meme, celles emanant du C3A sont amorphes, cette evidence accroissant la comprehension du mecanisme 
de croissance de ces fibres. 
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1. INTRODUCTION 

This paper is in the form of a brief report of 
some recent studies on the nature of the structure 
of the hydration products obtained f~om calcium 
aluminate in the presence of gypsum. 

In a tecent paper, a technique for examining 
directly the morphology, crystallinity and 
chemical composition of hydrated Portland cement 
was described, see Bailey and Chescoe (1). Three 
morphologically distinct fibrillar hydration 
products were observed to form at the surface of 
Portland cement particles. Perhaps surp~isingly, 
two of these were found to be predominantly 
calcium aluminate sulphate compositions and were 
distinctly amorphous and one of these fibres 
referred to as type II was clearly tubular in 
form (1). 

In this short report, some further observations on 
the hydration behaviour of calcium aluminate in 
the presence of gypsum are presented which 
demonstrate the validity of the technique and 
demonstrate the ability of the technique to 
distinguish between amorphous and crystalline 
products. 

2. SPECIMEN PREPARATION AND EXPERIMENTAL 
TECHNIQUES 

For this work tricalcium aluminate (C
3

A) was 
prepared from calcium carbonate and Linde. A 
alumina and fired to 14oo0 c for several hours. 
The Portland cement used was an ordinary Portland 
cement (OPC), details given below : 

cao Fe
2
o

3 
MgO (Na20+K

2
0)F:ee 

Lime 

OPC 63.90 19.70 7; 00 3.00 2.10 1.3 o. 77 

Galculated (Bogue) percentage compounds: 

OPC 

Specimens for examination in the electron 
microscope were prepared by coating electron 
microscope grids with a formvar film. Droplets 
of the required cement/water mix were pipetted 

1. 3 

onto these grids which were positioned on a glass 
microscope slide and then contained by a coverslip 
after removal of air bubbles. The system was then 
sealed with a quick-setting epoxy resin. After 
hydration the seal was broken and the electron 
microscope grid transferred to a carbon coating 
vacuum unit and a thin layer of carbon deposited to 
stabilise the grid f.or electron microscopy. 
Specimens of c

3
A and C1A + gypsum were prepared in 

a similar manner except that for the latter, the 
materials were ground together before water was 
added. In all of these experiments the water/cement 
mix ratio was approximately O. 3., 

All specimens were examined in a JEOL 200CX 
electron microscope. An operating voltage of lOOkV 
was normally used and all specimens were examined 
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in transmission electron microscopy for 
morphological and electron diffraction studies. 
In addition to TEM, specimens were always examined 
in SEM to check the region of intere~t was on the 
upper surface of the support film. If the 
hydration product was on the lower surface, the 
elemental ratio could be distorted due to 
absorption of x-rays within the support film. X-ray 
microanalysis was always performed at low beam 
current to minimise b~am damage to the specimen. 
It was found, that although the counting statistics 
were obviously improved at higher beam currents, 
there was migration of elements along the fibre and 
the fibre was damaged. 

3. RESULTS 

A striking example of the fibrillar hydration 
products observed in Portland cement is shown in 
Figure 1. The prominent large fibres which have 
extruded reaction products at their ends are the 
hollow type II, reported previously (1). 

FIGURE 1: OPC Hydrated for 24 Hours 

An elemental analysis of the fibres themseives show 
that they are predominantly calcium aluminate 
sulphate in composition and the extruded product 
contains largely calcium, see table 1. Selected 
area electron diffraction from these areas give only 
very diffuse rings, indicating an amorphous nature. 

In order to investigate further the origin of these 
tubular growths, a study has been initiated of the 
hydration of tricalcium aluminate and the effect of 
gypsum and lime on its hydration behaviour. The 
hydration products obtained for C A are shown in 
Figure 2. Hexagonal platelets anJ related structures 
are observed dispersed randomly and not specifically 
related to any interface i.e. c3A surface. 
Furthermore, the precipitates are crystalline. X-ray 
microanalysis of these precipitates gives an 
average Ca/Al ratio of~ 3 (see table 1). 



Table 1 ----

TYPE OF HYDRATE ELEMENTAL RATIOS 
Ca/s Ca/Al 

CASH in OPC 2.58±0.95 2.59±0.65 

EXTRUSION PRODUCT 22.2 24.6 
IN OPC 

CAH in c
3
A 3.19±0.59 

CASH in c
3

A/CS 1.97±0.82 2.84±1.21 

FIGURE 2: c
3
A Hydrated for 30 Hours 

*Typical 
value -

When C A is hydrated in the presence of small 
amount~ of gypsum i.e. a molar ratio of 1.5,_ two 
types of precipitate are observed remote from the 
C A interface. The two forms of precipitate can 
b~ seen in Figure 3. The precipitates at A 
crystalline calcium aluminate hydrates as 
confirmed by elemental analysis (see table 1) and 
electron diffraction. The precipitates at B were 
found to be calcium aluminate sulphate and 
electron diffraction showed them to be crystalll.ne, 
Figure 4 shows the result of increasing the gypsum 
content further, the molar ratio being 1. In this 
case two forms of calcium aluminate sulphate were 
observed. The interfacial fibrous growths at C 
were shown to be similar in composition to the 
type II fibres observed in ordinary Portland 
cement (OPC). Electron diffraction confirmed that 
these fibres-were amorphous in nature. Once again, 
the fibres remote from the interface were fo.und to 
be crystalline and of approximately ettringite 
composition. 

1.5 Hydrated for 43 Hours 

Hydrated for 3! Hours 

4. DISCUSSION 

As reported previously,(!) the observation of 
amorphous tubular filaments of calcium aluminate 
sulphate composition in Portland cement leads to 
the suggestion that amorphous films of CASH form 
at C A surfaces and that these are ruptured by 
osmoiic swelling to produce the tubular filaments. 
Lea (2), when reviewing_ explanations of the effects 
of gypsum on the set of Portland cement suggested 
such a mechanism by analogy with Power's· (3) 
osmotic pressure model for calcium silicate 
hydration although in neither case was the 
formation of tubular filaments proposed. The 
attractiveness of the membrane precipitation/osmosis 
model has recently been emphasised by Birchall, 
Howard and Double (4) and the lack of direct 
evidence of crystalline ettringite at the c

3
A 

surface does not favour models based on the 
rupturing of crystalline platelets at that surface 
and indeed these latter theories do not explain the 
tubular fibrous growths observed. Skalny and 
Young (5) in their review of c

3
A hydration come to 

somewhat similar conclusions, commenting that the 
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evidence indicates that after initial hydrolysis, 
a CASH gel forms which causes retardation. The 
osmosis model merely suggests that the gel is 
ruptured by osmotic pressure to form the observed 
tubular filaments and possibly other crumpled 
s~apes although direct evidence of the latter 
have not been observed to date. 

Ip order to s ti;d~ the reactions be tween c
3
A and 

CS we ar·e exanuning more closely the nature of 
the precipitated hydration products. As seen in 
Figure 2, the transmission electron ·micrographs 
of hydrated c

3
A show an _ abundance of precipitates 

remote from c
3
A su;-faces_, favouring a "through 

solution" precipitation mechanism. There is no 
evidence in these studies to date of nucleation of 
aluminate hydrates at a c

3
A surface but combined 

transmission and scanning electron microscopy ·may 
provide further inforination. The elemental 
analysis was carried out on an area containing a 
number of individual precipitates and the observed 
calcium/aluminium ratio of 3 is an average. These 
precipitates appear hexagonal in nature and the 
average may result from the presence of the two 
hexagonal hydr~tes referred to in the literature, 
i.e. c

4
AH 

3 
and c

2
AH • ·Further work will be 

required to determin~ whether this interpretation 
is correct or -whether in fact conversion to 
c

3
AH

6 
has occurred. 

At c
3
A/CS molar ratios of 1.5 which may be 

comparable to those found in Portland cement, both 
crystalline calcium aluminate hydrates and 
crystalline calcium aluminate sulphate hydrates 
have been observed remote from ·c

3
A surfaces, see 

Figure 3. It see°'15 reasonable to conclude that in 
this case also the crystalline calcium aluminate 
sulphate pr'ecipi tates have resulted from a 
"through solµtion'' precipitation mechanism but 
clearly more detailed work is required. 

A small increase in gypsum content, i.e. 
c

3
A/CS = 1 leads to the observation of nvo types of 

calcium aluminate sulphate precipitates suggesting 
a change in precipitation mechanism and the 
interesting observation of the simultaneous 
precipitation of both the amorphous and crystalline 
CASH compositions, one interfacial and one 
apparently precipitated from solution, would 
suggest competing mechanisms ," 

One important conclusion from these observations 
is that the analytical electron microscopy 
technique is able to quite clearly distinguish 
between amorphous and crystalline forms of these 
aluminate sulphate hydrates and we have 
independently demonstrated this by preparing 
crystalline ettringi te by adding calcium sulphate 
to a solution of sodium aluminate. When examined 
in the electron microscope this material was 
crystalline. These observations will be reported 
elsewhere. It is premature to speculate in detail 
on the chemical reactions and ·processes involved 
until more detailed observations have been made 
but it would seem from these earlier results that 
competing mechanisms may be operating in 
determining the structure and form of the 
resulting calcium aluminate sulphate hydrates. 
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5. CONCLUSIONS 

It is concluded from these preliminary results 
that 

(1) The analytical electron microscppy of 
samples hydrated "in situ" on electron_ 
microscope grids is capable of revealing 
detailed information on the elemental 
compos1t1on, structure and form of the 
precipitating hydrates in these hydraulic 
cements. 

(2) In Portland cements an amorphous form of 
calcium aluminate sulphate hydrate 
precipitates at C1A surfaces and in part 
this is tubular in form providing strong 
support for membrane precipitation/osmosis 
models of hydration. 

(3) The experiments reported on c
3
A hydration in 

the presence of calci~m sulphate clearly 
show that two forms of CASH are observed; 
one crystalline and one amorphous, which 
leads to the view that there may be 
competing mechanisms i.e. membrane 
precipitation vs "through solution" 
precipitation, depending upon the chemical 
and environmental conditions. 

(4) The observations on c
3

A hydration may 
explain why both amorphous and crystalline 
ettringite have been observed in Portland 
cement. 
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POSTER 

Fibrous growth products in the hydration 
of portland cement and related systems 

Produits de cr0t~c;sance en fibres dans /'hydratation du ciment port/and 
et des systen1es correspondants 

A. GHOSE, H.M. JENNINGS, P.L. PRATT and P. BARNES - London, England. 

ABSTRACT : 

Microscopic observations of hollow fibres in cement hydration lends credence to the idea of osmotic driving 
forces being responsible for s.uch growths. However, the present results indicate that these fibrous growths are 
intimately associated with the hydration of the aluminate phases rather than the silicates whose hydration mecha
nism is different. 

RESUME : 

Les observations microscopiques de fibres creuses, dans l'hydratation du ciment, confortent l'idee des for
ces de pression osmotique responsables de telles croissances. Cependant, les resultats presents indiquent que ces 
croissances en fibres sont intimement associees a l'hydratation des phases aluminates plutot que des silicates 
dont le mecanisme d'hydratation est differ~nt. 
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FIBROUS GRO\\TH PRODUCTS IN THE HYDRATIOt\ OF PORTL\:\D 
CEMENT AND RELATED SYSTEMS 

A. Ghose, H,M, Jennings and P.L. Pratt, 

Department of Metallurgy and Materials Science, 
Imperial College, London, SW7, England 

and 

P. Barnes, 

Department of Crystallography, Birkbeck College, 
London, WCI, England. 

The observation of hollow tubular growths in cement 
pastes by Double et al (1) has aroused much interest 
recently, In their work, hydration was studied "in 
situ" in a wet cell of a high voltage (1 MeV) 
microscope using a very high water to cement ratio 
(about 10:1) though tubular growths have also been 
observed (2-4) in more rea)istic cement pastes. 
A "reverse silica garden" osmotic pump model has been 
envisaged by -Oouble et al (1) to accou~t for such 
tubular growths. 

The present note reports on the electron-optical 
investigations of three systems - ordinar~ Portland 
cement (O.P.C.), synthetic c3s and synthetic c

3
A in 

presence of gypsum - undertaRen in an effort to 
pinpointing the origin of hollow cement tubes. 
The results are summarised below: 

L O,P . C. 

~ydration in this system (w/c between 0.5 to 0.7) 
points to the presence of both hollow and solid fibres 
(Figures 1~2) after about 4 hours . Many of the 
hollow fibres exhibited evidence of a past or present 
internal liquid meniscus (or multiple menisc i on 
occasions - Figure 2) with liqui~ turbulence being 
indµced inside on concentration of the electron beam. 
The skeletal morphology of some of the fibres in 
Figure 1 is a result of beam and vacuum damage in the 
TEM. Microanalysis of these fibres (both solid and 
hollow) revealed the presence chiefly of Ca, Al and S 
in variable proportions with K, Si and Fe being 
·occasionally present (Table 1). These fibres thus 
appear to be far closer in composition to AFt rather 
than C-S-H as required by the "reverse silica garden" 
model. Outgrowths of C-S-H were however observed 
with a crumpled foil morphology (Figure 3) which in 
places rolled up to give the appearance of fibrillar 
growths . The more squat and solid rod - like growths 
in this micrograph are AFt and they appear like fibre 
bundles. 

2. Synthetic c3~ 

Hollow tubular growths' have never been seen in this 
system in our observations. C-S-H fibrillar growths 
have been observed as with 0.P.C. but they do not 
appear to be hollow (Figure 4). Microanalysis reveal
ed the presence of Ca and Si only in widely varying 
proportions (Table 1). 
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Figure 1 

Figure 2 
TEM micrographs of O.P.C, hydrated for l day at K/ c 
0.6 illustrating both hollow and solid fibrillar Aft 
gro\\'ths. 

Figure 3 .. THJ micrograph of O.P.C. hydra t ed for S days 
at w/ c 0,5 illustrating AFt and C-S-H growths . 

Figure 4. TEM micrograph of synthetic c
3
s hydrated for 

1 day at w/c 0.6 illustrating the crumpled foil
fibrillar C-S-H morphology. 



3. Synthetic c3A + 20% Gypsum 

Hollow and solid fibres (composition clos e to AFt 
as revea led by microanalysis - Table 1) were visibl e 
in this system after 15 minutes of hydration (Figure s 
5 and 6). These fibres are morphologically similar 
to those observed in the hydration of O,P,C, 

Our results thus indicate that hollow fibrillar growths 
is intimate l y assoc iated with the hydration of the 
a luminate phase (in conjunction with gypsum) rather 
than with the silica t es as required by the "reverse· 
silica gard en" model and that the hydration mechanism 
of the silicates in fact differs from this. However 
the concept of osmotic driving for ces being r esponsible 
for hollow tubular growth s appears to account for the 
presence of hollow AFt fibres. The presence of both 
ho llow and sclid Art fibres is indicative of a combin
ed "through solution" and "topocherilical" growth (5), 
wi th a topochemically formed layer of et tringite on 
the alumina te grains possihly acting as the semi
permeable membrane in the osmoti c growths. 
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Figure :; 

Figure 6 
TEM micrographs of synthetic c3A (+20% gypsum) hydrated 
for 15 minutes at w/c 0.6 showing the presence of both 
hollow and solid 'lFt fibres . 
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POSTER 

Possibility of a catalytic role of C3A in the hardening 
of portland cements 

Possibilite d'un role catalytique de C3A dans le durc1~<>sen1ent 
des ciments port/and 

Sandor POPOVICS, Professor, Department of Civil Engineering , 
Drexel University, Philadelphia, Pennsylvania 19104 U.S.A. 

SUMMARY : 

This paper demonstrates that there is an interaction between the calcium silicates and the C3A in portland 
cements. It also shows that the effect of C3A on the strength development of portland cement mortars and con
cretes can be calculated as if the .C3A acted as catalyst on the calcium silicates. Finally, a quantitative form 
is proved for the fact widely known , in the qualitative form that high C3A content accelerates the strength deve
lopment at early ages but hinders it later. 

RESUME : 

Cet article demontre qu'il y a une interaction entre les silicates de calcium et le c3A dans les ciments 
portland. 11 montre aussi que l'effet de C3A sur le developpement des resistances des mortiers et betons peut 
etre calcule comme si C3A jouait le role d 1un catalyseur sur les silicates de calcium. Enfin, une forme quanti
tative est donnee a la forme qualitative bien connue d'apres laquelle une haute teneur en C3A accelere · le deve- . 
loppement de la resistance aux breves echeances mais le gene plus tard. 
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Is There Interaction Between the 
Calcium Silicates and C36_? 

When the first attempts were made for the de
velopment of a numerical relationship between the 
strength development of a portland cement and its 
compound composition (1)-(3), it was a natural 
assumption that the matn constituents contribute 
their intrinsic strengths without any interaction 
between each other. This means mathematically that 
the pertinent formulas are linear creating a linear 
cement model. It has become obvious later, however, 
that experimental data do not support adequately 
either the original linear cement model or its 
linear modifications, as discussed in details else 
where in the Proceedings of this Congress. (4) 
For instance, Figure 1 shows that the effect of the 
C3A content on the strength development in a port-
1 and cement mortar is much stronger than proportion
al. Furthermore, Figure 2 demonstrates that the 
effect of the C3A content on the ultimate compress
ive strength, that is, on the strength obtained 
after very long wet curing, depends also on the C3S 
content. This is again a clear indication of an 
interaction between these two compounds. In addi 
tion, an increasing amount of other evidence has 
been reported that the hydration processes of the 
calcium silicates are interacted by the C3A. 
(9)-(17) 

In the light of all this unambiguous evidence, 
this writer believes that the real question is not 
any more whether there is interaction between the 
calcium silicates and aluminate but rather (a) what 
is the nature of this interaction; and (b) how can 
one estimate quantitatively the effect of this 
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interaction on the strength development of a port
land cement. One would expect that research would 
answer first the (a) portion of this question and 
then develop a method for the estimation of its 
effect; however, it did not happen in this order. 
While there is no generally accepted view yet con
cerning the nature of interaction between the cal
cium silicates and C1A, the effect of C3A on the 
strength development~of portland cement, essentially 
calcium silicates, can be calculated quite well with 
the exponential cement model. 

The Exponential Cement Model 

The exponential cement model, probably the 
first non-linear cement model for the representa
tion of hardening, was introduced in 1967. (5) (6) 
The mathematical fnrm of this model provides a re-
1 ationship between the strength developing capabili
ty of a portland cement and its simplified compound 
composition, as follows : 

where 

t 

p 

240 

220 . 

100 l - pe-a1t - (1 - p)e-azt 

1 _ pe-28a1 _ (l _ p)e-28a2 
l) 

relative strength of portland cement 
paste, mortar, or concrete, percent of 
the 28-day strength, 

age of the specimen at testing, days, 

computed c3s content of the portland 
cement, percent/100, 

fo 100 
rel=---·---··- · 

0.98-(1 ··- p)e - 2Ba, 

e, = 0 .0018C,A + 0.005 

x 
'If!. 

p ~ 0.01C_.S% 
/ 

.r::.' f 200 

"' > 
·~ 

180 

~ 
"' > 

"' 160 
~ 

~ 
u:: 
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28 90 365 730 
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C3 A. content 

Figure 1 ·comparison of experimental and computed values to illustrate the effect 
of C,A content on the kinetics of the hardening of portland cement in 1 :2.75 
mortars. _Ex perimental values are represented by points, and values calculated by Fq. 
~1) with a, = 0.0067C,A + 0.10 and a, = 0.0018(' A+ 0.005, by lines (5) 
(6) J 

Figure 2 Final relative compressive strength of portland ,·e· 
mcnts in mortars as a function of the comp,>und composition 

C7.) (8) 
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rate parameters of the two hardening 
components which are independent of the 
strength, age, and C3S content, but may 
be a function of the C~A content, and 
any other factor that influences the 
course of hydration (fineness, gypsum 
content, admixtures, water-cement ratio, 
temperature,curing and testing methods, 
etc.), l/day. 

Equation l) was obtained from the fol towing 
conditions; 

(a) The model consists only of two hprdening 
components; the first component is the C3S, the 
second component is a mixture of the other cement 
ingredients, mainly C2S. 

(b) These two components hydrate simultaneous
ly as first order reactions with differing rates but 
without any interaction with each other. 

(c) The final strength developed by C3S is the 
same as the final strength of the second component. 

The proportionality factors, which are the a 
parameters in Equation 1), represent the specifiZ 
rates of hardening, that is, (rate of hardening)/ 
(remaining strength at a given age). The squares of 
these parameters represent specific decelerations of 
hardening. The more intensive the early hardening 
process, the greater is the value of a1; and the 
longer and larger is the hardening after 28 days, 
the smaller becomes the value of a2 up to a certain 
limit. 

For the sake of simplicity, the model does not 
take into cons.ideration directly the effect of dif
·fusion on the strength development. 

Numerically, the a parameters can be obtained 
by applying a suitable-statistical method to perti
nent experimental data. For instance, by applying 
Equation 1) to the previously mentioned test results 
by .Gonnerman (3), the following a1 and a2 values 
were obtained for the compressive strength of 1: 
2.75 Ottawa sand mortars with wet curing: 

a1 = 0.0067C3A + 0.10 2) 

and 

3) 

where C~A represents the percent of the potential 
tricalc1um aluminate in the portland cement computed 
according to the Bogue method. 

The application of the presented formulas will 
be illustrated below. 
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Example 

The compositionsof three of Gonnerman's 
cements are shown in Figure 1. The com
puted C3S contents of all three cements 
are practically the sam~ but the C3A con
tents differ. 

Illustrate the effect of C3A content on 
the relative strength development at 
various ages by using Eq. 1) along with 

Eqs. 2) and 3). 

The a parameters of cement No. 24 are 
calculated by Equations 2) and 3): 

a1 =0.14 and a2 = 0 .. 018 

By substituting these values into Eq. 1) 
the following is obtained: 

f = 100 1 - 0.4le-0.14t - 0.59e-0.018t 
rel ,24 1 _ 0. 41 e-3;92 _ 0. 59e-0.50 

100(1.58 - 0.65e-O.l 4t - 0.93e-O.Ol8tl 

Similarly,' the equations of the curves for 
relative compressive strength versus age 
for the cements Nos. l and 7, respective
ly, are 

frel,l = 100 (l.25 - 0.54e-0· 22 t-0.7le-o.o37t), 

and 

frel,
7 

= 100 (2.12 - 0.89e-O.lOt_l.23e-0.005t) 

A group of values calculated by these for
mulas are presented in Figure 1 by lines 
along with observed results by points 
from Gonnerman's experiments. 

Not~ that (a) the a1 and az values of 
these three cements are affected strongly 
by the C3A content in these formulas; and 
(b) the fit in Figure l between experi
mental and calculated strengths is good, 
that is, the exponential model reflects 
the non-linear effect of C3A on the 
strength development quite accurately 
from the age of one day to two years. 

Equation 1) can also be used for the estimation 
of the ~ltimate str~ngth, that is, the strength ob
tained after very long wet curing, expressed as a 
percentage of the 28-day strength. This equation 
takes on the following form for great t valjes (7) 
(18): -

f 0 = 
rel 1 4) 

~ 100 
0.98 - (1 - p)e- 28a2 

5) 

where t;el = relative ultimate strength, percent of 
the 28-day strength. The other symbols are the 
same as the symbols of Eq. 1). 

As another numerical illustration for the re-
1 iability of the exponential model, Figure 2 pre
sents also the calculated relationship between the 
compound composition of portland cement and the 
rel~tive ultimate compressive strength. Points 
represent experimental values reported by Gonner
man (3) for cements of approximately 40 and 60 per
cent C3S contents, respectively, with constant 
(l 8%) S03 content, and the same fineness (1440 
cm2/g by air permeability). The lines designate 



values that were calculated from Eq. 5) for-40 and 
60 percent C3S contents, respectively, with the a2 
value of Eq. 3). Considering the satisfactory good
ness of fit in Figure 2, one may say that Eqs. 1) 
and 3) not only provide numerically the detrimental 
effect of the higher CjA content on the ultimate 
strength but also show that this effect depends 
simultaneously on the ~3 s content. 

Incidentally, a cement model based on the di
mensionless relative strength is more suitable for 
the exploration of the roles of the cement compounds 
in hardening than one based on actual strength, that 
is, strength expressed, say, in MPa. This is so be
cause the interfering effects of factors other than 
the compound composition, such as the conditions of 
clinkering of the cement, cooling, etc. on the 
strength development are considerably reduced by the 
ratio-structure of the model. Note also that frel 
is what can be called the "age factor", that is, 1ts 
product with the actual 28-day strength provides the 
strength at any ! age. 

It can be . seen from the evidence presented here 
and elsewhere (5)(6)(19)(20) that the interaction 
between th~ calcium silicates and the C3A is repre
sented quite well numerically by the ~factors as 
exponents in Eq. 1). Even more important, however, 
is that the formula reveals the nature of this in
teraction in the cement model, as shown below. 

f 3A as Catalyst 

As has been shown in Eqs. 2) and 3), the gener
al forms obtained for the two~ factors for Eq . 1) 
were found to be linear 

where 

6) 

k and m = parameters which are independent of 
the strength, c3s and C3A contents, 
and age but may be a function of 
other factors that influence the 
strength and hydration, 

c3A = computed tricalcium aluminate content 
of the portland cement, percent. 

In certain cases k or m can be negligibly small; 
but when m 1s greater than zero, that is, when the a 
factor contains the C3A term, this means according 
to the theory of first-order reactions that the C3A 
acts as a catalyst on the C3S and/or on the second 
component of the portland cement model the majority 
of which is c2s. In other words, the paste of this 
cement model hardens as if the C3A acted on the cal
cium silicates as a catalyst. (21) 

Experimental results discussed above ~upport 
the applicability of the exponential model within 
wide limits, which is unlikely to have happened to 
such extent without a similarity between the harden
ing process represented by the model and the actual 
process. Therefore, it may be instructive to sum
marize what this cement model has to say about the 
role of C3A in the hardening process of portland 
cement. 

The strength of a portland cement paste 
comes from the hardening of two, more or 

less, hypothetical components, namely the 
calculated c3s, and the rest of the cement 
which is essentially c2s. 

These two components hydrate simultaneous
ly in the model as first-order reactions, 
the C3A acting as catalyst on both compon
ents. This means that either the C3A does 
act, in reality, as a catalyst on the cal
cium silicates during hydration, or that 
the complex role of C3A, for instance the 
one advanced by Hansen (9), can be approx
imated statistically on the basis as if 
the C3A acted as such a catalyst. 

Each component has a rate of hardening : 
a1 for the C3S and a2 for the second com
ponent. These are predetermined by the 
c3A content and fineness of the cement as 
well as by the composition of the 
strength specimen, and the curing and 
testing conditions. 

The values of a1 for different portland 
cements are about seven to ten times high
er than those for a2 within the usual 
range of C3A content. 

The squares of the a parameters represent 
the specific decelerations of hardening 
of the components, that is, (deceleration 
of hardening)/(remaining strength develop
ment), at a given age. (22) Consequent
ly, the specific rate of hardening is a 
linear function, and the specific deceler
ation of hardening is a quadratic function 
of the C3A content with a reasonable de
gree of approximation. In other words, an 
increase in the C3A content increases the 
early strength through an increased speci
fic rate of hardening, but, simultaneous
ly, it increases the deceleration of the 
hardening quadratically, thus the final 
strength will be less. 

Note that the possibility of fundamental simi
larities between the hypothetical hardening process 
of the exponential cement model and the actual har
dening process of a portland cement can help cement 
chemists to aim their research at new, promising 
goals, such as to establish directly the role of C3A 
in the cement hydration and hardening by focusing 
the investigation to its possible catalytic actidn. 

Conclusion 

On the basis of the available experimental evi
dence it is safe to say that there is interaction 
between the c3A and the calcium silicates in a port
land cement. The effect of this interaction on the 
strength development can be estimated by the expon
ential cement model. Whether the interaction is 
catalytic as in the model, or ~ome other process the 
effect of which can be approximated by the assump
tion of catalytic action is still a question the 
answer for which is left for future research. In 

. any case, the interaction casts doubts to efforts 
where experience obtained with the hydration or har
dening of oure C3S or C2S is attempted to be trans
ferred to portland cement. 
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Hydratation de I' aluminate tricalcique dope a I' oxyde de sodium 

Hydration of tricalciun1 aluminate doped by sodium oxide 

N. BILANDA, P. FIERENS, J. TIRLOCQ, Universite de Mons, 
et N. TENOUTASSE, Universite Libre de Bruxelles, Belgique. 

RESUME : Des echantillons d'aluminate tricalcique pur et d'aluminates tricalciques dopes par Na 2o, a des teneurs 
variahles, ont et~ synthetises et caracteris0s. 
L~hydratation de ces echantillons a ete suivie par les techniques ci-apres : diffraction des RX, microcalori
me trie isotherme, analyse de la phase aqueuse et thermogravimetrie. 
En absence de gypse la vitesse d'hydratation est de plus en plus reduite au fur et a mesure que la teneur en 
NaiO augmente. Par co~tre, e~ presen~e de ~y~se une sequence inverse est obse~vee._ . . 
Des que la concentration en ions sodium s'eleve dans la phase aqueuse, on assiste a la consornrnation quasi 
instantanee du gypse et a la formation simultanee de tous les composes hydrates. 
Pour l es echantillons fortement dopes, la production d'ettringite est inhibee par la carenc~ en ions calcium. 
Ces r es ultats montrent l'importance de la composition de la phase aqueuse sur la cinetique de l'hydratation 
de l'aluminate tricalcique dope au Na

2
o. 

SUMMARY : Different samples of pure and Na 2o doped tricalcium aluminate 
characterized. 

have been synthetized and 

Their hydration has been followed by several techniques : XR diffraction, isothermal microcalorimetry, aqueous 
phase analysis and thermogravimetry. 
Hydration rate, without gypsum, decreases when Na

2
o concentration increases. On the other hand, in hydration 

with gyps um, a reverse behaviour is observed. 
When ~a + ions amount increases in the aqueous phase, gypsum vanishes immediately and the different hydrates 
appear at the same time. 
In tre highest doped c1A hydration, ettringite grow is inhibited because of a lack of calcium ions. 
Our results show that the aqueous phase composition is an important factor which governs the rate of 
hydration 0f c

3
A doped by Na

2
o. 
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I. Introduction 

Le present travail a pour but d' examiner systemati
queme,nt l'effet du Na 2o sur l'hydratation de l'alu
minate tricalcique ; dans le present article,le 
sodium se trouve incorpore sous forme de solution 
solide dans l'aluminate tricalcique. 

Des travaux anterieurs effectues par Regourd (I), 
Butt (2)~ Spiering (3), Boikova (4), Collepardi (5), 
et autres ne semblent pas aboutir a des conclusions 
unanimement acceptees quanta l'effet du sodium sur 
l'hydratation de l'aluminate tricalcique. 

Dans cette etude, nous avons fait appel aex techni~ 
ques ci-apres : 

- la Diffraction des RX, la Thermogravimetrie 
Differentielle (TGD), la Microcalorimetrie et 
l'analyse de la phase liquide par Absorption 
atomique et par Nephelometrie. 

L'effet du Na 2o sera examine, lors des hydratations, 
en eau pure ou apres addition de gypse (20 % en 
poids de c3A). 

2. Resultats experimentaux 

La synthese de l'aluminate tricalcique pur par la 
technique classique n'a pas pose de probleme (6,7). 

Par contre, celle des echantillons dopes a l'oxyde 
de sodium, sans formation de chaux ·libre en exces 
a ete peu aisee, d'abord a cause de la volatilite 
de l'oxyde alcalin observee deja a 650°C, ensuite 
a cause de la presence de traces de C12A7 resultant 
de l'heterogeneite subsequente du systeme synthe-

, tise (8). 

Trois echantillons d'aluminate tricalcique dopes 
a l'oxyde de sodium ont ete synthetises a 1350°C 
avec des teneurs variables en Na 2o : 
(I) 1,2 % ; (II) 4,6 % et (III) 5,8 %. 

La teneur en sodium, apres la synthese, a ete dosee 
par spectrometrie d'absorption atomique. La chaux 
libre a ete mesuree par la methode de Franke (9), 
et la surface specifique de nos echantillons broyes, 
determinee par la methode de BET (10). 

La surface• specifique du gypse, finement broye, a 
egalement ete mesuree et vaut 0,7 m2/g. 
La variete allotropique de chaque echantillon de 
c3A a ete determinee par diffraction des RX au 
laboratoire du C.E.R.I.L.H. (M. Regourd). 

Les caracteristiques des echantillons sont resumees 
au tableau suivant : 

Tableau I : Caracteristi< ues des produits anhydres 

%Ca0 % Na20 SurfacG 
Variete 

Produits libre 
dans · le Specif. 

allotropique reseau m2/g. 

t3A pur 0,30 0 0,30 Cubique 
C3A dope I o, 13 I, 2 0,24 Cubique 
C3A dope II o, 15 4,6 0,41 K.lrthorhomb. I 
C3A dope III o, 13 5,8 0, 48 Prthorhomb. 
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L'effet du sodium sur l'hydratation de C3A, dans 
l'eau distillee, a ete suivi a 25°C avec un rapport 
Eau/Solide = I, par TGD et par DRX. (Diffrac_tion des 
RX) ( 6, 7). 

Dans to us les cas examines, 1' hydrate cuhique ( C3AH 6) 
est present des la premiere minute d'hydratation et 
son pie de TGD qui apparait aux environs de 300°C 
(I I) croit en fonction du temps d'hydratation. Les 
hydrates hexagonaux instables, bien visibles des le 
debut de l'hydratation, disparaissent progressivement 
au cours Aes trois premieres heures, dans le cas de 
l'hydratation du c3A pur. 
Mais, dans celui des echantillons dopes, la presence 
des hydrates hexagonaux est permanente et sirnultanee 
a celle de C3AH6 durant les periodes d'hydratation 
examinees. 

De plusr nous avons observ~ que le spectre DRX du 
produit hydrate obtenu a partir du C3A pur ne montre 
pas la presence de Ca(OH) 2, tandis que cet hydroxyde 
est toujour~ present dans les hydrates des echan
tillons dopes des les premiers instants d'hydrata
tion. 

A partir de la stoechiometrie de formation de c3AH6, 
on peut definir un degre d' avancement .-::1. dE. la 
reaction et dresser les courbes cinetiques reprises 
a la figure I. 

Fig. I - Cinetique d'hydratation de c3A par TGD. 

On constate _que la cinetique d'hydratation de 
l' alumin·ate tricalcique decroit a mesure que la 
teneur en sodium incorpore dans le reseau augmente 
ce qui conduit a la sequence suivante (3) : 

C3A pur > C3A dope I > C3A dope II = C3A dope III. 

Par DRX, nous avons suivi la decroissance de l'in
tensite de la raie principale a d = 2, 700 X du 
-c3A en fonction du temps d'hydratation. 

Des courbes cinetiques, representees a la figure 2 
ont ete etablies, dans chaque cas, grace a une 
courbe d'etalonnage construite a partir de melanges 
c3A-C3AH 6 . 
Le processus d'hydratation de nos systernes obeit 
au rnodele de rnecanisrne reactionnel par diffusion 



t \hrs) 

Fig. 2 - Cinetique d'hydratation de c3A par DRX. 

de Jander (12), qui repond a l' equation suivante 

D Ct) = (I- ..Jl:o.) 2
= kt 

3 

a = degre <l'avance me nt de la reaction. 
k constante c ine tique de la reaction. 

t emps d'hydrat a tion. 

Les graph iques sont illustres a la fi gure 3 et les 
constantes c inet iques au tablea u II. 

C
3
A dope II 

~ 
SA dope Ill 

1 o !\hrs) 

Fig. 3 - Mode le cine tique. 

Tableau II : Constantes cine tiq ues 

Reaction c
3
A dop e c

3
A dope c

3
A dope 

d'hydratation cl pur I II III 
de : 

Constante 
-5 . -5 

1.10 - 5 3,6. I0-6 
cinetique 6, 5. 10 1,8. 10 

(min- I) 

Au bout de quelques minutes d'hydratation, tous les 
echantillons obeissent a la loi de diffusion .de 
Jander ( 12). 
De plus, le C3A pur plus reactif, atteint. rapide
ment u~ degre d'avancement tel qu'il apparait une 
diminution de la Constante cinetique ; les echan
tillons dopes ne presentent pas cette particularite 

pendant la periode d'hydratation etudiee; 

D'apres Spiering et Breval, la presence de la 
soude dans le milieu reactionnel favoriserait la 
formation d'un double hydroxyde alumino-calcique 
(3) et d'un gel amorphe (13) qui emprisonnerait 
la solution peripherique dans une enveloppe pseudo
impermeable, dont la consistance croitrait en 
fonction de la teneur en soude du milieu. 

2.3. ~~~~!iS~~-~~~Z~E~!~!i£~-~~~-~3~-~~ 
£E~~~~£~-~~-8Z£~~ 

L'hydratation de l'aluminate tricalcique pur et 
dope, en presence de gypse, a ete suivie par micro
calorimetrie a conduction, a 25°C, avec un rapport 
Eau/Solide = 2. 

Une etude parallele de l'hydratation a ete realisee 
en discontinu, par - filtration de la phase liquide 
apres differents temps d'hydratation. 

En microcalorimetrie, l'hydratation de C3A avec 20 % 
de gypse a donne le resultat classique qui consiste 
en deux phenomenes e xo thermiques dont l'un se situe 
dans les deux premieres minutes et l'autre apres 
30 heures ( 14, 15, 16, I 7). 

Par contre, l'hydratation des phases dopees en pre~ 
sence du gypse subit une importante acceleration du 
deroulement des differentes etapes ~alorimetriques. 
En effe t,l'interva ll e de t emp s entre les emi ssions 
exothermiques se renuit tres ne ttemen t jusqu'a dis
naraitre pour l e.s fort es t ene urs en sodium.Les diffe
rentes courbes calorimetriques sont representees a 
\a figure 4. 

~'"" 
'$1 "-9 
5- cit 

45 
1 = C3A + 10•1,G 

2 = C3 AOP 1% N+20"- G 

3 : C3AOP L,6 %N+20YtG 

L : C3 AC»> !i.8% N+ 20%G 

Fig. 4 -· Microcalorimetrie de c
3
A. 

Au tableau III sont consignes les intervalles de 
temps observes pour chaque hydratation. 

Tableau III : Intervalles de temps 

Reactifs c3A pur c
3
A dope c

3
A dope c

3
A dope 

I II III 

% Na
2
o 0 I, 2 4,6 5,8 

Intervalle de 
temps entre les 30 h. lh30 min 0 2 h. 
2 pies calorim. 
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Lors des analyses de la phase aqueuse, les hydrata
tions ont ete arretees apres differents temps cor
respondants aux changements d'allure des courbes 
calorimetriques. 

Les elements Ca, Na, Al de la phase liquide ont ete 
doses par absorption atomique, les ions sulfates 
so4= par nephelometrie. Les resultats obtenus sont 
portes en graphique dans les figures 5, 6, 7 et 8. 

(mM / 11 

60 

40 

C3 A+ :io-.GYPSE+H20 

T 25" 

;_ 2 
s 

Fig. 5 - Analyse de la phase aqueuse. 

T •25°C 

Eis= 2 

so 

Ho. 

co·· 

Fig. 6 - Analyse de la phase aqueuse. 
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20 

C1 A DP 4,6%N . 20% G • HiO 

T • 25 •c 
fts. 2 

No· 

Al Of 

50 1.QI) t lminl 

Fig. 7 : 

Analyse de 
la phase 
aqueuse. 

SC}l 
102 

2 B t 

(mH/11 

"JO 

Omn 

C3A DP S. 8% Nil20, 20" Ci • H20 

r : 2s•c 
Eis: 2 

5()nn 100mn 150ftl'l 7h at. 

Fig. 8 - Analyse de l a phase aqueuse. 

Le residu solide de la filtration, immediatement 
lave a l'ac~tone et seche, 0 s t soumis a l'analyse 
DRX. Un resultat qualitatif a ete obtenu pour 
l'apparition des hydrates. 

Le c
3
A qui n'a pas reagi, a e te dose quantitativement. 

Un degre d'avancement de la reaction par la consomma
tion de c3A a e te calcul e a partir d'une courbe 
d'etalonnage etablie sur base de melange c3A-Ettrin
gite (figure 9). 

C
3

A •20'\.G • H20 
\ T :2!fC 

I ~: 2 

A dopeN 

~Apur 

•50 200 25ot(min1 

Fig. 9 - Cinetique d'hydratation des c
3
A + gypse 

par DRX. 

Discussion des resultats experimentaux 

L'effet du sodium sur l'hydratation de l'aluminate 
tricalcique en presence de gypse est bien marque. 

L'hydratation est fortement acceleree des que la 
teneur en sodium augmente dans la phase aqueuse ; 
cependant, lorsque la concentration en Na

2
o dans 

l'aluminate tricalcique atteint environ · s %, on 
observe une certaine diminution de l'effet du dopant . 

Les courbes obtenues par analyse des phases aqueuses 
ainsi que la cinetique de consorrnnation de l'aluminate 
tricalcique completent bien les donnees microcalori
metriques. 

En effet, lors de l'hydratation de l'aluminate tri
calcique pur, en presence du gypse, on observe une 
concentration constante en ions so

4
= (10 mM/l) pen

dant la formation de l'ettringite; on remarque 



ensuite une diminution rapide de la concentration 
en ions so

4
= accompagnee de l'apparition du mono

sulfoaluminate apres 6 heures d'hydratation (Fig.5) 

La transformation ettringite-monosulfoaluminate se 
deroule entre la 6e et la 24e heure d'hydratation. 
Apres ce delai on n'observe plus la presence du 
gypse par D.R.X. Apparaissent alors le C3AH6 et 
les hydrates hexagonaux comme le montrent les 
spectres RX ainsi que le deuxieme pie calorimetrique 
(Fig. 4). 

Dans l'hydratation de l'aluminate tricalcique fai
bl ement dope (1,2 % Na 2o) la concentration maxi
male en ions so4= est plus elevee (24,5 mM/l) et 
atteinte plus rapidement (apres I heure) que dans 
l'hydratation de l'aluminate tricalcique pur 
(3 heures). Cette augmentation accelcre la formation 
de l'ettringite. 

Parallelement, la transformation ettringite-mono
sulfoa1uminate s'opere beaucoup plus t5t (entre la 
IOe et la 60e minute). 

Ap~es l'epuisement du sulfate, on decele par DRX 
le C2AH3. 

L'hydratation du c 3A dope · II (4,6 .% Na 2o) constitue 
le cas l e plus typ1que d'acceleration de la reac
tivite des aluminates tricalciques dopes ; on 
observe en effet la consommation quasi instantanee 
du gypse et la formation simultanee des differents 
hydrates : le C3AH6, le monosulfoaluminate, l'ettrin
gite e t le C2AH3. 

La concordance entre les resultats de microcalori
metri e, de DRX et de l'analyse des phases liquides 
est tres nette. La chute rapide de la concentration 
en ions so4= (de 63,5 mM/l a 2 mM/l) indique bien 
la consommation tres rapide du gypse (Fig. 7). 

Les deux pies microcalorimetriques se confondent 
en un seul grand pie exothermique qui apparait clans 
les 30 premieres minutes. 

Les grandeB quantites de chaleurs degagees clans ce 
processus sont probablement a la base de la forma
tion precoce du c 3AH 6 et du monosulfoaluminate. 

Pour l'echantillon fortement dope (5,8 % Na 2o), on 
assiste a un changement profond du processus decrit 
plus haut. Il y a bien une forte concentration en 
ions so4= clans la phase aqueuse (120 mM/l) ; la 
teneur en soude et en aluminate est egalement tres 
elevee, mais nos analyses de la phase aqueuse 
revelent une concentration quasi nulle en ions 
ca++ (due a la presence importante de soude en 
solution). 

Dans ces conditions, on n'observe pas de quantite 
importante d'ettringite car l'etape limitante 
devient (exceptionnellement) la concentration en 
ions ca++. Celle-ci semble etre non seulement un 
parametre important pour la formation de l'ettrin
gite, mais elle conditionne egalement la trans
formation ettringite~monosulfoaluminate ; l'analyse 
de la phase aqueuse de l'hydratation des differents 
aluminates tricalciques revele en fait que la 
formation du monosulfoaluminate debute lorsque 
la concentration en ions ca++ n'est plus que 
d'environ 2 mM/l. 

Conclusions generales 

Dans ce travail, nous avons etudie l'hydratation 
de l'aluminat~ tricalcique pur et dope ~u sodium 
en presence et en absence de gypse. 

Dans le systeme c
3
A + H2o, le Na 2o diminue la 

vitesse de l 'hydratation ; on observe, en oU:tre, . une 
stabilisation des hydrates hexagonaux aux depens 
de la formation de l'hydrate cubique. 

D:ns ~e system: c 3A+Gyp~e:H 2o~ on assiste a un pheno
mene inverse <lu·aux mod1f1cat1ons profondes de la 
composition de la phase aqueuse. 

En effet, le passage de Na 2o dans l'eau entraine les 
modifications ci-apres 

(I) Augmentation de la teneur en Al02 . 

(2) Augmentation de'la teneur en SO~. 

(3) Diminution de la teneur en Ca++ 

L'ensemble des resultats montre que pour les 
echantillons faiblement dopes, la formation de 
l'ettringite est acceleree, alors que pour l'echan
tillon fortement dope, elle est inhibee par manque 
de ca++. 

Ce travail a permis de montrer le role primordial 
de la composition de la phase aqueuse lors de 
1 ',hydra tat ion de l' aluminate tricalcique dope 
au sodium. 

Nos recherches ulterieures devront montrer si 
l'hydratation de CA pur, en presence de soude, 
est identique a cetle des echantillons dopes con
tenant Na

2
o clans l _eur reseau. 

Remerciements 

Nous tenons a exprimer toute notre gratitude a 
Madame M. Regourd pour 1a determination des varietes 
allotropiques des aluminates tricalciques dopes 
qu'elle a bien voulu realiser au laboratoire du 
CERILH a Paris. 

Nous remercions egalement Madame A.M. Vogel pour 
sa collaboration scientifique efficace dans 
l'analyse des phases liquides (Service de Chimie 
Industrielle - Chimie des Ciments a l'Universite 
Libre de.Bruxelles). 

Bibliographie 

1 .- M. REGOURD and B.MORTUREUX,(1977), Tricalcium 
Aluminate in Synthetic solid sol.utions and in 
cements, Seminar at University of Technology, 
Eindhoven, April 13-14. 

2.- L.A. DOBRON, J.M. BUTT, V.M. KOLBASSOV, L.L. 
ASTANSKY, (1975), Proc. METI n.a. D.I: Mendelew, 
2!_, 44-48. 

3.- G.A.C.M. SPIERING and H.N. STEIN, (1975), The 
influence of Na 2o on the reaction of c 3A with 
water, Seminar in Koge-Denmark, May 25-26. 

4.- A.I. BOIKOVA, A.I. DOMANSKY, V.A. PARAMONOVZ, 
G.P. STAVITSKAJA and V.M. NIKUSHCHENKO, (1977), 
Cement and Concrete Research, I• 485 . 

611 



5.- M. COLLEPARDI, G. BALDINI and M. PAURI, (1978), 
Tricalcium Aluminate Hydration in the presence 
of lime, gypsum or sodium sulfate, Cement and 
Concrete Research, ~. 571-580. 

6.- H.F.W. TAYLOR, (1964), The Chemistry of Cements, 
.!_, .!.!.• Academic Press, London, New-York. 

7. - F .M .. LEA, ( 1970), The Chemistry of Cements and 
Concrete, Ed . Arnold Publ; 

8.- M. REGOURD, S. CHROMY, L. HJORTH, B. MORTUEUX et 
A. GUINIER, (1973), Polymorphisme des solutions 
solides du sodium dans l'aluminate trica lcique, 
J. Appl. Cryst., .§_, 356. 

9.- EE . PRESSLER, S. BRUNAUER and DL. KANTRO, 
(1956), Investigation of the Franke Method of 
determining free calcium hydroxyde, Analytical 
Chemistry, 20, n° 5, 896-902. 

10.- F. CAMBIER, P. FIERENS, G. LAMBIN, (1974), 
Mesure de surfaces spetifiques par la me thode 
~1~~~~que amelioree, Silicates Industriels,Vol. I , 

II.- V.S. RAMACHANDRAN, (1969), Applications of 
Differential Thermal Analysis in Cement 
Chemistry, Chemical Ptibl. Company, Inc. New-York. 

12.- E.A. GIESS, (1963), Equations and Tables for 
Analysis Solid-State Reaction Kinetics~ Journ. 
of American Ceramic Society, Vol. 8,374-76,August. 

13.- E. BREVAL, (1975), CA - Hydration - Experimen
tal Investigations, t embureau, Seminar in Koge 
Denmark, May 25 - 26 . 

14.- H.N. STEIN, (1963), Some characteristics of the 
hydration of 3Ca0.Al 203 in the presence CaS04. 
2H 2o, Silicates Industriels, ~. 141-145 . 

15.- N. TENOUTASSE, (1968), The hydration Mechanism 
of C3A and C3S in the presence of chloride and 
calci_um sulfate, ve Symp. de la Chimie des Ci
ments, Tokyo, 6-12 Oct.,V.II,Suppl.Pap.,372-378. 

16.- U. LUDWIG, (1974), Investigations of the Hydra
tion Mechanism of the clinker Mineral, Intern. 
Congress on the Chemistry of Cement, Moscow, 
Sept. 1974,Princip.Pap. 

17.- F.W. LOCHER, W. RICHARTZ, S. SPRUNG, (1976), 
Setting of Cement, Part I : Reaction and 
Development of structure, Zement - Kalk -
Gips, 12_, 435. 

612 



SHORT COMMUNICATION 

« Some considerations on the present state and future trends 
of knowledge on calcium aluminates, as a possible basis for 
discussing the future work in this field. » 
J. CALLEJA lnstituto Eduardo Torroja (Madrid), Spain. 

1. A part of the Principal Paper on DURABILITY presented to the Th eme VII, and most of the 27 communications 
presented to the Seminar A of thi s 7th International Congress on the Chemistry of Cement deal with 

2. 

3. 

4. 

s. 

6. 

7. 

i) 

ii) 

iii ) 

The structure and crystalline forms of aluminates and their Solid solutions , mainly of c3A. 
The hydration of aluminates and their solid solutions, as influenced by different retarders , admixtures 
and medium s, or by other clinker components, mainly of c3A, either synthetic or as a component of 
portl and cements. 
The format ion. structure, s tability and chemical resistance of more or less complex calcium alumincl.te 
hydrate s , mainly the expansion and sulfate attack of some of them. 

The princi::-al startin!!; point det e rmining hydration mechanisms of aluminates, and the structure, properties 
and behaviour of their hydrates is point i)'. 

~uch research work ha s been c~rried out in the last time on anhydrous calcium aluminates and more particular~ 
on c3A. whih ch is the mo st important aluminous component of ordinary portland cement clinker. 

~ part of this work has been directed to synthetize different crystalline form s of c 3~ and to identify them 
in clinker. 
Another part 0f the work has been devoted to study the properties and bahaviour of those forms of c3A, parti
cu 1 ar ly as far as their s usceptibility to s ulfates is concerned. 

No doubt that both parts of this work have been attempted and developped mainly as a (scientific) research 
basic in nature. The interest of it is obvious, as a good mean -and perhaps the better way- to gain and cumu-
late n~w solid knowl edge on the theme of the ~hemistry of calcium aluminates; 

Rut no doubt as well that the final interest of this necessary and more basic research is to form the support 
and the s tarting point for an applied re search , more technical in nature, able to give practical results. 

It is worth while not to forget that for cement makers and cement users calcium aluminates are more interes
ting as "natural" components of industrial port land cement clinker than considered as i solated "artificial" 
laboratory synthetic products. 

8. In this view . once established -if so- that different forms of C3A have different nature , properties and 
behaviour in different technical aspects, two lines of study and action may arise immediately. 

9. Th e one is analytical in nature : to develop reliable, practical easy and rapid methods to detect qualitati
vely the presence and if po ss ible to determine quantitatively the content of the different forms of c

3
A -oc

casionaJ ly of other calcium aluminates - in portland cement clinker. 

10. The other line is technical in nature : to develop procedures and techniques to create preferently in indus
trial portland cement clinker those forms of c3A -and occasiona.lly of. other calcium aluminates - .whose beha
viour may be better in all or part of the aspects involved in the use and applications of portland cement, 
i.e., in concrete science and technology. 

11. It is thou!>;ht that so. and only so, the whole chain beginning with the more pure, basic, scientific, funda
mental , theoretical or academic research, and finishing with the more applied, technical, practical or indus
trial research in the field of calcium aluminates may be continuous and complete. 

12. This may permit the development and the innovation of the world cement industry. Otherwise the chain is 
broken and the knowledge gained may be sterile, at least during a long tim~ , for _practical pourposes. 

13. Probably this second type of research -or this second way to direct the single and unique research for those 
who prefer to consider it so-, is more difficult than th~ first type or . way to focus and project research in 
the field of calcium aluminates. 

14; But. anyway there is no doubt that it is a tempting challenge for those who like and wish to make progress 
the cement industry and subsidiarily the concrete technolo gy, i.e., the building and cons truction industry. 
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SEMINAIRE B 

lnsolubilisation a I' aide de liants 
hydrauliques des ions metalliques 

contenus dans les boues industrielles 
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Incorporation d'ions metalliques dans la silice. 
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Importance de l'absorption des ions metalliques sur les surfaces 
minerales dans le procede de flottation. 

Stabilisation des boues industrielles pour comblement d'excava
tions. 

Solidification des boues avec le ciment, le laitier et le gypse. 

Utilisation des hydroxyapatites . de synthese pour la recupera
tion d'ions metalliques toxiques. 
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Fixation des boues industrielles avant decharge. 
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INTRODUCTION DU PRESIDENT 

Chaqus annee, l'industrie produit de grandes quantites de boues contenant des 
corps nocifs, essentiellement des ions metalliques. Ces boues proviennent de l'epuration 
des eaux residuaires et des effluents gazeux et concentrent un grand nombre d'elements 
dangereux pour l'environnement. Parmi ces elements, les metaux lourds se trouvent etre 
initialement dans la nature sous forme de minerais insolubles. L'homme a extrait ces mine
rais et a srilubilise les metaux afin de pouvoir les utiliser dans les divers circuits de 
l'activite humaine. Ces elements, lorsqu'ils ont rempli }eurs fonctions, sent en general 
recycles mais ce recyclage s'accompagne toujours de pertes qui se traduisent par des re
jets dans le milieu naturel. La presence de ces elements dans la nature est en general 
ephemere Si l'on Se refere a l'echelle geologique car, t5t OU tard, ils sent fixes a nou
veau sous la forme d'un minerai insoluble en rencontrant des sites mineralogiques reac
tifs. Mais en attendant, ils transitent dans les circuits des eaux~de surface et souter
raines en concentration parfois importante, ce qui constitue une menace pour la qualite 
de~ eaux. 

Le rejet de ces elements en milieu naturel, s'il constitue la seule issue pos
sible, doit done se faire dans des conditions bien determinees. Deux solutions peuvent 
etre envisagees. D'abord, le stockage des boues dans des site~ rep~tes etanQhes a toute 
infiltration d'eau. Les boues resteront en attente pendant un temps plus ou mains long, 
mais continueront a presenter un danger potentiel important. L'autre solution est d'acce
lerer le cycle naturel en mettant les boues en contact avec un mineral reactif afin de 
les retransformer immediatement en un minerai insoluble. Le minerai reactif le plus cou
ramment utilise dans l'industrie et le plus facilement disponible est le ciment ou, plus 
getieralement, les produits appartenant a la famille des liants hydrauliques. 

Le ciment permet de reconstituer des pierres dent la durabilite est equivalente 
et meme superieure a celle des pierres naturelles. Les prsmiers ciments confectionnes il 
y a plus de 2000 ans par les remains n'ont rien perdu de leurs qualites avec le temps et 
ont atteint un equilibre geologique. Lorsque l'on traite des boues industrielles contenant 
des metaux lourds avec des liants hydrauliques, on Vise ce meme equilibre geologique pour 
obtenir une pierre inattaquable et insoluble qui constituera un piege ideal pour les ele
ments a fix~r . 

L'action des liants hydrauliques sur les boues est multiple ; elle est d'abord 
chimique, physique et enfin m~qanique, c'est-a-dire qu'il se produit des liaisons au niveau 
des molecules, que ces molecules s'organisent en reseaux cristallins et que ces reseaux 
cristallins s'enchevetrent pour donner des structures resistantes. 

L'objectif de ce Seminaire est d'etudier ces liaisons et mecanismes de solidifi
cation dans la perspective de prevoir l'evoiution a long terme des produits solidifies. Il 
est en effet necessaire de bien comprendre le procesius de solidification afin d'evaluer 
le degre de confiance que l'on peut accorder a ces precedes pour la sauvegarde de notre 
patrimoine ecologique. 
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Chimie des ciments et traitement des boues minerales 

Cement chemistry and mineral sludge processing 

P. LONGUET - G. BELLINA, Departement « Chimie des Ciments » - C.E.R.l.L.H. - Paris, France. 

RESUME 

Apres avoir situe le sujet vis-a-vis des consequences ecologiques du rejet inconsidere de dechets mineraux 
plus ou moins toxiques, on developpe les caracteristiques particulieres des composes de la chimie du ciment 
consideres comme reactifs chimiques. Les reactions de neutralisation, de precipitation et de complexation sont 
particulierement etudiees soit dans leurs principes, soit sous l'angle de l'application. On precise ensuite 
les manieres d'apprecier l'efficacite d'un traitement principalement vis-a-vis des caracteristiques de l'eau 
potable. 

SUMMARY 

After we have set the subject beside ecological consequences of rash rejection of minerai wastes highly 
poisonous or not, we develop the specific characteristics of cement chemistry compounds regarded as chemical 
reagents . Neutralization reactions, precipitation and complexation reactions are studied with carefulness and 
looked at from whether their principles or their application-s . . Then we clarify the ways to estimate the effec
tiveness of some processings mainly beside drinkable water .charateristics. 
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I - PRESENTATION 

En l' an 2000 la population du globe atteindra 
six milliards d' etres humains. L' homme devient done 
selon l'expression du professeur Vladimir VERNADSKY, 
specialiste des sciences de la terre, une puissante 
force geologique. 

Compte tenu de l'intensite des activites humai
nes actuelles cette force peut provoquer en quelques 
·decades des changements qui auraient demande des 
millions d'annees pour s'accomplir naturellement. 

Independamment d'une gestion optimale des res
sources terrestres cette rapidite d'evolution pose 
le probleme du traitement des dechets plus ou moins 
toxiques qui en resultent. Le but de cet expose est 
de m·ontrer comment, dans le domaine particulier et 
limite des boues minerales toxiques , peut intervenir 
la chimie du ciment pour eviter particulierement 
la pollution de l'eau potable et la dispersion des 
matieres premieres minerales. 

II - LIMITES DE L'EXPOSE ET RAPPEL DE QUELQUES DEFI
fil!!Q!!§ 

L'expose concerne essentiellement le traitement 
des boues compatibles avec les composes de la chimie 
des ciments c'est-a-dire le plus souvent des dechets 
d' origine minerale. Il suppose que la nature et la 
COmpOSition de CeS dechetS SI Opposent a leur rejet 

. direct dans le milieu naturel ( toxicite certaine) 
et q\i I il'S Se presentent danS leur etat final C I es•t
a-dire, qu'ils ne peuvent plus pour des raisons 
techniques, economiques OU toxicologiques subir 
d' operations de concentration et que le traitement 
doit etre definitif et durable. Le terme de traite
me~t ultime est souvent utilise pour definir cette 
operation. 

III - BUTS DU TRAITEMENT 

Le traitement cherche d'abord a assurer la soli
dification du milieu afin de le rendre manipulable 
et transportable. 

Le second point concerne la fixation des substan
ces toxiques presentes afin d'eviter au maximum leur 
rejet dans le milieu naturel environnant compte tenu 
des conditions de stockage ou d'utilisation. 

Enfin le traitement doit assurer le mieux pos
sible une stabilisation dans le temps, l'ideal etant 
le retour vers des f ormes thermodynamiquement stables 
comparables a des especes mineralogiques. 

L'efficacite du traitement se definit a partir 
de ces trois parametres: solidification , fixation, 
stabilisation. 

Il est evident que l'on recherchera une effica
cite d'autant plus grande que la toxicite de la boue 
a trai ter sera plus grande. Parallelement le cout 
du traitement croit le plus souvent avec l'efficacite. 

IV - POSSIBILITES APPORTEES PAR LES COMPOSES DE LA 
CHIMIE DU ClMENT 

Citons d' abord les proprietes classiques bien 
connues des liants hydrauliques. Gache en pate ·avec 
l' eau un ciment fai t prise et durci t en consommant 
de 1 1 eau pour former des hydrates de tres grande 
surface specifique (100 fois environ la surface du 
solide initial) et generer finalement un solide meca
niquement tres resistant et pratiquement inattaquable 
par les agents naturels habituels. Ces caracteristi
ques conduisent deja a proposer les liants bydrauliques 
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pour le trai tement . des boues minerales aqueuses. 
Mais 1 1 examen plus approfondi des proprietes des 
composes de la chimie du ciment met en evidence bien 
d'autres proprietes interessantes permettant de rea
liser toute une serie de reactions bien plus genera
le s que celles rappelees precedemment et qui amenent 
a considerer le ciment comme un reactif chimique. 

- Reactions de neutralisation 

Si nous considerons, pour simplifier, que pour 
notre sujet les deux constituants essentiels du 
ciment sont le silicate tricalcique (C3S) et l'alumi
nate tricalcique (~A), nous avons afiaire dans les . 
deUX CaS a des se'is d I acideS faibleS ( Silice et 
alumine) et de base forte (chaux). C3S et C3A mis en 
contact avec d:s acides forts vont se comporter sensi
blement comme une base forte en liberant les acides 
faibles correspondants sous des formes hydroxylees 
tres reactives (cf. expose de PETIT et ROUXHET). 
LI effet tampon propre a ce type de neutralisation 
sera par ailleurs . tres favorable pour assurer une 
faible solubilite aux hydroxydes pouvant exister 
dans la boue a trai~er (cf. expose de BLANCHARD). 

Le cinrent apparait done comme un reactif de 
choix pour la neutralisation des effluents acides 
qui representent d' apres les statistiques la plus 
grande partie des rejets aqueux industriels. 

- Reactions de precipitation 

Le milieu apporte par le ciment est fortement 
calcique.Les sels de calcium etant pour la plupart 
peu ou tres peu solubles un grand nombre d' anions 
susceptibles d'etre presents dans la boue a traiter 
vont precipi ter .et venir s 'inserer dans la texture 
du ciment hydrate. Citons les fluorures, les zincates , 
les borates, les arseniates, les phosphates, les 
plombates, les tungstates, les chromates, ... ). 

Cette possibilite de precipitation de sels de 
calcium confirme l'interet de la neutralisation d'un 
effluent acide par un ciment a la place de Naz C03 
ou NaOH qui augmentent obligatoirement la teneur 
du milieu neutralise en sels solubles (bases alcali
nes). 

- Reactions de complexation 

Ces reactions sont propres aux phases alumini
ques du ciment ( c3A, phases aluminoferritiques). ·La 
grande reactivite du C1A intervient tres souvent . dans 
la chimie du ciment (cf. Seminaire A). 

Dans le cadre de notre sujet nous nous interes
sons aux complexes prenant naissance en milieu forte
ment alcalin it calcique. Le plus connu est le tri
sulfoaluminate de calcium hydrate (Alz01 3Ca0,3S04Ca 
31 HzO) que l'on forme volontairement d'une maniere 
tout a . fait generale pour regulariser la prise ·du 
ciment (gypsage des clinkers). Mais de nombretix 
anions peuvent aussi former des aluminates de calcium 
complexes dont les sels de calcium sont peu ou tres 
peu solubles. Citons lesions suivants: sulfate, 
chromate , seleniate , carbonate, chlorure,bromure, 
iodure, nitrate, nitrite, permanganate, iodate, 
formiate, acetate, propionate . • .. (A). 

D' autre part les ions aluminium peuvent etre 
partiellement substitues dans ces aluminates com
plexes par lesions Cr3+, Ti4+ , T12+ •.. • La phase 
aluminate, et aussi la phase aluminoferritique qui 
donne en premiere approximation des reactions ana- . 
logues ~ sont les composes du ciment qui apportent des 



possibilites de fixation tres diverses pour de nom
breux ions toxiques. 

Nous n' entrerons pas ici dans les details des 
reactions pour lesquels nous renvoyons a la biblio
gra phie commentee de cet expose. En resume les compo~ 
ses de la chimie du ciment presents dans les liants 
hydrauliques sont a considerer comme de veritables 
reactifs chimiques susceptibles de consommer de l'eau 
(deshydratation),de neutraliser les milieux acides, 
de precipiter des sels de calcium, de complexer de 
nombreux ions toxiques, d 1 adsorber (adsorption et 
chimisorption ) et de solidifier les suspensions 
aqueuses minerales (prise et durcissement). 

Bien entendu il peut y avoir, et il y a le plus 
souvent, competition entre le.s diverses reactions 
possibles. Cette competition souleve,lors du traite
ment, · des problemes tres differents des problemes 
classiques de la chimie des ciments et dont 1 1 etude 
fort interessante n .' a ete entreprise que depuis 
quelques annees seulement. Nous avons essaye malgre 
tout d'indiquer les lignes directrices actuellement 
suivies pour conduire un traitement. 

V - MODALITES D'APPLICATION 

- Connaissance du milieu a traiter 

Bien qu'essentiel ce point est quelquefois negli
ge a cause des difficultes analytiques posees par 
un milieu dont il est souvent tres difficile d'eta
blir l'histoire complete (melange de plusieurs 
effluents, trai tements de produi ts inconnus, mise 
en lagune ancienne... et qui dans la plupart des 
cas presente une heterogeneite impox:tante). De toute 
maniere il faudra s'efforcer d'obtenir un echantil
lon aussi representatif que possible et determiner 
sa composition elementaire complete (anions et ca
tions) et preciser les especes chimiques presentes : 

effluents directs plus ou moins acides , effluents 
deja traites (decyanuration, reduction de cr6+, neu~ 
tralisation avec precipitation d'hydroxydes ... ).C'est 
a partir de CeS donneeS qU I il COnVient enSUite de 
conduire le plus efficacement possible les reactions 
de base mentionnees. Citons quelques incidences pra
tiques a considerer: 

- Sur les reactions de neutralisation 

U~e acidite elevee du milieu entraine une consom
mation importante de ciment pour sa neutralisation 
avec la formation eventuelie trop importante d'hy
droxydes. (Un ciment portland artificiel precipite 
environ la moitie de son poids en hydroxydes). Dans 
ce cas une neutralisation partielle prealable avec 
du carbonate de calcium OU de la chaux (Cao OU Ca(OH)i 
permettra une operation convenable. 

- Sur les reactions de precipitation 

La difficul te provient ici de la competition 
entre les proprietes d'enrobage et de colmatage des 
sels insolubles de calcium fQ·rmes qui inhibent plus 
.ou moins totalement la poursui te de 1 1 hydratation 
du ciment. Il faut alors jouer soit sur des facteurs 
physiques qui changent les vitesses de reaction (tem
perature, dilution ..• ) soit sur des facteurs chimi
ques (accelerateurs ou retardateurs .. • ) soit sur 
des facteurs mecaniques (agitation, dispersion OU 
meme traitemerit en broyeur pour renouveler les surfa
ces de .contact ..• ). 

- Sur les reactions de complexation 

C'est la teneur en alumine du liant et l'alca
linite du milieu qui interviennent le ·plus dans ces 
reactions independamment de la formation de composes 
insolubles traitee au paragraphe precedent. Dans 
bien des cas le taux de fixation peut etre augmente 
par addition de laitier granule de haut fourneali 
ou quelquefois de cendres volantes de centrale ther
mique. Il conviendra cependant de bien connaitre 
la teneur du milieu en alcalis libres (NaOH ou KOH) 
qui peuvent limiter la solubilite de Ca( OH) z et 
SI Opposer ainsi a la formation deS COmpleXeS Calci
qUeS dont le produit de solubilite ne peut ainsi 
etre atteint. 

Inversement d'ailleurs la boue a traiter peut .avoir 
une teneur elevee en alumine, il convient alors d'a
jouter un anion complexant, sulfate par exemple. 

- Sur les reactions de dispersion et d I ad
sorption 

N.ous avons deja signale 1 1 interet du developpe
ment important de surface specifique lie a l'hydra
tation du ciment. Quelquefois on recherche unique
ment l' action dispersante du phenomene c' est ainsi 
que certaines chaux Vives activees .seules OU en me
lange avec un support mineral, sont utilisees pour 
disperser des residus organo-mineraux. Dans ce cas 
le materiau pulverulent obtenu doit etre compacte 
et protege de l'action dissolvante des agents 
atmospherique; OU reinsere dans une matrice insoluble. 
Signalons encore l'utilisation des proprietes des 
echangeurs d I ions ( cf. exposes de SUZUKI et Coll. 
et de FORMANEK). 

Ces quelques conmentaires sur les modalites de 
realisation du traitement des boues moritrent ra com
plexite du probleme et confirment la necessite d'une 
etude prealable avec des essais de verif~cation pra
tiquement dans chaque cas ( cf. exposes de SUGI ·et 
Coll. de RAU et de LEROY). . 

Sur un autre plan, il est certain que cette nou
velle application des liants hydrauliques aura des 
consequences benefiques sur notre. connaissance de 
la chimie des ciments. 

VI APPRECIATION DE L'EFFICACITE DU TRAITEMENT 
REALISE 

Lorsque l'etude prealable indique que le traite
ment est possible il convient de verifier ses quali
tes potentielles et d'essayer de prevoir son evolu
tion dans le temps compte tenu du mode de conserva
tion envisage . (fig. B texture d'une boue traitee). 

De tres nombreux essais ont ete decrits. Nous 
en mentionnerons trois qui correspondent chacun a 
une preoccupation differente: 

- Connaissance de 1 1 etat d I equilibre ionique 
de la solution interne de la boue trai tee: on uti
lise la technique deja proposee pour le ciment hy
drate . 

Connaissance de 1 1 etat . d I equilibre de la 
~urface externe de la boue traitee avec une eau sta
gnante: c'est l'adaptation "de la methode preconisee 
par l'agence nucleaire internationale. 

Cet essai correspond a l' effet le plus faible 
de l'action dissolvante de l'eau. 

619 



- Connaissance de l'action d'une eau de ruis
sellement. 

La simulation est obtenue au laboratoire dans 
un extracteur type Soxhlet perfectionne. 

La capsule d'extraction dans. laquelle est dispose 
1 1 echantillon' condi tionne de maniere a presenter 
une surface connue a l'action de ·1 1 eau, est maintenue 
;isotherme (C et D). 

Cette particularite permet une mesure conductime
trique continue sur la solution d'extraction et 
permet d'etablir un diagramme de solubilite 

( E ) • 

Cet essai dynamique represente 1 1 action la plus 
aggressive d'une eau. 

L 'analyse elementaire des solutions extraites 
permet au moins un classement des traitements reali
ses. Les valeurs obtenues ne sont evidemment qu'indi
catives et la transposition au cas reel est souvent 
difficile. En effet la conservation en site naturel 
fait intervenir un tres grand nombre de facteurs 
tantot favorables (importance des masses traitees, 
aui diminue 1 1 effet de surface, action colmatante 
due a Ja.formation du carbonate de calcium ... ) tantot 
defavorables (acidite des eaux naturelles, mouve
ments de terrain, alternances climatiques •... ). 
Cependant il est toujours interessant de comparer 
les valeurs fournies par les essais de laboratoire 
a .celles des tables fixant les limites des teneurs 
en ion~ toxiques de l'eau potable. 

lei encore independamment des conclusions tirees 
des essais de laboratoire, ce sera la toxicite ini
tiale de la boue traitee qui pourra orienter les 
precautions a prendre a priori pour l 'utilisation 
ou le stockage des produits traites. On pourra aller 
ainsi de 1 1 addition a un beton de prefabrication 
dans le cas d'une nocivite negligeable jusqu'au 
stockage sur une aire impermeable permettant le con
trole permanent des eaux de ruissellement ayant ete 
en contact avec la boue traitee (cas des residus 
nucleaires par exemple). 

CONCLUSION 

Sui va.nt la toxici te de 1 1 effluent initial le 
traitem~nt ultime des boues par les liants hydrauli
ques apporte' Chaque foiS qU I il est realisable, des 
solutions interessantes pour la protection de l'en
vironnement: 

- Amelioration de la manutention. 

- Facilites de mise en decharge. 

- Utilisations diverses : charges routieres 
ou autres, beton manufacture ... 

- Stockage sans pollution des eaux potables 
permettant d'eviter la dispersion d'elements 
importants dont le retraitement sera possi
ble dans l'avenir .... 
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A-- Complexation 
Coprecipitation de sulfo et de 
chromoaluminates de calcium. 

C - Controle par extraction continue. 
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0 

Ta9le des Figures 

E - Conductogramme d'extraction 

g - Texture d'une boue traitee. 

D -Detail de l'extracteur. 

Mise en evidence d'une solubilite limite 
de la boue traitee. 
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La solidification des dechets : motivations, acquis, perspectives 

Solidification techniques, motivations, state of the technology, develop
ments 

Philippe J. PICHAT, CdF Chimie-A.P.C., Paris-La Defense, France. 

Resume, : Le devenir des dechets toxiques est un sujet qui n'interesse plus seulanent les milieux specialistes-de 
l'environnanent et de la protection des ressarrces en eau. En effet, plus particulieranent awe Etats Unis, ce 
sujet, par le biais d'irx::idents concernant parfois des centaines de personnes, a atteint une dimension nationale, 
puis a eu une audience internationale. la grande presse a consacre des articles a ce theme techniquanent et ma'li
calenent delicat en presentant parfois des hypotheses carme des faits. 

Cet interet des elus, du public est canprehensible, canpte tenu de l'iroportance fon::lamentale ma.intes fois souli
gnee par l'O.M.S. (l'Organisation Morrliale de la Sante) de l'eau J:X>ur la sante des humains. 

Cet expose resume les relations entre l'eau et les dechets, une rnuvelle filiere techrx:>logique qui elargit la 
garrme d'outils dont disposent les specialistes de l'anti-ix>llution. la solidification-fixation des dechets a deja 
obtenu des resultats appreciables. De meilleures performances a un rapJ:X>rt efficacite-cout interessant peuvent 
etre escanptees a condition d'intensifier et d'inflechir les praniers efforts. 

~ : Toxic wastes no rcore concern the alone specialists of pollution control. Problems which took place for 
example in the U.S.A. and in the Netherlands gave an international size to the topic. The mass rnerlia feel concer
nerl. The importance of water to the p.iblic health explains these reactions. 

This article ranirrls links between drinkable water and wastes, describes briefly the solidification techniques 
which are a useful new tool of the pollution control. Results have been obtainerl. Better performances would be 
reacherl along efforts of ~esearch-Developnent. 
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1 - L'eau et la protection des ressources en eau 

1.1. ~f?.!2§1!!~~~-~:t_!~-~;!g_g~_!_'._~~ 
la biosphere qui ahrite les etres vivants peut etre 
ccmparee a une mince enveloppe recouvrant notre globe. 

la bianasse (masse totale d' organisrces vi vants) varie 
selon les regions de la biosphere dans de · fortes pro
p?rtions (forte dans une prairie mrmarrle, -faible en 
baute roontagne, •.• ) • 

ATMOSPH~RE 

Figure 1 

la biosphere n'est pas peuplee de fa~n desordonnee 
par leS etreS ViVantS ma.is . par deS camn.mauteS I a5S0-

CiatiOnS de microorganisnes - vegetaux - an.i.maux, ins
tallees dans un milieu detemline et que 1 'on denarroe 
"biocoenose". ce milieu determine (un "biotope") de 
dimensions variables, est caracterise par des daninan
tes ~enes ( t 0

, humidi te, type de sol. •• ) 

On a pu ecrire : 

E.cosysteme = biotope + biocoenose 

A la surface des terres €roergees, la bianasse est sen
siblanent proportionnelle au volrane des precipitations 

Cette eau de pluie, ~ivee au sol, peut : 

a/ ruisseler jusque dans les oceans, en anpruntant 
ruisseaux, rivieres, fleuves. Le ruisselanent est im
pJrtant sur les terrains impenneables, par exanple 
granitiques. 

Dans ce cas, l'eau de pluie alimente essentiellanent 
les eaux de surface. Il n'y a pas de ressources en eau 
souterraine notables(Bretagne, Massif Central). Il en 
decoule que les cours d'eau ont un debit irregulier, 
fonction des precipitations. 

b/ percoler, s'infiltrer et alimenter les. gisanents 
aquiferes souterrains. 

Ilse fonne une nar.pe lorsque l'eau d'infiltration 
rencontre une assise pratiquanent impermeable : argile, 
roche. Il peut exister. dans la mare region plusieurs 
nappes (ou niveaux d'eau) superposees. C'est ainsi que 
l'on trouve des nappes stampiennes, sauroisiennes, 
bartonniennes, de la craie saoonienne, de la craie tu
ronnienne, cenovonienne, albienne dans la region pari
sienne ••• 

c/ s'evap?rer, transpirer (ces deux processus 'sont 
groupes sous le nan d'evapotranspiration) par l'inter
mediaire du systeme foliaire. Les racines contrihlent 
fortanent a ces roouvanents ascerrlants d' eau sol -
atm::>sphere. 

On a represente .ci-desscus le schana simplifie c:iu 
cycle de 1 'eau~. 
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Figure 2 
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Le processus general de circulation des eaux dans le 
sol est gravitationnel, freine par les phencmenes de 
capillarite. Il se develGppe des courants analogues a 
ceux des rivieres et des fleuves. Irrliquons, p?ur don
ner une idee de l'echelle de ces phenanenes, que la 
vitesse varie entre quelques centaines de metres et 
quelques centaines de kilanetres ~ an. 

la circulation diaclosienne donne lieu a de nanbreuses 
variations de vitesse. Par centre, eh milieu suffisam .. 
ment hcm:igene et isotrope, la circulation en milieu po
reux peut etre represent~ par la loi .de Darcy : I =d..V 
I etant la perte de charge unitaire et V la vitesse de 
circul.cltion. Ces vitesses sont en general tres faibles, 
de quelqueS metres par an a Uil metre par jOllr I alOrS 
que pour un. cours d'eau, elles sont de l'ordre du metre 
par secorrle. 

I.orsqu'un dechet liquide (fosse septique, lix,iviation 
de pesticides, agent antigel d'autoroute ••• ) sera de
verse au-dessus d'une nappe, la p?llution n'apparaitra 
que lentanent : la contamination peut dernarrler des an
nees I VO ire deS decades a Se manifeSter • DanS le paSSe I 
on a su~se que si un site acceptait des sous-produits 
OU des dechets .sans damage irrmOOiat, on avait realise 
un stockage ultine. Cette fa~n de voir .explique des 
incidents du genre de IDVE CANAL qui se sont passes 
aux Etats Uriis (1). 

Au contraire, dans le cas d'un cours d'eau, la pollu
tion p?urra etre detectee rapidanent au rooyen de me
tlx:rles physico-chimiques (absorption atanique, chrana
tographie) ai biologiques (utilisation de poissons 
sensibles a la pollution, de cnistaces du type 
Daphnies). Les nar.pes sont alinentees par les eaux de 
surface. I.orsque ces dernieres sont polluees, leur in
filtration dans le sol souille les couches aquiferes. 

1. 3. PolJ;ut.!Q!lL_:fQ_~!:io!}:--9~§--9~het§ 

la p?llution, stricto sensu, est la destruction d'l,Ul 
cycle biologique·dans un ecosystere, exanple la roort 
de tonnes de p?issons dans la SaOne en 1974 par suite 
des deversanents en anont de Lyon. 

Chaque utilisateur d'eau, qu'il .soit un partioulier, 



un irrlustriel OU Ul1 cultivateur, a terrlance a rejeter 
celle-ci sans trop se soucier des utilisateurs suivants 
situes en aval, en pensant que la nature s'accamodera 
de cette eau additionnee de diverses substances. 

Les cours d 'eau jouent un role de convoyeurs de dechets 
vers lamer. Le resultat est que l'eau est dans cer-:
tains cas, tres polluee. 

Cette p:>llution est soit d'origine 

- organique (egouts urbains, abattoirs, sucreries, 
laiterieS. • • USineS de :i;ate a papier I hydrocarbureS, 
phenols, detersifs, pesticides ••• ) 
- inorganique : ffietaUX 101.lrdS I planb I acideS I SiliCO
aiuminateS proverlant de dragages, etc ••• ; 
- bacterienne et virale. 

I.a nature ne peut "assimiler" les dechets qu'en quan-:
tite limitee et tres variable (selon leurs proprietes 
physico-chimiques et biologiques) en un p:>int donne. 
Ce principe essentiel a ete trop longtenps oublie 
alors que l'on assiste a une "concentration" des rejets 
par suite des phenanenes d'urbanisation et d'.irrlus
trialisation massifs. 

Il y a confusion entre besoins en eau et besoins d'e
coulanent d'eau. I.a plus large part du besoin en eau 
vient de l'habitude d'utiliser l'eau en rrouvement can
me "vecteur" de transfert de dechets. 

Dans ces conditions, il n'y a rien d'etonnant ace que 
les dechets contiennent une forte proportion d'eau me-:': 
me dans le cas des lx>ues ou de pseudo-solides pelleta
bles qui peuvent encore atteirrlre des teneurs de 
l'ordre de 60 % d'eau libre. 

Dechets Prima.ires 

transf ert 
potentiel de 

lx>ues _._po_ll_u_t_i_· o_n--i~, 

solidification
f ixation 

Solidification-fixation "integree" 
dechets 

solidifies 

2 - Principe de la solidification des <lechets 

IDrsque la valorisation, tOujours souhaitable, n'est 
pas p:>ssible, il s'agit de transfonner un dechet li
quide ou une boue en un veritable solide afin de sup
pr:irner les dangers (et les coots d 'un p:>int de we 
ecorx:mique) lies au stockage de liquides ou de boues 
liquides. 

D'autre part, le solide ainsi ·eonstitue doit relarguer 
peu d' ions ou de rrol€cules vers le milieu naturel. 

Les dechets, par exanple d 'un atelier de chranage sont 
detoxiques, neutralises et on obtient une boue "de-
chets des dechets~ · 

Souvent sous l'action des intanperies, les constitu
ants des lx>ues peuvent etre entraines dans les eaux 
souterraines ou de surface (Photo P.J. PICHAT) 

r.es ·boues si celles-ci ne sont pas judicieusenent 
stockees, sous l'action des internperies, i:x:>urront peu 
a peli etre entrainees dans les eaux de surface OU les 
eaux souterraines. Une parade est le dep6t des lx>ues 
dans des sites etanches au i:x:>int de vue hydrogeologi
que. (Une conference patronnee par l'ANRED aura lieu 
a l 'INSA de Lyon (FRANCE) en fevrier 81). Un tel site 
peut ne pas exister a proximite. Une autre parade qui 
peut d'ailleurs etre canplenentaire est de transfonner 
de l'eau libre en eau liee. 

Lieau contenue dans le dechet reagira avec le liant 
hydraulique, melange constitue principalement de si
licates et d'aluminates de calcium anhydres qui vont 
etre transfonnes en silicates et aluminates de cal
cium hydrates. (On rappelle, pour meroire, que d'autres 
filieres technologiques existent : bitumes, therno
durcissables, ceramiques, verres). 

Ces effets ont lieu soit a l'echelle microscopique, 
soit a l 'echelle macroscopique. · 

3 - L'acquis, Scmnaire de l'etat de la technique 

Le~ methodes de solidification-fixation sont recentes 
(3, 4). Elles datent d'une dizaine d'annees et elles 
ont ete consacrees principalement aux boues de desul-
furation des fumees et ·aux lx>ues toxiques (le cas des 
dechets radioactifs n'etant pas alxlrde ici). 

En mars 1979, a ete organise par l 'A.c.s. (American 
Chanical Society) et la C.S.J. (Chanical Society of 
Japan) a Hawai le pranier s€minaire consacre exclusi
vement aux methodes de solidification-fixation. A peu 
pres simlltanenent paraissait aux U.S.A. le pranier 
livre consacre a ces techniques (2) qui deµiis a ete 
suivi de 2 autres volumes : en quelques annees, ces 
techniques se sont bien develo:ppees et un certain 
nanbre d'entreprises, par exanple : 

- aux U.S.A. (I.U., DRAVO, CEEMFIX, COITRELL ••• ) 
- en France (SARP Irrlustrie's, GEREP, PEC-ENGINEERING) 

les utilisait 
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Le tableau ci-dessous rappelle succinctement les phases d'un traitenent industriel 

a/ CHOIX D'UNE FORMULATICN 

Hanogeneisation du dechet brut F.chantillonnage I · Analyse 
(Operation delicate carrne le rappel-
lera r-bnsieur BLANCHARD) 

Choix d'une formulation 

b/ MISE EN OElNRE 

Debut des reactions· 
Hanogeneisation dU dechet brut ~ _;;, Dosage de reaCtifS -..+ . HoirogeneisatiOn ~ d I hydratatiOn deS 

- Leur addition silicates, aluminates 
aluminofemites de 
calcium 

qui induisent des reactions de neutralisation,· precipitation, adsorption, ccmplexation, substitution, enroba
ge. 

Mise en place appropriee. 

c/ CONTROLE 

,- Proprietes mecaniques Rp (la resistance a la canpression doit etre canpatible avec le passage d'engins et le 
stockage sur de fortes epaisseurs sans fluage. 

- Proprietes ecologiques - essai statique de lixiviation 
- essai dynamique 
- penneabilite 

3. 2. ~~S:.!Ee~-~~~g§§ 

3.2.1. ±!2f1~~s:§_g~_ge.!!:~~!:-E£~.!E§ ~ ±!!!=~e!:.!2~ 
~'!:!_ge.!~!:-~1!:~-~§_!§_Ef Qs:§§~§_g12.!?e1_9§ 
ge.!!:~~! 

Les dechets bruts, prima.ires pour utiliser une autre 
terminologie sont souvent acides. Ils sont ensuite neu
tralises. Le type de neutralisation n'est pas sans re
percussion sur la qualite de la solidification ulte
rieure du dechet. On doit preferer a l'utilisation 
d'un hydroxyde dont le metal sous forme ionique est 
tres soluble, l'utilisation de l'hydroxyde de calcium. 
Ce treme .sera developpe par r-bnsieur LCNGUEI'. 

Il est necessaire des le traitement pr.imaire (et a plus 
forte raison, secorrlaire) que la prcxluction de dechets 
ait le souci du traitement ultime du dechet, c'est-a
dire du devenir du dechet, ceci dans l'esprit de la 
loi fr~ise des dechets de 1975. On ne peut pas de
IPander au traitement de solidification de "garrner" 
toutes les erreurs qui ont ete faites precooemnent. 

L'incineration des dechets ayant un PEI convenable est 
pratiquee. Des dechets bicxlegradables sont traites par 
leS methcx:leS d I aSperSiOn, d I eparrlage, VOire de larrl
farming lorsque les caracteristiques du sol et le cli-. 
mat le pennettent. 

Par contre, les methodes de solidification semblent 
particulierement appropriees avec des prcxluits inorga
niques pouvant contenir une certaine proportion de 
produits organiques, ou biologiques ou organo-metalli
ques variables selon le procErle et ses conditions · 
d'exploitation. 
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Il y a probablenent un effort a faire dans le sens 
d'une plus grarrle adaptation du dosage (avec un pro
cooe donne) au type de dechet considere (5). 

On peut dire qu'il y a eu souvent une. tendance a sous
doser en liants hydrauliques pour des raisons econani
ques bien canprehensibl~s. 

Cette attitude a amene des exploitants a ne pas soli
difier des dechets qui, en fait, auraient pu etre 
traites convenablement en abaissant le rapport eau/ 
liant. · 

Dans ce danaine, il existe d'ailleurs une certaine con
fusion sur l'objectif a atteindre : 

- S'agit-il de solidifier pour stocker a un prix at
tractif des l:x:lues ou des dechets liquides en abaissant 
par voie de consequence la lixiviation 

- ou s 'agit-il de fixer les e1€ments polluants avec· 
des preoccupations de cout rnoindres. 

Des representants des pouvoirs publics ont pu ':'jut-. 
etre parfois etre un peU de9US des perfo.rrrances d'un 
procooe parce que, pour des raisons carrnerciales, la 
premiere attitude avai t du etr.e adaptee, canpte tenu 
de ce que la detenteur du dechet ne proposait pas un 
budget suffisan~. 

3.2.3. 9:?!!::!.!!.!Q~§_g§_~§§_~_E1~£§_§!;_g§_§!:Qs:~g~ 

Il est important que la mise en place du dechet soit 
definitive avant sa solidification, c'est-a-dire, en 
d'autres tennes, sans reprise. Une reprise n'est pos
sible, crnme en techniques routieres, qu'avec un liant 
a prise lente du genre grave - CendreS I et 1 I experierx::e 
irontre que dans le dcinaine de la solidification des 
dechets, on se trouve en general assez loin de ces con
ditions. 



Les precautions usuelles vis-a-vis du grand froid, du 
soleil, du vent, !ors de coulees de reton sont aussi 
recarrnan:iees !ors d'une operation de solidification. 

Le residu doit etre place en couches canpactes conti
nues presentant un rapp::>rt surface/rnasse faible de 
fa~on a minimiser la lixiviation (du genre tumulus). 

3.2.4. 12Y.~1~~i~Q~--g~§_E~~!~i§ 

On peut distinguer non sans quelque arbitraire, l'eau 
stagnante et l'eau de ruisselernent et les essais de 
lixiviation peuvent etre classes dans ces deux cate
gories. 

Souvent ont ete utilises, dans le passe, des tests qui 
n'ont que des liens trop eloignes avec les realites 
industrielles et qui consistaient a faire des essais 
de solubilite sur des echantillons qui, apres avoir 
ete solidifies etaient broyes ou concasses ou avec des 
solutions a caractere artificiel au lieu d'eau de 
pluie. Un beton classique soumis a ce genre de test 
peut se reveler un rnateriau toxique ! 

Le platre se revelerait un rnateriau inutilisable alors 
que les rnaisons parisiennes (XVIIe) ont souvent defie 
les annees. 

Il existe un besoin de definir avec precision des tests 
simples(utilisables par les exploitants) qui pr~ent 
bien en canpte ·les conditions de stockage du dechet 
solidifie a l'echelle ii'ldustrielle. 

La Societe IU CCNVERSIOO SYSTEMS (Dr RAU) presentera 
une experience dans ce danaine (6). 

On trouvera ci-dessous a titre d'infonnation les re
sultats obtenus par un dechet traite par un procooe 
de solidification "integree" ayant les caracteristi
ques suivantes (en g/l) avec le test statique. 

pH Cu Fe Zn er Cd Ni Mn 

0 9,4 8,1 7,6 1,6 0,038 0,65 0,65 

On obtient une eau de lixiviation ay~t les concentra
tions ci-dessous : (expression en 10 g/litre) 

0,1 I 0,1 I 1,2 I 0,1 I 0,1 I 0,1 I 0,1 

L'echantillon avait un an. La duree de contact echan
tillon - eau a ete d'une senaine. 

Il y a longtanps que les agroncmes utilisent des "ly
si.rnetres" pour etudier par exenple 1 I effet d 1Uil epan
dage d'engrais, de lisier sur un sol et sa flore. 

4 - EVolution des procedes 

Un certain nanbre de facteurs .concourrent a une evo
lution rapide des procedes : d'une part les muvelles 
conditions econaniques (augmentation du prix de l'e
nergie, ralentissement de la c1;:'0issance) , d 'autre part 
la constitution d'une rnasse critique, d'un capital 
techmlogigue de Recherche-Developpenent 

De nanbreux travaux ont ete effectues. on ne carpte pas 
rroins de quatre cents µ.iblicatiens et brevets. Ces tra
vaux sont recents et restent encore a l'etat de Recher
che-Developpenent ma.is dans les annees qui viennent, 
ils devraient dormer naissance a de ncuvea1Jx procedes 

industriels exploites. Rappelons que cedomaine tres 
canplexe touche a la physico-chimie de l'eau, des 
1.iants hydrauliques, la .physico-chimie des surfaces. 
On peut ecrire les schffna.s suivants : 

Eau (µire) + liant hydraulique + agregat--+ rrortier 

Dans le cas de la solidification des dechets ,(F.a.u + 
Agregat) est ·re:nplace par une variete considerable 
d'especes physico-chimiques. Incidemient ~ur cette 
raison on peut escanpter des retanbees sur la connai
sance de l'hydratation des ciments hydrauliques et 
leur utilisation dans des milieux diff iciles (eaux 
usees, rner ••. ) • 

Ce domaine interesse de ncrnbreux scientifiques et tech
niciens dont les trav:aux devraient contribuer a !'evo
lution des techniques. 

Les methodes de solidification/fixation contribuent 
a proteger ! 'Environnement (Photo Ph. · PI.cHAT) 

CONCIDSICNS 

Les techniques de solidification-fixation elargissent 
la ganme des traitenents. Cette filiere techmlog•e 
est d'ailleurs pratiquee dep.iis des annees dans le 
traitement des dechets dits faiblement radib-actifs. 

Seule une elite des entreprises de construction ~s
sooe les rroyens scfontifiques et techniques necessai
res ~ur fabriquerdes betons a hautes perfonnances. 
Canpte tenu de la tres grarrle canplexite des methodes 
de solidification des dechets, ces techniques ne peu
vent actuellement etre exploitees avec LUle fiabilite 
acceptable que par les quelques entreprises ayant 
acquis le ha.gage scientifique et technique irrlispen-
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sable a leur exploitation convenable. 

Par ailleurs, la jeunesse de cette techrnlogie fait 
appel a des efforts .imp::>rtants de Recherche-Develop
peirent. 
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Incorporation d'ions metalliques dans la silice 

Incorporation of metallic ions in silica 

L. PETIT et P.G. ROUXHET, Groupe de Physico-Chimie Minerale et de Catalyse, Universite Catholique de Louvain, 
1, place Croix du Sud 1, B-1348 Louvain-la-Neuve, Belgique (* ). 

RESUME : L'incorporation d'ions metalliques dans la silice entraine une perturbation du squelette silicique qui 
se marque dans le spectre infrarouge (glissement de la bande de vibration de valence SiO vers les faibles fre
quences) et dans le diagramme de diffraction des rayons X (etalement vers les valeurs 28 elevees de la bosse 
caracteristique de la silice). Ces methodes permettent d'observer l'incorporation, par coprecipitation avec un 
sol silicique acide, de l'aluminium a un pH egal OU superieur a 4 et du calcium a pH egal OU superieur a 9 en 
milieu concentre . L'action du calcium sur l'organisation du squelette silicique se manifeste meme lorsque l'on 
procede a une coprecipitation de silice et d'aluminium a pH 9, en partant d'un sol silicique; ceci est confirme 
si l'on extrait le calcium et l'aluminium du squelette silicique par carbonatation et titrage acide, respective
ment. 

Les memes methodes instrumentales ' confirment l'incorporation de metaux de transition (Fe
3
+, Ni

2
+, Cu

2
+) dans la 

silice par copreci~itation a pH 7 et 9 avec un. sol silicique . Des dosages chimiques montrent que l'incorpora
tion de cu2+ et Ni + est favorisee par la presence de A13+ et Fe3+ et par un passage rapide du pH initial du 
sol silicique au pH de coprecipitation. 

SUMMARY : The incorporation of metallic ions in silica produces a perturbation of the siliceous skeleton, which 
is revealed by the infrared spectrum (shift towards lower wavenumbers of SiO stretching) and the X-ray diffrac
tion diagram (flattening towards high 28 values of the hump characteristic of silica) . These methods show in
corporation of aluminium at pH equal to or higher than 4 and of calcium at pH equal to or higher than 9 in a 
concentrated medium, by coprecipitation with an acidic silica sol. The influence of calcium on the or~anization 
of the siliceous skeleton is even marked when silica and aluminium are coprecipitated at pH 9, starting from a 
silica sol; this is confirmed if calcium and aluminium are extracted by carbonation and acid titration, respec
tively. 

These instrumental methods confirm incorporation of transition metals (Fe
3
+; Ni

2
+, cu

2
+) by coprecipitation with 

silica sol at pH 7~9.Chemical analyses show that incorporation of cu2+ and Ni2+ is favored by the presence of 
A13+ and Fe3+ and by a quick rise from the pH of silicic sol to the pH chosen for coprecipitation. 

(~') ; Recherche subventionnee par l' Institut pour la Recherche Scientifique dans l' Industrie et 
l'Agriculture (I.R.S.I.A.) 

629 



INTRODUCTION 

Beaucoup de chimistes ne reconnaissent la formation 
d'un solide comme produit de reaction entre certains 
reactifs que lorsque la phase formee est cristalline . 
Il est vrai que la diffraction des rayons X est une 
methode particulierement concluante pour identifier 
une phase solide et mettre en evidence la formation 
d'une liaison chimique entre des elements presents 
dans celle-ci; cependant c'est egalement une methode 
extremement restrictive. 

Cette communication vise a illustrer l'incorporation 
de certains ions (Al, Ca, metaux de transition) dans 
une matrice silicique et la formation de liaisons 
entre . ces ions et la silice par simple coprecipita
tion. 

La possibilite d'incorporer l'aluminium dans une 
matrice silicique par coprecipitation ne fait plus.de 
doute. Si le mode d'organisation du solide est mal 
connu, s'il peut etre heterogene, on admet generale
ment l'existence d'une phase mixte silice-alumine, 
qui possede notamment des caracteristiques particu
lieres d'acidite et possede de l'aluminium en substi
tution du silicium (1-6) . Les silicates de calcium 
anhydres ou hydrates of frent un exemple interessant 
d'un autre mode d'association chimique entre un ion 
et la silice. Si la formation de phases cristallines 
est possible' le.s produi ts de reaction frequemment 
obtenus sont mal cristallises ou amorphes (7,8). 

Nous allons montrer comment des methodes tres simples 
comme la spectroscopie infrarouge et l'observation 
de la large bande de diffraction des rayons X des 
produits amorphes silicates per~ettent de mettre en 
evidence l'incorporation d'ions metalliques tels que 
l'aluminium et le calcium dans un squelette silici
que. Nous examinerons ensuite le comportement d'ions 
de metaux de transition vis-a-vis d'une silice en 
voie de polymerisation . La formation d'oxydes mixtes 
silice-oxyde ferrique a ete mains etudiee que la for
mation de silico-alumine; la substitution isomorphi
que du silicium par le fer, mains favorisee que la 
substitution du silicium par l'aluminium en raison de 
la dimension de l'ion ferrique, est suggeree par cer
tains auteurs (9) mais rejetee par d'autres (10,11). 
L'obtention de silicates basiques contenant du nickel 
ou du cuivre est delicate et necessite des temperatu
res elevees et des temps de reaction longs (12). 

METHODES EXPERIMENTALES 

Les produits etudies ont ete prepares par une copre
cipitation conduite a un pH donne et a temperature 
ambiante, en milieu aqueux fortement agite,d'un sol 
silicique et de l'ion metallique introduit par un 
sel soluble (Al(N03)3, U.C.B. p.a.; NiCl2, CuC12 , 
FeCl3, Merck p.a.); ils sont recueillis par filtra
tion sur buchner, sans lavage, et seches a 120°C. 

Le sol silicique est obtenu par passage d'une solu
tion de silicate de sodium (Merck) 1.2 M sur une re
sine echangeuse d'ions (Amberlite IR-120, BDH) satu
ree en protons. La base utilisee est un lait de 
chaux a 10% Ca(OH) 2 en poids (Merck p.a.) 

Les spectres infrarouge ont ete enregistres a l'aide 
d'un spectrographe· Beckman IR-12; la poudre etait 
dispersee dans une pastille KBr de maniere a obtenir 
une epaisseur effective de l'ordre de 0.4 mg/cm2. 
Les _diagrammes de diffraction des rayons X ont ete 
obtenus en utilisant un diffractometre Philips (CuKa, 
34 ·kv ou CoKa,28 kV); les reglages de l'appareil sont 
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rigoureusement identiques pour tous les echantillons. 
Le dosage des ions metalliques a ete realise par ab
sorption atomique 

SYSTEME SILICE-ALUMINIUM-CALCIUM 

Les figures 1 et 2 se rapportent a des produits pre
pares a pH 4 et 9, avec une concentration globale 
Si + Al = 0.6 M et pour des rapports atomiques Si/Al 
valant respectivement 100/0, 80/20, 60/40, 40/60. 

Fig. 1. - Spectres infrarouge de produits obtenus par 
coprecipitation de silice et d'aluminium a pH 4 (A) 
et 9 (B); milieu de concentration Si+Al = 0.6 M; rap
ports Si/Al = (a) 100/0, (b) 80/20, (c) 60/40, 
(d) 40/60. 

40 30 20 10 2.40 
(29) 

30 20 10 2 
(29) 

Fig. 2. - Diagrammes de diffraction des rayons X de 
produits obtenus par coprecipitation de silice et 
d'aluminium a pH 4 (A) et 9 (B); milieu de concentra
tion Si+Al = 0.6 M; rapports Si/Al = (a) 100/0, (b) 
80/20, (c) 60/40, (d) 40/60. 

Les spectres infrarouge des produits prepares a pH 4 
sont presentes a la figure lA. La bande donnant deux 
composantes a 1100 et 1200 cm-1 dans la silice pure 
(spectre a) est due a des vibrations de valence 



antisymetriques Si~O-Si; les bandes a 950, 800 et 
485 cm-1 sont dues respectivement a la vibration de 
valence Si-0 du groupe SiOH, a une vibration de va
lence symetrique Si-0-Si et a la deformation 
o-si-o (13). 

Lorsque la precipitation a lieu en presence d'une 
grande quantite . d'aluminium (spectre d) on observe 
une bande importante a 600 cm-1 ainsi qu'une absorp
tion marquee vers 980 cm-1, qui sont probablement 
dues a une phase libre d'alumine hydratee (13,14). 
Pour des teneurs intermediaires en aluminium, on ob
serve un elargissement vers les basses frequences de 
la bande a 1100 cm-1. Ce glissement pourrait 
etre du a une modification des vibrations du sque
lette silicique (6,13,15) resultant de la substitu
tion de Si par Al; cependant il pourrait egalement 
resulter de la presence en quantite croissante d'une 
phase alumine libre. 

Les diagrammes de diffraction des rayons X des memes 
echantillons, presentes a la figure 2A, indiquent un 
net deplacement vers les valeurs 28 elevees de la 
bande de diffusion des rayons x de la silice, qui re
flete une perturbation du squelette silicique par 
l'aluminium et indique done une incorporation de cet 
ion. Les fins pies presents sur le diagramme d sont 
dus au nitrate de calcium. 

Le spectre de la silice pure precipitee a pH 9 en 
presence de calcium (figure lB, spectre a) presente 
une bande de valence SiO qui est elargie vers les 
basses frequences, en comparaison de la silice preci
pitee a pH 4. Cet elargissement indique une pertur
bation du squelette silicique par le calcium; en ef
fet il ne se manifeste pas si le calcium est remplace 
par le sodium. La perturbation est confirmee par la 
comparaison des diagrammes de diffraction de la sili
ce precipiteea pH 4 et 9 ( figures 2A et B, diagramme 
a). Il convient de signaler que cette incorporation 
de calcium au squelette silicique ne se produit pas 
si la precipitation a lieu en mettant en oeuvre des 
reactifs 10 fois plus dilues. 

L'evolution de la bande de valence Si-0 des produits 
precipites a pH 9 indique une perturbation tres nette 
du squelette silicique par l'aluminium (figure lB, 
spectres b,c,d); cette perturbation est confirmee par 
l'evolution des diagrammes de diffraction des rayons 
X (figure 2B). Les pies observes a 28 = 29.5° a la 
figure 2B et a 875 cm-1 a la figure lB sont dus a la 
presence de caco3 resultant de 'l' exposition des 
echantillons a l'air. 

Le traitement d'un coprecipite silice-alumine par HCl 
donne lieu a une extraction progressive de l'alumi
nium et a la restauration d'une bande · a 1100-1200 cnrl 
typique de la silice pure. Il est connu que la car
bonatation du ciment donne lieu a la production de 
silice et de carbonate de calcium a partir des sili
cates de calcium hydrates (16). La figure 3A·presen
te le spectre d'un produit obtenu par precipitation 
d'un sol silicique a pH i-3, de concentration Si=0.4M, 
avec un rapport molaire Ca0/Sio2 = 3/1; la bande de 
valence SiO indique que le squelette silicique est 
nettement plus perturbe que lors de la precipitation 
a pH 9 (figure lB, spectre a). Une carbonatation de 
ce produit a ete realisee en faisant barboter du C02 
dans la suspension obtenue immediatement apres pr'eci
pi tation, jusqu'a obtention de differentes valeurs du 
pH. Les spectres infrarouge de ces produits carbona
tes (figure 3A) illustrent la restauration d'un sque
lette silicique non perturbe; le produit obtenu apres 
carbonatation complete donne des bandes de la silice 

identiques a celles obtenues a~res attaque qci.de. 

Fig. 3. - Spectres infrarouge : 
A - Silice precipitee par la chaux en milieu de con
centration Si = 0.4 M et de rapport CaO/Si02 = 3 (a); 
silice precipitee puis soumise a une carbonatation 
jusqu'a pH 10 (b), 8 (c), 6 (d); silice precipitee, 
sechee puis traitee par HCl (e). 
B - Silico-alumine precipitee a la chaux (Al/Si=0.45, 
Si+Al=0.5 M, CaO/Si02=3) obtenue comme telle (a), 
soumise a une carbonatation apres precipitation (b) , 
traitee a l'acide (c). 

La figure 3B permet de bien distinguer la formation 
de liaisons silice-calcium et silice-aluminium. Le 
produit de depart a ete precipite a pH 13 a partir de 
reactifs donnant les proportions suivantes Ca/Si = 3, 
Si/Al=2.2 et une concentration globale Si+Al=0.5 M. 
Une carbonatation intense de la suspension donne lieu 
a l'extraction du calcium et a une reorganisation 
partielle du squelette silicique (spectre b) dont la 
bande SiO est typique d'une silico-alumine (voir fi
gure lB, spectres b et c) . Une attaque acide comple
te la reorganisation du squelette silici9ue (spectre c). 

REACTION DE METAUX DE TRANSITION AVEC LA SILICE 

Les produits se rapportant aux figures 4 et 5 ont ete 
obtenus a partir d'une concentration Si = 0.07 M dans 
le milieu reactionnel. 

La figure 4A presente les spectres infrarouge de la 
silice pure, du produit de coprecipitation de la si
lice avec Fe3+ dans un rapport Si/Fe = 3/1 et d'un 
produit similaire contenant du cuivre et du nickel 
dans un rapport atomique Si/Ni= Si/Cu= 10/1. La 
forme de la bande Si-0 indique une perturbation du 
squelette silicique par les metaux de transition, 
cette perturbation est confirmee par les diagrammes 
de diffraction des rayons X (figure SA) , qui montrent 
un etalement marque de la bande de la silice. 

La figure 4B presente les spectres de la silice pure 
precipi tee .a pH 9; l 'interaction de la silice avec 
le calciuni est tres faible en raison de la dilution 
du milieu. Les autres spectres se rapportent aux 
produits de coprecipitation correspondant aux rdp
ports atomiques Si/Ni= 10/1, Si/Cu= 10/1 e~ 
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Si/ (Cu + Ni) = 10/1. Dans tous ces cas on. observe un 
elargis.sement vers les basses frequences de la bande 
SiO, qui reflete une interaction entre la silice et 
les metaux de transition. Il faut souligner que la 
perturbation du squelette silicique par Cu et Ni est 
observee pour un faible rapport ion metallique/Si, de 
l'ordre de 1/10 . Les diagrammes de diffra·ction des 
rayons X presentes a la figure SB montrent que l'in
corporation de Ni et Cu est plus marquee a pH 9 qu'a 
pH 7. 

~ 
c 
ro 
.0 
L 

~ 
.0 
<( 

Nombre d' onde {cm-
1

) 

Fig. 4. - Spectres infrarouge de produits precipites 
en milieu de concentration Si=0.07 M. 
A - a pH 7: (a) silice pure; (b) Si/Fe=3/1; 
(c) Si/(Cu+Ni)=l0/1. 
B - a pH 9: (a) silice pure; (b) Si/Cu=l0/1; 
(c) Si/Ni=lO/l; (d) Si/(Cu+Ni=l0/1). 

B 

40 30 20 10,40 30 20 10 
(29) (29) 

Fig. 5. - Diagrammes de diffraction des rayons X 
A - (CoKa): (a) silice pure, pH 7; (b} Si/Fe=3/1, 
pH 7; (c) Si/Fe=3, Si/(Cu+Ni)=lO, pH 7. 
B - (Cul<a): (a) silice pure pH 7, (b) Si/(Cu+Ni)=lO, 
pH 7; (c) Si/(Cu+Ni)=lO, pH 9. 

Ces resultats montrent que la retention de metaux de 
transition par une silice peut se faire par des 
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liaisons chimiques et n'est pas limitee a une simple 
adsorption a la surface de particules siliciques 
( 17, 18). 

Nous avons examine l'influence du pH de coprecipita
tion sur le taux de fi xation du cuivre et du nickel. 
A cet effet nous avons mesure la quantite de ces me
taux soustraite a la solution aqueuse lors de la pre
cipitation de silice, de silice en presence d'alumi
nium avec un rapport Si/Al= 3/1, de silice en pre
sence de fer avec un rapport Si/Fe= 1/1; la concen
tration initiale du milieu reactionnel .etait de 10 
ppm en Ni et Cu; la quantite de silice mise en oeuvre 
correspondait a un rapport Si/Ni = Si/Cu = 200. 

La figure 6 montre l'evolution du degre d'elimination 
du nickel et du cuivre en fonction du pH de precipi
tation. La case A donne, a titre de reference, les 
resultats attendus sur base d'une simple precipita
tion des hydroxydes, calcules. a partir du produit de 
solubilite . Ces resultats indiquent que la copreci
pitation avec la silice permet l'elimination du ni
ckel et du cuivre a des pH bien inferieurs .o..au pH de 
precipitation. ·r1 apparait en outre que la presence 
d'aluminium OU de fer est favorable a une fi xation a 
plus bas pH . 
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.Q 
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Fig. 6. - Degre d'elimination du nickel et du cuivre 
a differents pH (10 ppm en Ni et Cu; rapport Ni/Si= 
Cu/Si = 1/200): 
A - resultats attendu~ sur base d 'une simple pre.cipi
tation; 
B - resultats obtenus par precipitation de silice; 
c - resultats obtenus par coprecipitation de silice 
et d'aluminium (Si/Al= 3); 
D - resultats obtenus par coprecipitation de silice 
et de fer (Fe/Si = 1/1). 
Tra.itspleins : Cu, traits discontinus : Ni. 

Il ne nous est pas possible de discuter ici les ex
plications de cet effet d'entrainement par l'alumi
nium et le fer. Il peut etre lie aux phenomenes 
transitoires qui se produisent lorsque le sol silici
q ue est porte au pH impose pour la coprecipitation; 
on peut notamment imaginer que, grace a leur affinite 
pour la silice a bas pH, ces ions bloquent la poly
merisation de la silice et preservent une reactivite 
qui se manifeste a pH plus eleve. 

L'importance de la concurrence entre la polymerisa
tion de la silice et l'incorporation d'autres ions 
est illustree .par un examen de l'influence des condi
tions operatoires. Nous avons etudie la precipita
tion de silice en presence d'aluminium (Si/Al ·=3/1) 



et de nickel et cuivre (Si/Ni= Si/Cu= 20); la con
centration du milieu reactionnel en Ni et Cu etait de 
100 ppm. Outre une coprecipitation a pH 7, nous 
avons realise une neutralisation du sol silicique ad
ditionne des metaux par addition d'un lait de chaux 
a differentes vitesses jusqu'a montee du pH a 7. 

Les taux d'elimination du nickel et du cuivre de la 
solution sont compares pour differentes conditions 
operatoires a la figure 7. L'influence sur le cuivre 
n'est pas marquee en raison de sa faible solubilite 
a pH 7; par centre il apparait clairement que l'eli
mination du nickel est favorisee par une elevation 
rapide du pH. 
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Fig. 7. - Influence du mode de precipitation du 
systeme sol silicique-metaux sur le taux de fixation 
de ces derniers par la silice (Si/Al= 3/1; Si/Ni= 
Si/Cu= 20): montee jusqu'a pH 7 en 4 jours (A), en 
2 jours (B), en 2 minutes (C); coprecipitation a 
pH 7 (D). 
Traits continus Cu; t;raits discontinus : Ni. 

Nous avons deja souligne qu'une simple adsorption des 
metaux lourds sur la surf ace des particules de gel ne 
peut rendre compte des caracteristiques structurales 
des produits obtenus. En raison de ces derniers re
sultats on ne peut attribuer ·une part importante de 
l'elimination des metaux de transition a une induc
tion par la surface silicique de la precipitation des 
hydroxydes. L'influence du mode operatoire peut 
s'expliquer par le fait qu'une polymerisation relati
vement lente, a des pH ou les ions cu2+ et Ni2+ sont 
tres solubles, produit une silice qui incorpore peu 
de nickel et de cuivre et est incapable d'en incorpo
rer par la suite. Au contraire une reaction rapide, 
se produisant d'emblee dans des conditions ou les 
ions cu2+ et Ni 2+ ne sont pas trop solubles permet a Ja· 

silice en voie de polymerisation d'incorporer ces 
derniers. 

CONCLUSION 

Notre etude montre que la simple precipitation d'une 
silice en presence d'ions metalliques donne lieu a 
leur elimination de la solution. Les . spectres infra
rouge et les diagrammes de "diffraction" des rayons X 
des solides obtenus montrent qu'il y a une perturba
tion reelle du squelette silicique par les ions et 
done formation de liaisons chimiques entre la silice 
et les ions; il ne s'agit pas d'une simple adsorption 
d'ions par la silice ou de l'induction par celle-ci 
de la formation d'hydroxydes metalliques. Cette in
corporation peut se faire a un pH legerement plus bas 
que le pH de precipitation des hydroxydes; elle im
plique que la polymerisation de la silice ne soit pas 
trop poussee avant que l'on atteigne ce pH. 
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Caracterisation des boues d'hydroxydes 

Characterization of hydroxide sludges 

J.M. BLANCHARD, Maitre-Assistant, Laboratoire de Chimie Physique Appliquee et d'Environnement, 
l.N.S.A., 20, avenue Albert-Einstein, 69621 Villeurbanne, France. 

RESUME : Prealablement a toute operation de pretraitenent visant a solidifier OU a attenuer le potentiel polluant 
d'un residu industriel ayant la consistance d'une boue, il est necessaire de disposer d'une demarche analytique 
comparative permettant d'apprecier l'impact du dechet initial et du produit resultant du traitement de solidi
fication de ce meme dechet. 

Cette demarche, que nous avons appliquee aux boues d'hydroxydes, s'inscrit dans une approche scientifique de 
l'impact de la mise en decharge des residus industriels. 

SUMMARY : Previously to every processing action aimed at solidifying an industrial waste which has a sludge 
consistence or weakening its polluting potential, it is necessary to have at its disposal a comparative analyti
cal procedure allowing to estimate the impact pf the initial waste ant that of the product obtained through the 
solidifying process of this waste. 

This procedure that we applied to hydroxide sludges is inscribed in a scientific approach of the impact of the 
landfill of industrial wastes. 
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1.- Aspect theorique - Solubilite des hydroxydes en 
fonction du pH. 

La preparation de surfaces metalliques a base de fer 
OU d'alliages de metaux de la meme. famillB necessite 
souvent une attaque en milieu acide a l'aide de re
actifs en solution aqueuse tels qua HCl, H2so4 , HN03 
HF, H3P04 pris individuellement OU a l'etat de me
lange. 

Cetta attaque des metaux conduit a la formation de 
sels. Laur dissolution en milieu suffisamment acide 
donne une solution des ions constitutifs, done en 
particulier du cation plus ou mains hydrate. 

Si nous ajoutons une solution de base forte, soude, 
potasse ou comma on le fait souvent dans l'industrie 
de la chaux, nous allons rendre le milieu progressi
vement plu~ basique, et nous const~terons souvent. 
la precipitation d'une espece nouvel l e dont la so
lubilite est faible, dans les conditions de pH at
teintes. 

Ce precipite peut ensuite se maintenir ou se dis
soudre lorsque nous augmenterons le pH. Il s'agit 
done d'un phenomena de solubilite lie au pH qui 
peut SB traduire par les reactions equi librees sui
vantes 

M(OHJ + n'OH- - M(OHln'- ou Mon'-
( )- +' n+n" n(sl aq n n(aq) - 2-

(n" < n') 

Nous avons alors les relations suivantes 
K 

K = [Mn+][OH-]n soit [Mn+] = ~ = K [H
3

0+]n 
S1 [OH-Jn 

K' 

[H30+]n' 
avec 

La solubilite de l'espece metallique consideree 
s'ecrit : 

+ ~ ' -, S = [Mn ] + MOn - .. J n+n. 
-2-
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( 1 l 

(2) 

ce qui permet d'ecrire 

K' 

Ce calcul n'est valable bien sur qua lorsque la solu
tion est saturee puisque nous avons etabli cette 
equation a partir des relations donnees par le pro
dui t de solubilite. 

S varie en fonction du pH suivant la courbe (1). Les 
deux branches sont des fonctions exponentielles. La 
branche de gauche varie surtout comma K [H 307Jn ou 
K x 10-nPH, celle de droite comma K' /[H 3o+ Jn ou 
K ' x 1 on' pH. 

s -1 
mole.1 

S=K .10-np 

M(OH) 
n 

-;? 

0 2 4 6 8 1 0 12 

S=K '.1Dn' pH 

Mon'
n+n" 
-2-

14 
pH 

Ainsi, nous avons traite dans son ensemble le pro
bleme des hydroxydes amphoteres. Les hydroxydes in
solubles .en milieu plus basique auraient seulement 
la branche de gauche comme courbe de solubilite. 

Enfin, il est interessant denoter l'.effet tampon des 
hydroxydes ; en considerant la forme de la courbe de 
sol~bilite des hydroxydes en fonction du pH, nous 
voyons qua, si nous sommes en presence d'un exces 
de precipite, le pH de la solution se maintient fixe 
a une valeur presque constante, tant qua l'hydroxyde 
precipite n'est pas completement dissous. 

Considerons a titre d'exemple 1000 g d'hydroxyde de 
manganese Mn(OHJ 2 qui sont lessives par 1 1 d'eau de 
pluie renfermant 49 mg d'acide sulfurique par litre 
(eau de pluie polluee), soit 10 - 3 mole de proton H+. 
Qua va - t'il se passer ? 

Dans l'eau pure on a [Mn++] 

---> ++ 
car on aurait alors Mn(OHJ 2~ Mn + 20H 



[OH-] 3 
~14 

2,32 x 10- 10 

4,31 x 10-5 

pH 

Oans l'eau acidulee prealablenent 0,5.10- 3 mole de 
Mn(OHJ 2 est attaquee selon 

Mn (OHJ 2 + 2H 
+ ++ 

Mn 

Done il reste un exces de Mn(OHJ 2 et le nouveau pH 
peut etre calcule d'apres la reaction de solubilite. 

-14 -3 x 2 4 x 10 = [O, 5 x 10 + 2] [x] 

~ etant la fraction de Mn(OHJ
2 

provenant de l'equili-
6re de sol~bilite. Il vient : 

x3 + 1 x 10- 3 x2 - 8.10- 14 
= 0 

On trouve alors : 

x = 8,9 
-6 -1 

x 10 mole. 1 8, 951 

11 est clair que si le pH a varie de fa~on relative
ment importante, cela est du a la faiblesse des con
centrations en Mn++ ; mais malgre cela, il va y avoir 
un apport de 27,5 mg/1 de Mn++ dans le lessivat. 

Ce qui vient d'etre dit pour le manganese est tout 
aussi valable pour les autres ions metalliques et 
surtout pour les metaux lourds. 

Tout apport d'acide faible OU fort a pour conseque nce 
de liberer des ions metalliques toxiques, meme si la 
quantite liberee est negligeable vis-a-vis de la masse 
d'hydroxydes. Cette seule consideration justi fie 
pleinement la solidification de ces composes dans une 
matrice minerale presentant des proprietes basiques 
et difficilement lixiviable dans le milieu naturel. 

2.- Aspect pratique. Neutralisation des solutions 
acides industrielles par la chaux. 

a - Cas "ideal" 

11 semble a priori relativement simple de neutraliser 
correctement a la chaux une solution acide contenant 
seulement plusieurs sels metalliques ;_ apparemment, 
il suffirait de maintenir un pH dans la solution tel 
que la solubilite de tous les differents hydroxydes 
concernes tende vers une va leur nulle . • 
En fait le precipite obtenu, une fois decante ·et con
venablement deshydrate (filtre presse par exemple), 
s'il est place tel quel et sans preca~tions dans le 
milieu naturel risque sous l'influence des acides 
humiques, d'acides faibles organiques provenant de 
fermentation, des eaUX de pluies, OU mBme de reactions 
d'oxydo-reduction en son sein, de se redissoudre et 
d'introduire des ions metalliques dans le circuit des 
eaux naturelles. 

L'interet d'utilisation de la chaux se trouve a la 
fois dans son faible coOt, mais aussi parce qu'elle 
permet d'eliminer a l'etat de sels de calcium les 

anions de certains acides (sulfates et fluorures) 
selon : 

++ 
Ca + so

4 ~ea so4 

++ 
Ca 

++ 
3Ca 

Mais a nouveau si le pH redevient acide (pH < 5) la 
solubilite de ces sels augmente et les ions fluorures 
sulfates et phosphores repassent en solution, ce qui 
est extremement genant. 

b - La "dure realite" 

En fait, les solutions acides industrielles sont des 
melanges extremement complexes. Elles renferment ge
neralement : 

++ ++ 
- des cations metalliques "simples" - Cu , Ni. 

Mn++, Co++, "'e++, Fe+++, Cr+++, qui peuvent deja 
poser des problemes d'oxydo-reduction ; 

- des ions mineraux complexes non pr&cipitables a la 
chaux qu'il faudra prealablement traiter - Cr2o7--, 
(Cr6+J, NH 4+, CN-, ..• 

- des agents complexants m1neraux (NH4+ par exemplel 
ou organiques (pyridine, E.O.T.A .... ) qui entra
ve nt la precipitation ; 

des composes organiques plus ou mains toxiques, 
huiles, hydrocarbures, solvants, des phenols, des 
detergents. 

11 est inutile de preciser que le produit resultant 
du traitsnent a la chaux de telles solutions est fort 
loin des hydroxydes dont nous avons parle dans le 
paragraphe 1. 

3.- Le probleme analytique 

La complexite des melanges obtenus rend illusoire, 
coOteuse et absurde une analyse physico-chimique com
plete. 

Les seules proprietes interessant l'elimination d'un 
tel residu sont celles qui concernent les interactions 
de ce dernier et des eaux meteorites que l'on peut 
trouver sur un site de decharge. 

Il faut done disposer d'un test facile a mettre en 
oeuvre, repetable et peu coOteux pour comparer les 
potentiels polluants d'un residu seul et d'un meme 
residu prealablement solidifie. 

C'est en tenant compte de telles constatations que 
nous avons mis au point une demarche analytique [~~] 
permettant de comparer des echantillons de boues 
hydroxydes entre eux. Nous avons teste au laboratoire 
dans le cadre de cette demarche une centaine d'echan
tillons de boues d'hydroxydes. 

[X] Contrat I.N.S.A.-M.E.C.V.- Mise au point d'un 
protocole d'extraction a l'eau des substances solubles 
ou entrainables contenues dans un dechet solide ou 
pateux - Decembre 1979. 
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Le protocols experimental que nous avons mis au 
point consists a redliser a l'aide d'une agitation 
mecanique l'extraction des composes solubles au en
trainables jusqu'a obtention de parametres physico
chimiques constants (resistivite, pH, mesure d'o xy 
dabilite : C.O.T .• D.T.O. OU D.C.O.). 

Nous verifions par une seconds extraction le niveau 
·de solubilite au d'entrainement des substances ex
tractibles. 

L'etude d'un dechet s'effectue alors selon l'organi
gramme ci-dessous 

1/ IDENTIFICATION 
prealable 

2/ ANALYSES AU 
LABOR A TO IRE 

3/ EXP LOITATION DES 
RESULTATS 

Enquete sur place. Renseigne
ments generaux. 
Fili'ation du dechet. Toxiques 
presumes. 

Evaluation massique et volumi
que des phases (eau, boue, 
huile, emulsion ... i: 
Recherche qualitative des ele
ments au combinaisons. 
EVALUATION DES PARAMETRES CHI
MIQUES LIES A LA MISE EN DE
CHARGE. 
Test de lixiviation. ANALYSES 
EAU X USEES. 

Bilan total des toxiques. 
Orientation eventuelle des 
pretrai tements. 
Essais particuliers. 

4.- Conclusions pratiques. 

Tout d'abord, il faut noter que sous la meme appel
lation plus au mains precise, se trouve une palette 
extrememe~t etendue de residus. 

Sous l'appellation de boues ferritiques se trouvent 
toutes sortes de produits de decapage de tales au de 
fDts qui peu ve nt contenir en plus du fer sous forme 
Fe (OHJ 3 , des traces de metaux lourds (Pb, Cd, Mo .. ), 
mais aussi parfois jusqu'a 10% d'huile (sur la boue 
brute), voire meme d'autres derives organiques (phe
nols, detergents~ agents complexants ... ) qui peuvent 
poser de graves probl emes pour leur mise en decharge. 

En plus, si ces boues dites ferriques contiennent 
de s quantites notables de Fe (OHJ 2 elles s'oxydent 
a l'air en Fe (OHJ 3 , ce qui a pour consequence de 
faire chuter le pH par production de protons et done 
de permettre la mise en solution de metau x lourds 
par exemple. 

Enfin, peuvent etre considerees en general comme bien 
traitees, les boues dites de cr3+ qui presentent en 
general une teneur faible en elements solubles au 
lessivables. 

Les problemes les plus graves sont poses par les 
boues de centres de detoxication dont la composition 
varie d'un jour a l'autre et au sein desquelles se . 
trouvent parfois ' a c6te de quantites importantes 
d'ion ammonium, des complexants organiques (Pyridine, 
E.D.T.A.) engendrant des fuites chroniques de metaux 
complexes (Cu, NL Cd, ... l. 
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La pollution saline engendr §e par les boues hydro
xydes est souvent negligeable, sauf accident (cya
nures au cr6+ non 8limines par les traitements pre
alables a la precipitation des hydroxydes) eu egard 
a la toxicite potentielle des metaux lourds sous 
forme ionique. 

Ces remarques engendrent deux conclusions precises 
au niveau des traitements de ces boues 

1/ La necessite de toujours travailler avec un nota
ble exces de chaux, meme si les eaux resultant 
du traitement ant un pH superieur a 9 ("fuites" 
de chaux), car ainsi les boues obtenues ne ris
quent pas de relarguer rapidement des ions des 
metau x constituants des hydroxydes. 

2/ La solidification d'une boue est une operation 
difficile car la complexi te des melahges traites 
conduit a ne considerer que des cas d'especes. 



Importance de I' absorption des io"ns metalliques 
sur les surfaces minerales dans le procede de flottation 

Importance of metallic ions absorption on the mineral surfaces 
in the floating process 

V. FORMANEK, lngenieur E.N.S.C.T., Conseiller Technique de Minemet Recherche (Groupe« IMETAL »), France. 

R E S U M E. -

La modulation de la solubilite des ions metalliques est a la base du procede de valorisation 
des minerais par flottation. 

Les ions metalliques liberes au cours des differentes phases du processus sont neutralises 
par l'utilisation de toutes les forces d'origine chimique OU physico-chimique qui Se developpent a 
l'interface solide-liquide ' et par l'addition de reactifs tels que la chaux, les silicates, etc ...... . 

L'importance de l'hydratation et des structures minerales environnantes sur la precipitation 
des ions metalliques est soulignee. 
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1.- INTRODUCTION.-
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L'absorption selective d'ions mineraux 
et organiques sur la surf ace de particules mine
rale s en suspension dans 1 1 eau est A la base du 
precede de flottation. 

Pour separer les mineraux de valeur, 
prealablement liberes de leur gangue par le broya
ge, l'industrie utilise A grande echelle le prece
de de flottation qui fait appel aux differences . 
des proprietes physico-chimiques des surfaces. 
On utilise des reactifs, qui se fixent specifi
quement sur les mineraux de valeur A recuperer, 
qui rendent leur surface hydrophobe afin de per
mettre l'accrochage de bulles d'air. 

Ce sont les bulles d'air, finement dis~ 
persees dans la pulpe, qui effectuent le tri en
tre les grains hydrophobes et les grains hydro
philes circulant dans les cuves de traitement. 

La plupart des reactifs organiques uti
lises pour hydrophobiser la surface ferment un 
compose insoluble avec l'ion du metal A recuperer. 

On utilise par exemple des xanthates 
pour former des composes insolubles avec le plomb,, 
le cuivre, l'argent, etc ..... , ou encore des aci
des gras pour former des composes insolubles avec 
lesions calcium, fer, tungstene etc .... de la 
surface du mineral. 

Ce sont les ions actif s de la surface 
du mineral qui interviennent directement dans le 
precede de f lottation. 

Mais le mineral de valeur A recuperer 
par insolubilisation et hydrophobisation de sa 
surface est environne d'autres mineraux qui li
berent des ions metalliques et non metalliques 
qui peuvent perturber completement le precede 
de flottation. 

phases 
La flottation est un systeme A trois 

solide - eau - air. 

Or, lorsqu'un solide est immerge dans 
l'eau, il y a interaction avec les molecules 
polaires de l'eau et les ions de la surface du 
solide. Les energies de liaison hydrogene de 
l'eau avec les sites non electriquement satures 
de la surface du solide conduisent A la formation 
d'une atmosphere de molecules d'eau dipole forte
ment orientees cette surf ace est alors hydro
phyle. 

Plus la surface du solide a une charge 
electrostatique elevee, plus la surface est hy
dratee. 

La plupart des mineraux immerges dans 
l'eau possedent une charge superficielle due : 

- soit A des remplacements isomorphiques dans ie 
reseau, 

soit A un deficit ou un exces superficie.l 
d'ions constitutifs du reseau, 

- soit A la formation sur la surface d'acides fai
bles par suite de l'hydratation de groupements 
superficiels. (Ca~ des oxydes, des silicates, 
des carbonates, des phosphates, etc ... ). 

Les solides ont alors un comportement 
d' echangeu.rs d' ions. Ainsi dans une eau pure, A 
la temperature ambiante, il se dissout : 

2,4 mg/litre de sulfate de baryum 

14,3 mg/litre de carbonate de calcium 

16 mg/litre de fluorure de calcium 

Enfin, l'hydratation d'une surface soli
de peut aboutir A une reaction chimique comme la 
decomposition de sulfures, formation d'hydroxydes, 
etc ... 

Il en resulte qu'un certain nombre d'ions 
sont mis en solution dans l'eau. Ces ions vont 
reagir avec les zones des surfaces de mineraux: 
A haut potentiel d'energie pour tendre vers le 
point de charge nulle (PCN). 

Lorsque la liaison normale est d'origine 
electrostatique, l'absorption est controlee par le 
pH de la solution. ' 

Selon la nature des charges (electro
statique, chimique ou physique), l'absorption des 
ions sera reversible ou irreversible. 

Les parametres qui determinent le degre 
d'absorption des ions de la pulpe sont principale
ment la stabilite de la surface (importance et 
nombre de sites A energie libre) ·, la surface spe
cifique, la concentration dans la pulpe de l'ab
sorbant et de l'absorbat, la valeur du pH, les 
conditions d'agitation. 

La quantification des interactions qui 
se produisent A l'interface eau-mineral peut etre 
faite par leS methodeS electrO-Clnetique·s I par la 
determination de la solubilite des composes qui se 
ferment en fonction du pH et de la reaction du 
reactif collacteur avec le mineral. On utilise 
de plus en plus les diagrammes de potentiel des 
systemes Metal-ion-eau, propos~s par Du RIETZ .et 
de POURBAIX, et qui maintenant sont etablis sur 
ordina teur. ( 1 ) 

D'autres moyens d'investigation electro
niques sont en cours de developpement pour . avoir 
une meilleure connaissance du mecanisme de l'ab
sorption et du chimisme de l'interface. (2) 

(1) M.H. FRONING et E.D. VERINK - "A computer program 
from calculation of Potential pH Diagrams of me
tal-ion-water systems". 
Universite .de Floride - Gainesville (College of 
Engineering) - 1976. 

(2) J. L. Cecile et G. :SARBERY "Techniques nouvelles 
de l'etude des interfaces" 
Congres de la Ste de l'Industrie Minerale -
Perpignan - 1979. 



Il est de premiere importance dans le 
precede de flottation de pouvoir maitriser a tous 
les stades du traitement la solubilite des diffe
rents ions presents dans l'eau et a l ' interface 
solide-eau. · 

2 . - MODULATION DES IONS METALLIQUES DE LA PULPE AU 
STADE DU BROYAGE.-

L'importance de la mobilite des ions 
metalliques apparait des la premiere phase du 
traitement qu'est le broyage et dont la fonction 
est de liberer les mineraux de valeur plus ou 
moins finement imbriques dans la gangue sterile. 
En fonction de ses caracteristiques et de son 
schema de traitement1 le minerai subit un broya
ge plus ou moins fin, en un ou plusieurs etages . 

Le schema de broyage, les types d'appa
reils et de corps broyants, les additifs de bro
yage, auront une influence sur le nombre de sites 
a energie libre des particules creees et sur les 
ions metalliques solubilises ou precipites . 

Le broyeur est un r~acteur, ou par sui
te de la formation de surfaces nouvelles, par 
suite de la transformation de l'energie en cha
leur, par suite des conditions intenses de me
lange, par suite de l'aeration , se produisent 
des interactions importantes a l'interface so

lide-eau. 

Un certain nombre d'ions des substances 
minerales passent en solution pour etre immedia
tement plus ou moins reabsorbes sur les surfaces 
fraiches . 

Les sulfures de plomb, de cuivre, de 
zinc, de fer, sont soumis, sous l'action combi
nee de l'oxygene et de l'elevation de la tempe
rature de la pulpe au cours du broyage, a des 
reactions d'oxydation avec liberation d'ions me
talliques qui se refixent sur les sites des sur
faces a haute energie libre des surfaces. Ces 
phenomenes sont accentues lorsque la gangue est 
basique. 

IL en resulte pour le precede de flot
tation une diminution importante de la selectivi
te et des rendements metalliques . 

Les remedes connus jusqu'a present con
sistent a neutraliser in situ les ions me~alli
ques par insolubilisation soit par addition d'un 
reactif collecteur organique (xanthate, di-thio
phosphate) I SOit par precipitation a la ChaUX 1 

au carbonate de soude, au silicate de soude, soit 
par cementation sur de la poudre de fer metalli
que ajoutee au broyeur. (*) 

(*) M. REY et V. FORMANEK 
"Quelques facteurs influaQ9ant la selectivi
te dans la flottation dif ferentielle des mi
nerais plomb-zinc, particulierement en pre
sence des mineraux oxydes du plomb". 
Congres de Preparations des Minerais -
Londres 1960. 

Ces moyens d'insolubilisation des ions 
metalliques ne sont pas cependant d ''une efficaci
te absolue comme le montrent les essais cornpara
tif s avec des broyages a sec ou en broyeurs auto
genes , dans lesquels les ions metallique·s ne sont 
pas autant liberes. 

Independamment de la modification des 
niveaux d'energie, un broyage tres pousse, en 
augmentant considerablement la valeur de la sur
f ace specifique du mineral broye, peut accroitre 
sa solubilite. Des micro-particules de calcite, 
d'anglesite, de malachite, etc .... , se dissolvent 
et viennent accroitre la quantite de sels solu
bles qui ont un effet nocif en flottation . 

Un autre phenomene prend egalement plus 
d'importance dans les broyages fins, c'est le 
"slime coating". Certaines fines particules se 
fixent aux particules plus grossieres, probable
ment surtout par des forces d'origine chimique . 

La calcite, l'hematite, par exemple, 
sont frequemment responsables, par suite du phe
nomene de slime coating, de mauvais rendements . 
Nous verrons plus loin que ce "slime coating" 
peut, par contre, etre benefique pour le piegeage 
des ions des metaux lourds dans les boues de de
cantation, lors des separations solide-liquide . 

Dans certaines conditions de broyage 
(broyage ultre-fin, broyage dans des systemes a 
forte dissipation d'energie sous forme de cha
leur) des surfaces minerales verront leur niveau 
energetique homogeneise vers le niveau le plus 
bas ; il y aura amorphisation. On aura une inso
lubilisation des ions metalliques . (*) 

L'amorphisation des surfaces n'est pas 
recherchee ici puisqu'elle detruit les differen
ces de proprietes de surface qui sont precisement 
utilisees dans les precedes de separation par 
flottation. 

(*) J . M. CASES, P. DEGOUL, G. GOUJON , JF DELON 
"Influence du broyage sur les proprietes super
ficielles des solides et sur la collection" 
Journees d'etudes de la Section Mineralurgie de 
la Ste de l'Industrie Minerale -
TOULOUSE (octobre 1975). 

Discussion de la communication de BRADLY A.H. 
HURD A., L. LLOYD, P.J.D. et SCHYMURO K. 
"Developments in Centrifugal Milling" 
European Symposium Particle Technologie -
AMSTERDAM 1980. 
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3.- MODULATION DES IONS METALLIQUES DE LA PULPE AU 
STADE DE LA FLOTTATION.-

Dans la phase de fl0ttation proprement 
dite, les mineraux, sous forme d'une suspension 
aqueuse entre 20 et 50 % de solide, fortement ae
ree, regoivent des reactifs modulateurs de l'hy
drophilie des dif f erentes especes de particules 
regulateurs de pH, sequestrants OU precipitants 
des ions metalliques, collecteurs, moussants. 

Toutes ·les surfaces de sulfures metal
liques mises en contact avec de l'eau aeree s'o
xydent. L'oxydabilite des sulfures metalliques 
depend de l'environnement et du type de sulfure ; 
elle croit dans l'ordre : galene, pyrite, blende, 
chalcopyrite, pyrrhotine, mispickel. 

Dans les pulpes, il y a de nombr.eux 
consommateurs d'oxygene : certains sels dissous 
comme les sels ferreux et cuivreux, le fer d'a
brasion des boulets et des revetements metalli
ques des appareils, la presence de mineraux for
tement oxydables. 

Aussi, etant donnee la complexite des 
phenomenes intervenant simultanement dans la 
pulpe de la flottation des minerais polymetalli
ques, la mise au point des conditions operatoi
res ne peut qu'etre facilitee par le suivi du 
potentiel redox, la teneur en oxygene dissous, 
et 1e pH. 

Dans toutes ces operations, il s'agit 
d'insolubiliser selectivement les ions des metaux 
lourds et des alcalino-terreux. On dispose de 
tout un arsenal de reactifs mineraux et organi
ques. (Thiosels, acides carboxyliques, alkylsul
fates, alkylphosphates, amines, chelatants, cya
nure, polyphosphates, silicates, tannins, char
bon actif, colloides, etc ..... ) . 

4.- MODULATION DES IONS METALLIQUES DE LA PULPE AU 
STADE DE LA SEPARATION SOLIDE-LIQUIDE.-
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Dans la phase finale, decantation, se
paration solide-liquide, l'insolubilisation des 
metaux lourds doit etre alors non-selective et 
aussi totale que possible. En effet, le plus 
generalement les eaux, apres decantation, sont 
renvoyees par pompage a~ bassin de stocka~ des 
eaux industrielles avant d'etre de nouveau re
cyclees dans l'usine de traitement. 

Les reactifs utilises en cours de trai
tement sont absorbes tout au long du circuit par 
le minerai, ou neutralises. 

Des analyses chimiques, biochimiques 
et toxicologiques montrent qu'on ne les retrouve 
sous aucune forme dangereuse dans les eaux resi
duaires de l'usine. 

Les residus solides sont deverses dans 
des zones d'epandage specifiquement amenagees 
pour eliminer tout risque de pollution mecanique 

et pour repondre aux normes actuelles relatives 
a la protection .du site et de son environnement. 

A titre d'exemple, indiquons que l'usine 
de Largentiere, dans l'Ardeche, avec une produc
tion journaliere de 2.700 tonnes de minerai brut, 
sort environ 2.500 tonnes de rejets sous forme 
de pulpe que l'aire de stockage doit etre en me
sure d'emmagasiner et de decanter chaque jour ; 
ceci represente le traitement de pres de 200 m3/ 
heure d'eaux chargees de particules solides tres 
fines. Depuis le demarrage de l'exploitation, 
plus de 5 millions de tonnes de solides furent 
ainsi deverses dans la zone d'epandage . 

En ce qui concerne la qualite des eaux 
residuaires, le tableau ci-dessous, extrait d'une 
publication recente sur la mine de St SALVY, in
dique que les teneurs en metaux lourds sont in
fer ieures aux normes actuelles. 

Tableau 

Qualite des eaux residuaires de l'usine 
de traitement de minerais de St SALVY. 

Controle mensuel des effluents 

Aout 1978 - Quantites exprimees en mg/l 

Normes 
SSB 

Normes 
Complement . 

Teneurs 
SSB 

-----------=-------------=---------~· 

pH 5,5 - 8 7,6 
: : 

Mes 50 4,3 

DBO 40 

DCO 100 20 : : 

Azote total 12 1,2 .. 
H

2
S 0,5 0 

Cyanures 0 I 1 < 0,05 

Fluorures 15 3 ,·9 

Arsenic 0,002 

Cadmium 3 0,002 

Cuivre 2 0 

Fer 2 0I1 

Plomb 0,0004 

Zinc 6 0,4 

Aluminium 2 0 

Cobalt 3 

Cr total 2 ,2 0 

Etain 2 

Mercure 0 ,1 0,0006 

Total metaux 
lourds 15 0,505 

Ce tableau est extrait de la "Monographie de la 



laverie de Noailhac - SAINT SALVY" (de H. GISTAU 
et A. MILHAU - publiee dans la revue de l'Indus
trie Minerale de fevrier 1980). 

La faible quantite d'ions metalliques 
dans les eaux residuaires des usines de traite
ment de minerais par le procede de flottation 
s'explique, par le contr6le et l'ajustement du 
pH qui est realise de fa9on a obtenir la preci
pitation d'ions metalliques sous forme d'hydro
xydes; et par l'exploitation des phenomenes d'ab
sorption propres aux fines particules. (slimes). 

En effet, l'action du pH seul, par ad
dition de chaux par exemple, n'est pas suffisant 
car il y a formation de floes d'hydroxydes volu
mineux qui sedimentent difficilement. 

En presence de slimes mineraux, la 
situation est fortement modifiee : la precipita
tion des ions peut etre obtenue a un pH beaucoup 
plus bas et par suite de l'absorption des floes 
par le phenomene de "slime coating", ces ions 
metalliques sont pieges par les substances mine
rales. 

Ce phenomene de "slime coating" varie 
naturellement en intensite avec le type de .mine
ral utilise. Les roches de type basique sont 
preferables aux roches de type acide. 

La fluorine, le calcaire, la pyrite 
(FeS ) , la pyrrhotine (FeS), le feldspath, le 
quartz, peuvent etre, par le phenomene de "sli
me coating", de remarquables sequestrants des 
ions metalliques. 

Ainsi une tonn~ de particules, ayant 
une surface de 20.000 cw par cm3, SP.questrent 

eritre 1 a 2 kg d'ions Mg2+, cu2 +, Pb2+, zn2 + 

cd2+, Fe 2+, Fe 3+ cr3+, Mn2 +, presents dans les 
eaux. 

Ces proprie tes absorbantes des particu
les minerales, sous forme de slimes, sont preci
sement utilisees pour purifier des eaux indus
trielles ou des eaux urbaines. (x). 

En SUEDE, l'eau d'un lac au nord-ouest 
de Stockhol~ polluee par des ions mercure prove
nant d'une usine proche, a ete completement as
sainie par addition de particules fines de fluo
rine et de calcaire. Ces substances minerales 
absorbaient, de fa9on irreversible, jusqu'a 10 
kg de mercure par tonne. 

(x) G. BROMAN "Purification of industrial and muni
cipal waste water by means of mineral slime" 
lleme International Mine ral Processing Congress 

CAGLIARI - 1975. 

L'absorption du mercure (et de . l'ar
senic) sur le calcaire ou sur la fluorine est 
renforcee par la presence de fer, sous fotrne me
tal ou sous forme ionique. 

Des essais ont montre que la pyrrho
tine, a surface specifique equivalente, pouvait 
fixer plus de 350. kg de mercure par tonne. 

Le mercure est alors bloque sous for
me de sulfures de mercure parti=~~ierement inso
luble (produit de solubilite 10 ). 

Les slimes de calcite et de fluorine 
sont egalement utilises pour abaisser la concen
tration des phosphates dans les eaux par forma
tion de phosphate de calcium et de fluorophospha
te insolubles. 

Pour toutes ces operations de purifi
cation des eaux, il faut utiliser des substances 
minerales fraichement broyees. 

5.- CONCLUSIONS.-

Les mineraux , notamment s'ils sont bro
yes, presentent, une fois imrnerges dans l'eau, 
une surface heterogene avec des charges superfi
cielles qui ont un role determinant dans les me
canismes de l'absorption selective des ions metal
liques et des tensio-actifs. Ces absorptions se
lectives sont a la base de la valorisation des 
minerais par le procede de fl.ottation. 

C'est par la modulation de la solubili
te et de l'absorption des ions metalliques a l'in
terface mineral-eau qu'il est possible de separer 
selectivement les mineraux de valeur de ceux de 
la gangue, en jouant sur l'hydrophobie et l'hydro
philie induite par l'addition de reactifs . 

Les proprietes absorbantes des surfaces 
minerales peuvent etre considerablement modifiees 
par le broyage, le temps de sejour dans l'eau, les 
ions environnants, etc .... 

Des recherches sont encore necessaires 
pour mieux connaitre les phenomenes d'hydratation 
des surfaces et le chimisme de l'interface. 

Neanmoins, les interactions absorbat
absorbant a l'interface eau-substance minerale 
continuent d'etre tres largement exploitees a 
l'echelle industrielle pour la valorisation des 
minerais et pour la purification des eaux. 
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Stabilizing industrial sludge for fill applications 
Stabilisation des boues industrielles pour comblement d'excavations 

J.J. EMERY, Associate Professor, Department of Civil Engineering and Engineering Mechanics, Ms Master 
University, Hamilton, Ontario, Canada. 

RESUME : Un procede de stabilisation des boues industrielles a ete mis au point recemment. 
La boue obtenue, qui sert a des fins de comblement d'excavations, repond a la fois aux be
soins de la protection de l'environnement et a ceux du genie civil. Des melanges contenant dif
ferentes proportions de boues, de cendres volantes, de poussieres de fours, et de ciment, 
sont utilises dons un procede combine "sechage-pouzzolanique-hydraulique", selon le deg re de 
resistance exige. Des tests de solidification et de solubilite sont decrits ainsi que les de
tails des essais faits dons des conditions normales et leurs resultats. 

SUMMARY: A stabilization process for industrial sludge has been developed that meets both 
environmental and engineering requirements for use as fill. Various combinations and propor
tions of sludge with fly ash, waste kiln dusts, and cements are used in a combined drying/ 
pozzolanic/hydraulic process, depending on t..tie desired strength development. Laboratory 
solidification and solubility testing is des~ribed along with details on field trial procedures 
and results. · 
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INTRODUCTION 

Expansion of a steel plant in Hamilton re
quires both the removal of a large quantity 
of very soft, high water content, industrial 
sludge .from ·an old disposal area, and re
placement with suitable fill to provide a 
construction site. Some treatment of the 
sludge to meet landfill disposal requirements 
would be required (1), and various stabili
zation methods have been evaluated in the 
laboratory and small field trials . It has 
been found that the sludge can actually be 
satisfactorily stabilized/solidified to meet 
both environmental (solubility of toxic con
stituents) and engineering (bearin[ capacity) 
requirements for industrial site fill appli
cations. Thus, the disposal area reclama
tion process will consist of removing the 
sludge by stone fill displacement below the 
water surface and dredging (in progress), 
stabilization, and then return to the site 
to act as fill above the water table. 

The stabilization process involves a number 
of possible combinations and proportions of 
sludge with stabilizing agents - fly ash, 
waste cement kiln dusts, waste lime kiln 
dusts, steel slag fines, portland cement, 
and slag cement - to give various strengths 
and rates of strength gain for the highly 
variable sludge. Industrial byproducts have 
been used where possible, with low level 
cement additions, to minimize stabilization 
materials costs. A wide range of these by
products has also been evaluated to ensure 
supply continuity. Construction soil stabi-
1 ization concepts have essentially been 
adopted involving initial drying by high sur
face area materials (fly ash, dusts) and then 

pozzolanic and/or hydraulic reactions as 
required. For disposal to landfill, just 
some drying and fairly low strengths (shear 
strength ~0.01 to 0.02 N/mm 2, equivalent to 
soft clay) are desirable, while for fill, 
initial handling strength and then high 
strength development (shear strength >0.1N/mm2, 

equivalent to very stiff clay) is required. 

As the various combinations and proportions 
of materials used are largely a function of 
the specific industria l sludge involved, 
masses of test data will not be given, but 
rather the methodology, and typical combina
tions and strengths ~ For the reader inter
ested in a more complete review of stabiliza
tion/solidification technology than cah be 
incorporated here, the volumes edited by 
Pojase~ are excellent (2). 

INDUSTRIAL SLUDGE 

The i n dust r i a l s l u d g e i n v o l v e d ( approx i mate l y 
300,000 m3) had been deposited over a number 
of years under lake level in an old harbour 
slip area adjacent to the plant. Geotechni
cal studies indicate the sludge is fairly 
consistent in appearance alo~g the slip -
very loose, oily, black, organic metallic 
(mainly iron oxide) waste - but highly vari
able in moisture content (29 to 75%, weight 

of water to total weight used throughout), 
insitu bulk density (1300 to 1650 kg/~ 3 ), 
and loss on ignition (7 to 31%). While 
mainly of industrial origin from rolling 
mills, at early stages the slip received 
municipal sewage. In summary, a rather un
pleasant and variable industrial sludge is 
involved. 

LABORATORY STABILIZATION TRIALS 

A simple laboratory procedure for preparing 
and monitoring stabilized sludge was develop
ed so that a wide range of stabilizing agents 
and addition rates could be considered to 
provide information for field trials and 
costing. This involved mixing the sludge 
with the ~elected quantities of stabilizing 
agents in a small Hobart mixer (or by hand) 
until consistent, placing this mix in 10 cm 
diameter by 10 cm high cans, sealing the can 
with both a twist lid and double plastic 
bags to maintain moisture conditions, and 
then taking penetrometer* readings to moni
tor unconfined compressive strength develop
ment with time at 20°C(3). Supplemental 
tests included pH, moisture content, temper
ature and bulk density monitoring. 

This approach is considered more representa
tive of conditions in a large mass of solidi
fying sludge than open curing where signifi
cant strength development may be due to 
simple drying, rather than cementitious re
actions. Other conditions can be readily 
simulated in the laboratory such as lowered 
or elevated temperatures and curing under 
water. 

Some typical laboratory stabilization trials 
for a 46% moisture content sludge (combina
tions and proportions by weight, with l, 7, 
14 and 21 day penetrometer strengths in 
brackets) would include: 

80% sludge/15% lime kiln dust (quick)/ 
5% portland cement 
(0.29,0.43, >0.43, >0.43 N/mm2) 
80% sludge/15% lime kiln dust (quick)/ 
5% slag cement 
(0.25, 0.31, 0.41, 0.43 N/mm 2) 
80% sludge./15% cement kiln dust (bypass)/ 
5% portland cement 
(0.04, 0.42, 0.43, >0.43 N/mm2) 
8d% sludge/15% lime kiln dust/5% port
land cement 
(0._12, 0.20, 0.22, 0.24 N/mm 2) 

*Soiltest Pocket Penetrometer CL-700 which 
gives a direct measure of unconfined corn- · 
pressiva. strengths up to 0.43 N/mm 2 (4.5 TSF}. 
For a safety factor of 3, these readings 
are very close to the safe bearing capacity 
foi a footing at the surface of a cohesive 
soil. However, care should be taken in ex
trapolating to the field as correlations 
have not been Checked. 
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80% sludge/15% fly ash (~8% carbon)/5% 
lime kiln dust (quick) 
(0.07, 0. 12, 0. 17, 0. 18 N/mm 2 ) 
75% sludge/15% lime kiln dust/10% fly 
ash (~8% carbon) 
(0. 16, 0.27, 0.30, 0.34 N/mm 2 ) 
75% sludge/20% cement kiln dust/5% 
portland cement 
(0.02, 0.20, 0.43, >0.43 N/mm 2 ) 
75% sludge/15% fly ash (~8% carbon)/5% 
lime kiln dust/5% portland cement 
(0.12, 0.24, 0.43, >0.43 N/mm 2 ) 
75% sludge/15l fly ash (~8% carbon)/5% 
lime kiln dust/5% slag cement 
(0.04, 0.12, 0.15, 0.31 N/mm 2 ) 

These results for stabilization trials meet
ing strength requirements for landfill and/ 
or structural fill indicate that the high 
organic content is not stopping pozzolanic 
and hydraulic reactions, but probably inhi
biting them to some extent. Quick (i.e. un
slaked) lime kiln dust is much more effici
ent than ordinary calcitic or dolomitic lime 
kiln dust and slag cements require a fair 
de~ree of alkaline activators. The additive 
costs are in the Can.$1.50 to $4.00 range 
per tonne of final stabilized material. The 
combinations and proportions for satisfactory 
stabilization of a wide range of sludge 

moisture contents have been established. 

To check that miniaturization of the labora
tory strength gain tests is valid, some 
large, 90 kg samples were prepared with var
ious stabilizing agents and mixed in an 
Eirich R-7 mixer using only the drum rotation 
to simulate a large stabilization plant pug
mill. Both sealed curing and curing under 
a 0.8 m head of water were considered at a 7 
to 130C temperature range to simulate cooler 
field cdnditions. Strength development moni
tored with a penetrometer and probe rod in
dicated similar results to parallel small 
samples. These results, parti~ularly for 
the submerged curing, supported the labora
tory test methodology adopted. While bear
ing capacity is the major geotechnical factor 
of concern, it is planned to complete labora
tory triaxial, consolidation and permeability 
testing on specimens recovered from the early 
full-scale stabilization work (4). 

SOLUBILITY TESTING 

The major environmental concern with any in
dustrial sludge is the potential level of 
soluble toxic constituents and their signifi
cance to the fill design. However, there are 
a number of solubility testing procedures and 
acceptable toxic constituent levels to choose 
from (5-9). The writer has adopted and modi
fied an OECD solubility test procedur~ {7) as 
it gives the required solubility rate for 
each constituent of interest. Selection of 
the maximum allowable concentrations of toxic 
constituents is not easy as indicated by the 
range in Table I for ·various agencies. 

The results for typical solubility tests on 
the raw and stabilized industrial sludge are 
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given in Table II. Batch kinetics and 
desorption isotherms indicated a 1 g sludge 
to 0.05 2 distilled water ratio and 24 hour 
shaking to be appropriate. Unfortunately, 
the shaking at 3 Hz is rather aggressive, 
even on stabilized sludge, so there was con~ 
tinuous turbidity in the shaker flasks. 
After 24 ho~rs, the shaker flask contents 
were allowed to settle, the supernatant 
drawn off and filtered, and the filtrate 
stored in a refrigerator until chemical 
analysis. This was repeated four more times 
although only the first, third and fifth 
shaking results are given in Table II. While 
not shown here, it is also possible to draw 
solubility curves from the data for each con
stituent as cumulative solubility in mg/g 
against cumulative filtrate in 2/g. 

The solubility data summarized in Table II 
indicate that the stabilization has reduced 
trace element constituent levels in all cases 
except copper and lead, but these are still 
well below the maximum allowable (EPA extract 
or Ontario industrial effluent in Table I for 
instance). While the alkalinity that results 
from the stabilization materials is important 
and very effective 1n limiting the solubility 
of many trace metals, this is probably not 
the case for copper and lead. Since the sta
bilized sludge was broken up before testing 
and then continually reduced during shaking 
(constant rates of solubility indicate this), 
the solubility test is far too severe to re
present field conditions. This is now being 
checked by using a much gentler shaking action 
and column tests (6). Cadmium will also be 
considered in future solubility testing. 

Regardless, it is clear that the stabilized 
sludge is fully acceptable from an environ
mental viewpoint. 

FIELD TRIALS 

Field trials to check the possibility of com
pleting the stabilization in-situ {generally 
under water) wtthout removing the sludge were 
completed early in the study. This involved 
the use of a large drag-line to mix waste 
cement kiln dust into the sludge. Where ade
quate mixing was achieved there was a notice
able stiffening of the sludge. Unfortunately, 
this process required too much machine time 
and there were substantial pockets of unstabi-
1 ized sludge. It was decided at this stage 
that the sludge would have to be put through 
some sort of stabilization plant to produce 
the desired strength properties, and stabilized 
material would probably only be used for fill 
above the water table. A few simple trials 
using a large grader to mix sludge with waste 
kiln dusts confirmed that "proper" mixing 
resulted in the required stabilization. At 
this stage, the laboratory testing was em
phasized to develop a range of suitable com
binations and proportions of stabilizing 
agents. 



TABLE I TYPICAL MAXIMUM ALLOWABLE CONCENTRATIONS OF SUBSTANCES IN WATER 
Maximum Level in mg/ £ 

Ontario Ontario Industrial EPA Dr inking EPA 
Substancea Water Standardsb Extractc Drinking Effluent Discharges 

Wa t er ( 9) (8) 

I nterim Prima ry 
Arsenic 0.05 0 . 50 0.05 
Barium l. 0 10.0 l. 0 
Cadmium 0 . 01 0 . l 0 0.01 0.001 
Chromium (VI) 0 . 05 0 . 50 0.05 

I 
l. 0 

Flouride 1.4-2.4 1.2-2.4 
Lead 0 . 05 0 . 50 0.05 

I 
l. 0 

Mercury 0.002 0 . 02 0.002 0.001 
water I 

quality 
I Nitrate (as N) l 0 

Selenium 0.01 0. l 0 0. 01 
Silver 0 . 05 0.50 0.05 

Secondary 
Chloride 250 
Copper l l. 0 
Iron 0.3 
Manganese 0.05 
Nickel l. 0 
Sulphate 250 
Tin l. 0 
Zinc 5 
pH 6 . 5-8.5 5.5-9 . 5 

Notes: a. Only i ons and pH listed here . For pesticides , radioactivity, etc . , see 
refe r ences cited. 

b. EPA interim primary and proposed secondary drinking water standards . For 
full listing see Refe r ence 5. 

c. Extract based on EPA extraction procedure. Levels specified are ten times 
the EPA national interim prima ry drinking water standards. For full details 
and list i ng see Reference 5. 

TABLE II COMPARISON OF SOLUBILITY TEST DATA FOR RAW AND STABILIZED INDUSTRIAL SLUDGE 

Analysis of Filtrate, mg/ t = Sample Ca Cu Fe Hg Mn Mg Ni Pb Zn Cl- S0 4 pH 

R-1 8.3 0.01 0 . 16 0 . 00032 0.08 2. 5 0.02 <0.01 0.07 5.8 l 0 . 9 6. 6 
R-3 11. l 0.02 0 . 07 0. 00011 0.57 l. 5 0 . 03 <0.0l 0. l 0 0 . 8 19. 6 7.6 
R-5 7.2 0.04 0 . 18 0.00012 0.71 2. 2 <0.01 <0.01 0.37 l. 3 24 . 7 7.4 
S-1 160 0 . 04 0 . 06 0.00008 0. 01 0 . 02 0.02 0 . 04 <0.01 9.0 2.9 11. 9 
S-3 81 0.02 0 . 06 0.00018 <0 . 01 0 . 06 <0.01 0.03 <0.01 7.0 l. 4 11. 5 
S- 5 l 11 0 . 04 0.06 0 . 00005 <0. 01 0.03 <0.01 0 . 02 <0.01 9 . l 3.4 11. 7 

No t es : a . Usi ng OECD test procedure · adopted in Construction Materials Laboratory (7). 
Solid (70 g) to distilled water (pH 6.4) ratio of l g to 0 . 05 i . Cr <0.01 mg/t 
in all cases. 

b. Raw industrial sludge R. R-1, R-3 and R-5 filtrates from first, third and fifth 
24 hour shaki~g respectively. 

c. Stabilized industrial sludge S - 75 % wet sludge/15% slag cement/10% lime kiln 
dust (quick), cured 77 days and crushed . S-1, S-3 and S-5 filtrates from first, 
third and fifth 24 hour shaking respectively. 
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Recently, field trials have been completed 
to prepare for the proposed stabilization 
process. A rather efficient method has been 
developed for large field trials that allows 
a number of batches to be tested each day: 
a c h u t e h a s b e e n c o n s t r u c t e d · t h a t a l l ow s 'e x -
cavated sludge to be fed into a standard 
ready-mix truck; then the stabilizing agents 
are added using a small belt conveyor with 
the most reactive agent going in last to 
a l low for visual control of initial stiffen
ing; and after mixing, the batch is dis 
charged at a location where strength monitor
ing can be completed on the stabilized sludge 
"lump". Samples are also taken for labora
tory testing . As the summer weather in 
Hamilton can be very hot, the stabilized 
sludge is excavated to below any surface in
fluences before using the penetrometer . .In 
several cases the stiffening has been so 
rapid that water additions have been neces
sary to get the stabilized sludge out of the 
truck. After several days, it is possible 
to drive vehicles onto the stabilized sludge . 
This . ready - mix truck operation proved so 
efficient that i t has been adopted as an 
alternative to a large base stabilization 
plant for the production rates required. 

While field evaluations are continuing, some 
typical results can be given: 

72 . 8% sludge/13.7 % fly ash/8. 1% lime 
ki ln dust/5 . 4% portland cement 
(0 . 41 N/mm 2 at 6 days) 
83.6 % sludge/12.9 % lime kiln dust/3.5 % 
po r tland cement 
(0 . 28 N/mm 2 at 5 days) 
75.7 % sludge/11.5% fly ash/9.9% lime 
kiln dust/2 . 9% portland cement 
(0 . 22 N/mm 2 at 5 days) 

Based on these types of field results, final 
process (large ready-mix truck with central 
additive storage silos) and stabilization 
agent selection(s) (i.e. economics and 
availability, with waste limB kiln dust and 
slag cement favoured) were completed. It is 
estimated that. the total cost for removal, 
stabilization and placement as fill is about 
Can . $5 . 00 per tonne of stabilized material . 
This is most favourable compared to sludge 
disposal and fill material costs. 

CONCLUSIONS 

It is hoped that at the time of the congress 
it will be possible to report on the pro
gress of the full-scale field stabilization 
process and results. The concept of indus
trial sludge stabilization using industrial 
byproducts and low cement contents, and con
struction stabilization technology, appears 
most attractive. Hopefully other sludge 
applications will develop. 
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Solidification of sludges with cement-slag-CaS04 

Solidification des boues a /'aide de ciment, de laitier et de gypse 

Tomonitsu SUGI, Koji KATAOKA, Shuzo YAMADA, Yutaka ANDO, Japan. 

RESUME : Au Japon, il est devenu necessaire, pour preserver l'environnement et assurer la se 
curite des ouvrages a construire sur ees terrains, de traiter les boues qui se sont accumulees 
sur les bords des lacs et de la mer pendant des annees. 

Ce rapport a pour but de trouver un materiau de solidification bon marche, apte a traiter les 
boues en les solidifiant. 

24 sortes de ciments ont ete utilisees dans ces essais de solidification des boues, en faisant 
varier les diverses proportions du ciment portland, du laitier et du gypse. 
On a observe que les melanges de ciment et de laitier, dans des proportions allant de 40/60 
a 20/80 pour une teneur en CaS04 de 10 a 20 % avaient la resistance la plus elevee; cette re
sistance etait dix fois plus elevee que celle donnee par le ciment Portland seul. Ces melanges 
forment principalement de l'ettringite lors d'hydratation, et on peut penser que celle-ci 
cree une resistance elevee en se liant efficacement aux hydrates. 

Summar y : In J apan , it has be come necessar y t o preservat i on of environment and se c uring 
of b uild ing l ots to dea l with the s l udge depos i ted i n ri vers , lak e s and seas h or e s ove r 
a l ong t e r m o f years . 
In o rde r to f ind e f fect i ve a nd ine xpen s i ve so lidi fy i ng materi a l s f o r s ludge , the auth or s 
st udied s o lidi fying ability of 2 4 kinds of mix ceme n ts wi t h dif f ere nt mi x p r oportions 
of portland cement, slag a nd anhydri te f or s ludge . 

. As the r esult, present ceme n t wit h mi x p r oporti on of ce me nt : s l ag = 40 : 60 - 20 80 
and CaS 04 conten t o f 1 0 - 20% s h owed high s trengt h t he h i gh es t of wh i c h was 1 0 t ime s 

as st r on g as t hat of po r t l a nd cement . 
I t i s known t hat ettri ngi t e, a mai n p r oduct o f hyd r a t ion of t he c e ment , gave the hi gh 
strength by i nte rl ocking e f f e ct i ve l y wi th othe r hydrates . 
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1. Introduction 
Up to now, quicklime (Cao), S l~ked lime 

(Ca(OH) 2 ) and ordinary port l and cement have 
been used for solidifying the s ludge depos 
ited in rivers, l akes and seashores. However, 
the use of qui ck lime involves problem in 
?onservation of environment as it generates 
i ntense heat on hydration. The s l aked lime 
i s used in expectation of pozzolanic 
reaction with c lay minerals in the sludge, 
and in many cases gives no suffi c i ent 
strength. Solidifying strength o f ordinary 
portland cemen t extremely decreases with 
increase of or ganic components in the s l udge. 

The authors studied a pre liminary 
experiment mixing seve r a l materia l s with 
the main object of solving such weak points 
involved in using conventional s ludge solid
ifying materials as intense heat evolution 
and insufficient solidification of organic 
sludge. Out of the materials, it was found 
that solidifying materials of the ternary 
system of ordinary port land cement ~ slag -
anhydrite showed very good results. 

This report describes the expe riments 
conducted on the basis of the preliminary 
experiment to f i nd out a opt i mum compos i tion 
, which is able to give hi gh strength,safe 
for use and inexpens ive from abovementioned 
ternary system. 

2 . Method of experiments 
The s ludges prepared in the l aborator y 

we r e following three kinds: Silty sludge 
whi ch is inactive with cement; c layish s lud
ge that causes pozzolanic reaction with 
cement; and organic sludge containing humic 
acid which is harmful to hydration of cement. 
Beside three kinds of sludges, si l ty s ludge 
to which 1.0 %, 2.0% and 4.0 % of acetic ac i d 
were added to lower PH was a l so u sed in a 
part of the experi ments. The s ludges were 
p repared with Toyoura standard sand pulver
ized with a test mill, powder l y bentonite , 
humic acid, and prescribed amount of water. 
Mix proportions and physica l properties of 
each sludge are shown in Tab l e I. 
Moisture contents were made approximate l y 
equal to those of actually existing sludges. 
Table I.Mix proportions and physical properties 
of sludges . 

~ Silty Clayish Organic 
. slud1:.1e slua£e slud£e 

Mix pro- sand 100 50 47.5 
portions bentonite 0 50 47.5 

(%) humicacid 0 0 5 
Moisture content(%) 75 300 300 
Wet density (kg/m3) 1.562 J,J 65 1.165 
Grain size >7Sµm 9.9 5.1 4.B 
k:listribu- 75,...,_..5 µm B4.3 50.0 4 7.5 
tionC%) < 5µm 5.S 44.9 47.7 

Solidifying materials of 24 d i fferent 
kinds were p r epared by blending ordinary 
portland cement, granulated glassy b l ast 
furnace slag, and anhydrite obtained from 
t he fluoric ac id industry. Cement to slag 
ratio s were 1 00 : O, 80 : 20 , 60 : 40, 40: 
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60 , 20 : 80 , 5 : 95 and Caso4 were 3.4%, 
1 0% , 20%, 30% abovementioned slag - cement 
mix. Specific gravity , f i neness and 
chemical composition of these materia l s are 
given in Table II . 

TableII, Chemical composition and phys ical prop
ert i es of port l and cement slag and anhydrite , 

k.ind Port land Blast fur- Anhydrite Item cement nace s la1:.1 
Jg. loss IT. J. 0.5 
rnso 1. J. -c 2) i I z 2, . J,. -0 - ·- L I? 1 11 . -ro +-' ,,-..... 

1 (.) · - 0 1-P.7 · ' -·- U) ci' L.,3, b• .3 4: • 7 4lJ. 8 E g_'-../ 
<l.> jVIQ .Pi .u -...c: E Mn 0 0 ~ -

0 s1 11 7J 57 .4 
Total SB. 7 100.2 9S.7 

SnP.cific surface(cmyp) 3300 4100 S430 
Residue on BSwm (%) 1.0 0.5 5.0 
Specific gravity 3 .15 2.92 2.92 

The specimens for solidifying test were 
prepared by ·adding 100 kg ~r 200 kg of so
lidifying mater i als to 1 m of sludge, then 
mixing for 5 minute s with a mixer and 
molding in ~5 x 10 cm mo l d followed with 
curing in moisture,at 20°C. The unconfined 
compressive strength of the hardened spec i
men was determined in conformity to J I S 
method (JIS A 1216). To identify hydration 
Products, the specimen was crushed, washed 
with ethan o l and dried at 45°C. Identifi
cation was made on the samp l e prepared as 
above by means of X-ray diffraction , DTA-TGA 
and SEM. Pore size distribution was also 
measured on a part of the specimens using 
a mercury penetrating porosimeter. 

3. Results of experiments 
Unconfined compressive strength of 

specimens prepared by adding 200 kg each
3
of 

24 kinds of solidifying materials to 1 m 
of sludge are shown in Fig.l. For si l ty 
sludge, solidifying materia l s· proportioned 
in cement : slag = 20 : 80 and Caso4 content 
of 1 0% and 20% we r e hi gh in strength, and 
for clay i sh s l udge, so li fying materials.pro
portioned in cement : slag = 40 ~ 60 and 
20 : 80 , and Caso 4 content of 10% showed 
high strength. The re sults of organic 
sludge resembled that of clayish s l udge. 

The strength ratio to port l and cement 
in these optimum compositions was gene~ally 
3 - 5 times and in case where 100 kg/m 
of so lidify ing materia l was added to si lty 
s ludge, it was 9 - 10 times at age of more 
than 3 days. 

The hydration products were mainly 
ettringite accordi ng to X-ray diffraction , 
DTA, TGA and SEM , and it~ quantity increas
ed with increase of Caso4 content. The 
re l ation between the quantity of forma-
tion ettringi te determined by X-ray diffrac
tion peaks and age is shown in Fig. 2. 
In the case where Caso 4 content was 1 0% , 
the quant ity of ettringite was nearly con
stant from one day on, and when the content 
was 20% and 30%, the quantity increased 
wit h the time e l apsed. Monosu l phate was 



(a) 9 3ilty sludge , 

c1ment 

1 
J· ~ (3days) 

20 B0.20 
JOL__"-' / "_. 

~~~"'*;---'F~S,95 
\, 

Ca3:>4~-

(b), Clayish sludge , 
Cement 

1
t ~ (3days) 

2 0 B0.20 
30 

(c ), 

Slag Ca.::D4~ 

200kg/rn3 
Cement 

1 t ~ (2Bdays) 
20 B0,20 

30 3 -

=::'.;~ci=:::'.l~5. 9~ 
Slag 

-~+-~~~5,9~ 
Slag 

~~~~~5,9\ 
CaS04 ~ Slag 

Fig.l. Unconfined compressive strength (kgf /cm2 ) 
of solidified specimens with mix cements blended 
cement, slag and Caso4. 

formed at Caso 4 content 3.4% and 10%, "but 
i t was scarcely recognized in case of orga
nic s ludge. Ca(OH) was formed at rich 
amount of cement. tSaso 4 remained unreacted 
at early age in case of 20% and 30% Caso 4 content and disappeared from one week on 
of age (Fig. 2). 

Fig.3 shows the pore size distribution 
of hardened specimens a t the age of 13 
weeks. No interre lation was recognized 
between total pore vo lume and strength. 
However, it was recognized that the speci
mens of hi ghe r slag content showing hi gher 
strength had more pores of small pore radii. 

cement : slag 
---6--- 20 BO 

e,.& CaS04 30 % 
(),£ ,, 20% 

.2 100-0- 100 ; 0 0 ,6 11 10% 
+-' ... 

_g f\ CaS04 

~ p\ 
r; ~sot \ 
x t: I-\ • 

E ttring~~~, ... ---'i 
.---.. --
/ --::: / ---·~t-...:---;--i~~:.:=---- J -_§, I\ ' 

0 f>-' \ 

~~ :\\ ~. 
OJ g_ \ \ ' 

~A--fj-----A- ---&. 
_ !,--~· o--p 

:r: \ \ " 
I 3) 2 3 7 2 

Time (_days) Tirne(days) 
Fig.2, Height of X-ray diffraction peaks of Caso4 
and ettr~ngite, in case of silty sludge and adding 
200 kg/m of solidifying materials. _ 
~ ,., ':a: 

1 cement 100 cement 40 cement 20 
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><S. slag • 0 slag • &5 slag • Bo 
~J .P.V.•0.477 -J/ T.P.V.•0.49lcm3fg .P.V.m0.495cm3/g 
e 
ClJ 2 'treng th • 
~ 5.9kgf/cm2 
~I 
OJ 
L-

& ~~~~- ~~~~~~~~~ 
- C"") = ,__Pore-radii Cnm) - C"") 

Fig.3, Pore s ize di s tribut i on at 13
3
weeks, in case 

of s ilty s ludge and adding 200 kg/m ·of solidifying 
materi al s . 

In the case of adding 100 kg/m3 of 
solidifying mater i a l to the organic s ludge, 
solidification was not effected by the use 
of solidifying material blended wi th 3 .4 % 
Caso 4 or solidifyi ng material of high slag 
content. The mix proportion that gave rela
tive l y good solidification for the organic 
sludge was Caso 4 content of 1 0% or more and 
rich in cement (cement : slag = 1 00 : 1 0 -
60: 40) . 

The l ow PH value, as experienc ed the 
organi c s ludge , was thought to be the main 
cause of the phenomenon. For the purpose 
of examining influence o~ lowering of PH 
value in these type cement upon strength, 
solidifications of silty sludge of l ow PH 
value were experi mented using a solidi fying 
mater i al proportioned in cement : s l ag = 
20 : 80 and CaSOtj content of 1 0%. The 
result is shown in Tab l e III. At PH 10, 
so l idification was not effected up to 3 
ctays of age. As seen in Fig. 4, formation 
of ettringite was not observed at PH 10. 
4. Discussion 

It was found that in solidifyi ng s ludge 
of high moisture content, solidifying meteri 
als proportioned in cement : slag = 40 : 60 

20 : 80 and caso4 content of 10 - 20% 
were effective . More ettringite was formed 
with increasing anhydrite and s lag. 
Behavior of the ettringite is considered to 
be acting to lower pore water and to increa
se density of hardened spec imens and as a 
int e rlocking material in the hardened speci
mens. These are presumed to be one of 
principal facto rs to increase the strength. 

When solidifying sludge, formation of 
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Tabie IIT, Unconfined' compressive strength of speci
mens lower~d PH 'vaiue, in ~~se of adding 200kg/m3 of 
solidifying material proportioned in cement: slag= 
20 : 80 and CaS04 content of 10%. 

Addition of PH after St renx-th kgf;CmZ) 
acetic acid mixinR(I hr) I dav 3davs 7davs 2Sdavs 

1.0 % 11.5 3.1 11.0 11.5 12.9 
2.0 °/o . 11.?. 2.1 9.9 12.S 16.6 
4.0 % 10.2 x x 7.0 I 0.0 

x------not solidified 

Fig.4, SEM photographes of specimens, at 3 days. 

ettringite was greatly influenced by PH of 
the sludge. In the case where PH after mix
ing became 10 or thereabout, formation of · 
ettringite was hindered and strength was 
remarkably lowered. Therefore, when solidi
fying low PH sludge using these type materi
als, it is necessary to adjust PH above 11. 

A tendency was observed in pore size 
distribution that the greater the slag con
tent of solidifying materials added to the 
specimen the greater the number of opening s 
of small pore r a dii. This can be attributed 
to the influence of difference in generated 
hydrates consequent on difference in solidi
fying material. 

As seen in Fig 1 and Fig. 2, interre
lation between the strength and the quantity 
of formation of ettringite cannot be deter
mined distinctly. It is rather considered 
that in addition to the formation of ettrin
gite, interactions of C-S-H and or .C-A-S-H 
hydrates formed from the slag cement are 
contributing to the strength. 
5. Conclusions 

In solidifying sludge of high moisture 
content with soiidifying materials of 
portland cement - slag - anhydrite system, 
high strength was obtained throughout every 
age by mix proportions of cement : slag = 
4o : 60 - 20 : 80, and CaS04 content of 
10 - 20%. The highest strength obtained 
was 10 times as strong as that using ordina
ry portland cement. 

As stated above, it is possible to soli
fy sludge of high moisture content.to give 
strength several times as strong as that of 
ordinary portland cement by the use of 
solidifying materials mixed with a large 
quantity of blast furnace slag and chemical 
anhydrite which are supplied in quantities 
as industrial by-products. 
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Removal of valuable but toxic ions from waste water 
by synthetic hydroxyapatites 

Utilisation des hydroxyapatites de synthese pour la recuperation 
d'ions metalliques toxiques 

Takashi SUZUKI, Toshiaki HATSUSHIKA and Yasumasa HAYAKAWA, 
Department of Applied Chemistry, Yamanaschi University, Takeda-4, Kofu-shi, 400 Japan. 

RESUME : La recuperation des ions Cd++, zn++ et Ni++ dans diverses solutions aqueuses, au 
moyen d'hydroxyapatites de synthese, a fait l'objet d'etudes approfondies, en utilisant plu
sieurs methodes d'analyse, telles que : la titrimetrie ATDE, la selection des ions aux elec
trodes et la spectroscopie d'absorption atomique. On a montre ainsi que le comportement <:1-~ 
ces ions ne consistait pas en un simple effet d'adsorption, mais en un echange d'ions entre 
lesions a recuperer et les ions ea++ des apatites. L'importance des echanges est plus grande 
avec les ions cd++ OU zn++ qu'avec lesions Ni++, mais n'est pas complete pour les premiers, 
meme avec une proportion cent fois plus grande d'ions ea++ ; ces ions sont stabilises sur les 
apatites. 
Ces resultats suggerent que les apatites ont le pouvoir de selectionner les cations metalli
ques ; aussi peuvent-elles etre utilisees comme echangeur de cations inorganiques, pour recu
perer ou pour fixer les ions de valeur mais toxiques dans les effluents. 

SUMMARY : The removal behaviour of Cd2+, Zn 2+ and Ni 2+ ions from various aqueous solutions by 
synthetic hydroxyapatites was probed in detail by using analytical methods such as EDTA titri
metry, ion electrode analysis and atomic absorption spectroscopy. It was elucidated that the 
behaviour is no~ a mere ads?rption eff~ct_but such an "ioi:i-exchange reaction" between the ions 
(Cd2+ etc ... ) in the solutions and Ca+ ions on the apatites. The amount of the exchanged cd2+ 
or zn2+ was larger than that of the Ni2+ and the former ions were not eluted with even 100 
times ca 2+, i.e., the ioris were stabilized on the apatites. These results suggest that the 
~patites have a selectivity for metallic cations and can be employed as an inorganic cation
exchanger for removing and stabilizing the valuable but toxic ions in waste water. 
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1. INTRODUCTION 

It is well known that hydroxyapatite is not 
only a main constituent of phosphate rock, 
but also the major inorganic c_onsti tuent of 
bones and teeth. The authors have been in
vestigating surface characteristicsl-i; of var
ious synthetic apatites and have happened to 
dis.cover a new and important fact that Cd 2 + 
ions in the aqueous solution are strongly 
held on some synthetic hydroxyapatites at 
room temperature and moreover, the behavior 
is not a mere adsorption phenomenon but a 
cation exchange phenomenon between Ca2 + ions 
on the apatites and the Cd2 + ions. Starting 
from the interesting result, the authors in
tended to examine the feasibility of employ
ing the apatites as inorganic cation ex~ 
changers for treatment of waste water con
taining valuable but hazardous metallic ions. 

2. EXPERIMENTALS 

Materials. 
Various synthetic hydroxyapatites were pre
pared in the usual way6,7 by precipitation 
from hot water and stored in a desiccator 
over phosphorus pentoxide. All chemicals 
were analytical grade commercial materials 
and used without farther purification. 

Specific surface area. 
The specific surface areas of the apatites 
were determined by applying BET method to the 
nitrogen adsorption data obtained at the liq
uidni trogen temperature, assuming the cross
secti~nal area of a nitrogen molecule to be 
16.2 A'1 • 

Crystal structure. 
The structural changes of the apatites before 
and after the uptake phenomena were investi
gated by X-ray diffraction method. 

Procedures. 
Each sample (1.0 g) of the hydroxyapatites 
was mixed and stirred with 400 ml of 100 PPM 
Cd2+, Zn2 + and Ni2 + aqueous solutions at var
ious temperatures (20-40°C), and released 
Ca2 + ions in the solutions and adsorbed ions 
on the apatites were analyzed by measurements 
with a cadmium ion i:neter, EDTA titrator and 
an atomic absorption spectrometer. In addi
tion to the batch operation, column method 
was also ~pplied to the case of Ni2 + and Zn2 + 
solutions. 

3. RESULTS AND DISCUSSION -----· 
The specific surface areas and Ca/P molar 
ratios of the apatites are summarized in 
Table I. From the table, it was found that 
each of the apatites had relatively large 
surface area and the molar ratio valuesclose 
to the ideal value (1.66) calculated from the 
molecular formula {caJO (P0+)6 (OH)2J. 
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Table I. Specific surface areas and Ca/P 
molar ratios of various synthetic 
hydroxyapatites. 

apatite 
s - 1 s - 2 s - 3 

measured value......_ 

Ca/P 1.65 1.63 1. 63 molar ratio 

surface area 62.8 60.2 45.3 (m:i/g) 

Table II shows the amounts of uptaken Cd 2 + on 
S-1 or S-2 from 400 ml of 100 PPM Cd2 + aquous 
solutions and those of released Ca2 +·in the 
solutions at 20°c. Note that the molar ra
tios (Ca2 +/Cd2 +) almost equal to an integer 
1.0. This means that the Cd 2 + uptake phenom
enon is not a mere adsorption effect but such 
an ion-exchange reaction between Cd 2 + in the 
solution and Ca2 + on the apatite as R-Ca sys
tem, where R-Ca is a commercial Ca2 + form 
cation exchange resin. The interesting re
sult is very important because the hydroxy
apatite has been considered to be an anion 
exchanger~ and much a~tention has not been 
paid to the divalent cationic characteristics. 
pH changes of the solutions before and after 
the addition of the apatites are listed 
in the table for reference. 

Table II. Removal of Cd 2 + ions by S-1 and S-2. 

~le s - 1 s - 2 R - Ca 
measured value 

.............. 

Ca2+ 
mg/400 ml 11.9 9.76 3.82 

(x l0- 4 mol) (2.96) (2.43) (0.95) 

CdH 
mg/400 ml 33.2 28.5 11.3 

(x 10-4- mol) (2.95) (2.54) (1. 00) 

Ca2 + : Cd 2 + 
1 1 0.96:1 0.95:1 molar ratio : 

before addition 
of the apatites 5.7 5.7 

pH -
after 30 min. 6.0 6.1 

dissolved amount 
of Ca2 + in water 1.21 1.10 -
(mg/400 ml water) 

Table III contains the amounts of adsorbed 
Zn2 + on the S-1 from 400 ml of 100 or 50 PPM 
Zn2 + aqueous solutions, those of the released 
Ca2 + in the solutions, Ca2+/zn2 + molar ratios 
and pH changes of the solutions at various 
temperatures (20-40°c). As indicated in the 
table, the Ca2+/zn 2+ molar ratios are close 
to an integer 1.0. The result means that the 
Ca2+ ions o~ the a~a~ites.are not pec~liarly 
exchanged with Cd 2 ions in the solutions. 



Table III. Removal of Zn2+ ions by S-1 at variou s temperatures 

~ 
Zn2+ lOO PPM 

e 20°C 30°c 

Ca2+ 
rrig/400 ml 14.56 l 5.68 

(x 10-4 mol) (3.63) (3.91) 

Zn2+ 
mg/400 ml 20 . 04 25.76 

(x 10- 4 mol ) (3. 52) (3.94) 

Ca2+ : zn2+ l. 03 : 1 0.99 : 

before addition 
5.8 5.8 of the apatite 

pH 
after 30 mi n . 6.2 6.2 

Concerning Ni2+ uptake, it was found in Table 
IV that the molar ratios of Ca2 + and Ni2 + are 
almost close to l.O and the d i fference of ex
changed quantities of Ni2 + between batch 
method and column operation was small (S-3 
sample was treated by column operation; The 
flow rate of lOO ml of Ni2 + solution with a 
concentrat ion of lOO PPM is l ml/min.). 

Table IV. Removal of Ni 2 + i ons by S-l, S- 2 
and S-3. 

I'- . 

a~ite 
s - l s - 2 s - 3 

measured 
val°U.e, 

Ni2 + 100 PPM 100 PPM lOO PPM 

solution lOO ml lOO ml 100 ml 

operation batch batch column 
(l ml/min.) 

mg 4.65 4,49 3.87 
Ca;+ 

( l. l6xl0- 4 ) (l.l2xl0- 4 ) ( o . 97xrn-:4-), (mol) 

mg 6. 72 6.35 5.80 
Ni2 + 

( l. l4xl0- 4 ) (l. 08xl 0- 4 ) ( o . 99xlo- 4 ) (mol) 

ca2 + :Ni2 + l.02 : l l. 04 : l 0.98 : 1 

Ta~te V contains the quantities of exchanged 
Ni and Zn2 + on l g of the S-3 from 400 ml 
of lOO PPM sol utions b¥ column method, those 
of eluted Ni2 + and Zn 2 from the loaded S- 3 
with 400 ml of O.OOl N sulfuric ac i d and so 
on . From the tabl e, it was ·found that the 
amount of the exchanged Zn2 + was larger than 
that of the Ni2 +. The result also suggest 
that the apatite have a selectivity f or me
tallic cat ions. This consideration is al so 
supported by the difference of the amounts of 
recovery ratios between Zn 2+ and Ni 1 + (cf. 
Zn 2 + : 50 %, Ni2 + : 65 %). Moreover, the 
dissolved amounts of P from the S-3 were neg
ligibl y small. (cf . Ni2 + system ; 0.2l mg, 
Zn 2 + syst em ; 0.22 mg). 

' (400 ml) zn2+ 50 PPM (400 rpJ_) 

l 

40°C 20°C 30°C 40°c 

20.52 7,36 l 0.24 l2.07 

(5 .l2) (l.84) (2.55) (3.01) 

30.08 ll.36 l 5.92 l8. 57 

(4.60) (l.74) (2.43) (2.84) 

l.ll : l l.06 : l l. 05 : l l.06 : l 

5 , 9 6.0 6.l 6 . 0 

6 .3 6.2 6.2 6 . 2 

Table V. Removal and elution of Ni 2 + and Zn2 + 
ions by using column method. 

"-- system 
S- 3 - Ni 2 + S- 3 - Zn2 + 

measure~~ 
value 

2+ mg 5 , 4 13 .4 
Ca 

(l.34xl0- 4 ) ( -4 (mol) 3 . 3xl0 ) 

Ni 2 + mg 7,4 20 . 8 
and 

(l. 26xlo- 4 ) (3.2xl0- 4 ) Zn2 + (mol) 

Ca2 + : Ni 2 + 
and l.06 : 1 l. o:s : 1 

Ca 2 + : Zn 2 + 

mg 0 . 2l 0.22 
p 

(0.068xl0- 4
) (0.07lxl0-4 ) (mol) 

eluted . mg 4.8 l 0.4 
amount of 

(0 . 82xl0- 4 ) ( l. 59xl0-4- ) Ni2 + and Zn1 + (mol) 

recovery ratio (%) 65 % 50 % 

4. CONCLUSION 

In addition to the above resul ts, it was found 
out that the structural changes of the 
apat ites before and after the uptake phenomena 
were not detected at least by X-ray diffrac
tion method, the exchanged Cd 2 + or Zn 2+ ions 
on the apatites were not eluted with even lOO 
times Ca~+ ions, i.e., the Cd2 + or Zn2 + ions 
were stabilized on the apat ites and maximum 
value of the exchanged Cd 2 + was 80 mg per l g 
of the S-l . These results suggest tha t the 
apatit es can be employed as an "inorganic 
cation-exchanger" for removing and stabiliz
ing the valuable but toxic ions in waste wate~ 
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The Poz-0-Tec process for fixation of industrial wastes 

Le procede Poz-CJ-Tec de traitement des cambouis industriels 

Dr. Eric RAU, Director of Research and Development, IU Conversion Systems, Inc. Horsham, Pennsylvania, U.S.A. 

RESUME : Le procede Poz-0-Tec permet de traiter completement les cambouis qui se deposent dans 
les conduites de gaz desulfurise. Ces cambouis contiennent du co

4
ca et du SO Ca; mais ils con

tiennent aussi, d'une fa9on aleatoire, plusieurs elements lourds, qui peuven~ reagir avec les 
cendres volantes et la chaux, et produire un materiau a faible permeabilite. Cette reaction 
peut etre utilisee, en la menant convenablement, pour eviter toute contamination des eaux 
souterraines, a partir des ecoulements a la surface des sols .' Et meme, ces eaux peuvent etre 
reutilisees apres traitement. 

Ce procede est utilise aux u.s.A., ou vingt installations, deja realisees ou en cours de cons
truction, seront capables de traiter annuellement dix huit millions de tonnes de ces cambouis. 
La presente communication donne des details sur le proc~ssus chimique et sur l'~xperience deja 
acquise du procede. 

Ce procede a aussi ete utilise pour traiter des effluents industriels. Ces derniers ont ete 
classes en effluents traitables ou non traitables par ce procede, d'apres leur reaction avec 
la pouzzolane. Cette classification est exposee en detail. 

R 
SU~RY: The Poz-0-T~c process is a complete waste management system for the disposal of flue gas desulfuriz-
ation sludges'. In this system_ the CaS04/CaS03 sludges, which contain many heavy elements considered hazardous, 
are reacted with fly ash and lime to produce a material of low permeability. This composition can be landfilled 
in a manner that assures virtually no contamination of groundwater by leachates nor contamination of surface 
water by surface runoff, ~urther, the ground is suitable for re-use after the landfill is closed. The system 
is . in use in the U.S.A., with 20 pl~nts capab~e of solidifying over eighteen million tons per year of sludge 
now in operation or under construction. Details on process chemistry and oper-0tional experience are presented. 

The method had also been adopted to the processing of industrial wastes. These wastes have been classified into 
materials that affect the pozzolanic reaction which are beneficial, compatible, or incompatible with the Eystems. 
Details of the classification are presented. 
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The Poz-0-TecR process developed by IU Conversion 
Systems, Inc. (IUCS), is a system of waste management 
in which hazardous materials are encapsulated in a 
pozzolanic matrix formed by the reaction of lime with 
fly ash. Retention within the matrix may be by chem
ical as well as physical forces. Chemically bound 
material is rendered insoluble by the formation of 
complex calcium silicate alumina compounds. Physi
cally held materials are entrapped in the dense ce
menti tious matrix which.is virtually impermeable to 
water. Thus, the host matrix is able to retain a 
wide variety of wastes and prevent contact with sol
vents that might leach the toxics from the matrix. 

POZZOLAN CHEMISTRY 

By definition, pozzolans are materials which are not 
cementitious in themselves, but which contain consti
uents that will combine with lime at ordinary temper
atures in the presence of water to form cementitious 
compounds. Natural pozzolans are usually materials of 
volcanic origin, but include some diatomaceous earths 
and, in the broadest sense, soils. Artificial pozzo
lans are mainly products obtained by heating clay or 
shale. Today, the primary artificial pozzolan is 
fly ash, a residue from the combustion of pulverized 
coal at modern electric power plants. 

When lime or lime-based additives are mixed with fly 
ash in the presence of water, a chemical reaction 
takes place producing materials whose properties are 
similar to the reaction products of Portland cement. 
The major cementitious reaction occurs between silica 
and lime with some alumina contributions. In addition, 
sulfur-bearing compounds can react with lime and 
alumina to form calcium sulfo-aluminohydrates, The 
chemical equations for these reactions are shown 
below: 

The chemical reactions are complex. Initially, the 
fly ash surface is attached by lime, creating a gel. 
This gel contains predominantly calcium, aluminum, and 
silica ions in solution, which combine to form in
soluble hydrate complexes. Since the chemical re
actions take place on the fly ash surface, the pozzo
lanic reactivity of the fly ash increases with great
er surface area (i.e., smaller particle size). 

The pozzolanic reactions described in (2) can be used 
to chemically fix so2 scrubber sludges from electric 
utilities. These scrubber sludges contain Caso3 .~~0 and/or Caso

4
.2H

2
0 depending on scrubber conditions. 

Other wastes which may contain hazardous components 
can be rendered innocuous by this same pozzolanic 
reaction. The liquid phase of the waste is utilized 
to form the hydration compounds that are cementitious 
in nature. The hydration reaction progressively seaJs 
off the pore structure in the resu~Gant mass. Perme
ability is typically . reduced to 10 and io-7 cm/sec. 
Sulfur compounds may be chemically reacted to form 
insoluble compounds. Other solid wastes are physi
cally entrapped in the rigid matrix which develops. 
The basic pH of the pozzolanic reaction renders most 
heavy metals insoluble. In addition, the hydrating 
gel provides a large surface area for adsorption and 
ion exchange processes, 
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The longevity of these reaction products has been 
amply demonstrated by structures (such as the Appian 
Way) built centuries ago during the Roman Empire. 

APPLICATION TO FLUE GAS DESULFURIZATION SYSTEMS 

With the resurgence of coal as fuel, it has become 
necessary for utilities to install and operate a 
growing number of flue gas desulfurization (FGD) 
systems for so2 removal. It is estimated that nearly 
60,000 MW of FGD capacity will be installed by 1980. 

Among the various FGD scrubber systems available, wet
lime/limestone scrubbing and double alkali (indirect
lime/limestone) scrubbing have gained the widest ac
ceptance. These scrubbing operations produce an 
enormous volume of low-solids-content sludge, which 
must be properly treated so that groundwater and 
surface water are not polluted by unacceptable con
centrations of heavy metals and dissolved solids. 

A solution to this massive sludge disposal problem is 
the chemi~al stabilization of scrubber sludge by the 
Poz-0-Tec process to prevent significant environ
mental damageRand minimize ~and disposal requirements . 
The Poz-0-Tec system has received large-scale com
mercial acceptance on a wide variety of scrubbers. 
Twenty utilities have contracted to install it. 

The Poz-0-TecR process is a complete waste-management 
system for coal-fired power plants. It blends fly 
ash, bottom ash (if desired), scrubber sludge, lime, 
and other wastes . Concentrated streams from the 
evaporator and cooling tower sludge can also be in
corporated. The stabilized material is a cementi
tious material, and with proper placement and com
paction, exhibits low permeability and superior 
structural properties. 

PROCESS CONSIDERATIONS 

The fixation of power plant wastes invoives more than 
just combining the wastes. Each of the waste mater
ials contributes chemically and physically to the pro
cess. Va"riations in those materials must be consid
ered in developing the specific process design. 

Fly Ash 

Fly ash is utilized in the Poz-0-TecR process for 
several reasons. It is a waste material which must 
be disposed of, and is usually available f'com the 
same plant as the sludge waste, It is a fine-particle 
material and provides the alumina and silica which are 
necessary for the pozzolanic reactions to bind the 
sulfur compounds of the sludge. 

The quantity of fly ash will also contribute to the 
final solids content of the product and affect its 
handling characteristics. Generally, ash-to-sludge 
ratios of 1:1 or higher will result in an immediately 
placeable material; those below that ratio will usu
ally require interim stockpile conditioning prior to 
final placement. 

Particle size of the ash also contributes to the pro
cess chemistry: the extremely fine particles have 
more surface area and therefore react faster. 

Scrubber Sludge 

The chemical composition of a sludge is one of the 
most important considerations in designing a stabil
ization system, because it can .vary greatly, even 



during standard power plant operation. All FGD 
sludges can be stabilized, but it is important to 
understand those characteristics of sludge which have 
the greatest potential effect on stabilization system& 

Sulfite/sulfate proportions primarily affect dewater
ing. The larger size of the sulfate particles affords 
easier dewatering. However, given the same ash to 
sludge ratio, sulfate based sludges require a numeri
cally higher solids content of the final product to be 
equally handleable than do sulfite based sludges. 

The lime or limestone used in scrubbers also has an 
effect on process design. Poor quality reagent re
quires greater quantities in the scrubber to achieve 
the required so2 removal, and the high proportion of 
non-lime materials increases loads on the dewatering 
equipment. When in the form of grit, it causes exten
sive wear on piping and process equipment. 

Process Additives 

Most stabilization processes require that some addi
tive be used to initiate chemical reactions. Althou~ 

this activator may already be present in some coal, 
such as lignite, it must be added separately in most 
cases. 

For pozzolanic stabilization, the additive most . used 
is lime, available as pebble lime (which requires 
crushing), pulverized quicklime, hydrate, or lime 
slurry. The important considerations for the lime are 
CaO and MgO content and particle size distribution. 

PLANT DESIGN CONSIDERATIONS 

Concurrent with the evaluation of process variables to 
achieve chemical stabilization, the physical process
ing systems for the plant must also be planned. A 
stabilization plant is a materials handling system 
in which liquids, sludges, damp and dry solids are 
combined into a reactive mass. 

The location of the stabilization facility will depend 
on land availability, location of the disposal area, 
and other physical and economic factors. Ideally, 
the landfill should be located near the power plant to 
minimize transportation costs for both waste materials 
and the stabilized product. A 600-800 MW plant pro
ducing _ 1,000,000 tons per year of stabilized material 
will require about 60 hectares of disposal area 35m 
high, over a 20-year period. 

Dewatering 

Dewatering of the sludge is important in dry stabili
zation systems to produce higher final product solids. 
Most FGD systems, however, only thicken the sludge to 
25-30% solids. 

Dewatering in the stabilization facility is usually 
accomplished by vacuum filtration, although centri
fuges have been used in some applications. Scrubber 
slud~e can be vacuum-filtered at rates of 250-500 
kg/m /hr. depending on the composition of the sludge, 
the filter medium, and filter aids. Sulfate sludge~ 
usually yield higher filtration rates and solids than 
do sulfites. Conversely, high concentrations of mag
nesium often result in lower filtration rates and 
solids. If these conditions are known at the time 

of design, the filtration equipment and operating 
parameters can be adjusted to maximize sludge dewater
ing. 

A lime base sludge will usually dewater from 30% so
lids to 40-60% solids, and limestone-based sludge to 
55-60% solids. Oxidized sludges are reported to 
achieve 80-85% solids, which when mixed with fly ash 
and additive, would result in a high-solids final 
product. This product may require water addition to 
achieve optimum placement density. 

Materials Feeding 

Feed systems for fly ash and lime involve more than 
just adding these materials to the sludge. For situ
ations where there is limited ash available, control
led feed is important to conserve ash. This equipment 
must not only feed accurately but must control flood
ing. 

As lime constitutes a small percentage of a mix on a 
dry-weight basis and is the activator of the chemical 
stabilization reactions, accuracy of measurement and 
uniform dispersion of the lime in the product is ab
solutely necessary. Dispersion within the mixdepends 
upon accuracy of feed, location of lime feed into the 
system, particle size, and uniformity of mixing. 

Mixing is the combining of the waste and additives to 
permit the fly ash lime to contact all sludge parti
cles so complete chemical action can take place. The 
mixer must be able to provide the required blending, 
even though the ratio of wet and dry materials may 
vary over any given period, and the mixer designed fur 
200 tons per hour (TPH) may only be operating at 100 
TPH due to reduced station load. The specific combi
nation of waste materials to be mixed at a ::acility 
must be evaluated for material ratios, solids content, 
particle size, retention time, type of additive, etc., 
to ascertain the proper mixing design. 

FINAL PRODUCT HANDLING 

The achievement of a struc~urally stable and environ
mentally compatible landfill requires a detailed ma
terials handling and placing program, landfill pre
paration, and quality control procedures. In many 
respects, the disposal and placement procedures are 
as important to the overall stabilization system as 
the processing facility itself. 

Once the processed sludge leaves the facility, it is 
usually placed in a surge pile. Normally, a drier 
final product will require less time in the surge pile 
prior to handling. For example, final product with 
solids in the range of 50-58% require initial condi
tioning of several days before movement. Table I 
gives a range of final product solids and required 
conditioning times. 

TABLE I: Time required for stockpiling a various 
processed material solid content. 

Solids Range Stockpile Conditioning 
(%) (days) 

50-58 4+ 

58-63 3-4 

63-70 1-3 

70-80 0 •. 1 
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Temperature can also affect the material cure, hand
ling and placement operations. During winter months, 
with. temperatures below s0 <;:, the chemical reactions in 
the material are slowed--as in cement chemistry. As 
a _result, greater curing times may be required for tfieo 
material in the surge pile before placement in the 
landfill. Adequate storage capacity in the surge pile 
area must be included in system design for this re
quirement. 

The processed material is usually moved to its final 
disposal area by front-end loading directly onto 
trucks or by direct conveyor to the landfill. In all 
instances, grading, placing and compacting are re
quired for final placement. 

Material is usually placed in 30 to 60 cm lifts. The 
disposal site should be maintained so that a minimum 
surface area of fresh material is exposed to the eie
ments. The working face should have a slight grade, 
so that . any rainfall will tend to run off rather than 
collect in pockets. Should rainwater pockets occur, 
especially on fresh material, the material stabiliza
tion will be adversely affected or stopped completely, 
cre~ting soft spots in the landfill. 

In the _ landfill, the material can be graded to ele
vations up to 35m and greater. The landfill is de
veloped in approximately 8m lifts and benched at the 
outer surf ace to provide haul roads and prevent ero
sion. Side slopes can be 2:1 horizontal to vertical, 
with 15m benches. The finished surfaces should have 
at le~st an 0.5m layer of topsoil and be revegetated 
to. retard erosion. 

At several of IUCS' installations, long-range plans 
call for material to be built into small mountains in 
excess of 35m in height, thus minimizing land area 
requirements. 

The biggest potential environmental impact could be 
water runoff. For this reason, exposed surface area 
of freshly placed material should be kept to a mini
m.um. Sedimentation ponds should collect the runoff 
discharge from the landfill area. 

A good landfill operation will use monitoring wells to 
sample groundwater. These should be installed well 
in advance of the beginning of operations to obtain 
background data. 

ResQurce Recovery 

Considerable effort has also been expended on finding 
applications for re-using processed material. It has 
been used in road base, parking lots, liners, and 
aggregate for cement blocks. A novel proposed appli
cation has been in synthetic reef maRerial for ocean 
disposal. Opportunity for Poz-0-Tec utilization de
pends on the local economics and need for such materiaL 

ENVIRONMENTAL CONSIDERATIONS 

The mpjor objective of an FGD waste management program 
is to protect surface and subsurface water quality and 
resources. This i~ achieved by minimizing leachate 
generation potential, providing adequate runoff control 
measures and placing the processed material in a 
structural matrix. To protect surface and subsurface 
water quality, the landfills are designed to promote 
rapid surface runoff. The low permeability of the 
placed material (10-6 to lo-7cm/sec) contributes fur-
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pH 

TDS 

ther to promoting runoff. All surface runoff is con
trolled through swales, paved ditches, piping, and 
sedimentation basins. Discharges from the sedimenta
tion basins are subject to National Pollution Dis
charge of Effluents Standard (NPDES) or state dis
charge criteri~ for pH, alkalinity, suspended solids, 
total dissolved solids, sulfates and sulfites. Table 
II presents the combined results of surface runoff 
quality monitoring at three disposal sites. IUCSalso 
monitors t~e eight heavy metals specified in Resource 
Conservation and Recovery Act (RCRA). The monitoring 
program results show that no heavy metal contaminaticn 
is expected from a stabilized FGD sludge surface run-· 
off discharge •1 

TAJ!LE II (mg/l) 

SURFACE RUNOFF QUALITY 

Stabilized Discharge 
FGD Sludge ~ 

pH 6. 5 - 10 6 - lO 

Alkalinity 7 - 350 

Suspended Solids .Ol - 10 30 

TDS 900 - 3~00 N/A 

Sulfate 500 - 2200 N/A 

Sulfite 2 - 25 N/A 

Arsenic .02 

Barium .2 

Cadmium .01 

Chromium .05 

Lead .05 

Mercury .001 

Selenium .01 

Silver .05 

*EPA Interim Primary Drinking Water Standards, effective 
October 15, 1979. 

EPA 
IPDWS 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

.05 

l.O 

.Ol 

.OS 

.OS 

.002 

.01 

.OS 

The chemical characteristics of a waste material, the 
method of disposal, and the physical integrity of the 
in-place waste materials directly influence potential 
leachate quality. Values were obtained by the pro
posed American Society for Testing Materials (ASTM) 
Test Procedure, Leaching Test of Waste Material, Meth
od A, a 48-hour shake test procedure. 

TABLE III (mg/l) 

! 
Sulfite Stabilized J · Sulfate 

Sludge Sludge FGD Sludge ~ ~ 

4-6 6-8.S 

4,000-6,000 16-20,000 
I 
800-1, 200 7-1 0 , OOO 

10-12.5 

16-18,000 

7, 000-9, OOO 

9. 5-11. 5 6.S-8.5 

700-1,800 SOO 

300-850 250 

Arsenic • 01-. 20 <,02 <.02 .003-.02 .OS 

Barium <,50 <.s <.50 < .50 1.0 

Cadmium <. 01 <.01 .01-.08 .002- <.01 .01 

Chlor i de 30-40 500-1 ,000 60-120 250 

Chromium <.05 <.os <. o5 < .05 .05 

Copper 2-6 < 1.0 .1-.5 1.0 

Fluoride < 1.0 l. 4-2. 4 

Iron 80-150 <,2 < .20 .JO 

Lead .2-.5 <.10 <. 25 < .05 .OS 

Manganese <. 10 < .05 .OS 

Mercury <.002 <.001 <.002 <.001 .002 

Nitrate < .so 10.0 

Selenium <.06 < .06 < . 06 < .01 .01 

Silver <.05 < .OS < . OS < .OS .OS 



Table III shows that leachate from art unstabilized fly 
ash, sulfate sludge, or sulfite sludge disposal site 
could be expected to exceed the EPA Interim Primary 
Drinking Water Standards for arsenic, cadmium, lead 
and selenium, and the recommended secondary standards 
for pH, total dissolved solids (TDS), sulfates (S04), 
copper, iron and zinc. The values for the same waste 
materials stabilized show that all of the primary 
drinking water standards would be met; however, the 
values for pH, TDS and so

4 
would exceed the recom

mended secondary standards. Groundwater contamina
tion is not seen as a problem since no leachate or 
permeate is expected. 

The unconfined compressive strength of the stabilized 
FGD waste materials is a function of the filtercake 
solids, fly-ash-to-sludge ratio, in-place density, 
and additive content. For a given plant, the above 
factors, with the exception of additive content, 
remain relatively constant on a month-to-month basis. 
The additive content may vary to compensate for the 
effect of adverse weather conditions, lowered ambient 
temperatures, and changes in waste material charac
teristics and ratios. Figure 1 shows the unconfined 
compressive strength of laboratory-cured samples 
versus in-place cured samples with typical fly-ash
to-sludge ratios and additive content. 
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Permeability of the landfilled material was also mea
sured after several periods of time after placement. 
As shown in Figure 2 ,. the slow pozzolanic reactions 
are sealing the material with increasing time. 
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APPLICATION TO INDUSTRIAL WASTES 

American industry is estimated to generate 57 million 
tons of hazardous wastes each year. The promulgation 
of the Resource Conservation and Recovery Act will 

have significant impact on the nianner in whic.h dis
posal of this material is carried out. Since dispos
al of toxics into water is prohibited, wastes will 
either have to be incinerated or landfilled. Land
filled materials must be buried under safe and secure 
conditions to assure that no contamination of- the 
environment occurs. 

The same fixation technology used for disposal of FGD 
scrubber sludge can be applied to industrial wastes. 
Since the type and concentration of hazardous mater
ial in these wastes vary widely, rues has tested many 
wastes and classified them into categories so that 
judgment on treatability could be made. The follow
ing kinds of wastes have been examined. 

Generic Types of: 

Sludges: Caso
4

/caso
3 

sludges result from neutrali
zation of waste battery acid, lagooning of waste 
gypsum and lime scrubbing of so2 gases in industrial 
or utility operations. Metal hydroxide sludges re
sult from neutralization of acid waters containing 
heavy metals from steel mill and plating opera~ions. 
Dust and Slag: Dust results from the purification of 
air streams by exhaust devices on the furnaces of 
ferrous and non-ferrous smelting operations. Cement 
and lime kiln dusts are also included. Slag is pro
duced in the smelting operations of ferrous and rton
ferrous metals industries. 
Solid Wastes: This category comprises solid wastes 
that are not dusts or slags but also cannot be de
scribed as sludges. Typical wastes in this category 
are chrome ore residue, mine tailings, and inciner
ator ash. 
Organic Wastes: Biological sludges result from bac
terial treatment used to destroy certain organic 
compounds. Heavy ends or still bottoms are the vis- . 
cous, tarry residue from distillation or purification 
columns. Solvent waste streams are used solvents 
that have been contaminated by reactants or products 
from the processes or reactions for which they were 
the solvents. 

These categories account for a majority of industrial 
waste streams and are useful for classifying indus
trial waste management options. 

Chemical Stabilization of Industrial Waste 

It was found convenient to classify the wastes as 
beneficial, compatible, and excluded, with respect 
to the stabilization reaction. 

Beneficial Wastes 

Beneficial wastes are defined as wastes which have a 
synergistic effect on the lime/fly ash reaction or 
wastes which can be used as a lime or fly ash substi
tute. 

Several waste products were found to be acceptable 
fly ash substitutes as received. These include, for 
example, cement kiln dust, electric furnace dust, 
spent catalyst, and precipitator fines. 

In addition, the following waste materials were ac
ceptable replacements for fly ash when ground to a 
fine particle size: blast furnace slag, bottom ash, 
smelter fines, and coal mine tailings. 
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The blast furnace slag and cement kiln dust cannot 
technically be called pozzolans because they can re
act with water alone to produce a cementitious pro
duct.~ In this respect, these waste products are true 
cement-type compounds. 

Considerable work has been performed at the IUCS Re
search and Technical Services laboratories on the use 
of cement kiln dust (CKD) and electric furnace dust 
(EFD) in waste stabilization. These dusts may be 
used for their lime value. 

Compatible Wastes 

Compatible wastes are defined as materials which do 
not contribute significantly to the pozzolanic re
action, do not inhibit or retard the reaction, do not 
contribute significantly to environmental pollution 
through leachate or runoff, and can be economically · 
stabilized. The majority of compatibie wastes are · 
Caso4/CaS03 sludges and metal hydroxide sludges. 

Heavy metal sludges may contain three readily identi
fiable potential problems. Hexavalent chromium is a 
soluble anion which is not rendered insoluble by the 
lime/fly-ash treatment. Reduction of the hexavalent 
chromium to the trivalent oxidation state is easily 
accomplished by the addition of ferrous ion in the 
form of ferrous sulfate. Cyanide may be destroyed 
by alkaline chlorination or ozone/ultraviolet treat
ment. Certain metals, chiefly lead and trivalent/ 
arsenic may be solubilized at the high pH values re
quired for the lime/fly ash reaction. 

Incompat~ble Wastes 

Incompatible wastes are defined as those materials 
.for which microencapsulation, or microencapsulation 
alone, is not feasible. Generally, incompatible 
wastes are soluble salts, organic wastes, biological 

. sludges , low-solids or liquid waste streams, wastes 
that retard the pozzolanic reaction, or wastes con
taining hazardous components which are released under 
high alkalinity. 

Organic wastes have not been extensively studied, al
though several wastes which contain small amounts of 
organics have been evaluated . Neutral hydrocarbons 
such as oil, grease, and tars appear to have little 
effect on the pozzolanic reaction. Up to 8.5% of oil 
and grease in a lime/fly-ash mix does not decrease 
the compressive strength, and actually produces 
slightly greater strength than lime and fly ash alone. 
Decanter tar from a coke process was stabilized by 
mixtures of lime or CKD with fly ash or EFD in amounts 
of up to 20%. Benzene and xylene at 8.5% showed no 
effect on the pozzolanic reaction, although there is 
evidence that these organic compounds volatize from 
the matrix within a few days after compaction. Polar 
function groups such as the alcohol or carboxylic acid 
groups inhibit or retard the pozzolanic reaction. 
Carboxylic acid groups also neutralize the lime and 
render it useless for the pozzolanic reaction. 

Biological sludges deserve separate comment. Bio
logical or activated-sludge treatment utilized micro
bial enzymes to anaerobically or aerobically decompose 
organic substances. Some of the end products of this 
biological degradation are amino acids, organic acids, 
alcohols, methane, carbon dioxide, water, ammonia, 
nitrates, hydrogen sulfide, sulfuric acid, and fatty 
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acids. In addition, the sludge may contain organic 
compounds that are wholly or partially resistant to 
biological degradation, and the microbial enzymes 
(dead or alive) themselves. Many of the organic com
pounds in biological sludges are known to retard ce
ment and pozzolanic reactions . Therefore, attempts 
at pozzolanic stabilization of bio-sludges have to 
be approached very carefully with special testing 
after long-term stability. 

CONCLUSIONS 

Pozzolanic stabilization is becoming a major process 
for the disposal of undesirable waste materials. 
Among the oldest of stone-forming reactions, the 
known longevity of the reaction products is adequate
l y demonstrated. 

The largest-volume application today is the stabili
zation of so

2 
scrubber sludge and fly ash. Some 

18 million tons per year capacity has now been built 
o~ contracted with continued growth expected. In 
this system, sludge, fly ash, and lime are combined 
tf..o form a ~trong, impermeable landfill material. 
Since the reaction depends on the chemical and phys
ical properties of the reactants, careful character
ization of these is necessary . Plant design must 
reflect these characteristics, or difficulties in 
operation will be met. nata obtained from the land
fill corroborates design predictions from t he labor
atory. The results indicate that water discharge 
criteria for pH, alkalinity, and suspended solids are 
being met. Monitoring shows no contamination can be 
expected from the eight heavy metals considered 
hazardous. 

Pozzolanic stabilization has also been applied to 
industrial wastes. Here it has been found that many 
wastes containing reactive materials are actually 
beneficial to the pozzolanic process. Many others 
are encapsulated by the cementitious material and 
prevented from leaching by the impermeability of the 
matrix. Incompatible systems have also been identi
fied . 
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Fixation des boues industrielles avant decharge 

Consolidation of industrial sludge before disposal 

Jean Bernard LEROY, lngenieur Principal a la Compagnie Generale des Eaux a Paris, France. 

RESUME : Pendant longtemps, la mise en decharge des ordures menageres puis des dechets de l 'industrie a 
ete consideree comme une solution definitive. Certes, on entendait plutt>t ce terme dans un sens subjectif 
considerant qu'il n'y avait plus aucune raison de se soucier des residus mis a l'ecart des qu'ils ne se ma
nifestaient guere, plutt>t que dans un sens objectif, supposant resolue la question de leur evolution ulte
rieure. Il fallut les recents progres en matiere d 1analyse, surtout de celle des eaux profondes, pour que 
l'on decid:lt d'examiner de plus pres les phenomenes de cheminement des matieres nocives dans les de
charges. Lors du premier symposium "Sol et Dechets 11 tenu a Angers en Avril dernier, plusieurs commu
nications ont mis l 1accent sur les interactions entre les dechets et le sol, meme a travers des couches im- . 
permeables a l'eau et entre les dechets eux-memes. Des etudes poussees se poursuivent sur cette impor
tante question. Des lors qu'un dechet peut rester dangereux meme place en decharge, a des titres et a des 
degres d'ailleurs tres divers, n'y aurait-il pas une methode, sinon pour le neutraliser, du moins pour en 
reduire la nocivite a la limite du mesurable? 
La fixation des boues, par gelification au moyen de reactifs OU les liants hydrauliques prennent une grande 
part, methode que nous pratiquons maintenant depuis plus de cinq ans, semble etre une des reponses a ce 
nouvel aspect de la protection de l'eau et de la nature. 
Des essais de lixiviation en laboratoire et en vraie grandeur ont montre l'efficacite de cette methode com
mercialisee sous le nom de CHEMFIX. Il existe actuellement une installation fixe a LIMA Y, pres de 
MAN TES et une autre mobile, pr~e a intervenir sur n'importe quelle lagune meme eloignee. 

SUMMARY : The disposal of domestic, and then industrial, waste effluents has, for a long time, been 
regarded as a definitive solution. With this removal and disposal of wastes has, come a subjective out 
of sight out of mind way of thinking rather than one based on objec'tive consideration of what happens to 
these wastes a little further down the road. Recent improved methods in the field of analyses, especially 
as applied to groundwater, have made possible a much closer examination of movements of toxic subs
tances in waste effluents. At the first symposium on "Soil and Waste Effluents" held last April in Angers, 
many statements laid stress to interactions between waste effluents and the soil, even across strata that 
are impermeable to water, an<l within the effluents themselves. Thorough studies have been made on this 
important question. Is there note a method, therefore, whereby the various types and concentrations of 
toxic materials in the waste effluents, from the time of disposal and throughout the period they remain 
toxic, could be neutralized or at least reduced in toxicity to measurable maximum limits? 
Sludge consolidation by gelification with the application of special chemical reactants along with heavy 
reliance on hydraulic binding agents is a process we have used for the last 5 years and which appears 
to respond to this new aspect of protecting water resources and the environment in general. 
Lixiviation experiments conducted in the laboratory and in the field have demonstrated the efficacy 
of this method which has been made available commercially under the name of CHEMFIX. There now 
is a stationary facility at Limay, close to Mantes and another mobile one ready to intervene no matter 
what sludge lagoon or distance away. 
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-I-ASPECT THEORIQUE 
De nombreuses etudes ont recemment demontre 
que l'evolution d'une boue pouvait se poursuivre 
longtemps apres sa mise en decharge. Un des 
dangers les plus sournois etant la liberation de 
metaux lourds a la suite d'une baisse de pH dO.e a 
une action microbienne. Pour empecher cela, on 
peut rassembler les dechets toxiques soigneuse
ment deshydrates dans des fO.ts qui seront ensuite 
places dans des mines desaffectees. On peut aussi 
operer une "fixation" dans le but de rendre les 
boues analogues aux minerais qui ont inclus les 
elements les plus toxiques pendant l'etendue des 
temps geologiques; les plus frequents de ces mi
nerais etant les silicates a la structure octaedri
que particulierement stable. 
-A- Principes du procede de fixation 
La fixation, objet de la presente communication, 
consiste en un melange intime des boues a traiter 
avec un reactif solide constitue essentiellement 
de ciment auquel est joint un liquide catalyseur a 
base de silicates. Le procede est . destine aux 
boues dont le jus de pressage ne serait pas accep
table pour un rejet dans le milieu exterieur, soit 
en raison d'une DCO trop forte, soit en raison des 
metaux lourds qu'il pourrait contenir. 
Avant de parler de la mise en oeuvre de ce traite
ment qui releve surtout de la technologie, il a 
semble bon de s'etendre sur les caracteristiques 
du materiau obtenu et sur les resultats d' essais 
tant en laboratoire que in situ sur des masses 
plus importantes de boues fixees soumises a des 
arrivages d' eau parfois acidulee. Ces derniers 
essais etaient destines a etudier une evolution 
possible a long terme, meme dans des conditions 
inhabituelles. 
Bien que les reactions qui ont lieu dans le melange 
boues-reactifs soient particulierement complexes, 
on peut distinguer plusieurs actions simultanees : 
- une neutralisation des boues faiblement acides 
sous l'action du calcaire contenu dans let> reactifs 
solides. Les silicates reagissent dans le milieu 
basique ainsi forme pour donner des ions' de la 
forme Si {OH)6 = qui se ras semblent sous la 
forme octaedrique mentionnee ci-dessus. La 
silice etant au prealable tres divisee, la surface 
de contact est tres grande comme dans le cas de 
reactifs "actives". 
- une precipitation des composes hydrates(hydro
xydes), comme toujours en milieu alcalin. Cette 
precipitation ayant lieu en meme temps que la for
mation des ions d 1acides siliciques. Le resultat est 
la formation de sels complexes et hydrates tres 
insolubles qui incluent les molecules d'eau pre
sentes dans le milieu, la surface de contact est 
encore accrue au cours de ce processus. 
- des reactions d 1absorption entre composes 
ionises plus OU mains faiblement, les cations etant 
attires par l'es 'anions du systeme reticulaire en 
cours de formation. Cette absorption sera plus 
importante pour les cations les moins solubles 
qui sont souvent les plus lourds; c'est un element 
favorable. I1 est aussi possible qu'il y ait dans la · 
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masse en reaction des echanges d'ions : 
- la gelification du reseau ainsi constitue se pro
page de proche en proche, la solidification totale 
ayant lieu dans un defai de 1 a 3 jours. Les ca
tions metalliques sont enrobes dans des reseaux 
extremement fins et serres qui donnent une grande 
stabilite au produit final designe souvent sous le 
nom de "pseudo-mineral". 
-B- Caracteristiques physiques du materiau 
obtenu 
Les essais et mesures faits sur les eaux de lixi
viation seront resumes au chaprtre suivant qui 
traitera de l' efficacite du pro cede. Du point de 
vue purement mecanique, si_ la boue a la sortie 
du reacteur a encore un aspect liquide, elle le 
·perd assez rapidement pour prendre l'aspect 
d 1une terre argileuse allant en se durcissant. Des 
mesures ont donne comme resistance a la com
pression des valeurs de 11ordre de 2, 5 a 3 Bars; 
un chiffre de 5 Bars a ete enregistre aux Etats
Unis. De fait, quelques temps apres son epan
dage, il est possible de marcher sur les boues 
solidifiees, d 1y circuler a bicyclette OU meme 
en voiture. La temperature a une influence cer
taine suet le temps de,sechage : en ete, le temps 
de prise peut etre ramene a quelques heures. En 
hiver, il est beaucoup plus lent en cas de froid 
prolonge, meme si la reaction n 1 est jamais com
pletement arretee. La couleur du produit final 
depend des constituants des boues a fixer, elle 
peut varier du jaune au gris-vert, voire au bleu. 
L'odeur est imperceptible sauf cas tout a fait 
particuliers. Elle reste d'ailleurs toujours tres 
inferieure a celle de la boue primitive. 
Une fois mises en decharge, les boues fixees se 
comportent comme n'importe quel remblai'argi
leux. Elles ont ete souvent recouvertes de terre 
arable, afin d'etre le support d 1 espaces verts ou 
de terrains de j eux. La vegetation. s 1y est deve
loppee tout a fait normalement ce qui est un ex
cellent indice d'efficacite si l'on se rappelle le 
caractere toxique de la plupart des ions empri
sonnes. 
I1 faut aussi rappeler le caractere tampon des 
boues fixees, qui a pour cause la presence de 
calcaire dans les liants hydrauliques utilises. 
Ce caractere tampon est particulierement pre
cieux dans les decharges ou sont re<;:us conjoin- ' 
tement des dechets organiques et des dechets 
COmprenant des ions metalliques plus OU mains 
nocifs. Un abaissement de pH du sol, qui peut 
etre la simple consequence d'une activite bac
terienne, peut avoir pour resultat le degagement 
de mauvaises odeurs (non neutralisation des 
acides organiques degages) et la remise en solu
tion d 'ions precipites en milieu basique. Dans de 
tels sites, l'addition de boues fixees a un double 
rtlle benefique : elle constitue une couche par
faitement etanche bloquant OU retardant COnside
rablement l'evolution des dechets entreposes et 
elle mairitient le pH a un niveau suffisamment 
eleve. Bien qu'evoquee assez rarement, il s) agit 



d'une propriete particulierement interessante. 
La retention de l'eau contenue dans les boues et 
son bloquage avec les autres cons.tituants montre 
bien qu'il s'agit d'un procede 11 definitif11

• Cela im
plique par contre qu'il n'y a aucune reduction de 
volume; par ·rapport a la boue primitive, il y a 
meme une augmentation d'environ 20%, tant en 
raison des reactifs ajoutes qu'au foisonnement 
du produit final par rapport a certaines boues. 
II - EFFICACITE DU PROCEDE - ESSAIS DE 
LIXIVIATION 
De nombreux essais ont ete effectues, non seule
ment en FRANCE mais aus.si aux ETATS-UNIS, 
en ANGLETERRE et au JAPON, pour ne citer que 
les principaux. Avant d 1examiner deux ca·s parti
culiers, il est interes sant de tracer les grandes 
lignes des resultats de laboratoire. Les essais 
de lixiviation ont ete menes par immersion dans 
des colonnes d 1eau. 
On a considere que l 1evolution au cours d 'une 
annee etait obtenue par le pas sage de 800 cm3 
dans une colone normalisee de maniere a ce que 
le debit corresponde a une annee de precipitations 
en FRANCE (hauteur moyenne de pluie 760m/ m). 
Ces essais ont ete menes en faisant descendre le 
pH de l 1eau de lixiviation jusqu'a 3, ce qui est 
bien rare pour une eau de pluie. La nature de 
l'acide utilise a cette fin n'a eu qu'une influence 
negligeable sur· les resultats (on a employe entre 
autres les acides acetique, hydroxybenzoique, 
nitrique, chlorhydrique, sulfurique). Pour les 
metaux suivants : fer, zinc, nickel, plomb et 
cadium, la teneur de l'eau de lixiviation de boues 
traitees provenant de l'industrie automobile est 
restee inferieure a O, 10 g / m 3 • Pour le cuivre et 
le chrome, elle n'a atteint 0, 25 que la premiere 
11 annee 11

, dans le cas d 'une eau acidifiee a un pH 
inferieur a 4 au moyen de l'acide chlorydrique. 
Pour le chrome meme a un pH de J, la teneur en 
chrome total est restee inferieure a o, 5 g/m3 
apres trois ans de 11 precipitations 11 simulees 
comme il a ete dit ci-dessus. 
En regime de precipitations muyennes, la quantite 
d'ions metalliques rernchee par metre carre de 
terrain revetu d 1une couche moyenne de 60 cm de 
boues fixees est inferieure a o, 4 g pour le chrome, 
o, 35 pour le cuivre, o, 05 pour le zi~c, elle a ete 
indecelable pour le nickel, ce qui s 1 explique peut
etre par une fixation de cet ion au cours de la per
colation. Ce sont des quantites bien inferieures a 
celles .des eaux de ruissellement d'une decharge 
classique. 
Il faut e11fin remarquer que les ions metalliques 
sont eux-memes assez dilues dans la boue fixee 
en place, plus diluees que clans la boue d'origine 
puisqu 'il y a ajoO.t de reactif. 

II Il est evident que CeS premiereS tentatiVeS de 
. contr6le in situ ne sont pas parfaites et demande
raient a etre ameliorees, mais telles quelles, elles 
amenent a des conclusions positives. Elles mon
trent que, si l'insolubilisation totale des elements 
toxiques n'est pas possible (ce que tout chimiste 
aurait pu affirmer a priori avec une certitude 

parfaite), leur facteur de possibilite de passage 
en solution est ramene a des valeurs parfaite
ment compatibles avec la politique actuelle de 
protection de 11 environnement.11 (M. 1.onguet-Ce rilh). 
III - INS TALLA TI ONS EXIS TAN TES 
-A- Installation fixe 
Contrairement aux solutions anglaise et ameri
caine qui ont choisi de placer !'ensemble des 
appareils necessaires au traitement dans une 
seule remorque de grandes dimensions, la 
SARP-Industries a choisi a LIMA Y de cons-
truire une installation fixe et cela pour plusieurs 
raisons. D'abord parce que ce centre produit lui
meme des boues en quantites importantes lors de 
ses operations de neutralisation et de detoxication. 
En particulier les effluents de traitement de sur
face contenant du chrome hexaval ent sont traites 
par reduction ·puis precipitation sous forme de 
chrome trivalent, 
Ensuite parce que, la France etant mains etendue 
mais d'un peuplement plus dense que les Etats
Unis -peut etre aussi pour des raisons de tradition 
industrielle - les lagunes de boues et d' effluents 
sont rares, 
Situe en Region Parisienne, le Centre de LIMA Y 
etait destine a recevoir les effluents de di verses 
usines, en quantites relativement modestes pour 
chacune d'elles (une ou deux citernes par mois) 
mais devant subir un traitement elabore. 
Le Centre de LIMA Y pos sede done : 
a) Une lagune de stockage d 1une ea pa cite de 
2000 m3, clans laquelle les boues reconnues aptes 
a ce type de traitement sont deversees. Elle est 
etancheifiee par un revetement plastique. Les 
boues entr~posees sont homogeneisees pa.r une 
drague automatique qui retarde en meme temps 
la formation d 1une couche de depet. 
b) Un groupe de pompage qui reprend les boues 
pour les diriger clans le reacteur. 
c) Un ensemble de stockage et d'alimentation du 
reactif solide pour lequel 11alimentation par flui
disation, trop coO.teuse en energie, a ete aba.ndon
nee au profit d 1une alimentation gravitaire et d 1un 
dosage volumetrique mains precis mais plus fiable 
que le precedent. 
d) Un ensemble de stockage et d 'alimentation du 
reactif liquide pompe doseuse asservie aux pompes 
d 'alimentation. 
e) Un reacteur place sous le silo de reactif solide 
clans lequel boues et reactifs sont melanges ener
giquement et aspires par un groupe d'echange. 
f) Deux lagunes de solidification de l OOO m3 cha
cune clans lesquelles les boues achevent leur evo
lution avant d'etre reprises par tractochargeur et 
envoyees en decharge. 
g) Un b~timent de regulation et de contr6le. 
Cet ensemble a une capacite nominale de 50 m3 /h 
soit, pour 2000 heures de travail, une possibilite 
de 100. OOO m 3 /an, ce qui permet d'abaisser le 
prix de revient du traitement clans la mesure ou 
le prix du transport reste acceptable. 
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-B-Installation mobile 
Une installation fixe ne peut toutefois repondre a 
toutes les demandes, ne serait-ce qu'en raison 
du prix de transport du dechet. C'est pourquoi 
un paste de traitement mobile a ete mis a l'etude 
des que !'installation fixe a pu etre mise en mar
che industriellement. 
On a surtout recherche la souplesse, la facilite 
de mise en place et la fiabilite. Dans cet esprit, 
les differentes parties du traitement ont ete dis
tinguees, leur assemblage n 1etant fait qu'au der
nie r moment. 
La plate-forme de traite~ent a ete eclatee en 
trois parties : 
- stockage et alimentation en reactif solide 
- stockage et alimentation en reactif liquide 
- melange et contrt>le. 
Parties auxquelles se joignent naturellement les 
dispositifs de pompage, de transit et d I evacua
tion (tuyaux et pompes). 
Le reactif solide est introduit par une alimenta
tion gravitaire avec dosage volumetrique. Le 
reactif liquide est transporte en citerne, le reste 
de ! 'installation (melange, dosage, regulation 
etc ••• ) tient dans un camion classique. Le train 
routier se compose done de trois vehicules dont 
aucun ne sort du gabarit legal, ce qui est un avan
tage incontestable. 
Pour chaque materiel choisi, une attention par
ticuliere a ete apportee a sa simplicite et sa so
lidite. En effet, le materiel mobi<l e peut etre 
amene a travailler dans des conditions difficiles. 
Tout ce materiel est vendu sur le marche 'fran
<_;:ai s, ce qui simplifie les problemes d'entretien. 
IV- DOMAINE D'APPL!CA TiqN DU PROCEDE 
Comme toutes chases en ce bas monde, ce pro
cede n'est pas universe!, environ l 0% des echan-. 
tillons examines ne sont pas propres a etre . 
traites par ce procede. 11 y a des inhibiteurs 
connus parmi lesquels 
- le sucre : qui exclut que l'on traite les boues 
de vinasse, les melasses ••• 
- le chrome hexavalent, les cyanures, l'arsenic, 
le phenol qui ne sont pas retenus, ce qui implique 
qu'un traitement prealable puisse etre necessaire 
pour des boues chromees afin de reduire l'etat 
d 1oxydation de ce cation. 
- Les sulfures et le mercure sont parfois bien 
pieges, parfois non, sans qu'il soit toujours pos
sible d'en discerner les causes. 
- L'ion ammonium se conduit comme un "poison" 
de la reaction a partir d 'une concentration de 
500 g/m3. 
11 est done indispensable avant de traiter une boue 
de verifier son aptitude a la fixation. Cette analyse 
preliminaire consiste en un essai en laboratoire 
qui permet en outre de determiner les taux de re
actifs. Apres 24h d 1attente, on procede a des 
essais de lixivia.tion par trois percolations de 
800 ml chacune, on a done les resultats corres
pondants a trois annees de precipitations simulees. 
L'analyse des metaux est faite par spectrographie. 
Ces exceptions mises a part, le domaine d'appli-
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cation du procede est tres etendu. On peut citer 
pele-mele : liqueurs de decapage, huiles et gou
drons {en solution), boues de neutralisation, boues 
de collecteurs de poussiere, regeneration des 
acides, liqueurs· noires, boues de dechromatation, 
de neutralisation d'acides ou bases forts, toutes 
boues contenant des metaux lourds, boues de de
pigmentation etc ••• 
Sans pretendre a 1 'universalite, la fix:ation des 
boues a done de grandes possibilites et tient une 
place importante dans la lutte actuelle pour la 
sauvegarde de la nature. 
V - CONCLUSION 
Outre la fixation des boues, le· Centre de la 
SARP-Industries a LIMA Y dispose d'instal
lations de neutralisation, de detoxication, de 
cassage d 1emulsions huileuses et de traitement 
de dechets cuivro-ammoniacaux avec recupera
tion du cuivre. La comparaison des quantites 
de dechets traites en 1979 est as sez instructive 

\ 

(les poids sont exprimes en tonnes ) : 

Traitement physico-chimique 
(neutralisation et detoxication) 

Liquides incineres 

Emulsions huileuses 

Boues fixees 

45.800 

17.400 

16.200 

33. 150 

Dechets de laboratoire et cuivre 
ammoniac al 850 

TOTAL 113. 400 

11 est symptomatique qu'aucun procede n'ait de 
place veritablement predominante, cela confir
me s 'il.en etait besoin le caractere illusoire 
de la recherche d'une solution "fourre-tout". 
La fixation des boues est une solution tres in
teressante parce que "definitive". Elle com
plete tres bien la panoplie actuelle. Mais elle 
n 1a aucune pretention a l'universalite et le 
meilleur traitement reste celui qui permet de 
recuperer ce qui peut l'etre. 



COMPTE RENDU GENERAL DU PPESIDENT J.P. MERIC 

Le premier expose relatif au role de la chimie 
des ciments dans la comprehension et la realisation 
du traitement optimum d'une boue donnee a surtout 
suscite des questions sur le role des alcalins sur 
les reactions de fixation des ions toxiques par 
le ciment. En fait l'hydroxyde de calcium est une 
base forte peu soluble dans 1 1 eau (environ 0, 025M) 
dont l'equilibre de solubilite depend de l'activite 
des OH- presents dans la solution: 

Ca(OH) 2 
2 + -

Ca + 20H 

En presence de fortes quantites de bases alcali
nes (NaOH, KOH) completement dissociees, la concen
tration en ca2+ peut s'abaisser au-dessous du pro
dui t de solubili te du compose dont on recherche 
la formation et la precipitation (chloroaluminate 
de calcium hydrate par exemple, dans ce cas c1- res
te en solution). On voi t combien la connaissance 
du milieu a traiter est indispensable. Il est possi
ble de re grouper d' une maniere tres generale les 
reactions de trai tement en fonction des ions a 
traiter sur un tableau de classification periodique 
(figure F de l'expose de P. LONGUET et G. BELLINA) 

Ajoutons que certains fabricants ont propose 
l'elaboration de liants speciaux pour le traitement 
des boues. 

L'expose de Monsieur PICHAT montre les impera
tifs qui conduisent au traitement, les problemes 
economiques poses par 1 1 application des procedes 
de traitement (centres de traitement ou unites mo
biles) ,les succes et les difficultes de realisation 
avec une vue prospective du developpement a venir. 

L'expos~ de Monsieur PETIT soal~ve des qu~stions 
sur la nature des liaisons entre les ions fixes 
et les gels silicique et aluminique presents dans 
un milieu acide dont on abaisse progressivement 
le pH. Le manque d' organisation structurale des 
composes ainsi generes rend delicate la reponse 
exacte, mais il est bien etabli que geologiquement 
des minerais actuellement parfaitement cristallises 
ont eu une genese identique. 

Monsieur BLANCHARD precise que meme si la boue toxi
que se presente sous une forme tres peu soluble 
(hydroxyde), cette forme n' est pas forcement la 
mieux adaptee au stockage (~ction des agents 
atmospheriques acides). Il montre que . l'utilisation 
de la chaux et des liants hydrauliques assurent 
une bonne stabilisation pratiquement irreversible. 

L'interessant expose de M. FORMANEK sur l'inci
dence des solubilites des differents ions a l'in
terface liquide SOlide da.."1S la flottation n 1 a pU etre 
suivi d'une discussion a cause de l'horaire. 

Avec l' expose de Monsieur EMERY on aborde plus 
directement le domaine des applications. L' auteur 

relate une etude conduite pour le traitement d'une 
boue donnee avec des melanges en quanti tes varia
bles de poussieres de four, de cendres volantes 
et de ciment. La discussion qui suit cet expose 
degage l' importance des aspects economiques pour 
ce genre de probleme. 

Monsieur KATAOKA developpe une etude du meme 
genre realisee dans son cas avec des melanges de 
ciment portland, de laitier et d' anhydrite. Ces 
liants a prise essentiellement ettringite develop
pent des resistances mecaniques fort interessantes. 
Malheureusement aucune mesure de lixiviation n'est 
indiquee dans cet expose. 

L'expose de Monsieur SUZUKI et collaborateurs 
n'est pas presente par les auteurs. Sa lecture publi
que montre une application originale des hydroxyapa
ti tes de synthese pour la separation selective de 
certains ions metalliques. L'impossibilite d'une 
discussion est regrettee par les participants. 

Monsieur RAU presente le procede POZ.O.TEC utili
sant principalement les cendres volantes et la chaux 
procede qui presente l'avantage d'une longue prati-' 
que. La discussion concerne surtout les problemes 
de lixiviation des produits traites qui depend evi
demment de la boue initiale et des conditions de 
stockage. L'auteur signale que sur un remblai recou
vert par la suite de v~getation aucun rejet dange
reux n'a ete mis en evidence dans des puits de con
trole disposesautour du terrain traite. 

Monsieur LEROY nous fai t part de son experience 
sur un autre procede industriel utilise dans un 
centre de trai tement de dechets en France et qui 
assure le traitement du t i ers environ du tonnage 
des dechets collectes par ce Centre. 

L'examen des divers exposes relatifs a des ~ppli
cations met clairement en evidence la necessite de 
pOUVOir disposer de methodeS d I eSSaiS SUr terrain 
pour apprecier l'efficacite reelle d'un procede. 
c I est a partir de tels essaiS qui restent SOUVent 
a etablir OU a perfectionner que pourra vraiment 
se degager une comparaison objective des nombreux 
procedes proposes et partant apporter la garantie 
indispensable au developpement du traitement des 
boues par les liants hydrauliques. 

Le President donne ensui te la narole a Madame 
ALOISI, Chef de Service au Ministere de l'Environne~ 
ment et du Cadre de Vie qui nous a fai t l' honneur 
de participer a nos travaux. Madame ALOISI exprime 
tout 1 1 interet porte au probleme du traitement des 
dechets par son Ministere ·et montre le role de 
l'Administration en France dans la lutte contre les 
dechets toxiques (incitations legales, aides finan
cieres, poursuites judiciaires .... ). 

Le President degage ensuite les conclusions 
essentielles de ce seminaire. 

667 



CONCLUSION DU SEMINAIRE PAR LE PRESIDENT 

A l~ lumiere des e x pos§s pr§sent§s, il apparalt que le .traitement des boues indus
trielles a l'aide de liants hydrauliques permet, au mains en th§orie, de fixer d§finitivement 
les ions m§talliques contenus dans ces boues. De nombreu x proc§d§s fond§s sur ce principe 
sont entr§s ou sont sur le point d'entrer en application. Ces proc§d§s reposent en g§n§ral 
sur des connaissances h§rit§es de la techniques des b§tons ou de la chimie classique des sili
cates. Bien que ces proc§d§s soient dans leur ensemble satisfaisants, des progres peuvent en
core etre accomplis par des recherches fondamen ·tales sur les r§actions d'hydratation en pr§
sence d'une concentration importante de mol§cules §trangeres. Ces r§actions conduisent a des 
produits sp§cifiques dO-Qt la durabilit§ doit etre §tudi§e. Il s'agit la d'un champ de r§fle
xion tres vaste pour les chimistes du ciment, mais il n'est pas n§cessaire d'attendre qu'il 
soit entierement explor§ pour mettre en exploitation les proc§d§s de solidification actuels 
car, tels qu 'ils existent, ils constituent d§ja une solution infiniment pr§f§rable au rejet 
pur et simple dans le milieu naturel. 

Des d§bats tres anim§s qui ant gu lieu aujourd'hui a l'occasion de ce S§minaire, 
on peut tirer un ordre de priorit§ pour les recherches a entreprendre dans l'avenir 

D'abord, il faudra d§finir uns proc§dure de mise en oeuvre de proc§d§s rigoureuse cal
qu§e sur celle du b§ton. En effet, pour garantir la durabilit§ des ouvrages d'art, on 
identifie soigneuse ment les liants utilis § s, on analyse l'eau de g§chage, lB sable et 
les granulats afin de d§terminer les dosages appropri§s. Lorsque l'ouvrage est en cours 
d'e x §cution, une surveillance vigilante est exerc§e. Dans certains cas, des pr§leve
ments conser vat oires permettent de retrou v er l'origine d'§ v entuels d§sordres. Dan~ le 
cas de l a fi xation des boues, cette m§me proc§dure pourrait etre adopt§e pour obtenir 
une g arantie de qualit§ sur le r§sultat de l'op§ration. 

Ensuite, il est n§cessaire de d§finir un test repr§sentatif des ph§nomenes qui se d§
roulent sur le site ou les produits trait§s sont entrepos§s. Ce qui a §t§ propos§ jus
qu 'ici ne constitue qu 'un point de d§part ; il semble particulierement utile de tenir 
compte de l'acidit§ du milieu naturel. Cette acidit§ constitue une agression pour le 
produit solidifi§ au meme titre que pour les b§tons courants. 

Finalement, il faut aboutir a une meilleure connaissance des r§actions de base qui se 
d§roulent entre les compo~ants de la boue et les phases acti v es du ciment cette 
connaissance permettra d'§tablir les limites des proc§d§s et de choisir les r§actifs 
les plus appropri§s. 

Ce S§minaire, qui a §t§ l'occasion d'une rencontre entre les industriels, les phy
sicochimist e s e t les repr§sentants de l'Administration, aura done permis aux diff§rents points 
de v ue s d e s'e x primer et, je l'espere, de se rejoindre pour un objectif commun qui est la 
protection de l'environnement. 
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High temperature solar chemistry 
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Resume Abstract 

L'article presente quelques exemples 

de reactions effectuees avec des reacteurs 

solaires a temperature elevee en chimie 

preparative OU energetique. Ces etudes sont 

financees en France par le ·c.N.R.S. 

Some examples are given of material 

research and energetics reactions using 

high temperature solar reactors. These 

projects are sponsored by the C.N.R.S. in 

France. 
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I. INTRODUCTION. 

Les avantages du chauf f age au moyen 

du rayonnement solaire cQncentre sont les 

suivants : 

- un apport d'energie sans contamination et 

en absence de champs magnetiques, 

- une densite d'energie elevee, 

la localisation precise de l'impact ener

getique, 

- la possibilite d'effectuer ce chauffage 

en atmosphere oxydante (air) 

A ces possibilites interessantes s6nt 

associees des difficultes notables en ce qui 

concerne : 

- la mesure des temperature des cibles, 

- la regulation de l'energie regue par la 

cible, 

- le confinement de la cible pour travailler 

sous vide ou sous atmosphere ·controlee. 

Ces difficultes technologiques sont 

actuellement resolues pour les equipements 

de laboratoire de quelques kW. Les solu

tions ainsi utilisees ne sont pas toujours 

transposables aux installations de plus for

te puissance. En particulier les parois 

transparentes utilisables au laboratoire 

(Pyrex ou silice transparente) ne seront 

pas economiquement possibles pour les ins

tallations pilotes. Le verre Pyrex supporte 

un flux de 20 W cm-2 et la silice transpa

rente env:ir'on 500 W cm- 2 . A l'occasion de la 

description de quelques montages precis nous 

verrons les methodes utilisees au labora

toire pour resoudre ces difficultes speci

fiques. 

2. LA CHIMIE SOLAIRE PREPARATIVE. 

Les premieres annees du developpe

ment des fours solaires correspondent sur

tout a des essais destines a presenter leurs 

possibilites. Les montages demonstratifs 

ainsi realises exploitent de fagon judi

cieuse les avantages du chauffage solaire 

par rapport aux techniques classiques d'ob

tention des temperatures elevees. 
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De tels essais ont ete effectues de 

1958 a 1970 a Montlouis avec un four de 

50 kW, depuis ils sont realises a Odeillo 

avec le four de l MW et dif ferents montages 

de 1,5 et 2 kW. Les principaux domaines 

d'application du chauffage solaire sont : 

- les fusions ou preparations de produits 

refractaires, 

- les traitements de minerais, 

- la determination de grandeurs thermochimi-

ques a temperature elevee . 

Pour les traitements a temperature ele

vee citons par exemple: 

- des fusions de zircone (Tf = 2710°C) en 

continu (150 a 250 kg par heure, d'alumine 

(Tf = 2054°C) a 150 kg par heure et de 

differents melanges d'oxydes (zircone et 

ox ydes de terres rares, etc ..• ) qui ont ete 

effectues avec le concentrateur de l MW en 

four tournant (lit brasse). La methode de 

fusion en tas avec granulation du produit 

par souff lage du jet liquide est aussi uti

lisee. Ces fusions, suivies ou non de gra

nulation, COnduisent a Un produit fondu OU 

divise, particulierement apte aux operations 

de frittage ulterieur. Avec ces techniques 

ont ete traites des bauxites (de 1850 a 
1950°C) a 120 kg par heure, des composes 

alumineux (2000 a 2100°C) a 30 _kg par heure 

et des zircones dopees (20 kg par heure), 

a l'occasion de contrat avec des groupes 

industriels interesses. 

Avec les montages de faible puissance 

(2 kW) mais disposant des memes densites 

d'energie, des essais de fusion de zone sur 

nacelle refroidie et de croissance de mono

cristaux (Tio2 ) ont aussi ete effectues. 

Comme exemples de traitement de minerais on 

peut citer : 

- l'elimination du fluor par voie thermique 

de phosphates apatitiques, 

- la decarbonatation de mineraux (phospha

tes contenant 30 a 40 % de carbonates), 

- le grillage de minerais sulfures (molyb

denite) , 



la fragmentation par choc thermique (bas

naesi te). 

Les objectifs vises sont alors l'ap

plication de techniques solaires (de haute 

temperature) pour valoriser des ressources 

minerales des pays a fort ensoleillement. 

Ces techniques sont neanmoins suffi

samment simples pour etre mises en place 

sur le site des exploitations minieres. Les 

interets economiques de ces pre-traitements 

sont : 

- diminuer les inertes a transporter par 

elimination des carbonates, etc ..• 

- obtenir un produit de purete .technique 

(Moo
3 

par grillage de la molybdenite), 

- economiser une part importante de l'ener

gie de broyage pour les minerais etonna

bles thermiquement : basnaesite. 

D'autre part les equipements solaires 

de 2 kW du laboratoire sont utilises pour 

des etudes de thermochimie a temperature 

elevee : 

- des mesures de pression de vapeur, et de 

cinetiques d'evaporation de composes re

fractaires s9us differentes atmospheres 

sont ainsi realisees. Les refractaires (iso

lants et conducteurs electriques) speciaux 

prevus dans les programmes concernant la 

conversion magneto-hydro-dynamique (MHD) 

ont ete soumis a des essais de corrosion, 

d'evaporation, de tenue au choc thermique, 

sous des atmospheres controlees (air, va

peur d'eau, argon+ oxygene, etc ... ) . 

- l'etude de la dissolution des gaz (oxy

gene, vapeur d'eau, gaz carbonique) dans 

des oxydes et des aluminosilicates est aussi 

~enee a bien avec ces fours solaires. La 

connaissance des equilibres de dissol~tion 

(chaleur de dissolution) et des conditions 

cinetiques du degazage au cours du refroi

dissement (influence du chemin de solidi

fication, des solubilites dans les diffe

rentes phases et de la viscosite de ces 

phases) sont tres importantes pour les in-

dustries utilisatrices de ·1aitiers, suories 

et refractaires fondus : metallurgie, side

rurgie, refractaires electrofondus, etc ..• 

Les mecanismes des remontees magmatiques 

dependent aussi des variations de solubi

li te de phases gazeuses (H
2

o et co
2

) dans 

les familles d'aluminosilicates constituant 

les magmas suivant la pression et la tempe

rature. 

Des montages utilisant un concentrateur 

parabolique de 2 kW a axe horizontal permet

tent le trace de courbes de refroidissement 

d'oxydes refractaires. Le montage en auto

creuset, en rotation autour de son axe 

horizontal, permet d'obtenir la mesure des 

temperatures d'equilibre solide-liquide avec 

une bonne reproductibilite. 

Ces applications du chauffage par raym

nement (fours a image et fours solaires) 

utilisent au mieux leurs caracteristiques 

rapidite, non contamination, concentration 

localisee de l'energie. 

On opere souvent de f a~on dynamique 

avec des fluctuations notables de la tempe

rature a la fois dans le temps et l'espace. 

L'equilibre thermique du materiau irradie 

est difficile a obtenir. Par contre un etat 

de regime, proche de l'equilibre thermody

namique est obtenu en lit brasse avec le 

mon~age en four tournant. Pour des reactions 

entre phases condensees (soiides et liqui

des) l'experience verifie bien, par des me

sures de temperatures de transition par 

exemple, la realite d'un regime atationnai

re. 

3. LA CHIMIE SOLAIRE ENERGETIQUE. 

L'objectif est ici de produire un vec

teur energetique a partir du rayonnement so

laire. Ce vecteur peut etre l'hydrogene, un 

metal, un oxyde, soit en general le produit 

d'une reaction reversible. En effet, une 

condition necessaire a !'utilisation energe

tique du rayonnement solaire e·st la possibi-
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lite de stockage de ce vecteur. L'utilisa

tion differee, grace au stockage, des pro

duits de la reaction se fera avec restitu

tion d'une partie de l'energie initiale et 

production de chaleur en un lieu et au 

moment voulu par le consommateur. Le "genie 

chimique solaire" comporte les etapes sui

vantes : 

1°) des etudes thermodynamiques des reac

tions rever~ibles p6ssibles. Ce sont des 

calculs et des modelisations a partir de 

donnees experimentales. Les grandeurs man

quantes doivent etre estimees OU mesurees. 

Le resultat est une optimisation des para

metres reactionnels : temperature, pression 

et natured~ l'atmosphere gazeuse, etc ... 

2° ), l 'etape suivante est le choix d 'un re

acteur adapte au probleme pose suivant la 

nature des phases en presence, de la tem

perature et de la pression. Pour un reac

teur donne on doit ensuite mesurer ou cal

culer les transf erts thermiques et les 

bilans de masse. Ce travail suppose connue 

la cinetique de la reaction choisie. Ce sont 

des . essais a l'echelle du laboratoire, puis ., 
l'etablissement de modeles qui permettent 

une transposition a une echelle pilote. 

Les trois exemples suivants concernent de 

tels aspects du genie chimique solaire 

- etude de deux reacteurs (reaction de de

carbona tat ion) , 

- reaction en phase gazeuse (thermolyse de 

l'eau), 

- reaction entre solide et gaz (grillage). 

En prenant la reaction bien connue : 

co
3
ca : · cao + co

2 

c'est a dire la decomposition du carbonate 

de calcium, on etudie deux types de reac

teurs au foyer des fours solaires de 2 kW 

a Odeillo : 

- un reacteur a lit fluidise, 

- un reacteur tournant a lit brasse. 
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Le reacteur cylindrique tournant absor

be presque completement le rayonnement et 

ses parois sont a temperature elevee 05.00°C). 

Les gradients thermiques sont eleves (monta

ge en auto-creuset) mais le rendement de la 

captation de l'energie rayonnante est ban 

(40 %). En marche continue, avec une alimen

tation arriere en produit, avec un temps de 

passage de 100 secondes, on mesure un taux 

de decarbonatation de 60 % et un rendement 

thermochimique global de 15 %. 

Le second reacteur teste est un lit 

fluidise recevant lateralement le rayonne

ment au travers d'un tube de silice transpa

rente. La temperature du lit fluidise varie 

entre 800 et 1300°C suivant le coefficient 

d'absorption du solide divise. En regime 

permanent la temperature en un point du lit 

fluidise est bien stable. Une decomposition 

complete du carbonate est obtenue avec une 

eonsormnation. de l 'ordre de 5 kW par kg de 

carbonate. Le rendement thermochimique est 

de l'ordre de 20 % en fonctionnement discon

tinu. 

~£gg§_g.:gn§_E~~~i!Q!}_§~_Eh~§§_g~~§~§§_~_!§~

E~rniYE§-~1§Y~§ · 

La decomposition thermique de l'eau est 

obtenue dans une tuyere refractaire (ref rac

taire a base de zircone) situee au foyer 

d'un concentrateur solaire·a 2200°C. Le choc 

thermique, puis le refroidissement a la vi

tesse de 10
6 

degre par seconde permet de 

tremper les constituants de la reaction dont 

l'hydrogene. 

Un semblable traitement (chauffage ecla:ir 
et trempe brutale) applique a du methane au 

foyer d'un concentrateur de 1,5 kW (le gaz 

est porte a environ 1500°C) donne a peu pres 

10 % d'acetylene. 

~£~g~_g_:~g_;:~~~i§YE_§Q1~l£§..;Ei!Qi§_EQ~L1§ 

9E!!!!9!-~!-~!!}!E!!!; 

Le grillage de minerais sulfures (molyb-



denite) en reacteur solaire rotatif a lit 
brasse devrait permettre : 

- d'economiser une fraction importante de 

la consormuation d'energie pour les broya

ges, 

- d'obtenir directement un oxyde (Mo03 ) de 

purete technique. 

Apres l'etude thermodynamique (mesure 

des enthalpies aux temperatures elevees) 

et cinetlque de la reaction d'oxydation des 

produits susceptibles d'etre traites en 

reacteur solaire. Ce travail montre l'inte

ret de traiter la molybdenite apres un 

premier enrichissement par flotation (pro

duit a 6 % environ de molybdenite). ~e mi

nerai brut a 0,5 % de molybdene entraine

rait le chauff age de quantites importantes 

d'inertes (silice). Le grillage du concen

tre a 96 % ne presente aucun interet eco

nomique. C'est le semi-concentre a 6 % qui 

presente la granulometrie et la concentra

tion les mieux adaptees au traitement so

laire. Les problemes a resoudre et en cour,~ 

d'etude sont la realisation d'un reacteur . , 

solaire tournant a lit brasse avec recupe

ration du so
2 

et condensation de l'oxyde 

de Moo
3 

vaporise. La taille des cristalli

tes de Mo0
3 

est comprise entre 300 et 

500 nm. Cette filtration et cette epura

tion posent de delicats problemes techno

log"iques. 

Ces trois etudes sont en cours de de

veloppement dans le cadre de contrats pas

ses avec le PIRDES. Elles engagent sis 

laboratoires et la somme de trois contrats 

sont le l'ordre de 480 kF pour deux annees. 

4. CONCLUSION. 

Les orientations prises par ~es labo

ratoires engages dans les etud~s de chimie 

solaire a temp~rature elevee sont coheren

tes avec les options exprimees par les 

responsables nationaux (COMES) : etudes ~ 

prospectives de f aisabilite (niveau labo~ 

ratoire et pilote de premiere generation) 

pour l'horizon 2000, avec des moyens re

duits, mais une certaine continuite. 

~~~E~r~~-~Q~El£~£~E~ir£~_4_ErQEQ~-~~-£2i~i~

~~l~ir~_g_f~~E~r~!~r~-~l~~~~ · 

1958 - Applications thermiques de l'energie 

solaire, Colloque CNRS N°85, Mont-Louis 

1958 - Publie en 1961. 

19?3 - Techniques d'utilisation du rayonne

ment au foyer des appareils concentrant 

l'energie solaire, M.FOEX, Les Hautes 

Temperatures, Vol.1, p.245, Masson, 

Paris, 1973. 

19?? - Use of solar energy for direct an two 

step water decomposition cycles, 

E.BILGEN et Col., dans Int.J. of Hydro

gen Energy,~, pp.251/25?, 19??. 

19?8 - Decomposition thermique a l'air de la 

magnetite au foyer d'un four solaire, 

M.DUCARROIR et Co l ., Rev.Int. des Hautes 

Temperatures et Refractaires, !:..§_, 

pp. ?/13, 19?8. 

19?9 - Deux articles dans le meme numero de 

Janv/Fev. de la Revue Entropie : 

- Les reacteurs chimiques solaires, 

J.VILLERMAUX, pp.25/31. 

Energetique chimique et energie so

laire, J.MAHENC, pp.32/42. 
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Utilisation d'un sous-produit a tres haute teneur en soufre 
comme combustible dans un four de cimenterie, 

sans transfert de pollution atmospherique 

Use of a by-product with very high sulphur content as fuel 
in a cement kiln, without transferring atmospheric pollution 

P. ETOC, lngenieur a la Societe des Ciments Franc;:ais, Professeur a !'Ecole Nie Superieure Ceramique de Sevres et 
a !'Ecole de Thermique (l.F.E.), France. 

RESUME : En prevision d'avoir a brOler dons l'avenir des fuels extra-lourds a haute teneur en soufre, 
la Societe des Ciments Fran~ais a effectue des essais d'utilisation d'un goudrbn de petro-

. leochimie non encore commercialise comme combustible, sur un four a voie humide de 1 OOO t/d de clinker. 

Ces essais en vraie grandeur comportaient de gros risques car on ne savait · pas si le procede allait 
accepter un combustible a teneur en souf re nettement plus eleveeque celle du fuel lourd ordinaire, 5 % 
contre 3,5 %; par ailleurs le goudron est nettement plus visqueux que celui-ci au niv:Ou de la tempe
rature de pompage et, de plus, fuel lourd et goudron ne sont pas miscibles. 

Au moyen d'une tuyere-prototype permettant de brOler simultanement le goudroR et un fuel a basse teneur 
en soufre, il a ete possible d'augmenter progressivement la teneur en soufre resultante des combustibles 
injectes. Finalement, les essais ont montre qu'il etait possible de fonctionner a 100 % de goudron sans 
difficultes d'exploitation et sans modification significative de la qualite du clinker. Depuis Mars 
1979, !'utilisation de ce produit est devenue routine d'exploitation. · 

Le four de cimenterie a confirme ses proprietes de piege a soufre - on devrait dire de piege a polluants. 
Rien n'interdit a present d'envisager de brOler dons un four de cimenterie des combustib.les encore plus 
sulfureux, par exemple des bitumes et, egalement de detruire de nombreux dechets industriels, sans 
transfert de pollution, mais avec recuperation de la valeur energetique. 

SUMMARY : As it is anticipated that extra heavy fuel oils with a high sulphur content will have
to be used in the future, Societe des Ciments Fran~ais has carried out field trials 

with steam cracking residue (tar), which is not yet commercialised as fuel, in a 1000 t/d wet 
process rotary cement kiln. 

These full-sized trials involved great risks, as it was not known whether the process would 
tolerate a fuel with a percentage of sulphur much higher than that of the ordinary heavy fuel, 
5% as against 3~5%; also, the viscosity of the tar is notably higher than that of the heavy 
fuel at pumping temperature and, in addition, heavy fuel and tar do not mix together. 

Using a prototype burner which allows the simultaneous firing of tar and low sulphur content 
fuel oil, it was possible to increase progressively the sulphur percentage of the injected 
fuels. Finally, the trials showed that it was possible to work with 100% tar without running 
into operating problems and without significant modification of the clinker quality. Since 
March 1979 the use of tar has become routine. 

It has been proven that the cement kiln has the characteristics of a sulphur trap - or should 
we say a pollution trap. It now seems perfectly feasible to consider the firing of a cement 
kiln with fuels of an even higher sulphur content, such as bitumen, and the burning of 
industr~al waste without transferring pollution, whilst recovering its energy value. 
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I - INTRODUCTION 

A partir de 1974, l'alourdissement du fuel-oil lourd 
ordinaire deja constate, la perspective de mise en 
place clans les raffineries d'unites de conversion 
avec apparition sur le marche franc:;ais de combus -
tibles "hors normes", extra lourds, a haute teneur 
en soufre tels que residus sous vide, sous-produits 
de petroleochimie, l'eventualite d'avoir a briller 
diver' s residus industriels, nous ont incite a etudier 
l 'utilisation de tels produits comme combustibles 
clans nos fours. Nous pouvions legitimement penser 
que cette utilisation ne devait pas co'nduire a un 
transfert de pollution, car nous avions deja a notre 
disposition les resultats de nos travaux experime·n
taux sur les fours des usines de Ranville et de 
Guerville , montrant que le four de cimenterie se 
comportait comme un "piege a soufre efficace" (1 ). 
Cette etude allait clans le sens de la recherche de la 
recuperation d'energie et surtout de la substitutio n 
de tout combustible a .u fuel-oil lourd, a laquelle 
les Cimentiers Franc:;ais s'etaient engages en signant 
le 22. 03 . 76 le premier Contrat Sect oriel dEconomies 
d'Energie avec le Ministere de l'Industrie . 

Aussi, lorsque vers le milieu de 1975, Esso-Chimie 
a propose a la Societe des Ciments Franc:;ais des 
fournitures assez importantes de goudron de 
p e troleochimie - souvent baptise "tar" clans les 
compte - rendus - dont la teneur en soufre pouvait 
depasser 5%, i1 a ete decide de tenter l'experience. 

Les essais ont eu lieu de septembre 1977 a juin 1978 
sur le four de 1 OOOt/d de clinker gris a voie 
humide,al'usine de Guerville et, en definitive, la 
fabrication du clinker n'a pas ete affectee par l'uti
lisation du nouveau combustible. Au cours de ces 
essais, nous avons contr6le particulierement les 
marches a foel-oil pur, en· mixte goudron 60% -
fuel-oil 40% et a goudron pur et, de ce fait, nous 
avons obtenu un grand nombre de resultats nou-veaux 
a verser au dossier du "four de cimenterie piege a 
soufre"; c'est l'objet du present memoire . 

Notons que depuis mars 1979, la .chauffe au goudron 
est devenue routine d'exploitation non seulement 
clans le cas du clinker gris, mais egalement clans 
celui du clinker blanc. . 

II - LE PROBLEME DU GOUDRON AESSJ-CHIMIE 

Ce goudron, qui est un. sous-produit de la fabrica
tion d'ethylene a l'usine E.sso-Chimie de Port-Jerome, 
est considere par les Douanes franc:;aises ocn ·comme 
un combustible petrolier, mais comme analogue a 
un produit de distillation des goudrons de h.-iuille.Il 
est tres aromatique, non miscible aux fuel-oils 
lourds et sa teneur en soufre est superieure a 
celle du fuel-oil lourd n°2. 

L'usine de Port-Jerome, dont l'emission totale 
journaliere de soufre est obligati:>irement limitee 
pour raison de lutte contre la pollution atmosphe -
rique, ne pouvait utiliser pour ses besoins propres 
la totalite du goudron qui pouvait etre produit clans 
des conditions economiques optimales. Plutfit que 
de ne pas produire le goudron, et par consequent 

de limiter ses exportations pourtant assure'es 
d'ethylene, Esso-Chimie a cherche a commercia
liser ·ce combustible "ho rs normes". 

III - LA LEGISLATION FRANCAISE CONCERNANT 
. LA TENEUR EN SOUFRE DES COMBUSTIBLES 

La legislation franc:;aise n'interdit pas a proprement 
parler la vente et l'utilisation d'un combustible non 
classe administrativement comme un fuel-oil lourd, 
meme si sa teneur en soufre depasse celle de ce 
dernier, soit 4 % . 

En fait, tres vite d'autres contraintes peuvent 
intervenir : 

a) une contrainte technique : l'apparition ou l'aug
mentation des corrosions a basse temperature 
"cote fumees", et l'emission d~ fumerons acides, 

b) deux contraintes administratives : 
le respect de la "Circulaire ministerielle sur 
la hauteur des cheminees" du 24 . 11 . 70 (J. O . 
du 13. 12. 70) : une augmentation du debit 
d'anhydride sulfureux implique une surele
vation de la cheminee, -
une decision du Comite Interministeriel pour 
l 'Amenagement de la Nature et de l 'Environne
ment prise le 27 janvier 1972 de faire mettre 
en place et d'exploiter un reseau de controle 
du S02 par les Et;.;:blissements Industriels emet
tant plus de 0, 5 t/h de S02 ( cette emission est 
calculee a partir de la consommation annuelle 
de combustible, de la teneur en soufre de 
celui-ci et du nombre d'heures d'utilisation). 

En fait, ces contraintes ne concernent pas les fours 
de cimen.terie, car sur le plan technique, nous ver
rons plus loin que le captage des ~xydes de soufre 
par la matiere reduit presque totalement les risques 
de corrosion et sur le plan reglementaire, l'Adminis
tration admet que, clans les divers ·· calcig;ls, on 
utilise les teneur d' oxydes de soufre reellement 
mesurees. 

·IV - CHOIX DU SITE DE GUER VILLE 

Le four a voie humide de Guerville a ete retenu 
pour les raisons suivantes : 

du fait de sa taille, il peut detruire beaucoup de 
goudron 

du fait du procede et de la composition de la 
matiere, il n'est pas exagerement affecte par 
les anneaux lorsqu'il est chauffe au fuel - oil 
normal 

il fait partie d'une usine situee en bordure de la 
Seine qui peut etre ravitaillee par bateaux de 
700 tonnes (capacite retenue clans le cas des 
livraisons de goudron). 

V - CARACTERISTIQUES DES COMBUSTIBLES 
UTILISES 

V-1 Objectif : montee progressive de S % 

Pour ne pas avoir a surmonter simultanement, des 
le debut de l'operation, les problemes de manipu
lation d'un combustible inhabituel, tres visqueux a 

675 



froid, non miscible au fuel-oil lourd et les problemes 
dus au soufre, il a ete decide de bruler en meme 
temps du goudron et du fuel-oil lourd a basse teneur 
en soufre, de fac;on a augmenter progressivement 
la teneur en soufre re sultante et de ne pas de pas -
ser la valeur de 4o/o - teneur limite dans le fuel-oil 
lourd utilirse jusqu 1ici - qu 1apre.s avoir maitrise les 
problemes de preparation, de transfert et de com., 
bustion du goudron - Ceci a ete possible gr~ce a la 
mise au point d 1une tuyere a circuits separes . 

V-2 Le goudron Es so 

Durant les essais, 9 analyses de goudron compre
nant les determinations suivantes : C '1o, H '1o, S '1o, 
pouv oir cal~rifique ont ete effectuees par des labora
toires exterieurs. Aux resultat.s rassembles dans 
le tableau. 1, nous a v ons ajoute quelques informa-. 
tions complementaires communiquees par Esso. 

Par ailleurs, les mesures de viscosite effectuees 
par SCF confirment une particularite de la courbe 
viscosite / temperature d 1un goudron qui avait deja 
e te mentionnee par Esso . Dans le diagramme 
log-log habituellement utilise pour cette repre
sentation graphique, les courbes carac t e risant les 
fuel-oils sont .des droites paralle les. Or, la droite 
relativ e au goudron a une pente plus e le ve e et 
c roise celle des fuel-oils. En d 1autres termes, le 
goudron est plus v isqueux que les fuel-oils ordi
naires au niv eau du pompage et du stockage et plus 
fluide qu 1 eux au stade de la pulverisation(f igure 1) . 

V-3 Les fuel-oils lourds 

Composition centesimale et pouv oir calorifique des 
fuel-oils lourds qui ont ete utilises pendant les 
contrOles sont donnes dans le tableau 1. 

~ CARACTERISTIQUE S DE S COMB USTIBLES UTILISES 

G oudr o n F uel-oi l l our d Fuel-oil l ou r d 
CJ Es so ordi na i re B. T . S . 

S oufr e % 4,6 a. 5, 2 3 , 69 1. 13 

H ydro gene % 6 , 5 a 7 , I 11 11, 79 

Carbone % 84, 1 a. 8 9 , o 85 8 6 , 6 

C/ H 12 , 5 a 13 , I 7 , 7 7. 35 

P ouvoir calor . (mt h/kg 8 93 o a. 8 96 0 9 6 2 5 9 77 8 
infe rieur (k J / kg 3 7 38 0 "3 7 500 40 285 40 925 

A l s phaltene s % 2 0 N. D. N. D . 

C o nr a dson % 20 N. D . N .D . 

VI - DESCRIPTION DE L'INSTALLA TION 
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VI - 1 Ensemble de cuis son 

Four Fives Lille a voie humide a chaines, 
1970, 4, 80x4, 40xl 50m 
Capacite maximale : 1 150 t / d de clinker 
Production pendant les essais: 965a1 050 t/d 
Consommation thermique : 1 270 a 1 3 70 thJ ck 

(5 320 a 5 735 M J / t ck) a 11epoque des 
essais. Au debut de 1980, celle-ci est 
de 1 200 th/t ck(5 025 MJ/t ck) 

Refroidisseur de clinker Fuller, a grille, 
temperature d 1air secondaire 6 50 ° c 

Electro! iltre Elex, emission de poussie r es 
40 a 50 mg/Nm3. 

VI-2 P~te 

P~te 11 lourde 11 dont la teneur en eau est, en 1980, de 
11ordre de 30 a 31 o/o, alors qu 1elle etait de 32 a 33o/o 
pendant les essais et de 43o/o en 1974. Cette r e duction, 
effectuee dans 11 optique de la recherche des economies 
d 1e nergie, a ete obtenue gr~ce a la mise au point 
d 1un melange de defloculants et de l 1utilisation dans 
la p~te de cendres de central e thermique . 

VI-3 Preparation du goudron 

Pour definir les installations de depotage, stockage 
et rechauffage de pulverisation et la tuyere, nous 
avons suivi deux recommandations essentielles : ne 
pas melanger le goudron et le fuel-oil lourd, meme 
au niveau du pulverisateur et prevoir un rechauffage 
a la pulverisation de 180.0 c . 
L 1 ensemble d 1alimentation .comprend trois circuits 
de combustibles : goudron , fuel-oil lourd B. T . S . et 
fuel-oil lourd ordinaire, un circuit de rinc;age des 
canalisations de goudron par un solvant special et 
finalement constitue une installation assez c omplexe. 

En d e finitive , les temperatures de rechauffage rete
nues sont les suivantes .. d e potage et stockage 70 ° C 

pulverisation 140 ° C 

VI-4 Tuyere 

La Socie te Pillard a specialement conc;u pour cet 
essai une tuyere a trois inje cteurs, aux caracte
ristiques suivantes : 

- Le tube central de ~ 220mm est equipe de trois 
fourreaux de ~ 70 permettant chacun le passage 
d 1une canne terminee par un injecteur (f ig . 2) . 

- Chaque injecteur est du type MY a deux arrivees de 
combustible, Fune en rotation , 11autre axiale. En 
reglant la pression diffe re r:tielle entre les deux 
circuits, on peut faire varier 11angle du jet. 

- A utour du tube central , un t u be concentrique et 
u ne r osace permette nt de d i stribuer 11air en rota
tion. Un dernier tube concentrique, sans rosace, 
permet d 1amener 11air axial. En reglant la pres
sion differentielle entre les deux arrivees d 1air, 
on peut ajuster l 1angle de la Hamme. 

debit air primaire 13 OOO Nm3 /h, soit envi ron 
l 5o/o de l 1air total de c ombustion 

press i on air en rotation : 250 mm C . E . 
pression air axial : 400 mm C . E . 
pression amont de pulve risation : goudron et 
fuel-oil lourd ordinaire 42 bars, fuel-oil lourd 
B . T . S . 39bars 

pression differentielle entre les deux circuits re 
chaque combustible 1, 75 bar~a meme pour les 
trois combustibles). 

tempe r ature de pulver isation 140° C pour le gou
dron ~t le fuel-oil ordinaire et 130 ° C pour le 
B. T . S. 

VII - PROGRAMME EX PE RIME NT AL 
VII-1 Recherche de la tenruir en soufre resultante 

optimale 

Avant les essais , il etait acqui s que 11 ensemble four/ 
matiere pouvait 11 accepter 11 un fuel-oil dont la t~neur 
en soufre etait comprise entre 3, 5 et 4o/o. En ttilisant 



la tuyere Pillard a deux combustibles, goudron et 
fuel-oil lourd B. T. S . , le pourcentage de goudron 
utilise a ete progressivement et rapidement augmen
t e jusqu 1 a atteinqre 60'% du debit thermique, ce qui 
donnait une teneur en soufre r e sultante voisi n e de 
celle du fuel-oil ordinaire . Une longue periode de 
marche dans ces conditions permit de verifier que 
le fonctionnement du four etait satisfaisant. Enfi n , 
le debit de goudron a ete pous s e a 100'% et il a ete 
verifie que l'ensemble four/matiere 11 acceptait11 le 
nouveau combustible. A chaque etape de ce pro
gramme, plusieurs series de controles portant sur 
le soufre ont ete effectues . 

VII-2 Controles effectues - Techniques uilisees 

VII-21 .Q{_nir~!ltis_ 

A chacun des trois stades de la montee de la teneur 
en soufre resultante, il a ete effectue un bilan soufre 
c 1est-a-dire un etat comptable des entrees et des 
sorties de soufre : 

entrees combustible et pate 
sorties clinker, poussi e res capte es a l'electro

filtre et fumees. 

On conside re comme negligeable le s oufre conte
nu dans les poussieres s'echappa nt a la chemi
ne e (rappelons que l'emission est de 50mgtNm3) . 

Chaque bilan etabli sur une duree de 24 heures com
porte done des rnesures de de bit et des controles sur 
les matieres mi nerales , les combustibles, les 
fumee s. 

/II-22 ~~s_E~e_s~r_l~s-~a_!i~r~~IE~~~l~s

En ce qui concerne p~te et clinker, les mesures de 
debit et les analyses completes sont des contrOles 
de routine . On a opere un prelevement par paste et 
analyse le produit aux rayons X. A l ' occasion du bi1an 
le m~me controle a port~ sur les poussieres caprees 
a l ' electrofiltre . 

VII-23 ~<2._ng-9_1~ Q.e~ _s~b~s_!iE_l~s-

Les -debits s'ont mesures au moyen de compteurs. Lors 
de chaque bilan, une analyse a ete operee . 

VII-24 Controle de routine sur les fumees 
----G~ii~0~T--------

Le debit de fumee s est calcule a partir de l'analyse 
et du del:>it de la pate , de l'analyse et du debit re com-

bJst:ible , et de l ' exces d ' ai r. La connaissance de cette der
niere ca racteristique implique que l'on mesuTe la 
teneur en oxygene des fumees et leur teneur en im
b r ules . Le four est equipe normalement d'un analy
seur en coritinu d'oxygene (l:>ase sur les proprietes 
paramagr:~tiques de o2 ) et d'oxyde de carbone. (absap
tion de rayonnement infra-rouge). 

VII-25 ContrOles relatifs au soufre dans les 
-£~p~;-~~f~~~tr~~~I----

Plusieurs determinations de point de rosee ont ete 
faites au moyen de l'appareil B . C. U . R . A. (2,3).Cet 
appareil a ete con~u pour permettre des mesures de 
point "acide 11 dans la zone 120-160 ° C. En fait, no~s 
avons deja verifie (1) sur un four de cimenterie -

et nous verrons que cela a ete encore confirme .ici -
que le point de rosee mesure est egal au point de 
rosee "de l'eau" qui, au point de mesur.e, depa·sse 
rarement 70° C et par suite on peut dire que so3 = 0 
et que le soufre des fumees se trouve sous forme de 
so2 (on sait en effet qu'il suffit de quelques rnillio
niemes de so3 pour faire croftre considerabletnent 
le point de r .osee des fumees qui depasse alors rapi
dement 120°C(5) . A notre avis, l'appareil B.C. U. RA. 
est l'appareil le plus sensible pour detecter l'absence 
d~ so

3 
dans les fumees. En definitive, cette mesure 

prealable nous permet de sil'Qplifier considerable~rt 
l'appareil de mesure d'oxydes de soufre, en suppri
mant le condenseur a S03 en fait a H 2so4 (5) (3).Pour 
chaque analyse, le SOz a ete capte dans l'eau oxyf#
nee et dose par acidimetrie. La mesure comprend 
trois prelevements au debit de 200 l;h pendant 30mn. 

VIII - RESULTATS 

VIII-1 Caracteristiques d'exploitation durant 
les essais 

Durant la periode consideree octobre 1977- juin 1978, 
le four a continue a produire du clinker dans les con
ditions les plus economiques possibles. De ce fait, 
certains parametres ne sont pas restes constants,en 
particulier la composition de la pate dont la teneur 
en eau a ete reduite de 36, 5'1o en octobre-novembre, 
a 32-33'% en mai-juin, ce qui a eu pour consequence 
de faire passer la consommation thermique moyenne 
de 1 370 th/t a 1 270 th/t de clinker (5 735 MJ/ t a 
5 320 MJ/t). L'alourdissement de la pate semble 
avoir entraine un plus grand debit de poussieres cap
t e es a l ' electrofiltre et, par consequent, apporte un 
certain changement dans la repartition des sorties 
de soufre. Nous y reviendrons au paragraphe "dis
cussion". 

La combustion du goudron a eu lieu sans imbrules et 
il ne semble pas que l 'utilisation du nouveau combus -
tible ait entraine une augmentation de la consomma
tion thermique. La reduction de consommation evo
quee au paragraphe VIII-1 correspond bien a la reduc
.tion de la teneur en eau de la p~te. Il n 1a pas ete 
constate de formation d'anneaµx et la qualite du clin
ker n 'a pas ete affectee de fa~on significative. 

VIII-2 Controles relatifs au soufre dans les fumees 

Les principaux resultats de mesures de S02 et de 
point de rosee sont resumes dans le tableau 2. 

~ CONTROLl:.S Rl:.L.ATffS ,\l· SOU FRE 

/ 1• goudron 
Soufre tcneur en so2 

Point oz date result.ant di sur !uTiecs sur !umees de rosee a.u point de 

combustible ·:~~g· humides* 
lo c6 

1- (ppm) (ppm) •c 1-

31. 05. 78 3 , 69 554 384 63 8,4 

6Z , 5 s . 10. 11 3,34 70 50 ND 10, Z 

58,6 Z.11.77 3,ZO 77 53 60 8 , 6 

100 Z. OS. 78 4,64 354 ND 9,Z 

100 6. 06. 78 3,86 361 62 9 . 5 

VIII-21 Le calcul de point de rosee de la vapeur 
d'eau des fumees donne dans chaque cas des valeurs 
de l'ordre de 70°C, done assez proches du point de 
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rosee mesure. Comme nous l'avons dit au paragra
phe VII-25, so3 = 0, ce qui explique pourquoi on ren
contre fort peu de cas de corrosion a basse tempe
rature "cote fumees 11 dans un four de cimenterie . 

VIII-22 _Il n'apparait pas de relation entre la 
teneur en soufre resultante du combustible et late
neur en so2 des fu~ees. L'incidence de l'augmen 
tation de cette teneur a peut-etre ete masquee par 
l'alourdissement progressif de la p~te; les dernieres 
concentrations dans le temps sont plus elevees . 

VIII-23 Les teneurs en so2 mesurees sont 
relativ ement faibles, 354 ppm le 2. 05 . 78 et 554 ppm 
le 31. 05. 78 .. Le calcul montre que les teneurs theo
riques en so2' provenant du combustible, dans les 
memes conditions de dilution et sans captage par la 
matiere seraient respectiv ement de 1 900 et 1 526. · 

VIII-3 Les bilans-soufre 

Six bilans soufre ant ete etablis sur une duree de 
24 heures . Nous presentons dans le tableau 3 , les 
resultats des trois bilans les plus significatifs . 

Combustible 

date 

Sou!re resultant °lo 

ENTREES SO UFRE 
( t/d 

Pate( 'l"· 

Com- ( t/~ 
buetiie(( 'l"• 

>- :o:a~ {~J- - - - - -
entr~ee( '/. 

SORTIES SOUFRE 

clinker ( t/d 
<,., 

BILANS - SOUFRE 

Fue l-oil lourd 
ordinaire 

31 . 05 . 78 

3 , 69 

1, 997 

29, 7 

4, 723 

70, 3 

6, 720 

100, 0 

1, 300 

{B . T . S. 38,5 
l goudron 6Z, 5 '1• 

5.10. 77 

3,34 

0, %3 

lb, 3 

4,944 

83, 7 

5 , 907 

100, 0 

1, 426 

19, 8 27,6 

----------------------------- ---------
( t/ji 3,212 3 , 410 

po-U:ree( 1o 48, 9 

!umh• ( t/d 
<.,. 

total ( t/ d 

~(,., 

ndetermination 1. 

2, 051 

31, 3 

6, 563 

100, 0 

- 2, 3 

0, 335 

S, 171 

- IZ, 5 

65,9 

6, 5 

100,0 

Goudron 

21 . 03.78 

4 , 78 

0 , 755 . 

10 , 0 

~--------
b, 788 

90, 0 

7 , 54 3 

100 , 0 

Z, Zl8 

35, l 

2 , 443 

38 , 6 

1, 666 

26 , 3 

6, 3Z7 

100 , 0 

- 16, l 

On remarque que ces bilans sont deficitaires(moin s 
de sorties que d'entrees de soufre) et que !'indeter
mination va de 2 , 3 a 16, l o/o. Il est difficile de con
naftre le ou les pastes responsables de !'indetermi
nation quand on connait les difficultes d'analyse ou 
de pesee . En particulier, les variations de la teneur 
en soufre de la p~te sont du meme ordre que la te
neur en soufre elle-meme. Il n'en reste pas mains 
qu'il est evident que la majeure partie du soufre des 
sorties se trouve dans le clinker et les poussieres. 

IX - DISCUSSION . 

IX-1 Remargue generale sur les essais sur four 

Nous insistons sur le fait que nous relatons ici des 
resultats d'essais industriels et non des resultats 
sur maquette, en laboratoire, Il n'existait pas a 
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Guerville de four a clink~r gris disponible, plus 
petit que le four 7. De ce fait , les essais ant e.te me
nes en vraie grande~r · sur un four produisant envi 
ron 1 OOO t/d de clinker et, pendant leur duree, il a 
fallu continuer a reduire la · consommation thermique 
autant que fafre se pouvait par reduction de la teneur 
en eau de la pate. Ce· manque de rigueur dans le' plan 
de travail a peut-etre eu pour consequence de mas
quer quelques phenome nes secondaires, mais il a 
conduit a de substantielles economies. 

Notons egalement que la composition des fumees daos 
un four n'est pas aussi constante que dans un gene
rateur a fumees separ e es du fluide caloporteur par 
suite des irregularites de l'ecoulement de la matiere 
(formation d'anneaux dans la partie rotative qui se 
d.etruisent ensuite, avalanches) . Ces retenues de 
matiere font que la composition des fumees ne cor
respond pas toujours a celle de la matiere dans les 
bilans. Certes, en effectuant un bilan sur une dur ·ee 
de 24 heures, on ·miniminise ce genre d'erreur, mais 
on n' est pas sQr de la supprimer. 

IX-2 Surles tres faibles emi ssions d'oxydes 
de soufre 

L'absence de so3 dans les fumees ne peut nous sur
prendre . Il y a en effet 20 ans qu'il a ete prouve ex~
rimentalement que des additifs basiques injectes dans 
les fumees pouvaient neutrali~er le S03 (6) (4). La 
matie re crue introduite dans le four, constituee prin
cipalement de calcaire, joue parfait ement ce rOle. 
Par ailleurs , du fait des temperatures rencontrees 
dans un four de cimenterie, la majeure partie du S02 
est fixee par les matieres calcaires independamment 
de la teneur en alcalins du cru. Cette propriete a ete 
etudiee entre autres par E . VOGEL (7) 

IX-3 Comparaison des emissions d'oxydes de 
soufre par differents generateurs 

Dans le tableau 4 ant ete rassembles. les resultats 
obtenus dans la presente etude, ceux enregistres en 
1972 sur le four de Ranville et ceux que l'auteur a 
obtenus jadis sur des generateurs aussi diffe rents 
que le sont des chaudi e res domestiques et indus
trielles et les fours de brique terie. L'examen de ce 
tableau confirme l'inter et exceptionnel du four de 
cimenterie pour detruire des produits hautement 
sulfur eux. 

Tabl eau 4 E MISSIONS D'OX YDE DE .SQU F RE P AR DIVE RS GENE R.'\ TEUl-"'l S, _____ _ 

Soufre du Sou!re dePoint de ~e neur e n Teneur en Taux de 

1

1 
· N. B. . . 

combust . la m a tiCr e os ~ e des SOz des SD_J ~s convers i o excCs d' ~ir au 

_ premiere fum e es f~"r;~[;" f~"r;~6" S03 x ~ pol(n~ c1e .mes). ure 
lsoz t 503 diluti on 

'1. '1, •c looml looml '1, 

Ca s 

le-ou r de c imenterie 
voie humide 
Gue "r v ille 
965 a I OO O t / d 3 , 69 0 , 05 Z07 

a a 60 a63 a 110 environ 
197 7 - 1978 4 78 0 IZ 554 

!F our de dme ntc rie 
vo ic scmi-sE:che 

3, 3 0, 17 54 zo R a nville 100 environ 

I 2 00 t /d l 97Z 
thaudi b·cs cha.diage 

0, 5 43 1'47 Z2D a280 20 a 50 d ome s t inue 1% 0 
Cha udiCrcs indus~ 

3, 5 30M !i> 19!i> il.Z l 00 30il.60 !, SU 15 a 2s t ri elles 1960-1970 
Four• tunneh brique-

0, 5 O,OH.0,7 40MEO 935M 4 \0. 260il.595 16,lil.28,6 6SO·envlron terie 1Q66 



X - CONCLUSIONS 

X-1 Les problemes de depotage, stocka.:ge, trans
fert et preparation du .goudron Esso particulierement 
visqueux a froid et non miscible au fuel-oil lourd ont 
ete surmonte s. 

X-2 La chauffe au goudron a pres de 5 °lo de sou-
~re, seul, apres mise au point, a lieu sans dif-

ficulte de combustion ou d 1exploitation, sans augmen' 
tation de consommation thermique, sans modifica
tion significative de la qualite du clinker et sans 
probleme de pollution atmospherique. Elle n 1a abso
lument pas ete un obstacle a la pour suite de la 

' recherche de reduction de teneur en eau de la p:ite. 
Depuis un an, la ·Chauffe au goudron Esso est deve
n{ie routine d 1exploitation dans les fours a clinker 
gris et a clinker blanc. L 1usine de Guerville a brt1le 
26 OOO tonnes de goudron en · 1978 et 48 OOO tonnes 
en 1979. 

X-3 La tuyere Pillard a deux arrivees indepen
dantes de combustible, decrite ici et mise au point 
specialement pour ces essais, permet, avec deux 
produits, 11un hautement sulfureux, l 1autre moyen
. nement ou peu sulfureux, de constituer un combus
tible a teneur resultante en soufre predeterminee, 
compatible avec le procede et le degre de pollution 
admis. Bien que 11emploi de cette tuyere ne soit 
pas indispensable pou_r la marche a 100% goudron, 
elle garde tout ~on interet pour des applications 
futures ou le procede serait plus exigeant. 

X-4 Le four de cimenterie a confirme ses pro
priete s de 11 piege a soufre 11 

- on peut dire de fa<;on 
plus generale de 11 piege a polluants 11 

- Les emission.c; 
de S02 sont au moins cinq fois plus faibles que ce 
qu'elles seraient si le goudron brulait dans unfoyer, 
sans reaction de neutralisation·. Rien n 1interdit, a 
present, de bruler dans un four de cimenterie des 
combustibles encore plus sulfureux, par exemple 
du residu 11 SOUS vide 11 OU des bitumes et de 'detruire 
des dechets industriels tres genants, tels que des 
goudrohs sulfuriques, sans transfert de pollution. 
Cette etude ouvre de lar ges perspectives sur la 
recuperation de SOUS-produits OU de dechets indus
triels ayant une precieuse valeur energetique. 

C'est pour cette raison qu'en novembre ·1979, la 
Societe Generale a decerne pour cette etude, a 
l'equipe de la Societe des Ciments Fran<;ais, cons
tituee de MM. Jean Commene, Claude Mayrargue, 
Marc Dancoisne et de l 1auteur de la pr~sente com
munication, un de ses prix de 1 1Energie. 
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Complex utilization of rotary kiln heat losses 

Utilisation complexe des pertes de /'energie thermique 
par les fours rotatifs 

L. VOROBEICHIKOV, senior scientific worker, candidate of technical sciences, 
V. SATARIN, professor, doctor of technical sciences, Yuzhghiprotsement, USSR. 

SUMMARY: Rotary kilns operate with low heat efficiency: external losses are 10-25%, with 
clinker and aspiration air 5-10%, with flue gases 15-20%,etc. 
Equipment for complex heat utilization consists of an installation for using the heat of 
kiln shells and an air-evaporative cooler. These installations have been built and used, 
with the aim of heat recovery and use for central heating and technological requirements. 
The service period of lining is increased due to autmmatic control of coating formation. 

RESUME: Le rendement des fours rotatifs est bas:les pertes du groupe de fours dans le milieu 
ambiant sont de 10 a 25%, avec le clinker et l'air d•aspiration de 5 a 10%, avec les fumees 
d'echappement de 15-a 20%, etc. 
Les installations complexes d'utilisation de la chaleur se composent de: dispositif pour 
l'utilisation de la chaleur des corps de four, refrigerant d'evaporation a l'air.On a cree 
et implante les installations complexes d•utilisation de la chaleur dans le but d'utilisatiou 
et de conservation de 1 1 energie thermique pour l'alimentation en~chaleur et pour les besoins 
technologiques. Augmentation de la duree de vie du garnissage grace a la commande automatiqu~ 
de la formation de l'enduit. 
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cement 1Ild9stry is a large-scale consumer 
of thermal energy. Every year more than 
100 OOO OOO tons of conventional fuel is 
consumed in the wbole world. 

In cement industry fuel is mainly consumed 
by cli.nk:er burning; it is also consumed by 
beat supply and some other technological 
needs which depend on tbe climatic zone of 
the country, presence of certain beat con
sumers, kind of fuel, etc. The beat which 
is produced in the boiler room is used for 
the beat supply of the plant, dwelling
houses, production of reinforced concrete 
and asbestos slate, for mazut heating, for 
beating greenhouses and for other needs; 
this beat amounts to 25% of all fuel. In 
zones with hot climate, beat may be used 
for mazut beating and for obtaining cold 
for air conditioning. 

Rotary kilns whicb are the main fuel con
sumers, have low thermal efficiency. Irre
trievable beat losses in rotary kilns are 
distributed in the following ways environ
ment losses from the kiln body (10-20%); 
losses in the cooler (5-1~); with waste 
fumes (15-20%). These beat losses can be 
successfully used for covering beat needs. 
Correspondingly, the k:iln thermal effi
ciency increases. The beat surplus, obta~
ned by using secondary power resources, is 
preserved in the k:iln unit. 

Complex heat utilization installations, 
consisting of a cooling device for kiln 
bodies and means for coating formation, ha
ve been theoretically grounded and instal
led at a number of cement plants in the So
viet Union. These installations have been 
patented in tbe USA, Japan, German Federal 
Republic, France, England, Spain and other 
countries. 

Such installation is mounted on the bod.V' in 
the burning zone and is intended for reco
ver.tig the lost beat which in the torm of 
bot water with the temperature up to ~?; K 
is used for the needs of beat supply and 
technological process. The installation bas 
a system of air supercharging which allows 
to control the coating thickness and almost 
do11ble the lining operating period. The 
kiln bas movable 1ns111ation due to wbic h 
fuel consumption for clinker burning is re-
duced 

Tbe device for cooling recuperator re;trige
rators consists of beat exchangers sections 
and a system of suction of bot air for 
supplying it to tbe kiln in hot state wbioh 
is especially important· tor mazut burning• 
The control of the kiln bodies state a~d of 
the complex installations work: is reliably 
performed by means of the iildioations of 
a recorder whiob moves along the ltiln body 
andby 11eans of visual inspection. For this 
purpose tbere is a special window in the 
protective housing along the k:il.n axis. 

~be devices for clinker burning trap and 
use the beat ~ tbe bot oliilker in such a 

way, that the temperature of the air, supp
lied for fuel burning, is not reduced. The 
device for air-evaporative clinker cooling 
1n the grate refrigerator allows to eli~ 
minate beat exhaust with suction air and to 
use the heat ot evaporative clinker . coo
ling. In the nearest time scientific work 
on using the secondary beat of waste fumes 
will begin. · 

For tbe contactless method of beat exchan
ge, which is used in utilization installa
tions, the candidate of' technical sciences 
Vorobeichikov L.T. bas elaborated a mathema
tical model - a system of analytical con
nections between the parameters of the beat 
exchanger input and output and the construc
t ion parameters. In our case tbe matbemati
c~l model is developed according to tbe 
main processes of water · beating in beat . 
exobangers of the utilization installation. 
Here tbe thermal process for steady-state 
conditions can be described by tbe follow
ing equation: 

dT 
C • G - = Q(x) 

dx 
(1) 

where C iS the beat capacity of the beat 
exchanger water, J/kg (kcal/kg); G - water 
mass flow, kg/h; x - coordinate, measured 
from the tube inlet to the studied section, 
m; Q(x) - beat flow supplied to the beat 
carrier per tube length unit of the beat 
exchanger, J/m h (kcal/m h); T - average wa
ter temperature along tbe tube length, 
K!°C). 

For calculating tbe value of Q(x), let us 
examine Fig. i where the schematic diagram 
of the beat exchanger tubes location is gi
ven s 

S - tbe distance between the axes of tubes 
in the bundle, m; D - beat exchanger tube 
diameter, m; 1 - ~be external surface of the 
kiln body, F1 • m ; 2 - tbe external surface 
of the tube, 11'2 • m2 ; 3 - tbe surface of the 
inner walls of isolated flaps, :r3 • m2 • 

~or calculating Q we introduce the following ' 
assumptions a 

1· The average temperature of tbe beat ex
changer tubes surface is assumed to be equal 
to the average temperature of the heat car
rier (heated water). 

2. The complex beat exchange between the sur~ 
faoes 1,2,3 (mainly by radiation and co~vec- ' 
tion) is generalized 1D the form of beat 
transfer coefficients (<Iv 1 , "'.2 , J., ,> • 
3• The temperature of the rotary kiln body 

. surfaoe is assumed to be independent on the 
construction and operating conditions of the 
aoolµig syst911 (according to 11easurement• 
data). 

681 



Let us introduoe the following indicess 
~1 2 

· ~ heat transfer coeffioient, 
J/degree m2 • h (koal/m2 h •c) from the su1'
faoe with the first index to the surface 
with the seoond index~ The same indices a.re 
used for mutual surfaces of beat exchange. 

Now we can write the following equations 

Q= ~1,2•F1,2<T1-T2) + ~ 3,2•F3,2<T3-T2) ( 2) 

It means that the heat flow, which influen
ces tbe heat exchanger tube, consists of 
two flows - from tbe body and from the hou
sing flaps. 

For calculating T3 let us use the fo~ ~ing 
equation: 

F 1t3 • ~ 1,3(T1-T3)= "3,2 •F 3,2'T3-T2)+ 

(3) 
+ ~ 3,0 (T3-TO) F 3,0 

which represents beat balance of the surfa
ce 3, received from the hot body; the beat 
is consumed by heat transfer to the tube 
and by losses to the environment. 

From eq. (3) we can obtain the value of T
3

: 

c1., 3,2•F3,2•T2+~1,3•F1,3•T1+~3,o• 

(4) 

•F3,o•To 

•F3,2 

When et., -- oo , T3 273 K (0°C), eq. (4) can 
be freely w:1ed in the absence of housing 
flaps. 

Representing eq. (4) and (2), and then 
the result and eq. (1) we obtain: 

dT 
cG __;. = A - BT 

dx 

where A = ~ 1 , 2 ·F1 ,2 •T1 + 

cl.,3,2·F3,2<~1,3•F1,3•T1+~3,o•F3,o•To) 
+ 

c1.,1,3•F1,3• d., 3,2·F3,2• ~3.o•F3,o 

~- = dv 1,2~F1,2 + 

J., 3, 2 •F 3,2<<l1 ·,3•P1, 3+i.3,o •F3 ,o) 

+ ~----~-------------------
~ 1,; • F 1, 3 •~3,2•F3,2• ~,;,0•13,0 

or 
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(5) 

(6) 

(7) 

dT 
c • G - = J.; 1 2 F1 2 T1 + 

. dx ' ' 
r/.,3,2•F3,2<~1, 3•F1 ,3 ·T1•J.3,o •F3,o •To) 

+ 

(8) 

For obtaining the output value of T, it is 
sufficient to solve the eq. (5) - (8) and 
substitute into the solution, as function 
"x", the complete length of the tube part. 

The caloulating formulae will be more con
venient, if the temperature reference will 
be from the conventional zero 273 K, i.e. · 

. the temperature in ,the heat carrier systems 

TX'=O = 0 

Then eq~ (5) will be written as followsa 

A. B 
T(x) = B • [1 - lxp( -~ • x)J, (9) 

and tbe water temperature at the outlet: 

T(l) = ~ [1 - 1 ( - Bl ) J 
B xp · oG 

(10) 

By means of eq. (6, ?, 10) it -is possible 
to calculate the final temperature of the 
carrier according to the valuess 

1) kiln body temperature, T
1

; 

2) ambient temperature, T
0

; 

3) beat carrier consumption, G. 

For this purpose it is necessary to know 
the beat exchange characteristics <N , F 
and others. 

Eq. (10) is one of the possible mathematio 
models of the analyzed beat exchanger, hav
ing six parameterss three of them characte
rize the dependency of beat exchange on tem
perature conditions ( r;J..,), and the other 
three characterize the system geometry (F). 
But it is impossible to estimate these va
lues in a pure theoretical way, therefore . 
additional experiments have been performed. 
In the result of experimental research we 
have obtained an equation for defining the 
amount of heat rec.overed by the utilization 
installation. 



Q=10 ·~Dn •KATl-cit;,o •F 3,o<T ;,o-Te. a:! '( 11) 

where 10 is an empi~ioal coefficient; 
~-screening de~ree; Dx: - kiln body diame-
ter, m; K - he"at transfer coefficient, 
J/m2 bK; T - tlbe.raal bead, K (°C); 
1 - length of sections zone (according to 
the kiln lengtb), m; 11;,o - housing flaps 
su.rfaae, m2 ; T;,o - temptrature on the 
housing flap surface, K (°C); ~e.a.-exter-
nal I air temperature t K ( 0 0). . 

The obtained main experimental dependences 
allowed to transform the main eguation of 
the metbematical modei (eq. (10)) and to 
reduce it to s form convenient for engi
neering calculations. 

As the parameters J, 1 ,; and .J- },2 , due to 
the low temperatures of housing flaps, 
exert small influence on the heat e.xctian
ge, and because of the difticultie~ of 
their exact defining, we substitute them 
conventionally by J, 1 2 which can be ex
perimentally defined.' 

Then eq. (10) can be transformed and writ
ten in tbe following forms 

T(l) = Tin~(Tk-Ta.v.v? [1-1.xp. 

(-cil1,2"Q+ d. k•1,2•Qk)Ek•255•Dn) 
•. ]. (12) 

cG •fT 

Substituting in the main equation ( 12} the 
value of the criterion dependence Nu=lf' (Re), 
we obtain: 

T(1), = Tin~(Tk: - Tay.v) _[1 -

4,8•1 •Recx•2,55•Dn•l8 )] - 1 . . ( - ----------
xp dcG ~T 

( 13) 

The performed theoretical and experimental 
researcb allowed to elaborate the method 
of thermal estimation, control conditions 
and thermal schemes of heat utilization. 

When the .contactless method of rotary 
· kilns beat utilization is used, the tieat 
take-off varies in a limited range. The 
parameters of the beat, taken from kiln 
bodies, are in tbe range ;2} .- .'83 Kand 
are conditioned by the necessary operating 
scbedule of the kiln, at wbich the necessa
ry coating is formed proteoting ttie lining 
from quiok wear. 

Optimum oonditions of beat tekeoff for sum
mer and winter seasons are finally estab
lish~d durillg tbe operating p:rocess of uti
lization installations and depend on the 
quality of burned raw material, on the kiln 

diameter, climatic oond·itions, etc. In the 
winter beating period the beat carrier pa
rameters and the periods of peak beater 
boilers joining-up are chosen in dependen
ce of the relation of the quantity of ta• 
ken-off from the kilns beat ~ to .tbe _es-
timated - consumed quantity ~ax' i.;e. 

~ 
'!=-- , . 

~ex 

The annual economical effect from using 
utilization installations differs with 
kilns dimensions, climatic conditions and 
heat supply systems. It is achieved due 
to fuel economy, reducing of capital and 
operation expenditures and the increase of 
lining durability. In most oases the ex
penses are justified in approximately one 
year. Technical economic indices are shown 
in Table 1. 

Already nowadays there is a practical pos
sibility to economize up to 15% of thermal 
energy due to the use of the complex method 
of heat utilization. 

s 

I I 

" n 

di 

Fig.1 
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Tabie 1 

Unit o£ Before intro- After intro-
Indices measure- ducing beat duoing heat 

ment utilization utilization 
installations installations 

Kiln 2·6xj02·2 m 

Annual take-off thousands - 11-12 
of seoondary heat Geel/year 

Conservation of thousands - 1.2-1.a 
neat of the kiln t/year 
durin~ clinker bur-
ning due to the 
kiln body insula-· 
tion) 

Increase of lining days }20 590 
life 

Kiln 2Xj82 m 

Annual take-off of thousands - ~-}5 
secondary heat Goal/year 

Conservation of heat thousands - 5.0 
in the kiln during 
clinker burning (due 

t/year 

to the kiln body in-
sulation) 

Increase of lining days 200 ~o 
life 
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Opportunities for energy saving m the cement industry 

Les economies d'energie dans /'industrie cimentiere 

G.R. GOUDA, Ph. D. manager, Cement Technology, Fuller Company, Bethlehem, Pennsylvania, U.S.A. 
G.J. LABELLE, B.S. General manager, Cement Industry Group, Fuller Company, Bethlehem, Pennsylnania, U.S.A. 

SUMMARY: Opportunities for energy saving in the cement plants is discussed and the following points are covered: 

1. Selection of raw materials 
2. Process change to improve efficiency 
3. Reduction of heat loss frc:m the kiln system 
4. Better sintering process and retention time 
5. Waste heat recovery 
6. Energy conservation through high efficiency fans 
7. Improve combustion, control of terrperature, oxygen, and turbulence 
8. Kiln insulation 
9. Autcrnatic process control 

10. Use of alternative fuels and energy supply systems 
11. Good maintenance 
12. Dust use 
13. Clinker quality 

In a suspension preheater or a flash calciner system al:out 340 kcal/kg clinker is wasted. This represents the 
amount of heat used in excess of the theoretical amount of heat required. A great amount of energy can be saved 
in the existing plants by (a) controlling: the mix design, (b) improving the sintering process, (c) using high 
efficiency fans, (d) controlling combustion, (e) using automatic process control, (f) good maintenance and (g) 
the production .of a porous clinker. 

RESUME: Cet article s'agit d'une discussion sur la conservation d'energie dans les fabriques de ciment. Les 
sujets suivants sont compris: 

L Selection des matieres premieres. 
2. Changement du procede pour ameliorer l'efficacite 
3. Reduction des pertes de chaleur du systeme du four 
4. Un meilleur procede de clinkerisation et temps de retention 
5. Recuperation des chaleurs perdues 
6. Conservation d'energie par des ventilateurs d'haute efficacite 
7. Am§lioration de combustion, regulation de tanperatures, d'oxygene, et de turbulence. 
8. Isolation du four 
9. Regulation autanatique du procede 

10. Emploi des combustibles et systemes d'alimentation d'energie alternatifs 
11. Bon entretien 
12. Emploi de pousse 
13. Qualite de clinker 

Environ 340 kcal/kg de clinker est perdu dans un syst~ de prechauffeur a suspension OU de precalcination. 
Celui-ci represente la quantite de chaleur employee au-dessus de la quantite de chaleur theorique exigee. 
Une grande quqntite d'energie peut etre conservee dans les fabriques existantes (a) en regulant le melange, 
(b) en ameliorant le procede de clinkerisation (c) en employant les .ventilateurs d 'haute efficacite (d) 
en regulant la combustion(e) en ernployant la regulation auta:natique du procede (f) en effectuant le bon 
entretien et (g) en produisant le clinker poreux. 

685 



INTRODUCTION 

Energy conservation is a vital concern of every indus~ 
trial company throughout the world because everyone 
is aware of the energy crisis. The steadily rising 
dependence on imported oil continues to threaten the 
economic stability everywhere, due to heavy balance 
of payment deficits. In the U.S.A., for example, 
industry shares a large portion of responsibility for 
energy consumption as it uses nearly 40% of the 
nation's net energy requirement. Steady improvement 
in energy efficiency by obtaining maximum energy per 
Btu, and by establishing long-range energy conserva
tion programs, is mandatory for the improvement of 
the profitability of industrial operations. 

There is no doubt that the success achieved over the 
last twenty years in ~ernent production, by using the 
pr~heater system, is considered a major step in energy 
conservation, in comparison to the wet process. · But, 
even in the dry process there is still wasted heat; 
the theoretical amount of heat required to form one 
kg of clinker is equal to 1040 kcal, while the amount 
of heat which is recuperated is about 600 kcal/kg 
clinker. This means that the theoretical heat required 
to form clinker is about 440 kcal/kg clinker. Prac
tically, it is impossible to reach this fugure, and 
the average lowest fuel consumption obtainable by an 
SP (Suspension Preheater) or SF (Suspension Flash Cal
ciner) system is about 780 kcal/kg clinker. About 340 
kcal/kg clinker is wasted through heat loss in the 
kiln and cooler radiations, by heat transmitted by 
convection, and _by the kiln gases and the dust in the 
gases. 

ENERGY CONSERVATION IN THE CEMENT INDUSTRY 

The cement industry is in a unique position to play a 
major role in conserving energy, materials, and the 
environment. Modernization of existing equipment and 
conversion of the existing wet process plants to dry 
process using suspension preheater or suspension flash 
calciner, can save a substantial amount of energy. 
Application of mixed cement should be widely used. 
Additionally, there are various operating techniques 
which can be modified. These are: 

1. 
2. 
3. 
4. 
5. 
6. 
7. 

8. 
9. 

10.' 
11. 
12. 
13. 

1. 
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Selection of raw materials 
Process change to improve efficiency 
Reduction of heat loss from the kiln system 
Better sintering process and retention time 
Waste heat recovery 
Energy conservation through high efficiency fans 
Improvement of combustion, control of temperature, 
oxygen, and turbulence 
Kiln insulation 
Automatic process control 
Use of alternative fuels and energy supply systems 
Good maintenance 
Dust use 
Clinker quality 

SELECTION OF RAW MATERIALS 

Selection of the cement raw materials for better 
clinkerability and quality offer a good opportun
ity for fuel consumption in the cement industry. 
Raw mixes with (a) high free silica, (b) low flux 
content, (c) high moduli (silica modulus and alum~ 
ina modulus) are sintered at high temperature corn-

pared to raw mixes with low free silica·, high 
flux content and low moduli. 

Each cement plant should review the mix design, 
fineness and the additive characteristics in 
order to achieve optimum energy conservation 
throughout the entire cement production process, 
including the cement mills (1 ·& 2). Better clinker 
and cement qualities can also be obtained by this 
energy conservation effort. 

Choice of raw materials with low alkali content 
eliminates the need of an alkali bypass in a 
clinker producing system. Hence, . the fuel wasted 
by the alkali bypass system is saved. 

Raw materials with quartz are harder to crush, 
grind, and burn than those without a high percent
age of quartz (2). 

2. PROCESS CHANGE TO IMPROVE EFFICIENCY 

3. 

Dry process cement rnanuf acturing undoubtedly re
duces fuel consumption and provides better utili
zation of energy, especially when either an SP or 
SF system is used. But, about 340 kcal/kg clinker 
is wasted. Now is the time to analyze the cement 
manufacturing process in order to reduce or elim
inate the loss of the 340 kcal/kg clinker. Th~ 
following are to be considered to minimize wasted 
heat: 

a. Use of a new and efficient process to produce 
the clinker. 

b. Improve the clinker cooler heat recuperation 
efficiency. 

c. Reduce the sintering temperature by using 
fluxes and/or rnineralizers in various ways. 

d. Recover the heat loss through the =xit gases 
and the kiln shell radiation. 

e. Production of porous clinker, which requires 
less energy to grind (3). 

f. Modify the crushing and the grinding process
es, as about 75% of the total power is used 
for these two processes. 

g. Use a five-stage preheater system. 

REDUCTION OF HEAT LOSS FROM THE KILN SYSTEM 

In order to increase the cooler recuperative 
efficiency, the leaking air should be reduced. 
It has been found that reducing inleaking or 
primary air by about 15% of combustion air saves 
about 25 kcal/kg clinker for a dry SF kiln. 

The cooler and the kiln should work with maximum 
possible efficiency by reducing the inleaking 
ambient a~r. This allows a higher volume of hot 
combustion air to enter the kiln from the cooler 
and greatly reduces fuel consumption. Priority 
should be given to reduction of air leaking 
through the hoods and the , combustion chamber and 
to improvement of the clinker cooler recuperation. 

The kiln shell loss, as well as the SP or SF sys
tem, greatly influences fuel requirements. Insul
ation of the kiln", preheater, and cooler reduces, 
but does not eliminate, the heat loss. 



Depending on the capacity of the kiln and the fuel 
consumption, hood leakage can reach 6% to 1'5% of 
the combustion air; this undesirable inleaking air . 
can be reduced by modifying the seal gap and/or 
hood draft. Density differences of ambient and 
hot cooler secondary air produces localized press
ure differences, which causes a large air exchange . 
A radiation protection system is required to in
sure the temperature of the kiln shell remains low 
despite the high waste gas temperature. 

4. BETTER SINTERING PROCESS AND RETENTION TIME 

Sintering cement raw materials differ from one 
plant to another depending on the characteristics 
of the raw materials. Ideally, each burner should 
burn the raw materials with the most economic fuel 
consumption and with the least retention time to 
obtain a high quality clinker. OVerburned clinker 
is expensive as much fuel is wasted, much energy 
is required to grind such a clinker, and the 
cement produced from this clinker· is considered 
poor quality. 

Kiln feed should be homogenous and constant. Its 
chemistry should be adjusted so that it can be 
burned with a minimum amount of fuel. Evaluation 
of the clinker microstructure by a scanning elec
tron microscope (4), or by a polarized microscope, 
is essential to relate raw mix burnability to 
clinker quality . The most economi cal burning 
process can be achieved by continuously examining 
the clinker rnicrostructure. Thus the optimum in 
fuel savings, retention time, crystal distribu-

. tion and size, and cement quality can be deter
mined. 

5. WASTE HEAT RECOVERY 

The exhaust gases from the kiln and cooler are 
considered the major components of wasted energy 
in the cement industry; about 20% of the energy 
in fuel is wasted in the kiln exhaust gases. The 
heat from the kiln exhaust gases is recovered, 
partially or completely in the case of dry grind
ing raw materials. 

Recovery of the kiln and/or cooler exit gases by 
a heat exchanger serves both as an air pollution 
function and a method of recovering h.eat . The 
heat exchanger helps save capital and conserve 
fuel. The air-to-air heat exchanger eliminates 
the need for a baghouse by establishing a closed 
system of air circulation. Ordinarily, hot dust
laden kiln gases pass through the clinker cooler 
and a baghouse before being discharged into the 
atmosphere. In the case of a heat exchanger, the 
dusty air from the clinker cooler is directed 
through the heat exchanger and then back to the 
cooler inlet again without d.ischarge to the atmos
phere. The air is cooled in the heat exchanger 
from 315° to 930 C (6000 to 2000 F) by atmospheric 
air flowing over the outside of the tubes carry
ing the heated air. 

A study is required to recover the heat radiated 
from the kiln shell by a hood system in the form 
of hot air; this air can be used for . space heat
ing in the cement plant or for drying the raw 
materials. 

6 ; ENERGY CONSERVATION THROUGH HIGH EFFICIENCY FANS 

Fans are among industry's largest energy . co:nsurners . 
Evaluation of the compatibility of the fan with 
its system and analyses of the fan curves should 
be performed continuously. Any air leakage into 
(induced draft) and out of (forced draft) the 
system should be prevented. Every square inch 
of external ducting must be carefully inspected. 
Leak air increases the pressure drop and the 
horsepower which is proportional to the air volume 
cubed. 

Excessive static pressure losses through various 
components of the air distribution· system contrib
utes to needless horsepower consumption. These 
losses can be caused by pluggage, deterioration 
of internal components, or absence of turning vanes 
in critical duct locations. 

In the cement plant, the process fans play a very 
i~portant role as they participate greatly in the 
chemical and physical modification of the raw 
material . The fans also have a great influence 
on the consumption of energy per ton to clinker 
produced. For example ; a kiln with a capacity of 
4700 metric ton per day clinker requires a total 
power of 8810 hp with an overall efficiency of 
86% by using a high efficiency fan. In the case 
of low efficiency fans, 10,400 hp is required, 
with 73% efficiency . The power saving is 1590 hp . 
In the U.S.A., the cost of energy is approximately 
3.0 cents per kW (0.13 FF). For fans running 
7500 hours per year, the savings amounts to 
$268 , 000 U.S. (1,163,000 FF) . 

Besides, the high efficiency fan blades have a 
higher resistance to stresses and vibrations than 
the straight radial blades (5). 

7. IMPROVE COMBUSTION, CONTROL OF TEMPERATURE, OXYGEN, 
AND TURBULENCE 

Combustion can be improved by using oxygen
enriched air to increase kiln production and to 
achieve a reduction in fuel consumption. The 
oxygen-enriched air creates higher flame tempera
ture and reduces the nitrogen concentrations in 
the combustion products. rhe flame emissinity is 
~ncreased and the shell losses per kg of clinker 
is decreased. 

Most efficient combustion is achieved by a short, 
high energy release flame which generates the 
maximum flame temperature. 

Trirnrni~g the fuel/air ratio can produce savings. 
It is important to have fuel/air ratio controls 
and burners that can hold operations close to 
correct fuel/air ratio throughout their entire 
firing range. Too litt~e air results in unburned 
gases going up the stack and too much air wastes 
heat. Optimum fuel combustion depends on the 
proper fuel and air mixture. Practically 10% 
excess air would give a flame temperature of 
about 200 degrees hotter than the 30% excess air, 
greatly improving heat transfer efficiency (6). 
Most efficient burning condition is obtained by 
controlling the fuel/air ratio until the maximum 
C02 is obtained, which are: 
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:in natural gas: 11-12% C02 
in light oils: 15-15~% co2 
in heavy oils: 15~-16% C02 
in case of coal, the C02% varies from one coal to 
another according to the percentage of volatile 
matter, ash and moisture content. 

8. KILN INSULATION 

A way to reduce kiln shell losses is by using 
insulating refractories. In this category it is 
required to: 

a. Improve the kiln installation, by development 
of new materials to extend the life of the 
existing lining and/or reducing the heat loss 
through the kiln shell. 

b. Develop new refractories with low thermal 
conductivity or refractory combinations to 
lower the overall sensible heat loss from the 
kiln shell. 

This area needs additional research to develop new 
kinds of bricks which can lower the heat radiated 
from the kiln. 

9. AUTOMATIC PROCESS CONTROL 

Undoubtedly, using an automatic process, controlled 
by a computer, will have a great affect on energy 
savings and on production of a homogenous clinker 
(7). 

10. USE OF ALTERNATIVE FUELS AND ENERGY SUPPLY SYSTEMS 

It has been shown (8) that 15% of pulverized re
fuse (with a calorific value of approximately 
3000 kcal/kg) is used as an alternative fuel, The 
ash is absorbed into the clinker wi.thout any harm
ful affects. This application should be widely 
used, and the application of different kinds of 
energy supplies in various qualities and percent
ages should be evaluated. 

11. GOOD MAINTENANCE 

Good maintenance throughout the cement plant will 
minimize inleaking air and will increase produc
tion. This includes the crushing system, raw 
materials and clinker grinding, and kiln linings, 
etc. Use of proper grinding balls (size and 
amount) will reduce the energy consumption for 
the grinding process. Using classifying liners 
increases capacity and reduces the required grind
ing energy kW per ton. 

12. DUST USE 
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The dust in cement plants is a calcined ground raw 
mix which is too costly to be disregarded. Unless 
it contains a high percentage of alkalies and 
chlorides, it should be reused in the process. 
Research is needed to investigate the feasibility 
of using the kiln dust, having a high alkali con
tent, in the process once more. 

13. CLINKER QUALITY 

Clinker produced should be porous, as such clinker 
is easier to grind and requires less energy. Very 
dense, hard-burned clinker consumes more energy in 
comparison to a porous clinker (3).·A great amount 
of energy can be saved by grinding porous clinker 
rather than non-porous clinker. 

CONCLUSIONS 

Energy conservation and eliminating energy waste in 
the cement industry should be considered. Study of 
the existing technology and development of new proc
esses are recommended in order to produce clinker with 
the lowest energy consumption. The produced clinker 
should not be overburned as non-porous clinker con
sumes more energy in grinding than the porous clinker. 
An international committee is suggested to coordinate 
the efforts and the studies required to accomplish 
energy conservation in the cement industry. 
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lndustrie et electricite dans un proche avenir 

Industry and electricity in a near future 

SOUCHET Jacques, Controleur General Adjoint a la Direction Generale d'E.D.F., France. 

La France n'a pas de petrole dans son sous-sol ; 
elle avait un peu de charbon et de gaz nature!, 
mais leur production est maintenant en decroissance. 

Aussi des 1974, le Gouvernement a-t-il pris des 
decisions f ermes : 

- les economies d'energie devraient ~tre fortement 
encouragees ; 

- il y aurait accroissement du programme de reali-
sation des centrales nucleaires, 

Les premieres de ces centrales sont maintenant 
proches de la mise en service ; aussi la penetra
tion de l'electricite dans l'industrie doit-elle 
~tre activement poussee pour economiser devises et 
energie. 

Cette penetration semble dans beaucoup de cas 
devoir ~tre intimement liee a une forte baisse du 
rapport : coat moyen de l'electricite sur coat 
moyen des combustibles fossiles. 

Du fait de la mise en service d'un grand nornbre 
de centrales nucleaires au cours de la prochaine 
decennie, une telle decroissance surviendra tres 
vraisemblablement. 

Mais un peu d'electricite sera encore produite 
dans des centrales a fuel-oil, surtout dans les 
periodes chargees d'hiver. 

De Ge fait, l'electricite pourra aces moments 
rester a un niveau de prix relativement eleve, 
contrastant avec des niveaux plus bas les autres 
saisons. 

Ces changements dans les niveaux relatifs de prix 
pourront entrainer des changements dans la f a~on 
d'exploiter les usines ; et la plupart des fois, 
il y aura au mains deux fa~ons de minimiser les 
coats d'exploitation sans compliquer !'optimisa
tion de la qualite des produits, Toutes les qeux 
pourront ~tre des moyens efficaces d'economiser 
l'energie, 

France has no oil underground;it had some coal and 
some natural gas, but their production is by now 
decreasing. 

So,as soon as 1974, Government made up its mind : 

energy conservation was to be strongly promoted 

there would be an increase in the development of 
nuclear power plants. 

The first of these plants are now close to commis
sionning ; so electrification of industry must be 
actively promoted, in order that foreign currencies 
and energy might be saved. 

Such an electrification seems in many cases to be 
closely related to a strong decrease in the ratio 
mean cost of electricity vs mean cost of fossil 
fuels. 

Due to the commissionning of a large amount of 
nuclear power plants within the next decade, such 
a decrease is very likely to occur. 

But some electricity will yet be produced in 
oil-fired plants, mainly during winter peak times, 

As a result, price of electricity may then remain 
at a relatively high level in contrast with lower 
levels during other seasons. 

These changes in relative levels of prices may 
result in changes in how to run a factory ; and 
most of the times there will be at least two ways 
to minimize running costs with.out adding difficul
ties to how to optimize quality of products. Both 
may be very efficient ways to conserve energy. 

.• 
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CONTEXTE GENERAL 

Depuis quelques an~ees, la France s'est trouvee 
placee dans un contexte energetique et dans une 
situation economique qui imposent des choix -mais 
aussi offrent des possibilites- qui ont encore 
peu d'equivalents dans le monde. 

Certes, le probleme "energie" n'est pas particu
lier a la France ; il est mondial et point ne 
sera besoin .de rappeler longuement deux faits 
majeurs : 

• les besoins energetiques s'accroitront encore 
fortement,aussi bien . du fait de l'accroissement 
de la population que de celui de l'accroissement 
de la consommation par habitant, encore a des 
niveaux tres bas dans certains pays ; 

• les decouvertes d'hydrocarbures ne se font 
desormais qu'a un rythme inferieur a celui de 
la consommation ; d'ou report obligatoire sur 
d'autres formes d'energie, charbon et nucleaire 
principalement. 

La France a ete parmi les premieres nations a 
s'industrialiser et l'a fait a partir de ses 
ressources en charbon et en houille blanche. 

Aujourd'hui, ses gisements de charbon economi
quement exploitables sont en voie d'extinction et 
ses sites hydrauliques a peu pres tous equipes. 
Aucun gisement notable d'hydrocarbures -sauf .le 
gaz de Lacq qui arrivera bientOt au terme de son 
exploitation- n'a ete (et ne sera probablement) 
decouvert sur son territoire. 

Dans ces conditions, des le declenchement en 1973 
de la crise petroliere politico-economique qui 
nous affectera encore longtemps sans doute, la 
France s'est trouvee dans l'obligation d'agir 
vite pour reduire sa dependance energetique 
vis-a-vis de l'etranger. Actuellement, cette 
dependance, pres de 75 ~~, porte a la fois sur les 

I hydrOCarbureS et le Charbon -Ce dernier etant 
cependant moins dispendieux en devises. 

CHOIX FONDAMENTAUX 

Des 1974, des choix ant ete faits, .d' egale impor
tance dans leurs effets prevus pour 1985 : 

promouvoir une politique d'economies d'energie 

- intensifier le programme de construction de 
centrales nucleaires. 

Ces centrales, qui necessitent six a sept ans 
pour ~tre realisees, commencent a ~tre mises 
en service ; desormais, cette formulation des 
choix doit done se completer par : 

- reporter les consommations sur l'energie 
nucleaire (tres peu dispendieuses en devises) 
aussitOt que le report est techniquement reali
sable et economiquement rentable. 

Car l'accroissement annuel de production des 
centrales nucleaires est desormais du m~e ordre 
de grandeur que celui des besoins energetiques 
globaux, et le restera pendant longtemps. Certains 
objectent que l~ recours a l'energie electrique 
restera un gaspillage d'energie et de devises 
tant que des centrales au fuel-oil resteront en 
service -et cela du fait du rendement limite de 
la transformation chaleur-electrici~e- ; ils en 
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prennent pretexte pour repousser tout usage ther
mique de l'electricite. 

Cela est doublement errone car : 

- au niveau des appareils d'utilisation, les rende
ments de l'electricite global production
utilisation est, dans la majorite des cas, 
meilleur que dans les processus a combustibles 
fossiles ; ceci est dO a la speci fici te des 
formes sous laquelle elle peut ~tre mise en oeuvre 
(induction, rayonnement, etc.) et a la facilite 
de contrOle (regulation, automatisation) ; 

- la part du fuel dans la production d'electricite 
va tomber a 10/12 ~~ des 1985 et 5/7 % vers 1980. 
La plus grande partie de la production d'electri
cite va ~tre en France assuree par ce que l'on a 
coutume d'appeler l'electricite primaire 
-l'hydraulique et le nucleaire-. Des 1985, on 
peut prevoir 20 ~~ d' hydraulique et 50 ~~ de 
nucleaire ; en 1990, ces chiffres passeront 
respecti vement a 15 ~~ et 70 ~~. 

INTERET POUR LES UTILISATEURS 

L'accroissement parallele des besoins energetiques 
et des moyens de production d'electricite nucleaire 
auront plusieurs consequences attrayantes pour 
l'utilisateur de cette'forme d'energie. 

La premiere est une assurance contre les risques 
de rupture d'approvisionnement de longue duree. 
Plusieurs raisons contribuent a cette assurance : 

- le stockage d'urani~m-metal peut aisement 
(faible pri~ - faible encombrement) couvrir une 
OU deUX annees de besoins i 

- le sous-sol fran9ais recele pas mal de minerai 
d'uranium (100 OOO tonnes a des conditions 
actuellement competitives) et ces reserves ne 
sont, par prudence, que faiblement entamees 
chaque annee gr~ce a une politique de recours a 
des importations d'Afrique francophone ; 

- la repartition du minerai d'uranium sur le globe 
est tres differente de celle du petrole et 
presente a priori moins de risques de non-respect 
de contrats a longue duree ; 

la mise au point des surregenerateurs divisera 
par 50 au moins les besoins en minera1. 

La deuxieme decoule du moindre coOt de production 
du kWh nucleaire -de l'ordre de 13 centimes aux 
bornes d'une centrale nucleaire fonctionnant en 
base contre plus de 20 pour une centrale analogue 
au charbon et pres de 24 pour une centrale au 
fuel-oil (y compris frais de lutte contre la pollu
tion sulfurique). La part du combustible est en 
gros de 4 centimes pour le nucleaire contre 12 pour 
le charbon et 16 pour le fuel-oil. 

Il y aura done un inter~t economique evident a 
faire fonctionner aussi regulierement que possible 
les centrales nucleaires et a reserver les 

'centrales thermiques au fuel-oil pour la satisfac
tion des besoins de pointe. Car la part elevee des 
amortissements dans la formation du coOt du kWh 
nucleaire rend les centrales thermiques classiques 
interessantes pour des utilisations annuelles 
inferieures a 2 OOO heures environ. 



Cette evolution des prix de revient et des condi
tions d'exploitation se repercuteront bien 
evidemment dans les tarifs. En ce domaine, la 
politique d'EDF est de refleter d'aussi pres que 
possible dans ses tarifs les variations horaires 
et saisonnieres des coats de production. Non pas 
d' ailleurs tellement celles que l' on cons tab:: 

aujourd'hui, mais celles que l'on prevoit a 
echeance de cinq a dix ans. 

Une telle politique, qui tient compte des delais 
de decision et des durees de vie des installations 
industrielles,a pour objet d'inciter les indus
triels a des choix conformes a l'inter~t collecti~ 

D'ou une double tendance : 

- globalement une baisse du coat moyen du kWh 
pour des fournitures types a l'Industrie. Cette 
baisse etait prevue pour s'amorcer franchement 
vers 1981 apres une periode de stabilite de 
1974 a 1980. En fait, les relevements de tarifs 
en francs courants autorises pendant cette 
periode ant ete insuffisants pour respecter 
la stabilite a francs constants. Cela retardera 
jusque vers 1985/87 l'epoque au l'ensemble des 
tarifs (certains y sont deja) reviendra,en 
francs constants,aux niveaux d'aoat 1973, avant 
le debut de la crise petroliere 

- Plus dans le detail, une forte baisse de 
l'energie d'ete (heures pleines et heures 
creuses) et un maintien, voire une legere 
remontee, du prix de l'energie d'hiver, surtout 
pendant les ·periodes de pointe ( 4 heures par 
jour ouvrable pendant trois mois). Il en resul
tera en heures creuses d'hiver (5 mois par an) 
une energie electrique plus chere qu'en heures 
pleines d'ete. Cette tendance s'est deja concre
tisee a l'occasion des deux dernieres revisions 
de tarif. 

Est-ce a dire que pour suivre ces principes les 
structures tarifaires seront a modifier profon
dement ? Certainement pas. Autant que l'on puisse 
le prevoir aujourd'hui, le "Tarif Vert" pour les 
fournitures a l'industrie beneficiera d'une evo
lution, mais ne subira pas de bouleversements 
pr~fonds. 

Pour les clients les plus importants, il y aura 
probablement deux au trois pastes horo-saisonniers 
de plus, afin de mieux suivre les tendances d ' evo
lution des coats. Mais pour la tres grande majo
rite des clients industriels, il devrait y avoir 
simplification, d'autant plus sensible que leur 
puissance souscrite sera faible, et cela aux 
niveaux des· comptages et facturations aussi bien 
que du raccordement au reseau. 

/ 
INDUSTRIE ET ELECTRICITE 

Dans ce cadre general, au il y aura -assurance 
d'approvisionnement eri une energie revenue en 
moyenne a son niveau de prix de 1973 -a francs 
constants-, quelle pourra ~tre l'attitude des 
industriels, accoutumes de longue date a recourir 
surtout a d' autres energies, qui verront forbtment 
decroitre le coat relatif de l'electricite par 
rapport a celui des combustibles fossiles ? 

Il est difficile de prejuger de , leur reaction ; 
elle sera fonction non seulement de la vitesse 

d'evolution -brutale au lente- du prix des autres 
energies, mais aussi des possibilites techniques 
et financieres de se convertir a des materiels uti
lisant principalement l'electricite . Ce que lion 
peut dire, surtout s'ils sont gros consommateurs 
d'energie, c'est qu'ils sont dans l'obligation 
d'envisager, des maintenant, dans quelles conditions 
l'electricite pourrait ~tre utilisee dans leur 
industrie, que la decision finale soit fonction de 
facteurs economiques evoluant progressivement OU 
d'une rupture brutale des possibilites d'approvi
sionnement. 

Plusieurs voies sont d'ailleurs ouvertes dans chaque 
industrie. En gros surtout lorsque le coat de 
l'energie est un paste fondamental des prix de 
revient, elles peuvent se reduire a deux : 

- rechercher des procedes techniquement a l'avant
garde du progres, -tres performants et economes 
en energ~e- en profitant des multiples formes 
sous laquelle l'electricite peut etre utilisee 
(rayonnements, plasma, ••• ) ; 

- se limiter a des techniques simples (par exemple 
basees sur l'effet Joule), mais bien etudiees en 
profi tant au mieux des a vantages tari fa ires dont 
le recours de plus en plus marque a l'energie 
nucleaire permettra de beneficier a certaines 
heures et a certaines saisons. -

Ces deux voies ne sont nullement exclusives l'une de 
l'autre , bien au contraire et leur combinaison 
pourra amener a secouer bien des routines et fera 
fructifier l'innovation. 

Dans la recherche de la solution, il pourra notamment 
~tre tenu compte de la saisonnalite de la demande en 
produits fabriques, des possibilites physiques -au 
financieres- de stockage temporaire (parfois sous 
forme de produits non totalement elabores encore)
et aussi des facilites d'automatisation d'au mains 
certaines phases des processus. Il y a la un large 
champ de possibilites, particulierement dans les 
industries du ciment. 

Ainsi, l'electricite ajoutera~t-elle a ses attraits 
de disponibilite, de respect de l'environnement 
d'amelioration du cadre de travail et, ce qui n'est 
pas negligeable, de qualite des productions, celui 
de donner matiere a imagination dans la recherche de 
conditions d'exploitation eco~omiquement optimales. 
Ce qu'il ne faut pas perdre de vue, ce sont les 
longs delais necessaires a un changement profond des 
techniques, surtout dans les industries lourdes. -
Aussi les choix d'aujourd'hui doive~t-ils prendre en 
compte les possibilites d'approvisionnement -et les 
coats- des energies a echeance d'une dizaine 
d'annees. Et ne perdant pas de vue cette echeance, 
nul doute que les industriels ne soient des 
aujourd'hui tentes par les possibilites immediates 
et les perspectives d'avenir qu'apporte l'electri
cite. 

PENETRATION DE L 'ELECTRICITE ET ECONOMIES D' ENERGIE 

Dans .un seminaire consacre a des vues prospectives 
sur les Economies d'energie, on ne peut eviter de 
souligner l'effet global que pourra avoir une pene
tration profonde de l'electricite dans les processus 
industriels. 

Une substitution rationnelle de l'electricite aux 
q combustibles entraine generalement de sensibles 
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reductions des consommations d'energie pr.lmaire. 
Le "handicap" lie au mediocre rendement de la 
transformation chaleur-energie mecanique au niveau 
de la production de l'electricite est plus que 
compense par le rendement eleve au niveau des ins
tallations de distribution et d'utilisation de 
l'energie. Ainsi un kWh peut rernplacer un nombre i 
de megajoules superieur a celui qui aurait ete 

. necessaire pour le produire dans une centrale ther
mique. Un certain nombre de realisations et 
d'etudes ont confirme cette affirmation. A titre 
d'exemple, l'analyse de 38 projets, de puissance 
unitaire variant de 50 a 7 OOO kW, a donne pour'( 
l ·es valeurs moyennes ci-apres : 

- Chimie (12 projets de 620 kW en moyenne): 21 MJ 

- Agro-alimentaire (12 projets de 380 kW 
en moyenne) 26 MJ 

- Metallurgie, Mecaniqt;e (5 projets de 
2 120 kW en moyenne) 9,5 MJ 

- Industries diverses (9 projets de 
520 kW en moyenne) : 20 MJ 

TOTAL (38 projets de 710 kW en moyenne) ~:17,5 MJ 

En tenant compte que les projets "elecfriques" sont 
peut ~tre compares a des solutions classiques 1 

susceptibles de perfectionnements sur le plan eco
nomie d'energie (gain de 15 % par exemple), l~ 
coefficient moyen apparait de l'ordre de 15 MJ/kWh ; 
c'est-a-dire en extrapolant, que des besoins 
actuellement satisfaits par 3,5 Mtep pourraient 
~tre satisfaits par 10 TWh, qui ne necessiteraient 
pour ~tre produits dans une centrale moderne, 
brOlant du fuel-oil, que mains de 2,5 Mtep. 

La substitution de l'electricite au fuel-oil, 
surtout dans certaines applications et certains 
secteurs, peut done avoir pour premier effet de 
reduire la demande apparente en energie primaire 
exprimee en Mtep. 

Point ne sera besoin d'ailleurs de ne recourir 
qu'a des techniques "de pointe" pour obtenir de 
tels resultats. La possibilite pour l'electricite 
d'~tte utilisee seulement la ou il le faut et 
seulement quand il le faut, l'absence de pertes a 
la cheminee sur les lieux d'utilisation, permettent 
dans beaucoup de cas a des procedes bases sur 
l'emploi judicieux de simples resistances de 
s'averer energetiquement interessants. 

D'autant qu'a l'epoque ou la substitution pourra 
~tre devenue effective de fa9on appreciable, 
l'electricite necessaire ne sera plus, m~e dans 
un raisonnement marginaliste, que peu fournie par 
des centrales au fuel. 

Le recours a l'electricite provoquera done un 
transfert des consommations primaires vers le 
charbon, puis de plus en plus, vers le nucleaire. 

·Ce transfert sera d'autant plus rapide que pour 
applications visees, les besoins auront de l'impor
tance en heures creuses ou semi-creuses (nuit~ 
week-ends, ete, demi-saison). . 

Et l'automatisat~on, rendue plus aisee par l'elec
tricite, combinee avec les:' differehc.iat:icms des'.· 
pastes horaires tarifaires, aura pour effet de 
facili ter Ceff reports en heureS •. 11mo"inS ChargeeS II' 

diminuant par la tres notablement la charge en 
devises des consommations energetiques de l'indus
trie. 
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Sauf penurie brutale en combustibles fossiles, la 
penetration de l'electricite semble devoir tencon
trer quelques freins a son developpement, notamment: 
difficultes de modifier les habitudes, difficultes 
de consentir a des renouvellements OU a des trans
formations de materiel avant leur obsolescence ••• 

On ne peut done ~tre certain qu'aucun "accident 
majeur" dans l'approvisionnement en hydrocarbures 
-liquides ou gazeux- ne pourra survenir avant que 
la penetration de l'electricite soit suffisamment 
profonde pour proteger l'industrie de ses conse
quences. 

Or, si un tel accident arrivait prematurement, les 
etudes et mises au point necessaires a l'optimisa
tion des processus et des materiels risqueraient 
de n'avoir pas encore ete faites et le materiel 
adequat ferait sans doute defaut pour repondre 
massivement a des besoins immediats. 

Dans ces conditions, des solutions "rustiques" de 
transfert rapide vers l'electricite ne manqueraient 
pas de fleurir et il serait hasardeux d'esperer que 
l'on puisse en esperer des gains en energie pri
maire. 

Point n'est besoin d'insister sur les repercussions 
catastrophiques qu'une telle situation entrainerait 
au niveau de la production industrielle. 

Il faut eviter de se t~ouver dans un tel cas ; et 
comme on ne peut raisonnablement escompter agir au 
niveau de 11 l'accident", il faut pallier ses conse
quences par un recours progressif, mais tres 
rapide, a des procedes bases sur un emploi aussi 
developpe que possible de l'electricite : son ori
gine presque exclusivement nucleaire, hydraulique 
et charbonniere -du mains en France-, sa large dis
ponibilite et son coOt modere seront une bonne 
protection contre des risques que l'industrie ne 
peut absolument pas_ se permettre de courir. 



Correlations entre la proportion de laitier, le type de ciment 
et les consommations energetiques dans la fabrication 

des ciments mixtes 

Correlation of slag ratio, cement class and power consumptions 
in mixed cement production 

I. TEOREANU, Professeur, Faculte d'lngenierie Chimique, lnstitut Polytechnique de Bucarest, 
D. DULAMESCU, lngenieur, ICPILA, Roumanie. 

RESUME : Dana le ~resent travail, on a examine l'obtention des ciments mixtee dans le 
contexte dee corr~lations qui existent entr~ la proportion de laitier, lea propriet~s 
des cimenta et leura param~tres diepereionnels, en considerant l'influence de ces 
derniere sur lee consommations energetiquea. 

On a eu en vue, en m$me temps, la cqrrelation du rapport ciment I laitier - parametres 
dispersionnels - consommation d'energie - proprietes des cimenta avec la composit~on 
min&ralogique :des clinkers utilis&e. 

SUJr'IMARY : In the present study were investigated the mixed cement obtained in the 
context of t~e correlations of slag ratio, cement properties and their dispersion 
parameters, taking into account the influence of last mentioned ones upon power 
eonsumptions. · 

It have been taken into consideration, also, t~e agreement of cement I slag 
ratio - dispersion parameters - power consumption - cement properties - with 
mine~alogical composition of the used clinkers. 
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. INTRODUCTION 
L'induetrie de ciment est, actuellement, un 
grand coneommateur d'energie. Du point de 
vue statietique, approximativement 20% de la 
coneommation totale d'energie (75% de la con
sommation d',nergie electrique) revient a la 
preparation des matieree premieres et au bro
yage du ciment et plus de 75% au proces de 
calcination-clinktSrisation. Dane ce contexte, 
la fabrication et l'utilieatien des ciments 
aux additife oimentoide (laitier de haut 
fourneau) ou hydrauliquement actife (cendree 
vo.lante par example), dane lee conditions 
d'une plus grande proportion de pareils ad
ditife et sane modification essentielle des 
proprietea de resistence des ciments durcis, 
repreaente, ace moment, l'une dee voies 
d'interGt exceptionnel, dana l'ensemble dee 
preoccupations pour la restriction des con
sommations energetiques (1-4). 
Dane le present travail, 1'0btention de tela 
ciments a ete abordee dans le contexte de la 
determination, non seulement des correlations 
qui existent entre la proportion de cimentoid 
et lea proprietes du ciment, mais auasi en 
considerant l'influence des parametres die
persionnels des ciments aur leurs proprietes 
physicG-mecaniquee et sur lee consommationa 
energetiques au broyage. On a considert1, en 
meme temps, la correlation du rapport ci
ment/laitier, dee parametres dispereionnels, 
de la consommations d'energie et des proprie
tee dee ciments, avec la composition des 
clinkers. 

MATERIAUX UTILISES 
Les ciments a laitier ont ete prepares a par
tir des clinkers de fabrique (A et D): un 
clinker a une plus haute teneur en alite (D) 
et un autre a une moins haute teneur en alite 
(A). La composition chimique dee clinkers u
tiiises, ainei que la composition chimique 
du laitier de haut fourneau (Z), sont pre
sentee dans le Tableau I. · 

TABLEAU I 

Composition Clinker Laitier de 
chimique (%) A D haut fourneau 

P.P. o,86 o,72 1,14 
Si02 21,67 21,37 36,o7 
Fe203 4,o3 2,36 o,35 
Al203 5,73 5,95 8,27 
Cao 62,71 64,53 54,40 
MgO l,Jo o,79 5,2o 
S03 1,38 1,8.3 0,10 
TiO o,24 o,19 o,24 
Ne.26 o,44 o,58 o,55 
K2o .1,15 1,65 o,55 

Dane le Tableau II on presente, pour lee . 
clinkers, la c0mpoei tion lllin4fralog!l.que po
tentielle (calculee d'apres Bogue), ainei 
que oelle reelle (determide par diffrac
tion des ray0ns X). 
A partir de cee deux clinkers, on a prepare 
dee cimente unitaires (halon, sans laitier) 
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TABLEAU II 
! e n e u r (~) : 

Mineraux D'apres Bogue Par diffracUon 
des ra'.'ions x 

A D A ~ D 

c3s 48,6 58,5 4o-45 55-'o 
c2s 27,5 16,7 Jo-35 15-20 
c3A 8,4 11,5 12 15 
c4AF 12,2 7,o 7-lo 5- 7 

et mixtes · (avec 15%, Jo% et 60% laitier); 
toue lea ciments pr,paree ont 'te _broy's a 
dee surfaces specifiques Blaine d'approxima
tivement Jooo, 4000 et 5000 cm2/g. 

LE COMPORTEMENT AU :SROYAGE DES CIMENTS ET 
DE LEURS COMPOSANTS . 
Les influences negatives, que, parfoie, lee 
additions de laitier peuvent induire dans 
lee valeure de resistance des cimente mixtee 
obtenus, pourraient 8tre eliminees OU bien 
attenuees par un broyage plus avance. 
Le developpement plus ra.pide dee resistances 
mecaniques elevees, en mime temp que l'aug
mentation des surfaces speeifiquesdes ci
ments portland, sane ou avec additifs (de 
laitier ou de puzzolane) est unanimement eon
firme1 ainsi, on accepte le fait que, dane 
des m~mes conditions chimico-mineralogiquee, 
la resistance mecanique du ciment portland 
duroi augmente avec la finesse de broyage de 
celui-ci (dane un spectre granulometrique 
restreint et unifonne), la limite euperieure 
de la surface specifique ehant d'autant plus 
grande que le 9iment est moine actif; dans 
cette derniere categorie on inclue auesi lee 
cimente mixtes. 

En tenant compte de ce que nous avons montre 
plus haut, on peut realiser - pour lea ci
ments a laitier - des surfaces sp~eifiques 
qui oonduisent ~ l'obtention des r~sistancee 
m'oaniquee comparables a callee du ciment 
unitaire &talon. Certainement, _on doit tenir 
compte des ~ventuelles consommations suppl~
menta:i:rea d'energie au broyage. C'eat pour
quoi on est necesealire d'examiner lea clin
kers, le laitier et lee ciments a laitier ·dU 
point de vue de l'aptitude au broyage et de 
correler lee r~sultats obtenus avec le oom
portement a~ durciesement des ciments ~ta
lons et mixtes, ayant differentes surfaces 
eptfoifiques. . 
Lee informations obtenuea concernant la con
sommation apecifique d'~nergie en fonction 
de la surface sp~foifique du lai tier, dee 
clinkers A et D, ainsi'que des ciments mix
tes afferents (ciments IJlVec 15%, Jo% et, 
respectivement, 6a% laitier) eont pr&senUes 
dans les figures 1 et 2. 
Les 4onnt§ee present&es da:ns lee figures 1 et 
2 ont 4t~ obtenues, en utilieant un broyeur 
de laboratoire aveo lee dimensions : 
~ o,5 x o,5 ·m, qui fonctienne d'une mani~re 
discoiltinue. 



Fig. l - Aptitude au breyage 
1- laitier ; 2- clinker A ; 
3- clinker A + 15% laitier; 
4- clinker A + Jo% laitier; 
5- clinker A + 60% laitier; 

Pour une surveillance plus facile, lea don
n~es concernant la carrelation entre la con~ 
sommation d'~nergie ~lectrique et la surface 
specifique Blaine des clinkers broyee sont 
inscrites dans le Tableau III. 

TABLEAU III 
Surf ace ep'- ·' Consommation specifique 

cifique d •tSnergie au .broyage 
Bl~ine (kwhh} : 

(cm /g) · clinker A Clinker D 

20C!>C!) 31 27 
Jooo 53 53 
4GOO 88 87 
4500 117 lo8 
4600 127 115 
48oo 148 121 

\ 
120-+---~---+------+----r=----~ 

flO 

ltJ 
~ 9i 
~ 
~ 80-1----~---+~---~._-H---...r------l 
4.J 

~ 70 

~ 604--------4-~~#--lr---'-----~I 
~ 
~ 50 
~ 
~ 
~ 404--~----4-1----,;~"'---+--------1 

~ 30 
K 
~ zo 
~ 
~ {0 

~ 
~- 0 -4---...---~--+--....--~-4---~-~--

500 f(JQO f500 2f}(J(J Z500 3000 3$00 4(Q} ~500 

SUl?FAC£ SPEC/,C/Q(lc BUI/NE, cm 2 I g. 

Pig. 2 - Aptitude au broyage 
1- laitier ; 2- clinker D ; 
3- clinker D + 15% laitier; 
4- clinker D + 30% laitier; 
5- clinker D + 60% laitier; 

Cea valeurs d~montrent que le clinker plus 
belitique (A), comme pre"V¥, preeente une ap
titude au broyage inf~rieure a oelle du 
clinker plus alitique (D). 
Dana le cas du clinker A (a une plus haute 
teneur en b&lite), on oonetate une im~ortan
te augmentation de la consommation sp,cifi
que d'~nergie electrique, correspondante a 
de~ surfaces sptfoif'iquee, d'passant 4000 
cm /g Blaine; en arrivap.t l plus de 4800 
cm2/g Bl•ine, pratiquement, la surface · ep'~ 
cifique lu ciment n'augmente J>lus, avee la 
oroiseanoe de la consommation d''nergie 
'le~trique. Ce comportement eat 'vtdemment 
att~nu' dane le oas clu clinker plus alitique 
(D). Le comportement dif't,rent au broyage 
des deux :clinkers est en oeneerdance avec 
lea r'8ultats de -Beke (5), qu,i a trouv4' que, 
dans le cae dee clinkers tr~s b'litaques1 le 
ph,nom~ne d'agglom4ration se uanifeate m8me . 
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a des surfaces sp~cifiquee auperieurea a 
4400 cm2/g Blaine, le phenomene d'agglomera
ti0n, dans le oas de ee clinker etant plus 
grand que celui du laitier. 
Bien que le laitier comme tel montre dee 
aptitudes au broyage, en general, inferieures 
aux clinkers dont on a pr~pare lee ciments 
mixtea examines, elle met pourtant en ~vi
dence un effect legerement additif, d'ame
lioration de la broyabilite des clinkers 
avec lesquela on broye en melange. 
On conatate aussi, dans le cae des cimenta 
a laitier, un comportement differentie au 
b~oyaget en fonctio~ de clin~er.ut~lise . 
(A ou DJ dana lee cimente. Ainsi, a l'utili
sation du clinker A, l'addition de 15% 
laitier ne determine pas la reduction de 
l'intensite du phenomene d'agglomeration au 
broyage (intensite caracterietique au clin
ker AJ et, en totalite, le melange : clin
ker-15% laitier ee broye plus difficilement 
que le clinker aeul; ce comportement est 
d'autant plus accentue, que la surface spe
cifique du ciment est plus grande (fig. 2); 
par la suite, l'augmentation de la proportion 
de laitier, determine des diminuations de la 
consomm.ation specifique d'energie, avec la 
realisation d'un minimum de celle-ci. Dane 
le cas des ciments prep~r's aveo le clinker 
D, l'effet additif ee manifeste meme a .une 
addition de 15% laitier. · 
Pour lea ciments a partir des clinkers A et 
D aussi, la proportion optime de laitier 
(correspondant a une oonsommation apecifique 
minima d"energie) se deplace vers dee va
leurs inferieurea a l'augmentation de la 
surface specifique (fig. 3 et 4). 

~ {7(1 ------.c--.-------.----...-----.----. 
{ 
~ISO-+----+_,__--+----~-=L---_,.==----1 

~ 
~e0-+----~--+-+-----+----+----1 
!(j 

~ Uu-i----t----=---+-----+---+------l 
~ 
~ 90,,....:::::::_~""k-~~-+-~----:,....;...::::=.~--.+~~~ 

~ 
~ 
~ 
~ 
~ 30-+-------+----'-4---+----+----' 
~ 0 RO 40 GO 80 <00 

~ LAtnER AJJJJl170NE, % 
" 

Fig. 3 - L'influence de l'addition de 
lai tier sur la ~,coneommation sptfoifique 
d'energie (clinker A) 
Surf ace epecifique Blai~e : 

l- Jooo cm /g; 
2- 4000 c~/g; 
3- 5000 cm /g. 
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.JO ~(J I 

lA!nER A.lJ.lJ/T!OflE, 

Fig. 4 - L'influence de l'addition de 
laitier sur la conaomm.ation specifique 
d''nergie (clinker D) 

Surface specifique Blai~e : 
1- 3000 cm /g; 
2- 4000 cm~/ g ; 
3- 5000 cm /g. 

I r. 

LES PROPRIETF.s DES CIMENTS EN CORRELATION 
AVEC ' LEURS CARACTERISTIQUES COMPOSITlONELLES 
ET DISPERSIONELLES 
L'obtention des ciments a laitier ayant des 
proprietes equivalentes a celles du ciment 
unitaire etalon, da.ns les conditions d'une 
conaomm.ation energetique optimale, suppose 
la mod~fication eimultannee de la proportion 
du laitier et de la surface specifique du 
ciment. En tenant compte de ce qu'on a men
tionn~e, on a examin~, du point de vue des 
resistances mecaniquea, lea cimenta mixtee 
a proportions de laitier et des surfaces 
apecifiques diff~rentes, pr,pares de la ma
ni~re plus haut presentee (voir "Les maU
riaux utilises"). Les repres•ntati0ns gra
phiquea des informations ebtenues sont don
nees dans lee figures 5 et 6. Les eaurbes 
des figures 5 et 6 illuatrent la correlation 
simul tannee entre lee re;sistances meoaniques t 
la proportion de laitier et la surface ep'
cifique des ciments; de leur examination il 
en r'eulte l'effet negatif de l'addition de 
laitier sur lee r'sistaneea mecaniquea, dana 
lea conditions de maintien nonmodifi& de la 
surface sp,cifique du ciment, effet manifes
t' d'une mani~re evidente a des p'riodea' 
courtes de duroiaaement; pour des term.ea 
plus longs de ·durcisaement (28 jours), l 'ef.· -
fet mentionn~ plus hau,t est atMnu,, ou bien 
il cease m§me de se manif ester dans le cadre 
de oertaines proportions relativement limi
tees de le.itier, ajout,es au broyage des c.i
menta (la proportion limite _d.,pendant de la 
nature du clinker et de la surface sp&cifi
que prise en consideration). 
Pou~ 'lim.iner l'eftet neg~tif plus baut men
tionne e'impoee la modificatien de la 
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Fig. 5 - L'influence de l'addition de 
laitier sur la r'sietance a la compres
sion (clinker A) 
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Fig. 6 - L'influence de l'additien de 
laitier eur la resistance a la compres
sion (clinker D) 

la, 2a, Ja ciment a surface specifique de Jooo, 4000 et, respectivement, 
5000 cm~/g a rage de 2 joura ; 
idem a l'Eige de 7 jours ; lb, 2b, Jb 

le, 2c, Jc idem a l'ige de 28 jours • 

surface ap~cifique du ciment, en correlation 
avec la proportion de laitier utilise et la 
marque du ciment qui doit etre obtenue; 
ainsi, en vue de l'obtention d'un ciment 
d'une certaine marque (Pa 35 en conformite 
avec lea etan.dards roumains), il est necea
saire de realiser :_ dans lea conditions de 
l'utilisation des clinkers A et D et de 
laitier z - lea correlations inecritea dans 
lea Tableaux IV et V (avec lea conaon:una
tions energetiquee correspondantes au bro
yage). En partant de ces donneee, on peut 

TABLEAU IV 
C l i n k e r A ----------- ____ ._. ______ __ 

Addition Surface Consommation epeci-
laitier specifique fique d''nergie 

(~) Bla~ne 'lectriaue 'kwh/t) 
(cm /g) Laboratoire Industrie 

15 
Jo 
60 

.31&0 

.3500 
5400 

57 
·61 

160 

42 
46 

lo9 

ftablir l'influence globale sur l'~nergie 
cons0D1D1.'e a la fabrication des cimente A 
diff,rente teneur en laitier, sans affecter 
les prepri-StESe de r'sistance au duroisse
ment; dans l~ Tableau VI on presente lee 
r'eultats obtenus pour lee oi.mente A base 
de clinker D. 

TABLEAU V 
____ ., _c_1_1_n_k_ e_r_ ~ ________ _ 

Addition Surface Consommation ep4ci-
lai tier specifique fique d'energie 

(%) Blaine ~lectriaue 'kwh/t) 
(cm2/g) 

15 
Jo 
60 

Destina-
tion de 
l 'tfoergie 

Broy age 
S&ohage 
laitier 
Clinker 
&oonomiff 
Eoonomie 
d'•nergie 

2600 
3000 
5000 

Laboratoire Industrie 

37 
45 

135 

32 
.35 
93 

TABLEAU VI 
L•uni- Conaommation ( ~foonomie) t' de d'6nergie, correepon-
me sure dant l une tone de ci• 

ment a laitte) dans le 
Drot>ortion JI! : 

15% Jo~ 60% 

kwh 32 . 35 93 

kcal 26,4•1&3 52,a~103 lo5•lo3 

kcal - 1)5,8~103 4o6•lo3 

kcal - lo6,8•lo3 274•10.3 

(•) On a CGnsid'r' comme Uant de r,f,rence 
uii ciment a 15" laitbr, l base de clink£ 
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D. On a gara~ la comparabiliU, en consid'- 
rant, pour le. laitier, la meme humidit~ et, 
pour l kwh- l'~quivalenoe th4orique en kcal. 

CONCLUSIONS 
lee r~sultate dee recherches, qui ont fait 
1-'objet du pr~eent travail, aoulignent d'une 
maniere t§vidente la possibiliU d'obtenir 
des ciments a laitier, de relativement bolUle 
qualite, dans des conditions de la correla
tion optimale de la proportion de laitier, 
de· la finesse de broyage des ciments et de 
la nature des clinkers et dee laitiere uti
lises. 
La proportion de laitier dans lee ciments 
mixtes, sans affecter lea proprietes de r'
sistance de ceux-ci, est limitee autant par 
l'activit~ des clinkers et dee laitiera 
utilises, que par lea difficultea technolo
giques de l'obtention des cimenta a grandee 
surfaces specifiques. M@me dans le conditions 
du broyage avance des ciments, en vue de la 
conservation d'une qualite correspondante ; 
de ceux-ci, il en reaulte, indubitablemen~, 
une economie globale tr~s importante d'ener
gie pour la fabrication des ciments a 
laitier. 
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The latest operation performance of the MFC system 

Les resultats recents d'operation du systeme « MFC >> 

M. KONDO, Vice President, Mitsubishi Mining and Cement Co., Ltd. 
S. FUKUDA, Manager, Research and Development section, Japan. 

RESUME : Le systeme de calcination fluidiflee de Mitsubishi ("Mitsubishi Fluidized Calciner" ou 
MFC) est un nouvel equipement pour la calcination du ciment au clinker appartenant aux systemes 
de NSP sus-mentionnes et est mis en operation depuis 1971 apres les developpements par Mitsu-
bishi Mining and Cement Co., Ltd. pendant plusieurs ans. 

Depuis ce temps 16equipements chauffes au mazout ont ete construits au Japan et aux divers pays, 
se faisant une excellente reputation pour sa performance. De plus le systeme a ete perfectionne 
continument pour repondre aux besoins de l'eoque. 

Le systeme de MFC est n©tamment caracterise par le fai t que la calcination des matieres se fait 
dans une couche fluidifiee montrant une haute efficacite d'echange de chaleur et permettant un 
long temps de retention des matieres. Par consequent en comparaison du systeme SP conventionel, 
celui permet une capacite augmentee de calcination du four, une operation continue et stabi
lisee du four pendant long temps meme avec un combustible solide de combustion lente. 

Mitsubishi Mining & Cement Co., Ltd., ayant verifie au moyen des divers essais sur l'equipement 
industriel que ses operations peuvent etre accomlies d'une maniere satisfaisante avec les 
combustibles solides et que le charbon d'une inferieur qualite de 3,000 - 4,000 kcal peut etre 
seulement utilise comme le combustible, a etabli de foridement de MFC chauffe au charbon. Ici, 
trois exemples du systeme MFC sont donnes d'apres l'operation recente de performance. 

Depuis la crise de petrole dans 1973, dans l'industrie de ciment qui est un consommateur d'une 
grande quantite d'energie, le developpment d'une technologies d'utiliser une energie autre que 
la de petrole a ete un objectif plus important, a cause de la hausse du prix du mazout. 

Dans telle situation, nous crayons que l'importance de la technologie de MFC accroitra de plus 
en plus. 

SUMMARY · : Mitsubishi Fluidized Calciner (MFC) system is one of the NSP systems, which has been 
developed by Mitsubishi Mining & Cement Co., Ltd. (MMCC) after the long_ efforts and put into 
prac~ice since 1971. 

So f~r, 16 units of oil/coal fired MFC system have been installed in Japan as well as in 
foreign countries and have won a reputation for its excellent performance. Furthermore, continu
ous efforts for the improvement of the MFC system has been done to meet the requirement of the 
time. 

The peculiarity of the MFC system lies in the adoption of fluidized bed which gives high heat 
exchange efficiency and long retention time of raw meal. Consequently, it . makes possible to in
crease the kiln capacity, to achieve the long stable and continuous kiln operation, and to burn 
exclusively any kinds of solid fuel having low combustion velocity. 

Various kinds of test were performed to apply solid fuel to the MFC system at MMCC's Kurosaki 
Works. As the results of these test, it has been confirmed that there is no problem for firing 
in the MFC, even such low grade coals having the calorific value of 3,000 to 4,000 kcal/kg. 

In this paper, three examples of the MFC system are described from the latest operation pe~
formance. 

Since the oil crisis in 1973, the development of energy diversification other than oil has 
become the most urgent and important subject for cement industries. 
At this period, the availability of the MFC technology will be extended further. 
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INTRODUCTION 

Various precalciner systems which have been 
developed in both Japan and Europe are curre
ntly in use. Among them the MFG system is 
unique because it uses a fluidized bed as the 
precalciner. So far 16 units of the MFG sys
tem have been installed and have won a high 
reputation for its excellent performance. 

Recent steep price rises and unstable supply 
of oil have forced cement manufacturers to 
save on energy consumption and to convert 
from liquid to solid fuel. The MFG system 
admirably meets both of these requirements. 

CHARACTERISTICS OF THE MFG SYSTEM 

Fig. 1 shows the general arrangement of the 
MFG system. Detailed descriptions of the 
principle, structure and equipment of the 
MFG system have been given in some papers(l) 
(2)(3). 

The distinct peculiarity of the MFG system 
lies in the adoption of a fluidized bed which 
gives high efficiency of heat exchange and 
combustion. 

1: Exhaust fan 
2: Suspension 

preheater 

3: MFC 
4: Extraction 

air duct 
5: Fluidization 

blower 
6: Kiln 
7: Cooler 

;4 

Fig. 1 General arrangement of 
MFG system 

Test operations were carried out to apply 
solid fuel to the MFG system at Kurosaki 
Works of MMCC. All of the parameters and 
criteria necessary for the design of the coal 
-fired MFG have been. obtained through these 
test operations, and its reliability and sta
bility as a commercial furnace have thereby 
been comfirmed. 

Various grades of coal have been burned in 
the tests and it has been found that there 
are no difficulties in using pulverized coal 
to fire the MFG. Very low grade coal, such as 
that with a value of J,000 kcal/kg, can be 
exclusively used for firing. 

Using pulverize·d coal depends mainly on the 
high mixing effect and the long retention 
time of several minutes which can be obtained 
by forming the fluidized bed. 

Though there is a slight difference in the 
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specific gravity between raw meal and pulver
ized coal, the mixing effect in the fluidized 
bed is so complete that the behaviour of pul
verized coal is . almost the same as that of 
raw meal. 

The operating conditions of the MFG and sus
pension preheater(SP) show no substantial 
differences, whether oil-fired or coal, if 
thermally equivalent. 

THE LATEST OPERATION RESULTS OF THE MFG 
~ 
a) Newly installed MFG system with large 

capacity 

Table I shows the newest kiln of MMCC started 
in Sep. 1979 at Kanda Works. This system 
belongs to the so-called doubled capacity 
type. 

With a view to the saving of energy and power, 
some improvements such as the reduction of . 
the air quantity for fluidization, were made 
in designing this MFG. 

The temperature of the SP exhaust gas is J40 
0 c or so, which is considered to be the same 
as that of the conventional 4-stage SP kiln. 

Table I Specifications and operating condi-
tion of Kiln No. 5, Kanda Works, 
Mitsubishi Mining & Cement, Japan 

Kiln size 5.4 mfll x 95 mL 
Preheater type Dopol 
MFC size 5.0 m0 x 15 mH 
Fluidization blower 390 m3/min x 1800 

mmAq x JO O (_j 

Kiln 
Clinker produced t-cl/d 6500 
Fuel feed ~g-oil/h 10450 

Preheater 
Exhaust gas vol. Nm3/t-cl 1310 
Exhaust gas temp. oc J40 

MFG 
Fuel feed kg-oil/h 10000 
Fluidization air vol. Nm3/min 340 
Extracted air . vol. Nm3/min 1640 
Fluidized bed temp. oc 830 
Exhaust gas temp. oc 870 

Specific heat 
kcal/kg-cl 740 consumption 

b) Coal-fired MFG system 

Table li shows the Samchock Kiln No. J of Tong 
Yang Cement Mfg., Co., Ltd., in Korea, which 
was constructed in 1967 and modified to the 
MFG system in 1978. 

The convehtional SP system had a burning 
capacity of l,J00-1,350 t/d. The standard 
capacity according to the design criteria is 
1,290 t/d. By replacing the existing suspen
sion preheater with a large preheater and 
additional installation of the MFG, burning 
capacity has been increased to an average of 
2,200 t/d and a maximum of 2,JOO t/d - a. 70 % 
increase over its standard capacity. 



Fuel was changed from oil to coal at the end 
of 1979. To the kiln is fed a small quantity 
of oil besides the coal, in order to control 
the burning zone. But, to the MFC is fed only 
pulverized coal. 

The specific heat consumption is 795 kcal/kg
cl in the case of coal firing and 790 kcal/kg 
-cl in the case of previous oil firing. The 
raw materials and the chemical composition, 
and the fineness of the raw meal are kept the 
same in both cases. 

From these operational results, we have esti
mated that at present there is no difference 
in the specific heat consumption between both 
fuels. 

Other operating conditions in coal firing 
showed the same as those in oil firing. 

Table IJ: Specifications and operating condi-
tions of Kiln No. 3, Samchock Plant, 
Tong Yang Cement Mfg.' Korea 

Kiln size 4.14 m~ x 63 mL 
Preheater type Dopol 
MFC size 4.3 m~ x 10.9 mH 
Fluidization. blower 310 m3/min x 1300 

mmAq x 20 oc 
Kiln 
Clinker produced t-cl/d 2210 
Fuel feed kg-coal/h 3230 

kg-oil/h 2240 

Preheater 
Exhaust gas vol. Nm3/t-cl 1460 
Exhaust gas temp. oc 340 

MFC 
Fuel feed kg-coal/h 4310 
Fluidization air vol. Nm3/min 159 
Extracted air vol. Nm3/min 370 
Fluidized bed temp. oc 840 
Exhaust gas temp. oc 860 

Coal 
Net calorific value kcal/kg-coal 6800 

Specific heat kcal/kg-cl 795 cpnsumption 

Table JI[ shows another example of a coal-fired 
MFC system which was restarted in Dec. 1979 
after the modification. The capacity was in
creased from 600 t/d to 950 t/d. In this MFC 
system, low grade coal having the calorific 
value of 4,000 to 4~500 kcal/kg-coal is the 
only material used for combustion. 

The heat consumption was reduced by almost 
100 kcal/kg-cl as compared with the previous 
SF . system. 

Table I Specifications and operating coridi-
tions of Wadi Kiln No. 1, The As so_-
ciated Cement Companies,India 

Kiln size 3.75 m0 x 54 mL 
Preheat er type Dopol 
MFC size 3,2 m'21 x 11. 8 mH 
Fluidization blower 250 m3/min x 1300 

mmAq x 350 oc 

Kiln 
Clinker produced t-Cl/d 960 
Fuel feed kg-coal/h 4590 

Preheater 
Exhaust gas vol. Nm3/t-cl i590 
Exhaust gas temp. oc 330 

MFC 
Fuel feed kg-coal/h 3060 
Fluidizatio'n air vol. Nm3/niin 74 
Extracted air vol. Nm3/min 198 
Fluidized bed temp. oc 830 
Exhaust gas temp. oc 860 

Coal 
Net calorific value kcal/kg-coal 4500 

Specific heat kcal/kg-cl 860 consumption 

CONCLUSION 

From the above latest operational results, it 
can be clearly understood that the MFC system 
is the most advantageous of all precalciner 
systems. The especial advantage of this sys
tem is that solid fue1, even extremely low 
calorific fuels that cannot be fired in the 
kiln, can be burned -easily in the MFC and the 
heat contained in these fuels is used in 
almost the same way as oil. 

Since the oil crisis, diversification in the 
use of fuels has posed serious problems for 
the cement industry throughout the world. 
MFC technology will no doubt be used to help 
solve them. 
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CaC'2 utilization in clinker burning 
Utilisation de CaC/2 dans le processus de formation du clinker 

W. KURDOWSKI, Professor, Research Centre of the Industry of Binding Materials, 
A. GARBACIK, Engineer, Research Centre of the Industry of Binding Materials, Pologne. 

SUMMARY :An addition of calcium chloride to the mix of calcium carbonate with silica appe
ars to accelerate considerably the reaction of calcium silicates formation. In this process 
a seri~s of unstable, intermediate phases are formed. 

This effect has been utilized to obtain belite in a rotary kiln. Usin g an addition of 10'}6 
CaC12, belitc wDs burnt at about 11oooc; the chlorine was found to be practically absent in 
the product, as it passes to the gaseous phase. In similar conditions also high belite con
tent clinkers were burnt. In the case of raw mixes corresponding with Portland cement clin
kers the mineralizing action of calcium chloride occurs as well. 
The studies on the burnability of raw mixes with various silica- and iron moduli have indi
categ, that :i.n the mixes with an addition of 5% CaC1

2
, burnt at the ~emperatures as low as 

1300 - 1350°c, no free lime is present. In this case the cour~of the process is more com
plicated as in the system Ca0-Si02-cacl2 , since - as is well known - the calcium chloride 
forms, apart from chlorosilicate phases, also some transient phases with aluminates. All 
these phases are unstable and at the temperatures of 1000° - 125o0 c they decompose, lib~ra
t ing the chlorine to gaseous phase. 

Obtained results, as well a s the data from literature, indicate the possibility of utiliza
t ioh of '. CaCl~ to obtain the clinkers of various types at relatively low temperatures. The 
realization ~f this conception, however, necessitates resolving the problem of the recover~ 
of chlorine from the gaseous phase. The utilization of the kilns with 100% bypass for this 
purpose seems to be promising. 

RESUME : L'addition de chlorure de calcium a un melan ge de carbonate de calcium et de silic~ 
accelene sensiblement la reaction de la formation des silicates de calcium a des basses tern~ 
p'ratures. Dans ce processus une serie des phases transitoires est formee. Un melan ge con
tenant 10% de .. chlorure,de calcium a ete utilise pour la preparation de la belite dans un 
four rotatif a !a temeeratu~e de 1000°c e~viron. Le produit obtenu ne contenait pas de chlo~ 
re, ce dernier etant echappe avec lcs fumees. Dans les conditio~s analogues les clinkers de 
ciment Portland a haute teneur en belite ant ete cuits egalement. En cas de melanges crus 
correspondant aux clinkers de ciment Portland l'action mineralisatrice du chlorure de cal
cium se manifeste aussi nettement. 

Les investigations de !'aptitude ~ clink~risation des melan ges crus ~ des module~ silicique 
~t alumin~-ferrique varies ont mo~tre, qu'avec !'addition de 5% de CaCl2 les melanges cuits 
a la temperature allant de 1300° a 135odc ne contiennent pas de chaux libre. En ce .· cas le 
processus est plus complexe que dans le melange CaO + Si02 + CaCl ~ le chlorure de calcium 
formant, comme on le sait, non seulement de~ phases chlorosilicaties, mais aussi des phases 
aluminochloriques. Tous ces phases sont m'tastables et se decomposent ~ des temperatures · 
entre 1000° et 1250°c avec l~echappement du . chlore. 

Les resultats obtenus montrent la,possibilite d autilisation de CaC12 pour la fabrication 
des clinkers de differents types, a des temperatures relativement basses. Cette question 
n'cessite une solution du probl~me de ~a r'cup,ration du chlore des fumees. Il semble pro-
metteur d'utiliser dans ce but des fours avec un by-pass de 100% des gaz. · 
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1. INTRODUCTION 
The en~rge~ic crisis, accompagn~d by a . 
growth of fuel prices, · ~esults in a conti
nuous increase of the expenses on energy ~s 
well as of their part in whole costs of the 
cement production. This problem obli~es to 
energy saving, among other by reduction of 
heat cdnsumption in the burning process. At 
the present moment, for the ~urnin~ of Port
land cement clinker, short kilns with exter
nal heat exchangers, for which the specific 
hea~ consu~ption amounts to 3000-3200 ~~ 
per kg of clinker, are more and more widely 
used. · 
The energetic efficiency of these installa
tions is close to the limit obtainable in 
practice by burning a.common cli~k~r /1/. 
In the kiln systems with precalcining, for 
example of Polysius-Rohrbach proc~ss type 
/2/, the utilization of ~oor quality fuels 
with low heating value gives the prospects 
for reduction of the costs of fuel consumed 
in the process of clinker burning /3/. Fur
ther savings in fuel consumption are possi
ble for example -by making hydraulic binders 
on the basis of materials substituting for 
the classical Portland clinker or by the 
use of mineralizers, markedly intensifying 
the process of sintering of Portland cement 
clinker. 
One obtains substantial energy savings by 
the replacement of common Portland cements 
with the slag- or fly ash addition contai
ning cements. The ac~ivation of hydrauli~ 
properties of these additions allows to in
crease their part in the process of harde
ning of blended cements. 
Recently bi~ger and b~gger interest is gai
ned by the problem of manufacturing the . hy
draulic binders from unconventional clinkers, 
viz. high belite clinkers or calcium sulpho
aluminate clinkers /4/. The clinkering 
procsss of the latter takes place at about 
1200 C with energy consumption by 25 per 
cent lower as the energy necessary for the 
burning of common Portland cement clinker. 
Similar meaning has the diminishing of 
clinkering temperature in the process.of 
Portland cement clinker· burning, realized 
through the emplo~ment of _mineralize~s. It 
was found that F and Cl simple anions 
reveal a ~ery efficient action, accelerating 
this process. In this paper the resul~s of 
investigations of the course of reac~ion 
in the mixtures CaO+Si02 +cacl2 are discussed 
and the usefulness of calcium chloride as 
a mineraliz·er in Port land · cement clinker 
sintering process is considered. 

!2. EFFECT Of CaCl~ ON THE .COURSE Of REACTION 
IN CaO+Si02 MIXTURES ANO IN TYPICAL CEMENT 
'RAW MIXES. 
The course of reaction in a mixture of 
2-3CaO+SiO has been found to be substan
tially acc~lerated in the presence of CaC12 /5/. The reaction occurs with a high rate 
alrgady at she temperature ranging from 
500 to 600 c~ with formation of a series 
of unstable, .intermediate compounds. In the 

temperature range given above!well-kn~wn, 
compound chlorosilicate Ca,.JSi04/Cl2 is 
formed /6/, the presence of whi~h in the 
mixture CaO+Si02+C,aC12 was stat~d alr~ady 
by Le Chatelier /7/. The formation of this 
compound takes place with participation of 
a liquid phase, which ~ppears at ~hese 
temperatures, in CaO+SiO +CaC12 mixture. 
The reaction advances unfil the whole quan
tity of calcium chloride ~s.turned i~to 
Ca,.J'SiO /Cl • Oicalcium silicate, which 
st~fts 4 tg 2be formed at the temperature of 
about 680 C, 8oexists with Ca 3/Si04/Cl2 up 
to about 1000 C and above this tempera~ure 
th~ decomposition of chlorosilicate takes 
place into dicalcium silicate and li~uid 
calcium chloride. Heating compounds in atmo
spheric air leads to a decomposition ~f the 
latter with driving off gaseoas chlorine, 

The decomposition of Ca 3/ri04 /Cl2 into 
Ca SiO and Cao starts at the temperature 
go6°c.4rn the case, the free silica is pre
sent in the mix, ~t reagts in the tempe~a
ture range of 700 - 800 c with substantial 
rat~ with Ca:f,'Si04/Cl2 • The pro~u~ts of this 
reaction are less basxc ~hlorosilicate 
phases Ca /Si0,.J'Cl2 and Ca4(Si2 07./Cl2 • The 
latter co~pounff can be considereo to be . 
a chloride analogue of well-known mineral 
cuspidine Ca /Si o7/F2 /8/. These two cal
cium chlorosflic&tes are unstable and they 
decompose with separation of liquid calcium 
chloride. The decompositign temperature for 
ca2/Si0,.J'Cl2 is about 8~0 C and for 
ca4/si207/CI2 about 995 c. 
In carbon dioxide atmos9here in the tempera
ture range of 700°- 856 C besides Ca 3/Si04/cl2 . the spurrite Cas/Si04 ,2C03 is formed as 
a succeding, intermediate pnase. 

Mineralizing effec~ of . cacl2 on the ~rocess 
of spurrite formation is connected with the 
formation of liquid phase in the mixture 
Ca-/SiO /Cl + CaCO • Spurrite can be formed 
at~he axpe~se of c~lorosilicate and is more 
stable as the latter. In these conditiogs 
Ca /SiO /Cl starts to gecompose at_910 C 
~n~ the4spu~rite at 960 c. Above this tempe~ 
rature Ca SiO and CaO remain in the system 
and the p~oceas of chlo~ine evaporation is 
completed at about 1200 c. 
An excellent mineralizing activity of CaC12 in the process of dicalcium silicate forma~ 
tion has been confirmed by burning the beli~ 
te in a laboratory rotary kiln 0,39/0,54x7 ~ 
/9/. 0 0 
The burning was realized at 1000 -1200 C 
employing 10% addition of CaC12 • Owing to 
stabilization with small addit~on of B 0 
the phase~ -ca2 Si04 was obtained practfc~lly 
without chlorine, which was leaving the ro
tary kilns with the gases. 
Mineralizing action of CaC12 appeared again 
by burning the typical Port~and cement raw 
mixes. An addition of 5% CaCl accelerates 
notably the clinkering proces~ /Table I/. T~e 
course of reaction in this case is more com~ 
plex as in the mixture of CaCO +SiO +CaCl • 
CaCl apart from chlorosilicat~ pha~es fofm~ 
also2int~rmediate phases with alumina/Tableitt~ 
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--------------------------------------~----~----------------------------------------------
TABLE I 

Combination of calcium oxide in the clinkering process of a raw mix with CaC12 admixture 

<?.aCl2 
Charakteristics Free Cao content /per cent/ after heating 

Mix content of the clinker for 20 min at temperature ; 0 c; 
/per cent/ Kind lime silica iron 

saturation 
faktor1/ 

modulus modulus 1000 1100 1150 1200 1250 1300 1400 

1 - 0,88 4,00 1,00 19,7 18,4 17,6 15,7 13,8 13,1 2,,3 

2 5 10,1 9,7 6,0 2,3 1,5 1,3 0,3 

3 - 22,4 21,0 19,2 17,0 15,4 14,5 4,0 
0,88 4,00 3,00 

4 5 11,9 10,6 8,1 5,3 3,4 2,6 0,3 

5 - 18,1 17,6 16,3 14,1 13,4 11,5 0,2 
0,88 2,50 1,00 

6 5 9,8 9,5 8,0 3,0 2,5 1,6 0,2 

7 - 22,,4 22 ,,1 20,9 18,2 17,0 14,2 1,8 
0,88 2,50 3,00 

8 5 12,1 11,8 · 8,6 5,5 4,8 3,0 0,2 

1/ Calculated as Cao - /1,65A+0,35F+0,7S031' 

2 1 8Si02 
I 
I 

: --------.---------------------------------------------,--------------------------------------
i TABLE II 
I Composition of the raw mix N° 4 after heating for 20 min at various temperatures I 

Temperature, oc 
Test 

1000 1100 1150 1250 1300 1400 

ehase c
2
s· c2s c

2
s Chl 21 c3s c3s 

composition 
determined cao Cao Chl c2s c2s c

2
s 

by X-ray 1/ Ca 3/Si0 4/Cl2 c11A7 .CaC12 Cao c11A7.CaC12 C11A7 .cacl2 c11A7,CaC12 . 
diffraction 

c11A7.CaC12 c4AF c11A7.GaC12 c3~ Chl c4AF 
c4AF Ca 3/Si04/cl2 C4AF c4AF C4AF Chl 

cao Cao 
; 

Chlorine con-
tent in the 4,4 3,6 2,6 1,6 0,8 0,6 mix after 
heating % 

1/ Phases are enumerated in order of quantity estimated to be present 

2/ High-lime calcium 
1l 

chlorosilicate 

This compound decomposes at about 1000°c 
with separation of liquid calcium chloride. 
The formation - as a result of this process 
- of salt melt, accelerates rapidly the pro
cess of combination of calcium oxide at the 
temperatures ranging from 10500 to 12500C. 
In this reaction an intermediate phase is 
formed, which constitutes a more basic cal
cium chlorosilicate /10/. 
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This phase, as the other chlorosilicates 
mentioned previously decomposes with evolu
tion of the chlorine, which leaves the kiln 
with the gases. 

In the alite Portland cement clinkers burnt 
in laboratory rotary kiln with addition of 
5~0 CaC12 at about 13oooc the chlorine con
tent in the product varied within the li
mits of 0,2 - 0,5 per cent. In principle, 



the chlorine is combined entirely in the 
c11A7 .CaC12 phase /1i/. 

The microscopic view of a clinker burnt with 
CaC12 addition shows the phase of alite 
with irregular habit, with numerous belite 
inclusions as well as extremely fine-crysta
lline belite /Fig.1/. 

Fig.1 - Reflected light microscopic photo
g raph of normal clinker burnt with CaCl 
admixture, etched with 1-per cent solut~on 
of HN0 3- alcohol. Shows alita crystals and 
clusters of belite crystals. Enlarged 800 x. 

This effect i~ connected undoubtedly with 
low clinkering temperature and it can in
fluence the hydraulic activity of the ce
ment. Intensified hydraulic activity of be
lite is confirmed also by a substantial . in
crease in the strengths between 7-th and 
28-th day of hardening df the mortars made 
with cements high content of this phase 
/Table III/. A shortcoming of the clinkers 
burnt with CaCl addition is the presence 
of chlorine, thi content of which in the ce
ments destined for reinforced concrete ~on
structions is often limited to 0,1%. 

3°PROSPECTS OF TECHNOLOGICAL UTILIZATION OF 
THE MINERALIZING ACTION OF CALCIUM CHLORIDE 

The utilization of CaCl addition for clin
ker burning reduces dis~inctly the clipke
ring temperature and intensifies this pro
cess. As a result of mineralizing action of 
CaCl it is possible to burn the high belite 
clin~ers at the temperatures ranging from 
1100° to 1200° and the normal clinkers at 
1250°- 130o0 c. In the latter case one acqui
res a lowering of the clinker burning tempe
rature by 150 - 200°c. It can be assumed, 
that the clinkering process at so low tempe
rature necessites an energy consumption lo
wer by about 650 - 850 kJ/kg of clinker as 
the energy necessary for the production of 
a mineralizer-free Portland cement clinker. 
Furthermore, because of low clinker burning 

· temperature, the use of realatively poor 
coal is possible. 

The escape of substantial amounts of chlori
ne into gaseous phase requires however bypa
ssing of 100 per cent of the gases as well 
Ds recovering of the chlorine from gaseous 
phase. 

Gomplete bypassing of the exit gases causes 
a marked increase in heat consumption in the 
process of clinker burning. However, ihe 
last reports from various manufactures of 
cement plant equipment, for example from 
F .• L.Smidth Co. /12, 13/, offer the solutions 
in which complete bypassing of the gases re
sults in heat losses as low as 630 kJ/kg of 
clinker /Fig. 2/. Such a value of the los
ses practically cancels the advantages re
sulting from the reduction of the clinkering 
temperature. 

Acceleration 6f the clinkering process in 
presence of the calcium chloride is however 
so appreciable, that it seems interesting 
to undertake further works with the aim to 
verify the possibility of utilization of 
this mineralizer in unconventional suspen
sion kilns /14/. 

--------------------------------------------------------------------------------------------TABLE III 

Properties of high belite content clinker~ burnt with CaC12 admixture 

Cement 
Clinker 

! - Gypsum Specific Paste Mortar .. 
ad di- surface Cal cul a t ed phc~s e com tion 2 H 0 Sound- Initial Final Strength N/mm 2 -

position / p8rcent / /per cm /g /~er ness set set compressive, after 
cent/ cent/ Le Cha- h min h min days 

c
3
s c2s C1 11\ 7" IC 4A F i tel,ier 

.C c:tC12 , _ test 1 3 7 28 

4- 4 40 7 5 4 3000 26,5 0 140 210 8,2 17,;3 21,9 36,7 

30 50 11 '7 
4 3000 25,0 ~ 0 055 105 5,2 9;4 12,l 30,:6 I 
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fuel 60-70% 

Fi8.2 - Kiln system with 100 per cent by
passin g of the gases for maximum reduction 
of alkali content in the clinker 

Nevertheless, already for the present CaC1
2 can be employed for the production of high 

belite cements or single belite phase.· Such 
possibilities are the more so interesting, 
as the soda ihdustry yields substantial 
amounts of by-products with rather high con
tent of calcium chloride. 
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Aptitude a la cuisson des crus de cimenterie en fonction 
de leur finesse de broyage 

Burning ability of cement raw materials in relation with grinding fineness 

N. MUSIKAS et E. HAAG, Laboratoire Central des Ciments d'Origny, 
J.P. HENIN et P. GARDE, Centre de Recherches de Fives-Cail Babcock, France. 

RESUME : Dans la premiere partie.de cet artiGle, on fait une etude comparee de differentes methodes d'estimation 
de l'aptitude a la cuisson des crus de cimenterie. Il s'est'avere que le plupart de ces methodes sont trap quali
tatives pour permetttre de debaucher sur un critere de prevision du comportement industriel des crus de cimente~ 
rie. 

Par contre les methodes adoptees par FCB et par les Ciments d'Origny aboutissent a des resultats direc
tement exploitables, comparables entre eux, et recoupant la realite industrielle. Dans la deuxieme partie, on 
utilise ces tests de reactivite pour etudier l'influence de la finesse sur la cuisson des crus de cimenterie. 
Nous avons pu trouver les conditions operatoires permettant d'obtenir des crus de laboratoire de granulometries 
similaires a celles des crus broyes industriellement et presentant la meme aptitude a la cuisson. 

A partir de ces travaux, nous sommes a meme de definir une finesse optimale de broyage aussi bien pour 
un projet a partir d'echantillons representatifs de la carriere que pour affiner les conditions de marche d'une 
installation existante. 

SUMMARY : In the first part of this article, a comparativ e study is made of the various methods used to evaluate 
the burning ability of cement raw materials. It has been shown that most of these methods are too qualitative to 
give a prediction criteria for the industrial behaviour of the raw materials. 

On the other hand, the methods adopted by FCB and Ciments d'Origny give results which can be directly 
employed, they can furthermore be compared between themselves, and they conform to the industrial realities. 
In the second part of the article, these reactivity tests are used to study the fineness effect on the raw mate
rial burning. We could find operative conditions which have given us laboratory raw materials of a grain size 
identical with that of the ground industrial one and having the same ability · to be burned. 

As a result of this work, we are able to define a grinding optimal fineness and this for quarry samples 
as well as for improving the operating conditions of an e x isting installation. 
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I INTRODUCTION 

I - 1) Parametres conditionnant l'aptitude a la cuisson. 

Pour des crus correspondant a un type de clinker donne, les teneurs en constituants principaux : Si0
2

, 
CaO, Al

2
o

3 
et Fe

2
o

3
, ne peuvent varier que dans des limites relativement etroites ; en outre celles des autres 

constituants de ma~ieres premieres : MgO, so
3

, alcalins ..•. sont volontairement maintenues a des pourcentages 
assez bas en raison des difficultes qu'ils peuvent provoquer en cours de fabrication ou de leur "nocivite" dans 
le ciment. 

Aussi, dans la plupart des cas, les faibles variations de composition chimique entre crus de "meme fa
mille" ne suffisent pas a expliquer leur comportement parfois nettement different en cours de cuisson, ni, a for
tiori, a prevoir dans le cas d'une nouvelle installation, l'aptitude a la clinkerisation du cru choisi. 

De nombreux parametres interviennent dans le degre de facili te de cuisson des crus. Parmi ceux-ci, outre 
l a composition chimique du melange, on peut citer 

- La finesse de broyage, 

- l'homogeneite chimique et l'homogeneite mineralogique, 

- la nature mineralogique des matieres premieres et leur degre de cristallinite, 

la proportion et la composition des phases liquides successives auxquelles le cru peut donner naissan
ce au cours de sa cuisson. 

La mesure quantitative de l'influence de chacun de ces facteurs est extremement difficile et n'a pas 
ete entreprise dans cette etude, sauf en ce qui concerne la finesse de broyage ; par~contre on peut chercher a 
determiner globalement, a partir d'un test de laboratoire sur un echantillon de cru, l'aptitude a la clinkerisa
tion de ce dernier. Le present compte rendu resume done les resultats obtenus sur 14 crus industriels en appli
quant diverses methodes de caracterisation relevees dans la bibliographie, en detaillant plus particulierement 
les methodes utilisees par les Ciments d'Origny d'une part et par FCB d'autre part. On commente egalement les 
recommandations pratiques sur la finesse de broyage que l'on peut en tirer. 

I - 2) Methodes d'etudes 

La determination de l'aptitude a la cuisson des crus peut s'effectuer : 

- soit a partir de l'analyse chimique du cru en utilisant des formules empiriques faisant intervenir des 
grandeurs caracteristiques telles que le module de Kuhl et la teneur en silice libre. (ler groupe de methodes). 

- Soit en pratiquant en laboratoire des cuissons de matieres crues suivant un cycle de temperature de
termine ; le degre de combinaison entre les divers constituants etant estime par mesure de la teneur en chaux 
libre du produit calcine (2e groupe de methodes). 

Nous avons plus particulierement axe notre etude sur ce 2e groupe de methodes. 

II RESULTATS DES ESSAIS EFFECTUES SUR DES CRUS INDUSTRIELS 

Tous les resultats obtenus ont ete regroupes dans le tableau ci-apres 

Analyses chimiques Modules Granuloin~trie Indice r.!fractairlM Cao ~ptitude Cao libre 1l. 1400°C 
Cao libre Crus en% calcul~s Refus en% a 1l. 14SO"C libre 1l. 1l. la par FUNDAL 

indust. 14SO'C clinker 

Cao Si0
2 

A12o
3 

Fe
2

o
3 

so Kuhl Silic' AIF 63 ... 90 ... 200p BOGUE GLAIBFR FCB 
cuisson Q K x in dust . 

3 ORIGNY 
1 42, 28 14, 30 3, 67 1, 47 0, 8S 0, 92 2 , 78 2 , so 36, 6 2S, 0 6, 7 2 , 28 (3:.) 2,9S (S) o, 81 (2) 4, 44 (2) 
2 43,77 14, 30 2, 8S 2 , 24 0 , 2S p, 97 2, 81 1, 27 20 10, 0 o, 6 2 , 99 (10 3, 29 (8) 2, 18 (8) 2, 20 (10) o, 87 
3 43,12 13, 80 3, 26 2, OS 0, SS P, 975 2, 60 1, S9 31, 6 18, 8 4, 1 2, 7S (6) 3 , 18 (6) 1, 73 (S) 3, 26 (3) 
4 42, 84 13, 80 3, 47 1, 43 0, 12 0,98 2, 82 2 , 43 27, 6 17, s 1, 6 3, 06 (11 3, 81 (11) 1, 79 (6) 2, 67 (8) 
s 43,68 14, 00 3 , S7 1, 20 0 , 30 0,98 2, 93 2 ,.98 27, s 17, s 1, 8 3, 26 (13 4, 18 (13) 1, 79 (6) 2, 87 (S) 
6 43,40 14, 30 2, 86 2, 60 o, 38 0,9SS 2, 62 1, 10 22, s 12, 3 o, 4 2, 6S (S) 2 , 83 (4) 1, 68 (4) 2, 73 (7) o, 4S 
7 44,80 13, 80 3, 3S 3, 16 0 , 20 1, 0 2, 12 1, 06 32, 2 20, 4 2, 2 2, 43 (4) 2, S9 (3) 2, S8 (10) 2, 17 (11) 
8 43, 68 14, 40 3, 26 1, 69 o, 08 0,96 2, 91 1, 93 20, 0 12, 1 0, 4 2 , 98 (9) 3, S7 (10) 3, 58 (12) 2, 00 (13) 
9 43, 68 14, 30 3, 26 1, 91 0, 05 Q,965 2 , 76 1, 71 11, s 6 , s 1,2 2, 7S (6) 3, 24 (7) 3, 92 113) 1, 89 (14) 1, 60 

10 44, so 16, 40 1, 84 0, 88 0, 10 o, 91 6, 03 2, 08 2S, 9 16 ; 4 1, s s, 26 ,(14) 6, 26 (14) 2 , 41 (9) 2, 86 (6) 
11 42, 28 12, 80 3, 06 4, 34 0, 60 0,99 1, 73 o, 71 2S, s 1S, 6 . 2,4 1, 83 (2) 1, 76 (1) o, S6 (1) 6, 08 (1) o, 78 

Zahana 41, 6S 14, 41 3, ~4 2, S4 0, 27 0,90 2 , 4S 1, 31 22, 0 13, 4 o; s 1, 77 (1) 2, 04 (2) 1, 29 (3) 3, 14 (4) 1, 48 4, 69 4, 00 o, 8 a 1, o 
Le Boucau 43, 29 14, 13 3, 32 1, 7S o, S7 0,96 2, 79 1, 90 27, 6 18, 7 3, 1 2, 80 (8) 3, 3S (9) 4, 20 (14) 2 , OS (12) 2, S9 8, S2 7, 20 0, 8 1l. 1, 3 
Crugey 41, 60 13,90 3, 16 1, 08 0, 88 <494 3, 28 2, 93 28 , 6 17, 4 2, 0 3, 17 (12) 4, 04 (12) 2,97(11) 2, S7 (9) 1, 0'2 6 ~ 14 4, 41 o, s 1l. 1, 0 

Les chiffres () donnent le classement , par ordre decroissant, relatif a chaque methode, de l'aptitude 
a la cl_inkerisation- des crus industrit;!ls. 
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III ANALYSES CHIMIQUES ET GRANULOMETRIQUES DES CRUS INDUSTRIELS EXPERIMENTES 

Celles-ci sont donnees dans le tableau ci-avant . Afin de ne pas surcharger ce compte rendu nous n'avons 
pas reproduit les analyses completes. 

Ces resultats amenent les observations suivantes 

- Les teneurs en elements principaux, Si0
2

, Al
2

o
3

, Fe
2

o
3

, CaO des crus sont comprises dans des four
chettes assez etroites ; on notera toutefois que le cru n° 10, ae par la nature mineralogique (calcaire siliceux) 
de ses matieres premieres, presente une teneur assez elevee en Si0

2
• 

- Du point de vue analyse granulometrique on notera la granulometrie grossiere trouvee sur le cru n° 1, 
refus cumule de 6,7 et 25 % respectivement aux tamis de 200 et 90~. 

IV APTITUDE A LA CUISSON 

IV - 1) 1er. groupe de methodes : methodes utilisant les resultats des analyses chimiques . 

IV - 1 - 1) Methodes ne faisant pas interveriir la granulometrie (taux de phases liquides et in
dices de refractairite). 

- Deux modes de determination ont ete utilises pour calculer le taux de phases liquides a 1450°C, l'un 
a partir de l'abaque de Terrier, l'autre a partir de la formule : taux de phase liquide = 3A + 2,25F + MgO + 
alcalins. Les valeurs obt2nues n'ont pas ete reproduites dans cet article. 

# 

- Du point de vue indice de refract airite, nous avons utilise la formule 

Indice de refractairite = 
C3S + 0,6C3A - 0,61C4AF 

1,12C3A + 1,45C4AF 

Les indices ainsi obtenus (voir tableau du paragraphe II) different suivant que l'on utilise les valeurs 
de composition potentielle trouvees a partir des formules de Bogue OU de Glauser. 

- On a constate qu'il n'y avait pas de correlation precise entre les valeurs obtenues par ces differen
tes methodes et l'aptitude a la cuisson des crus de cimenterie. Ces valeurs peuvent toutefois apporter, dans cer
tains cas particuliers, d'utiles renseignements sur d'autres caracteristiques de la matiere a cuire. 

IV - 1 - 2) Methodes faisant intervenir la granulometrie (notamment celle du quartz) . 

La silice presente dans un cru sous forrne de quartz se combine difficilement aux autres constituants et 
rend le cru d'autant mains reactif que le quartz present est plus grassier. La granulometrie du quartz peut etre 
estimee par examen mineralogique ou mesuree apres attaque selective. Parmi les methodes faisant intervenir la 
granulometrie du quartz, nous retiendrons celle developpee par FUNDAL. 

Fundal a etabli une relation empirique : x = 0,33 LSF + 0,018 MS + 0,56 K + 0,93 Q - 0,349 qui perrnet 
de determiner le taux de chaux libre (X) du cru apres 30 minutes de cuisson a 1400°C. 

LSF est le standard de Kuhl, 
MS est le module silicique 
K est le pourcentage de caco

3 
du cru present dans la fraction granulometrique superieure a .125 p . 

Q est le pourcentage de quart.z du cru present dans la fraction superieure a 44 p . 

Cette relation a ete appliquee sur les crus de Zahana, du Boucau et de Crugey. Les resultats sont don
nes au tableau du paragraphe II . 

IV - 1 - 3) Conclusions concernant ce le groupe de methodes 

Parmi ces methodes celle proposee par Fund.al nous semble la plus interessante et elle donne des resultats 
coherents avec le 2e groupe tle methode que nous allons etudier dans la suite de ce rapport. Comme elle permet 
d'analyser l'influence de differents parametres (en particulier quartz et calcite), elle constitue un complement 
interessant aux methodes du 2e groupe qui fournissent, elles, une mesure directe de la reactivite. 

IV - 2) 2e groupe de methodes : essais de cuisson 

Ces methodes consistent a estimer le degre de combinaison obtenu par cuisson en laboratoire en se basant 
sur la teneur en chaux libre du produit calcine. Ces essais de laboratoire permettent done de comparer differents 
crus quanta leur facilite . relative de cuisson. Ils ne permettent toutefois pas de preciser · de fa<;ion 
absolue le oegre de combinaison des matieres dans les clinkers ni la valeur exacte du taux de chaux libre obtenu 
au four industriel d'une part en raison desconditions differentes de cuisson entre four industriel et four de 
laboratoire et d'autre part parce que les exploitants reglent la marche de leur four de fagon a obtenir un clin
ker satisfaisant. 
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IV - 2 - 1) Methode FCB 

Les cui ssons ont ete realisees sur 5 g de cru ind ustriel places dans une nacelle de platine qui est in
trodui te progressivement dans un four porte a la temperature d'essai ; la nacelle est ensuite maintenue 30 minl.i.:Es 
dans la zone de chauffage . Apres refroidissement rapide , le p roduit calcine est ensuite broye a tout passant a 
100p et traite selon la methode de dosage a l'ethylene glycol EDTA . 

Cette methode ne tient compte que du taux de chaux libre obtenu apres cuisson du cru pendant 30 mn a 
1450°C. 

Les resultats obtenus sont reproduits au table~u d u p a ragraphe II. Plus la valeur obtenue est faible, 
plus la cuisson du cru est facile. 

IV - 2 - 2) Methode Origny 

On comprime sous 3 T, 2g de cru de fa~on a real i ser un cylindre d'environ 1 cm3 . Sept de ces cylindres 
sont disposes dans le four a 700°C et vont sUbir un cycle de temperature. A chaque etape, on retire un cylindre 
et on determine le taux de chaux libre. L'aptitude a l a cuisson est definie comme une fonction inverse de l'in
tegrale de la courbe CaO libre en fonction de la t~mperature (1000,1100 , 1200, 1300, 1350, 1400 et 1450°C). 

Le tableau du paragraphe II donne les valeurs trouvees par cette methode pour les differents crus in
dustriels etudies . 

Comme pour la methode FCB, les valeurs trouvees ne sont que des indices qualitatifs 
eleve plus la cuisson du cru sera facile. 

IV - 2 - 3) Conclusions concernant le 2e groupe d e methodes. 

plus l'indice est 

Onrenarqueraque les methodes FCB et Origny aboutissent a deux classements relatifs des differents crus 
tout a fait comparables. D'autre part, ces classements correspondent aux estimation~ des exploitants (on rappel
le qu'il n'est pas significatif d'etablir une relation d irecte ave c la chaux libre du clinker industriel). 

- Pour le test FCB, nous estimons que le cru indu striel se "cuira" normalement (temperature maxi clin
ker~ 1450°C et taux de chaux libre residuel dans le clinke r ~1 % ) si le calcine obtenu en laboratoire (30' a 
1450°C) presente un taux de chaux libre residuel~2,5 %. 

- Pour le test Origny, pour un indice voisin de 1,2 a 1,3, le cru est considere comme tres difficile 
a cuire ; vers 1,7 a 2,0, il est considere comme normal ; au dela de 2,? il entre dans la categorie des crus fa
ciles a cuire. On peut noter que ces limites sont moins con tra ignantes que celle determinee par FCB ce qui est 
normal car le cimentier a toujours la latitude de modifier l e s conditions de marche de son four pour obtenir un 
clinker de qualite correct. 

V PROBLEMES POSES 

Ainsi que nous l'avons vu precedemment, il e x iste d e nombreuses methodes permettant de caracteriser 
l'aptitude a la cuisson d'un cru industriel, chaque exploi t a nt et chaque engineering constructeur. ayant develop
pe la sienne. Nous avons detaille les methodes de FCB e t des Ciments d'Origny qui donnent· des resultats voisins, 
exploitables industriellement, et qui illustrent deux sou cis differents : 

- Pour l'exploitant (Ciments d'Origny) il s'agit principalement d'ameliorer les qualites des clinkers 
et les performances des usines existantes utilisant des matieres premieres donnees. Les tests de cuisson doivent 
permettre d'optimiser la composition du cru (ajouts eventuels .. . ) ou la finesse de broyage, et de suivre le com
portement de la matiere en zone de cuisson par l'.observ ati o n de la courbe CaO libre en fonction de la temperatura 

- Pour le constructeur responsable des performa n ces d ' un four a construire le probleme est plus simple 
(ce qui explique la plus grande simplicite du test FCB) I il s'agit , a partir d'echantillons donnes de preconiser 
une finesse de broyage pour obtenir un clinker de bonne qualite dans des conditions de cuiss~n normales. 

On peut done dire que dans tous les cas, pour un crude composition donnee, il s'agit de reduire .le 
broyage au minimum compatible avec une bonne cuisson de fa~on a diminuer la consommation energetique de l'usine 
existante ou projetee. Notons d'autre part qu'un broyage trop pousse d'un cru reactif peut etre source d'inconve
nients d'exploitation en favorisant les concretions dans les echangeurs cyclones. Pour bien utiliser le test 

· d'aptitude a la cuisson, il est done necessaire de pouvoir broyer au niveau du laboratoire, ' les melanges crus a 
des finesses variables et representatives de ce que delivrerait un broyeur industriel 

Nous presentons done ci-apres, les moyens mis en oeuvre et les resultats obtenus par FCB et les Ciments 
d'Origny lorsqu'il s'agit d'etudier l'influence ~e la granulometrie du cru sur sa reactivite . 

VI OPTIMISATION DE LA FINESSE DE BROYAGE 

VI - 1) Preparation des echantillons. 

Des essais ont ete effectues sur les matieres premieres en provenance des Cimenteries de Zahana, 
du Boucau et de Crugey. Pour chaque cimenterie nous avons reconstitue au laboratoire un melange, 

a partir des matieres premieres prealablement concassees e n tout passant a 3,15 mm, ayant une composition chimique 
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aussi proche que possible de celle du cru industriel. 

Les melanges ainsi prepares ont ensuite ete broyes,avec un agent de mouture, au laboratoire : la 
societe FCB utilise un broyeur Alsing (L = 503 mm, ~ ~ 720 mm) charge de 150 kg de boulets de 30 IIIII) ; les Ciments 
d'Origny utilisent un broyeur Henry (L = 450, ~ = 500 ) charge de 160 kg de boulets de 25 mm. 

Des echantillons ainsi broy~s (sur le broyeur Henry et sur le broyeur Alsing) ont ete preleves au cours 
du broyag_e. 

VI - 2) Analyses granulometriques (non r eproduites dans ce rapport) 

Celles-ci ont ete effectuees a l ' alpine et a l 'elutriateur Bahco . On a constate une bonne concordance 
entre les echantillons broyes au laboratoire et les echantillons .de cru industriel. Des essais prealables ont 
d'autre part permis de montrer que l'ajout d'un agent de mouture permettait de reproduire plus fidelement les 
granulometries industrielles, notamment pour les finesses poussees, en evitant l'agglomeration. 

VI - 3) Essais de cuisson 

Nous avons applique sur les echantillons obtenus par broyage en laboratoire, la methode FCB (cuisson 
30 mn a 1450°C) et la methode Origny (cuisson a plusieu?Stemperatures) . 

Les resultats ont ete traduits sous forme de courbes : 

- En ordonnees : 

pourcentage de chaux libre apres cuisson 30 mn a 1450°C (figure f) ou coefficient d'aptitude a la 
cuisson determine par la methode Origny (figure 2) 

- En abcisse : 

pourcentage de refus a 63p 

" ! 

! 

3,5 

I 1:. ,µ..·- I ' ' ., ' .. , · 4.~ 
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VI - 4) Commentaires sur les essais de broyage . 

Ces essais ont montre que l'on pouvait reproduire, sur des broyeurs de laboratoire, un cru ayant une 
granulometrie et une aptitude a la combinaison tout a fait comparables a celles du cru industriel. 

Ces essais ont d'autre part permis de mettre en evidence l'influence de la granulometrie sur l'aptitude 
a la combinai.ron d' un cru. 

On peut done a partir d'essais de laboratoire (broyage - essais de cuisson) determiner la finesse opti
mum du cru, c'est a dire fixer la finesse de la farine, compatible avec l'obtention d'un clinker de bonne qualite, 
en evitant le surbroyage. 

Les courbes ci-dessus (figures .l et 2) montrent par exemple que l'on pourrait pour le cru de Zahana se 
contenter d'un broyage beaucoup plus grassier . Ceci s'est d ' ailleurs verifie lors de la mise en route de cette 
installation ou il a ete passe, pendant une periode, un cru presentant 20 % de refus a 90 (soit environ 33 % de 
refus a 63 t' ) sans que l 'on constate d' inconvenients qu_elconques sur la cuisson et la qualite du clinker obtenu. 
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VII CONCLUSIONS 

De nornbreuses methodes d'estimation de l'aptitude a la cornbinaison des crus de cimenterie ont ete pro
posees par divers auteurs. Il s'est avere que la plupart de ces methodes sont trop qualitatives pour permetttre 

. de debaucher sur un critere de prevision du comportement industriel des crus de cimenterie . · 

Le choix de la methode de caracterisation adoptee a FCB s'est porte sur la methode de cuisson unique 
a 1450°C. L'adoption de cette methode se justifie d'une part par la correlation que l'on a pu faire entre taux 
de cornbinaison obtenu en laboratoire et taux de cornbinaison obtenu industriellement et d'autre part en raison de 
sa simplicite de mise en oeuvre en laboratoire. 

Dans les cas ou un cru donne peut etre obtenu a partir de differents melanges de matieres premieres, 
la methode de cuisson unique a 1450°C peut aboutir a des taux de cornbinaison en laboratoire trop voisins les uns 
des autres pour justifier le choix de tel OU tel melange cru. La methode de cuisson a differentes temperatures, 
mise au point par les Ciments d'Origny peut alors permettre de mieux preciser les caracteristiques de chacun 
des melanges. 

On & d'autre part pu, sur des broyeurs de laboratoire, reconstituer la granulometrie obtenue sur les 
broyeurs industriels. Ces essais ont ainsi permis de mettre en evidence l'influence de la granulometrie sur l'ap
titude a la cornbinaison d'un cru. 

On peut done a partir d'essais de laboratoire (broyage, essais de cuisson) determiner la finesse opti
mum d'un cru, c'est a dire fixer la finesse de la farine compatible avec l'obtention d'un clinker de bonne quali
te, en evitant le surbroyage. 
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Energy savings through better utilization of waste heat 

Economie d'energie par recuperation de la chaleur non utilisee 

E.M. GARTNER, Senior Research Chemist, Portland Cement Association, Skokie, Illinois, 60077, U.S.A. 

RESlME: L'industrie cimentiere americaine produit plus de 50% de son ciment par procede 
humide. Pour cette raison, ses besoins energitiques sont eleves compare a ceux des 
industries cimentieres de l'Europe et du Japon. La conversion des anciens systemes peu 
efficaces en systemes equipes de prechauff eurs et de pre-calcinateurs modernes permettra 
aux cimenteries americaines de realiser d'importantes economies d'energie dans un avenir 
rapproche. Neanmoins il est deja possible de realiser d'importantes economies d'energie 
dans les usines actuelles par l'application de -methodes ameliorees de recuperation de 
chaleur. 

Dans le moment, aux Etats-Unis, on a considerablement intensifie la recherche pour produire 
de l'electricite a partir de la chaleur perdue, ~des temperatures aussi basse que 26ooc. 
Ces systemes utilisent generalement un fluide organique plut~t que de la vapeur d'eau. De 
nouvelles idees telle que l'amelioration des methodes d'emmagasinage de la chaleur sont a 
l'etude. D'autres idees plus avant-gardistes ~resentees ici permettront une meilleure 
recuperation de la chaleur des refroidisseurs a clinker et des gaz d'evacuation des fours a 
procede humide. 

SUMMARY: The U.S. cement industry produces over 50% of its cement by the wet process. For 
this reason, its specific energy requirements are high compared to the European and Japanese 
cement industries. Conversion of older, less efficient kiln systems to modern preheater 
and precalciner kiln systems will probably account for most of the energy savings made by 
U.S. cement manufacturers in the near future. Nevertheless, there are still opportunities 
for large energy savings at new and existing plants by means of improved methods of waste 
heat utilization. 

At the present time, a considerable amount of research is being conducted i'n the U. S .A. in 
an effort to design high-efficiency electricity generating systems which can use waste heat 
at temperatures as low as 5QQOF. These systems generally use organic working fluids instead 
of steam. Other new ideas include improved methods of heat storage which will permit more 
efficient use of waste heat. Some more speculative ideas presented here include methods for 
better recuperation . of heat from clinker coolers and also from the ex it gases in wet process 
kilns. 
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1. Background - The U.S. Cement Industry 

As of December 31, 1978, there were 
162 cement plants, owned by 49 separate 
companies, operating in the U.S.A. Of the 
total of 363 kilns, 206 used the wet pro
cess and 157 used the dry process, includ
ing 41 kilns with some form of preheater. 
Of the 73.8 x 106 short tons (67 x 109 
kg) of clinker manufactured in 1978, ap
proximately 55% was produced using the wet 
process. 

In the U. S .A., as elsewhere, the 
dramatic increases in energy costs over 
the last six or seven years have led to a 
decrease in the number of wet plants and 
an increase in the number of dry plants, 
especially pre heater plants. But we stil.l 
have a long way to go before all our cement 
is manufactured by the most energy effi
cient processes. The North American con
tinent encompasses such a wide range of 
raw materials and product demand require
ments that it is impossible to generalize 
when considering the design of cement 
plants for this market. 'Raw materials 
with high contents of alkalies, halides, 
sulfur, and hydrocarbons occur in some 
areas, and these minor components, com
bined with frequent specification of low 
alkali cements, have made U.S. cement manu
facturers cautious regarding installation 
of preheater kilns. The advent of the 
precalciner kiln, with the capacity for 
efficient use of high bypass levels, may 
hasten the conversion to the dry process 
in the next few decades. 

2. Waste Heat Generation in the U.S. 
Cement Industry 

In 1978, 82.9 X 106 short tons (7.52 
x lolO kg) of finished cement were pro
duced in the U.S., about 94% being made 
from U.S.-produced clinker. The total fos
sil fuel ·use for the U.S. cement industry 
was 421 x 1012 Btu (444 x 1015 J), and 
total electrical power consumption was 
11.l X 109 kWh. The fossil fuel require
ment for clinker production averaged about 
5. 70 X 106 Btu/short ton (6,630 kJ/kg). · 
The electrical requirement for finished 
cement production averaged 134 kWh/short 
ton (0.148 kWh/kg), including grinding of 
imported clinker. If we assume that the 
"theoretical" enthalpy requirement for 
clinker production from typical raw mate
rials averages about 1.5 X 106 Btu/short 
ton (1,740 kJ/kg), this suggests that about 
4.2 x 106 Btu/short ton (4,880 kJ/kg) of 
excess heat is lost during clinker manufac
ture. This amounts to roughly 310 X 1012 
Btu (330 X 1015 J) annually. To some 
extent, all of this heat may be regarded 
as "waste" heat. The better use of this 
heat is the subject of this paper. 
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3. Current Status of Waste Heat 
Utilization 

The major use of waste heat in U.S. 
cement plants at present is in raw feed 
drying. Two minor uses are: 

(1) Space heating in buildings, etc. 
(2) Electricity generation. 

Neither of these two account for a 
very great percentage of the available 
waste heat. We estimate that about 4 X 
108 kWh of electricity are generated 
annually from waste heat at U.S. cement 
plants. The average conversion efficiency 
is not known accurately, but is believed 
to be about 20%. This implies that about 
6.8 x 1012 Btu (7.2 x 1015 J) of waste 
heat are used annually in electricity gen
eration. The amount of waste heat used 
for feed drying is also not known to us. 
Many U.S. cement plants operate separate 
fuel-fired dryers instead of using waste 
heat from the kilns, and ~he fuel for 
these dryers is included in the total 
fuel-use figures for cement production 
given above. Some cement plants also pro
duce steam or hot water for heating of 
buildings, etc., but, again, this only 
accounts for a very small fraction of the 
available waste heat. 

There are two large cement plants in 
the U.S.A. which currently product signifi
cant amounts of electricity from waste 
heat. There are also one or two small, 
older plants which have waste heat boilers, 
but which are near the end of their opera
tional lives. The two large plants both 
have several dry process kilns, (without 
preheaters), equipped with steam boilers. 
Steam from more than one boiler is piped 
to the turbines for electricity genera
tion. One of the plants has a raw feed, 
rich in hydrocarbons, which add 0.95 MBtu/ 
short ton (l,105 kJ/kg) to the 4.57 MBtu/ 
short ton (5,314 kJ/kg) of fuel burnt in 
the kiln. In the past, this was a signifi
cant factor in the decision to use waste 
heat boilers, since this raw feed was 
unsuitable for use in anything other than 
a dry-process kiln without preheaters. 

One of the major disincentives to the 
generation of electricity from waste heat 
in the U.S.A. has b~en the difficulty in 
negotiating cogeneration agreements with 
the 16cal electric power company. Gener
ally, if the cement company sells any power 
back to the gr id, it will only get a small 
fraction of the price per kWh that it pays 
when it buys energy. However, this situa
tion is improving slowly, and the Federal 
government is taking steps to encourage 
the negotiation of cogeneration agreements 
which will be fair both to the cogenerator 
and to the electric company. This is a 
result of the National Energy Act of 1978. 



4. Modern Trenas in Electricity 
Generation from Waste Heat 

4.1 Organic Rankine Systems 

Currently, there is a resurgence of 
interest in electricity generation from 
waste heat. Several North American com
panies are developing "Organic Rankine 
Cycle" boilers and generators, which can 
be used more efficiently than steam-cycle 
systems, with the low waste heat tempera
tures typical of the more efficient modern 
dry-process cement kilns. Most of these 
units are designed to be "retrofitted" to 
existing cement plants, without involving 
drastic changes in the design of the 
plant. Modern, efficient steam-cycle 
boiler/generator systems are also being 
marketed for cement plant installations. 
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An idea of the relative efficiencies 
of organic rankine and steam cycle power 
generating plants can be obtaine~ from 
Figure 1. Organic rankine cycles are . 
potentially up to 50% more efficient than 
steam cycles for waste heat temperatures 
in the range 500-lOOOOF, (260-5400C). 
This is partly because they have the 
advantage of a less severe "thermodynamic 
pinch" due to the lower latent heat of 
vaporization of the organic fluid. Use of 
some organic fluids also allows the boiler 
reject heat temperature to be well below 
3000F (1500c), which is impractical for 
most steam cycles. 

The fraction of the electrical energy 
requirement which can be generated within 
any given cement plant depends mainly on 
the thermal efficiency of the kiln system. 
This is shown graphically in Figure 2; the 
data have been calculated on the basis of 
a 20% cycle efficiency. (1) The high 
efficiency of organic rankine cycles at 
low inlet temperatures means that waste 
heat boilers can be i.nstalled on preheater 
kilns, where exit-gas temperatures are 
typically in the range 550-SSOOF (290-
4500c). 

4.2 Energy Storage Systems 

Together with the use of improved 
waste heat boilers, there is the possibil
ity of using some form of energy storage 
to balance power generation against power 
requirements. This idea has been discussed 
in a recent report. (2) One of the pro
posed systems uses "draw salt" (a mixture 
of sodium and potassium nitrates) as the 
heat storage medium. The salt mixture 
melts at 4JOOF (22loc) and has a high 
thermal capacity. It can also maintain a 
high thermal density gradient, which allows 
both hot and cold salt to be stored in a 
s i:lg le tank. . 

Another possible system is "rock bed" 
. energy storage, basically consisting of a 
simple bed of gravel through which the hot 
kiln ex it gases can be passed. Air can 
then be used to reclaim the heat. An eco
nomic analysis carried out by Martin 
Marietta Aerospace(2) concluded that the 
ability to store up to 24 hours production 
of waste heat for use in electricity gen
eration would result in an improved eco
nomic return as compared to a simple, 
direct waste heat to electricity conversion 
system. However, there is some doubt as . 
to the real economic feasibility of these 
storage systems; it seems probable that 
they wi .11 be sensitive to erosion and cor
rosion by dust, etc., in the waste gas 
streams. Moreover, the density of energy 
storage is too low to allow storage of · 
more than one or two days' waste-heat pro
duction. With the current trend towards 
cogeneration agreements, such system may 
be unnecessary. 
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4.3 Use of Waste Air from Clinker 
Coolers, and Bypass Gases from 
Preheater Kilns 

Most of the recent studies on the use 
of modern waste heat electricity generating 
systems on cement plants in the U.S.A. 
have tended to rule out the use of clinker
cooler waste air as a useful source of 
heat for electric power generation, since 
it is generally at a rather low tempera
ture, i. e., 250-4500F (120-2300C). Never
theless, since most U.S. cement plants are 
eq'Uipped with grate coolers as opposed to 
planetary coolers, clinker cooler waste 
air does represent a considerable source 
of waste heat. It may frequently amount 
to well over 0.5 MBtu/short ton of clinker 
(580 kJ/kg) on preheater kilns. This 
source of heat could be incorporated into 
some schemes for waste heat electricity 
generation from kiln exit gases, espe
cially in cases where the kiln exit gases 
are excessively hot and must be diluted 
with cold air. This might be the case if 
bypass gases from a preheater or precal-
c iner kiln were to be used for electricity 
generation. The presence of low-melting 
alkali sulfates and chlorides in bypass 
gases may make it preferable to cool the 
gases below about 1350°F (730°c) in order 
that the alkali salts condense to solid 
particles before reaching the heat ex
changer tubes. Use of clinker-cooler 
waste air for dilution would be especially 
advantageous if it were at a temperature 
above the boiler rejection temperature, as 
it then would contribute some extra heat 
to the system. 

4.4 Corrosion and Erosion of Heat 
Exchangers 

The problem of sulfuric acid attack on 
boiler pipes is almost negligible in the 
case of waste heat boilers on cement kilns, 
because of the alkalinity of the dust and 
the low S03 content of the kiln exit 
gases. However, the effects of kiln dust 
are one of the major considerations when 
designing waste heat boilers suitable for 
cement plant use. The boilers themselves 
are bound to act as a trap for dust parti
cles and must be provided with an efficient 
system for dust removal, including soot 
blowers, etc. The dust is not generally 
very corrosive towards steel but it is 
abrasive. Another problem is the formation 
of hard build-ups which frequently result 
from the recarbonation of calcium oxide 
particles. These particles apparently 
stick to the boiler pipes in the presence 
of small amounts of alkali salts. Recar
bonation of CaO gives calcite, with a 120% 
increase in volume. This can give rise to 
a very hard, dense layer on the tubes, 
which cannot easily be removed. 
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5. Future Developments in Waste Heat 
Utilization 

5.1 More Effective Methods of Raw 
Feed D~ 

Although, currently, much research is 
being directed towards improving efficiency 
of electricity generation from waste heat, 
a simpler use of waste heat is in raw feed 
drying. Of course, many of the newer pre
heater plants already have systems for 
using kiln exit gases for feed drying, 
especially if roller mills are used for 
raw feed grinding. Hot gases from the 
kiln (or clinker cooler) pass directly 
into the roller mill. However, many plants 
in the U.S. use separate, fuel-fired dryers 
when they could well be using waste heat 
from either the kiln or the clinker cooler. 
There is sufficient suitable waste heat 
rejected from the clinker coolers at many 
dry-process plants to remove upto 6% mois
ture from the raw feed. In theory, it 
should be possible to make the system 
serve two purposes simultaneously, by 
combining the requirements for a clinker 
cooler dust-collector with that of a raw 
feed dryer. This woold be especially 
useful for plants which use ball mills to 
grind the raw feed. A simple outline of 
such a system is shown in Figure 3. 

It is proposed that hot waste air from 
the clinker cooler be passed directly 
through the moist, crushed raw feed, sup
ported on a travelling grate. The bed of 
raw feed acts effectively as a gravel bed 
filter which is continually being renewed. 
At the same time, considerable drying of 
the feed can be achieved. 

Moist air from the bed is blown back 
through the hot zone of the clinker cooler 
and thus ultimately ends up as secondary 
combustion air in the cement kiln. The 
increased moisture content of this air 
could be advantageous in that it would 
have a higher heat capacity than ordinary 
dry air; this may result in an increased 
rate of clinker cooling. Water vapor may 
also help heat transfer in the burning 
zone, due to increased flame emissivity. 
Both of these secondary effects should 
help to improve clinker quality. The 
overall effect of this system would be to 
use hot waste air as a drying medium and 
simultaneously to save on the cost of 
installing and maintaining clinker dust 
collectors and a waste air stack. The 
coarse cllnker dust could be removed by 
cyclones for return to the finish mills, 
and the fine dust would end up as part of 
the dried kiln feed, and be returned to 
the kiln. This system would be most ' 
useful for fuel efficient plants, and 
should free more of the hot kiln exit 
gases, which would otherwise be required 
for feed drying, for electricity genera
tion if desired. 
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FIGURE 3 ~ COMBINED CLINKER COOLER DUST COLLECTOR 
AND RAW FEED DRYER 

A - BURNER HOOD; B -SECONDARY AIR TO KILN; C - "WASTE" AIR; 

D - UNDER GRATE FANS; E- CYCLONE TO REMOVE COARSE DUST (RETURN 
TO CLINKER BELT); F- HOT AIR TO COAL MILL, IF REQUIRED; G -AUXILIARY 
FAN, IF REQUIRED ; H-CRUSHED FEED; I-FEED DRYER HOOD; .J-DRIED 
FEED TO BALL MILLS; K - DAMP AIR TO CLINKER COOLER; L- FRESH AIR 
INLET. 
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FIGURE 4 - WET SCRUBBER WITH HEAT AND ALKALI RECLAIM 

A- ROTARY KILN; B- DRY CYCLONE; C - COARSE DUST FOR INSUFFLATION, 

IF DESIRED; D- FIRST 1.D. FAN; E-FIRST SCRUBBER TOWER (FOR DUST AND 

ALKALI REMOVAL) ·; F - SLURRY THICKENING TANK; G-AUXILIARY HIGH 
TEMPERATURE HEAT EXCHANGERS; H - COUNTERCURRENT HYDROCYCLONES FOR 
SLURRY WASHING TO REMOVE ALKALI SALT SOLUTION; I - SPRAY NOZZLES; 
J- SECOND SCRUBBER TOWER (FOR LATENT HEAT RECAPTURE); K- HEAT 

EXCHANGER TANK; L - MAIN HEAT EXCHANGERS; M - DEMISTER ; N - SECOND 

I. D. FAN ; 0 - STACK; P - DILUTE SLURRY RETURn.J TO RAW FEED MILLS; 
Q - SLURRY AGITATORS; R- CONNECTIONS TO CLOSED CYCLE HOT WATER SYSTEM 
FOR SPACE HEATING, ETC. ; S - HOT AIR FROM CLINKER COOLER, FOR REHEAT 

OF CLEAN GASES ; T-CONCENTRATED ALKALI SALT SOLUTION BLEED POINT; 
~ - CONNECTIONS TO HEAT EXCHANGERS; e- SLURRY PUMPS; - -LIQUID 
FLOWS;---. -GAS FLOWS 
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5.2 Use of waste Heat from Wet
Process Plants 

One area in which few attempts have 
been made to fully utilize waste heat is 
in wet process cement plants, which still 
produce over 50% of the cement clinker 
manufactured in the U.S.A. The waste 
heat, which is mainly in the form of the 
latent heat of vaporization of water, can 
be used effectively in low temperature 
heating, mainly at temperatures below 
2120F (lOOOC). There is a limit to 
the amount of such heat which is required 
at any cement plant. However, if the 
plant were located close to a small com
munity or industrial site which did 
require such heat for space heating, etc., 
then it should be possible for the plant 
to install a complete heat exchanger/con
denser system, to extract most of the 
latent heat from the water vapor in the 
stack gases. If such a system were to be 
considered, it clearly should include 
recycle of the condensed water back into 
the kiln feed slurry. The hot condensate 
could be cooled via heat exchange with 
clean water in a closed loop heat transfer 
system, the clean water be used to transfer 
heat to nearby homes, factories, etc. .A 
large reservoir for storage of hot water, 
or for loss of waste heat by evaporation, 
may also be helpful to level the heating 
and cooling load between summer and winter . 
Such systems may be feasible in certain 
localities. 

Figure 4 is a sketch of a possible 
system for utilizing waste heat from a 
wet-process kiln. This system is more 
complex than a simple condenser. It 
combines heat recuperation devices with a 
wet scrubber for kiln dust removal and 
also a special alkali removal cycle, based 
on kiln dust leaching theories developed 
at PCA. The wet, qusty gases pass first 
through a dry cyclone to remove coarse 
dust particles, which can be returned to 
the kiln by insufflation, if desired. The 
gas is then scrubbed with a concentrated 
solution of the alkali salts normally 
found in the dust itself, the solution 
being generated from ·the dust initially. 
Heat exchange at this point is such that 
the gases are cooled to a temperature 
slightly above 2120F (loooc}, where 
the concentrated alkali solution is close 
to equilibrium with the vapor. A large 
fraction of the kiln dust is removed in 
this stage of the process; the scrubber is 
specifically designed for dust removal. 
The dust slurry is thickened and then 
washed with water from the second stage 
scrubber, in countercurrent flow, which. 
decreases the alkali content of the slurry 
before its return to the raw feed mills. 
A continuous "bleed off" of the alkali-rich 
solution enables the alkalies to be removed 
from the system in a concentrated solution 
which could be a useful byproduct. 
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The relatively dust-free gases then 
pass in to the second scrubber, where excess 
cold water is used to aid condensation of 
water vapor from the gases, as well as 
removal of the remaining dust. The main 
heat exchangers heat the cold return water 
from the external closed-cycle heat trans
fer system; the water temperature is then 
increased further in the first stage scrub
ber. The condensed water and dust form a 
dilute slurry which may be combined with 
the slurry from the first scrubber and 
returned to the raw feed mills. The pH of 
the dust slurry is lowered by contact with 
the C02 in the kiln exit gases, which 
tends to carbonate much of the free lime 
in the dust and make it more suitable for 
remixing with the feed slurry. Finally, 
the cool saturated gases leaving the second 
scrubber pass through a demister, and can 
then be reheated, using waste air from the 
clinker cooler if possible, before leavin~ 
the stack. 

A rough estimate suggests that a wet
process cement plant of average capacity 
(100 tons/hour} could provide enough heat 
to heat 4,000-8,000 typical homes during 
winter. 

6. Conclusions 

Some of the systems suggested in this 
report may seem far-fetched, and indeed it 
is doubtful if they would be economically 
justifiable at present. However, with the 
ever increasing cost of fuel and electr i
city, complex systems which combine heat 
recuperation with other useful processes 
such as dust removal, etc., will become 
increasingly attractive. It should be 
remembered that the best use of waste heat 
and waste materials can generally be made 
only by combining and optimizing all the 
possible uses of the various waste streams 
from the whole manufacturing process. The 
major problem with such systems is that 
they are complex both chemically and physi~ 
cally, and it may take time before industry 
becomes able to sponsor the extra research 
required to fully develop them. 
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Bilan energetique de !'incorporation d'ajouts et des moyens 
d' activation de ces liants 

Thermal evaluation of binder induction and their induction means 

J.P. BOMBLED, C.E.R.l.L.H . - Paris, France. 

RESUME 
---1 'incorporation de n tonnes de materiaux naturels ou de sou:s-produits industriels hydrauliques ou pouzzola
niques perme~ l'economie de n/9 TEP en fabrication. 

Outre l'interet economique et ecologique, l'experience montre que ces ciments a forte teneur en constituants 
sec_ondaires ont generalement d 'excelientes quali tes notamment en ce qui concerne la maniabili te du be ton frais 
et la bonne resistance des betons durcis en contact avec des milieux agressifs. Neanmoins le principal grief qui 
leur est r .eproche est leur moindre vitesse de durcissement pouvant ralentir les cadences de prefabrication ou 
freiner les chantiers. 

L'analyse des sequences de l'hydratation et du durcissement montre que pour les "activer" on peut avoir 
recours au niveau de la fabrication, au surbroyage ou, au stade de la mise en oeuvre, a des moyens rheologiques 
(fluidification et reduction d 1eau importante), mecaniques (pressage energique), thermiques (etuvages OU auto
clavages) OU chimiques (adjuvaµts accelerateurs) . 

Les essais effectues sur des CPJ 35 ont permis de comparer 1 1efficacite de ces differents moyens et aussi 
les effets de leur association deUX a deux, OU trois a trois ••• 

Hormis le cas d'exigences de resistances mecaniques a tres breve echeance (quelques heures) le bilan le plus 
positif joue en faveur du surbroyage et des adjuvants a l'exclusion des moyens thermiques qui peuvent consommer 
en energie beaucoup plus que le benefice fai t lors de la fabrication de .ces liants. 

L'avenir sera sans doute dans l'etude de nouveaux procedes d"'activation", dans la recherche d'adjuvants 
plus efficaces et dans la conjugaison des differents moyens d'action. 

SUMMARY 
---U-sing n tons of hydraulic or pozzolanic natural materials and industrial by-products allows the saving of 
n/9 fuel oil tons. 

In addition to economical and ecological interest , experience shows that cements with high content in secon
dary components generally have excellent qualities, especially concerning the workability of fresh concrete and 
the strength of hardenned concrete in contact with agressive environments. A low hardening velocity, which is its 
main.defect, can slow down the rate of precast production or slacken the in situ operations . 

Hydration and hardening process analysis shows that they can be accelerated during production : by an over
grinding, or during placing: by rheological means (fluidification and high water reducing), by mechanical means 
(strong pressure), by thermal means (steam curing or autoclaving) or by chemical means (acceleration.admixtures). 

Compound Portland Cement (CPJ 35) was used in the experiments permitting the comparison of the efficiency of 
various means and the effects of their association . 

Excluding the requirement of a very early strength (some hours), the most positive evaluation is in behalf 
of overgrinding and admixture. Exception made for thermal means that can have a higher energy consumption than the 
profit produced by the fabrication of that kind of binders. ~ 

New activation processes will be studied in the future to research more effective admixtures and to the 
conjugation of various means. 
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INTRODUCTION 

Les grandes preoccupations de cette fin de siecle 
et de millenaire sont essentiellement l'amelioration 
de la qualite de la vie, la sauvegarde de la nature, 
la diminution de la peine des hommes et les economies 
aussi bien de matieres premieres que d'energie. • Comme la plupart des industries, la cimenterie a 
ete confrontee a toutes ces exigences, qu'il est par
fois difficile de concilier. 

Le probleme prioritaire est sans aucun doute le 
souci d'economiser les thermies et les kWh necessaires 
a la fabrication du ciment et beaucoup d'efforts ont 
deja ete fournis dans ce sens. 

Un des moyens pour economiser le combustible de 
cuisson du clinker est evidemment de remplacer celui
ci dans toute la mesure du possible par des materiaux 
naturels ou des sous-produits industriels hydrauliques 
ou pouz zol aniques. Or il se trouve que la politique de 
l'ajout de ces const i tuants secondaires peut aussi 
gtre favorable pour certains des autres objectifs qua
li tatifs cites ci-dessus. 

Neanmoins il est indispensable que la qualite de 
ces ciments composes (CPJ des nouvelles normes, CPM, 
CHF •• • ) soit suffisante pour satisfaire aux exigences 
des cadences des chantiers ou des usines de prefabri
cation faute de quoi le recours a des procedes ther
miques d'acceleration du durcissement par exemple, 
risquerait de comp romettre le benefice energetique es
compte; c'est par consequent ce bilan que nous allons 
essayer d'examiner . 

2 INTERET DE L'INCORPORATION DES SOUS-PRODUITS 

La poli tique de fabrication des lian ts con tenant 
des sous-produits industriels a demarre il y a deja 
tres longtemps en France, avec le developpement des 
ciments de laitier et des ciments a la pouzzolane 
naturelle (gaize par exemple) ou artificielle (cendres 
volantes), ceci non seulement pour des raisons econo
miques lors de periodes difficiles mais aussi souvent 
a cause des qualites particulieres de ces liants. 

Si l'on definit les taux d'ajout par 

,_tonnage de liant produit _ L 
-tonnage de clinker consomme K 

A 

et 

tonnage d'ajout incorpore 

a =_!:_ = I - . I f2\ 
L T \;:./ 

+ ll. 
K 

pour fixer les idees , .le taux a a oscille ces dernieres 
annees entre 0,20 et 0,25 et T a ete tres Voisin (tous 
liants reunis) de 1,3. 

L'incorporation de so6s-produits et de dechets 
industriels presente des avantages economiques, eco
logiques et techniques. 

2.1 Economie d 1energie 

La substitution du clinker qu'il n'aura pas ete 
necessaire de cuire par des materiaux disponibles, 
procure une economie directe de combustible a laquelle 
il faut ajouter l'economie de kWh (done d'equiv~lent 
petrole) faite sur la preparation du cru et en parti
culier sur le broyage des matieres premieres qui 
auraient ete necessaires pour la fabrication du clin
ker economise : 
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Avec 
E 
a 
CJ 

C2 
a 

d 
K 

transport 
cuisson broyage de l 'ajout -------E a[C1 + KaC2]-[KC3 .1S + <lC4d 

1000 

cru surbroyage 
du ciment 

economie d'equivalent fuel par tonne de ciment. 
teneur en aj out. 
kg de fuel pour la cuisson d'une tonne de clinker 
( "' 105). 
kWh par tonne pour le broyage du cru. 
quantite de cru par tonne de clinker a"' I , 6). 
consommation specifique (kWh/t) pour le sur-
broyage eventuel du clinker. 
surbroyage necessaire. 
consommation de fuel par tonne-km pour le trans
port des ajouts. 
distance de transport. 
consommation moyenne de fuel par kWh a la cen
trale electrique (,,, 0,25 kg/kWh) 

En negligeant la depense de transport, tres va·
riable suivant les conditions, on peut ecrire : 

E =ex[ 105 +0,25 (1,6 :20 )]-o,25x11 "_A_§_ 
1000 

113 ex-~ 
364 

Pour une teneur moyenne a de 23 % et en remar
quant que la part du surbroyage reste generalement 
faible, on aboutit en moyenne a un gain de 26 kg de 
fuel par tonne de ciment c'est-a-dire qu'une tonne 
d'ajout fait gagner plus de 110 kg de fuel et l'emploi 
en cimenterie de n tonnes de sous-produits fait econo
miser environ n/9 tonnes de fuel. 

L'incorporation annuelle de sept millions de 
tonnes de constituants secondaires correspond done a 
une economie generale en fabrication, de l'ordre de 
750 OOO tonnes de fuel soi t pratiquement .le double de 
celle estimee lors de l'instauration de l'heure d'ete. 

2.2 Valorisation des dechets et protection de l'en-
vironnement 

La valorisation de ces sous-produits se situe 
non seulement dans la lutte contre le gaspillage de 
matieres premieres mais represente pour les industries 
d'amont une economie certaine puisque la commerciali
sation des dechets evite des depenses non negligeables 
pour l'evacuation, l'entassement et la surveillance 
des decharges et crassiers (outre la difficulte de 
plus en plus grande de· trouver des terrains appro-
pries). · 

Par ailleurs au niveaJ de la cimenterie la subs
titution du clinker dans les liants fabriques en 
France par pres de ?millions de tonnes d'ajouts par an 
evite d'extraire de l'ordre de 10 millions de tonnes 
de matieres premieres annuellement c'est-a-dire,perme:: 
de laisser en place chaque annee environ 5 millipns 
de m3 ce qui, outre l'economie d'extraction, n'estpas 
negligeable pour la sauvegarde de la nature, la con-. 
servation des sites et la protection de l 'environnement. 



Ajoutons que sur le plan purement economique, en 
dehors des economies deja indiquees, l'incidence sur 
les couts de fabrication de l'emploi des dechets qui 
n'exige qu'un volume d'investissement de l'ordre de 
I/5 de celui qu'il faudrait pour fabriquer le m€me 
tonnage de clinker . 

2.3 Qualites des ciments a constituants secondaires 

Ajoute aux considerations ci-dessus et contraire
ment a l'idee parfois repandue, il convient de souli
gner sur le plan technique que les liants contenant 
des constituants secondaires sont d'excellents ciments 
presentant des proprietes et des qualites specifiques. 

Maintes fois demontrees et bien qu' i l sortirait 
du cadre de ce travail de les developper en detail , 
nous les resumons rapidement : 

gualites du beton frais : dans la plupart des cas 
la presence de constituants secondaires ameliore la 
maniabilite et la plastici te des be tons frais ,toutes 
choses egale·s par ailleurs~ cela peut se concretiser 
par une amelioration de la mise en oeuvre et du ser
rage ou par une diminution de l'exigence en eau a ma
niabilite egale. Tout cela peut conduire a des gains 
de compacite, d'etancheite et de resistance sur le 
materiau durci. 

beton durci : on sait que le point faible des hy
drates du ciment portland est la portlandite ; or la 
teneur en chaux plus faible des ciments a constituants 
secondaires et la possibilite de son insolubilisation 
dans les reactions pouzzolaniques rendent les mortiers 
et les betons durcis moins sensibles aux actions dis
solvantes des eaux pures ou aux attaques des eaux 
agressives ou char gees. 

Par ailleurs uncertain nombre d'ajouts a carac
tere pouzzolanique qui ne sont pas satures peuvent 
fixer et insolubiliser une part des alcalins avec les 
consequences que cela entrarne : attenuation du retrait 
hygrometrique a long terme, suppression du risque de 
reaction alcali-granulats, limitation de la carbonata
tion . 

Outre la bonne maniabilite, facteur de serrage , 
la masse volumique plus faible de ces ciments conduit, 
a dosage ponderal egal, a des volumes plus grands de 
pate liante ce qui milite en faveur d'une bonne etan
cheite done contribue a la resistance aux attaques , au 
gel, a. la corrosion, bref est favorable a la durabi
li te. 

autres gualites : leur faible chaleur d'hydrata
tion doit diminuer les contractions thermiques ; la 
plus grande deformabilite de la pate interstitielle 
doit attenuer les contraintes dues aux retraits g€nes ; 
certains ajouts peuvent jouer le role de stabilisateur 
dimensionnel a l'egard des elements expansifs eventuels 
du clinker utilise : tout cela conduit a un moindre 
risque de fissuration dans certains emplois . Ajoutons 
aussi une bonne aptitude de ces ciments a la plupar t 
des traitements thermiques et generalement une bonne 
tenue au feu. 

En revanche les inconvenients et points faibles 
habituellement reproches a ce type de liant , surt out 
ceux a forte teneur en ajout, sont les vitesse.s de · 
prise et de .dureissement plus faibles ~ue celles de 
nombreux portland purs. Cette lenteur qui peut freiner 
la cadence des chantiers ou des usines de prefabrica
tion est nuisible pour les betonnages a b_asse tempera
ture, en hiver, ou dans les pays de climat rigouf eux. 

11 peut resulter de cette sujetion, non seulement 
un "surprix" (evalue entre 2 et 8 %) pour le coOt du 
beton mais aussi la possibilite d'une consommation 

supplementaire d'energie, si l'on a recours a des tra:i:
tements thermiques par exemple, qui r isquent d'annuler. 
une partie du benefice realise en fabrication . D'ou la 
necessite d'etudier les moyens d'"activer" ces l.iants. 

3 RECENSEMENT ET EVALUATION DES MOYENS D' "AC'l'IVATION" 
DES CIMENTS A FORTE TENEUR EN AJOUTS 

3. 1 Generali tes 

La sequence des phenomenes qui constituent l'hy
dratation et la prise d'un liant hydraulique est rap
pelee dans le TABLEAU I avec les moyens theoriques 
d ' action a chaque niveau : mouillage, floculation, pe
netration OU non, hydrolyse, dissolution, solvatation, 
diffusion des ions hydrates, sursaturation et precipi
tation. 

On peut noter dans le tableau la frequence d'ap
parition de la temperature, de la surface du contact 
solide-liquide et d'adjuvants potentiels . 

Tab leau I 

Phase de 
l'hydralation 

Phenomenes 
phys ico . 

chimiques 

Action physique 
ou chimique 

ellicace 

Inter vention possible I 
en fabricat ion a f'ut i lisation ' 

Mouill age Tension super - lnu t il e ( les ciment s 

fi cie ll e de l ' eau :sont hydroph i les ) 

Floculation Potent iel el ec tro Ad j uva nts 

i on1ques 
( ou ci netique de 

d et locu lat io n ) l' interphace 

Pe netration 

Hydro lys e 

Dissolution 

I Diffu sion 

Vi scos it e de 
I' ea u 

Temperature 

Accroissement de 
Surface 

! d 'actiOn 

la surface ex t . Broyage 

~~t~~: ~:~~~~es I Trempe 

Surface d'acti on idem jsroyage out rempe 

I Af.ti~i tes ions convenable s I Teneur en CJ A 
j ch1m1que s • cata lyseurs• I 

l
· ~~(~~~ d~'; ~i~; - 1 -C odi~11~~i~iquel ! -
Agitation t her~ 1que 

1

_ Tempe rature -

Surface d' ac t1on _ Oe taut 00 cnstaux i. Broyage . trempe 

. _ ·solva nts• 1- lonsconvena blesl -

- A9ita tion thermio.ue I- Tempera ture 
_Dime nsions des ions: 

_Gradient de 1- Concentra t ion . 
conce ntration dosages . 

Precipi tatio n - Sursatura t ion . -1,~~P~~~r~~ea bles. 

Oef locu lantS OU 

j fl.uid ifian ts pou r 

! ri~~~:~~al~~l =~~a5c.esi 

Chauf f age 

Ad1uvants 

. Chauffage 

_ ACjuva nts 

- Chauttage 

E;'C et serr age 

Ad juvants .chauttage 

Germ es . fi llers Cri st:~lisa tion Germinat ion - t~f~1f~guJ~/a~ - Fill e rs 

~~~~-'-Mc_de_~-~--r~-~-~-ie~~--~-~-~-~~-~-~-~~-~-s~~~~~-'--E,_t_e_r_s_er_ra_g_e__. 

Si par ailleurs on essaie de demonter les rouages 
de l'hydratation et du developpement des resistances, 
on abouti t a une relation schematique telle que celle 
de la formule ~ qui meme si elle n 1est pas rigou
reuse permet une representation simple des phenomenes 
et surtout de mettre en relief les differents facteurs 
qui peuvent _influer et done ou il faudra ~gir pour 
accelerer le processus 

R : KS ( 9 +a f b ( 1 + <!>) ~ f(o @ 
E +E 

R = resistance en cisaillement OU en traction 
avec : b et ~ teneur en C3S et C3A 

S aire volumique du ciment 
6 temperature du l i quide interstitiel 
C ,E et :.t: : volumes relatifs du ciment, d~ l 'eau 

et des vides. 
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Cette relation qui a en definitive la forme de 
la formule de Feret dont elle explicite le coefficient 
Kt montre non seulement 1 1.importance de S et 8 mais 
aussi le probleme "spatial" represente par le volume 
des hydrates (et leur resistance propre evidennnent) en 
rapport avec les espaces a remplir, auparavant occupes 
par l'eau de gachage et qu'auront a franchir les liai
sons, c'est-a-dire en definitive les problemes rheo
logiques de plasticite, d'exigence en eau et du ser
rage, 

3.2 Moyens d'actions pratigues 

Il ressort de la relation que l'on devrait 
pouvoir agir : 

en fabrication : en jouant sur S (surbroyage) et 
sur b et ~ (et le gypsage) dans une certaine mesure. 

lors de la mise en oeuvre : en jouant sur C, E et 
s c'est-a-dire les dosages et la rheologie et sur 8. 

En pratique on pourra envisager Jifferents moiens~ 

3.21 Moyens mecanigues 

Il s' agi t essentiellement du surbroyage et dans 
des cas tres particuliers de bioyage selectif(broyeur 
a jet) OU de broyage humide d'un coulis de ciment en
voye directement a la Centrale du beton; comme le 
broyage des CPJ consomme entre 30 et 40 kWh/t, un 
surbroyage de I OOO cm2/g Blaine pourra coater un 
supplement de 50 % soit entre 4 et 5 kg de fuel (a la 
Centrale electrique). 

Le broyage separe des constituants et leur homo
geneisation ulterieure est parfois un moyen efficace 
pour accrottre la reactivite de l'une des phases seu
lement alors qu' en broyage simul tane on broie inega
lement en fonction des broyabilites des composants 
et l'on n'est par consequent pas mattre du resultat. 

Les agents de mouture peuvent aussi apporter un 
gain energetique d'autant plus marque que l'on vise 
des finesses plus elevees et que l'on a des cateriaux 
tres "agglomerants". 

3.22 Moyens d'actions rheologiques 

Il s'agit de reduire les distances intergranu-
laires et les vides interstitiels : 

en diminuant la quan ti te d' eau de gachage 
(fluidifiant reducteur d'eau) 
en diminuant la quantite d'air soit en ameliorant 
la maniabilite (plastifiants) soit en augmentant 
l'energie de serrage (pressage par exemple). 
eventuellement en augmentant l'energie de malaxage 
de la phase eau-ciment (malaxage a haute turbu
lence) qui desagglomere et "decape" les grains 
par attrition et augmente la surface reactive. 

3.23 Moyens thermigues 

La chaleur intervient sur la viscosite de l'eau 
et sur la diffusion des ions pour accelerer la dis
solution et partant l'hydratation et le durcissement. 
On peut avoir recours a differentes techniques : 

prechauffage du beton lequel peut consommer de 
5 a 10 kg de fuel/m3 pour atteindre 60 °C par exemple 

auto-etuvage par la chaleur d'hy~ratation ce qui 
est interessant mais necessite .des moules parfaitement 
calorifuges et des ciments a forte chaleur d 'hy'dra
tation ce qui n'est generalement pas le cas des ci
ments a forte ten·eur en ajout. 

- etuvage par de nombreux moyens (effet joule, 
fluides caloporteurs, vapeur perdue, micro-ondes etc) 
le TABLEAU II montre l'interet energetique evident 
du chauffage electrique lequel sera encore plus 
interessant au niveau national lorsqu'une grande part 
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des kWh seront d'origine non petroliere. 
autoclavage lui-meme gourmand en energie et coa

teux en investissements. 

L'avantage incontestable des traitements thermi
ques est qu'ils peuvent fournir des resistances suf
fisantes a tres breve echeance, 5 OU 6 heures par 
exemple, ce que ne peuvent pas donner la plupart des 
au tres moyens • 

En revanche ils peuvent engloutir les economies 
de fuel faites en fabrication (cf4) et conduisent 
toujours a un deficit de resistance a longue echeance 
et parfois a des gonflements OU a des produits plus 
poreux. 

3 .24 Moyens chimigues ou physico-chimigues 

- adjuvants accelerateurs de durcissement : l'inte
ret des adjuvants est de ne pas exiger d'installatiora 
et d'investissements couteux et dans la plupart des 
cas (mais encore faut-il le verifier en etudiant les 
produits de base et leurs procedes de fabrication) ils 
sont plus economiques que les moyens precedents sur 
le plan energetique. 

moyens divers (pour memoire) : germes, eau magne
tisee ••• ont ete maintes fois proposes mais n'ont 
jusqu'a present pu faire les preuves de leur effica
cite. 

Tableau II 

Mode Quantile Cout de•• lnvestissement 
de chauffage d'energie l'energie 

Electricite 60KWh" 0,15Fx60: 9F base de 1 

Fuel . 45 0,75F x 4 5 : environ 1 
Q) domestique litres 33,75 F 

::J ::J 
Q) "O 
0. Q; 
"' Fuel 45 0,40Fx 45: > 0. environ 1 

lourd litres 18F 

"' Fuel 25 0,75Fx25: 
::J 

domestique litres 
2 a 4 

Ul Q) 18,75F 
Q) 

0 "O 
·:; 0. 

u:: .2 Fuel 25 0,40F x 25 : 2 . a 4 
"' u lourd litres 10 F 

* So it 15 litres de fuel lourd ii la centrale I Doc E.D.F. I 

**Prix mars 1978 

4 COMPARAISON ET ASSOCIATION DES DIFFERENTS MOYENS 
POUR ACCROITRE LES RESISTANCES INITIALES 

4.1 Comparaison de guelgues procedes 

·Les figures I, 2, 3 et 4 · montrent l' action de 
quelques-uns des moyens indiques sur les re

sistances en compression d'un CPJ 35 en pate pure 
et la figure 5 permet.de les comparer. 

Meme si ces resultat~ donnent une idee sur l'ac
·tion comparee de ces differents modes d'acceleration 
sur un meme ciment il faut bien se garder d'extrapaler 
a tous les ciments, ceux-ci pouvant reagir differem
ment selon la composition de leur clinker et la na
ture des ajouts. 



Fluidification et serrage 

I QG~/q ••••• ~ 
i " <i:>)~:_ .... ··· ·, fq ~ 

I ,0-i .•• • 1~0 c<" 1 

~,f~ . · · · "' 3"' I 
\..··· I 

,«-~;~·· . .;/1>' ~ I 
50 ••• ~··· I ,,p':,<:>' I I 
V-c,,«-
xj/7 (AS ·1740cm g) 
• i essa is en pate pure E/C.0,275 l l I I I , 

J I Temps I ., 

f Rc (MPa) Ix 
100 100 

L-~~:.~I~ 
50~~--1----

0.. tP• x- avec fluidifiant E/C.0. 236 f -<,:e§/' ! poids moyen 531 ,Sg 

./ i o ... pr~ssage a 40 bars I 
! po1ds moyen 54 7g 

EiCoQ.23 I 
Temp s 

1 

1 2 7 28j 28i 

Fig 1 _ Influence du surbroyage . Fig 2 . Action rheologique . 

28 i 1 

Fig 3 . Action thermique . 

100 t.R x 100 
Ro 

% 

50 

., 
O> 

"' 
0 

.0 

" CJ) 

., 
O> 

"' ., 
a. 

Fig 4 . Action chimique 

Etuvage 

Re • lj 2j 28jours 

., 
O> 

"' 
"' o . 
~ , 

(CaCl2) 

: ~ 
·~~ ~ 
· ~ -~ 
u " <{ 'O 

Fig 5 . Comparaison de differents moyens d'acceleration sur un 
CPJ35 (ciment au x cendres) 

4.2 Association de plusieurs moyens 

Ces essais ont ete effectues sur un autre CPJ 35 
les resultats sont groupes sur les figures 6, 7 et 8. 

Fig6 . Traitements simples . Fig 7 . Traitements doubles 

Fig8 

. Traitements triples 
et quadruple. 

Pour simplifier on a selectionne seulement les 
quatre modes d'action suivants : 
A adjuvant accelerateur sans chlorure 
B surbroyage 
E traitement thermique par etuvage (meme cycle que 

figure 3) 
F abaissement de la teneur en eau par un fluidi-

fiant efficace 
T temoin sans traitement. 
La figure 9 ' permet la comparaison des resultats obte
nus. 

% llR: x100 

500 

mm 
Re , 1i,2j,28jours 

400 

300 

200 

B Surbroyage<1700 cm~g l 

F . Fluidilication avec reduction d'eau <- 2.6 points I 

A. Accelerateur de durcissement sans Chlore 
E. E·tuvage l 3h a BO'C I 

(Ro remain sans traitement au meme 8g~) 

~ 
t 

04"1-'nJ.4'.f-! ,~i~J o.L.+"~ ---FJ~n~ .. ~l~@~t~1~~~· 1~4"'"~~'"44' n~.:. ,--4d; ~~.· ~i~~--
100 

B F A E BF BA BE FA FE AE BFA BAE BFE FAE BFAE 
( Essais sur CPJ 35 en pate pure de consistance normale) 

Fig 9 Association de quelq ues moyens d 'activation· . 

4.3 Recapitulation et bilan sonnnaire 

Le TABLEAU III resume les consonnnations energe
tiques correspondant aux quatre modes d 1activation 
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cnoisis precedemment. 

c.<:>ut 
specofique 

energ1e 

:c par tonne H 
- o; de ciment 

Q)"' 
u"' par m3 

"'"" * "EI de beton 

B 
Surbroyage 

20KWh par 

tonne pcur 

t.S -1000cm'lg 

c au voisinage de 

4000cm'lg > 

5 Kg 

2 Kg 

Tableau m 
Consom mat ion energetique 

F E 

Fluidification Etuvage 

33 Kg de fuel 60KWh electrique 

et 50KWh par ou 25 a 45 litres 

tonne d'adjuvant defuelpcur chauf 

naphtaleniQue . !age par chaudiere 

pour 1 m3 de beton 

1.1 Kg 37,5 Kg OU 

62,5 a 112Kg 

0,5 Kg 15 Kg OU 

25 a 45 Kg 

A 
Acce1erateur 

<CaCl2 > 

136 Kg de fue I 

et 40 KWh 

par tonne de 

CaC l2 

2,9Kg 

1,2 Kg 

* dose i1 400 Kg de ciment m3 
_ ** 2 % d·adjuvant en poids ae ciment 

On peut noter l'interet evident des adjuvants 
avec toutefois la reserve faite en 3.23 dans le cas 
d'exigences a tres breve echeance (6 a 8 heures par 
exemple). 

La relation '2) du paragraphe 2.1 peut en defini
tive s'ecrire 

Fabrication du ciment Utilisation 

E = a [c.+( K.a.C.l]-[ KC •. i\S +( aC.dl+ !5.cc.+C.) +I: Pi :ci j 
1000 y 

Cuisson Broyage du cru 

Economies 

Surbroyage du 
ciment 

Transport 
des 

ajouts 

L-.___J 

Traiteme nts 
thermiques 
du beton 

oepenses supplf!menta'ires 

Adjuvants 

Outre la signification des symboles deja d.onnee 
en 2.1 on a : 
y qosage en ciment (tonne/m3 de beton). 
S dosage en adjuvant "i". 
ci consommation d'energie pour elaborer l'adjuvant 

"i". 
C5 consommation en kWh/m3 * pour chauf fer le 

beton frais. 
C5 consommation d'energie pour etuver le beton. 

(* ou en kg de fuel, il faut alors supprimer k) 

Un calc.ul simple m6nq·e que 1 'economie fai te par 
1 1.incorporation de 25 % de sous-produi ts e.st voisine 
de 24 kg de fuel par tonne de ciment mais le terme 
negatif pourra atteindre 40 kg de fuel en cas d'etu
vage electrique d'un beton dose a 400 kg/m3. Le bilan 
est done fortement negatif dans ce cas (le surbroyage 
ne comptant que pour 2 kg). 

5 CONCLUSION 

11 semb.le resulter que l'"activation" des liants 
a ajouts qui economisant l'energie en fabrication 
passe par le surbroyage (eventuellement separe) et par 
la recherche d I adjuvantS de durciSSement et de fluidi
fiantS ainsi que par 1' association de ces differents 
moyens entre eux, les procedes thermiques devant etre 
r~serves aux cas (ii limiter dans la mesure du possible 
a des besoins tres particulier~) OU des resistances 
elevees sont indispensables.apres quelques heures. 

L'avenir sera sans doute dans l'etude de nouveaux 
procedes d'activation, dans la recherche d'adjuvants 
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plus efficaces et dans la conjugaison des differents 
moyens d'action. 



Fuel oil saving by IHI-SF precalciner-kiln process 

Economies de combustible petrolier au moyen du procede IHI-SF 
au four de precalcination 

N. NAKAMURA, Manager, Cement Plant Engineering Department, lshikawamima-Harima Heavy Industries Co, Ltd, 
Japan. 

SUMMARY : The application of NSP kilns has seen rapid increase in recent years. Pioneer manufacturer of NSP 
kilns, IHI has already delivered 50 units of its SF system kilns in eight years since 1971, when the IHI-SF 
precalciner kiln process was developed by IHI. 

Ever since the first installation of a commercial SF plant, IHI has spent much effort in further reducing fuel 
consumption through a number of improvements brought to the process and component equipment. To meet the needs 
raised by the spiralling rise in oil prices and the accompanying instability of supply ~ources, IHI has. develop
ed new combustion techniques associated with the SF process, to open the way to the utilization of substitute 
materials such as spoil from coal mines and oil shale, as well as coal to replace part or all of the petroleum 
fuel hitherto used as heat source. 

The heat required to produce 1 kg of cement clinker is about 800 kcal. This specific heat consumption, hitherto 
depending almost entirely on petroleum fuel, can be reduced with application of the IHI-SF kilns adapted to burn 
substitute combustible matter, as evidenced by the following successful examples: 

1) Use of spoil from coal mines to replace part of the clay, with savings in oil up to 50 kcal/kg clinker. 

2) The realizat.ion of a 3 OOO t/d IHI-SF kiln designed to burn 100% coal, which is providing completely stable 
operation. 

3) Development of a kiln to utilize oil shale as clay substitute, which promises oil savings amounting to 400 
kcal/kg-clinker. An industrial installation incorporating the results of this development, of a capacity of 
4 OOO t/d, is expected to be completed in October 1980. 

RESUME : L'application des fours NSP (nouveau systeme de prechauffage a particules en suspension) a vu une aug
mentation rapide au cours de ces dernieres annees. Premiere a se lancer clans la fabrication des fours NSP, la 
societe IHI a deja fourni 50 exemplaires de son systeme SF clans les huit ans depuis 1971, l'annee clans laquelle 
le procede IHI-SF de four a precalcination a ete mis au point. 

Depuis la realisation de la premiere installation commerciale d'un four SF, la societe IHI s'est evertuee a 
reduire davantage la consommation de combustible, au moyen de maintes ameliorations apportees au procede et a 
ses elements constitutifs. Afin de prevenir les besoins suscites par la montee en fleche des prix de petrole, 
et l'instabilite concomitante de la disponibilite de cette source d'energie, l'IHI mit au point de nouvelles 
techniques alliees au procede SF, qui ouvrirent la voie a l'utilisation des succedaries tels que deblais de 
houille, schiste bitumineux, aussi bien que la houille, pour remplacer tout ou partie du petrole utilise aupara
vant en tant que combustible. 

La chaleur requise pour produire 1 kg de clinker s'eleve a 800 kcal. Cette consommation specifique, qui depen
dait auparavant presqu'entierement du petrole: peut etre reduit en appliquant le procede IHI-SF adapte a bruler 
ces succedanes, temoin les exemples reussis de:-

1) L'utilisation du deblais de mine de houille, pour remplacer une partie de l'argile en tant que matiere 
premiere, ce qui a realise qes economies s'elevant jusqu'a 50 kcal par kg de clinker produit. 

2) La realisation d'un four de 3 OOO t/j con~u pour bruler la houille a 100%, et qui fonctionne avec une 
stabilite complete. 

3) Mise au point d'un four utilisant le schiste bitumineux en tant que succedane d'argile, qui promet une 
economie de petrole s'elevant a 400 kcal/kg de clink~r. Une installation industrielle comportant les 
resultats de ces etudes, d'une capacite de 4 OOO t/j doit etre achevee en octobrel9'80. 
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1. INTRODUCTION 

Since the commissioning in 1971 of a 2000 t/d SF kiln 
plant by Ishikawajima-Harima Heavy Industries Co., 
Ltd. (IHI), the advantages of the SF Process have 
come to be highly appreciated by the cement industry,. 
and fifty IHI-SF kilns have already been installed 
within a period of 8 years. 

The experience gained with numerous SF kiln plants 
has served as basis for IHI to develop a new SF 
Pr'ocess (NSF) , of which the first unit successfully 
entered service in 1979. The aim held in view in 
developing the NSF was to further reduce its fuel 
aonsumption, and the development has been accom-
panied by many new features incorporated in the 
cyclones, clinker coolers and other equipment to 
become an outstanding energy-saving process. 

The present paper covers an outline of the SF and 
NSF Processes, followed by descriptions of examples 
in which these Processes have been applied to firing 
spoil, coal, oil shale and other fuel to substitute 
heavy oil. ' 

2. DESCRIPTION OF PROCESS 

2.1. Original SF Process 

The equipment of the original IHI-SF Process com
prises: Suspension preheater such as in the conven
tional preheater processes, calcining furnace 
called "Flash Furnace", rotary kiln and clinker 
cooler (Fig. 1). The raw meal fed to the uppermost 
(first) stage is gradually heated up to 7So0 c as it 
passes through the three preheater stages; the 

Preheater blower 
r:;> 

preheated raw meal is then fed into · the Flash Fur
nace -- the main feature of the SF Process. 

The Flash Furnace is constituted mainly of a 
reaction chamber (upper part) and a vortex chamber 
(lower part) . The raw meal inlet is located on the 
ceiling of the reaction chamb.er, and multiple 
burners are arranged horizontally ' round its lower 
part. Combustion air for the Flash Furnace is 
provided by air heated to about 750°C in the 
clinker cooler. The heated air is introduced into 
the reaction chamber of the Flash Furnace through 
the vortex chamber below, where i~ mixes with the 
kiln gas. 

About 60% of the overall fuel consumption of the 
clinker burning process is utilized in the Flash 
Furnace, and the raw meal is calcined to 85 - 90% 
before proceeding toward the kiln. After leaving 
the Flash Furnace, the calcined meal passes into 
the rotary kiln through the last-stage cyclone, 
where it is separated from the gas. 

The remainin~ 40% of the fuel is fired in the front 
end of the kiln, where it is mixed with combustion 
air heated to about 1 OS0°C in the hot end of the 
clinker cooler. 

The clinker cooler is so arranged to supply the 
hottest air to the rotary kiln, where the highest 
temperature is requirea for the sintering, and to 
send the next hottest to the Flash Furnace through 
the air duct. 

Raw meal inlet 

Reaction chamber 

Bu,rner 

Vortex chamber 

Burner (Fuel-60%) 

750°C 

Fig. 1 
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2.2. Energy Saving Provided by the NSF 

2.2.1. The new Flash Furnace 

The aim held in view in developing the NSF Process 
was to answer the current needs of energy conserva
tion and conversion from heavy oil to coal and other 
substitute fuels. 

The difference between the original and new Flash 
Furnaces are as follows (see Fig. 2): 

(1) The hot air from the cooler is introduced 
through the vortex chamber separately from the 

Reaction chamber 

Fig. 2 

NSF 
Preheat er 

Burner 

chamber 

duct 

...---- Material flow 

---- Gas flow 

l.36Nm3/Kg-cl' 
350°C 

Flash furnace 

kiln gas; the kiln gas joins the hot air, 
rising vertically upward from the .riser duct. 

(2) A large part of the ·raw meal is feq into.the 
flue gas in the riser duct. 

(3) The fuel is injected into the vortex chamber 
by burners arranged to ensure ignition of the 
fuel by the swirling hot air. 

This new arrangement of the Flash Furnace ensures 
mor~ stable combustion of the fuel, and the enhanced 
thermal efficiency of the new Flash Furnace provides 
for reduced fuel consumption; it also opens up 
possibilities for the firing of coal and other 
substitute fuels more difficult to burn, without 
requiring to increase furnace size. 

The first industrial NSF unit was installed at the 
Ibuki Works of the Osaka Cement Company, and entered 
service in February 1979, since when this 3 OOO t/d 
plant is operating to the owner's full satisfaction. 

Figure 3 outlines the NSF production line of this 
Works. The temperatures indicated in this diagram 
for the outlets of the four ·cyclones represent a 
lowering of 20 - 30°C compared with the correspond
ing temperatures of the original SF, and the heat 
consumption has registered a rate as low as 740 -
750 kcal/kg-clinker. 

Another notable feature of this plant is -- as 
shown in Fig. 3 -- the provision of a gas circulat
ing grate cooler, combined with a waste-heat boiler, 
to ensure energy economy of the Works as a whole. 

The grate cooler, of horizontal three-stage type, 
is equipped with a breaker between its second and 
third stages. The heated air issuing at about 260°C 

Operational data of NSF 

kiln at Osaka Cemert t 

Fig. 3 

burner 450Kcal/Kg-cl' 
(60%) 
Pr. air 0.046Nm3/Kg-cl' Kiln burner 

300Kcal/Kg-cl' 
(40/.) 
Pr. air 0.04Nm3/Kg-cl' 

260°C 
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from the third stage of this cooler is cycled back 
into the second grate, to be further heated to about 
440°c. The heat acquired by this air is recovered, 
first in a waste heat boiler, where it cools to about 
300°C. The air then joins the exhaust gas from the 
preheater and is used in the raw meal dryer for 
secondary heat recovery. 

In the present instance, the waste heat boiler serves 
to supply utility steam, but if the boiler were used 
for generating power, its capacity should suffice to 
furnish all the electric power consumed by the cooler 
and ancillary equipment. 

2:2.2. Low pressure loss cyclone 

To improve preheater performance, the most straight
forward means is to increase the number of cyclones. 
This however would increase the loss of pressure in 
the precalcining stages, resulting in increased 
power consumed by the induced-draught fan. With an 
orthodox cyclone design, four stages is usually the 
limit for optimum overall economy . 

To increase the number of stages while maintaining 
overall energy economy, IHI developed the extra low 
pressure loss cyclones shown in Fig. 4. 

Vertical t ype Horizontal type 

Fig . 4 Figure of low pressure loss cyclone 

The performance of these cyclones is presented in 
Fig. 5. The plots reveal that, as compared with 
conventional cyclones, the new types provide signifi
cantly lower values of pressure loss, at a small 
sacrifice of cyclone efficiency. 

In the NSF system, these new low pressure loss 
cyclones are planned to be adopted for .the inter
mediate stages, while the conventional models will 
be retained for the top and lowest stages, where the 
cyclone efficiency is of consequence. 

Two actual plants have been trially equipped .with 
the new cyclones in the second stage of a five-stage 
preheater system. Both plants are operating satis-. 
factorily, and are providing the expected per
formance, as evidenced by a fuel consumption of 720 
kcal/kg-clinker for a throughput of 2 400 t/d. 
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3. FIRING WITH SUBSTITUTE FUELS 

3 .1. Spoil 

Spoil, accompanying mined coal, has a chemical com
position that parallels clay, and also c·ontains some 
coal. It has a heating value of around 1 OOO kcal/ 
kg, which could be effectively utilized to economize 
fuel consumption, if spoil were used to replace part 
of the clay as raw material. 

The spoil is ground together with the other raw 
materials and charged into the first stage of the 
preheater. The amount of spoil charged would depend· 
on the composition of the spoil; it is usually 
limited to about 100 kg/t-clinker, beyond which it 
is liable to raise the impurity contents in raw meal 
to the extent of causing clogging trouble in the 
cyclones and to increase the exhaust gas tempera
ture, with concomitant loss of heat. 

The spoil passing through the preheater hardly burns 
in this stage, on account of the low content of 
available oxygen, while it .burns completely upon 
entering the Flash Furnace. Some amount of volatile 
combustible matter contained in the spoil will in
evitably be lost from the preheater, but despite 
this loss , the savings in fuel oil obtained with the 
use of spoil can amount to 30 - 50 kcal/kg-Cl. 

3 .2. Coal 

In cooperation with the Mitsu.i Mining Company, IHI 
has been performing· tests on pulverized coal com
bustion in the Flash Furnace, using the pilot plant 
in the IHI Research Institute. 

These tests proved that with the old type Flash 
Furnace, coal could not provide combustion per
formance equal to that of heavy oil, but excellent 
results were obtained on coal with the NSF Furnace. 
These results have induced Mitsui Mining to recon
struct their 5.0m d:ia. x 75m long Repol Kiln of 
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Fig. 6 

Operational data of coal fired 

NSF kiln at Mitsui Mining 

Coal 
bunker 

Coal 
dryer 

Raw 
coal 

Flash furnace 
burner 7.9t/d(52%) Coal pulverizer 

NSF preheater 420Kcal/Kg-cl' 
Pr. air 0.11Nm3/Kg-cl' 

50 °C 

Kiln burner 
7.2t/h(48%) 
380Kcal/Kg-cl' Pr. air ___.(l}-_._~~~~~-

0 .10Nm3/Kg-cl' 
50°C 

Clinker 
coole r 

2 OOO t/d cap~city to incorporate the NSF Process 
arranged for coal firing, and have its capacity 
increased to 2 700 t/d. 

A throughput of ·5 OOO t/d would have been possib'le 
with this size of kiln by incorporating the NSF 
Process, but the capacity was limited to the above 
figure, with the view of utilizing the already exist
ing coal grinding mill and other ancillary facilities. 
The plant entered operation in April 1979, and has 
since been satisfying all expectations, with a sus
tained throughput exceeding of 3 OOO t/d, represent
ing the maximum design capacity. 

The operating characteristics of the coal-fired 
installation are as indicated in Fig. 6, 

3.3. Oil shale 

Oil shale is produced in South-East Asia, Latin 
America, Canada and other countries. Its composi
tion is almost identical with the clay used in cement 
manufacture, added to which it contains a consider
able amount of petroleum, so that it is very aptly 

3,040t/d 
80 °C 

Vent air 

suited for use as substitute for clay with the aim 
of economizing fuel oil, 

Following basic experiments conducted on oil shale, 
IHI proceeded with tests on oil-shale-fired cement 
manufacture with use made of the Research Institute 
pilot plant, to develop a process that has been in
corporated 'in a 4 OOO t/d plant now under construc
tion. 

Figure 7 represents the schematic flow sheet of this 
plant. It is seen that before being charged into the 
preheater, limestone and oil shale are processed 
separately. We will here limit our description to 
the treatment of oil shale. 

The wide fluctuations in quality -- a general pro
perty of oil shale -- requires it to be blended in 
a mixing bed, to stabilize its quality. The moisture 
content also calls for drying before charging into 
grinding mill. 

In the grinding mill, the oil shale is mixed with 
iron, sand and other additives, whose amounts are 

Fig. 7 
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determined according to the quantities and composi
tion of the limestor.e being treated separately, in 
order to place within a given range the values of 
H.M., S.M., I.M. and L.S.D. to produce cement clinker 
of the required quality. · 

The previously ground and blended oil shale is ··further 
mixed. and stored in the mix chamber, before being 
fed into the preheater via a weigh feeder of high 
accuracy. The final proportion between limestone 
and oil shale to be fed into the SF is determined 
by the chemical composition of the mixture issuing 
from the mixing chambe.r. This regulation is auto
matically ensured by a feed-back circuit incorporat
ing an automatic sampling device and continuous X-
ray analyzer connected to a computer. 

The foregoing regulation of the feed rate of oil 
shale would naturally affect the amount of heat 
generated by this oil shale, but fluctuations in the 
heat generation in SF are offset by automatic control 
of the oil burners in the Flash Furnace. 

The amounts of oil saving foreseen with the use of 
oil shale in the plant are as follows:-

- Calorific value of oil shale: 600 - 1 OOO kcal/kg
shale 

- Total raw meal feed required: 1.6 kg-raw meal/kg-
clinker 

- Mixing ratio of shale: 25%. 

Hence, the calorific value of oil shale burned to 
obtain 1 kg of clinker is: 

(600 - 1 OOO)xl.6x0.25 = 240 - 400 kcal/kg~clinker, 

Repeated tests with the oil shale in an experimental 
installation have proved that, with a modified IHI
SF Process, the heat carried by oil shale, as repre
sented by the calorific values cited above, can be 
utilized to 100%. 

The total heat required to produce 1 kg of clin~er 
is about 800 kcal, meaning that economies in fuel 
oil up to 30 - 50% can be expected with the adoption 
of the IHI-SF Process arranged for utilizing oil 
shale. 

This 4 OOO t/d industrial unit under construction 
is expected to enter service in October 1980. Its 
performance, expected to fully meet the design 
values, will be reported on a future occasion. 

3.4. Other substitute fuels 

Apart from the various fuels described above, vari
ous other substitutes are being actually utilized in 
SF kilns. Examples include used tyres, waste 
powdered coke, sludge, bark. Used tyres, in particu
lar, are being utilized by many cement manufacturers 
in Japan. The oil savings obtained are reported to 
be ZO - 30 kcal/kg-clinker. 

The procedure for feeding kilns with used tyres is 
to manually feed the material through a gate , provided 
on the kiln inlet chamber between kiln and preheater. 
From this gate the tyres pass into the kiln. The 
tyres. are raised to the chamber floor by means of a 
lift available for persons and cargo. The supply ~f 
used tyres is ensured by a car scrapping company 
which offers to deliver the tyres free of charge, as 
a means of disposal of what to them is unwanted 
waste. 
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The current oil situation points toward increasing 
prices of petroleum combined with continuing insta
bility of supply~ so that the range and quantities 
of petroleum substitutes for fuelling cement kilns 
would be expected ·to increase with the years to come, 
To meet this situation, IHI is continuing its efforts 
to improve the NSF J>rocess wi.th the view of further 
enhancing the versatility of this rrocess. 



L'utilisation des additifs aux differents stades du processus 
peut apporter une economie importante d' energie 

lors de la fabrication du ciment 

The use of additives at different stages of the process can bring 
in an important economy of energy at the time of cement manufacturing 

F. FIALA, Directeur des Etudes, Travaux et Recherches - S.A. Ciments d'Obourg, 
A. RIVAL. lngenieur Developpement, Belgique. 

Les additifs peuvent intervenir a deux stades diffe
rents de la fabrication du c:iment · : 

1. I.ors de la preparation du cru en voie humide, 
il est .:i;:ossible de diminuer la teneur en eau de la 
pate en noyenne de 25 % en valeur relative, tout en 
maintenant ses caracteristiques rMologiques • Cette 
reduction d'eau s'obtient par addition de produits 
chinliques a la pate dans des pro:i;:ortions variant de 
0,01 a 0,06 % • L'efficacite du carl:x:>nate de soude 
est connue depuis longtemps, ma.is, actuellarent, on 
utilise aussi des ligoosulfites, des :i;:olypoosphates 
ou d'autres carp:>ses ma.is toujours associes au car
l:x:>nate de soude • Pour cl1Qqlle cru, il faut detenniner 
qualitativarent et quantitativem:mt les additifs qui, 
econ::miquarent, donneront le rreilleur resultat • 
Vu que la carp:>sition chinlique et rnineralogique des 
matieres premieres varient dans le terrps en fonction 
de l'avancerrent de leur extraction, la consigne rela
tive aux additifs devra etre revue soit en fonction 
d'une etude prealable du gisem:mt, soit lorsque des 
variations significatives de la teneur ·en eau de la 
pate .auront ete mise en evidence • Il semble que 
l'action. des additifs ait lieu au niveau des micelles 
et soit liee a la nature mineralogique de la fraction 
argileuse du constituant principal du cru, la craie 
OU le calcaire • Une variation des forces electro
statiques au voisinage des particules en Suspension 
detenninerait le node d'action de ces additifs en 
reduisant l'epai~seur noyenne du film d'eau entre ces 
particules • 

Pour un four donne, la diminution de la teneur en eau 
de la pate dans les pro:i;:ortions ci-dessus m::x:lifie le 
carp:>rtarent rheologique de la ma.tiere en voie de 
deshydratation, l'allule de cette derniere et le de
gagarent de :i;:oussieres • La conception des echangeurs 
de chaleur de ce four devra etre m::x:lifiee en fonction 
du pourcentage d'eau qui aura ete atteint . 

L'econ::mie d'energie realisee dependant de plusieurs 
facteurs, carma de la teneur en eau avant et apres 
l'errploi d'additifs, la tanperature des fumees a la 
sortie du four, la quantite de :i;:oussieres degagees, 
l'aptitude ·a la cuisson de la ma.tiere crue, il n'est 
pas :i;:ossible de la chiffrer d'une maniere generale • 
On peut neamoins l'estirrer, suivant les cas, entre 
10 et 15 % de la conscmnation energetiquetotale 
necessaire :i;:our la cuisson en voie humide • L'econo
mie ainsi realisee :i;:ourrait varier entre 540 et 800 kJ 
par kg de clinker • 

2. I.ors de la nouture du c:iment, l 'arploi d' adjuvartq. 
adaptes a la nature chinlique et rnineralogique du cl.in-

ker, conduit a une diminution· de la conscmnation spe
cifique d'energie p:xivant (lller de 10 a 15 %, ce qui 
represente, :i;:our un c:iment o:rdinaire, 11 a 16 kJ /kg 
Ces adjuvants, qui agissent a des dosages sur clinker 
carpris entre 0,01 et 0,1 %, peuvent etre des amines 
ou des sels d'amine, des :i;:olyols, des ligoosulfites 
ou des acides organiques faibles • !ls ne sont pas · 
de!earp::>ses a la tanperature de broyage et n'ont pas 
d'action iflilortante sur les resistances des nortiers 
et betons . La quantite d'adjuvant necesSaire se:nble 
augmenter avec la finesse du c:iment • 

I.eur node d'action serait le suivant : 

Ils evitent le oolmatage des l:x:>ulets et des plaques de 
blindage • Ils a-cpechent la formation d'agglqnerats 
contenant a la fois des particules fines et des par
ticules grossieres • Il en resulte une augrrentation 
de l'efficacite des separateurs a air • 

I.ors de leur arploi, il y aurait reduction des forces 
electrostatiques sur le blind.age, les l:x:>ulets et les 
particules de matiere broyee • 

I.es ·adjuvants arneliorent egalarent les proprietes 
d'ecoularent des cirnents, ce qui entraine une diminu
tion de la consarmation d'energie lors de leur sout;i
rage et de leur manutention • 

Il faut remarquer que l'air humide est un adjuvant : 
il facilite l'evacuation des fines particules, dimi..: 
nue le tarps de sejour de la matiere dans le broyeur 
·et concourt au refroidissarent de celle-ci • La vites
se de 1 'air dans le broyeur ne peut depasser 1, 8 ~. 
le solde de chaleur sera evacue par l'eva:i;:oration de 
l 'eau injectee dans le broyeur • · 

La solution ideale consiste a canbiner, dans un. cir
cuit de nouture, l'arploi d'un adjuvant avec une aug
mentation du debit de ventilation ; l'adjuvant arpe
che l'agglaneration des fines particules et l'air de 
ventilation les entraine h::>rs du circuit de broyage • 

Une connaissance plus approfondie de leur mecanisrre 
d'action devrait al:x:>utir a une diminution plus irn
:[X)rtante de la consama.tibn specifique des installa
tions de nouture • 

Pour conclure, on peut dire que les econcmies d'ener
gie les plus iflilortantes s'obtiendront, :i;:our la fa
brication du c:iment en voie humide, par la reduction 
de la teneur en eau du cru, et, :i;:our la fabrication 
en voie seche, par la diminution de la consa:cmation 
specifique d'energie lors de la nouture • 
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Intensification of the burning process by using components 
with high exergy in the raw mix 

Augmentation du processus ·de cuisson par utilisation des composes 
a haute energie dans Jes matieres premieres 

N.P. KOGAN, Candidate of Technical Science, 
O.P. MCHEDLOV-PETROSYAN, Doctor of Technical Science, Yuzhgiprotsement, USSR. 

SUMMA.RY1 Tbe method of exergio analysis is used for teohnical evaluation of oxides and 
compounds wbioh are contained in cement raw mix components. This method enables the deter
mination of maximum work of the substance in the prooess, the final state of whioh is de
termined by conditions of thermodynamic equilibrium with tbe surrounding medium. The normal 
chemical exergy bas been oaloulated from tbe phase composition. Inoreasing of Al20~ ~ and 
C2S-aontent in slags oauses substantial increase of slag exergy. Iron in tbe form of FeO 
possesses muoh greater exergy tban in tbat of Fe203. Materials with greater exergy, able to 
melt at lower temperatures and to form silicate melts with low viscosity, oan be used in 
raw mixes as coarse-grained components thus forming an independent physico-obemioal system. 
Slag enthalpy determined by M.A• Pavlov's formula includes heat consumption for heating 
them to the melting temperature. Calculations have shown that slag admixture to the cement 
raw mix increases beat capacity and enthalpy of tb~ liquid pbase. 
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Classical me,bod of tbermal balances is 
kJ:iowJ:f to , be ·based on the first tbermodyna
mio law - the law of energy conservation 
and tl'ansformatioil. Acoording to the second 
thermodynamic law, tbe state -of chaos aild 
entropy of a olosed system, oontieining a 
great quantity of individual partioles 
with irregular movement, can be increased 
or remain tincba.nged. In such a system the
re can proceed spontaneously only proces
ses wbich approach it to the equilibrium 
state. The exergio method of making out 
tb.e process ·balance takes into considera
tion the seo·ond tbermOdynamic law. While 
being the measure of potential resources 
exergy defines tbe maximum tecbniOal abi
lity of tile substance to fulfil the work 
in the process, the final state of which 
is in tbermodynamio equilibrium with the 
surrounding medium. In the given teobno
logioal process the normal chemical exe.rgy 
of oompounds (reaction products) is that 
they must be · taken out of the process, as 
it happens e.g. with blastfurnace slag 
during asst iron production. However in 
another process tbe exergy of such com
pounds can be still utilized with great 
technical-and-economical efficiency. 
The·paper /1/ doesn't give the value of the 
normal ohemioal exergy of raw mix compo
nents and doesn't take into acoount deva
luation compounds and .reactions. 
7or tecbnioai evaluation of oxides and oom
pounds of cement raw mix components we have 
used the method of normal chemioal exergy 
oalo ulation developed by Ya. Shargut /2/. 
Devaluation reactions _ of. compounds of refe
rence have been made out on data /2/ for 
gaseous and solid compounds that may be 
components and reaction products of clin
kering. 
While making .out devaluation reactions of 
individual components or clinkering prooess 
as a whole it is necessary to take into 
consideration the pbase composition. Carbo
nate rockS a.re supposed to contain Si02 ad
mixture represented by quartz, MgO repre
_sented by carbonate Mg003. In clayish com
pounds Si02 is oombined lnto aluminosilica
tes and can partially be in the form of 
·quartz. 
.The phase oomposition of metallurgioal slags 
was defined on the basis of X-ray and petro
~rapbic determinations. 
Por calculation of normal chemical enthalpy 
iof devaluation reaction there has been made 
:out the normalized reaction in which 0011-
jpounds appear at-Tn = 29a.15 Kand 
Pn = 0 .101 N/mm2. 
The following formula was used for calcula
tion ot enthalpy of chemical compound deva
luation 

/1/ 

where a 
dn = devaluation enthalpy 1n IDJ/kmol; 

1n = normal specif 1c ( L;e. abso
lute) enthalpy of the ' conside
red o 011pound in lrJ /Imo!; · 

In = normal enthalpy ot tbe oompound 
of reference (per unit ot tbe 
considered compound quantity); 

j,k = indexes of additional and re
sulting oo•pounds of referen
ce. 

Values of standards enthalpy .of compound 
formstion from elements H29a are taken 
from tbe monograph /3/. -
The entropy of devaluation reaction was 
detel'lllined according to the formulas 

6 n = sn + f8 nj - ~nlt' 121 
whe.res 

f5n = normal devaluation entropy of 
compound considered in 

fa ~ 
kJ/kmol•K; 

- tbe sum of normal cbemioal 
nj' nk:- entropies of initial and final 

compounds in kJ /kmo l •K. 
Wben table values of normal entropies of 
solid compounds are absent B;q8 is deter
mined according to the formu!a /4/1 

0 

s298 = A lg M + B, kJ/kmol•K /}/ 

where M is molecular weight; A and Ba.re 
constants characteristic for each kind of 
compounds. 
Free devaluation entropy is determined as 
diff~renoe between the devaluation entropy 
and the product of (298·15 x n>• 
The normal obemioal exergy of chemical com
pounds of initial and final produots of 
olinke.ring process •. 1s determined according 
to table data /2/. In case of absence of 
proper data this exergy is determined ac
cording to the fo.rmulaa 

ln= dn- Tn~- l\iTn~njlnkj- ~klnkk) /4/ 

The latter member in this equation denotes 
residual chemical exergy. 
Table 1 shows calculation results of normal 
chemical exergy of materials for cement 
production according to literature data /2/ 
and to our own calculations. 
On the basis of data- indicated it is pos
sible to malce out the normalized clinkering 
reaction in which oomponents content in 
mols is used as initial oompounds; clinker 
minerals, <X>2, and H20 content in mols is 
used as final produo~s. On the . basis of 
this equation it is easy to determine tbe 
theoretical beat consumption and the normal 
chemical e.xergy. The most devalueted ini
tial compounds obviously give the maximum 
theoretioal beat consumption. 
The exergy of compounds forming slags com
position is greater than that of raw •iX 
natural co•ponents. Calciu• silicates, oal• 
cium alu•inosilicates, end magnesium &111-
oates contain the •ain QU&Dtit7 of_ slags 
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e.xHgy. The e.xerg7 inoreeaes wUb CaO oon
tent. Tbe e.xergy of :reO 1a •uoh greater 
tban that of J'e2'>,• 
Kate.rials with greater e.xergy, able to melt 
at lower temperatures 1nd to form silioate 
melts with low visoosity, can be used in 
raw mi.xes as coarse-grained (unground) com
ponents thus f ormiDg an independent pby-

. sico-obemical system /5/. ·This is acoompa
nied by liquid phase changes in quality 
and quantity and substantial aooeleration 
of beat-and-mass transfer. 
The greater quantity of the liquid phase 
with inoreased beat capacity and enthalpy 
under clinkering conditions in a rotary 
kiln allows substantial decrease of energy 
consumption during clinker production. Ad
ding unground slags with great e.xergy in-to 
raw mi.x results in theoretical beat con
sumption of less than 880 kJ /kg of clinker. 

CONCIDSION 
Technical evaluation of cement raw mate
rials and of burning process ~oduots · is 
made on the basis of exergic analysis. Na
tural components e.xergy is shown to be sub
stantially less than that of waste products 
of pyrometallurgical industry. 
Theoretical beat consumption for clinker
ing mi.xes containing compounds with increa
sed exergy is sustantially lower than that 
for clinkering mixes composed of natural 
materials. 

, Materials with increased exergy can be used 
in raw mi.x in unground :to.rm permitting the 
decrease of ·not only specific heat consump
tion :tor clinker burning but also energy 
consumption for raw mix preparing. 
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Table 1 
Pree Devaluation Enthalpy and Normal Chemical Exergy of Cement 

Materials and Burning Product& 

Compound Pree devaluation Normal obemioal 
enthalpy, lrJ/kmol exergy, lrJ/kllol 

Carbonate components 

Caoo3 -oaloite 

caoo3 - aragonite 

llg003 

Caoo3.11goo3 - dolomite 

OaSO 4 •2~0 - gyps um 

OaS04 - anhydrite 

CaC12 

Clay1sh components 

Al20 3•2Si02 •2H2o - kaolinite 

Al20
3

•2Si02 •4H2o - halloysite 

Al20 3·4Si02 •2H20 - montmo~illonite 

Al20 3•2Si02 ·2~0 - dicldte 

KAl3Si01o<OH)2 - •USoovit• 

Slags and ferriferous additives 

3Al20 3•2s102 - mullite 

Ca0•S102 - wollastonite 

2Ca0•2Si02 •KgO - akermanite 

2CaO•U2o
3

•Si02 

CaO •MgO •Si02 
llgO•Al2o3- spinal 

2MgO•Si02 - forsterite 

MnO•Si02 

FefJ4 - magnetite 

:re2o3 - bemati te 

Fe003 - siderite 

Burning process products 

3QaO•Si02 

2Ca0 •8102 

3Ca0•Al2o3 

0 

+1080 

0 

-12664 

0 

+18280 

+90000 

120695 

130427 

63042 

115972 

437«> 

+294561.97 

+40710 

+133632.75 

+249215-78 

+75361 ·38 

+152021.86 

+151590 

+85810 

+97400 

0 

+91040 

+273420 

+137570 

i!591240 

12430 

13470 

14160 

13904 

25820 

20570 

98700 

139824 

171224 

107563 

156770 

89977 

338914 

34810 

115818 

2499090 

63449 

159555 

141430 

106800 

126960 

20370 

120410 

251990 

123900 

581490 .. .;. .. 
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Table 1 (continued) 

~-------------------------------------
Compound 

4Ca0 •u2o 
3

•Fe2o
3 

120~0·711203 
CaO•u2o3 
Ca0•Fe2o3 
2Ca0 •Fe2o3 
Si02 - crystobalite 

CaO 

MgO 

Mn02 

002 

H2o 

Free devaluation 
entbalpy, kJ/kmol 

+?94469 

+27:~,003 

+339820 

+521;o 

+22}220 

+1420 

+129960 

+6553 

0 

0 

-8620 

Normal chemical 
exergy, kJ /kmol 

?9?320 

27}4624 

334050 

64730 

228070 

3280 

122170 

59610 

21110 

20170 
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On reduction of fuel consumption during burning 
of cement clinker 

Sur la reduction de consommation de combustible pendant la cuisson 
du clinker de ciment 

. .0.1. AVRAMENKO; Candidate of Tech.nical Science, 
A.I. ZDOROV, Candida:te of.Technical Science, 
V.M. KOPELIOVICH, Carlqfdate of Technical Science, Yuzhgiprotsement, USSR. 

SUMMARY: Results of investigations ensuring fuel consumption deorease for cement olinker 
production through slurry moisture decrease, intensification of slurry drying and de
hydration by means of beat-exchanging units, kiln rotation speed increase, proper fuel 
combustion, and utilization of kiln seoondary beat are given. 
Kiln rotation speed increase is found to favour heat exchange particularly in processes 
with great endothermal effect and to increase total beat transferred to the material 
by 1~ on average. 
Proper fuel combustion is achieved by gas burners with diffusion flame position and length 
control what affects clinker size distribution. 
Process regularities found are given. 
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Various methods of fuel saving for olinker 
burning in rotary kilns have received wide 
use in the cement industry of the u.s.s.R. 
One peroent dectease of slurry moisture 
oonteilt (W_sl} decreases :tuel c:onsumption 
for burning by 28 .-. 35 kcal · per kg of 
clinker or by· 1•7 - 2 % /I/, since in a 
w$e ra~e of 36-48 % the heat consumption 
for water evaporation varies from 550 to 
900 koal/lcg. 
The decreasing of moist~e content is 
most advantageous at Wd.> 40 %, since a 
relative quantity. of evaporating water at 
this value is higher. 
When mechanical methods of dewatering are 
used, so called partial dewatering seems 
rational. Average moisture content of thus 
t~eated·raw mix fed into the kiln is 
,30-}5 %. In this case, a required filtra
tion area substantially decreases and the 
process gets simplified. 
The use ot thinning agents is the cheapest 
way of decreasing W • Depending on raw 
materials kind, on account of thinning 
agents based on human acids, W$f can de
crease by }-? %, which saves 6-10 % fuel• 
Addition of sulcor, oxidated lignine, so
dium metasilicate and others can decrease 
slurry moisture content by 4-9·5 % /2/. 
As for intensification of slurry drying 
and dehydration by installation of ratio
nal beat-exchanging units in rotary kilns, 
our investigations have shown that it is 
most effective when . a system of built-in 
beat-exchanging units is used. The system 
includes a drum-type slurry filter-beater, 
a chain cu~tain with a developed surface 
of heat exchange and a metal cellular beat
excbanger installed in succession. The 
system worked out ensures stable operation 
of 4.5 x 170 m and 5 x 185 m kilns with an 
exit gases temperature of 160-180 °C and 
210•230 °0, respectively. That saves 
2-2.5 % fuel. In addition, the filter-bea
ter decreases total dust losses from the 
kiln by 10-15 %. 
There are used garland chain systems, cur
tain systems, in which only one end of the 
individual length is fastened to the shell, 
and mixed-type chain systems at the cement 
plants of the U .s.s.·R. Though, compared 
with the curtain systems, the garland chain 
systems have higher coefficient of beat 
emission from a unit of .. chain surface to 
material (et, :r), the possibility of chain 
surface (Feh) increase is limited by con
struction factors (maximum admissible su
pertic ial coefficient of suspension densi
ty Kp iS 3.s m2/m2). As a result, high va
lues of F~~' of volume coefficient of sus-D 
pension density Kv and of steam removal rB 
oan not be achieved. These three parameters 
are very important for intensification of 
kiln operation, es_peoially when wse 1s high 
(more than 42 %). As for the free-ended 
cbain systems, the possibility of Kp and Ky
increase is little limited by construction 
factors. As a result, it is possible to 
create a large chain surface in kilns, to 
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obtain high values of cJ. v (the volume 
coefficientpof heat transfer in the chain 
zone) and Bt to lower easill the exit 
gases temperature to 160-200 C (depend
ing on type-and-size of a kiln), to de
crease the specific consumption· of fuel for 
burning. 
The free-ended chain systems are conside
rably simpler in operation, erection and 
repair. 
In our opinion, the optimum operation con
ditions of slurry drying in the ohain zo
ne are those, under which material leaves · 
the zone with 2-5 % moisture content · and 
a temperature of not higher than 120-130°0 
/I/. A material moisture content after the 
chains of 8 %, and according to the ofter 
of some reseerobers that of 15-20 %, is 
not desirable, as already at the material 
moisture content of 8 % the relative quan
tity of water not evaporated from the slur
ry will be 13 % and at that of 15-20 % it 
will be 27-38 %, respectively. Under such 
operation conditions the degree of material 
preparation is artificially limited, the 
evaporating oapacity of the obain curtain 
1& not fully used, while the process of 
material drying in the hollow kiln is 3-5 
times less intensive. 
The metal cellular heat-exchanger with re
liability protects the discharge part of 
the chain curtain from barning out and pro
longs its servioe life end at the same ti
me successfully ensures fuller utilization 
of the kiln inner volume. As the investi
gations pave shown, in the 4.5 x 1'70 m 
kilns with a heat-exchanger length of 
11·5 m the passing along material heats by 
350-400°0; whereas in the hollow kiln the 
temperature increases only by 70-100•0. 
Increase of tbe kiln rotation speed in
fluences both geometry of the material 
layer and tbe very process of thermal 
treatment. As e result of theoretic ana
lysis the beat rate of the materiel layer 
in the kiln has been determined: 

m = 38 ( "'5.1 + '¥1,2 + '1·3 
Br-Cin B2-C2° L 

wheres BI, B2 , c1 , o2 = ooeffioients, 
n =rotation speed, s-I, 

(I) 

a = coefficient of temperature con
ductivity, m2/s, 

L = 

,Ji= 
mate_rial layer length, m 
radicals of the following 
racteristic equation: 

L 
otgjl ,= - o)t 

Bi 

Bi= Bio priterion. 

cha-

The equation shows tbat the heat rate of a 
body increases with n. 
The beat-engineering calculations of n in
:tluence on beat transfer and the material 



layer tb.iolti:J.ess in 2.4 to 5 m dis. kilns 
over the material temperatures range of 
115-1390•0 have shown that the obarge ra
tio (P) decreases and the beat quantity 
transferred to tbe ·material (81() .inoreases 
with increase of n. In this oase, tbe mi- . 
nimum inareaae · of gy is 8-10 % when n in
creases by .1.5-2 times. 
it present, increase of n of various tYPe
and-size kilns with a length from 100 to 
185 m 1S widely spread in the U .s .s .R. 
Tbat ensures 1-}·5 tpb output increase and 
simultaneous decrease of specific fuel 
oonsumption by 2-5 kg per I t of clinker. 
Improvement of fuel combustion conditions 
is a practicable way of fuel saving and 
improvement of kiln operation conditions. 
During last 10-15 years in the fuel balan
ce of the u.s.s.R. cement industry the use 
of fuel oil increased. In this connection, 
a set of measures bas been developed which 
allows considerable increase of efficiency 
of fuel preparation and fuel combustion in 
furnacess 
- development and commissioning of effioi~ 

ent burner units - two-channel fuel-oil 
burners - in various type-and-size kilns; 
these burners ensure fine dispersion of 
fµel oil and its combustion with ~mall 
CJ..= 1.05-1.1 without chemical underbur
ning. They ~ave a wide control range of 
flame length and volumei 

- dee of temperature of fuel oil beating 
before combustiion to 120-140°C and use of 
the system for oontrol and stabilization 
of fuel oil viscosity at a set level 
(2~3° relative viscosity); 

- development of a method for combustion of 
water-oontaining fuel oil by malting fine
dispersed water-fuel-oil emulsions; the 
use of these emulsions in rotary kilns 
gives not only a uniform water distribu
tion in fuel oil, but also almost instan
taneous evaporation of dispersed water 
dr.ops ("microbursts") which considerably 
intensifies fuel oil di.Spersion; 

- supply -of hot aspiring air from coolers 
into burners as primary air; 

- installation of oontinuously operating 
fuel oil flow-meters and erection of spe
cial stands for their calibration. 

Exeoution of above-mentioned measures will 
allow saving of 4-5 kg of fuel oil pu a 
ton of clinker. 
The "YGC" _type gas burner /}/ developed by 
the Institute "Yuzbgiprotsement" ensures· 
effioient combustion of gaseous fuel. This 

• burner forms the minimum flame divergerioe 
angle due to absence of gas flow swl.rless 
and due to the new curvilinear shape of tbe 
nozsl• and the core. The carried out inves
tigations of flame length influence on 
ollnker burning with a oons tant oons umpVion .. 
of natural gas in various type-and-size 
k:11Jis oonfirm the possibility of localisa
tion of 11aterial inadequate preparation by 
changing the length and position of the dif-

fusion flame and production zones in the 
rotary kiln without output decrease and 
fuel consumption increase. · 
Plame length control with a minimum diver
gence angle does not cause coating dete
rioration what promotes lining service li
fe increase and heat losses deorease from 
the kiln shell into surroundings. Double 
air passage and increased bed thickness of 
clinker in the grate cooler ensure heat 
losses decrease during clinker cooling• 
Erperimental investigations of clinker 
cooling in a bed resulted in the equation 
of beat exchange intensity which is cha
racterized by beat transfer coefficient 
value (o<..1) dependent on aoolµ:ig air velo
oity ( w J, its temperature (T), and equi
valent diameter of clinker particles (d): 

w1 .29 rl. .Y o .59 
c{F = 4210 (2) 

d1 ·59., TO .94 CO .54 

where: 
ft= beat oonduotion, 
Y-: kinematic viscosity, 
c = beat capaoity of air. 

Rational cooling of clinker in a bed of 
0.5-0.6 ,m thickness in "Volga-CA" type gra
te coolers is found to reduce beat losses 
by 20-30 kcal/kg of clinker. 
Complex utilization of kilns secondary beat 
lost by the kiln shell (10-25 % of total 
beat oonsumption), in waste gases (20-25%), 
in aspiring air from coolers and in clin
ker (5-10%) can result in substantial de
crease of total beat consumption f c·r clin
ker burning. Installations for recovery of 
heat radiated from rotary kilns shells ope
rate in the U .s .s .R. providing for annual 
15 000-20 OOO Gaal heat removal by each in
stallation depending on kiln type-and-size. 
The characteristic feature of such instal
lations is the possibility for coating for
mation control and thus for increase of li
ning durability . and of calendar time of· 
kiln operation as a whole. 
Above-mentioned methods of fuel saving are 
recommended for wide use in the future. 
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Economie cf energie I ors de la cuisson du ciment par utilisation 
integrale de dechet_s et de combustibles de moindre qualite 

Helmuth RECHMEIER, Diplom-Chemiker; 
Portlandzementwerk Dotternhausen, Rudolf Rohrbach KG, RFA. 

Resume: 
Les , procedes modernes de cuisson du ciment permettent d'atteindre des rendements 
thermiques de l'ordre de 50 %. 
Des rendements thermiques plus eleves necessitent une amelioration considerable 
du rendement du radiateur. De telles ameliorations ne sont pas projetees a l'heure 
actuelle. 

Trois alternatives s'offrent pour une production plus economique du ciment, 
particulierement au niveau de ce facteur de couts qu'est le combustible: 

1. L'utilisation de combustibles ~auvres permettant un deroulement tres rapide de 
la combustion dans la mesure ou l'on respecte les particularites'touchant au 
melange du combustible avec les gaz d'echappement du four rotatif, a 1 1 echauffement 
du combustible et au processus de combustion un peu modifie. Ici, l'impulsion de la 
farine chargee (farine brute, comme combustible) joue un rBle particulier. 

2. L'utilisation de combustibles pl~riches, tels que les pneus de vehicules, les 
dechets plastiques, les solvants, etc •• Afin de pouvoir les utiliser et les 
exploiter de fa~on optimale, ces combustibles doivent etre amenes a une forme 
aptes a la combustion, ce qui peut avoir lieu par trai~ement dans la Couche 
fluidisee. L'utilisation de telles matieres permet de lier dans le clinker des 
substances nocives qui, autrement, sont difficiles a eliminer • 

. 3 • . La production d'additifs hydrauliques au ciment par reaction a l'etat solide en 
dessous de la temperature de frittage et sans grande consommation de chaleur. 
Les precedes ayant recours a des matieres comportant deja leur combustible, comme 
c'est le cas du schiste bitumineux, du calcaire bitumineux ou des schistes de 
lavage, sont particulierement avantageux ici. 

Les conditions definies de temperature et de temps de sejour necessaires a la 
production de telles matieres peuvent etre etablies de fa~on optimale dans une 
couche fluidisee, laquelle permet egalement l'utilisation de combustibles a ·tres 
faible capacite calorique. 

Pans ce precede, -la chaleur excedentaire provenant du lit fluid is~ peut servir 
a la production d'energie electrique, ce qui favorise l'economie, selon le prix 
de l'electricite devant etre achetee ~t le pouvoir calorifique des combustibles 
a utiliser. 

Ces trois alternatives sont actuellement utilisees a l'echelle industrielle, 
ou du moins partiellement, dans les usines de ciment portland, Rudolf Rohrbach KG 
de Dotternhausen. 
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La fabrication du clinker est un processus 
necessitant beaucoup d'energie. Les pre
cedes les plus economiques requierent des 
quantites de chaleur allant de 3140 a 
3350 J par kg de clinker, ce qui corres
pond approximati vem.ent a 75 OU 80 kg de 
fuel-oil par tonne de clinker. 

Le rendement thermique des fours a 
dispositif de prechauffage par mise en 
suspension dans les gaz se situe aux 
environs de 50 %. La chaleur de recupera
tion est le rayonnernent des differentes 
parties du four, la chaleur perdue du 
clinker et le gaz perdu a temperature 
relativement faible (350 a 360°C) . 
provenant de l'air d'echappement du 
radiateur et du four. 
Le rendernent calorifique pourrait etre 
ameliore par un systeme de radiateur 
exploitant rnieux la chaleur degagee par le 
clinker puisque les gas d'echappement du 
four sont deja utilises en grande partie 
pour le sechage du materiau brut. 

Jusqu'a present, tous les efforts entre
pris pour ameliorer le rendement des 
systemes de radiateur sont restes vains. 
Il est vraisemblable qu'aucune ameliora
tion sensible ne puisse ~tre actuellement 
apportee au rendement thermique du 
systeme de cuisson du clinker. 

Une meilleure . rentabilite du precede de 
cuisson peut etre obtenue par utilisation 
de combustibles bon marche, tels que les 
combustibles naturels comme le schiste 
bitumineux, le calcaire bitumineux et 
autres ainsi que de combustibles de 
recuperation de haute qualite. 
Cependant, le pouvoir calorifique d'un 
combustible n'est pas le seul facteur 
determinant pour le processus, encore 
faut-il que ce combustible permette 
d'atteindre la temperature de flammes 
necessaire. 

Afin de reduire suffisamment le temps de 
formation du clinker lors de sa cuisson, 
il fut que la temperature de flamme 
calculee des brGleurs doit depasser 2000°c. 

Une temperature inferieure a cette valeur 
peut entrainer des coefficients de 
transmission thermique si faibles qu'il 
devienne impossible de cuire du clinker 
dans le four considere. 

Pour cette raison, les combustibles a· tres 
faible pouvoir calorifique ne peuvent done 
pas etre utilises dans la zone de frittage 
car leur faible valeur calorifique ne per
mettrait pas d'obtenir la temperature de 
flamme indispensable. 

Afin de tirer malgre tout parti de ces 
combustibles, ils doivent ~tre utilis~s la 
ou une forte energie thermique est certes 
exigee mais ou la temperature de f larllme 
requise n'est pas tres elevee. Dans la 
cuisson du clinker, il s•agit ici de la 
zone de desacidification. 
La temperature necessaire ici est 
relativement faible, a savoir de l'ordre 
de 900° c au maximum. 

Il est done judicieux d'introduire les 
combustibles de rnoindre qualite ~ans 
l'echangeur de chaleur et de les y br~ler. 
La zone la plus appropriee ici est celle 
avec la temperature la plus elevee, a 
savoir celle qui va de l'admis~ion du four 
tubulaire rotatif au premier cyclone 
d'echangeur de chaleur. 
Dans cette zone, le combustible doit etre 
echauffe, melange a l'oxygene contenu dan~ 
le gaz residuel du four tubulaire rotatif 
(env. 10 %/vol.) et brGle. 

Les combustibles mediocres ne ~euvent 
brGler dans la zone de reaction pendant 
leur temps de sejour relativement court 
(env. 2 s) et liberer leur energie que 
s'ils sont intensement melanges aux gaz, 
chauffe·s suffisamment vi te et s 'ils peuvent 
entrer rapidement en reaction avec 
l'oxygene disponible~ 

Au cas ou l'une de ces conditions ne 
serait pas remplie, l'energie potentielle 
serait dilapidee dans l~echangeur de 
chaleur, ce qui conduirait en fin de 
compte a une consommation de chaleur 
exageree. 

Afin d'obtenir un melange homogene du 
combustible d'alimentation avec les gaz 
chauds et visqueux, impulsion necessaire 
au melange doit etre procuree au 
combustible lors de son chargement. 

L'impulsion necessaire ne pouvant pas 
etre transmise au combustible comme dans 
une flamme au moyen du gaz porteur, il 
doit etre enfourne a une vitesse aussi 
grande que possible generee par une 
hauteur de chute importante avant son 
arrivee dans la zone de combustion et par 
concentration en un seul chargement. 

L'impulsion contenue dans la farine brute 
de l'etage cyclone suivant ~ l'entree 
dans le reacteur peut etre exploitee pour 
le melange par une disposition adequate 
des deux zones d'admission. La combustion 
du combustible pauvre ne doit avoir lieu 
que la ou l'energie calorifique peut ~tre 
absorbee par desacidffication de CaCOJ. 
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Abstraction faite des processus de . 
combustion, la vitesse d'echauffement est 
etroitement liee au transfert de chaleur 
entre la gaz et les particules. La plus 
grande partie du transfert de chaleur 
consistant, pour les temperatures en 
question, en une chaleur rayonnante, la 
vitesse d'echauffement depend de la 
difference de temperature existant entre 
le gaz et les ~orps solides s'elevant 
environ a ( T) et peut etre calculee 
selon la formule suivante: 

Q = C • F {6~~4~6~~jJ/h 
L'echauffement des particules est done 
extremement rapide (une fraction de secon
de). 

La quantite de chaleur necessaire a 
l'echauffement est tout d'abord prelevee 
sur la capacite calorique des gaz 
d'echappement du four. 

Si l'on admet que les gaz d'echappement 
quittent le four a une temperature de 
1100° c, leur capacite calorique est done 
de 335 J/Nm3 environ entre 1100 et 960° c, 
ce qui equivaut a environ 307 J par kg 
de clinker. La proportion de poussieres 
contenue dans les gaz d'echappement du 
four n'est pas prise en consideration dans 
ce calcul. Environ 200 J sont necessaires 
a l'echauffement de 200 g de combustible 
pauvre de 0 a 900°. La capacite ~alorique 
des gaz d'echappement du four suffit done 
amplement pour amener le combustible a la 
temperature de desacidification sans que 
cela necessite une combustion. 

Dans les zones de reaction, les processus 
de combustion tels qu'ils ont lieu ~ntre 
ie four tubulaire rotatif et le premier 
cyclone sont vraisemblablement quelque peu 
differents et un peu plus compliques que 
ceux normalement observes dans les fours 
tubulaires rotatifs. 
En general, la combustion du carbone se 
deroule de la facon suivante: 

une couche mince appelee couche limite 
hydrodynamique est toujours en repos a la 
surface du grain du combustible, meme 
lorsque le grain est soumis a des turbulen
ces dans de l'air. 

La vitesse de diffusion des gaz partici
pant a la combustion determine la vitesse 
de combustion. Ici, la reaction primaire 
a la surface du grain est la reaction du 
C0 2 avec du Carbone par rapport a CO, 
alors que la combustion proprement dite, 
a savoir la reaction de co avec 02 a lieu 
dans la couche limite hydrodynamique. 
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Sans s•etendre sur les vitesses des 
differentes reaction, il est possible 
d'admettre que la vitesse de combustion se 
deroule, a temperature Constante de la 
surface du grain, de fa~ori proportionnelle 
a la concentration de C02 a la surface du 
grain. A son tour, cette concentration est 
proportionnelle a la vitesse de diffusion 
de l'oxygene, ce qui fait que la vitesse 
diminue done en fonction de ia diminution 
de la concentration d'oxygene. 

Partant de ces considerations, la combus
tion d'un combustible pauvre dans le 
rechauffeur devrait ralentir des que la 
teneur en oxygene diminue. 

Pourtant, comme nous l'avons vu 1 la 
vitesse de combustion est parallele a la 
pression partielle du co2 a la surface 
du combustible. 
Il existe done un autre processus pouvant 
devenir primordial pour la vitesse de 
combustion, a savoir la pression partielle 
du co2 dans le grain d'sacidifie, lequel 
est en meme temps support de combustible. 
A 900° C environ, cette pression partielle 
est de l'ordre de 760 mm Hg. Pour 
comparaison: lors de la combustion du 
carbone, la pression partielle du C02 
regnant dans le compartiment des gaz en 
presence d'air comme gaz combustible est 
de l'ordre de 160 mm Hg, ce qui equivaut a 
21 % seulement de la pression ci-dessus. 

Ceci signifie que, lorsque la temperature 
de desacidification est atteinte et 
maintenue~ la reaction primaire doit se 
derouler a une vitesse 5 fois plus grande 
que lors d'une combustion normale sans 
cor · 

La pression partielle du co2 sur le grain 
etant fonction de la temperature du grain, 
le temps d'echauffement est, en fin de 
compte, decisif pour la vitesse de 
combustion. La pression partielle inte
grale du co2 est prati~uement disponible 
dans le compartiement a gaz immediatement 
apres le chargement des composants et la 
~onversion avec ~e ;arb~ne peut avoir lieu 
a une vitesse tres elevee. 

Les considerations ci-dessus sont valables 
pour un combustible pauvre dont les 
cendres comportent du CaC03 en proportion 
importante. 
Si cela n'est pas le cas, la combustion 
ne sera, certes, pas au~si rapide qu'en 
presence d'une grande proportion de Caco3 ; 
pourtant, la proportion de co2 contenue 
dans les gaz d'echappement du four et 
provenarit de la desacidification de la 
farine brute est si elevee qu'une pression 
de diffusion considerable est generee a 
la surface du grain, ce qui fait que la 
conversion se deroule plus vite que ne le 
permettrait la basse pression d'oxygene 
partielle. 



La seconde alternative s'offrant pour 
economiser une energie chere et precieuse 
reside dans l'exploitation d'une energie 
de haute qualite tiree de dechets tels 
que: huile usee, pneus de vehicules, 
dechets de papier, bois et plastiques, 
vernis, peintures, solvants, restes de 
cuir, ecorces d'arbres eventuellement, 
bagasse resultant du traitement de la 
canne a sucre. 
Alors que les dechets liquides, pour 
autant qu'ils puissent etre amenes a une 
forme atomisable, comme l'huile lourde, 
peuvent etre diffuses et brules avec elle, 
les dechets pateux et solides doivent 
etre amenes a une forme combustible. 
Certains materiaux comme les pneus se 
desagregent tres vite sous l'effet de la 
chaleur. Ils peuvent alors etre ensuite 
grossierement broyes et brules dans le 
rechauffeur; les armatures en acier des 
pneus peuvent etre egalement brulees dans 
le four tubulaire rotatif et se retrouvent 
ensuite dans le clinker sous forme de 
Fe2o3 • 
Sinon, elles doivent etre thermiquement 
decomposees dans des installations a 
couche fluidisee puis enfournees. 

Une telle installation a couche fluidisee 
permet une conversion rapide de la 
plupart des dechets combustibles en des 
combustibles aptes a la combustion. Il 
est important de noter ici que, suite aux 
temperatures de combustion elevees 
regnant dans le four tubulaire rotatif, 
l'environnement n'est pas soumis a des 
nuisances olfactives. La gazeification se 
deroule selon la reaction de Boudouard 
OU encore du gaz a l'eau. Par fonction
nement en dessous du point de Curie du fe~ 
des particules de fer peuvent etre 
magnetiquement retirees de la couche. 

Les composants anorganiques, principale
ment le ZnO et le soufre, sont entiere
ment lies au clinker. Le soufre sous forme 
d'qlcali ou de sulfate alcalino-terreux 
et le ZnO sous une forme n'influen~ant 
pas negativement la resistance du 
ciment. 

Dans l'echangeur de chaleur, seule la 
moitie environ du combustible necessaire 
peut, au maximum, etre utilisee. 

La troisieme possibilite ~'economis@r de 
l'energie consiste dans le production 
d'adjuvants hydrauliques au ciment par 
traitement thermique de marnes ou d~a~giles 
dans la couche fluidisee selon la 
temperature et le temps de sejour. En 
presence de composants marneux, des 
aluminates et des silicates calcaires a 
activite tres elevee peuvent etre obtenus 
ici a l'etat solide. 
Certaines argiles peuvent egalement etre 
activees par de tels precedes. De tels 
procedes sont surtout interessant a partir 
du moment ou le combustible necessite est 
deja contenu dans les composants comme le 
schiste bitumineux par exemple. La chaleur 
perdue resultant de tels procedes peut 
alors etre utilisee pour la production de 
courant electrique. Il est prati~uement 
possible de pretendre que les couts 
d'investissements necessaires a la 
fabrication d'une tonne d'additifs 
hydrauliques actives, production de cou
rant y comprise, ne sont pas plus eleves 
que pour la production d'une tonne de 
clinker. 

Nota - L'unite utilisee ici est le J . 
-- L'unite habituelle est le KJ • 
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Saving energy _during cement burning by complete utilization 
of waste material and low-grade fuels 

Helmuth RECHMEIR, Diplom-Chemiker, 
Portlandzementwerk Dotternhausen, Rudolf Rohrbach KG, RFA. 

Summary: 
Today, with a modern process of cement burning, it is possible to reach a thermal 
efficiency of about 50 %. 
Higher thermal efficiencies require essential improvements of the cooler efficiency. 
Such improvements are not yet available. 

For more economical production of cement there are three possiblities, concerning the 
costs of combustibles: 

1. The use of poor graded combustibles is possible, if the special conditions 
concerning the mixing with kiln exhaust gases, the heating of the combustibles 
and the different conditions of combustion are taken into consideration. 
The combustion takes place in a short time. It is important to pay attention to 
the impulse of the feeded meal. 

2. Relatively high graded waste combustibles, tires, plastics, liquid solvents can be 
used. They must be converted into a suitable state for combustion. This is made by 
upgrading in a fluidized bed. During combustion of such materials there may arise 
air polluting problems which are difficult to overcome. In cement production, many 
air polluting substances can be combined to the cement ;linker in a harmless way. 

3. The production of artificial pozzolanes, by reaction in solid state, below the 
sinterrirtg temperature with a low heat requirement. Especial advantage is gained with 
processes where substances are used, containing fuel, like 6il· shale, bituminous 
limestone or washery slates. 

The conditions which are needed for the production of such substances, referring to 
temperature and treating time can be favorably maintained in a fluidized bed system. 
The use of very low grade fuels is possible . · 

In this process it is possible to use the surplus heat for production of electric 
energy. According to the price of the electric energy, which is to buy, and the 
calorific value of the used combustibles it is possible to cut down expenses. 

At the Portlandzementwerk Dotternhausen , Rudolf Rohrbach KG, these possibilities 
are techni~ally used in full scale or will be also used in full scale in the near 
future. · 
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Manufacturing cement clinker is a process 
that entails a great deal of energy. In the 
case of those processes which are the most 
economical with respect to energy consump
tion, amounts of heat energy of between 
3,140 and 3,350 J/kg of clinker are neces
sary. This corresponds to approximately 
75 - 80 kg of heavy fuel oil per ton of 
clinker. 

The thermal efficiency of furnaces incor
porating suspensiontype heat exchangers is 
approximately 50 %. The heat loss consists 
of radiation from the various furnace 
sections, heat loss through the clinker and 
exhaust gas at a relatively low temperature 
(3500 to 360° C) from the cooler - and fur
nace exhaust. 

Improving the thermal efficiency could be 
achieved by using a cooling system making 
better use of the waste heat from the 
clinker as the furnace exhaust gases are, 
for the most part, already used for drying 
the raw materials. 

Up until the present, all attempts to 
develop a cooler system operating at an 
improved level of thermal efficiency, 
have failed. Proceeding from this, we may 
assume that no essential improvements lead
ing to increased thermal efficiency of the 
system when burning cement clinker can be 
expected at the present time. 

An improvement in the burning process effi
ciency may be achieved by using more price
worthy fuels. Fuels in this class include 
low-grade natural fuels such as oil shales, 
bituminous limestone, and the like, as well 
as high-grade waste fuels. 

However, it is not only the calorific value 
of the fuel but also the flame temperature 
achievable when using the fuel which is the 
crucial factor in the process. 

In the case of cement clinker burning 
especially, a computed flame temperature of 
over 2,000° C in the burner flame must be 
achieved in order to be able to carry out 
the process of clinker formation in a 
sufficiently short time. 

If the temperature is lower than this, the 
heat transfer coefficients may be so small 
that it is impossible to burn clinker in 
the furnace in question. For this reason, 
fuels with a very low calorific value 
cannot be used in the sintering zone. 
This is because an insufficiently high 
flame temperature is reached owing to the 
low calorific value. 

In order to be able to use such fuels 
despite this fact, they must be used where 
there is, admittedly, a high thermal 
requirement but, however, where there is 
no need for a high flame temperature. 
In the case of clinker burning, this is 
the decarbonating zone. 

In this zone a relatively low temperature 
is required, i.e. a maximum of 900° c. 

This therefore provides an opportunity to 
supply th~ heat exchanger with low-grade 
fuels and, thereby, combust them. For this 
purpose, the highest temperature zone, i.e. 
the section extending between the inlet to 
the rotary kiln and the first heat ex
changer cyclone is the most suitable sec
tion. 

It is in this section that the fuel 
supplied has to be heated and both mixed 
and combusted with the oxygen present in 
the residual gas from the rotary kiln 
(approximately 10 % of the volume). 

Low-grade fuels are only able to burn and 
make available their energy during the 
relatively short dwell period in the 
reaction zone (approximately 2 sec), if 
they are intensively mixed with the gases 
and heated sufficiently rapidly and also 
only if they are able to react rapidly 
with the available oxygen. 

If any one of these conditions is not 
satisfied, the available energy is dragged 
through the heat exchanger, thereby lea
ding to increased heat consumption in the 
long run. 

To bring about thorough mixing of the fuel 
to be supplied and of the hot viscous 
gases, the energy required for mixing must 
be supplied to the fuel in the form of an 
impulse during charging. 

In order to do this, the fuel must be 
supplied from as high a vertical position 
as possible before entering the combustion 
section and must be supplied at as high a 
speed as possible by concentrating the 
fuel in ~charge since the fuel, unlike 
a flame, is unable to receive momentum by 
means of the carrier gas. 

The impulse possessed by the raw meal from 
the next higher cyclone .stage when enter
ing the heat exchanger can be made 
available for the mixing process if a 
correct arragnement of both input loca
tions is provided. The low-grade fuels 
must not be combusted until the heat 
energy can be absorbed by the decarbona
ting process of Caco3 • 

If we temporarily disregard the processes 
of combustion, the rate of heating is a 
matter of heat transfer between gas and 
particles. Since radiant heat constitutes 
the major proportion of heat transfer · in 
the case of the temperatures in question, 

us:n: :h~ :o~~ii) 4 -6b~ J J/h 

the rate of he~ting is dependent upon the 
temperature difference between gas and 
solids at approximately CAT)4. 
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For this reason, the particles are heated 
extremely rapidly (within a fraction of a 
second). 

The quantity of heat required for heating 
is, firstly, absorbed from the heat content 
of the kiln exhaust gases. 

Assuming that the kiln. exhaust gases leave 
the kiln at a temperature of 1.100° c, 
their heat content between 1.100° C a~d 
960° C will be approximately 335 J/Nm , 
i.e. approximately 307 J/kg of clinker. 
This does not take into account the dust 
content of the kiln exhaust gases. 

In order to heat up 200 g of low-grade fuel 
from o0 to 900°, approximately 200 J are 
required. The heat content of the kiln 
exhaust gases is, therefore, more than 
sufficient to heat the fuel to decarbona
ting temperature without combustion being 
required. 

The combustion processes in reaction sec
tions such as those between the rotary 
kiln and the first cyclone are probably 
somewhat different and somewhat more 
complicated than can normally be observed 
in rotary kilns. Carbon combustion no~mally 
proceeds in the following manner: 

Even if the particles are in turbulent 
motion in the air, there will be a thin 
quiescent- layer on the surface of the 
fuel particles, the socalled hydrodynamic 
interface. The diffusion rate of the gases 
involved in combustion determines the rate 
of combustion. 

In this process, the primary reaction on 
the surface of the particles is the 
reaction of co2 with carbon to form CO, 
whilst ttactual" combustion, i.e. the 
reaction of CO with o 2 takes place in the 
hydrodynamic interface. 

Without examining the rates at which the 
individual reactions take place, we may 
assume that at constant temperature of the 
surface of the particles, the combustion 
rate will proceed proportionally to the 
co~centration of co2· on the particle 
surface, which in turn, will be pro
portional to the oxygen diffusion rate. 
This therefore means that wit~ a decrease 
in oxygen concentration, the rate of 
combustion will also decrease. 

Using this approach, the combustion rate 
of low-grade fuels in the pre-heater 
would have to decrease with decreasing 
oxygen content. 

However, as we have seen, the combustion 
rate runs parallel to the co2 partial 
pressure at the fuel surface. 
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So there is another process which is 
decisive, and indeed crucial, to the rate 
of combustion, i.e. the CO partial 
pressure of the decarbonating particles, 
which are, at .the same time, the . fuel 
carrier. At a temperature of approximately 
900° c, this partial.pressure is 
approximately 760 mm Hg. By way of 
comparison: during carbon combustion, the 
co2 partial pressure in the gas chamber 
using air as the fuel gas is approximately 
160 mm Hg, i.e. only approximately 21 % 
of the above pressure. 

This means that, if the decarbonating is 
reached and maintained, the primary 
reaction must proceed at five times the 
rate for normal combustion without 
carbonate co2. 

As the co2 partial pressure in the 
particles is a function of the particle 
temperature, in the final analysis, the 
heating rate will be the decisive factor 
determining the combustion rate. The 
complete co2 partial pressure is available 
practically straight away after the 
components have been supplied to the gas 
chamber end reactiQn with the carbon may, 
for this reason, proceed at a very high 
rate. 

The above considerations apply to low-grade 
fuels whose ashes contain considerable 
proportions of CaC03. 

In other~ases, combustion will, admit
tedly, not proceed at quite as rapid a 
rate as in the case of a high CaCO 
content, but, however, the co2 con~ent of 
the kiln exhaust gases is so nigh, owing 
to the decarbonization of raw meal that 
a considerable diffusion pressure occurs 
at the particle surface. This therefore 
means that the reaction proce~ds more 
rapidly than would be expected in view of 
the low oxygen partial pressure. 

The second possible method of saving 
expensive, high-grade energy is by using 
high-grade waste energy. The relevant 
energy sources in question for this 
purpose _ include: 

Oil recovered from waste oils and fats, 
car tires, plastic-, wood- and paper waste, 
lacquers and varnishes, solvents, waste . 
leather and even, possibly, tree bark and 
residue bagasse from sugar cane pro- . 
cessing. 

Whilst the liquid waste products, 
providing they are able to be converted 
into a form useable in an atomizer, like 
fuel oil, are able to be atomized 
together with the fuel oil and combusted, 
the pasty and solid waste must be · 
converted to a combustible form. 



Amongst them are materials, such as tires, 
which very rapidly disintegrate under t~e 
influence of heat. They may accordingly 
either be combusted in coarsely comminuted 
form in the preheater, whereby the steel 
linings of the tires are combusted along 
with the rest of the tire in the rotary 
kiln, . appearing again as Fe2o3 in the 
clinker or, they must be thermally 
decomposed e.g. using fluidized bed 
systems and then fed to the kiln. 

In fluidized bed plants, the majority of 
combustible waste materials are able to 
be converted in rapidly combustible fuels. 
One important point to bear in mind, is 
that owing to the high combustion 
temperatures in rotary kilns no odorous 
substances can reach the atmosphere. 

Gasification proceeds following the 
Boudouard or watergas reaction process. 
By allowing the iron to drop to its Curie 
point, iron sections may be removed 
magnetically from the charge. 

The inorganic constituents, chiefly ZnO 
and sulphur, are completely bonded into 
the clinker. Sulphur as alkaline or 
alkaline earth sulphates and ZnO in a 
form which is not detrimental to the 
development of cement strength. 

No more than approximately half of the 
necessary fuel is able to be used in the 
heat exchanger. 

The third way of saving energy is by 
producing hydraulic material to be 
admixed to the cement by heat treatment 
of marls or clays in the fluidized bed, 
the heat treatment process being matched 
to the temperature and dwell. Using this 
process, calcium aluminates and calcium 
silicates of very high activity are 
achieved in the presence of marly 
constituents by reaction in a solid state. 

Certain clays may also be activated using 
this process. Such processes are 
Particularly attractive if the required 
fuel is already contained in the com
ponents, such as, e.g. oil shales amongst 
others. This means that the heat given 
off by such processes may be used to 
produce electrical _ power. 

We may start from the fact that the 
investment costs for the manufacture of 
one ton of hydraulically activated 
aggregates including power generation 
are no higher than the costs of 
producing one ton of cement clinker. 

NB.The dimensions of energy requirements 
are given in J. Correctly dimension 
must be in KJ . 
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Utilization of combustible wastes in cement manufacture 
Utilisation des dechets combustibles dans la fabrication du ciment 

T.M. LOWES, B.Sc., PhD, Deputy Manager, Engineering R and D, B.C.I., 
B. TETTMAR, B.Sc., PhD, Manager, Engineering R and D, B.C.1., Grande-Bretagne. 

RESUME : Des grandes quantites de dechets combustibles tels que des ordures municipales se trouvent 
frequemment disponibles tout pres des cimenteries. L'utilisation de ces dechets dans la fabrication 
de ciment permet d'economiser des combustibles primaires aussi bien que fournir une methode peu 
couteuse d'elimination qui n'augmente pas la pollution atmospherique. Les experiences de B.C.I. de 
l'utilisation directe de dechets combustibles sont examinees et on fait allusion particuliere aux 
ordures combustibles municipales et aux effets de dechets materiau sur l'ensemble des operations d'une 
usine. On recommande des limites d'utilisation pratiques en ce qui concerne las substitution de 
dechets combustibles qu combustible primaire et on propose un scheme pour la production totale de 
ciment de l'envgie des dechets combustibles. 

SUMMARY : Large quantities of combustible waste materials such as domestic refuse are frequently 
available near a cement works. The utilisation of these wastes in ceme.nt manufacture can save prime 
fuel as well as providing a relatively cheap method of disposal, which does not increase the pollutant 
emission. B.C. I.' s experience in the direct use of waste fuels, is reviewed with special reference to 
municipal refuse and the effect of a waste fuel on overall works operation. Practical limitations. to 
the prime fuel replacement by the direct use of waste fuels are recommended. A scheme to produce 
cement totally from the energy from waste fuels is suggested. 

748 



1.0 INTRODUCTION 

In recent years the rising costs and decreasing 
resources of prime fossil fuels, have caused 
National Government and Private Industry to 
re-examine their energy usage and look for 
alternative sources of energy. Governments have 
had to become involved with long term strategic 
planning of energy usage, in order to develop 
energy policies which would take account of the 
finite reserves of the various prime fuels. 
Meanwhile, industry is directing its efforts to a 
shorter time scale; to reduce energy consumption 
so that production costs can be reduced or 
maintained at a reasonable level when other costs 
are rising. 

Cement manufacture is an energy intensive process; 
the cost of energy is the largest single item in 
running a cement works . In 1978 the fuel and 
electrical costs associated with the produc-
tion of OPC by Blue Circle Cement (BCC), was 
almost half the production costs. While many 
industries are now looking actively at the 
reduction of their energy consumption, the fact 
that it represents such a high proportion of the 
costs of cement production, has encouraged cement 
manufacturers to pursue actively this area long 
before the energy crisis of the mid-70's. 
Figure 1 shows the reduction in fuel consumption 
in BCC since 1965. This reduction has generally 
been achieved via good housekeeping (e.g. low 
back-end oxygen; reduction of inleaking air) and 
the application of improved technology (e.g. 
reduction of slurry moisture and kiln chain 
design). The above principles have generally been 
applied fully to BCC and therefore with the 
exception of the conversion of wet to semi-wet or 
dry process, the only significant changes in 
energy consumption in the manufacture of OPC that 
are left to BCC are generally associated with the 
implementation of innovative research. 
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Figure 1 - Reduction in fuel usage by B.C.C. in 
the making of OPC. 

Unfortunately, the cost of replacing a wet process 
with a semi-wet or dry process is high . . An even 
higher rate of increase in relative energy costs 
than has occurred in recent years is required to 
make it a reasonable commercial investment. 
Therefore, the cost effective reduction of energy 
consumption via innovative research is required. 
Current research work is aimed at reducing fuel 
consumption by up to approximately 75 kcals/kg via 
an optimum firing system design for low primary 
air opeation, and the electrical consumption by up 
to 30 kWh/ton via flame and mill optimisation and 
external electricity generation from waste heat. 
These reductions are representative of most of the 
feasible improvements in energy consumption for 
the dry process. This statement also applies to 
the wet process once the slurry moisture has been 
reduced to its lowest practical value. However, 
even with reductions in energy consumption via 
innovative research, associated investment costs 
must be considered as the work progresses, as 
these often make the energy saving uneconomic from 
a commercial viewpoint .. 

An alternative method of reducing the energy costs 
associated with cement manufacture is to use a 
less expensive foe 1. BCC al ready . produce al 1 of 
their OPC using a ·medium ash pulverised coal as a 
fuel, therefore, savings arising from the cost of 
the fuel can only come from the use of higher ash 
coals or low grade fuels. Techniques are being 
developed for firing higher ash coals (e.g. 35-45% 
ash) while maintaining product quality. These 
techniques are also being extended to low grade 
fuels, into which category can be included a large 
number of combustible wastes. This paper is based 
on BCI's experience and indicates how waste fuels 
could be used currently and in the future, to re
duce energy costs in ce~ent manufacture. Specific 
reference is made to Blue Circle Industries (BCI) 
use of municipal refuse as an auxillary fuel. 

2.0 WASTE MATERIALS AS ENERGY SOURCES 

As a general rule the use of waste as a fuel can
not compete connnercially with dumping. However, 
as the availability of viable dumping areas 
decreases and alternative methods of disposal are 
considered, the use of waste as a fuel becomes a 
possibility. Generally, there is between 5 and 8% 
(1) of a Nation's annual energy consumption avail
able in the form of combustible waste. As this 
amount of energy is significant in terms of the 
cement industry, and the process of cement manu
facture is one of the few industrial processes 
that could utilise the energy in combustible 
wastes in its different forms, consideration of 
this area of energy cost reduction can be fruitful 
to the cement manufacturer. 

The energy in wastes can, in theory, be utilised 
in a process in 4 ways, i.e.:-

a) Directly, via pretreatment and injecting in a 
similar manner to a prime fuel. 

b) . Semi-directly, via a gasification/pyrolysis and 
then using as a prime fuel. 
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c) Semi-indirectly, combusting externally in a 
fluid bed or. combustor and using as hot combus
tion products or preheated air. 

d) Indirectly, via electricity generation from a 
combustor. 

The decision as to which route is most suitable 
depends on process constraints and the properties 
of the waste material itself. Each mode of energy 
~tilisation can be employed in principle in cement 
manufacture. Figure 2 shows how they could be 
used to produce cement entirely from the energy in 
the waste material. 

INJECTION OF 
WASTE FUEL 
(DIRECT) 

EXHAUST 
TO RAW 
ESP MATERIAL 

DRYING GAS 
FOR RAW MATL 
(SEMI - INDIRECT) 

COMBUSTOR 1-------__, 
OF WASTE COUPLED STEAM 

----CYCLE 
FOR ELE.CTRICITY 
GENERATION 
(INDIRECT) 

PREHEATED 
COMBUSTION AIR 

KILN 

AIR 

COOLER 

CLINKER 

EXHAUST 
TO 

ESP 

Figure 2 - Schematic diagram for the potential use 
of the modes of energy generation from 
wastes in cement manufacture. 

Unfortunately, development work is still required 
on gasifiers and combustors, before a free choice 
can be made of energy type . Therefore, the 
current commercial viability of many potential 
applications can be somewhat low due to uncertain
ties of "success" and the cost of the required 
development to the cement manufacturer. However, 
development work outside the cement industry on 
fluidised beds e . g.(2) and cyclone combustors 
e.g.(3), could make the semi-direct and semi
indirect modes of energy generation attractive to 
the cement manufacturer in a few years . 
Currently, BCI are employing the direct method to 
reduce energy costs on some of their Works, by the 
introduction of pretreated waste into the-ir 
burning zone via appropriate firing systems. 
Consideration is also being given to the economics 
and the required research and development 
associated with the semi-direct method. · 

3 . 0 DIRECT USE OF WASTE AS A FUEL IN A CEMENT 
KILN 

The cement kiln has several inbuilt advantages for 
the direct use of waste as an auxiliary fuel, i.e. 
~the flame temperature-is in excess of 2000°C, 

which can stand some reduction via the introduc
tion of waste as an auxiliary fuel without any 
major detrimental effect on the process. 
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- the large and high temperature combustion 
chamber is capable of completely destroying 
odoriferous and toxic organic compounds. 

- the raw materials act as a natural calcium car
bonate scrubbing_ system to remove acid" gases . 

- the kiln is already fitted with an efficient 
waste gas de-dusting device. 

Despite all these advantages it is not possible to 
supply shovel in waste and forget about it . The 
waste must be subjected to similar types of 
storage, blending, connninution, feeding and firing 
operations as a prime fuel. It is important that 
the pretreatment plant supplies the firing plant 
with an "adequately" prepared waste fuel, which is 
then supplied to the kiln at a "uniform" calorific 
value and chemical composition, where it has no 
"significant" detrimental effect on production or 
product quality. The exact definitions of and 
difficulties in achieving "adequately", "uniform" 
and "significant" depend on the fuel and the 
cement making process. It is important that 
product quality and production capacity is 
maintained, dangers must be avoided, costs and 
general inconveniences assessed to make sure that 
they do not outweigh the benefits derived from 
payments for taking the waste and from prime fuel 
saving. Generally, a waste without substantial 
beneficiation has insufficent combustion and heat 
transfer intensity, to be able to supply the 
energy requirements of a process via its direct 
use . Therefore, as these beneficiation processes 
are not yet viable commercially, wastes are 
normally used as auxiliary fuels . 

3.1 THERMOBYNAMIC RELATIONSHIPS 

Two of the most important aspects of kiln 
operation are the· fuel consumption and clinker 
output. The use of a waste as an auxiliary ,fuel 
can advers.ely affect both these .Parameters. The 
fuel consumption can be increased when using waste 
as an auxiliary fue 1 due to; the conveying air 
used for transporting the waste; increased exhaust 
losses due to lower heat transfer in the burning 
zone, higher exhaust mass flows and moisture 
associated with the waste . In considering the 
financial benefits associated with the prime fuel 
saving when using a waste as an auxiliary fuel, it 
is necessary to consider these above affects, in 
terms of an "effective" calorific value of the 
waste fuel. The output of cement kilns can be 
adversely affected by decreased heat transfer 
rates in the burning zone and increased exhaust 
gas volume . 

Simulation programmes have been developed, based 
on plant trials, which predict changes in output 
and the fuel consumption togen.her with "effective" 
calorific value, when wastes ~e· used as auxiliary 
fuels in wet, dry and semi~dry processes. 

3.2 PRODUCT QUALITY 

While the ' waste material must be adequately · 
prepared to give a similar combustion pattern to . 
the prime fuel being used and then injected into 



the cement kiln with a constant thermal input in 
order to maximise its thermal value; further con
straints are introduced by the requirement to 
maintain product quality. It is important that a 
constant thermal input and combustion 
stoichiometry are maintained to ensure that the 
cement clinker is burnt at a consistent 
temperature to a specific free lime. 
Additionally, both chemical and thermal reducing 
conditions have to be avoided in order to minimise 
the effect of the waste fuel on strength/growth 
characteristics, grindability and workability of 
the cement. Special care has to be taken to avoid 
reducing conditions in the burning zone when the 
clinker has a high C3A. The constant thermal 
input and combustion stoichiometry is maintained 
via the appropriate design of the pretreatment 
plant and feeding part of the firing plant. The 
combustion intensity can be achieved via adequate 
material preparation and injecting the waste via a 
specially designed burner system, which has the 
momentum flux that is calculated to produce the 
gas recirculation ratio, which is required to 
minimise the chemical reducing conditions in the 
burning zone. Additionally, the combustion 
intensity of the waste material should be 
maximised via its injection along the axis of the 
kiln through the centre of the flame formed from 
the prime fuel, preferably through a swirl induced 
reverse flow zone . The burner configuration and 
the gas recirculation pattern is shown in 
figure 3 . 

END OF 
FLAME 

- --- ~ 30 __ \ __ 

PLUG FLOW 
REGION 

Figure 3 - Gas flow pattern in the burning zone of 
a cement kiln. 

Waste materials which have significant ash 
contents must be prepared so that the 
incombustible material is reduced to an 
appropriately small particle size after it has 
passed through the flame region, and the injection 
system designed so that the ash . is homogeneously 
incorporated into the kiln feed. A burner system 
which maximises the combustion intensity of the 
waste, by injecting it along the axis is usually 
optimum for incorporating the. ash homogeneously 
into the kiln feed, as it eliminates interaction 
with the externally recirculating gases; Failure 
to produce an adequately small particle size of 
the ash or to homogeneously incorporate it into 

the kiln feed, gives rise to the necessity to burn 
the clinker at a higher temperature in order ~o 
achieve combination, which can result in thermally 
reduced and over burnt clinker. In addition-to 
being homogeneously incorporated into the feed, 
the ash must be of relatively constant chemical 
analysis, in order that the cement raw material 
mix may be adjusted to maintain clinker quality. 
Fortunately, the chemical analyses of the ash from 
most wastes do not vary significantly in the short 
term. A variation in terms of percentage ash is 
more usual . Such a variation can be allowed for 
via the design of an adequate blending system. 

In addition to product quality problems due to: 
combustion intensity, variable thermal input, ash 
variability and heterogeneity, significant product 
quality problems can occur due to relatively minor 
constituents. The inputs of volatile compounds 
such as alkalis, chlorides and sulphates have to 
be assessed in the light of similar inputs from 
the normal kiln fuel and raw materials to 
anticipate their possible effects on kiln 
operation and product quality. The level of 
volatile compounds which can be tolerated is known 
technology and depends ~n the type of cement 
making process used. Other minor, but potentially 
harmful constituents have to be considered. 
Special laboratory work has to be undertaken and 
related to full scale trials, to anticipate their 
behaviour and eventual destination when introduced 
into the kiln system, in order to determine 
possible effects on production quality and kiln 
operation. With minor constituents, common prob
lems are that their range of variation in waste 
materials are not known. Furthermore,it is not 
easy to get representative samples of the waste. 

3.3 ATMOSPHERIC POLLUTION 

The raw material calcium carbonate scrubbing 
system associated with each Works usually means 
that there will be little problem with exhaust 
emissions when waste is successfully used as a 
fuel . However, each waste needs to be considered 
carefully . 

3.4 WORKS' OPERATION 

The pretreatment and firing plant must be suitably 
designed to prevent inconvenience to Works' 
personnel, to meet statutory requirements and to a 
maintain acceptable working conditions. At the 
same time these plants must be capable of 
providing the kiln with uniform quality of waste 
fuel at a cost effective rate. In comnercial 
considerations the real effect on Works' operation 
of running the waste fuel plant has to be 
carefully identified. 

4.0 PRACTICAL APPLICATION OF DIRECT FIRING OF 
WASTE 

While it is possible to completely replace a prime 
fuel with a waste in firing a cement kiln, this 
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can only be achieved for a good quality OPC at a 
reasonable fuel consumption and output if the 
waste is in fact a high grade fuel (e.g . refinery 
tail gas) or it has been highly beneficiated. 
Generally, however, there is either insufficient 
supply of the waste to supply completely the fuel 
requirements of the kiln or the beneficiation 
process is not commercially attractive. Many 
combustible wastes which are available in 

· sufficient quantities have a significant ash 
content, e.g. colliery minestone, municipal 
refuse. 1be ash content is usually the limiting 
factor in their replacement of the prime fuel, 
opce adequate pretreatment has taken place and an 
appropriate firing plant is available. In order 
to maintain an acceptable clinker quality the 
maximum ash on clinker that could normally be 
considered for introduction via the flame is 
approximately 10%, providing the ash's particle 
size distribution after combustion is similar to 
that which occurs with pulverised coal. Depending 
on the waste and cement making process used, prime 
fuel replacements of 10-25% can be achieved. 

BC! has evaluated, carried out trials, and in some 
cases brought into operational fruition, the use 
of wastes as an auxiliary fuel in a cement kiln. 
Typical examples ar e: charcoal fines, power 
station grit, rice husks, colliery minestone, 
wood-waste, coconut shells, Fullers Earth, battery 
cases, rubber tyres/chars, municipal refuse, waste 
oils, acid tar and solvent recovery residues. The 
scope of the paper does not allow detailed 
description ~f each evaluation . Generally, 
however, if they are not currently being success
fully applied, the overall "cost" of using the 
waste is too high compared to the prime fuel 
saving. 1bis can be due to many reasons; however, 
the investment . and operating costs of the 
pretreatment plant required to maintain cement 
quality and output, combined with the potential 
disposal fee often predominate. More details of 
the evaluation procedure, which is based on R & D 
analysis that should be applied to assessing the 
commercial viability of a waste as an Auxiliary 
fuel is given in reference (4) . 

A typical successful example of the use of a waste 
as an auxiliary fuel in BC!, is that of municipal 
refuse . Initial trials were carried out in 
1971(5) on a 4 . 5 t.p.h. experimental cement kiln 
and involved repulverising refuse from a nearby 
municipal pulveriser plant and mixing with the 
normal coal before firing into the kiln. The 
trial showed that the method of disposal was 
practical but that the method of addition was 
difficult to control. Trials were carried out to 
develop adequate pretreatment and firing plants on 
20 and 40 t.p.h. wet process kilns. The process 
developed is currently in commercial operation at 
a minimum of 60,000 t.p.a. of refuse on a coal 
fired wet process Works. Figure 4 shows a 
schematic diagram of the installation which passes 
the refuse on an as-received basis through a two 
stage milling process. · 
1be primary stage reduces the refuse to 80%< 50nms 
and the second stage to essentially all minus 
50mms. It is particularly important that few 
"streamers" and little f_errous metal penetrates 
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Figure 4 - Typical flow sheet for a pretreatment 
and firing plant for municipal refuse. 

into the firing plant. The pulverisers and 
process line were chosen accordingly. The 
streamers are avoided by using a Hazemag Universa 
16/20 as a primary pulveriser and a Hazemag EM 
1000/1500 or a Gondard "Civic" as secondary 
pulverisers,. Over-band magnets after each 
pulverisation remove approximately 90% of the 
ferrous metal. The pretreated refuse is then fed 
to the firing plant, where it is injected into the 
kiln via a screw feeder, weight belt, rotary valve 
and burner. Provisions exist to increase the 
refuse input providing the cement quality can be 
maintained. It should, however, be noted that the 
maximum coal ash that one would no~ally consider 
incorporating into the . raw material via the flame 
is 10% of the clinker output. At 60,000 t.p.a. 
refuse, it's ash plus the ash in the coal gives aTh 
ash on clinker level is approximately 6%. 

·There is an increasing preponderance throughout 
the world of dry process kilns, including many 
firing with fuel oil. Therefore, the most recent 
commercial trials have been carried out in such a 
kiln in the UK. A mobile pretreatment plant was 
used to supply nominally 100%<50mm refuse to a 
firing plant which comprised of an elevator, 
screen, weigher, screw, rotary valve and a double 
concentric, swirling oil/refuse burner. 
Appropriate adjustments were made to the cement 
chemistry to accommodate the ash from the refuse. 
The trials showed that:-
- the use of refuse as an auxiliary fuel in the 

dry process can be compatible with the manu
facture of good quality cement. 

- the amount of refuse which may be insufflated 
depends on its chloride content. 

- the amount of refuse which can be used as an 
auxiliary fuel when not restricted by chlorine 
level, is largely dictated by its fineness. 



with the appropriate chloride levels and fine
ness significant replacements (6) of fuel oil 
can be achieved. 

Unfortunately the ma]or drawback in the use of 
refuse as an auxiliary fuel is the capital and 
operating costs of the pretreatment plant . The 
fuel equivalent of the refuse on its own is not an 
attractive investment, therefore it is important 
that a realistic price be paid by the local Waste 
Disposal Authority (W . D.A.) for its disposal. 
'lllis process is less costly to the W.D.A. than 
incineration and makes maximum use of its fuel 
value without any significant increase pollutant 
emission (6). 

The major limitations governing the increased use 
of refuse as an auxiliary kiln fuel, are associa
ted with its combustion intensity, ash and 
chloride levels. Future work will concentrate 
initially on increasing the combustion intensity 
and decreasing the ash on clinker level, via a 
simple beneficiation process which takes out the 
heavier fraction . For t.he longer term, process 
developments which would facilitate the use of 
refuse for cement manufacture (or indeed any other 
waste) in other than the direct form of energy 
will be followed, with specific attention being 
given to · the semi-direct method. This latter 
development could give rise to cement kilns being 
fired entirely by a waste fuel. As there is 
usual l y sufficient municipal refuse in a country 
to supply all the necessary energy for cement 
making, the fact that its disposal via cement 
making competes favourably with incine~ation and 
has reduced overall pollutant emission, could make 
the disposal method part of a countries strategic 
plan to reduce their consumption of prime fuel at 
the same time as reducing their overall pollutant 
emission. 

5.0 CONCLUSIONS 

1) Wastes having a significant calorific value can 
be used as an auxiliary fuel to provide energy 
directly to the cement making process, provided 
they are subjected to the appropriate pretreatment 
and introduced into the process via a suitably 
designed firing plant . 

. 2) Even with an appropriate pretreatment and 
firing plant, the direct firing of waste i s 
normally limited to an auxiliary fuel role due to 
product quality and process operation 
considerations. 

3) The fuel savings ar1s1ng from using solid waste 
as a fuel does not normally made the investment/ 
development costs of the pretreatment plant 
commercially viable. A disposal charge for the 
waste has normally to be made. 

4) The limitations imposed by the use of waste as 
a direct source of edergy, may be o~ercome by the 
development of suitable gasifiers or combustors . 
However, development and operating costs could be 
a problem. 
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SEMINAIRE D 

Influence des caracteristiques du ciment 
sur les proprietes du beton 

President : M. MCHEDLOV PETROSSYAN, URSS 
Correspondant frarn;;ais: M. BARON 

INTRODUCTION AU SEM I NA I RE D 

Le ciment, en reagissant avec l'eau, forme la col l e du beton. 
On doit done s'attendre ace qu'i l y ait une relation entre 
les proprietes du beton et les caracteristiques du ciment. 
Les communications qui suivent montrent que cette relation 
est souvent loin d'etre c laire; parfois, elle semble ne pas 
exister; parfois encore, d'un auteur a l' autre, e ll e est con
tradictoire. 

~!~~R'~-~ 
Pour un beton riche en ciment, le dosage en eau necessaire 
pour obtenir une consistance donnee, peut etre decompose 
en deux parties, I 'une attribuab le au ciment, I 'autre au gra
nulat inerte : 

e =Ac + Dg 

A et D caracterisent le ciment et le granulat inerte ; c et g 
sont les volumes de ciment et de granulat dans l e melange. 

Toutes choses ega l es par ai!leurs (c, D et g), ii ex ist e alors 
une relation entre e et A, done entre une propriete du beton 
et une caracteristique du ciment. En particul ier si l e ciment 
est plus fin, A ~st plus grand et le dosage en eau du beton, 
necessaire pour avoir une cons istance donnee, est plus 
grand. 

Pour les dosages en ciment usuels, la relation ci-dessus 
n'est plus va labl e ; l e dosage en eau depend toujours de la 
finesse du ciment mais ii depend aussi de la porosite du gra
nulat inerte, c'est-a-dire de la repartition granulometrique 
de !' ensemble des grains. Augmenter la finesse du ciment 
peut a lors, suivant le cas, augmenter ou diminuer, ou encore 
ne pas changer I e dosage en eau necessa ire pour avoi r un 
beton de consi stance donnee. 

~!~~I~-~ 
Influence du moment demise en place sur la resistance a 
28 j. Le~oment optimal de mise en place depend du ciment 
et de la temperature interne. Le choix d'un moment arbitrai
re peut fausser la comparaison entre les ciments adjuvantes 
ou non. 

~!~~_p~~-~ 
11 n'existe pas un rapport fixe entre le retrait au jeune age 
du beton et celui de sa pate (le granulat etant toujours, l e 
meme par ailleurs). Suivant les ciments, ce rapport varie 
entre 0, 1 et 0,25. Cela est probablement dO, en partie, aux 
microfissures qui se torment dans le beton au jeune age en
tre la pate et les granulats. Ouoi qu'il en soit, la valeur de 
ce rapport depend de la cinetique de durcissement de la pate 
de ciment, de la repartition granulometrique des grains du 
granulat et du ciment' c:Jes caracteristiques elastiques du 
granulat ainsi que des conditions mecaniques imposees aux 
I imites de I 'eprouvette. Compte tenu de tout cela, une pate 
de ciment au retrait superieur peut donner un beton au re
trait plus faible. 

On pourrait multiplier ainsi les exemples. Mais ce la n'est 
pas necessai re pour etre convaincu que la relation entre I es 
proprietes des betons et les caracter istiques des,ciments ne 
'peut etre etudiee qu'au travers de modeles physiques sche
matisant l e fonctionnement global.. 

En Union Sovietique, on a vu ces dernieres annees l e deve
loppement de modeles semi-empiriques, prenant en compte 
I 'influence de tres nombreux parametres (caracteristiques du 
ciment, des granulats, des proportions du melange, des con
ditions de rriise en oeuvre, des conditions atmospheriques). 
Le developpement de ces modeles est possible grace aux pro
gres des moyens ·de calcu l . 

D'un point de vue pratique, ces modeles permettent une opti
misation globale du beton qui peut etre une source de progres 
et d'economies importantes. 

Le Seminaire a ete organ;se selon 5 themes, organise chacun par un rapporteur: 

1 - Influence de la composition chimico-mineralogique et de la finesse du ciment - M. J.P. BOMBLED 

2 - Influence des constituants secondaires (cendres vo lantes , laitiers, pouzzolanes, ,etc ••• ) -
M. LUDWIG 

3 - Influence des traitements thermiques - M. L .J. PARROT 

4 - Influence des adjuvants - M. 0. HENN I NG 

5 - Influence des effets exterieurs et de leur association - M. O.P. MCHEDLOV PETROSSYAN 
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Theme 1 Influence de la composition mineralogique 
et de la finesse du ciment sur les proprietes du beton 

par J.P. BOMBLED, C.E.R.l.H.L, Paris, France. 

I Introduction 
Dans un beton hydraulique le ciment represente 

pratiquement la fraction la plus fine done, par unite 
de volume, de beton l'element solide presentant le plus 
grand noinbre de points de contact et la plus grande 
surface d'echange avec ce qui l'entoure c'est-a-dire 
au debut, l'eau de gachage ; par ailleurs, le ciment 
forme avec cette eau l' element actif de cet ens.emble 
et aussi, a l'etat frais, l'element deformable. 

Il est par consequent assez logique de penser que 
les caracteristiques du ciment influenceront en 
grande partie les proprietes du beton frais ou durci. 

Toutefois il ne faut pas aller trop loin dans ce 
raisonnement et attribuer au ciment toutes les 
qualites et pourquoi pas aussi tous les defauts d'un 
beton : ne perdons pas de vue qu'une realisation en 
beton et sa bonne tenue c'est aussi le resultat 

du soin dans la conception de l'ouvrage, 
du choix d'une composition du beton, 
de la presence d'autres composants y compris des 
adjuvants, 
de la qualite de la mise en oeuvre, 
du deroulement des traitements eventuels' 
des conditions de ·travail ou d'environnement 
immediates ou ulterieures. 

Certains de ces points font d'ailleurs l'objet 
d'autres themes de ce seminaire. 

Le theme I conceme "L'influence de la compositicn 
mineralogique du clinker et de la finesse du ciment 
sur: les proprietes du beton". 

Auparavant pour essayer d'avoir une vue globale de 
l'etat de nos connaissances il est bon de se reporter 
au Tableau I formant une matrice dont les colonnes 
correspondent aux proprietes du b~ton que j'ai 
divisees en ciriq groupes_: 

"Proprietes' du Eleton 

Etat frais : Evolution : Performances Variations 
mani;::illilitC prise et mCcOJniqucs dimcnsioncllcs , .Durabilit6 

raidissements fissurat ion 

Constitution .. mineralogique 
c et chimique du ?'? E clinker . 

?? ??? 
·u ! ycompris elements 

mineurs) 
:I 

"C Composi tion 
Ill du ciment . ., 

? :I I en tenant complc 
C" de' divers compo · 

·~ sants l;aiti er,poui. 
zolane) 

? ??? 

B 

B B :i Finesse de 
B mouture . 

Dosage en 
~ ciment dans B 

le bt!ton. 

B 

B B 
? domaine ou II ruh des qautlons plus ou mains nombreuus a resoudre . 

-...,, domaine oU ii uiste un :u;quit lmporhnt mais encore du zones d'ombre 1 tclalrclr, 

I B domain• 1iu o~ peut admettre noir une Bonne conn:a iss:ance de l 'cssentiel pour comprendt1et1c1r_.~queMent, __ J 
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les proprietes a l'etat frais, 
l'evolution depuis l'etat initial pendant les 
premieres heures de la vie du materiau (prise, 
raidissements ... ), 
les performances mecaniques a plus longue echeance' 
les variations dimensionnelles et les risques de 
fissuration qui leur sont souvent associes, 
la durabilite . 

Les lignes correspondent a des caracteristiques ou 
des facteurs lies au ciment : 

La composition mineralogique du clinker [et 
chimique en ce qui conceme des elements dits 
"mineurs" ] . 
La composition du ciment en tenant compte des 
constituants en dehors du clinker: laitier, 
pouzzolanes naturelles ou artificielles ... et le 
gypse. 
La finesse de mouture soit par son aspect synthe
tique de l'aire massique soit par son aspect 
analytique de la granulometrie. 
Et,bien que ce ne soit pas une propriete intrin
seque du liant, son dosage dans le beton. 

Dans ce tableau j'ai essaye de faire le point de 
nos connaissances en les estimant en trois niveaux 

Celui que j'ai symbolise par un ou plusieurs 
points d'interrogation pour signifier qu'il 
reste encore dans ce domaine beaucoup de questions 
a elucider par les chercheurs. 

2 Dans quelques cas le symbole ondule veut dire que 
nous disposons deja d'un certain acquit mais qu'il 
reste des zones d'ombre a eclaircir et sans doute 
des syntheses a effectuer; 

3 Enfin dans le troisieme niveau indique par la 
lettre B ce sont les domaines ou j'ai estime notre 
connaissance satisfaisante. 

Les appreciations portees dans ce tableau sont 
evidemment tres subjectives et peuvent donner lieu a 
des discussions, on peut ne pas etre d'accord et je 
laisse a chacun le soin de les modifier a son gre. 

Neanmoins on peut penser que cette forme de pre
sentation a le merite de nous mettre sous les yeux 
un panorama de nos connaissances et de nos lacunes. 
Evidemment chaque colonne et chaque ligne peuvent 
elles-memes se subdiviser en plusieurs facteurs ou 
elements. 

Les differentes colonnes du tableau formeront les 
tetes de chapitre, de cette courte presentation du 
Theme I. Ma:ispour ce theme I qui est mon sujet, il 
faut faire abstraction des lignes 2 et 4 qui ressor
tissent des autres sujets qui seront abordes par les 
autres rapporteurs. 



II Caracteristigues du ciment et proprietes du 
beton frais 

Les recherches sur le comportement rheologique du 
beton frais et les composants de l'ouvrabilite 
(cohesion, viscosite, frottement interne) ainsi que 
sur les facteurs qui les influencent, commencent a 
nous permettre d'entrevoir les mecanismes. 

On connait en particulier assez bien l'influence 
soit sur la cohesion, soit sur l'effet lubrifiant de 
la pate interstitielle, soit sur la lutte contre les 
risques de segregation etc, l' influence de la propor
tion d'elements fins et, par consequent, de la 
finesse de mouture du ciment d'une part et du dosage 
de celui-ci clans le beton d'autre part. 

Dans ce domaine de la finesse on s'est aper~ u par 
ailleurs que le mode de broyage n'etait pas sans 
repercussions rheologiques et c'est un probleme a 
l'etude actuellement. 

Ence qui concerne l'influence de la compositior. 
du clinker, on est beaucoup moins fort mais des 
etudes sont en cours sur la floculation, sur la 
thixotropie, sur le potentiel zeta en relation avec 
la constitution du clinker et le& ions presents 
clans la phase aqueuse. .~ · 

On sait neanmoins que la teneur en c3A dont la 
vitesse de dissolution est grande, doit jouer un role 
predominant puisque si son hydratation rapide et 
les liaisons precoces qui peuvent en resulter ne 
sont pas correctement ralenties,on risque de voir 
augmenter rapi4ement la resistance au cisaillement du 
beton frais et de voir ainsi la prise empieter sur 
la periode de raise en oeuvre. 

On a commence aussi a mieux comprendre le role 
des sulfates de calcium et du gypse en particulier, 
floculants, reducteurs de solubilite des aluminates, 
cornrile sulfo-aluminate, colmateursde certaines 
plages des grains, accelerateurs des silicates ; 
selon la teneur en C3A du clinker l'incorporation ' du 
gypse pourra soit produire un effet pseudo-fluidi
fiant soit au contraire pour une teneur en c3A faible, 
conduire a une diminution de maniabilite ou a une exi
gence en eau plus grande a caracteri~tique rheolo
gique egale . 

L'action des alcalins depend non seulement du 
cation mais aussi de l'anion toutefois ils presentent 
generalement deux effets contradictoires l'un 
fluidifiant l'autre accelerateur de prise, et clans 
ce cas peuvent contribuer a diminuer rapidement l'ou
vrabilite ; si les alcalins sont en trop grande pro
portion c'est ce dernier effet qui risque de predo
miner. 

Tout ceci commence a etre mieux connu et il faut 
remercier Monsieur GEBAUER de son etude tres·inter
ressante et tres instructive fondee sur une grande 
quantite d'observations et un grand nombre de ciments. 

Cette communication propose une relation qui per
met de calculer l' exigence en e·au a cons is tance 
normale, en fonction de trois facteurs qui sont par
mi ceux que nous venous de mentionner. 

Nous l'avons verifiee avec quelques ciments et 
elle nous a donne de bons resultats. Toutefois on 
peut s'etonner de deux chases ! l'absence du terme 
sulfate et le fait que la finesse est caracterisee 
par la fraction 10/30 ~m. Remarquons que pour le 
sulfate, comme la teneur optimale en gypse est fonc
tion de la teneur en CJA ,en alcalin et de la fin~sse , 
on con~oit que l'influence du gypse soit difficile a 

dissocier des autres facteurs pour les ciments com
merciaux. 

Un autre enseignement du travail de Monsieur 
GEBAUER est de montrer combien les variations rheo
logiques liees au facteur cimeut sont assez faible
ment repercutees et fort attenuees sur la maniabilite 
du beton ; c'est un avantage mais aussi un inconve
nient. : 

Ceci devrait d'abord nous conduire a une cert~ine 
modestie et decourager ceux qui proposent de 
mesurer une maniabilite intrinseque du ciment 
alors que c'est toujours de maniabilite du beton 
qu'il s'agit. 

En revanche ceci nous interdit de transposer sans 
precaution les resultats des essais rheologiques 
obtenus sur pate ou sur mortier a des betons, et 
pour les laboratoires c'est toujours une charge 
tres lourde et une difficulte que d'effectuer 
toutes ces mesures sur be ton d 1 autant plus qu' il 
n'existe pas de beton normalise. 

III Evolution initiales et caracteristigues du ciment 
Il s'agit de la deuxieme colonne du tableau ; 

cette evolution peut se manifester de trois manieres 

par une prise habituelle apres une periode dor
mante ou d'induction plus ou mains longue 

par une perte d'ouvrabilite progressive mais 
quelquefois assez rapide (et qui peut etre parfois 
fort genante). 

par des raidissements prematures qui sont redhibi
toires pour une bonne mise en oeuvre. 

Il va de soi que ce sont les elements rapidement 
solubles qui interviennent a ce stade ; on sait bien 
aussi comment la finesse de mouture influe sur la 
vitesse de prise. 

En ce qui concerne la composition du clinker ce 
sont essentiellement C3A et les elements alcalins qui 
agissent soit comme, constituants a prise rapide soit 
pour les alcalins genera.lement connne accelerateurs, 
la conjonction des deux pouvant evidennnent entrainer 
des temps de prise tres courts ou des raidissements 
prematures. 

L'action moderatrice des sulfates de calcium 
(gypse, anhydrite, semi-hydrate) depend de la vitesse 
de dissolution de ceux-ci et de celle des differents 
elements en presence, laquelle conditionne ·;;1cette 
competition qui regit la cinetique d'hydratation clans 
les premiers instants laquelle sera influencee : 
- par la concentration des elements en presence, 

par la nature et la mobilite des ions qui apparais
sent, 
par l'etat d'hydratation et de solvatation des 
elements dissous, 
par la temperature qui agira entre autres sur la 
diffusion etc. 

Nous connnencons a comprendre certains de ces me
canismes ce qui ne veut pas dire qu'il ne reste pas 
encore de~ points a preciser ; il reste en particu
lier a mieux elucider l'influence d'un certain 
nombre d'elements dits "mineurs" dont la cinetique de 
dissolution et dont les effets que j'appellerai faute 
de mieux "catalytiques" peuvent deplacer notablement 
les equilibres ioniques qui regissent tous ces sys
temes. 
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Un point important sur lequel nous sommes beaucoup 
mains forts et qui pourtant nous pose des problemes 
frequemment, est celui des raidissements prematures ; 
on a pu leur trouver un certain nombre de causes mais 
il re~te beaucoup a faire pour demonter tous les 
mecanismes : il est d.'ailleurs Surprenant qu 1 aucune 
communication ne se soit interressee cette question ; 
peut etre a~t-on quelque pudeur a reconnattre notre 
ignorance. 

Dans le domaine de la prise nous trouvons la tres 
interessante etude de Monsieur le Professeur TAM de 
Thailande qui etudie en particulier l'influence des 
elements alcalins notamment dans le cas op l'on in
corpore des adjuvants dont le but est justement de 
modifier la vitesse de prise. 

On peut toutefois s'interroger sur la validite de 
conclusions tirees de !'addition d'hydroxyde de 
sodium aux alcalins deja presents dans le clink~r,dont 

lEPassage en solution est sans doute plus lent (l'ordre 
d'incorporation des additions peut d'ailleurs gene
ralement intervenir) mais aussi parce que l'anion as 
sans doute aussi son mot a dire et joue un role non 
negligeable danS leS etatS d I equilibre dont j I ai parle 

Neanmoins la recherche de l'influence des elements 
alcalins sur la solubilite et sur la cinetique de 
dissolution des autres constituants, est tre.s interes
sante et peut aider a comprendre les repercussions 
eventuelles dans le cas d'incorporation de certains 
adjuvants. 
IV Caracteristigues du ciment et resistances 

Je serai relativement bref sur ce point pourtant 
important car beaucoup est deja connu et a ete fait. 

La relation entre la finesse de mouture et en 
particulier la granularite et la cinetique de durcis
sement a fait l'objet de fort nombreux travaux. On 
sait que la resistance entre 0 et 24 h est directe
ment proportionnelle a la surface specifique, on sait 
aussi quelles sont les tranches granulaires qui 
donnent les premieres resistances et l'interet d'un 
spectre granulometrique resserre. 

Mais la correlation entre finesse et resistance 
n'~st pas sans dependre elle aussi de la composition 
car la constitution des differentes fractions granu
laires est liee a la broyabilite de chaque mineral 
par exemple plus un clinker est dur a brayer, plus 
les fines seront . riches en c

3
s. 

Pour ce qui est de l'influence de la composition 
mineralogique Je C3S est l'element essentiel des 
resistances finales. Par ailleurs n'oublions pas 
les possibilites d'interaction, des effets de 
synergie, entre differents constituants , C3A et c3s 
par exemple, et il ne faut pas se horner a additionna
les proprietes separees de chacun. 

Mais dans ce domaine la composition n'est pas tout 
et on connnence a entrevoir que la morphologie des 
cristaux peut influer notablement ; ainsi on a pu 
entendre dire ea et la que des alites en cristaux 
hexagonaux ou prismatiques, des belites en cristaux 
arrondis donneraient les meilleurs resultats. 

En outre la dimension des cristaux a aussi son 
importance : des petits cristaux de quelques 
dizaines de mic~ons, peu differents de la grosseur 
des grains qui resultent du broyage, donnent gene
ralement de tres bons resultats du fait qu'a ces 
dimensions le broyage entratnerait des contraintes 
plutot generatrices de defauts et de failles ce qui 
~St favorable a 1 1 hydratation en augmentant la 
vitesse de penetration de l'eau. Notons . ici que les . 
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conditions de refroidissement et de trempe du 
clinker ne sont pas non plus sans importance. 

Pour les elements mine.urs, en schematisant, un 
ciment riche en alcalins donnera des resistances 
initiales plutot plus elevees (effet accelerateur de 
durcissement) ce qui ne sera plus le cas des resis
tances finales ; par ailleurs l'insertion et l'in
clusion de certains elements mineurs .peuvent etre 
benefiques . 

N'oublions pas que la resistance mecanique 
d'un beton outre la resistance propre de la pate in
ter~titielle de ciment hydrate fait intervenir 
!'adherence de celle-ci aux granulats et cette 
adherence mecanique par les multiples queues d'aron
des qui realisent une infinite d'ancrages est liee 
d'une part a des problemes rheologiques, la penetra
tion dans ces anfractuosites, et d'autre part a l'etat 
de surface des grains : la connnunication de 
Monsieur AYAPOV nous montre des tentatives de trai
tement de granulats notamment des laitiers par des 
actions chimiques. 

Pa~ ailleurs il faut dire que la plupart des pro
prietes des pates de ciment durcies sont en relation 
avec leur porosite et plusieurs communications (qui 
ne relevent pas essentiellement du Theme I · d'ail
leurs) sont consacrees ace point. 

Enfin, bien que cette conununication releve de 
betons speciaux (refractaires) il faut citer l'in
terressant travail de Monsieur TOREANU et collabo
rateurs qui trouve quelques liens avec ce que nous 
avons dit plus haut. 

V Proprietes du ciment et variations dimensionnelles 
Je serai tres bref, ici aussi, car il n'y a paseu. 

de communication traitant de ce sujet, ce quipourrait 
laisser penser que tout est connu alors que beaucoup 
de recherches s'effectuent encore dans ce domaine et 
celui de la fissuration. 

On a trop souvent tendance a relier retrait entra
ve du ciment et fissuration du beton alors que l'on 
sait tres bien que les causes de fissuration des ou
vrages sont multiples et que la plupart du temps le 
retrait hygrometrique a long terme du ciment, celui 
que l'on mesure habituellement, n'y a qu'une tres 
faible part. Si le retrait hydraulique d'une pate de 
ciment est une grandeur facilement mesurable,en . re
vanche ,la fissurabilite qui depend de tres nombreux 
facteurs intrinseques ou ex trinseques au beton n'a 
qu'un caractere aleatoire et ne peut etre en aucune 
maniere une caracteristique propre des ciments. 

Pour les facteurs qui interviennent sur le ret~ait 
d'une pate de ciment on connait bien l'influence de 
la finesse de mouture mais moins bien celle de · la 
composition du clinker : il est certain que les alca
lins solubles sont connus connne facteurs de retrait 
il semble que l'influence de la teneur en C)A, negii
geable jusqu 1 a 7 OU 8 i., joue au-de la dans le. Sens 
d'un accroissement de retrait hydraulique. 

Quant aux causes d'expansion elles ont donne lieu 
a de nombreux travaux et,outre les facteurs exterieurs 
font intervenir les constituants du ciment tels que 
chaux ou magnesie libre (periclase),exces de sulfate, 
reaction avec les granulats;mais on aborde ici les 
problemes de la Seme colonne du Tableau I c'est-a
dire ceux de la durab.ilite. 



VI Composition du ciment et durabilite du beton 
Pour ce qui concerne la composition du clinker de 

base du ciment, il exis .te une litterature abondante 
qui confirme que les betons sont d'autant plus vul
nerables a la plupart des milieux agressifs, que la 
teneur en C3A du ciment augmente. 

On admet souvent qu'au dessous de 7 a 8 % de C3A 
il y a fort peu a craindre et en revanche beaucoup 
au dessus de 10 %, la zone frontiere pouvant donner 
lieu a des discussions. 

N'oublions pas toutefois trois remarques qui 
peuvent etre fort importantes : 

Qu'il peut exister des differences relativement 
notables selon les moyens de chiffrer ou de <loser 
les constituants mineralogiques du clinker et done 
le c3A. 

Qu' id aussi la forme cristallographique des mine
raux peut intervenir au moins autant que leur 
teneur. 

Qu'enfin ce n'est pas le c3A anhydre qui est 
attaque mais les hydrates parfois fort complexes 
ou l'insertion d'elements "mineurs" n'est pas sans 
jouer un role. 

On peut ajouter deux ~hoses importantes sur les
quelles tout le monde est d'accord : 

Une bonne resistance a la carbonatation et une 
bonne protection des armatures exigent une forte 
teneur en chaux et pour les aciers un enrobage 
suffisant d•un materiau impermeable. 

Deuxiemement l'unanimite est faite sur l'impor
tance de la permeabilite dans les problemes de 
durabilite des betons : il faut done avant tout 
realiser des pieces en betons compacts et etanches 
done des be tons mani ab les, non segregeab les, 
richement doses en ciment et bien serres, si cela 
est realise le plus important est fait le reste 
apparait secondaire. 

L'importance de ces divers points de la permeabi
lite est bien rappelee par la communication de 
Monsieur MATOUSCHEK. 

VII Conclusions 
Les resumes que nous avons re~us des travaux de 

Monsieur SZEKELY de Hongrie et de Monsieur 
SHESTOPYROV et collaborateurs confirment combien 
on cherche actuellement 

D'une part a bien mettre en relief le role du 
ciment dans le beton, 

D'autre part combien on souhaite et on recherche 
des moyens et des criteres de prevision des 
qualites du beton, 

Enfin de la necessite de conna1tre parfaitement 
les r~lations entre les nombreux facteurs en jeu. 

Nous avons vu que si l'on connait generale~ent 
assez bien l'influence de la finesse de mouture il 
reste beaucoup a faire pour bien conna1tre d'une 
fa~on certaine l'influence de la composition : sur 
le Tableau II j'ai essaye de regrouper ce que l'on 
croit savoir aujourd'hui : ici aussi ce sont surtout 
des tendances et vous etes libres de ne pas etre 
d'accord avec ce qui est indique. 
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Not a , ii s ·agit surtout de tendances car ii ne faut pas oublier /'interdependance d~ 
nombreux facteurs . 

On a beaucoup parle des alcalins, des sulfates et 
surtout de C3A mais on est maintenant sur que ce 
n'est pas seulement la teneur de ce composant qui 
joue mais bien d' autres choses dont les polymorphismes 
les inclusions, le mode de formation etc ..• 

En realite les variables liees a la composition du 
clinker ne sont pas independantes et il y a une teile 
interd~pendance qui commence deja a partir de la 
clinkerisation et va bien entendu jusqu'a l'hydtata
tion qu'il est pratiquement impossible de ne raire 
va~ier q~'un seul facteu~ a la fois et surtout on 
risque d 1 observer des correlations qui n'en sont pas 
OU qui SOnt hasardeuses sur le plan des me~anismes 
physico-chimiques. 

Neanmoins meme s'il reste encore beaucoup de 
points a eclaircir et de syntheses a effectuer. je 
pense que l'on peut etre optimiste devant le develop
pement de nos connaissance dans ce domaine ces 
dernieres annees. 
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Influence of cement on the properties of fresh concrete 

Influence du ciment sur Jes proprietes du beton frais 

Dr. J. GEBAUER, Chimiste, Chef du Groupe « Application du Ciment » du Departement Materiaux de la 
« Holderbank » Gestion et Conseils S.A., 5113 Holderbank, Suisse. 

RESUME : L'effet de la composition et de la finesse du ciment sur la consistance, la perte de consistance et 
le raidissement du beton est discute a partir d'une investigation comprehensive effectuee sur un grand nombre de 
ciments industriels et differentes proportions de melanges de beton. 

Au cours de l'investigation, on a utilise des methodes d'essai st~ndardisees telles que : besoin en eau pour 
pate normale, temps de prise selon Vicat et en plus la resistance a la penetration a l'aide du penetrometre Fran
cardi. Les mesures de consistance effectuees sur beton sont : affaissement, degre de compactibilite DIN, etale
ment DIN, ainsi que la perte de consistance a differents intervalles des le malaxage et mesure continue de la vi
tesse de la propagation de l'ultrason durant les premieres 24 heures. 

Les caracteristiques du ciment influencent significativement les proprietes des pates fraiches de ciment. Les 
facteurs princ~paux d'influence sont : les teneurs en aluminate, en alcalis et en sulfate du clinker, l'ajout de 
sulfate de calcium et la granularite du ciment. Les effets du ciment, qui sont facilement mesurables sur pate, 
sont fortement affaiblis dans le beton. Par consequent, on a trouve, en general, une relation faible entre les 
proprietes de la pate et du beton. Certaines relations ont ete observees entre l'evolution de -la resistance de 
la pate a la penetration, mesuree par penetrometre, et le raidissement du beton. 

SUMMARY : The effect of cement composition and fineness on the consistency, loss of consequency and stiffening 
of concrete i~ discussed on the grounds of a comprehensive investigation carried out on a large number of in
dustrial cements and various mix proportions of concrete. 

In the investigation standardized test methods on paste were used : water requirement of the standard consis
tency, Vicat setting time and penetration with the Francardi penetrometer. The tests performed on concrete were: 
consistency, namely Slump, compacting factor DIN, flow test DIN, as well as loss on consistency at various time 
intervals after mixing and continuous measurement of ultrasonic pulse velocity during the first . 24 hours . 

The cement characteristics significantly influence the properties of fresh cement paste. The main influencing 
factors are : the aluminate - alkali - und sulfate-content of clinker, the calcium sulfate admixture and the 
particle size distribution of cement . The effects of cement, which can easily be measured on paste, are greatly 
diminished in concrete. Consequently, the relation between the properties of"paste and concrete was generally 
found to be poor. Some relations were observed between the penetration of paste, as measured by means of the 
penetrometer, and the stiffening of concrete. 
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1. INTRODUCTION 

The influence of cement upon the properties 
of fresh concrete is frequently examined 
on cement paste by means of standard methods 
on the assumption that there is a close 
relationship between the properties of 
cement paste and those of fresh concrete: 
the water requirement of cement paste is 
related to the water requirement or work
ability of concrete, the stiffening rate of 
cement paste to the loss of workability and 
stiffening rate of concrete. 

.The testing methods using cement paste 
offer the advantage of allowing a better 
differentiation and thus better comparison 
l::?et'ween the different cement qualities. A 
disadvantage consists in the fact that the 
relationships between the properties oi 
cement paste and those of fresh concrete 
are sometimes doubtful. · 

Our investigation was concerned with the 
influence of the cement upon the properties 
of both cement paste and fresh concrete. It 
is based on the comprehensive testing of 
48 ordinary portland cement samples from 
48 different cement plants. Each cement 
sample complied with the requirements of 
the ASTM and·DIN standards for type I and 
type Z 35 F, respectively. 

2. INFLUENCE OF CEMENT UPON THE 
PROPERTIES OF CEMENT PASTE 

The water requirement of cement paste of 
normal consistency depends mainly upon the 
aluminate and alkali content of clinker and 
upon the fineness of cement. The following 
relation was derived from a multiple re
gression analysis carried out on the 48 
portland ceme.nts: 

Water requirement (%)= 
17.4 + 0.15 A+ 0.26 B + 0.52 C 

A particle size fraction 10 - 30pm 
in weight percent 

B C3A-content in weight percent 

C total alkali contentin weight percent 

The correlation coefficient was 0.829. 

The stiffening rate of cement paste is in
fluenced by both the composition and fine
ness of cement; the sulphates and phosphates 
of clinker generally retard while the 
aluminate of clinker and the increased fine
ness of cement accelerate it. The gypsum, 
if dehydrated during grinding or storage of 
cement, may cause false set. A calcium 
sulphate deficiency leads to fast stiffe-

ning of the paste which is called flash 
set. 

The stiffening of the cement paste was 
measured by means of the Francardi 
penetrometer. The penetrometer continuously 
measures the stiffening rate of the cement 
paste, starting immediately after mixing. 
The false set, as well as other unfavour
aple types of setting, can easily be re
cognized by the penetration measurement 
(see Fig. 1). 

The regression analysis of the 48 cement 
samples did not reveal a satisfactory 
correlation between the composition of 
cement and the stiffening rate of cement 
paste, thus making a reliable prediction 
of the stiffening rate of paste based on 
the composition of cement impossible. 

3. INFLUENCE OF CEMENT UPON THE 
PROPERTIES OF FRESH CONCRETE 

The correlation between the properties 
of cement paste and those of concrete 
was found to be rather poor. Let me 
illustrate this by a few results of our 
investigation. 

Figure 2 shows the correlation between 
the water requirement of cement paste and 
that of concrete, expressed as W/C ratio 
of Concrete of specified consistency. For 
this testing 13 cements with distinct 
composition, each being representative for 
a specific group of cements, were selected 
from the 48 cements under investigation. 
A standardized concrete of plastic con
sistency (slump 7.5) containing 300 kg of 
cement per m3 and natural aggregate graded 
according to Fuller was used for all the 
concrete tests. The different cement quali
ties, with a water requirement of the cement 
paste varying between 24.5 and 28.5%, showed 
a deviation of the water/cement ratio of 
concrete of only 0.03. 

A comparison between the influence of 
cement and that of other factors on the 
water requirement or workability of concrete 
shows that the impact of cement is rather 
insignificant. The results of another com
parative study on the quality of ready 
mixed concrete indicated that a substantial~ 
ly greater influence upon the water require~ 
ment of concrete is exerted by ' the aggregate 
in particular by the sand. In many ready 
mix plants variations in the water/cement 
ratio being due to variable batching accu
racy have an influence which may not be 
neglected. 

761 

bb
Stempel



In Figure 3 the pos~ible influences of 
cement, aggregate, admixture and batching 
on the water/cement ratio of concrete with 
specified consistency are compared. 

Figure 4 shows the relation between the 
stiffening rate of cement paste and the 
loss of workability of concrete. The loss 
of workability was measured by means of 
the slump loss after 45 minutes. Again 
we failed to find a significant correlation 
between the stiffening rate of paste and 
the slump loss of concrete. Although it 
seems obvious that cement with a fast 
stiffening rate would also have a faster 
slump loss, the contrary may be true: 
a cement with false set properties on 
cement paste showed the lowest slump loss 
in concrete under our particular testing 
conditions, i.e. vigorous mixing of con
crete in a laboratory pan mixer during 
three minutes. 

As suspected, the attempt to find a 
correlation between the composition and 
the properties of fresh concrete - in 
particular workability and loss of worka
bility - was unsuccessful. 

The only distinct correlation between 
cement paste and fresh concrete was ob
served ~etween ~he stiffening rate of 
paste and that of concrete after placing, 
measured by means of ultrasonic pulse 
velocity. The measurement of the ultra
sonic pulse velocity in fresh concrete 
showed a sharp rise in the sound velocity 
between 2 and 5 hours after mixing (see 
Fig. 5). The time of this sudden increase 
in the sound velocity in concrete closely 
correspondsto the setting time of cement 
paste 

CONCLUSION 

The composition and fineness of cement, 
provided that it complies with the speci
fications for portland cement, exert only 
a limited influence upon the properties of 
fresh concrete, particularly upon the 
workability and loss of workability. 

The pure cement paste reflects the effect 
of the influence of .the cement quality to 
a much greater degree than -concrete. The 
influence of cement upon the properties 
of fresh concrete is weakened by "other" 
factors and by the interaction of these 
factors. These "other" factors includ~ 
fine and coarse aggregates, chemical ad-
mixtures, fine fi~lers or active additives, 
proportioning of concrete, particularly 
the W/C ratio, temperature of concrete_, 
mixing, transport and placing. 
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The introduction of special testing 
methods on cement paste in order to achieve 
a more differentiated classification of the 
cement quality with respect to the pro
perties of fresh concrete is hardly advant
ageous and should be discouraged. 
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Influence des caracteristiques du ciment sur les proprietes 
du beton et de sa resistance a la corrosion atmospherique 

The influence of cement properties on the concrete behaviour 
and its resistance to the atmospheric corrosion 

M. MATOUSEK, Charge de cours, Docteur es Sciences Techniques, lnstitut de Technologie des materiaux, 
Universite Technique de Brno, Tchecoslovaquie. 

RESUME : La corrosion du beton parsuite·des gaz nocifs presents dans l'atmosphere est reglee 
par les leis de permeabilite. La resistance du beton a la corrosion peut etre jugee le mieux 
d 'apr~s son coefficient de resistance ~ la permeabilite. 
La profondeur de la corrosion du beton apres un certain temps dans des conditions egales 
en reste d~pend indirectement m~me de la teneur en CaO reactif dans le beton. 
Selon cette realite il faut done faire le choix du ciment pour les constructions qui,plus 
que les autres, sont soumises a la corrosion atmospherique. 

SUM1Ll.RY : The concrete corrosion through deterious gases from the atmosphere is governed by 
the laws of permeation. The concrete resistance to the corrosion can be appreciated the best 
by the coefficient of permeation resistance. 
The depth of concrete corrosion after certain period of time under the same conditions 
depends also indirectly on th~ contents of r~actionable CaO in the concrete. 

Therfore it is necessary to chose the cement for building structures, which are particularly 
loaded by the atmospheric corrosion. 
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Les influences atmospheriques agissant sur 
lee materiaux de construction, surtout les . 
betons, sont ass~~ differents. ll y predo
mine cependant 1 influence de 1 humidite 
de l'air ainsi que celle de gaz carbonique 
et de l'anhydride sulphureux. La resistan
ce du,beton a c~s de~~ de~niers est reglee 
par d autres 101s qu 11 n en est au c~s de 
la corrosion du beton parsuite des soluti
ons aqueuses, et dans un milieu liquide en 
general. Les travaux executes a l'Institut 
de technologie de ia ~abrication des mate
riaux de batiment a 1 Universite Technique 
de Brno ont prouve que la corrosion du be
ton produite par lea gaz nocifs a reaction 
acide dans lea conditions reelles des con
struc~ions des batiments est reglee surta.t. 
par 1 etat de la structure poreuse capilEi-
~- 4\l · b~ton. 
. Au cas de la corrosion du beton produite 
par lea influences atmospheriques, les gaz 
se propagent en forme de permeabilite.Pour 
ce phenomene on peut alors appliquer avec 
une grande precision la loi de Fourier et 
la premiere loi de Fi~k. En examinant plus 
@xactement ces lois d une fa~on semblable 
a celle qui est usuelle dans la technique 
termique on peut constater que la penetra
tion des gaz nocifs dans le beton depend 
indirectement de la valeur du coe:fficient 
de resistance a la permeabilite du beton, 
event. du mortier. 
Le coe:fficient de resistance a la permeabi- · 
lite nous indique combien de fois la resis
tance a la permeabili te du beton est .supe
rieu~e a la resistance a la permeabilite 
de 1 air a la meme epaisseur et la m~me 
temperature. Au laboratoire on peut le mesu~ 
rer assez facilement,p.ex. a 1 1

aide des soi
disant methodes de coupe. De nos experien
ces il resulte que l'appreciation ge la re
sistance du beton a la corrosion d apres 
son coefficient de resistance a la permeabi
li~e es~ tant de fois ylus sensibl~ et sUre 
qu il n en etait jusqu a present d apr~s 
sa densite, son poids volumetrique etc. 

, ..... . , . . . . 
D apres ce qu on vient de dire, les 101s de 
la permeabilite sont les meilleures ~ ca
racteriser la resistance du beton a diffe
rent gaz atmospheriques. Ce sont done des 
lo~s physiques. On peut cependant demontrer 
qu en meme temps on peut y decouvrir meme 
des caracteristiques chimiques du ciment 
employs et de la composition du beton frai~ 
surtout la teneur en anhydride de ca~cium 
reactif du ciment. A savoir que si 1 on ex
prime la soi-disa9t profondeur de carbona
tation du beton d apr~s la loi de Fick 
comme · d = K. ~ [ m ] 
le coefficient K accompaknant la racine 
carree du tem s ~ f s J sera egal a_: 1 . 

2 • D • p _..._ 
[m.s 2 /, K= 

b.tu-.R.T 

OU D = coefficient ·qe la di~fu§fon du gaz 
nocif. dans 1 air f m .s '.1, , 

p = press1on du gaz nocif dans 1 atmos
phere f Pa J, 

b ·= quantite du gaz pouvant se lier 

dans 1 m3 de beton f kg.m-J ], 
tu= coefficient de la resistance ~ la 

permeabili te du beton f - l, -
R = constante de gaz de la vapeur d'eau 

par rapport a 1 kg de vapeur 
L J • kg-1. K-1 ] , 

T = temperature absolue [ °K J. 
Le coefficient K sera done inversement 
proportionnel non seulement a la racine c&
rree du coefficient de la resistance a la 
permeabilite du beton, mais encore ~ la ra
cine carree de la quantite du gaz nocif 
donne, p.ex. du gaz carbonique necessaire 
pour la carbonatation d'un m~tre cube de 
beton. Cette quantite peut etre determinee, 
par la methode ~techiometrique, de la con
centration de 1 anhydride de calcium qui 
est contenu dens le beton et qui provient. 
du ciment employe • 

Le resultat principal de l'analyse effectuee 
consiste dens le fait, que le ciment Port
land ~ la teneur superieure en CaO, fourni
ra avec le m~me dosage et le m~me serrage 
des betons plus resistants a 1 influence 
d~s anhydrides carbonique et sulphureux et 
d autres gaz nocifs faisant ~artie de i'air 
que les betons fabriqufs avec des ciments 
a une Il!oindre teneur en CaO, p.ex. avec des 
ciments contenant du laitier de haut four
neau, de la cendre v~lante etc. 

Un mesura~e de longue duree des vieilles 
constructions en beton realise ~ notre Uni
versi te ·rechn~que a pleinement atteste cette 
dependance, c est ~ dire que la r~sistance 
du beton a la corrosion atmospheri~ue depend 
de la composition du cime~t use. L experi
ence a plutOt demontre quen ce cas l~, dans 
les conditions reelles des constructions des 
b~timents 1 l'influence de la teneur en CaO 
d~ns le ciment et, parsuite de cela, meme 
1 influence du choix de la sorte d~ cirnent 
est plus considerable, parce que 1 anhydride 
de calcium se formant grace · ~ l 1hydr&tation 
du ciment et present dans la solution entre
cellulaire dans les pores capilaires du be
·ton en plus grande profondeur sous sa sur
face passe peu ~ peu vers la surface du be
ton carbonatant 9e qui est du ~ la chute de 
concentration. C est ici qu'il se lie avec 
le C02 en diffusion tout en formant des cri
staux de C03Ca appartiennent surtout en mo
dification ae calcite. Les neoplasmes cris
talliques reduisent le diam~tre des capil
laires ce qui produit une ult~rieure retar
dation, event. meme l'arr~t dune ulterieure 
influence nocive des gaz sur le beton. 

Ce fait atteste done, lui aussi, que les ci
ments qui, grace a leur composition ou ~ la 
presence des ingredients, ne font pas de so
lutions intercellulaires dans lea pores du 
mortier en ciment presentant une assez gran
de et durable concentration de hydroxyde de 
calcium pourront servir ~ preparer seulement· 
des betons lesquels, dans des conditions en 
reste egales, auront .toujours une moindre 
resistance A la cor~osion produite par les 
gaz contenus dans 1 atmosph~re. 
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Influence of chemical interaction of cement and aggregates 
on the properties of concrete 

Influence de /'interaction chimique et des agregats 
sur Jes proprietes du beton 

U. AYAPOV, U.R.S.S. 

Positive effect of accelerated chemi-

cal interaction of aggregates made from 

blast-furnace and phosphoric slag with 

cement on concrete properties was shown. 

This interacti Jn was accelerated by pre

activatL:n of grains surface of aggrega

tes with water solutions of H2so4• 

Quantity of the studies on surface 

gra.in a.ctivizn.ti ,m of. aggregates and 

fine-grained additives to c :mcrete and 

mortars is not so large though the actua-

11 ty of this problem is not disputed. 

It is shown in the study of Yurkul/I/ 

that during treatment of aggre~ates by 

polyhydrociloxane emulsion r K JK. - 91../ 

/GKZh-94/ new growth in the contact zone 

of aggregates with cement paste in the 

form of . po;ty)rganocalciumsiloxane a-ppeara 

which expands adhesion. 

Ljubimova/2/ has suggested to treat 

the sand from qWirtzite by IO % HCI and 

. distillated water and following activa

tion of it by the saturated solution of 

calcium oxide. Such treatment in the 

author's opinion makes far better crys

tallization of calcium hydrosilicates on 

the more large particles of quartz sand 

which increases the strength of mortars. 

It was shown in /3/ that surf ace treat-

ment of large ag·gregates with phthalic 

acid was enlarging the adhesion strength 

of mortars to 20-40 %. 

According to USA Patent No. 395222/4/ 

the treat~ent of fly ash by water - solut~

ons of inorganic acids for example by IO'J 

HCI concrete strength in t~e age o1 

72 hours has been increased almost 2 

times. But it is necessary to paint out 

that ash after acid treatment was not 

washed with water. Therefore the increase 

of the concrete strength in the earlier 

dates of hardening is possible to relate 

with acceleration of concrete hydratati.o ... n 

and h~dening • 

The treatment of aggregates trom 

blast-furnace slags with HCI solution du-



ring '24-48 hours before the concrete pre

paration has also increased the bending 

strength of concrete to.I5 %/5/. 

.The effect of increasing of adhesion 

strength ot mortars with the surface of 

linitlg ceramic tiles w~s also found du

ring t•eatm.ent of surface of these tiles 

with the 5 % solution of· HCI. 

According to /?/ freashly crushed ma.r 

terials are having increased adhesion 

strength with mortar which. is explained by 

UICN&aed chemical activity of their. surfacE 

Application of' clinker from Po:t!tland 

••aent as aggregates is increasing con

crete. strength to one order because of'' ap

pearing of chemical bonding between aggre

gatea and cement paste/8/• 

·Taldn~ lnto consideration that GKZh-Q4 

and phthalic acid'are expensive and scarse 

11aterials we have studied the influence 

of aggregates activization with water so

lu!;i:ou of HCI which_ was comparatively 

Ch••P dd not scarse· product. Aggregates 

w:ere prepared by the crushing o~ crystal-

-~ise4 phosphoric and blast-furnace slags. 

Blast~furnace slags consisted as a ru-

le froa melilite and gehlenite and phos

phOric slags - from pseudo~wallastonite. 

P2o5 content in it was - 2 % and F-conte..-n' 

-- .2~5 %. 

lJl order to obtain . optimal paramet-

re.a of slag a~tivization the kinetics of 

their destruction by water solutions of' 

llCI was studied and phase · comp~B! tion of 
• • . I • 

... . growths was defined. Iii all cases the 

4f\taatit~ _ of HCI'so~u'f;iOn was taken equB.l 

to:.... ·a · I Tc 0,5 by Toluae. 

For the preparation of concrete s•

ples Portland cement. -400 and sand·~roli. 

slq. and natural sand with standardi!ed 

grain composition were used~ 

Standard methods of' preparation, har

denirui:: and testin~ of concrete samples 
wer~ used. 

Slag destruction rate was measured by 

the tempora·l pH val:ues . of' water solutioil 

of' H2so4 in comparison:-wi th the resu.1 te . 

of so~--ions content determination in so 

lution by chemical analysis. 

Adhesion strength of' grains of' slag 

aggregates with cement paste waa · deter

mined by tes'tiag of -~l-e&---made ln the 

form of number 8 in ·the middle. of 

which prisms from aggregates with the 

dimensions corresponding to minimal cross

section of· number 8 were placed. 

Reaction kinetics between slags and 

water solutions of a2so4 is satisfacto

rily discribed by the first order equa:it;i·on: 

where 

k= 
l 
?: 

c0 = initial concentration of 

H2so4 

C= concentration at the moment 
t' 

Limiting stage of the reaction pos-

sibly is H2so4 diffusion throU*11 the 

layer of hard"'.'.'dissol;uble ne.w growth 

/gips and si.lica-gel/ formed on the graina 

surface. 

I?epf4ndance of' reaction rate constant 

from temp~rature in· the · Pigure ·I shows· 

that at the temperature 20..;.ao0 c this . 

factor has · i~ignificant aeaninl. ~D~ . 



sequ'ently pro~ess of aggregates activiza-i 

tion is possible to carry at usual tem

peratures without special lowering of its 

iiltensity. 

It was found out by X-ray, petro~a

graphic and thermographic analyses that 

products of slag destruction by H2so4 

are basically silica gel and gips which 

preferably are precipitated on the sur

face of grain aggregates. 

Values of adhesion strength of acti

vated aggregates from phosphoric and blast-

furnace slags are given on the Figures 

2 and 3. It is seen from them that there 

are optimal concentrations and period of 

preparation .of aggregates. · For example,. 

for the aggregates from slags the best. 

adhesion strength with . cement paste is 

seen for 'th~ water solution of H2so4 with 

concentration O,I Mand with the maintain

ing of aggregates in this solution during 

I2-48 hours. 

During these periods of time diffe

rence between adliesion strength of age;re

gates with cement is not significant. 

Adh~sion strength of activated aggre

gates with cement is .increasing more than · 

2 times after 7 days of concrete hardening 

and to 85 ~ after 28 days in comparison 

with the ~alues for ·the non-activated ~g

gregates. The effect of adhesion strength 

increase with cement for aggregates made 

from blast-furnace slags was on the ave

rage IO 10 lower than for the aggregates 

from phosphoric slags. 

When the cmcentratbn of H2S04 /0,5-
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-I,O M/ solutfon increiases adhesion streng-t

th of aggregates with ceme~t paste lmrers 

and the thickness of contacting l~er 

increases. Thickness of zone · in contact 

equal to 60-200 p m corresponds · to m&Xi

mU:m ·positive effect. At the bigger con

centrations .of reagent stratification 

within contacting zone is taken place/Fi-

gure 4/. It is possible that at the · big· 

ger thiclmesses of contacting . zone i ·ts . 

adhesion is determined exclusively by 

cohesion of new growths in solid state 

appearing during treatment of aggregates 

by the reagent. At optimal thicknesses 

of contacting zone its strength is con.;_ 

ditioned by adhesion of low-based h~dro-

silicates with aggregates; these hydro

silicates a~e appearing as a result of 

interaction of hydrol.vzed calcium. oxide 

of cement with. silica gel ~hich i .s near 

the grains' surface of· preactivated aggre

gates; therefore they in its turn are ha

ving m~re str~ng ion Qond with origin81 

matter of aggregates. 

It is necessary to c ·)nsider paper o-r 

reference /9/ where it is shown that 

strength yf adhesi )n ~oupling between ag· 

gregates and cement ~aste lowers as thick· 

ness of qontacting layer increases. 

Study of phase co.position of n~w 

growths in ·contact zone of preactivated 

aggregates with cement paste has shown 

that the;y were as a rule gyPsum, silica 

gel and gel-like calcium hydrosilicate 

C-S-H. Pqrtlandite and calcium hjdrosul-



foaluminate are also present. Contents of 

gypsum, silica gel, and C-S-H increases 

with the increase of H2so4 solution con

centration and treatment time and contents 

of portlandite lower what is seen from 

from thermographical and radiographical 

data/Figures 5 and 6/. AnaL,gous data 

were received during study of contacting 

zone between preactivated aggregates from 

blast-furnace slags and cement naste. 

Data concerni ng water demands of 

concrete mixtures on the basis of activa

ted ph~sphoric-slag aggregates are given 

in Table I~ 

·a is possible to conclude from the 

data in Table I that aggregates activa

tion considerably lowers water-demand of 

concrete mixtures. Cjncrete mixtures with 

concentration O, I-o ,5 l'.'. have the lowest 

water demand during seasoning equal to 

I-3 hmrs. 

Further increase of s~luti0n con-

centration and elongati m of treatment 

lowers p~sitive effect. 

Data c "ncerni ng stability of concrete 

made with activated agr,re~ares from 

phosphoric slar:;s· ar.e e;i ven on FiF;ure 7. 

It follows from these dat a that CJn-

cretes with activates af~rc ~ates have 

strength which is I ,4-I ,6 times/ .b v I00-

200 kg/cm2 I more than concretes made 

with noµ-activated aggref,ates. 

For the preparation of steamed con

cretes ~0sitive effect of aggregates ac

tivization is higher when cement expendit~ 

ures are higher. ipt;imal p'arametres of ac

tivation process of slag aggregates are: 

H
2
so

4 
s :Jlution concentration- O, I-0,5 M; 

period of seasoning of aggregates- I-3 

hottrs. Solu.tion quantity is 0,5 ton/m3• 

Positive effect of slag aggregates 

activization may be used both for the 

obtaining of high-strength concretes of 

grades 500-600 using common cement of 

grade 400 by widely used technology of 

vibroformation·and for the lowering of 

cement expenditures for concretes to 20-

30 Jh . 

Determination of strength and def or

mati 1n properties of coricretes with acti-

vated aggregates has shown that they at 

equal indications of strength are the same 

that the properties of concretes with 

usual acgregates. SpecJ al interes has 

various increase of adhe'sion s trength of 

concretes on activated aggregates with 

steel framework/Table 2/, whi ·~h allows 

to use activated aggre gates for the pre

paration of nre-stressed concr~tes ~nd 

con~tructi 0ns wi th steel framework. 

Concrete mixture on the basis of ac

tivated. phosphoric slag aggregates is re

cognized as the invention/IO/. 

Conclusions 

It is shown that acti vatL)n of sur

face p.:rains )f aggregates fr ·)m blast-
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f1:lrnace and !Jhosnhoric slar;s bv maintain-

ing them in weak water soluti ~ns of 

H2so4 considerably increas~s adhesion 

strength of tnem ·with cement naste, low

ers water-demand of concrete mixtures or 

increases packability and causes incre

ase of adhesi Jn strength of concretes 

I,4-I,6 times or allows to lower cement 

expenditures to 20-30 %. 

Optimal parame_tres of activation of 

slag aggregates ~ere .elaborated. It was 

shown that new. gr~wth in the form of si

_l ica gel on grain surface of activated 

aggregates quickly reacted with hydro-

lysed calcium oxide of cement f :)rming 

C-S-H- gel. Silica g~l layer of 200. )Am 

on the ~urf ace of aggregates grains was 

cau_sing increased adhesion strength of 

.it with cement paste and with original 

~ggregates grains providing ion bo.z:id in 

contact· zone. 

It is p)ssible to make chemical ac-

tivati "n of concrete aggregates and solu

tions .)f every chemico- mineralogical 

compositi~n using special methods and re

agents which makes this branch rich in 

perspectives. 
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Fig.6. X-ray diagrams of new growths .in 

Figures contact zone. Symbols as in ·Fig. 

Fig . I . Dependance of rate constant of 

slag destruction by H2so4 from 

temperature. 

Fig.2. Adhesion strenfth of activated 

phosphoric slag ae;gre;ates with 

cement paste after hardening du

ring 28 days in usual conditions. 

I. Solution- concentration/Cl = 

O,I M; 2. C:0,5 M; 3. C=I,O M. 

Fig. 3. Adhesion strength of activated 

blast-furnace slag aggregates 

with cement past~ after harde

ning during 28 deys in usual con

ditions. Symbols are the same· as 

in the Fig. 2. 

Fig.3. Micrographs of contact zone bet

ween aggregates activated during 

24 hours and cement Daste. a) 

aggregates from non-activated 

phosphoric slag; b) with concen-

tration/C/ of H2so4 O,I .M; c) 

C =0, 5 M ; d) C = I , 0 M. 

Fig.5. Thermograms of new growths in 
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contact zone between activated 

phosphoric slag aggregates and 

cement paste. a) non-activated 

aggregates·; b) aggregates activa

te~ with H2 i.~64 solution concen

tration/Cl= O,I M; c) C=0,5 M; 

d) C=I,O M. 

5. 

Fig. 7. Compression strength of concrete . 
made with activated aggregates. 

a) samples in 24 hours after 

steaming; b) samples in 28 days 

after steaming; c) samples in 

28 days arter naraening a~ usual 

c :mdi tLms; I. activation period 

of aggregates I~/ I' hour; 

2. Z: = 3 hours; 3. l:"'= 24 hours; 

·projected grade of concrete 

iW 500; 

M= 300 

-. -. -. M= 200 



\'later-demand of concrete mixtures on 
settling of Abrams cone of '.' -1+- cm. --
nlanned w/c for con- solution 

Table I 

concrete crete s made c oncent_ra-
grade f -r om non-ac- tion 

tivated. a gg-
regates M 

-
500 o, ;-52 

1+00 0,4-0 

300 0 ,5 T O,I 

200 0 , 67 

500 o, :,2 

400 0 ,40 

300 0,5I 0, 5 -
200 0 ,67 

500 0 , 32 

400 0 ,40 

300 0 ,5 I O,I 

200 .J ,67 
I 

. Table 2 
Adhesion strehgth of concretes on 

::.:-: olution exyosition w/c of 

the basis of preactivated ag~re gate s at 

w/c f •)r concrete s maue fr ~)m activated 
aggregates 

acti.vataL1n neriod /hours/ 
I 3 24 

0 ,26 0,26 0,28 

o , '.> 2 o, '.i2 0, 3_::; 

0 ,40 0 ,40 0 ,42 

0 , 5 I 0 , 5I o, 5'.J 

0 ,26 0 , 26 0 ,28 

o, :~ 2 o, ;)2 0 , _ '4-

0 ,40 0 ,4 0 0,4L~ 

0,5I 0 ,5 1 0 .56 

0,28 0,29 0, 32 

CJ ' ;~6 o, ·',8 0,44 

0 ,43 0 ,44 0 ,48 

0 ,56 0 ,57 0 ,62 

activated aggregates with steel framework 

adhesion strenc;th, kg/cm2 
~- -

concentration period concretes at the a c;e of 28 after normal ~1ar-

da7s after steam dening during 28 
L hou:rs 

treatment days 

0 0 0,40 45 48 

O,G? 26 29 

O,I I 0~34 84 86 

:J ,54 55 57 

3 n,34 92 lIO 

0,54 63 70 

0,5 I 0,34 93 I02 

~),54 62 65 
' 

3 U,31+- I03 I20 

o,;;4 67 ?8 
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. Fig. 4a Fir,. 4b 

Fip;. 4d 

Fig. 4c 

Fig. 6 
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Fi~. 7a 

lV'C 

Fi~. 7b 

Fi,r; . 7c 
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The development of porosity in hydrated pastes 
and water-cement ratio 

Evolution de la parasite d_ans Jes pates hydratees et rapport eau-ciment 

V. LACH, Professor Department of Building Material Technology, Technical University, Brno 
M. ROSOVA, Assistant Department of Building Material Technology, Technical University Brno, Tchecoslovaquie. 

SUMMARY : The development of porosity was studied on the pastes prepared from various cement 
samples and from cement clinker. The variables were: the water-cement ratio w (0.30, 0.35, 
0.40 end 0.50) and the time of curing (7, 14, 28 and 56 days). 
The microstructure of hardened pastes was determined by means of mercury porosimetry, X~rays 
diffractometry, thermography and observed by scanning electron microscope as well. 
The various water-c ement ratio w were manifested as follows: 
- the porosity increases with water-cement ratio and decreases with the time of curing. The 

correlation could be expressed mathematically; 
t he chemical and mineralogical composition and the fineness of cement influences the ini
tial porosity more then the time of curing; 
with high water-cement ratio the hydrated components form coarse~ crystals as the product 
of "outer" hydration and 
the contact between the hydration products are not so frequent;this · was found out by the 
scanning electron microscope. 

RESUME : L'evolution de la porosite a ete etudiee sur lea pates preparees de ciments dif
ferents et de p~re clinker de ciment. Les variables ont ete: le rapport eau - ciment (0.30, 
0.35, 0.40 et 0.50) et la periode retenue (7, 14, 28 et 56 jours). 
La microstructure des p~tes durcies ont ete determinees par la porosimetrie de mercure, dif
fraction X, l'analyse thermique et aussi observees dens le microscope electronique 8 balaya
ge . 
Les rapport differents eau-ciment ont menifestes comme suivit: 
- la porosite s agrandit avec le rapport eau-ciment et diminuit pendant le tamps de la conser

vation. Le correlation peut etre exprimee mathematique; 
- la composition chimique et mineralogique et la granulometrie influencent la porosite plus 

que le temps de la conservati on; 
- avec grand raoport eau- ciment les components hydrates ferment les grands crystals comme 

les produits de la hydratation "exteriere" et 
- les contects entre les pro~uits de la hydratation ne sont pas si frequents, ce qui .etait 

trouves par le microscope a balayage. 
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INTRODUCTION 
The properties of' hardened Portland cement 
pastes depend not only on the amount and cba
rac ter of' the solid phase, but also on the 
volume, diameter and shape of the pores (1). 
During the hydration and formation of' the 
cement stone, a part of' the water is more or 
less firmly bound into the solid phase and 
a part remains in the capillaries of the har
dening paste. This water exerts a decisive 
influence onto the changes of' the porous sys
tem in the microstructure of the cement pas
te during the hardening and influences the 
ratio between the solid and "zero" phase 
which together with the diameter and the sha
pe of' the pores detennine eg. the strength 
characteristics of the cement stone, as has 
been shown by numerous authors 7 eg. Powers 
(2), Grudemo (3), Kondo and Daimon (4), etc. 
The kinetics of' pore system formation in the 
cement stone, dependent on its hardening ti
me and conditions, on the mineralogical com
position and the fineness of the cement, was 
studied eg. by Diamond (5), Chekhovsky and 
Berlin (6), etc. So far, however, it ha~ not 
been sufficiently clarified. 
The volume and the pore size distribution in 
hardened pastes can be determined by two me
thods: a) by calculation from either adsorp
tion or desorption isotherms, or b) by calcu
lation from the relationship between the pre
ssure and volume of mercury intruded into 
the hardened paste. The results of these two 
methods deffer end are limited by the diame
ter Qf the determinable pores, i.e. below 
300 I in the first ca~e and in the range of 
0.0075 to 7.5 1 um in the mercury method. It 
is assumed the~ the total pore volume as mea
sured by mercury intrusion is more nearly· 
equal to the volume of evaporable water in 
saturated pastes (1). 
In the cement stone microstructure can be 
found pores of various sizes. They are named 
in different ways according to their location 
and .sizes. So far no unified classification 
has been worked out 7 so that the marking and 
division of pores differ from author to au
thor , (4). 
On the basis of the previous as well as our 
own findings we divided the pores in a sim
plified manner according to their location 
in the microstructure into a) internal pores 
which appear in the gel and in the crystalli
tes of the hydration products, &nd be· exter
nal pores formed between the gel and crystal
lite grains. With the division is also con
nected the diameter of the pores and· the me
thod of its determination .(7). 

Internal pores are determined by adsQrption 
methods (small d < 12 X, large d > 1·2 .I), ex
ternal pores by mercury porosimetry (small 
d < 0.2 _;um, medium d = 0.2 - l.o 1um, large 
d = 1.0'- 15 1 um). With regard to the fact 
that in this way can

0
be determined pores up 

to a size of d ~ 75 A, it is possible to cla• 
ssify according to the method :;employed the 
pores in the above manner. 
In this study we are not dealing with inter-

nal pores that represent only a part of' the 
total pore volume and are limited to the 
formed C-S-H phases, but with externsl pores. 
These pores are in the course of the cement 
stone formation subjected to considerable 
changes that are connected with the hydra
tion of clinker minerals and their volume is 
also influenced by the employed water-cement 
ratio. 
It follows from the above that with the aid 
of mercury porosimetry we are determining 
the volume and distributoin of external po
res, limited up to a diameter of d = 15 Lum' 
and we thus obtain knowledge about the for
mation and strengthening of the microstruc
ture in the course of the hardening of the 
cement paste on the basis of changes of the 
pore system, in this case also with special 
reference to the effect of the water-cement 
ratio (w). 
EXPERIMENTAL 
The samples chosen for the present studies 
were various Portland cements, slag-Portland 
cements and cement clink~r. The properties 
of the samples are given in Table 1. 
Pastes of a water-cement ratios w = 0.30, 
0,35, 0.401 and 0.50 were prepared in the 
form od prismatic rods with the dimensions 
10 x 10 x 30 mm. After 24 hours the prisma
tic rods were removed from the mould and con
ditioned under water. At ·the time of testing 
(7 1 14, 28 and 56 days), the samples gere 
dried for a period of 24 hours at 105 C and 
analysed. · 
The development of pores in the microstruc 
ture of the hardened pastes was determined 
by mercury porosimetry. Apart from.that, the 
samples were studied by means of thermal a
nalysis, X-ray diffractometry and observed 
in the scanning electron microscope. 
Mercury porosimetry 
The total pore volume TPV and the individual 
pore distribution IPD were determined in all 
samples. The minimum TPV were always obtai
ned for a water-cement ratios of w = 0.5 af
ter '6 days of donditioning, the maximum TPV 
with ratios of w = 0.5 after 7 days of con
ditioning. The clincer sample exhibited in 
both cases the smallest TPV, the slag-port
land cement samples M and H SPC 250 the hig
hest TPV values. 
Analysing the results it follows that the 
greatest influence onto the external pore vo
lume is exerted by the water-cement ratio, 
as can be seen from a comparison of TPV va
lues at w = 0.30 and w = 0.50 for a conditi
oning period of 7 and 56 days, respectively 
(Table 2). 
The microstructure of the samples with w = 
0.30 exhibited roughly half'. the TPV value 
than for w = 0.50. It should be noted that 
the M PC 400 sample appeared as anomalous 
and approached the behaviour of slag-port
lahd cement. 
If we compare the investigated range of' the 
water-cement ratio w = 0.30 and 0.50, we 
find that already a small change in w cause' 
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Table 1. Chemical end mineralogical 

Sample M PC M PC H PC B PC 
475 400 400 400 

Ign.loss 1.86 3.93 1.46 2.15 
Si02+in.r. 21.87 21.86 22.27 21.04 

Al203 5.)6 5 .09 5.78 5.75 
Fe2o3 

2.86 2.59 2.60 3 .05 
Ti02 0.21 0.21 0.23 0.23 
Cao 61.91 60.57 63.54 62.36 
MgO 1.44 1.12 1.30 1.75 

~o 0.98 0.86 0.78 0.85 
Na2o 0.29 0.30 0.14 0.12 
so3 2.80 3.08 1.51 2.28 

99.58 99.61 99.61 99.58 
Insol .res. 1.99 1.97 1.14 1.52 

Bogue c3s 45.67 42.49 46.82 50.93 
c2s 28.26 30.63 28.54 21.91 
C-A 9.37 9 .11 10.92 10.08 

j 

C4,AF 8.71 7.88 7.91, 9.28 

Bl~ine 3350 3220 2790 3650 
cm /g 

Table 2. TPV in mm3/g after 7 days 

w = o. 50 w = 0.30 % 
M PC 475 286 123 43 
M PC 400 346 176 51 
H PC 400 293 111 38 
B PC 400 253 111 44 
M JPC 450 286 119 41 
M SPC 250 329 156 47 
H SPC 250 356 188 45 
M clincer 225 102 45 

TPV in mm3/g after 56 days 

M PC 475 186 98 52 
M PC 400 237 117 49 
H PC 400 155 82 52 
B PC 400 186 83 44 
M JPC 450 180 87 48 
M SPC 250 215 137 63 
H SPC 250 257 115 44 
II clincer 134 61 45 

a large change o:f--irPv • . when the water-cement 
ratio is reduced e.g. by 0.01, TPV dro~s by 
2.5 to 2.75%, i.e. absolutely 6 - 9 mm /g 
after 7 days and 3 - 6 mm3/g after 56 days 
of conditionin~. This fact confirms a consi
derable sensitivity of the water-cement sys~ 
tem anto the amount of added water and the 
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composition of samples 

M JPC M SPC H SPC M clin-
450 250 250 cer 

1.54 3.95 1.09 1.27 
22 .04 28.00 23.91 21.09 

5.35 5.94 5.96 5.48 
2.92 1.90 2 .06 3.29 
0.19 0.23 0.19 0.22 

62.94 50.55 53.65 65.28 
0.97 4.46 2.48 1.07 
0.91 0.78 0.87 0.95 
0.35 0.40 0.21 0.29 
2.43 2.86 3.05 0.71 

99.64 99.07 99.47 99.65 
1.04 2.88 4 .05 0.24 

48.56 63.90 
26.57 12 .27 
9.24 8.95 
8.89 10.01 

3690 3170 4490 323Q 

Table 3 Pore volume of d<.0.201um-7 days 

w % o:f w % of 
0.3 TPV 0~5 TPV 

M PC 475 11.3 9 132.9 46 
M PC 400 85.3 48 248.1 72 
H PC 400 16.9 15 143.5 49 
B PC 400 1.1 7 110.9 44 
M JPC 450 11.2 9 131.4 46 
M SPC 250 83.6 54 251.6 76 
H SPC 250 29.9 16 197.2 55 
M clincer 20.4 30 97.0 43 

Pore volume of d< 0,201um -56 days 

M PC 475 10.5 11 34.0 18 
M PC 400 14.1 12 127 .3 54 
H PC 400 12.0 15 19.0 12 
B PC 400 4.9 6 26.0 14 
M JPC 450 9.9 11 20.4 11 
M SPC 250 16.2 I 12 101.0 47 
H SPC 250 11.3 10 53 .o 21 
M Clincer 6.3 10 32 .2 24 

:favourable effect of additives that reduce 
this water amount. 
Not onl~ the total pore volume TPV, but alsQ 
the individual pore distribution exhibits 
:for various water-cement ratios w considers~ 



ble differences. The greatest changes occur 
for pores with a diameter of d = 0.20 um 
through 15 1um, as can readily be seen/from 
Table 3. 
The pores with the size d = 0.2 um repre
sent for w = 0.50 after 7 days cbnditioning 
practically half of all the measured pores 
(43 to 55 %). This proportion of pore~ drops 
for w = 0.30 to 7 - 15 % for Portland ce
ments, with the exception of the anomalies 
observed in M PC 400. For slag-Portland ce
ments it is different (54 and 16 %) . 
The proportion of pores d = 0.20 ·. um can de
creased markedly for w = 0.50 aft'r 56 days 
(11 to 21 %) and approached the values for 
w = 0.30. 
The reduction of the total pore volume TPV 
is caused by the filling of the pores with 
hydration products and partly also by the 
overall shrinkage of the hardened paste. The 
hydration products are readily formed in the 
region of water filled pores, so that the 
large pores are reduced and the small ones 
even filled up. Since for w = 0.50 has occur
red in contrast with w = 0.30 a considerable 
decrease of the d> 0.20 1um pore volume, it 
can be assumed that the hydration products 
are crystalically better developed due to the 
influence of the present liquid phase. In 
other words 7 in this case prevails the "ou
ter" hydration over the "inner" hydration 
which leads rather to gel and imperfectly de
veloped products (8). 
As is generally known, a reduction of the wa
ter-cement ratio w leads to the growths of 
strengths. With regard to the previous fin
dings, this is caused on one hand by a smal
ler total pore volume TPV and thus by a den
ser microstructure, on the other hand also 
by a greeter tendency for the formation of 
gel end imperfectly developed hydration pro
ducts. Cohesion and adhesion are caused by 
surface forces, especially by the influence 
of the huge surface of the C-S-H gel, whose 
proportion in the microstructure also incre
ases the strengths of the hardened paste. The 
crystalline products exhibit . on the other 
hand a smaller specific surface end thus al
so a smaller number of contacts, so that the 
mechanical properties show a decrease. 
The total pore volume TPV was influenced al
so by the type of cement. The group of Port
land cements forms microstructures which ha
ve smaller TPVs than slag-·Portland cements. 
As long as differences exist among Portland 
cements, this can be attributed to the influ
ence of the fineness of gr i nding . An exception 
is represented by the Portland cement M PC 
400. 
Both slag-Portland cements have TPVs in com
pari:son with Portland cements larger by 21 
and 45 % (w = 0.50) and by 58 and 32 % (w = 
0.30), respectively, after 56 days of condi
tioning. The filling of pores with hydration 
products occurs more slowly also for w=0.~0. 
That means that slag-Portland cements do not 
exhibit such a tendency for the formation o~ 
hydration products that grow into the pores, 
~nd that hydration takes place more slowly 

even for a higher w. The larger porosity of 
the microstructure of slag-Portland c•ments 
is caused by the presence of slag and its 
slow hydration. This is the reason why the 
formed gel and sparsely crystalline hydrati
on products, despite their favourable bin
ding properties, are not able to compensate 
the low compat.ness of the microstructure of 
the hardened paste. This explains the worse 
mechanical properties of the slag-Portland· 
cements and elso the phenomenon that only 
efter e very long period of conditioning 
they approach with their porosity the Port
land cements. The differences in the volume 
end distribution of pores between the two 
slag-Portland cements are caused by e diffe
rent "activity" of the slag and their fine
ness of the cement. 
The total pore volume TPV for the M clinker 
attained the smallest values. The microstruc
ture of the hardened paste wee in all cases 
the most compact. 
The influence of the conditioning period was 
the same in all the samples. The total pore 
volume TPV gradually dropped, until it rea
ched the smallest values after 56 days. The 
water-cement ratio exhibited no substantial 
influence onto the course of TPV reduction, 
as can readily be seen from Table 4. 

Table 4 Total pore volu,me TPV for w = o.5c 
-. 

7 days 56 days % 
M PC 475 286 186 65 
M PC 400 346 237 68 
H PC 400 293 155 53 · 
B PC 400 255 186 73 
M JPC 450 286 181 63 
M SPC 250 329 215 65 
H SPC 250 356 257 72 
M clinker 225 134 60 

Total pore voltµne TPV for w = 0,30 

M PC 475 123 98 80 
M PC 400 176 117 66 
H PC 400 111 82 74 
B PC 400 111 83 75 
M JPC 450 119 87 73 
M SPC 250 156 137 88 
H SPC ·250 188 115 61 
M clinker 102 61 60 

From this follows the important conclusion 
that TPV depends even after e long conditio
ning period on the starting TPV, and that 
the porosity dependent properties of the har
dened paste can by conditioning be improved 
only to a certain extent, as the pores are 
gradually depleted. 

We have tried to express the development ot 
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pore matematicelly. By plotting TPV against 
time, the curves of en exponential character 
were obtained (Fig. 1), for which holds true 

_,x 'r 
TPV = a • e + b (1) 

where TPV is the total pore volume, ~ the 
conditioning period and~, a, b. are cons~ 
tents. 
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Figure 1 

It can be assumed that the total pore volu
me TPV will not practically change any more 
with time after 56 days end it can therefore 
be used as the orientational value b. By in
troducing the water-cement ratio into the 
calculation end from the known values of TPV, 
q: and the· orientational value b were deter
mined the values a, b and~ for each water
cement ratio and shown graphically (Fig. 2). 
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Figure 2 
The plots a f(w) end b = f(w) can be taken 
as straight lines and expressed by the rela
tionships 

a = (Aw + B) 
b = (-Cw + D) 

(2) 

(3) 

The relationship~ = f(w) was expressed by 
a parabola according to the relationship 

o< = ( p2 w
2 + pl w + P 

0 
) ( 4 ) 

Xhis dependence can also be expressed expo-
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nentielly by the relationship 
<f..= (p + q-rw) (5) 

By substituting the constants a , b end~ 
into equation (1) are obtained the following 
TPV depletion equations against time Cf"' end 
the water-cement razio w: 
TPV = (Aw+B).e-(p2w_~lw+po)•q-+(Cw+D) (6) 

TPV (Aw+B).e-(p+q ).'T+(Cw+D) (7) 

The above equations were verified on the ac 
tual case of the H PC 400 sample and the fol
lowing parameters were calculated: 

a = -219.46 + 945.75 w 
b = - 26.73 + 350.35 w 
~ = -0.3364 + 1.1506 - 1.2743 w2 

By substituting into equation (6), we obtai
ned for this sample the equation 

TPV = (945.75w-219.46). 2 
.e-(0.3364-l.1506w+l.273w ).~ 

+(350.35w - 26.73) (6') 
The calculated and determined TPV values 
shown in Table 5 indicate e good agreement 
qf th~ two values and confirm the significan
ce of' the· water-cement ratio w and the star
ting pore volume TPV. 

Table 5 The calculated and measured 
values of total pore volume 
and TPVm) 

(TPVc 

w TPVC TPVm t:. TPV % 

0.30 7 109 .5 111 -1.5 1.35 
0.30 14 93.1 98 -4.9 5 .09 
0.30 28 81.8 84 -2.2 2.57 
0.30 56 78.7 82 -3.3 4.02 
0.35 7 155.6 158 -2.4 ll52 
0.35 14 127 .8 90 +37.8 mist. 
0.35 28 105.1 102 +3.1 3 . 04 
0.35 56 96.8 101 -4.2 4.15 
0.40 7 204.3 202 +2.3 1.14 
0.40 14 165.4 167 -1.6 0.96 
0.40 28 130.5 123 +7.5 6 .09 
0.40 56 115.0 109 +6 . 0 5.50 
0.50 7 293.0 293 0 o.oo 
0.50 14 231.8 234 -2.2 0.95 
0.50 28 176.0 181 -5.0 2.75 
0.50 56 151.0 155 -4.0 2-.58 

Thermal analysis 
The thermal analysis was suitable for the de-
termination of Ca(OH) and CaCO • 
The amount of Ca(OH)2

2increased3with the wa
ter-cement ratio and with the conditioning 
period ~ up to 28 days. After that they do 
not change any more. With slag-portland ce
ment the amolint of Ca(OH)2 did not change 



practically after 14 days and ~rew slightly 
with a larger water-cement ratio w. It was 
possible to ascertain that ·tae· qu~mtity of 
bound water has grown with the conditioning 
period 'l' and the water-cement ratios w in all 
the samples on the average by 30 to 45%. 

X-ray diffractometry 
By X-ray diffractometry the presence of C-S
H phases, portlandite and calcite, apart 
from non-hydrated clinker minerals, especi
ally p-c2s, was identified. Also weak lines 
belonging to ettringite and C AH were 
found. In certain Portland ce~ent3samples 

0 were also determined weak lines dhkl = 11 A. 

Scanning electron microscopy 
The examination of fracture surfaces on se
lected r s~mples showed that differences ex
ist in the morphology of the microstucture, 
in the arrangement and appearance of the hy
dration products. These differences were cau
sed mainly by the type of cement and the wa
ter cement ratio w. Samples with w = 0,50 
contained a larger quantity of crystalline 
phases that formed a maize of rods and simi
lar aggregations as a result of the "outer" 
hydration. The contacts between these hydra
tions products were not as frequent as in 
the "inner" hydration products. Great diffe
rences in the microstructure were found bet
we~n Portland and slag-portland cement. In 
all ·the samples C.,.Puld be seen a heterogeni
t~ of the microstucture and changes in the 
micro-regions given by the mineralogical com
position of the cement and the presence of 
the water in the above region. 
CONCLUSIONS 

The studies of external pores in the h&rde
ned cement pastes have shown that their vo
lume and distribution depend on 
- water-cement ratio w 
- curing time 'f' 
- type and fineness of cement 
The water-cement ratio w influences the to
tal starting external pore volume TPV which 
is reduced exponentially with the conditio
ning period~, as has been shown mathemati
cally. Hardened pastes with a higher water
cement ratio w have after the same time ~ 
higher TPV's than pastes with a smaller wa
ter-cement ratio. The above holds true for 
w = 0.30 to 0.50. 
The total pore volume TPV depends also on 
the mineralogical composition and the fine
ness of the cement. With the same w7 various 
types of cement have a different initial to
tal pore volume TPV which though uniformly 
reduced with the conditioning period ~, 
still leads again to differences in ·the fi
nal TPV values. Greater differences were : 
found between Portland cement on one hand 
and slag-portland cement on the other hand. 
With a high water cement ratio (• = 0.50) 
the better cristalized hydration products 
in the form of rods and similar aggregates 
~'Were formed in the microstructure~r of harde
ned cement pastes. The portlandite crystals 
were in the larger form. But the contacts 
among these products were not as frequent as 
in the "inner" hydration products. 

\ 

Because the mechanical properties of harde
ned pastes depend to a consider•ble extent 
on the porosity, the results about t~e deve
lopment of pores during hardening very impor
tant. In this case have been investigated 
only external pores in the range of d=0.015 
to 15 1um by means of mercury porosimetry. 
The reeults have confirmed that in this ran
ge a sugnificant proportion of pores lies 
in the hardened paste so that trough them 
can be characterized the development of po
rosity. The knowledge about microstructure 
with respect to the ·total volume, diameter, 
shape and orientation of the pores contribu
tes to the understanding of the behaviour 
and properties of the hardened cement during 
the -hydration and represents a valuable con
tribution to the application of the cement 
in the practice. 
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Figure 3 
SEM-micrograph of hydrated cement pastes (w.0,35 and · 0,5b) 
after 7, 14, 28 and 56 days of curing. 



Pore structure of cement stone and its influence 
on . the mechanical properties of concrete 

Structure poreuse du ciment durci et son influence 
sur les proprietes mecaniques du beton 

G. BOZHINOV, Senior Res. Associate, M. Sc., C.E., 
N. BAROVSKY, Junior Res. Associate, C.E., Bulgarie. 

RESUME : En vue de programmer des experiences et d'elaborer u~ ~odele mathematiqu~, ,on a . 
cherch~ a determiner l'influence de facteurs technologiques generau x sur la poros1te du c1-
ment durci. On a aussi recherche la relation entre la resistance a la compression du beton et 

le volume total de ses pores. 

Les facteurs technologiques pris en compte sont : le rapport E / C la teneur en gypse ajoute -
la finesse de mouture du ciment - et la duree de l'hydratation a la v apeur. La porosite est 
representee par le volume total des pores et par les v olumes des pores dont les rayons sont 
inferieurs a cent et a mille A. Ces v olumes sont rapportes aux facteurs ci-dessus. On a cher
che a determiner l'influence de chacun de ces facteurs, pris isolement, ou consideres ensemble, 

sur ces volumes de pores. 

on a constate l'influence dominante du rapport E/ C sur la porosite du ciment durci. L'aug~e~
tation de la finesse de mouture du ciment diminue le volume total des pores, et surtout d1m1-
nue fortement les deux autr ~ s v olumes partiels. L'influence combinee du r~pport E / C et de la 
finesse de mouture est beaucoup plus compliquee et varie avec le temps. 

La relation entre la resistance a la compre&sion et la porosite du ;eton a ete representee 
graphiquement. Elle a ete e x aminee, en tenant compte du mode de formation des pores, . de la 
composition du beton et des caracteristiques superficielles du granulat. 

SUJOlARY a On the basis of the method of experimental design and mathematical .modelling an 
att~mpt is made to evaluate the influence of the main technological factors on the porosity 
of oeaent stone. The relation between total pore voluae and compressive strength of concrete 
is established as well. 
The factora involved area water/cement ratio, gypsum. additive, dispersity of cement and du
ration of steam curing. The porosity of cement stone is presented by the total pore volwae 
and partial pore volumes of pores with radii up to 102 iand19~. i reapectivelly. This pore 
volwa.es are considered aa functions of observable responses being atf ected by the factors 
mentioned above. Their individual and ~oint effects on the pore structure of cement stone 
are evaluated. 

It is shown that the 'f/C ratio plays a dominant role in the process of pore structure for
Jl8.tion. Dispersity of cement causes some reduction of the porous space. Its effect is strong 
exceptionally on 'the partial pore volW11.es. The ~oint effect of W/C ratio and fineness of ce
aent is aore completely and should be regarded in time. 
The strength/porosity relation of concrete ia discussed in teraa Qf the pore structure for
JU.tion, c~aiticm of concrete and features of contact zone. 
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The mechanical properties of c•ent atone 
and concrete are strongly dependent on the 
structure of their poroua space (1,2,3). 
It is also shown, that the mechanical be -
haviour of cement stone is influenced both. 
by the total pore volume and pore size 
distribution (4). The latter is defined by 
means of the volum.es of pores with radii 
~P to 102 .2 (~) and 103 i (~). 
In this paper some results are presented 
and discussed to estimate the complex in -
fluence of the main technological factors 
on the pore structure formation of cement 
stone. For that purpose the aethod of expe
rimental design and mathematical modelling 
is used (5,6). The relation between total 
pore voluae and compressive strengta of 
concrete is given as well. 

UPERIKENTAL PROCEOORE 

A pure clinker cement ( ZP - ?8 ) is used 
with following mineral composition (~) : 
c3s = 60,241 OzS = 18 1 30; o3A = 6,63 and 
04.AJ' = 8,78. The factors involved in expe
riments are as follows: water/ceaent ratio 
(W/C); gypsUll additive (so3); Blaine fine
ness (8B) and duration of steam curing at 
358_;t5° K (et" ) • '?heir levels are presented 
in Table 1. 

-----------------------------
TABLE 1 

_,, 

Pactors and Levels 
xi diaenssions 

xi,.ain xi,o xi,JISX 

X1 W/C ratio 0,30 0,40 0,.50 

X2 so
3 ' . ) 2,.50 3,00 3,.50 

X3 8B (•2/g) 0,22 0,36 0,.50 

X4 <t (hours) 6 8 10 

.l parallel aperiaental block of speciaena 
including the factors x1 , x2 and x3 is 
cured under water ( ~ = 293 ~ 2° K ). Theae 
.specilllens are tested at 1,3 and 28 da~s. 
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The factors Xi mentioned above are coded 
into nondimentional co-ordinates x1 by 
the formula: 

(1) 

where: 

(2) 

The function of observable responses YP 

is searched as polynoaial of second order 
in the form: 

n n 2 
(3) YP = bo + 1-bi.~ ' I: buxt + D>1-4xix" r:-1 1=1 i<j " t. 

where: Yp is characteristic of the porosity 
(ln VP and ln ~ - for water 
cured specimens; ln VP . and ln ~ 
for steam cured specimens); 

n = 3 for water curing; 
n = 4 for steam curing. 

The total pore voluae (VP) of cement stone 
is detel.'11.i.ned by using both the mercur, 
pressure porosimetry and a physico-cheaical 
method according to the relations 

(4) v = 1 - .100 [ 
c 0 ( 1 + D..t) ] 

P ~c,s 

where: 0
0 

is quantity of the C•ent in 1cm3 
cement paste (g/ca3); 

~ - chemical bound water (gig) .; 
f - specific gravity of ceaent 
c,s stone (g/cm3). 

'!he partial pore volumes <V: and ~) ~· 
calculated from the integr&l curves of 
porosity obtained b7 aeans of the aercury 
porosillleter "CARLO ERBA",mod.1.540. 
The concrete specilllens (cubes . sized 10x 
10x10 cm) are prepared using the saae c~ 
ment with SB = 0,5 a,2/g and so3 = 3,5 •t 
aad with different water/cement ratios 0,4! 
-:- 0,65t .•and/ceaent ratios by weight K ::s 

1 - 3 and gravel/ceaent ratios L = 3 - 4. 
Pu.re quartz sand with fineness modulus 2,BE 
and river gravel with Dux = 20 - are Wlecl 



Th• wtal yolu.ae ot pores 1a concrete v; 
i• calculated troa the following relations 

~ _ Vp(1-Ya) V ") 
p - cot COL + a 

1 +- + -
98 fg 

(5) 

wherez Va i• air content (~); 
~ and ! are specific pavi~ ot 

8 g . 
the sand and grayel reapectiYely. 

~ evaluation tor the individual and 301nt 
iDfluencea ot the tactora 1.ayestigated on 
the total and partial pore volwaea ot 
c•eat atone is aade on the basis ot the 
values and signs of coefficients of re -
greaaion equations. 

The relation between the total pore volwae 
and coapreas1Ye strength of concrete i• 

presented graticall7. The curves are drown 

on the basis of the Chebishev'a pol,nollial 
ot second or•er. 

REUil!8 AITD DISCUSSIOlf 

The cha.ge ot the coefficients of regression 
equatiou durillg the tiae for water cured 
apeciaeD.8 is shown in J'ig. 1. 

It can be seen that the total porosity ot 
c•ent stone decrease• during·· 11h.e till•, 
while the partial pore volUlle ~ increase•. 
In the centre ot experimental block (W/O = 
0,401 so3 = 3,0 •1 Ba = 0,36 a2/g) their 
valuu are ver, close (b 

0
= b~). 

'!he total porosity illcreaae• wi'th increu-
1.Dg ot W/0 ratio and the iDtluence ot th.1.a 
factor is 1Dtoait1e4 during the tiae. ru.a 
1a likely due to the larger tree apaoe in 
which uw hyclrate products ariae. The 
effect of the ·•&11• factor ia deaonatrated 
aore olearl7 on the partial pore voluae 
(aee CUJ."Y8 b1~. • 
fte -1ler the W/C ·ratio in 'the earlier 
stage of b.ardeaiJag the bigger ia the · pai"
ti&l pore wluae. fili• effect ~ alao 1n
tasifie4 4ur1Dg 'the tiae, r-1n1ng 
-3.ler 1Jhaa it is on '11• total poroa1v. 

6; ,&ji 
3,6 

J.S 

3,1. 

l,2 

3,0 

0,1 

-0,1 

-Q2 

~ig. 1 - Coefficienta of regression equa
tions vrs. the tiae. Compact curves - V , p 
dotted curve• - ~· 

In general the influence of water/ceaent 
ratio on the pore structure fomatioa is 
dolliinant. 

ftlla-c· increaae of diaperai 't1 of ceaent cauaea 
aoae reduction ot the porous apace, whioh 

.ia due to the larger reactve surface of 
cement graina. The effect of this factor at 
earlier ages 1• uceptioD&l.ly strong .on the 
partial pore wluae ~. It reaa1ns as a 
dow1n•nt taotor up to 5 - 6 ~· (cross -
point of lines b3 am4 b)) • 

The ~oint iDtluence ot W/C ratio and tine
neaa of c•en1i on the partial pore yoluae 
is illustrated bJ the coeftici•nt bD. It 
can be seen 1alat thia eftect changes its 
directioa during the tiae. It aeans that 
the positive ~oiD.t effect ot theae two tao
tora on v;x could be obt&i.D.ed either bJ 
coabiD.a.tioa of lower W/O am4 higher 41.aper
aitJ ot ceaeat at 1 day, or higher Talues 
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of W/C ratio and Blaine fineness of cement 
at 28 da7a. 

During the first 3 days of hardening gypsum 
additive does not effect observably the po
rosity of cement stone. The higher values 
of this factor lead to soae increasing of 

· total porosity at 28 days, which is probab
ly due to the ettringite destruction under 
conditions considered. 

The regression ~quations for the steam cu
red specilllens are as follows: 

(6) lnVP :: 3,429 + 0,251 x1 - 0,030 X3 ""! 

- 0,038 X4 t 

(7) ln~: 1,881 + 0,286 X3 + 0,290 X4 + 
p 2 . 2 

+ 0,112 :x3 - 0,191 X4 + 0,104 X~3• 

The total pore volume VP is dependent as.in

ly on the 'f/C ratio, while the influence of 
dispersity and duration of steam curing is 
quite feeble (eq.6). 

•ore complicated is the influence of the 
factors considered on the partial volume 

- 2 . 
of pores wi.th radii up to 10 i cv;)(eq.7). 
Positive individual effects on v; are de
monstrated by the dispersity (x3) and du -
ration of steam. curing (x4). The presence 
of quadratic effects, however, deform 
essentially the influence of these factors: 
in the first case (x3) the effect is rein
forced, while ·in the second case (x4 ) the 
effect is strongly red.used. The prolonged 
steam curing leads to some decrease of dis
persi ty of hydration products, which ref
lects into decreasing of partial volume ~· 

The effect of gypsum additive is only mani
fested jointly with the dispersity of ce
ment. It is shown that the simultaneous in
crease of the factors causes increasing of 
v; . 
~. relation between the total porosity u.c1 
c•presaive strength of concrete is presen
ted in ~ig.2 and Pig.3. 

~e experiaent8.l points ;relate to concretes 
with different compositions (varied ratios: 
W/C; K and L) and corresponding pore volu
aea af'ter fo:mula (5). In general the re-
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sults presented confirm the well-known cha
racter of strength/porosity relation. 

40 

)() 

20 

IO 

Fig.2 - Strength/porosity relation for con- . 
crete cured under water 

30 

20 

10 '-------+-----+------+--tot_o 
s 10 IS 7IJ v.c p 

Pig.J - Strength/porosity relation for con-
crete at steam curing 
It should be pointed out that such a rela
tion is not only detenll.aed by the total 
porosity, but is also necessar,y to take in
to accQunt the pore size distribution 8Jld 
the thiQk:ness and propertiea of contact 
sone. It means that the relation between 
strength and total poroai't7 ia alao affec
ted b7 the qua.Jlti t7 and a~ace of tlie agg
regates, adsorbed water, etc. The •otal po
re yoluae decreaaea wi'tb. increuing the ra
tioa K and L, and the contact a~acea iDo
reaae too. ~oth they atiliulate the illcrea-



sing of the strength of concrete. During 
the tiae total porosity of eeaent aatrix 
decreases, a redistribution of pore size 
takes place and this also leads to the in

creasing of compressive strength (Fig.2). 
In addition the contact zone in the steam 
cured apeciaena is weaken to a greater ex
tend. and thia affects adversely the 
strength of concrete (Fig.3). A comparison 
of the results presented in Fig.2 and Fig.3 
shows that the relation "strength/porosity" 
for steam cured specimens is ver:y close to 
the sue relation for water cured specimens 
at 3 days. 

CONCLUSIOlf 

The individual and joint effects of the 
main tecbD.ological factors on the total and 
partial pore volumes of cement stone are 
evaluated. It is shown that the W/C ratio 
pl&.1• a dominant role in the process of 
formation of pore structure of cement stone. 
Dispersity of eeaent causes some reduction 
of the porous space. Ita effect is strong 
exc~ptionally on the partial pore volume 

~· 
' 

The joint effect of W/C ratio and fineness 
of ceaent ia more completely and should be 
~egard.ed in time. 

lypsUll additive demonstrates its effect at 
the ~ater agea of hardening (28 days). 

The influence of the factors conaidered on 
the t6tal porosity of steam cured ceaent 
stone is analogous to that conserni.ng the 
water cured apeciaena. In this case, how
eTer the effect of cli.spersity is quite 
feeble. 

!he partial p~re Tolum.e here is presented 
by the voluae of pores with radii up .to 
102 i (v;). It is sbown, tha'ti the presence 
of quadratic eff ecta defora essen~ially 
the effect of disperait, of ceaent and du
ration of steaa curing. 

!rb.e eff eet of gnaum. additive is onl~ aani
feated 301ntl~ with the fineneaa of ceaeat. 

~ relation be'tween 'the coapressiTe 

strength of concrete and its porosity is 
presented grafically and discussed in 
terms of the pore stru.cture formation, 
composition of concrete and features of 
contact zone. 

REFERENCF.s 

1.- C.D.LOWRElfCE (1973), "Porosit"y/atrength 
relationship for portland cement pas
tes", Proc. of the Int. Symp. Pore 
structure and properties of materials, 
Vol. V, Prague, PP. 167-176. 

2.- V.RATilfOV, T.ROSENBERG, T.KOZIENKO, Ge 
KUCHERJAEVA, v.TOKAR (1973), "Struc
ture of the concrete pore space with 
CD and CNNC admixtures", Proc. of the 
Int. Symp. Pore structure and proper
ties of materials, Vol.III, PP. 205-215. 

3.- s.rorovrcs (1969), ''Effect of porosity 
on the strength of concrete", Journal 
of Materials, IMLSA, Vol.4, ·50.2. 

4.- N.BAROVSKY, G.BOZHINOV (1979), "Influ
ence of the pore size distribution on 
the mechanical properties of cement 
stone", Proc. of II National Conference 
on Mechanics and Technology of Composi
te Materials,Publ. House of Bulg. Acad. 
of Sciences, Sofia, PP• 538-541. 

5.- V.A.VOSBESENSKII (1974), "Statistical 
methods for experiDlental design in 
technical and econolllical inveatigationl 
(in ruasian), Statistica, Mosko•, pp. 
62-106. 

6.- H.BAROVSKY, G.BOZHilfOV, Zh. KllCHEV:A, 
(1979), "Experiilental design for invea
tigation of pore atru.cture of ceaent 
atone", Proc. of II National Conferen
ce on Mechanic• and Tecb.nolo11 of Coa
posi te llateriala, Publ. House of Bulg. 
Acad. of Sciences, .Sofia, PP• 5349537. 

787 



Behaviour of reinforced concrete under the action 
of flue gases as a function of the cement composition 

Comportement du beton arme sous /'action 
des gaz de fumee en fonction de la composition du ciment 

W. TISCHER, Dr. rer. nat., University-Lecturer, Technische Hochschule Leipzig, DDR. 

sm .. mARY : Chemical changes by the action of flue gas on reinforced concrete take place 
first of al.l by the reactivity of the sulphur oxides with the components of the hydrat
ed cement. Their damaging influence consists first of all in the formation of crystal
line .phases in the structure of the hydrated cement caused by the sulphite and sul
phate formation, above all of the calcium. Analogous to the term of the carbonatisation 
the change of the cement concrete caused by the . action of gaseous sulphur oxides is de
signated with sulphatisation. Contrary to the carbonisation it is no process happening 
naturally at the concrete because the sulphur oxides do not belong to the normal com
ponents of the air, but come in the flue gas only by combustion processes of sulphu
reous compounds of the fuels or arise by chemical conversions in other large-scale 
processes, so that the air in industrial areas contains, in gen_eral, increasingly sul
phur oxides. In an accummulated form these sulphur oxides are contained as components 
o: the flue gases of lignite furnaces which are particularly discussed in this paper. 
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1. Sulphatisation 
As to the course of the sulphatisation there is an extreme parallelism with the qarbo
nisation. In the same way as in the carbonisation it happens a neutralisation of the 
basic environment and thus a reduction of the pH value in the hydrated cement up to 
in ranges, in which a natural protection of the reinforcing steel does not exist. But 
owing to the stronger acid properties of the sulphur oxides as compared with the car
bon dioxide some deviating modes of behaviour must be observed. 
The oxides of the sulphur and their acids do not only convert with the strongly basic 
calcium hydroxide, · but also with the less basically reacting salts of the hydrated ce
ment subjected to the hydrolysis as well as with the product o·f the carbonisation, the 
calcium carbonate. The oxides of the sulphur with an acid reaction di.sturb the hydro
~ysis equilibria of the hydrated cement and owinc to the low solul?ilities of the 
hydrolysis products a slow structural change takes place: 
e. g. 

CaO•Si02 ·(H20)x + 2 H2o ) Ca(OH) 2 + H2Si0
3

·(H20)x 

Ca(OH) 2 + S0 2 ) Caso
3 

+ H2o 

H2Si03·<H2o)x Si02 + n·H20 

As a result 06 the water being avaj_lable only to a limited extent and the temperatures 
exceeding 50 C there is a fundamental difference between the action of sulphur oxides 
and the concrete corrosion caused by sulphate ions in aqueous solution and arising be
cause the formation of ettringite. The observation that at the penetration of the con
crete with moisture a carbonatisation is excluded seems not to hold in the same strict 
measure with regard to the sulphatisation as the oxides of the sulphur possess a very 
good solubility in the water and the acids arising react already in the dilute state 
with the basic substances. That became obvious from the material change of concrete 
cubes hung in the chimney mouth and frequently penetrated with moistur.e, at which an 
outer layer of some millimetres of thickness with a high content of calcium was arisen. 
The sulphatisation is always the change of the hydrated cement structure occuring after 
the carbonatisation and then passing together with it. As to the sulphation velocity 
there are analogous considerations as with the carbonatisation. The concrete possesses 
by the arising calcium sulphate .a greater diffusion resistance to penetrating gases 
than in the carbonatisation because the final product of the conversion possesses a 
volUllle being enlarged by 124 % as compared with the solid starting material and thereby 
may lead. to the bursting corrosion. 

For the reactivity of the gas with the solid matter the presence or the absence of 
water is decisive. If no water is present, also not in the gaseous phase, no chemical 
conversion~ e.g. between CaCO~ and so 2 , is virtually detected in the temperature range 
up to 150 C I 1 I . The sulpn:ur diox~de is only physically adsorbed on the solid mat
ter surface. In the presence of water and sulphur dioxides it happens a mixed adsorp
tion on the solid matter surface. In this case the sulphur dioxide reacts with calcium 
sulphide or calcium hydrogen sulphide and an oxidation to the sulphate may secondarily 
happen. Ettringi te which arises in the presence of sulphateous solution@ in the . con
crete· was not detected after flue gas action at temperatures up to 200 c. From this 
behavioD.r it is derived that the corrosion of the cement concrete in the flue gas can
not be equated with the process in solutions containing sulphate ions. That has con
sequences as to the cement selection with regar6 to the C~A content at such aggressive 
stresses. Indeed, the sulphur trioxide is contained in the flue gas in a considerably 
smaller concentration than the sulphur dioxide, yet in particular because of the strong 
and stable sulphuric acid arising from it as well as of the raise of the acid dew 
point resulting from the presence of the sulphur trioxide it is a highly important com
ponent to the concrete corrosion in the flue gas atmosphere. 

2. Action of Sulphur Oxides on Pure, Hydratised Cement Clinker Minerals 
Owing to the very versatile composition of the cements and the hydrated cement resul
ting from them it is very difficult to determine on which its chemical resistance is 
dependent. In order to detect more exactly with which components the sulphur oxides 
do mainly react, their reactivity to the pure, hydrated main clinker materials is in
vestigated I 2 I . In _laboratory tests hydrated C~S, c2s, g-~ and c4AF were ex.posed 
in the presence of water at a temperature from 12' to T30 e in closed glass flasks 
to the action of gaseous sulphur dioxide and after a longer period their sulphate 
content determined. 
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Table 1: Change of the concrete properties by sulphatisation 

Concrete Properties Influence by Sulphatisation 

Corrosion protection of the Decomposition of the passive layer on the steel owing 
reinforcement to the reduction of the pH value and action of sulphate 

ions 

Compressive strength Increase of strength in the initial stage by incorporat-
ed Caso~, bursting corrosion is possible in the later 
stage, bove all at subsequent moisture act·ion, f orma-
tion of cracks 

Permeability In the initial stage reduction by incorporation of cal-
cium sulphate, in the later stage increase by develop-
ing micro-flaws 

pH value Decrease by conversion of the basic components of the 
concrete with sulphur oxides with acid reaction 

Efflorescences Reduction, easily soluble, surface-near calcium hydr-
oxide is converted into sulphite or sulphate being 
more hardly soluble 

Bond of protective layers Improvement of the bond with alkali-sensitive protective 
layers such as polyester or polyu.._rethanes by neutralisa-
tion 

Table 2: Sulphate content in hydra ted cement clinker minerals 
(approximate values) 

Cement Clinker Sulphat~ Content in Weight Percentage 
~.Iine ral after 12 months of after 36 months of 

period of action period of action 

c3sHx I 29 57 I 

C2SHx 
I 

15 59 

c3AHx 9 46 

c4AFHx 14 50 

During the twelve months of period of action of the sulphur dioxide a reaction takes 
preferably place with the hydrated cement clinker minerals which split off the 
strongly basic calcium hydroxide. The hydrated C~A reacts at the temperatures up to 
130 °c first only on a small scale with the sulprtur oxides. If the period of action 
goes on, indeed, the sulphur absorption increases considerably, but in the final re
sult C~H contains after 36 months of period of action of the sulphur oxides the 
smalle~t ~art of combined sulphur of the four main clinker minerals. 
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3. Conclusions from the Investigations 
From the results of inve stigation it can be conc l uded that the action of gaseous sul
phur o.xides on cement concrete cannot be equated with the action of solutions contain
ing sulphate ions. That is due to their reaction in the gresence of only a small quan~ 
tity of water and the temperature s as high as about 200 C. Under these conditions the 
hydrous calcium sulphate aluminate hydrate (ettringite) being instable at temperatures 
above 50 °c cannot arise and is instable. If concrete is used under these conditions, 
the C~A content may have the values of a normal portland cement and a c

3
A-poor cement 

must not be used. · 
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Influence du dosage et de la nature du liant sur les proprietes 
de certains betons refractaires 

Influence of dosage and binder type on the properties 
of some refractory concretes 

I. TEOREANU, Professor, Faculty of Chemical Technology, Bucharest Polytechnical Institute, 
N. CIOCEA, Scientific researcher, Bucharest Polytechnical Institute, Roumanie. 

~~SUME; On pr~sep.te le~ propri~t~s de cert2.ins b~tons r~fractaires, a teneur ~lev~e . en 
Al 0 ,. i·orsque la proportion de liant hydraulique varie entre 15 et 25 ~. On met en ~vi'dence 
suf.tJut,. le role de la. finesse de broyage et de .12. composition chimico..:..mineralogique du ci
ti:ient ' sur les ' propriet~s,des betons. 
Les proprietes de ces b~tons ont et~ deterrnin~es par les ~chantillons gErdes a l'air, ainsi 
qu'apr~s leur cuisson a de divers temp~ratures. 

SU1VllVIARYs The properties of some refractory concretes of high -alumina content, if the hydra
ulic binder ratio there is in the range 15 - 25 % ar~ shown .~The effect of grinding fine
ness and cement chemical - mineralogic al co~position upon concrete properties is presented. 
The properties of °t-hese. concretes were det ctrmined both on unfired samples kept in air and 
on samples fired at different temperatures. ' 
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D.ans d:e diverses applications industrielles, 
an sollici t .e des b~toris r~fractair.es a r~sis
"tanc.e aatisfaisante h l'attaque Chiiniqu,~ OU 
bien a l'errosion de . certaines poudres, dans 
des conditions des temp~ratures elev~es ou 
interm~diaires ( 1-5 ). Conform~ment a de 
pareilles exigenc~s on peut utiliser des be
tons r~fractaires a base de ciment alumineux; 
avec des agr~gats, . dont la granulation maxime 
est de moins de 3 mm (2, 6) • En vue de la 
r~aliSation de pareils b~tons, da.ns ie tra
vail ci-pr~sent, on a examin~ l'influence, 
sur leurs caract~ristiques, de la composi
tion· chimico-min~·ralogiques, de la finesse 
de broyage .et du dosage du ciment employ~. 

L.~Q.~£!.C...i~risation_§.es ciments...Ja.tilis~§.! 
Pour la pr~paration des bltons qui ont cons
titu4 1' ()Qje1i aes invest.igati:ons de ce tra
vrai~. ~n a ~tilis~ 5 types de ciments alu
mmeux, dont · 1es com'pQsi tion.s min~ralogi
ques, a.±ns1 que les caracteristiques initi
elles de dispersion, l'eau. de consista.nce 
normale et le temps de prise sont pr~sentes 
dans le Tableau I 

avec les calculs des compositions min~ralo
giques (dont les r~sultats sont inscrits 
dans ie Tableau I ·). 
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Fig. 2- Roentg1foogramme du Ciment 2 

TABLEAU I 

SymbQle Al203 Composition mineralogiqu} 
du (determinee par calcul)X 

~iment % 

- 1 60,0 35 % c12A7+,65 % CA 
2 62,o 2o % c12A7 + So % CA 

3 64,5 loo % CA 

4 67,o 8.o % CA + 2o % CA2 
p 10,0 60 % CA + 4o % CA2 

L'an. alyse roentgenogra~hique des ciments 
pris en conE?ideration ( le's figures 1-5 ) 
est, en bonne concordance · 

~ ~ ~ ~ ~ 
~' ~-

~ 

~ ~~ 
~ ~ :\~'~ {' ~~ 1 ~' ~ ~-~~' ~ ~ 

~ ~' 
g ~ 

Finesse de L'eau Le temps de prise, 
brqyage, de con- heures':"'"minutes 
ref us sur sistance 
le ' tamis normale, Commencement Fin 
de 0,06 mm % 

% 

16,3 33,o 15 min 3o min 

5,7 33,5 23 min 5o rain 

o,o 32,2 1 h 4o min 3 h 

o,o 3o,a 1 h 5o min 3 h 15 min 

27,6 29,5 2 h 3 h 4o -min 

~ 
~ S:5 ~ ~ ~' ~ "'' 'f' 

~ ~ 
~ ~ ~' 

~ 
O)' 

~ 
~ ~' 

~' ~~ 
~' 05 

~ ~ 

~ 

Fig. 3- Roentgenogramme du Ciment 3 
~ 

Fig. 1.- Roentg~nogramme du Ciment 1. On rrientionne que, po_µr l' obtention des ca-
racteristiques initielles de dispersion, 

x) On a utilis~ les notations .C= CaO; A= Al2 03 
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1ee :eiments ~2 Gn't .,-tk . broy~s <ians les m~
mes -- c-onditions ( an::u.:tilis:ont les m~es corps 
d-e :trroyage, le m@mes rapport boulets/lia.nt 
·et le m~me temps de broyage), pendant q_ue le 

~ ~ ~ 
C\J ~ ~ ~ 

~ OJ ~R 
~' t~ 

~ 
~ '\}' 

16 ~ -C\i' Q5 
~-

~€" ~ 
~rs & 
~ I\ 
(\/V 

Fib• 4. - Roentg~nogr~":1Ine du Ciment 4 

ciment P a ~te broy~ dans de differentes con
ditions. 
four suivre l'influence de la fi~sse de bro• 
yage des ciments de conposition chimico-mine-

ralogiq_ue differente sur les propri~t~s des 
betons,certains cir:.:,~ts ant ~t~ broy~s sup
pl~mentairement, en obtenant les caract~ris
tiQues pr~sentee dans le Tableau II. 

~ 
~ 

Fig. 5 - Roentg~nogr8l!l:le du Ciment P 

L'aptitude '. aU bro;•;rage des clinkers, appr~
ci~e par les r~sidus sur les ta~is et les 
surfaces sp~cifi q_ues correspondantes(Blaine) 
est d~favorisee au fur et ~ rnesure Qu'on 
passe vers des clinkers moins alumineux. Le 
plus facilement on broye les clinkers alu
mineux au type CA + CA • Dans ·1e m~me con
texte, on remar--:_ue la ~lastici t~ extremement 

--------------------------------------------------------------------------------------------~ 

TA.BLEAU II 
Symbole Les principales corn- Le temps La finesse de broyage 

du posants min~ralogiques supplemen- Refus sur Refus sur Sous La surfao·e 
ciment taire de0 le tB.."!liS le tamis 0,056 mm sp~cifique-

broyage, de 0,06 de 0,056 
f. 

correspon~ 

: !:linutes mII4: % r:mr, t' dante, cm /g 
... 

I 

1 35 ~ ("' 

~ ! - 16,30 29,60 7o ,4a· 2380 ul2 
sl + I 3o,a 5,35 26,80 7 3, 20· 2520; 

s2 65 % CA 60,0 0, 38, 11,28 88,72 3Ioo 

s3 9a,Cl!I 0, 0(]) o,.25 99)75 3770 
-- ----- ----------------------- ----------------------- ----------- ~----------~------------- .. 

2 2o ~ Cl2A7 - 5,7o 27,oo 73·, oa. 2450 

Al + lo,<JJ 3, 67 2c,67 73,33 ~580 

A2 80 % CA 30,0 r,85 ;n,68 88-, 32 3000 

--~J ____ 60,0 o,oo 1,33 98,67 326a 
---100-~-ax------------ ------------~-----------;;6;------ ----99;4c;------334a.--------3 o,oo 

--4----- --3;~-ci-+-2c;-~-c~----- ------------~---------- -----------
,_ __________ ---47o<i ________ 

---- - ------------~----
o,oo o,oo loo,ao 

~- ------ ---------------------------------- ~---------- ~------------·-
p 6o~A - 27t6a 48 ,oo 52,oo 1980 
p1 + 3o,oa 2' 5ai 8,25 91,75 3lae 

p2 4o ~ CA2 60,<1' o,oo o·, oo loo,oc 4220: 
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:ei-e~~· - - q_u!l . a ~t~ observ~e, dans le cas de 
O.••uti.J:isation:· des m~langes de b~tons r~ali
s~e av~·c : le ciment 4, dont la surface s~~ 
cifique est d'approximativement 4700 cm /g 

W.Q.Ll.§. rHractair~ ~ haute teneur ~_A].2.Q 3. 
Dans les b~tons r~fractaires, form~s a la 

·base des t;¥"pes de ciments plus haut mentio
nn~s·, ont ~t~ utilis~s des agr~gats d' alu-
mine tabulaire avec les granulations suivan
tes t 8-14 -mesh, 28-48 mesh, - loo mesh et 
- 325 mesh. 
Pour suivre l'influence du dosage de ciment 
sur les propri~t~s des b~tons, on a utilis~ 
3 variantes de recettes, qui sont presentees 
dans ~e Tableau III. 

· -~~-........---------------~---------------------
TABLEAU III 

. . 

tta a~n:omination .. · des Dosage. 'fo 
composants 
des b~tons 

solides Vari ante 

I II III 

-
L'alumine tabulaire 75 80 85 
Ciment alumineux 25 2o 15 

Ave~ les ciments obtenus apr~s le premier 
broyage, ayan t les e;ranulatio. ns pr~sent~es 
dans le Tableau: II ( et notees symbolique
ment : 1, 2, 3, 4 et P) ' on a realis~ les 
3 variantes de recettes • Leurs carac.t~ris
tiques sont present~es dans le Tableau. IV 

plus grand de ciment en b~to~, la quantit~ 
d'eau est plus grande elle-aussi, tandis : 
que le rapport eau/ciment est plus petit. 
La masse vo1umique des ~chantillons noncu
i ts augmente, generallement, en rapport 
avec le bais s ement de la proportion de ci
ment (l'auementation de la proportion de 
Al~G 3 du b~ton) et ~e . l'eau de raise en oeu-
vre. · 
La r~sistance m~canique des b~tons (appr~
ciee· par la res1stance a la traction et 
a l _a compression) aprlls un j our et trois 
j ours de conservation da.ns une atm:osph'hre. 
humide. varie en rapport avec la proportion 
de ciment. 
Le9 plus grandes variations sont enregis- · 
trees, surtout, dans le cas des <'i .. ments 
faiblement broy~s • 
De m~me,les b~tons ex~nut~s avec des ci
ments faiblement broy~s ont aussi des re
sistances mecaniques plus baisses. Pour 
cela, pour suivre l'influence . de la finesse 
de broyage du..ciment sur la r~sistance m~
canique. des b~tons durcis, aprlls la consen
vation a l'air et apr~s le s~chage et leur 
cuisson, on a pr~par~ aussi des betons avec 
les ty~es de ciment broy~s a une plus gran1-
de finesse • · 
Dans le Tableau V on peut observer l'influ
ence simultanee de la nature du ciment, de 
sa finesse et sorr dosage sur· les resistance~ 
a la compression des b~tons obtenus des 
ciments 1-4 et P (on ga'.tde les m~mes dosa
ges de ciments que plus haut t I-25 'fo ; 
II - 2o 'fo et III -15 'fo, mais on utilise 
tous le s ciments, .broy~s a de divers f'ine.s
ses, q_ui sent donn~es dans le Tableau' II: 

----------------------~---------------------TABLEAU IV 
-------- --~-------~-------- >------------·----------1------------~---- ----------------~----SYJ'.Ilbole La propor- L'eau de Le rapport :{.a masse La resistance La resistance I 
dw b~tom tion d~ mise en eau/cirnent yolumique a la t2action, a la com~ression, 

ciment, oeuvre, . ~µ b~ton I daN/cm daN/cm . 
~ ~ 0~;;~3 1-j;~;- 3-j~~;~--~-1-j;~;---3-j~~;;----

I - 1 25 9,6 o,39 2,92 
II- I 2o 8,3 o,41 2,94 
III-1 15 7,1 o,47 2,94 
I - 2 25 9,6 o,39 2,9o 
!I....; 2 2o. 8,7 o,43 2,96 
III-2 15 8,o o,53 2,98 
I - 3 25 lo,o o,4o 2,93 
II- 3 2o 8,5 o,42 2,98 
III-3 15 7,5 o,5a 2,98 
I- .4 25 lo,o o,4o 3,00 
lI- 4 20.1 8,7 o,43 3,04 
III-4 15 7,8 o,52 .3,02 
I - p 25 lo,o o,4o 2,96 
II-P 20 · 8,3 o,41 2,97 
III~P 15 7,5 o,5o 2,97 

·- -

Comrne on:peut constater de ce tableau l'eau 
de mise en oeuvre, d~termin~e par la metho
de "ball in hand"' a varie,g~n~rallement, 
avec la proportion de.ciment • . Au contenu 

93,5 lol,o 180 400 
.88,o 98,o 160 320 
75,o 96,o loo 200 
98,5 106,0 230 440 
9o,o 101,2 180, 350 
80,0 98,,o l7o 220 

110+, 0 llo,o 390: I 600 
I 98,3 loo,, o 380· I 550 
I 96,o 98,5 300 '500 
ilo5,o lI.o,o 4lo: 650 
;loo,o 102,5 400· 529' 
loo,o 106,0 380 500) 

65,5 96,o 170 400: 
61,o' 75,G· I Jo 3oa 
57,o 63,5 loo 150 

.. 

1, S1-S3, 2, Ai_-A
3

, 3, 4, et P-P2• 

Dans tous les cas, les ec_hantillons scum.is 
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---:..----~~~-:-:-.-:---..-:----.--:--~-----~-----------;;A13r::E~u-V:--'"'"-'--------------------------------------
. - . ., 

La resistance ~ .la co:-;0:nre:ssion. daN/cm2 t '• ecftarit'.tllon 
de b~ton. ~vant la cuisson . 

Apr~s le s~chage et la cuisson ~ la temp~rature 
1 jour 3 jours 2oo0c 6ooPc 8oo0c 95o0c lloo0c 14oo°C 

I - .1 180 400 400 320 250 180 240. 500; 
II- 1 160 320 300 250 170 150 200 520 
III-1 loo 200 200 150 130 loo 160 470 
I - Sl 230 460 - 400 350 200 250 -
II- Sl 180 .350 - i 350 300 180 200 -
III-Sl 150 240 , . - 24q 210 130 175 -
I: - S2 280 515 - I 45q 400 240 280 -
II- S2 260 400 -... I 400 350 200 240 -
III-S2 250 300 - I 300 280 150 200 -I 
I: - S3 350 500 520 I 45.o 420 270 320 550 
II- 33 350 460 480 460 350 25.o . 2.80. 5lo 
III-S3 310 400 .4oo 400 340 240 270 i8o 
.r - 2 230 440 450 380 350 250 280 "'."" 
II- 2 I 180 350 Jfo 300 300 200 250 -HI-2 

r 
170 220 230 175 200 130 19a -I.- A1 270 500 - 400 370 250 290 -II- A1 210 450 - 370 350 . 240 250 -III-Al 200 380 - 340 260 200 215 -I - A2 370 590 - 500 400 270 300 -II- A2 350 500 - 410 350 240 300 -III-A2 300 420 . - 400 275 200 250 -I - A3 380 580 600 480 410 300: 3oa 525 

II- A3 360 520 540 440 380· 275 3lo 500 
III-AJ 340 480 480 410 Joo 250 240. 5oai 
I - 3 J9o 600 600 500 400 . 270 300 -II- 3 380 550 500 400 380 250 270 -III-J 36b 500 480 400 250 250 250 -I ·- 4 410 650 620· 530 J9o 290 310 -II- 4 400 520 5Jo 430 320 260 265 -III-4 380 500 500 400 280 230 250 -I - p 170 400 450 300 200 150 180 J5o 
II- P lJo Joo J7o 210 160 J,.oo 130 Joo 
III-P loo 150 200 loo 5o 5o 7o 2Jo 
I - Pl 210 425 - J4o Jocr 240 240 400 
II- Pl 200 J6o - Joo 250 220 2Jo 400 
III-Pi 180 330 - 210 150 llo 170 J75 
I - P2 4oa 650 650 
II- P2 400 500 550 
III-P2 380 500 510 

h · un traitement de chauffage ( avec une con~ 
servatiol'l h la temp~rature respective de s~~ 
chage et de chauffage de 5 heures) ont eu 
urie p~riode de 3 jours de conserva tion dans 
l~atmosph~re humide, avant d'~tre introduits 
au cp.auffage. 
De l'anal.7se du Tableau V, il en r~sulte 
que le's r~sistances m~caniques ~ la compres• 
sion sont forternent influenc~es nar la fi-
nesse de broyage du ciment. -
L'influ~nce de. la surface sp~cifique est 
corr~l~e avec la composition rnin~ralogique 
et le' dosage de cirnent, elle ~tant plus 
accentu~e dans le cas des cirnents plus alu
minewe (h une teneur plus ~lev~e en CA , 
dont la vitesse d'interraction avec l'~au 
est plus petite que celle des aluminates de 
calcium plus basiques) et des dosages plus 
pe•its de ciment. Cornme suite, l'influence 
positive de l'augmentation du dosage de 
ciment, dans les limites examin~es devient 
elle-aussi plus irnportante dans le cas de 
l'utilisation de certains cirnents ~ surfa
ces sptfoifiques ·~lev~es. De m~rn~, les ci
ments plus alumineux (~ teneur en CA2)(7) 
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520 
410 
400 

400 280 Joo 500 
J4o 250 260 450 
Joo 270 2Jo 400· 

1

d~veloppent des r~sistances m~caniques plus 
~lev~e.s que les cirnents plus basiques, dans 
des conditions ~quivalentes de surface sp~
cifique mais ~ des valeurs plus ~lev~es de 
c elle-ci. 
Les r~sistances m~caniques de tous les b~
tons cuits atteignent un minimum dans le 
dornaine de temp~rature 95o-lloo08, ·apr~s 
quoi elle connaissent une nouvelle augmen
t a tion, cornme suite du co)'l1Illenc ement de la 
synt~risation et de la . r~alisation de la 
·1iaison c~ramique. Des ~~terminations pr~
sent~es dans le Tableau V, il parait que le~ 
plU:s grands baissernents de r~sistanc·e, qui 
sont el'lre~istr~s h 95o 0 c, sont poss~d~s, 
dans la majorit~ des cas, par les b~tons h 
une teneur plus ~lev~e en cirnept (si on corn~ 
pare la r~sistance h la compression, d~ter
min~e sur des ~chantillons conserv~s trais 
jours, dans l'atmosph~re humid~, avec ' celle 
d~terrnin~e~ sur des ~chantillons cuits h 
95o0c). · , . 
Les additifs de synt~risation ( frittage), 
en correlation avec la nature, la finesse et 
le dosage du ciment, peuvent am~liorer le 



~fftj'f'~E!ffwa~ a<e~ r,;~~tiatt:ures inte:nnMia
s;~n~~ tl§~itcmsi !rtt-?>~~<taitresl•1~ 1.la 2~se de 
ellfm~~!Vh1Thnin eux e 

Les ~clats de verre finement broyes sont 
souvent utilis~s. Dans ce pr~sent travail, 
1' influence des addi tifs de synterisa tio.n, 
on· a .suivi sur les recettes avcc 25 % et, 
respectivement 15 % ciment s2 • Dans le 
T.ableau VI, on a inscrit les r~sistances 
m~caniques·des echantillons des -beton ~ 
additif de verre finement broy~. 

TABLEAU VI 

is;.bale I Pro- I R~sistance ~ l~ compre-Pr~t: !d' ~ahml-po.r- -por sston ( de...Tf/cm ) • apr~s 
~tillon tl.- tio la conae.1'- c;uis::ion ~( I de 
I 

on vation OC 
i de verre 
! ci- l 3 800 95<> lloc 

m~nt 
% 

jour jours 

! 

t Nl 25 l,o 200 230 250 160 l24o 
N2 25 3,o 220 350 274 200 300 

["":' N3 25 5,o 200 200 250 180 250 
:UI-Nl 15 l,o 356 400 300 200 280 
~II-N2 15 3,0. 300 350 300 235 1380 

II-N3 15 5,o 300 320 290 260 1430 
I 

bes .donn~es present~es, il en r~sul te que 
l'addition de verre finement bray~ n'exerci
te p·as une influence favorable sur les r~sis
~ances des b~tons h 25 % ciment; en ~change 
~ntroduit da.~s les b~tons h dosage plus fai
ble de ciment (15 %), elle d~te:.cmine une -a
~~lioration des valeurs des r~sistances • 

CONCLUSIONS 
:J:i'analyse de l'influence du dosage et du 
type de liant sur les proprietes de certains 
b~tons r~fractaires h haute teneur en Al2o3 
a d~montre que ]'am~lioration des r~sistan
~es m~caniques de ceux-1~ peut ~tre r~alis~e 
.Par de diverses voies • 
.µans · ce sens on doit prendre en considera
~ion,'premi~rement, la composition chimico
mineralogique du ciment utilis~; les plus 

grandes r~sistances sont obtenues ainsi 
dans le cas des ciments contenant CA et CA2• 

On ~eut obtenir l'augmentation des r~sistan~ 
ces m~caniques aussi ~ar l'augmentation de 
la finesse de broyage des ci~ents. Cette 
augmentation de la finesse de broyage est 
plus importante, surtout, dans le cas·des 
b~tons•~ la base des ciments plus alumineux 
et pr~par~s avec un dosage _plus r~dui t de 
ciment. 
L'influence des additifs de svnt~risation 
se trouve dans une ~vidente c~rrelation 
avec ia nature, la finesse. ou le dosage du 
ciment. 
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RESUME : 

Ltassortiment des ciments portland est tres varie. L'ingenieur-betonier ne peut pas 
s'y brienter facilement. Les parametres de depart de ciments,tres importants pour le 
longevite,la resistance au froid,etc,sont souvent caches derriere les difficutes liees 
a leur apolymineralite,polydispersite et polyagregation,ala composition mineralogique 
agissante lors du durcissement des mineraux.Les ciments de diverses usines bien que pa
reils par leur mineralogie,sont au fond sensiblement differente.Et vice versa. Il con
vient de chercher des procedes faciles a l"'aide des~uels on peut pronostiquer,en fonction 
des proprietes des ciments,la qualite durable des batiments.Les conditions de la forma
tion des structures de la pierre de ciment doivent se combiner maniere organique avec 
les possibilites potentielles du ciment.Le cataloguement doit se baser sur les propietes 
du ciment a durcir au maximum lors de la technologie chimique progressive pour l'obten
tion du beton. 



Le cataloga•eat de tous lea ciaenta fabr1-
qu'8 dana le pqa non 4'apria leurs propr16-
t6s 1aol6e• dans le b61ioD aaia d • apna un 
groupe de propr16t6s, i.e. d'apres le t1Pe 
ccaplexe, eat un probla.e iaportant d'ac-
tualit6. I 

Pour r6aliaer lea travau:E de b6tonnage dans 
cliT8r888 COD.4it1ona d 1Ut1lisat1on des cons
tra.ctions 11 ne autfit pas de prendre m 
consid6ration 8ftl•ent la reaistance stan
dard du cillutl car ceci conduit i son ut1-
liaat1on irrat mmelle, ne r6rile paa de 
11a180ll8 du VP• de c:1aent &Tee toutes lea 
coaplexit6a des proceasus de f oi.w&tion de 
1tru.cture clllll• le ciamt durci qui doit 
etre atable i l 1actian d.ea conditions extlt
rinrea ap6cifiquea dans chaque caa cODcret. 
Pour riaouQ>e le problime de catalogv.•ent 
des .ciaenta, exiaeant beaucoup de tmpa et 
de travail, aur la base de l'6twt.e de leura 
propri6t6a teclmiquea on ne peut paa ae 11-
:ai ter au probl•e de d6tem1net1on des pro
pr1't6a iao1'ea 4u ciaet• tabriqua par 
n•iaporte quell• ciamterie. Le probliae 
principal eat l 16tu4e des caUileS d6t8Dl1-
unt ces propr16t6a, la rechercb.e des aiAI 
rigiasant la liaisoB de ces propr1't6a anc 
la quali~ dea .. t1•r•• premi•rea et la 
teclmologie 4e la production ce qui red 
poasible le chal'lgement easentiel de tout le 
ccaplexe de p~opri6t6a. 
L'~ae de n•brn% risultats des a;p6-
riencu cOlldui t a la conclusion principale 
que aur la base des 41Tera proc6cl6a co11-
rent;a d.'•vaJ.uat;icma atand.arda cle la r6a1a
tanee et 4 1au'U"•a .indicea oa ne peut pu 
obtair me 1Df omat1cm ·ccaplm a1 n6cea
u.1re pour la construction. 
:Ill proc6clant; • de a•breuae• ~rimcea 
on a 6tabl1 que . lea ciaa.ta cl• 41ff6ratea 
c:1aaterie• fabriqu6s • partir de .. t1'ree 
PZ'91ke• cl1ff6rmtea et d 1apria la teelmo
legte d.1ff6ra:te &Tee la cmpoai tion •ia'
n.logique • peu pr•• id•tique dhemin6e 
par_lea ••tllo4•• CGD.Tentimmellea m.atan
t;ea, ~•rent &lilt WtOIUI \Ille ccabiDaiaaa . 
eaaentiell••t 41ff6rent• de propr16t'8 
teclmiquea. Il eat 41tt1c1le cle choiair dee 
a:eapl.8• ot lea diff 61-et;a cillata de alae 
ccapoaiticm clonnen.1.ent; lea 1>6toaa aal.o
pea 41c>ri• toatea lea propr16t6a. Lea 
41ff 6recea ocmumc•t i ae 118Jlifeater Ua 
le ata4e de J»riparati.GD du pat6 4• b6ton, 
leraqu•on obHrn lea 46aaceorda·de la 
plaat1e11;6 et d• la 8'puat1• de l'eaa. 
.l ••an qu lea proce- 4e cbarc1-•t 
4nlelm•t P!:

8
frotcmcla lea part1cv.lar.lt6a 

4 '•'Mrd P• ·. i.1 .. clniean•t 4e plu • 
plua protcmclea. Ceci !Duda• ae pert;e a 

.
pou11d.li.t'8 4a ooaWlle le pl:u cmplet-cle 
la ciqllt6 a i»rocluit f1a1 (le _.._,, de 
la priri.aioa de MR · ~-.a lon 4• 
._ atiliaticm clua lea 41tt6zc1;.. can-
411;1ma ~lu a ail1n -'biall't. 

Il eat ~--t; ccimm 4lU cenaiDa cia•t• 
~ lin'6• pu ... oa•teriea 41ff6-
rmt;u, ciu1 ae c11n1ap•t »Ula· aia'1-alo
sl• et la 41aperalt6, ••tzieat, lora ••• 
-18 _..lea Mtcaa, cles r'8ul:tata •-• 

procllea • ce qu1 ocmceme certaiDea pro
Pri6t6a a6caniqaea. Il eat 6videt; que 
l 1 6'tucle cle ce proltliae IAIZ' lea .caUMa de 
la a1Plit;ude 4ea propiS.'Ma 4e ciaeta • 
pnmUre TM Utt6reta eat; 11'9 amc par
t;1cular1t6a 1a41ri.41lellea d1a 4~t; 
clea procU8118 d 11..rdro~ ... et d ijJara-t&i1an 
Rina d11111e fomation de atr.ictare clana 
la pierre de ciamt, ce qu1 eat U6 •sal
aent • la ccapoait;ion 111Jl6ralogiqlle ag:ia
amite c!a caet. c •eat ~uateaent 4Ba cet'te 
direction 4e 1 16ta4e de a1Zwlcturea :tin .. 
Clll'il tat cherclaer dee baaea ~sico-chi
aiquea prof aadea poar r6acna4re le probl•e 
de catalogu•ent dea ciaenta. 
Paar ciaq ciaenta 6twl16a procua d'apri• 
l'act1Tit6, la ccapoaiticm chiaico--1D6ra
log1que, la oonaia1;ance nomale et certai
nea autrea caract6riatiquea ataD.4arda · on 
a obtm• une 8'rie d11Dd1cea netteaet cl1f
f6renta de propr16t'8 iaportaatea clu b6tcm.. 
Ceci t•oipe tue lea dcmn6ea 1D1t1alea 
ut1l186ea ae traduia•t pas ccaplit•ent 
lea propt'.l.6t6a eaaentiellea dea c:1aents 
d6t;em1nent la qualit6 du Mt;cm. ilDai, 
e particuli.er, .· 1 16twle de la r6a1stace 
du Wtcm. c1DrciaAD't dJma des ccmclitiCJllll 
cl1ff 6rmtea a aontri que la diff 6.rence de 
unque de r6siatance des Wtcma priparia 
&Tee des ciaenta d1ff 6renta lore du durcia
••ent a l'air sec ea ccap.n.18011 du dur
eiaselllent; i l'air hlaicle (condit10ll8 no:r
aaleaJ peut varier dmla de largea liaites 
( 4• 20 ' 50 ,5) • 
Dea quelqu•• caa, .. 11118 e1iape 4'temill6• 

·lea 41tt6rentea parties eonsti'tut1Tea de 
la stmcture claDa lea 6cballt1llaas • bue 
de ciaenta 41f f6ren•• PftTent kre f om6 .. 
identiqu•ent et 6galellent 1 c•eat ·~uate
aent; ce fait t.~ 46tuaillem certain•• 
propr16t'8· du 'b6toa. Dena ce caa la oin6-
't1que tant 4•• procea.. .-aico-cldaiquea 
que 4•• proceaSUll •6caDiciu•• peut; Tarier 
tort•ent pour d.. ciamta diffkenta, 
aV.m't clit, lea propr16t'8 teclmiq11ea 
de c .. WtOD8 •• )*rnlDt paa _au tcm4 ltre 
14m'1qaea. 
~t.roblille cl• 6ccacaie da ciaet et 4e 

ntiaa 4D. coatema dea 11&t6ri.aux c1eDa 
le Mton et le Mton am6 4aaa la ccm.
t:mctim eat cl1rect•et 116 • 1'•~•
U.oa de l'act1Tit6 a cill•t 4aa8 d• 4.6-
W.. UU6renta de aca d.urciaa•ent. c•eat 
poarquo1 11 eat n6ce..U. de 8&'Y01r m
luer la.riainaace 4'apzta la coune cl8 
&Clll ·accroiaa••'t •• aoa •-.l••t 4'8.Pri• 
11D •eal 11l41c• 4• :r6aiatace a'tanclar4. 
bid-•• • pnt ltre certaia que c!an9 
la.· fozu.tioa de la "81at;aace a6can1que 
et; 4 •autrea prop.r16t6a. ea cia•t 9 •eat la · 
aU.ctare 81.liolci•• ~ ~oue le rile d6-
cia1f • . hv.te:foia la jriamce 4aD8 l• ci
••'t 4.. pllasea 4e m'Mtaoe :l.Dtiem6cl1a1-
re cordge la f omatica 4u atru.ctarell l 
parttr 4• lda61'UZ ailioipea.· .. ..na-

t le rile 4.e C,.t_ 11 ~- ~ llOtU" pe 
~·· pr6a•t l'• •• . e ... --t'tmt;ioa l 1 16ta4e 41l e 4e la Mllta-

taaoe mtem641alzae, ·· c. ,m. conoeme e 
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preier lieu. le verre taiaaaat partie 4• la 
ccapoa1 t1on .. 4• la abatence 1ntem'41aire 
et qa.t lllle empac1t6 de 1"6tatioD 41eau 
6ln6e. 
Kn fcmcUcm cla. raP.Pon aee le ain6ral 
~.l et 1 1ad41t1on de sn>•• ~4rat6 11 ae 
f6me 4ana la p1eqe de c1aent 4e 1 1ettrm
git. e a1Da1 que, griee l ce proc•-::i. il 7 
a f omation de la stmc~ de co :tion 
• ~J.. >qdra:t6t. qu1 41tt•re par· ••• propr16-
t6a . '6t qu1 • xome m plua graadea 0'1 plua 
petites quantit6• a 1lll J.71ila• aoc616ri ou 
ralenti. 

Ii :taut 6galeaent tmdr ocapte de l'action 
mr la Tit•••• de fomatian de l'ettriDgite 
de la aorphologie du clinker, de la r6par
t1 tion prta de la ~ace 4 .. particulea 
dv. ciamt d .. mbatanc ... 1111l6ralea auu 
a6paries et 4• leur criatalloch1aie. 
Lea tactnra aucciDct•ent 6n•6r6a d6ter
a1ne!lt tant la -iwmtit6 de l.1 ettr1Dg1111for•6• que ••• particularit'8 clana la st;r,actu
re du cill•t durci. Il eat IJTicleDt .ciue 
l'ettriDgite tom6e de tac;OIUI a1 4Uf6rea
tes diftirera par au propr16t6a fcmcticm
nellea et inf luea ar lea propriat•• da 
ciaent 4urc1 'de 118.Di•re tc.t l fait dilf6-
rmte. Botcma que ce n•eat paa l'ettriDglte, 
conatituant in.stable et peu r6a1atant dll 
ciaa.t durc1 qui i:apo:rte :a&ia le tait 4e 
deatru.cticm des atru.ctarea de coagulati~ 
fiz.6 par la fo:maticm de 1 1ettrillg1te. 
Lu al1m1netea de calc1• 1'fdrat6a qui 
existent &OWi tome de atru.cturea de eoagu
la tion et CIUi ae tomat prillcipal•ent TU 
le mque c1u QP88 ~clrat6 reapeetiv•ent 
pour la .· teawr 6ln6e 4u c1aent • almi
natea et lea fiDeaaea de bro7age correapan
dantea 411 cliDker, -.pirent Dotabl•mt les 
propr16t6a tec!miquea 4u Mton.- Wotc:m.a q11.e 
ce r'8ultat identique pnt l"tn obtm11 par 
suite de C81l8e8 preaiirea tout a fait dif
f6reiltea. 
L1 6tude de la ccapoaiticm 411. ciaat cmrci 
au: diff•rentea 6tapes de aon -clratatian 
• l 1aide de la d6r1n:togmpllie aontre ciu• 
SUZ" lea courbea Dm aa peut 46celer la pri
a.ice 4'•ff•t• 4e• alpw1natea 4e oalcillll 
-drat6~ 04 A&t11. 4aDa lea intenallea de 
te.pUw.~ 4V155 l 185 •e et a-d.e•-· 
:Dana cl'autn11 intenallea·d• teap6ratare 
on mre&iatlre la fizattcm 4u grpae et l'au
pentaticm a1aultan6e de la quantit6 41 et
tringi:te. r.•appe.ri tion c1aa le ciamt 4urc1 
dee lQ"dratea eat d6cel6• 6p.l••t 41apria 
11D au.Ve iDdice. S1aultan6ieat; &Tee 1'•4-
rataticm cle °"'J.. on vo1 t -uardt.re 4e la 
cbaD% l'-T4ro]1"tip•mt d6tac.Jl6e Cll11 atare 
la aolutic et aupmte le J>B cl1l ailiea. 
llai• caccm>2 cbaDp 6p.J.eaat la bd1cit6 
dea •l•'ne:~•• 4• calci• Qclrat6• .U •• 
foJSent c apportut dee clMmg•uta c1aila 
le~ .UUcturea de coagulation ce q1li •• 
ripere11t;e 1D6T11abl•ent mz- .lea,.t>ropr16t6a 
du b6tcm l partir c1u •••t de giclaap et 
de ~omaticm du a6l.ap, bi• pe le caa oU 
le• cia•t• ccmtiean•t la alae quantit6 4• 
ll1D6ml. c~ et le snae cl1]Vclra~ ut ill
tro4uit 4 proporti= n6ceaaire, aoit 6p-
l•eut pouible. · 
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D'autrea part1cularit6a, par umple 1'6-
vent•ent du ciaent cmduiaallt • la corro
aion de la surface de ••• partiev.lea, ell 
particulier .clu COllstituant alitique 41-
ainue le pB du llil1• et la »0•aibilit6 de 
la fomatian de 1 1abail&ate t6tracalcique 
l:l;J4rat6, ce J:! en~!De dea 6carts cor
reapondanta a lea atrv.c1nu:'•• cl.e coagu
lati<m et lea propr16t6a c1a b6ton. 
L'introduction d'ac141t1cma ~drauliquu 
actives e:zeree une influeace sur la caa
positicm. de la phase llquide- au cours de 
l'}Q"dratation du c1aent. Dans ce cas la 
cbau:z l:l;Jdro~iqu•ent 46taoh6e est acti
v•ent absorbee, la a6parat1on de l 1eau 
clu a6lailg. e est r6g].6e. Par suite lea struc
ture• de coagalat!on instablea subiasent 
des chang•ents aorphologiques, ce Cl1l1 ae 
r'percute direct•ent aur lea propr!6t6a 
du Wton dee c:laents initial•ent sDai
laires. 
L16laboration du probl&e des liaisons des 
propr16t6a du b6ton pou,r la ccaparaiaon de 
c:laents d1tf6rents tant d'apria lea indi
ces techniques que d'apres les · c~ct6ria
tiques dea structure• fine• et des parti
cularit68 des caapositiana du c:laent dur
ci, eat possible d8na la direction 1nd1-
qu6e ou dan8 d • autrea directions. Lea cm
paraisona donn6es sont poasi~les • -condi
tion que lea m6l.anges choiais soient tels 
qu•une grande distinction dana la r6par
tition de l'eau ea coupure, la a6diaen
tat1cm du ciaent d 1a.pres la grosaeur des 
gra.1J1s n•aura pa.a lieu, car ceci iD.flue 
cona1d6r;bl•ent nr la f omation de la 
a'tructure des pores (3 ccapria lee pores 
de ccmtraetion reaplis d1air ou lH poreS 
1nond6s par l 1 eau) et final•ent, sur 
toute une s6r1e de propr16t6a teCludquea. 
JD developpaat ee qui etait dit plus :be.ut 
aur lea structures en phases de la mbs
tance intemediaire 11 taut 6tablir d'une 
aanUre certaine lea tn>.S des s~ctures 
qu1 ae f omellt en leui- pr6sace et lea 
lqdratea qui am6llorent certain•• propr16-
t6a des b6tona. Dea esaaia aecaniques 
atandarda habituela ne pemettat pas 
d'obt4Blir une telle 1Dfo1WB.tion n6ceaaa1-
re. Il !Qorte de avoir en quelle rel&
tioD . ae trouvat entre ell.ea certai.Be• 
propr16t6a 4u. 'b6tcm et ccmaent lea parti• 
cu.lar1t6a ap6c1fi!~!;.~e la atmctue des 
conatituanta de c aod.ifieat le d6-
roul•ent 4•• proceasas de d.urcias•ent. 
:lotQDS q11.e aoua f o:me exiatante le c1aent 
porlland n•eat pu - llDt 11Diverael. ea 
peut l• Toir en particulier en c•paran' 
lee r6s1atancee des 6claantill•• duJ.'Cia
aant 4aD8 lea ccmcliticma nomalea et l 
1 1a1r ••• 
·r.a aise a hi.dace dea ••cani•H dH 
relat10D8 1Bcliqu6e• mi BiT .. u dea a1za.a
tare• 41l:l;Jdfttea ouTret ae baH8 sc1en
tifiquea profcmclea pour le catalep.••t 
dee cm•ta. 
Pendant de n.cabreua .. um6ea de tJ:an.11 
on n•a Pa8 vouri 4e proc6c16a d:ra cl'na
luatica 4'•• •6ri• de propr16t6• ill;por-



tantea dD ciaent. L•am.aq.. c1a iaMD•h• de 
coatraetioll et de SOD J.1aiaoa &ftO ae 8'
rie 4e propr1't6a ~tea a Wtoa eat 
iaatf181Dte. Qwmt amc probliaea d.e toma
tiaa 4•• atractures du .ciaent 411ro1 m pate 
4• cia•• (aupmaicm cmo•u-6•) cm lwr 
accorde in~ust•mt P• t•P•• Cepmclu.t; 
116ta4e 4ea pnceasu 11)0'4ro~•• et 4'1V'4-
rataticm. • tout.a le• 6~ea 4e la :toma
ti• de atrv.ctu.n cloit ftre pr6c'46• par 
l 161;wle de la p:r;opri6t6 =· cblct de 86pa
tter ae quanti'W 41 eau 41tt6"nte cJ.u.a lea 
~peaiUcma 4u Mtion n.r16ea~ Une 61;ade 
plua 4'ta1116e aontre que la propr16t6 du 
ciaent 4e afpeu 1 1- eat 116e • la pri
sece de nr:tac'ti:ts (8DB), lea proc ..... 
4e 8'p&ration de 11•• 6tant 1.Jlflua°'s ,er 
ln a4411;1oaa a1Uralu oonteuea, le dosa
ge ill snse et aa relatie &Yee la ciuant. 1t6 
de CaA, la ~1-6trie 4D ciaeat, llOD 
•6"1lt••t" (pertea de caloiaation) et 
pa .an nca'bre 41a111D:98 :facteara. G6~e
amt cm ne pl:'m4 pu • conaicleaticm. 1 16-
valuatiOD 4ea part;j.cularit6a de i••aggJ.uti
nation• 4e cilleta 41tt6renta et des causes 
4e l& 41tt6r•c• d 1]V4ratatioll cl.ea ciaenta 
lore .de 111at1'0Cblction dazla le pat6 de b6-
tm 41 61.ecU-OJ;rt;ea clitt6renta1 acc'16n.teura 
411 durciueaeat. Lea caaaea d \Ule pla8tit1-
cation 4U:t6rate-clea cillents 8'paris par 
lea ao41t1caticma de aur:tactita, des ~
nlarit6a de lear action sur lea propr16t6a 
clt• ciam't•• 4e l.1autoplaa"i:ficat1on de la 
pate 4e ciaeat. de 11entn.ID•ent de l'air 
son t peu etud1'ea. Il . coariat cl• 61.ardl: 
lea rmseip•enta·d:18pcmiblea aar le :au.a
ge, le retrait et la riaia'tiallce a geJ. 4ea 
M'Seaa~· Qi a 1utiliae ~ lea poaa11-1l.1t6a 
4• la. Yibration r'1t6ratin ault:t;l• 41l 
pat6 4e b6tOJL a1Ds1 que son u.iat ~ 
cp•au. 4'lliat d1l ccmpactage et le • a. CH 
proc6cl6a 4Ama lea proceasu de tuftlu•eat 
4H Wtoue' VD large 4"-elopp•et cle la 
proacticm 41l b6ton am6 pr6ta'br1Clll' ilul
ori t l 11 or4re d.1a joar le probl._e 4 16ta4e 
des c-• 4• la 4itt6ftD.ce 4e r6a:18tance, 
4• d6ton1&b111t6 et de ~aistance au gel 
de• Wtcma a,tri• lea:r Vait•ent l la va-
p.ar 1'm14•• 
Pou 1'68cnl4re cea prol)lillea e'ti bi• 41 &1l
tna • 4o1 t aettre • ~- tant lea a61ilao
dea aeta.ellea de 1 1anal;tH pl-.raico-elWlique 
que lea proc'46a a~lea de l'anal7•• ra
piu, facilea • r6illae claDa lea conditiona 
4e l&boratoire et up11at6• clu poiat 4e 
"fte aci•tififte •ta61illod1que1 ckat l'uti
lJ.aaticm cmplue ....ren.it 1 obtatian de 
l'intomatien n6ceaaire1 · oe qui eat 'tMa 
~t; J>OV lf. p.-iae • capte qpofcm
U. 4.e• piaopr1't6a 4ea w-.. lon cl1a oa.ta
l~•t 4ea cill..U (TOU le 80b•• c1a 
oa~ 4ea c:S:ac'tia). , 
IA »ftticia• u plJui.ara ami6ea acm'tre que 
l'dil1At10ll oerect••t 6laMrie clu. ci••t 41Qria le i;;J»• oa.»lue 4• Wtcm 46-
tmlae la J.eng6d"W 4• c•atnctieu et 
l 'utU.i•ttoa ze:ti.cmlelle c1u cill•t_. Jaaa 
oe .. 11 en ..-.s.•l• a•o•tealr •• am.
•U. 4e o-.'-R 4ea •t6J:'iaax Uu lea 
aa.otiuu • Wtm 4 1Qria la ....... c1-
~-• ~·• 10 •• 

L'~entation acie1iifique et teclmique du 
catilop•ent dea ctam'tia .. t.ait nr la 
-.. de la T6rificati.ca ... rimltata ob
tenu · dea reocmmandaticma de 41ff6renta 
cllalltters et ua1Des 4e atncWn& ·• b6tan 
am6 et de la riviaion c1ea nomea.· 

ao• 

1 

2 

3 

4 

5 

6 

SCJmU DJ Cl~AJmUB DBS CIDITS 
(Yai.-1-te poQible) 

!:tr16t6a du ci- Directions de 1 111-
aa 46tem1naat t111aation d'apria 
le St:nocmplexe lmra cbaDg•ent• 
c1a b6 po881blea 

Cin6tiqlle c1u 4ur- D'•lf'•l• Q'pe de 
oi••••t la pendanoe ana-

~tique R a f(t) 
Attitude enven l>i:ff 6rnees de c1Jl6-
le durciss•ent tique clu du1'ciue-
pour clif:f 6rentes aent l l 'air h1aicle 
lma1d1t6a 4e et • l'air .. c 
1 1air 

'Bftieacit6 d1l D1apria lea 6carta 
durcia••en1i e 4ana la cin6tique du 
caa du traite- clurcisseaent •tri• 
aent l la cha- le trait•ent la 
l.ear !maid• chaleur lmllide a 

rigtaea d1tt6rata 
Btficaci't6 de D6tem1Dation. 4u 
1 1ut111aat1on de groupe de plaa1;1f1-
d1ff 6rent•• ad- caUon 411. ciaent et 
c11 t1ou (mrtac- du dcaaiDe 41app11-
tile, 6lectro~- cation, choilC 4•• · 
tea, etc~) a4c11 tiona n6ceaaai-

rea et de la teclmo-
logie cle leilr intro-
duct ion 

D6fomab1l1t6 Prhiaion des ftleu.r 1 
(ntrait, aoclule atta4uea 4'!f;'• la 
4'6l.a8't1cit6 cam.position · 6ra-
:tlu.ge) et riaia- logi.i:• agi-.nt• 
tance a gel 4D c et et lea 

proceana iait1aux 
4• tol'lllltion 4e la 
atru.eture 

CorreaponclaDce ftabli•-•t c1u do-
a cillet • la ll&in• d1appl1cation 
teclm.ologie de optiaal1 ft%"1at1cm 
la pJ.'16r.atia des pari:Htrea te~ 
c1a r 4• MtOD nelogtquea ou putt-
et . l'tti!le- calarit6• lon cle la 
••t uti , rieJiaatioa cle• ua-
au: proc64'a e'ti Vamt 
•et ion• 
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Dependence of high-strength and rapid-hardening cements 
optimum granulometry from W /C and hardening conditions 

Rapport entre le EI C et les conditions de durcissement et granulometrie 
optimale de ciments a haute resistance et de nouveaux ciments 

a prise rapide 

I. KRAVCHENKO, prof., doc. of tech. sciences, 
M. VLASOVA, cand. of tech. sciences, 
B. YUDOVICH, cand. of tech. sciences, NllTsiment - Moscow, U.S.S.R. 

SU¥M4.RY: On the basis of precondition of strength reduction as a result of local disturban
ces of hydration products medium density analitical dependencies according to an ~ptimal 
strength criterion of "x" small aod medium fraction of cement (less than 5 and 5-30 )ll.t) ha
ve been plotted against a starting w/c ratio and hydration degree of these fractions con
sidering their composi tj.on and quantity of la.rger fraction. There also shown that "x" 
sh~uld be increased with gain in w/c ration and strengthening requirements to cement early 
strength values. With w/c = 0.4 and medium fraction hydration degree of 0.9 (28 days) the 
experimental values of x = 0.195 - 0.21 are close to the calculated of 0.208 - .0.218. Ana
litical calculation of rational granulometry is thus possible according to the data on a 
starting w/c ratio and its hydration degree by a given age of hardening. 

RESUME: Partant dee conditions de la chute de resistance due aux perturbations locaux de la 
densite moyenne des produits d'hydratation, on a etabli des dependances analitiques de la 
proportion "x",optimale quant au critere de resistance,entre lee fractions fine et moyenne 
dans le ciment (moine de 5 et 5-30)Uk) par rapport au E/C initial et au degre d'hydratation 
de ces fractions compte tenue de leur composition et de le quantite de fraction plus grosse. 
On aAmontre qu'un accroissement du E/C et/ou celui de la resistance pr1coc~ du ciment doiv
ent etre suivis d'une augmentation de "x".Avec un "E/C"=0,4 et un degre d'hydratation de la 
fraction m2yenne 0,9( !8 jours),lee donneee experimentalee "x"=0,195-0,21 sont prochee des 
calculs theoriquee 0,208-0,218. 
On en conclut sur le posaibilite du calcul analytique d'une granulometrie rationnelle pour 
le ciment portland a partir dee donnes sur le E/C initial et le degre de son hydratation a 
un delai de durciesement voulu. 
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The attempts have been repeatedly made to 
oalculate an oppimal granulometric composi
tion of portland cement on the basis of 
hydration rate of its individual fraotions. 
It has been thus found that cement fraction 
dispersed by the air with moisture content 
of more than ~ and with oemeut specific 
oonsumption of more than 0.3 m'/kg con~ide
rably ohanges its hydration activity. 

In addition, an optimal granulometrio oom
position of cement must depend on concrete 
density first of all and on a starting w/o 
ratio. The report presents a method of oal
culation of cement granulometric composi
tion with the given amendments; the task 
does not coincide with the seminar theme 
but is also urgent. 

Starting items. Strength of cement (concre
te) reaches a maximum on filling of capil
lary pores by hydration products. 2. As 
this takes place, suitable average density 
also reaches a maximum. 3. Local disturban
ces of average density will develop if ab
solute volume of hydration products consi
dering contraction exceeds capillary pore 
volume. 4. Cement is considered as a compo
sition of three fractions: small ~ not less 
than 5 Jlk, average fraction - 5-30 pk and 
large - more than 30 pk. 5. In the case of 
random placing of cement particles in a pro
cess of forming and compaction of cement 
paste (concrete) the small fraction fills 
voids in placing of average fraction and 
the large is speckled in the placing of the 
others. It has been experimentally proved 
on the basis of the fact that an efficient 
diameter of two modes of capillary pore vo
lume size distribution in early age (up to 
one day) cement stone (about 1 and 8 pk) is· 
less than weighted mean diameters of par
ticles of the small and average fractions 
of cement (about 1.2-1.s pk and 11-13 pk, 
correspondingly). 

Legent. Let G and V be density and volume of 
particle layer) r and v - density and ~pe
oific volume of particles iteelfee, m -
fraction content in cement in parts per unit, 
G - hydration degree, indices ''sm., · av., 1., 
11!', mf, c" relate to small, average and 
large fractions, layer, fraction mixture and 
cement, correspondingly, x - ration of small 
and average fraction in weight, 6 - porosity 
in parts per unit, W~ - weight content of 
water bound on hydration of cement, 
w.n, max - the same on G = 1, Wt - the same 
by a given moment of hydration t. 

Calculation of x without hydration. Let us 
consider a mixture of the small and average 
fractions. Then, following ~. Powers and 
starting density analysis from the composi
tions of its placing which are rich with 
average fraction we haves 

0 0 = 6aV + A 0 9 

where ll e - density increment as a result of 
tbe small particles disposition amol'lg the 
average, according to equation tJ. e = 

= msm/( r sm • v sm). If all the voids of 
the average f raotion placing are filled 
with the small then according to: V - = sm 
= mavl<rav • V av) and substituting ( 1) 
this in (1) we shall obtain: 

msm· fav • 9av 
0 c = 6 av + ~~~~~~~ (2) 

mav • r sm 

Starting analysis from the compositions 
riched with the small fraction we shall 
similarly obtain for layer volume: 

and particle volume in a layer: V = p 
= msmlfsm + mav/fav' where from, by defi-
nition, 

msm/O'sm + mavlf av 
6 c = Vp/Vc = (3) 

msmlf sm6sm+mav1rav 

when r sm = r av and x = msm/mav the equa
tions (2) and (3) are transformed into: 

(4) 

(5) 

The equations (4,5) characterize increase 
in density of placing of the average frac
tion - on filling voids by the small frac
tion and of the small fraction - in chan
ging conglomerate of its particles spaces 
between them by the particles of average 
fraction. It is evident ~hat tbe equations 
-( 4, 5) a.11e hyperbolas (Fig. 1), correspon
dingly, refering to the arguments msm and 
mav considering that esm and eav - constant. 

Hatio of xoptimal for maximum density of the 
mixture of the small and average fractions 
will be the following, determining an inter
section point of hyperbolas in Fig. 1, i.e. 
equating (4) to (5): 

xoptimal = 9sm16av ~ 6sm• (6) 

In ide_al case of spherical part"icles esm 
equala to-6av' then 

xoptimal = 1 - 6sm = f; ' 

i.e. an optimal ratio of the small and ave
rage fractions numerically equils to placing 
porosity. With the increase of the later 
due, for example, to the growth of w/c ratio, 
the optimal content of the small fraction in 
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Fig. 1· Placing density of mixtures of 
cement small and average fractions. 

1 - curve according to equations (3,5); 
2 - curve according to equations (2,4); 
bold curve - calculated placing density; 
3 - .experimental pl~~ing density; 
MN - area of optimum (sbaded); 
B - calculated optimum. 

cement should increase . and it ash been ex
perimentally proved. In particular, in the 
USSR when passing from the cement tests in 
rigid consistancy samples to tbe tests in 
plastic oonsistancy samples and changing 
w/c ration of the standard mortars from 
0.25-0.28 to 0.4, correspondingly, the ave
rage data on cement strength growth with 
increase in spe~if ic surface area from 
3()00 to 4000 cm /g constitute about 
110 kgF/om2 with w/o ratio = 0.4 against 
70 kgF/cm2 with w/c ratio = 0.28, corres
pondingly, i.e. "contribution" of cement 
dispersity into its strength is increasing 
with the-growth of w/c ratio. For the case 
of r sm = r av we caii obtain: 

%optimal = C9 sm19 av - 9 sm) r sm/fav· (7) 

Lar~e fraction effect. Volume of layer of 
m!i ure of all £raotions equals: 
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while in tbe particle volume: 
VP = msm/ ( sm + mavl f av + ml/ f 1' then 

(8) 

This suggests that in placing of the large 
particles wi tb the me tbod - "particle after 
par tic le", as in mosaic where space is avai
lab1e for every large particle the close x 
to x t' 1 and the lower 8 , the less its op ima 
positive effect on layer density. Really, 
there are no voids corresponding to the 
large particles and when placed on random 
they have to move apart available voids; 
A. Weymouth was the first to establish this 
fa6t. The moving ap$rt process can be esti
mated with the Gerts equation for middistan
ce between particles in random placing: 

D = 0.55 n-1n, 
where n - coordinati2n number ~ r ii r d3 ' 
d - particle diameter. Having introduced 
the coefficients B = k1 d1-1·~ and A= 
= k2dmf-1 •5 we shall obtain after conver-
sion: 

emf=B [co.2+0.smi•5).-(1 +A mj_'°·5-m1)-1t· 
The equation proves the fact that density 
decreases in random placing of the average 
and small fractions when tbe large fraction 
is introduced into it, the larger size of 
its particles and lesser total porosity the 
greater decrease in density. It should be 
noted that a positive effect of the large 
fractions on cement technical properties 
found in a number of the previous expe~i
ments, such as the experiments of H. Kuhl, 
Ch. Bruer or G. Burrows, was likely condi-
tioned by the fer from optimal ratio of the 
small and average fraction (lack of the 
average fraction) used in cements and high 
values of w/o ratio. 

Calculation of placin~ density considering 
b.vdration. By definit on, & = 1 - $ , the
refore available calculation methods for 
estimating content of different group pores 
in cement stone are suitable for calcula
tion of e and, thus, - for granulometry of 
cement. 

If on the basis of the experiments we as
sume W = 0.5, v = '0.32, gel pore vo-. n,ma~ . 
lume in am /g of cement q = 0.2 and volume 
of contraction j = 0.09 cm3/g then a summa
ry of the calculated equations given in the 
Table will be obtained. 

In the Table the values of. Wn, Wn ,max' q 
and j are seiected according to the experi
mental data; a is a correction for deviation 



of a coordinating number in a layer from a 
mean value. According to the experiment 
a8 m = 1.2. 

Projectin of cement ranulometric com osi
tion. · n tbe basis o the equation 7 and 
COnSidering the aforesaid tbe following 
system of the three equations is sufficient 
to projecting of cement granulometry: 

= <6sm16 av - 8sm)fsm1aav' 

= (esm/6 1 - 6 sm) r su/6 1; 

Solu.tions to this system with tbe following 
symbols: 

E = 6sm f sm <1 - 9 av) (1 - el) + 

+ 9 av aav <1 - 61) + e1a1 <1 - 6av) are: 

l (10) 

m1 considering the above estimation from (9). 

Here specific mass of fractions and density 
of placing should be calculated considering 
values of hydration degree of individual 
fractions which can be calculated according 
to the data on values of hydration degree of 
a combination of not less then 3 cements 
havi..Dg known but different grain composition 
at various ages of hardening and using ·a dif
fusion equation and an additivity law assu
ming G = 1 and t ~ 1 day. 

The values of G ·< 1 wben t > · 1 day commonly 
met in calculat!~ns testify the reality af 
non~evaporated water extract from hydration 
products of the small fraction for hydration 
of . the average and larg~ fractions of cement. 

Table 5 
Equations for calculation of cement stone placing density 

Porosity Small fraction Average and large fraction 

asm(w/c)-Wt,sm·Gsm aav,1(w/c)-wt.av,1·Gsm,l 
Capillary Dr sm = ; Dr av,1.= 

asm(w/c)+Vsm aav,l(w/c)+Vav,l 

1•2(w/c)J:J.65Gsm 0.97(w/c)-0.5Gav.,l 
DI sm = ; DI av,1= 1•2(w/c)+0.34 0 .97(w/c)+O .32 

qsm • Gsm qav,l • Gav ,i 
Contraction D2 am = ; D2 av ,l = · 

asm(w/C)+Vsm aav 71 •(w/c)+Yav l 
. ' 

o.os Gsm 0.09 Gav,l 
D2 sm = 

1.2(w/c)+0.34 
; D2 av,1= o .97( w/ c )+o .• 32 

jam • Gsm jav,l • G av 9 1 
Gel P3 .·sm = ; D· av;1= 

asm(w/c)+V am 3 aav,l(W/C)+Yav,l 

0.19 G
6111 0.2 Gav,l 

D3 am = ; D3 av,l = 
1.2(w/c) +0 .34 0.97/w/o) + o.;2 
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Table 5 (continued) 

Porositf Average and large fraction Small fraction 1 
&.----.--------------------- , ______ __;_ _____________ --! 

Common 
. •G ) 

aem,av,l (w/c·)-(Wt em,av,1- qem,av,1- Jsm,av,l em,av,l 

Dc01nmon, em, 1 = 

Dc ommon ,sm = 

= 
1.2(w/c)•0.38 GSIII 

1.2 (w/c) + 0.34 

a iCw/c) + Vem av 1 em, av, , , 

Dcommon,av,l = 

= 
0.97(w/c)-0.21 Gav,l 

0.97 (w/c) + 0.32 

'-------·--~-------------------·----'-------~·-------·-----------------' 

Placing density 6sm= 1 - Dcommon = 

Vsm+(Wt.sm-qsm-jsm)Gem 
---------; 

asm(w/c)+Vsm 

= ------------- = 
1.2(w/c) + 0.34 

=-----
3.5 (w/c)+1 

The possibility of the extract has been '> 
firstly postulated by H. Kuhl but it tur
ned out that opposite to bis opinion ex
pressed in the papers of 1928-32 the grea
ter efficiency of this extract, the slo
wer growth of cement strength. This enab
les the destruction role to be ascribed 
to the extract process and many investi
gators believed this starting from 
T. Powers (1949)~ 

Tbe equations (10) show that small frac
tion content must be higher with the de
crease of placing density of the rest 
fractions whether it is conditioned by 
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G av,l = 1 - Dcommon,av,1= 

( . )G vav,1+ wt.av,1-qav,1 - Jav,l av,1 
= 

8 av,l(w/c)+Vav,l 

9av,l 
= 0.32 + 0.21 Gav,l 

o.97(w/c) + 0.32 
= 

= 
0.65 Gav,l + 1 

3(w/c) + 1 

short ages of hardening required for 
concrete to reach necessary strength 
(this suggests high dispersity of the new 
particularly rapid-hardening cements), . 
increased value of w/c ration, or delayed 
clinker hydration due to its undesired 
composition and structure. 

Example. When w/c ratio = 0.4 and 
Gav = 6.9 (28 days) the experimental va-
lues of xoptimal = 0.195-0.21 for clin
ker characterized in the stand report of 
B. Yudovich et al. 1 are· close to the cal
oulated va'J.ues of u .208-0 .21e. 



Theme 2 - Influence 
of secondary components 

by M. CORRADI, Mac Mediterranea, Treviso, Italy. 

IN'IRODUCTICN 

The interest in fly ashes, pozzolanas and slags has 
greatly increased in the last few years because of the 
potential economical and energetic saving they allow. 

The shortage of oil has not emphasized only the 
problem of energy saving, but also urged many collll
tries to a diversification of energy sources. So 
many thermoelectric power plants are being changed 
to the use of coal instead of oil. The production 
of hlllldreds of tons of fly-ashes all over the world 
has induced researchers to deepen the study of the 
possible used of this combustion residual product. 
The use of fly ashes together with cement in the 
concrete production is a good combination which, be
sides solving the problems of waste disposal, 
enables a substantial energy saving per cubic metre 
of concrete produced. 

POZZOLANAS AND POZZOLANIC CEMENT 

Composite binders containing Portland cement and 
natural or artificial pozzolana are widely manufactu
red in many countries and are mostly standardized as 
Portland pozzolanic cements. 

Fly ash is an artificial pozzolana, the combustion 
process residue of power plants using coal. 

While the quality of pozzolana is generally con
stant, at · least for the one coming from the same 
source, fly ash quality differs according to quality, 
fineness, method of burning pulverized coal, collec-
ting facilities etc. · 

The standardization of fly ash characteristics and 
the development of the technique of its addition to 
concrete on one hand and the standardization of poz
zolanic cement characteristics on the other, give a 
good guarantee of constant quality of composite binder. 

The Influence of Fly Ashes on Concrete Properties 

It is well-known that fly ashes and pozzolana 
influence among the other properties of concrete the 
following : 

- Workability, which is generally improved when a 
good quality fly_.ash is used, while is generally 
reduced with the use of most of natural pozzolana. 
On the other hand natural pozzolanas will reduce 
bleeding rate. 

- Strength, which generally lowers at early ages and 
improves at longer ages, the effect being related 
to the percentage of cement replaced by pozzolana 
or fly ashes. 

Heat of hydration, which lowers when a portion of 
cerrent is replaced by fly ashes or poz zolana. 

- Durability against sulphates, which increases when 
part of the cement is replaced by fly ashes or 
pozzolana. 

POZZOLANIC REACTICN 

Pozzolanic activity is the ability to react with 
calcium hydroxide in presence of water arrlto fonn 
hydrated products with binding properties. In the 
case of addition of pozzolana or fly ashes to Portland 
cement, the hydroxide necessary for the pozzolanic 
reaction comes from the hydration of cement and/or 
free lime. 

The reaction products of the lime/pozzolana/water 
combination are substantially analogous to the hydra
tion products of Portland cement. But some free lime 
consuming during the pozzolanic reaction, the final 
product contains a lower amount of Ca(OH) and a 
higher amollllt of hydrated silicates. 2 

This partly explains the lower strength of pozzo
lanic cement at early ages compared to Portland cement 
and its higher strengths at longer ages. In fact, at ' 
early ages at ambient temperature the contribution of 
the pozzolanic reaction is practically nil; the.refore 
strengths are affected by the lower quantity of the 
silicates C3S and CzS present because of the substi
tution of pozzolana in place of clinker. At longer 
ages the hydrated silicates from the pozzolanic 
reaction add to the silicates of the clinker reaction 
strengths being then equal to those of pure Portland ' 
cerrent. 

807 



Paper received 

The paper presented by P.L. Owens and F.G. Buttler, 
called "The Reaction of Fly-ash and Portland Cement 
with Re1ation to the Strength of Concrete as a Fllllc
tion of Tirre and Temperature", investigates the in
fluence of concrete temperature rise, due to cement 
hydration, on strength. Owens points out the dif
ference in strengths between a concrete poured into 
small standard specimens, cured at 20°C in laboratory, 
and large volume pours of the sarre concrete where ·tem
peratures higher than 60°C are reached because of the 
heat of hydration. 

Mortar specimens, based on a 1:3 cerrent/sand ratio, 
with suffi~ient water to attain an ASTM flow consis
tency of 100- llO % were prepared by replacing the· 
cerrent content by fly-ashes up to 75 % • The propor
tion of mix water required was then reduced from 
0.495 to 0.39. The specirrens have been cured at dif
ferent curing cycles, ranging between 20 and 80°C, 
thus simulating typical temperature/tire profiles of 
mass concrete pours. 

The author notices that at 20°C the early strength 
of mortars, cured for 11 days, is reduced by increa
sing the amount of fly ashes. The calcium hydroxide, 
produced by calcium silicates hydration, is reduced 
too by increasing the amount of fly ashes. The re
duction in both strength and calcium hydroxide is 
proportional to the reduction of cement thus indica
ting there is a little pozzolanic reaction between 
Ca(OH) 2 and fly ashes. However, at 28 days the re
duction in strength is lower than one could expect 
from those reductions in cerrent. This agrees with a 
pozzolanic reaction of Ca(OH)2 and fly ashes found at 
28 days. 

Some specirrens have been early cured at high tem
perature and then nonnally cur~d at 20°C. For mor
tars which do not contain fly ashes the 28-day 
strength after the early curing at 80°C is 32 % lower 
than the strength of the same mortar constantly cured 
at 20°C. It is well-known that this reduction is 
mainly due to the heat developed by cerrent hydration. 
Because of the different thermal expansion of air, 
water, cement paste and aggregates in the mix, cracks 
occur in mortar or concrete. When the cement is 
replaced by fly ashes the pozzolanic reaction speed 
at high temperatures is higher than at ambient tem
perature. The 28-day strength after an early curing 
at high tempe~atures is greater than the correspon
ding strength 'at 20°C. In particular, with 75 % of 
fly ashes the 28-day strength after an early curing 
at 80°C is more than doubled compared to the 28-day 
strength at 20°C. The pozzolan~c reaction together 
with the water/cement + fly ash ratio reduction, 
which occurs when fly ash is used, are responsible 
for the strength improverrent fomd by . the authors. 

In mortar tests (cement/sand 1:3) the water/cement 
plus fly a.Shes ratio varies from a maximtun of 0.495, 
when pure cement is used, to a minimtun of 0. 390 when 
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75 % of the ceirent is substituted by fly ashes. But 
calculating the water/cement ratio it follows that it 
is 0.495 when pure cement is used, up to 1.56 when 
75 % of the cement is substituted by fly ashes. This 
means that till the reaction of fly ashes with lime 
does not start, the substitution of cement with fly 
ashes causes a remarkable increase of the water/ 
binder rati6 because fly ashes behave as an inhert. 
This furtherly explains the low strengths at early 
ages when cement is substituted by fly ash. 

At longer ages when the reaction between fly ashes 
and lime starts both hydration products and a reduc
tion of the water/binder ratio make strengths in
crease. 

The more the fly ashes will react with lime the 
higher the reduction of the water/binder ratio will be 
The water/binder ratio, then, is a variable ratio 
whose influence is the more beneficial, the quicker 
and the more fly ashes react with lime. 

Nevertheless, notwithstanding the evident pozzola
nic reaction, the residual amollllt of lime in the 
cement paste ·is sufficient to maintain a pH high 
enough to prevent corrosion to embedded reinforcement. 
Some problems could rise if carbonation occurs. 

The authors' results indicate, in conclusion, that 
by adding fly-ash to the mortar subjected to curing 
temperatures, similar to those that can occur in 
practice in mass concretes, the adverse effect of 
high curing temperatures on the strength of Portland 
cement mortars is collllteracted by a pozzolanic 
reaction acceleration. The optimtun strength improve
ment is to replace 35 % of cement with fly ashes. 

Mr. M. Matousek' s paper entitled "The Influence 
of Cement Properties on Concrete Behaviour and its 
Resistance to the Atmospheric Corrosion" investigates . 
the corrosive effect of atmospheric acid gases on 

· concrete. The corrosive action of these gases is 
generally ruled by the concrete capillary pore 
structure . Therefore Fourier's Law and Fie 1< 's first 
law can be used for the diffusion of gases in the 
concrete. According to these laws, the penetration 
of aggressive gases into the concrete is inversely 
proportional to the coefficient of concrete permeabi~ 
lity resistance. The author defines this coefficien~ 
as the permeability resistance of aggressive · gases 
compared to the permeability resistance of the air 
diffusing through the same thickness of concrete and 
at the same temperature. 

If aggressive gases react .with the basic component 
of the concrete (lime), as carbon dioxide does, the 
thickness of carbonated concrete, according to Fick' s 
law, is expressed by : 

D = K Vt 
where D is the thickness of carbonated concrete (meter), 
t is the time (seconds), and K is inversely proportio
nal not only to the square root of permeability resis
tance coefficient of concrete but also to the square 



root of the quantity of aggressive gas fixed by the 
unit volume of concrete. For example the quantity of 
co2 required for the carbonation of one cubic meter 
of concrete. 

The author's conclusion is that Portland cement 
concretes with high content of Ca(OH)2 provide a 
better resistance to aggressive co2 attack. 

In this respect composite cements, containing 
fly-ash or pozzolana which through a pozzolanic 
reaction reduce the content of Ca(OH) 2 cause a lower 
resistance of the concrete to acid gas corrosion. 

SLAGS AND SLAG CEMENTS 

Granulated blast furnace slags are mainly composed 
of glassy materials with a composition which varies 
according ·to the parameters of the production process. 
Unlike pozzolana they possess latent hydraulic proper
ties which are promoted by alkaline activators. Com
bining the slag with Portland cement, the calcium 
hydroxide, produced by silicate hydration, activates 
the reaction of slag with water. 

The alkaline activators are thought to increase 
the permeability of silica and alumina gels, formed 
as initial products by the reaction of slag with 
water, allowing the reaction to proceed furtherly. 

All slag-Portland cements can be grouped into two 
classes. The cements of the first group contain 
slags in the proportion of 20 to 40 % and are usually 
used alternatively to Portland cement. The cements 
of the second group contain higher amol.Uits (up to 
80 %) of slag. These cerrents are generally used for 
hydrothermal curing, works in hot climates or where 
good sulphate resistance properties are required. 
Slag cement hydration heat, in fact, is lower than 
Portland cerrent 's, the reduction depending on the 
relative proportion of cement and slag. The durabi
lity of a concrete, prepared with slag cerrent, to 
aggr~ssive sulphate is also improved especially if 
cerrents containing high quantities of C3A are used. 
On the other hand, if the slag, which generally 
contains Cao, Si02, Al2o3 and MgO as main components, 
has a very high content of alumina, the sulphate 
resistance generally lowers. The sulphate resistance 
of slag cement pastes is thought to be mainly related 
to the lower Ca(a-1) 2 content, and to the lower con
tent of c3A available to react with CaS04 and.to 
form solfoalumillate. 

PAPER RECEIVED 

Mr. U. Ayapov' s paper, entitled "Influence of 
Chemical Interaction of Cement and Aggregate on the 
Properties of Concrete" investigates the properties 
of concretes when slag is used as aggregate instead . 
of binder with hydraulic properties. 

The slag aggregates are pretreated before being 
used in concrete in order to improve the properties 
9f concrete. Previous studies on aggregate surface 
treatment reported that concrete strength is 
improved when normal aggregates are treated; For 
example, with polyhydrosiloxane, diluted hydrocloric 
acid or phthalic acid. This improvement is general
ly explained by the increase in the aggregate/ 
cement paste surface of contact or by a better cry
stallization of calcium hydrosilicates of the 
cement paste on the aggregate surface. 

Crystallized phosphoric slags or blast furnace 
slags have been crushed and then activated by an 
acid treatment. The author investigates the optimum 
parameters of slag activation through the kinetic 
of dissolution of the slag aggregate in an acid solu
tion. Using diluted H2so4 as slag aggregate activa~ 
tor, the author shows that the rate of dissolution 
is very slightly dependent on temperature, in the 
range of 20-80°C, while it is influenced by the 
time of treatment and by the acid concentration. 
Measures of adhesion strength between slag aggrega
tes and cement paste are determined after treatments 
at different activation conditions. 

Im optimum adhesion strength was fol.U1d in the 
slag-aggregate treatment with 0.1 M sulphuric acid 
for periods of over 12 hours. After seven days of 
curing the adhesive strength of activated aggregate 
with cement paste was doubled and slightly less 
than doubled after 28 days of curing, compared with 
non-activated aggregates. Activated blast furnace 
aggregates showed 10 % lower adhesive strength 
than phosphoric slag aggregates. By increasing the 
sulphuric acid concentration over 0,5 - 1 M"the 
adhesive strength of aggregates with cement paste 
decreases. This is probably related to ar. excessive 
thickness of the treated aggregate layer. The opti
mum thickness of the treated aggregate layer has been 
fol.U1d in the range of 60 - 200 ym . . By an X-ray petro
grafic and thermal analysis the author folll1d that the 
treated aggregate layers are mainly constituted of 
silica gel and gypsum precipitated on aggregate sur
face. The products formed o~ the treated layer in 
contact with the cement paste are mainly composed 
of gypst.nn, silica gel and calcium hydrosilicate gel. 

Concrete mixes, whose composition is not given, 
prepared with Portland cement PZ 400, slag sand and 
natural sand also showed an approximately 26 % lower 
water demand, when slag aggregates were activated for 
1 - 3 hours w.ith 0.1 - 0.5 M sulphuric acid solution. 

The same concrete also showed a much higher 
strength (1.4 + 1.6 times) than concretes prepared 
with non-activated aggregates. Beneficial effect of 
activated aggregates was fol.U1d by the author also in 
the adhesion of concrete to steel. 
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In conclusion, by activating slag aggregates at 
the optimlDTI conditions of 0.1 - 0.5 M sulphuric acid 
water solution, for 1 - 3 hours, it is possible to 
improve considerably concrete mechanical properties 
or, at ~onstant perfonnances, to obtain a cement 
saving. 

Ca-JCLUS IONS 

The chemistry of cement secondary components and 
the interactions they have with cement hydration pro
ducts have been long studied in the last decade. 
MBny aspects of the development of the binding func
tion of these secondary components have been clari
fied even if one of the main problems is still the 
slower development of strengths at early ages when 
the cement is partially substituted by pozzolana,.fly 
ash or slag. A deep investigation on thermic parame-
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ters - both endogenous and exogenous . - as reported by 
CMens and Butler's paper, could optimize the use of 
composite binders. 

One of the problems that faces us on. this subject 
is the possibility of effectively reducing the water/ 
binder ratio so that at early ages - when the seconda
ry component has not yet started reacting - an effec
tive reduction in the water/cement ratio could be 
obtained. .Another aspect of the problem which should 
be investigated is the study of the_possibility of 
accelerating - catalytically or thennically - the 
pozzolanic reaction or slag hydration, so that secon
dary components can develop their binding action since 
very early ages. 

The economical and energy saving needs will cer~ 
tainly stimulate some research on this subject in the 
next years. 



The reactions of fly ash and portland cement with relation 
to the strength of concrete as a function 

of time and temperature 
Les reactions de la cendre volante et du ciment port/and en rapport 
avec la solidite du beton en fonction du temps et de la temperature 

P.L. OWENS, Technical Manager, Pozzolanic Limited, Chester, 
F.G. BUTTLER, Chemistry Department, Teeside Polytechnic, Middlesbrough, UK. 

RESlME : Quand le ~tan de portland subi t des elevations de ~rature occasionees par la chaleur de 
!'hydration du cirrent, la solidite et la durabilite prolongees sont ordinairerrent rral af6ectees. En outre 
quand le ooton de port.land subit les grandes elevations de ten;:>&ature, i.e. plus que 60C, aux phases premieres, 
le produit .est un reton d'une solidite restrainte <Jui est fo:nrtf avant biens des jours, par contraste avec le 
produit qu'on attend si le reton est sul:irerge dans l 'eau a 20°c pendant longtercps. . 

Par la simulation d'un narbre de traitenents vieillissants typiques des traiterrents que le beton peut subir, on 
peut ra~rter la solid.it.€ de !'hydrates des divers ages et des portions differentes du portland et de la 
oendre volante de qualite reglee a la quantite de la chaux, presente cornre Ca(OH) 2, qui est trouvee dans la 
structure de l'hydrate. On trouve aussi que tant que la portion de la cendre volante grand.it, il y a non 
seulerrent un perfectionnerrent de la solidite qui s'agrandit avec la t.enp§rature du vieillisserrent, rrais aussi 
une reduction de la quantite de la chaux •. 

De l' ex.anen des systares OU 0% a 75% du c:ilrent est renpla~ par la cendre volante, on trouve la solidi te la plus 
grande apres un vieillisserrent de 28 jours a une tenperature de 00°c quand presque 30% du cilrent est renplace. 
Cela ex>incide avec une reduction de presque 50% de la chaux dans l'hydrate. Cette quantite de la chaux est, 
pourtant, plus qu! il n' en faut pour donner la protection suffisante aux renforcerrents enfouis d' acier. 

SlMwiARY : Where Portland o ... !lrent concrete is subjected to rises in tenperature , due to the effect of the heat of 
hydration of the oerrent, the long term strength and durability of that concrete is usually adversely affected. 
Further when Portland oerrent concrete is subjected at early ages, to excessively large tenperature rises i.e. 
exceeding 60°c, the result is a ooncrete of restricted and limited strength rea~ed within days, in contrast 
to that which is expected fran the long tenn storage of concrete in water at 20 c. 

By simulating different typical curingregirres to which concrete can be subjected the strength of the hydrate 
at different ages, with various o::rrbinations of .Portland cerrent and controlled quality fly ash, can be related 
to the quantity of lirre, as Ca(OH) , found in the structure of the hydrate. It was also found that as the 
proportion of fly ash increased not cnly was there an :i.rrproyerrent in strength, which increased with terrperature 
of curing, but that in the hydrate there was an incidental reduction in the quantity of lirre. 

Within the range fran nil to 75% fly ash as a pro~rtion of the oerrent ·content, at about 30% fly ash, a rraximun 
strength was attained at 28 days fran curing at 80 C, this coincided with a reduction of about 50% in lirre 
ccntent of the hydrate. Ho..,iever, this arrount of ·lirre is more than sufficient to provide adequate protection to 
errbedded steel reinforcenent. 
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1. 0 lNTR)DlJCTION 

1 .1 When ooncrete made with Portland cerrent under
goes an early age tenperature rise, such as that 
caused by the heat of hydration of the cerrent, the 
strength at 28 days is reduced in proportion to the 
size of the tenperature change ( 1 ). 

1.2 'Ihl.s reduction of strength can .be partly 
explained by the cx::robination of the inpaired bond 
at the interfaoo of paste and aggregate, knONn as 
micro-cracking ( 2 ) and by the macro-fract'ure of 
the gel structure by the expansion of air and water 
( 3 ) • HONever, if these :P"ienarenon normally occur 
in concrete, hON can the significant increase of 
strength be explained that .occurs to ooncrete by 
the use of a carrposite oerrent, such as made of 
Portland cement and fly ash. 

1.3 IEsearch has shONn that under carparable high 
teny:>erature curing conditions, the 28 day strength 
of Portland cerrent ooncrete can be 60% or less of 
that made with a cx:1TpOsite cerrent ( 4 ) • This 
indicates, that whilst ooncretes made with different 
types of cerrent can undergo ·simi.lar orders of 
terrperature change, during hydration, there .oould 
be a significant difference in the chemical 
structure of the hardened paste. 

2.0 EXPERIMENI'AL 

2.1 For this research to have practical a£Plication 
the test specirrens required conditions of curing 
typical of that knONn to occur in concrete at early 
ages ( 5 ) .- The profiles of tenperature and tirre 
kna-m to be caused as a result of cerrent hydration 
are mainly dependant on the quality of oerrent and 
the dirrensions of the elerrent. Thus both the 
greater the cerrent ooritent and/or size of the 
elerrent, the greater will be the profile of 
tenperature with tirre. 

2.2 Figure 1 illustrates four profiles of 
tenperature and tirre that are ·typical for a range of 
different oond.itions. Profile A represents for 
in8tance the standard curing of test ·specinens at 
20 C, and profile D which oould be typical of that 
within an elerrent that has dirrensions exceeding 
2. Sm x 2 3sm x 2. Sm, cast with ooncrete made with 
4SO kg/m Portland cerrent. 
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Fig. 1 - Typical tenperature/tirre profiles for 
concrete. 
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2.3 The technique for inducing the tenperature rise 
in the test specirrens, similar to that of the pro
files in Figure 1 was to match by simi.lation the 
different curing regirres. This was done by having a 

. series of 7 water baths each held at a constant 
terrperature of 20, 30, 40, 50, 60, 70 & so0 c. Then 
by the transfer of sealed test specirrens at various 
predetenn.i.ned tirres the heating and oooling cycles 
of each profile of tenperature could be similated 
to those sha..m in Figure 2. . 
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Fig. 2 - Curing cycles simulated to typical 
tenperature/tirre profiles. 
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2.4 The authors have also observed fran other 
research 
i) Other than under adiabatic conditions the ~ak 

t.enperature experienood in rrost concrete elerrents 
usually occurs within 50 hours after casting. 

ii) At 20°c the pozzolanic reaction between 
Portland cerrent and fly ash carrrences usually at 
about 11 days. 

2.S The rreans of correlating the effects of the 
different· tenpet:ature profiles with both the maturity 
and_ the test results of the0spec~s, was to assurre 
the equivalent perbod at 20 C was to the base 
terrrierature of -10 c (6). Thus the relative maturity 
of ·specirrens cured by different regirres of tenp
eratgre could be assessed to a~5oximately 11 days or 
8000 C hours (266.67 hours at 20 C.) Then by making 
the curing regirres confo:rm with convenient factors of 
maturity i.e. 1.0, l.12S, 16S & 2.0, the test results 
could be oorrelated to 8000 c. 

2.6 In conjunction with the primary test age at 11 
days, the test tirres at SO hours and 28 days were 
inclu:ied so that crushing strength, the more 
oonventional rrethod of assessrrent, oould be related 
to the different levels of maturity. 

3.0 DEI'AILS of materials, mixes and tests 

3.1 The criteria for the• Portland cerrent select~Cl 
was that it should be fran a souroo wit}) 
characteristics as close to the rrean of that f9r all 
UK produced Ordinary Portland · cerrerits. Details of 
the cerrent use0 together with the rrean and range of 
variability of 2S UK sources (exclu:iing N. Ireland) 
are shONn in Table 1. 

See Table 1 at the end of the 
communication. 



3.2 The fly ash cmforrred with UK Agrerrent Board 
Certificate N!I:. 75/283 ( 7 ) • The results are 
cx:npared in Table 1 with . · 
i) · the typical chemical cx:i'tposition of UK fly ash, 

calculated to 3.0% loss on ignition , after 
( 8 ) and 

ii) the rrean quality of fly ash to N!I:. 75/283 
produced during the period July, 1978 to 
June, 1979. 

3. 3 'Ihe mix was rrortar, based on 1 : 3 ; cerren t: sand, 
to BS 4550 Part 6 quality. The rrortar was machine 
mi:xed by a standard procedure, with sufficient 
water to attain a rreasured AS1M flow oonsistency 
of 100 - 110%. In each mix the fly ash substituted 
a proportion of the Portland cement in increrrents 
fran nil to 15, 30, 45, 60 & 75% . In consequence 
the proportion of gauging water required was reduced 
relative to the arcount of fly ash used fran 0.495 
for the control mix with no fly ash to 0. 465, 0. 445, 
0.415, 0.40 & 0.39 respectively 

3. 4 Fran each mix 18 No. 50 . rnn cube specimens were 
made, ccrrpacted by vibration in 2 layers, then 
sealed and stored imrediately, still in the rrould, 
in water at 20°c. All specimens were rerroved fran 
the rroulds at 22 hours, sealed in polythene air 
evacuated envelopes and returned to the respective 
curing regirre. At the apprcpriate tirre 3 specirrens 
fran eadl mix were tested for the determination of 
crushing strength and ca(OH) 2 content. 

3.5 'Ihe tedlnique used for the detennination of 
ca(OH) 2 content was by the carbonation rrethod of 
thennaI analysis ( 9 ) • This was effected by 
drilling to the centre of eadl of 3 cubes and 
i.mrediately testing eadl of the drillings. 

4.0 TEST results 

4.1 .Theresults of the crushing tests at 50 hours, 
11 days and 28 days are sho.-m diagrarnatically in 
Figures 3, 4, & ~ ~ 
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Fig. 3 - Effect of fly ash on the 50 hour strength 
as affected by maturity. 
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Fig. 4 - Effect of fly ash on the 11 day strength 
as affected by maturity. 
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Fig. 5 - Effect of fly ash on the 28day strength 
as affecLod by maximum._ curing tenperature 

4.2 The results for the arrount of ca(OH) 2 present at 
11 days are shown diagramatically in Figures 6, 7, 
& 8. 
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Fig. 7 - Percent Calcium Hydroxide rerroved in 
rrortar at 11 days. 

5.0 DISCUSSION of the results 

2·5 

5. l The crushing stren_9th of the rrortar with no fly 
ash cured at 20°c at 52 hours, 11 and . 28 days was 
19.l, 36.3 & 41.8 N/nrn respectively. Although the 
rrortar was different in every respect i.e. mix 
proportions, size of aggregate and water/cement 
r~tio, very close agreenent was ootai&d to the 
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respective· concrete crushing strength sho,.m in 
Table 1. 

5.2 The reduction of 32 perc:ent in 28 day crushing 
.strength of ~e rrortar, with no fly ash, cured at 
rrore than 60 C is.· similar in rragnitude to that found 
by other research ( l ) . 

5.3 For ~arable curing oonditions, at and 
exceeding 60 C, the 28 day crushing strength of the 
rrortar with no fly ash was less · than 70% of that rrade 
with 30% fly ash, this follows the effects found 
in ( 4 ) • 

5.4 Figure 3 shows that 

i) The strength at ?.0°c decreases proportionally 
with the rercentage fly ash. 

ii) The increase in strength with maturity of the 
rrortar with no fly ash is not maintained above 
2750°c hours, where increased rraturity reduces 
the strength. 

iii) Corresponding with increases in both fly ash 
content and rraturity, t!he strength of the 
rrortar increases. The optimum .strength oc~s 
with about 35% fly ash at a rraturity of 3470 C 
hours. This approxi.rrates with a 2.64 factorial 
increase in strength for 2.33 factorial increase 
in maturity. 

5. 5 As Figure 4 shows at 11 days the trend is 
similar to that at 50 ·hours, in that: 

i) The crushing strength at 20°c proportionally 
decreases with the arrount of fly ash, 
indicating little or no pozzolanic reaction. 

ii) The reduction in strength with increasing 
maturity for t.11e rrortar containing no fly ash 
is in agreerrent with other research ( 1 ) • 

iii) FSj doubling the maturity and increasing the fly 
ash to 50%, twice the strength is obtained. 
However, the maximum strength obtained 
corresponds with about 30% fly ash. 

5.6 Figure 5 shows the effect of fly ash on the 28 
day crushing strength as affected by the early curing 
regiires and that: , 

i) The crushing strength at 20°c is no longer 
prcportional to the increase in fly ash, and 
there is indications of a strong pozzolanic 
reaction at all percentages of fly ash. 

ii) The strength, as affected by the early age 
curing regirre of rrortar without fly ash, is 
decreased, but increased at all percentaggs of 
fly ash, particularly at 75% where ~e 20 C. 
strength is doubled by curing at 80 c. 

5.7 Figure 6 shows the rercentage Ca(OH) 2 plotted 
with respect to both the percentage fly ash and the 
maturity in °c hours. The Ca(OH) 2 is expressed as a 
per:oentage of the anhydrou5 weight of the sarrple, as 
the total loss on ignition of each sarrple was kno,.m 
fran the therrrogravirretric analysis. 

The surface denoted by the solid lines in Figure 6 . 
shows the arrount of Ca (OH) 2 found to be present, and 
the surfaoo denoted by the dashed lines the arrount of 
Ca(OH) 2 that would have been present, fran the cerrent, 
if there had ~ no reaction with the fly ash. 

\ , 



i'/ith each of the curing regirres the arrount of 
ea (OH) 2 present, is proportional to the arrount of 
p0 rtland cerrent used and, therefore the arrount of 
ca(OH) 2 forrred for each concentration of Portland 
~t was calculated fran the results obtained 
with no fly ash. 

5,8 It is apparent fran Figure 6 that: 

i) For sarrples cured at 20°c for 11 days there is 
a straight line relationship between th,e 
percent Ca(OH) 2 and the percentage fly ash, 
indicating no pozzolanic reaction, which 
confinns the strength cbservations in 5.5.i. 

ii) For all other sanples, in which both the 
maximum terrperature attained and the period 
the sarrples expe:Lienced t.errperatures in 
excess of 20°c, the linear relationship ooases 
to eXist between the percent Ca (OH) 2 and the 
peroontage of fly ash. In every case the fly 
ash. red4ood the arrount of Ca (OH) 2 present when 
ccnpared with similar sanples cured at 20°c. 

iii) Where no fly ash was used there was an 
increase in the percentage of Ca (OH) 2 when 
the curing terrperature exceeaed 20°c. 

5. 9 The difference between the two surfaces 
illustrated in Figure 6, corresponds with the arrount 
of Ca(OH) 

2 
which has been rexroved by reaction with 

the arrounc of fly ash present. This differenoo is 
sha,.m in Figure 7 wherP. the percentage Ca (OH) 
rcrroved is plotted wiw respect to both the ~unt 
of fly ash and t;he maturity at 11 days. Figure 7 
also shows that the greatest arrount of Ca (OH) 2 was 
removed f:ran specirrens containing about 30% fly ash. 
51~ the airount of Ca(OII) 2 renoved must have 
reacted with the fly ash, and if it is assUired that 
such a reaction increases the strength of the rrortar, 
then this result :inplies that the greatest increase 
in strength with the curing regirres used, should 
occur with this arrount of fly ash. This conclusion 
is seen fran Figure 4 to be in very good agreerrent 
with the strength of the rrortars at 11 days. 

5 .10 Figure 8 sha.vs the arrount of Ca (OH)-2 that has 
been rerroved expressed as a percentage orthat 
available fran the cerrent. It is evident that the 
quantity rerroved increases with t-.he percentage of 
fly ash. With the greatest percentage of fly ash 
very little free Ca(OH) 2 remained in the hydrate. 
Such evidence is irrportant when considering the 
neoossity of having sufficient ca(OH) 2 present from 
the cerrent for good corrosion protection to the 
steel reinforcerrent of structural concrete. Ho.vever, 
it should be noted that although sare 50% percent of 
the available Ca(OH) has been rerroved when usino 
about 35% fly ash, ~e arrount of Ca(OH) 2 rernain~g 
is nore than sufficient to rraintain a pH of about 
12.5 with gcod corrosion protection. 

1.0 CX>NCLUSIONS 

.1 By subjecting rrortars _to curing tercperatures 
:.....rnilar to those that can occur in practioo the 
effects on eoncrete strength can be · simulated. 

6.2 'Ihe adverse effects of high curing terrperatures 
on the strength of Portland cerrent ITOrtars can be 
related to the anount of lirre in the hydrate. 

6. 3 If high tanperatures are likely to be 
experienood in practice, gains in strength· are 
likely to occur with cerrents a::mposed of Portland 
cerrent and fly ash. 

6.4 The amount of residual lirre in the hydrate, 
even when 75% fly ash was used, is sufficient to 
afford inhibition of corrosion to embedded steel 
reinforcerrent. 
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Details of the cl1cmical an<l physic.:il :nr~rties of the Portland cem:int and fly ash used 
camared with the UK tyr>icnl chilTactcristics for those materiaL<> 

Property Description 

Lil'.'c Saturation Factor 

Bogue Carpound CCXTT[X)sition % c 3s 

(assuni.ng nil free liirc) c2s 

Cf" 
C41\F 

Chemical ·ccqxisition % Silica as Si02 
Insoluble residue 

~~:1~: ~~Al20 3 

Li.Ire as Fag 3 
Milgnesia as M;JO 
Alkalis as Nap 

as K
2
o 

Sulphate as so3 

Sarrple 

0.94 

56.4 

15.2 

10.5 

7.8 

20.13 

0. 40 

5.60 

2.56 
63.10 
2.25 
0.18 
o. 78 

2.92 

PORI'IJ\ND ro1ENI' 

Typica l 1978 UK Ordinary Portland 
cerrentto BS 12. 

rrean Std . Deviation 

0.96 0.03 

54 . 0 5.25 

18.0 5.56 

9.5 1.92 

7. 7 1.61 

20.48 0.87 

0.44 0.26 

5.29 0.59 

2.53 0.52 
64. 26 o. 71 
1.39 0.48 
0.21 0.08 
o. 70 o. 24 

2 .57 0.23 

FLY ASH 

Tyl:)ical UK fly ash calculated 

Sanple 
to 3.0% Loss on ignition 

rrean Std. Deviation 

I I I 
52.5 50.00 2.54 

27.5 27 . 23 2.91 
2.40 0.67 

9.50 6. 75 2.32 
1.8 2 .52 1.08 
1.9 1. 76 0.31 
0 . 9 1.04 0.57 
3.8 2.96 1.00 

o. 7 0.84 0.37 

Fly ash to ABC 75/283 (1978 I 79 ) 

Colour Index 3 3. 04 0. 73 4.0 3.2 1.50 ! 
r.Oss·011 ·· rcjnH:TOn ··-·%,-------------1---.i.-rn i.52 o.41 3""".-0"--+-,__--""'2.-;J·"~~~~~~-=- -1::;:I3 . 1 

--~~sreve-·~wue % 
2

. l~-:-o-- 12.9 4.o 5.8 6.5 1.97 ; 
sr..cci!ic Suri.ace 0)ea m ~g 345 345----3i--------4·05 385 97 ___ , 

- bCnsny--J<gTm 3zz5----:n-e0---·---47 2325 2320 00 

---i::o~crctc strength N/mn;: so hours 20 .1 I I ------
0 . 60 w/c3ratio, 20rrm Aggregate 3 days 23.0 23 . 0 2.60 
310 kg/ m Portland ccrrent 11 days 34. 7 

28 days . 41.3 43.9 · 2.46 

1CO 

I- &'J 
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Fig. 8 - Percent calciun Hydroxide rerraining at 
· il days. 
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Theme 3 - The influence 
of thermal treatment upon the creep 

of cement systems 
by Leslie J. PARROTT, Cement and Concrete Association, England. 

INTRODUCTION 

The use of concrete in building components and 
in-situ structures that are subjected to elevated 
temperatures has increased in recent years. Thermal 
stresses can arise if potential thermal movements 
are restrained and such stresses are of concern in 
nuclear pressure vessels, crude oil storage vessels 
and bridges subjected to solar radiation. Calcula
tion of stresses requires a general model for the 
deformation of concrete. Since no reliable model 
is available concrete properties are normally 
obtained by experiments in which the concrete mix 
and the test environment simulate the expected con
ditions as closely as possible. The results of 
direct simulation tests are of limited use in devel
oping a general model of thermal creep so basic 
studies were initiated recently which had the short
term objectives of improving the prediction of 
thermal creep and assisting the planning of simula
tion tests. A longer-term aim is to improve general 
models of creep in concrete. The following sections 
of this paper indicate recent progress towards these 
objectives. 

IRRECOVERABLE THERMAL CREEP 

In many applications concrete is subjected to 
rises and falls of temperature and the reversibility 
of deformation under these conditions is an impor
tant factor in controlling long-term stresses. In 
an elastic material the time-dependence of thermal 
stresses are controlled by the rate of temperature 
equilibration and removal of a temperature profile 
returns the material to its original stress. A 
viscoelastic material would develop stresses at a 
rate dependent upon the rate of temperature equil
ibration and the rate of creep but removal of a 
temperature profile would again return the material 
to its original stress. However, in a material' that 
develops irrecoverable creep, stresses develop at 
rates dependent upon the rates of temperature equil
ibration and creep but removal of the temperature 
profile would induce a residual stress. This effect 
of irrecoverable creep can be a serious problem with 
cyclic temperature changes and ·can lead to stresses 
that are opposite in sign to those calculated from 
an elastic analysis. · 

LITERATURE ON THERMAL CREEP COMPONENTS 

Recent work by Illston and Sanders (1,2) showed 
that thermal creep was a function of the time 
between the start of heating and the start of 
stressing: · An increase in the period of preheating 
reduced the thermal creep that was subsequently 

measured. Unfortunately this fact had not been 
appreciated in many studies of thermal creep and 
in consequence the results are of limited use. 
Illston and Sanders conducted their creep tests on · 
cement mortar loaded in torsion. This approach 
simplified a number of testing problems but it was 
not clear if the results obtained would prove valid 
in the more practical case of concrete loaded in 
compression. The torsion results were analyzed, 
as illustrated in Figure 1, by dividing the load
induced strains into the following componepts: 

a) Elastic Strain. This was proportional to 
stress and increased with temperature. A 
secondary effect of elevated temperature 
was that it increased cement hydration. 

wm I.______.__ __ 

·~-,·1 11 

Figure 1. Components of load-induced strain. 
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This caused some moderation of the 
increase in elastic strain with increas
ing temperature. The crverall effect of 
temperature in the range 20 to 80°C upon 
elasticity was not large . 

b) Recoverable Creep. This was similar in 
many ways to elastic strain but it took 
a few weeks for its development to 
stabilize. 

c) Flow (Irrecoverable). Flow devel9ped 
over a prolonged period and was propor
tional to stress. Its rate of develop
ment was dependent upon the current 
temperature and did not depend upon 
temperature history apart from a small 
indirect effect upon the development of 
the .cement paste microstructure. 

d) Transitional Thermal Creep (Irrecoverable) 
This component dominated creep if the 
mortar had not been heated previously. It 
developed fairly rapidly after heating 
(i . e . , within one month) and there were 
no subsequent increases in creep with a 
reduction in temperature or a second 
increase. 

Deformation results from concrete loaded in 
compression under various temperature regimes· 
c?uld also be divided into the four components 
given above (3). The components of compressive 
creep were incorporated into the analysis of a 
flexurally -restrained concrete wall that was peri
odically subjected to a temperature gradient. The 
analysis successfully predicted experimental 
results from a full scale wall element and this 
s~ggested that a better understanding of the com
ponents of thermal creep would be of practical 
benefit. For example if the effects of mix propor
tions, aggregate type, cement type or age of heating 
upon thermal creep were known to be significant some 
control would be possible. As a preliminary step 
towards understanding the.components of thermal 
creep we will now consider the effects of elevated 
temperature upon the microstructure of concrete 
and its cement paste phase. 

POSSIBLE EFFECTS OF HEATING UPON MICROSTRUCTURE 

It is appropriate for many practical applica
tions to consider moist concrete subjected to 
temperatures up to 80°C but even with these limita
tions a number of microstructural changes are pos
sible. Although most aggregates are not altered 
by heating some thermal stress and cracking could 
develop at the aggregate/cement paste interface as 
a result of thermal expansion coefficient differ
ences . . Furthermore the cement paste matrix can be 
modified chemically and physically. The main chem
ical effects are an acceleration of cement hydra
tion and an increase in the level of silicate poly
merization within the cement hydrates. There is 
also a possibility that some cement hydrates may 
dehydrate at elevated temperature . Physical changes 
can arise from what may be regarded as coagulation 
of hydrate particles. This would cause a change in 
the pore size distribution. The porosity would 
diminish if any additional cement hydration 

_occurred. 
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GAU.SES OF IRRECOVERABLE THERMAL CREEP 

A preliminary stage in understanding thennal 
creep is to clarify the role of aggregate/cement 
paste thermal incompatibility. The simplest 
approach was to compare the thennal creep of 
cement paste and concrete or mortar. The results 
of such a comparison (4) suggested that the ther
mal creep of concrete was dominated by the response 
of the cement paste matrix. Each of the strain 
components mentioned earlier in Section 3 were ~res
ent in the cement paste results. Measurements of 
physical and chemical structure indicated that the 
irrecoverable thennal creep correlated with an 
increase in polysilicate formation in the cement 
hydrates (5,6) . Some experimental results are 
illustrated in Figure 2a and they suggest that 
acceleration of the molecular rearrangement that 
is associated with silicate polymerization greatly 
enhances creep. The similarity between the results 
for 20 and 60°C in Figure 2a suggests that there is 
no difference in mechanism between "flow" and 
"transitional thermal creep." Increases in creep 
can be found in other materials if they undergo a 
phase change whilst loaded. 

Although the results in Figure 2a were encour
aging it was possible that some unmeasured change 
in the complex microstructure of the cement paste 

· was responsible for th~ increase in creep. The 
effect of silicate structure upon creep was there
fore studied using a very simple cement; hydrated 
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calcium silicate. The primary components in this 
system are calcium silicate hydrates and calcium 
hydroxide. The results obtained so far (Fi~ure 2b) 
again show that thermal creep development is asso
ciated with changes in polysilicate formation. 
Indeed if allowance is made for the slight differ
ence in stress level used in the cement and tri
calcium silicate tests the slopes of the lines in 
Figures 2a and 2b are virtually the same. This 
similarity indicates that thermal creep in cement 
paste (and in structural concrete) is caused by the 
response of the calcium silicate hydrates. 

It should be emphasized that heating concrete, 
hardened cement paste or hydrated calcium silicate 
before stressing will reduce thermal creep because 
the potential for microstructural changes in a sub
sequent thermal creep test will thereby be reduced 
(l,2,3,4,6). The reduction in thermal creep will 
depend upon the duration of preheating since the 
changes in microstructure take a few weeks to 
develop. ·Published results for cement paste (4) 
and current results for hydrated calcium silicate 
show that prolonged rest periods at 20 °C can cause 
some regeneration of thermal creep potential. 

RESPONSE OF HYDRATED TRICALCIUM SILICATE TO HEATING 

In addition to the gross changes in polysili
cate formation indicated by S300 (7) a ·more detailed 
analysis of silicate structure was undertaken 
together with studie~ of nitrogen adsorption, x-ray 
diffraction, thermogravimetric analysis and water 
sorption. The qetailed silicate structure analysis 
(7) demonstrated that the proportion of polysilicate 
and its degree of condensation increased with the 
duration of heating as shown in Figure 3. The 
increase in polysilicate content was accompanied by 
reductions in the amounts of monomeric and dimeric 
silica. The reaction curves in Figure 3b were 
computed by subtracting the monosilicate and 
disilicate contributions from the total silica com
plexed and normalizing the residual polysilicate 
contribution to unity (7). The decrease in slope 
of the ·reaction curves in Figure 3b is indicative 
of an increasing degree of condensation with 
duration of heating . 

. Nitrogen adsorption measurements showed that 
heating caused minor surface area changes that did 
not correlate with the thermal creep results . The 
x-ray diffraction results indicated that heating 
at 60°C at an age of 42 days accelerated hydration 
but the changes were small during the period that 
the main part of thermal creep developed . Further
more first heating at an age of 175 days caused 
substantial thermal creep but had no significant 
effect upon hydration. Calculated values of lime/ 
silica ratio in the calcium silicate hydrates were 
in the normal' range of l. 6 to l. 9 for heated and 
non-heated samples. Thermogravimetric analysis 
indicated that there were no major changes in the 
shape of the weight loss/temperature curves with 
heating at 60°C. This implies that there were no 
major changes in the products of hydration. How
ever a slight increase of weight loss was noted 
in the thermogravimetric temperature range 200 to 
440°C for samples treated at 60°C. A similar ~ 
increase was noted in previous work with hardened 
cement paste (8). 
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Figure 4. Effect of heating hydrated calcium sili
cate paste to 60~C at an age of 42 days upon subse
quent desorption behavior. 
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Water sorption studies included first desorp
tion and first adsorption measurements of the type 
obtained earlier for cement paste (8). The first 
desorption results for hydrated calcium silicate 
(Figure 4) suggested, like those for hardened 
cement'paste, that the volume of larger pores 
increased and the volume of smaller pores decreased 
with an increase in the duration of heating. The 
kinetics of these changes in water desorption 
characteristics were similar to those for thermal 
creep and silicate polymerization. The first 
adsorption results suggested, like those fo~ 
hardened cement paste, that there was no maJor 
effect of heating. This difference in sensitivity 
to heating between first desorption and first 
adsorption characteristics presumably arose because 
heating and drying had similar effects upon pore 
structure. 

CONCLUSIONS 

Some conclusions from the data presented in 
this report are listed below: 

i. Irrecoverable thermal creep in concrete 
is a consequence of the basic constituent 
of the cement binder - the calcium sili
cate hydrate. Thus thermal creep is not 
likely to be greatly altered by normal 
variations of aggregate type, cement 
type or mix proportions. 

ii. One obvious way of controlling thermal 
creep is to heat prior to stressing, 
although this may be of limited use 
because of the possible regeneration 
of some thermal creep potential with 
prolonged rest periods at 20°C. 

iii . Modelling of thermal creep is likely to 
be more successful if it reflects the 
observed changes in microstructure. 

iv. Thermal creep is associated with changes 
in silicate polymerization and pore 
structure. 
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Theme 4 - Influence 
of admixtures 

by 0. HENNING - HAB - Weimar, DDR, 
V.B. RATINOV - MAI - Moscow, USSR. 

I Introduction 
Starting-point of development and applica
tion of chemicals for the use in the pro
duction· of concrete is the fact that the 
improvement of cements is limited not only 
by raw materials but also by technology of 
cement production. 
Moreover there is an actual demand to 
economize energy, which can be accomplished 
either by reducing specific cement contents 
of conc.»ete, i.e. to produce more concrete 
by using the same quantity of energy 
intensive cement, or by omitting heat 
treatment of concrete. 
After it was empirically established that 
many natural· and synthetic comp~uods affect 
the setting process, a~ pres~nt the 
mechanism of the processes are being in
vestigated in order to systematically 
develop more effective admixtures. 
In recent years many ifl"Vestigations have 
been performed in several countries in the 
field of concrete admixtures. The aim of 
these investigations was to improve some 
properties of concrete, to reduce costs of 
production of concrete, and to avoid 
secondary effects which impair concrete. 
Because during hydration concrete is a 
continually changing system of many com
pounds the results of all efforts have 
been small so far. Nevertheless some exact 
relationships and regularities have been 
found. 

II Classification of admixtures 
It has to be considered that each admixture 
has several effects but only one effect is 
most distinctive. For instance, the . 
accelerator calcium chloride also acts as 
an antifreezing admixture for winter con
creting. The plasticizer lignosulfonate 
also acts as a retarder. 
Admixtures for concrete can be classified 
into two main groups: 
- admixtures affecting hydration behaviour 
- admixtures affecting .flowability 

behaviour 
Beside the two main groups there 1s a third 
group of admixtures with special effects. 
To this group belong antifreezing agents, 
corrosion inhibitors for reinforcing steel 
etc. 

To the group of admixtures affecting 
hydration behaviour belong accelerators 
and retarders. Accelerators shall either 
shorten the time until setting starts t ·o 
a few minutes (e.g. sodium fluoride, 
iron(III) chloride, sodium aluminate I 
potassium carbonate I sodium sulfate) or 
increase the initial development of 
strength or make the heat treatment of 
concrete more effective resp., by reducing 
the starting period, lowering the maximum 
temperature, and reducing stopping time . 
{e.g. calcium chloride, calcium nitrate I 
calcium nitrite). 

Retarders were used in order to extend the 
setting time or to reduce the hydration, 
resp. Compounds such as sodium phosphates 
and borates result in the possibility of 
washing out the concrete at the surface 
of concrete elements, which leads to good 
surface effects of exposed concrete. 
To the group of admixtures affecting 
flowability behaviour of fresh concrete · 
belong plasticizers and superplasticizers. 
These additives are mainly .used to improve 
the following concrete properties: 
- improved workability without increasing 

water content 
(dispersing effect) 

- decreased water content at the same 
workability · 
(increased strengths) 

- improved penetration and pumpability 
- reduced unit costs of concrete 
It has been shown that both short-chain 
and long-chain surfactants can be used as 
cement disp~rsicg agents. They can ~e 
made synthetically or be obtained from 
natural products. It seems to be essential 
that not the length of chains but the 
presence of hydrophylic and hydrophobic 
groups in definite distribution is most 
important. These compounds are adsorbed 
at the cement surface and cause a reduction 
of the attractive forces between cement 

.particles. The maximum effect is obtained 
with monomolecular covering. Higher con
centrations lead' to a considerable retar
dation of hydration rate causing an 
obstruction of the water diffusion to the 
cement sur·face. 
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III Papers rece'ived 
In the following it will be given a short 
surv~y of the presented papers which 
belong to the sub-theme 'Influence of 
admixtures'. These papers are: 
- The combining of sodium chloride and 

calcium chloride by hardened portland 
cement compounds C3S, C2S, C3A and ,C4AF~ by E.M. THEISSING, T. MEBIUS-VAN DE LAAH 
and C. DE WIND . 

- Influence of sulfonated naphtalene on 
the fluidity of cement pastes, 
by M. COLLEPARDI, M. CORRADI, G. BALDINI 
and M.- PAURI 

- Influence of cement composition on 
setting time of concrete containing a 
set-retarding admixture, 
by C.T. TAM 

- Effect of surfactants on the hydration 
properties of cements, 
by O. HENNING and L. GORETZICT 

The contribution by 'rlIEISS.ING et al. informi: 
about an interesting non-destructive method 
which allows the experimental measurement 
of the amount of chloride ions dissolved 
in the pore solution of hardened cement 
compounds setting in the presence of 
sodium chloride and calcium chloride. The 
equilibrium between the pore solution and 
the equilibrating solution is considered 
to be a liquid/liquid equilibrium. That 
means that the equilibrium concentrations 
in the equilibrating solution and the pore 
solution are equal. That it is possible 
to calculate the dependence of the amount 
of chloride combined by the compound on 
the total amount added to the compound. 
Knowledge of the amount of free chloride 
in the pore water is necessary to predict 
corrosion of steel rei~forcement. 
The paper presented by COLLEP.ARDI et al. 
concerning the effect of sulfonated 
naphtalene in monomeric and polymeric form 
on cement pastes confirms the theory 
suggested above. It has been shown that 
with a dry polymeric addition of 
0,25 - 0,50 % by weight of cement the dis
persing effect is good enough without any 
significant retarding effect in the 
hydration rate. With higher quantities of 
1,0 - 1,5 % the retarding effect is sig
nificantly increased whereas the 
flowability ist not substantially improved. 
The paper by TAM deals with the effect- of 
a retarder of unknown composition depending 
on the alkali content of cements. The 
results indicate that tricalcium aluminate 
and alkali content influence both the 
absolute setting time and the delay in 
setting. A change in equivalent alkali 
content in exces~ of 0,25 % alters the 
delay in setting significantly. 
The paper of HENNING et al. gives a sum
marizing survey of cement disJ>ersing 
agents and shows the developm"bnt of an 
effective plasticizer on the basis of 
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succinic acid. The plasticizers used were 
synthetized from anhydride of maleic acid, 
sodium hydrogensulfite, aliphat.ic alcohols 
(Cl6 - C18), and ethylene oxide (5 - 40 
mo e). Using the WASHBURN equation for the 
flow of liquid through a capillary it was 
possible to calculate from the rate of 
penetration the magnitude of the advancing 
contact angle (fig. 1) and the energy of 
adhesion between the liquid and the cement 
powder (fig. 2). With increasing coccen- . 
tration of optimum plasticizer the contact 
angle decreases and within a definite 
range of concentration it becomes zero. 
At higher concentration the angle rises 
again. The calculated energy of adhesion 
is at its maximum using a medium concen
tration. 
Finally it should be added that a compre
hensive paper concerning the present 
theories of the mechanism of cement hydra
tion and its interaction by admictures is 
presented by SKALNY and YOUNG as report 
to the sub-theme II-1 of this congress. 
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The combining of sodium chloride and calcium chloride 
by the hardened portland cement compounds C3S, C2S, 

C3A and C4AF 
Les proprietes combinatoires des constituants du ciment port/and 

par rapport a NaCl et CaC/2 

E.M. THEISSING, T. MEBIUS-VAN DE LAAR, G. DE WIND, 
DELFT University of Technology, Dept. of Civil Engineering, Materials Science Group, Stevin Lab., 
Delft, The Netherlands. 

SUMMARY : A non-destructive method is presented to study the combining properties of hardened c
3
s, c

2
s, c

3
A .and 

C~AF for NaCl and CaC1 2 . The compounds hardened with solutions of NaCl and of CaC1 2 are equilibrated in solu- · 
tions of these electrolytes in a special way. To interpret the results the equilibrium between the pore solu
tion and the hardened compound is taken as a general solid / solution equilibrium. The equilibrium between the 
pore·solution and the equilibrating solution is considered to be a liquid/liquid equilibrium. That means that 
the equilibrium concentrations in the equilibrating solution and the pore solution are equal. Thus it is possi
ble to calculate the dependence of the amount of chloride combined by the compound on the total amount added to 
the compound. 

RESUME : On decrit une methbde non-destructive pour determiner les proprietes combinatoires par rapport a NaCl 
et CaC1 2 des constituants durcis du ciment portland c

3
s, c

2
s, c

3
A et c

4
AF. Les constituants durcis avec des 

additions de NaCl et CaC1 2 sont equilibres clans des solutions de ces sels d'une maniere speciale. Dans le but 
d'interpreter les resultats experimentaux on considere l'equilibre entre le constituant durci et le liquide 
interstitiel conime un equilibre general entre une matiere solide et une solution. L'equilibre entre la solution 
interstitielle et la solution equilibrante est considere comme un equilibre liquide/liquide. Cela signifie que 
les concentrations des electrolytes clans ces solutions sont les memes en l'etat d'equilibre. Cela rend.possible 
de calculer la relation entre la quantite de chloride, combinee par le constituant et la quantite totale de 
chl9ride clans le constituant. 
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INTRODUCTION 

The behaviour of chlorides in concrete has aroused much interest throughout the years especially b~cause of 
their special properties as to ~he hardening acceleration of cement and the corrosion of steel reinforcement. 
It is therefore that one is interested in the amount of free chloride in the pore water and in the amount of 
chloride combined by the cement when chlorides have been added to the mixing water. 

It, has been known for many years that both NaCl and CaC1 2 can be combin.ed by cements. A number of authors 
investigated the combining properties of hardened cement (mostly portland cement). They determined the amount 
of combined chloride by extraction of free chloride in the pore water of the hardened cement by means of water 
or an organic liquid. For a review of the literature we refer to Theissing, van Hest-Wardenier and de Wind (I). 

All these extraction methods are in fact destructive methods with all their drawbacks as disturbance of 
sorption and chemical equilibria between the pore water solution and the pore surfaces in the hardened cement. 
We consider these methods to be unsuitable for the sa.id purpose. Moreover, the solubilities of some compounds 
present in the pore water are only slightly soluble in organic liquids. They may precipitate; thus disturbing . 
the precipitation. 

Theissing, van Hest-Wardenier and de Wind (I) reported on a non-destructive method to determine the com
bining properties of hardened cement paste. That method does not have the drawbacks of the extraction methods. 

We ap.plied this non-destructive method to the main port·land cement compounds c
3
s, c

2
s, C1A and c4AF aiming 

at determining the relative contribution of these compounds to the overall combining properties of portland 
cement. 

In the following sections we will describe the method used and report on the results. 

METHOD 
- "--

When hardened cement compound has been equilibrated with a chloride solution, there are two overall-equilib-
ria in the case. First, there is the equilibrium between the free chloride in the pore water and tne solids in 
the cement and second, that between the chloride in the pore water and in the equilibrium solution. 

This can schematically be depicted as: 

Cl Cl 
hardened d t pore water t solution compoun I II 

In this equation no other ions are being taken into account. 
The first equilibrium (I) consists of a chemical, a sorption, a solid solution/liquid equilibrium or a com

bination of these three. The overall-equilibrium is generally represented by a curved equilibrium isotherm. 
The second equilibrium (II) we consider to be a water/water partition equilibrium. That means that the equi

librium concentrations in the pore water and in the chloride solution are equal, assuming that pore water gener
ally spoken has bulk water properties. Thus its equilibrium isotherm is a straight line bisecting the right 
angle between the axes. 

To be able to calculate the amount of chloride, combined by the compound hydrates, one has to measure three 
quantities. These are the total chloride content of the compound Clt, the amount of its pore water wp, and the 
concentr~tion of the equili~rium solution Cle. The quantity of combined chloride Clc can then be calculated . by 
subtracting '-: Cle from Clt i.e. Clc = Clt - w Cle. . . . 

The descriged method may produce somewhat Rncertain results in the lower concentration range, whenever the 
cement is prone to react as an ion exchanging material i.e. when ion exchanging groups are fixed on the pore 
walls. This phenemenon generally is of influence, as far as the concentration in the equilibrium solution is 
comparable to the concentration of these groups, calculated on the quantity of pore water. In t_hat case a Donnan 
equilibrium is established. For details on this phenomenon we refer to textbooks on physical chemistry, as for ~ 
instance Moelwyn-Hughes's treatise (2). 

EXPERIMENTAL METHODS AND RESULTS 

MATERIALS 

Analytical grades of NaCl, CaC1
2 

and Ca(OH)
2 

have been used throughout the investigations. All cement com
pounds have been supplied by the Portland Cement Ass., Skokie, Ill., (USA). 

The analyses as far as available are presented in Table I. 

METHODS and results 

The cement compounds. are thoroughly mixed with salt solu
tions of known concentrations. The water/compound ratios 
(w.c.r.) are 0.35 for c3s and c2s, 0.5 for c4AF and 0.7 for 
C3A. 

The following hydration is carried out in test tubes, tight
ly closed with rubber stoppers. After a period of 28 days the 
hardened paste is broken into small lumps. A few of these lumps 
are weighed and then placed in solutions of either NaCl .or CaC1 2 
of known concentrations. In order to prevent extraction of 

~--------------------------------------------

TABLE I 

Cao Si02 Free Cao Al 2o3 Fe 2o
3 

c3s 72.60 26.06 0.57 
c s 
c2

A 61.48 0.83 37.07 
C3

AF 45.82 20.43 32.65 4 

Ca(OH) 2 from the cement during equilibration the salt solutions Analysis of the portland cement compounds (wt.%) 
have been saturated with this compound. The solution/compound 
ratio is 5. After an equilibration time of 10-14 days, the 
supernatant solution is titrated for chloride. The system has not been thermostatted. The ambient temperature 
is 21 ! 2°c. 
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Whenever the solution concentration after that time interval is equal to be initial concentration, it is con
sidered to be the equilibrium concentration. New lumps are placed in solutions of higher or lower concentra
tions, whenever the concentration of the supernatant solution, determined after the specified time interval, 
has decreased or increased resp. This procedure is repeated, until the concentration of the equilibrating solu
tion has not changed after 10-14 days of contact with the compound. 

Pore water content is determined on seperate samples after the 28 days hardening period, by heating them in 
a stove at 1os0 c to constant weight. The whole of the compound is considered to be in equilibrium with the pore 
solution, including the surfaces of its cracks and pores containing air. This means that, when solution of 
equilibrium concentration penetrates these vo\ds, chloride is neither taken up nor liberated by the cement. The 
accuracy of the results is estimated to be ea. Si.. 

The results for the compounds are recorded in Tables II-V. 

~----------------------------------------· 

TABLE II 

Clt Cl Cl 
b 

e 
b 

c b ~ a a 
- - - - -

c3s c 2s c3s c2s c3s c2s 

J.04 o.so 0.38 0.97 0.96 
2.08. 2.00 1.08 1.81 ). 8S 
3.16 4.90 3.96 2.S1 2.32 
4.2S 7.00 S.68 3.32 3.02 
S.37 JO.OS 8.S3 4.03 3.48 
6.51 IS . 10 12.40 4.40 3.79 

Total content of CaC1
2

, Cl (in % by wt. of 
compound), equilibrium solGtion concentration, 
Cl (in % by volume of solution) and calculated 
co~bined CaC1 2 , Clc (in % by wt. of compound) 
for~ hardened c3s and!>. hardened c2s. 

-----------------------------------------
TABLE IV 

Cl Cl Cl 
t b e b c b ~ a ~ - - - -

c3s c 2s c3s c2s c3s c 2s 

). 36 2.98 2.96 0.9S 0.81 
2.76 S.20 S.37 2.0S I. 74 
4.18 10.34 10.28 2.69 2.20 
S.62 12.36 12.47 3.90 3.03 
7. 10 17.94 18.S1 s. 18 3.23 
8.62 20.SO 21. 0 I 6.93 4.24 

Total content of NaCl, Cl (in % by wt. of 
compound), equilibrium solution concentration, 
Cle (in % by volume of solution) and combined 
NaCl (in % by wt. of compound) for a hardened 
c3s and!>. hardened c2s. -

-------------------------------------------
TABLE III 

Cl Cl Cl 
t b e 

b 
c b ~ a ~ - - - -

c3A c4AF C3A c4AF c
3

A c4AF 

). 30 ). S2 0.01 0.01 ). 30 ). S2 
2.62 3.06 0.02 0.01 2.62 3.06 
3.98 4.64 0.02 0.02 3.98 4.64 
S.3S 6.2S 0 . 02 0.03 S.3S 6.2S 
6.76 7.90 0.02 0.04 6.7S 7.90 
8.19 9.S7 0.03 0.04 8.18 9.S6 

Total content ~f.Ca~l 2 , Clt ~in ! by wt. o~ 
compound), equilibrium solution concentration, 
Cl (in % by volume of solution) and calculated 
co~bined CaC1 2 , Clc (in % by wt. of compound) 
for~ hardened c

3
A and!>_ hardened c4AF. 

--------------------------------------------
TABLE V 

Cl Cl Cl 
t b e b c b ~ - ~ - ~ -

c3A c4AF c
3
A c4AF c3A c4AF 

I. 72 1.S2 0.008 0.02 ). 72 I. S2 
3.47 3.06 0.09 . o.os 3.44 3.0S 
S.26 4.64 0.24 0.10 s. 19 4.63 
7.08 6.2S 0.40 0.18 6.96 6.22 
8.9S 7.90 0.6S 0.42 8. 77 7.83 

10.85 9.S7 0.99 0.6S IO.S6 9.4S 

1otal content of NaCl, Cl (in % by wt. of 
compound), equilibrium solution concentration, 
Cle (in % by volume of solution) and combined 
NaCl (in % by wt. of compound) for ~hardened 
c3A and!>_ hardened c

4
AF. 

In figs. I and 2 total CaC1 2 and NaCl contents of the compounds c
3
s, c 2s, c3A and c4AF are plotted against 

solution equilibrium concentrations of these salts. It has to be noted th~t the solution equilibrium concen
trqtion of the salt is considered to be equal to the equilibrium salt concentration in the pore water. 

In figs. 3 and 4 combined amounts of CaCl.
2 

and NaCl are plotted against equilibrium solution concentrations. 

DISCUSSION 

As to the question whether by oui;- method equilibrium is attained, we refer to ref. I. We reported there that 
the differences between Cl values after one year and short term equilibrations (as applied in our experiments) 
for a number of cement sam~les were all smaller than O.S%, calculated on the short term values. We therefore 
assume that ~n our cement compound experiments equilibrium has been attained. 

We will discuss the results for~ c3s and c2s !>_ c2A an·d ~ c
4

AF separately. 

~ c3s and c2s. 
The mechanisms by which the electrolytes can be combined are chemical reactions, solid solution formation 
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and sorption on the pore walls. The method reported here does not enable us to differentiate between these 
mechanisms. 

The electrolyte concentrations in our experiment s are too l ow to allow formin g complex compounds of Ca(OH)2 
and CaCl . Compare also the literature review in ref. I. Using Richartz's results (3), however, it is possible 
to roughty calculate the amount of CaC1 2 sorbed on the pore walls of hardeneq c 3s. This investigato~ ~ompletely 
hardened CS in solutions of CaC1

2 
(w.c.r. 5). To determine the amount taken up into the hydrate lattice, the 

samples we~e next thoroughly extracted with water . At a concentration level of the mixing.wat~r of 1.3~% CaC1 2 
the.CaC1

2 
co~tent of the har~ened c3s.sample turned o~t to be 0.47% (by.w~. ?f c3s). ~onsidering the final so-

lutions of Richartz's hydration experiments to be equivalent to our equilibrium solutions one can ·calculate the 
equilibrium concentration in Richartz's final hydration solution. It is 1.34% CaC1 2 (by wt. of vol.~. Interpo~ 
lation in Table II leads to a total amount of CaC1 2 i.e~ electrolyte taken up into the hydrate lattice and elec
trolyte sorbed on the hydrate surface, Clc, df 1.45% (by wt. of compound). That means that abo~t 1% CaC12 is 
sorbed on the hydrate surface. It has to be noted, however, that Richartz's samples had been completely fiydrated. 
The extent of hydration of our samples was not determined. 

Comparing c
3

s to c
2

s we found the equilibrium concentrations i . e. the pore water concentrations, to be higher 
for c

3
s than for c

2
s. The pore water contents of the c

3
s samples are lower than those of the C2S samples. We 

assume that that means that the extent of hydration of the latter samples is lower. Hydration water figures are 
not available, however. 

We compared the c
3

s and c 2s results to the results for portland cement (PC) (ref. I) for the lower range of 
CaC1 2 additions. We suppose the PC to consist of 60% c

3
s, 15% c

2
s, 10% c3A and 10% c 4AF ("synthetic PC"). More

over, we suppose that the silicates react independently of . the other compounds in the cement. In Table VI the 
~igures are recorded for c

3
s and c 2s. For the "synthetic PC" they were obtained by interpolation in Table III 

in ref. I. 
The figures in Table VI show that more CaC1 2 is combined by PC than 

is calculated for a "synthetic PC". We suppose that the rest is com
bined by C~A and c4AF (compare~ and~). 

As to tne difference between NaCl and CaC1 2 , Cac1
2 

is generally 
somewha t strong·er combined then NaCl on a weight basis . 

~ c3A. 

The experiments show that chlorides very strongly combine with 
hydrated·c

3
A, CaC1 2 even more strongly than NaCl. We therefore assume 

that in any case part of the discrepancy between PC and "synthetic 
. PC" is caus.ed Ly free C3A and c4AF hydrates . The chlorides are only 
combined by the cement when all the sulphate has been combined by the 
the hydrates of c

3
A and c

4
AF as investigations by e . g. Schwiete, 

Ludwig and Albeck (4) showed when cement is hardened with solutions 
of CaC1 2 . 

A w.c.r. of 0.70 has been taken for the hydration of c
3

A. Mixtures 
with lower w.c.r. could not be handled because of their very high 
rate of hardening. 

CaC1 2 is more strongly combined than NaCl, especially at the high
er concentration levels. The combining capacity of c

3
A hydrate for 

both CaC1 2 and NaCl is much higher than that of c
3

s and c 2s . 

~ c4AF. 

---------------------------------------
TABLE VI 

PC "PC synthetic" 

Clt Cl Cl Clt Cl Cl 
e c e c 

I. 30 o.22 I. 23 
i 2.08 0.56 I. 95 2.08 I. 36 I. 13 

2.59 0. 78 2.42 
5 . 33 4.22 4.42 

i 5.37 4.23 4.44 5.37 I 7.33 2. 91+ 
6.74 7.82 5.06 

Total CaC1 2 content, Clt (in % by wt. of 
cement) , equilibrium concentration Cl 
(in % by volume of solution) and combined 
CaCl , Cl (in % by wt. of cement) for 
porttand gement and "synthetic portland 
cement" (i =interpolated for PC). 

The combining properties of the hydrate of this compound are equal to those of c
3
A to within the accuracy of 

the measurements. The w.c.r. has been taken as 0.5. A value of 0.70 would have been preferable . Mixtures of 
that composition were to wet to handle, however. 

CONCLUSIONS 

NaCl and CaC1 2 are combined by both hardened c
3

s and c 2s. The greater part of the combined amount of electro
lyte is very prooably bound by sorption on the pore walls in the hardened compound. 

The . calculated amount of CaC1 2 combined by a mixture consisting of quantities of c
3

s and c
2

s as present in an 
average portland cement is smaller than the measured amount of CaC1

2 
combined with a portland cement. That is 

probably caused by those parts of the hydrated c
3
A and c

4
AF not having reacted with the sulphate present in the 

cement. 
Hydrated c3A and c4AF combine much more strongly with both NaCl and Cac1 2 than do hydrated c

3
s and c

2
s. 

CaC1 2 is somewhat more strongly combined than NaCl by both hydrated c
3
A and c4AF. 
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Influence of cement composition on setting time 
of concrete containing a set-retarding admixture 

L 'influence de la composition du ciment sur la duree d'affermissement 
d'un beton qui renferme un melange retardant la prise 

C.T. TAM, Singapour. 

RESUME : Le temps de prise d'un beton, defini par l'essai de penetration sur le mortier obte
nu par tamisage de ce beton, est l'un des criteres "de choix des additifs chimiques. La duree. 
absolue du temps de prise et le retard provoque par l'additif retardateur ont ete tous deux 
etudies en utilisant une methode modifiee, dans laquelle le mortier est malaxe separement. 
Quatre sortes de ciments, contenant des proportions fixes d'additifs~ ont ete etudies dans la . 
serie A. 
Dans la serie B, l'effet d'une augmentation de l'alcalinite par addition d'hydrate de soude 
pur a ete etudie. Dans ces deux series, on a compare les resultats des essais avec et sans 
additif. Les resultats montrent que les teneurs en aluminate tricalcique et en alcali in
fluencent le temps de prise et le retard de prise. Une variation de la teneur en alcalis de 
0,25 % modifie beaucoup le temps de prise. 

SUMMARY : Setiing time of concrete as determined from penetration resistance of mortar wet
sieved from a concrete mix is one of the acceptance criteria for chemical admixtures. Both 
the absolute setting time and the delay in setting due to the addition of a set-retarding ad
mixture were investigated using a modified approach in which the mortar was directly ~ixed. 
Four different brands of cement at constant mix proportions were studied in Series A. 

In Series B, the effect of increasing alkali content of a cement was observed by adding 
sodium hydroxide of reagent grade. For each series, plain and admixture treated mixes were 
compared. The results indicate that trical~ium aluminate and alkali content influence . both 
the absolute setting time and the delay in setting. A change in equivalent alkali content in 
excess of 0.25 percent alters significantly the delay in setting. 
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INTRODUCTION 

The setting of Portland cement- is a complex pro
cess. In practice, the setting time is defined as 
the time taken for a cement paste of standard consis
tency tp reach an arbitrary degree of .stiffness, for 
example by the Vicat apparatus. Similarly, the set
ting time of concrete is defined as the time from the 
completion of mixing for the wet-sieved mortar from 
the concrete mix to reach a chosen penetration resis
tance. The main purpose of the test is for measuring 
the change in setting time due to the presence of a 
chemical admixture. The effect of cement composition 
on the ability of a retarder to delay setting is the 
main theme of this paper. 

SETTING TIME TEST 

The development of the setting time test for con
crete was based on the work by TUTHILL and CORDON · (J ) 
using the Proctor Penetrometer. This has been incor
porated in ASTM C 403, (2) Test for Time of Setting 
of Concrete Mixtures by Penetration Resistance. The 
penetration resistance is not measured directly on 
the concrete mix but on the mortar fraction wet-sieved 
from the mix. Two setting times are defined. The 
initial set2is taken to be at a penetration resistance 
of 3.5 N/mm (500 p.s.i.) which according to TUTHILL 
and CORDON (1) corresponds to the vibration limit of 
concrete, i.e. the mi x cannot be made plastic by re
vibration. The final set is at the penetration resis
tance of 27.6 N/mm2 (4,000 p.s.i . ). At this stage 
the concr.ete starts to harden, having a compressive 
strength of about 0.7 N/mm2 (100 p ~ s . i.). 

The test method prescribed in BS 5075: 1974 (3) 
is basically similar to that of ASTM C 403 ' (2). It 
specifies two stages of the setting process, one at 
3.5 N/mm2 which corresponds to the initial set in 
ASTM C 403 (2)~ and the other at a much lower penetra
tion resistance value of 0.5 N/mm2 (73 p.s.i.). 
According to FLETCHER and ROBERTS (4), this earlier 
stage corresponds to the extreme limit of workability 
for placing and compacting the concrete. There are 
other differences in the details of conducting the 
setting time test between the methods of ASTM C 403 
(2) and BS 5075 : 1974 (3). A comparison of these two 
methods of testing and comments on their relative 
merits are in the course of preparation (5). 

EXPERIMENTAL PROGRAMME 

The programme of study was divided into two series 
of mixes to investigate the different parameters as 
follows:-

Series A - four different brands of ordinary 
Portland cement at constant mix propor
tions (sand-cement ratio = 2.0 and 
water-cement ratio = 0.40). 

Series B - increase in alkali content by the 
addition of reagent grade sodium 
hydroxide at 0.25, 0.50 and 0.75 
percent by weight of cement with 
constant mix. proportions as those 
in Series A. · · 

For each series plain mixes and corresponding 
mixes with the addition of a water-reducing set
retarding admixture at the recommended dosage were 
investigated. · 
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The materials for the two series were not always 
identical. ~owever, within each series all materials 
were kept constant except for Series A where the 
cement brand forms the variable parameter. The sands 
used were always in the oven dry condition. One 
brand of water-reducing set-retarding admixture was 
used in Series A and a different brand of admixture, 
but of the same class, was employed for Series B. In 
all cases the admixture was added at the recommended 
dosage. Details of the various cements, sands and 
admixture for the programme are listed in Appendix A. 
The combinations of materials used are indicated in · 
the respective table of results. 

Testing method 

For the setting time test, both ASTM C 403 (2) . 
and BS 5075: 1974 (3) call for the mortar sample to 
be wet-sieved from the concrete mix. However, in 
this programme all mortar mixes were batched directly 
in their chosen proportions. OKABE, NAKAJIMA and 
YOSHIHARA (6) have found that similar results may be 
produced for either method of obtaining the mortar 
sample by suitable adjustment to the method of mixing 
the mortar directly. This was not attempted in the 
present study. However, for a particular case where 
data for both methods of preparation are available, 
it is observed that although the absolute values of 
setting time are different, the resultant delay in 
setting is similar. Appendix B shows a summary of the 
data for this case. 

The method employed in mixing the mortar directly 
was standardised as follows: 

(a) 90 percent of the total mixing water was 
thoroughly mixed with the sand in a mechanical 
mixer of the epicyclic type. 

(b) the balance of the water, with the admixture 
thoroughly mixed into it if used, was then 
added while the mixer was still running. 

(c) cement was added within the next minute while 
the mixer was kept running for 21 minutes at 
low speed. · 

(d) the mixer was stopped and materials on the 
side of the bowl was scrapped down. 

(e) the mixer was then restarted at medium speed 
and allowed to run for I minute to complete 
the mixing. 

In order to compromise between different detailed 
requirements of ASTM C 403 (2) and BS 5075 (3) the 
conduct of the penetration resistance test was in 
accordance with BS 5075 (3) up to a penetration resis
tance just beyond 3.5 N/mm2 (500 p.s.i.), and afte_r 
this, in accordance with ASTM C 403 (2) . For Series 
A only single runs were conducted. For Series B two 
duplicate batches were tested. The average o.f the 
two runs is reported in the results. This is in 
agreement with BS 5075 (3) but ASTM C 403 (2) calls 
for the average of three duplicates. Since by mixing 
the mortar directly the degree of control is much 
better than by wet-sieving, this is considered satis
factory. CHEW and CHOO I ( 7) reported a chi evi ng a. 
standard deviation of 15 minutes for p)ain mixes and 
20 minutes for mixes containing a water-reducing set
retarding admixture. The range for four duplicate 
batches was within 45 minutes in both cases. These 
compare favourably against the corresponding values 
of 25 minutes and 84 minutes respectively as permitted 



by ASTM C 403 (2) for three duplicates. 

Full details on the conduct of the penetration 
resistance test are described in both standards and 
will not be repeated here. The apparatus used in the 
later part of this study differs from those described 
in the standards only in the load indicating device. 
A sensitive proving ring mounted on a drill press 
records accurately the applied force to improve the 
precision of the results. 

RESULTS AND DISCUSSIONS 

In reporting the setting time both ASTM C 403 (2) 
and BS 5075 (3) specified a common penetration resis
tance of 3.5 N/mm2 (500 p.s.i.). However, the time 
to reach this value has to be estimated from readings 
taken below and above this exact value. The two 
standards employ slightly different technique to 
arrive at this time. In general, the difference has 
been found to be negligible as discussed in Reference 
(5). Hence only one value is reported for the time 
to reach this penetration resistance, and referred to 
as initial set as in ASTM C 403 (2). Similarly the 
time to reach 27.6 N/mm2 (4,000 p.s.i.) is referred 
to as final set as in ASTM C 403 (2). The time to 
reach the much lower penetration resistance of 0.5 
N/mm2 (73 p.s.i.) specified in BS 5075 (3) is tenta
tively called the "workability limit" in view of the 
statement by FLETCHER and ROBERTS (4) regarding the 
behaviour of the concrete corresponding to this stage 
of stiffness. Besides the absolute setting times, 
the delay time, i.e. the increase in setting time due 
to set-retarders is reported for checking against 
compliance with specification, e.g. BS 5075 (3) and 
ASTM .C 494 ( 8). 

Series A - cement composition 

In this series of experiment four brands of 
ordinary Portland cements of varying composition were 
used with the same admixture. The mix proportions 
were kept constant at water-cement ratio of 0.40 and 
sand-cement ratio of 2.0. 

Table I shows the results for this series together 
with the tricalcium aluminate and equivalent sodium 
hydroxide contents of each cement. These two compo
nents have been reported by POLIVKA and KLEIN (9), 
NEWLON (10) and TAM (11) as the major components in 
cement which affect the effectiveness of a water
reducing and set-retarding admixture. It can be seen 
that the results in Table I reflect the importance of 
these parameters similar to that reported in the 
references quoted above. · An increase in either or 
both components will reduce the effectiveness of the 
admixture to delay set. However, it is difficolt to 
correlate these parameters with the setting times 
quantitatively because of several factors. Firstly, 
the calculated tricalcium aluminate content by Bogue's 
method does not allow for the effect of the actual 
cooling rate of the clinker, nor the fonnation of 
solid solutions and the influence of minor.compounds. 
The total alkali content as obtained from chemical 
analysis does not indicat~ the soluble alkali content. 
It is this portion that is effective in influencing 
the behaviour of the fresh cement paste. · The lack of 
correlation between soluble and total alkali contents 
has been studied by McCOY and ESHENOUR (12). 

In spite of the above, the results in Table. I 
follow the trend dictated by the tric_alcium and alkali 

contents. However, it should be noted that although 
all four brands of cement meet the requirement of 
BS 5075 (3) with respect to setting time, all ~xcept 
Cement C, show excessive delay time. ASTM C 494 (8) 
limits this to less than 3~ hours. This situation 
poses a rather interesting question in acceptance 
testing as discussed in Reference (5). 

TABLE I 
.EFFECT OF CEMENT COMPOSITION ON SETTING TIMES 

Cement A B c D 

c3A content - % 11.5 10.9 12.3 9.8 

Equivalent Na2o - % 0.20 l.04 0.68 0.39 

Workability l imit-hr 
Plain 2.9 2. l l. 7 l. 7 
With admixture 7.8 6.1 4. 1 6.3 · 

Initial set-hr 
Plain 4.3 2.9 2.4 2.7 
With admixture 9.3 7. 1 5.3 8.7 

Final set-hr 
Plain 6.5 4.3 3.6 4.0 
With admixture 1l.2 8.7 6.5 10.4 

Delay time-hr 
Workability limit 4.9 4.0 2.4 5.6 
Initial set 5.0 4.2 2.9 6.0 
Final set 4.7 4.4 2.9 6.4 

Mining sand used in all mixes with water-cement ratio 
of 0.40 and sand-cement ratio of 2.0 and admixture Y 
added when used. 

Series B - alkali content 

In order to study the effect of alkali content 
alone, reagent grade sodium hydroxide was introduced 
to increase the alkali content of Cement E. Only 
fractional percentages were added thus there is little 
change in the relative percentage of the rest of the 
oxide composition of the cement. Since the original 
equivalent sodium hydroxide content of the cement is 
0.53 percent, a maximum of 0.75 percent was added to 
keep the total alkali content below 1.30 percent, the 
upper end of the normal range in Portland cements. 
The results of this series are presented in Table II. 
The increase in alkali content has very little effect 
on the setting times for the plain mixes, showing but 
a slight reduction in the final set. However, its 
effect on mixes treated with the admixture is severe. 
Hence there is similarly a serious reduction in the 
delay time. Fig. 1 shows a plot of the delay time 
for various percentages of added alkali content. It 
can be seen that an increase in excess of 0.25 percent 
leads to a significant reduction in delay time. 

The influence of alkali content on the concentra
tion of the.various ions in the liquid phase of 
cement paste was studied by FORSEN (13). A high 
alkali content in cement tends to increase the solu
bility of the aluminates thus promoting faster rate 
of reaction. LERCH (14) attributes this to the 
neutralizing action of the alkali on gypsum thereby 
reducing its retarding influence on the aluminates. 
LEA (15) suggests that a certain minimum concentra
tions of lime and calcium sulphate in solution are 
necessary for the proper retardation of the alumi-
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nates. The presence of the chemical retarder reduces 
the rate of hydration of the silicates. This slows 
down the release of calcium hydro-xide into solution 
thereby allowing the direct hydration of the alumi
nates and resulting in abnormally quick setting. 

TABLE II 
EFFECT OF ALKALI CONTENT ON SETTING TIMES 

Added alkali content - % 0.0 0.25 0.50 0.75 

Workability l imit-hr 
Plain 0.9 1.0 o:9 0.7 
With admixture 1. 7 2.0 1. 3 0.3 

Initial set-hr 
Plain 2.0 2.0 1.9 1.6 
With admi·xture 3.6 3.3 2.7 1. 1 

Final set-hr 
Plain 3.2 3.0 2.8 2.4 
With admixture 4.7 4.4 3.8 2.4 

Delay time-hr 
Workability limit 0.8 1.0 0.4 -0.4 
Initial set 1. 6 1. 3 0.8 ~ 
Final set 1.5 1.4 1.0 lJ.'"O" 

Cement E and mining sand used in all mixes with 
water-cement ratio of 0.40 and sand-cement ratio of 
2.0 and admixture X added when used. Equivalent 
Na2o content of Cement E is 0.53 percent. 
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FIGw 1 EFFECT OF ALKALI CONTENT 
ON DELAY IN SETTING 

Cements from different sources and even between 
batches from the same manufacturer may possess varia
tions in alkali content equal to those investigated 
in this study. Table III sulTITlarises the computed 
potential compounds and equivalent alk~li content of 
four brands of cement, some with several batches, 
supplied to the Department of Civil Engineering 
University of Malaya over a period of five years. It 
can be observed that cement from different works may 
have a difference in alkali content of nearly 1.0 
percent. Even cement from the same manufacturer may 
have a variation up to 0.5 percent. In practice, 
suitable dosage of admixture is obtained from past . 
performance or trial mixes. Subsequent changes in 
alkali content in the cement delivery may cause 
erratic setting behaviour in admixture treated mixes. 
Quality control at cement works involves only the 
behaviour .of plain mixes. Thus the variation in 
alkali content does not manifest its effect in 
routine quality control at cement works but only 
affect the concrete producer employing a set-retarder, 
e.g. the ready-mixed concrete industry. 

TABLE III 
COMPOUND COMPOSITION OF CEMENTS 

Computed potential 
Cement Sample compounds · 
brand number c3s c2s 

p l 53.0 14.9 

Q 1 69.2 2.0 
Q 2 56.6 12.2 
Q 3 67.4 4.9 

R 1 42.8 31.4 
R 2 65.0 8.4 
R 3 63.0 9.9 
R 4 58.5 14.0 

s 1 40.5 29.3 
s 2 48.9 18. 2 
s 3 55.4 17.7 
s 4 61.4 9.7 
s 5 60.2 10.0 

c3s = Tricalcium silicate 
c2s = Dicalcium silicate 
c3A = Tricalcium aluminate 

c3A 

10.9 

12.3 
9.4 

10.0 

11. 5 
8. l 
9.8 

11. 3 

9.8 
11. 5 
9.6 

12.2 
12.5 

c4AF = Tetracalcium aluminoferrite 

c4AF 

9.7 

10.8 
12.3 
10.7 

8.3 
9.7 
9.5 
9.3 

9.9 
10.4 
10.2 
10.9 
10.9 

Equivalent 
Na2o 

1.04 

0.68 
o. 36 
0. 72 

0.20 
0.52 
0.58 
0.58 

0.39 
0.97 
0.39 
1.00 
0.70 

Equivalent Na2o content = %Na2o + 0.658 x %K2o 

SUtJMARY AND CONCLUSIONS 

The effect of cement composition on setting times 
and their influence on the effectiveness of a water
redu·cing set-retarding admixture are discussed. This 
is by no means the only factor influencing setting 
times. Other significant parameters include different 
types of cement, fineness of cement, gypsum content, 
temperature of the mix, ambient environment, different 
types of chemical admixtures as well as dosages for a 
given admixture. Many of these h~ve been investigated 
and documented in publications such as ASTM STP 266, 
Symposium on Effect of Water-reducing Admixtures and 
Set-retarding A,dmixtures on Pro.perties of Concrete, 



1959 and RILEM International Symposium on Admixtures 
for Mortar and Concrete, 1967. The present study 
draws attention to factors not previously reported. 
Cement composition is subject to variations even 
under good practice of quality control in cement and 
concrete production. An understanding of the factors 
influencing the absolute setting times and the delay 
time is important to ensure suitable quality of the 
mix exists during the process of transporting, · 
placing, compacting and finishing of the concrete. 

In conclusion, this study has indicated that:-

1. An increase in alkali content of cement 
reduces to a small extent only the absolute 
setting times of plain mixes. 

2. The corresponding increase in alkali content 
of cement may produce a much more severe 
reduction in absolute setting times of 
admixture treated mixes, thereby shortening 
seriously the delay time. For the cement 
studied, an increase in excess of 0.25 
percent changes significantly the delay in 
setting. 
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APPENDIX A 

PROPERTIES OF MATERIALS 

1. Cement 

Cement A B c D E 

cao 64.14 61. 93 66. 19 63. 55 64.43 
Si02 22. 18 19 .10 18. 87 20.98 20.02 
Al 203 2.73 3.19 3.56 3.25 5.08 
Fe2o3 6.08 6.16 6.92 5.79 3.18 
MgO 1. 56 N.A. N.A. 1.04 2.00 
so3 1. 72 2.79 2.03 2.36 2.23 
K20 0 .15 1.04 0.20 0.55 0 .18 
Na 2o 0. l 0 0.35 0.55 0.03 0. 41 

c3s 42.8 53.0 69.2 40.5 65.0 
c2s 31.4 14.9 i.o 29.3 8.4 
c3A 11. 5 10.9 12.3 9.8 8. l 
c4AF 8.3 9.7 10.8 9.9 9.7 

2. Sands 

a. River sand Zone 2 to BS 882, 1201 : 1954 
Fineness modulus 3.06 

b. Mining sand Zone 2 to BS 882, 1201: 1954 
Fineness modulus 2.59 

3. Admixture 
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a. For Series B, admixture X is lignosulphonate 
based and conforms to ASTM C 494 Type D. 
The recommended dosage of 1/135 by weight of 
cement was used. 

b. For Series A, admixture Y is of the same type 
and material but of a different brand. It 
was used at the recommended dosage of 1/120 
percent by weight of cement. 

APPENDIX B 

SETTING TIMES FOR WET-SIEVED 
AND DIRECTLY MIXED MORTAR 

Mortar Wet-sieved* Directly mixed 

Water-cement ratio 
Plain 0.55 0.55 
With admixture 0.47 0.47 

Sand-cement ratio 
Plain 2.0 2.0 
With admixture 2.0 2.0 

Workability limit-hr 
Plain - 4.0 
With admixture - 4.9 

Initial set-hr 
Plain 3.8 5.3 
With admixture 4.6 6.6 

Final set-hr 
Plain 5.2 6.8 
With admixture 6.5 8.0 

Delay time-hr 
Workability limit - 0.9 
Initial set 0~8 1. 3 
Final set 1. 3 1.2 

Cement A and river sand used in all mixes with 
admixture X added when used. 

*From concrete mix of 1:2:4 by weight, 20 mm crushed 
granite coarse aggregate. 



Effect of surfactants on the hydration behaviour 
of cement pastes 

Effet des substances qui sont actives sur la surface a la reaction 
d'hydratation des pates de ciment 

0. HENNING, Prof. Dr. rer. nat. habil. et L. GORETZKI, Dipl.-Chem., 
Hochschule fur Architektur und Bauwesen Weimar, DDR. 

SUMMARY 

Surfactants, which are used as water reducing agents or cement dispersing agents, influence 
also the hydration mechanism of cements. A systematic review about the known cement dis
persing surfactants is given. Particularly the chemical structure, the molecular. size, 
and the origin of surfactants were taken into consideration. 
One group of short-chain surfactants investigated by us are composed of sulphonated 
dicarboxylic acids esterified by several aliphatic alcohols. In addition the chain length 
of ester groups was systematically increased by ethoxylation. 
The results show dependences of the effect of agents on the hydration and the structure of 
agents. Rheological properties such as workability and apparent viscosity show the effect 
of plastification of cement pastes depending on the degree of ethoxylation and the chain 
length of alcohols. The wettability of cement powder, depending on the contact angles de
termined by capillary tests, is largest on medium ethoxylation degrees. Strengths after 
1 day and 28 ·days are highest if 5 to 10 molecules of ethylene oxide were incorporated 
into the alcohol rest of the ester group. 

RESUME 
Combinaisons, ~ui soot actives sur la surface, qui soot utilisees en qualite des agents 
pour r~duire 1 eau ou agents qui dispersent le ciment, influence sur le mechanisme . 
d'hydratation des ciments. Une discussion · systematique sur les combinaisons qui soot 
actives sur la surface, qui nous conna1ssons, est don~e. Sp~cialement la structure chemique, 
la grosseur des mol~cules et l' orig ice des agents qui soot actives sur la surface, on prit 
en consid~ration. · 
Un groupe des agents qui soot actives sur la surface, que nous avons explore est compose 
des acides sulfamides dicarboxyliques qui sont esterfl~ par divers alcools aitphatiques. 
La -longeur de chaf'ne des groupes des esters etait augmente systematique par l' ethoxylation. 
Les reeultats montrent les d~peodances de l'effet .des agents sur la hY.dratation et la 
structure des agents. Les proprietes rh~ologiques comma la maniabilite et la viscosite 
ap2arente montrent l'effet de la liquifaction des pates du ciment qui dependent du degre 
d'~thoxylation et de la longeur de chatne des alcools. La mouillabilite de la poudre du 
ciment, qui est determin~ fermee ·en dependance de l'angle de contact par des experiences 
capillaires, est le plus large medium en degres d'ethoxylation. La resistance apres 1 jour 
et apres 28 jours est la plus baute si 5 molecules de l'oxyde d'etbylene oat ete absorbe 
dans le reste d'alcool du groupe d'ester. Plus OU moins de 5 - 10 molecules menent a une 
resistance diminuee. 

835 



INTRODUCTION 

In recent years many iaves~igations have 
been performed in several countries in the 
field of concrete admixtures. The aim of 
these' investigations was to improve some 
properties of concrete and to reduce the 
costs of production of concrete (1 - 8). 

Concrete additives are mainly used to im
prove the following properties: 
1. Improved workability without increasing 

water content (dispersing effect) 
·2. Decreased water content at the same 

workability (increased strength) 
3. Impr~ved penetration and pumpability 
4. Reduced unit cost of concrete (9) 

CEMENT DISPERSING AGENTS 

It has been shown that both short-chain 
and long-chain surfactants can be used as 
cement dispersing agents. They can be made 
synthetically or obtained from natural 
products. A general review including an 
indication on the most important groups 
is shown in fig. 1. 

I Cement Dispersing Surfactants I 

Long Cha~f"l-~-----~ 

~Natural Products 
- Lignins 

l;Carbohydrates (poly) 
Proteins 

~~~~~~~~~~ 

I Synthetic Products 
1 -Vinyl Latices 
i - Formaldehyde Condensate 

Short Chains 

Natural Products 
-Rosins 
- Carbohydrates (mono) 

S nthetic Products 
- Nonionic 
-Anionic 
- Cationic 
- Amphoteric 

Fig. 1 - Cement dispersing surfactants 
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Natural Long-chain Surfactants J 
Lignins 

Carboh drates (pol ) 

n<2000 

HO~H CHJ2 HJ i 
HO H 

H 0 H 

Dextrins 

Protein,s 

Products of Hydrolysis of 
Animal Proteins 

n 

Fig. 2 - Natural long-chain surfactants 
with cement dispersing properties 

I Natural Short-chain Surfactants I 
~Rosins . --r-

Salts of modified rosin acids 

~C3H7 .. 
Me - Na: K• HJC COOMe 

Saponified Talloil 

HJC-(CH2)m'(C•Cf,.....H .. 
m 7 ... 9, n 1..3 W' ~CH2)m-C00Me 
Me Na, K. 

~Carbohydrates (mono) r-
Sorbitane-fatty acids 

c"o .. HJC-(CH2)n- :0 
n>12 HO-CH2-(HCOH)4-CH2 

Heptolactons H H C>iH H 
I I I I I 

Hic-1-r-1-T-rl·o 
.. 

I ()-i ()-i ~ ()-i OH 

Fig. 3 - Natural short-chain surfactants 
with cement dispersing properties 



s nthetic Long-chain Surfactants 

Vinyl Latices cH3-<CHz-~H)n-CH 3 
R 

CH3-(CHz-~H)n-(CHz-~H-CHz-CHz)m-CH3 
R S03Na 

m 1...200 n 5 ... 300 
R -OH, -Cl, -CN, -COOH, -COOCH3 

Formaldeh de Condensates 

with Amines H-(NH-CO-NH-cH2>n-H 
Urea 

i ~Hz S03Na1 
N~'N ~H2 

H I II I 
H O-CH2-N-C~N",. ... C-N-CH2 nH 

Sulphonated Melamine 

with Aliphatic Compounds 

:::::: .. ::~.HrCH:~:~:-tH 
l~3Na n 

with Aromatic Compounds 

H~CH2jH 
l@s03N n 

Salts of B-N•phthaline-
0 sulphonic .Acid 

R CH2 H and of sulphonated 
s0:3Na n Aromatic Hydrocarbons 

Flg. 4 - Synthetic long~chain surfactants 
with cement dispersing properties 

A closer investigation into individual 
examples of long-chain and short-chain 
surfactants (figs. 2 - 5) indicates that 
a specific molecular structure is re
quired for a dispersing action on water/ 
cement systems. 

It seems to be essentiai that not the 
length of chains but the presence of hydro
phylic and hydrophobic groups in definite 
distribution is most important. 

For the characterization .of the dispersing 
action the degree of plastification ~ .was 
used which is defined as 

il\v - .AMO 
~ = m;; 

slump without admixture 
slump with admixture using the same 
mortar 

nthdic Short-chain Surfactants 

Nonionics 

R10-(CH2-CH-O),;-H n 3 .. . 15 
R2 R1 -phenyl, -alkyl, 

Anionics 

R-S03Me 

R-O-S02Me 
R-COOMe 
R, 
R-P=O R/ 

Cationics 

Amphoterics 

-aryl 
R2 -H -CH3 -CzH5 

Me Na: Kr Mg2~ cai.· 
R -alkyl, -aryl 

X -Cl, -Br 

R -H, -alkyl, -aryt 

X H; Na• 
R -alkyl, -aryl 

Fig. 5 - Synthetic short-chain surfactants 
with cement dispersing properties 

~------ ------ ---------
TABLE. I 

Surfactant cxv Author 

Ligcicsulphonate . 0,33 LEWANDONSKI 
Dextrin 0,40 OHS MANN 
Proteins 0,50 BONIN 
Melamine-Formaldehyde 

Condensates 0,.3.3 HATTORI 

~-Naphthalice-Formal- 0,58 HATTORI dehyde Condensates 
Propylene/Ethylene 0,41 DEBUS Adducts 
SBM-10 o,42 this paper 

Table I shows optimum degrees of plastifi
cation of some surfactants. A vigorous 
plastificating action is effected by long
chain organic molecules of large molecular 
weight having a high portion of hydro
philic groups distributed over the whole 
molecule. 
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At decreasing molecular weight, decreasing 
degree o~ cross-linking, and only a few 
hydrophilic groups placed at the ends of 
molecule, the action of plastification of 
long-chain molecules decreases. 

Moreover the formation of pores had to be 
considered when surfactants are used. 
Resulting 9111Cropores have an unfavorable 
effect on the strength of concrete. Stable 
micropores have a plastifying ·effect 
(ball bearing model). Surfactants having 
such an effect are mainly short-chained 
substances. 

The effect of long-chain surfactants can 
only depend on an,other mechanism because 
in this case a good plastification occurs 
when only a few pores a.re present. As an 
explanation a different model has to be 
taken using the adsorption behavior. 

The~e are some surfactants which are based 
on both kinds o~ mechanism (dispersing and 
air-entraining agents). 

EXPERIMENTA!i 

The aim of our investigation was to find 
and prepare cement dispersing surfactants 
which are expected to must have a parti
cularly good effect. Compounds of the 
following structure were prepareda 

o~ HH ~o 
C-C-C-C H H 

' , ' Nao I H OtC-C-01:R 
S~Na H H n 

These compounds were synthetized from the 
anhydride of maleic acid, sodium hydrogen
sulfite, aliphatic alcohols and ethylene 
oxide. Twelve different compounds were 
prepared (Table II). - - - - - - - - - - - ------TABLE' II 

Name R n 

SBM-1 -C12H25•••-C14~9 0 
SBM-2 " 3 
SBM-3 " 5 
SBM-4 " 10 
SBM-5 " 20 
SBM-6 n 40 
SBM-7 -C16H33•••-C1aH37 0 
SBM~ n 3 
SBM-9 " 5 
SBM-10 n 10 
SBM-11 fl 20 
SBM-12 n 40 
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For testing the efficiency, the wetting 
behavior, the rheological properties, and 
the behavior of strength were examined. 

The wetting oehavior was determined by 
means of a method based on the unopposed 
penetration of the liquid into a plug of 
cement powder in a glass tube. Using the 
WASHBURN equation for the flow of liquid 
through a capillary (10) i* was poss1ble 
to calculate from the rate of penetration 
the magnitude of the advancing contact 
angle and the energy of adhesion between 
the liquid and the cement powder (fig. 6). 

80+-·--t---~----+-

~ 
en c 
~ 4 .._._-·--+---+-->+----+ 

u 

"' c 
0 
u20--~--~----+---<>----+~-

O+-~---;~~---o~-+-~ ..... -t-~--t 
10-6 10-5 10-4 10-3 10·2 m~l 10-1 

Concentration of SBM 

Fig. 6 - Contact angle of SBM solu~tions 
on cement powder as a function 
of concentration 

>.25 
O'l .1. 
~ kg 
c 
w20+-~------~r-
c 
0 
Ill 
~ 
£ 15--~----.~---+-~~--+-~~--------
-0 
< 

10+-----+-----+------~----t--__. 
1ff5 10-4 1ff3 1ff2 1 o-1 m~I 

Concentration of SBM 

Fig. 7 - Adhesion energy of SBM-3 solutions 
as a function of concentration 

With increasing concentration of SBM the 
contact angle decreases and within a 
definite range or concentration it becomes 
zero. At higher concentration the angle 
rises again. This behavior is typical of 
all SBM admixtures. The calculated en~rgy 
of adhesion is at its maximum using medium 
concentration (fig. 7). 

The influence of admixtures on the flow 
behavior can be measured by suitable 
rheologica.J. methods (11). In this paper 



the slump was used to obtain the degree of 
plastification. The slump increases at 
constant water/cement ratio as it occurs 
with all plasticizers. Reducing the water/ 
cement ratio at constant concentration of 
the admixture the slump decreases and at 
a definite w/c ratio the same slump is 
reached as with a system without admixture / 
at a w/c ratio of 0,5 (fig. 8). 

a.cm 

E 
::J 
ii) 

20 

' 
10.6-~~~+-~~~+-~~---t 

0,5 0,4 0,3 w I c 0,2 

Fig. 8 - Principal connection between 
w/c ratio and slump on the 
addition of plasticizers 

There is a non-linear function between the 
slump and the concentration (fig. 9) 
within a range of concentrations at which 
the slump changes only slightly. 

20-l---1---- ------+
o. 
E 
J 

iii 
15!-J_-=--~~:::::::::::=--i---

0,1 0.2 
Concentration of SBM 

Fig. 9 - Slump of mortars as a function of 
the concentration of SBM additives 

At an increasing degree of etho:xylation 
the effect of plastification becomes·more 
effective as shown in f'ig. 1 o. The 
shearing stress was determined by means of 
a special shearing device. An optimum 
effect of' plastification occurs at the 
inserting of' 5 - 10 molecules of' c2H40 
(Table III). . 

The slump at w/c ratios smaller than 0,5 
(to 0 3) is still greater than without 
admi~ures (see fig. 8). But compressive 
strengths show the expected increase at 
reduced water/cement ratios as is shown 
in f'ig. 11. 

In addition an increase of the initial 
strength at constant w/c ratios caused by 
the action of the admixtures was found to 
occur. 

g1, 
-~ 

"' . .s::. 
Cl) 

0 0~--5~---110~---2+0---------140 

Moles of Ethylene Oxide 

Fig. 10 - Shearing stress of cement pastes 
as a function of the content of 
ethylene oxide 

o SBM-1 ••• SBM-6 • SBM~7 ••• SBM-12 

a- - - - - - - - - -
TABLE III 

Admixture cxv 

·SBM-1 o, f1 
SBM-3 o,3a 
SBM-6 0,36 
SBM-7 0,25 
SBM-10 0,42 
SBM-12 0,38 

Degree of plastification of SBM admixtures 

£50---~~..--~-r-~~--. 

g'MPa 
~40+----+---:,,;...e:.:+---___..:::_~ 
If) 

ell 
- ~306£..-----...._--+----~ 
Ill 
Ill 

. ~ 20~_.,,."--f----:.,IC-+------1 
E 
0 
u10~-----<'---+--------" 

0+-'--~+-~-+--~~---1 

1 3 7 28d 
Time of Hydration 

Fig. 11 - Compressive strengths of cement 
pastes as a function of' 
water/cement ratio 
1 withput addition, w/c = 01 50 
2 0,01 mol/l SBM-3, w/c = 01 50 
3 " w/c = 01 40 
4 " w/c = 0,35 
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CO:OOLUSIONB 

Based on a summarizing survey of the cement 
dispersing agents used, some general 
aspects of the structure of cement disper
sing substances were deduced. Starting 
from this, corresponding compounds were 
synthetically prepared, which are expected 
to have a good efficiency. 

Starting point was a basic molecule con
taining carbo:xylic and sulphonic groups, 
which was systematically modified. By 
Qleans of rheological and strength investi
gations the expected efficiency was con
firmed • . Moreover a r ·elationship between 
the plastif'ying effect and the wetting 
behavior of the cement was found. 

This paper deals with problems which are 
part of the research programme at the 
VEB Fettchemie Karl-Marx-Stadt DDR. 
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Air entrained")Jores in concrete 

Air occlus dans le beton 

Dr. Hans MARTIN, 4400 Steyr, Autriche. 

RESUME 
·c•est un fait bien connu que la resistance au gel et au sel antigel du beton peut etre atteint seulemnt par 

l'introduction artificielle d'air sous forrne pe bulles fines. La quantite d'air entrainee sous forme de bulles 
fines est determinee aujourd'hui par des procedes macroscopiques assez bien perfectionnes, en general par 200 
essais de gels et de degels successifs dans une machine frigorifique. Quant aux petits chantiers, pour lesquels 
telle depense serait trop elevee, il y a assez de . regles pour une determination empirique. 

L'Auttiche est situee dans la zone limite variable entre le clirnat atlantique et le clirnat continental et c'est 
la raison pour laquelle il faut tenir compte d'une sollicitation alternee gel-degel tres frequente po11r les 
ouvrages. Durant des mois le point de congelation est depasse environ deux fois par jour. Pour les barrages dans 
la haute-montagne les fluctuations de temperature quotidiennes peuvent atteindre 60°C/140°F. C'est la surtout que 
la question de l'air entrainee est brulante. L'influence du gel permanent sur le beton est mains iportante. 

La formation de bulles d'air peut avoir lieu seulernent dans la portion du ciment. En Autriche on utilise pour la 
plupart du cirnent Portland seulernent, avec des additifs a savoir laitier, cendres volantes ·et trass. Il est a 
presumer que le procede de la prise est un fait bien connu. Il a lieu d'apres les lois de la physique des corps 
solides. Les travaux y relatifs ont ete recherches par un microscope electronique a transmission et publies . il y a 
bien longtemps. 

Quant a l'introduction d'air dans le cirnent durci, on n'en sait rien. Pour cette raison le rninistere ·de la 
construction d'Autriche a passe comrnande pour une recherche scientifique au "Zentrum fur Elektronenmikroskopie" 
Gra2. Cet institut est engage d'une part a l'universite et d'autre part a l'industrie. Chef de l'institut est le 
professeur Grasenick. Les recherches ont pour but la determination de la forrne des bulles d ' air, leur cornportement 
par rapport a leur milieu - le be ton de cirnent - ensui te les modes d' introduction possibles a savoir :'.es types 
aptes a former des bulles d'air. En outre, le compor.ternent de l'air occlus sous l'influence du degel e~ de gel 
sera a l'et~de . Ces recherches ne sont pas encore terminees etant donne qu'il s'agit de problernes techniques et 
et experimentaux tres difficiles. De plus, il aura lieu de determiner l'aspect des bulles d'air au bout de plusi~ 
eurs annees et de constater si elles se ferment ou si elles restent preservees. On a fait des essais dans le 
microscope electronique a balayage sur des eprouvettes de beton agees de plus de 20 ans et prelevees a des 
centrales d'energie et des autoroutes. Les problemes seront comrnentes en s'appuyant sur les essais effectues et on 
presentera des photos y relatives du microscope electronique a balayage sur l'affiche. 
SUMMARY 
----rti:S well known that resistance against freezing and against thawing salts in concrete can only be obtained by 
means of introducing air pores. The amount of air pores to be entrained is today already determined with well
defined methods, in general by 200 freezing - thawing cycles in a freezing machine . For smaller building sites 
;or which this method would be uneconomical there exist sufficient empirical rules for determining the required 
amount . 

Austria is situated at the flowing boundary of atlantic (oceanic) and continental climate, thus a very frequent 
change between freezing and thawing has to be taken into account. For months the freezing point is crossed at 
least twice daily. At darns across valleys in the high mountains (Alps) daily temeratur fluctuations may amount to 
60 centigrade (140°F). There the problem of air pores is especially important. Long-lasting frost, however, is 
of less influence upon concrete. 

Air pores can only be formed in the cement portion of the concrete. In Austria nearly exclusively Portland 
cement mostly with addition of slags, flue dust, and optionally trass is used. The setting process of concrete is 
well known. It runs off according to the laws of solid-body physics. Papers on this item habe been worked out in 
the TEM and habe been published some time ago . 

There is practically nothing known, however, about the incorporation of air pores into hardened cement. 
Therefore, the Research Centre for Electron Microscopy in Graz, Austria, obtained a research order by the 
Austrian Ministery for Structures (Buildings) . That Institute is shared in equal parts by the University and by 
the industry, respectively. Head . of the Institute is Prof.Grasenick. According to the Research Order the shape of 
the air pores, their behaviour with respect to their environment i.e . the cement stone, and also the possible 
ways to introduce them (possibilities of forming air pores) should be determined and studied, respectively. 
In addition, the behaviour of the air pores under the influence of thawing salts and at the ice formation is 
studied. The last-named studies are not yet terminated because of the difficult technical-preparative problems 
involved. Also, it should be determined how the air pores . look like after periods of years, whether they grow 
together or remain unaltered. Over 20 ye~r old concrete samples form high-way-roads and power stations have 
already been examined in the scanning electron microscope. The problems mentioned shall be discussed by aid of 
the conducted experiments and relating scanning-electron-microscopic pictures will be shown in posters. 
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In pri..nciple, the conglomerate concrete is a ternary 
compound. Due to external conditions, air may be 
added, however, as a fourth component to the 
components PC, aggregate and water. This does not 
mean air being present in the mixture because of 
insufficient compaction or an excess ·of water in the 
mixture, but air that is introduced artificially 
over various media. These air bubbles always have an 
approximately spherical form. 

'The enthalpy of formation is high, due to the high 
temperatures used in the burning of PC, and 
corresponoingly also the inner potential plateau in 
PC is high. The generally known basic components 
c3s etc. are unstable compounds. 

Water is a very mobile combination, perhaps the most 
mobil at all. The transitions f:om molec~l~ to ion 
are achieved in periods from 10 11 to 10 seconds. 
This also explains the high ability for solution with 
many substances. Now, if water is mixed with PC, the 
marginal layers of the cement grain are released from 
the bond as ion or molecule~ Tests with isotopes of 
Ca, Si and Fe have shown that these particles are 
able to overcome large distances in short periods of 
time. It should be mentioned, however, that during 
the tests 2 cm had been considered as a very large 
distance, while under practical conditions the 
distance will be only about 100 to 1000 nm. 

The s olution is first saturated, then oversaturated 
and by recrystallisation now formations of growing 
up crystals are produced. Since the matrix is cognate, 
on the etched surfaces of the cement grains most of 
the new crystals will be of epitaxial kind, the rest 
topotaxial. In ac;~~~;~;;-;I~~-~~;-I;ws of solid
state physics, the new formations should have a 
geometrical system of growing up crystals, but here 
they cannot have this kind of growth since the space 
is restricted. Therefore, they must grow statistical
ly and this is also confirmed by pictures of the 
electron microscope. 

Previously formation of gel in the marginal zone of 
the cement grain had been assumed as a working 
hypothesis. This certainly originates from the 
evaluation of the light-optical microscope which, 
however, by no means is in a position to supply the 
magnifications required to clarify the marginal 
conditions of the cement grain. The formation of gel 
is impossible at the transition from the cement grain 
to cement stone, for this would be in contradiction 
to the ·1aws of solid-state physics. In · order to 
obtain a maximum energy gain the elementary crystal 
must form itself in accordance with certain rules. 
Any further monocrystais are added in such a way that 
more and more energy is won. This is also the reason 
for the high strenght values of new formations. 

Cement is burned from products which due to their 
geological compositions contain a large number of 
different minerals. This causes dislocations in new 
formations which, as a consequence, lead to a 
differing formation of the crystallization forms. An 
exact mineralogical definition is possible in a few 
cases only. 

Crystallization leads to an interlocking of the cement 
grains and after a short time the crystal system 
shows higher strenghts than the cement grain itself. 
In the case of a break, the cement grain and not the 
prystal system will be torn apar~. 
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There are no capil.laries in the cement grain; this is 
clearly proved by great magnifications. The linkage 
is exclusively achieved by new formations. 
Le Chatelier's assumption has proved to be absolutely 
correct. 

According to pictures made in the TEM the distance 
between the cement grains is approximately 100 nm 
after hardening. However, the release of marginal 
particles of the cement grain in water continues, the 
crystal system solidifies and this explains the 
increasing strenght caused by aging. Interlacement 
in the cement stone is so dense that the latter may 
be considered as watertight. On the other hand, the 
system• is permeable formed by the constant trans
formation of water. They may pass and thus settle on 
all parts of the cement stone. Movement is then 
provided by temperature differences on the outside 
layers. 

The bonding of cement stone to the aggregate is like
wise achieved by recrystallization. Since, conditioned 
by the aggregate, the matrix differs greatly, the 
growth may be of epitaxial nature, but in most cases 
it will be topotaxial.'In both cases the grown up 
product must have a statistical structure, since there 
is not enough space for geometrical systems. 
The cement-water solution in many respects is the out
standing bonding agent·. It can form itself to a solid 
body, i.t can bind to aggregate, it penetrates through 
the oxide layers of steel and builds up a rigid 
connection on the metalically bound iron. Inspite of 
its high strenght it has a weakness: it can resist to 
crystallization pressures in its interior only to a 
limited extent. In many regions this is of no 
significance, for instance when there is no frost or 
when there is only permanent frost. However, if 
concrete is exposed to many changes of frost to 
thawing weather and vice-versa efforts must be made 
to protect him. 

Somewhere about the year 1938 it had been found in the 
USA that, when using certain types of cem~~t in road 
construction, freeze-proof concrete could be produced, 
with others not. · 

During that time we had lost contact with inter

national science and thus we learned about works of 
this type only about 1950. 

Austria is a country which is subject to a large 
number of changes in the zero-centigrade border due to 
the transition from the atlantic to the continental 
climate and the Alpine meteorogical devide. 

Every power station, every bridge, every patch of 
motorway concrete has to be adapted to winter 
conditions. Moreover, Austria is a transit country, 
therefore motorway cincrete has to be treated, in 
addition, with thawing salt in order to keep the 
roads open for traffic. ,, 
Both freezing water and thawing salt produce high 
crystallization pressures in the interior of cement 
stone . As already mentioned above, the crystal systeme 
which generally provides the connecrions in the ceme~t 
stone and in concrete, is permeable for water ionic 
form • . Then it can-and it does in fact again change to 
the molecular conditions also. ·In every case it may 
freeze. Only iee I is involved, either as ich Ic· or 
Ih. Ice Ic may be considered as metastable . For 
economic reasons, almost exclusively NaCl is used as 



thawing salt, only at very low temperatures Cac1 2 . 
Ionically dissolved both compounds penetrate into 
concrete up to a certain depth, then they recrystal
lize. As chemical compounds, they are without 
influence on concrete, but the crystallization 
pressure is to mention. 

Crystallization pressure above ice formation and 
recrystallization of thawing salts are very high, 
they may be absorbed by concrete (most prominent 
component: cement stone) only to a limited extent. 

By artifically introduced air bubbles it is possible 
to absorb these crystallization pressures. As a 

·matter of fact, it was by mere chance that they 
discovered in the USA that by using Vinsol, concrete 
for road construction can be made freeze-proof. 

Somewhere about the year 1950, they started also in 
Austria to introduce air bubbles into concrete 
which is endangered by frost . Initially tensides 
such as for instance spent sulfite liquor or Vinsol 
had been used. Over the long run spent sulfite 
liquor did not perform very well since its quality 
is too production-dependent. Depending on the type 
of wood used and the type of processing, mixtures 
of hexoses and pentoses will result which may have a 
detrimental effect since sometimes sugar has a good, 
in most cases, however, an unfavourable effect on 
concrete. It is difficult to control it anyway . 
Although as a natural product subjected to certain 
fluctuations, v 'insol is the most customary tenside 
and also the most used one. A prerequisite is that 
it must be basified: it should have a p8 value of 
more than 10. 

Marty tensides are obtained in the chemical industry 
as by-products which could gain importance, but among 
thousands of possibilities marginal conditions are 
given. 

A tenside that should be introduced as an air-bubble
carrying material into concrete must ensure a certain 
bubble diameter, the bubbles must not be destroyed 
during the transport from teh mixer to the site, and 
they also have to resist to compaction . In such a 
case also the price is of significance, for in an 
order of many millions of cubic metres of concrete 
the use of air-bubble entraining agents is also an 
element which has to be taken into account also from 
a financial point of view. 

The economic researches and the use and the required 
amount of additives will be determined macroscopical
ly in the Test Institute or by the sitelab .. 
However, the combined effect of air bubbles and 
cement stone cannot be solved in such a way, ~ for 

high magnifications are necessary in such a case. 
Here it is of importance to recognize the inter
relationships ih orde·r to classify the various 
possibilities for the entrainin~ of air bubbles. 

These considerations prompted the Federal Ministry 
of Works in Austria to give to the Centre for 
Electron Microscopy in Graz a research assignment for 
exploring the behaviour of air bubbles in concrete. 
The director of that institute is F. Grasenick, the 
preparation, the direction of picture-shooting and 
the supervision of the microscopes used was in the 
hands of Mrs. J. Blaha. 

From approximately 2000 pictures made of cement, 

1
aggregate, steel, and air bubbles it resulted that 

for pictures on which cement should be perceived a 
magnification below the 20,000-fold does not supply 
any definite information, but only - at most - a 
general idea. Useful are magnifications between 
the 60,000- and the 100,000-fold. Such pictures can 
be taken in the .TEM only, preparation requires 
special experience. 

This is different when taking pictures of artifi~ 
cially introduced air bubbles. In order to perceive 
the bubble at all, you must operate within a range 
of 1,000- to 7,000-fold magnification. For this 
pupose the REM is most suitable. It works very fast, 
an instantaneous shot may be made, and, moreover, 
a microanalysis which may be evaluted immediately . 
After having obtained a general idea, it is useful 
to make a picture of the inerior zones of the air 
bubbles with the maximum magnification to be 
achieved with the REM. However, an identification 
of the marginal zones of the air bubble requires 
much higher magnifications which can only be 
obtained in the TEM. For their evaluation great 
practical knowledgP. is needed. 

Perfect investigations on cement stone can be made 
on fractured surfaces only. Cuts and subsequent 
grinding destroy the marginal zones, leave a heap 
of rubble on the bottom of the air bubble, the field 
of observation will be soiled to such an extent that 
neither pictures taken with the REM or the TEM nor 
a microanalysis will supply any conclusive evidence. 

The pre~aration of fractured surfaces for TEM and 
TEM is difficult and requires great care. For the 
REM, gold-sputtering was chosen for the samples to 
be tested. Difficulties arise from the height and 
depht differences caused by the fracture. 

In the TEM these differences of ·height anq depht 
become still more apparent. By the fracture the air 
bubble suffers ·a sharp break, for its irradiation a 
Carbon-layer has to be applied which in many cases 
is torn off at the edge of the air bubble, even if 
gold-reinforced. 
But this is of no importance if only the marginal 
zone remains undamaged. Thus, pictures could be 
taken which with a 600,000-fold magnification 
supplied information about th.e state of this 
marginal zone. 

There are many possibilities to introduce artificial 
air bubbles into concrete. In general, this is 
achieved by means of tensides corresponding to the 
previously mentioned conditions. However, it is 
also possible to use prefabricated hollow bodies 
with a shell consisting of thermoplast or 
polyurethans. 

In the subject tests the behaviour of air bubbles 
introduced via Vinsol, then via a tenside produced 
by Huls-Marl, a thermoplast hollow body from AKZO 
and a PU hollow body from Bayer have been investi
gated. Although all of these products show different 
structures it was a great suprise that under load 
they all behave in the same manner. 
In tensides the molecules turn with their hydro
philous part towards the outside, the hydrophobe 
part keeps away water so that a waterfree space is 
created which indicates the air bubble. Yet this 
molecularly formed "hedgehog" could not endure 
permanently, it needs support. As usual, cement 
stones is formed on the outside according to its 
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crystalline structure and keeps at first its shape. 
Simultaneously on the inside of the air bubbele 
margin a tiny, but very dense support structure is 
formed which fixes the air bubble. There is no doubt 
that the tenside layer allows ions to pass, and the 
same is surely true also for the support structure. 
Whether or not these two layers allow also molecules 
to pass cannot be said as yet, however, this problem 
is of minor imoortance because almost all components 
of cement, thawing salt and, of course, also water 
may be figuring ionically. Likewise it cannot be 
c'larified as yet whether or not tensides are 
persisting after their use, here magnifications of 
at least 1,nm will be required. The microscopes 
certainly can do the job, but the problem of 
preparation is still unsolved_. But this is not an· 
important question, what matters is only that the 
air bubble fulfils its function. 
The permeability of the tenside layer and of the 
support structure means that ionically solved water 
and thawing salt may penetrate into the air bubble. 

Crystallization pressures are very high, but the 
enlargement of volume caused by them is relatively 
insignificant. Only little hollow space is required 
to allow well p'repared cement stone to absorb the 
rest of the crystallization pressure. 
This task is performed by the artificially int·roduced 
air bubble. 

This is proved by pictures taken from samples of 
more than 20 years old concrete. Water may penetrate 
into the air bubbles and freeeze without doing damage 
to cement-stone, just like thawing salt sinuners down 
in the pore. The process must be reversible for it is 
repeated often. 

After thawing water is withdrawn from the air bubble 
to such an extent that only the rest (corresponding 
to the steam pressure) is left. As shown by pictures, 
thawing salt forms -topotaxies on the inside of the 
air bubbel which, however, remain within certain 
limits. 

To investigate old air entrained concrete, samples 
had been drilled out of the concrete used in the 
power station of Ybbs an der Donau (200 MW, 1250 GWh) 
built from 1954 to 1957, and from two patches on the 
motor highway A 1 where the concret~ had been laid 
during the same period. In order to avoid any 
damaging, the samples had been removed by diamond 
bits. It was intended to find out whether or not the 
air bubbles are still efficient after such a long 
time. 

' ~very river is moving finest particles in its boulder 
drifts. The Danube - within the Upper Austrain 
territory might be classified as a torrent - produces 
a lot of small material due to turbulences. Conc~ete 
samples had been drawn from the sluice wall, the pier 
wall and a weir pillar. 
The pictures taken in the REM have shown for the 
sluice wall that the air bubbles are provided with a 
thick interior lining of fine mud up to a depht· of 
approxinately 2 cm. This proves that the air bubble -
at least after some time - is also permeable for 
material beyond the molecule range. Perhaps in this 
case also the outside stress is decisive, the strain 
by the numerous lock lifts is high. In a depht of 
more than 3 cm the air bubbles were free of any fine 
particles, the natural interior grown up crystals 
~ere clearly.discernible, the reduction of the volume 

844 

of the air bubble is affected only very little. 

The examined weir pillar is subject to different 
outside effects. By the continuous flow of water 
around the pillar there is no fine mud, the air 
bubbles are free from it. 
Also here, within the area of rapid fluctuations of 
the water level, only the usual subsequent crystals 
will be found in the interior of the pore, they 
affect the volume of the· air bubble only slightly. 

On the above mentioned places of the motor hinghway 
A 1 - they are located within the section Enns-Linz
Sattledt, in a zone which is heavily affected by a 
change of frost and thawing - it was intende9 to 
determine the long-term stresses of ice pressure and 
simultaneously the effects of thawing salt. The 
combination of crystalliz-ation pressures from ice 
and thawing salt causes a lot of changes of the 
interior pressure so that surprises had to . be 
expected. Then it was surprising that in spite of 
ice, recrystallization of thawing salt and the usual 
calcium oxide hydrates the volume of the air bubbles 
was reduced only up to a maximum of 30 %. 

Due to the _high processing speed of the concreting 
machine units, the air,bubbles are smashed in the 
uppermost concrete layer and the laitance is drawn 
upwards. This uppermost layer is then also the 
weakest part of the roadway-platform concrete which, 
however, is quickly removed by the braking and 
acceleration manoeuvres of heavy motor vehicles. This 
unfortunately results in track grooves. After the 
removal of this thin upper . layer a perfect, freeze
resistant and thawing-salt-proof road top layer will 
be left. 

We are able to prove these facts clearly in the REM 
an the TEM. 



Essai d' action d' addition polyfonctionnelle sur les betons 

Study of action of multi-purpose admixture upon concretes 

BAGENOV Y., professeur, docteur d'etat, chef de chaire, 
RA TI NOV B., professeur, docteur d'etat, 
ROSENBERG T., docteur d'etat, 
TCHUMAKOV V., docteur d'etat, directeur de l'lnstitut du beton arme, URSS. 

:Resume 
Les additions complexes qui se composent de deux et plus matieres organiques et minerales 
perrnettent renforcer entrainement de l'air augmenter la plasticite de betons frais, 
la compacite et la resistance au gel des b~tons. Combinaison de deux additions hydrophobes 
(abietat de sodium et brai de goudron de bois saponifiable) renforce entrainement de l'air. 
Le. valeur d'entrainement de l'air est additif. 
Les additions complexes se composent de mati~res homonenes augmentant la plasticite de 
betons frais conf'orm&ment a principe d'additivite. . 
L'effet de renforcement reciproque existe en cas d'utilisation d'additions de composants 
dont le m~canisme de plastification est different~· · 
Les additions complexes qui se composent de matieres organiques ralentissent la prise 
du beton. 
Ltutilisation d'additions qui se compose de matiere organique et electrolyte pennet de 
diriger le prix du beton en utilisant le propriete d'electolyte d'accelerer la prise du 
beton. 
Les additions qui se composent d'electrolytes et d'adjuvants entraineurs d'air augmentent 
la compacite du beton. Les additions qui se composent d'electrolytes, nitrites - nitrates 
- chloru~es de calcium (NNHK) abietat de sodium (SNB) augmentent la resistance au gel 
du beton. 
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En examinant l'action d'additions sur les 
liants mineraux on considere le schema 
cristallin pour le durcissement de celles
si. Selon ce schema les phases metastables 
se dissoudrent avec formation de solutions 
sursaturees par rapport de composees hyd
ratees qui cristallisent sous les phases 
finales et intermediaires. 
Par consequent les processus d'hydrata
tion de liants mineraux on peut conside
rer corn.me un ensemble de processus dont 
la vitesse est limitee par solubilisation 
des phases initiales. 
La resistance de pierre de ciment de la 
dispercite est faciee de produits d'hy
dratation et aussi de liaisons entre eux. 
L'espece de contacts essentiels est coagu
lant jusqu'a la formation de structure 
capillaire et poreuse. Par la suite sur 
le fond se ferment les contacts cristal
lins "atomiques" et contacts cristallins 
"de phase"; qui assure la formation au 
debut la carcasse cristalline et par la 
suite sa consolidation. Les contacts· 
d'assemblage direct predominant dans les 
liants monomineraux. 
La structure de liants polymineraux se 
forme en resultat d'engrenage et d'enche
v~trement des cristaux. 
L'espece poreux se forme en m~me temps 
que la phase solide. Celui-ci et les for
ces d 'adhe.sion entre la pierre de ciment 
et de granulats ont une grande influence 
sur la propriete des betons. 
Essai d'action d'additions differents 
sur les processus de dursissement de 
liants mineraux permet choisir la compo
sition d'additions multicomposants. Ci
dessous on fait l'analyse de l'influence 
d'additions multicomposants sur l'entrai
nement de l'air, la plasticite, la duree 
de prise et la ~tructure de ~ierre de 
ciment ce que determine la resistance a 
la compression et la resistance au gel 
des betons. 

1. L'entrainement de l'air 
Les additions qui s'adsorbent sur les 
liants et ensuite sur les cristaux de 
nouvelles phases possedent la ~ropriete 

. d'entrainement de l'air. Ce phenomene . 
depend de tension superficielle a la 
frontiere liquide - air - fr12. 
Moins grande est la valeur de tension 
superficielle plus grand est la valeur 
d'entrainement de l'air. 
La plus grande valeur a·, entrainement de 
l'air donne !'addition hydrophobe qui 
participe dans lea reactions chimiques 
avec les produits d'bydratation de liants 
mineraux. 
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L'introduction des deux additions hydro
phobes comme par exemple abietat de so
dium et brai de goudron de bois ·saponi
fiable peut provoquer l'entrainement de 
l'air dont la valeur est additive en 
presence de petite quantite d'additions 
ou moins d'apres le principe d'additivite 
en presence de grand quantite d'additions. 
Cet effet s 'explique par presence dans · 
le deuxieme cas de "coqcurrence" entre 
les additions. (tabl.1). 

Ceci s'explique de ce que dans le dernier 
cas l'addition dont les proprietes tensio
actifs sont plus grands determine la va
leur d'entrainement de l'air. 
L'addition hydrophile donne le m~me re
sultat. 
L'utilisation de melange d'additions, 
celle hydrophile (SDB) et hydrophobe dont 
la valeur est additive provoque l'entrai
nement de l'air. 
La combi.llaison d'~dditions hydrophiles 
et hydrophobes nous permet obtenir l'en
trainement de l'air stable dont la valeur 
et dimensions de bulles d'air ne depen
dent de consommation du ciment. 
Les additions-"superplastifiants" (des 
produits de condensation acide naphtalene 
- sulfonique ou acide melamine - sulfoni
que avec formaldehyde) ne changent pas la 
valeur de <J12 • 
Ils n'ont pas d'influence sur. la valeur 
d'entrainement de l'air ou bien le dimi
nuent dans le cas d'utilisation acide 
sulfonique melamine - formaldehyde. 
L'utilisation des "superplastifiants" 
avec d'adjuvants entraineurs ·d'air nous 
permet conserver des proprietes de cha
que composant. 

2. L'effet plastifiant d'addition 
co.mplexe 

Les additions plastifiants, ce sont en 
general les matieres organiques qui ab
sorbent sur la frontiere des phases et 
qui diminuent la valeur 6 1;:> OU 1 1 energie 
sur la frontiere solide-liqnide6 32• . 
Les additions "superplastifiants" posse
dent .des proprietes analogues. Ils provo
quent l'effet de desagregation des parti
cules de ciment et de graissage hydrody-

. namique. 
Mais aussi il y a des additions (poudre 
d'aluminium) qui provoquent l'effet de 
plastification en ~sultat de formation 
des bulles d'air qui jouent un rale de 
graissage. Il existe aussi l'effet de 
plastification d'electrolytes, par · 
example chlorures de calcium etc. 
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En ~tudiant l'effet de plastification 
d'addition complexe on a etabli des regu
larites suivantes. 
a) Si les additions complexes se composent 
de m~me classe elles provoquent l'effet 
de plastification additive ou en tout cas 
plus grand que ceci de chaque composant 
(tabl.2). 
Premi~rement, par consequant, l'utilisa
tion en qualite d'addition des fractions 
de produits chimiques dont les capacites 
de plastification sont considerables peut 
augmenter leur activit~ specifique, mais 
elle a une limite d'ap~s ce signe et ne 
peut pas donner augmentation importante 
de plasticite de beton frais. 
Deuxi~mement, le melange de plusieurs 
additions plastifiants de m~me type ne 
donne pas la possibilit~ d'obtenir un 
addition "superplastifiant" par l'effet 
de renforcement d'action de chaque compo
sant d'additi~n complexe. 
L'utilisation de cet esp~ce de m~lange 
est raisonnable au cas que soit la possi
bilite de diminuer le prix. 
b) On peut renforcer l'effet de plastifi
cation au cas que l'addition complexe se 
compose de constituants dont les mecanis
mes de plastification sont differents, 
par exemple ·electrolyte et plastifiant 
naphtal~ne formaldehyde (NF) (tabl.3)o 
On a utilise dans cette recherche comme 
additions electrolytes chlorures de cal
cium et nitrites - nitrates de calcium 
en rapport de 1:1~ nitrites. - nitrates -
chlorures de calcium en rapport de 1:1:2, 
acetate et sulfates socium en rapport de · 
1 :1. 

3. La duree de prise de beton 
avec les additions complexes 

Les agents tensie-actifs augmen1m.t la duree 
de prise de ciment en ralentissant la 
solution /1 I. 
Le facteur compensateur est desagregation 
des particules du ciment /5/ ce qui a une 
grande valeur avec utilisation de "supei:
plastifiants" melamine - naphtal~ne -
fonnaldehyde. 
La desagregation augmente la surface de 
reaction ciment - eau et la vitesse de 
solution des particules du ciment. 
Le f acteur compensateur est aussi la for
mati on de particules dispersionneles avec 
la dimension critique d'ap~s l'equation 
Kelvine 

2Vc fr32 
= RT'Lllft C 

rr.o 
Vt.- volume moleculaire 
R - constante des gaz 

(1) 

T - temperature absolue 

g..._. - sursaturation 

L'action positive sur la cinetique d'b'yd
ratation peut avoir augmentation de vites
se de cristallisation dont la possibilite 
montre !'equation Gibbs - Folmar 

rJ.. = A • e:xp·4*T max /2/ 

tA-- valeur proportionnelle de vitesse 
de formation de germe cristallin 

A - multiplicateur preex;potentiel 
2 

A_Z = ~ 11 W - ·/mergie libre 

R, T et Zkp - les m~mes que dans 
l'equation /1/ 

Les certaines additions organiques peuvent 
augmenter la vitesse d'hydratation en re
sultat de reaction d'echange des ions OU 
coordination (acides carbo~iques, certai
nes amines etc.). 

L'effet de frenage de processus 'd 'hydra
tation qui augmentent avec la concentra
tion d'addition predomine pour la plupart 
d'additions or~aniques a l'exeption d'ad
ditions "superplasti:fiants". 
Cela permet augmenter la dose de celles
ci sans apprehension de ralentir la duree 
de prise de beton. 

Deux additions organiques ou plus ralentis- ' 
sent la duree de prise du beton nlus qu' 
une addition. Mais l'effet de syilergie est 
absent dans ce cas. Si la consentration 
d'une des additions (p.ex.addition hyctro
pho?e) est moins que de l'autre (p.ex. 
addition hyctrophile) ce~te derni~re addi
tion determine la duree de prise. 
La combinaison d'additions organiques et 
d'electolyte nous permet de changer 
considerablement la duree de pri~e de beton 
(Fig.1). 

r,~ 

~ ~ ~ 

F:i.g.··1. Cinetique d 'augmentation de resis
tance plastique de mortier en presence 
d'additions. 

1. Echantillons s~s additions 
2 • 0, 15 SDB : 3-0, 7% NF 
). 0,7% NF + Z%.NNHK . 
4. 2% NNHK, 5.0,15%SDB+0,7NF+2~ 
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Cela nous donne la possibilite de diriger 
la cin~tique d'hydratation. 

4. La formation de structure de 
pierre de ciment avec l'intro
duction d'additions complexes 

Les additions-~lectrolytes augmentent la 
compacite de pierre de ciment en grandis
sant la quantite de micropores et de pores 
de gel dans le volume de pores de pierre 
de ciment (tabl.4, fig.2). 

p ( ~) 

~ c. J 

Fig.2. Resistance au gel de beton etuve 
e~ dependant de continue volumique 
de gel. 
1. Beton sans additions 

2 • 2%HBXK +O, 15% SDB; 2%HTJXK +O, 02:%Cm3 • 

Les additions qui composent sulfates, 
chlorures ou nitrates ~ ions (p.ex. nitri
te - nitrate - chlorure· de calcium) ren
forcement par des cristaux de sels de 
hydrates (hydrosulfo, ~ydrochlorures et 
hydroaluminates de calcium). Ces cristaux 
f orm.ent la structure primaire de pierre 
de ciment avec son renforcement par hydro
c ilicates et hydroaluminates de calcium. 
Tout cela agrandit la compacite et l'im
permeabilit~ a l'eau de pierre de ciment. 
L'amelioration de la structure de pierre 
de ciment par la compacite avec l'introduc~j 
tion d'additions plastifiants et d'electo
lytes ainsi que l'abaissement de la tempe
rature de congelation de glaces en presen
ce de ces additions augmente la r~sis
tance au gel du beton. 
L'action d'ad~uvants entraineurs d'air ou 
d'additions generatrices de gaz se distin
gue de l'action d'electrolytes et aodi
tions plastifiants- La combinaison d'adju
vants entraineurs d'air et d'electrolytes 
permet utilis·er 1 'avantage de celles-ci 
et des autres et obtenir les parois de 
pores plus denses et resistants avec la 
conservation de ca~act~re de leur distri
bution par rayons et dimensions moyerines 
obtenues · a l'aide d'adjuvants entraineurs 
d 'ail::. 
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Les recherches ont montre que ·1 1utilisa
tion d'additions complexes d'electrolyte 
et de mati~res tensio-actives (p.ex. 
abietat de natrium CHB, lignosulfonat 
de calcium CDB) augmentent considerable
ment resistance au gel du baton que l'in
troduction d'une addition ou l'utilisa
tion des betons sans additions.(Fig.3) 

1'o 

Bo 

IO (Z l'f ff 

tJ/ie..u~ U1ptp:w.a""e ..u;11,X 
Fig.3. Courbe de distribution de dimen
sions de pores dans la pierre de ciment. 
a) durcissement normal;b)etuve de ao0 c 
1 et 2 - sans additions .. 
3 et 4 - 1IC~MK. COONa+1%N~04+0,29"oSDB 5 et 6 - 3% 
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Addition 

SDB 
SNB 

Brai de goudron 
savonne 
SDB + SNB 1:1 
Brai de goudron 
savonne 
+ SNB 1:1 

Brai de goudron 
savonne 
+ SDB 1:1 

Ciment 

M - 400 

M - 400 

Augmentation de. porosite du mortier avec 
additions organiques 

Tableau 1 

Consentration d 'addi t .ion, %% de masse de ciment 

0,05 0,1 0~15 0~2 0,3 0~4 0,5 

0~8 1 1 1~2 2 3,5 4 

3~8 4,8 5,8 6~5 7 7~7 8 
de. bois 

0~2 1 "'1,6 3 5 6 6,5 
4,2 5~5 7 7,8 10,5 12,8 14,8 

de bois 

3,8 5 5,8 6,5 9,4 11 12 
de bois 

1,4 3 5 6,5 8,2 9,2 10~2 

Tableau a 

Plasticite du mortier (ciment:sable 1:4 E/C = 0,65) 
en presence d'additions hydrophiles 

Addition %% ! 
! envers la masse ! Plasticite, mm de ciment ! 

rur • l:ilJB t 

abs. abs. 106 

0,7 abs. 145 

- 0~15 126 

0,7 0,15 162 

abs. abs. 114 
1 - 143 

- 0,15 124 
1 0,15 149 

- 0~3 139 
1 0~3 170 
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Tableau 2, 

Plasticite de mortier de ciment de composition "I :4 (ciment -
sable) E/C = 0,65 avec additions complexes 

Addition 3% de masse de ciment Plasticite'en mm 

fact. A -c-candu a:ran t en vue 
additivite d'action Nli' NNF CaC12 MNXK d'addition 

- - - - 114 ... 
1 - - - 145 -
- - 1 - 123 -
- - 2 I - '125 -
- - 7 - '120 -
1 - 1 - 159 154-
'I - 2 - 165 156 
1 - 7 - 184 151 I 

- 7 - - 121 -
....; 10 - - 115 -
1 

7 177 152 - -
1 10 .... - 200 146 

- - - 1 120 -
- - - 2 123 -
- - - 3 121 -
- - - 7 121 -
.1 - - 1 '150 151 
1 - - 2 168 154 
1 - - 3 180 

I 

152 
1 - - 7 195 152 

Tableau 4 

Indices de structure du be~ a l'age de 28 jours 
selon le genre d'additions 

Porosite Volume de Dimension J l{ayon 
Addition ouverte 1 'air rntrai- moyen de t moyen 

integrale nee xx pores pores 

Abs. 14 1,1 1,7 520 

3~ 13,6 0,4 1,6 370 
J%NNHK + O, 15 SDB 12,8 2,6 1,3 420 

0 ~ '15% SDB _ +0, 03%SNB 12,7 8,8 1,1 3700 
3%.NN11K + 0,03% SNB 13,4 6,6 0,8 1200 

J · - -x) Consomm.ation de ciment - 440 kgs/m , E/C - 0,7 

des 

x:x) On determine le ra:Yon moyen des pores en utilisant la ~esure des 
pores a mercure. Le rayon ~ la dimension jusqu '! 1ct> A • 



Proprietes du bet(;)~:·: et activation chimique du durcissement 

Concrete properties and chemical activation of solidification 

L.B. SVATOVSKAIA, M.M. SYTCHEV, V.Y. ANDRIEVSKAIA, P.G. KOMOKHOV, 
M.S. BARVINOK, Leningrad, U.R.S.S. 

RESUME:Dans la communication on a envisage l'enfluence des activateurs-plastificateurs inor
ganiques sur le durcissement des melanges de beton. on ·a montre que l'introduction des chro
matea e't des thiosul:fates et de leur melanges conduit a l'accroissement de la resistance 
precoce et standard d,u ciment durci,a la diminution du rapport E/C, a 1 1 augmentation de l'im
permeabili te a l' eau, \ a la diminution des deformations de retrai t' a 1 'accroisseme,nt de la . 
resistance a la corro$ion des beton. . . ~ 
L~action des compo~itions combinees eleve lee proprietes techniques race a la formation du , 
soufre a 1 1etat amorphe,tres fin. 

SUMMARY: The effect of inorganic activator-plastifiers on hardening of concrete;nixtures is 
studied.It is shown that introduction of chromates and thiosulphates and of their mixtures 
results in increase of early and grade strength of concrete stone and of water impermeabi
lity and corrosion resistance of concretes and in decreaee of W/C ratio and shrinkage 
strains. 
Combined compositions also increase technical properties due t~ formation of sulphur in 
amophous highly dispersed state .• 
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Pour augmenter la risistance lors de 1'8-
tuvage et dans lea conditions de durd.sse
aent noraa.11 a'baiaser le r.:pport e/c et 
aaellorer d autres propr16Us techlU.ques 
des b•tcm.s o~ peut utiliser lea activateura 
inorganiquea d'l action po~fcm.cticmnelle 
qu•an choisit en partant dea faits suivants. 
Paar l'intensification du durcias•ent 
1'0:17dation dee caapos'8 introduita en _tant 
qu•activateura est 1.nd6airable (1 l 3). Au 
contra.ire, l'iatrocmcticm dans le qatee 
durcissant de corps sillples et Cml.P98'• 
contenant des elaaenta • llauta degrlaa d'o
~dation (pemanganatea, chrmatea._ bi
·chrc:aa:tes) conduit ! la plastificanon du 
•'~e de beton et a 1 1ac~iasement de 
la r6s1stance pr6eoce (! l'age de 1 ou 2 
~ours) et standard. 
Les clonn6es du Tableau I aontrent que le 
chrau.te de potassium et le thiosulfate de 
sodium aerl'ent 4 1 act1vateurs du durcisse
aent ; notona que, la pla8t1c1t6 du a6lan
ge de b6ton reatant la ame, on peut obser~ 
ver la cl1minution du rapport eau/ciaent, ce 
qui concb11 t l un plus fort accroiasemeni; de 
la r6s1stance. 
Le Tableau ~I pour les b6tons et les Ta
bleaux III et IV pour les mortiers montrent 
que 1 11.ntroduction du chrc:aate de potassiua 
peut elllliDer 1 1 6tuvage du beton en abaia
aant la pera6abilit6 a l'eau et lea defor
mations .par retrait. AiDsi le ~ton 88Jl8 
addition ae carac~riae par la pem6abil1t6 
a l'eau de 2 atm (B • 2). Le betcm· avec ad
dition de l'aetivateur de 4urciaa•ent 811 
quant1t6 de 2 • de la aasse du ciment a 
supporte la presaicm cle 10 at.a (B • 10). 
Lea d6fOD1&tions par retrait deaWtona 
6taient d6termin6es sur troia •chantillons-
3uaeaux de diaensiOll 4e 10%1~0 ea. La 
base de aesure du retrait 6tait de 300 -· 
Les essaia 6taient effectuea daJls U».e cbaa-

. bre sp6c1ale (avec le rigiae 4• rklage 
autcmatique) l la teQ6rature de 30 •c + 
2 •c et a l'lmllidit6 de 55 • + 3 •· Les 
d6fo1'1latio118 par retrait 6taiint aeauries 
par l'indicateur a cad.ran dont la valeur 
a.e la division 6tait de 0,01 -· ParallUe
aent a la aesure des d6f0Dl&tiona on a con
trol6 la perte en poida des echaDtillona de 
b6ton. Les r68Ulta1ia ccmcernant la cin6t1-
que de variation d• de:fomatiODS par re
trait et de la perte en poids du beton ont 
•ontri que l'introducticm. de l:2CrO,.. (2 • de 
la ll&Sse du ciaent) d1minuait senslbl•8Dt 
la valeur des de:formaticma par rep;-ait. 
A.insi le beton sans addition l l'age de 60 
~ours avait le retrait de 80•1o-5 et le b6-
ton avec add1t1~, de 45.10-5, i.e. pour 
le Wton avee adelltion le retrait dillinue 
presque de 2 :tois. L'addition dana le W
ton stabilise le 46Teloppeaent du retrait 
vera 28 ~ours de durciss•ent. Paar le b6-
ton 8aD8 addition la.stabilisation du re
trait s'obeerve vers 50 ~ours. Les donn6es 
conce:t'DIUlt la perte en poida dea 6ch&Dt11-
lona de beton sont eu bon accord avec le 
d6velopp•ent des 4'fomaticms par retrait. 
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Les dolin6es relatives A la r4sistanee au 
gel des 6chantillons (Tableau V) t•oigaient 
qu•avee l'introduction .du chrcmate la rlt
siatanee au gel ne s'•pire pas et pour 
certains ciaeats elle aupente seilsible
aent. L 1 efficacit6 de l'utilisation des 
additions contenant le chroae peut etre 
augaeut6e en partant de 1'1d6e de la rlta
lisation du processus d'o~do~rltduction 
dans le s,'Stae avec l'introduction siaul
tan6e de eanpoa6s con.tenant le cbrc:ae et 
de thioecapos6s ( 4). Dans ee eas, a cot6 
d •une diainuticm encore plus iaportante du 
rapport eau/ciaent on peut assister ! la · 
8'paration du soufre a 1 16tat Ulorphe tris 
:fin : . 

'Ba2s2<3 + ~ero4 + 5~0 = 
= 41:0H + 2Cr( OH)} + 'B~S04 + }S 

}N~ + ~Cr04 + 8~0 = 
= 4KOH + 2Cr(OB)} + }S + 6HaOH 

Les donn6es du Tableau VI aontrent que 
eette voie asaure,UD grand e~:fet plasti
:fiant, l'aecroissem.ent de la r6s1stanee 
et l'am.elioratian d'autres proprUtlts tech
niques li'es ! l'ausnen.tation de la densi
~ du b'ton grace au colaatage des pores 
par le soufre et ! la dlllinution du rap
port eau/ciaent. Les ecapositions des b6-
tons avee addition de sulfures n° e. ~a
bleau VI, montrent une prise rapide, ce 
qui rend possible leur utilisation en tant 
que ccmpositions ~orkret de r6sistanee 
6lev6e. 
Les 6tudes physico-chillliques ODt montr6 
que l'accroisseaent de la resistance •'ac
coapagnait d'une augmentation de l'eau 
ehiaiqu•ent liee et des changementa dens 
la c<lllposition des phases des 6chantil
lcms. 



-- - - -UBLUIJ I 

D.08 .lc1;1va- "du 00118~tion du ••t6r1au R6aistanct • la c•preesion, 
d'or- teur po ids par 1 · du Wton, kg B/C .:Pa; • 1 1 age 1 ~ours 
dre du ci-

aent ci- sable evil- eau 1 2 7 28 
aent• 

1 - - 300 990 10ft.1 170 0,6 J,6 7,5 11,0 18,0 
2 12ero4 1 · 300 990 10fl.1 170 0,6 a,o 14,0 20,0 24,0 

' ~cr04 1,5 300 990 1<M-1 1'10 0,6 9,2 15,0 21,5 24,5 

4 - - 292 ec» 1007 166 0,57 - 8,o 11,0 20,0 

5 12cr04 1 292· 89J 1007 166 0,57 - 18,5 25,0 26,0 -6 - - 250 '172 1152 ' 170 o,68 2,5 12,5 13,6 18,2 
.? . ~20, 1,5 250 772 1152 170 0,68 5,0 12,7 15,0 26,5 

• Cmell1; de 1;n>e •400•, duroies•ent nomal. 

·-- - ---
I umaau ·n 

nos ~·• de !'IPe et qu.ant1- oon...-tion !J -- Bau- R6aiatance • la compression, 
d1or~ cment t6 de l'activa- teriau par 1 . du ciaent L MPa 
4re auz., '5 de ·ia b6ton, kg 

-•e a cillent Dar6e de 11tockage, 3mra 
o · llSG G 1 2 

' 7 
28 

1 oaent !rt.oin, sans 292 89, 
•-500 addi'ti.CD 

100'/ 0,57 19 4,0 10,5 1},5 18,0 28,9 

2 .. o,8" ~cr04 • • • 0,57 14 9,7 18,CJ 21,5 27,4 25,6 

' • 1 • ~Cr04 • .. • 0,54- 14 11,5 18,5 24,0 27,0. 28,5 
4 • 2 '5 ~CJ.'04 

.. . .. • 0,54 12 9,6 18,0 24,2 26,3 28,0 

5 • 3 • J20l.'()4 • .. • . 0,,54- 19 7,5 18,0 21,0 J6,0 28,5 -1 0:1.aeat !Hao1n, 88ll8 }80 7'5 
K-500 addition. 

110, o,48 11 7,5 12,0 16,2 25,2 ';!'l ,O 

2 • 0,5 • 1201'()4 .. • .. 0~.\6 11 17,5 26,2 - 37,0 42,3 
3 .. 1 

" 1201'04 
• • • 0,44- 11 19,2 '2!/ ,, 39,1 45,5 

4 • 2 '5 ~Cr04 • .. .. 0,43 11 19,6 30,, 40,3 43,2 
5 .. 3 '5 ~Cr04 

.. .. • o,42 11 19,1 30,9 39,1 4-0,~ 

UBirBAU III 

Plutici't6 t-;tit6 :a•aiatance • la caapnsaion et • la flaicm, 
•.It (aff;!88--~ . • ka8203, " llPa, a.Pri• 

du o e), - 1 joQr 3 jo11n '1 joara 28 joara 

o~~ 125 sans additicm 
1g:x ~ ~ 4i:i 

o,40 • 1,0 1~:t ~ ~ ~ 
0,39 • 2,0 ·~ ~ ~ ~ 

853 



Plaaticit6 Qgantit6 R6aiatance i la ccapresaion et l i.a :tlai.0n, 
B/C, (aff~--t de •Y20,•" llPa, _ ap~a · · 

cbac _.,_ 
1 ~our ' ~oar• 7 ;toura 28 ~oar• 

0,,9 • ,,o 1i:i ~ ~ ~ -
t 

0,375 • 4,0 ~ 4f:a ~ ~ 

. 

·.liBLU.U If 

Plastic1t6 Quantit6 R6s1stance a la cc:apresaicm (nua6rateur) et 
B/C (affaiss•ent de ~CJ.'04 , '5 a la :tlexion (d61laainatmr) llPa, i 1 11ge de 

du c8ne), -
7 ~ours ·28 - ~oar• 1 ~oar ' 3our& 

o,45 125 aana addition ~ 2i:3 ~~:* ~:S 
0,42 .. 0,5 ~ ~ 'iii ~ 
0,42 .. 1,0 12:~ ~ * 2;;: 
0,41 • 1,5 ~ 'e:~ 43:1 ~ ' 
0,40 • 2,0 ~ ~ ~ ~ 
0,41 • ,,o ~ ~ ~ :za:~ 
0,42 • 4,0 1::~ -~ ~ ~ 
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- _._~--------------------
!UBLUU V 

Oaraot6r1s- Oonamm.a- R6s1stance a la 
tique du 
Mton · 

tion 4u E/C ccapression, 
=~ant, MPa, a;pres 

10 contr. coeff. 
BG RG 

ilana addition, 
ciaent Vol-

,80 0,48 29,9 31~7 0,94 

lchoTaki 

A.Tee addition 380 0,10 34,4 37,5 0,92 
de 12or0,.., 2' 
de la auae 
du cmat 

-------------------TABLEAU VI 
no• ~ de l'activa- "1.antite Cons<mmation des 
d'or- teur-plastifica~ de l'ad- aa~riaux par 
dre teur dition, 1 · du beton,kg 

% de la 
11aase du ci- sa-
ci.Jlent ment ble 

1 - - 400 ?60 
2 12or04 3 400 760 
3 -12cr04 +1'a282°3 2 + ~ 400 ?60 
4 Ba2s2o3 2 400 760 

---------~---~--~----··-·- -·· 
5 - - 250 7'/2 
6 ~Cr04+N~S2o3 2 + 3 250 772 

----·----
7 - - 250 772 
8 ~Or04+N~S 3 + 1 250 ?72 

OO:RCIDSIOBS 
.A.fin de di.Jlinuer le rapport eau/cilllent, 
d'augmenter la r6sistance precoce et 
standard du b6ton dans les conditions de 
atoclcage no:anales de d1Jainuer les def or
aations par retra,!t et d'acero!.tre l'im
pe:an6abil1t6 a l'eau 11 est reeOlllDlande 
d'util.iaer les activateurs-plastificateurs 
inorganiques : chrcaa.tes, thiosulfates et 
leurs m6l.anges. Les can~ositions a.base 
des chraaates sont en mEme temps des inhi
biteura de corrosion de !'armature en 
acier •. 

gra-
villon 

1090 
1090 
1090 
1090 
i--..----· 
1158 
1158 

-----· 
1158 
1158 

Rltsiatance a la R'81atance a la 
ecapression, 
llPa, apres 

cc:apreaaicm, 
llPa, apres 

20 contr. coeff, 30 contr. coett. 
BG BG RG RG 

28,4 '3,3 0,85 21i-,2 37,8 0,64 

.f, · 

35,4 40,5 o,86 '2!/,6 42,2 0,65 

---
Resistance ~ la compres-

Eau, E/C L, sion, q/an , apres 
1 s 

1 2 7 28 
jour ~ours jours ~ours 

164 0,42 25 75 215 325 395 
o,3a 0,38 25 155 384 440 440 

136 0,34 25 165 3'0 400 400 
120 0,36 25 120 265 313 380 

---·- ---- .;,. 
---~- ~-------

1?0 0,68 20 25 125 140 200 

125 0,5 20 110 256 390 ..00 

------ .;._ ---------------- .. ____ 
13?,5 0,55 20 63 185 225 "!J?O 
1-,7,5 0,55 20 12' 200 240 350 
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